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Foreword

Society’s mounting concern for the well-being of our environment has given
increased impetus to the development of new, efficient, sustainable, and clean
industrial processes and energy sources at reasonable cost. Electrochemistry has an
important role to play in these developments. Exploring and understanding nature’s
mechanisms for catalytic reactions gives important indicators towards productive
research areas. Such is the case with porphyrins and phthalocyanines, which are the
subject of this monograph.

The purpose of this book is to present and discuss the latest advances in the
understanding and applications MN4, or also so-called M-N4, macrocycles, with a
focus on porphyrins and phthalocyanine complexes. Different areas of electro-
chemistry are examined and linked through the catalytic properties of synthetic and
naturally occurring MN4 complexes. The breadth of the subject is reflected in the
contents of the two multiauthor volumes, which include electrocatalysis, energy
conversion, biomimetic design, electrochemical monitoring, and electrosynthesis.
The editors are to be congratulated for assembling contributions on all these topics
by recognized experts in their fields.

I am certain that this two-volume monograph will be valuable to researchers in
leading to new ideas and synergies, highlighting state of the art, addressing chal-
lenges, and bridging the gap between different areas of research in MN4 macro-
cycles. It will aid in driving this important field forward.

Coimbra University, Portugal Christopher Brett
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Preface

Molecules having an MN4, or also so-called M-N4, moiety are common in nature
and are involved in the catalysis of electron transfer reactions, photosynthesis, and
O2 transport, to name a few instances. For this reason, there has been great interest
in both artificial and naturally occurring MN4 complexes in various fields,
including electrochemistry. For example, metalloporphyrins are used as biomimetic
models to study several biological redox processes, molecular oxygen transport,
and catalytic activation to mimic monooxygenase enzymes of the cytochrome P450
in particular. They are also well known as efficient catalysts for the oxidative
degradation of many types of pollutants (such as organohalides and phenols) and
residual wastes. The discovery in 1965 by Jasinski that cobalt phthalocyanine
presented catalytic activity for the reduction of molecular oxygen in aqueous media
triggered the attention of several research groups in the 1970s. They focused their
attention on MN4 complexes as potential catalysts for the reduction of O2 with the
aim of finding a replacement for expensive Pt in the cathode of fuel cells. However,
even though some of these complexes are stable under many conditions, they lack
the long-term stability required for fuel cell performance. For this reason, attention
has been focused on pyrolyzed MN4 complexes, which are more stable than intact
materials. Materials prepared from different ingredients, like nitrogen-containing
compounds, ammonia, different carbons, and metal salts, upon pyrolysis at tem-
peratures of 1000 °C or more produce active and stable materials, many of which
seem to have M-N4 centers, with both pyrrolic and pyridinic nitrogens. The MN4
centers are created during the pyrolysis, but the mechanism for their formation is
little understood.

Progress in this area has been considerable in recent years and hopefully some
non precious metal catalyst will be used in fuel cells in the near future. On the other
hand, the stability of metallophthalocyanines makes them appropriate for applica-
tions in various fields such as chemical catalysis (such as the MEROX process for
the sweetening of oils), dye stuffs, coloring for plastics and metal surfaces, sensors,
chromatographic detectors, photoconducting agents, and so on. These complexes
are also used for photobiology and photodynamic cancer therapy, electrochemical
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removal of organic wastes, display devices, electrochromism, electroluminescence,
molecular metals, and nonlinear optical applications. Further, their versatility for
binding extra planar ligands of these complexes confers on them formidable
potential uses in electrochemical-sensing devices for several fields of application in
analytical, electroanalytical, and spectrophotochemistry. Metalloporphyrins and
metallophthalocyanines and similar MN4 macrocycles exhibit a reversible and rich
redox chemistry which makes them good mediators in many electron transfer
reactions when confined to electrode surfaces. For example, they promote the
electrooxidation of dopamine, many thiols, H2S, reduced glutathione, L-cysteine,
sulfite, thiocyanate, coenzyme A, penicillin, oxalic acid, NADH, hydroxylamine,
hydrazine, nitrite, nitric oxide, cyanide, organic peroxides, hydrogen peroxide,
propylgallate, ascorbic acid, hydroquinone, catechol, phenols, chlorophenols, and
the reduction of molecular oxygen, hydrogen peroxide, carbon dioxide, L-cystine,
disulfides, and thionylchloride. Potentially, they can catalyze many other reactions
as well. It is interesting that a large number of the studied reactions involve sig-
nificantly relevant biological compounds, and the list keeps increasing as more
publications appear in the literature. Earlier work involved electrodes made of
graphite or carbon electrodes modified with monolayers of these complexes, or
graphite powder or carbon pastes mixed with macrocyclic complexes. Recently,
many authors have reported electrodes consisting of carbon nanotubes (CNTs) with
the complexes grafted to the external walls of CNTs. These hybrid materials exhibit
higher activities than the smooth electrodes, as higher surface areas are achieved.

Although the list of studied reactions and processes involving photoassistance is
less abundant and fewer systems have been studied in the fields of photoelectro-
chemistry and photocatalysis, this area of investigation is experiencing intense
development due to the potential of these compounds in photobiology and nano-
sized semiconductor materials.

It has recently become of great interest to mimic enzymatic or natural systems
and design new complex structures that combine well-defined topology and a
pronounced chemical flexibility. The idea is to fine-tune the properties of the
electron transfer reactions and the expansion of the supramolecular architectures.
This is leading to an active area of research, namely “design of intelligent molecular
material electrodes” with predetermined reactivity. To do so, highly elaborate
synthesis routes have been developed to design chemically modified metallopor-
phyrins and metallophthalocyanines that can then be strongly adsorbed on con-
ventional materials, electropolymerized on conducting substrates, or incorporated
into hybrid organic/inorganic gels or solid matrices, to form single and multi-walled
carbon nanotubes to produce catalytic electrodes with long-term stability for new
practical analytical applications.

Thus, it is clear that the numerous, varied, and vast possibilities for applications
ensure that bio-inspired porphyrins and phthalocyanines and similar compounds
will remain of vital importance for many years to come, and that the related fields of
investigation will have significant ramifications. The publication since 1997 of The
Journal of Porphyrins and Phthalocyanines, an international journal of significant
impact factor entirely focused on these molecular materials, is a clear indicator, and
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the Society of Porphyrins and Phthalocyanines provides a forum for interaction
among researchers around the world.

The main objective of this monograph is to provide a general updated view
of the vast applications of these materials in electrochemistry by focusing on a few
significant topics and examples. It is also aimed at offering future projections and
opening new fields of research and the exploration of new applications.

Jose H. Zagal
Fethi Bedioui
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Oxygen Electroreduction on M-N4
Macrocyclic Complexes

Kexi Liu, Yinkai Lei, Rongrong Chen and Guofeng Wang

1 Introduction

There has been tremendous interest to evaluate the performance and acquire
fundamental understanding of nitrogen-chelated transition metal (M-N4) macrocyclic
electrocatalysts for oxygen reduction reaction (ORR), which occurs on the cathode of
polymeric electrolyte fuel cells, including proton exchange membrane fuel cells
(PEMFCs) and alkaline anion exchange membrane fuel cells (AAEMFCs). Both
PEMFCs and AAEMFCs can be employed to generate electricity through direct
electrochemical conversion of hydrogen and oxygen into water. Switching from
current fossil-fuel powered vehicles on road to hydrogen fuel cell vehicles could
benefit our society with improved air quality, health, and climate [1]. However,
precious metals like platinum (Pt) are normally needed to efficiently catalyze the
sluggish ORRs at the cathode of PEMFCs. Currently, the rarity of these precious
metals impedes themanufacture and deployment of fuel cells at an industrial scale [2].
Thus, it is crucial to find effective electrocatalysts, containing no precious metals, for
ORRs to ensure the sustainable development of the fuel cell technology. In this
regard, M-N4 macrocycles have been demonstrated to have promising potentials to
replace Pt as the electrocatalysts in PEMFCs [3].

The family of M-N4 macrocycles (for instance, metallophthalocyanines (MPc,
see Fig. 1a), metalloporphyrins (MP, see Fig. 1b), metallotetraphenylporphyrins
(MTPP, see Fig. 1c), as well as the heat treated mixture of nitrogen-containing
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molecules, transition metals, and carbon supports) have a wide range of applica-
tions in promoting various electrochemical reactions for energy conversion [4, 5],
gas sensor [6, 7], and biological functions [8, 9]. For example, these electrocatalysts
have been found to be capable of catalyzing the electrooxidation reactions of carbon
monoxide [10], glucose [11], and nitrogen monoxide [12]; as well as the elec-
troreduction reactions of oxygen [4], hydrogen peroxide [13], molecular nitrogen
[14], and nitrate [15]. The M-N4 electrocatalysts can also be used to produce
hydrogen from water [16] and as photosensitizers for imaging [17]. In addition to
their technological significance, these M-N4 electrocatalysts prove to be good
example systems to reveal the relation between the molecular (and/or electronic)
structure and the activity of catalysts [18].

Specifically for catalyzing oxygen electroreduction, the M-N4 structure has been
found in the cytochrome c oxidase (CcO) within bacterial membranes and exhibit
capability to covert O2 into water. Motivated by this discovery, Collman et al.
developed a functional model with similar active sites and conducted an extensive
study of its electrocatalytic activity for four-electron reduction of O2 [19–23]. The
study on oxygen reduction on M-N4 macrocycles was first performed by Jasinski
[4]. In its molecular form (Fig. 1), the M-N4 macrocycles most often contain a
central transition metal atom and some surrounding N-containing ligand groups.
The central metal atom is linked to the ligands through metal-nitrogen bond for-
mation, so that the ligand groups can modulate the electronic structure of the central
transition metal atoms. Therefore, the catalytic activity of the M-N4 macrocycles
could be tuned by varying the central transition metal and modifying the peripheral
ligands [24–26].

Furthermore, it has been found that heat treatment processing to the mixture of
metal macrocyclic molecules and carbon materials can improve both the activity and
durability of the attained M-N4/C electrocatalysts. Jahnke et al. [27] showed that heat
treatment had a significant effect on the catalytic activity of carbon-supported
CoTAA (colbalt-dihydrodibenotetraazaannulene) for ORR. They found that all the
heat-treated CoTAA samples had better catalytic performance than those untreated

Fig. 1 Atomistic structures of a metal phthalocyanine molecule, b metal porphyrin molecule, and
c metal tetraphenylporphyrin molecule. In the figure, the central ball represents non-precious
transition metal (for example, Fe or Co) atom. Blue, gray, and white balls represent N, C, and H
atoms, respectively

2 K. Liu et al.



ones. The catalysts heat treated at 600 °C showed the best ORR activity while the
catalysts heat treated at 800–900 °C showed the best stability. Moreover, Chu et al.
prepared their catalysts by heat treating a series of single transition metallopor-
phyrins (metals: V, Mn, Fe, Co, Ni, Cu, and Zn) and the combination of two
transition metalloporphyrins (systems: V/Fe, Co/Fe, Ni/De, and Cu/Fe). They found
that the heat-treated FeTPP/CoTPP was the best catalyst for ORR and
methanol-tolerant [28].

Some recent advances in studying the O2 electroreduction on the M-N4

macrocyclic complexes are particularly notable and encouraging. First, many novel
M-N4 macrocyclic complexes with different functional groups and various spatial
structures have been found to exhibit enhanced catalytic performance. For example,
Chen et al. introduced diphenyl thiophenol groups onto FePc and observed a sig-
nificant enhancement in the durability of the catalysts [29, 30]; Ward et al. syn-
thesized a series of first row transition metal tris(2-pyridylmethyl)amine M-N4

complexes that have three-dimensional structures and possess good selectivity for
four-electron O2 reduction over two-electron reduction [31]; Honda found enhanced
catalytic two-electron reduction of O2 on a saddle-distorted CoPc which has eight
phenyl groups on the peripheral carbon rings [32]; Kakuda found that the catalytic
four-electron reduction of O2 by a copper complex could be enhanced by intro-
ducing a pendant ligand pivalamido group [33]; and he also found that using
scandium triflate could change reduction of O2 from four-electron to two-electron
process [34].

Secondly, more and more research studies are devoted to compounding M-N4

macrocyclic complexes with other materials or regularly assembling them on var-
ious substrates to enhance their catalytic performance. For example, McClure et al.
produced M-N4 imbedded carbon nanofibers through heat treatment of
as-electrospun FePc-doped polyacrylonitrile and reported remarkable oxygen
reduction catalytic activity [35]. They also coated the fibers with TiO2 to improve
their durability. Sedona et al. tuned the oxygen reduction catalytic activity of Ag
(110)-supported FePc through precisely adjusting the long-range supramolecular
arrangement and the local adsorption geometry of FePc molecules on the Ag(110)
surface [36]. In contrast, Ponce et al. linked FePc to Au(111) by conjugated
self-assembled monolayers of aromatic thiols as axial ligands which significantly
improved the catalytic activity compared with directly laying FePc onto Au(111)
[37, 38].

In a third trend, functional carbon nanostructures (such as, graphene and nan-
otube) have been used as the substrates for M-N4 macrocyclic complexes to
improve their catalytic performance. In particular, different graphene supported
macrocyclic complex composites through forceful π–π interaction have been fab-
ricated and characterized [39–42]. Moreover, a family of high-performance
nitrogen-derived non-precious transition metal (M-Nx) electrocatalysts for ORR
was fabricated through heat treating the mixture of carbon particle, polyaniline,
iron, and cobalt in the temperature range of 400–1000 °C under a N2 atmosphere
[3, 43]. Experimental characterizations revealed that these catalysts had the feature
structures of Fe-Nx and/or Co-Nx clusters. The acquired best catalyst could catalyze
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the ORR at potentials within 60 mV of that of carbon support Pt and retain its
performance stability up to 700 h at a fuel cell voltage of 0.4 V [3]. In a recent
study, the FeN4C12 moiety which contain M-N4 feature group has been identified as
the catalytic active sites for oxygen reduction on these pyrolyzed catalysts [44].

In summary, the M-N4 macrocyclic electrocatalysts have shown promising
potentials to replace precious Pt catalysts in many applications related to renewable
energy technology (in particular, PEMFCs). However, there still exists a large
performance gap in activity and durability between the M-N4 electrocatalysts and
Pt-based catalysts. Bridging such a performance gap demands an in-depth under-
standing about the nature of active sites, the pathway of reaction mechanism, and
the function of heat treatment processing on these non-precious metal electrocat-
alysts. In this review, we focus on a survey of the published knowledge pertinent to
the experimental and theoretical aspects of the catalytic electroreduction of oxygen
on M-N4 macrocycles.

2 ORRs on Carbon-Supported M-N4 Macrocyclic
Molecules

In 1964, Jasinski first reported the catalytic activity of cobalt phthalocyanine (CoPc)
for ORRs in alkaline medium [45]. Following this work, extensive studies on
various metallophthalocyanine (MPc) and metalloporphyrin (MP) derivatives
containing different central transition metals and different substitutes on the
peripheral organic skeleton in both acid and alkaline electrolyte has been conducted
[27, 46–64]. In these M-N4 macrocyclic complexes, the central transition metals
could be Fe, Co, Ni, Cu, Ru, Mn, Zn, Pd, or Pt atoms. It has been found that Fe- and
Co-N4 macrocycles show better ORR activity than the others. Moreover, various
functional substitutes were added to the organic skeleton of metallophthalocyanine
and metalloporphyrin, for purpose of tuning the catalytic activity of M-N4

macrocyclic complexes. Some of the most promising and widely studied derivatives
include metallo-tetrasulfonated-phthalocyanine (MTsPc) [48, 58, 61, 64–66],
metallo-tetraphenyl-porphyrin (MTPP) [27, 67–70], metallo-tetraazaannulene
(MTAA) [27, 62, 71–73] and metallo-tetramethoxyphenyl-porphyrin (MTMPP)
[67, 74–78]. We summarize the observed catalytic performance of various M-N4

macrocyclic complexes for ORRs in Table 1. It has been recognized that the type of
the central transition metal mainly determines the catalytic activity of these
macrocyclic complexes while the chelates and peripheral substitutes help further
fine-tune their activity [27, 47, 79, 80]. In addition, the catalytic activity of M-N4

macrocycles for ORR is affected by the polymerization degree, approach of elec-
trode preparation, the nature of substrate materials, the pH of the electrolyte, and
heat treatment processing [27, 47, 79, 81]. In below, we review in details these
effects on the ORR activity on M-N4 macrocycles.

4 K. Liu et al.
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2.1 Effect of Central Transition Metal Atom

The type of the central metal atom is a dominant factor influencing the catalytic
activity of the M-N4 macrocyclic complexes for ORR. At early time, it had been
known that the ORR activity in acid electrolyte would decrease in the order of
Fe > Co > Ni > Cu > Mn for the MPc, while in the order of
Co > Mn > Fe > Ni > Cu for the MTAA macrocycle complexes [27, 47]. Figure 2
shows an example electrochemical measurement result systematically examining
the ORR activity on various metal tetra-sulfonated-phthalocyanines (MTsPc) in
alkaline electrolytes. It can be observed in Fig. 2 that the ORR activity decreases in
the order of Fe > Mn > Co > Cr > Ni � Zn > Cu for the MTsPc macrocycles.
Importantly, the results in Fig. 2b revealed a correlation between the observed ORR
activity and the number of the d electrons in the central transition metal of the M-N4

macrocycles. It appears that the MTsPc macrocycles could possess superior ORR
catalytic activity when their central transition metal atoms, such as Fe, Mn, and Co,
have nearly half-filled d orbitals. Such a correlation had also been confirmed for the
ORR on the MPc macrocycles in alkaline medium, namely the ORR activity of the
MPc were found to decrease following the sequence of Fe > Co > Mn, Pd, Pt > Zn
[79]. It notes that Mn-N4 macrocycle complexes exhibit low stability in both acid

Fig. 2 a Rotating ring-disk polarization curves for O2 reduction in 0.1 M NaOH on different
transition metal phthalocyanines adsorbed on the ordinary pyrolytic graphite disk (f = 1000 rpm;
v = 2 mV/s; AD = 0.5 cm2; N = 0.146) ▪ FeTsPc; MnTsPc; ○ CoTsPc; ● CrTsPc; Δ NiTsPc; ▫
ZnTsPc; x VOTsPc; and b Electrocatalytic activity of MeTsPc for O2 reduction in 0.1 M NaOH as
a function of the number of d electrons. Adapted with permission from [91]. Copyright 1992
Elsevier
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and alkaline electrolytes [92]. Consequently, most of the current literature focuses
on studying the ORRs on the Fe- and/or Co-N4 macrocyclic complexes [46, 91, 92].

More importantly, extensive studies have shown that the central transition metals
would dictate the oxygen reduction pathways on these M-N4 macrocyclic com-
plexes. It has been found that most Co-N4 macrocyclic complexes promote only
2e− reduction of oxygen to produce hydrogen peroxide as final products [18, 50, 81,
92, 93]. In contrast, Fe-N4 macrocyclic complexes are found to likely promote 4e−

reduction of oxygen to produce water with cleavage of O-O bond [18, 50, 81,
92, 93].

2.2 Effect of Chelates and Peripheral Substitutes

In addition toM-N4 chelates, some other metal chelates, includingM-N2O2,M-N2S2,
M-O4, and M-S4, have demonstrated the catalytic activities for ORRs [27]. Previous
studies showed that ORR activity varied in a decreasing order of
N4 > N2O2 > N2S2 > O4 � S4 in the Fe-macrocyclic complexes, whereas in the
decreasing order of N2O2 > N4 > N2S2 > O4 � S4 in the Co-macrocyclic complexes
[27]. In most cases, M-N4 chelates exhibit higher catalytic activity and relatively
better stability than other chelates [92]. Hence, M-N4 macrocycles have been
extensively investigated. In particular, it is of interest to study how their ORR activity
could be tuned by replacing the peripheral functional groups on the organic skeleton
of M-N4 chelates, i.e., porphyrins and phthalocyanines [82, 86, 89–91]. For example,
Zhang et al. reported that the substituted FePcs (i.e., FePcCl16, FePc(SO3H)4 and
FeNpPc(tBu)4) could exhibit considerably lower diffusion-limited current density in
acid electrolyte than the FePc [86]. Further kinetic Koutecky–Levich analysis
showed that, as compared to that on FePc, the ORR on these substituted FePcs would
proceed with lower number of the overall electron transfer, indicating lower ORR
catalytic efficiency on these substituted FePcs [86]. Sehlotho et al. measured the
overpotentials for ORR on the MnPc and its five derivatives in alkaline or weak acid
(pH = 5) medium and found that the ORR catalytic activity decreased in the order of
MnPc�MnTPePyPc�MnTMPyrPc >MnTAPc >MnTETPc >MnTPPyPc [89]. In
Fig. 3, we show the result of the measured half-wave potentials of the Mn macro-
cyclic complexes with different peripheral substitutes. It could be observed that
peripherical substitutes indeed could tune the half-wave potentials of ORR on the
M-N4 macrocyclic complexes to a modest extent.

2.3 Effect of Polymerization

It has been reported that polymerization of M-N4 macrocyclic complexes could
enhance the catalytic activity for ORR [87, 92, 94]. It is believed that the
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polymerization of M-N4 macrocycles could improve the electronic conductivity and
hence enhance the electrocatalytic activity of the catalysts [94]. In this regard,
Ramίrez et al. compared the ORR catalytic activity of the monomeric and poly-
meric FePcTA in electrolyte with different pH values [87]. The result showed that
the poly-FePcTA was more active and stable than the monomer one [87].

2.4 Effect of Substrate Materials and Electrode Preparation

High specific area carbon is usually used as support materials for M-N4 macrocyclic
complexes due to its large surface area, high conductivity, and beneficial surface
groups [81, 94]. Pretreatment on the carbon support materials affects the catalytic
activity of the M-N4 macrocycles on the supports. It was found that the carbon
substrates covered with basic surface groups helped the M-N4 macrocycles to have
better ORR catclytic performance than the substrates covered with neutral or acidic
surface groups [92].

Elzing et al. studied the influence of electrode preparation on the ORR elec-
trocatalysis on CoPc [95]. They prepared the electrodes using five different meth-
ods, including (a) irreversible adsorption, adsorbing a monolayer of complexes;
(b) vacuum deposition, yielding a large amount of complexes loading; (c) incor-
poration in polypyrrole, catalysts thickness under control; (d) impregnation of
porous carbon, using carbon as substrate; and (e) evaporation of the solvent, cat-
alysts thickness under control [95]. Their results indicated that the different elec-
trode preparation methods could lead to different number of active sites, as a result
of varying catalyst loading and surface area, and thus appreciably affect the ORR
activity on the M-N4 macrocycles [95].

Fig. 3 Plot of ORR activity
measured as the potential at
half-maximum oxygen
reduction current against the
formal potential for the MnII/
MnIII transition. Adapted with
permission from [90].
Copyright 2013 John Wiley
and Sons
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2.5 Effect of pH Value of Electrolyte

The ORR has different reaction pathways in acid and alkaline electrolytes as
follows.

In acid; O2 þ 4Hþ þ 4e� ! 2H2O; E ¼ 1:229 V

In alkaline; O2 þ 2H2Oþ 4e� ! 4OH�; E ¼ 0:401 V

The M-N4 macrocyclic complexes are usually more efficient and stable ORR
catalysts in alkaline electrolyte than in acid media. Hence, the pH value of the
electrolyte is also an important factor affecting the ORR activity on M-N4 macro-
cycles [51, 62, 63, 96–98]. It is known that the ORR activity is strongly correlated
with the redox potential of central transition metal atom, which varies with the pH
value of the electrolytes [62]. For example, as shown in Fig. 4, both the redox
potential of CoTAA and the half-wave potential for the ORR on CoTAA were
found to decrease at a rate of 60 mV per pH value of the electrolyte from pH 14 to
pH 10 whereas to remain unchanged with pH value below 10 [62]. Similar trend
could also be observed for the ORR on CoPc in Fig. 4 [62].

2.6 Mechanism of ORR on M-N4 Macrocyclic Complexes

On M-N4 macrocyclic complexes, oxygen could be completely reduced to water
through a 4-electron pathway or be incompletely reduced through a 2-electron
pathway, producing hydrogen peroxide.

O2 þ 2Hþ þ 2e� ! H2O2; E ¼ 0:7 V

Since the 2-electron pathway has a much lower efficient for energy generation,
the M-N4 complex catalysts which promote the complete reduction of oxygen

Fig. 4 pH dependence of the
redox potentials Ep of CoPc
and CoTAA, and E1/2 of the
O2 reduction to H2O2.
Adapted with permission
from [62]. Copyright 1987
Elsevier
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(4-electron pathway) are normally preferred. Most studies indicate that Fe-N4

macrocyclic complexes could promote the reduction of oxygen to water whereas
Co-N4 macrocyclic complexes could catalyze only hydrogen peroxide pathway for
ORR [18, 51, 81, 99, 100]. In 2009, Chen et al. conducted a detailed study on the
mechanism pathway of the ORR on CoPc and FePc in alkaline electrolyte through
Koutecky–Levich approach and rotating ring-disk electrode (RRDE) method [99].
A nearly 4-electron reduction of oxygen on FePc and around 2-electron reduction of
oxygen on CoPc have been revealed from the Koutechy–Levich plot [99].

However, the reaction mechanism of the ORR on the M-N4 macrocycle catalysts
is still not fully understood. Several ORR mechanisms have been proposed so far
[50, 100–104]. The main distinction between the 4-electron pathway and 2-electron
pathway of ORR is whether the O–O bond in the O2 molecule can be broken during
the reaction. A successful scission of the O–O bond would lead to the reduction of
oxygen to water on the surface of catalysts. It has been proposed as shown in Fig. 5
that, for the M-N4 macrocycles such as dimeric metalloporphyrin molecules which
have a face-to-face structure [49, 53, 100, 103, 105, 106], the O2 molecule could be
adsorbed on an active site bridging between two transition metal centers. As pro-
posed by Yeager et al., the formation of the M–O–O–M configuration could
facilitate the cleavage of the O–O bond [103]. Liu et al. further elaborated that the
cis configuration rather than the trans configuration of the O2 adsorption on such a

Fig. 5 Proposed ORR mechanism on a dicobalt cofacial diporphyrin. Adapted with permission
from [106]. Copyright 2004 American Chemical Society

Oxygen Electroreduction on M-N4 Macrocyclic Complexes 11



bridging sites would favor the rupture of the O–O bond and promote the 4-electron
pathway of ORR [53]. A more recent study by Tsuda showed that the heme
interacts with O2 adopting the side-on configuration could lower the activation
energy for the O–O bond breaking, compared with the end-on configuration [107].

3 ORRs on Carbon-Supported Heat-Treated M-N4

Macrocyclic Molecules

Jahnke et al. reported that heat treatment processing could not only improve the
catalytic activity of CoTAA for ORR but also enhance the stability of the catalysts
in an electrochemical environment [27]. Ever since, the heat treatment of M-N4

macrocyclic complexes on carbon support in inert gas has been employed as an
effective method to promote the ORR catalytic activity of the M-N4 macrocycles

Fig. 6 a Scanning electron microscopy (SEM) image of pyrolyzed H2TMPP materials and b–
d Tunneling electron microscopy (TEM) images of pyrolyzed CoTMPP materials. Adapted with
permission from [124]. Copyright 2009 The Electrochemical Society
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[28, 66–75, 77, 78, 94, 103, 108–123]. Figure 6 shows the typical morphology of
the attained carbon-supported heat-treated (pyrolyzed) M-N4 macrocyclic mole-
cules. We summarize processing procedures and parameters on the synthesis of
heat-treated (pyrolyzed) M-N4 macrocyclic complexes as ORR electrocatalysts in
Table 2. It has been recognized that the heat treatment temperature, atmosphere, and
duration are important parameters determining the final catalytic activity of the
attained pyrolyzed M-N4 macrocyclic complexes.

3.1 Effect of Heat Treatment Temperature and Duration

Survey on the current literature (Table 2) indicates that the heat treatment pro-
cessing employed in the synthesis of pyrolyzed M-N4 macrocyclic complexes
typically uses annealing temperature ranging from 300 to 1100 °C and heat treat-
ment duration ranging from 1 to 2 h. It has been reported that the catalytic activity
of the attained pyrolyzed M-N4 macrocyclic complexes would increase with an
increase in annealing temperature and reach an optimal value at annealing
temperature of 700–800 °C. The ORR activity of the pyrolyzed M-N4 macrocyclic
complexes heat-treated above 800 °C was found to have low values. On the other
hand, the long-term stability of the pyrolyzed M-N4 macrocyclic complexes under
the electrochemical conditions was found to be acquired only through heat treating
at relatively high temperature (≥900 °C) [66, 112]. Moreover, our survey suggests
that the duration of heat treatment processing has little effect on the catalytic activity
of the pyrolyzed M-N4 macrocyclic complexes.

3.2 Effect of Pyrolysis Gas Atmosphere

The N2, Ar and NH3 gases are usually used as pyrolysis gas atmosphere. The N2

and Ar are inert gases which can prevent the M-N4 catalysts from oxidation. The
NH3 gas may not only protect the M-N4 catalysts from oxidation, but also be used
as nitrogen resources which could increase the nitrogen content in the final
heat-treated catalysts. Dodelet et al. compared the ORR activity on the pyrolyzed
FeTMPPCl (mixed with non-microporous carbon black) heat-treated in either
Ar/H2 or NH3 gas atmosphere at 950 °C for 100 min [119]. They found that the
pyrolyzed catalysts attained in NH3 gas atmosphere was more active for ORR but
less stable than the pyrolyzed catalysts heat-treated in Ar gas atmosphere [119].
Further characterization showed that the catalysts pyrolyzed in NH3 gas a higher
surface nitrogen concentration as well as more than a hundred times of micropore
specific area than the catalyst pyrolyzed in Ar gas [119]. Hence, it was inferred that
the NH3 gas might be helpful in etching the carbon surface to produce large surface
area.

Oxygen Electroreduction on M-N4 Macrocyclic Complexes 13
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3.3 Effect of Additives

It was also found that adding additives into the catalysts during heat treatment
processing could enhance the ORR catalytic activity of the pyrolyzed M-N4

macrocyclic complexes. For example, Herrmann et al. added metal oxalate (FeC2O4

or SnC2O4), as a structure forming agent, to CoTMPP catalysts during heat treat-
ment, and observed an enhanced ORR current densities as compared to the pyr-
olyzed CoTMPP [120]. The enhanced ORR activity on the heat-treated metal
oxalate-CoTMPP catalysts was attributed to the formation of high-area
meso-porous structure from etching out metal oxalate by acid after heat treatment
[120]. In another study, Herrmann et al. further doping sulfur to the mixture of
FeC2O4-CoTMPP during the heat treatment and found that additive sulfur had a
beneficial effect for ORR on the acquired pyrolyzed catalysts with increased cat-
alytic activity and lowered H2O2 production [121].

3.4 Proposed Mechanisms for Heat Treatment

The mechanisms of heat treatment underlying the enhanced ORR activity of the
pyrolyzed M-N4 macrocyclic complexes have not been fully understood yet.
Complicated physical and chemical processes could take place in the catalysts
during the heat treatment processing. Some of such processes have been identified
as (1) chelates migration over the carbon support surface; (2) reaction of the
peripheral organic skeleton of the macrocyclic complexes with the carbon support
with the M-N4 center remaining intact; (3) decomposition of the complexes pro-
ducing single metal or metal oxide [109]. Correspondingly, several assumed
enhancement mechanisms of heat treatment have been proposed and are stated as
follows: (1) Chelate dispersion improvement. For example, porphyrins and
phthalocyanines as large molecules could possibly block micropores of the carbon
support. During heat treatment, the excessive chelates could be removed, making
those micropores accessible [110]. (2) Formation of highly active carbon [94]
which is a catalyst without the metal involved. However, this assumption proves to
be highly implausible based on experiment observations [110]. (3) M-Nx cluster,
rather than M-N4, serves as active site for ORR [126]. According to van Veen et al.,
this is still an untenable explanation since extended X-ray absorption fine structure
(EXAFS) study showed a strong correlation between the ORR activity and the
M-N4 moiety [110]. (4) Modification of the electronic structure of the M-N4 center
by reaction between the peripheral ligands and carbon substrates [108]. This
explanation has been regarded as the most tenable mechanism of the beneficial
effect of heat treatment [110]. However, how such modification happens need
further study.
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4 ORRs on M-N4 Macrocycle Modified Carbon
Nanostructures (Nanotubes and Graphene)

Carbon nanostructures, i.e., carbon nanotube (CNT) and graphene, draw a lot of
attention due to outstanding mechanical, electrical, and thermal properties. They
have been investigated for potential applications in structural, electrical and many
other areas since they were discovered. In recent years, M-N4 macrocycle modified
CNT [127–144] (Fig. 7) and M-N4 Macrocycle modified graphene [140, 143,
145–152] have been synthesized and evaluated for ORR electrocatalysis.

4.1 M-N4 Macrocycle Modified CNT

Several methods have been developed for synthesizing the M-N4 macrocycle
modified CNTs. The method most widely employed is the impregnation method
[129, 134–142, 144], in which the Me-N4 macrocyclic complexes are first
impregnated into CNTs in a solution and subsequently the M-N4 macrocycle
modified CNT composites are obtained by evaporation of solvent. In some studies,
the acquired composites are further heat-treated in inert gas atmosphere [138, 141,
144]. The other synthesis methods to produce the M-N4 macrocycle modified CNTs
include electrochemical deposition [128, 133] direct deposition [131, 132] and
chemical vapor deposition [130].

Fig. 7 a Schematic diagram of the structure of FePc-Py-CNTs composite; b HR-TEM image of
FePc-Py-CNTs composite; scale bar, 10 nm. Adapted with permission from [127]. Copyright 2013
Nature Publishing Group
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It has been shown that using CNTs as the substrate of M-N4 macrocycle cata-
lysts could improve the activity and stability for ORR in alkaline/neutral medium
[128, 131, 132, 135, 136]. However, CNTs supported M-N4 macrocycle composites
are instable in acid medium [134]. It was reported that FePc modified CNTs exhibit
higher activity than CoPc complexes modified CNTs [134]. Moreover, the FePc
modified CNTs can promote 4e− pathway [127, 131, 134–137] in alkaline medium.
In contrast, the CoPc modified CNTs can only partially promote 4e− pathway with a
portion of H2O2 production [134, 139].

The influence of different types of the CNTs, i.e., single-wall nanotubes
(SWCNT), double-wall nanotubes (DWCNT) and multiwall nanotubes (MWCNT))
on the ORR catalytic activity of the M-N4 macrocycle modified CNT composites
has been studied by Morozan et al. [134]. Their results show that the oxidized
MWCNT supported MPc catalysts exhibit higher current density, lower onset
potential and more electron transfer for ORR in alkaline and acid medium than the
catalysts prepared with other types of CNTs [134].

The catalytic activity and stability of the M-N4 macrocycle modified CNTs,
especially in acid electrolyte, can also be enhanced by heat treatment processing
[138, 141, 145]. Most heat treatment studies reported an continuous enhancement
effect on the catalytic performance of the M-N4 macrocycle modified CNTs with
the increase of annealing temperature up to 800 °C [138, 141, 144]. Kruusenberg
et al. compared heat treatment effects on CoPc, FePc, CoP, and FeP modified
multi-walled carbon nanotubes [141]. It was shown that the MP modified CNTs
heat- treated at 800 °C exhibited higher ORR activity than the MPc modified CNTs
[141].

4.2 M-N4 Macrocycle Modified Graphene

The M-N4 macrocycle modified graphene composites are mainly prepared through
solvothermal synthesis method [140, 145, 146, 149–152] in which the M-N4

macrocyclic complexes are dispersed on graphene by thermal evaporation of sol-
vent in the solution of macrocycle and graphene mixture (Fig. 8). The SEM and
TEM images of the FeTsPc dispersed on graphene nanosheets are shown in Fig. 9.
The synthesized FePc or CoPc modified graphene composites exhibit promising
improvement of the catalytic activity for ORR in alkaline and acid medium
[145, 147, 152]. It is worth noting that the 4e− pathway has been demonstrated
feasible on the CoPc modified graphene [145, 151, 152], which is unachievable if
other carbon materials (carbon black, CNTs) are used as substrates.
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Fig. 9 a Structure of FeTsPc; b SEM image of graphene nanosheets (GNs), inset Raman spectra
of GNs; c FeTsPc; d GNs-FeTsPc, inset TEM image of GNs-FeTsPc. Adapted with permission
from [150]. Copyright 2014 Elsevier

Fig. 8 Schematic diagram of noncovalently functionalized GNs with FeTsPc via a π–π stacking
interaction. Adapted with permission from [150]. Copyright 2014 Elsevier
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5 Application of DFT to Understand ORRs on M-N4

Macrocycles

Density functional theory (DFT) calculation method is a powerful tool for directly
calculating the energy and electronic structure of catalysts from the principles of
quantum mechanics. Utilizing electron density of ground state as the variable which
uniquely defines the energy of the system, Kohn, Hohenberg, and Sham [153, 154]
proved that the ground state of a many electron system can be determined by
self-consistently solving the Kohn–Sham (KS) equations, i.e., [155]
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The KS equations reduce the problem of solving an N-electron Schrodinger
equation into the problem of solving a single electron Schrodinger equation and
thus make the calculation of the ground state properties of catalyst practical. With
the rapid development of digital computers in the last two decades, the DFT cal-
culation method becomes one of the most popular simulation methods in condensed
matter physics, chemistry and materials sciences owing to its relatively low com-
putational costs and reasonable accuracy. Moreover, the quantum mechanical origin
of the DFT makes it a useful predictive tool in investigating the mechanism of
catalytic reactions on the surface of catalysts. The example applications of the DFT
method to catalyst study include atom segregations [156, 157], atom/molecule
adsorptions [158, 159] and diffusions [160, 161] and chemical reactions [162–164]
on catalyst surfaces. These studies improved our understanding in catalysts and
provided us an opportunity to rational design catalysts from fundamental principles
[165–167].

5.1 DFT Study of O2 Adsorption on M-N4 Macrocyclic
Complexes

The ORR on M-N4 macrocyclic complexes always starts with the O2 adsorption on
the central metal atom and then the electron transfer between the central metal atom
and the adsorbed O2 molecule [93]. Consequently, the configuration and the
resulting electronic structure of the O2 adsorption on M-N4 macrocyclic complexes
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are crucial for us to understand their catalytic mechanism. The DFT calculation
methods have been used to find the most stable adsorption configurations of O2 on
M-N4 macrocyclic complexes [93, 99, 168, 169].

Two fashions of stable O2 adsorption on M-N4 macrocyclic complexes (as
shown in Fig. 10) have been predicted from DFT calculations. Figure 10a, b show
the end-on adsorption configurations in which one oxygen atom in the O2 molecule
is adsorbed on the top of central metal atom while the other one tilted away.
Figure 12c, d show the side-on adsorption configurations in which the axis of the
O2 molecule is parallel to the molecule plane of the M-N4 macrocyclic complexes
and the distances between the central metal atom and the two oxygen atoms in the
O2 molecule are equal.

Analysis of the molecular orbitals obtained by the DFT calculations reveals that
these two types of O2 adsorption correspond to different bonding formed between
the adsorbed O2 molecule and the central metal atom of the M-N4 macrocyclic
complexes.

In the end-on configurations, the axis of the O2 molecule is neither perpendicular
nor parallel to the plane of the M-N4 macrocyclic molecule. In this configuration,
one of the π* orbital of the O2 molecule lies in a vertical plane perpendicular to the
M-N4 molecule plane. This π* orbital can overlap with the a1g (dz2 ) orbital of the
transition metal and form a σ-type bond. The other π* orbital can form a π-type
bond by overlapping with a, eg (dxz or dyz) orbital of the transition metal [168].

Fig. 10 Four possible configurations of O2 adsorption on M-N4 macrocyclic complexes. a and
b are end-on configurations, c and d are side-on configurations

Oxygen Electroreduction on M-N4 Macrocyclic Complexes 23



In the side-on configurations, similar to that of the end-on adsorption configu-
ration, a σ-type bond can be formed between the σ-π hybrid orbital of the O2

molecule and the a1g ðdz2Þ orbital of the transition metal and a π-type bond can be
formed by overlapping a π* orbital of the O2 with a, eg (dxz or dyz) orbital of the
transition metal. Moreover, the other π* orbital can form a δ-type bond by over-
lapping with a b2g ðdxyÞ orbital of the transition metal [169].

Furthermore, the DFT study revealed that the adsorption energy of O2 molecule
on M-N4 macrocyclic complexes were related to the energy level of the nonbonded
3d-orbitals and their occupation numbers of the central metal atom. In Table 3, we
listed the calculated adsorption energy and structural properties of O2 adsorption on
MnPc, FePc, and CoPc [169]. Liu et al. have established a linear correlation
between the O2 adsorption energy and the nonbonding d-orbital center of metal-
loporphyrins and phthalocyanines macrocyclic complexes [169]. It was found that
for the M-N4 macrocyclic complexes with central metal atom varying from Cr to
Ni, the interaction between the M-N4 macrocyclic complexes and the adsorbed O2

molecule became weaker as the number of electrons on the d-orbitals of the metal
atom increases.

5.2 DFT Study of ORR on M-N4 Macrocyclic Complexes

The first-principles DFT calculations of ORR on various M-N4 macrocyclic com-
plexes have been carried out by several research groups [93, 168–173]. Through
comparative study of O2 dissociation on different metalloporphyrins (MnP, FeP,
CoP, NiP), the trends of the activation barriers for the O2 dissociation with respect
to LUMO-HOMO characters of these metalloporphyrins have been discussed by
Tsuda et al. [172]. FeP is demonstrated to be the best one due to the large d elec-
trons contribution to the LUMO-HOMO level of the FeP and the stable Fe–O bond
[172]. Shi and Zhang performed the DFT calculation on the O2 adsorption on
various iron and cobalt porphyrins and phthalocyanines [171]. The catalytic
activities of the transition metal macrocyclic complexes were positively related with

Table 3 The most stable adsorption configuration, spin multiplicity and the calculated adsorption
energy ðDEadÞ, distance ðDTM�O1Þ between the central metal atom and the nearest neighboring O
atom (O1), length ðDO1�O2Þ of the O–O bond, and angle formed by the central metal atom with the
two oxygen atoms of O2 adsorption on MnPc, FePc and CoPc [169]

MnPc FePc CoPc

Configurations Figure 10d Figure 10a Figure 10b

Multiplicity Quartet Singlet Doublet

DEad (eV) −0.837 −0.818 −0.496

DTM�O1 (Å) 1.883 1.758 1.912

DO1�O2 (Å) 1.361 1.279 1.268

\O2O1TM (°) 68.81 120.13 117.11
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the ionization potential and the O2 binding ability [171]. The ORR pathways on
FePc and CoPc were also investigated using DFT calculations [170]. The 4e−

pathway of ORR on FeP/FePc and the 2e− pathway of ORR on CoP/CoPc were
attributed to the higher, eg, orbital of the FeP/FePc than the CoP/CoPc [170].

Systematic studies of ORR on various iron and cobalt porphyrins and phthalo-
cyanines have also been conducted by Wang et al. [93, 168, 169]. They performed
the DFT calculations to determine the adsorption configurations and energies of
chemical species O2, H2O, OH, and H2O2 on the iron and cobalt porphyrins (FeP
and CoP), iron and cobalt tetraphenylporphyrins (FeTPP and CoTPP), iron and
cobalt phthalocyanines (FePc and CoPc), iron and cobalt fluorinated phthalocya-
nines (FePcF16 and CoPcF16), and iron and cobalt chlorinated phthalocyanines
(FePcCl16 and CoPcCl16). Through such a systematic, comparative DFT study,
Wang et al. gained much insight about how the molecular structures of the M-N4

catalysts affect the catalytic behavior of these catalysts for promoting ORR.
Figure 11 shows the lowest-energy adsorption configurations of the chemical

species relevant to the ORR on the FePc and CoPc molecules [93, 168]. In Table 4,
the corresponding adsorption energies from the DFT calculations are listed [93,
168]. It is inferred from these DFT calculations that (1) The O–O bond in H2O2

molecule can be split on the Fe-N4 catalyst as shown in Fig. 11d. The O–O bond

Fig. 11 Optimized adsorption configurations of a O2, b H2O, and c OH on FePc or CoPc, d H2O2

on FePc, and e H2O2 on CoPc. In the figure, the central yellow balls represent Fe or Co atoms, the
blue balls represent N atoms, the gray balls represent C atoms, the white balls represent H atoms,
and the red balls represent O atoms
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splitting process involves the central Fe atom attracting the two O atoms and the
two adjacent N atoms attracting the two H atoms. Consequently, the N-Fe-N feature
in the stable Fe-N4 cluster is essential for the four-electron ORR on the FePc
catalysts. (2) In contrast, the O–O bond in H2O2 molecule cannot be split on the
Co-N4 catalysts. This explains why only two-electron ORR was found to occur on
the planar CoPc molecule catalysts [168]. (3) As compared to that on Pt
(111) surface, O2 molecule is found to adsorb more strongly on the FePc catalyst
and more weakly on the CoPc catalyst. Since O2 adsorption is the first elementary
step of ORR on electrocatalysts, FePc could have even higher rate for ORR than
pure Pt due to faster O2 adsorption [168]. (4) However, FePc also binds OH
molecule (one of the intermediate of ORR) more strongly than other catalysts (see
Table 4). These OH (or radical O•) might oxidize the central Fe atom and cause the
FePc lose its catalytic activity [168].

Furthermore, a linear relation between the adsorption energy of OH or H2O2 and
the adsorption energy of O2 on the ten studied macrocyclic M-N4 complexes has
been observed (Fig. 12) [168]. It is noticeable in Fig. 12 that the adsorptions of the
involved species (O2, OH, and H2O2) are always distinguishably stronger on the

Table 4 Calculated adsorption energy (in eV) of O2, H2O, OH, and H2O2 on FePc, CoPc, and
(111) surface of metal Pt using the DFT method

O2 H2O OH H2O2

FePc 1.16 1.05 3.41 1.05

CoPc 0.40 0.32 2.36 0.47

Pt (111) surface 0.69 0.35 2.23 0.37

Fig. 12 Correlation plot
showing the variation of the
calculated adsorption energy
of OH (blue circles) and H2O2

(red squares) as a function of
the calculated adsorption
energy of O2 on the iron and
cobalt macrocyclic molecules.
Adapted with permission
from [168]. Copyright 2012
American Chemical Society
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Fe-N4 complexes than on the Co-N4 complexes. An ideal catalyst for ORR should
keep an optimal balance between retaining O2 on its surface and removing OH from
its surface [174–178]. Since the adsorption energies of O2 and OH on these M-N4

complexes have a linear relation, a volcano plot is expected when plotting the
catalytic activity for ORR as a function of the calculated O2 adsorption energy.
Consequently, the results in Table 4 and Fig. 12 suggested that increasing the O2

adsorption energy on Co-N4 complexes or decreasing the OH adsorption energy on
Fe-N4 complexes could lead to a catalyst for ORR with a good combination of
activity and durability.

5.3 DFT Study of ORR on M-N4 Clusters Between
Graphitic Pores

To understand the ORR activity on heat-treated M-N4 macrocycles, the reaction
pathway of ORR on the M-N4 (M = Fe, Co, and Ni) macrocyclic complexes which
are embedded between graphitic pores and bridge two edges of graphenes has been
modeled using the first-principles DFT calculation method [51]. It was found that
the assumed M-N4-C structure (Fig. 13) was thermodynamically more stable as
compared to isolated Fe ion, N2 gas, and carbon graphite [178]. Furthermore, the
binding energies of ORR intermediates O2, O, OH, OOH, H2O2, and H2O on these
macrocyclic complexes have been calculated [178]. It was found that the involved
ORR intermediates favor to bind with the central transition metal M atoms with the
configurations shown in Fig. 14. In particular, it could be observed in Fig. 14c that
the O–O bond will be split in the lowest-energy adsorption configuration of H2O2

on the Fe-N4-C or Co-N4-C clusters.
Based on calculated binding energies, it was proposed that the ORR on the

Fe-N4 and Co-N4 macrocyclic complexes would adopt a pathway which follows the

Fig. 13 Atomistic structures
of M-N4 (M = Fe, Co, or Ni)
macrocyclic complex
embedded between graphitic
pores. In the figure, gray,
blue, brown, red, and white
balls represent C, N, TM, O,
and H atoms, respectively.
Adapted with permission
from [178]. Copyright 2014
Royal Society of Chemistry
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chemical reactions: (1) O2 → *O2 (adsorption); (2) *O2 + (H+ + e‒) → *OOH;
(3) *OOH + (H+ + e‒) → 2*OH; and (4) 2*OH + 2(H+ + e‒) → 2H2O. In this
pathway, the O–O bond in the reactant O2 will be split during the interaction of
intermediate HOOH with the Fe-N4 and Co-N4 macrocyclic complexes. Hence, it
was predicted from the DFT calculations that the Fe-N4 or Co-N4 macrocyclic
complexes near graphitic pores could promote the 4e‒ ORR with a single active
site, which contains a central transition metal M atom and four surrounding chelated
N atoms. Furthermore, a linear correlation between the calculated O2 adsorption
energy on the M-N4 (Me = Fe, Co, or Ni) macrocyclic complexes and the calculated
nonbonding d-orbital center (i.e., excluding dx2�y2 orbital) of the central M atom
have been identified [178].

Fig. 14 Optimized geometries of various ORR species adsorbed on M-N4 macrocyclic complexes
embedded near graphitic pores: a O2, b OOH, c H2O2, d H2O, e O, and f OH. Top and bottom
panels show the projection and lateral views of the adsorption configurations. In the figure, gray,
blue, brown, red, and white balls represent C, N, TM, O, and H atoms, respectively. Adapted with
permission from [178]. Copyright 2013 Royal Society of Chemistry
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5.4 DFT Study of ORR on M-N4 Clusters Embedded
in Graphene

The ORR on the M-N4 clusters embedded in graphene layer has also been studied
to provide insight on the catalytic activity of heat-treated M-N4 macrocycles
[179–183]. Limited by the local structure of extended graphene layer, only two
configurations (Fig. 15) of the M-N4 clusters embedded in a graphene layer are
quite possible. Active site A (Fig. 15a) is the most used model in literatures
[179–183] while active site B (Fig. 15b) is also studied in Ref. [180].

Calle-Vallejo et al. studied the adsorption of *O, *OH, and *OOH on M-N4

cluster embedded in graphene using both models [180]. They found that the
adsorption energy of these chemical species on M-N4 clusters follow the same trend
with respect to the change of central metal atom. As same as on M-N4 macrocyclic
molecules, increasing the number of electrons in the d-orbital of the central metal
atom would weaken the interaction between the M-N4 cluster and the adsorbates.
Based on the DFT calculated volcano plots for ORR and oxygen evolution reaction
(OER), they predicted that Ir-N4 cluster embedded in graphene might be most
active for both ORR and OER.

Kattel et al. investigated the detailed reaction pathway for ORR on Fe-N4 clusters
embedded in graphene (Active site A) using the DFT method [179]. Specifically,
they calculated the activation energies for all the elementary reaction steps relevant
to ORR, which include the O2 dissociation, O2 hydrogenation, OOH dissociation,
OOH hydrogenation, O hydrogenation, and OH hydrogenation reactions on the
FeN4 embedded graphene. From their DFT results, Kattel et al. proposed that the
ORR would follow the OOH dissociation pathway on the Fe-N4 clusters. Namely,
O2 molecule first adsorbs on the Fe atom of the Fe-N4 cluster, the adsorbed O2

undergoes a hydrogenation reaction to form an adsorbed OOH molecule, then the
O–O bond of the OOH is split to produce an O atom and an OH molecule, subse-
quently the O and OH will undergoes sequential hydrogenation reactions to form
two H2O molecules. Along this ORR pathway, the DFT calculations indicate that the

Fig. 15 Two model structures of M-N4 cluster embedded in graphene
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rate-determining step for the ORR on the FeN4 embedded graphene is the OOH
dissociation step in which *OOH dissociates to form *O and *OH and has activation
energy of 0.56 eV. This low activation energy is comparable to the 0.79 eV on
Pt (111) surface, which indicates that the embedded Fe-N4 cluster could have similar
catalytic activity as compared to that of Pt catalysts.

6 Concluding Remarks

In this contribution, we reviewed the current knowledge on the experimental and
theoretical aspects of ORRs on M-N4 macrocyclic complexes. It has been
well-established that M-N4 macrocyclic complexes possess promising catalytic
activity for ORR. In theory, the central transition metal (M) atom (chelated by
surrounding N atoms) is widely believed to be the main active site for ORR.
Consequently, clear elucidation of the relation between the electronic structure,
geometric structure, and ORR activity is highly desired for the rational design of
M-N4 macrocycle catalysts. In this regard, the first-principles density functional
theory computational method proves to be a predictive theoretical technique useful
for gaining insights into the mechanisms underlying the ORR on M-N4 macrocyclic
complexes.
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Heat-Treated Non-precious Metal
Catalysts for Oxygen Reduction

Hoon Chung, Gang Wu, Drew Higgins, Pouyan Zamani,
Zhongwei Chen and Piotr Zelenay

1 Introduction

1.1 Polymer Electrolyte Fuel Cells—The Cathode
Challenge

Polymer electrolyte fuel cells (PEFCs) are touted as a green alternative to the
internal combustion engine, yet commercial penetration of PEFCs into the auto-
motive sector remains hindered by cost and durability issues. Under projected
conditions of mass production, almost half of the overall fuel cell stack cost is due
to the expensive platinum-based catalysts [1]. Current cost targets are unattainable
unless the extensive reliance on this precious metal is alleviated. This can only be
accomplished by developing alternative cathode catalysts for the oxygen reduction
reaction (ORR). Research on new platinum catalyst supports or nanostructured
platinum alloys to increase ORR activity on a precious metal mass basis have been
largely successful [2–6]. This approach is not ideal, however, due to the volatile
pricing and geopolitical instabilities that can likely affect the supply of platinum.
For these reasons, the development of entirely non-platinum group metal
(non-PGM) catalysts for the oxygen reduction reaction (ORR) is highly desirable
[7–9].
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Several different non-PGM catalysts have been investigated in the scientific
community. Among them, the most promising systems in terms of activity and
stability are made by heat-treating a mixture of transition metal nitrogen, and
carbon species (M–N–C) at temperatures in excess of 700 °C [10]. Different syn-
thesis approaches, precursor selection, and fabrication parameters are known to
result in catalyst variations, with iron-based catalysts showing the highest activity.
By applying rational design strategies, numerous research teams have achieved
success in improving the ORR activity, electrochemical durability, and membrane
electrode assembly (MEA) performance of M–N–C catalysts [11–19]. This chapter
will give a synopsis on the current state of knowledge of heat-treated non-PGM
catalysts and recent progress in this important area of research.

1.2 Performance Requirements

Traditional non-PGM catalyst performance evaluation in an MEA has been done on
a volumetric-activity basis, with the U.S. Department of Energy (U.S. DOE) 2020
target set at 300 A cm−3 at a cell voltage of 0.8 V (iR-corrected) [20]. To be
technologically viable in PEFCs for automotive applications, the performance
capabilities of non-PGM catalysts must ultimately meet targets that have also been
established for platinum catalysts. For MEAs, these are generally specified on an
areal basis and include achieving a current density of 0.3 A cm−2 at 0.8 V and a
power density of 1.0 W cm−2 at rated power. The durability must also be sufficient
enough to compete with the capabilities of internal combustion engines. The DOE
2020 target requires that less than 10 % of performance loss (voltage at rated
power) after 5000 h of cycling is achieved. While the cycling conditions used are
often assumed to be equivalent to 150,000 miles of driving, the ultimate stability
testing must also be done under practical conditions (i.e., ambient environments,
dynamic loads, and start-up/shutdown) in order to be technologically viable.

In spite of dramatic progress achieved over the past two decades, to the point
that non-PGM catalysts have advanced past being considered basic research, [21]
the above targets are still very ambitious for non-PGM catalysts. While rotating disc
electrode (RDE) and rotating ring disc electrode (RRDE) experiments are very
useful for catalyst screening and electrochemical kinetic investigations, MEA
integration and performance evaluation in fuel cells have become a priority.
Performance improvement investigations need to continue, along with studies to
understand the catalyst properties and phenomena that govern performance and
stability of electrocatalysts. Only through the application of this knowledge will
non-PGM catalysts be capable of achieving established technical targets. If suc-
cessful, such catalysts will play a key role in reaching the $40 per kW cost targets in
place for the automotive-scale PEFC systems [20].
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2 Synthesis Path

Jahnke et al. [22] pioneered the use of transition metal macrocycle compounds that
contain M–N4 structures as ORR catalysts. Their research inspired efforts to
develop active oxygen reduction catalysts by heat-treating macrocyclic precursors.
It was later shown that new synthesis routes for heat-treated transition metal cat-
alysts were successful using less complex ligands, such as sulfates, chlorides, and
nitrates. Since that time, several research groups have focused on novel catalyst
synthesis and performance improvement [3, 13, 14, 18, 19, 23–36]. Meanwhile, at
Los Alamos National Laboratory, Zelenay et al. have been able to increase the
activity of Fe–N–C compounds using two heat treatment steps and with proper
selection of nitrogen–carbon precursors (e.g., polyaniline and cyanamide) [15, 37].
It is also worth noting that the nature of the non-precious active sites in such
heat-treated catalysts is still under debate. This derives from the fact that the
function of the transition metal during the catalyst synthesis remains unresolved.
Regardless, the catalytic activity was found strongly dependent on the synthesis
chemistry, including the structure of the nitrogen precursor transition metals heat
treatment temperatures, and inclusion of support materials (i.e., carbon black). On
the basis of recent breakthroughs in this field, we will provide a brief outline of the
synthesis pathways for such heat-treated M–N–C catalysts. This will be followed
by a discussion of the current ORR activity as well as fuel cell performance.

2.1 Precursors

The heat treatment of virtually any mixture of nitrogen, metal, and carbon species
can yield a material that displays some ORR activity. To achieve well-performing
catalysts, the selection of precursors, supports, and synthesis conditions is much
more important. These factors play a major role toward obtaining materials with the
high activity and long-term durability required for practical catalysts [38, 39].

2.1.1 Nitrogen–Carbon Precursors

Heat-treated transition metal–nitrogen–carbon catalysts are currently derived from
various nitrogen precursors which can be divided into three categories:
(i) C≡N-based; (ii) C–N-based; and (iii) aromatic-compound-based precursors.
According to the available experimental data, the C≡N and aromatic nitrogen
precursors appear to be advantageous over the C–N-based ones in terms of resulting
catalyst activity and durability. For example, catalysts derived from heteroatomic
polymers show higher activity than catalysts obtained from simple amines, such as
ethylenediamine [40]. Two types of polymer-based catalysts were systematically
compared using either polyaniline (PANI) or polypyrrole (PPy) as nitrogen
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precursors for catalyst synthesis. As shown in Fig. 1, [41] electrochemical data
obtained using RDE shows a lower onset potential (higher overpotential) for
oxygen reduction with the PPy–Fe–C (*0.85 V vs. RHE) than with PANI–Fe–C
(*0.91 V vs. RHE). RRDE results further indicate better selectivity of the
PANI-derived catalyst for the four-electron oxygen reduction. The H2O2 yield at
0.4 V remains below 1 % for the best performing PANI-derived catalysts.

In good agreement with electrochemical experiments, fuel cell polarization data
shown in Fig. 1c confirms higher performance of the PANI–Fe–C catalyst at high
cell voltages (>0.55 V). On the other hand, more porous structures of the
PPy-derived catalyst benefits performance at lower voltages, where oxygen mass
transfer becomes the limited step. Long-term fuel cell performance of both catalysts
at a constant voltage of 0.4 V is depicted in Fig. 1d. While PPy–Fe–C shows
significantly better activity early in the life test, its performance drops below that of
PANI–Fe–C in less than 100 h. On the other hand, PANI–Fe–C exhibits very good
stability during the 200-h life test. The difference in the two catalysts’ durability
may be caused by differences in the nature of the active ORR sites, water tolerance,
and/or other factors. There are some indications that precursors with an aromatic

Fig. 1 a RDE and b RRDE tests for PANI- and PPy-based catalysts. Fuel cell performance of
PANI- and PPy-derived catalysts: c polarization plots, d life tests. Cell temperature 80 °C; anode—
0.25 mg cm−2 Pt on a woven-web GDL (E-TEK), 30 psig H2; cathode—catalyst loading
4 mg cm−2; membrane—Nafion® 1135. Reproduced with permission from Ref. [41], copyright
(2009) The Electrochemical Society
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structure may stabilize interactions between the metal and nitrogen species that
become embedded into the graphitic structure of the catalyst during heat treatment.
This can lead to improved stability of the active reaction sites. This is one possible
reason for the much better stability of PANI-derived catalysts.

During the high-temperature catalyst synthesis, one morphological property
worth mentioning is that the catalyst structures are dominated by in situ formed
graphitized carbon nanostructures, derived from the carbon/nitrogen precursors The
appearance of these nanostructures can be correlated to the oxygen reduction
activity, providing critical clues in the identification of active sites. Figure 2 shows
different carbon nanostructures that result from using various nitrogen/carbon and
transition metal precursors during synthesis [42]. Noteworthy, no graphitized car-
bon structure was formed when polyaniline was heat-treated in the absence of
transition metals. This indicates the crucial role of the transition metal in the for-
mation of highly graphitized carbon during heat treatment. The use of ethylene-
diamine and Co yields an abundance of onion-like carbon nanostructures formed
during heat treatment (Fig. 2, top). When cyanamide is used with Fe, bamboo-like
carbon nanotubes tend to appear (Fig. 2, mid part). Among the other extensively
investigated precursors, polyaniline-derived catalysts are the only ones to demon-
strate substantial graphene content following the heat treatment (Fig. 2, bottom).
This shows that the aromatic structure of PANI may be a factor in forming gra-
phene, possibly arising due to their structural similarities.

2.1.2 Transition Metal Precursors

Metal-free nitrogen-doped carbon materials exhibit some ORR activity in alkaline
media. In the more challenging acidic media, they suffer from inactivity and poor
durability. The addition of transition metal(s) is necessary for achieving good
catalytic activity and improved durability [43, 44]. Some studies have shown the
important effect of the type of transition metal ions used during synthesis on the
oxygen reduction activity. Among other approaches, this effect was demonstrated
with polyacrylonitrile-derived catalysts and studied in both acidic and alkaline
solutions [45]. The nature of the metallic center in the precursors played a gov-
erning role on the resultant ORR catalysis. It has become well established that the
most active catalysts in acidic electrolyte are formed using either iron or cobalt.
Iron-derived catalysts especially have more positive onset potentials than
cobalt-derived catalysts, indicating higher intrinsic activity. The iron-containing
catalysts also exhibit the highest four-electron selectivity among several other
transition metals [45]. In alkaline media, iron- and cobalt-based electrocatalysts
often show similar activity [45].

In a recent report, [46] Liao and coworkers systematically studied the effects of
the addition of transition metals (Mn, Fe, Co, Ni, Cu) on the structure and per-
formance of doped carbon catalysts derived from PANI and melamine. The results
show that the doping of various transition metals significantly affects the structures
and performance of the catalysts. Doping with Fe or Mn led to a catalyst with a
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Fig. 2 The various carbon nanostructures observed from the catalysts derived from different
nitrogen precursors and transition metal species. Reprinted with permission from Ref. [42],
copyright (2012) American Chemical Society
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graphene-like structure, whereby doping with Co, Ni, or Cu yielded a disordered or
nanosheet structures. As shown in Fig. 3, the doping of transition metals can
enhance the performance of the catalysts. The ORR activity of thus doped catalysts
in alkaline solution (another order is often observed in acidic electrolytes) decreases
in the following order: Fe > Co > Cu > Mn > Ni. It is suggested that this trend is the
result of the impact the transition metal has on three properties: (i) the N content of
the catalyst, (ii) the amount and type of residual metal species, and (iii) the resulting
catalyst surface area and pore structure.

Transition metals can be used for tuning both the morphology of nanostructured
carbon and incorporation of nitrogen dopants [10, 37, 38, 42]. As shown in Fig. 4,
the carbon nanotube size and doped nitrogen functionalities can be well controlled
using different transition metals, such as Ni, Co, and Fe. For example, compared to
other metals, Ni-catalyzed carbon nanotubes have the highest pyridinic nitrogen
content. On the other hand, Fe is able to yield largest size of carbon nanotubes with
relatively high graphitic nitrogen doping. Given the commonly accepted hypothesis
that ORR active sites are embedded into the graphitized carbon structures, the

Fig. 3 ORR polarization for
catalysts derived from
different transition metal
precursors in a 0.1 M KOH
and b 0.1 M HClO4 at 298 K.
Reprinted with permission
from Ref. [46]. Copyright
(2014) American Chemical
Society
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highly graphitic nanotubes can offer a potentially attractive host for ORR active
sites in these catalysts. By strategically controlling the morphology and N-dopant
types/concentrations, improvements to the catalyst performance, durability, and
even mass transfer properties are possible.

It was also determined that, in some special cases, the Fe content used for
non-PGM catalyst synthesis can play an important role in morphology optimization
and activity enhancement [48]. For example, following synthesis involving a
nominal iron loading of 30 wt%, the final catalyst had only 2 wt% Fe remaining
after acid leach and a second heat treatment. The BET surface area was 845 m2 g–1,
a high value for a non-PGM catalyst supported on Ketjenblack® (KJ) carbon. On
the other hand, when using a nominal metal loading of 30 wt% to prepare
polyaniline–cobalt–carbon (PANI–Co–C) catalysts, the Co content in the resulting
catalyst was 8 wt% and a significantly lower BET surface area was achieved. In
good agreement with BET results, the morphology of the catalysts as determined by
scanning electron microscopy (SEM) Fig. 4 shows more porosity when higher
nominal iron loadings were used for synthesis (Fig. 5) [48]. The highest nominal Fe
loading used during synthesis leads to the lowest bulk Fe content in the final
catalyst and to the highest BET surface area. This indicates that the in situ formed
FeS (with sulfur originating from the ammonium persulfate used as oxidant to
polymerize polyaniline) acts as an effective sacrificial pore-forming “template” that
is removed during the acid leaching step. It is possible that a higher portion of FeS
particles formed with lower Fe loadings of 3 and 10 wt% is fully encapsulated
within carbon agglomerates, protecting them during the acid leach step.

Fig. 4 Nitrogen-doped carbon micro- and nanotubes with the diameter and nitrogen function-
alities controlled by the transition metal used in the synthesis: (a, d) Ni; (b, e) Co, and (c, f) Fe.
Top scanning electron microscopy images; bottom corresponding N1s X-ray photoelectron
spectroscopy data. Reproduced from Ref. [47] with permission from the Royal Society of
Chemistry
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2.1.3 Effect of Carbon Support

Thanks to their high electronic conductivity, good corrosion resistance, high
specific surface area, and falling price, carbon nanotubes have been considered as a
replacement for traditional carbon-black supports in fuel cell electrocatalysts.
A number of earlier studies have shown that Pt loaded on multi- and single-walled
carbon nanotubes exhibits high activity for methanol electro-oxidation and oxygen
reduction. Four types of carbon were systematically studied at Los Alamos as
supports in non-PGM catalyst synthesis: Vulcan® XC-72, Ketjenblack® 300 J,
Black Pearls® 2000, and multi-walled carbon nanotube (MWNTs). Fuel cell
polarization plots and life test data for polyaniline–iron (PANI–Fe) catalysts
obtained using different carbon supports during synthesis are shown in Fig. 6 [49].
Almost identical polarization plots were observed above 0.35 V, above which
MWNT-supported catalysts were found to assure the highest current density, likely
thanks to the more open structure of the nanotube-based electrode. MWNTs also
benefit the catalyst stability, with virtually no performance degradation after more
than 500 h of operation at a cell voltage of 0.40 V. This represents an improvement
over the Ketjenblack-supported catalyst that exhibits performance loss already after
200 h of operation.

In general, carbon nanotube (CNT) supports promise improved fuel cell per-
formance over that of traditional carbon blacks. In addition to the excellent electron
conductivity, CNTs possess dominant mesoporosity (>2 nm), thus offering better
gas permeability and catalytic-site accessibility. Also, water removal within the
electrode is facilitated by the hydrophobic nature of the CNT surface, which is of
important advantage, especially in the case of non-PGM cathode layers that reach
100 μm in thickness. Higher durability of the MWNT-supported PANI–Fe catalyst
may also be related to the higher degree of graphitization of MWNTs, leading to
enhanced corrosion resistance and improved stability of the ORR active site(s)
[50, 51].

10 wt% Fe3 wt% Fe 30 wt% Fe

Fig. 5 SEM images of PANI–Fe–C catalysts as a function of Fe loading used during the
synthesis. Adapted from Ref. [48]. Reproduced by permission of the American Chemical Society
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2.2 Effect of Heating Temperature

The activity of ORR sites formed in the heat treatment step strongly depends on the
temperature used. In research shown in Fig. 7, [15] the ORR activity of the PANI–
Fe–C catalyst was studied as a function of temperature ranging from 400 to
1000 °C. The poor activity at 400 °C is very similar to the behavior shown for
regular carbons, indicating that no new active sites are formed at low heat treatment
temperatures. At temperatures above 600 °C, a significant shift of the ORR onset
potential in the positive direction takes place. 900 °C was found to be the optimal
temperature in terms of the most positive onset and half-wave potentials.

Elemental analysis of the catalysts heat-treated at different temperatures was
determined using X-ray photoelectron spectroscopy (XPS) [38]. It was found that
the final Fe content of the catalysts likely increases with the heat treatment

Fig. 6 Fuel cell performance of PANI–Fe catalyst obtained using MWNTs and Ketjenblack as
supports: a initial polarization plots, b life tests. Cell temperature 80 °C; anode—0.25 mg cm−2 Pt
on a woven-web GDL (E-TEK), 30 psig H2; cathode—catalyst loading 4.0 mg cm−2; membrane—
Nafion® 1135. Adapted from Ref. [49]. Reproduced by permission of The Royal Society of
Chemistry

Fig. 7 Effect of heating temperatures on the a oxygen reduction activity and b four-electron
selectivity. Adopted from Ref. [15]. Reproduced by permission of the AAAS
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temperature. This is probably due to the enhanced formation of graphitized carbon
shells that tend to form around and protect Fe-rich phases at high temperatures.
High-resolution transmission electronic microscopy (HRTEM) imaging has
repeatedly provided an evidence for that interpretation [48]. An increase in the heat
treatment temperature also leads to an increase in the carbon formed in PANI
carbonization. Interestingly, the nitrogen content decreases with an increase in the
heating temperature from 600 to 900 °C, which is not accompanied by a drop in
ORR activity. This suggests that catalyst activity is not entirely dependent on the
total amount of doped nitrogen, as claimed by some researchers, [38] but is strongly
related to the doping position and local atomic environment.

Beside the heat treatment temperature, the number of heating steps has been
found to affect the ORR activity of non-PGM catalysts. Recently, a novel three-step
heating strategy to prepare high-surface-area Fe catalysts was developed at Los
Alamos [48]. The new cathode catalysts were found to have much increased
electrochemically accessible surface area relative to the traditional two-step syn-
thesis (Fig. 8a). A current density of 190 mA cm−2 at a voltage of 0.80 V (iR-free)
was achieved in fuel cell testing using this strategy (Fig. 8b).

3 Performance Evaluation and Catalyst Characterization
Techniques

3.1 Electrochemical Cell Testing

Electrochemical cell testing is a simple and convenient approach to measuring the
ORR activity and H2O2 yield. Among numerous electrochemical techniques, the
most important and widely used are the RDE and RRDE methods.

Fig. 8 a Cyclic voltammetry and b fuel cell performance for various PANI–Fe–C non-PGM
catalyst. Cyclic voltammetry: 20 mV s−1 in 0.5 M H2SO4 solution. Fuel cell tests: Anode:
0.5 mg cm−2 Pt (E-TEK) 1.0 bar (partial pressure), H2, 200 sccm; cathode: *4.0 mg cm−2 1.0 bar
(partial pressure), O2, 200 sccm; Membrane: Nafion® 211; Cell: 80 °C; 100 % RH
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3.1.1 Electrochemical Cell Set-up

Glass cells equipped with three electrodes are usually used in electrochemical
testing. A thorough cleaning of the glassware is essential to eliminate impurities
that negatively affect ORR activity of catalysts. A typical cleaning procedure
involves soaking the glassware in a mixture of concentrated sulfuric acid and an
inorganic oxidizer, such as Nochromix (GODAX Laboratories, Inc.), and then
rinsing them with deionized (DI) water (18 MΩ cm). Acid electrolyte (e.g., 0.5 M
H2SO4, 0.1 M HClO4) or alkaline electrolyte, (e.g., 0.1 M KOH) is chosen
depending on the application of interest. In selecting a reference electrode, it is most
appropriate to choose a reference electrode that shares the same anion as the
electrolyte, such as the mercury–mercurous sulfate electrode (MSE, 0.68 V vs.
NHE) when using sulfuric acid electrolyte. All potentials measured versus a ref-
erence electrode should be converted into the reversible hydrogen electrode
(RHE) scale to facilitate comparison of results from different laboratories. In order
to avoid any potential contamination of the non-PGM catalyst with platinum or
other precious metals, the use of a graphite rod as a counter electrode is suggested.
RDE using a glassy carbon disk and RRDE made up of a glassy carbon disk
surrounded by a platinum ring are typically used as working electrodes. The
non-PGM catalysts are ultrasonically dispersed in an alcoholic solution containing
suspended Nafion® ionomer to form a catalyst “ink” that is applied to the glassy
carbon disk surface. At Los Alamos National Laboratory, the catalyst ink is usually
prepared by ultrasonically blending for 1 h 10 mg of the non-PGM catalysts and
40 μl of 5 wt% Nafion® suspension in alcohol (Solution Technology, Inc.) in
2.0 mL isopropanol. Homogeneous catalyst deposition onto the glassy carbon
electrode is very important for obtaining reliable and reproducible electrochemical
data.

3.1.2 RDE/RRDE Measurements

RDE and RRDE measurements are usually performed using a computer-controlled
potentiostat and a rotator. RDE is a simple and convenient screening tool for
assessing ORR activity of newly developed non-PGM catalysts. One way of
evaluating the ORR activity is to measure the half-wave potential (E½). This is the
potential at which the current density is equal to one-half of the mass-transport
limited current density (Fig. 9). A higher E½ corresponds to higher ORR activity
(for a given catalyst loading). The other way of estimating ORR activity is to
measure the current density in the kinetic region, such as at an electrode potential of
0.90 V versus RHE.

Linear sweep voltammetry (LSV) is usually conducted with the electrode
immersed in deoxygenated electrolyte prior to carrying out LSV in oxygen-
saturated electrolyte. The ORR polarization curve is obtained by subtracting the
LSV measured in deoxygenated electrolyte from the LSV measured in oxygen-
saturated electrolyte, whereby capacitive currents can be eliminated. As higher LSV
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scan rates lead to higher E½ and higher current densities in the kinetic region, the
scan rate is important in reporting ORR performance and needs to be specified.
Slow scan rates (5–10 mV s−1) are recommended for recording ORR polarization
plots with non-PGM catalysts. At Los Alamos National Laboratory, steady-state
measurements have been adopted to obtain ORR polarization plots. These are
recorded in oxygen-saturated electrolytes, starting at the open cell potential
(OCP) and decreasing it stepwise, typically by 20 or 30 mV, with a hold time of
30–60 s, down to 0.0 V versus RHE. A 120-s potential hold at the open-circuit
potential precedes every ORR polarization experiment.

The kinetic current (ik) and average number of electrons transferred per oxygen
molecule (n) can be obtained through RDE experiments using the Koutecky–Levich
equation (Eq. 1):

1
i
¼ 1

ik
þ 1

iD
¼ 1

ik
þ 1

0:62nFD
2
3m�1=6CO

� �
x�1=2 ð1Þ

Here, i is the measured current density, ik is the kinetic current density, iD is the
diffusion limited current density, n is the number of electrons transferred per
oxygen molecule, F is the Faraday constant (96485 C mol−1), D is the diffusion
coefficient of the molecular O2, CO is the concentration of molecular O2 in the
electrolyte, ν is the kinematic viscosity of electrolyte, and ω is the angular rotation
rate (rad s−1). Plotting 1

i versus. ω−1/2 yields n from the slope and ik from the
intercept on the 1

i axis. The ik obtained from the Koutecky–Levich plot can also be
utilized to obtain the Tafel plot, logik versus E, to determine the Tafel slope and
exchange current density (i0).

The theoretical limiting current density in RDE experiments can be calculated
using Levich Eq. 2:

Fig. 9 Half-wave potential
(E½) determination in RDE
testing
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iL ¼ 0:62nFAD2=3x1=2m�1=6CO ð2Þ

Here, iL is the limiting current and A is the electrode area.
Using RRDE, H2O2 yield can be measured based on Eq. 3 by setting the ring

potential for H2O2 oxidation to ca. 1.4 V versus RHE:

H2O2 %ð Þ ¼ 200� iR=N
iR=Nð Þþ iD

ð3Þ

Here, iD and iR are the disk and ring current densities, respectively, and N is the

ring collection efficiency N ¼ iR
iD

���
��� nD

nR

� �� �
. The peroxide yield can be directly

correlated to the average number of electrons transferred per O2 molecule
(n) through the following:

n ¼ 4� %H2O2ð Þ=50% ð4Þ

One should keep in mind though that RDE ORR performance of a catalyst
does not always reflect its fuel cell performance. This consideration holds true
for non-PGM catalysts in particular. For example, test data shown for three PANI–
Fe–C catalysts in Fig. 8b above attest to a major performance differences in the fuel
cell, which is not at all reflected in the RDE testing (Fig. 10). Among possible
reasons for the observed discrepancy between the RDE and fuel cell performance,
water generation may be of particular importance. While obviously having no
impact on RDE performance of catalysts, it can significantly influence the fuel cell
performance by affecting the oxygen access to the active sites in the fuel cell
cathode.
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3.2 Fuel Cell Testing

Testing of non-PGM catalysts in the fuel cell cathode is of utmost significance for
the evaluation of their activity and durability under PEFC operating conditions.
MEA fabrication is thus an important element of a non-PGM catalyst evaluation.
Typically, a catalyst “ink” is first prepared by ultrasonically mixing the catalyst
powder with a Nafion® suspension for 3–4 h. One commonly used ink composition
at Los Alamos National Laboratory to obtain a catalyst layer containing 35 wt% of
Nafion® involves mixing of a non-PGM catalyst, water, isopropanol, and a 5 wt%
of Nafion® suspension in a weight ratio of 1:12:12:11, respectively. The ink is then
applied to the membrane or gas diffusion layer by successive brush painting (or
spraying) until a target cathode catalyst loading is reached on a vacuum hot plate
maintained at 80 °C. Commercial Pt-catalyzed carbon paper (0.2 mgPt cm

−2) is
normally used at the anode. The gasket thickness is chosen to be ca. 80 % of the
uncompressed (gas diffusion layer + catalyst layer) thickness. The cathode and
anode are hot-pressed at 80–120 °C for 5 min onto a piece of a Nafion® membrane.
In some cases, two membranes are used. This approach minimizes the risk of a
possible cross-contamination of the cathode with Pt from the anode during MEA
preparation and also facilitates postmortem characterization of the individual fuel
cell electrodes. Figure 11 shows the comparison of fuel cell performance of single-
and two-membrane MEAs with non-PGM catalysts. As shown in Fig. 11a, the
double membrane MEA exhibits a higher high-frequency resistance (HFR) and
lower performance at the mass-transport limited region. However, comparison of
the iR-corrected polarization plots reveals identical performance of both MEAs
(Fig. 11b).

Recommended fuel cell test conditions include the use of pure hydrogen and
air/oxygen, humidified at 80 °C to assure 100 % relative humidity at an anode
stoichiometry of 2 and cathode stoichiometry of 9.5. Both electrodes should be
maintained at a backpressure that results in a 1.0 bar partial pressure of the gases.
Testing is typically carried out a cell temperature of 80 °C.

Fig. 11 Fuel cell performance of MEAs single and double MEAs: a before and b after iR-
correction
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3.3 Physicochemical Characterization Techniques

Heat-treated non-PGM catalysts have a complex structure, usually consisting of
carbon (ca. 90 at.%), nitrogen (ca., 5 at.%), metal (most commonly Fe or Co, ca. 2
at.%), and other elements (e.g., O, ca. 3 at.%). A systematic study of catalysts
prepared by various synthesis paths is of importance for gaining insight into the
structure and for improving ORR performance and stability of the catalysts. Since
nitrogen, iron, and carbon are the main elements in non-PGM ORR catalysts, we
will concentrate below on techniques that particularly useful in the analysis of these
elements.

XPS is the most common technique to determine elemental composition of
non-PGM catalysts. In particular, XPS is an excellent tool to ascertain the type and
relative amount of nitrogen functionalities doped into carbon through deconvolu-
tion of high-resolution N1s spectra (Detailed analysis of C1s spectra is difficult due
to the lack of distinct spectral features.). The valence state of metals in catalysts can
be established by the deconvolution of metal spectra. XPS is often referred to as a
surface-sensitive technique but in reality the information obtained is not limited to
the catalyst surface. Since ORR is strictly a surface reaction, it is important to know
the sampling depth of XPS for non-PGM catalysts to conclude how relevant XPS
signatures are to the catalyst surface. Universal curves of electron inelastic mean
free path curve for either Mg Kα X-ray (1253.6 eV) or Al Kα X-ray (1486.6 eV)
sources, typically used in XPS, reveal the sampling (escape) depth for carbon, i.e.,
the depth from which 95 % of all photoelectrons are absorbed by the time they
reach the surface is ca. 6 nm. In the case of carbon, the distance between graphene
planes is ca. 0.34 nm. Thus, the XPS information from carbon-based non-PGM
catalysts originates from ca. 20 atomic layers of carbon. By lowering the angle
between the X-ray source and the sample, more surface-specific information can be
obtained.

X-ray absorption spectroscopy (XAS) is another widely used tool for analyzing
the structure of non-PGM catalysts. Depending on the X-ray energy range, carbon
(280–300 eV), nitrogen (390–420 eV), and iron (7100–7200 eV) spectra can be
obtained. An X-ray absorption spectrum is generally divided into four sections:
(i) pre-edge, E < E0 (binding energy); (ii) X-ray absorption near-edge structure
(XANES), E = E0 up to E0 + ca. 10 eV); (iii) near-edge X-ray absorption fine
structure (NEXAFS), E = E0 + ca. 10 eV to E0 + ca. 50 eV; and (iv) extended X-ray
absorption fine structure (EXAFS), E = E0 + ca. 50 eV to E0 + ca. 1000 eV. In
carbon NEXAFS, the relative amount of unsaturated carbon bonds (sp or sp2) and
saturated carbon bonds (sp3) can be assessed by comparing 1 s→ π* carbon spectra
(284–288 eV) and 1 s → σ* carbon spectra (ca. 290 eV). The presence of a π*
resonance in the low-energy range of the carbon spectra is characteristic of
unsaturated (sp or sp2) carbon bonds. However, for diamond which is purely sp3-
bonded, no π* resonance is observed, only 1 s → σ* transition at ca. 290 eV.
Nitrogen analysis for non-PGM catalysts with NEXAFS is difficult due to the low
doping level of nitrogen in the catalysts. The oxidation state of iron can be
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measured by XANES, while the coordination number of the iron center and type of
direct neighboring atoms can be identified by EXAFS.

Raman spectroscopy is also useful tool for structural analysis of non-PGM
catalysts. However, the complexity of the carbon phase in such catalysts makes
interpretation of Raman spectra very difficult. Raman spectra are affected by the
ratio of sp2/sp3 bonds, crystallite size, bond-angle disorder, bond-length disorder,
heteroatoms, etc. [52]. Generally, the spectra around 1580 cm−1 (G band) and
1350 cm−1 (D band) are known to correspond to the planar motion of sp2-hy-
bridized carbon atoms in an ideal graphene layer and carbon atoms close to the edge
of a graphene sheet, respectively [53]. The D band is inversely proportional to the
crystallite size. The ratio of I(D)/I(G) (where I denotes the band intensity) is often
used to measure the degree of disorder in the graphene layer. The relative con-
centration of amorphous carbon could be assessed from G and D bands in the
Raman spectra.

The morphology of non-PGM catalysts can be studied by SEM and TEM.
Combining these techniques with energy-dispersive X-ray spectroscopy
(EDS) makes elemental mapping possible. The specific surface area, total pore
volume, and pore-size distribution are important parameters that play a key role in
the ORR performance of non-PGM catalysts. The Brunauer–Emmett–Teller (BET)
method is widely used to determine the surface area of solid materials. Before
measurements the samples are degassed under a nitrogen flow at ca. 250 °C for
approximately 5 h to ensure the removal of adsorbed water. The Wm, the weight of
adsorbate (mostly N2) constituting a monolayer of surface coverage, is obtained
from the BET isotherm using the following equation:

1
WðP0=P� 1Þ ¼

1
WmC

þ C � 1
WmC

P
P0

� �
ð5Þ

Here, W is the weight of gas adsorbed at a relative pressure P/P0. The total
surface area St of the sample is calculated from Wm:

St ¼ WmNAcs

M
ð6Þ

Here, N is the Avogadro’s constant (6.022 × 1023), M is the molar mass of the
adsorbate (14 for N2), and Acs is the cross-sectional area of the adsorbate (16.2 Å2

for nitrogen). The total pore volume is derived from the amount of vapor adsorbed
(Vads) at a relative pressure close to unity by assuming that the pores are then filed
with liquid adsorbate (Vliq) as follows:

Vliq ¼ PaVadsVm

RT
ð7Þ

Here, Pa and T are ambient pressure and absolute temperature, respectively, and
Vm is the molar volume of the liquid adsorbate (34.7 cm3 mol−1 for nitrogen). The
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pore-size distribution is calculated based on the pore-size dependence of adsorbate
condensation (evaporation) a specific P/P0, using several available models in the
calculation. The pores are classified as macro-, meso-, and microporos for the
diameter greater than 500 Å, between 20 and 500 Å, and smaller than 20 Å,
respectively.

4 Catalyst Structure

4.1 The Active Site Debate

In the synthesis of M–N–C catalysts, significant structural and chemical changes
occur during the heat treatment. For this reason, a complex mixture of various
species results, including both graphitic and amorphous carbon structures, along
with the presence of doped nitrogen species, as well as metal oxides, sulfides, and
carbides [54]. Because of the highly heterogeneous structure of these catalysts,
elucidating the exact identity of the active site structure(s) has been a difficult
endeavor and subject of contention in the scientific community. This has been
further complicated by the fact that not only the atomic identity of the active site
can govern M–N–C activity, but the surrounding environment can play a role
owing to induced electronic and geometric effects [55–57]. Establishing this fun-
damental understanding regarding the active site identity (identities) is, however,
highly desirable as it will provide a missing piece of information that can be used to
guide improved catalyst designs and mechanistic studies.

An intense debate remains on whether or not metal species are an integral
component of the ORR active site, [8] with iron-based catalysts being the most
extensively investigated. Some researchers assert that metal species are actually not
present in the active site structures, although transition metals, Fe in particular, play
a crucial role in facilitating the formation of highly active nitrogen–carbon moieties
[58, 59]. This can be used to explain the dramatic performance enhancement
achieved upon the addition of even small amounts of transition metal precursors
[58, 60]. This activity remains following an acid leach performed to remove
metal-based species, as confirmed by surface-specific characterization, such as
XPS. Other research teams strongly believe that the active site involves metal ions,
e.g., Fe2+/3+, directly coordinated to nitrogen species [57, 61, 62]. Nitrogen coor-
dination is viewed as providing a relatively stable configuration that is not prone to
removal during acid leaching or under the electrochemical conditions encountered
during ORR activity evaluation. This Fe–N4/C arrangement also implies a com-
monality between transition metal macrocycle complexes that have been shown to
be ORR active, albeit with limited activity and electrochemical stability [63, 64].
The most common notion for a metal-based active site is that Fe ions are coordi-
nated by four nitrogen species. This for example includes the FeN4/C (Fig. 12a) or
FeN2+2/C (Fig. 12b, c) structures. Of these different species, it is the FeN4/C
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(Fig. 12a) and N–FeN2+2/C structure with a fifth coordinated nitrogen (Fig. 12c)
that were found to be responsible for ORR activity in catalysts prepared by
heat-treating a mixture of iron acetate and carbon black in ammonia [57].
Particularly, the N–FeN2+2/C structure was unique to catalysts that were subjected
to a heat treatment in ammonia. MEA performance variations of ammonia-treated
catalysts were also later ascribed to increased reactant accessibility induced by
ammonia treatment [12].

The other debate in the non-PGM catalyst community is whether or not there is a
second active site species at play. Hydrogen peroxide is commonly produced as an
intermediate or ORR by-product. Serov et al. [29] based on an observed loading
dependence on RDE activity showed that the ORR occurs by a 2 × 2 electron
reduction mechanism on catalysts prepared by heat-treating a mixture of iron
chloride, polyethyleneimine, and carbon black. This unveils the rather complicated
mechanism of oxygen reduction, as the generated hydrogen peroxide could very

Fig. 12 Schematic representation of the iron–nitrogen coordinated sites observed using
Mössbauer spectroscopy for catalysts prepared by heat-treating a mixture of iron acetate and
carbon black in ammonia. Depicted are a FeN4/C, b FeN2+2/C, and c five-nitrogen coordinated N–
FeN2+2/C. The majority of ORR activity is attributed to sites (a) and (c). Adapted from Ref. [57]
with permission of the PCCP Owner Societies
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likely undergo chemical decomposition (forming oxygen and hydrogen) or be
electrochemically reduced to water. The extent of each of these occurrences is
unknown and difficult to differentiate through experimentation. Based on results
from in situ XAS experiments, Mukerjee et al. [25] claimed that the first 2-electron
reduction of oxygen to hydrogen peroxide occurs on the aforementioned FeN4/C
moieties. These hydrogen peroxide species then migrate to a secondary active site
where they are electrochemically reduced, resulting in an overall four-electron
process.

The theories and hypotheses proposed are traditionally based on results from an
array of surface and structural characterization techniques that are linked to catalyst
performance evaluation (discussed in Sect. 3). It is also very likely that the real
identity and behavior of the active site structure(s) in non-PGM catalysts is
material-dependent and relates to the particular synthesis procedures and conditions
selected. It is therefore important to gain a fundamental understanding into each
particular system of M–N–C catalysts. Along with overlying trends, established in
the field of non-PGM catalysis, this progress is essential toward achieving an
established PEFC performance metrics.

4.2 Mass Transport Facilitation

As non-PGM catalysts are only a fraction of the cost of conventionally used pre-
cious metals, it is economically possible to use significantly higher loadings in the
catalyst layer to achieve performance targets. The non-PGM catalyst layers in fuel
cells are as much as 100 µm in thickness. At this length scale, mass transport
through both the electrode and catalyst structures becomes an important techno-
logical challenge that must be addressed [14, 65]. If the developed catalysts have
poor intrinsic mass-transport properties, electrode utilization will be very poor and
PEFC performance will suffer accordingly. It has become well established that a
high content of meso- and macropores is important for the efficient transport of
ORR species [12, 57]. This includes the access of oxygen and proton to the cat-
alytically active sites, along with the removal of the product water. To capitalize on
the many recent advances, which have dramatically increased the intrinsic ORR
activity of heat-treated M–N–C catalysts, rational meso- and macrostructure design
strategies must be applied to facilitate effective mass transport. To accomplish this,
a few different catalyst preparation strategies have been employed with varying
degrees of success.

Serov et al. [66–68] have incorporated silica templates into the reaction mixture
that consists of iron, nitrogen, and carbon precursors. The overall synthesis pro-
cedure is depicted in Fig. 13a. After a high-temperature heat treatment, the silica
template particles are removed using an etching reagent, such as hydrofluoric acid.
What remains are highly porous structures that are inverse replicas of the initial
silica templates. By this approach, pore size and property tuning can be made by
deliberate selection of the silica templates being employed. This not only allows for
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practical performance gains realized using this technique, but also provides valu-
able opportunity to generate fundamental information regarding the effect of pore
sizes and structures on catalyst activity and MEA performance. Using 30-nm silica
particles mixed with iron nitrate and carbendazim [18] these authors prepared
highly mesoporous catalysts using a heat treatment and successive hydrofluoric acid
etching (Fig. 13b, c). Upon integration into electrode structures for H2–O2 MEA
evaluation, areal current densities of 120 and 700 mA cm−2 were achieved at cell
voltages of 0.8 and 0.6 V, respectively (no iR-correction).

Another interesting approach taken to structurally control M–N–C catalysts was
first pioneered by Ma et al. [69] and involves metal-organic framework (MOF)-
derived catalysts. In this work they heat-treated an in-house prepared cobalt imi-
dazolate MOF to prepare a catalyst that showed promising half-cell electrochemical
activity toward oxygen reduction. Proietti et al. [14] advanced on this work, instead

Fig. 13 a Schematic representation of the sacrificial support method to prepare catalysts, in which
iron, nitrogen, and carbon precursors are mixed with silica templates. After heat treatment, the
silica templates are removed by hydrofluoric acid. Reprinted from Ref. [66] Copyright (2012),
with permission from Elsevier. b, c Transmission and scanning electron microscopy images,
respectively, of high-surface-area M–N–C catalysts prepared by the sacrificial support method
using 30-nm silica templating particles. Reprinted with permission from Ref. [18], copyright Wiley
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using a commercial zinc imidazolate framework mixed with 1,10-phenanthroline
and iron acetate. These were chosen as iron and nitrogen precursors owing to the
authors’ previous investigations [13]. Interestingly, after an initial heat treatment in
argon and subsequent heat treatment in ammonia, a highly porous catalyst resulted
with a high content of both mesopores and micropores [14]. By combining high
activity of the optimized catalyst technology with the excellent mass-transport
properties arising from the structure, a current density of 1.25 A cm−2 at 0.6 V
under H2–O2 conditions was achieved, corresponding to a power density of 750
mW cm−2 (Fig. 14). This MOF approach is relatively straightforward and feasible;
however, only a limited number of MOFs are commercially available. The other
alternative is to synthesize the templates in house, where tailoring the structure of
the nitrogen ligands in zinc-based MOFs was demonstrated by Zhao et al. [16]. This
resulted in different structures of the resulting heat-treated M–N–C catalysts, with
the optimal formulation developed by these authors providing a peak power density
of 620 mW cm−2 at 0.43 V.

Recently, a new method has been developed at Los Alamos National Laboratory
to generate highly porous structures using a combined nitrogen precursor approach

Fig. 14 a Polarization curves
(H2–O2) and b corresponding
power density curves for
(green squares)
state-of-the-art
platinum-based cathode with
0.3 mgPt cm

−2 loading, (blue
stars) best performing zinc
imidazolate
framework-derived catalyst
[14] and (red dots) the
author’s previously reported
most active iron-based
catalyst. Adapted from Ref.
[13]. Reprinted by permission
from Macmillan Publishers
Ltd: [14] copyright (2011)
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[21]. In the method, cyanamide and iron chloride are mixed together, followed by
the addition of aniline and subsequent polymerization. Both cyanamide and
polyaniline have been previously shown as highly effective precursors [15, 40, 41,
70, 71]. In this work, cyanamide plays an additional role of acting as a pore-forming
agent. This technique thereby alleviates the reliance on hazardous etching reagents
to remove templates (i.e., hydrofluoric acid) and does not require the inclusion of
precursor species that are not involved in active site formation (i.e., zinc). After the
addition of carbon black, the precursor mixture is subject to a first heat treatment in
argon. The materials are then acid-leached to remove surface inactive species, and a
second heat treatment is done in argon. The resulting catalyst is highly porous,
including a microporous surface area of more than 1500 m2 g−1 and a large content
of mesopores observed through electron microscopy (Fig. 15). This structural
arrangement translates to high performance in an H2–O2 and H2-air tested MEA,
including a power density of 870 mW cm−2 at 0.4 V and 380 mW cm−2 at 0.50 V,
respectively.

It is important that the mass-transport properties of heat-treated M–N–C catalysts
be taken into consideration when attempting to translate excellent ORR kinetics
into practical fuel cell performance. Strategies must continue to be developed that
are effective at simultaneously providing electrokinetic improvements, along with
excellent active site accessibility throughout the relatively thick non-PGM catalyst
layers.

5 Summary

Although the fuel cell performance of heat-treated non-PGM catalysts has been
dramatically improved over the past two decades, further improvements are still
required to compete with state-of-the-art Pt catalysts. Due to the fact that an

Fig. 15 a Scanning and b transmission electron microscopy images of highly porous M–N–C
derived from the mixed nitrogen precursor approach, using both cyanamide and polyaniline in
tandem
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essential heat treatment of a combination of nitrogen precursors metal precursors,
and carbon supports produces catalysts with varying degrees of ORR activity,
researchers have been led to adopt a variety of precursors and synthetic approaches
to advance non-PGM catalyst development. Though indispensable, the heat treat-
ment destroys the initial structure of precursors, producing a highly heterogeneous,
complicated structure that makes it very difficult to elucidate and understand the
active site(s) of the resulting non-PGM catalysts. For this reason, the development
of non-PGM catalysts depends more on a trial-and-error type approach, rather than
scientific studies that are rationally guided by fundamental knowledge surrounding
the active site structure(s) and their formation. It is therefore becoming increasingly
clear that active site understanding is required in order to propel non-PGM catalyst
development to new levels of achievement. According to published papers about
non-PGM catalysts, the nitrogen precursor selection plays one of the most impor-
tant roles in governing ORR activity when comparing a variety of different
non-PGM catalysts. Therefore, understanding how the structure and properties of
the different nitrogen precursors influence the nanostructure, surface properties, and
activity of the resultant catalysts after heat treatment is an important starting point.

Another important issue related to this type of non-PGM catalysts is durability.
Until now, no non-PGM catalyst has been demonstrated to be durable under
practical PEFC operating conditions. From the practical application viewpoint,
durability is as important as performance. Therefore, understanding the cause of
performance loss of this type of non-PGM catalysts and developing durable
alternatives are also an urgent research field. Applying a host of diverse physico-
chemical analysis tools in conjunction with electrochemical and fuel cell tests is
crucial in this endeavor, and has been the focus of a large number of investigations.
Considering the complex structure of non-PGM catalysts, thorough investigations
must be carried out that provide fundamental insight, exceeding these now “rou-
tine” studies. Sophisticated techniques, including a host of both microscopy and
spectroscopy experiments are required in tandem, with the ability to investigate
catalysts in situ (either in “half-cell” or MEA), potentially providing the key to
breakthroughs in terms of elucidating the active site structure(s) of the most active
non-PGM catalysts prepared to date.
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Non-noble Metal (NNM) Catalysts for Fuel
Cells: Tuning the Activity by a Rational
Step-by-Step Single Variable Evolution

Alessandro H.A. Monteverde Videla, Luigi Osmieri
and Stefania Specchia

1 Introduction

A sustainable high quality of life cannot be kept apart from the worldwide supply of
a clean, safe, reliable and secure energy, taking into account that the energy demand
is growing more and more every year. The European “World Energy Technology
and Climate Policy Outlook” (WETO) predicted, for primary energy, an average
growth rate worldwide of 1.8 % per year for the period 2000–2030 [1]. Recently,
the Annual Energy Outlook 2015 (AEO2015) [2] illustrated the projection of the
primary fuel consumption forecast for the period 2013–2040, where renewable
energy consumed is expected to increase by 10 % compared to the 2015 (Fig. 1).

Renewable energies are assumed as biomass, hydro power, geothermal energy,
solar energy, wind energy, and wave power. It is forecasted that wind-powered
generation, the second largest category of renewable electricity generation in 2013
after hydro power, will become the largest contributor in 2040 (including wind
generation by utilities and end-users onsite). However, solar photovoltaic (6.8 %/
year), geothermal (5.5 %/year), and biomass (3.1 %/year) will increase at faster
average annual rates than the wind (2.4 %/year) [2]. Depending on weather condi-
tions and day/night cycles, solar, wind and wave power energy produce intermittent
energy. When energy production exceeds energy consumption, the excess of energy
can be stored, to exploit it when production is not enough (peaks of electricity
consume). Different approaches for energy storage can be used: i. mechanical energy
storage (pumped hydro energy storage, or compressed air energy storage);
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ii. electrical storage through batteries (Lead acid battery, nickel battery, sodium–

sulfur battery, lithium battery, metal–air battery, and redox flow battery); iii.
chemical storage via fuel cells (FCs), where hydrogen can be used as energy vector
[3]. In particular, molten carbonate fuel cell (MCFC), proton exchange membrane
fuel cell (PEMFC), alkaline fuel cell (AFC), solid oxide fuel cell (SOFC), and
phosphoric acid fuel cell (PAFC) are used as hydrogen technology, with electric
conversion varying from 50 to 80 % [4, 5].

Specifically, low-temperature fuel cells (LTFCs) based on PEM and fed with
hydrogen (direct hydrogen fuel cells, DHFCs) or methanol produced by biomass
(direct methanol fuel cells, DMFCs) are being recognized to be among the best
candidates as pollution-free and energy-saving power sources for electric or hybrid
vehicles or portable apparatuses because of their high-energy conversion efficiency
(*58 %) and zero or nearly zero emissions [4–6].

1.1 Technical Challenges

Currently, cost and durability are the main limitations of FC technology to be
commercialized. Development of low-cost FC components allows being competi-
tive compared to other technologies now on the market [6, 7]. Compared to
gasoline internal combustion engines (ICEs) that currently cost about 25–35 U.S.$/
kW, FC current cost must be reduced by 30–35 U.S.$/kW to be competitive on the
market [8]. A significant percentage of the cost of PEMFCs comes from precious
group metal (PGM) based catalysts that are used for oxidation and reduction

Fig. 1 Projections of the world primary energy consumption in million tons of oil equivalent
(Mtoe) by fuel type from today to 2040. Data from [2]
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reactions. Other significant costs are membrane, cell hardware, and balance-of-plant
(BoP) components [4–8]. In particular, the oxygen reduction reaction (ORR) is one
of the key factors that determines FC cost and performance. Currently, the use of
PGM catalysts contributes to a large portion of the cost of a state-of-the-art PEMFC
stack [5–9]. A recent technical report from the United States Department of Energy
[8] forecasted a cost of 55 U.S.$/kW for a 80 kW stack based on PGM
(Platinum-based) catalyst, produced as 500,000 units per year (Fig. 2a). In the cost
breakdown of the stack, with platinum commodity price accounted as 1,500 U.S.$
per troy ounce [8], the cost of the catalyst plus its application accounts for 49 %
(20 % only for purchasing Pt) of the total price of the stack itself (Fig. 2a).
Considering the highly variable price of the Pt commodity at the stock exchange
(Fig. 2b) [9], the development of alternative cheaper catalysts is currently driving
the research efforts worldwide.

Durability is an additional key factor affecting the PEMFC performance. In fact,
platinum dissolution/coalescence phenomena and carbon support corrosion are
mainly responsible for PEMFC degradation. It is clear that the current catalysis
technology cannot satisfy both cost and durability requirements for a widespread
PEMFC commercialization. Therefore, a breakthrough in the development of
cost-effective, highly performant, and durable catalysts has been identified as the
determining factor for success toward PEMFC commercialization [10–12]. Thus,
the formulation of a new generation of ORR electrocatalysts to overcome the
existing bottlenecks is now the focus of many research teams around the world. In
past years, two critical electrocatalyst research directions have been identified and
carried out: one focused on low PMG loading cathodic electrocatalyst development
[13–25], the other focused on non-noble metal (NNM) cathodic electrocatalyst
exploration [26–32]. For long-term strategy toward commercialization, NNM cat-
alysts would be the everlasting solution [12]. As a matter of fact, preliminary new
cost breakdown analyses estimate the cost of a NNM-based 80 kW PEMFC stack as
30 U.S.$/kW, with a cost of 0.35 U.S.$/kW for the NNM catalyst (Fig. 2a) [33].

Fig. 2 a Cost breakdown of a 80 kW PGM-based stack (assumptions done in 2013: Pt loading
0.153 mgPt cm

−2; power density 692 mW cm−2; Pt price assumed as 1,500 U.S.$ per troy ounce;
500,000 units per year production [8]) and of a 80 kW NNM-based stack (assumptions done on
2015: NNM loading 4 mgcat cm

−2; power density 370 mW cm−2; catalyst cost 0.35 U.S.$/kW;
500,000 units per year production [33]). b Oscillations of the Pt commodity price from January
2000 to October 2015 [9]
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Considering the current average state-of-the-art level of specific power density
ranging from 300 to 400 mW cm−2 reached for NNM catalysts [33], the
improvement of this parameter to levels close to the specific power density of PGM
catalysts (more than 700 mW cm−2 [8]) is crucial on the point of view of the stack
size and dimensioning.

Among the available precursors, NNM macrocycles such as iron(III)
5,10,15,20-tetrakis(4-methoxyphenyl)-21H,23H-porphine (C44H36ClFeN4O4, Fe–
TMPP), cobalt(II) 5,10,15,20-tetrakis(4-methoxyphenyl)-21H,23H-porphine
(C44H36CoN4O4, Co–TMPP), iron(II) phthalocyanine (C32H16FeN8, Fe–PC),
cobalt(II) phthalocyanine (C32H16CoN8, Co–PC), and chalcogenides have been
considered so far to replace PGM-based catalysts for ORR (Fig. 3) [34–39].

Within the various NNM electrocatalysts, the most promising ones seem to be
heat-treated Fe(II) and/or Co(II) chelates and macrocycles supported on carbon
particles [12, 40–56]. The formation of metal–nitrogen (M–NX/C) and metal–car-
bon (M/C) active ensembles after the heat treatment is necessary for ORR (Fig. 4),
as emphasized by the groups of Yeager [48–50], Zelenay [12, 52, 53] and Dodelet
[44, 51, 52, 57].

“Active ensembles” represent a specific arrangement of surface atoms that favors
the ORR reaction in this case [58]. According to the literature, in fact, two types of
active ensembles are considered the most active: M–N2/C and M–N4/C, produced
by heat treatment (500–1000 °C) normally under inert or reducing atmospheres [12,
57]. Van Veen et al. [56] concluded that the continuing existence of the M–N4

moiety of the chelate is the structural feature associated with the high activity of

Fig. 3 Structural formula of typical NNM catalysts precursors used for ORR

Fig. 4 Formation of active ensembles from the heat treatment of a macrocycle (iron–
phthalocyanine Fe–PC) containing Fe (green), N (blue), and C (gray) atoms: Fe–N4/C, Fe–N2/
C, and FeNP/C on the same carbon sheet, Fe–N2+2/C linking two separate carbon sheets
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heat-treated materials. Also, metal nanoparticles embedded in the carbon structure,
MNP/C, are considered active ensembles, especially when used in acidic environ-
ment to complete the reduction of H2O2 to H2O: together with M–NX/C active
ensembles, they act as a dual-site ORR catalyst [59].

As summarized by Dodelet [57], to form ORR active ensembles, three condi-
tions are necessary contemporarily: (i) nitrogen/metal (or nitrogen/metal/carbon)
sources, (ii) carbon support, and (iii) heat treatment. Regarding the carbon support,
various types of carbons, such as active carbon, Black Pearls BP2000 with pore
filler, and Vulcan XC-72 have been explored in recent years [57]. Jaouen et al. [51,
52] suggested that the porosity plays an important role in forming ORR active
ensembles. Specifically, only micropores formed during pyrolyzation host catalytic
sites. In fact, the use of highly microporous carbon supports did not improve the
activity relative to catalysts made with non-microporous carbon supports [60]. The
reason lies mainly in the low disordered carbon content of the starting carbon
materials, which is not favoring the anchoring of surface nitrogen [60]. In this
regard, only micro- and mesopores formed during pyrolyzation may be more effi-
cient in hosting active ensembles [57]. Therefore, exploring new carbon supports
which possess highly disordered carbon structure, whose surface can be easily
doped by nitrogen, should be one of the approaches in improving the ORR catalytic
activity of NNM catalysts through the increase of micro- and mesoporosity [51].

The role of the transition metal used to form active ensembles is still debated.
The question is if transition metals participate directly into the oxygen reduction
mechanism or if they only help as catalyst or promoter for fixing nitrogen into the
carbon framework [50–55]. Unfortunately, most of the explored heat-treated NNM
catalysts up to now show relatively low activity and stability compared to PGM
catalysts in the acidic operating environment of a real PEMFC [51, 54].
Considering that transition metals usually have a very low concentration in the
catalysts (less than 0.5 wt% [57]), the concentration of active ensembles is expected
to be low as well. This means that to distinguish the real active ensembles taking
part to the reaction is a very difficult task. Conventional physicochemical charac-
terizations are not anymore sufficient, that is, specific in situ techniques under
operating conditions as extended X-ray absorption spectroscopy fine structure
(EXAFS), X-ray absorption near-edge spectroscopy (XANES), for example,
become necessary to understand ORR reaction mechanisms [59] for elucidating
electrocatalytic pathways in complex reaction centers. Until now the maximum FC
performance using NNM catalysts available in the literature are listed in Table 1.

Different approaches have been adopted to synthesize the active NNM catalysts
listed in Table 1. For the first one, ammonia was used as nitrogen source fluxing it
into a hot tubular furnace containing the mixture of carbon and transition metal [60].
For the second one, aniline was polymerized in the presence of a transition metal,
then two consecutive pyrolyzations were performed [12]. For the third one, a dry
macrocyclic molecule was mixed with a porous silica template and then pyrolyzed in
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Table 1 Performance of NNM catalysts available in the literature measured in single cell PEMFC
at 80 °C, fully humidified H2 and O2

Research
group

Starting precursors of
Fe–NX–C catalysts
developed, and
pyrolyzation conditions

Max
power
density
(mW
cm−2)

Specific
power
density
(mW mgNNM

−1 )

PEMFC conditions
used

Lefèvre
et al. [60]

Black Pearls 2000 mixed
with iron acetate, ball
milling. Pyrolyzation @
1050 °C in NH3

280 280 5 cm2 MEA Nafion
117, cathode: 5
mgNNM cm−2;
anode: 0.5 mgPt
cm−2 (Pt/C 20 wt
%), 1 bar gauge,
0.5 bar attributed
to water vapor

Wu et al.
[12]

Ketjen black EC 300 J
mixed with aniline,
ammonium
peroxydisulfate, iron
chloride, and cobalt
nitrate. Two
pyrolyzations in N2 from
400 to 1000 °C with
intermediate acid
leaching

550 138 5 cm2, MEA
Nafion 1135,
cathode: 4 mgNNM
cm−2; anode: 0.25
mgPt cm

−2, 2.8 bar
gauge

Cheon
et al. [61]

FeTMPPCl, CoTMPP
and SBA15. Pyrolization
@ 800 °C in N2

700 460 25 cm2 MEA
Nafion 212,
cathode: 1.52
mgNNM cm−2;
anode: 0.425 mgPt
cm−2 (Pt/C 60 wt
%), 2 bar, gauge,
0.47 attributed to
water vapor

Zitolo
et al. [62]

ZIF-8,
1,10-phenanthroline and
iron acetate. Pyrolization
@ 1050 °C in Ar and
5 min @ 950 °C in NH3

528 132 5 cm2 MEA Nafion
211, cathode: 4
mgNNM cm−2;
anode: 0.5 mgPt
cm−2, 1 bar gauge

Strickland
et al. [63]

2-methylimidazole, zinc
nitrate, 1,10
phenanthroline, iron
acetate. Pyrolyzation @
1050 °C in Ar and
18 min @ 1050 °C in
NH3

380 127 5 cm2 MEA Nafion
211, cathode: 3
mgNNM cm−2;
anode: 0.25 mgPt
cm−2 (Pt/C 20 wt
%), 1.5 bar gauge

Zhao et al.
[64]

Imidazole, ZnO, f
tris-1,10-phenanthroline,
iron(II) perchlorate (TPI).
Pyrolyzation @ 1050 °C
in Ar, acid leaching,
pyrolyzation 15 min @
950 °C in NH3

620 282 5 cm2 MEA Nafion
211, cathode: 2.2
mgNNM cm−2;
anode: 0.25 mgPt
cm−2 (Pt/C 20 wt
%), 1.5 bar gauge
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order to obtain a porous catalyst [61]. For the fourth one a commercial metal organic
framework, zeolitic imidazolate framework (MOF ZIF-8), 1,10-phenanthroline and
Fe(II) acetate were dry mixed together in a ball mill, and pyrolyzed first under argon
for 1 h and then under ammonia at 950 °C for 5 min. No intermediate acid leaching
was performed [62]. For the fifth one, 1,10 phenanthroline, Fe(II) acetate,
2-methylimidazole and Zn(II) nitrate were mixed together to obtain a complex used
to impregnate an in-house synthesized MOF. Two pyrolysis steps followed, first
under argon at 1050 °C for 1 h, then under ammonia for 18 min, without interme-
diate acid leaching [63]. For the sixth catalyst, 5 % of tris-1,10-phenanthroline Fe(II)
perchlorate was mixed with ZnO and imidazole, ground and sealed in an autoclave
for 18 h at 180 °C. The product was first pyrolyzed at 1050 °C for 1 h under argon,
and then under ammonia for 15 min at 950 °C, with an intermediate acid leaching
[64]. In these six different syntheses, high temperature and porosity of the support
play an important role in the production of highly active electrocatalyst as well as the
pyrolysis atmosphere and the transition metals used.

In this chapter, we will describe an enhancement of the electrochemical activity
toward ORR through a step-by-step understanding of the variables involved during
the formation of active NNM catalysts. As we understood during these years [65–
76], active ensembles formation during the pyrolyzation is affected by a multiple
variables process that involves, respectively: (i) the carbon source (mesoporous
carbon MPC, carbon nanonetworks CNN, reduced graphene oxide rGO), (ii) the
nitrogen source (macrocycles, polymers) coordinated with iron, and (iii) the tem-
perature of the pyrolysis. The synthesis of NNM catalysts results through the
decomposition of reagents (release of gases), and the consequent formation of new
solid phases whose rearrangement forms new compounds, the active ensembles [76,
77]. The real understanding of this multivariable process is still not clear. The ideal
situation should be a synthesis process, based on the use of reagents containing a
transition metal, nitrogen, and carbon, whose parameters should be controlled to
produce a homogenous catalyst. Unfortunately, according to the current state of the
art, the synthesis process is still a difficult task.

We adopted different approaches, described in this chapter and summarized in
Fig. 5, in order to understand the formation of active ensembles and to increase the
activity by a rational step-by-step progression.

First, three different in-house made porous carbons structures were used as a
support, specifically: a hollow core mesoporous shell carbon (MPC), a carbon
nanonetwork (CNN), and a reduced graphene oxide (rGO). For all of these carbon
structures, iron as Fe(II) acetate was coordinated with the TPTZ as ligand in acid
conditions, and the formed complex was impregnated on the carbon-based supports.
Then, pyrolyzation in nitrogen atmosphere followed, with a final acid leaching to
remove all iron-containing moieties not linked with the support. Second, an
in-house made mesoporous carbon (MPC) was functionalized with polypyrrole
(PPY), as an alternative source of nitrogen, and impregnated with Fe(II) acetate.
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Pyrolyzation was performed in two steps, with intermediate and final acid leaching.
Third, the carbon support was no longer used. Iron phthalocyanine (Fe–PC) was
used as a unique source of iron, nitrogen, and carbon to synthesize the catalyst. The
porosity of the catalyst was obtained by mixing the Fe–PC molecule with two
different templating agents, an in-house made SBA15 silica, and a commercial
mesoporous silica (meso-SiO2). A single pyrolyzation was performed, faster
compared to previous catalysts, followed by final etching with HF to remove the
templating agent, and acid leaching with HCl.

All of the catalysts synthesized are listed in Table 2, and the performance in
rotating disk electrode (RDE) in acid conditions are depicted in Fig. 6 [65, 67, 70–
72]. In RDE tests (RRDE-3A ALS coupled with a Bio-Logic SP-150
multi-potentiostat), a conventional three-electrode electrochemical cell configura-
tion, equipped with a glassy carbon disk working electrode (0.1256 cm2 geometric
area), a Pt helical wire counter electrode, and a saturated calomel (SCE) reference
electrode, was used. The activity of a commercial 40 % Pt/C (Hyspec 6000 from
Johnson Matthey) catalyst was assessed as well, as reference catalyst toward ORR.

Fig. 5 Rational scheme of the in-house made NNM catalysts prepared
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2 Influence of the Carbon Support in Forming Active
Ensembles

Macrocycles not exposed to any kind of heat treatment have been reported to have
electrochemical activity in reducing molecular oxygen [42, 48]. Unfortunately,
these macromolecules are not stable under acid conditions, which is one of major
issues for application on FCs technology [51, 57, 78].

The electrochemical ability to break the oxygen–oxygen bond is related to the
formation of a complex with appropriate coordination between the metal and
nitrogen of various nature (M–N2/C, M–N4/C, M2–N5/C) [57, 62], or between the
metal encapsulated and/or covered by carbon sheets M–C [79–83], or either
nitrogen-doped carbon N–C [84], which represent the active ensembles. A natural
question comes out: do these compounds exist in nature in order to be used? The
answer is yes, i.e., heme derivate, metal carbides, etc. [85, 86]. The problem of
these compounds is that they are not totally stable in acid conditions, or they do not
have sufficient oxygen vacancy defects. Moreover, they suffer from low electric
conductivity, and they are not porous enough to favor the diffusion of reactants to
the active ensembles, as is needed for the ORR [13, 87]. In fact, the reduction of
oxygen needs an absorber site, which splits the oxygen molecule by bridge mode or
on-edge mode, by tuning the electronic surface depending on the electron density
[88–90]. Then, a recombination with ions and further formation of products occurs.
Generally speaking, for ORR, accessible active ensembles are needed, able to
adsorb and desorb reagents and products in a fast way. The combination of
accessibility and active ensembles of different nature needs to coexist to boost the
ORR. For example, in PGM-based catalysts, Pt adsorbs oxygen strongly enough so
that dissociation is favorable, but not so strongly enough to oxidize its surface [91].

It is necessary to underline that mixing a carbonaceous support with a precursor
containing carbon, oxygen, nitrogen, and hydrogen with appropriate coordination to
the transition metal, two parallel reaction steps coexist during the pyrolysis treat-
ment. The first one is the graphitization of the support until the structure collapses

Fig. 6 ORR performance of
in-house made NNM catalysts
tested in RDE (conditions:
O2-saturated 0.5 M H2SO4

solution at a rotational speed
of 900 rpm; potential scan rate
5 mV s−1; 40 % Pt/C tested in
0.1 M HClO4; Pt loading:
17 μg cm−2) [rearranged from
65, 67, 70–72]
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because of the high temperature. Normally, graphitic carbons are resistant to the
thermal process, but their porosity decreases by long exposition time or very high
temperatures, losing their conductivity [40, 92, 93]. The second step is the for-
mation of active ensembles because of the decomposition of the precursors from
their external and more exposed functional groups. Normally, the decomposition of
precursors goes through four major steps: adsorbed water evaporation, sublimation
of fragments of the precursor, formation of the active ensembles, graphitization of
the carbon structure up to its collapse.

The first variable we faced was the influence of different carbon supports (Fig. 5,
catalysts 1, 2, and 3). In these several studies [65, 67, 70, 72] various types of
carbons, MPC, rGO, and CNN, respectively, were used as support and impregnated
with 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ) ligand molecule as nitrogen source and
Fe(II) acetate as iron source. After an initial drying process, the formed complexes
impregnated on the carbon based materials were pyrolyzed and acid leached to
remove all iron moieties not anchored to the carbon-based structure.

2.1 The Use of Mesoporous Carbon (MPC) Hosting
the Nitrogen–Iron Active Ensembles

In this study, three different porous carbons were used as support, specifically: a
home-made ultrasonic spray pyrolyzed MPC (MPC_USS), a home-made hollow
core shell MPC (MPC_HCS), and a commercial MPC (Ketjen Black CJ600),
having BET specific surface areas of 2124, 1187, and 1400 m2 g−1, respectively
[65]. Iron as Fe(II) acetate was coordinated with the TPTZ ligand molecule in acid
conditions. The Fe–TPTZ complex was further impregnated on the three different
MPCs, followed by pyrolyzation in nitrogen for 3 h in a tubular furnace with
a heating ramp rate of 5 °C min−1 until 900 °C (Fig. 5).

Using the same pyrolysis conditions for the three catalysts, different final nitrogen
contents were obtained for each catalyst, varying from 5.4 to 11.7 at.% [65], with the
presence of both pyridinic and pyrrolic nitrogen, in different amounts. The most
active catalyst, the Fe–NX on the MPC_HCS (Fe–NX/MPC in Fig. 6), showed a
half-wave potential of 0.64 V versus RHE (Table 2), which is 210 mV less compared
to the half-wave potential of the standard Pt/C-based catalyst (Fig. 6 and Table 2).
This catalyst was synthesized starting from the carbon support with the lowest BET
specific surface area, with the simultaneous presence of both micro- and mesopores
(micropore volume of 0.2 cm3 g−1, Fig. 7, Table 2 [65]), compared to the other
MPC_USS which, instead had only mesopores. The XPS analysis conducted on the
narrow nitrogen spectra enlightened that the higher activity of the Fe–NX/MPC
catalyst, with the MPC_HCS support, can be linked with the higher content of
pyridinic nitrogen (more than 50 % of the total N, Fig. 7, Table 2). In fact, the
pyridinic nitrogen is known to favor the formation of the most active Fe–N4 or Fe–N2

ensembles [57]. Fe(II) ions and four pyrrolic-like nitrogen should be the preferential
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actors forming active ensembles. In this situation, we assume that carbon pores from
the support act as a “microreactor” for the formation of active ensembles (M–N, N–C,
or M–C). Moreover, the presence of mesopores should allow the accessibility of the
reactants to the active ensembles. The simultaneous presence of both micro- and
mesopores explains the activity of this catalyst.

2.2 The Use of Reduced Graphene Oxide (rGO) Hosting
the Nitrogen–Iron Active Ensembles

In a second study, rGO was used as support for the impregnation of TPTZ coor-
dinated with iron to synthesize Fe–NX-based electrocatalysts (Fe–NX/rGO, Fig. 6)
for the ORR. rGO was synthesized via microwave exfoliation method from graphite
oxide (GO) obtained by oxidizing graphite flakes. TPTZ was used as a ligand for
the Fe–NX complex, in an analogous way for the preparation of the MPC-based
catalysts [67]. The pyrolyzation was conducted for 2 h at 900 °C in a nitrogen
atmosphere, with a ramp temperature of 5 °C min−1. Furthermore, to verify the
influence of the transition metal on the ORR, a second catalyst, NX/rGO, was
synthesized by following the same procedure, by impregnating the rGO with the
starting TPTZ molecule, without using iron(II) acetate. The same heat treatment
was performed.

The main idea was to take advantage of the unique properties of planar graphene
sheets in order to enhance the electrical conductivity of the final catalyst, compared
to the use of other types of carbon supports [94, 95]. Moreover, the use of graphene
gained a lot of attention recently due to its outstanding thermal properties and
mechanical resistance [96, 97]. In fact, rGO is known for its ability to reduce the
molecular oxygen better than other types of carbons [98]. The main problem lies in
the accessibility of the reactants to each graphene sheet, in order to really take
advantage of its good electric conductivity on the plane [99, 100]. The exfoliation

Fig. 7 Fe–NX/MPC catalyst: FESEM (a, b), pore diameter distribution of the two different MPC
used as precursors (c), and XPS (d) analyses. Data from [65]
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process adopted to synthesize rGO should increase the interspace between the
sheets, to favor the formation of “surface” active ensembles on both sides of each
graphene sheet (Fig. 8a).

Thus, we tried to synthesize a rGO-based catalyst by preserving the characteristic
planar structure of the graphene sheets, to maintain the same electric properties of the
starting support, and by incorporating surface active ensembles between the sheets,
to favor the catalytic activity, as in the ideal scheme of Fig. 5a. The RDE measured
ORR activity of the Fe–NX/rGO catalyst was not as good as expected: with an
half-wave potential of 0.58 V versus RHE, its performance was 60 mV lower
compared to the Fe–Nx/MPC catalyst previously developed (Fig. 6, Table 2).
Interestingly, the NX/rGO, produced without iron, showed a very limited activity
toward the ORR, 0.27 V versus RHE, much lower compared to the Fe–NX/rGO
catalyst, sign that probably also N/C ensembles show activity toward ORR.

According to TEM and XRD analyses (Fig. 8b, c), the amorphous planar
structure of the rGO support remained almost unchanged on the Fe–NX/rGO cat-
alyst: compared to the starting rGO, the sheets appeared to be only slightly
agglomerated. It is clear that it was difficult to favor the formation of surface active
ensemble between graphene sheets. Apparently, during the pyrolyzation active
ensemble were formed preferentially only on the external surface of graphene
sheets not facing to other graphene sheets, limiting thus the formation of a higher
number of active ensemble between the sheets.

This hypothesis can be linked with the low nitrogen content (4.6 at.%, of which
40 % pyridinic N, and 52.3 % pyrrolic N, from XPS analysis in Fig. 5d and Table 2)
fixed to the rGO support and the relatively low electrochemical activity. In fact, the
NX/rGO catalyst, which had lower activity compared to the Fe–NX/rGO, had lower
nitrogen content (1.3 at.%) compared to the Fe–NX/rGO catalyst [67]. Interestingly,
the Fe–NX/rGO had a lower overall pyridinic N content in comparison to the more
active Fe–NX/MPC catalyst. The formation of more pyrrolic-like N on Fe–NX/rGO
suggests less iron–nitrogen interactions on the catalyst, thus explaining the lower
activity toward ORR.

Fig. 8 Fe–NX/rGO catalyst: scheme of the ideal structure (a); TEM (b), XRD (c: together with
graphene oxide GO, rGO and the catalyst without iron, NX/rGO), and XPS (d) analyses. Data from
[67, 101]
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2.3 The Use of Graphitic Interconnected Carbon
Nano-Networks (CNN) Hosting the Nitrogen–Iron
Active Ensembles

In this section, graphitic CNN was used as support to host active ensembles. The
most outstanding properties of CNN are good thermal stability, good electric
conductivity, and the interconnection between each single carbon framework,
which can lead to a higher overall electric conductivity compared to other graphitic
structures [102–104].

Normally in porous carbon materials, active ensembles are bonded or incorpo-
rated on the support, which is usually constituted by frameworks not totally con-
nected among them. This causes a decrease of electrical conductivity, with
consequent energy dissipation (cut bridges: Fig. 9a) [104–107]. The interconnection
among various “frameworks” hosting active ensemble is crucial to have a good
overall current density, or electron percolation, and to exploit each active ensemble
as a “generator” of electricity.

Several approaches have been pursued recently to connect frameworks of the
carbon support among them to increase the electronic percolation [108–110]. One
option is to simply mix (mechanically or chemically) a carbon support with the
same support already hosting the active ensembles in order to increase the bridging
and to favor the interconnections among various frameworks. Another option is to
mix carbon structures of different morphology, or, alternatively, to add conductive
metals (Cu, Au) to increase the electrical conductivity [111–113].

The main idea of this study was to favor the formation of active ensembles on
CNNs, by maintaining the connections among the frameworks (Fig. 9b). Three
different CNN supports were synthesized by chemical vapor deposition (CVD) of
ethene over nanoparticles of cobalt in different amounts (0.1 to 1.7 wt% [70]).

Fig. 9 Fe–NX/CNN catalyst: scheme of the inter- and intra-framework selectrical conductivity
(blue and black bridges, respectively) in porous carbon materials hosting active ensembles: the
concept of the cut bridges (a); scheme of the ideal structure of CNN (b); TEM image of CNN (c);
polarization and performance in FC single cell at 60 °C (d: conditions used: fully humidified 0.1
NL min−1 H2 and 0.2 NL min−1 O2; Fe–NX/CNN cathode loading = 2.6 mg cm−2; commercial
PtRu 1:1 at.% anode loading = 2.6 mg cm−2; Nafion® 115 membrane). Data from [70]
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The BET specific surface areas of these supports were approximately 72 m2 g−1,
regardless of the amount of Co used as growing seed. The catalysts were then
synthesized by impregnating Fe(II) acetate coordinated with TPTZ under acid
conditions and by pyrolyzing the precursors at 900 °C for 3 h in nitrogen. After the
pyrolyzation, Fe–NX/CNN catalysts had slightly lower BET specific surface areas,
of approx. 62 m2 g−1, with a total pore volume of 0.54 cm3 g−1 and a micropore
volume of 0.01 cm3 g−1 (Table 2), suggesting some blockage or diffusion limitation
in the accessibility of the active ensembles because of the pyrolysis step, as men-
tioned in the literature as well [114].

The most active catalyst among the three prepared CNN-based ones (Fe–NX/
CNN in Fig. 6) showed a half-wave potential of 0.57 V versus RHE, lower com-
pared to the Fe–NX/rGO and Fe–NX/MPC previously described. HRTEM analyses
(Fig. 9c) showed that the starting structure of the CNN was preserved during the
synthesis of the catalyst. This result could be due to a less effective incorporation or
formation of active ensembles on CNN supports, linked to the low BET specific
surface area values (less area available to host active ensembles), much lower
compared to the Fe–NX/rGO and Fe–NX/MPC catalysts (Table 2). Moreover, the
lower micro- and mesopore volumes of the CNN structures compared to those of
the rGO and MPC supports, played a role in limiting the accessibility of the
reactants to active ensembles. Therefore, the activity could be mainly linked with
the good electrical conductivity due to the interconnected frameworks, which
remained preserved on the Fe–NX/CNN.

The activity of the best Fe–NX/CNN was tested on a single cell MEA, reaching a
performance of 121 mW cm−2 corresponding to a power density of 47 mW mgcat

−1 at
60 °C, using fully humidified oxygen and hydrogen (Fig. 9d). The 5 cm2 MEA
(Nafion® 115 membrane) was prepared by loading 2.6 mg cm−2 of NNM catalyst
at the cathode, and 2.6 mg cm−2 of commercial PtRu 1:1 at.% at the anode. This
value is almost 10 times less compared to the most active NNM catalyst reported in
the literature until nowadays (Table 1 [61, 64]).

2.4 The Use of Polymerized Mesoporous Carbon
(MPC_PPY) Hosting the Nitrogen–Iron Active
Ensembles

In this work, we investigated the use of home-made MPC together with polypyrrole
(PPY) as a source of nitrogen and Fe(II) acetate trying to create more active
catalysts. The use of N-containing polymers like PPY has been proved to be an
effective and cheap way to functionalize the surface of a carbon support with
nitrogen atoms [12]. In fact, nitrogen-containing electroconductive polymers (i.e.,
PPY and polyaniline) were found to be active toward ORR even without per-
forming any heat treatment [115–117]. However, after pyrolyzation at high tem-
perature under an inert atmosphere, the ORR electroactivity improves significantly,
as well as the stability.
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In this study, MPC and pyrrole monomer were mixed together. Afterward,
ammonium persulfate (APS) was used as an oxidant for the polymerization of
pyrrole [72]. After the reaction, the suspension was filtered, washed, and dried in air
at room temperature overnight. The resulting composite was mixed with Fe(II)
acetate in water/ethanol solution. From this powder, two catalysts were then
obtained: the first one pyrolyzed for 3 h at 800 °C under nitrogen, and acid leached;
the second pyrolyzed twice at 800 °C under nitrogen flow, first for 3 h and then for
1 h, with intermediate and final acid leaching (Fig. 5).

The most active catalyst between the two was the Fe–NX/MPC_PPY synthesized
with two pyrolyzation steps, which reached a half-wave potential of 0.60 V versus
RHE (Fig. 6). The second pyrolysis step allowed gaining 100 mV in half-wave
potential [69]. Interestingly, from TEM analyses, the catalyst had different types of
carbon structures (Fig. 10a): the starting mesoporous carbon structure evolved to
filamentous particles, similar to carbon nanotubes, and to 2-D flat structures, similar
to graphene-like flakes. We suppose that part of the new carbon frameworks present
in the catalyst came from the decomposition of the starting polypyrrole macro-
molecule. In fact, iron can act as “catalyst” for the growth of nanotubes. The
catalyst displayed a BET specific surface area of 426 m2 g−1, with a total pore
volume of 0.354 cm3 g−1 (microporosity: 0.115 cm3 g−1, Fig. 10b). The BET
specific surface area and both the total porosity and the microporosity increased of
+30 % with the second pyrolyzation, compared to the twin catalyst pyrolyzed only
once. Such a gaining went in parallel with the gaining in activity, equal to +20 %.
We suppose that the increase in porosity is linked with the formation of new carbon
frameworks, both nanotubes and graphene sheets, able to host a higher number of
active ensembles, which, in turn, gave rise to the increase of activity. The XPS
analysis showed an increase of the pyridinic nitrogen content of approximately
30 % because of the second heat treatment, which is correspondent to the gaining in
activity toward the ORR.

Fig. 10 Fe–NX/MPC_PPY catalyst: TEM (a); BJH pore distribution for the catalyst pyrolyzed
one or two times (b), and XPS analysis (c). Data from [72]
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2.5 The Lesson Learned from the Use of Different Types
of Carbon Hosting the Nitrogen–Iron Active Ensembles

We learned that to form a potentially high number of active ensembles, the M–N–C
catalyst must deploy microporosity. And mesoporosity is necessary as well to
assure the accessibility of reactants to the active ensembles. The nature of the
carbon support and the conditions of the pyrolysis treatment play crucial roles in
affecting the micro-/mesoporosity content of a NNM catalyst. But these conditions
are not enough. The nature of the active ensembles is another crucial point.

In effect, one of the main disadvantages of using carbonaceous materials is
linked to their loss in conductivity because of carbon corrosion during operation in
fuel cell due to radicals attack [118–120]. Also unstable nitrogen fixation can lead
to loose conductivity. According to the literature, in fact, pyridinic and pyrrolic
nitrogen can be protonated in acidic medium [29, 121–123], leading to loss of
stability with time. On the contrary, stability could be attributed to the presence of
more stable graphitic-like nitrogen groups [60, 124] and a higher degree of
graphitization of the carbon support [125, 126].

Another reason for the loss of stability during operation in fuel cell is attributed
to the water flooding of the electrode because of its water-absorbing ability [127],
which in turn affects the gas transport and cell performance. In fact, the presence of
micropores and the formation of excessive oxygenated functional groups at the
carbon surface can increase the hydrophilicity of the support and thus enhance
flooding effects [128].

As mentioned previously, during the synthesis of catalysts because of the
pyrolysis, two parallel reaction steps coexist. The first one being the graphitization
of the support. The second step being the formation of active ensembles because of
the decomposition of the precursors from their external and more exposed func-
tional groups. If the pyrolysis step is not performed under strict control, the car-
bonaceous structure can start to collapse, by losing its initial properties as
conductivity [129]. Such a phenomenon can lead to a partial hindering of active
ensembles formed during the pyrolyzation process because of the “cut bridges,”
with consequent loss of conductivity and electrocatalytic activity.

This is what we observed, indeed! According to a series of stability tests based
on chronoamperometries performed with the RDE, at a fixed potential in O2-sat-
urated 0.5 M H2SO4, the NNM catalysts we developed partially lost their activities
(Fig. 11). In particular, the more or less accentuated loss can be linked with the
content of graphitic nitrogen. In fact, according to XPS analyses (Figs. 7 and 8), the
lower the current density loss, the higher the content of graphitic nitrogen, in
agreement with the literature: the loss of activity of Fe–NX/rGO and Fe–NX/MPC
could be attributed to the relatively high content of both pyridinic and pyrrolic
nitrogen, and absence of graphitic-like nitrogen. Thus, the pyrolysis conditions
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during the catalysts synthesis must be tuned to favor the contemporary growth of
micro- and mesopores, and to promote the presence of high content of pyridinic and
graphitic-like nitrogen, to enhance both the activity and the stability.

These conditions are indeed difficult to be controlled, mainly because of the
presence of the carbon itself used as support. According to the literature, the most
active catalysts prepared so far require double or even triple pyrolyzation to see an
effective increase of the ORR activity [12, 33, 69], making difficult to tune effec-
tively the parameters to increase both the porosity and the density of active
ensembles. As we noticed (Fig. 9), a mesoporous carbon, that is an ordered and
highly porous carbon structure, used as support and exposed to several pyrolyza-
tions, rearranged its structure into a mix of different carbons as graphene sheets,
nanotubes, and nanorods because of the exposition to a high temperature for a
prolonged time. Since it is difficult to imagine nanotubes’ formation from a pure
mesoporous carbon, we believe that these nanotubes are formed because of the
presence of transition metal, which is acting as a seed for the growth of nanotubes.
The intensive use of pyrolyzation suggests that the starting carbons used as supports
undergo to a deep rearrangement or either partial destruction, depending on the
temperature and time of exposure, to give origin to new types of carbon structures,
not all of them being able to host active ensembles [64, 130]. Controlling the
pyrolyzation to favor a selective and homogeneous growth of these new forming
carbon structures able to host active ensembles is very difficult. Consequently, an
idea to have a catalyst densely populated of active ensembles is to remove the
carbon support and use a starting molecule that already contains a sufficient number
of carbon, nitrogen, and transition metal atoms to form active ensembles.

Fig. 11 Chronoamperometric curves and related percentage loss of current density of NNM
catalysts for ORR activity at different voltages (conditions applied: O2-saturated 0.5 M H2SO4

solution in RDE at a rotational speed of 900 rpm at fixed potential) [rearranged from 65, 67, 71]
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3 The Use of a Non-carbonaceous Support
in Forming Active Ensembles

To avoid the disadvantages of carbon-based supports previously mentioned, several
efforts have been made recently to synthesize new NNM catalysts without using a
carbonaceous support [56, 59, 61, 64, 130]. The basic idea lies in the use of
sacrificial supports, to be mixed with precursor macrocycles containing nitrogen,
carbon, and the transition metal together. The template is removed after the
pyrolyzation step, resulting in a self-supported M–N–C catalyst with high pore
volume and, consequently, high density of active ensembles.

The porosity can be tuned by using sacrificial supports (silica, alumina, zirconia,
etc.) as templating agents [131, 132], with an approach similar to that used when
producing mesoporous carbon by hard templating method [133]. In general, the
templating agent hosts N–C, or M–N–C precursors, inside its structure (Fig. 12). The
templating agent, SBA15 silica as an example, can be imagined as a series of ordered
packed tubular (or hexagonal) open “microreactors”, which is hosting the precursors.
When pyrolyzation starts, the decomposition process of the precursors takes place
inside each SBA15 “microreactor”: the temperature raises favoring the graphitization
of the carbon, decomposition gases are released, and contemporarily pressure increases
locally as well, forming a very porous carbon structure and favoring its nitrogen–iron
doping (Fig. 12). The templating agent is then removed by strong acid leaching. The
resulting NNM catalyst is self-supported, highly porous and homogeneous, with better
accessibility to reactants, and densely populated of active ensembles.

3.1 The Use of Non-carbonaceous Supports (SBA15
And commercial Mesoporous SiO2) Hosting
the Carbon–Nitrogen–Iron Active Ensembles

In this study, Iron phthalocyanine (Fe–PC) is used as iron/nitrogen/carbon source
to synthesize Fe–NX–C electrocatalysts for ORR by pyrolyzation in an inert
atmosphere [71]. Considering the high carbon content of the Fe–PC molecule, the

Fig. 12 Schematic representation of the formation of self-supported NNM catalysts by hard
templating method using SBA15 as sacrificial agent, and Fe–PC as unique Fe–N–C source
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electrocatalysts are prepared without using any other external carbonaceous support
to favor an homogeneous graphitization during the thermal treatment [134, 135].
Here the morphology of the electrocatalysts is varied by means of different me-
soporous silica templating agents to evaluate the effects on the porosity, electro-
catalytic activity, and stability [61]. Two different porous silica were used as a
sacrificial support during synthesis (SBA15 in-house prepared and commercial
mesoporous mSiO2 from Aldrich).

Specifically, mSiO2 and SBA15 were used in a 30 wt% respect to the Fe–PC,
followed by a mixing process in a ball milling apparatus for 1 h at 10 Hz. The
precursors were pyrolyzed at 850 °C for 2 h, with a heating ramp of 2.5 °C min−1.
After pyrolysis, 5 wt% HF and 1 M HCl solutions were used to remove the
templating agent.

The use of the templating agent as sacrificial support allows drastically
increasing the BET specific surface area and the microporosity of the catalysts,
especially with the use of the commercial mesoporous mSiO2, compared to the
same catalyst prepared by pyrolyzation of Fe–PC not templated with silica, as
shown in Fig. 13. The best catalyst, Fe–NX–C_meso in Fig. 6, prepared by tem-
plating with commercial mesoporous silica, reached a half wave potential of 0.64 V
versus RHE, better than our previous reported catalysts so far (Table 2), and
10 mV better compared to the Fe–NX–C_SBA prepared by templating with
in-house prepared SBA15. The use of the in-house prepared SBA15, which has a
typical rod-shaped morphology, caused the modification in the shape of the Fe–NX–

C_SBA15 catalyst to a worm-like structure that favored a good distribution of iron,
without formation of agglomerates (Fig. 13a). Instead, the commercial mSiO2,
which has a typical spherical-shaped structure, favored the formation of a globular
shape mixed with root-like filament structure on the Fe–NX–C_meso catalyst
(Fig. 13b). According to the BET/BJH analysis, the Fe–NX–C_meso catalyst has a
higher specific surface area (601 m2 g−1), and a higher pore volume (0.8 cm3 g−1),
compared to the Fe–NX–C_SBA15 catalyst (221 m2 g−1 and 0.2 cm3 g−1 respec-
tively) (Table 2). Therefore on the Fe–NX–C_meso catalyst the presence of high
micropores content and a uniform distribution of iron (Fig. 13a, b), not only

Fig. 13 Fe–NX–C catalysts: FESEM images of Fe–NX–C_SBA15 (a) and Fe–NX–C_meso (b);
BET adsorbed volumes, included also the non-templated Fe–NX–C catalyst (c), and XPS analysis
of the Fe–NX–C_meso catalyst (d). Data from [71]
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significantly improved the catalytic activity for ORR, but also reduced the overall
percentage of hydrogen peroxide production, leading to better electrochemical
activity [71]. According to XPS analysis, the Fe–NX–C_meso catalyst has an
overall pyridinic nitrogen content higher than the other Fe–NX–C_SBA15 catalyst
(Fig. 13d and Table 2).

The Fe–NX–C_meso catalyst resulted more stable compared to the other Fe–NX/
C catalysts home-made previously mentioned (Fig. 11).

3.2 Considerations On the Pyrolyzation Process
and the Decomposition of Iron–Nitrogen–Carbon
Macrocycles used as Precursor

To produce active NNM catalysts, it is crucial to have a clear understanding of the
process forming active ensembles during pyrolyzation (decomposing of the
macrocycles). The macrocycle can contain atoms of transition metal (Fe, Co, etc.),
nitrogen, hydrogen, carbon, and oxygen. During the decomposition of a macrocycle,
Fe–PC for example, different reactions occur in the presence of an inert gas [76–79].

T: 20–150 °C ⇒

FePC � nH2O ! FePCþ nH2O ð1Þ

T: 120–700 °C ⇒

FePC ! FeCN# þNH3 " þH2 " þCxHy " þCHz " ð2Þ

T: 400–600 °C ⇒

FeCN# ! Fe� Nx=CþCxHy " þCHz " ð3Þ

T: 430–700 °C ⇒

FeCN# þFe� Nx=C ! H2 " ð4Þ

T: 650–730 °C ⇒

FeCN# þFe� Nx=C ! HCN " ð5Þ

T: 700–720 °C ⇒

FeCN# þFe� Nx=C ! N2 " ð6Þ
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In a first step, reaction (1), the water adsorbed by the macrocycle is released by
evaporation in the temperature range of 20–150 °C. After water evaporation,
sublimation of the macrocycle occurs, in a temperature range depending on the
nature of the macrocycle itself. Contemporarily to the sublimation, the macrocycle
undergoes to a partial decomposition of its structure in the range of 120–700 °C,
reaction (2), with the release of gases as ammonia, hydrogen, volatile short
hydrocarbons CXHY and CHX-like compounds (CH3

+ and CH4). In parallel to
reaction (2), various recombinations of carbon and nitrogen (and oxygen if present
in the starting macrocycle) give raise to different nitrogen-doped carbon structures,
generally indicated as FeCN#.

According to the literature [79, 136], the formation of Fe–NX/C active ensembles
require the coordination of iron (II) with pyridinic nitrogen over a π–π type carbon
sheet in the range of 400–600 °C, reaction (3). The decomposition of the FeCN#

nitrogen-doped carbon structures continues even at higher temperatures, with the
release of hydrogen in the range of 430–700 °C, reaction (4), of HCN in the range
of 650–730 °C, reaction (5), of nitrogen in the range 700–720 °C, reaction (6).
These steps are experimentally visible by differential thermo-gravimetric coupled
with mass spectroscopy analysis (DTGA-MS) of a Fe–PC macrocycle pyrolyzed in
nitrogen up to 800 °C (Fig. 14).

The structural rearrangement of the catalyst at high temperature as per reactions
(4) to (6) involves the partial loss of active ensembles already formed. Since forming
active ensembles is the major task in the synthesis of NNM catalysts, a natural
question arises: why do not stop the pyrolyzation in the range of 400–600 °C, as per
reaction (3)? The answer is not obvious. The forthcoming processes in the tem-
perature range of 450–750 °C, reactions (4) to (6), release gases that actually can
perforate the nitrogen-doped carbon matrix of the forming catalyst, by further
increasing porosity on the catalyst itself. This is a crucial step to increase accessi-
bility of the reactants for ORR. Thus, the compromise between increasing accessi-
bility through the raise of the porosity, and destroying part of the already formed
active ensembles is a key factor to have good electrochemical activity. In an ideal

Fig. 14 DTGA-MS of Fe–PC pyrolyzed in nitrogen atmosphere up to 800 °C (temperature ramp
10 °C min−1). Data from [76]
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situation, the formation of active ensembles should be concurrent with porosity
formation. A good approach to preserve as much as possible active ensembles
should be the use of already porous precursors to reduce the temperature of the
pyrolyzation process.

Considering the morphology of the catalyst, a variety of carbon
structures/configurations can be obtained during the pyrolyzation, because of the
action of the gases released. The carbon growing mechanism depends upon to the
graphitization process, the metal used, and the pyrolyzation temperature as well, as
shown in the literature [57]. The use of various metals (Fe, Co, Zn, Cu, etc.)
influences the formation of the active ensembles, as well. Each metal can act as a
“catalyst” itself to enhance or depress the release of gases during the pyrolyzation
[73, 76]. This leads to a final NNM catalyst structure with higher or lower porosity,
and in turn more or less active toward ORR.

Another process that can happen during the pyrolyzation is the metal carbide
formation, together with metal encapsulation into carbon sheets, as reported by [79–
83, 136]. This process takes place in the temperature range of 520–650 °C, as
shown in reaction (7), if oxygen atoms are already available in the starting
macromolecule used to synthesize the catalyst:

T: 520–650 °C ⇒

FexOþCsolid ! FexC # þFeNP=CþO2 " ð7Þ

Metal carbides do not play an active role in the ORR reaction mechanisms,
whereas encapsulated metal nanoparticles FeNP/C can be considered as active
ensembles as well, together with Fe–N4/C active ensembles, in an acid environment.
Specifically, according to the most recent literature on Fe–NX–C catalysts, the Fe(II)–
N4/C active ensemble is involved in the starting process of oxygen adsorption [42,
43, 59], and consequent reduction to H2O2 with 2 electrons involved. The interme-
diate H2O2 requires a second active ensemble, encapsulated FeNP/C, which must be
adjacent to a Fe(II)-N4/C active ensemble, to ensure the subsequent reduction of
H2O2 to the 4 electrons product H2O. Otherwise H2O2 desorbs directly [59].

Furthermore, the particle size of the FeNP metal in the catalyst can be controlled
by tuning the heating rate during the pyrolyzation [137]. In fact, the iron particle
size results smaller if fast heating rate is applied (usually more than 10 °C min−1), as
reported by several groups [12, 59–64].

4 Alternative Perspectives

Scientists are now focusing the attention on alternative methods for synthesizing
active NNM catalysts. According to the literature, one way to enhance the activity
of NNM catalysts for ORR consists of performing a supplementary pyrolyzation in
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ammonia atmosphere [60–64, 137, 138], in addition to the pyrolyzation in a inert
atmosphere, which is not a totally controllable process. In fact, it is believed that
ammonia “activates” the catalyst produced during the inert pyrolysis. Ammonia
acts on the catalyst inducing a rearrangement of iron, nitrogen, and carbon to more
electrochemically active Fe–NX/C ensembles. A detailed and interesting work of
Tüysüz et al. [137] reports the influence of ammonia decomposition up to 700 °C
on Fe–PC, previously heat-treated under argon and vacuum atmosphere. The main
crystallographic phases change after an exposure time of 20 min to ammonia, with
an increase of the Fe and N at.%, and the increase of Fe–N, Fe2–N, Fe4–N
ensembles, which are the preferential active ensembles for ORR.

Moreover, some elements as sulfur, added to the precursors during the synthesis,
can suppress the formation of metal carbides during the pyrolyzation. Metal car-
bides, in fact, lead to the disintegration of Fe–N4 active ensembles, thus decreasing
the number of ORR active ensembles on the final catalyst [77].

5 Conclusions

This chapter summarizes several approaches adopted to synthesize non-noble metal
catalysts for ORR containing active ensembles based on iron, nitrogen, carbon, and
oxygen. These catalysts were synthesized by using various carbon structures, two
different iron sources, and by pyrolyzing under inert gas atmosphere.

In the first part of this investigation, the influence of carbon supports such as
mesoporous carbon (MPC), carbon nano-network (CNN), and reduced graphene
oxide (rGO), was investigated in terms of hosting active ensembles. The perfor-
mance of the Fe–NX/C catalysts synthesized was evaluated by means of several ex
situ techniques. Independent on the carbon support used, the activity toward ORR
was similar for the three catalysts prepared. Noticeably, better results were obtained
when pyridinic nitrogen and both micro- and mesoporosity were available. The
main problem, in fact, lies in the synthesis of the catalyst. In particular, the Fe–NX/
C catalysts prepared were analyzed and correlated with their electrochemical per-
formance. The decomposition of the starting macrocycle containing iron, nitrogen,
and carbon is a difficult step to be controlled. In fact, considering the various
reactions occurring during the pyrolyzation (degradation of the starting compounds,
recombination of atoms to form active ensembles, release of gases, graphitization of
the carbon structure), it is difficult to control and maximize the formation of active
ensembles. The microporosity plays also a crucial role: the better catalytic activity
appears to be linked with higher values of the microporosity of the catalyst, whose
presence seems to be necessary to obtain catalysts with an increased population of
active ensembles.

In the second part of this investigation, ORR catalysts were developed by
avoiding the direct use of carbon-based supports. That is, a macrocycle containing
iron, nitrogen, and carbon was used as starting precursor. Its porosity was
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controlled by templating the macrocycle with silica, through the so-called “sacri-
ficial support method.” After the pyrolyzation the templating agent was removed,
leading to a final Fe–NX–C catalyst with a high value of microporosity. The
influence of the silica as templating agent leads to the formation of very porous
materials as a negative replica of the silica itself, forming a self-supporting catalyst.
The starting macrocycle, in fact, penetrates each pore of the silica, using it as a
“microreactor” during the decomposition because of the pyrolyzation process.
Thus, the final catalyst results to be highly homogeneous, rich of active ensembles.
By using templates with different morphologies, the specific surface area can be
tuned, and pore size distribution can be tailored over a wide range of micro- and
mesopores. This is demonstrated by the superior electrochemical activity of Fe–
NX–C catalysts toward ORR, more than one order of magnitude as current density
at 0.8 V versus RHE compared to Fe–NX/C catalysts. With self-supported Fe–NX–

C catalysts, four electrons pathway reaction was achieved by “simply” tuning the
structure of the catalyst during the synthesis.

Thus, the synthesis of highly active NNM catalysts toward ORR requires
materials with well-developed pore structures and high density of Fe–NX active
ensembles, whose formation depends on many different variables: the choice of the
starting precursors (macrocycles containing transition metal, carbon, and nitrogen),
the conditions of the pyrolyzation process (temperature, time, inert or reactive
atmosphere). During precursors decomposition because of the pyrolyzation, many
different reactions occur, with several intermediate decomposition steps.

According to the state of the art, Fe–NX active ensembles are of various nature:
Fe–N2, Fe–N4, Fe–N2+2, Fe2–N5, as well as iron encapsulated on carbon, each of
them linked to a specific temperature range, that is decomposition step, during the
pyrolyzation. All of them coexist to boost the ORR activity. The ability to control
the decomposition of the starting precursors by choosing the hosting support, and
by tuning the conditions of the reactions represent the key to synthesizing highly
active NNM catalysts. To better understand how active ensembles are formed,
quantum chemistry can be used to tune in detail the macrocycles needed during the
preparation of NNM catalysts, and consequently, achieve a rational design the final
product.

Acknowledgments Authors gratefully acknowledge all colleagues that stimulated the review
process of the obtained results to accomplish this chapter. In particular: Dr. G. Ercolino, Dr.
R. Alipour Moghadam Esfahani, Dr. N.S. Vasile, and Prof. A. Kotarba (Jagiellonian University in
Krakow). The research leading to these results has received funding from the European
Community’s Seventh Framework Programme (FP7/2011-2014) for the Fuel Cells and Hydrogen
Joint Technology Initiative under grant agreement DURAMET n° 278054 (Improved durability
and cost-effective components for new generation solid polymer electrolyte direct methanol fuel
cells), and from the Italian Ministry of Education, Universities and Research (MIUR, PRIN 2010–
2011) under grant agreement NAMEDPEM n° 2010CYTWAW (Advanced nanocomposite
membranes and innovative electrocatalysts for durable polymer electrolyte membrane fuel cells).

Non-noble Metal (NNM) Catalysts for Fuel Cells … 93



References

1. EU Commission, Hydrogen Energy and Fuel Cells, A vision of our future. Special Report,
EUR 20719 EN (2003) https://ec.europa.eu/research/energy/pdf/hlg_vision_report_en.pdf.
Accessed on Sep 2015

2. U.S. Energy Information Administration, Annual Energy Outlook 2015 with projections to
2040, DOE/EIA-0383 (2015). www.eia.gov/forecasts/aeo/pdf/0383(2015).pdf. Accessed on
Sep 2015

3. Mahlia TMI, Saktisahdan TJ, Jannifar A, Hasan MH, Matseelar HSC (2014) A review of
available methods and development on energy storage; technology update. Renew Sustain
Energy Rev 33:532–545

4. Van Mierlo J, Maggetto G, Lataire Ph (2006) Which energy source for road transport in the
future? A comparison of battery, hybrid and fuel cell vehicles. Energy Conv Manag
47:2748–2760

5. Garcia P, Torreglosa JP, Fernández LM, Jurado F (2013) Control strategies for high-power
electric vehicles powered by hydrogen fuel cell, battery and supercapacitor. Expert Syst Appl
40:4791–4804

6. Specchia S, Francia C, Spinelli P (2011) Polymer electrolyte membrane fuel cells. In: Liu
R-S, Zhang L, Sun X, Liu H, Zhang J (eds) Electrochemical technologies for energy storage
and conversion. Wiley-VHC Verlag GmbH & Co., KGaA, Weinheim (Germany), pp 601–
670, ISBN: 978-3-527-328679

7. Pollet BG, Staffell I, Shang JL (2012) Current status of hybrid, battery and fuel cell electric
vehicles: From electrochemistry to market prospects. Electrochim Acta 84:235–249

8. DOE Fuel Cell Technologies Office Record # 13012, (2013). http://energy.gov/sites/prod/
files/2014/03/f11/13012_fuel_cell_system_cost_2013.pdf. Accessed on Sep 2015

9. http://www.platinum.matthey.com/prices/price-charts. Accessed on Oct 2015
10. Gasteiger H, Kocha SS, Sompalli B, Wagner FT (2005) Activity benchmarks and

requirements for Pt, Pt-alloy, and non-Pt oxygen reduction catalysts for PEMFCs. Appl
Catal B Environ 56:9–35

11. Ishihara A, Ohgi Y, Matsuzawa K, Mitsushima S, Ota K-I (2010) Progress in non-precious
metal oxide-based cathode for polymer electrolyte fuel cells. Electrochim Acta 55:8005–
8012

12. Wu G, More KL, Johnston CM, Zelenay P (2011) High-performance electrocatalysts for
oxygen reduction derived from polyaniline, iron, and cobalt. Science 332:443–447

13. Stamenković VR, Fowler B, Mun BS, Wang G, Ross PN, Lucas CA, Marković NM (2007)
Improved oxygen reduction activity on Pt3Ni(111) via increased surface site availability.
Science 315:493–497

14. Long NV, Yang Y, Thi CM, Minh NV, Cao Y, Nogami M (2013) The development of
mixture, alloy, and core-shell nanocatalysts with nanomaterial supports for energy
conversion in low-temperature fuel cells. Nano Energy 2:636–676

15. Shao M, Odell JH, Peles A, Su D (2014) The role of transition metals in the catalytic activity
of Pt alloys: quantification of strain and ligand effects. Chem Commun 50:2173–2176

16. Cui C, Gan L, Li HH, Yu SH, Heggen M, Strasser P (2012) Octahedral PtNi nanoparticle
catalysts: exceptional oxygen reduction activity by tuning the alloy particle surface
composition. Nano Lett 12:5885–5889

17. Kitchin JR, Nørskov JK, Barteau MA, Chen JG (2004) Modification of the surface electronic
and chemical properties of Pt(111) by subsurface 3d transition metals. J Chem Phys
120:10240–10246

18. Stamenkovic V, Stamenković V, Schmidt TJ, Ross PN, Marković NM (2002) Surface
composition effects in electrocatalysis: Kinetics of oxygen reduction on well-defined Pt3Ni
and Pt3Co alloy surfaces. J Phys Chem B 106:11970–11979

94 A.H.A. Monteverde Videla et al.

https://ec.europa.eu/research/energy/pdf/hlg_vision_report_en.pdf
http://www.eia.gov/forecasts/aeo/pdf/0383(2015).pdf
http://energy.gov/sites/prod/files/2014/03/f11/13012_fuel_cell_system_cost_2013.pdf
http://energy.gov/sites/prod/files/2014/03/f11/13012_fuel_cell_system_cost_2013.pdf
http://www.platinum.matthey.com/prices/price-charts


19. Yang W, Wang X, Yang F, Yang C, Yang X (2008) Carbon nanotubes decorated with Pt
nanocubes by a noncovalent functionalization method and their role in oxygen reduction.
Adv Mater 20:2579–2587

20. Lim B, Jiang M, Camargo PH, Cho EC, Tao J, Lu X, Zhu Y, Xia Y (2009) Pd-Pt bimetallic
nanodendrites with high activity for oxygen reduction. Science 324:1302–1305

21. Choi S-I, Xie S, Shao M, Odell JH, Lu N, Pen H-C, Protsailo L, Guerrero S, Park J, Xia X,
Wang J, Kim MJ, Xia Y (2013) Synthesis and characterization of 9 nm Pt–Ni octahedra with
a record high activity of 3.3 A/mgPt for the oxygen reduction reaction. Nano Lett 13:3420–
3425

22. Wu J, Zhang J, Peng Z, Yang S, Wagner FT, Yang H (2010) Truncated octahedral Pt3Ni
oxygen reduction reaction electrocatalysts. J Am Chem Soc 132:4984–4985

23. Wang D, Xin HL, Hovden R, Wang H, Yu Y, Muller DA, Di Salvo FJ, Abruña HD (2013)
Structurally ordered intermetallic platinum–cobalt core–shell nanoparticles with enhanced
activity and stability as oxygen reduction electrocatalysts. Nature Mater 12:81–87

24. Kang Y, Murray CB (2010) Synthesis and electrocatalytic properties of cubic Mn − Pt
Nanocrystals (Nanocubes). J Am Chem Soc 132:7568–7569

25. Liu L, Samjeské G, Takao S, Nagasawa K, Iwasawa Y (2014) Fabrication of PtCu and
PtNiCu multi-nanorods with enhanced catalytic oxygen reduction activities. J Power Sources
253:1–8

26. Chen Z, Higgins D, Yu A, Zhang L, Zhang J (2011) A review on non-precious metal
electrocatalysts for PEM fuel cells. Energy Environ Sci 4:3167–3195

27. Jaouen F, Herranz J, Lefèvre M, Dodelet J-P, Kramm UI, Herrmann I, Bogdanoff P,
Maruyama J, Nagaoka T, Garsuch A, Dahn JR, Olson T, Pylypenko S, Atanassov P,
Ustinov EA (2009) Cross-laboratory experimental study of non-noble-metal electrocatalysts
for the oxygen reduction reaction. ACS Appl Mater Interfaces 1:1623–1639

28. Ramaswamy N, Tylus U, Jia Q, Mukerjee S (2013) Activity descriptor identification for
oxygen reduction on nonprecious electrocatalysts: linking surface science to coordination
chemistry. J Am Chem Soc 135:15443–15449

29. Liu G, Li X, Ganesan P, Popov BN (2010) Studies of oxygen reduction reaction active sites
and stability of nitrogen-modified carbon composite catalysts for PEM fuel cells. Electrochim
Acta 55:2853–2858

30. Stamenković VR, Mun BS, Arenz M, Mayrhofer KJJ, Lucas CA, Wang G, Ross PN,
Marković NM (2007) Trends in electrocatalysis on extended and nanoscale Pt-bimetallic
alloy surfaces. Nat Mater 6:241–247

31. Chen C, Kang Y, Huo Z, Zhu Z, Huang W, Xin HL, Snyder JD, Li D, Herron JA,
Mavrikakis M, Chi M, More KL, Li Y, Marković NM, Somorjai GA, Yang P, Stamenković
VR (2014) Highly crystalline multimetallic nanoframes with three-dimensional
electrocatalytic surfaces. Science 343:1339–1343

32. Gasteiger HA, Marković NM (2009) Chemistry: Just a dream–or future reality? Science
324:48–49

33. P. Zelenay. Non-precious metal fuel cell cathodes: Catalyst development and electrode
structure design. http://www.hydrogen.energy.gov/pdfs/review15/fc107_zelenay_2015_o.
pdf. Accessed on Oct 2015

34. Chung HT, Johnston CM, Zelenay P (2009) Synthesis and evaluation of heat-treated,
cyanamide-derived non-precious catalysts for oxygen reduction. ECS Trans 25:485–492

35. Chung HT, Johnston CM, Artyushkova K, Ferrandon M, Myers DJ, Zelenay P (2010)
Cyanamide-derived non-precious metal catalyst for oxygen reduction. Electrochem Comm
12:1792–1795

36. Wu G, Artyushkova K, Ferrandon M, Kropf AJ, Myers DJ, Zelenay P (2009) Performance
durability of polyaniline-derived non-precious cathode catalysts. ECS Trans 25:1299–1311

37. Nekooi P, Akbari M, Amini MK (2010) CoSe nanoparticles prepared by the
microwave-assisted polyol method as an alcohol and formic acid tolerant oxygen
reduction catalyst. Int J Hydrogen Energy 35:6392–6398

Non-noble Metal (NNM) Catalysts for Fuel Cells … 95

http://www.hydrogen.energy.gov/pdfs/review15/fc107_zelenay_2015_o.pdf
http://www.hydrogen.energy.gov/pdfs/review15/fc107_zelenay_2015_o.pdf


38. Ziegelbauer JM, Olson TS, Pylypenko S, Alamgir F, Jaye C, Atanassov P, Mukerjee S
(2008) Direct spectroscopic observation of the structural origin of peroxide generation from
Co-based pyrolyzed porphyrins for ORR applications. J Phys Chem C 112:8839–8849

39. Lee KR, Lee KU, Lee JW, Ahn BT, Woo SI (2010) Electrochemical oxygen reduction on
nitrogen doped graphene sheets in acid media. Electrochem Commun 12:1052–1056

40. Herranz J, Lefèvre M, Larouche N, Stansfield B, Dodelet J-P (2007) Step-by-step synthesis
of non-noble metal electrocatalysts for O2 reduction under proton exchange membrane fuel
cell conditions. J Phys Chem C 111:19033–19042

41. Biddinger EJ, Knapke DS, von Deak D, Ozkan US (2010) Effect of sulfur as a growth
promoter for CNx nanostructures as PEM and DMFC ORR catalysts. Appl Catal B Environ
96:72–82

42. Zagal JH, Griveau S, Silva JF, Nyokong T, Bedioui F (2010) Metallophthalocyanine-based
molecular materials as catalysts for electrochemical reactions. Coord Chem Rev 23–
24:2755–2791

43. Masa J, Ozoemena K, Schuhmann W, Zagal JH (2012) Oxygen reduction reaction using N4-
metallomacrocyclic catalysts: fundamentals on rational catalyst design. J Porphyrins
Phthalocyanines 16:761–784

44. Charreteur F, Jaouen F, Dodelet J-P (2009) Iron porphyrin-based cathode catalysts for PEM
fuel cells: Influence of pyrolysis gas on activity and stability. Electrochim Acta 54:6622–
6630

45. Collman JP, Marrocco M, Denisevich P, Koval C, Anson FC (1979) Potent catalysis of the
electroreduction of oxygen to water by dicobalt porphyrin dimers adsorbed on graphite
electrodes. J Electroanal Chem Interfacial Electrochem 101:117–122

46. Collman JP, Denisevich P, Konai Y, Marrocco M, Koval C, Anson FC (1980) Electrode
catalysis of the four-electron reduction of oxygen to water by dicobalt face-to-face
porphyrins. J Am Chem Soc 102:6027–6036

47. Liu HY, Weaver MJ, Wang C-B, Chang CK (1983) Dependence of electrocatalysis for
oxygen reduction by adsorbed dicobalt cofacial porphyrins upon catalyst structure.
J Electroanal Chem Interfacial Electrochem 145:439–457

48. Yeager EB (1984) Electrocatalysts for O2 reduction. Electrochim Acta 29:1527–1537
49. Scherson D, Tanaka AA, Gupta SL, Tryk D, Fierro C, Holze R, Yeager EB (1986) Transition

metal macrocycles supported on high area carbon: Pyrolysis—mass spectrometry studies.
Electrochim Acta 31:1247–1390

50. Morcos I, Yeager EB (1970) Transition metal macrocycles supported on high area carbon:
pyrolysis—mass spectrometry studies. Electrochim Acta 15:953–975

51. Jaouen F, Lefèvre M, Dodelet J-P, Cai M (2006) Heat-treated Fe/N/C catalysts for O2

electroreduction: are active sites hosted in micropores? J Phys Chem B 110:5553–5558
52. Jaouen F, Proietti E, Lefèvre M, Chenitz R, Dodelet J-P, Wu G, Chung HT, Johnston CM,

Zelenay P (2011) Recent advances in non-precious metal catalysis for oxygen-reduction
reaction in polymer electrolyte fuel cells. Energy Environ Sci 4:114–130

53. Chung HT, Won JH, Zelenay P (2013) Active and stable carbon nanotube/nanoparticle
composite electrocatalyst for oxygen reduction. Nat Commun 4:1922

54. Velázquez-Palenzuela A, Zhang L, Wang L, Cabot PL, Brillas E, Tsay K, Zhang J (2011)
Fe–Nx/C electrocatalysts synthesized by pyrolysis of Fe(II)–2,3,5,6-tetra(2-pyridyl)pyrazine
complex for PEM fuel cell oxygen reduction reaction. Electrochim Acta 56:4744–4752

55. Li S, Zhang L, Liu H, Pan M, Zan L, Zhang J (2010) Heat-treated cobalt–tripyridyl triazine
(Co–TPTZ) electrocatalysts for oxygen reduction reaction in acidic medium. Electrochim
Acta 55:4403–4411

56. van Veen JAR, Colijn HA, van Baar JF (2008) On the effect of a heat treatment on the
structure of carbon-supported metalloporphyrins and phthalocyanines. Electrochim Acta
33:801–804

96 A.H.A. Monteverde Videla et al.



57. Dodelet JP (2013) The controversial role of the metal in Fe- or Co-based electrocatalysts for
the oxygen reduction reaction in acid medium. In: Shao M (ed) Electrocatalysis in fuel cells:
a non- and low-platinum approach. Springer London, United Kingdom, pp. 271–338, ISBN:
978-1-4471-4910-1

58. Li H, Li Y, Koper MTM, Calle-Vallejo F (2014) Bond-making and breaking between carbon,
nitrogen, and oxygen in electrocatalysis. J Am Chem Soc 136:15694–15701

59. Tylus U, Jia Q, Strickland K, Ramaswamy N, Serov A, Atanassov P, Mukerjee S (2014)
Elucidating oxygen reduction active sites in pyrolyzed metal—nitrogen coordinated
non-precious-metal electrocatalyst systems. J Phys Chem C 118:8999–9008

60. Lefèvre M, Proietti E, Jaouen F, Dodelet J-P (2009) Iron-based catalysts with improved
oxygen reduction activity in polymer electrolyte fuel cells. Science 324:71–74

61. Cheon JY, Kim TY, Choi YM, Jeong HY, Kim MG, Sa YJ, Kim J, Lee ZH, Yang TH,
Kwon KJ, Terasaki O, Park G-G, Adzic RR, Joo SH (2013) Ordered mesoporous porphyrinic
carbons with very high electrocatalytic activity for the oxygen reduction reaction. Sci Rep
3:2715

62. Zitolo A, Goellner V, Armel V, Sougrati M-T, Mineva T, Stievano L, Fonda E, Jaouen F
(2015) Identification of catalytic sites for oxygen reduction in iron- and nitrogen-doped
graphene materials. Nature Mater 14:937–942

63. Strickland K, Miner E, Jia Q, Tylus U, Ramaswamy N, Liang W, Sougrati M-T, Jaouen F,
Mukerjee S (2015) Highly active oxygen reduction non-platinum group metal electrocatalyst
without direct metal–nitrogen coordination. Nat Commun 6:7343

64. Zhao D, Shui J-L, Grabstanowicz LR, Chen C, Commet SM, Xu T, Lu J, Liu D-J (2014)
Highly efficient non-precious metal electrocatalyst prepared from one-pot synthesized
zeolitic imidazolate. Adv Mater 26:1093–1097

65. Monteverde Videla AHA, Zhang L, Kim J, Zeng J, Francia C, Zhang J, Specchia S (2013)
Mesoporous carbons supported non-noble metal Fe–NX electrocatalysts for PEM fuel cell
oxygen reduction reaction. J Appl Electrochem 43:159–169

66. Monteverde Videla AHA, Osmieri L, Specchia S (2014) The use of different types of reduced
graphene oxide (rGO) on the reduction oxygen reaction (ORR) under alkaline conditions.
Electronic abstract FA-4:L13. In: 6th Forum on New Materials, CIMTEC2014, Montecatini
Terme (Italy) 15–19/06/2014. http://2014.cimtec-congress.org/abstracts_symposium_fa.
Accessed on Oct 2015

67. Monteverde Videla AHA, Ban S, Specchia S, Zhang L, Zhang J (2014) Non-noble Fe–NX

electrocatalysts supported on the reduced graphene oxide for oxygen reduction reaction.
Carbon 76:386–400

68. Zeng J, Francia C, Monteverde Videla AHA, Bodoardo S, Specchia S, Penazzi N (2014)
Reduced graphene oxide as cathode materials for rechargeable Li-O2 cells. In: 65th annual
meeting of the international society of electrochemistry, Lausanne (Switzerland),
31/08-05/09/2014. pp 1317

69. Osmieri L, Monteverde Videla AHA, Specchia S (2015) Activity of Co–N multi walled
carbon nanotubes electrocatalysts for oxygen reduction reaction in acid conditions. J Power
Sources 278:296–307

70. Negro E, MonteverdeVidela AHA, Baglio V, Aricò AS, Specchia S, Koper GJM (2015) Fe–
N supported on graphitic carbon nano-networks grown from cobalt as oxygen reduction
catalysts for low-temperature fuel cells. Appl Catal B Environ 166–167:75–83

71. Monteverde Videla AHA, Osmieri L, Armandi M, Specchia S (2015) Varying the
morphology of Fe-N-C electrocatalysts by templating iron phthalocyanine precursor with
different porous SiO2 to promote the oxygen reduction reaction. Electrochim Acta 177:43–50

72. Osmieri L, Monteverde Videla AHA, Specchia S (2015) Optimization of a Fe-N-C
electrocatalyst supported on ordered mesoporous carbon functionalized with polypyrrole for
oxygen reduction reaction. E-book of Abstracts, V Iberian Symposium on Hydrogen, Fuel
Cells and Advanced Batteries, Tenerife (Spain) 5–8/07/2015, pp. 36–39, ISBN:
978-84-606-8621-7

Non-noble Metal (NNM) Catalysts for Fuel Cells … 97

http://2014.cimtec-congress.org/abstracts_symposium_fa


73. Osmieri L, Monteverde Videla AHA, Alipour Moghadam Esfahani R, Vankova S,
Armandi M, Specchia S (2015) Zinc(II)-phtalocyanine as precursor for preparation of
extremely high surface area N-doped carbon for potential applications in electrochemical
devices. In: Abstract book the italian meeting on porphyrins and phthalocyanines, Rome
(Italy) 6–8/07/2015. pp 51. ISBN 978–88–7959–879–8

74. Osmieri L, Alipour Moghadam Esfahani R, Monteverde Videla AHA, Vasile NS, Specchia S
(2015) Kinetic analysis of oxygen reduction reaction on different self-supported C-N-Me
(Me = Fe, Co, Cu) catalysts in acidic medium. In: ECS conference on electrochemical energy
conversion & storage with SOFC-XIV. Glasgow (United Kingdom) 26–31/07/2015. http://
ma.ecsdl.org/content/MA2015-03/3/622.abstract. Accessed on Oct 2015

75. Vasile NS, Doherty R, Monteverde Videla AHA, Specchia S (2015) 3D multi-physic
modeling and validation of a gas diffusion electrode for analyzing transport and kinetic
phenomena of noble and non-noble based catalysts for PEMFC. In: international conference
on electrochemical energy science and technology (EEST2015). Vancouver (Canada) 16–
22/08/2015

76. Osmieri L, Videla AHAM, Armandi M, Specchia S (2015) A micro-silica reactor (μSiO2-R)
able to produce highly porous non-noble catalysts for oxygen reduction reaction under
alkaline conditions. In: challenges towards zero platinum for oxygen reduction. La Grande
Motte (France) 14–16/09/2015

77. Kramm UI, Herrmann-Geppert I, Fiechter S, Zehl G, Zizak I, Dorbandt I, Schmeißer D,
Bogdanoff P (2014) Effect of iron-carbide formation on the number of active sites in Fe–N–C
catalysts for the oxygen reduction reaction in acidic media. J Mater Chem A 2:2663–2670

78. Bezerra CWB, Zhang L, Lee K, Liu H, Marques ALB, Marques EP, Wang H, Zhang J
(2008) A review of Fe–N/C and Co–N/C catalysts for the oxygen reduction reaction.
Electrochim Acta 53:4937–4951

79. Kramm UI, Lefèvre M, Larouche N, Schmeisser D, Dodelet J-P (2013) Correlations between
mass activity and physicochemical properties of Fe/N/C catalysts for the ORR in PEM fuel
cell via 57Fe Mössbauer spectroscopy and other techniques. J Am Chem Soc 136:978–985

80. Hu Y, Jensen JO, Zhang W, Cleemann LN, Xing W, Bjerrum NJ, Li Q (2014) Hollow
spheres of iron carbide nanoparticles encased in graphitic layers as oxygen reduction
catalysts. Angew Chem Int Ed 53:3675–3679

81. Dodelet J-P, Chenitz R, Yang L, Lefèvre M (2014) A new catalytic site for the
electroreduction of Oxygen? Chem Cat Chem 7:1866–1867

82. Hu Y, Jensen JO, Zhang W, Huang Y, Cleemann LN, Xing W, Bjerrum NJ, Li Q (2014)
Direct synthesis of Fe3C-functionalized graphene by high temperature autoclave pyrolysis for
oxygen reduction. Chem Sus Chem 7:2099–2105

83. Hu Y, Jensen JO, Zhang W, Martin S, Chenitz R, Pan C, Xing W, Bjerrum NJ, Li Q (2015)
Fe3C-based oxygen reduction catalysts: synthesis, hollow spherical structures and
applications in fuel cells. J Mater Chem A 3:1752–1760

84. Strickland K, Miner E, Jia Q, Tylus U, Ramaswamy N, Liang W, Sougrati M-T, Jaouen F,
Mukerjee S (2015) Highly active oxygen reduction non-platinum group metal electrocatalyst
without direct metal–nitrogen coordination. Nat Commun 6:7343–7357

85. Wikström M (2012) Active site intermediates in the reduction of O2 by cytochrome oxidase,
and their derivatives. Biochim Biophys Acta 1817:468–475

86. Ishihara A, Tamura M, Ohgi Y, Matsumoto M, Matsuzawa K, Mitsushima S, Imai H, Ota
K-I (2013) Emergence of oxygen reduction activity in partially oxidized tantalum
carbonitrides: roles of deposited carbon for oxygen reduction-reaction-site creation and
surface electron conduction. J Phys Chem C 117:18837–18844

87. Nørskov JK, Rossmeisl J, Logadottir A, Lindqvist L (2004) Origin of the overpotential for
oxygen reduction at a fuel-cell cathode. J Phys Chem B 108:17886–17892

88. Suntivich J, Gasteiger HA, Yabuuchi N, Nakanishi H, Goodenough JB, Shao-Horn Y (2011)
Design principles for oxygen-reduction activity on perovskite oxide catalysts for fuel cells
and metal–air batteries. Nat Chem 3:546–550

98 A.H.A. Monteverde Videla et al.

http://ma.ecsdl.org/content/MA2015-03/3/622.abstract
http://ma.ecsdl.org/content/MA2015-03/3/622.abstract


89. Zagal JH, Bindra P, Yeager E (1980) A mechanistic study of O2 reduction on water soluble
phthalocyanines adsorbed on graphite electrodes. J Electrochem Soc 127:1506–1517

90. Stamenkovic VR, Mun BS, Mayrhofer KJJ, Ross PN, Markovic NM, Rossmeisl J, Greeley J,
Norskov JK (2006) Changing the activity of electrocatalysts for oxygen reduction by tuning
the surface electronic structure. Angew Chem Int Ed 45:2897–2901

91. Hyman MP, Medlin JW (2007) Effects of electronic structure modifications on the adsorption
of oxygen reduction reaction intermediates on model Pt(111)-alloy surfaces. J Phys Chem C
111:17052–17060

92. Lalande G, Côté R, Tamizhmani G, Guay D, Dodelet J-P, Dignard-Bailey L, Weng LT,
Bertrand P (1995) Physical, chemical and electrochemical characterization of heat-treated
tetracarboxylic cobalt phthalocyanine adsorbed on carbon black as electrocatalyst for oxygen
reduction in polymer electrolyte fuel cells. Electrochim Acta 40:2635–2646

93. Li ZP, Liu ZX, Zhu KN, Li Z, Liu BH (2012) Synergy among transition element, nitrogen,
and carbon for oxygen reduction reaction in alkaline medium. J Power Sources 219:163–171

94. Han MY, Özyilmaz B, Zhang Y, Kim P (2007) Document energy band-gap engineering of
graphene nanoribbons. Phys Rev Lett 98:206805-1–206805-4

95. Neto AHC, Guinea F, Peres NMR, Novoselov KS, Geim AK (2009) The electronic
properties of graphene. Rev Mod Phys 81(2009):109–162

96. Xu C, Xu B, Gu Y, Xiong Z, Sunb J, Zhao XS (2015) Graphene-based electrodes for
electrochemical energy storage. Energy Environ Sci 8:790–823

97. Bonaccorso F, Colombo L, Yu G, Stoller M, Tozzini V, Ferrari AC, Ruoff RS, Pellegrini V
(2015) Graphene, related two-dimensional crystals, and hybrid systems for energy
conversion and storage. Science 347:6217

98. Dai L, Xue Y, Qu L, Choi H-J, Baek J-B (2015) Metal-free catalysts for oxygen reduction
reaction. Chem Rev 115:4823–4892

99. Lee KR, Lee KU, Lee JW, Ahn BT, Woo S (2010) Electrochemical oxygen reduction on
nitrogen doped graphene sheets in acid media. Electrochem Commun 12:1052–1055

100. Wang S, Yu D, Dai L, Chang DW, Baek J-B (2011) Polyelectrolyte-functionalized graphene
as metal-free electrocatalysts for oxygen reduction. ACS Nano 8:6202–6209

101. Gartia Y, Parnell CM, Watanabe F, Szwedo P, Biris AS, Peddi N, Nima ZA, Ghosh A (2015)
Graphene-enhanced oxygen reduction by MN4 type Cobalt(III) catalyst. ACS Sustain Chem
Eng 3:97–102

102. Borup R, Meyers J, Pivovar B, Kim YS, Mukundan R, Garland N, Myers D, Wilson M,
Garzon F, Wood D, Zelenay P, More K, Stroh K, Zawodzinski T, Boncella J, McGrath JE,
Inaba M, Miyatake K, Hori M, Ota K-I, Ogumi Z, Miyata S, Nishikata A, Siroma Z,
Uchimoto Y, Yasuda K, Kimijima K-I, Iwashita N (2007) Scientific aspects of polymer
electrolyte fuel cell durability and degradation. Chem Rev 107:3904–3951

103. Kowlgi K, Lafont U, Rappolt M, Koper GJM (2012) Uniform metal nanoparticles produced
at high yield in dense microemulsions. J Colloid Interf Sci 372:16–23

104. Negro E, Latsuzbaia R, Dieci M, Boshuizen I, Koper GJM (2015) Pt electrodeposited over
carbon nano-networks grown on carbon paper as durable catalyst for PEM fuel cell. Appl
Catal B Environ 166:155–165

105. Wu D, Lv Q, Feng S, Chen J, Chen Y, Qiu Y, Yao X (2015) Polylactide composite foams
containing carbon nanotubes and carbon black: Synergistic effect of filler on electrical
conductivity. Carbon 95:380–387

106. Yang H, Gong J, Wen X, Xue J, Chen Q, Jiang Z, Tian N, Tang T (2015) Effect of carbon
black on improving thermal stability, flame retardancy and electrical conductivity of
polypropylene/carbon fiber composites. Compos Sci Technol 113:31–37

107. Negro E, Dieci M, Sordi D, Kowlgi K, Makkee M, Koper GJM (2014) High yield, controlled
synthesis of graphitic networks from dense micro emulsions. Chem Commun 50:11848–
11851

108. Woo S, Lee J, Park S-K, Kim H, Chung TD, Piao Y (2013) Enhanced electrocatalysis of
PtRu onto graphene separated by Vulcan carbon spacer. J Power Sources 222:261–266

Non-noble Metal (NNM) Catalysts for Fuel Cells … 99



109. Barroso-Bogeat A, Alexandre-Franco M, Fernández-González C, Sánchez-González J,
Gómez-Serrano V (2015) Temperature dependence of DC electrical conductivity of activated
carbon–metal oxide nanocomposites. Some insight into conduction mechanisms. J Phys
Chem Solids 87:259–270

110. Wang S-C, Yang J, Zhou X-Y, Xie J, Ma L-L, Huang B (2014) Electrochemical properties of
carbon nanotube/graphene oxide hybrid electrodes fabricated via layer-by-layer
self-assembly. J Electroanal Chem 722:141–147

111. Jin S, Li N, Cuia H, Wang C (2013) Growth of the vertically aligned graphene@ amorphous
GeOx sandwich nanoflakes and excellent Li storage properties. Nano Energy 2:1128–1136

112. Na HG, Cho HY, Kwon YJ, Kang SY, Lee C, Jung TK, Lee H-S, Kim HW (2015) Reduced
graphene oxide functionalized with Cu nanoparticles: Fabrication, structure, and sensing
properties. Thin Solid Films 588:11–18

113. Ku K, Kim B, Chung H, Kim W (2010) Characterization of graphene-based supercapacitors
fabricated on Al foils using Au or Pd thin films as interlayers. Synth Met 160:2613–2617

114. Yu Z, Carter RN (2010) Measurement of effective oxygen diffusivity in electrodes for proton
exchange membrane fuel cells. J Power Sources 195:1079–1084

115. Khomenko VG, Barsukov VZ, Katashinskii AS (2005) The catalytic activity of conducting
polymers toward oxygen reduction. Electrochim Acta 50:1675–1683

116. Sulub SR, Martínez-Millán W, Smit MA (2009) Study of the catalytic activity for oxygen
reduction of polythiophene modified with Cobalt or Nickel. Int J Electrochem Sci 4:1015–
1027

117. Martínez-Millán W, Smit MA (2009) Study of electrocatalysts for oxygen reduction based on
electroconducting polymer and nickel. J Appl Polym Sci 112:2959–2967

118. Zhang HJ, Yuan X, Sun L, Zeng X, Jiang QZ, Shao Z, Ma ZF (2010) Pyrolyzed CoN4-
chelate as an electrocatalyst for oxygen reduction reaction in acid media. Int J Hydrogen
Energy 35:2900–2903

119. Choi YJ, Higgins D, Chen Z (2012) Highly durable graphene nanosheet supported iron
catalyst for oxygen reduction reaction in PEM fuel cells. J Electrochem Soc 159:B86–B89

120. Shao Y, Zhang S, Wang C, Nie Z, Liu J, Wang Y, Lin Y (2010) Highly durable graphene
nanoplatelets supported Pt nanocatalysts for oxygen reduction. J Power Sources 195:4600–
4605

121. Liu G, Li X, Ganesan P, Popov BN (2009) Development of nonprecious metal
oxygen-reduction catalysts for PEM fuel cells based on N-doped ordered porous carbon.
Appl Catal B Environ 96:156–165

122. Merzougui B, Hachimi A, Akinpelu A, Bukola S, Shao M (2013) A Pt free catalyst for
oxygen reduction reaction based on Fe–N multiwalled carbon nanotube composites.
Electrochim Acta 107:126–132

123. Byon HR, Suntivich J, Shao-Horn Y (2011) Graphene-based non noble-metal catalysts for
oxygen reduction reaction in acid. Chem Mater 23:3421–3428

124. Charreteur F, Jaouen F, Ruggeri S, Dodelet J-P (2008) Fe/N/C nonprecious catalysts for
PEM fuel cells: influence of the structural parameters of pristine commercial carbon blacks
on their activity for oxygen reduction. Electrochim Acta 53:2925–2938

125. Byon HR, Suntivich J, Crumlin EJ, Shao-Horn Y (2011) Fe–N modified multi-walled carbon
nanotubes for oxygen reduction reaction in acid. Phys Chem Chem Phys 13:21437–21445

126. Oh HS, Oh JG, Roh B, Hwang I, Kim H (2011) Development of highly active and stable
non-precious oxygen reduction catalysts for PEM fuel cell using polypyrrole and a chelating
agent. Electrochem Commun 13:879–881

127. Babu SK, Chung HT, Wu G, Zelenay P, Litster S (2014) Modeling hierarchical non-precious
metal catalyst cathodes for PEFCs using multi-scale X-ray CT imaging. ECS Trans 64:281–
292

128. Artyushkova K, Atanassov P, Dutta M, Wessel S, Colbow V (2015) Structural correlations:
design levers for performance and durability of catalyst layers. J Power Sources 284:631–641

100 A.H.A. Monteverde Videla et al.



129. Banham D, Ye S, Pei K, Ozaki J-I, Kishimoto T, Imashiro Y (2015) A review of the stability
and durability of non-precious metal catalysts for the oxygen reduction reaction in proton
exchange membrane fuel cells. J Power Sources 285:334–348

130. Yuan S, Shui J-L, Grabstanowicz L, Chen C, Commet S, Reprogle B, Xu T, Yu L, Liu D-J
(2013) A highly active and support-free oxygen reduction catalyst prepared from
ultrahigh-surface-area porous polyporphyrin. Angew Chem Int Ed 52:8349–8353

131. Wu W, Wan Z, Chen W, Zhu M, Zhang D (2015) Synthesis of mesoporous alumina with
tunable structural properties. Microporous Mesoporous Mater 217:12–20

132. Badoga S, Sharma RV, Dalai AK, Adjaye J (2015) Synthesis and characterization of
mesoporous aluminas with differentpore sizes: application in NiMo supported catalyst for
hydrotreating of heavy gas oil. Appl Catal A Gen 489:86–97

133. Zeng J, Francia C, Dumitrescu MA, Monteverde Videla AHA, Ijeri VS, Specchia S,
Spinelli P (2012) Electrochemical performance of Pt-based catalysts supported on different
ordered mesoporous carbons (Pt/OMCs) for oxygen reduction reaction. Ind Eng Chem Res
51:7500–7509

134. Qin Y, Li J, Yuan J, Kong Y, Tao Y, Lin F, Li S (2014) Hollow mesoporous carbon nitride
nanosphere/three-dimensional graphene composite as high efficient electrocatalyst for
oxygen reduction reaction. J Power Sources 272:696–702

135. Hung C-T, Yu N, Chen C-T, Wu P-H, Han X, Kao Y-S, Liu T-C, Chu Y, Deng F, Zheng A,
Liu S-B (2014) Highly nitrogen-doped mesoscopic carbons as efficient metal-free
electrocatalysts for oxygen reduction reactions. J Mater. Chem A 2:20030–20037

136. Kramm UI, Herranz J, Larouche N, Arruda TM, Lefèvre M, Jaouen F, Bogdanoff P,
Fiechter S, Abs-Wurmbach I, Mukerjee S, Dodelet J-P (2012) Structure of the catalytic sites
in Fe/N/C-catalysts for O2-reduction in PEM fuel cells. Phys Chem Chem Phys 14:11673–
11688

137. Tüysüz H, Schüth F, Zhi L, Müllen K, Comotto M (2015) Ammonia decomposition over iron
phthalocyanine-based materials. Chem Cat Chem 7:1453–1459

138. Kramm UI, Herrmann-Geppert I, Bogdanoff P, Fiechter S (2011) Effect of an ammonia
treatment on structure, composition, and oxygen reduction reaction activity of Fe-N-C
catalysts. J Phys Chem C 115:23417–23427

Non-noble Metal (NNM) Catalysts for Fuel Cells … 101



Application of Scanning Electrochemical
Microscopy (SECM) to Study
Electrocatalysis of Oxygen Reduction
by MN4-Macrocyclic Complexes

Justus Masa, Edgar Ventosa and Wolfgang Schuhmann

1 Introduction

1.1 Scanning Electrochemical Microscopy (SECM)

Scanning electrochemical microscopy (SECM) is a scanning probe technique using
a micro- or nanoelectrode which is scanned in very close proximity to a solid/liquid,
liquid/liquid, or gas/liquid interface to investigate its chemical or electrochemical
properties [1–6]. A simple graphic representation of the basic working principle of
the SECM technique is presented in Fig. 1. The unique feature of SECM, as
opposed to conventional electrochemical techniques, is its ability to probe the local
properties of a selected region on a surface, or to map the electrochemical reactivity
of the surface if suitable electrochemical perturbation is applied to the tip, or to both
the tip and the probed surface. By recording the currents due to electrochemical
reactions occurring at a nano- or microelectrode (also referred to as the SECM tip),
as the tip is scanned in close proximity to a surface, SECM can be used to acquire
among others, chemical reactivity images of surfaces, including interfacial rates of
heterogeneous electron transfer and the diffusion profiles of redox species.

The development of SECM, which began in the late 1980s, is mainly credited to
A. Bard and his coworkers who first described the technique, coined its name, and
also developed the early modes of its operation, namely the feedback and the
generation–collection modes, which will be described later. In the course of its
nearly 30 years of existence, SECM has established itself as the tool of choice for
studying spatially resolved local electrochemical reactivity of surfaces, including
the quantitative study of the kinetics of both electrochemical and chemical reactions
from microscopic to submicroscopic scales [2, 7]. Indeed, the ability of SECM to
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acquire spatially resolved electrochemical information at and beyond the microlevel
has been exploited for localized corrosion investigation [8, 9], the study of the
electrocatalytic behavior of individual nanoparticles [10–12], enzyme catalyzed
reactions [13], charge-transfer mechanisms [14], adsorption and desorption phe-
nomena, diffusion processes across membranes, real-time determination of hydro-
gen peroxide release from bacterial films [15], and for monitoring the physiological
activity of single living cells [16, 17]. The versatility of SECM has been made
possible by the complimentary development of micro- and nanoelectrodes [18]
along with more precise positioning systems thus enabling high-resolution imaging,
advancement in the theoretical understanding of the diffusion properties at ultra-
microelectrodes, and the development and/or improvement of experimental meth-
ods and procedures. SECM also finds application as a tool for microfabrication and
micropatterning of surfaces [19, 20], and new fields of application are expected in
future [21].

1.2 Instrumentation

The essential components of a basic SECM setup are shown in Fig. 2. As with other
scanning probe techniques, an SECM is equipped with a positioning system to
allow for lateral scanning as well the vertical approach of the tip as close as possible
to the surface to be probed.

The positioning system is comprised of micro- to nanoscale precision stepper
motors and piezo elements with integrated encoders of a few nm resolution to
facilitate precise positioning of the tip at x-, y-grid points at a very close distance
above the sample surface. SECM instruments are equipped with a potentiostat if an
electrochemical signal is to be applied or monitored at only the tip (WE1), or
specifically, a bipotentiostat if a second electrochemical signal is to be applied or

d
x

yz

Transducer

Micro/nano-
electrode
(probe / tip)

Display

Fig. 1 Representation of the
basic working principle of an
SECM
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monitored at the sample which serves as a second working electrode (WE2). In a
typical setup, an electrochemical cell is assembled using the sample as a working
electrode, a counter electrode (CE), and a reference electrode (RE). Specially
designed electrochemical cells are necessary for SECM measurements. Since very
low currents, typically from nanoamperes to sub-picoamperes are measured, the
whole system is set up in a Faraday cage and on a vibration-damping table. The
lateral resolution of the SECM is primarily limited by the size and nature of the
SECM tip, which can therefore be considered as the heart of the SECM. In the
following Sect. 1.3, we discuss the important features of microelectrodes including
their mass transport and diffusion properties.

1.3 Microelectrodes

A microelectrode is an essential element in an SECM. Precisely, the microelectrode
is the probe with which the surface of the sample is scanned. The lateral resolution
of the SECM is determined by the size of the scanning probe. Therefore, micro-
electrodes of small dimensions are necessary to obtain laterally highly resolved
images. Decreasing the size of the electrode from macro- to micro-scale brings
additional features to the electrode behavior. The special properties of microelec-
trodes are very important not only to their application in SECM. The small size of a
microelectrode influences two key parameters: (i) the mass transport of species and
(ii) the current line distribution.

1.3.1 Mass Transport at Microelectrodes

When an electrochemical reaction is limited by diffusion at a flat macroelectrode, the
electroactive species only diffuse perpendicular (planar or axial) to/from the surface
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Fig. 2 Schematic
representation of the essential
components of an SECM
including a potentiostat,
positioning systems, an
electrochemical cell, and a
computer. WE1 working
electrode 1, WE2 work
electrode 2, CE counter
electrode, RE reference
electrode
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sample (Fig. 3a). If the dimensions of the electrode (at least one dimension) are
decreased to the microscale, the flux of species is not only perpendicular to the
sample surface, but additionally a radial flux (parallel diffusion) originates from the
sides of the microelectrode (Fig. 3b). Therefore, the mass transport of species at
microelectrodes is enhanced due to the additional flux (non-perpendicular diffusion).

The flux of species to an electrode is described by Fick’s laws, which varies
according to the electrode geometry: flat electrode, cylindrical electrode, disk
electrode, spherical electrode, etc. Applying electrochemical boundary conditions,
the solution of the diffusion equation is obtained. Considering a chronoamperom-
etry experiment at a disk microelectrode where a potential step is applied to the
electrode and the reaction proceeds under diffusion control without convection or
migration, the following equations are obtained:

i ¼ nFAD0:5C�

p0:5t0:5
þ 4nFDC�r0 ð1Þ

iss ¼ 4nFDC�r0 ð2Þ

where i is the current intensity, iss is the current intensity under steady-state con-
ditions, n is the number of transferred electrons, F is the Faraday constant, A is the
electrode area, D is the diffusion coefficient, C* is the concentration of the redox
species in the bulk of the solution, t is time, and r0 is the radius of the
microelectrode.

The current response contains two terms: a time-dependent and a
time-independent one. Note that the former is the current–time response (known as
Cottrell equation) obtained for axial diffusion at macroelectrodes. The additional

Fig. 3 Schematic representation of diffusion field (a, b) and current lines (c, d) for a
macroelectrode (a, c) and a microelectrode (b, d)
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radial diffusion results in the time-independent term. Since the axial diffusion term
is dependent on the inverse of the square root of time, axial diffusion dominates at
very short timescales and it diminishes for longer times. After a given time, the
contribution of the time-dependent term is negligible and the current response
reaches a stationary steady state (Eq. 2). How long it takes for the current response
to reach the steady state is determined by the radius of the microelectrode. The
current response is proportional to the square of the radius of the electrode (area) for
the axial diffusion term, while it is proportional to the radius for the radial diffusion
term. Therefore, the axial diffusion term decreases faster with decreased radius than
the radial diffusion term. As a consequence, the timescale over which the axial
diffusion term dominates the current response shortens as the radius of the electrode
decreases. For example, when the diameter of a disk electrode is decreased from 10
to 1 μm, the necessary time to reach steady state shortens from 1.3 to 0.01 s,
assuming a diffusion coefficient of 10−9 m2 s−1.

1.3.2 Current Line Distribution and Ionic Resistance of the Electrolyte

The polarization of an electrode triggers the movement of ionic species in the
solution. The current lines represent the path of the ionic species which are per-
pendicular to the equipotential lines. When two macroelectrodes of comparable size
are used, the equipotential lines are parallel to the electrode and the current lines are
perpendicular to the electrodes. The current lines are confined within the volume
defined by the area of the electrodes and the distance between them (Fig. 3c).

The ionic resistance of the electrolyte solution is determined by the specific ionic
conductance of the solution, the area of the electrode, and the distance between
them, as shown in Eq. 3

Ri ¼ 1
k
L
A

ð3Þ

Ri ¼ 1
4k

1
r
� 1
L

� �
ð4Þ

Ri ¼ 1
4k

1
r

ð5Þ

where Ri is the ionic resistance, k is the specific conductance of the electrolyte
solution, L is the distance between the electrodes, A is the area of the electrode, and
r is the radius of the electrode.

Equation 3 is no longer valid when one of the two electrodes becomes signifi-
cantly smaller than the other one. Assuming disk electrodes, the ionic resistance of
a small electrode surrounded by a much larger electrode is defined by Eq. 4 [22].
Now, the volume in which the current lines are confined is no longer a cylinder, but
it becomes a cone (Fig. 3d). The parallel sections to the electrode which are near to
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the smaller electrode contribute more to the overall ionic resistance since the area of
those sections is much smaller. Indeed, the contribution of the sections far away
from the small electrode becomes negligible. Mathematically, when the radius of
the small electrode is much smaller than the distance between the electrodes, Eq. 5
is obtained. Two major differences are observed between Eq. 5 (microelectrode)
and Eq. 3 (macroelectrode). The ionic resistance for a microelectrode becomes
(i) independent of the distance between the electrodes and (ii) proportional to the
inverse of the radius of the electrode, instead of being proportional to the inverse of
the square of the radius. The new features in the ionic resistance when using a
microelectrode in an electrochemical cell strongly affect (i) the iR drop and (ii) the
time constant of the cell.

The potential drop across the electrolyte solution is determined by the product of
current intensity and ionic resistance. In a microelectrode, the ionic resistance is
independent of the distance to the other electrode, which allows working in solutions
with low ionic conductivity. In addition, the ionic resistance is proportional to the
inverse of the radius of the electrode. Since the intensity is proportional to the radius
for steady-state conditions, the iR drop is not dependent on the size of the micro-
electrode. However, at nonsteady-state conditions, that is, e.g., in ultrafast cyclic
voltammetry, the intensity is proportional to the area, and thus the iR drop is pro-
portional to the radius of the microelectrode. In other words, the iR drop decreases as
the size of the microelectrode decreases under nonsteady-state conditions.

A simple electrochemical cell consists of a minimum of two elements in series,
that is, a double-layer capacitance and an ionic resistance. The time constant of a
cell is the product of capacitance and the resistance, and it represents the required
timescale for building the double layer when polarizing an electrode. The time
constant of a cell is very important because it determines the timescale over which
an electrochemical process cannot be studied. The double-layer capacitance is
proportional to the surface area of the electrode, regardless of its dimensions. At a
macroelectrode, the ionic resistance of the solution is proportional to the inverse of
the area. As a result, the time constant is not dependent on the size of the electrode
for flat macroelectrodes. At microelectrodes, the ionic resistance is proportional to
the inverse of the electrode radius. Therefore, the time constant is proportional to
the electrode radius for microelectrodes. In practice, it means that one is able to
study faster reactions by decreasing the size of the microelectrode.

In conclusion, microelectrodes possess unique electrochemical properties,
namely, steady-state current response within short timescales, increased faradaic-
to-capacitive ratio of the current intensity, independence of the ionic resistance from
the distance between electrodes, and short time constants (fast response).

1.4 Modes of Operation in SECM

An SECM is a versatile analytical tool since it can operate in a variety of modes
depending on the targeted systems and pursued information. Indeed, the number of

108 J. Masa et al.



operating modes increases every year, and so do the applications of SECM. In this
section, only a selection of the most representative modes are discussed, including
feedback, generation/collection (SG-TC and TG-SC), redox competition, and sur-
face patterning mode.

1.4.1 Feedback Mode

The feedback mode of operation provides information about the electron transfer
kinetics at the surface of a sample. To this end, a freely diffusing redox mediator is
added into the electrolyte solution. The microelectrode (tip) is polarized to a
potential at which a steady-state diffusion-limited current value is measured at the
tip (Fig. 4a). When the tip is made to approach the surface of a nonreactive or
insulating sample, the diffusion of the redox mediator is hindered leading to
decreased current intensity at the tip (negative feedback), as shown in Fig. 4b, d. On
the contrary, when the tip approaches the surface of a reactive and/or conductive
sample, the redox mediator is regenerated at the sample surface with a certain rate
leading to an increased current intensity (positive feedback), as illustrated in
Fig. 4c, d. An important feature of the feedback mode is that the sample does not
need to be polarized, although a potential may be applied in the case of a con-
ducting sample.

Approach curves (current vs. distance curves) are employed to estimate the
electron transfer rate constants at the sample surface by fitting experimental data to

Fig. 4 Feedback mode. a Steady-state diffusion-limited current at the tip when it is located far
from the sample surface. b Negative feedback due to hindered diffusion of the redox mediator
toward the tip when approaching a nonreactive or insulating sample. c Positive feedback due to the
regeneration of the redox mediator at the sample surface when approaching a reactive and/or
conductive sample. d Normalized intensity measured at the tip as a function of the normalized
tip-to-sample distance (normalized by the radius of the tip)
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simulated curves. For this propose, only z-direction motion of the tip is required.
Images of the surface reactivity are obtained when a selected tip-to-sample distance
is kept constant while scanning in the x- and y-directions. For example, a relatively
higher current intensity is recorded at the tip as it is scanned over a sample area with
fast electron transfer kinetics for the regeneration of the redox mediator.

1.4.2 Generation/Collection Mode

There are two modes for generation/collection, depending on whether the tip or the
sample generates or collects the species of interest.

(i) Tip generation/sample collection mode (TG-SC)
In the tip generation/sample collection mode of SECM, the concentration of a
given species (R) is locally perturbed near the sample surface by generating it
at the tip (Fig. 5a). In TG-SG, both the tip and the sample are connected to a
bipotentiostat since the current responses of both electrodes are measured. If
the tip-to-sample distance is small, most of the species generated at the tip are
collected at the sample in case of a simple one-step heterogeneous electron
transfer reaction. For processes with a coupled homogeneous chemical reac-
tion, the current measured at the tip and sample may differ largely since
electrochemically inactive species may be generated in the coupled chemical
reaction. Information about the kinetics of the coupled homogeneous chemical
reaction is obtained from the analysis of the current intensity at the tip and
sample.

Fig. 5 Generation/collection mode. a Tip generation/sample collection mode. A species is
generated at the tip and collected at the sample. b Sample generation/tip collection mode.
A species is generated at the sample and collected at the tip. Reproduced from [3] with permission
of the Royal Society of Chemistry
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(ii) Sample generation/tip collection mode (SG-TC)
In the sample generation/tip collection (SG-TC) mode, a redox species is
generated at the sample and collected at the tip (Fig. 5b). Again, the current
intensities of both tip and sample are measured. Initially, this mode of oper-
ation was designed to determine concentration profiles in the diffusion layer
generated at the sample [23, 24]. However, in principle, any electrochemically
active species generated at the sample can potentially be studied in the SG-TC
mode. Ideally, a small microelectrode should not perturb much the free dif-
fusion of species generated at the sample.

1.4.3 Redox Competition Mode

The redox competition mode consists of two subsequent steps (Fig. 6). In the first
step, the species of interest is electrochemically generated at the tip increasing the
concentration of this species in the gap between tip and sample surface. In the
subsequent step, the generated species is collected at the tip. Simultaneously, the
generated species is also collected at the sample, which means that both tip and
sample compete in the second step for the species generated at the tip in the first
step.

The current intensity recorded at the tip in the second step is dependent on how
active the sample surface is toward the conversion of the generated species. If the
sample is not reactive or exhibits a slow kinetics toward the electrochemical
reaction of the generated species, the tip is able to recollect a large portion of the
initially generated species. On the other hand, if the sample surface is very reactive
showing a fast kinetics toward the electrochemical reaction of the generated species,
the current intensity at the tip in the second step decreases significantly since a large
portion of the generated species are collected at the sample.

Fig. 6 Redox competition
mode. Left the species of
interest is generated at the tip
in the first step. Right Both the
tip and sample compete to
collect the generated species
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1.4.4 Surface Patterning Mode

SECM can be employed as a tool for localized surface modifications creating
micropatterns. Most of the approaches using SECM for micropatterning are
grouped into three categories: (i) direct mode, (ii) local generation of reagents, and
(iii) coupling of homogenous and heterogeneous reactions.

(i) Direct mode
In the direct mode, the microelectrode and the sample act as counter and
working electrode, respectively. When the tip is in very close proximity to the
sample surface, the current lines are confined and the reaction only occurs at
the area of the sample underneath the tip (Fig. 7a). A reaction of interest, such
as metal deposition or dissolution, is chosen to occur as reaction at the con-
fined area of the sample.

(ii) Local generation of reagents
Local surface modification of the sample is achieved by generating an etching
reagent at the tip. A common approach is to generate an oxidizing agent at the
tip, which locally oxidizes the sample surface. The reagent is then regenerated
at the tip (Fig. 7b)

(iii) Coupled homogenous and heterogeneous reactions
This approach is based on complexing the reactant necessary for surface
modification, so that the potential applied to the sample cannot drive the
electrochemical reaction of surface patterning. The generated species at the tip
chemically reacts with the complex and destabilizes it enabling the electro-
chemical reaction to occur at the sample. Since the homogeneous chemical
reaction between the complex and the generated species takes place only near
the tip, the subsequent heterogeneous electrochemical reaction at the sample is
localized underneath the tip (Fig. 7c)

Fig. 7 Micropatterning. a Direct mode where the microelectrode acts as counter electrode.
b Local generation of reagents which corrode locally the sample surface, c coupling of
homogenous and heterogeneous reactions in which the species generated at the tip undergoes a
homogenous chemical reaction locally enabling a heterogeneous electrochemical reaction at the
sample surface. Adapted from [2] with permission of Wiley
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1.5 Influence of the Sample Surface Topography

The tip response is not only dependent on the chemical and electrochemical
properties of the sample surface, but also on the distance between tip and sample
surface. In a simple SECM experiment, three z-approach curves are performed to
calculate the tilt of the sample with respect to the scanning plane of the tip. After
correcting the sample tilt, a distance between the tip and the sample surface is
selected for scanning in x- and y-directions at the selected “constant height”
(constant z-position). In these measurements, one assumes that the sample surface is
relatively smooth, so that the constant height translates to a constant distance
between tip and sample surface. However, this assumption is not always correct.
The evaluation of samples with rough surfaces (in the order of micrometers) or the
use of very small microelectrodes or nanoelectrodes (the necessary tip-to-sample
surface distance is proportional to the electrode radius) requires correcting the
tip-to-sample distance (Fig. 8). In these cases, scanning at constant height is not
sufficient, and additional methods must be implemented in the SECM system to
maintain a constant tip-to-sample surface distance to deconvolute electrochemical
and topographic contributions to the tip current.

1.5.1 Intermittent Contact in SECM

In the intermittent contact mode, the tip vertically oscillates at a given amplitude
and frequency [25]. When the tip comes in contact with the sample (tapping), the
amplitude of the vertical oscillation changes and this change is used as a feedback
signal to control the tip-to-sample distance (Fig. 9a). As a result, the intermittent
contact mode allows operating at a constant distance as well as obtaining the
topography of the surface. In addition, the hopping mode can also be implemented
and SECM images at several tip-to-sample surface distances are obtained leading to
4D representations of the local electrochemical activity of a sample surface [26].

Fig. 8 Schematic illustration of the difference between scanning at constant height and at constant
distance in SECM. Reproduced from [16] with permission of the American Chemical Society
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1.5.2 Soft Microelectrodes in SECM

Instead of using a glass sheath or a rigid microelectrode like in the majority of
SECM experiments, flexible and soft electrodes are employed in this approach [27].
When the soft electrode is brought in contact with the scanned surface, it bends
creating a small gap between the tip and surface (Fig. 9b). Since the microelectrode
is flexible, it will adopt the topography of the surface, maintaining a relatively
constant distance between tip and sample surface.

1.5.3 Combination of Atomic Force Microscopy with Scanning
Electrochemical Microscopy (AFM–SECM)

Atomic force microscopy (AFM) is a scanning probe technique that provides
topographical information of a surface at the nanoscale. The main limitation of
combining AFM (topography) with SECM (electrochemistry) is to implement a
nano- or microelectrode into an AFM probe to create a bifunctional tip (Fig. 10).
The implemented nanoelectrode can be (i) located below the apex of the AFM
cantilever tip [28], or (ii) separated from the apex of the tip [29]. The former
approach allows simpler fabrication at Si-wafer level. On the other hand, the
location of the nanoelectrode below the apex of the tip leads to electrical
short-circuiting problems when scanning in contact mode (Fig. 10b). This issue is
amended by scanning in the so-called lift mode which requires first recording the
topography of a line and then performing a second pass following sample topog-
raphy after retraction of the tip to a predefined distance for the electrochemical
measurement (Fig. 10c). When the nanoelectrode is separated from the tip apex by
positioning the electrode at a certain distance above the AFM tip, so-called recessed
electrodes, topography, and electrochemistry data are acquired simultaneously in

Fig. 9 a Schematic representation of intermittent contact SECM. Reproduced from [25] with
permission of the American Chemical Society. b Schematic illustration of a soft microelectrode.
Reproduced from [18] with permission of the Royal Society of Chemistry
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the contact mode (Fig. 10d), since the nanoelectrode and the sample are not in direct
contact but separated by a constant distance.

1.5.4 Shear force in SECM

In the shear force mode, a microelectrode is horizontally vibrated at its resonance
frequency using a piezoelectric positioner (Fig. 11a) [31, 32]. The detection and
monitoring of the amplitude of the oscillation can be carried out via optical, piezo,
or tuning fork methods (Fig. 11b–d).

Increase in the shear force in close proximity to the sample surface leads to
damping of the amplitude of oscillation. Using the amplitude of the oscillations as
feedback signal, the tip-to-sample surface distance is maintained constant during the
SECM measurements.

1.5.5 Combination of Scanning Ion-Conductance Microscopy
with Scanning Electrochemical Microscopy (SICM–SECM)

Scanning ion-conductance microscopy (SICM) was initially developed to obtain
topographical information on delicate and fragile samples, typically biological
samples, immersed in liquid solution in a noncontact and noninvasive way [33].
SICM employs a hollow capillary as scanning probe instead of a microelectrode.

Fig. 10 Combination of AFM with SECM. a Schematic illustration of the AFM—SECM
setup. AFM—SECM in b contact mode, c lift mode, and d recessed electrode mode. Reproduced
from [30] with permission of the Royal Society of Chemistry
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The capillary is immersed into solution. Two electrodes, one inside the capillary
and the other one outside are employed. When applying a voltage between the two
electrodes, the faradaic current depends on the ionic resistance of the solution which
is dominated by the small area of the opening of the capillary. In close proximity to
the sample surface, the current lines passing through the opening are disturbed and
the ionic resistance increases, which in turn decreases the current intensity between
the two electrodes (Fig. 12a). Therefore, using the current intensity between the two
electrodes as a feedback signal, the distance between the tip of the capillary and the
sample surface is maintained constant while scanning in x- and y-directions.

The microelectrode can be implemented in the SICM system following either of
the following two approaches. (i) Depositing a thin layer of conducting metal,
which is then coated with a second layer of insulator onto the outer wall of the
capillary to obtain a capillary (SICM) with a ring microelectrode (SECM) at the
end of the capillary [34]. (ii) Splitting the inner volume of the capillary into two
compartments. One compartment remains hollow (SICM), while the other one is
filled with a conducting agent to convert it into a microelectrode (SECM) [35].

1.5.6 Scanning Electrochemical Cell Microscopy (SECCM)

Scanning electrochemical cell microscopy (SECCM) uses a capillary with double
compartment (dual barrel capillary) pulled to a sharp opening (Fig. 13b) as scanning
probe [36]. Both compartments of the capillary are filled with the electrolyte
solution, and a quasi-reference counter electrode (QRCE) is inserted in each
compartment (Fig. 13a).

Fig. 11 Shear force in SECM. a Illustration of a microelectrode horizontally vibrating at its
resonance frequency. Detection of the vibration by b optical, c piezo, and d tuning fork methods.
Reproduced from [30] with permission of the Royal Society of Chemistry
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The electrolyte solution is only located inside the capillary and the sample is not
immersed in solution. When the capillary is located far from the sample surface, the
small meniscus hanging at the tip of the capillary ionically connects both com-
partments, which allows ion migration between the two compartments when a
voltage is applied between the two QRCEs. The ionic connection is maintained
when the meniscus makes contact with the sample surface. Further approach of the
meniscus to the surface results in an increased ionic resistance which is employed
as a feedback signal to maintain the distance between the tip of the capillary and the
sample surface constant while scanning across the sample in x- and y-directions. At
each x-, y-grid point, the electrochemical properties of the small area of the sample
surface, defined by the area of the capillary opening, are evaluated using classic
electrochemical methods, e.g., cyclic voltammetry or potentiostatic chronoamper-
ometry. One of the QRCE acts both as reference and counter electrode of the
minuscule cell (Fig. 13a).

2 Study of the Oxygen Reduction Reaction (ORR) Using
SECM

2.1 Electrocatalysis of Oxygen Reduction

The oxygen reduction reaction (ORR) is of vital importance in numerous electro-
chemical energy conversion and storage technologies, including fuel cells, metal–
air batteries, and in the chlor-alkali industry [38–40]. The electrochemical reduction
of oxygen is however kinetically slow and occurs at rather high overpotentials, thus
drastically lowering the overall energy output from galvanic cells. The search for
stable catalysts which can improve the kinetics and thermodynamic efficiency of the
ORR is a major goal of many investigations on the ORR.

The electrochemical reduction of oxygen is generally considered to proceed via a
mechanism involving one, or both of two possible reaction pathways outlined in
reaction equations [i] to [iv] [41]. In the first pathway [i], oxygen is reduced by the

Fig. 12 SICM–SECM. a Illustration of the cross section of an SICM system. b Ring
microelectrode implemented into the capillary wall. c Microelectrode included in the second
compartment of the capillary (dual barrel capillary)
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transfer of four electrons to form H2O or OH−, depending on the pH value of the
electrolyte, the catalyst used, and the reaction conditions. In an alternative pathway,
oxygen is reduced by the transfer of two electrons to form H2O2, reaction [ii], either
as the end product, or the primarily formed H2O2 may undergo a further 2-electron
reduction to form H2O (or OH−), reaction [iii] or chemical decomposition [iv] to
regenerate oxygen and form H2O (or OH−).

Acidic electrolytes Alkaline electrolytes
O2 þ 4eþ 4Hþ ! 2H2O O2 þ 4eþ 2H2O ! 4OH� Eo ¼ 1:23VRHE ½i�
O2 þ 2eþ 2Hþ ! H2O2 O2 þ 2eþH2O ! HO�

2 þOH� Eo ¼ 0:67VRHE ½ii�
H2O2 þ 2eþ 2Hþ ! 2H2O HO�

2 þ 2eþH2O ! 3OH� Eo ¼ 1:77VRHE ½iii�
2H2O2 ! O2 þH2O 2HO�

2 ! O2 þ 2OH� ½iv�

For electrochemical energy conversion processes, reaction [i] is desirable since a
maximum free energy (ΔG = −nFEo) is harnessed from the reaction, where Eo is the
standard theoretical equilibrium potential, n is the number of electrons transferred,
F the Faraday constant, ΔG the Gibbs free energy. Besides the formation of H2O2,
reaction [ii] being less energy efficient, the formed H2O2 tends to destroy cell
components due to its oxidizing nature [42, 43].

Characterization of electrocatalysts for the ORR therefore routinely involves
determination of their selectivity, which essentially requires the determination of
the number of electrons transferred, the percentage of H2O2 generated, and the rate
of decomposition of H2O2. Rotating disk electrode (RDE) voltammetry and

Fig. 13 a Scanning Electrochemical Cell Microscopy (SECCM). b SEM image of the tip of a
double barrel capillary. Reproduced from [37] with the permission of Wiley
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rotating-ring disk electrode voltammetry (RRDE) are the routine techniques of
choice for investigating potential ORR catalysts [44–47]. These techniques owe
their popularity to their simplicity and relatively simple mathematical treatment of
experimental data. However, both RDE and RRDE suffer from the disadvantage
that only one catalyst can be investigated at a time which makes it cumbersome if
many samples are to be investigated. Second, both RDE and RRDE perform well
when they are used to investigate smooth and thin uniform catalyst films where
diffusion of the analyte inside the film is negligible. Significant shortcomings arise
when RDE and RRDE are used to investigate ORR on highly porous materials, and
when thick catalyst films are to be investigated, since diffusion of the analyte
through the film cannot be neglected [47]. Some of the shortcomings of RDE and
RRDE can be overcome using SECM for quantitative study of the ORR [48–50].
Additionally, SECM can be employed as a semi-combinatorial or high-throughput
technique to screen the ORR activity of catalyst libraries of variable nature,
properties, or composition [51–53]. In Sects. 2.1.1 through 2.1.3 we discuss the
application of SECM as a tool for qualitative and quantitative study of the ORR, as
well as for high-throughput screening of catalyst libraries.

2.1.1 Visualization of Oxygen Reduction Using SECM

By recording an electrochemical response, typically the current at the SECM tip,
sample, or both, as the tip is scanned in close proximity to a surface, micro- to
nano-spatially resolved chemical reactivity images of the surface, and quantitative
data for analyzing heterogeneous electron transfer rates [3, 4, 13, 54, 55], as well as
diffusion profiles [56] and adsorption/desorption phenomena [57] can be acquired.
For visualization of the ORR activity of catalysts, various operation modes of
SECM including SG-TC [48, 49, 58], TG-SC [59, 60], and the oxygen competition
mode may be used [61].

In the TG-SC mode, a constant current or potential applied to the tip is used to
produce oxygen by water oxidation while a suitable potential is applied to the
sample to induce oxygen reduction. In this way, the steady-state current measured
at the sample is a direct measure of its local ORR activity [59, 62]. This method has
the advantage that the measured signal is less sensitive to the tip-to-sample distance,
which is crucial in the feedback mode. Fernández and Bard [59] employed the
TG-SC mode of SECM to visualize the ORR activity on a disk-shaped Pt micro-
electrode (127 μm diameter) at different tip-to-sample distances. To avoid inter-
ference by oxygen from air, the electrolyte was purged with argon and maintained
under an argon atmosphere during measurements, so that only oxygen generated by
the tip diffuses to the sample. Figure 14 shows the steady-state currents (is) mea-
sured at the Pt disk (sample) as a function of the x-y position of the SECM tip. is
increases sharply as the tip is scanned from the insulating glass sheath over the Pt
disk and decreases back to zero (or background) when the tip is again located over
the insulating sheath. The resulting SECM image reproduces the size and form of
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the disk with good resolution. The resolution of the SECM image is sensitive to the
tip-to-sample distance. For example, when the tip is very close to the sample
(5 μm), a distorted image results (Fig. 14b). The spread of the current was attributed
to traces of oxygen remaining between the sheath and the tip when the tip was
already a few µm away from the active catalyst. The intensity of the sample current
is dependent on the ORR activity of the sample, the tip-to-sample distance, and the
potential applied to the sample, which makes it possible to visualize differences in
the intrinsic ORR activity of material libraries under appropriate experimental
conditions.

In Fig. 15, the TG-SC mode was used to visualize the ORR activity of a small
array of spatially resolved Pt and Ru spots (size range 200–300 μm) deposited on a
glassy carbon disk by means of a micropipette [59]. Higher sample currents indicate
higher ORR activity of the underlying region or catalyst spot. Intrinsic differences
in the ORR activity of Pt and Ru deposits could be clearly visualized, with Pt

Fig. 14 SECM images showing oxygen reduction on a smooth Pt disk microelectrode (127 μm
diameter) embedded in glass, recorded in the TG-SG mode of SECM: Scan rate = 300 μm s−1,
sample potential (Es) = 0.1 V a d = 30 μm; iT = 76 nA. b d = 5 μm; iT = 36 nA. In both (a) and (b),
the lower figure is a false color image where the current is represented by the color, and the upper
is an actual representation of steady-state current is as a function of the x-y position

Fig. 15 SECM images
obtained with the TG-SC
mode of an array of Pt (left
spot and right row) and Ru
(middle row) spots on a glassy
carbon surface. Scan rate
600 μm s−1; d = 30 μm;
iT = 210 nA; ES = 0.1 V.
Taken from reference [59]
with the permission of the
American Chemical Society
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exhibiting a significantly higher ORR activity than Ru, as expected [63]. However,
it has to be noted that the height of the individual catalyst spots can have a sig-
nificant impact on the measured steady-state current values. Nevertheless, this effect
is less severe than in the feedback mode. One drawback of the TG-SC mode for
screening the ORR activity of material arrays on a conductive support is the
nonnegligible contribution of the background current to the measured sample
current. Actually, the larger the area of the sample on which the catalyst spots are
located, the higher is the background current. Low background currents are nec-
essary to enable a high contrast in the activity of materials with almost similar
activity.

In the redox competition mode (RC-SECM), the tip is scanned over a sample
surface while both the sample and the tip are polarized at potentials where they both
reduce oxygen [61, 64]. In this case, a decline in tip current proportional to the
activity of the underlying sample is observed when the tip is scanned over an
oxygen consuming spot or site. To maintain the concentration of oxygen in the gap
between tip and sample at each grid point during scanning, a potential pulse profile
is implemented where oxygen production by water oxidation at the tip precedes the
oxygen reduction process. Several authors have deployed the RC-SECM mode to
map the ORR activity of small catalyst arrays [65–72], and to monitor oxygen
consumption by living cells [73, 74]. Quantitative determination of ORR kinetic
parameters, including the average number of electrons transferred and the per-
centage of H2O2 is possible through sequential implementation of the oxygen
competition mode and the SG-TC mode by means of a suitable pulse profile [50,
64].

2.1.2 High-Throughput Screening of ORR Catalysts Using SECM

The development of new catalysts is either guided by theoretical predictions or
derived from material properties based on experimental observations. However,
experimentalists are often faced with the need to investigate the electrochemical
properties of a large collection of materials with variable chemical composition or
structure in order to identify the most optimal catalyst [52, 75–79].

A unique feature of SECM is the possibility to use it as a semi-combinatorial or
high-throughput tool to screen the electrocatalytic activity of material libraries [52,
80, 81]. For example, Bard’s group formulated a thermodynamic criterion for the
design of bimetallic catalysts for ORR based on the combination of a metal which
readily cleaves the O–O bond of the oxygen molecule, and one which readily
reduces the adsorbed oxygen atom. They tested their theory by screening the ORR
activity of combinations of Pd and Co in H2SO4 (0.5 M) using SECM in the TG-SC
mode. Figure 16 shows SEM images of bimetallic Pd–Co (i) and trimetallic Pd–
Co–Au (ii) catalyst spots with variable Pd:Co and Pd:Co:Au atomic ratios,
respectively, prepared on glassy carbon plates using a piezo-based microarray
dispenser, followed by reduction with hydrogen at 350 °C.
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The atomic composition of Co in the bimetallic mixture was varied from
10–70 %. Results of the ORR activity of the bimetallic Pd–Co array at different
sample potentials, 0.4 V (HRE) (i) and 0.7 V (HRE) (ii) at a constant tip current of
−160 nA in the TG-SC mode are presented in Fig. 16b. At a sample potential of
0.4 V all catalyst compositions were able to reduce oxygen. Pd exhibited the
highest activity, and a decrease in activity with Co content was observed. However,
at a sample polarization potential of 0.7 V, the catalyst combination with 10 % Co
was found to be the most active while pure Pd showed no activity at all. The
activity decreased with increasing Co content >20 %. After the rapid screening
procedure, more careful quantitative investigation using current–potential curves of
the most promising compositions revealed that Pd–Co (80–20 %) had the highest
activity with a positive shift in potential of about 150 mV compared to the results
for pure Pd. To validate the performance of the catalysts, catalysts with a similar
composition were prepared on high-surface area carbon with a combined metal of
20 wt %, and investigated for ORR using RDE. RDE studies revealed that Pd–Co
(80–20 %) indeed had the highest activity which was consistent with the SECM
studies.

The ORR activity of Pd–Co (80–20 %) was observed to readily decay after 3 h
of continuous operation. To investigate the possibility for stabilization of the cat-
alyst, and for further improvement of the activity, trimetallic combinations of Pd–
Co and Au with variable compositions were investigated by a similar SECM rapid
screening procedure. SEM images of the Pd–Co–Au catalyst spots of variable
composition prepared on glassy carbon surfaces are shown in Fig. 16a (ii). SECM
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Fig. 16 a SEM images of bimetallic Pd–Co catalyst spots with variable Pd:Co atomic ratios (i),
and trimetallic Pd–Co–Au catalysts spots with variable Pd:Co:Au atomic ratios (ii) prepared on a
glassy carbon plate using a piezo-based microarray dispenser. b SECM images showing the ORR
activity of Pd–Co binary arrays in 0.5 M H2SO4. Tip-to-sample distance = 30 μm, tip
current = −160 nA. Scan rate = 50 μm each 0.2 s, sample potential Es = 0.4 V (i) and 0.7 V (ii).
The potential is reported against the normal hydrogen reference electrode (HRE)
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screening of the trimetallic catalyst combinations at four different sample potentials
at a constant tip current (−160 nA) in the TG-SC mode are shown in Fig. 17. The
highest ORR activity was observed for the combination with Pd (70 %), Co (20 %),
and Au (10 %). Interestingly, this combination also exhibited much better stability
than the bimetallic catalyst Pd (80 %) and Co (20 %). The Pd (70 %)–Co(20 %)–Au
(10 %) catalyst was further prepared on carbon by a reverse microemulsion method
heated in a reducing atmosphere (H2 (10 %) in Ar) and assembled into a membrane
electrode assembly (MEA). Steady-state polarization curves under fuel cell test
conditions established that the optimized Pd–Co–Au was as active as Pt (20 %) on
carbon (Johnson Matthey).

Smaller catalyst libraries have been investigated by several other research
groups. For example, Chen et al. electrodeposited a small library of noble metals
(Pt, Ru, Rh, and Au) by means of a capillary-based droplet cell onto carbon nan-
otubes predeposited on glassy carbon by electrophoretic accumulation, and
screened their ORR activity in a 0.1 M phosphate solution using the oxygen
competition mode (pH = 6.7) [68, 82]. Our group employed RC-SECM to map the
ORR activity of Pt, and Pt-based alloy nanoparticles, including core–shell structures

Fig. 17 SECM TG-SC images of ORR activity measured on Pd–Au–Co arrays in 0.5 M H2SO4.
Tip-to-sample distance = 30 μm, tip current = −160 nA, scan rate = 50 μm each 0.2 s, sample
potential, ES = 0.2 V (a), 0.4 V (b), 0.6 V (c) and 0.75 V versus the hydrogen reference electrode
(HRE). WM is the atomic ratio of metal M in the spot. Taken from [80] with permission of the
American Chemical Society
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deposited on glassy carbon [69, 83]. Moreover, enzyme libraries have been
screened with respect to their biocatalytic activity using SECM [13, 84, 85].

2.1.3 Quantification of Hydrogen Peroxide

The SG-TC mode is the most commonly used technique for visualization and
quantification of the amount of H2O2 produced during ORR [15, 48–50, 64, 86–88].
In the SG-TC mode, the SECM is essentially similar to the RRDE technique, as
depicted in Fig. 18. In SG-TC SECM, the H2O2 formed at the sample is transported to
the collector (SECM tip) purely by diffusion, while in RRDE, transport of the H2O2

formed at the disk to the ring is both by diffusion and forced convection. In both
methods, only a fraction of the H2O2 generated is able to reach the sensing electrode.
The collection efficiency (CE), also commonly denoted as N, can be computed from
Eq. 6, using a suitable redox mediator such as ferrocenemethanol, in the SG-TC
mode of SECM, where itip is the tip current and isample is the sample current.

N ¼ itip
isample

����
���� ð6Þ

The CE in SECM depends on the RG value of the SECM tip (ratio of the radius
of the tip including the sheath to the radius of the electrode excluding the sheath),
the tip-to-sample distance (d), and the size of the sample surface in relation to the
tip electrode and RG value, among other factors.

The influence of the tip-to-sample distance and the RG value on the CE in
SECM measurements were investigated by Bard et al. [49], both by simulation and
experimentally in a deaerated solution of ferrocenemethanol (1 mM) in 0.1 M
K2SO4. Ferrocenemethanol was oxidized at the sample by applying a linear
potential scan from 0.3 to 0.7 V versus RHE, while ferrocenemethanol was reduced
at the tip, which was kept at a constant potential of 0.3 V versus RHE. Figure 19

O2 H2O2 
O2 d 

(a) (b) 

H2O

Fig. 18 Schematic illustration of the detection of H2O2 formed during the ORR using SECM in
the SG-TC mode (a), and detection of H2O2 using the RRDE. Figure 18b was adopted from [89]
with the permission of World Scientific
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shows the results of this experiment. The experimental values of the CE obtained
from Fig. 19 were found to be in good agreement with simulated data. In principle,
the CE in SG-TC SECM measurements should approach 100 % when the
tip-to-sample distance (d) is very small. However, a CE of 100 % is experimentally
very difficult to achieve due to the challenge to precisely approach the sample
surface to within <5 μm, especially when using tips with large RG values. At large
values of d, it is unavoidable that some of the redox species generated at the sample
is lost into the bulk. The situation becomes complicated if homogeneous or
heterogeneous chemical reactions are involved. For example, in the case of the
ORR, H2O2 may disproportionate, either at the sample where it is generated, or at
the tip, thus affecting the CE. To maximize the CE in SG-TC SECM experiments,
as well as to minimize the contribution of capacitive currents, Sánchez-Sánchez
et al. proposed the use of small sample surfaces, <100 μm in diameter for SECM
tips with a diameter of 25–50 μm [49]. Typically, the sample is also a microelec-
trode with RG values in the range of 15–20, or cavity (or recessed) microelectrodes
[72, 88, 90] with a diameter of about 100 μm and a depth of a few μm for filling
with the sample material. A specific advantage of using cavity microelectrodes is
that catalysts can be conveniently investigated without the use of a binder.
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Fig. 19 a Experimental results of SG-TC SECM using ferrocenemethanol oxidation at the sample
(Au, 100 μm diameter) and ferrocenemethanol reduction at the tip (Pt, 25 μm diameter). The
electrolyte solution was ferrocenemethanol (1 mM) in 0.1 M K2SO4. The sample potential was
scanned from 0.3 to 0.7 V at a rate of 2 mV s−1 while the tip potential was held constant at 0.3 V.
All the potentials are reported against the reversible hydrogen electrode (RHE). The different
curves correspond to different tip-to-sample distances as follows, black (5 μm), red (10 μm), blue
(15 μm), and green (25 μm). b Collection efficiency values calculated for a 25 μm diameter tip,
and a sample with a diameter of 100 μm. The red line and symbols correspond to a tip with
RG = 10, and the black line and symbols correspond to a tip with RG = 6. Circles correspond to
CE values obtained from simulation and triangles correspond to CE values obtained from
experimental data using ferrocenemethanol (1 mM) in K2SO4 (0.1 M) as the redox mediator.
Continuous lines correspond to the polynomial regression line for the simulated values.
Reproduced from [49] with permission of the American Chemical Society
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For quantification of the average number of electrons (n) transferred and the
amount of H2O2 produced during the ORR, Eqs. 7 and 8, respectively, have been
proposed [48, 49], analogous to the RRDE technique.

n ¼ 4IO2

IO2 þ IH2O2
N

���
���

h i ð7Þ

H2O2ð%Þ ¼
IH2O2
N

IO2 þ IH2O2
N

���
���

h i� 200 ð8Þ

where IO2 is the net catalytic oxygen reduction current, IH2O2 is net H2O2 oxidation
current, and N is the collection efficiency of the tip. Applying this methodology,
[48, 49], the selectivity of ORR in H2SO4 (0.5 M) at a mercury electrode supported
on a gold sample was investigated. Results of the SG-TC measurements, showing
oxygen reduction at the mercury electrode (generator), and the amperometric
response of the tip due to oxidation of H2O2 are presented in Fig. 20a.

The number of electrons transferred during ORR on Hg was found to be 2.19,
very close to 2 (Fig. 20b), and the percentage of H2O2 generated was over 90 %.
These results are in agreement with theoretical predictions [63]. The slight dis-
crepancy between the experimental data and theoretical value of n = 2 for two
electron reduction of oxygen is attributed to chemical decomposition of H2O2 at the
tip, which leads to a lower value of the CE, which is actually also a challenge for
the RRDE technique [44, 50, 89].
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Fig. 20 a Experimental results of the SG-TC mode of SECM for H2O2 collection during ORR in
H2SO4 (0.5 M) at a Hg on gold electrode. The sample potential was scanned from 0.5 to −0.4 V
versus RHE at 2 mV s−1 while the tip potential was held constant at 1.2 V versus RHE. b The
number of electrons transferred (n, black line) and the percentage of H2O2 generated (red line)
during ORR at a mercury (Hg) on gold electrode measured in the SG-TC mode of SECM.
Reproduced from [49] with permission of the American Chemical Society
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2.2 Evaluation of the Electrocatalytic Activity of Single
Particles

There are many parameters of a catalyst, such as particle size or shape, affecting its
electrocatalytic properties. In the majority of the studies, the properties of elec-
trocatalysts are evaluated from ensembles of nanoparticles, obtaining the averaged
information of large numbers of particles. It is unlikely that all particles forming the
ensemble possess identical particle shape and size. Even if they do, the diffusion
field of neighboring particles would overlap, so that the behavior of the group
hinders the evaluation of the intrinsic properties of the individuals. Therefore, the
study of single particles is highly desired for obtaining structure–function rela-
tionships of the electrocatalysts. There are three major approaches to study the
electrocatalytic properties of a single particle (Fig. 21): (i) single particle attached to
a nanoelectrode, (ii) electrocatalytic current amplification via single nanoparticle
collisions, and (iii) scheme for evaluation of a single particle supported on a
noncatalytic macroelectrode using SECM.

2.2.1 Single Particle Attached to a Nanoelectrode

The low mass transport coefficient of oxygen in solution limits the evaluation of the
ORR kinetics of electrocatalysts. The use of rotating disk electrodes (RDEs)
amends this issue since the mass transport is greatly increased, making RDEs a
commonly used tool in ORR studies. Attaching a single particle to a nanoelectrode
not only enables the evaluation of the properties of an individual well-defined
catalyst, but also enhances drastically the mass transport due to the unique prop-
erties of micro- or nanoelectrodes. Chen and Kucernak were pioneers in using this
approach to study the ORR at electrocatalysts [91]. They deposited single Pt
nanoparticles of a selected size, tunable from the range of several micrometers to

Fig. 21 Evaluation of ORR catalyzed at a single particle. a Single nanoparticle attached to a
nanoelectrode, b electrocatalytic current amplification via single nanoparticle collisions, and c a
single particle supported on a noncatalytic macroelectrode evaluated by SECM. Adapted from [10]
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several tens of nanometers, to a carbon nanoelectrode. Since mass transport is
directly related to the size of the single particle, they were able to study ORR at
single Pt nanoparticles under several mass transport conditions; the smaller the
particle size, the higher the mass transport. While an expected four-electron
reduction of oxygen to water was observed at the Pt nanoparticles under low mass
transport condition (equivalent to 104 rpm in RDEs), only 75 % of oxygen
reduction proceeded via four-electron reduction at high mass transport conditions
(equivalent to 108 rpm) resulting in the production H2O2. While the Pt nanoparticles
were electrochemically grown at the nanoelectrode, this approach is not limited to
electrodeposited metals and other nanoparticles attached to the nanoelectrodes via
covalent bonds as later studied [92].

2.2.2 Electrocatalytic Current Amplification via Single Nanoparticle
Collisions

The evaluation of single particle collisions at a microelectrode is another strategy
used for studying electrocatalysis at single particles. In a diluted suspension of
freely diffusing catalytic particles, a single particle eventually lands on a micro-
electrode and leaves few moments after (residence time). Considering that a
kinetically slow electrochemical reaction does not occur at a noncatalytic micro-
electrode when a small overpotential is applied, the collision of the catalytic particle
at the microelectrode establishes electrical contact and allows the single particle to
catalyze a reaction of interest during the residence time. Due to the low concen-
tration of particles in the suspension, the collision of multiple particles is unlikely,
enabling the evaluation of single particle collision events.

Xiao and Bard first followed this approach to study the collision of single Pt
nanoparticles at a carbon microelectrode for the reduction of protons and the
reduction of H2O2 [93]. Although many electrocatalytic reactions, such as water
oxidation, NaBH4 oxidation, hydrazine oxidation, or nitrothiophenol oxidation [94–
97] were studied since the initial work of Xiao and Bard, it is surprising, that to the
best of our knowledge the ORR has not been investigated yet using this approach. It
is expected that single particle collision events could be applied for the study of the
ORR in the near future.

2.2.3 Evaluation of ORR at Single Particles Using SECM

The electrocatalytic properties of an electrode surface can be mapped via the
generation/collection or the redox competition mode of SECM. However, evalua-
tion of the properties of a single nanoparticle supported on a noncatalytic macro-
electrode requires rather high spatial resolution of the SECM, below a few hundreds
of nanometers which is highly challenging. Two approaches have shown the
potential to resolve the electrocatalytic properties of single nanoparticles toward
ORR, namely SICM–SECM and SECCM.
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(a) ORR at single particles using SICM–SECM

The combination of scanning ion-conductance microscopy (SICM) and scanning
electrochemical microscopy (SECM) allows precise control of the tip-to-sample
distance, which is necessary for the use of nanoelectrodes in SECM. Therefore,
highly spatially resolved images of the electrochemical properties of a sample are
obtained using SICM–SECM. O’Conell and Wain first demonstrated that SICM–

SECM in the redox competition mode can be used to map the electroactivity of
surfaces decorated with individual features (Pt nanoparticles) toward the ORR at the
100–150 nm scale (Fig. 22) [98]. More recently, the same authors employed SICM–

SECM in the substrate generation/tip collection mode to map localized H2O2

generation during the ORR at individual gold nanoparticles [99]. Different amounts
of H2O2 were observed to be generated at different individual nanoparticles of
comparable size which was attributed to differences in crystalline facets or mor-
phologies of gold nanoparticles.

Fig. 22 (a) Images (5 × 5 μm) of oxygen reduction at Pt nanospheres using platinized probes in
0.1 M NaOH: Left SICM topography, middle: representation of SICM–SECM for the study of the
ORR, and Right SECM image of the competitive oxygen reduction signal during which the
substrate is held at −0.3 V versus Ag/AgCl/3 M KCl and the tip at −0.6 V versus Ag/AgCl/3 M
KCl. b Left SECCM setup, and Right SECCM images of Pt particles deposited on a carbon
nanotube. Reproduced from [98, 100] with permission of the American Chemistry Society
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(b) ORR at single particle using SECCM

Scanning electrochemical cell microscopy (SECCM) also allows acquisition of
high-resolution images of the reactivity of an electrode surface.

The principle of operation of SECCM was explained in Sect. 1.5.6. Unwin’s
group demonstrated that the reactivity toward ORR of individual nanoparticles with
a size in the order of 100 nm can be resolved using SECCM (Fig. 22b) [100]. Their
study showed that subtle variations in the morphology of nanoparticles lead to
dramatic changes in (potential-dependent) reactivity, which has important impli-
cations for the design and assessment of nanoparticle catalysts.

2.3 Variable Temperature SECM

Chemical reactions are temperature sensitive, and indeed, chemical rate constants
and reactions mechanism are expected to vary considerably with temperature. Most
investigations on the electrocatalysis of the ORR are usually performed at ambient
conditions, which do not necessarily represent the behavior of the materials and the
reaction at the conditions of practical interest. For example, in proton exchange
membrane fuel cells, the temperature of operation is between 80 and 100 °C.
Significant discrepancy in behavior may arise if reactions and materials are tested at
ambient conditions and their behavior at high temperatures is merely deduced from
extrapolation. Schäfer et al. introduced variable temperature SECM, with an
operational range of 0–100 °C, by integrating a temperature control unit (Peltier
element) into an SECM setup, as shown in the schematic of Fig. 23 [66]. At the
heart of the temperature control unit is the Peltier element, which is housed in a
stainless steel block.

The steel block serves as the heat reservoir from which the Peltier element draws
heat to supply to the sample (heating mode), or to which the Peltier element delivers
heat from the sample (cooling mode). The fine details of the temperature control
system can be found in the original work [66].

The feasibility of the system was tested on a model Pt/C catalyst, which was
deposited on a 1-mm-thick glassy carbon plate using a microdispenser head
mounted on a translation stage. The catalyst spots had diameters of about 500 μm.
Figure 24 shows the ORR activity of the Pt/C catalyst with different loadings, one
droplet (left) and two droplets (right) at 15, 25, and 45 °C, imaged using the
RC-SECM mode. The ORR activity of Pt/C increased with temperature and was
dependent on the catalyst loading. The line scans in the figure show the change in
the tip current as the tip was scanned over the catalyst spots.

It is intriguing to note that at 15 °C, the ORR activity of the two spots with
different catalyst loadings was indistinguishable. On the other hand, the activity of
the spot with a higher loading did not significantly change when the temperature was
increased from 25 to 45 °C whereas a substantial change in activity was observed for
the spot with a lower loading upon increasing the temperature from 25 to 45 °C.
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Fig. 24 SECM images of
local electrocatalytic activity
of Pt/C spots with different
catalyst loading, 1 droplet
(left); 2 droplets (right)
showing the local O2

consumption obtained using
the redox competition mode
of SECM. Sample
potential = 200 mV versus
Ag/AgCl/3 M KCl;
electrolyte = H2SO4

(200 mM); tip
potential = 0 mV (5 s) and
−600 mV (0.5 s)

Fig. 23 Schematic view of the temperature-controlled measuring cell (a), and its cross section (b).
Reproduced from [66] with permission of the Royal Society of Chemistry
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Temperature is therefore a very important factor which needs to be controlled when
investigating reactions and materials. Data acquired at room temperature may not
always necessarily hold true at higher temperatures and vice versa.

3 Application of SECM to Study Oxygen Reduction by
MN4-Macrocyclic Complexes

SECM has generally been less applied to investigate the ORR by MN4-macrocycles
than it has been for Pt-based catalysts, which is quite understandable due to the
dominance of Pt-based catalysts for the ORR. We highlight examples from the
literature where SECM has been used to investigate the ORR by MN4-macrocyclic
complexes and related complexes. The central metal ion and nature of substitution
groups have a strong influence on the electrocatalytic properties of MN4-macro-
cyclic complexes [89, 101–103]. In Fig. 25, the influence of the central metal ion on
the electrocatalytic activity of meso-tetratolylporphyrin (TTP) electrodeposited on
glassy carbon plates was investigated by RC-SECM [67]. The thickness of the
catalyst films was controlled by the number of potential pulses during electro-
chemical deposition. An electrochemical droplet cell with a narrow orifice, a
Ag/AgCl/3 M KCl reference electrode, and a Pt counter electrode were used to
confine the size of the electrodeposited complexes (Fig. 25a). For the ORR

(a)

Line scans 

(b)

Fig. 25 a Depiction of the electrochemical droplet cell used for electrodeposition of the
metalloporphyrins (top), schematic representation of the reactions taking place at the SECM tip
and at the metalloporphyrin film during oxygen reduction (bottom), b RC-SECM images recorded
in phosphate buffer (pH 7) showing the influence of the central metal ion on the ORR of meso-
tetratolylporphyrins electrodeposited on glassy carbon plates. The background corrected line scans
show the change in tip current which is directly proportional to the activity of the samples. Images
reproduced from [67] with the permission of Elsevier
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measurements, the tip was positioned at 10 μm above the sample by means of
z-approach curves in the feedback mode. The electrocatalytic activity of CoTTP,
FeTTP, and MnTTP and their selectivities during the ORR in phosphate buffer
(pH = 7) were acquired in a single scan by applying a measurement sequence
involving TG-SC, SG-TC, and RC-SECM. During the measurements, the sample
potential was maintained at −600 mV while the following pulse profile was applied
to the SECM tip: +50 mV for 500 ms (no-effect potential), +1200 mV for 200 ms
(O2 production), −600 mV for 500 ms (O2 reduction and data acquisition),
+1200 mV for 200 ms (O2 production), and +600 mV for 500 ms (H2O2 oxidation
and data acquisition). The 3D activity maps shown in Fig. 25b enabled the dif-
ferences in the electrocatalytic activity of the complexes to be visualized. In
RC-SECM, a decline in the tip current as the tip is scanned over an oxygen
consuming spot is proportional to the activity of the underlying catalyst spot. The
line scans in Fig. 25b reflect these changes more clearly. MnTTP was found to be
the most active catalyst, followed by FeTTP with CoTPP being the least active.
Qualitative comparison of the H2O2 generation by SECM visualization also indi-
cated that MnTTP reduced oxygen more selectively toward water compared to
CoTPP and FeTTP.

One of the greatest challenges hindering the practical application of MN4-
macrocyclic complexes is their low stability due to lack of suitable methods to
immobilize them on electrode supports. New strategies that enhance the adhesion of
N4-macrocyclic complexes on electrode supports are therefore needed.

Mezour et al. successfully attached cobalt (II) 5,10,15,20-tetraphenyl–21 H,
23 h-porphine (CoTPP) onto gold and glassy carbon surfaces via its coordination
with 4-aminothiophenol (ATP) self-assembled monolayers as depicted in the
scheme of Fig. 26 [104]. The electrocatalytic activity of the resulting film,
Au-ATP-CoTPP was investigated for oxygen reduction in H2SO4 (0.5 M) using
SECM in the SG-TC mode. The tip was a Pt nanoelectrode with a diameter of
460 nm. The measurements were recorded at a constant distance of 6 μm which was
achieved by means of shear force-based constant distance SECM [105].

Figure 27 shows line scans at different sample potentials, 0, 200 and 700 mV (vs.
Ag/AgCl/3 M KCl). During the measurements, the tip potential was maintained

Fig. 26 Scheme of
4-aminothiophenol
(4-ATP)-cobalt
(II) 5,10,15,20-tetraphenyl-21
H, 23 h-porphine (CoTPP)
deposited on Au and glassy
carbon (GC) surfaces.
Reproduced from [104] with
permission of the American
Chemical Society
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constant at 700 mV (Ag/AgCl/3 M KCl) to oxidize any H2O2 formed at the catalyst
layer. The amount of H2O2 detected at the tip increased with the sample overpo-
tential. Therefore, for the reported data in Fig. 27a, the highest amount of H2O2

produced was observed at a sample potential of 0 V. The concentration of H2O2

increased with time eventually reaching a steady state. The rate constant for
decomposition of H2O2 was independent of the potentials applied to the sample.
The main product of oxygen reduction on Au-ATP-CoTPP was H2O2.

In other studies, SECM was used to investigate the kinetics of the ORR on three
nonprecious metal catalysts, namely multiwalled carbon nanotubes (MWCNTs),
cobalt protoporphyrin (CoP), and a composite of the MWCNTs and CoP
(CoP/MWCNTs) in phosphate buffer (pH 7.4) [50]. The investigation involved
combination of RC-SECM and SG-TC in the measurement sequence in order to
fully characterize the ORR on the catalysts. The average number of electrons and
the percentage of H2O2 generated were estimated by assuming an analogy between
SECM and RRDE and a tip collection efficiency of 100 %.

To distinguish whether H2O2, if formed, undergoes further electrochemical
reduction or chemical disproportionation, the SECM tip was used to determine the
rate of chemical disproportionation of H2O2 on CoP, MWCNTs and on
CoP/MWCNTs. The possibility for further electrochemical reduction of H2O2 to
H2O was investigated using RDE. The electrochemical reduction of oxygen was
observed to follow a 2-electron transfer pathway on MWCNTs and on CoP with
H2O2 being formed as the main product. There was a good agreement between the
SECM results and the RDE results with respect to the number of electrons trans-
ferred. In contrast, it was revealed by SECM that H2O2 was formed as an inter-
mediate during O2 reduction on CoP/MWCNTs, with chemical disproportionation
of the formed H2O2 being facilitated with respect of its further electrochemical

Fig. 27 Line scans above a Au-4-ATP-CoTPP sample recorded at 0 mV (black line), 100 mV (red
line), and 200 mV (green line). b SECM image of a Au-4-ATP-CoTPP sample recorded at a
potential of 0 mV. A 460 nm-diameter microelectrode with RG 8 was biased at 900 mV and
positioned 6 μm from the sample surface. The measurements were recorded in O2-saturated 0.5 M
H2SO4 at a scan rate of 90 μm s−1. The potentials are reported against the Ag/AgCl/3 M KCl
electrode. Reproduced from [104] with permission of the American Chemical Society
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reduction. In RDE/RRDE voltammetry, this would manifest as an apparent
4-electron transfer process as the oxygen regenerated through the disproportiona-
tion reaction is cyclically re-reduced to form H2O2 which undergoes dispropor-
tionation to form O2, continually until all the oxygen is ultimately converted to
H2O.

Oxygen reduction on MWCNTs at neutral pH values proceeds predominantly
via the 2-electron transfer pathway forming H2O2 as the main product [50, 106]. On
the other hand, horseradish peroxidase (HRP) and Prussian blue derivatives
(PBs) efficiently catalyze both the chemical decomposition and the electrochemical
reduction of H2O2. Upon this background, Dobrzeniecka et al. proposed the
incorporation of cobalt protoporphyrin (CoP) and HRP or PBs into MWCNTs in
order to realize the complete reduction of O2 to water [106]. A measurement
sequence combining RC-SECM and SG-TC was employed to investigate the
selectivity and kinetics of oxygen reduction on the multicomponent catalysts.
Additionally, the SECM tip probed the rate of decomposition of H2O2 on the
composite catalysts, and their individual components [107]. The reduction of
oxygen on MWCNTs/CoP and on the individual components, MWCNTs, and CoP
was observed to proceed predominantly through the 2-electron transfer to form
H2O2 as the main product. In contrast, the amount of H2O2 drastically diminished in
the composites containing HR or the PBs.

4 Conclusions and Outlook

SECM offers unique capabilities for probing interfacial chemical phenomena both
in fundamental and applied research, and the scope and significance of its appli-
cations keep broadening. Recent advances of SECM or SECM coupled to other
auxiliary techniques, such as scanning ion-conductance microscopy (SICM) and
scanning electrochemical cell microscopy (SECCM), and the design of robust small
SECM tips, including new tip concepts such as soft microelectrodes, have led to
investigation of local interfacial electrochemical phenomena at unprecedented
spatial resolutions. It is now possible to use SECM, or variants of it, to observe, or
to quantitatively study electrocatalytic phenomena at single submicron particles.
Mapping of the chemical reactivity of surfaces, from a few millimeters to submi-
crometers dimensions, including observation of heterogeneities within a single
particle are possible with SECM.

The use of SECM for combinatorial and high-throughput applications is a very
promising means to accelerate the discovery of new functional materials and for
optimization of material properties. A recent development in the field of SECM is
its adaptability to study reactions at variable temperatures, including temperatures
of relevance for industrial applications. This new application means that reactions
and materials can now be investigated using SECM at the conditions of their
intended application.
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Although SECM has become a common tool for studying the ORR activity of
catalysts, including enzymes, very few reports exist of its application to study
electrocatalysis of oxygen reduction by MN4-macrocyclic complexes. Considering
the unique capabilities and advantages that SECM offers, it will be interesting to see
more frequent use of SECM to probe oxygen reduction on these materials.

The use of SECM as an alternative to RRDE, for both qualitative and quanti-
tative study of the selectivity of the ORR is very promising. The use of special
electrodes as SECM tips, and advances in new imaging techniques, including the
coupling of SECM to other techniques, will evidently unlock new and fascinating
analytical applications of SECM.
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Theoretical Aspects of the Reactivity
of MN4 Macrocyclics in Electrochemical
Reactions

Sebastián Miranda-Rojas, Alvaro Muñoz-Castro,
Ramiro Arratia-Pérez and Fernando Mendizábal

1 Introduction

In the last 130 years, chemistry has focused its attention on the behavior of molecules
and their construction from the atoms. Atoms are held together in molecules by
chemical bonds [1]. This is within the framework of the theoretical of
atoms-in-molecules. From a modern point of view, the chemical bond has been
designed using theoretical methods based on the quantum mechanical ab initio for
molecules isolated with high accuracy by comparing the results with high-resolution
spectroscopies [2, 3]. The basic and fundamental unit that we call molecule is inter-
preted with some detail. However, in the last three decades chemists have moved
beyond the atomic and molecular chemistry towards the area of supramolecular
chemistry [4–6]. This new area is in the central part of the bottom-up approaches to
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nanoscience and nanotechnology. The supramolecular chemistry is often pursuing the
development of new functions that do not appear in a single molecule.

Supramolecular chemistry has been defined by the winner of Nobel Prize in
Chemistry J.M. Lehn as “Intermolecular chemistry, focusing on the structure and
function of the entities formed by the association of two or more chemical species”
[7]. Supramolecular chemistry has provoked a substantial shift in chemistry from its
interest in the molecule (atoms and bonds that form them) to focus on the asso-
ciation between the molecule and bonds between molecules. This conceptual
change impacted all areas of chemistry. The intermolecular term is a synonym of
non-covalent, which is explained by interactions of the type: electrostatic, hydrogen
bonding, and van der Waals [8, 9]. The expression “non-covalent” implies that the
association type between two or more molecules is not explained by the traditional
chemical bond concept, e.g., sigma bond with two electrons.

Non-covalent intermolecular interactions are characterized by acting in long
distances, between 200 and 400 pm. Thus, orbital overlapping is not necessary [10].
The reason for the attraction among the subsystems is the electrical properties of the
molecules that are associated. Non-covalent interactions originate from interactions
among permanent multipoles, between a permanent multipole and an induced
multipole, and finally an instant multipole and an induced multipole. The respective
terms of energy are called electrostatic, inductive, and dispersion [11, 12]. The total
stabilization energy when molecules associated themselves to form a supramolec-
ular structure is between 1 and 100 kJ/mol, considerably less than a covalent bond
energy (400 kJ/mol) [8, 9]. Thus, the description and study of the non-covalent
interactions requires very precise methods of quantum chemistry that includes the
correlation and dispersion energies.

From this point of view, supramolecular systems can be designed and built with
any specific functionality, such as for light conversion, nonlinear optics, molecular
wires, self-assembly molecular channels, chemical sensors, etc. [13]. Non-covalent
interactions present in these processes are hydrogen bonding, π–π stacking, elec-
trostatic, hydrophobic, charge transfer, metal coordination, and metallophilic
interactions [14, 15]. This has led to the synthesis of supramolecular structures of
different sizes, shapes, and functionalities. Supramolecular chemistry offers appli-
cations in different fields such as medical chemistry and host–guest chemistry,
catalysis, molecular electronics, etc. [16]. Within this broad field, we are interested
in evaluating the effects of complexes of transition metal such as metallophthalo-
cyanine (MPc) and metalloporphyrines (MP), since they are important components
in the supramolecular organization. This is due to the ability to generate potential
interactions and direct the structural organization [17–19]. These complexes have
unique structural properties leading to novel functions and applications, such as
catalysts over noble metals (e.g., gold) self-assembly [20, 21].

In order to incorporate these attributes in the design and rational manufacture of
supramolecular entities, it is necessary to understand the supramolecular forces and
energies for inorganic compounds of interest. The understanding of these systems
comes from the observation of structures and patterns, coupled with the theory and
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calculation of the energies of the intermolecular interactions [22, 23]. Data on
molecular structures and their interactions come from their crystalline phase. In this
regard, our goal is to advance in the understanding of the supramolecular interac-
tions of inorganic compounds at a theoretical level in systems that deployed such
arrangements.

The organic–inorganic hybrid materials may be formed via self-assembly of
organic and inorganic components [24, 25]. Surfactant-coated gold, silver, copper,
etc., electrodes have attracted significant attention in the past decades, and their
interesting optical, electronic, and catalytic properties have led to technology
applications [26]. Currently, gold electrode has numerous applications in, for
example, advanced elements for optoelectronics and information storage devices.
A key element in the rational design of gold nanoparticles is the role of ligand
conformation and adsorption onto the inorganic surface in order to influence par-
ticle growth and assembly. At a molecular level, the control of the organic–inor-
ganic interface is required for any application that couples organic material with
metal or semiconductor substrates for integrated nanoelectronics [17–19].
Understanding and ultimately harnessing the driving forces underlying this
ligand-mediated metallic nanoparticle synthesis requires detailed nanoscale exper-
iments and simulations. In the literature it is possible to find complementing
experimental synthesis and microscopy characterization, using atomic and molec-
ular resolution computer simulations [27, 28].

We focus here on the more promising complexes comprised of metalloph-
thalocyanines and metalloporphyrins that represent a design of supramolecular
structures anchored to a gold surface via thiol groups, which potentially allow very
precise control of both covalent and non-covalent ligand stabilization effects in the
gold systems [23, 29–35]. The theoretical calculations in the present work will
allow the quantification of the forces underlying the assembly of metallophalo-
cyanines and metalloporphyrins on gold electrode, namely, the multiple (individ-
ually weak, reversible) binding interactions that act collectively to give
self-assemblies. These systems show transfers reactions and the catalytic activity
of the metallomacrocycles [36–42]. Also, we will investigate the electrocatalytic
activity of metal macrocycles for the above-described reactions using
self-assembled monolayers of thiols on gold surfaces in electrode, modified in the
external layers with macrocycle complexes (see Fig. 1).

Metallomacrocycles forming supramolecular structures and interactions with
electrode are called “metallomacrocycle-based molecular electrodes” [21].
Inorganic complexes can be attached to an electrode surface by chemical and
physical methods [29–35]. Figure 1 shows the different approaches for immobi-
lizing MPc and MP on electrode surfaces. In the different methods, the use of
self-assembled monolayers (SAMs) of alkylthio-arylthio- and thiol-derivatized MPc
and MP is very convenient for immobilizing these matallomacrocyles on gold
surfaces [43]. SAMs consist of molecules having a head group and a tail group with
functionality, where the head group has special affinity for a substrate, and the tail
exhibits a functional group whose terminal end provides the functionality of the
SAMs. Usually, the functional group is a redox center or a molecule that can
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undergo fast electron-transfer (ET) processes. In general, the head group of the
SAM film promotes the spontaneous adsorption of the appropriated molecules from
the solution onto a metal substrate. In this respect, the chemisoption of thiolates on
gold represents the most important class of SAMs in electrochemical studies [44],
leading to interesting modified electrodes [29–35] which continues to be a focus for
research interest due to their importance in supramolecular nanotechnology, fun-
damentals studies of electron-transfer (ET) reactions, etc. [35–42].

Gold exhibits a strong affinity to sulfur leading to the formation of Au-S bonds,
involving an energy of 35–45 kcal/mol [28, 35, 36], where thiols can serve as
effective “molecular anchors” in order to immobilize molecules that act as catalyst
for ET reactions. Thus, these assemblies can be used as electrochemical sensors for
several target molecules, among other applications. In particular, the advantages of
SAM-gold electrodes using different metallophalocyanine complexes have been
reported by Nyokong, Zagal, and other researchers for the electrochemical detection
of several analytes [29–42]. To immobilize metallophthalocyanine molecules on
gold surfaces, among the ligands used are 4-aminothiophenol (4-ATP),
4-mercaptopyridine (4-MP) and 1-(4-mercaptophenyl)-2, 6-diphenyl-4-(4-pyridyl)
pyridinium tetrafluoroborate (MDPP) [35, 36], shown in Fig. 2.

Other interesting systems that show catalytic activity is a variety of molecules
that contain thiol groups [39–41]. Studies of the electrooxidation of thiols to give
disulfides have shown that the catalytic activity of the molecular electrodes of gold.
In this case, the metallomacrocycles of Co and Fe have exhibited the high activity.
A very interesting case corresponds to the oxidation of L-cysteine and

Fig. 1 Scheme of self-assembled monolayers of MetalloPhthalocynines (MPc) (a) and b adsorbed
on gold
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2-mercaptoethanol (2-ME) on MPc-4-MPy-SAM(gold) (M = Fe, Mn, Co;
4-MPy = 4-mercaptopyridine). In the literature the same mechanisms have been
proposed in the oxidation of thiols, which involves the formation of a bond between
the metal center (Fe, Mn, Co) in the metallomacrocycle (MM = MPc and MP) and
sulfur in the thiolate [21].

There are a variety of experimental results with phthalocyanines and substituted.
There are theoretical studies [42], but they have not yet proposed theoretical models
or the evaluation of gold electrode. In the literature the importance of the surface of
gold in the above-described processes has been demonstrated [35, 36].

We will further investigate the adsorption of macrocycles on a gold electrode
and how the interactions with this surface influence the catalytic properties at the
macrocycle. The electrochemical properties of these compounds will be studied as a
function of the nanocluster size and the adsorption sites on the surface. In general,
the catalytic activity of the attached macrocycles on the above-mentioned structures
can be studied directly by the reaction of the active site of the metal complexes with
the incoming molecular species, by means of quantum chemistry [43–51]. The
information that can be extracted from the reactions is the potential energy surface,
the activation energy, and the charge transfers [35, 36].

2 Theoretical and Computational Details

The set of factors affecting these interactions have not been fully clarified and
generalized for some fundamental properties. Thus, it is necessary to go more
deeply into the problem by developing theoretical models. This will allow us to
identify the different factors that allow the existence of the interactions described
above. Naturally, we think that the results of these theoretical studies will help to
understand the supramolecular inorganic chemistry, where the description of metal–
metal interactions via ligands and metal–ligand interactions may provide answers to

Fig. 2 MPc-L (M = Fe, Co,
Ni; L = 4-MP, 4-ATP)
adsorbed on the Au26
modeling gold electrode
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interesting properties, such as optical, electric, and catalysis observed in these
systems. Based on the literature discussion, we propose the density functional
theory (DFT) modeling approach.

Different MPc configurations (where M = Fe, Co, Ni, Cu) will be examined:
directly adsorbed and deposited or anchored with thiol groups on gold via SAM
(see Fig. 3). Theoretical calculations of the binding energies and frontier orbitals of
different macrocycle complexes anchored on gold surfaces will be conducted, by
studying the adsorption of these macrocycles on gold and how the interactions with
this surface influence the catalytic properties of the macrocycle. In particular, it has
been observed for the O2 reduction and thiocyanate oxidation processes.

The interaction of the metallophthalocyanine-L, MPc, (M = Fe, Co, Ni);
L = 4-aminothiophenol(4-ATP), 4-mercaptopyridine(4-MP)and1-(4-mercaptophenyl)-
2, 6-diphenyl-4-(4-pyridyl) pyridinium tetrafluoroborate (MDPP) moiety with the
Au(111) surface is modeled by using a closed shell Au26 cluster, according to the
literature [35, 36]. The Au26 cluster has been built and optimized by having three
layers containing 14, 8, and 4 gold atoms (Fig. 1), respectively. The geometry of the
MPc-L is fully optimized in all calculations, leaving the Au26 atoms at fixed
positions, depicting Au–Au distances of 2.87 Å. We use this model to study the
mechanism of reduction of O2. Moreover, we have used two models clusters rep-
resenting the gold electrode: Au26 and Au58. With these models, we intend to study
the form as the MPcs deposit and interact directly with gold. Finally, we have
included CoPc models used to study the effect of oxidative catalysis of thiocyanate
[52, 53].

The B3LYP, PBE (Perdew–Burke–Ernzerhof) and TPSS nonlocal exchange-
correlation functional were employed in all the calculations, by using the
Turbomole and ADF programs [54, 55]. We used the PBE and TPSS functionals to
be consistent with our previous publication and also for its improved description of
long-range interactions [56]. Moreover, we are interested in studying the formation
of supramolecular systems, where the weak and coordination interactions are
important. Due to this reason, Grimme’s dispersion correction is used for those
functionals for which are available, and its use is indicated by appending “DFT-D3”
to the acronym of the density functional [57–59].

Fig. 3 Structure of the
complexes studied
theoretically, MPc-Au26 and
MPc-L-Au26 (M = Fe, Cu;
L = 4-ATP, 4-MP, MDPP)
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For heavy elements Au, Fe, Co, Ni, and Cu, the Stuttgart small-core pseu-
dorelativistic effective core potentials (ECPs) were used: 19 valence-electrons
(VE) for Au, 16 for Fe, 17 for Co, 18 for Ni, and 19 for Cu [60]. The orbitals
associated with the ECP are all Gaussian-type 31*G or 31**G; in addition, two
f-type polarization functions were added Au (αf = 0.20, 1.19). The C, N, O, and S
atoms were also treated with pseudopotentials, using a double-zeta basis set and
adding one d-type polarization function [61]. For hydrogen, a valence-double-zeta
basis set with one p-polarization function used [62]. Spin unrestricted method is
used for all open shell systems. The counterpoise correction has been employed in
order to avoid the basis set superposition errors (BSSEs) in the calculated inter-
action energies defined in each step described above. The excitation energies were
obtained using the time-dependent perturbation theory approach (TD) [63, 64],
which is based on the random-phase approximation (RPA) method [65] using
Turbomole program [54].

In addition, the Ziegler–Rauk partitioning scheme was employed [66, 67] as
implemented in the ADF code [56] by using the optimized geometries obtained
from the Turbomole calculations. According to this scheme, the interaction energy
is partitioned as follows: ΔEint = ΔEpauli + ΔVelstat + ΔEorb, where the ΔVelstat term
accounts for the stabilizing electrostatic interaction, and ΔEorb stands for the sta-
bilizing covalent character of the fragment interaction. Triple-zeta STOs plus
polarization function were employed as a basis set, where the scalar relativistic
effects were taken into account through a two-component zero-order regular
approximation (ZORA) Hamiltonian in conjunction with the PBE functional
(TZP-ZORA/PBE) in the ADF calculation.

We will use these theoretical models to address the following three important
questions concerning the design of inorganic supramolecular systems: (1) How
stable is a fully bound metallomacroycle configuration on the surface of the elec-
trode? (2) How is the binding and dynamics of metallomacrocycle with different
central units on the surface? (3) How are the relative stabilities of the metallo-
macrocycle with regard to the transfer of charge and energy, and the catalysis
activity on the surface of the electrode?

3 Results and Discussion

3.1 Self-assembled Metallophthalocyanines Complexes
on a Gold Clusters

These inorganic systems have attracted much attention due to their potential
applications in the design of electronic devices and catalytic process, among other
fields [68–70]. Metal phthalocyanine (MPc) represents one of the most promising
classes owing to its unique electronic properties and chemical stability. In the
literature it is possible to find the MPc (M = Fe, Co and Cu) adsorption behavior on
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a Au(111) surface [71–75]. For some applications, these molecular systems need to
be deposited on supporting surfaces with the subsequent interaction with the
molecules to affect the properties of the isolated molecules [76, 77]. Therefore,
understanding and controlling the growth of molecular films on the gold surface are
of fundamental importance in improving their performance. Many important
investigations about structural and electronic properties of metallophthalocyanines
have been achieved by using various surface science techniques, such as scanning
tunneling microscopy (STM) [78, 79]. STM has been extensively used to explore
the structural and electronic features of these systems at the molecular level in real
space [70, 78, 79].

We have studied directly MPc (where M = Fe, Co and Cu) adsorbed on gold
cluster (Au26) which represents the Au(111) surface (see Fig. 3). Theoretical cal-
culations of the binding energies on gold surfaces will be conducted, by studying
the adsorption of these macrocycles on gold and how the interactions with this
surface influence the catalytic properties of macrocycle. We have used the PBE and
TPSS functional without and with dispersion correction at the Grimme (D3) level.
FePcP has been modeled in a triplet electronic state, while for CuPc and CoPc are
modeled in a doublet electronic state. Such electronic states are maintained when
MPcs are deposited on the cluster gold.

Selected geometric parameters are summarized in Table 1. The complete sys-
tems show the MPc quasi plane parallel orientation of the complexes onto the
cluster Au26 surface. To be more precise, the MPc molecules adsorb on the gold
acquire top angle configuration. This geometry is in agreement with experimental
results based on STM and theoretical models [80–83]. The obtained M–Au dis-
tances are close to the bond length experimental reported. The transition metal in all
molecules MPc adopts a bridge-like structure with two of the closest gold. This is

Table 1 Some geometric parameters of the systems (distances in angstroms and angles in
degrees) denoting the two closest M–Au distance, M–N distance, the Au–M–Au angle and N–M–

Au

System Method M–Aua M–Aub M–N Au–M–Au N–M–Auc

FePc-Au26 PBE 3.14 3.56 1.94 47.2 87.7

PBE-D3 3.06 3.34 1.93 49.8 93.8

TPSS 3.00 3.30 1.94 50.7 94.9

TPSS-D3 2.97 3.23 1.93 51.6 94.1

CuPc-Au26 PBE 4.00 4.18 1.96 38.6 107.1

PBE-D3 3.44 3.68 1.96 44.6 93.2

TPSS 4.37 4.46 1.96 35.7 105.1

TPSS-D3 3.32 3.39 1.97 47.6 92.9

CoPc-Au26 PBE 3.32 3.86 1.94 43.5 97.4

PBE-D3 3.23 3.45 1.93 47.7 97.5

TPSS 3.15 3.72 1.94 45.5 98.1

TPSS-D3 3.13 3.31 1.94 49.6 96.3
aClosest M–Au distance. bSecond closest M–Au distance. cNitrogen ring pyrrole
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shown in the angle Au–M–Au. The distance between the axial nitrogen and the Pc
metal center (Nax–M distance) denotes typical coordination bond length for Fe, Co,
and Cu. The N–M–Au angle, denoting the parallel between the MPc and the gold
cluster surface, shows values around 90°. For all the MPc adsorption on gold can
see the same behavior: once included the dispersion via the term -D3, M–Au
distances are reduced and closer to the experimental values. The TPSS functional
shows M–Au distances slightly shorter than using PBE.

An analysis of the adsorption energies between MPc and gold surface is given in
Table 2. The strength of interaction energies follows as: Fe > Co > Cu, which
correlates with the M–Au26 bond distances described above. From the data presented
in Table 2 we can see that the inclusion of dispersion term is relevant and justified
most of the adsorption energy. For example the FePc-Au26 system with the DFT-D3
method generates 85 and 82 % of the dispersion using TPSS-D3 and PBE-D3,
respectively. Previous calculations of FePc on Au(111) using PW91 functional
produce an adsorption energy and Fe–Au at a magnitude of –10.1 kcal/mol and
3.76 Å, respectively [82]. These results are similar when we have used TPSS or PBE
with dispersion. This situation is repeated for the CoPc and CuPc molecules. At the
TPSS-D3 and PBE-D3 levels, the adsorption energies are defined by the term dis-
persion. At PW91 level reported in the literature, the adsorption energies are of
magnitudes –9.91 and –7.68 kcal/mol for CuPc and CoPc, respectively. Moreover,
Table 2 shows that the use of counterpoise correction is important, since some results
without counterpoise correction overestimate the magnitude of the interaction
energies.

In order to get a deeper insight into the electronic charge rearrangement caused
by the interaction of MPc moiety with the gold substrate, the natural population
atomic (NPA) analysis based on the TPSS-D3 density was performed for all the
series studied here (Table 3). We can see a different behavior for the FePc system in
comparison to the other two (CuPc and CoPc). It is possible to observe a charge

Table 2 Adsorption energies
(ΔEint) in Kcal/mol between
MPc and Au26 with
counterpoise correction (CP)

System Method ΔEint

FePc-Au26 PBE −13.30 (−31.20)

PBE-D3 −76.23 (−95.08)

TPSS −15.52 (−31.77)

TPSS-D3 −106.29 (−123.86)

CuPc-Au26 PBE −3.97 (−19.90)

PBE-D3 −58.20 (−77.70)

TPSS −3.01 (−16.91)

TPSS-D3 −83.25 (−102.80)

CoPc-Au26 PBE −3.96 (−37.31)

PBE-D3 −62.23 (−98.77)

TPSS −0.01 (−33.68)

TPSS-D3 −86.57 (−123.27)

In parentheses adsorption energies without CP
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transfer from Au26 towards the FePc. The charge on Fe and Pc decreases, so there is
a transfer of such charge density centers. On the other hand, in the CuPc and CoPc
the metal centers (Cu and Co) show a small change in their charges when the
complexes are formed on the gold cluster. The Pc ring increases its withdrawing
capability when the complexes interact with Au26. Gold cluster acquires a slight
negative and positive charge when CuPc and CoPc are deposited, respectively. The
biggest changes are observed for the FePc-Au26 system, for which it shows higher
adsorption energies at the different levels of calculation. The effect of a low charge
on the cluster of gold may be an explanation for the poor catalysis experimentally
observed in these systems.

The experimental and theoretical studies about the adsorption of MPc on Au
(111) have estimated that the energy involved in the process is about 10–
105 kcal/mol [80–83]. Our calculated adsorption energies are between 58 and
107 kcal/mol depending on the method used (PBE-D3 or TPSS-D3), which is in
quite good agreement with the values reported in the literature [83]. First-principles
calculations for MPc (M = Co, Cu, Fe) absorbed on Au(111) surfaces with LDA,
PW91 and opt-B86b-vdW functionals have been previously reported. Zhang and
coworkers have used the PW91 functional to study MPc/Au(111) systems in the
bands theoretical scheme [82]. The results obtained are underestimated because
molecule–substrate distances are between 3.4 and 4.0 A, while the interaction
energies are around 10 kcal/mol [82]. The experimental value molecule–substrate
distances are around 3.0 A from the STM [70, 80, 81]. On the other hand, LDA and
optB86b-vdW functionals give more reliable results. It must be present that LDA
gives good results because the errors in exchange and correlation tend to cancel
each other in LDA. Also, as well-known, the LDA functional is derived from the
homogeneous electron gas model. In addition, LDA and PW91 calculations do not
include the van der Waals (vdW) interactions, which seemed to play an important
role in these systems.

For system-specific FePc/Au(111) with vdW-DF method reported reasonable
results, where the molecule–substrate distance is 3.10 A and the adsorption energy is
105.1 kcal/mol. In the same systems, the DFT-D3, DFT-TS, and OptB86b-vdW
methods given out adsorption energies of 110, 102, and 105 kcal/mol and the
molecule–substrate distance of 3.13, 3.19 and 3.10 A, respectively [83]. The dif-
ference between those results is small, so the van der Waals interactions should

Table 3 Natural population
atomic (NPA) analysis of the
systems at the TPSS-D3 level

System Au26 Aua Aub M Pc

FePc-Au26 0.184 −0.037 −0.038 0.947 −1.130

FePc 1.055 −1.055

CuPc-Au26 −0.017 −0.070 −0.066 1.261 −1.244

CuPc 1.216 −1.216

CoPc-Au26 0.057 −0.057 −0.046 1.147 −1.204

CoPc 1.219 −1.219
aGold more closest at M–Au distance. bGold second more closest
at M–Au distance
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work. These results are in accordance with the data reported above by us. It indicates
the calculations including van der Waals interactions may be a good reference and
lead to an agreement of the theoretical calculations. For CuPc/Au(111) and CoPc/Au
(111) systems is obtained the same trend with regard to FePc/Au(111).

3.2 Self-assembled Metallophthalocyanines Complexes
Anchored on a Gold Clusters for O2 Reduction

The extensive use of metallophthalocyanines as electrocatalysts for the O2 reduc-
tion (ORR) [21, 84–103] is a suitable alternative for replacing expensive Pt-based
catalysts in the cathode of fuel cells. In aqueous media, O2 reduction can undergo a
2-electron reduction to give peroxide, or via 4-electron to give finally water [21,
85–87, 102], where the 4-electron reduction releases more energy than the 2-e
reduction process [85]. In this context, Fe phthalocyanines catalyze the reduction of
O2 directly to water via 4-electrons, with cleavage of the O–O bond in contrast to
what is observed with Co phthalocyanines [21, 85–87, 90].

With the purpose of gaining more insights into the ORR process involving
supported metallophthalocyanines, the analysis of the first step of the ORR pro-
cesses, which involves the adsorption of O2 on the metal center of the MPc
molecules, has been studied employing MPc-L-Au26 and MPc-L models [36]. In
such processes, the adsorption energy (ΔEad) can be evaluated by considering the
energy of the optimized structure of O2 adsorbed on MPc-L-Au26 (EO2-MPc) and the
energy of each separated fragment is given as follows:

DEad ¼ EO2�MPc � ðEO2 þEMPcÞ ð1Þ

Then, the following two steps model involves the reduction of the oxygen
molecule (ΔE2) and the formation of a HO2-intermediate (ΔE3),

DE2 ¼ E�O2�MPc � EO2�MPc ð2Þ

DE3 ¼ EHO2�MPc � ðE�O2�MPc þ EHþ Þ ð3Þ

Furthermore, the nature of the respective interaction energy can be decomposed
according to the Morokuma–Ziegler partitioning scheme, which describes the overall
energy in terms of chemically intuitive quantities. According to this scheme, the
interaction energy is given by several terms as follows: ΔEint = ΔEpauli +
ΔVelstat + ΔEorb, where the ΔVelstat quantity accounts for the stabilizing electrostatic
interaction, and ΔEorb stands for the stabilizing covalent character of the fragment
interaction. The theoretical evaluation was done by using Triple-zeta STOs plus
polarization function, including scalar relativistic effects through a two-component
zero-order regular approximation (ZORA) Hamiltonian in conjunction with the PBE
functional (TZP-ZORA/PBE).
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Electrochemical measurements depicted in Fig. 4 compare the potentiodynamic
response of the Au(111) electrode in the presence of oxygen before and after
modification using different molecular configurations containing SAMs with and
without FePc. The intensity of the currents for all systems varied linearly with the
potential scan rate which corroborates that the ORR is under mass-transport control,
i.e., controlled by the diffusion of O2 from the bulk of the electrolyte to the elec-
trode surface. For comparison, the dashed line shows the response of the bare Au
(111). ORR on gold is known to proceed up to 2-electrons to give peroxide [104,
105], thus the voltammetric waves correspond to a total transfer of 2-electrons.
After modification of the Au(111) with SAMs of MDPP, the ORR currents are
severely suppressed, indicating that most of the surface of Au(111) is coated with
these SAMs, probably leaving very few open spots or pinholes for the direct
reduction of O2 on the Au sites (see purple line). When the Au(111) is modified
with a SAM of 4-ATP, the O2 reduction currents are suppressed even to much
lower values compared to those obtained when MDPP (see green line) showing that
in this case the SAM layers are probably more compact, leaving practically no free
Au sites when O2 reduction can take place.

It is important to point out that FePc in alkaline media catalyzes the ORR pref-
erentially via 4 electrons [85–87, 89, 90, 100], so the enhancement of the catalytic
currents in the presence of FePc can be attributed in part to a change in the overall
mechanism of the reaction. A generally accepted mechanism for O2 reduction by Fe
phthalocyanines confined to graphite or carbon surfaces [21, 85–87, 89, 90, 101,
106, 107] and seems to operate for FePc anchored to Au(111) is the following:

Fig. 4 Electroreduction of O2 on a clean Au(111) surface and modified with FePc, with and
without 4-ATP and MDPP SAMs. Measurements conducted in O2 saturated 0.1 M NaOH,
dE/dt = 0.05 V/s. Data from Ref. [36]
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[Fe(III)PcOH]ads + e− � [Fe(II)Pc]ads + OH− fast (I)

[Fe(II)Pc]ads + O2 � [Fe III-O2
- ]ads fast (II)

[Fe III-O2
−]ads + e− ! intermediates rds (III)

However, according to the theoretically calculated energy profile in Fig. 5, the
formation of the adduct in step (II) will slow down the reaction instead of catalyzing
it since the energy barrier is larger compared to that where the initial reactants
proceed directly to the formation of the adduct, concerted with the transfer of
one-electron. So, the following mechanism seems to be more plausible and still
agrees with the kinetic data:

[Fe(II)Pc]ads + O2 + e− ! [Fe III-O2
−]ads r.d.s. (IV)

Under this new scheme, the rate-determining step (IV) proceeds immediately
after step (I), so again, the fast electron-transfer steps is followed by a slow step. In
this case, O2 adsorption on the Fe sites takes place in a concerted fashion with an
electron-transfer process.

Selected calculated geometric parameters are summarized in Table 4 for the first
step, which corresponds to the adsorption of O2 on the central metal atoms of the
MPc molecules. The obtained S–Au distances are close to the typical bond length,
depicting a stabilization of the S–Au interaction of *40 kcal/mol [36, 37]. The
distance between the axial nitrogen and the metal center in the phthalocyanine
(Nax–M distance) denotes a typical coordination bond length for Fe. When the
4-ATP is employed as anchor ligand, the results showed that O2 adsorption energy
on FePc/4-ATP is about 23.0 and 22.5 kcal/mol when the complex is free and when
it is attached to the gold surface, respectively. On the other hand, when the ligand is
MDPP, O2 adsorption energy on FePc is about 13.0 and 13.1 kcal/mol when the
complex is free and when it is attached to the gold surface, respectively. Such
energy magnitudes are all weak. This is evident from the O–O bond distance which
is still short at this stage and it is associated to a double bond. The O–M distance
corresponds to a bond length for complex formation as previously described in the
literature [108–111]. It is interesting to observe the effect of interaction of O2

Fig. 5 Schematic energy
profile of O2 reduction on
FePc-L (L = 4-ATP, MDPP).
Adapted from Ref. [36]
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without ligand spacer and gold cluster in the systems Au26-MPc-O2 and MPc-O2.
For FePc a higher interaction energy is obtained compared with the same system
with ligands spacers.

The results of the study of the second step which involves the reduction of the
systems are described in Table 5. It is possible to appreciate that most of the
geometric parameters do not change, with exception of the O–O and O–M dis-
tances. The energy of the reduction reaction, which we have called ⊗ E2, shows
that it is an endergonic process. The complexes without the gold surface have a
higher barrier. For complexes with MDPP, the energetic barriers are about one half
of the obtained with 4-ATP. For the reduced models MPc-Au26 and O2-MPc, there
is a noticeable decrease of the energy barrier.

The third step describes the formation of the HO2 intermediate. This species is
formed from the protonation reaction of the previous step involving the adduct. The
geometric parameters and reaction energies are shown in Table 6, where it is
possible to notice that the O–O bond distance is associated to a single bond, leading
to exergonic reactions. As indicated above, the three steps are described in Fig. 5.
The energy barrier is located between the first and second step, and the barrier
heights are summarized in Table 6. Moreover, when complexes are linked to gold

Table 4 Selected geometric parameters of the systems (distances in Å and angles degrees) and
adsorption energy (ΔEad kcal/mol), when the complex is formed with and without the gold cluster:
O2-FePc-L-Au26, O2-FePc-L, O2-FePc-Au26 and O2-FePc, respectively (L = 4-ATP and MDPP)

Systems S–Au M–Au O–M O–O ΔEad

O2 1.21

O2-FePc-4ATP-Au26 2.60 1.88 1.27 −22.5

O2-FePc-MDPP-Au26 2.79 1.96 1.25 −13.1

O2-FePc-4ATP 1.94 1.27 −23.0

O2-FePc-MDPP 1.95 1.26 −13.0

O2-FePc-Au26 3.96 1.74 1.26 −32.8

O2-FePc 1.92 1.26 −43.2

Data from [36]

Table 5 Selected some geometric parameters of the systems (distances in Å and angles in
degrees) and reduction energy (ΔE2, kcal/mol), when the complex is formed and reduction with
and without the gold cluster: −O2-FePc-L-Au26,

−O2-FePc-L,
−O2-FePc-Au26 and −O2-FePc,

respectively (L = 4-ATP and MDPP)

Systems S–Au M–Au O–M O–O ΔE2
−O2-FePc-4ATP-Au26 2.62 1.89 1.27 71.1
−O2-FePc-MDPP-Au26 2.78 1.96 1.27 24.9
−O2-FePc-4ATP 1.96 1.28 109.0
−O2-FePc-MDPP 1.96 1.28 38.8

O2-FePc-Au26 4.03 1.88 1.26 23.4

O2-FePc 1.88 1.28 42.1

Data from [36]
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via the MDPP axial ligand, the barriers are lower, thus enhancing their catalytic
activity. For the reduced models MPc-Au26 and O2-MPc, Fe systems show a trend
almost without an energy barrier. These latest results demonstrate the importance of
the ligand spacer and the cluster of gold.

The nature of the O2-FePc bond has been rationalized by using the Ziegler–Rauk
energy decomposition scheme [56] focusing into the O2 interaction and its variation
through the three catalytic steps considered in Eqs. 1, 2 and 3.

The 4-ATP/FePc-O2 interaction with a calculated strength of −23.0 kcal/mol,
exhibits a covalent character (70.2 % [112]) as a consequence of the backbonding
towards the partially filled 2π* molecular orbital of O2 (Fig. 6). In contrast, the O2-
FePc(MDPP) interaction is only −13.0 kcal/mol, mainly due to a decrease in the
backbonding, thus decreasing the orbital stabilizing term to a 60.3 % of the overall
stabilizing terms (i.e., electrostatic and covalent interactions). For the 4-ATP sys-
tems the inclusion of the gold surface slightly decreases the strength of the O2

adsorption, whereas for the MDPP counterpart the catalytic site remains almost
unchanged. This can be attributed to the length of the MDPP ligand, which
decreases the influence from the gold surface at this stage (Eq. 1). As comparison,
the related copper-based system exhibits a weaker O2 adsorption due to almost

Table 6 Some geometric parameters of the systems (distances in Å and angles in degrees) and
energy intermediate species HO2 (ΔE3, kcal/mol), when the complex is formed and reduction with
and without the gold cluster: H2O-FePc-L-Au26, H2O-FePc-L, H2O-FePc-Au26, and H2O-FePc
respectively (L = 4-ATP and MDPP)

Systems S–Au M–Au O–M O–O ΔE3 ΔE

HO2-FePc-4ATP-Au26 2.64 2.64 1.81 1.44 −70.3 48.6

HO2-FePc-MDPP-Au26 2.77 2.77 1.83 1.43 −27.8 11.8

HO2-FePc-4ATP 1.85 1.45 −101.8 86.0

HO2-FePc-MDPP 1.82 1.43 −41.3 25.8

HO2-FePc-Au26 4.01 1.76 1.46 −23.3 −9.4

HO2-FePc 1.76 1.46 −40.9 −1.1

Fig. 6 Molecular orbital
comprising the back-donation
towards the 2π* molecular
orbital of O2, denoting the
participation from the
anchoring ligand
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negligible backbonding, which accounts for its low capability to promote the cat-
alytic reduction of O2 [36].

We also focused our analysis on the results provided by the 4-ATP/FePc and its
interaction between the adsorbed O2 and the catalyst, since MDPP and its gold
surface models exhibit a similar behavior along the steps of the catalysis. The
reduction of the system (Eq. 2), leads to an increase in the population of the 2□*
molecular orbital of O2 (initially of 2 e) from about 2.49 e for 4-ATP/FePc-O2 to
2.71 e, for 4-ATP/FePc-O2 destabilizing the system (Fig. 6) and thus promoting the
formation of 4-ATP/FePc-HO2. In 4-ATP/FePc-O2, the orbital stabilizing contri-
bution to the stabilizing energy increase from 70.2 to 75.8 %, for the
4-ATP/FePc-O2 interaction. However, as a consequence of the destabilization of the
system (Fig. 5), the 4-ATP/FePc-O2 interaction strength decreases to
−16.3 kcal/mol mainly due to an increase in the destabilizing Pauli repulsion term
[113], within the EDA scheme. Next, the formation of 4-ATP/FePc-HO2 stabilizes
the system leading to an adsorbate–catalyst interaction of about 20.3 kcal/mol, with
similar character to that of the initial 4-ATP/FePc-O2 adduct (71.3 % orbitalary
character). Such system can undergo similar steps to promote the O2 conversion to
H2O2 or 2H2O. For the MDPP case, the studied reaction steps are quite similar,
showing a minor energy of the rate-determining step (slow step) because of a lesser
destabilization of the MDPP/FePc-−O2 adduct, due to that ligand stabilize the extra
charge.

The inclusion of the gold surface greatly decreases the calculated energies for the
slow step (Table 6), due to its influence over the interaction of the adsorbate–
catalyst due to a modulation of the catalyst center, decreasing the destabilization of
the reduced system, due to an electron-withdrawing effect over the FePc moiety
favoring such interaction [36]. As can be seen, in the overall catalysis steps, the
gold surface, in addition to its electron-source role, decreases the energy barrier of
the processes because of its influence over the M–O2 interaction.

3.3 Electrocatalytic Activity MetalloN4-Macrocyclic
Complexes of Thiocyanate

Thiocyanate is a small molecule known to have similar reactivity to halide ions, thus
defined as a pseudohalide. Thiocyanate has been found in human saliva as a key
component of antibacterial system and also as a result of tobacco smoking [114–
116]. A distinction between smokers and nonsmokers is essential in many epi-
demiologic studies, thus the use of thiocyanate as a “smokers implicator” appears to
be a good strategy. This is supported by the fact that in samples such as saliva and
urine, the presence of high levels of thiocyanate in the range of ca. 10−5–10−3

mol dm−3 correlates with excessive cigarette smoking [117–120]. On the other hand,
the operation of gold recovery plant results in the formation and accumulation of
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solutions containing impurities such as cyanides and thiocyanates [121], which
generates species that are harmful to aquatic life. Therefore, the design of simple and
easy-to-make sensors for thiocyanate is of high potential value for quick detection
and quantification of this compound in real samples [122].

Electrochemical methods have some advantages over other methods because
they are of low cost and rapid to use, but the nature of the electrode surface
employed as a sensor is of key importance. Thus, it is relevant to develop electrodes
that are very reactive towards the target molecule, and this implies that the electrode
needs to be a good catalyst for the reaction involving the analyte. Several authors
have reported that electrodes modified with metal complexes of N4-ligands, such as
metallophthalocyanines (MPc), can serve as electrochemical sensors for a great
variety of analytes such as thiocyanate [21, 85, 89, 123]. In this regards, MPcs have
been reported as important complexes for the design of new technological devices
such as, electrochemical sensors, molecular electronics and photovoltaic devices,
from which Fe, Mn and Co have good electrocatalytical properties in Pc [124].

For the analysis of thiocyanate, cobaltphthalocyanines (CoPc) has been reported
to exhibit the best catalytic activity than all transition metals towards thiol oxidation
[124]. This is attributed to good match of the dxz and dz

2 orbital energies of the metal
with that of the sp-orbital enabling transfer of electron density.

Thiol and thiocyanate oxidation reactions occur at high overpotentials on con-
ventional electrodes, hence electrocatalysts should be able to reduce the overpo-
tentials, lower the current densities and accelerate electron-transfer mechanisms
[125–128]. For example, on bare gold electrode in pH 4 thiocyanate oxidation
occurred at 0.70 V (vs Ag|AgCl), while with a CoPc-SAM modified electrode the
process occurred at 0.64 V (vs Ag|AgCl), showing also a large increase in current
confirming the electrocatalytic behavior. In addition, it indicates that the CoPc is
able to enhance the communication between the gold electrode and the thiocyanate.
It should be noticed that the oxidation of thiocyanate resulted in an irreversible
process under this conditions.

It has been found that between pH 1 and 4 the oxidation of thiocyanate elec-
trocatalyzed by MPcs involves two one-electron steps, complemented by Tafel plots
that have shown the participation of one electron transfer as the rate-determining step
with an unsymmetrical energy barrier [129, 130]. According to this, it has been
suggested that the first electron transfer corresponds to the rate-determining step.

Experimental evidence has proven that thiocyanate binds to the MPc through the
metal center [131], thus pointing out that this interaction is the main responsible of
the electrocatalytic power observed for the oxidation of thiocyanate. Also, there is a
1:1 stoichiometry between thiocyanate and MPs [132], which reduces the number
of possible binding conformations of thiocyanate with the metal center. In agree-
ment with this, the bond formed between the catalyst and the target molecule
involves an inner sphere process, in which the observed reactivity of the catalysts is
much higher than that predicted by its redox potential [130]. It has been also stated
that it is even more complicated if the mediator is confined on the electrode surface,
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as it is the case when MPc is immobilized in a SAM-electrode as a support, process
described by the following mechanism:

[MPc]sol � [MPc]ad (I)

[MPc]ad ! [MPc]ad
+ + ē (II)

[MPc]ad
+ + SCN− � [MPc-SCN−]ad

+ (III)

[MPcSCN−]ad
+ ! [MPc]ad + oxidation products (IV)

The peak currents (Ip) were found to increase linearly with the square root of the
scan rates, (for scan rates ranging from 10–800 mVs−1) indicating that the electrode
process are diffusion-controlled [133].

There is consensus on the fact that oxidation reaction of thiocyanate occurs
within the (III)/(II) redox couple. According to this, the mechanism first involves
the coordination of the M(II)Pc system to the linker distributed as a SAM over the
gold electrode. Then it follows the initial oxidation of the metal, from M(II)Pc to M
(III)Pc activating the catalyst to finally oxidize the analyte to its products via M(III)
Pc with the subsequent regeneration of the M(II) species.

It has been widely reported that electrooxidation of the thiocyanate ion at pH 4
yields hydrogen cyanide and (or) cyanide and sulfate ions as main products [134].
However, there is a huge gap in terms of the mechanism that takes place between
the binding of thiocyanate to the catalyst and the products experimentally found. In
order to get insight about the elemental reactions between these processes, it is
proposed based on experimental evidence that the oxidation of thiocyanate par-
ticularly catalyzed by MPc and MPc like systems, leads to the production of
thiocyanate radicals that dimerize to form the pseudohalogen molecule thio-
cyanogen (SCN)2 [132, 135–139].

Interestingly, at fast scan rates on a gold electrode modified with FePc SAM,
there appeared a return peak revealing the existence of a major oxidation product
that disappear without detection at low scan rates. This peak could be related to the
appearance of an unstable major oxidation product of SCN− as (SCN)2 [140],
which at fast scan rates is possible to reduce it before the chemical transformation
caused by its instability at pH 4.0, in which it is supposed to rapidly hydrolyze
according to the following equation [132, 135–139].

SCNð Þ2 þH2O ! HOSCNþHþ þ SCN� ð4Þ

The attractiveness regarding this proposal is that HOSCN is the perfect precursor
for the formation of hydrogen cyanide and sulfate ions after sequential oxidation.
Thus, according to all the information gathered and discussed above, the proposed
reaction mechanism for thiocyanate oxidation in pH 4 using CoPc as catalyst
should look like the following:
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[Co(II)Pc]sol � [Co(II)Pc]ad (I)

[Co(II)Pc]ad ! [Co(III)Pc]ad + ē (II)

[Co(III)Pc]ad + SCN− � [Co(III)Pc-SCN−]ad (III)

[Co(III)Pc-SCN−]ad ! [Co(III)Pc-SCN]ad+ + ē (III-a)

[Co(III)Pc-SCN−]ad + SCN− � [Co(III)Pc-(SCN)2
−]ad (III-b)

[Co(III)Pc-(SCN)2
−]ad ! [Co(II)Pc-(SCN)2]ad (III-c)

[Co(II)Pc-(SCN)2]ad ! [Co(II)Pc-(SCN)2]ad (III-d)

[Co(II)Pc-(SCN)2]ad � [Co(II)Pc]ad + (SCN)2 (III-e)

(SCN)2 + H2O ! HOSCN + H+ + SCN− (III-f)

HOSCN + 3H2O ! SO4
-2 + CN− + 7H+ (IV)

This mechanism ends with the hydrolysis of (SCN)2 and the oxidation of
HOSCN to cyanide and sulfate ions. Evidently, this mechanism raises several
questions such as if the dimerization really occurs while the thiocyanate radical is
still bonded to Co(III)Pc, in which case how would it change the hydrolysis of the
dimer if it is still in complex with CoPc, or if it is only feasible when it is disso-
ciated. Also, understanding how it changes the affinity of the different intermediates
towards the cobalt center at the different stages of the reaction mechanism, may
provide relevant information on how to modulate it. This is accompanied by the
question about if thiocyanate is bonded to cobalt through its sulfur or nitrogen atom
along the reaction. Most of these open questions aim to reveal at which extent the
CoPc is involved in the process of generating the products experimentally found.

It has been also suggested that there may take place an early oxidation process
involving the macrocyclic ring of cobalt tetraethoxy thiophene phthalocyanine
(CoTEThPc) [129]. This was suggested because of a weak anodic peak in the
potential range for ring oxidation (Co(III)Pc−1/Co(III)Pc−2) [141]. According to this
data, the following mechanism has been additionally proposed as a previous stage
to the oxidation of thiocyanate:

[Co(II)TEThPc−2]sol � [Co(II)TEThPc−2]ad (I)

[Co(II)TEThPc−2]ad ! [Co(III)TEThPc−2]ad + ē (II)

[Co(III)TEThPc−2]ad ! [Co(III)TEThPc−1]ad + ē (III)

The question about if the catalytic properties of CoPc are increased or decreased
because of the ring oxidation and more important if it really takes place for thio-
cyanate oxidation are still to be answered.

Thoroughly experimental and theoretical exploration of the role of the chemical
bonding between thiocyanate and the catalyst, together with the tuning of the elec-
troactivity associated to its oxidation have provided interesting findings [130, 142]

In this regard, it was experimentally demonstrated that the reactivity of the metal
macrocyclic complexes confined on electrode surfaces by SAMs can be controlled
by manipulating the redox potential for maximum activity. This in turn was tested by
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modifying several CoPc with suitable substituents to withdraw or donate electron
density to the metal center, thus providing relevant insights into the modulation of
the catalytic activity of these systems. Among these it was possible to find 4β(NH2)
CoPc, 8β(SC2H2OH)CoPc, 4β(PenPyr)CoPc, 4β(Pyr)CoPc, 8β–(EH)CoPc,
8β(OCH3)-CoPc, and 16(F)CoPc. For the CoPcs in which the electron density from
the metal center is reduced by withdrawing groups, the redox potential is shifted
towards more positive values [143, 144].

Theoretical calculations involving the series listed above exposed a linear cor-
relation between the energy of the LUMO of the adduct with the Co(III)/Co(II)
redox potential of the catalyst, where the solvent effects resulted to be important in
order to obtain a good correlation [130, 142]. In addition to that, the maximum
catalytic activity was attributed to an ‘optimum’ interaction between the LUMO of
the CoPc complex and the HOMO of the thiocyanate anion, finally concluding that
the interaction of thiocyanate ions with Co active sites need to be not too weak, not
too strong for maximum activity [130]. From a thermodynamic point of view, for an
oxidation reaction mediated by MPc, it is expected that more positive the formal
potential of the mediator, meaning a more powerful oxidant, higher its reactivity for
the oxidation of the target. Some of the most active systems were 4β(NH2)CoPc and
4β(MeO)Pc corresponding to catalysts with electron-donating groups.

The interaction geometries for the adduct showed a Co–S–C angle near to 110°
in all cases. The lineal Co–S–C angle was evaluated, but resulted to be less stable.
This preference was due to the interaction between the LUMO of the CoPc (89 %
3dz

2) and the HOMO of thiocyanate (S 74 %px, N 26 %px).
The CoPcs which have a LUMO near in energy to the HOMOSCN− are prone to

form a covalent interaction that according to the previous statements, will result in a
very stable adduct with a slow rate of reaction. Conversely, the CoPcs that have a
LUMO far in energy from the HOMOSCN− will make difficult the formation of a
covalent bond, thus increasing the catalytic activity of the complexes to some extent
(remember, not too weak and not too strong). Then, it is possible to remark that an
optimal stability of the adduct for the catalyst effectiveness should exist. Covalent
bond between thiocyanate and Co becomes stronger moving down to 16(F)CoPc
(that should have the lowest HOMO–LUMO gap) so that 16(F)CoPc shows low
activity as expected. The same and inverse is true for 8β(EH)CoPc that is too far
high so the gap is very large and the strength will be too weak. So the highest
activity should be shown by some N(R)CoPc having intermediate bond strength
and intermediate gap values.

Regarding the adduct formation, further information concerning the formation of
the Co(II)Pc-SCN−/NCS− and [Co(III)Pc-SCN−/NCS−]+ complexes at different
oxidation states can be gained through the study of the Co–S or Co–N bond, within
the Morokuma–Ziegler partitioning scheme, which provided a detailed description
of the interaction energy. After comparing both oxidation states of the redox center
namely, Co(II) and Co(III), the latter exhibited a higher stabilization of the adduct
than the complex with Co(II) (see Table 7), thus supporting the idea of the initial
formation of [Co(III)Pc]+ leading to a favored interaction between the thiocyanate
moiety and the metal center. Additionally, the formation of the isothiocyanate
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adduct involved a stronger interaction than the observed for the thiocyanate coor-
dination mode. This was because of a larger covalent contribution for the isoth-
iocyanate complex (78 and 61 %, the stabilizing terms, namely ΔVelstat and ΔEorb).

4 Summary and Outlook

These results indicate a promising route for the realization of supramolecular
structures, such as molecular chains, based on the well-controlled anchoring of
specially designed molecular building blocks on the regularly ordered and stepped
gold electrode surfaces. The formation of SAM on a gold substrate and a thiolate
ligand as an “anchoring” fragment of metallophtalocyanine leads to an interesting
charge donation from the 4-ATP or A-MP towards both gold substrate and
phthalocyanine, denoting an effective gold–MPc interaction mediated by the titled
anchor ligands. The thiolate–gold substrate interaction is favored by about
40 kcal/mol, which decreases when the MPc moiety is included, denoting the
influence of the active center into the SAM structure. The MPc–ligand interaction
also varies when the modified SAM is formed, showing a slight destabilization with
regards to the isolated MPc–ligand fragment. The results revealed the influence of
the MPc and gold substrate towards the formation of the overall structure, showing
that the MPc is connected to the surface effectively by the anchor ligand.

In summary, theoretical calculations indicate the importance of the backbonding
mechanism into the adduct formation, showing the catalytic role of the supporting
gold surface mediated by anchoring ligands. It also shown that the formation of an
adduct between FePc and O2 before the electron-transfer process will slow down
the reaction, so it is likely that adduct formation occurs in a concerted fashion at the
rate-determining step and involving the transfer of one-electron. This agrees with
the kinetic parameters obtained from experiments.

Acknowledgments This work has been supported by Millennium Nucleus RC120001,
NC120082 and Fondecyt Projects 1140503, 1110758, 1150629, 3130383 and 1140359.

Table 7 Energy decomposition analysis according to the Morokuma Ziegler scheme

Complex ΔEpauli ΔVelstat ΔEorb ΔEint

Isothiocyanate

SCN−-Co(II)Pc 72.98 −25.00 (22 %)a −89.09 (78 %) −41.10

SCN−-Co(III)Pc 91.69 −99.87 (39 %) −153.75 (61 %) −161.93

Thiocyanate

NCS−-Co(II)Pc 95.33 −62.90 (50 %) −63.05 (50 %) −30.63

NCS−-Co(III)Pc 124.04 −128.54 (56 %) −100.61 (44 %) −105.11

Both SCN−-CoPc or NCS−-CoPc complexes were evaluated considering the Co(II) and Co(III)
oxidation states. All the energies are in kcal mol−1. Data from [142]
aNumber in parenthesis indicate the contribution of each term in the overall interaction energy.
Calculated as (ΔEorb/(ΔVelstat + ΔEorb))%, where ΔEint = ΔEpauli + ΔVelstat + ΔEorb
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APCE Absorbed photon-to-current conversion efficiency
ATR-FTIR Attenuated total reflection Fourier transform infrared (spectroscopy)
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BODIPY Boradiazaindacene
CAA Cyanoacrylic acid
CB Conduction band
CI Charge injection
CNT Carbon nanotube
CR Charge recombination
D Electron-donor molecule
D* Excited electron-donor molecule
D-B-A Donor-(porphyrin bridge)-acceptor
D-π-A “Push–pull”, donor-(π-bridged chromophore)-acceptor
FF Fill factor of a photovoltaic cell
FHJ Flat heterojunction
FTO Fluorine-doped tin oxide
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LB Langmuir–Blodgett
LUMO Lowest unoccupied molecular orbital
MO Metal oxide
MP Metalloporphyrin
NIR Near-infrared
NHE Normal hydrogen electrode
OPV Organic photovoltaics
PCE Power conversion efficiency (of a photovoltaic cell)
PV Photovoltaics
PVC Photovoltaic cell
RCP Redox-conducting polymer
SC Solar cell
SQ Squaraine
SMSC Supramolecular solar cell
SWCNT Single-wall carbon nanotube
TPP Tetraphenyl porphyrin
TPPZn Tetraphenyl zinc porphyrin
TLSC Thin-layer solar cell
TCO Transparent conductive oxide
UV–vis Ultraviolet–visible (light)
ZnP Zinc porphyrin

Symbols
imp photocurrent corresponding to maximum power of a photovoltaic cell

(A)
isc short-circuit current (A)
j current density (A cm−2)
P power (W)
Pin incident light power (W m−2)
Pir light irradiation power (W)
PPVC
max;ideal maximum power of an ideal photovoltaic cell (W)

PPVC
max;ideal maximum power of a photovoltaic cell (W)

Pout output power of a photovoltaic cell (W)
V voltage (V)
Vmp voltage corresponding to maximum power (of a photovoltaic cell) (V)
Voc open-circuit voltage (V)
Γ surface concentration (nmol cm−2)
ΔGinj Gibbs free energy change resulting from electron injection (from D* to

the CB of TiO2)
η overall power conversion efficiency of a photovoltaic cell (%)
ϕ solar energy conversion efficiency, i.e., quantum yield
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1 Introduction

Solar cells (SCs) with the organic or hybrid (combined organic and inorganic)
photoactive electrode materials are the emerging types of SCs. Despite their ado-
lescence, progress in the development of these SCs brought their efficiency close to
the level, which allows their commercialization. However, this remains as a great
challenge [1, 2]. Metalloporphyrins (MPs) are important electro- and photoactive
components of these SCs. The present book chapter briefly describes operating
principles of different MP-based SCs and critically overviews the progress in the
MP application to organic photovoltaics (OPV) and dye-sensitized solar cells
(DSSCs) that have been made since 2009.

1.1 Metalloporphyrins in Photovoltaics

Being still one of the most-studied redox dyes, MPs continuously attract attention
because of their functional universality, chemical stability, ease of chemical mod-
ification, and great potential of tuning their chemical and electronic properties. MPs
have intensively been studied with respect to their promising application for con-
version of solar energy into electric energy in SCs. MPs are mostly used in three
types of SCs. These include DSSCs, supramolecular SCs (SMSCs), and bulk
heterojunction solar cells (BHJ SCs).

A unique ease of chemical derivatization of MPs is due to their structure. In a
typical porphyrin, there are four meso- and eight β-positions available for substi-
tution (Scheme 1). Moreover, a metal atom can be introduced in the center of the
macrocycle to form a metalloporphyrin. This atom may axially coordinate a ligand
or ligands depending upon the metal nature.

N N

NN

Me

meso -position

-positionβ

Scheme 1 General structural formula of a metalloporphyrin macrocycle with indicated positions
available for peripheral substitution
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1.2 Solar Cell Fundamentals

Evaluation of an SC photovoltaic performance is usually accomplished with a set of
tests. Those involve measurements of the current–voltage (I–V) curves for the cell
in the dark and under light illumination, fluorescent decay upon photoexcitation,
determination of the incident photon-to-electron-conversion efficiency (IPCE), etc.

In order to obtain mutually comparable results, light sources imitating solar
radiation are used. Gases and water vapor in atmosphere partially absorb solar
energy. The sunlight passes one atmospheric thickness in tropical regions only.
However, the effective atmosphere thickness is larger for all other latitudes.
A widely applied air mass (AM) 1.5 is the solar radiation spectrum obtained after
passing the 1.5 Earth atmosphere thicknesses (curve 3 in Fig. 1).

Figure 2 shows parameters of an SC, which can be determined from an I–
V curve. The direction of current and curvature of the current–voltage curves
depend upon the SC architecture and properties of the electrode materials applied.

Noteworthy, the IUPAC definition of an anode and cathode is herein quoted
because erroneous definitions in literature on SC schemes are frequently encoun-
tered. An anode is the electrode where redox species are oxidized, i.e., the complete
removal of one or more electrons from a molecular entity or an increase in the
oxidation number of any atom within any substrate or gain of oxygen and/or loss of
hydrogen of an organic substrate takes place [3]. The cathode, respectively, is the
electrode where redox species are reduced. These definitions apply to electrodes of
both an electrochemical cell and a galvanic or voltaic cell.

Solar energy conversion efficiency, ϕ, represents the number of electron/hole
pairs generated per an absorbed photon, called the quantum yield or the internal
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Fig. 1 Reference solar spectral irradiance, (1) the AM 0 standard, i.e., the solar spectrum outside
the Earth atmosphere, (2) the AM 1.0, i.e., direct solar irradiance on the ground level, and (3) the
AM 1.5 standard, i.e., solar light that passed 1.5 atmosphere thicknesses. Adapted from http://
rredc.nrel.gov/solar/spectra/am1.5, U.S. Department of Energy (DOE)/NREL/ALLIANCE
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quantum efficiency. Further, the number of electron/hole pairs generated per inci-
dent photon, IPCE, or the external quantum efficiency is expressed by Eq. 1:

IPCE ðkÞ ¼ nelectrons
nphotons

¼ j=e
Pin=hv

¼ j
Pin

� hv
ek

¼ j
Pin

� 1240
k ðnmÞ ð1Þ

where j is the photocurrent density (A m−2), and Pin is the incident light power
(W m−2). The IPCE parameter provides a detail insight into the performance of a
photovoltaic cell because it informs about efficiency of the light absorption by a
photoactive material, efficiency of charge separation between the electron donor
(D) and the acceptor (A), and efficiency of the charge collection by external
electrodes.

The most complex parameter describing the SC efficiency is the overall power
conversion efficiency (PCE) , η. The ratio of the output power of a photovoltaic cell,
Pout, to the irradiation power, Pin, describes this parameter (Eq. 2).

g ¼ Pout

Pin
¼ FF � VocIsc

Pin
ð2Þ

Here, FF is the so-called fill factor. It represents efficiency of electron with-
drawal from the photoexcited donor molecule (D*) or D*-A dyad into external
circuit, i.e., the ratio of photogenerated electrons withdrawn by the external circuit
to those recombined inside the cell (Eq. 3):
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Fig. 2 Illustrative photocurrent–voltage curves for a solar cell (SC) (1) in the dark and (2) under
light illumination. Voc open-circuit voltage, Vmp and jmp voltage and photocurrent corresponding to
maximum power of the SC, respectively, jsc short-circuit current, PPVC

max maximum power of the SC,
PPVC
max;ideal maximum power of an “ideal” SC, i.e., which converts all photogenerated charge to

energy and passes it into an external circuit
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FF ¼ jmpVmp

jscVoc
ð3Þ

where jmp and Vmp stand for current and voltage, respectively, which corresponds to
the maximum cell power, whereas jsc and Voc represent short-circuit current and
open-circuit voltage, respectively.

2 Mechanism of Organic Photovoltaics Operation

With respect to the material used, SCs with MPs can be divided into three main
categories, including those using supramolecular electron donor–acceptor dyads,
thin films of a small-molecule or polymer semiconductor, and a hybrid combining
an organic dye and a metal oxide semiconductor, TiO2, prevailingly. Despite dif-
ferent terminologies used for naming species and processes in mechanisms of
photocurrent generation, there is no difference in chemical meaning between these
events. There are fundamental steps of organic and hybrid SC operation, common
for these types involving (i) absorption of light by a photoactive electrode material
resulting in photoexcitation of this material, (ii) photoinduced charge separation
between the D and A materials, (iii) collection or release of electrons by electrodes,
and (iv) reduction of photo-oxidized D. In a photoelectrochemical reaction, pho-
tocathode is the electrode where photo-electroactive material is reduced, i.e., it
accepts an electron, and a photoanode is the electrode where photo-electroactive
material is oxidized, i.e., an electron is abstracted from this material. One should
keep these definitions in mind when discussing the mechanisms, operation schemes
of electrochemical, galvanic, and voltaic cells in order to escape from misinter-
pretation of experimental data.

2.1 Thin-Film Small-Molecule and Polymer Solar Cells

The first small-molecule SC was devised as early as three decades ago [4].
Depending on the nature of the interface between the electron-donor and
electron-acceptor films in this SC, one can distinguish flat (or planar) heterojunction
(FHJ) and bulk heterojunction (BHJ) SCs (Scheme 2).

That is, there are the layer-by-layer deposited electron donor (n-type organic
semiconductor) layer and the acceptor (p-type organic semiconductor) layer or a
blend of polymers, respectively. The operation principle of a small-molecule or
polymer SC is relatively simple and close to that of the inorganic semiconductor SC.
For an FHJ organic SC with the one D and one A layer, six steps in the mechanism of
energy conversion can be distinguished (Scheme 3). That is, (1) initially, light is
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absorbed by the D to generate an exciton (D*). Subsequently, (2) the D* diffuses (by
electron hopping) to the donor–acceptor interface where (3) a D+A− complex is
formed. Formation of an exciton of electron acceptor (A*) is also possible, thus
corresponding stages 1–3 for an A may also occur. Next, (4) charge is separated at
the D–A interface when electron is transferred from the excited donor (D∗) to A
molecule. Further, (5) electron is transported to the anode and, finally (6) it is
collected at the anode, and, (6′) simultaneously, it is injected at the cathode, via an
external electric current, to reduce the oxidized D.

Scheme 2 A simplified view
of a the solar cell energy
diagram as well as the solar
cell with b flat heterojunction
(FHJ) and c bulk
heterojunction (BHJ).
Adapted from Ref. [5] with
permission from The Royal
Society of Chemistry

Scheme 3 a A simplified
energy diagram and
b principle of operation of a
flat heterojunction solar cell.
The numbered cell operation
steps are explained in text.
Adapted from Ref. [5] with
permission from The Royal
Society of Chemistry
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2.2 Dye-Sensitized Solar Cells

A hybrid SC, i.e., the dye-sensitized solar cell (DSSC), usually uses an organic
electron donor to inject electron into a conduction band (CB) of an inorganic
semiconductor, usually TiO2, proposed by Grätzel et al. in 1991 (Scheme 4) [6].

The DSSC is one of the most-studied types of emerging SCs. Initially, ruthenium
dyes were used. Then, porphyrin dyes found widespread application in DSSCs
because of their favorable optical properties and chemical bond flexibility.
Efficiency of these DSSCs was not much impressive until mid-2000. Progress in a
molecular design and synthesis of new porphyrins as well as preparation of new
more efficient charge mediators allowed improving this efficiency dramatically.
This improvement was mostly due to introduction of the “push–pull” structured and
π-extended peripheral substituents. The recent research focuses on enriching
absorbance spectra of MPs. It resulted in efficiency of DSSCs with MPs equal to
those with the ruthenium dyes.

Many components of this cell appear in many different other cells, including
TiO2, electrodes, electron mediators; the principle of DSSC operation is thoroughly
studied (Scheme 5). Moreover, it is relatively easy to compare and to draw con-
clusions on the effect of different MPs on the cell performance because these cells
are very similar.

2.3 Supramolecular Solar Cells

Supramolecular SCs share features of both BHJ SCs and DSSCs. Unlike DSSC,
however, they use organic materials as both the electron donors and acceptors.

Scheme 4 A simplified a energy diagram and b principle of operation of a DSSC. CB stands for
the conduction band and TCO for the transparent conductive oxide. Reproduced from Ref. [7] with
permission from The Royal Society of Chemistry
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In contrast to the thin film or polymer SCs, though, supramolecular SCs use
photoelectrochemical cell construct where D and A are placed in close proximity
and bound together to form a supramolecular electron donor–acceptor dyad. This
binding may be afforded with the covalent bond, hydrogen bond, metal–ligand
coordination, or π–π stacking. Therefore, exciton does not travel upon D excitation,
within a bulk donor layer to find the D–A interface, but rather through a
charge-separated state of the D–A dyad. This charge-separated state can move by
electron hopping in the film. In order to increase the performance of these SCs,
electron mediators are used, similarly as in DSSCs.

MPs are widely applied to supramolecular SCs as electron-donating moieties
because of their outstanding convenience of use as “building blocks”. That is, they
can be used in the form of single molecules, dimers, oligomers, liquid crystals, or
polymers. The acceptor moieties most commonly used in supramolecular SCs
include carbon nanomaterials, such as fullerenes and carbon nanotubes (CNTs).

Scheme 5 A simplified energy diagram and operation principle of DSSC. (1–5) Favorable
processes of current generation in the DSSC (blue arrows and numbers); (6–9) unfavorable
recombination processes (red arrows and numbers). (1) Photoexcitation of D molecules, (2) D*-
to-TiO2 electron transfer, (3) electron transfer from TiO2 to the transparent conductive oxide (TCO)
electrode, (4) heterogeneous reduction of the I�3 electron mediator, (5) regeneration of the oxidized
dye to its reduced form by the reduced, I�, electron mediator, (6) radiative or non-radiative decay of
energy of the photoexcited dye, (7) reduction of the photo-oxidized dye by electron of the TiO2

electron conduction band (Ecb) energy, (8) the reverse electron flow because of reduction of the I�3
electron mediator in solution, (9) reduction of the electrolyte species by the photoexcited dye.
Reproduced from Ref. [8] with permission from The Royal Society of Chemistry
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Scheme 6 shows a simplified view of the mechanism of operation of a
supramolecular SC.

Advantageously, electronic properties of both the D and A species in
supramolecular SCs can easily be tuned, unlike DSSCs where TiO2 with fixed
energy levels is used. Prospectively, this tuning possibility gives more freedom to
increase efficiency of SCs using D–A dyads. Mechanisms of unfavorable charge
recombination in supramolecular SCs are similar to those in DSSCs.

In the supramolecular SC operation mechanism, the order of organization of the
D–A dyads on the electrodes plays the crucial role.

3 Effects of Peripheral Substituents
of the Metalloporphyrin Macrocycle
on the Photovoltaic Cell Performance

Zn porphyrin is the most widely used metalloporphyrin in different types of SCs.
Because of different operating conditions and the demand of high efficiency of SCs,
the porphyrin macrocycle is modified in many different ways. These include sub-
stituting with different peripheral groups, such as alkyl or phenyl groups, aromatic
heterocycles, other porphyrins, or even fusing porphyrins with other aromatic
molecules, or forming porphyrin oligomers. The effect of peripheral substituents of

Scheme 6 Operation mechanism of a supramolecular solar cell with a ZnP-C60 donor–acceptor
dyad assembled by axial metal–ligand coordination of the C60-imidazole adduct to a ZnP polymer
film. Reprinted with permission from Subbaiyan NK, Obraztsov I, Wijesinghe CA, Tran K,
Kutner W, D’Souza F (2009) Supramolecular donor–acceptor hybrid of electropolymerized zinc
porphyrin with axially coordinated fullerene: formation, characterization, and photoelectrochem-
ical properties. J Phys Chem C 113(20):8982–8989. Copyright (2009) American Chemical Society
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porphyrin on SC efficiency is discussed below for three different types of SCs, i.e.,
DSSCs, BHJ SCs, and SMSCs.

3.1 Porphyrins in Dye-Sensitized Solar Cells

For application in DSSCs, porphyrins should be attached to a semiconducting metal
oxide (MO), e.g., TiO2. The most efficient attachment way involves introduction of
an anchoring group (A in Scheme 7 and Table 1) allowing for binding the por-
phyrin molecule to the MO surface. In order to limit the scope of this broad topic,
here we focus on meso-substituted porphyrins only (Scheme 7).

A large variety of porphyrin peripheral substituents was proposed in multiple
efforts of increasing the DSSC efficiency, which resulted in an impressive progress
over last decade. The PCE of the latest top-performing DSSCs with the porphyrin
dyes is *12 % and, in some cases, as high as 13 % for the SM315 porphyrin
(Scheme 8) [9].

3.1.1 The Effect of Position, Nature, and Number of Porphyrin
Anchoring Peripheral Substituents on Performance
of a Dye-Sensitized Solar Cell

The long-lasting and efficient performance of a DSSC requires chemical binding of
an MP to the TiO2 surface with an anchoring group in at least one point [12]. There
should be one or more such groups on the MP molecule. Chronologically, the first
and still the most commonly used anchoring group is the carboxylic group
(Scheme 9). Six major types of possible anchoring modes of this group have been
identified, vis., a monodentate ester, bidentate chelating, bidentate bridging, mon-
odentate, and bidentate hydrogen bonding, as well as a monodentate coordinating
mode through a C=O group. Usually, bidentate chelating or bridging modes are the
most stable [13]. Alternately, phosphate (Scheme 10) or pyridine (a in Scheme 11)

N N

NN

B

AA

A

M

N N

NN

A

AA

A

M

N N

NN

A

BB

A

M

4A-type 3AB-type trans-2A2B-type

N N

NN

B

AB

A

M

cis-2A2B-type

N N

NN

B

AC

B

M

trans-A2BC-type

Scheme 7 Structural formulas of 4A-, 3AB-, trans-2A2B-, cis-2A2B-, and trans-A2BC types of
meso-substituted porphyrins. M stands for a metal or H2, A is an anchoring and
electron-accepting/withdrawing group, B and C are different substituents. Table 1 shows examples
of the A, B, and C peripheral substituents
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[14, 15] catechol, [16] rhodamine [17], azo-bridged salicylic acid [18], gem-sila-
nediols [19], tetrazole [20], and a range of other groups [13, 21, 22] can serve that
purpose. As an alternative to the carboxylic anchoring group, 8-hydroxyquinoline

Scheme 9 Binding modes of
the carboxylic group to a
metal oxide (M = Ti, Zn, Al,
etc.). Reprinted from Linkers
for anchoring sensitizers to
semiconductor nanoparticles,
248 (13–14), 1283–1297,
Galoppini E, Coord Chem
Rev, Copyright (2004), with
permission from Elsevier
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Scheme 8 Structural formulas of examples of porphyrin dyes high-performing in DSSCs along
with their PCE and year of invention, vis., SM315, [9] YD-2, [10] YDD1 a meso–meso porphyrin
dimer, and YDD2-fused porphyrin [11]

Metalloporphyrins in Solar Energy Conversion 183



was proposed because it withstands acidic conditions (b in Scheme 11) [23]. The
PCE of the ZnP reported, TPPZn-OQ, was nearly equal to that of the dye with
carboxylic anchoring group, TPPZn-COOH, being 1.56 and 1.82 %, respectively.

Advantageously, the anchoring groups are simultaneously withdrawing electrons
from the porphyrin macrocycle, thus enhancing the electron transfer from the
photoexcited dye molecule to the CB of the MO, respectively.

The carboxylic group is the far most commonly used metalloporphyrin (MO)
linker because of MP binding stronger than that of alternative anchoring groups.
Despite a high efficiency of the carboxylic group in dye binding to an MO, there are
important reasons of searching for alternative anchoring groups. For instance, a
small amount of water present in the electrolyte solution of an organic solvent
results in hydrolysis and dissociation of this dye–MO binding, thus degrading
long-term performance of the DSSC.

Computational studies predict that application of anchoring moieties with higher
electron-accepting properties should result in DSSC performance higher than that of
carboxylic-anchored MPs of the same structure [25]. This prediction found its
experimental confirmation [26–28].

The position and number of anchoring carboxylic groups strongly influence the
DSSC performance. This effect originates from different orientations of the MP
macrocycle with respect to the MO substrate plane incurred by the nature of the
MP–MO binding (Scheme 12). This position affects efficiency of the electron
injection to metal oxide and the charge recombination rate.

This orientation highly influences the DSSC performance. Changing position of
the carboxylic anchoring group within the carboxyphenyl anchoring moiety results
in changing the tilt of the MP macrocycle with respect to the TiO2 surface and,
hence, changing efficiency of charge injection (CI) and charge recombination (CR)

Scheme 10 Binding of
phosphonic acids to the MO
(M = Ti, Zn, Al, etc.) surface
via its Lewis and Brønsted
acidic sites. Adapted from
Ref. [24] with permission of
The Royal Society of
Chemistry

Scheme 11 Binding modes
of a pyridyl and
b 8-hydroxyquinoline groups
to the TiO2 surface
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(Scheme 13) [28]. The DSSC performance, PCE = 4.17 %, and the MP surface
concentration were the highest for the 1m-Zn dye with the carboxylic anchoring
group in the meta position. The PCE was 3.13 % for the 1p-Zn dye with the
anchoring group in the para-position, while the ortho-positioning of the anchoring
group resulted in a low performance of the cell, PCE = 0.37 %.

In general, the PCE grows with the increase of the dye coverage of the TiO2

surface (Scheme 14). At high surface density, however, porphyrins tend to form

Scheme 12 The effect of the number of anchoring groups of the MP macrocycle on orientation of
the MP macrocycle with respect to the TiO2 substrate surface. a One, b two, or c four anchoring
groups bind the MP molecule to the TiO2 surface

Scheme 13 The effect of the anchoring carboxylic group position on the charge injection (CI) and
charge recombination (CR) and, hence, on the DSSC performance. Adapted from Ref. [28] with
permission of The Royal Society of Chemistry
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H-type aggregates. This aggregation may decrease performance of the DSSC, as
discussed below. The presence of meso-substituted multiple binding anchor groups
on the MP macrocycle allows for different tiltings of the MP macrocycle with
respect to the TiO2 surface depending on the preparation procedure, i.e., on the MP
concentration in solution and the exposition time (Scheme 15). That is, peripheral
groups compete for the TiO2 surface molecules resulting in lower binding proba-
bility of all groups to the MO surface. The resulting binding mode directly influ-
ences the electron injection efficiency, charge recombination, and undesired lateral
electron transfer between surface-confined MP molecules [29].

Scheme 14 Orientation of a porphyrin molecule chemisorbed on the TiO2 surface and its
influence on the charge recombination (CR) rate. The anchoring group assumes the a para-
b meta-, and c ortho-position. Arrows indicate the direction of an increase of PCE of the DSSC
and tilt angle of the macrocycle plane. Reproduced from Ref. [7] with permission of The Royal
Society of Chemistry

Scheme 15 The effect of the MP-TiO2 binding mode and surface concentration of the 4A-type
porphyrin (see below) on the electron transfer. Green and blue arrows indicate direction of the
electron injection to the conduction band of TiO2 and undesired lateral electron transfer between
the metalloporphyrin molecules, respectively. Adapted with permission from Rangan S, Coh S,
Bartynski RA, Chitre KP, Galoppini E, Jaye C, Fischer D (2012) Energy alignment, molecular
packing, and electronic pathways: zinc(II) tetraphenylporphyrin derivatives adsorbed on
TiO2(110) and ZnO(11–20) surfaces. J Phys Chem C 116(45):23921–23930. Copyright (2012)
American Chemical Society
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3.1.2 4A- and 3AB-Type Meso-Tetraphenyl Substituted Porphyrins

Symmetric with respect to the type of peripheral substituents tetra-substituted
meso-porphyrins (Scheme 16) were widely used as dyes for DSSCs because of
simplicity of their molecular design and synthesis according to the Lindsey or
Adler-Longo procedures [30].

Properties of both free-base porphyrins and metalloporphyrins were intensively
studied with respect to the nature of the central metal atom, length and nature of the
extending part of anchoring groups as well as the nature of binding moieties of
anchoring groups. DSSCs with Zn porphyrins are performing better than those with
free-base porphyrins and other metalloporphyrins. This is because ZnPs fit well
common TiO2 (charge-mediating species) systems in terms of energy levels. This
experimental observation was rationalized with the DFT calculations [31]. Moreover,
designing of promising molecular architecture was attempted [32, 33]. The free-base
and Zn tetrakis(carboxyphenyl)porphyrins have become reference standards for
DSSCs. Consecutive steps in research aiming at enhancing efficiency of DSSCs with
the 4A-type porphyrins involved relocation of the bindingmoiety of anchoring groups
from the ortho- to meta-positions and/or increasing the number of the binding moi-
eties on a single anchoring group. By the end of 2000, these improved dye applications
to DSSCs were studied in detail and the topic is pretty much matured [34].

A more recent research on the 4A-type porphyrins focuses on investigation in
detail the electron transfer between the MP dye and the TiO2 semiconductor caused
by different binding modes of the dye to the TiO2 surface [29, 35]. In the parallel
binding mode (a in Scheme 15), the dye reached unfavorably low surface coverage.

N N

NN

M

Binding site

Binding site

Binding site

Binding site

Anchoring group

Spacer

Scheme 16 General structural formula of a 4A-type tetrakis(phenyl)-meso-substituted porphyrin.
The binding moiety of an anchoring group is –COOH, –SO3H, –PO3H, etc. M = H2, Zn, or other
metal. An aryl, ethylene, etc., spacer may be introduced between the anchoring group and the MP
macrocycle
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Advantageously, however, electron injection efficiency was high. The
macrocycle-to-macrocycle planar stacking of the porphyrins on the TiO2 surface in
the edgewise binding mode resulted in a favorably higher surface coverage and,
however, in a lower electron injection efficiency as well as undesired lateral electron
transfer between the MP macrocycles (b and c in Scheme 15).

A relationship between the binding mode, orientation, and electron transfer of
the 4A MPs with respect to the TiO2 or ZnO surface was studied by both com-
putational modeling and experimentally using several spectroscopic techniques.
High MP concentration of the H-type MP aggregates on the MO surface resulted in
unfavorable lateral electron transfer following the π–π stacking of MP macrocycles
(green arrows in Scheme 15) [29]. However, planar binding of these macro-
molecules with multiple (up to four) anchoring groups resulting in lower surface
concentration increased the electron injection efficiency (blue arrows in
Scheme 15). Moreover, all the intermediate (between planar and vertical) binding
modes and orientation, tilted with respect to the metal oxide surface forming J-type
aggregates, were present at different MP surface concentrations.

3.1.3 3AB- and A3B-Type Meso-Tetraphenyl Substituted Porphyrins

The procedures of syntheses of the 3AB- and A3B-type MPs are the same as those
of the 4A-type porphyrins. On the one hand, molecule symmetry breaking influ-
ences electronic properties of these MPs, thus allowing for the change of electron
delocalization in the MP molecules. This change results in the increase of the
electron injection efficiency into the TiO2 conduction band, hence increasing the
DSSC efficiency (Scheme 17). On the other hand, this symmetry breaking causes
such disadvantages as complication of the synthesis as well as the separation and
purification procedures.

2AB-type3AB-type

N N

NN

M B

B

B

group

Spacer

Anchoring

A

N N

NN

M H

B

B

group

Spacer

Anchoring

A

Scheme 17 General structural formulas of the 3AB- and 2AB-type meso-substituted MPs. M is
2H, Zn, or other metal. A is the anchoring moiety (–COOH, –SO3H, –PO3H, or other) of an
anchoring group. An aryl, ethylene, etc., spacer may be introduced between the anchoring group
and the MP macrocycle. The most common B is the aryl substituent
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An advantage of the 3AB- and 2AB-design is the possibility of introducing
peripheral functional groups, different from anchoring groups, to serve for tuning
the MP electronic properties, dissolving, preventing MP aggregation, and blocking
undesired lateral electron transfer between surface-tethered MP molecules.

A series of meso-tetraphenyl ZnPs bearing substituents of different bulkiness
was systematically studied (Scheme 18) [26]. The influence of conditions of MP
adsorption on the TiO2 surface on performance of the resulting DSSC was evalu-
ated. This performance strongly depended upon the nature of the bridge linking the
MP macrocycle and the TiO2 surface, the bulkiness around the macrocycle, the
nature of solvent, and time allowed for MP adsorption. In particular, the DSSC
performance was high if a protic solvent (e.g., methanol) and short immersing time
(0.5–1 h) were used for MP dye adsorption on TiO2, in sharp contrast to the Ru
dye-based DSSCs. For the former, the DSSC performance was the highest for the 5-
(4-carboxyphenyl)-10,15,20-tris(2,4,6-trimethylphenyl)porphyrinatozinc(II) sensi-
tizer and methanol as the solvent with an immersing time of 1 h. Under these
conditions and standard AM 1.5 sunlight illumination, the maximal incident
photon-to-current efficiency was 76 %, the short-circuit photocurrent density was
9.4 mA cm−2, the open-circuit voltage was 0.76 V, the fill factor was 0.64, and PCE
was 4.6 %. These results provide valuable fundamental information on MP appli-
cation resulting in DSSCs of higher performance (Table 2).

The effect of several parameters, including the free Gibbs energy change due to
electron injection from D* to the CB of TiO2, (ΔGinj), the steric effect of peripheral
substituents, and length of the anchoring group, on efficiency of the resulting DSSC
was examined. In a series of the 4-CF3, 4-OMe, 4-H, and 4-Me dyes (a in
Scheme 18), the increase in the electron-donating properties of substituents resulted
in the increase of ΔGinj in the order of −0.52 (4-CF3) < −0.56 (4-OMe) < −0.57
(4-H) < −0.61 (4-Me) eV. PCE of the DSSC increased in the same order except of
4-H. Instead, it was 3.0, 3.5, 1.2, and 3.8 %, respectively. Aggregation of porphyrin
molecules resulted in a lower PCE value for the 4-H.

Scheme 18 Structural formulas of carboxylated Zn porphyrins studied for unraveling the effect of
conditions of MP adsorption on the TiO2 surface on performance of the resulting DSSCs. BP stands
for the dye in the best performing DSSC in this study. Adapted with permission from Imahori H,
Hayashi S, Hayashi H, Oguro A, Eu S, Umeyama T, Matano Y (2009) Effects of porphyrin
substituents and adsorption conditions on photovoltaic properties of porphyrin-sensitized TiO2

cells. J Phys Chem C 113(42):18406–18413. Copyright (2009) American Chemical Society
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The steric effect of porphyrin meso-substituents on the DSSC performance was
studied in the series of the 4-Me, 2,4,6-Me, and 2,4,6-Et ZnPs. That is, bulkiness of
peripheral groups increased in this order. The increase of steric hindrance of ZnP
macrocycles resulted in the decrease of the π–π interactions of neighboring ZnP
macrocycles, that way decreasing the chance of lateral electron transfer between
them. The PCE for the 2,4,6-Me (η = 4.6 %) was higher than that for the 4-Me
(η = 3.8 %). However, PCE for the 2,4,6-Et (η = 3.7 %) was lower than that for the
2,4,6-Me under the same experimental conditions. This was because of lower TiO2

surface coverage with the dye with bulkier peripheral substituents. The effect of the
anchoring group length was evaluated by comparison of the PCE for the 2,4,6-Me
(b in Scheme 18) and BP (c in Scheme 18) ZnPs. The only structural difference
between these molecules consists in the presence of an extra phenyl ring in the
anchoring group of BP. For the 2,4,6-Me (η = 4.6 %) the PCE was nearly twice that
for the BP (η = 2.6 %). This result strengthened the importance of the length and
electronic properties of the anchoring group.

The effect of carboxylic anchoring group position with respect to the meso-
tetraphenyl-substituted A3B-type ZnPs on PCE of the DSSC was evaluated in the
above-mentioned research (Schemes 13 and 19) [28]. Moreover, the effect of the Zn
atom introduced into free-base porphyrin and the steric effect of peripheral sub-
stituents on PCE were evaluated as well.

The carboxylic group position in the peripheral phenyl substituents influences
the tilt of the porphyrin macrocycle plane with respect to the TiO2 surface
(Scheme 13) and the macrocycle-to-TiO2 distance. This distance is (7–8), (5–6),
and (3–4) Å for the para-, meta-, and ortho-position, respectively. The lower the
angle of the porphyrin macrocycle tilt with respect to the TiO2 surface plane, the
lower the surface concentration of porphyrin, i.e., 1m-Zn (219 nmol cm−2) > 1p-Zn
(176 nmol cm−2) > 1o-Zn (132 nmol cm−2). The parameters determining perfor-
mance of DSSCs were higher for the cells where ZnPs were used (Table 3) [28].

The charge separation and recombination rates for these dyes were determined
with the femtosecond transient absorption spectral studies. The charge separation
was ultrafast and similar for all three regioisomers, while the shorter time profile of
the femtosecond transient absorption spectrum determined for the 1o-Zn indicated
charge recombination faster than that for other studied MP isomers. The DSSCs

Table 2 The highest performance of DSSCs achieved for A3B-type porphyrins in Ref. [26]

Dye Adsorption time (h) Voc (V) Jsc (mA cm−2) FF η (%)

4-CF3 1 0.67 6.6 0.68 3.0

4-H 1 0.58 3.1 0.66 1.2

4-Me 0.5 0.68 8.3 0.68 3.8

4-OMe 1 0.66 8.3 0.63 3.5

2,4,6-Me 1 0.76 9.4 0.64 4.6

2,4,6-Et 0.5 0.69 8.6 0.63 3.7

BP 1 0.65 6.0 0.66 2.6
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with MPs with anchoring groups in the meta- (1m-Zn) and para- (1p-Zn) positions
performed similarly, while the performance of cells with anchoring groups in the
ortho-position (1o-Zn) was significantly lower. Therefore, the main factors
responsible for low photovoltaic efficiency of 1o-Zn appeared the high charge
recombination rate and lower as for the meta- and para-isomer surface concen-
tration of such a ZnP [28]. Another research on the effect of length of the alkyl
chain in the MP meso-substituents on the DSSC performance confirmed these
conclusions [36].
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3p-Zn: M = Zn; R = -nC3H6
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3m-Zn: M = Zn; R = -nC3H6

1o: M = 2H; R = -CH3

1o-Zn: M = Zn; R = -CH3

Scheme 19 Structural formulas of the A3B-type porphyrins used for examination of the effect of
the position of the anchoring carboxylic group on the DSSC performance. The anchoring moiety
located in the a para-, b meta-, and c ortho-position used in Ref. [28]

Table 3 The effect of the
position of the anchoring
carboxylic group in the
A3B-type porphyrins on the
DSSC performance in Ref.
[28]

Dye Γ (nmol cm−2) Voc (V) Jsc (mA cm−2) FF η (%)

1p 0.45 1.26 0.75 0.42

2p 0.52 1.17 0.82 0.65

1p-Zn 176 0.59 6.67 0.79 3.13

2p-Zn 0.60 4.82 0.77 2.42

3p-Zn 0.57 4.88 0.76 2.09

1m 0.48 2.06 0.72 0.71

2m 0.55 1.61 0.74 0.65

3m 0.52 0.78 0.74 0.30

1m-Zn 219 0.65 8.42 0.82 4.17

2m-Zn 0.61 8.6 0.78 2.45

3m-Zn 0.56 8.6 0.73 1.99

1o 0.45 0.31 0.83 0.11

1o-Zn 132 0.51 1.01 0.71 0.37
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One another way for increasing PCE of DSSC is to broaden wavelength range of
the absorbance spectra of MPs by introducing appropriate peripheral substituents.
Accordingly, introduction of a thiophene bridge into the anchoring group resulted
in relatively high PCE, reaching 5.15 % for the PZn-hT dye [37].

Most of the 4A-, 3AB-, and A3B-MPs have phenyl peripheral substituents
because of the ease of syntheses of these MPs. However, this molecular design has
substantial disadvantage. Steric effects resulting from interactions of the ortho-
carbon atoms of the meso-phenyl peripheral substituents and the β-pyrrolic carbon
atoms of the porphyrin macrocycle hamper delocalization of electrons over the
macrocycle and the phenyl spacer of peripheral groups. This effect limits efficiency
of electron injection from the MP dye to the MO semiconductor and the electronic
influence of peripheral substituents on the DSSC performance. In order to overcome
this limitation, a new approach to attaching peripheral groups was proposed. In this
approach, a π-conjugated spacer was introduced between the macrocycle and the
anchoring group to enhance the electron transfer from an MP to a metal oxide and
to broaden the absorption spectra of porphyrins (Scheme 20). Extensive compu-
tational studies were performed in order to evaluate preferential design of most
promising dyes of that type [32, 33, 38, 39].

Two directions in designing π-conjugated spacers were explored: One focused
on enhancing non-anchoring peripheral groups to broaden absorbance spectra of the
porphyrin and the other on optimizing of anchoring groups with respect to their
length and/or electron enrichment.

Examples of the former approach provide two meso-substituted ZnPs, i.e., those
2,4,6-triisopropylphenyl- and triphenylamine-substituted. They had different car-
boxyethynylphenyl anchoring groups, examined with respect to their potential
application in DSSCs (Scheme 21) [40]. However, these studies were limited to
spectroscopic and electrochemical measurements. The HOMO–LUMO energy
differences of the 2,4,6-triisopropylphenyl-substituted ZnPs appeared more
promising than those of the triphenylamine-substituted for application in DSSCs.
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Scheme 20 Structural formulas of selected examples of different π-conjugated spacers in an
anchoring group of a porphyrin (M = H2, Zn, or another metal)
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Examination of a large series of ZnPs with π-conjugated spacers in anchoring
groups in the meso- or β-position were inconclusive with respect to the efficiency of
the design because a co-adsorbent was used in the DSSC, which decreased
aggregation and lateral electron transfer [41].

A simple design of the A2B-type ZnP with acrylic acid anchoring group,
DMPZn-C2COOH, featured quite reasonable PCE of 5.1 % (Scheme 22) [42].
Presumably, the high performance of the DSSC with this dye was because of a
combination of two factors, i.e., (i) small ZnP–TiO2 distance because the anchoring
group was compact, and (ii) repulsion of peripheral methyl groups of phenyl rings
in meta-positions resulted in disaggregating of ZnPs and blocking unfavorable
electron transfers.
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Scheme 21 The A3B meso-substituted ZnPs with a 2,4,6-triisopropylphenyl and b triphenylamine
peripheral substituents, anchored with different carboxyethynylphenyl groups used in Ref. [40]
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Scheme 22 The A2B-type
ZnP with acrylic acid
anchoring group,
DMPZn-C2COOH used in
Ref. [42]
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Further insight into the influence of the MP anchoring groups with an ethynyl
spacer on PCE of DSSCs was gained by evaluating the advantage of tridentate
anchoring via salicylic acid versus benzoic acid with meta- or ortho-location of the
carboxylic group (Scheme 23) [43]. These ZnPs were very similar to those studied
earlier (Scheme 19 and Table 3) [28]. Therefore, it was interesting to compare
difference in PCE values incurred by introduction of π-conjugated anchoring
groups. As expected, PCE values of the DSSCs using ZnPs with π-conjugated
anchoring groups, especially those tridentate, were higher. Most likely, the reason
of this higher PCE was the enhanced ZnP–TiO2 electron communication and
stronger attachment of the dyes to the TiO2 surface.

It appeared that length of the phenylethynyl spacer in the anchoring groups of
ZnPs affected performance of the resulting DSSCs [44]. For this study, four
A2B-type porphyrins were synthesized with the number of phenylethynyl moieties
ranging from one to four (Scheme 24).

Performance of DSSCs with these dyes was evaluated (Table 4) [44]. Despite the
energy levels of these dyes were close one to the other and the UV–vis spectra were
similar, the Jsc and η values of the cells were linearly decreasing with the anchoring
group length from PE1 to PE4 and the IPCE for the PE4 was nearly an order of
magnitude lower than that for PE1.

Absorbance of all four ZnPs was similar. Therefore, the determined decrease in
the IPCE was ascribed to the decrease of the charge collection on the working
electrode (ηc value) in the series of PE1 to PE4.

Theoretical study of these and similar dyes showed that efficiency of the electron
injection and dye regeneration was lower the longer was the π-conjugated spacer,
thus resulting in lower PCE [45]. Both computational and experimental studies
confirmed the critical influence of the nature of a π-conjugated spacer on DSSC
performance.

Scheme 23 Structural formulas of ZnPs with the ethynylbenzoic acid (PE1 and PE1m) and
ethynylsalicylic acid (PESp and PESm) anchoring groups. Reprinted with permission from Gou F,
Jiang X, Fang R, Jing H, Zhu Z (2014) Strategy to improve photovoltaic performance of DSSC
sensitized by zinc porphyrin using salicylic acid as a tridentate anchoring group. ACS Appl Mater
Interfaces 6(9):6697–6703. Copyright (2014) American Chemical Society
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In a subsequent study, a complementary strategy was developed involving a π-
conjugated spacer enlarged in a lateral plane at the length of the anchor kept
constant [46]. For this, acene-type spacers, vis., benzene to pentacene, LAC-1 to
LAC-5, respectively, were introduced (Scheme 25).

In contrast to the previous research, the length of the anchoring group remained
the same. Thus, no influence of the spacer nature on the electron injection or
collection efficiency was expected. Instead, light absorbance should be increased.
The increase of absorbance efficiency was postulated because of broadening the
absorbance spectra in the series of LAC-1 to LAC-5, accompanied by the red shift
of both the Soret and Q-bands of the porphyrins. In fact, PCE increased from
LAC-1 to LAC-3 (Table 5). However, an increase of the spacer conjugation from
LAC-3 to LAC-5 led to a rapid decrease of PCE almost to zero (Table 5).

The DFT computation with the B3LYP/LanL2 basis set indicated localization of
the HOMO and LUMO levels on the porphyrin macrocycle for LAC-1 and LAC-2,

Table 4 The influence of the
number of phenylethynyl
moieties in the anchoring
group (Scheme 24) on the
performance of the DSSC
under the AM 1.5G light
irradiation

Dye Voc (V) Jsc (mA cm−2) FF η (%)

PE1 0.56 ± 0.1 6.6 ± 0.7 0.67 ± 2 2.5 ± 0.2

PE2 0.57 ± 0.2 5.5 ± 0.1 0.64 ± 2 2.0 ± 0.1

PE3 0.56 ± 0.1 2.0 ± 0.3 0.70 ± 2 0.78 ± 0.09

PE4 0.51 ± 0.2 0.7 ± 0.03 0.69 ± 4 0.25 ± 0.2

Average values for three different cells [44]

Scheme 24 Structural formulas of ZnPs with anchoring groups of different lengths involving one
to four phenylethynyl chain members. Reprinted with permission from Lin C-Y, Lo C-F, Luo L,
Lu H-P, Hung C-S, Diau EW-G (2009) Design and characterization of novel porphyrins with oligo
(phenylethylnyl) links of varied length for dye-sensitized solar cells: synthesis and optical,
electrochemical, and photovoltaic investigation. J Phys Chem C 113(2):755–764. Copyright
(2009) American Chemical Society
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strong delocalization over macrocycle and the anthracene spacer for LAC-3, and
localization on the spacer for LAC-4 and LAC-5. Results of fluorescence mea-
surement well corresponded to the computational results. Therefore, the PCE
decrease in the series of LAC-3 to LAC-5 can be ascribed to intramolecular charge
recombination in the dyes with the tetracene or pentacene spacers in the anchoring
groups.

Scheme 25 Structural formulas of ZnPs with acene-modified π-conjugated spacer. Reprinted with
permission from Lin C-Y, Wang Y-C, Hsu S-J, Lo C-F, Diau EW-G (2010) Preparation and
spectral, electrochemical, and photovoltaic properties of acene-modified zinc porphyrins. J Phys
Chem C 114(1):687–693. Copyright (2010) American Chemical Society

Table 5 The influence of the
anchoring group conjugation
extent on the performance of
DSSC under AM 1.5G light
irradiation [46]

Dye Voc (V) Jsc (mA cm−2) FF η (%)

LAC-1 0.67 6.13 0.72 2.95 ± 0.02

LAC-2 0.65 7.27 0.70 3.31 ± 0.06

LAC-3 0.67 12.67 0.64 5.44 ± 0.06

LAC-4 0.61 6.68 0.68 2.82 ± 0.14

LAC-5 0.49 0.33 0.62 0.10 ± 0.02

The performance under optimized conditions is shown (average
values for three different cells)
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3.1.4 3AB-Type Porphyrins with Heteroatomic Anchoring Groups

Initially, heteroatomic anchoring groups were introduced for non-porphyrin dyes
[14]. Only afterwards, these groups were introduced for porphyrins. A series of
ZnPs with different numbers of anchoring groups at meso-positions [47] and one
with the phenyl spacer in the A group [48] were synthesized and applied to DSSC
(Scheme 26).
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Scheme 26 Structural formulas of a pyridylylethinyl-anchored ZnP, P-phe, and b a series of
pyridyl-anchored P1–P3 ZnPs used in Refs. [48] and [47], respectively
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Consecutive introduction of a co-adsorbent and then Ag nanoparticles to the
DSSC with the P-phe dye allowed increasing performance of the photovoltaic cell
by increasing PCE to 4.48 and 5.66 %, respectively (Table 6) [48]. Performance
(Table 6) of DSSCs with the P1 to P3 dyes with different numbers and positions of
anchoring group is discussed in Sect. 3.1.5, below.

Another example of the use of heteroaromatic anchoring groups involves
five-member rings, including thienyl and furanyl substituents. Electronic properties
of ZnPs with these substituents appeared different from those of phenyl-substituted
ZnP because of two reasons. First, the presence of this relatively small-size
five-member ring in the meso-position results in low steric hindrance and weaker
interaction with β-pyrrolic atoms of porphyrin. Second, the angle between bonds is
different from that with phenyl substituents. The resulting relative orientation of the
porphyrin plane and the five-member ring plane is less orthogonal than for phenyl
substituents. Moreover, a tilt of the five-member ring, because of the angled bonds,
results in partial overlapping of π orbitals of the macrocycle and that of the
anchoring group. Particularly, this electronic property difference results in a longer
fluorescent lifetime, broader absorbance range, and red-shifted absorbance bands of
thienyl-substituted porphyrins with respect to their phenyl-substituted analogs [49].

Toward that, 2-cyanoacrylic acid was used as the electron acceptor in studies of
a series of multi-alkylthienyl appended porphyrins with anchoring moieties con-
taining different π-conjugated spacers (Scheme 27) [50]. Electronic spectra of all Z1
to Z4 ZnPs were red-shifted and broadened with respect to those of the
phenyl-substituted analogs. Introduction of thienyl groups at the meso-positions
resulted in a significant positive shift of oxidation potentials of excited states
compared to that of the reference phenyl-substituted ZnP. This shift indicated a
decrease of the HOMO–LUMO energy gap. Out of the DSSCs based on four dyes
Z1 to Z4, the highest PCE of 5.71 % was reached for that based on Z2 under the
AM 1.5G irradiation conditions (Table 7).

Performance of the DSSC with Z1 lower than that with Z2 was because of
bulkiness of the alkyl peripheral substituents of Z1 and the resulting lower surface
concentration of the dye. Structures of the Z3 and Z4 differ by a spacer of the
anchoring group. However, this difference has no influence on the cell performance.

Table 6 Performance of
DSSCs with ZnPs anchored
with a pyridyl group [47, 48]

Dye Voc (V) Jsc (mA cm−2) FF η (%) Ref.

P-phe 0.64 9.38 0.56 3.36 [48]

P1 0.60 9.2 0.56 3.10 [47]

P2 0.64 10.56 0.60 3.90

P3 0.6 7.6 0.54 2.46

198 I. Obraztsov et al.



3.1.5 2A2B-Type Porphyrins

Porphyrins of the 2A2B type can combine advantages of both 4A- and 3AB-type
porphyrins, allowing introduction of two anchoring substituents for stronger teth-
ering the dye to the metal oxide surface. Two other substituents serve easier dis-
solution and disaggregation of the porphyrin as well as preventing lateral D*-to-D
electron transfer. There are two, cis- and trans-, isomers of 2A2B-type porphyrins.
While the cis-isomer contributes to all above-mentioned advantages, the trans-
isomer is not favorable for DSSCs operation. This is because of opposite position of
anchoring groups. In effect, porphyrin molecule is planary orientated on the TiO2

surface if two anchoring groups are engaged in dye surface binding or configuration
of this molecule is energetically unfavorable if only one group is involved in it.
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Scheme 27 Structural formulas of a series of multi-alkylthienyl appended porphyrins, Z1–Z4,
used in Ref. [50]

Table 7 Photovoltaic
performance of DSSCs with
multi-alkylthienyl appended
porphyrins, Z1–Z4
(Scheme 27) [50]

Dye Voc (V) Jsc (mA cm−2) FF η (%)

Z1 0.56 ± 0.1 12.13 ± 0.10 0.65 ± 1 4.44 ± 0.10

Z2 0.59 ± 0.1 14.18 ± 0.13 0.68 ± 1 5.71 ± 0.05

Z3 0.57 ± 0.1 11.37 ± 0.18 0.70 ± 1 4.54 ± 0.05

Z4 0.56 ± 0.1 11.56 ± 0.18 0.70 ± 2 4.54 ± 0.10
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Then, the second anchoring group would decrease efficiency of electron injection
into the CB of TiO2. Synthesis of cis- and trans-2A2B-type porphyrins is typical as
for porphyrins; however, yield of cis-isomer is low [30]. Despite progress in
development of synthetic procedures selective with respect to one type of isomers,
they tend to be complicated. Purification and separation of cis- and trans-
2A2B-type porphyrins is time-consuming and requires the use of HPLC [51].
Complexity of synthesis and purification of these types of porphyrins made them
not very popular in the DSSC research.

Properties of the 3AB- and trans-2A2B-type porphyrins were compared in
several works [52–54]; trans-2A2B-type porphyrins are not very promising for
DSSCs; nevertheless, significant PCE values were achieved. For instance, appli-
cation of the ZnPDCA porphyrin resulted in the PCE as high as 5.5 % (Table 8)
[53]. This high PCE was ascribed to efficient charge injection due to proximity of
the ZnP macrocycle and TiO2 planes (Scheme 28).

A vast 3AB- and trans-2A2B-type porphyrin research focused on the charge
transfer in the porphyrins orientated parallel or perpendicularly with respect to an
MO surface (M = Ti, Zn, or Al) (Scheme 29) [54].

Orientation of porphyrin molecules has not much influence on efficiency of the
DSSCs. The PCE of the 3-AB-type porphyrin was higher than that of the trans-
2A2B-type porphyrin and the ZnO semiconductor was superior to TiO2. However,
the PCE values of all cells were similar, and rather low, being 0.27 and 0.23 % for
the cell 1 and 2, respectively (Scheme 29). This difference might originate from
different surface concentrations of dyes on the MO surface. The 1:2 dye surface
concentrations ratio was *1.25.

Table 8 Comparison of photovoltaic performance of the ZnPCA 3AB-type porphyrin and the
ZnPCA trans-2A2B-type porphyrin in DSSCs in Ref. [53]

Dye Voc (V) Jsc (mA cm−2) FF η (%)

ZnPCA 0.68 7.5 0.69 3.5

ZnPDCA 0.66 11.3 0.70 5.5
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Scheme 28 Structural formulas of the ZnPCA 3AB-type porphyrin, and the ZnPDCA trans-
2A2B-type porphyrin used in Ref. [53]
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More conclusion on the influence of the type of an isomer and corresponding
binding mode of MPs on the PCE of DSSC was drawn from the above-mentioned
series of the pyridyl-anchored P1–P3 ZnPs (Scheme 26) [47]. Application of cis-
2A2B-type MP in DSSC resulted in higher performance of this cell than that with
the 3AB-type MP (P3 and P1 in Scheme 30, respectively, and Table 6).
Unexpectedly, low surface concentration of P3 compared to that of P1 and a
remarkable increase of the DSSC performance upon treating the cells with an acidic
solution (or introduction of a co-adsorbent) suggested strong unfavorable coordi-
nation of peripheral pyridyl substituents with the Zn central atom of porphyrins in
the ZnP deposited on the TiO2 surface.

An extensive research comparing properties of cis- and trans-2A2B-type ZnPs
as well as 3AB- and A3B-type ZnPs (one-anchor-three-thienyl and its “photo
negative” three-anchor-one-thienyl group) was performed using meso-substituted
ZnPs with the thienyl and anchoring p-carboxyphenyl groups (Scheme 31) [52].

Common for thienyl-substituted MPs, the more thienyl substituents were
introduced into ZnP, the more red-shifted were the Soret and Q-bands, both in the
absorption and emission spectra [50]. The number and position of p-carboxyphenyl
groups strongly affected performance of DSSCs with these ZnPs. The ATR-FTIR
measurements indicated a single-arm binding of 3S1A to TiO2, and surprisingly
trans-2S2A ZnPs. The double-arm binging, determined for 1S3A and cis-2S2A

Scheme 29 Structural formulas and corresponding schematic orientations of (1) 3AB- and (2)
trans-2A2B-type ZnPs on the MO surface (M = Ti, Zn, or Al). Adapted with permission from
Werner F, Gnichwitz J-F, Marczak R, Palomares E, Peukert W, Hirsch A, Guldi DM (2010)
Grafting porphyrins (face-to-edge/orthogonal versus face-to-face/parallel) to ZnO en route toward
dye-sensitized solar cells. J Phys Chem B 114(45):14671–14678. Copyright (2010) American
Chemical Society
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isomers, allowed for stronger attachment of these ZnPs. An increased surface
concentration of 1S3A and cis-2S2A was ascribed to H-type aggregation of ZnP
molecules on the TiO2 surface and, hence, denser packing. PCE of the DSSCs using
these ZnPs increased in the 3S1A ≪ trans-2S2A < cis-2S2A < 1S3A order
(Table 9). These differences in PCE mostly originated from the difference in surface

Scheme 30 Surface orientation of P1 3AB-, P2 cis-2A2B-, and P3 4A-type Zn porphyrins used in
Ref. [47]

Table 9 Photovoltaic performance of DSSCs with the cis-trans-2A2B- and 3AB-A3B-type
porphyrins [52]

Dye Γ (nmol cm−2) Voc (V) Jsc (mA cm−2) FF η (%)

1S3A 117 0.593 6.59 0.77 3.2

cis-2S2A 126 0.546 6.08 0.75 2.5

trans-2S2A 110 0.545 4.34 0.74 1.8

3S1A 83 0.455 0.907 0.48 0.2

Scheme 31 Structural formulas of a series of meso-substituted ZnPs appended with p-
carboxyphenyl and thienyl substituents. Adapted with permission from Ambre R, Chen K-B,
Yao C-F, Luo L, Diau EW-G, Hung C-H (2012) Effects of porphyrinic meso-substituents on the
photovoltaic performance of dye-sensitized solar cells: number and position of p-carboxyphenyl
and thienyl groups on zinc porphyrins. J Phys Chem C 2012 116(22):11907–11916. Copyright
(2012) American Chemical Society
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concentration of ZnPs because of different binding modes of dyes. A rapid decrease
of performance for the 3S1A dye was ascribed to the peripheral thienyl substituent
influence, which was believed to decrease Voc.

3.1.6 Trans-A2BC-Type Porphyrins: Strategies for Improvement
of the Porphyrin Design

The trans-A2BC-type porphyrins are similar to those of the 2A2B type in terms of
isomerism as well as synthetic and purification complexity. However, they reveal
several advantages because of more freedom of the peripheral substituent func-
tionality. Nearly all of the A2BC-type porphyrins are trans-isomers; however,
synthesis of the cis-isomer was also reported. An impressive performance of DSSCs
with trans-A2BC-type porphyrins was reached. This was because of unique flex-
ibility of these molecular structures, e.g., a multi-donor system with the D in an
opposite position with respect to that of D resulting in common designs as the
donor-bridge-acceptor (D-B-A) and donor-(π-bridged chromophore)-acceptor, (D-
π-A) schemes. For clarity, the “push–pull” name is reserved for systems where the
D, porphyrin macrocycle, and A moieties are electronically coupled, i.e., π orbitals
of these moieties are overlapping, unlike the phenyl-bridged porphyrins. In addi-
tion, there is an intermediate scheme, where either the D or A moiety is coupled to
the macrocycle. This is a “mixed type” class of porphyrins. That is, the design is
“push-bridge-acceptor” if the D and the MP macrocycle are coupled, and it is the
“donor-bridge-pull” if the A and the MP macrocycle are coupled. Scheme 32
presents common designs of the trans-A2BC-type porphyrins.

Decoupled Donor-(Bridge)-Acceptor (D-B-A) Systems

Several trans-A2BC porphyrins of the D-B-A fashion were proposed for DSSCs in
a series of works [55–57] First, D-B-A porphyrins with different phenyl- or
phenylamino-D groups were synthesized (1–5 in Scheme 33) [55]. The DSSC
performance was the highest for ZnPs with triphenylamine-based D moieties (4 and
5 in Scheme 33, Table 10) which are widely used as efficient electron donors.
Application in DSSC of the porphyrin 5, with triphenylamine group, results in
3.6-fold PCE increase with respect to that of the porphyrin 1 with the phenyl group
in this position (1 and 5 in Table 10). Further improvement of this ZnP design by
introducing either alkoxy- or methyl-substituted phenyl groups for preventing
aggregation of these porphyrins [57] and, further, by introducing an additional dye,
carbazole, to the triphenylamine substituent [56] resulted in substantial increase of
PCE of SCs (Table 10). Introduction of a spacious dye in the 10-meso-position
resulted in both the decrease of unfavorable charge recombination and enhancement
of light absorbance by the porphyrin while methylated phenyl groups in 5,15-meso-
positions served disaggregation of porphyrins. The PCE of HKK-Por-1 and
HKK-Por-2 dyes reached 5.01 and 4.70 %, respectively. That is, ZnPs with
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dicarbazole-triphenylamine substituent in the 10-meso-position resulted in
remarkably higher PCE than that for ZnP with the triphenylamine
group. Interestingly, photovoltaic performance of the DSSC with ZnP with
methylated phenyl substituents in the 5,15-meso-positions was lower than that with
phenyl groups. However, the difference was small. It could originate from lower
surface concentration of HKK-Por-2.

Natural limitation of light energy conversion for porphyrins is their narrow
absorbance bands. Porphyrins cannot absorb light in two energy-reach regions of
solar spectrum, namely 450–550 (green) and 600–900 nm [red and near-infrared
(NIR)]. Therefore, one of the most attractive ways of improving efficiency of
porphyrin-sensitized SCs is to broaden light absorbance spectra of the porphyrins
by introducing appropriate peripheral substituents in meso- or β-positions. Two

Scheme 32 A common design of trans-A2BC-type metalloporphyrins. R is the alkyl- or alkoxy
substituent and Ar the aryl substituent. The binding site is the carboxyl, pyridyl, etc., substituent
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efficient dyes were introduced into opposite meso-positions of the ZnP in order to
explore this idea, namely, boradiazaindacene (BODYPY) and squaraine (SQ), to
result in trichromophoric dye (Scheme 34) [58]. In this molecule, the ZnP moiety
absorbs light in the ranges of *400–450 and 550–600 nm while the BODIPY and
SQ moiety at *500 and *600–700 nm, respectively. Apparently, such conjuga-
tions largely enrich the absorption spectrum of the resulting multichromatic dye
[59].
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Scheme 33 General structural formulas of the trans-A2BC meso-substituted ZnPs, the peripheral
substituents R, R1, R2, and anchoring groups A, of D-B-A ZnPs studied in Refs. [55–57]

Table 10 Photovoltaic performance of D-B-A porphyrins shown in Scheme 33 and reported in
Refs. [55–57]

Dye Voc (V) Jsc (mA cm−2) FF η (%) Ref.

1 0.542 2.23 0.549 0.66 [55]

2 0.553 2.90 0.555 0.89 [55]

3 0.563 4.66 0.549 1.44 [55]

4 (as well HKK-Por-3) 0.605 4.95 0.508 1.52 [55]

5 0.613 7.63 0.510 2.38 [55]

HKK-Por-1 0.670 10.7 0.70 5.01 [56]

HKK-Por-2 0.640 10.9 0.68 4.70 [56]

HKK-Por-3 (as well 4) 0.590 5.38 0.66 2.09 [57]

HKK-Por-4 0.540 7.57 0.67 2.74 [57]

HKK-Por-5 0.570 9.04 0.66 3.36 [57]
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The energies of the excitation and absorption spectra of the T dye components
are complementary resulting in the 98 % intramolecular charge transfer efficiency
from any component to the SQ moiety. The latter operated as both the
light-harvesting and electron-withdrawing moiety. The use in DSSC of the dye T
resulted in performance of DSSC superior with respect to that of the dye D and
single squaraine dye SQ (Table 11).

Mixed-Type Donor-Bridge-Acceptor Systems Bearing Coupled with
Metalloporphyrin Donor or Acceptor Moiety: “Push-Bridge-Acceptor”
and “Donor-Bridge-Pull” Systems

Further increase of the DSSC performance required more efficient electron com-
munication between the MP macrocycle and the D moiety in the 10-meso-position
of the macrocycle. Introduction of the D moiety coupled with the porphyrin
macrocycle allowed improving photovoltaic performance of dyes with respect to
that of the D-B-A design (Table 12) [60–62]. Removal of the phenyl substituent

T

D

BODIPY 

ZnP SQ

Scheme 34 Structural formula of trichromatic dye T and dichromatic dye D as well as their
boradiazaindacene (BODIPY) , ZnP, and squaraine (SQ) moieties. Adapted with permission from
Warnan J, Buchet F, Pellegrin Y, Blart E, Odobel F (2011) Panchromatic trichromophoric
sensitizer for dye-sensitized solar cells using antenna effect. Org Lett 13(15):3944–3947.
Copyright (2011) American Chemical Society

Table 11 Photovoltaic performance of monochromatic, dichromatic, and trichromatic dyes
studied in Ref. [58]

Dye Voc (V) Jsc (mA cm−2) FF η (%)

SQI 0.615 6.6 0.73 3.0

D 0.635 8.0 0.72 3.6

T 0.625 8.7 0.71 3.9
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present between the nitrogen atom of the triphenylamine moiety and the porphyrin
macrocycle allowed more efficient electron transferring from the diphenylamine
donor moiety to the ZnP. This structural change resulted in the PCE increase
to 4.37 %. Moreover, PCE exceeded 7 % if a co-adsorbent for the
2-Flu-ZnP-CN-COOH was used (Scheme 35). This co-adsorbent effect prompted to
interpret this behavior as if peripheral phenyl substituents in the 5- and 15-meso-
positions did not prevent lateral electron transfer and porphyrin aggregation.
Therefore, this series of porphyrins was enriched with those alkyl chain terminated
[61]. Termination of the D moiety with the alkyl substituent resulted in PCE of
DSSC with the DSSC higher than that of the former, being 4.7 and 4.37 %,
respectively. Application of other co-adsorbent effectively increased PCE of DSSCs
with these dyes even to 7.6 %. Further development of the strategy exploiting the
use of ZnP with a co-adsorbent resulted in PCE of DSSC as high as 8.41 % [62].

Other studies confirmed the assumption on higher performance of DSSCs with
porphyrins in the presence of a co-adsorbent [60–62]. For this purpose, a series of
A3B-, A2BC, and cis-2A2B-type ZnPs, bearing single or double diarylamine
substituents in the 10-meso-, 5,15-meso-, or 5,10-meso-position, respectively, was
studied. Structure of the mono-ZnP dye [63] is similar to that of the HP [61] or
2-Flu-ZnP-COOH [60] dye. However, the mono-ZnP has trimethyl-substituted
phenyl groups in 5,15-meso-positions. The presence of bulkier substituents resulted
in disaggregation of ZnP molecules on the TiO2 surface and higher PCE of the
resulting DSSC. For instance, it was 6.5 % for mono-ZnP versus 2.00 and 3.16 %
for the HP and 2-Flu-ZnP-COOH, respectively.

Interestingly, PCE of the DSSC with mono-ZnP and trans-ZnP of the same
trans-A2BC-type porphyrins with one and two diarylamine peripheral substituents,
respectively, was substantially different, being 6.5 and 3.8 %, respectively [63].
Several reasons accounted for this difference including lower efficiency of electron
injection to CB of TiO2 and lower surface concentration of trans-ZnP, despite of
light-harvesting efficiency higher for the higher number of diarylamine substituents.
That is, adsorbed photon-to-current conversion efficiency (APCE) for the
mono-ZnP was higher than that for its analogs [63].

Table 12 Photovoltaic performance of D-B-A porphyrins shown in Scheme 35 and reported in
Refs. [60–62] without co-adsorbents

Dye Voc (V) Jsc (mA cm−2) FF η (%) Ref.

2-Flu-ZnP-COOH 0.558 7.31 0.77 3.16 [60]

2-Flu-ZnP-CN-COOH 0.579 10.0 0.75 4.37 [60]

HexO-Flu-ZnP-CN-COOH 0.602 10.4 0.73 4.53 [62]

2,4-ZnP-CN-COOH 0.629 10.9 0.71 4.88 [62]

HP 0.546 4.9 0.743 2.00 [61]

HOP 0.617 11.8 0.651 4.70 [61]

EHOP 0.548 9.6 0.689 3.60 [61]

Metalloporphyrins in Solar Energy Conversion 207



There are fewer examples of the opposite approach to the PCE increase of
porphyrin-sensitized SCs. These include the use of the donor-bridge-pull (D-B-P)
design where the acceptor moiety has a π-conjugated spacer (Scheme 32).

The PCE of DSSCs with phenyl-, diphenylamine-, and triphenylamine-substi-
tuted ZnPs with ethynyl carboxyphenyl anchoring group, YD0 to YD8, was eval-
uated [64]. The YD6 porphyrin was of the D-B-P design, while the other used more
advanced “push–pull” porphyrin architecture (discussed below). PCE of the DSSC
with the YD6 (b in Scheme 37) bearing triphenylamine D moiety in 10-meso-
position was remarkably high, reaching 5.13 % [64]. However, this value was lower
than that for its “turned inside out” analog (Scheme 36), “push-B-A” mono-ZnP
(6.5 %) [63]. Nevertheless, PCE of the DSSC with the YD6 was higher than that of
the YD0 (η = 4.34 %), bearing phenyl group in the 10-meso-position (a in
Scheme 37) [64].

Another ZnP of the D-B-P design, namely VC-70, similar to YD6 but with a
different D moiety performed in DSSC slightly better (c in Scheme 37) [65]. The
indoline-based D moiety led to 5.59 % PCE of the cell (Table 13). Interestingly,
PCE of the VC-70 sensitized SC substantially increased upon 90 min operation
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under AM 1.5G illumination reaching PCE of 7.31 %. This performance increase
under illumination was ascribed to migration of the electrolyte ions toward the TiO2

surface and a resulting shift of CB of TiO2 [65]. This effect was observed and
discussed in other studies as well [66, 67].
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Scheme 36 The a mono-ZnP and b trans-ZnP, both of trans-A2BC type used in Ref. [63]
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Scheme 37 The A2BC-type donor-bridge-pull design of ZnPs. a YD0 benchmark, b YD6 [64],
c VC-70 porphyrin [65]

Table 13 Photovoltaic performance of D-B-pull porphyrins shown in Scheme 37 and reported in
Refs. [64, 65]

Dye Voc (V) Jsc (mA cm−2) FF η (%) Ref.

YD0 0.675 9.45 0.68 4.34 [64]

YD6 0.708 10.81 0.67 5.13 [64]

VC-70, 0 min illumination time 0.674 12.20 0.67 5.59 [65]

VC-70, 90 min illumination time 0.699 14.47 0.72 7.31 [65]
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Trans-A2BC-Type Porphyrin π-Conjugated with Both Donor and Acceptor
Moieties: “Push–Pull” Porphyrins

Porphyrins π-conjugated with both D and A moieties are so-called “push–pull”
porphyrins. The trans-A2BC type of these MPs is on the cutting edge of the MP
dye design for DSSCs. Typical modern high-performing MP of this design has
ethyne- or amino-linked D and A moieties (Scheme 38), ethynyl carboxyphenyl
anchoring group, and side bulky groups, such as alkylaryl. This design was pro-
posed in 2009 [41], and as a result of consecutive progress, PCE of DSSCs with
that type of porphyrins reached a relatively high performance.

The 3,5-di-tertbutylphenyl substituent of the MP macrocycle is known for
effective disaggregation of MPs on the MO surface. Since 2009, intensive studies
have been performed on a series of trans-A2BC MPs with this substituent in the
5,15-meso-positions of the macrocycle with aryl- (Scheme 39), diphenylamine-, or
triphenylamine-based (Scheme 40) or other 10-meso-substituents [10, 68–75].

Admittedly, the presence of electron-withdrawing groups in the D moiety of the
MP, such as NO2, results in a rapid decrease of the performance of DSSCs with
such a dye (PE1NO2 in Table 14), while the presence of even simple donors results
in an appreciable performance of DSSCs with MPs of the “push–pull” design (LD1
in Table 14). Application of MPs with an aryl group bearing long aliphatic chains
resulted in a remarkably high PCE of DSSCs. That is, the PCE for the LD15
porphyrin (Scheme 39) reached *9 % (LD15 in Table 14) [72]. A series of MPs
with a diphenylamine-based donor moiety (Scheme 40) performed comparably to
Ru dyes in DSSCs (the YD series of MPs in Table 14). This behavior arose from
overlapping of π orbitals of the donor moiety and MP macrocycle resulting in
effective delocalization of electrons. Moreover, as efficient electron donors,
diphenylamine derivatives allowed electron delocalizing over the entire MP
macrocycle.

Consecutive cell optimization led to improvement of DSSCs with the YD2
porphyrin from PCE of 6.56 to 10.9 %. These optimizations aimed at tuning
thickness of the TiO2 layer, selecting solvents for deposition of the dye, or applying
co-adsorbent [10, 73–75].

Following successful “push–pull” porphyrin design for application in DSSCs, a
study focused on enhancement of the “pull” properties of the anchoring moiety of
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Scheme 38 General structural formula of push–pull ZnPs with the a ethyne- and b amino-linked
donors and the ethyne-carboxyphenyl linked anchor acceptor
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these ZnPs. An enhanced electron withdrawing from the D and MP macrocycle
toward the A moiety and, consequently, to the MO may increase PCE of the DSSC.
According to this idea, two identical “push–pull” porphyrins with different
anchoring groups were synthesized (Scheme 41) [76]. A higher performing π-
conjugated D moiety in the 10-meso-position in both porphyrins allowed for effi-
cient electron injecting into the ZnP macrocycle upon photoexcitation of the D
moiety. The 4-carboxyphenylethynyl anchoring moiety served as the “regular”
electron-withdrawing group and the 4-carboxy-2,3,5,6-tetrafluorophenylethynyl

Table 14 Photovoltaic performance of “push–pull” ZnPs shown in Schemes 39 and 40 [10, 41,
64, 68–75]

Dye Voc (V) Jsc (mA cm−2) FF η (%) Ref.

LD1 0.660 10.56 0.733 5.11 [69]

LD21 0.682 12.92 0.717 6.30 [70]

LD24 0.644 11.78 0.708 5.40 [70]

LD25 0.624 9.07 0.727 4.10 [70]

YD7 0.650 10.05 0.670 4.38 [64]

YD8 0.651 9.94 0.660 4.27 [64]

3 (YD7) 0.546 3.76 0.672 1.40 [41]

4 0.544 3.17 0.680 1.20 [41]

PE1NMe2 0.680 13.08 0.680 6.12 [71]

PE1NO2 0.570 2.53 0.740 1.09 [71]

PE1CN 0.650 8.59 0.720 4.05 [71]

PE1OMe 0.560 10.13 0.690 4.76 [71]

LD13 0.697 18.44 0.727 9.34 [68]

LD13 0.676 17.43 0.710 8.37 [72]

LD15 0.676 17.87 0.726 8.77 [72]

LD15 0.669 18.56 0.718 8.92 [72]

YD1a 0.686 12.20 0.645 5.40 [41]

YD1b 0.708 13.20 0.640 6.00 [41]

YD0b (benchmark) 0.675 9.45 0.680 4.34 [64]

YD1b 0.710 12.73 0.680 6.15 [64]

YD2b 0.710 13.40 0.690 6.56 [64]

YD3b 0.713 10.85 0.690 5.34 [64]

YD4b 0.711 11.68 0.680 5.65 [64]

YD5b 0.651 5.05 0.640 2.10 [64]

YD11 0.714 13.43 0.690 6.62 [73]

YD11b 0.721 13.17 0.690 6.55 [73]

YD2 0.660 15.40 0.620 6.36 [75]

YD2b,c 5.6–10.9 [10]
aYD1 was called “5” in the Ref. [41]
bThe MP was used with the co-adsorbent, chenodoxycholic acid, in the of 1 : 2 (mole : mole) MP:
co-adsorbent ratio
cDifferent values depending on the active layer modification procedure
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group as that with enhanced electron-accepting properties. The fluorine atoms
present incurred these properties.

Surprisingly, PCE of the DSSC with the “regular” anchoring moiety, ZnPH, was
higher than that of the cell using the fluorinated phenyl group, ZnPF (Table 15).
Surface concentration of ZnPH was higher than that of ZnPF because of different
binding modes of these ZnPs. This difference resulted from interactions of the F
atoms of the anchoring group and the carboxylic group with the TiO2 surface. The
resulted lower dihedral angle of the macrocycle plane against the TiO2 surface
plane caused lower PCE of the DSSC with the ZnPF. Nevertheless, Voc and FF
were nearly the same for DSSCs utilizing both ZnPs (Table 15). From fluorescence
measurements, it followed that the electron injection efficiency was nearly equal for
both porphyrins. Hence, introduction of electron-withdrawing atoms or molecules
did not enhance efficiency of electron injection to the MO conduction band.

Similar to the acene-modified anchoring moiety (Scheme 25) for π-conjugated D
moieties [46], the effect of polycyclic aromatic spacer of the D or A moiety on the
absorbance of ZnP dyes and the DSSC performance with these MPs were exten-
sively studied (Scheme 42) [69, 70, 72, 77].

N N

NN

ZnN COOH

R R

R R

Scheme 41 Structural formula of ZnPH (R = H) and ZnPF (R = F) porphyrins used in Ref. [76]

Table 15 Comparison of photovoltaic performance of “push–pull” ZnPs with regular (ZnPH) and
enhanced (ZnPF) “electron pull” properties of the A moiety Ref. [76]

Dye Γ × 1011 (mol cm−2) Voc (V) Jsc (mA cm−2) FF η (%) Ref.

ZnPHa 15 0.660 16.2 0.65 6.9 [76]

ZnPFa 6.2 0.650 10.6 0.66 4.6 [76]
aCDCA co-adsorbent was used; the ZnP-to-CDCA mole ratio was 1 : 2. The DSSC preparation
procedure resulting in the highest possible PCE was used
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Compared to porphyrins with nonconjugated D (the LAC series, Scheme 25,
Table 5), the effect of π-extended spacer in the A moiety was similar, however,
stronger. That is, the PCE of DSSC slightly increased from YD11 to YD12, and then
the PCE rapidly dropped for the YD14 (Table 16). More promising with respect to
the SC performance increase appeared to be incorporation of a π-conjugated efficient
electron donor. The PCE increased with the increase of the number of conjugated
phenyl rings in the D moiety starting from 5.11 % for the single phenyl group (LD1)
and exceeding 10 % for the four conjugated phenyl rings (LD4).

Successful application of flexible bulky groups in the 10-meso-position of a
porphyrin macrocycle resulted in isolating the MP macrocycle from undesired
MP-to-“electron mediator in solution” electron transfer, thus prompting further
development of the MP molecule design, i.e., introduction of flexible peripheral
groups into 2- and 15-meso-positions of the macrocycle. This approach along with
improvement of the electron mediator properties resulted in improvement of the
performance of DSSCs. Application of Co(II)/Co(III) complexes allowed increas-
ing Voc [78–80]. Synthesis and application in DSSC of a Zn porphyrin similar to
YD2 (Scheme 42), but with two 2,6-dioctyloxyphenyl groups instead of TBu,
resulted in outstanding PCE of DSSC compared to that for the YD2 (Table 17).
This design is called “alkoxy-wrapped” (YD2-o-C8 in Scheme 43) [77, 81, 82].

N N

NN

Zn

TBu

TBu

COOHDonor

N N

NN

Zn

TBu

TBu

N

H17C8

H17C8

COOH
Acceptor 

spacer

Dye Donor Dye Donor  Dye Acceptor spacer 

LD1 

LD2 

LD3a 

LD3b 

LD4 

LD22 

LD23

YD11 

YD12 

YD13

Scheme 42 Structural formulas of “push–pull” ZnPs with polycyclic aromatic D and spacer of A
used in Refs. [69, 70, 73, 77]

214 I. Obraztsov et al.



Peripheral alkoxy groups play a dual role in this PCE increase. On the one hand,
they prevent aggregation of porphyrins on the TiO2 surface, thus preventing lateral
electron transfer from the excited to non-excited ZnP. On the other hand, these
groups are bulky and flexible. Therefore, they sterically hinder the Zn central atom
and hamper unfavorable recombination of charge to the electron mediator.
Moreover, the presence of alkoxy groups in ortho-positions of meso-substituents

Table 16 Photovoltaic performance of “push–pull” porphyrins with the polycyclic aromatic D
and a spacer of A

Dye Voc (V) Jsc (mA cm−2) FF η (%) Ref.

YD11 0.715 12.99 0.710 6.56 [73]

YD12a 0.714 13.77 0.680 6.69 [73]

YD13a 0.618 3.97 0.720 1.76 [73]

N719a (benchmark) 0.769 10.97 0.730 6.16 [73]

YD11b 0.719 14.01 0.680 6.79 [73]

YD12b 0.717 14.23 0.680 6.91 [73]

YD13b 0.630 4.12 0.720 1.86 [73]

N719b (benchmark) 0.786 13.08 0.710 7.27 [73]

LD1 0.660 10.56 0.733 5.11 [69]

LD2 0.682 15.92 0.721 7.83 [69]

LD3a 0.654 14.04 0.731 6.62 [69]

LD3b 0.678 17.02 0.716 8.26 [69]

LD4 0.711 19.63 0.721 10.06 [69]

N719 (benchmark) – – – 9.27 [69]

LD22 0.689 17.26 0.681 8.1 [70]

LD23 0.685 15.51 0.700 7.4 [70]

N719 (benchmark) 0.836 14.79 0.746 9.2 [70]
aFilm thickness was 10 μm without scattering layer
bFilm thickness was 10 μm; additionally, a 4-μm scattering layer was deposited

Table 17 Comparison of the YD2 and YD2-o-C8 ZnPs in DSSCs with the Co-based electron
mediator at different light intensities

Dye Pin (mW cm2) Voc (V) Jsc (mA cm−2) FF η (%) Ref.

YD2 9.4 0.745 1.50 0.82 9.5 [78]

51.3 0.805 8.00 0.76 9.5 [78]

99.8 0.825 14.90 0.69 8.4 [78]

YD2-o-C8 9.4 0.875 1.70 0.77 12.5 [78]

51.2 0.940 9.30 0.74 12.7 [78]

99.5 0.965 17.30 0.71 11.9 [78]

YD2-o-C8
and Y123

9.4 0.840 1.83 0.79 13.0 [78]

50.8 0.910 9.72 0.76 13.1 [78]

99.5 0.935 17.66 0.74 12.3 [78]
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increases the substituent electron-donating properties. All these factors contribute to
a higher performance of this dye design for DSSCs.

Extensive studies of the YD2-o-C8 ZnP revealed that the origin of high PCE of
this dye comes from hampering charge recombination from the excited ZnP to the
Co-based charge mediator. This mediator complex, advantageously, is bulky.
Therefore, favorably, it is not entrapped in the MP layer on the TiO2 surface.

Improvement of the YD2 and YD-o-C8 Zinc Porphyrin Design by
Broadening Absorbance Wavelength Range for “Push–Pull” Porphyrins
Through Modification of Their Donor and Acceptor Moieties

Despite initial disappointing results of attempts to broaden the absorbance wave-
length range of MPs through modification of the porphyrin core by fusing por-
phyrins or porphyrins and other aromatic molecules [83–85], the idea of broadening
the MP absorbance spectrum attracts continuous attention. So far, this idea was not
much successful because of several reasons. First, large planar aromatic molecules
tend to aggregate because of π–π interactions. This aggregation drastically
decreases the dye performance in DSSCs. Second, this wavelength range extension
for the MPs influences their HOMO–LUMO energy gaps and, particularly,
decreases the LUMO energy. This effect decreases the ΔG gain because of injection
of electrons from the dye molecular orbitals to the MO conduction band, thus
decreasing performance of the DSSCs.

Another promising strategy to widen this spectral range, resulting in higher PCE
of DSSCs, involved the use of light-harvesting antennas as peripheral substituents
of the porphyrin macrocycle. A pioneer work involved synthesis of trichromatic
ZnP by attaching effective dyes to the ZnP macrocycle, such as the BODIPY and
SQ, at the D and A positions, respectively. However, PCE of DSSCs with those
dyes did not exceed 3.9 % [58]. Progress in designing ZnP molecules for effective
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Scheme 43 Structural formulas of “push–pull” zinc porphyrins with 3,5-tertbutylphenyl (YD2)
and 2,6-dioctyloxyphenyl (YD2-o-C8) 5,15-meso-substituents
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operation in DSSCs led to development of such efficient molecules as YD2 and
YD-o-C8. The pattern of these molecules was taken as a backbone in multiple
attempts of further increase of PCE of the porphyrin-sensitized SC. These involved
broadening the absorbance wavelength range of MPs by taking advantage of the
5,15-meso-substituents. These substituents allowed simultaneous blocking the
aggregation of ZnP molecules and lateral electron transfer. Adapting ZnP dyes of a
complex structure, i.e., introducing complex dyes as the D and A moieties,
appeared unsuccessful in increasing the DSSCs performance [58]. However,
incorporating aromatic polycyclic hydrocarbon moieties in donor and/or acceptor/
anchoring groups and/or thiophene derivatives as spacers of the anchoring group
seemed to be more promising.

Application of the YD-o-C8-style design of porphyrins for broadening the
absorbance spectra allowed for making a progress in efficiency of DSSCs for this
type of dyes. Functionalization of ZnP with N-annulated perylene (NP) resulted in
ZnPs of a “push–pull” type with absorbance spectra extended to the near-infrared
(NIR) region (Scheme 44) [86]. Additionally, a Co(II/III)-based charge mediator
was used. This modification of the porphyrin macrocycle resulted in a red shift of
ca. 60–90 nm, compared to that of the YD2-o-C8 benchmark molecule. The
resulting jsc was high and the devices displayed correspondingly high PCE for the
WW-5 and WW-6 dye (Table 18).

These values are close to that of the YD2-o-C8 cell under the same conditions.
However, direct connection of the D moiety with the porphyrin macrocycle or
fusing the D moiety with the macrocycle resulted in a drastic drop of the DSSC
performance. That is, PCE of the WW-3 (directly connected D moiety) and WW-4

O O
H25C12 C12H25

N N

NN

Zn COOH

N
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Ar

WW-6, Ar = WW-5, Ar = 

Scheme 44 Structural formulas of panchromatic “push–pull” porphyrins (WW-5 and WW-6)
based on the YD2-o-C8 molecular design and N-annulated perylene used in Ref. [86]
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(fused D moiety) dye was 5.6 % and nearly zero, respectively. Inefficient π-con-
jugation with the directly connected D as well as the low-lying LUMO energy level
and highly separated HOMO–LUMO levels of the NP-fused dye (WW-4) caused
this lower PCE of DSSCs with those MPs. The higher jsc of the WW-6 resulted
from the absorbance spectrum broader than that of the YD2-o-C8 and the lower Voc

originating from the less-efficient electron injection from the excited donor to the
TiO2 conduction band. A lower energy of the LUMO level caused this effect. Thus,
a fine-tuning of the D moiety structure to increase the LUMO level of the porphyrin
dye was an effective way to improve the structure of MPs for an efficient DSSC.

A series of ZnPs with the D moiety composed of two or more ethyne-linked
components resulting in DSSCs with high efficiency were developed [87, 88].

An anthracene unit was introduced as a spacer in the D moiety in order to enrich
the ZnP dye with a broader absorbance wavelength range in the NIR region
(Scheme 45) [88]. The DSSCs using the LD14 and LD31 dye reached PCE of 9.3
and 10.0 %, respectively, whereas an improved overall efficiency of the
co-sensitized cells of LD31 and AN-4 was 10.3 % (Table 19).

Table 18 Photovoltaic parameters of DSSCs with ZnPs modified with N-annulated perylene and
with the Co-based electron mediator [86]

Dye Voc (V) Jsc (mA cm−2) FF η (%)

WW-3 0.744 9.81 0.767 5.6

WW-4 0.500 3.00 0.299 0.3

WW-5 0.766 18.43 0.733 10.3

WW-6 0.809 17.69 0.735 10.5

YD2-o-C8 (benchmark) 0.868 16.33 0.743 10.5
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A series of ZnPs, LWP1-4, with the pyrene or 4-dimethylaminophenyl group
was prepared (LWP3 and LWP, respectively, in Scheme 45) [87] and their per-
formance in DSSCs was compared with that of the previously reported ZnPs of a
similar structure, i.e., LAC-3 [46], LD4, and LD14 [69]. Moreover, the anthracene
spacer of the A moiety was used in addition to expansion of the D moiety to
broaden the absorbance spectrum into an NIR range even more. Structure of the
LWP3 and LWP4 porphyrins is similar to that previously reported. The DSSCs
adopting the LWP1 dye exhibited energy conversion up to 800 nm without com-
promising the overall efficiency of the SC (Table 19). The DSSC with the best
performing dyes of this series had comparable PCE slightly exceeding 10 %.

More attention with respect to panchromatic properties of “push–pull” ZnPs was
focused on modification of the ethinyl-linked A spacer of the dyes [82, 89, 90].
“Push–pull” porphyrins with aromatic polycyclic or thiophene-derivative spacers
introduced into the anchoring group with carboxylic or cyanoacrylic anchoring
moieties were extensively studied (Scheme 46) taking advantage of
alkoxy-wrapped or TBu-derivatized ZnP macrocycle design. Application of the
cyanoacrylic anchoring group allowed for significant broadening and red shifting
the ZnP absorption spectra. This effect originated from a strong electronic coupling
between the porphyrin and the anchoring group due to the ethynyl linkage.
However, the highest PCE for this series was for YD26 with the carboxylic acid
anchor, being 8.04 %. Despite favorably broad absorbance spectra, ZnPs anchored
through the cyanoacrylic group, namely YD28 and YD29, performed in DSSCs not
as well as their analog anchored with the carboxylic group (Table 20). Apparently,
this lower performance was because of insufficient rigidity of the cyanoacrylic acid
(CAA) anchor and the resulted lower order of the dye layer, surface concentration,

Table 19 Photovoltaic performance of DSSCs with ZnPs bearing the pyrene or
4-dimethylaminophenyl group modified D moiety

Dye Voc (V) Jsc (mA cm−2) FF η (%) Ref.

LD31a 0.699 20.02 0.711 9.95 ± 0.04 [88]

AN-4a 0.692 8.85 0.726 4.44 ± 0.01 [88]

LD31 + AN-4a 0.704 20.27 0.718 10.26 ± 0.07 [88]

LD14a 0.738 17.50 0.723 9.34 ± 0.06 [88]

LWP3a 0.720 17.76 0.74 9.51 ± 0.11 [87]

LWP4a 0.680 14.20 0.69 6.70 ± 0.07 [87]

LD14a 0.720 18.82 0.74 10.03 ± 0.02 [87]

N719a (benchmark) 0.730 16.74 0.73 8.96 ± 0.10 [87]

LD4 0.711 19.63 0.721 10.06 [69]

LD13 0.697 18.44 0.727 9.34 [68]

LD14 0.736 19.17 0.721 10.17 [68]

LD13 0.676 17.43 0.710 8.37 [72]

LD14 0.710 20.40 0.694 10.05 [72]

LD16 0.707 20.59 0.704 10.24 [72]
aThree independent cells were measured to obtain the average values
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and an undesired lower tilt of ZnP molecules with respect to the TiO2 surface plane,
which caused an increase of the charge recombination rate.

Moreover, ZnPs synthesized according to alkoxy-wrapped design resulted in
DSSCs of higher performance than that of those using ZnPs with TBu peripheral
substituents (Table 20). Introducing a polycyclic carbon aromatic spacer, e.g.,
anthracene, into the anchoring moiety spacer decreased performance of the resulting
DSSCs, while substitution of the phenyl spacer with the naphthalene enhanced
performance of the resulting ZnPs in DSSCs.

Another research confirmed advantage of the carboxylic anchoring moiety
presence in MPs over that cyanoacrylic. For this, two series of alkoxy-wrapped
porphyrins with two 2,6-didodecyloxyphenyl side groups were synthesized.
Ethynyl-N,N-dimethylaniline (LW series) [91] or 2-diphenylaminothiophene (YQ
series) [92] were used as D moieties, while different anchoring groups were
examined. The PCE of DSSCs was higher if the carboxylic binding site was used,
while PCE of the DSSC with its analog bearing cyanoacrylic binding site was lower
(LW4 and LW2 in Scheme 47 and Table 21). Remarkably, the best performing dye
in the series, LW4, used the thioethynyl A spacer and the carboxylic group as the
binding site. The thiophene spacer introduced some tilt (lower than 90°) of the MP
plane with respect to that of the TiO2 surface. However, this tilt did not compromise
performance of the DSSC.

Modifying both D and A moieties may further broaden absorbance spectra of
ZnPs toward NIR region. The 2-diphenylaminothiophene D moiety served this
purpose (YQ series in Scheme 47 and Table 21) [92]. However, despite broadened
absorbance spectra incurred by the D moiety, application of the cyanoacrylic
binding site limited performance of DSSCs with these dyes.

Further improvement of alkoxy-wrapped design of ZnPs for superior perfor-
mance led to developing of a “fully wrapped” ZnP where alkoxy chains were not
only on the sides of the ZnP macrocycle, but, e.g., in 10-meso-position as well
(Scheme 48, Table 22) [9].

Table 20 Comparison of photovoltaic performance of DSSCs sensitized with ZnPs of the YD2
and YD2-o-C8 type, bearing the carboxylic or cyanoacrylic anchoring group [90]

Dye Anchoring moiety Voc (V) Jsc (mA cm−2) FF η (%)

3,5-Di-tertbutylphenyl peripheral substituents of the ZnP macrocycle

YD12 COOH 0.713 14.06 0.721 7.23

YD12CN CAA 0.651 8.79 0.748 4.28

YD13 COOH 0.679 5.09 0.743 2.57

YD13CN CAA 0.632 6.03 0.752 2.86

2,6-Dioctyloxyphenyl peripheral substituents of the ZnP macrocycle

YD26 COOH 0.745 15.37 0.702 8.04

YD28 CAA 0.696 11.30 0.737 5.80

YD27 COOH 0.720 11.59 0.723 6.03

YD29 CAA 0.673 7.17 0.755 3.64
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The application of such modified dyes to DSSCs with the Co(II)/Co(III) com-
plex redox shuttle resulted in the up to now best performing cells with PCE
reaching 12 and 13 % for SM371 and SM315, respectively (Table 22).

Introduction of the bis(2′,4′-bis(hexyloxy)-[1,1′-biphenyl]-4-yl)amino group in
the D moiety of the alkoxy-wrapped ZnP designs along with the (Co complex)-
based electrolyte resulted in the highest performance of DSSCs with the SM series
of dyes. The SM315 differs from SM371 by its A moiety where the benzothiadi-
azole spacer is used in order to broaden absorbance spectra of the dye by splitting
the Soret band of the porphyrin as well as broadening and red shifting the Q-band.
Broadened absorbance spectra and high electronic communication between the D,
ZnP macrocycle, and A moieties resulted in higher IPCE of the DSSC with the
SM315 dye. The benzothiadiazole spacer drastically influences the intramolecular
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Scheme 47 Structural formulas of the “push–pull” porphyrins with the extended absorbance
wavelength range into the NIR region by modification of A or D moieties used in Refs. [91, 92]
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and dye-to-TiO2 electron transfer increasing its rate in both directions [94]. The
intensity-modulated photoinduced absorption experiment showed that the electron
recombination rate of the SM315 is *6 times faster than that of the SM371 dye.
This effect results in lower Voc for the SM315 compared to that of the SM371.

Table 21 The photovoltaic performance of DSSCs with “push–pull” porphyrins with extended
absorbance wavelength range into the NIR region by modification of A or D moieties [91, 92]

Dye Voc (V) Jsc (mA cm−2) FF η (%) Ref.

LW1 0.648 15.70 0.70 7.12 [91]

LW2 0.685 15.36 0.70 7.37 [91]

LW3 0.657 16.35 0.71 7.63 [91]

LW4 0.750 17.65 0.72 9.53 [91]

LD14 (benchmark) 0.730 17.38 0.71 9.01 [91]

YQ1 0.680 14.27 0.62 6.01 [92]

YQ2 0.630 12.51 0.54 4.23 [92]

YQ3 0.580 12.76 0.59 4.38 [92]

YQ4 0.600 13.61 0.62 5.00 [92]
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Scheme 48 The best performing dyes based on alkoxy-wrapped “push–pull” ZnPsZinc porphyrin
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A similar idea was used in the GY dye series dyes to isolate the ZnP macrocycle
with long aliphatic groups of the D moiety (Scheme 48) [93]. The influence of
fine-tuning of the intramolecular charge transfer by modifying the A spacer of a
ZnP is illustrated by comparison of GY21 and GY50 dyes (Table 22). That is,
introduction of a terminal phenyl spacer into the A group of GY21 resulted in the
pronounced increase of PCE of the DSSC (Table 22).

Fully Conjugated Cis-, Trans-A2BCD-, and ABCD-Type Porphyrins

Despite the success of the A2BCD design of MPs, systems that are even more
complex were studied in an attempt to improve efficiency of DSSCs (Scheme 49).
The 5,15-meso-positions of the MP macrocycle were used mostly for moieties
serving as disaggregating or/and isolating from unfavorable charge transfer path-
ways rather than those electron donating. Nevertheless, potentially, introduction of
additional donors into these positions can raise efficiency of light harvesting by the
dye and increase performance of DSSCs with these dyes. There are early examples
of fully conjugated MPs, e.g., YD15 (Scheme 50) [74].

Table 22 The best performing dyes based on alkoxy-wrapped “push–pull” ZnPs

Dye Redox shuttle Voc (V) Jsc (mA cm−2) FF η (%) Ref.

SM315 Co(II)/Co(III) 0.910 18.10 0.780 13.0 [9]

SM371 Co(II)/Co(III) 0.960 15.90 0.790 12.0 [9]

GY21 Co(II)/Co(III) 0.615 5.03 0.798 2.52 [93]

I�3 /I
� 0.552 11.50 0.751 4.84 [93]

GY50 Co(II)/Co(III) 0.885 18.53 0.773 12.75 [93]

I�3 /I
� 0.732 18.45 0.657 8.90 [93]

YD2-o-C8 Co(II)/Co(III) 0.965 17.30 0.71 11.9 [78]

I�3 /I
� 0.772 15.00 0.66 7.6 [78]

I�3 /I
�a 0.832 15.80 0.71 9.4 [78]

aMeasured in different electrolytes

(a) (b)

Scheme 49 General structural formula of a trans-A2BCD “fully-conjugated” MP and
b ABCD-type asymmetric MP
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The YD15 dye was synthesized within the series of other A2BCD-type dyes.
However, it was the only fully conjugated dye with three D moieties in the series.
The DSSC with the YD15 dye performed moderately, showing Voc of 0.623 V, jsc
of 9.42 mA cm−2, and PCE of 4.2 %. These values were the lowest in the series of
these dyes. In view of other less-conjugated ZnPs, the symmetric fully conjugated
design for MPs in DSSCs was not promising. Apparent reason for low performance
is strong aggregation of planary shaped molecules by π–π stacking. This suggestion
is confirmed by higher performance of similar dyes with disaggregating substituents
in 5,15-meso-positions [74].

In an attempt to increase performance of these dyes, not typical asymmetric fully
conjugated ZnPs were synthesized, i.e., those of the cis-A2BCD type (Scheme 51).

N

H13C6 C6H13

N

C6H13H13C6

N N

NN

Zn COOHN

H13C6

H13C6

Scheme 50 General structural formula of the multi-donor fully conjugated YD15 dye of the
A2BCD type used in Ref. [74]

COOH

COOH

A = 

ZnPBAT

ZnPBA

N

N

N N

NN

Zn A

Scheme 51 Structural formula of asymmetric cis-A2BCD-type porphyrins, ZnPBAT and ZnPBA,
used in Ref. [95]
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The two, 10- and 15-meso, positions were occupied by the D moiety and that of
the 5-meso-position by a disaggregating moiety. Either conjugated A moiety with
the macrocycle (ZnPBAT) or not (ZnPBA) was used. Surprisingly, performance of
DSSCs with the ZnPBAT dye was even higher than that with a similar but sym-
metric YD2 dye (Table 23).

A series of spectroscopic measurements showed that the origin of high perfor-
mance of DSSC with the ZnPBAT was its high IPCE, while dye aggregation and
the unfavorable disexcitation rate were higher compared to those of the YD2
benchmark.

3.1.7 Conclusions on Progress and Perspectives
of Porphyrin-Sensitized Solar Cells

Over past 5 years, extensive research on porphyrin dyes for DSSCs resulted in
impressive progress of the DSSC efficiency. The design of dyes molecules was
optimized resulting in 13 % PCE for the cell with the “push–pull” type of ZnPs.
Along with broadening the absorbance wavelength range, the progress in devel-
oping new charge-mediating species, including the Co(II)/Co(III) complexes and
supporting electrolyte composition, allowed increasing Voc of DSSCs to reach
merely 1.0 V. Application of π-conjugated axial D-π-A architecture with side
peripheral groups serving for disaggregation of MP molecules and isolation of the
central metal atom allowed DSSCs performing efficiently. The best performing
porphyrin dyes for DSSC appeared the meso-substituted Zn porphyrins featuring
ethynyl-linked D and A moieties and two peripheral groups preventing ZnP
aggregation on the TiO2 surface and isolating the Zn atom from the
charge-mediating species. The most commonly used peripheral groups in
high-performing MP dyes are alkoxy-substituted phenyl rings. The best performing
DSSCs devised up to now included SM315 and GY50 dyes and a Co(II)/Co(III)
complex as the redox mediator.

3.2 Bulk Heterojunction Solar Cells

Porphyrins are key components of DSSC electrode materials. They are widely used
in supramolecular SCs. However, their application for the BHJ SCs was so far

Table 23 Photovoltaic performance of DSSCs with the cis-A2BCD-type MPs [95]

Dye Γ × 1011 (mol cm−2) Voc (V) Jsc (mA cm−2) FF η (%)

ZnPBAT 9.2 0.719 19.33 0.724 10.1

ZnPBA 8.7 0.713 16.26 0.719 8.3

YD2 (benchmark) 8.9 0.742 17.05 0.718 9.1

226 I. Obraztsov et al.



rather limited. Compared to DSSCs, MPs were merely noticed in BHJ SCs.
Nevertheless, there are reports on designing polymeric electron-donor materials
containing porphyrins.

Typically, BHJ SC is constructed of two types of active materials, i.e., an
electron donor and acceptor. Conjugated polymers, oligomers, or small molecules
can serve as donors, while a molecular acceptor is most commonly used. More
recently, π-bridged D–A conjugated polymers were designed for enhanced per-
formance of BHJ SCs [96–99]. While the most popular electron-accepting materials
are fullerene derivatives, several different electron-donating conjugated polymers
are used. Typical examples of donor materials for BHJ SCs include polythiophenes,
poly(phenylene vinylenes), and many other [99]. The PCE of the top-performing
BHJ SC exceeds 10 % [100–102]. Moreover, BHJ SCs with molecular or oligo-
meric porphyrins were devised. Efficiency of these cells was enhanced by opti-
mizing the MP design, D–A interface, and construction of the cell.

The PCE of BHJ SCs was improved by optimizing interfaces and the cell design.
Consequently, the PCE of cells made of similar materials has grown from tiny
fractions of a single percent to a few percents. Nevertheless, new materials had to
be designed in order to make further progress in PCE. Accordingly, new semi-
conducting polymers were extensively devised. These polymers can be divided into
three consecutive generations, i.e., polyacetylenes (the first generation), polymers
and copolymers of polyalkylthiophenes and poly(p-phenylene vinylenes) (the
second generation), and, finally, those of more complex structure bearing higher
number of repeatable monomer units [103]. Modern conjugated polymers con-
taining porphyrins for the solar cell application can be referred as the third gen-
eration. In the top-performing BHJ SCs, porphyrins are used in a form of
copolymers with more conventional molecules to produce electron-donating con-
jugated polymers with enhanced light-absorbing abilities. The copolymers of MPs
with other monomers for BHJ SCs are usually synthesized via the Stille coupling
reaction [104, 105]. The goal of the D polymer design for application in BHJ SCs is
to make the lowest HOMO–LUMO energy difference because this difference lin-
early correlates with the Voc of the resulting cell.

It is difficult to compare different BHJ SCs because their performance depends
upon other active materials, electrodes, etc. Therefore, the data with respect to the
details on the SC construction are given in headers of tables, below.

3.2.1 Monomeric and Oligomeric Porphyrins in Bulk Heterojunction
Solar Cells

Application of monomeric porphyrins in BHJ SCs went a long way of development
in a relatively short time by substantially rising efficiency of BHJ SCs with the
“porphyrin D”–A. Porphyrins were applied in many different ways to BHJ SC and,
among others, as a D [106], as an auxiliary D accompanying more traditional
photoactive material [107], as a photoelectrode modification layer [108–110], or as
a part of the synthetic D–A dyad with fullerene [111, 112], or even as an A [113].
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An impressive for that time PCE has been reported for BHJ SC with a benzo-
porphyrin–fullerene active material (Scheme 52) [114]. A soluble precursor por-
phyrin in a mixture with a fullerene derivative, thermally converted into an
insoluble terabenzoporphyrin (BP), was used to form an active layer (Scheme 52).

Upon heating the CP to 180 °C, this compound was converted into BPwith a pillar
type columnar morphology of the layer. An assembly of a photovoltaic cell of the
ITO/PEDOT:PSS/BP/BP:SIMEF/SIMEF/Al structure revealed the 5.2 % PCE under
the AM 1.5G illumination. A typical CP-to-SIMEF mass ratio was 3:7. A buffering
layer material [phenanthroline derivatives; viz., bathocuproine (BCP) or 2,9-bis
(naphthalen-2-yl)-4,7-diphenyl-1,10-phenanthroline (NBphen)] was used between
the SIMEF and Al electrode. The highest PCE was obtained with the NBphen buffer.
Then, BHJ SC with BP serving as the D moiety was reported [115]. This D moiety
used a poly(propylene carbonate) sacrificial thermally degradable binder to form a
nanostructured film with the morphology favorable for BHJ SCs. However, PCE of
the resulted cells was lower than that obtained in the former research (Table 24).

A (porphyrin D)-(fullerene A) synthetic dyad was applied as an acceptor for a
BHJ SC with advantageously high Voc and jsc compared to the benchmark SC with
the PCBM acceptor [112]. However, PCE of this cell was lower than that of the cell
with the PCBM acceptor because of the lower FF.

There was an attempt to construct a BHJ SC with controlled morphology of an
active layer using a layer-by-layer assembling with consecutive electropolymer-
ization of the resulting layers to form a covalently linked D–A active material of
precisely controllable thickness [116]. Electropolymerization was performed under
potentiodynamic conditions by coupling N-alkylcarbazole moieties of both D and A
units. A photoactive layer was composed of three carbazol-derivatized components,
i.e., [C60]fullerene, ZnP, and oligofluorene derivatives (Scheme 53). The PCE of

Scheme 52 Structural formula of the 1,4:8,11:15,18:22,25-tetraethano-29H,31H-tetrabenzo[b,g,l,
q]porphyrin (CP), tetrabenzoporphyrin (BP), and bis(dimethylphenylsilylmethyl) [60]fullerene
(SIMEF). Reprinted with permission from Matsuo Y, Sato Y, Niinomi T, Soga I, Tanaka H,
Nakamura E (2009) Columnar structure in bulk heterojunction in solution-processable
three-layered p-i-n organic photovoltaic devices using tetrabenzoporphyrin precursor and
silylmethyl[60]fullerene. J Am Chem Soc 131(44):16048–16050. Copyright (2009) American
Chemical Society
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the BHJ SC with this active material was low (*0.001 %). Apparently, this was
because of traces of a supporting electrolyte left in the film, i.e., charge carries were
trapped.

A ZnP-bearing pyridinyl–ethynyl meso-substituent was synthesized and used as
a D component of an active material of a BHJ SC [117]. Despite that the porphyrin
was called “conjugated,” its conjugation was limited because the phenyl group was
used to attach the substituent to the ZnP macrocycle, thus hampering intramolecular
electron transfer between this substituent and the porphyrin ring. The Voc of the

Table 24 Photovoltaic performance of BHJ SCs of the BP:PCBNB with the ITO/PEDOT:
PSS/Active layer/Al structure under the standard AM 1.5G light illumination [115]

Active layer Voc (V) Jsc (mA cm−2) FF η (%)

BP/BP′:PCBNB 0.57 4.33 0.46 1.12

BP/BP′:PCBNB 0.54 5.15 0.48 1.35

BP/BP′/BP:PCBNB 0.60 4.67 0.42 1.19

BP/BP′/BP:PCBNB 0.55 5.12 0.51 1.43

BP/BP:PCBNB 0.58 5.48 0.49 1.54

BP/BP:PCBNB/PCBNB 0.41 5.45 0.60 1.34

Scheme 53 Structural formula of the porphyrin (PZ4C), benzopor (F4C), and the [60]fullerene
derivative (C601C and C602C) used for layer-by-layer assembling, and then subsequent
electropolymerization. Adapted with permission from Li M, Ishihara S, Akada M, Liao M, Sang,
L, Hill JP, Krishnan V, Ma Y, Ariga K (2011) Electrochemical-coupling layer-by-layer (ECC-LbL)
assembly. J Am Chem Soc 133(19):7348–7351. Copyright (2011) American Chemical Society
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BHJ SC with this ZnP and fullerene derivative was high; however, PCE was
moderate for this material, merely reaching 4 %.

Several mixed double-decker complexes of free-base porphyrin and phthalo-
cyanine complexes of the rare-earth metal(III) cations were applied to BHJ SCs as
donors for broadening the absorbance wavelength range to the NIR region [118].
Application of the rare-earth metal(III) complexes allowed devising materials with
the light absorbance wavelength in the range of 300 nm to longer than 1100 nm.
Devises of the ITO/PEDOT:PSS/(active layer)/LiF/Al structure were assembled and
their photovoltaic performance was determined. The active layer was made of the
bis(tetrapyrrole) complexes, serving as donors, blended with the PCBM or PDI in
the TiOx acceptor. The PCE of the top-performing cell of that type was 0.82 %.
This low PCE value was because of low both the FF and Voc of these cells.

Advantages of the “push–pull” MP design in the small-molecule BHJ SCs were
evaluated using two similar trans-2B2C ZnPs. Two alkoxy meso-substituents were
introduced to increase solubility of the porphyrins while others, vis., 3-hexylthienyl-
terminated 2,1,3-benzothiadiazole, for enhancement of the intramolecular charge
transfer (Scheme 54). Two compounds were synthesized, namely, 5,15-bis
(7-(4-hexyl-thiophen-2-yl)-2,1,3-benzothiadiazole-4-yl-ethynyl)-10,20-bis(3,5-di
(dodecyloxy)-phenyl) ZnP (DHTBTEZP) and 5,15-bis(7-(4-hexyl-thiophen-2-yl)-
2,1,3-benzothiadiazole-4-yl)-10,20-bis(3,5-di(dodecyloxy)-phenyl) ZnP (DHTBTZP)
with the ethynyl- and phenyl-linked acceptor moiety, respectively, (a and b, respec-
tively, in Scheme 54) [119].

A drastic difference in PCE of these cells was because of efficient conjugation of
the ZnP macrocycle with peripheral acceptor groups for the DHTBTEZP and lack
of this conjugation in DHTBTZP, respectively (Table 25). This conjugation
influenced absorbance spectra of the porphyrins. That is, the spectrum for the π-
conjugated DHTBTEZP featured largely increased and red-shifted Q-band [119].

A moderate increase of PCE of the BHJ SCs with similar porphyrins was caused
by the presence of heteroatomic ligands axially coordinated to the Zn central atom
[120, 121]. Here, the DHTBTEZP and its analog with the diketopyrrolopyrrole-
based electron-acceptor moieties were used to coordinate pyridine [121]. The
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Scheme 54 General structural formula of the a D-π-A type ZnP, DHTBTEZP, and b its
nonconjugated analog, DHTBTZP used in Ref. [119]
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*1 % increase of the PCE of the BHJ SC resulting in 4.78 % was observed when
the solvent for preparation of the active material was 3 % in pyridine.

Full peripheral meso-substituent conjugation with the porphyrin macrocycle
affects PCE of the BHJ SC similar to DSSCs. That is, despite that, the nature of the
interface between the D and A component in a BHJ SC greatly influenced pho-
tovoltaic performance of this cell. Clearly, conjugation of all four meso-substituents
of trans-2B2C porphyrins hampered PCE of BHJ SCs with these D moieties
(Scheme 55) [122, 123].

The BHJ SC with the 2-MgP donor bearing phenyl-conjugated “push” moieties
revealed impressive Voc of 0.92 V, the PCE being 2.5 %. Nevertheless, porphyrins
terminated with other groups studied (neither “push” nor “pull”) did not provide
more efficient D component for BHJ SCs.

Table 25 Photovoltaic performance of BHJ SCs with the ITO/PEDOT:PSS/DHTBTEZP or
DHTBTZP:PC71BM/MoO3/Al structure under the standard AM 1.5G light illumination [119]

Active layer D:A mass ratio Voc (V) Jsc (mA cm−2) FF η (%)

DHTBTZP:PC71BM 1:3 0.88 2.81 0.287 0.71

DHTBTEZP:PC71BM 1:3 0.85 9.46 0.500 4.02

N N

NN

Mg RR

Si

Si

2-MgP, R = H

3-MgP, R = N(CH3)2

4-MgP, R = NO2

Scheme 55 General structural formula of fully conjugated MgPs used in Ref. [122] (abbreviations
introduced herein). In consecutive publications of these authors, 2-MgP was named TE-Por
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An attempt of optimizing structure of the BHJ SC with fully conjugated 2-MgP
[122] introduced to reach the highest performance did not result in higher PCE
(Table 26) [123]. Similarly, synthesis of the cis-2B2C MgP did not improve per-
formance of the resulting BHJ SC [124].

A series of porphyrin trimers linked into a star-shaped construct with triary-
lamine in the center was synthesized and applied to BHJ SCs [125–127]. These
porphyrins were used as either donors or acceptors in the BHJ SCs. The PCE of
these BHJ SCs was higher if these porphyrins served as D components of the active
material. The PCE of these cells did not exceed 0.4 % [125, 126]. Recently, a
similar triazine-bridged ZnP triad approached PCE of 4 % (Table 27, Scheme 56)
[127]. Apparently, this improvement was due to symmetry breaking in the por-
phyrin triad. That is, two ZnPs with phenyl meso-substituents were linked with
free-base porphyrin bearing one carboxyphenyl and two 2,4,6-trimethylphenyl
substituents.

The X-ray diffraction measurement of active layers showed higher crystallinity
of the active layer cast from the mixed solvent (Table 27). Hence, higher photo-
voltaic performance of the latter was due to a faster charge transport in the BHJ
active layer [127].

An interesting study on the influence of the porphyrin meso-substituents on
parameters of BHJ SCs was performed [128]. These porphyrins served as auxiliary
D components to broaden the absorbance wavelength range of the cell. Here, three

Table 26 Photovoltaic performance of BHJ SCs with the ITO/PEDOT:PSS/Porphyrin
D:fullerene A/Ca/Al structure under the standard AM 1.5G light illumination

Active layer D:A mass ratio Voc (V) Jsc (mA cm−2) FF η (%) Ref.

2-MgP:PC60BM (1:4)a 6.4 0.92 0.41 2.50 [122]

3-MgP:PC60BM (1:4)a 3.3 0.55 0.31 0.57 [122]

4-MgP:PC60BM (1:4)b 1.6 0.97 0.16 0.25 [122]

2-MgP:PCBMc,d 1:2 0.68 4.1 0.30 0.82 [123]

2-MgP:PCBMc,d 1:5 0.86 4.3 0.40 1.5 [123]

2-MgP:PCBMc,d 1:5 0.90 4.6 0.39 1.6 [123]
aChlorobenzene was used as the solvent for preparing the BHJ layer
bToluene/tetrahydrofuran (1:1, mass) was used as the solvent for preparing the BHJ layer
cAn inverted BHJ SC of the PCBM:2-MgP ITO/ZnO/PEDOT:PSS/Au structure
dThe TiOx electron transporting layer was used instead of ZnO

Table 27 Photovoltaic performance of BHJ SCs with the ITO/PEDOT:PSS/PPT:PC70BM/Al
structure under the standard AM 1.5G light illumination [127]

Active layer D:A mass ratio Voc (V) Jsc (mA cm−2) FF η (%)

PPT:PC70BM
a 1:1 0.96 6.45 0.46 2.85

PPT:PC70BM
b 1:1 0.92 8.06 0.53 3.93

aCast from tetrahydrofuran
bCast from tetrahydrofuran, which was 5 % (vol.) in 1-chloronaphathalene
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tetra-aryl free-base meso-porphyrins differing only in bulkiness of their peripheral
substituents were synthesized (Scheme 57). These porphyrins were introduced, as
the third component, into the D–A blend of poly[2-methoxy-5-(20-ethylhexyloxy)-
1,4-phenylene-vinylene] (MEH-PPV) and [6,6]-phenyl C61-butyric acid methyl
ester (PCBM).
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Scheme 56 Structural formula of the triad of the triazine-bridged ZnP and the free-base porphyrin
(PPT) used in Ref. [127]
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Scheme 57 Structural formulas of tetra-arylporphyrins a 5,10,15,20-tetra(p-tolyl)porphyrin
(pTP), b 5,10,15,20-tetra(3,5-dimethylphenyl)porphyrin (XyP), and c 5,10,15,20-tetra(3,5-di-t-
butylphenyl)porphyrin (tBuPP) used in Ref. [128]
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The determined cyclic voltammetry and UV–vis spectroscopy energy of the
HOMO, LUMO, and band gap were independent of the nature of peripheral sub-
stituents of the porphyrin.

The porphyrin addition largely decreased the performance of BHJ SCs with
limited enhancement in the absorbance spectra broadening (Table 28). The AFM
imaging of the films showed that the porphyrin addition to the blend affected
morphology of the resulting films. Moreover, electronic properties of the active
materials were changed. The porphyrins acted as recombination sites for the
excitons within the blend. However, the bulkier the molecule of the meso-peripheral
substituent, the less pronounced was this effect [128].

A detailed study on improvement of the BHJ SC efficiency by applying por-
phyrins as auxiliary dyes in the active material showed an increase of the PCE for
several porphyrins [129]. That is, a series of different MPs was synthesized, and
then applied as components of the P3HT:PCBM blend active material of a BHJ SC
(Scheme 58).

Addition of 1, 5, or 10 % of selected MP-oligothiophene conjugates to the blend
allowed increasing the PCE of the SC compared to that of the P3HT:PCBM
benchmark material not containing porphyrins (Table 29).

The PCE of the BHJ SC with an auxiliary MP donor increased in the order of
free-base < Co < Zn < Ni < Cu. The addition of CuP resulted in the*17 % increase
of PCE of the BHJ SC with respect to that of the benchmark SC without porphyrin.

Recently, an example of an efficient BHJ SC was assembled of commercially
available components by careful D–A interface optimization (Table 30) [108, 109].
Here, self-assembled porphyrins stacks were used as the charge mediators to assist
effective exciton dissociation at the photocathode. This approach allowed con-
structing BHJ SC with the PCE as high as 7.13 %.

Table 28 Photovoltaic performance of BHJ SCs with the ITO/PEDOT:PSS/MEH-PPV:
Porphyrin:PCBM/Ca/Al structure under the standard AM 1.5G light illumination [128]

Active layer Voc (V) Jsc (mA cm−2) FF η (%)

MEH-PPV:PCBM (benchmark) 0.83 ± 0.01 5.34 ± 0.28 0.4 ± 0.01 1.77 ± 0.05

Equimass

MEH-PPV:pTP:PCBM 0.45 ± 0.02 1.97 ± 0.10 0.31 ± 0.00 0.27 ± 0.00

MEH-PPV:XyP:PCBM 0.58 ± 0.02 2.64 ± 0.13 0.32 ± 0.00 0.48 ± 0.00

MEH-PPV:tBuPP:PCBM 0.64 ± 0.01 3.90 ± 0.30 0.33 ± 0.01 0.83 ± 0.00

Equimolar

MEH-PPV:pTP:PCBM 0.50 ± 0.01 3.22 ± 0.21 0.31 ± 0.00 0.51 ± 0.00

MEH-PPV:XyP:PCBM 0.59 ± 0.01 3.68 ± 0.18 0.33 ± 0.00 0.70 ± 0.00

MEH-PPV:tBuPP:PCBM 0.64 ± 0.01 3.90 ± 0.30 0.33 ± 0.01 0.83 ± 0.00

Errors are mean standard deviations of measurement of eight independent OPV devices
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The cell contained the PCDTBT:PC71BM blend (Scheme 59) and its interface
was modified with Porphyrin 1 (Scheme 60).

The photocathode modification with the H-aggregated Porphyrin 1 or J-aggre-
gates of Porphyrin 2 allowed decreasing the work function of the electrode and
easier exciton dissociating at the interface. This modification made the Voc to
increase to reach 0.92 V not hampering other parameters of the SC, thus increasing
the BHJ SC performance.
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Scheme 58 General structural formulas of a series of MPs synthesized for application as auxiliary
donors used in Ref. [129]

Table 29 Photovoltaic
performance of BHJ SCs with
the ITO/PEDOT:PSS/P3HT:
PCBM/Ca/Al structure under
the standard AM 1.5G light
illumination [129]

Porphyrin
addition

Voc

(V)
Jsc
(mA cm−2)

FF η (%)

None
(benchmark)

0.59 7.6 0.62 2.77 ± 0.2

1 % 1 0.54 7.8 0.57 2.44 ± 0.1

1 % 2 0.56 7.4 0.60 2.50 ± 0.3

1 % 3 0.60 7.9 0.61 2.87 ± 0.2

1 % 4 0.58 7.8 0.62 2.83 ± 0.2

1 % 5 0.58 7.9 0.62 2.84 ± 0.3

1 % 6 0.58 7.8 0.60 2.71 ± 0.3

1 % 7 0.59 8.1 0.65 3.07 ± 0.2

5 % 7 0.60 8.1 0.63 3.07 ± 0.2

10 % 7 0.60 7.8 0.63 2.94 ± 0.3

1 % 8 0.59 8.1 0.62 2.94 ± 0.2

5 % 8 0.60 8.3 0.61 3.03 ± 0.2

10 % 8 0.60 7.8 0.63 2.96 ± 0.2

1 % 9 0.58 8.1 0.58 2.69 ± 0.3

Average values determined for four BHJ SCs
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3.2.2 Porphyrin Polymers in Bulk Heterojunction Solar Cells

Porphyrin copolymers with other donor monomers synthesized for BHJ SC
applications are relatively new. The successful application of porphyrins in DSSCs
inspired their application in polymer donors for BHJ SCs. The first polymer of this

Table 30 Photovoltaic performance of inverted BHJ SCs with the ITO/MoOx/Active
material/Porphyrin/Al structure under the standard AM1.5G light illumination [108]

Active layer Voc (V0 Jsc (mA cm−2) FF η (%)

P3HT:PC71BM 0.55 ± 0.02 8.8 ± 0.16 0.53 ± 0.014 2.6 ± 0.13

P3HT:PC71BM/MeOH 0.58 ± 0.01 9.2 ± 0.13 0.55 ± 0.011 2.9 ± 0.11

P3HT:PC71BM/Porphyrin 1 0.69 ± 0.01 11.9 ± 0.11 0.59 ± 0.011 4.8 ± 0.10

P3HT:PC71BM/Porphyrin 2 0.65 ± 0.01 10.5 ± 0.11 0.57 ± 0.011 3.9 ± 0.11

P3HT:ICBA 0.78 ± 0.02 8.60 ± 0.14 0.65 ± 0.013 4.3 ± 0.12

P3HT:ICBA/MeOH 0.80 ± 0.01 9.10 ± 0.12 0.67 ± 0.012 4.9 ± 0.10

P3HT:ICBA/Porphyrin 1 0.88 ± 0.01 11.00 ± 0.10 0.70 ± 0.011 6.8 ± 0.10

P3HT:ICBA/Porphyrin 2 0.84 ± 0.01 10.10 ± 0.10 0.69 ± 0.012 5.9 ± 0.10

PCDTBT:PC71BM 0.79 ± 0.01 9.5 ± 0.17 0.57 ± 0.012 4.3 ± 0.14

PCDTBT:PC71BM/MeOH 0.81 ± 0.01 9.8 ± 0.14 0.58 ± 0.011 4.6 ± 0.12

PCDTBT:PC71BM/Porphyrin 1 0.92 ± 0.01 12.5 ± 0.13 0.62 ± 0.011 7.13 ± 0.11

PCDTBT:PC71BM/Porphyrin 2 0.87 ± 0.01 11.5 ± 0.13 0.61 ± 0.011 6.1 ± 0.11

Scheme 59 Structural formulas of selected commercially available donors: poly
(3-hexylthiophene-2,5-diyl), (P3HT) and poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-
2-thienyl-2′,1′,3′-benzothiadiazole)], (PCDTBT), and acceptor molecules for BHJ SCs: 1′,1′′,4′,4′′-
tetrahydro-di [1, 4] methanonaphthaleno[1,2:2′,3′,56,60:2′′,3′′] [5, 6] fullerene-C60, (ICBA) and [6,
6] -phenyl-C71 butyric acid methyl ester, (PC71BM), used in Ref. [108]
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kind was devised in 2008 [130]. This was the D–D-conjugated copolymer of
alternating Zn porphyrin bearing peripheral alkoxy groups and dithienothiophene
connected to the porphyrin macrocycle by either a single bond or the thienyl link
(Scheme 61).

The average molecular weights of polymers for ZnP-DTP and ZnP-tDTP were
97.8 and *26 kDa, respectively, (authors did not provide abbreviations for their
polymers, and the abbreviations used were introduced herein). The UV–vis
absorbance spectra of both polymers revealed pronounced Soret and Q-bands
typical for porphyrins. Absorbance peaks of the polymers were red-shifted
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N N
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Scheme 60 a 5,10,15,20-Tetrakis(1-methyl-4-pyridinio) free-base porphyrin, Porphyrin 1, and
b Zn porphyrin, Porphyrin 2, used for cathode modification in Refs. [108, 109]
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Scheme 61 Structural formulas of the Zn-DTP and ZnP-tDTP porphyrin–dithienothiophene π-
conjugated copolymers used in Ref. [130]
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compared to those of the benchmark ZnP. This shift was even more pronounced for
the thienyl-linked ZnP-tDTP. Unfortunately, performance of the BHJ SCs prepared
with different ratios of the D to A components was below 1 % (Table 31).

The PCE of the BHJ SCs with thienyl-linked donor polymer (Zn-tDTP) was
0.3 %, being the highest reported value for the porphyrin-containing materials of
that time. Similarly, Zn porphyrin copolymers with thiophene or furan of a simple
structure were devised (Scheme 62) [131]. Despite strong fluorescence quenching
of these polymers in the presence of an acceptor component (PCBM), indicative of
the intermolecular charge transfer, performance of BHJ SCs with this rather simple
donor ZnP polymers was low (Table 33).

Apparently, the reason of low PCE of these photoactive materials originated
from the hindered electron transfer within the polymer donor–acceptor mixture
(Table 32, Scheme 63).

Photovoltaic performance of BHJ SCs with these D-conjugated polymers do not
differ much from those with the Zn-tDTP polymer reported earlier (Scheme 61 and
Table 31). Molecular weights of the P-PTT and P-POT copolymer were 7.6 and
6.2 kDa, respectively.

Table 31 Photovoltaic performance of ITO/PEDOT:PSS/Polymer:PCBM/Al cells under the
standard AM 1.5G light illumination [130]

Active layer ZnP polymer:PCBM mass ratio Voc (V) Jsc (mA cm−2) FF η (%)

Zn-DTP:PCBM 1:1 0.23 0.12 0.33 0.01

1:2 0.46 1.29 0.26 0.15

1:3 0.45 0.45 0.29 0.06

1:4 0.52 0.62 0.29 0.09

Zn-tDTP:PCBM 1:1 0.53 0.88 0.33 0.15

1:2 0.52 1.25 0.35 0.23

1:3 0.58 1.52 0.34 0.30

1:4 0.59 1.17 0.30 0.21

OC8H17H17C8O

N N

NN

Zn

H17C8O OC8H17

X

n

Scheme 62 General
structural formula of the
porphyrin–furan and
porphyrin–thiophene
alternating copolymers (X = S
or O) used in Ref. [131]
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An interesting genuine-porphyrin linear polymer was prepared by electropoly-
merization [133]. However, its efficiency as D in BHJ SC was low, therefore, and
this research was not developed further (Table 33).

In the range of 590–650 nm, light absorbance of the P-PTT polymer was higher
than that of the P-POT. Furthermore, the electrochemically determined HOMO–
LUMO energy bandgap of the P-PTT copolymer was larger than that of the P-POT
copolymer. These differences resulted in the higher IPCE value and, consecutively,
higher PCE for the SC using the P-PTT copolymer donor. Apparently, a lower

Table 32 Photovoltaic performance of the ITO/PEDOT:PSS/Polymer:PCBM/TiOx/Al cells under
the standard AM 1.5G light illumination [131]

Active layer ZnP polymer:PCBM mass
ratio

Voc

(V)
Jsc
(mA cm−2)

FF η (%)

PZnPF:
PCBM

n/a 0.58 0.34 0.24 0.048

PZnPT:
PCBM

n/a 0.53 0.20 0.26 0.027
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S
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Scheme 63 Structural formulas of Zn porphyrin copolymers with porphyrin-terthiophene
(P-PTT), and oligothiophene (P-POT) used in Ref. [132]

Table 33 Photovoltaic performance of the ITO/PEDOT:PSS/Polymer:PCBM/Ca/Al cells under
the standard AM 1.5G light illumination [132]

Active layer Polymer:PCBM mass ratio Voc (V) Jsc (mA cm−2) FF η (%)

P-PTT 1:1 0.63 1.36 0.28 0.24

1:2 0.58 1.49 0.30 0.26

1:3 0.46 2.03 0.34 0.32

1:4 0.49 1.69 0.27 0.22

P-POT 1:1 0.32 1.60 0.27 0.14

1:2 0.50 1.12 0.27 0.15

1:3 0.46 1.70 0.23 0.18

1:4 0.48 1.07 0.25 0.13
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IPCE value for the P-POT resulted from a low electron transport efficiency of its
longer oligothiophene chain.

Mutual comparison of photovoltaic performance of BHJ SCs, which use por-
phyrin copolymer donors with relatively simple structure, indicates that, prevail-
ingly, the absorbance spectra of these polymers are similar to those of monomeric
porphyrins. That is, they do not cover completely the visible spectral range. Further
progress in devising the D-conjugated polymers was made by complicating the
polymer structure and broadening the absorbance wavelength range of these
copolymers. That is, subsequent investigations more extensively developed the
structure of the ZnP copolymer donors.

For widening, the absorbance spectra of the porphyrin copolymers, longer oli-
gomers of thiophenes or their derivatives were used in early studies. However, these
studies resulted in a limited PCE improvement. Even star-shaped porphyrin–
polythiophene copolymers with all four meso-positions of the ZnP used for
attaching polythiophene units, terminated with triphenylamine moieties, did not
improve much PCE of the BHJ SCs [135]. Another way to synthesize a narrowband
gap polymer is to introduce an electron-deficient building block, i.e., an electron
acceptor, into the polymer backbone. By this way, the absorbance spectra of the
polymer were successfully broadened in the range of 450–750 nm by introducing
the 2,1,3-benzothiadiazole moiety, an electron acceptor (Scheme 64) [134]. The
average molecular weight of the P1 copolymer was 11 kDa, while that of the P2
copolymer was 3.2 kDa. This structure refining directly influenced the PCE
resulting in its doubling with respect to that of the porphyrin-containing materials
reported earlier (Table 34). With the increase of the fraction of the A units in the
copolymer, the red shift of the absorbance peaks increased, the wavelength range
was broadened, and the optical band gap was narrowed to *1.50 eV.
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y

OC8H17
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N N

NN

Zn
S S

N
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S

S

H13C6

C6H13

OC8H17

Scheme 64 General structural formula of the porphyrin, thiophene, and 2,1,3-benzothiadiazole
copolymer. For the P1 copolymer, the x : y ratio was 1 : 2, while it was 1:4 for the P2 copolymer
used in Ref. [134]
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An interesting series of the D-π-A copolymers of Zn porphyrin for the BHJ SC
application was synthesized and electronic properties of these copolymers were
compared with those of the D-π-D copolymer of the same ZnP and dithienothio-
phene as well as a molecular ZnP with the similar structure as the D ZnP unit of the
copolymer (Scheme 65). Compared to the benchmark D-π-D polymer with the
dithienothiophene block, the D-π-A copolymers P1 and P2 exhibited lower HOMO
and LUMO energy levels, significantly red-shifted absorption spectra, and narrower
band gaps. Absorption of these copolymers was stronger in the region of 820–
950 nm and the band gap was as narrow as 1.15 eV. Molecular weights for the
polymers made of P1, P2, and P3 were 30, 98, and 26.9 kDa, respectively. The
ability of two-photon absorption by these copolymers was investigated. A typical
for MPs light absorption minimum appeared at *600 nm. Unfortunately, con-
struction and examination of SCs was not reported for these copolymers. A more
complex conjugated system was reported by the same group in a year later [136].

A higher PCE for the BHJ SC was achieved with a platinum polyyne copoly-
mers with zinc(II) porphyrin [138]. Incorporation of Pt in the conjugated polymer
enhanced overlapping of the d-orbitals of the Pt atom with the p-orbital of the
alkyne unit allowing for mutual interaction of the two alkyne units through the dxy
and dyz orbitals of the Pt atom [139]. Potentially, these electronic interactions could
drastically improve π conjugation along the polymer backbone. Thiophene units in
this backbone served for filling the gap in the absorbance spectrum between the
Soret and Q-bands, and increasing the extent of conjugation. Despite a narrow
optical band gap of the polymer series of P1–Pt to P3–Pt ranging from 1.93 to
2.02 eV, the jsc value was low being 3.43 mA cm2, while the Voc was 0.78 and
0.77 V for the best performing cell with the latter two polymers (Table 35). All
three isomers (Scheme 66) were simultaneously obtained in the same synthesis, and
then separated.

Along with a low FF, a low jsc indicates a high internal resistance of these
photoactive polymer materials. Apparently, the porphyrin aryl link to the polymer
backbone was responsible for a limited performance of this polymer in the BHJ SC.
Nevertheless, crossing the 1 % PCE border for the BHJ SC with the
porphyrin-based polymer donor was a remarkable step forward in development of
the polymer chemistry.

Table 34 Photovoltaic performance of the ITO/PEDOT:PSS/Polymer:PC61BM/LiF/Al cells
under the standard AM 1.5G light illumination [134]

Active layer Polymer:PC61BM mass ratio Voc (V) Jsc (mA cm−2) FF η (%)

P1 1:1 0.53 3.38 0.26 0.46

1:2 0.55 3.13 0.26 0.45

1:3 0.54 2.80 0.24 0.36

P2 1:1 0.57 4.10 0.36 0.84

1:2 0.62 5.03 0.29 0.91

1:3 0.57 3.99 0.36 0.83
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Devising copolymers of the porphyrin and thiophene or phenyl units with the
porphyrin in the polymer backbone linked through phenyl groups in meso-position
did not result in high-performing BHJ SCs; the PCE of the cells with these polymer
donors remained on the level *1 % [140–142].
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Scheme 65 Structural formulas of the D-π-A copolymers of ZnP with 2,3-bis
(4-trifluoromethylphenyl) pyrido[3,4-b]pyrazine, P1, and perylene diimide, P2, as well as the D-
π-D copolymer of ZnP with dithienothiophene, P3, and the benchmark ZnP, R, used in Ref [137]

Table 35 Photovoltaic performance of the ITO/PEDOT:PSS/Polymer:PCBM/Al cells under the
standard AM 1.5G light illumination [134]

Active layer Polymer:PCBM mass ratio Voc (V) Jsc (mA cm−2) FF η (%)

P1–Pt 1:4 0.72 2.74 0.34 0.68

P2–Pt 1:4 0.78 3.02 0.30 0.71

P2–Pt 1:4 0.77 3.42 0.39 1.04
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An elegant way to increase electron delocalization in the polymer backbone, thus
decreasing the band gap, is to make this polymer more planar. However, the
porphyrin-aryl meso-linkage introduces large dihedral angles in polymers and
results in a low extent of conjugation. In order to avoid this effect, a new copolymer
unit serving as a light-harvesting antenna for a porphyrin was introduced [143,
144]. The first porphyrin copolymer of this type, PCTTQP, revealed high absor-
bance in the entire visible wavelength range. Devising an SC with this copolymer
allowed reaching the highest PCE of the BHJ SC, which exceeded 2.5 % (Table 36)
[143]. In this copolymer, porphyrin units were mutually connected in an edge-fused
fashion to form a quinoxalino[2,3-b]porphyrin moiety. By this way, two targets of
the molecular design were reached. First, the HOMO–LUMO energy gap of the
polymer was narrowed because of the presence of the pyrazine ring preserving
conjugation. Next, an excessive dihedral twist of the planes of porphyrin macro-
cycles and neighboring units was avoided. For decreasing steric hindrance even
more, a thiophene extender was introduced (Scheme 67).

In subsequent studies, a series of similar copolymers was synthesized
(Scheme 68) [144].

Here, thiophene extenders with different lengths were used. The highest PCE
was reached for the BHJ SC with the copolymer of the free-base porphyrin with
three thiophene units in the extending moiety of the polymer backbone (Table 36).
Molecular weight of the P(C-T-QP), P(C-BT-QP), P(C-TT-QP), and P
(C-TT-QP-Zn) copolymer was 5.2, 73.2, 130.3, and 138.1 kDa, respectively.

Moreover, this copolymer design was explored in another research. In this
research, a quinoxalino[2,3-b]porphyrin polymer with the optimal three-thiophene
unit spacer and electron-donating units served as the light-harvesting antenna,
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Scheme 66 General structural formula of metalloporphyrin-containing polyplatinyne polymers
used in Ref. [138]
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namely, fluorene and benzo[1,2-b:4,5-b′]dithiophene for the PBDTTQP and
PFTTQP copolymer, respectively (Scheme 65). Unfortunately, higher PCE was not
reached [145]. However, these investigations directed the porphyrin designing
toward expelling the highly conjugated porphyrin unit out of the polymer
backbone.

Several limitations of the state-of-art design of the D–A porphyrin polymers for
BHJ SCs hamper further increase of PCE of these cells. Increasing all three main
parameters influencing PCE of a SC by molecular design faces apparent contra-
diction. That is, (i) narrowing the HOMO–LUMO energy gap of the polymer

Table 36 Photovoltaic performance of BHJ SCs with the quinoxalino[2,3-b]porphyrin polymer of
the ITO/PEDOT:PSS/Polymer:A/Ca/Al structure under the standard AM 1.5G light illumination

Active layer Polymer:A mass
ratio

Voc

(V)
Jsc
(mA cm−2)

FF η
(%)

Ref.

PCTTQP:PC71BM 1:2 0.66 6.02 0.440 1.75 [143]

PCTTQP:PC71BM 1:3 0.67 7.43 0.422 2.10

PCTTQP:PC71BM 1:3 0.68 8.32 0.446 2.53

PCTTQP:PC71BM 1:3 0.67 5.78 0.466 1.80

P(C-T-QP):PC71BM 1:2 0.69 4.15 0.34 0.97 [144]

P(C-BT-QP):PC71BM 1:3 0.68 6.80 0.43 1.97

P(C-TT-QP):PC71BM 1:3 0.68 8.32 0.45 2.53

P(C-TT-QP-Zn):
PC71BM

1:3 0.7 5.79 0.36 1.45

PFTTQP:PC70BM 1:3 0.81 7.39 0.4 2.39 [145]

PBDTTTQP:PC70BM 1:3 0.63 6.13 0.4 1.53
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Scheme 67 General structural formula of the polymer based on the quinoxalino[2,3-b]porphyrin
unit with the oligothiophene π bridge used in Ref. [143]
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allows reaching higher jsc; however, it often hampers Voc, (ii) a low-lying HOMO
energy level promotes high Voc; however, it decreases jsc, and (iii) keeping both the
Voc and jsc high by virtue of the electronic structure of the polymer affects efficiency
of the charge transfer between the polymer and the [60]fullerene derivative
acceptor. Moreover, constructing polymers of a developed structure may be chal-
lenging with respect to formation of a favorable interface between the D and A
components of the blend inside an active cell material (Scheme 69).
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Scheme 68 General
structural formula of D–A
copolymers based on
carbazole (C),
quinoxalinoporphyrin (QP),
thiophene (T), and
2,1,3-benzothiadiazole
(BT) used in Ref. [144]
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Scheme 69 General structural formula of the PPor-1 and PPor-2 polymer in Ref. [146]. The a:b
molar ratio for PPor-1 and PPor-2 was 3:2 and 6:5, respectively, and for the PTh4FBT benchmark
polymer without the porphyrin moiety, it was 1:1
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These limitations were recently lifted resulting in the stunning increase of PCE
from 2.5 to 8.6 % for the best performing BHJ SC with the porphyrin polymer
[146]. Here, ZnP was moved out of the copolymer backbone. However, it was
connected with this backbone through the ethynyl link, thus affording efficient
conjugation. Moreover, two 2,6-bis(dodecyloxy)phenyl substituents on the por-
phyrin moiety prevented strong molecule aggregation. In order to evaluate contri-
bution of the ZnP to the PCE of the resulting BHJ SC, a control polymer backbone
without ZnP was synthesized (PTh4FBT). Molecular weights of the PPor-1 and
PPor-2 were 29.9 and 38.9 kDa, respectively. The UV–vis absorbance of these
copolymers in the range of 500–750 nm was as high as that at the Soret band of
porphyrins.

Advantageously, the optical HOMO–LUMO energy gap for the PPor-1 and
PPor-2 copolymers was small, being 1.65 and 1.63 eV, respectively. Photovoltaic
properties of PPor-2 were measured using an inverted SC (Table 37). In another
research, the porphyrin moiety was moved out of the copolymer backbone and
connected to this backbone through the phenyl spacer in the meso-position of the
porphyrin. In contrast, this design resulted in no pronounced PCE increase,
apparently because of lack of conjugation of the porphyrin macrocycle with the
polymer backbone [147]. The PCE of the BHJ SC was the highest for the cell where
surface of both the anode and the cathode was modified. That is, the silver anode
was modified with MoO3, while the ITO cathode with ZnO and cross-linked with
[6,6]-phenyl-C61-butyric styryl dendron ester (C-PCBSD). This careful electrode
surface modification (Ag vacuum deposition on an extensively cleaned and
heat-treated glass slide) contributed to an impressive result emphasizing an extreme
importance of interfaces in the cell assembly.

Table 37 Photovoltaic performance of inverted BHJ SCs with porphyrin-incorporated D–A
polymers of the ITO/[ZnO or (ZnO/C-PCBSD)]/Polymer:PC71BM/MoO3/Ag structure under the
standard AM 1.5G light irradiation [146]

Active layer Polymer:A mass ratio Voc (V) Jsc (mA cm−2) FF η (%)

PTh4FBT (benchmark)a,b 1:2 0.77 13.5 0.66 6.8

PPor-2:PC71BM
a,d 1:2 0.78 14.9 0.67 8.0

PPor-2:PC71BM
a,d,e 1:2 0.77 15.2 0.68 8.2

PPor-2:PC71BM
c,d,e 1:2 0.77 16.1 0.70 8.6

aITO/ZnO/Polymer:PC71BM/MoO3/Ag cell
b96 nm polymer blend thickness
cITO/ZnO/C-PCBSD/PPor-2:PC71BM/MoO3/Ag cell
d110 nm polymer blend thickness
e5 vol. % of 1-chloronaphthalene was used as the processing additive in preparation of the
photoactive material
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3.2.3 Conclusions on the Progress of Porphyrin-Containing Bulk
Heterojunction Solar Cells

Porphyrins were applied in BHJ SCs as the small-molecule, dimer, trimer, or
polymer donors, auxiliary donors or electrode-modifying layers. Progress in PCE of
BHJ SCs with porphyrin has been made in all these fields. The D–A interface
modification as well as molecular design leading to higher performing SCs is still
under work. Application of porphyrins in polymer donors for BHJ SCs is a rela-
tively new field, which has been developed since 2008. Inspired by the success of
porphyrin application in DSSCs, the PCE of BHJ SCs increased over these years
from small fraction of a single percent to 8.6 % [130, 146]. This progress was
possible because of adopting ideas generated during molecular designing of por-
phyrins applied in DSSCs to the BHJ SCs. However, the PCE of porphyrin-
containing BHJ SCs is still lower than that of top-performing BHJ SCs with other
efficient donor materials. Selected best performing BHJ SCs containing porphyrins
are summarized in Table 38.

3.3 Supramolecular Assemblies Based on Organic
Donor–Acceptor Constructs

Designing and devising supramolecular molecular assemblies of porphyrin donors
with organic electron acceptors are attractive for photovoltaics because the con-
vincing example of an effective solar light-harvesting system of that kind is pro-
vided by nature. There are continuous search for new efficient materials for organic
photovoltaics. Photoinduced charge transfer in these D–A materials is a key step in
operation of these materials as photoactive components of SCs. Toward that, there
are numerous studies of photoinduced charge separation in (porphyrin D)-
(nanocarbon material A) [148–152].

Porphyrin donors were organized into dyads with organic acceptors in different
ways, including covalent linking, metal–ligand coordinating, π–π stacking, and
H-bonding, while the active materials were self-assembled [153], adsorbed,
chemisorbed, or electropolymerized [154] on the working electrode, etc.
Chronologically, the most popular carbon acceptor materials used for constructing
D–A dyads with porphyrin donors were fullerenes, carbon nanotubes, and graphene.
However, advantageously, long lifetime of the charge separation state in D–A dyads
is not directly transferrable into a considerably high overall PCE of the assembled
cells. Most of the cells assembled using these materials reveals PCE in the order of
decimal fraction of a single present. Therefore, potential applicability of these
materials in SCs and ways of improvement are evaluated by measuring duration of
the photoinduced charge separation state and IPCE, while PCE under the standard
AM 1.5G light illumination is not reported, as being very low. Therefore, only
highly performing in SCs materials are discussed, below.
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3.3.1 Porphyrin–Fullerene Donor–Acceptor Constructs

Having the longest “test together” history, the research involving porphyrin–full-
erene dyads for photovoltaic application resulted in a gigantic number of publi-
cations. Unfortunately, performance of supramolecular SCs with these active
materials is low. The pioneering 2007 report of composites of porphyrins and
fullerenes organized by a polypeptide structure had a record of 56 % maximal ICPE
and *1.6 % PCE for the longest (16 units) polypeptide chain complex [155]. The
charge separation lifetime was studied for a similar complex and, advantageously,

Table 38 Selected BHJ SCs cells of the best photovoltaic performance under the standard AM
1.5G light illumination conditions

Cell structure D:A mass
ratio

Voc

(V)
Jsc
(mA cm−2)

FF η (%) Ref.

SCs with monomeric porphyrins

ITO/PEDOT:PSS/BP/BP:
SIMEF/SIMEF/Al

3:7 0.75 10.5 0.65 5.20 [114]

ITO/PEDOT:PSS/DHTBTEZP:
PC71BM/MoO3/Al

1:3 0.85 9.46 0.50 4.02 [119]

ITO/PEDOT:PSS/PPT:PC70BM/Ala 1:1 0.92 8.06 0.53 3.93 [127]

ITO/PEDOT:PSS/P3HT:
PCBM/Ca/Al

1 % Por-7 0.59 8.10 0.65 3.07 [129]

ITO/MoOx/PCDTBT:
PC71BM/Porphyrin/Al

– 0.92 12.5 0.62 7.13 [108]

SCs with polymeric porphyrins

ITO/PEDOT:PSS/Zn-tDTP:
PCBM/Al

1:3 0.58 1.52 0.34 0.30 [130]

ITO/PEDOT:PSS/PZnPF:
PCBM/TiOx/Al

n/a 0.58 0.34 0.24 0.048 [131]

ITO/PEDOT:PSS/P-PTT:
PCBM/Ca/Al

1:3 0.46 2.03 0.34 0.32 [132]

ITO/PEDOT:PSS/P1:PC61BM/LiF/Al 1:2 0.62 5.03 0.29 0.91 [134]

ITO/PEDOT:PSS/P2-Pt/Al 1:4 0.77 3.42 0.39 1.04 [134]

ITO/PEDOT:PSS/PCTTQP:
PC71BM/Ca/Al

1:3 8.32 0.68 0.45 2.53 [143]

ITO/PEDOT:PSS/P(C-TT-QP):
PC71BM/Ca/Al

1:3 0.68 8.32 0.45 2.53 [144]

ITO/ZnO/PPor-2:PC71BM/MoO3/Ag 1:2 0.78 14.9 0.67 8.0 [146]

ITO/ZnO/PPor-2:PC71BM/MoO3/Ag
b 1:2 0.77 15.2 0.68 8.2 [146]

ITO/ZnO/C-PCBSD/PPor-2:
PC71BM/MoO3/Ag

1:2 0.77 16.1 0.70 8.6 [146]

aCast from 1-chloronaphathalene, which was 5 % (vol.) in tetrahydrofuran
b5 % (vol.) of 1-chloronaphthalene was used for processing the additive in the course of
preparation of the photoactive material
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it was long, being 0.84 ms [156]. However, the latter material was not tested in a
photoelectrochemical cell.

An original supramolecular assembly of a cyclic free-base porphyrin dimer
linked by butadiyne moieties bearing four pyridyl groups and C60 was constructed
(Scheme 70) [157]. First, a 2B2C-type trans-porphyrin was synthesized, and then
dimerized. An inclusion complex with the C60 molecule, fitting the cavity of the
dimeric porphyrin, was prepared in solution. Next, this complex was deposited onto
a nanostructured SnO2 film on the surface of ITO for assembling a photoelectro-
chemical cell. The IPCE of this cell reached 17 % at *530 nm and the IPCE
spectrum was advantageously broad, while the charge separation lifetime was
470 ps. Metalation of the free-base porphyrin with Ni resulted in a lower IPCE and
PCE of the cell.

Encapsulation of the Li+ ion in the C60 cage to form an endohedral Li+@C60

increased ability of C60 to act as the electron acceptor [159]. The longest lifetime of
charge separation for a non-covalent (porphyrin D)-(fullerene A) dyad of 0.67 ms
was reported for the inclusion complex of a similar porphyrin dimer and Li+@C60

[160]. This porphyrin dimer featured Ni metal centers and alkoxy groups on the
connecting links. With a simple dyad of sulfonated ZnP, an electrostatic D–A
conjugate was prepared by taking advantage of better electron-accepting properties
of the Li+-encapsulated fullerene [158]. Advantageously, this dyad had a
long-lasting charge separation state of 0.3 ms. The maximal IPCE in the Soret and
Q-band regions was 77 and 50 %, respectively. These values are very high as for
this type of SCs. The PCE of the resulting SC was 2.1 %, which was by two orders
of magnitude higher than that for a similar cell with pristine C60 (Table 39).

Scheme 70 a Structural formula of the free-base porphyrin dimer and the porphyrin (H4-CPDPy),
and b a single crystal structure of its inclusion complex with C60, determined by X-ray
crystallography (C60@H4-CPDPy). Reprinted from Nobukuni H, Shimazaki Y, Uno H, Naruta Y,
Ohkubo K, Kojima T, Fukuzumi S, Seki S, Sakai H, Hasobe T, Tani F (2010) Supramolecular
structures and photoelectronic properties of the inclusion complex of a cyclic free-base porphyrin
dimer and C60. Chem Eur J 16(38):11611–11623, Copyright (2010), with permission from
Elsevier
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3.3.2 Porphyrin and Porphyrin–Phthalocyanine Constructs

Self-assembling of cations by exploiting electrostatic interactions is an elegant and
simple way of semiconductor modification. By this way, cationic porphyrin was
self-assembled on the surface of SnO2 nanoparticles and photovoltaic properties of
the resulting cell with the OTE/SnO2/(cationic porphyrin) anode were investigated
[161]. A water-soluble Zn(TMPPyP) dye was used. The use of this simple pho-
toanode resulted in PCE of the cell of 0.31 % (Table 40). However, a dye with a
broader UV–vis absorbance wavelength range is required to increase the jsc of the
SC. To meet this requirement, a mixed porphyrin–phthalocyanine dyad was
assembled for a panchromatic supramolecular SC (Scheme 71) [162]. This
water-soluble dyad was self-assembled on the surface of SnO2 nanoparticles. The
selected porphyrin and phthalocyanine had complementary light-absorbing and
electronic properties, resulting in panchromatic absorbance and higher IPCE in the
wavelength range of 400–750 nm. The IPCE spectrum had two maxima of
the*80 % corresponding to the Soret bands of these dyes. Moreover, the gap of the
wavelength range in the absorbance spectra between the two Soret bands was filled
by the Q-band of the porphyrin, thus increasing efficiency of the SC (Table 40).

Table 39 Photovoltaic performance of a photoelectrochemical cell of the OTE/SnO2/(Active
material) structure

Active layer Voc (V) Jsc (mA cm−2) FF η (%) Ref.
a(C60@H4-CPDPy)n 0.30 1.10 0.40 0.33 [157]
a(C60@Ni-CPDPy)n 0.16 0.148 0.34 0.02 [157]
b(ZnTPPS4−-Li+@C60)n 0.46 3.4 0.37 2.1 [158]

Electrolyte: acetonitrile solution of 0.5 M LiI and 0.05 M I2
aUnder the 40 mW cm−2 power of illumination
bUnder the 28 mW cm−2 power of illumination

Table 40 Photovoltaic performance of a photoelectrochemical cell of the OTE/SnO2/(Active
material) structure

Active layer Voc (V) Jsc (mA cm−2) FF η (%) Ref.

Zn(TMPyP) 0.18 4.7 0.38 0.31 [161]

H2(TMPyP) 0.13 3.7 0.31 0.15 [161]

Zn(PcS) 0.18 3.2 0.34 0.19 [162]

H2(PcS) 0.17 3.1 0.33 0.17 [162]

Zn(PcS):Zn(TMPyP) 0.19 7.0 0.31 0.50 [162]

Zn(PcS):H2(TMPyP) 0.19 5.7 0.31 0.34 [162]

H2(PcS):Zn(TMPyP) 0.15 5.4 0.29 0.23 [162]

H2(PcS):H2(TMPyP) 0.17 5.4 0.31 0.29 [162]

Electrolyte: acetonitrile solution of 0.5 M (TBA)I and 0.05 M I2
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The top-performing SC in this series had the Zn(PcS):Zn(TMPyP) active
material and its PCE was 0.5 % (Table 40).

In search for new organic materials for SCs, conjugates of MPs with semicon-
ducting SWCNTs and [60]fullerene were studied [163–165]. The SWCNTs (6,5)
and (7,6), and MPs were self-assembled via π–π interaction of the SWCNTs and
pyrene substituents of the ZnP [163], or long alkyl chain peripheral substituents of
ZnP [164], or through combination of π–π interactions of SWCNTs with the pyrene
followed by cation–dipole binding of the MP’s crown-ether substituents
(Scheme 72) [165]. Three-layer conjugate was produced by applying the metal–
ligand axial binding of the C60 imidazole adduct to the central Zn atom of the
porphyrin-SWCNTs assembled [164].

For the SWCNTs–ZnP construct, the recorded ICPE spectrum resembled the
UV–vis spectrum of the corresponding ZnP. A maximum of 12 % in the IPCE
spectrum was observed in the Soret band wavelength region of the ZnP at the
*430 nm.

Interestingly, application of semiconducting SWCNTs modified with the C60

imidazole adduct with porphyrin resulted in a lower IPCE with*1 % conversion at
*430 nm [164].

3.3.3 Porphyrin–Graphene Donor–Acceptor Constructs

Since functionalization of the graphene with a porphyrin was reported for the first
time [166], photovoltaic properties of this type constructs have intensively been
studied. Photovoltaic properties of an assembly of the covalently linked free-base
meso-tetraphenyl porphyrin with graphene oxide were evaluated [167]. The IPCE
spectrum of this conjugate resembled the UV–vis absorbance spectrum of the
porphyrin used reaching merely 1.5 % at the Soret band wavelength.

A differently synthesized “forest” of porphyrins was prepared on the graphene
surface and its photovoltaic properties were evaluated [168, 169]. The maximum of

Scheme 71 Structural formula of a phthalocyanine b porphyrin (M = Zn or 2H) used for the
porphyrin–phthalocyanine dyad assembly on the surface of SnO2 nanoparticles. Reproduced from
Ref. [161] with permission of The Royal Society of Chemistry
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the IPCE spectrum of the composite of chemically converted graphene with
covalently connected porphyrin reached 3 % at 400 nm [169]. In order to increase
performance of the graphene-containing materials, a ternary composite of a ZnP,
reduced graphene oxide, and ZnO nanoparticles was devised [170]. This composite
was sequentially assembled on the FTO photoanode of a supramolecular SC and the
photovoltaic performance of the cell was evaluated. The SC of the FTO/SnO2/
(RGO/ZnO/ZnP composite) structure was tested using an acetonitrile solution of
0.5 M LiI and 0.01 M I2 as the electrolyte under the applied constant potential of
0.05 V versus SCE. The recorded IPCE spectrum of the cell resembled that of the
porphyrin UV–vis absorbance spectrum reaching maximal value of 70 % at the
Soret band wavelength.

3.3.4 Conclusions on Porphyrin-Containing Supramolecular Solar
Cells

The porphyrin-containing supramolecular SCs serve as test grounds for new donor–
acceptor dyads or composites of potential application in SCs. Constructing of these
dyads and photoelectrochemical cells, followed by the charge separation studies in
D–A dyads, is an indispensable step in devising new organic photovoltaic mate-
rials. Therefore, it should be kept in mind when evaluating results of performance
of these cells that they present rather proofs of concepts. The graphene-containing

Scheme 72 Structural formulas of a single crown-ether modified ZnP, b tetra crown-ether
modified ZnP, and c semiconducting SWCNT with π–π stacked alkyl-ammonium-functionalized
pyrene. Adapted by permission of John Wiley & Sons, Inc from Sandanayaka ASD,
Subbaiyan NK, Das SK, Chitta R, Maligaspe E, Hasobe T, Ito O, D’Souza F (2011)
Diameter-sorted SWCNT-porphyrin and SWCNT-phthalocyanine conjugates for light energy
harvesting ChemPhysChem 12(12):2266–2273, Copyright (2011) by John Wiley Sons, Inc.
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photoactive materials performing in SCs comparably to the high-performing DSSCs
or polymer BHJ SCs are yet to be designed, while application of Li+@C60 as the
electron acceptor in SCs is promising.

4 Conclusion

In conclusion, the present chapter provides the up-to-date review on the utility of
molecularly engineered porphyrins for DSSC, BHJ-OPV, and SSC applications.
Among the different porphyrin systems developed for DSSC applications, the
meso-substituted, donor-π-bridged ‘push–pull’ (A2BC) type chromophore-acceptor
porphyrins have revealed the highest performance. In the design of A2BC-type
porphyrins bearing an ethynylcarboxyphenyl anchoring group (B position) tailored
with a strong donor group at the opposite site (C position) have been very
promising. The remaining meso-positions (‘A’ positions) consisted of alkoxy-
substituted phenyl ring playing an active role in reducing dye aggregation and
charge recombination process. The SM315- and GY50-sensitized solar cells have
exhibited a η-value of 13 %, a light energy conversion efficiency better than those
of ruthenium polypyridyl sensitizer-based DSSCs. Further improvements are nee-
ded to realize porphyrin-based DSSCs for generating large-scale solar-electricity
production. These include (i) extending the light-harvesting ability of porphyrins
into the near-IR region (700–900 nm range), and providing the needed photosta-
bility under continuous illumination conditions; (ii) avoiding porphyrin aggregation
on semiconductor surface to block unnecessary quenching of the excited singlet
state; (iii) promoting electron injection while inhibiting charge recombination at the
interface by controlling the structure and orientation of the sensitizer immobilized
on the semiconductor surface; and (iv) exploring novel redox couples capable of
increasing VOC and fill factors.

For the BHJ-OPV success, further engineering of porphyrin systems are needed
to seek advantage in increasing its competitiveness. Inventive design of porphyrins
by talented synthetic chemists is perhaps an essential part to realize a higher success
leading to commercial products. Other factors, such as efficiency, durability, and
scalability, will also be contributing factors.

Research in the area of SSC is still emerging. If successful in terms of perfor-
mance, this ‘self-healing’ capable methodology could be used in paintbrush tech-
nology to reduce the cost of solar panels. Consequently, much could be anticipated
in the coming years from different research groups across the globe on this timely
research topic.
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Photoelectrochemical Reactions
at Phthalocyanine Electrodes

Derck Schlettwein

1 Introduction

One major driving force for the study of photoelectrochemically active electrode
materials is the search for alternative solar cells. The concepts of photoelectro-
chemistry have been explored mainly between 1960 and 1980 and a number of
strategies were developed that worked quite efficiently for single-crystalline inor-
ganic semiconductors. Subsequent research explored new systems of acceptable
efficiency and stability that could be established at a more affordable price. The use
of amorphous inorganic semiconductors or materials grown as thin films was one
strategy, the use of organic semiconductors another. In all cases, chemical stability
in particular under photoelectrochemical working conditions turned out to be a
major problem. Photogenerated high-energy electron vacancies (holes) that are
supposed to be harvested externally often also led to irreversible oxidation reactions
at the semiconductor surface. Electron vacancies in the valence band of the semi-
conductor electrodes, therefore, had to be avoided. This could be achieved by the
use of n-doped semiconductors with a band gap large enough to not absorb the
incident light. This latter main task, however, is crucial for a working solar cell.
Organic dye molecules can serve to efficiently absorb light in the visible range of
the spectrum. A concept of sensitization was developed that combined chemically
stable inorganic n-type wide-bandgap semiconductors with adsorbed dye mole-
cules. To provide a stable and efficiently working electrode, the excited state of the
dye molecule has to inject an electron into the conduction band of the semicon-
ductor. The remaining electron vacancy in the (then oxidized) dye has to be
transferred to a redox electrolyte at a sufficiently high rate to avoid irreversible
reactions at the dye molecule. Oxide electrodes like TiO2, ZnO, etc., sensitized by
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covalently attached dye molecules turned out to be suitable candidates for such
reactions. To avoid nonradiative decay, dye aggregates have to be avoided in most
cases, asking for monolayer coverage of the semiconductor electrodes. Even at the
high absorption coefficients reached by organic dyes, porous semiconductor elec-
trodes with high internal surface area accessible by dye molecules and redox
electrolytes are needed to provide a high overall dye concentration in the film and
maximize the active semiconductor/dye interface. Based on this concept, a good
chance is seen to develop photoelectrochemical solar cells since semiconducting
electrodes can be prepared that absorb visible light and still provide sufficient
chemical stability to convert solar energy at attractive efficiencies [1–14].

In photoelectrochemical studies on phthalocyanines the chromophore is either
adsorbed as a dye to an inorganic oxide surface as outlined above or used in a pure
pigment thin film, thereby also utilizing the semiconducting properties of solid
phthalocyanines. The experiments with organic pigment thin films are performed to
evaluate the feasibility of such an approach for solar energy conversion and also to
investigate the role of dye aggregates at phthalocyanine-sensitized oxide electrodes.
Such studies also provided quite fundamental insight. One major goal was to probe
molecular materials in contact to electrolytes in order to establish aspects which are
common and different, respectively, compared with classical semiconductors or
insulators [15] on the one hand or in contact with a second solid on the other hand
[16–20]. An important aspect in these studies was the use of photoelectrochemical
reactions to characterize the electrical properties in thin films of molecular semi-
conductors and to analyze their surface properties. Mainly unsubstituted phthalo-
cyanines Pc were studied as organic semiconductor photoelectrodes [21–55] or,
with a chemical anchor group added, in the sensitization of oxide semiconductors
[21, 56–60].

2 Essentials of Photoelectrochemical Reactions

Changes in the electrochemical currents or the established potentials as a conse-
quence of illumination of an electrode/electrolyte interface can be observed if
illumination leads to changes in the occupation of electronic levels that have a
lifetime longer than the timescale of electrochemical reactions [1]. Such changes
can occur either in the electrode or in the electrolyte. Electrodes in contact to dye
solutions were studied with the goal to electrochemically harvest the energy of the
absorbed light stored in the excitation energy of the molecules [61]. Much higher
efficiencies, however, can be reached by electronic changes in an absorbing elec-
trode. If a semiconductor electrode absorbs light of energy higher than its band gap,
excess electrons are created in the conduction band and electron vacancies are
created in the valence band of the semiconductor [1, 2, 62]. Both these changes can
be detected in intrinsic semiconductors. In a doped semiconductor, only the con-
centration of the minority carriers is changed significantly because of the high
concentration of majority carriers anyway present in a doped semiconductor.
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n-doped electrodes are, therefore, characterized by anodic photocurrents, p-doped
electrodes by cathodic photocurrents. To observe these currents, reduced redox
species at energies in the range of the valence band of n-doped electrodes or
oxidized redox species at energies in the range of the conduction band of p-doped
electrodes are needed [1, 2]. Roughly speaking, to observe anodic photocurrents at
n-doped electrodes a redox potential of the electrolyte below the semiconductor
Fermi energy has to be chosen. To realize cathodic photocurrents at p-doped
electrodes, a redox potential above the semiconductor Fermi energy is needed [1,
2]. In order to provide transportation of the photogenerated minority charge carriers
from the site of light absorption inside the electrode to the interface with the
electrolyte, the redox potential of the electrolyte has to be chosen appropriately.
When brought into contact with an electrolyte, a semiconductor electrode will
establish a contact similar to a semiconductor/metal contact because of the higher
ionic concentration of charges in the electrolyte when compared with the charge
density in a semiconductor. The space charge to compensate initial energy differ-
ences will be established mainly in the semiconductor electrode and will lead to a
band bending as also known in semiconductor/metal contacts [1, 2, 62]. Optimum
conditions are summarized in Fig. 1. A more detailed discussion, however, would
have to include the quasi-Fermi levels of the light-induced minority carriers [2].
Changes in an applied external potential will lead to changes in the space charge
region since this is the zone of the lowest charge density. In the context of this
chapter it has to be pointed out that applicability of a semiconductor band model for
the transport of charge carriers is not a prerequisite to establish a space charge
region nor is it a necessary condition for the observation of photoelectrochemical
currents (see below).

Fig. 1 Schematic
representation of
photoelectrochemically active
a n-type semiconductors and
b p-type semiconductors,
each in contact to a redox
electrolyte that allows facile
transfer of the photogenerated
minority carriers from the
semiconductor electrode
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3 Photoelectrochemical Experiments at Phthalocyanine
Thin Films

3.1 Preparation of Thin Films

Film preparation plays a crucial role in determining the photoelectrochemical
properties of phthalocyanine electrodes. Since the coupling of individual chro-
mophores strongly depends on their relative orientation, the position of the
absorption maximum and its width show a clear dependence on the structure of thin
films. Also, charge transport within phthalocyanine films, a fundamental necessity
for the films to work as electrodes, depends upon the overlap of the frontier orbital
wave functions which is also dependent on intermolecular orientation. Beyond the
microscopic structure of films the morphology of films plays an important role. In
the case of crystalline films, the orientation of crystallites relative to the electrode
surface will be relevant because of anisotropies in optical absorption and charge
transport. The size of the observed photocurrent directly depends on the effective
electrode surface area accessible by the electrolyte and this leads to a strong
dependence on the porosity of the films.

In view of the high thermal stability of a number of phthalocyanines, physical
vapor deposition (PVD) [20, 63–69] has become one of the major preparation
routes for thin films. The method is based on sublimation under at least high
vacuum conditions (HV, base pressures below 10−5 mbar) or, better, ultrahigh
vacuum conditions (UHV, base pressures below 10−8 mbar). Thin film preparation
by physical vapor deposition (PVD) is, compared to the methods from solutions,
slightly more demanding with respect to the equipment involved in the laboratory
because vacuum technology is needed. On the material side, however, PVD is a less
demanding technique because a number of molecules are much easier accessible as
a vacuum-compatible pigment than they are as a soluble dye. For film preparation
by PVD, phthalocyanine powder is placed in a crucible, which can be heated
resistively to temperatures typically between 200 and 400 °C. Substrates on which
the films are deposited are mounted on a substrate holder which is placed
approximately 10–50 cm above the source. This distance and the temperature of a
given source serve to control the rate of deposition. Aside from the rate of depo-
sition the substrate temperature is another important parameter for film growth.
Since the parameters of film growth can be rather well controlled in a vacuum
environment, the reproducibility of film deposition and, hence, film properties is
also rather good relative to many other methods of film preparation. The films can
be prepared in a wide thickness range from submonolayer coverage up to a few µm.
Because of the vacuum environment which is needed for film preparation by PVD,
the mechanism of film growth can be conveniently studied in situ. This is in
particular the case for surface science methods like electron diffraction or electron
spectroscopies, but also for more general methods like conductivity measurements,
optical spectroscopy, or scanning probe techniques which can be performed in
vacuum after proper installation. A general advantage of in situ studies as opposed
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to studies at films which have been prepared by methods at ambient atmosphere or
have been exposed to it is given by the good shielding of the in situ experiments
from uncontrolled reactions of the films with ambient atmosphere prior to the
measurements. For photoelectrochemical experiments at phthalocyanine surfaces
this advantage is more difficult to use since a direct transfer of the thin film from a
vacuum environment to an electrochemical cell through a controlled atmosphere of
a load lock or a glove box is needed [70–75]. A special case of PVD can be seen in
the technique of organic molecular beam epitaxy (OMBE). It makes use of the high
purity of substrates which can be achieved in UHV and can lead to highly ordered,
crystalline organic films of well-defined chromophore interactions [63–69].

The methods of film preparation based on solutions of phthalocyanines differ
strongly in the kind of films that can be obtained, especially with respect to
molecular order, choice of substrates, and achievable film thickness. Film prepa-
ration from solution further carries the attractive perspective of using continuous
(“roll-to-roll”) processing technologies, a key toward affordable production of solar
cells. Preparation of films consisting of phthalocyanine liquid crystals [76–79],
self-assembled monolayers (SAM) [78, 80], or films prepared by the Langmuir–
Blodgett (LB) technique [76, 77, 80–85] can produce highly ordered films. Spin
coating and drop coating are examples of methods which aim at the deposition of
bulk materials which typically are amorphous or polycrystalline. SAM and LB
techniques on the other hand are restricted to the deposition of one or a few
monolayers or at least yield optimum results for such thin films. Further, these
deposition methods are restricted to specifically chosen molecules and substrates.
Spin coating and drop coating, on the other hand, can be used to prepare films up to
a few µm average thickness of a variety of soluble molecules on almost any
substrate. Films of pure molecular compounds, molecules embedded in a polymer
matrix and/or in a mixture with other components can be prepared. The matrix
materials in general influence the formation of semiconductor aggregates, their
structure and, hence, chromophore interaction. The matrix can also play an active
role in the exciton dissociation and charge-carrier transport and, therefore, can be
used to optimize the performance of electrodes [51]. Wetting of the substrate, the
concentration of the components in the solution, and adjustment of the evaporation
conditions are the main tuning knobs to control the film morphology and structure.

3.2 Semiconductor Characteristics of Solid Phthalocyanine
Films

Since photoelectrochemical reactions discussed here heavily depend on the semi-
conducting properties, some remarks about phthalocyanines as molecular semi-
conductor appear appropriate. One of the most characteristic properties of
phthalocyanines is their intense blue–green color caused by strong absorption at
wavelengths from 500–750 nm (Fig. 2) corresponding to about 1.6–2.5 eV. This
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transition in the Q-band (HOMO → LUMO) in a very simplified view leads to
additional charge carriers in the HOMO (electron vacancies) and LUMO (excess
electrons). Extended delocalization of the electrons in the excited state cannot be
assumed in the films but the molecular excited state has to be looked at as a
localized state. This corresponds to an exciton in the language of semiconductor
physics. The dissociation of these excitons into electrons and electron vacancies
(holes) that can separately contribute to charge transport in the films, needs an
additional exciton dissociation (or -binding) energy. It was determined to be in the
order of 0.5–1.5 eV [86–88], a significant energy when compared with the esti-
mated difference of the transport level from the Fermi energy of 0.2–1.0 eV. Only
from separated charge carriers we can expect photoelectrochemical activity for
phthalocyanine films.

From a number of studies at thin films of unsubstituted phthalocyanines which
have been reviewed earlier [18, 89–94], it has become clear that the films behave as
semiconductors. The photoconductivity generally observed for films of phthalo-
cyanines clearly showed the possibility to dissociate excitons into mobile carriers.
Under most conditions films of unsubstituted phthalocyanines were found to be
partly oxidized and hence showed p-type characteristics. This was seen from
measurements of the electrical conduction, the thermopower established by a
temperature gradient across a sample, and by the rectifying characteristics in
junctions. A generally quite low mobility of about 10−4–10−1 cm2 V−1 s−1 was
found for the electron vacancies in phthalocyanines, barely allowing the applica-
bility of a band model which dwells upon the assumption of delocalized electrons in
a periodic potential of a solid. A rather localized character of the electronic system
in phthalocyanines, however, is not at all surprising given the fact of rather loose
bonds (van der Waals) among the molecules and very strong (covalent) bonds
within the molecules as opposed to a three-dimensional covalent network of bonds
in classical semiconductors. The materials are, therefore, generally referred to as
molecular semiconductors considering the similarities but also the differences to

Fig. 2 Optical absorption
spectra of a solution of PcZn
in N,N-Dimethylacetamide
(______) compared with thin
films of PcZn drop coated
from a mixed solution of
PcZn and
polyvinylidenefluoride
(PVDF; ……….…), and PcZn
vapor deposited at room
temperature (α-phase; _._._._._.

_) or after annealing at 573 K
for 3 h (β-phase; ————)
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classical semiconductors. Models of charge-carrier transport based on hopping or
tunneling of charge carriers from site to site are in most cases more appropriate than
the band model of delocalized transport [68].

Such rather small coupling of the π-electrons of phthalocyanine molecules in
solid state is directly seen in a comparison of the absorption spectra of solutions and
thin films (Fig. 2). As opposed to a band edge and almost constant absorption at
higher energies as characteristic for semiconductors, the well-defined molecular
absorption bands detected in solutions of phthalocyanines are preserved also in the
solid state, just split and broadened by the, albeit weak, coupling of the chro-
mophores in the solid. Characteristically different spectra are obtained for different
intermolecular arrangements in the solid state. This is seen in Fig. 2 for the two
different crystalline modifications (α- and β-forms) of PcZn and for PcZn crystal-
lized in a polymer matrix [51]. Such changes were reported for a number of dif-
ferent phthalocyanines and their different crystalline modifications, as reviewed
earlier [65, 67, 68]. The differences in band splitting can be explained based on
dipole–dipole interactions of the transition dipole characteristic for the optical
transition.

Corresponding optical and electrical measurements at phthalocyanines with
electron-withdrawing substituents in the ligand like octacyanophthalocyanines
(CN)8Pc, tetrapyridotetraazaporphyrines TPyTAP, tetrapyrazinotetraazaporphyrins
TPzTAP, or hexadecafluorophthalocyanines F16Pc showed quite comparable opti-
cal characteristics but the important difference is that n-type conduction was
observed [68, 95–99], caused by the easy reduction of these molecules. Whereas the
mobility in unsubstituted phthalocyanines was often found to be sufficiently high
for a limited use of the band model, hopping transport had to be assumed in most
cases for the substituted materials. Taking into account the observed conductivity in
the dark and under illumination [68, 91], and comparing them to the observed
photoelectrochemical currents (see below), it is seen that the conductivity is suffi-
ciently high to provide transport of light-induced charge carriers to the electrode
surface. The observed currents in photoelectrochemical experiments are typically
limited by the kinetics of charge transfer at the electrode surface. This is also
confirmed by higher photocurrents in organic/organic′ heterojunctions compared
with the photocurrents for identical films in photoelectrochemical cells [45].

3.3 Position of Frontier Energy Levels in Phthalocyanines

Since the rate and direction of light-induced charge transfer is governed by the
relative position of occupied and unoccupied electronic states in the electrode and
the electrolyte, this aspect of semiconductor characteristics of phthalocyanines is
reviewed briefly. Knowledge of the position of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of a given
molecular electrode is crucial to discuss the photoelectrochemical characteristics.
For the observed photoelectrochemical response of a semiconducting electrode the

Photoelectrochemical Reactions at Phthalocyanine Electrodes 269



polarity of the minority carrier (electron or hole) in an electrode material is of
uttermost importance since it defines the observed direction of light-induced
changes in the interfacial charge transfer. Depending on redox interactions of the
semiconductor with dopant molecules either excess electrons in the LUMO or holes
in the HOMO are formed.

The experimental methods to elucidate the position of the electronic energy
levels in molecular materials aim at ionization of the sample and analysis of the
energetic change involved. Two different sets of methods are frequently used, either
based on redox electrochemistry as described in a number of chapters in this book
or based on ionization in vacuum. Here, ultraviolet photoelectron spectroscopy
(UPS) is a very direct method to determine occupied electronic states in a given
material. The kinetic energy of photoelectrons following ionization by irradiation in
the vacuum UV (e.g., HeI 21.2 eV) or soft X-ray (e.g., synchrotron) is measured.
Molecules can either be in the gas phase or in a thin film on a conductive substrate.
Inverse photoelectron spectroscopy IPES (irradiation of the sample by an electron
beam, spectral analysis of emitted photons) is an extension to the direct analysis of
unoccupied electronic states. Electrochemical redox potentials reflect free enthal-
pies of reactions which involve ionization of the molecule of interest either in a
solvent environment or as a thin film, then accompanied by intercalation of
charge-balancing counter ions. In electrochemical experiments the accessible
potential range of the electrolyte determines the experimental range. For a number
of phthalocyanines, only the redox potential of reduction (characteristic for unoc-
cupied levels) or oxidation (characteristic for occupied levels) can be obtained. To
open a discussion about both, occupied and unoccupied frontier levels of a material
despite these experimental limits, optical spectroscopy (absorption or emission) or
electron energy loss spectroscopy (EELS) was frequently used to estimate the
frontier orbital gap. A rather constant gap of about 1.6 eV for most Pc (with the
exception perhaps of cofacially stacked polymorphs [100] was determined [52, 95,
101, 102]. In addition to this, however, an additional exciton binding energy (see
above) has to be considered to estimate the energy needed to create mobile carriers.

UPS is also well suited to analyze details of the energetic alignment in hetero-
junctions beyond phenomenological observations [103]. The analysis of such
heterojunctions [19, 20, 104–116] is of considerable interest in organic photovoltaic
cells, in organic light-emitting diodes, and also for the characteristics of thin films in
photoelectrochemically active junctions. The expected and in many cases desired
establishment of a space charge in the films was analyzed in detail. Interface
reactions, however, can also occur which can lead to surface defects, surface
dipoles and, hence, shifts of the vacuum level across junctions.

3.4 Photocurrent Direction at Phthalocyanine Electrodes

Following absorption of a photon in a molecule, this molecule represents a stronger
reducing agent due to an electron in a state of higher energy (LUMO in the case of
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the Q band of phthalocyanines), but also a stronger oxidizing agent due to the
electron vacancy in a state of lower electron energy (HOMO in the case of the Q
band of phthalocyanines) when compared with the molecule in the ground state
[117, 118]. From this point of view, an increased driving force for reduction
reactions and oxidation reactions is expected for molecules in homogeneous
solution. The same should then also be valid for reactions occurring at the surface
of a solid electrode. At a closer look, however, it becomes clear that this principle
can only be applied for intrinsic (or fully compensated [62]) electrode materials,
since for doped (partially reduced or oxidized) materials the relative changes in the
concentrations of excess electrons (LUMO) and holes (HOMO) will occur in an
unsymmetrical way, leading to preferentially anodic photocurrents at n-type elec-
trodes and cathodic photocurrents at p-type electrodes (see above).

In a comparison of the catalytic activity of thin films of PcH2, PcCu, or PcFe in
the dark and under illumination [42], it was found that the photocatalytic activity
was barely correlated to the catalytic activity in the dark and this difference was
discussed as arising from a photoconductivity effect in the bulk of the phthalo-
cyanine films. A photocurrent and also photovoltage observed at H2Pc [41] were
discussed to be due to a photovoltaic effect at the phthalocyanine film.
Phthalocyanine thin films used in early photogalvanic cells [40] were described as
p-type semiconducting electrodes that established a region of space charge at the
Pc/electrolyte interface. Nevertheless also small anodic photocurrents were
observed and explained by light-induced changes in the concentration of both types
of charge carriers in a weakly doped semiconductor [38, 39] or by a weak sensi-
tization effect (see also below, Sect. 4) at the back electrode in the case of SnO2

substrates [21, 37]. This reaction at the SnO2 back contact was characterized in
detail by the analysis of experiments at varied illumination conditions. It was
concluded that a 35-nm-thick photoactive layer was formed on the electrolyte side
[33], in agreement with potential-dependent impedance measurements at electro-
chemical contacts with films of PcH2, PcNi, and PcZn [119]. It was noticed that
partial oxidation by acceptor molecules in the volume of the films was crucial for
the observed characteristics and that oxygen from air in most cases caused the
observed p-doping and, hence, led to cathodic photocurrents. Controlled doping
was achieved by reactions with halogen molecules like iodine, or organic molecules
like ortho-chloranil, tetracyanoquinodimethane, tetrafluorenone, etc. Detailed
investigations of the electrical properties in the solid state followed as sketched
above and reviewed in great detail before [68, 91].

Utilization of the photoelectrochemical reactions purely based on the p-type
character of phthalocyanine electrodes and optimization of the electrolyte led to
photoelectrochemical cells with a power conversion efficiency of 0.07 % under
illumination with 75 mW cm−2 white light [34]. Electrodes consisting of
phthalocyanines in polymer binders were used. A space charge region of 30 nm
thickness and the presence of interfacial states at the electrolyte were detected in
capacitance measurements. The interfacial states served as mediators of charge to
the electrolyte, but it was also assumed that they limit the open-circuit photovoltage
and lead to surface recombination of carriers (see below). Doping of phthalocyanine
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films with organic electron acceptors was found to significantly increase the pho-
toelectrochemical activity of evaporated phthalocyanine thin films and a quantum
efficiency of 4.6 % was reached for doped PcH2 corresponding, however, to only
0.04 % power conversion efficiency [33]. In a comparison of different methods of
film preparation of divalent phthalocyanines, it was found that vapor-deposited
films showed higher photocurrents when compared with drop-coated films [48].
This was explained by an increased trap density at the surface of grains in the
drop-coated films leading to a decreased mobility across grain boundaries and an
increased probability for the recombination of charge carriers. An electrophoretic
deposition of PcH2 from suspensions of the pigment by the use of surfactants was
also used to obtain electrodes with an increased porosity, which led to an efficiency
of 0.06 % under illumination with 6 mW cm−2 white light [24].

The photoelectrochemical characteristics of thin films of phthalocyanines with
higher valent central metals carrying additional electron-withdrawing axial ligands
like PcAl(OH), PcAl(Cl), PcGa(F), PcGa(Cl), PcIn(Cl), PcTi(O), PcV(O) were also
investigated in great detail [22, 27–29, 31, 35, 120–122]. For this group of mate-
rials, large differences in film characteristics were observed with either anodic or
cathodic photocurrents dominating the photoelectrochemical behavior, despite the
fact that all films had been prepared by vapor deposition. The role of oxygen as a
dopant leading to p-type characteristics of phthalocyanines could be clearly eluci-
dated in these studies [27, 120, 121]. The growth mode and morphology of films
turned out to be crucial for interactions with the gas phase in vacuum as well as
under ambient conditions and led to different levels of doping and trap sites [27, 28,
121]. An increased crystallinity and optimized orientation of crystals led to a larger
exciton diffusion length and charge-carrier mobility as shown in an increased
photoelectrochemical efficiency [122]. Films consisting of rather large crystallites
with a small surface area provided conditions of almost defect-free surfaces as
reflected in a proportionality between the observed photopotential and the elec-
trolyte redox potential (no Fermi level pinning, see below) [31]. Photovoltaic
efficiencies in the range of 0.1 % could be reached under illumination with 75 mW
cm−2 in the visible range (470–900 nm).

In the case of the aluminum complexes, the influence of different methods of film
preparation and different chemical film treatment on the photoelectrochemical
characteristics was clearly seen. By attachment of a surfactant chain to Al, elec-
trophoretic deposition of very porous active thin films could be achieved which
showed, however, a rather low efficiency of 0.01 % under illumination with white
light of 0.5–100 mW cm−2 due to an increased recombination of photogenerated
carriers [32]. Spin coating of PcAl(OH) from DMSO was also used and gave active
electrodes, however, with a low efficiency of only 0.006 % at 10 mW cm−2 white
light if a stable counter electrode was used [123]. Treatment of vapor-deposited thin
films of PcAl(OH) in aqueous solutions of phthalic acid induced a structural
transformation of the films and led to an increased efficiency of the films of 0.02 %
under 10 mW cm−2 white light [26]. Embedding of PcAl(OH) particles in a poly
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(vinylpyridine) binder led to an efficiency of 0.04 % (10 mW cm−2 white light).
A detailed analytical investigation of different ways of chemical treatment of PcAl
(Cl) as compared to PcGa(Cl) and PcIn(Cl) revealed the hydrolysis of the Al–Cl
bond as the key step toward the formation of more efficient electrode materials [22].

Chemical substitution at the phthalocyanine ligand with electron-withdrawing
substituents led to a dominance of anodic photocurrents as opposed to that of
cathodic photocurrents observed at the unsubstituted materials. This was shown for
(CN)8PcZn [52, 124], TPyTAPZn [48, 52, 125], and TPzTAPZn [48, 52]. To restrict
the observed differences in the photoelectrochemical characteristics to the influence
of the different ligands, the central metal was kept constant in these studies. The films
were prepared by vapor deposition if applicable and also by drop coating for
comparison purposes. Figure 3 shows the dominance of cathodic photocurrents
(high anodic dark currents) at PcZn and the dominance of anodic photocurrents (high
cathodic dark currents) at electrodes of TPyTAPZn and TPzTAPZn, also seen for
(CN)8PcZn [52, 96]. Based on these results, n-type conductivity was assigned to
these materials of molecules with electron-withdrawing substituents based on the
argument outlined above [48, 52, 96, 124–128]. Electrodes of F16PcZn showed
photocurrents of almost identical significance in both photocurrent directions [128–
130]. Since films of F16PcZn investigated directly following the preparation still
showed n-type characteristics, the photoelectrochemical behavior was explained by
compensation of the dopants by air. The assignments were supported by studies of
the electrical properties of the materials [47, 95–98, 125] and in solid heterojunctions
[19, 20, 107]. A corrresponding influence of an electron-withdrawing ligand was
observed when electrodes of naphthalocyaninatozinc (cathodic photocurrents, p-
conduction) were compared with electrodes of tetraquinoxalinotetraazaporphyrina-
tozinc (anodic photocurrents, n-conduction) [126].

Thin films of TPyTAPZn have also been prepared by electrochemical deposition
[131, 132]. The n-type character was preserved as shown by capacitance mea-
surements. No clear preference of a photocurrent direction could be established,
however, and the photocurrent action spectrum had no resemblance with the
absorption spectrum of the material. It had to be assumed that the effect is caused by
impurities in the film, which are incorporated during electrochemical film
deposition.

Electrodes of two-dimensional sheet polymers of phthalocyanines prepared by
in situ reaction of tetracyanobenzene with thin metal films were prepared and
characterized in their photoelectrochemical characteristics [133]. Anodic pho-
tocurrents were detected, characterizing these films as n-type semiconducting
materials. It was also found that such films could be reduced at more positive
potentials than unsubstituted phthalocyanines. This change when compared to films
of divalent unsubstituted phthalocyanines is caused by a smaller number of
electron-donating benzene moities and unreacted CN− groups that were found in
the films [134, 135]. Such films, therefore, can be looked at as substituted
phthalocyanines with electron-withdrawing groups which explains the observed
photoelectrochemical characteristics.
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3.5 Role of Higher Excited States

Caused by the possibility to separately absorb light in different absorption bands of
a molecular semiconductor and by the remarkably distinct character of the resulting
excited electronic states, phthalocyanine electrodes show the specific characteristics

Fig. 3 Cyclic voltammograms measured at thin film electrodes of PcZn, TPyTAPZn, and
TPzTAPZn in the reduction of 1.3*10−3 M O2 (left hand side) or in the oxidation of 0.1 M EDTA
(right hand side). Experiments were performed in 0.5 M KNO3 in the dark (……….) or under
illumination with 400 mW cm−2 white light of a Xenon arc lamp (————). (Reproduced with
permission from J. Phys. Chem. 1994, 98, 11771–11779. Copyright 1994 American Chemical
Society)
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of a switchable photocurrent direction which is demonstrated in this section [128].
Phthalocyanines show two absorption bands in the visible range, namely the Q
band around 650–700 nm leading to the first excited singlet state S1 and the B or
Soret bands around 300–350 nm leading to the formation of S2. In the solid state
these optical transitions of Pc molecules are preserved, just slightly shifted and
broadened considerably [136]. Most of the light of a white light source that leads to
the observed photocurrents described above will be absorbed in the Q bands.
Excitation in the B band of PcZn (≅340 nm), however, led to strongly contrasting
characteristics when compared to the situation described above for Q-band illu-
mination. The origin of bands should therefore be introduced briefly.

MO calculations for Pc showed that the Q band basically corresponds to the
excitation of an electron from the highest occupied molecular orbital (HOMO, 2a1u)
to the lowest unoccupied molecular orbital (LUMO, 6eg) and the B band to the
transition from the second highest occupied molecular orbital (SHOMO, 4a2u) to
the LUMO, as is also the case for porphyrins [136–138]. The higher excited singlet
state S2 following B-band excitation is of sufficient lifetime to be transferred to
reactants in the electrolyte despite the competing relaxation into S1 or to the ground
state S0. The assignment of the well-defined B and Q bands in the solid state to
transitions between distinct molecular orbitals was proven to be of relevance also
for the observed charge transfer in photoelectrochemical reactions at thin films. If a
material of a suitable position of energy levels was chosen the direction of charge
transfer could be switched by illumination with light of the two different wave-
lengths (Fig. 4). A rather small ratio of photocurrents to dark currents was seen for
PcZn in contact with ethylenediaminetetraacetate EDTA (Fig. 4a) but larger
changes were observed for PcZn in contact with O2 as an oxidant in the cathodic
direction (Fig. 4b). A considerable concentration of holes in the HOMO of PcZn is
thereby indicated already in the dark stemming from partial ionization (doping) of
the films. The polarity of the respective carrier confirms the characterization of
PcZn as p-type material. Illumination in the Q band (620 nm) led to significant
photocurrents in the reduction of O2 (Fig. 4b, left side) by photogenerated electrons
in the PcZn LUMO but no photocurrents were added to the dark currents in the
oxidation of EDTA (Fig. 4a, left side) showing the absence of a significantly
changed hole concentration in the PcZn HOMO, again consistent with the con-
duction type of the material.

Under B-band illumination of PcZn (340 nm) as opposed to the situation under
Q-band illumination (620 nm), even anodic photocurrents could be observed
(Fig. 4a, right side) aside from the still dominating cathodic photocurrents (Fig. 4b,
right side). It is remarkable that the hole generated in the SHOMO obviously was
stable enough to lead to considerable changes in the electrode characteristics despite
a presumably high concentration of surface defects and a number of possible
relaxation reactions of S2 to S1 or even recombination to S0. As also observed under
Q-band illumination, the electron generated in the LUMO leads to the cathodic
photocurrent in contact with O2 (Fig. 4b, right side). The validity of the band
assignment (Fig. 4c), the distinct reactivity of the different excited states as well as
the partial oxidation of the PcZn HOMO (p-conductor) were clearly confirmed by
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Fig. 4 Current at films of PcZn (100 nm) vapor deposited on ITO (1 cm2) observed in contact to
aqueous electrolytes during potentiostatic polarization. Illumination occurred either in the B band
(3 × 1015 photons cm−2 s−1) or in the Q band (7 × 1015 photons cm−2 s−1). a In the presence of
0.1 M EDTA (+460 mV), b In the presence of 10−3 M O2 (−300 mV vs. SCE). c Schematic
representation of frontier energy levels and observed photocurrents. (adapted and in part reprinted
from Electrochim. Acta 45, D. Schlettwein, E. Karmann, T. Oekermann, and H. Yanagi:
“Wavelength- Dependent Switching of the Photocurrent Direction at the Surface of Molecular
Semiconductor Electrodes Based on Orbital- Confined Excitation and Transfer of Charge Carriers
from Higher Excited States”, p. 4697–4704, Copyright (2000), with permission from Elsevier
Science)
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this series of experiments demonstrating the possibility to switch the direction of
interfacial charge transfer [128].

Anodic photocurrents dominated at electrodes of TPyTAPZn and F16PcZn as
described above, characterizing those materials as n-doped molecular semicon-
ductors [128]. For these materials no such switching of the photocurrent direction as
observed at PcZn could be observed. This is in good accordance with the assign-
ment of the optical bands considering their conduction type because both holes in
the HOMO (following Q-band excitation) or holes in the SHOMO (following
B-band excitation) would represent minority carriers leading to significant pho-
tocurrents, but here in identical direction. The independence of the two paths of
charge-carrier generation was also proven in these cases, however, by different
quantum efficiencies of photocurrent generation [128]. For molecular electrodes it is
appropriate to think of the transitions to higher excited states not only as contrib-
utors to an increased light absorption but also to consider charge transfer out of the
higher excited states. This led to the observed switching in the direction of inter-
facial charge transfer by different illumination conditions [128], but also opens new
reaction pathways utilizing the higher energy of the higher excited state as desired
in the context of third generation solar cells [139].

3.6 Reactant Adsorption

In studies of electrochemical photocurrents obtained at molecular semiconductor
thin films (PcZn, (CN)8PcZn, TPyTAPZn, MePTCDI) and their dependence on the
concentration of the reactant in the electrolyte (O2, ethylthiolate (RS−),
hydroquinone/benzoquinone (HQ/BQ), Fe(CN)6

3−/4−, Ce3+/4+), a saturation behavior
of the photocurrents was found arising from reactant adsorption prior to charge
transfer [45, 50, 124, 127]. Such adsorption of reactants could also explain fast
interfacial charge transfer which can compete with relaxation reactions (see pre-
ceding section). Often functions according to Langmuir’s adsorption isotherm
based on the presence of only one kind of independent adsorption sites and a
maximum coverage of a monolayer were found to give a reasonable fit to the
observed photocurrent data. Assuming that only adsorbed species react, that the
reaction products desorb quickly and that the photocurrent density i shows a
first-order dependence on the concentration c* of minority carriers at the surface
and on the surface coverage Γ by the reactant R, the photocurrent is obtained as

i ¼ n F kf c � C ð1Þ

where n is the number of charge carriers transferred to each molecule of reactant,
F is the Faraday constant, and kf is the rate constant of the electrochemical reaction.
The value of c* is assumed to be constant at a fixed potential and light intensity. At
increasing light intensity the photocurrent increased corresponding to increased c*,
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excluding diffusion limitation in the electrolyte to cause the observed saturation of
i at increasing reactant concentration [50, 53, 130]. Assuming Langmuir adsorption
equilibrium [140] for R leads to

dC=dt ¼ kðCmax � CÞcR � k0C� kf c � C ð2Þ

where k is the rate constant of adsorption, k′ is the rate constant of desorption, cR is
the reactant concentration in the electrolyte, and Γmax is the maximum coverage
arising from the occupation of all available sites. For the initial photocurrent (i = iin)
for which an unperturbed adsorption equilibrium can be assumed and for the
steady-state (i = istead) Eqs. 1 and 2 yield

cR=iin ¼ cR=imax þðk0=kÞ=imax ð3aÞ

cR=istead ¼ cR=imax þ k0=kð Þþ kf c � = k
� �� �

=imax ð3bÞ

with imax as the photocurrent arising from Γmax [45, 50, 124, 127]. Assumption of a
more complex adsorption equilibrium considering rather a distribution (Freundlich
isotherm) of adsorption constants ka = k/k′ than a fixed value (Langmuir isotherm)
provided a better model [124]. In many cases, however, the Langmuir isotherm
allowed a successful discussion of the observed data. The accommodation coeffi-
cients ka can be discussed as a parameter characteristic for each pair of electrode
material and reactant. Different tendencies of reactant adsorption were observed: a
rather weak driving force was observed for adsorption of the anionic electron
acceptor Fe(CN)6

3− at PcZn, and an equilibrium clearly on the side of adsorbed
reactants was seen for the anionic hole acceptor RS− at (CN)8PcZn but also for the
cationic Ce3+ at F16PcZn. No general trend was seen within the series of experi-
ments but specific interactions seem to dominate the strength of adsorption.

The time dependence of photocurrents on the scale of seconds to minutes
showed a decay which was caused by changes in the surface coverage of the
reactant as a result of the electrochemical reaction (term kf c*/k in Eq. 3b) [50, 124,
127] and a monoexponential decrease was expected within the Langmuir model:

iðtÞ ¼ istead þðiin � isteadÞ � exp � k imaxcRð Þ=isteadð Þt½ �: ð4Þ

Monoexponential decay functions were found to fit the transients in the
light-induced reduction of O2 at electrodes of PcZn showing the validity of the
model [50]. Qualitatively similar transients were also observed in the light-induced
oxidation of RS− [124, 127], but its detailed analysis showed that a monoexpo-
nential decrease did not fit these data showing the limits of this approach. If again a
Freundlich isotherm was assumed, however, a multiexponential behavior would be
expected and already the assumption of just two adsorption sites (biexponential fit)
gave a good fit to the experimental data [124].
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3.7 Surface Defects

3.7.1 Fermi Level Pinning

For many electrode materials, surface defects were found to play an important role
in the charge transfer to the electrolyte [4, 34, 141, 142]. On the other hand
recombination of charge carriers at surface states can lead to significant losses and
decreased conversion efficiencies [143–145]. Surface defects may be already pre-
sent without electrolyte contact caused by crystal defects or can be introduced by
adsorbed species from the electrolyte [146].

Surface defects can cause a potential drop across the electrode surface, which
does not contribute to the photovoltage because it does not contribute to the space
charge layer of the semiconductor. Such potential drop at the surface is also dis-
cussed as complete or partial Fermi level pinning (FLP) [147, 148]. The extent of
FLP can be measured by the difference between the rest potential under illumination
and in the dark (Vph) of the electrode using electrolytes of different redox potentials.
If the transfer occurs to adsorbed reactants, the redox potential of the adsorbed
reactant would be the relevant entity. Since these, however, typically are not
experimentally accessible, differences in the redox potential of the solutions were
used as an approximation. For an ideal behavior (no pinning), Vph should change
directly with the redox potential, leading to a slope of −1 for a p-type semicon-
ductor (1 for an n-type semiconductor) in a plot of Vph against the rest potential in
the dark [149]. Total FLP (no potential drop across the space charge region) is
characterized by a slope of 0, while slopes between −1 and 0 (p-type) and between
0 and 1 (n-type) indicate partial Fermi level pinning, a potential drop across both
the space charge region and the layer of surface defects.

Illumination of electrodes of PcZn in contact with a variety of redox electrolytes
under open-circuit conditions showed positive photovoltages as expected for a p-
type electrode, when the rest potential in the dark was negative of the flat band
potential. Measurements in KCl solutions containing various electroactive species
led to rest potentials in the dark between 0 and 300 mV versus SCE [44]. The
observed photovoltage Vph was proportional to the rest potential in the dark. The
more positive the equilibrium potential of the electrolyte, the smaller the potential
drop in the space charge layer and, hence, the observed photovoltage. The quan-
titative comparison of the photovoltages observed at different equilibrium potentials
indicated partial Fermi level pinning at PcZn electrodes with a proportionality
coefficient clearly smaller than unity. These characteristics were quite independent
of the redox pair, i.e., the surface defects were obviously not introduced by contact
to the electrolytes but were a property of the electrode as prepared and transferred to
the cell. The density of surface defects can be inferred from a plot of Vph against the
rest potential of the electrode in the dark from series of experiments in which the
redox potential of the electrolyte is varied by changing the concentration ratio of the
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redox pair (ferri/ferrocyanide) rather than the kind of redox pair and where the rate
of hole transfer from the electrode HOMO (majority carriers of this electrode
material) was held constant by a constant concentration of ferrocyanide [44].
A linear behavior was obtained for the plot of Vph against the rest potential in the
dark, with a slope of -0.35 for a series of experiments involving a PcZn electrode
which was exposed to air for 5 days after preparation [44]. For an otherwise
identical electrode, which had been exposed to air for 5 months a smaller slope of
−0.21 was obtained [44]. The smaller slope after extensive exposure to air clearly
showed a higher surface defect density. It was concluded that the surface defects at
PcZn are caused by interaction with oxygen from air.

Under the assumption of a uniform energy distribution of the surface defects in
the examined potential region, a semi quantitative model was introduced to interpret
partial Fermi level pinning [149] according to equation

Vph ¼ a � Eredox þ b; ð5Þ

where b is the photovoltage observed at reference zero. A plot of Vph against Eredox

should therefore yield a linear dependence with a slope −1 < a < 0, as it was the
case for PcZn. From a the surface defect density Ds can be calculated according to

Ds ¼ �e0 � ei � ð1þ aÞ
e20 � d � a

; ð6Þ

where ε0 is the vacuum permittivity, εi the dielectric constant, e0 the elementary
charge, and δ the thickness of the interfacial layer in which the surface defects lead
to the potential drop that causes the partial pinning of the Fermi level. The value of
εi is assumed to be close to 1 since it relates to the spatial region where surface
defects are exposed at the semiconductor phase boundary with the electrolyte.
Assuming that only surface molecules can participate in the formation of surface
defects, a value of 0.8 nm was estimated for δ in the case of PcZn, as the thickness
of a monolayer of PcZn would vary from 0.36 to 1.2 nm, dependent on the ori-
entation of the molecules. According to these geometrical assumptions a surface
defect density Ds = 4.2 × 1013 cm−2 eV−1 was calculated from the slope of
a = −0.21 obtained for an electrode stored in air for 5 months. For an electrode
exposed to air for only 5 days prior to the experiments, a smaller Ds = 2.1 x
1013 cm−2 eV−1 was obtained from the slope of a = −0.35 [44].

Assuming, further, that Ds is constant over the whole range of the energy gap,
(1.65 eV for PcZn), the overall number of surface defects was estimated to about
0.7 × 1014 cm−2 based on a = −0.21. This value is of a similar size as the calculated
number of 0.6 to 2 x 1014 cm−2 molecules of PcZn present at the surface, if all
possible orientations of the molecules are considered equally. According to this
estimation a considerable part, if not all, of the surface molecules represent surface
defects, which can act as electron traps.
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3.7.2 Photoelectrochemical Electrode Kinetics

Photocurrent transient methods [44, 150–155] and intensity-modulated photocur-
rent spectroscopy (IMPS) [142, 151, 156–161] have been established as good
techniques for the investigation of semiconductor surfaces [162]. By these methods
the working electrode is illuminated with either a light pulse or with sinusoidal
modulated light, respectively, and the resulting photocurrent is monitored. Both
techniques have been used at phthalocyanine electrodes to analyze in detail the
kinetics of the photoelectrochemical reactions.

Photocurrent Transients

In addition to the perturbations of the reactant adsorption equilibrium leading to a
transient behavior of the photocurrent in the second-to-minute regime, charging and
discharging photocurrents were observed in the millisecond regime, caused by
trapping of light-induced minority carriers in surface defects and their subsequent
recombination [151]. Currents dropping below the steady-state current in the dark
shortly after the end of illumination indicated the discharge of such surface traps.
Charging and discharging of surface traps were analyzed in detail for PcZn in
contact to O2, BQ/HQ and Fe(CN)6

3−/4− and for F16PcZn in contact to Ce3+/4+ and
Fe(CN)6

3−/4− on a timescale of milliseconds [44, 129, 163].
A typical result for the example of PcZn electrodes after different times of

exposure to air is displayed in Fig. 5 [44]. As expected for a p-type semiconductor,

Fig. 5 Time-resolved photocurrent response of PcZn electrodes to a 50 ms flash of white light in
an oxygen-saturated aqueous 1 mol l−1 KCl solution at 0 mV versus SCE. All electrodes were
prepared in the same process and were exposed to air for 30 min (____), 1 day (……..) and 6 days
(————) after preparation. (Reprinted from J. Electroanal. Chem. 462, T. Oekermann, D.
Schlettwein and N.I. Jaeger: “Role of surface defects and adsorbates in time-resolved photocurrent
measurements and photovoltage generation at phthalocyaninatozinc(II)-photocathodes”, p. 222–
234, Copyright (1999), with permission from Elsevier Science)
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cathodic photocurrents were observed at PcZn electrodes as also seen earlier in
steady-state photocurrent measurements [37, 44, 119, 164]. During the opening
time of the photographic shutter used in these experiments (about 10 ms), the
photocurrent increased beyond the value iin (Eq. 3a) to a peak of the charging
current (ipeak) and then decayed to iin within about 30–40 ms. A reverse discharging
current was observed upon closure of the shutter before the dark current was
reestablished. The steady-state photocurrents as well as the charging- and dis-
charging currents increased with the exposure time of the electrode to air. The
increased steady-state photocurrent can be explained by the doping of the electrode
bulk with oxygen from air. The increasing charging and discharging currents are
consistent with the increasing surface defect density Ds found under exposure to
oxygen.

Anodic photocurrents should be observed in the case of an n-type semiconductor
like F16PcZn. Figure 6, however, reveals both anodic and cathodic photocurrents in
dependence on the electrode potential [125, 129]. The dark currents were generally
quite small. The concentration of both electrons and holes was small in the dark and
could be increased significantly under illumination. Such a behavior is character-
istic for an intrinsic or compensated semiconductor electrode. A compensation of
donor sites in films of F16PcZn by oxygen had been seen earlier in conductivity
measurements in vacuum and under air [97].

The concentration dependence for iin as discussed above was confirmed for these
photocurrent transient measurements, and a Langmuir adsorption isotherm
according to Eq. 3a was successfully used to fit the data for the photoreduction of
benzoquinone at the surface of PcZn [44] and for the photooxidation of Ce3+ at the
surface of F16PcZn [129]. In these studies quite remarkable differences were seen in
the dependence or independence of charging and discharging currents on the

Fig. 6 Time-resolved photocurrent responses of F16PcZn electrodes to a 100 ms flash of white
light at different electrode potentials between 100 and 500 mV versus SCE as indicated. The
electrolyte was an aqueous KCl (1 mol l−1) solution with 10−3 mol l−1 Ce3+/4+. (Journal of
Porphyrins and Phthalocyanines 3, p. 444–452 (1999), T. Oekermann, D. Schlettwein, N.I. Jaeger
and D. Wöhrle, copyright © John Wiley & Sons Limited. Reproduced with permission)
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reactant concentration. In the case of the photoreduction of benzoquinone at the
surface of PcZn a clear inverse dependence on the coverage of adsorbed reactants
was observed for both, the charging and the discharging currents [44]. For the
photooxidation of Ce3+ at F16PcZn, however, charging and discharging currents
were found to be independent on the Ce3+ concentration [129] despite the high
similarity in the concentration dependence of iin discussed above. A model (Fig. 7)
involving the rate constants k1 for surface trapping of light-induced minority car-
riers, k2 for their recombination with majority carriers, k3 for the transfer of trapped
minority carriers to the electrolyte, and k4 for the direct transfer of minority carriers
to the electrolyte was used to discuss these differences [44, 129, 163].

The back reactions corresponding to the detrapping from surface defects (k−1)
and dissociation of electron–hole pairs to a trapped minority carrier and a majority
carrier (k−2) were energetically not favored at room temperature (kT = 0.026 eV as
compared to a frontier orbital gap of about 1.65 eV) and were assumed to be
negligible in first approximation. Electron injection from the electrolyte into the
electrode (k−3 and k−4) had also not been observed and hence all back reactions
were assumed to be negligible. The charging and discharging of surface defects at
molecular electrodes following the charging events but in a still unperturbed
adsorption equilibrium could then be described by r1 = r2 + r3 or, in more detail, by

k1 � cmin � Nss � ð1�HÞ ¼ k2 � cmaj � Nss �Hþ k3 � credox;ad � Nss �H ð7Þ

where cmin and cmaj are the concentrations of light-induced minority carriers and
majority carriers at the surface, credox,ad is the concentration of the electroactive

Fig. 7 Qualitative model showing the involvement of surface defects in the charging and
discharging of electrode surfaces and in charge transfer. The ki indicate rate constants, and the
respective rates are referred to as ri in the text. (Reproduced with permission from J. Phys. Chem.
B 2001, 105, 9524–9532. Copyright 2001 American Chemical Society)
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species adsorbed at the electrode surface, Nss is the overall number of chargeable
surface defects, and Θ the occupation of these states (0 ≤ Θ ≤ 1). Θ in this situation
could be described by

H ¼ K
1þK

ð8Þ

with

K ¼ k1 � cmin

k2 � cmaj þ k3 � credox;ad : ð9Þ

Equations 8 and 9 predicted a decreasing Θ when credox,ad is increased. Both, the
amount of surface trapping upon opening of the shutter and detrapping upon closure
of the shutter were expected to be proportional to Θ. As shown before, credox,ad
could be described by a Langmuir isotherm. Therefore K, Θ and also the charging
and discharging currents should behave antipodal to iin. This could clearly be seen
for the photoreduction of BQ at PcZn in a decrease of the peak currents ipeak at
increasing electrolyte concentration [44]. Consequently, ipeak of the charging and
discharging reactions could be approximated by a modified Langmuir isotherm:
[44]

ipeak ¼ imax;peak � imax;peak � imin;peak

1þ 1
k0a�credox

ð10Þ

where imax,peak and imin,peak at a given electrode potential were the maximum peak
current for slow faradaic charge transfer (low values of credox) and the minimum
peak current for fast faradaic charge transfer (high values of credox), respectively.
The constant ka′ = f· ka can be considered a corrected accommodation coefficient
with f representing the strength of coupling between the coverage by adsorbed
reactants and the size of charging and discharging currents. The accommodation
coefficients and other constants according to Eqs. 3a and 10 are listed in Table 1 for
PcZn and F16PcZn electrodes for a variety of redox electrolytes. Despite a stronger
interaction (higher ka) of F16PcZn with, e.g., Fe(CN)6

3−/4− compared to that of PcZn
a smaller imax is reached at F16PcZn under identical illumination conditions.
A smaller concentration of light-induced charges at the surface or a smaller charge
transfer rate is thereby indicated.

As mentioned above, the anodic charging currents and cathodic discharging
currents at F16PcZn in aqueous Ce3+/4+ solution were found to be independent on
the electrolyte concentration and could not be analyzed by Eq. 10, although iin did
show a saturation behavior comparable to PcZn. This difference was discussed to
arise from a missing pathway for minority carriers from the surface traps to the
electrolyte leading to negligible k3. Traps seemed to be present in the surface region
which were not, however, accessible, even by adsorbed electrolyte species. These
were, therefore, referred to as “near-surface defects” [129].
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Since cathodic as well as anodic photocurrents were seen at F16PcZn electrodes
the question arose whether surface traps for electrons might also be detectable.
Electrodes were also investigated at considerably more negative electrode poten-
tials, using Fe(CN)6

3−/4− in the electrolyte. Indeed, not only cathodic steady-state
photocurrents, but also cathodic charging currents and anodic discharging currents
could be found under these conditions [163]. The dependence on the electrolyte
concentration was analyzed according to Eq. 10 with the accommodation coeffi-
cients and other constants shown in Table 1. Such behavior is opposite of that
observed for the anodic charging and cathodic discharging currents [129] at
F16PcZn with Ce3+/4+ and resembled the characteristics found for cathodic charging
and anodic discharging currents at PcZn [44, 50]. It was concluded that photo-
generated electrons in F16PcZn were trapped in states at the very surface and could
be transferred to acceptors in the electrolyte, although holes were shown to be
trapped in “near-surface defects” for which no charge transfer to the reactant in the
electrolyte could be observed [163].

Intensity-Modulated Photocurrent Spectroscopy (IMPS)

To quantitatively determine the rate constants, IMPS measurements were performed
at phthalocyanine electrodes in contact to different redox electrolytes. The Pc
working electrode was illuminated by a modulated light-emitting diode as light
source and the phase shift φ of the resulting photocurrent and its amplitude A were
measured for different modulation frequencies ω. These served to calculate kinetic
data of the photo-induced processes in a model of doped semiconductor electrodes,
which considers surface recombination and charge transfer from the frontier orbital
levels as well as from surface defects [151, 162, 165]. According to the following
reactions for a p-type semiconductor, which are also shown in Fig. 7, pseudo
first-order rate constants ki′ were used:

Table 1 Values of accomodation coefficients and other constants [130, 163] according to Eqs. 3a,
3b, and 10 for PcZn and F16PcZn electrodes in different electrolytes as indicated in parantheses

Measured photocurrent Constant PcZn PcZn F16PcZn F16PcZn

(Fe(CN)6
3−/4−) (O2) (Ce3+/4+) (Fe(CN)6

3−/4−)

iin i max,in/μA 55.7 4.1 2.2 3.6

ka/l mmol−1 0.7 11.3 32.1 38.7

Charging current imax,peak
cath /μA 17.6 13.6 4.5 8.3

imin,peak
cath /μA 3.1 5.8 4.5 0.4

k′a
cath/l mmol−1 2.7 4.3 – 19.9

Discharging current imax,peak
an /μA 8.3 5.2 2.6 1.7

imin,peak
an /μA 3.3 0.9 2.6 0.2

k′a
an/l mmol−1 8.7 27.1 – 7.3

The indices cath and an are standing for the observed cathodic or anodic photocurrents, respectively
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SSvacant þ e� �!k1 SS�occupied k01 ¼ k1 � Nss � ð1�HÞ ð11aÞ

SS�occupied þ hþ �!k2 SSvacant k02 ¼ k2 � ½h� ð11bÞ

Oþ SS�occupied �!
k3 Rþ SSvacant k03 ¼ k3 � O½ � ð11cÞ

Oþ e� �!k4 R k04 ¼ k4 � O½ � ð11dÞ

SSvacant and SSoccupied
− represent vacant and occupied surface defects, respectively.

O stands for the oxidized and R for the reduced form of the electroactive species in
the electrolyte and ki represent the rate constants. NSS is the density of surface
defects, Θ their occupation, [h] is the concentration of electron vacancies (holes) in
the HOMO at the surface and [O] is the concentration of the oxidized form of the
electroactive species in the electrolyte. The amplitudes A and phase shifts φ for
different modulation frequencies x ¼ 2pf are presented in the complex plane as
shown schematically in the first part of Fig. 8. Kinetic data of charge transfer and
surface recombination can be extracted from the first quadrant in the complex plane
plot by use of the intersections of the plot with the real axis I1 and I2 [165]. The low

Fig. 8 a Principal shape of
an IMPS plot in the complex
plane, as it is found in the
presence of surface
recombination. I1 and I2 are
the intersections of the plot
with the real axis. The
modulation frequency with
the highest imaginary value is
fmax. b IMPS plots of a PcZn
electrode using different Fe
(CN)6

3− concentrations in the
electrolyte as indicated,
measured at an electrode
potential of 0 mV versus SCE.
(Reproduced with permission
from J. Phys. Chem. B 2001,
105, 9524–9532. Copyright
2001 American Chemical
Society)

286 D. Schlettwein



frequency limit I1 represents the differential steady-state photocurrent increase due
to a differential increase in the light intensity [162]. The high frequency intercept I2
represents the amplitude of the Gärtner flux g, which is the flux of minority carriers
to the electrode surface.

The values k2′ and k3′ can be calculated from the frequency of the highest
imaginary part of the photocurrent (fmax):

fmax ¼ k02 þ k03
2 � p : ð12Þ

If no electroactive species are present in the electrolyte (k3′ = 0), k2′ can be
directly calculated with this equation, given that photocorrosion can be neglected.
This is normally the case for phthalocyanine electrodes even at very low electrolyte
concentrations [45, 49]. After adding electroactive species, k3′ can be determined if
k2′ is known. If both k2′ and k3′ are known, the ratio k4′/k1′ can be calculated from I1
and I2 [165]:

k04
k01

¼ � I2
I1 � I2

� k02
k02 þ k03

� 1: ð13Þ

At higher frequencies the effects of the Rel · Csc time constant of the cell, where
Rel is the resistance of the electrolyte and Csc is the capacitance of the space charge
layer, become evident and the photocurrent is attenuated. The frequency response
then describes a semicircle in the fourth quadrant of the complex plain. For an n-
type semiconductor the semicircle caused by surface recombination will appear in
the third and the semicircle due to the Rel · Csc time constant in the second quadrant.

IMPS at PcZn electrodes: Although the principle characteristics of IMPS were
observed for electrodes of PcZn in contact with various electrolytes (Fig. 8) [163],
flattened semicircles were observed in the first quadrant instead of true semicircles
expected by the model [165]. A distribution of surface defects over a range of
energies rather than at a single energy was thereby indicated since model calcu-
lations had shown that a Gaussian distribution of energies and the resulting
Gaussian distribution of the rate constants ki would lead to such characteristics
[156, 166]. A kinetic limitation by diffusion in the electrolyte, however, may have
an influence also especially in cases of rather large photocurrents and low con-
centrations of reactive species in the electrolyte.

Another deviation from the ideal behavior was found for PcZn and can also be
seen in Fig. 8: for very low modulation frequencies, Im(iphot) increased at 0 mV and
–200 mV versus SCE instead of approaching zero as expected from the model.
Another slow reaction at the electrode surface is thereby indicated [163]. In series
of experiments with oxidized species in the electrolyte the increase in Im(iphot) for
very low frequencies was observed to much higher extent than without electroactive
species added. Since the plots tend to new maxima at frequencies below 0.2 Hz (the
lowest frequency applied in these studies), a slow process occurring in the second
or minute regime was indicated. In this time regime, the adsorption equilibrium of
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reactants at molecular semiconductor electrodes (see above) was found to change
and establish a new equilibrium under illumination. Such change in the adsorption
equilibrium could, therefore, also be detected in the IMPS plots at very low
modulation frequencies.

Figure 8 depicts a typical series of IMPS experiments in which the concentration
of an electroactive species has been changed, in this case the concentration of Fe
(CN)6

3−. With increasing electrolyte concentration an increasing I2 and a decreasing
difference between I2 and I1 was observed, indicating a higher charge transfer rate
from the LUMO (k′4). On the other hand, an increasing fmax also showed a faster
charge transfer from surface defects (k′3). Similar measurements were also per-
formed using different p-benzoquinone (BQ) concentrations and an
oxygen-saturated solution. The results for Fe(CN)6

3− and O2 given in Table 2 show
that charge transfer to Fe(CN)6

3− mainly occurred from the PcZn LUMO, while
charge transfer from surface defects also took place but only to a minor extent.
Charge transfer to oxygen, however, mostly occurred via surface defects. This was
explained by an additional introduction of surface defects by oxygen, which also
could be observed in higher charging- and discharging currents, especially at freshly
prepared PcZn electrodes, in oxygen-saturated as compared to nitrogen-saturated
KCl solution [163]. The overall charge transfer to oxygen was less efficient com-
pared with Fe(CN)6

3− and p-benzoquinone, which was attributed to the low charge
transfer rate from the LUMO to oxygen.

Table 2 also showed that k′3 and k′4 obviously did not depend linearly on the
electrolyte concentration [O], as it would have been expected from Eqs. 11c and
11d. This result confirmed that charge transfer from PcZn electrodes could only
occur to adsorbed electroactive species (see above). If [O] in Eqs. 11c and 11d is
replaced by the concentration of adsorbed oxidized species [O]ad, which should
show a saturation behavior toward high values of [O] when a Langmuir isotherm is
assumed, the observed dependence of k′3 and k′4 on [O] is explained.

IMPS at F16PcZn electrodes: IMPS plots for F16PcZn in different electrolytes are
shown in Fig. 9 [163]. In aqueous KCl solution without electroactive species a

Table 2 Kinetic data for a PcZn electrode in different electrolytes of different concentrations at an
electrode potential of 0 mV versus SCE

Electrolyte c/mmol l−1 k′3/s
−1 k′4/k′1 Charge transfer

via LUMO (%)
Charge transfer via
surface defects (%)

Recombination
(%)

Fe(CN)6
3− 0.097 6.3 0.975 49.4 1.4 49.2

0.96 12.6 1.518 60.3 2.2 37.5

8.85 25.1 3.538 78.0 2.3 19.7

O2 1.2 75.4 0.086 7.9 24.0 68.1

The three columns on the right show the percentages of electrons that reach the surface (100 %) that will
eventually recombine or undergo charge transfer to the electrolyte from either the LUMO or from surface
defects [163]
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semicircle appeared in the third quadrant, indicating the recombination of photo-
generated holes with electrons from the LUMO. It was mentioned before that
photogenerated holes in F16PcZn are trapped in near-surface defects, which rep-
resent recombination centers [129]. With Fe(CN)6

4− added to the electrolyte, the
IMPS plot appeared mainly in the first quadrant, indicating surface charging with
photogenerated electrons and their recombination with holes from the HOMO
(Fig. 9). The charging of the surface with photogenerated holes was also evident
from a small cathodic charging current observed at the beginning of the illumina-
tion under these conditions [163].

Taking this into account, the IMPS plots at F16PcZn electrodes were discussed in
a model shown in Fig. 10 [129, 163]. As already seen in the photocurrent transient
measurements, the n-type behavior of F16PcZn is compensated by oxygen after
storage in air. Both electrons and holes are photogenerated in significant amounts
compared to their concentration in the dark. At +400 mV versus SCE, the transport
of holes to the surface is favored as compared to the transport of electrons.
Charging of surface defects with electrons may also occur, but to a smaller extent
compared to the charging of near-surface defects with holes (Fig. 10a). Following
the addition of Fe(CN)6

4−, photogenerated holes from the HOMO can undergo
charge transfer to the electrolyte, and the charging of near-surface defects is sig-
nificantly reduced. The charging of surface defects with electrons and their
recombination can, therefore, be observed in the photocurrent transients and in
IMPS (Fig. 10b).

With both Fe(CN)6
4− and Fe(CN)6

3− added to the KCl solution in the same
concentrations, the semicircle of the IMPS plot again appeared in the third quadrant
(Fig. 9), since electrons now could also undergo charge transfer from the LUMO, so
that anodic charging currents again became higher than the cathodic charging

Fig. 9 IMPS plots of an F16PcZn electrode at 400 mV versus SCE. The electrolytes were 1 mol
l−1 aqueous KCl solution (▲), aqueous KCl with 1 mmol l−1 Fe(CN)6

4− ( ) and aqueous KCl with
1 mmol l−1 Fe(CN)6

3− and 1 mmol l−1 Fe(CN)6
4− ( ). (Reproduced with permission from J. Phys.

Chem. B 2001, 105, 9524–9532. Copyright 2001 American Chemical Society)
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currents. The value of fmax (14 Hz) was now lower than it had been in KCl solution
(24 Hz). The quantitative IMPS model presented above does not predict this change
in fmax. This is due to the fact that the model applies to doped semiconductors only
and that the concentration of majority carriers in a doped semiconductor is not
significantly changed under illumination. The experimental results obtained at
F16PcZn electrodes, on the contrary, clearly showed that F16PcZn is a compensated
semiconductor after storage in air and that photocurrents involving both types of
charge carriers have to be considered.

Fig. 10 Situation at the interface between the F16PcZn electrode and the electrolyte (1 mol l−1

KCl) at about +400 mV versus SCE (a) before and (b) after the addition of 1 mmol l−1 Fe(CN)6
4−.

(Reproduced with permission from J. Phys. Chem. B 2001, 105, 9524–9532. Copyright 2001
American Chemical Society)
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4 Sensitization of Oxide Semiconductors
by Phthalocyanines

4.1 Sensitization of Nanoparticulate Semiconductors

Investigations of the photoelectrochemical properties of pure phthalocyanine thin
films originated from studies in which phthalocyanines had been deposited on
inorganic oxide electrodes to investigate their role as sensitizers and protecting
layers against photocorrosion. Anodic sensitization could be achieved by
vapor-deposited PcCu and by surface-bound tetrasulfonated copper phthalocyanine
on n-SnO2 conducting glass [56] and also by vapor-deposited thin films of PcH2 on
single-crystal electrodes of n-TiO2, n-SrTiO3, n-WO3, n-ZnO, n-CdS, n-CdSe, n-Si,
n-GaP, or slides of SnO2 conducting glass [58]. The sensitization capability of the
phthalocyanine layers could clearly be shown by anodic photocurrents that fol-
lowed the absorption spectrum in their spectral dependence. The quantum efficiency
of the sensitization was generally low and photocorrosion of the semiconductor
substrate electrodes (evident for those materials of smaller band gap) could not be
suppressed sufficiently. The same conclusion was drawn from an extended study in
which also films of PcMg, PcZn, PcAl(Cl), PcTi(O), PcCo, and PcFe on
single-crystalline n-TiO2 or n-WO3 were investigated [57]. In more recent studies it
was found that although surface defects on TiO2 quenched the photocurrent fol-
lowing light absorption in the oxide electrode, the (sensitized) photocurrents fol-
lowing light absorption in the phthalocyanine were left widely unchanged [59] and
details of the energy level alignment were discussed. It was also shown that the film
morphology of PcTi(O) or PcV(O) played a crucial role. Compact layers of the
materials led to cathodic photocurrents originating from the phthalocyanine as
active semiconductor material, whereas islands of the materials led to sensitized
anodic photocurrents [167].

The photoelectrochemical properties of PcIn(Cl) thin films were investigated on
single-crystalline layered semiconductor electrodes of SnS2 or MoS2 [168, 169].
These surfaces turned out to provide a suitable substrate to deposit highly ordered
epitaxial phthalocyanine films by OMBE and to study such films as sensitizers for
the n-type semiconductors. Very narrow absorption spectra and photocurrent action
spectra were obtained speaking in favor of well-crystallized PcIn(Cl) on n-SnS2 and
injection of electrons from the excited state of the dyes into the crystallites of SnS2.
A quite constant quantum efficiency of about 10 % was found. Direct injection of
electrons from excited molecules adjacent to SnS2 was detected [169]. An increased
quantum efficiency of up to 44 % was obtained on SnS2 for drop-coated films of
phthalocyanines carrying eight dodecylamide or dodecylester functions [170].
These films showed liquid-crystalline properties and small chromophore interac-
tion. The high quantum efficiency was reached for films of submonolayer coverage
and decreased for thicker films pointing toward efficient injection again from
molecules close to the interface with SnS2 only. Consequently, the incident
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photon-to-current conversion efficiency (IPCE) for submonolayer or thicker films
(up to 30 equivalent monolayers) was found quite constant at 0.8 % only.

Higher efficiencies of phthalocyanine-modified oxide semiconductor electrodes
could be achieved if nanoparticulate oxide films were used since the electrode
surface and, hence, the interface area of the phthalocyanine with the oxide could be
increased significantly. In these cases a monolayer of phthalocyanine on the
nanoparticles provided sufficient light absorption. A high quantum efficiency can be
maintained if aggregation of the phthalocyanines can be suppressed. Vapor depo-
sition of the phthalocyanines turned out to be not appropriate. The chromophores
were typically adsorbed from solutions and preferably of phthalocyanines that
carried a chemical substituent that provided good anchoring to the oxide surface.
Tetrasulfonated metal-free phthalocyanine and the complexes of Zn, Ga(OH), Co,
In(OH), and Ti(O) were adsorbed to nanocrystalline films of TiO2 prepared by the
sol–gel technique and their photoelectrochemical activity was measured under
monochromatic illumination [171]. Among these, the zinc complex showed the
highest IPCE at a sensitization quantum yield of 5.7 %. The aluminum complex of
tricarboxymonoamidephthalocyanine adsorbed on commercial TiO2 particles
showed photocatalytic oxidations of organic molecules like phenols or hydro-
quinone [172]. A composite electrode of TiO2/phthalocyanine could also be pre-
pared by spray pyrolysis of a mixed solution of titanium-oxy-acetylacetonate and
the Cu complex of a tetrasulfonated phthalocyanine. A sensitized photocurrent was
obtained in the phthalocyanine Q-band absorption range. However, the photocur-
rents reached only a few µA cm−2 under illumination with 100 mW cm−2 of white
light [173]. Attempts have been made to prepare rather complex materials of TiO2

particles modified by quantum-sized CdS on its surface and, further, by Ga(OH),
Zn, In(OH), or V(O) complexes of tetrasulfonated phthalocyanines. Efficient sen-
sitization by monomers of the Ga(OH) complex was claimed [174] at IPCE of up to
10 %, but photocorrosion will be a severe problem for such electrodes as reported
earlier. Rather efficient electrodes sensitized by phthalocyanines used a Ru complex
of octamethylphthalocyanine with two additional axial ligands of pyridine–bis-
carboxylic acid to bind to the oxide surface which was grafted to nanoparticulate
TiO2, reaching an IPCE of 60 % and photocurrents of 10 mA cm−2 under illumi-
nation with white light under AM 1.5 conditions [175]. In a study using a number
of differently carboxylated or sulfonated phthalocyanine complexes of Zn or Al
(OH) similar values were reached with the zinc complexes of tetracarboxyph-
thalocyanine or tetrasulfophthalocyanine showing the best performance within this
group of materials reaching an IPCE of 30–45 % and a conversion efficiency of
about 1 % under AM 1.5 (100 mW cm−2) conditions [60].

The work on phthalocyanines as sensitizer for TiO2 revealed three conditions
aside from an obviously needed positioning of the electron in the excited molecular
state close above the conduction band edge of the semiconductor and good solu-
bility for electrode preparation. Stable adsorption to the semiconductor surface
typically achieved by covalent bonds through carboxylate or sulfonate anchoring
groups allows fast electron injection within less than 1 ps which can easily compete
with radiationless decay or direct injection into the electrolyte. Aggregation of the
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adsorbed phthalocyanine sensitizers has to be avoided in order to maintain such fast
injection also for larger dye coverage and avoid additional pathways for radia-
tionless decay. Aggregated sensitizers, further, often allow rapid recombination of
electrons already injected into the semiconductor to oxidized sensitizer molecules
or back to the electrolyte. Aggregation of phthalocyanines is efficiently blocked by
bulky substituents at the phthalocyanine ring or at additional axial ligands at the
central metal atom. Even dyes fulfilling this requirement, like, e.g., octacar-
boxyphthalocyanines, provided low efficiencies only [176]. The influence of axial
ligands at phthalocyanine central metal atoms on the properties as sensitizers was
analyzed. It was shown that axial methylpyridine ligands at Ru phthalocyanines
could suppress aggregation relative to identical complexes of Zn but efficiencies
could not be lifted above 0.4 % [177]. Silicon phthalocyanines were synthesized
which solely relied upon axial ligation and also the anchoring to TiO2 was per-
formed through carboxylate groups at the end of the axial ligands [178, 179].
Aggregation could again be efficiently blocked but efficiencies did not surpass a few
tens of a percent. In the context of these different studies it was established that
sensitizers leading to efficient dye-sensitized solar cells, further, should provide
good overlap of the electron wave function in the excited state (often approximated
by the lowest unoccupied molecular orbital of the dye in its ground state) with the
Ti 3d orbitals of the TiO2 conduction band to allow facile electron injection [180].
Such conditions are generally established by an asymmetric substitution pattern of
electron-donating and electron-withdrawing substituents at the phthalocyanine
ligands leading to an electronic “push-pull” configuration toward the anchoring
group of the sensitizer and, hence, toward the semiconductor surface.

In consequence, good results of sensitized TiO2 were reported for peripherally
asymmetrically tetra-substituted zinc complexes with only one of the four sub-
stituents acting as carboxylate anchor to the semiconductor surface and with three
bulky tert-butyl groups hindering aggregation [181–188]. The tert-butyl groups
also increase the solubility of the sensitizers in organic solvents, allowing efficient
impregnation of the electrodes. By the electron-donating capability of the tert-butyl
groups toward the central Pc ring as opposed to the electron-withdrawing character
of the carboxylic acid functionality, such unsymmetrical substitution adds the
required “push-pull” characteristics to the molecular orbitals, helpful for electron
injection to the semiconductor from the excited state, and, presumably, suppressing
electron back transfer to the dye and to the electrolyte. Such influence of elec-
tronically unsymmetrical substitution had also been established earlier for Ru
trisbipyridyl complexes serving as classical sensitizers for TiO2 [189]. The validity
of this approach was confirmed for porphyrins which turned out to serve as very
efficient sensitizers of TiO2 [190, 191]. In the latter case cells were reported
reaching a record conversion efficiency of 12.3 % under simulated AM 1.5 con-
ditions, based on a short-circuit photocurrent of 17.66 mA cm−2, an open-circuit
photovoltage of 0.935 V, and a fill factor of 75 %. A porphyrin was used in which
the electronic directionality was increased beyond that of the established asym-
metrically substituted phthalocyanines and porphyrins. An electron-deficient anchor
substituent, two bulky hydrocarbon substituents at the two positions next to the
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anchor, and a strong electron donor substituent at the position opposite to the
anchor were used. Further, the standard iodine-based electrolyte was replaced by a
Co-based redox electrolyte [191]. The success of this approach indicated the
potential of technical application of appropriately substituted porphyrins and
phthalocyanines as sensitizers in dye-sensitized solar cells. If such construction
principle is followed, the above-mentioned approach of using Si complexes with
additional bulky substituents further hindering aggregation can be a valuable
additional ingredient to reach good sensitization of TiO2 as demonstrated by an
efficiency of 4.5 % reached by an NIR-absorbing phthalocyanine–naphthalocyanine
hybrid complex of Si [192].

Despite their typically high extinction coefficients, the rather narrow absorption
range of monomeric (nonaggregated) phthalocyanines can lead to incomplete
absorption of visible light. To overcome this drawback for use as a sensitizer in
technical dye-sensitized solar cells, a concept has been developed to use parallel
absorption spreading over larger portions of the solar spectrum by more than one
dye adsorbed to the TiO2 surface (“dye cocktails”) [181]. A conversion efficiency of
7.74 % with Isc = 16.2 mA cm−2, Voc = 0.666 V and FF = 72 % was reached for
sensitization by a mixture of a fluorine dye JK-2 and a zinc phthalocyanine sub-
stituted by one carboxylic acid anchor and three pushing and shielding (see above)
tertiary butyl groups. This performance was improved beyond the conversion
efficiency of 3.52 % in a cell sensitized by just the substituted phthalocyanine and
beyond the conversion efficiency of 7.08 % reached in a cell just sensitized by JK-2.
This is not the only example in which larger efficiencies were reached for dye
cocktails than for the use of the corresponding single dyes, which is remarkable in
view of the numerous additional recombination pathways that appear possible in
mixtures of dyes [193, 194]. Rapid injection of electrons from the excited state of
the sensitizers to the conduction band of TiO2 represents a fundamental prerequi-
site. The efficiency could be increased even further by a cell with a separation of the
sensitizers using an Al2O3 tunnel barrier, reaching a conversion efficiency of 8.65 %
under simulated AM 1.5 conditions, based on Isc = 17.6 mA cm−2, Voc = 0.696 V,
and FF = 70 % [195]. Such optimization strategies could also increase further the
efficiencies reached for Pcs as sensitizers of TiO2.

4.2 Sensitization of Electrodeposited Semiconductor
Thin Films

Aside from TiO2, ZnO is one of the most promising semiconductor materials in
dye-sensitized solar cells [196–199]. On the way toward both, improved electrode
properties and more economically feasible cells, new ways of preparing semicon-
ductor–dye composites are sought and ZnO offers new perspectives in this respect.
Crystalline films can be obtained from solution, e.g., electrochemically on the
cathode during electrolysis of aqueous Zn(NO3)2 or oxygen-containing ZnCl2
solutions.
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4.2.1 Electrodes Deposited in the Presence of Phthalocyanines

The successful preparation of dye-loaded porous but crystalline ZnO semiconductor
thin films in the presence of water-soluble dyes [200] such as metal complexes of
tetrasulfonated phthalocyanines (TSPcMt) [201, 202] was reported. This one-step
preparation by dissolving the dye in the bath for the ZnO electrodeposition was
found to allow simultaneous self-assembly of ZnO and the adsorbed dye, thus
yielding homogeneously colored crystalline ZnO films with porous morphology.
The dyes showed good compatibility with the aqueous deposition conditions and a
suitable range of redox potentials to allow proper alignment of the energy levels in
the contact to ZnO. Adsorption of dye molecules onto the growing surface of ZnO
strongly affected the crystal growth of ZnO and led to a significantly higher surface
area when compared to pure ZnO films formed without addition of the dyes,
opening up a new synthetic route to photoactive materials for dye-sensitized
semiconductor electrodes. Strongly differing crystal sizes, morphologies and
porosities of the crystalline ZnO as well as different degrees of aggregation of the
dye molecules could be obtained dependent upon the adsorbed dye molecules and
proper choice of the deposition conditions [202, 203].

Examples of different film morphology are shown in Fig. 11. For a given
phthalocyanine ligand the choice of the central metal allows to grow films of
remarkably different morphology and relative orientation of the ZnO nanocrystals

Fig. 11 Influence of the adsorbed dye molecules on the morphology of the films deposited at
−0.9 V versus SCE from 0.1 M Zn(NO3)2 of a pure ZnO without dye and in the presence of
b 50 µM TSPcZn, c 50 µM TSPcAl(OH), and d 50 µM TSPcSi(OH)2 as revealed by scanning
electron microscopy. (Reprinted from Z. H. Kafafi, (ed.): “Organic Photovoltaics II” Proceedings
of SPIE, Volume 4465, Bellingham (WA), Copyright (2002), with permission from The
International Society for Optical Engineering)
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[202]. The formation of ester-like bonds through the sulfonic acid groups of a
TSPcMt molecule to the surface of ZnO probably plays a decisive role in this
assembly, since a formation of such bonds was also seen in TSPcCo/TiO2 com-
posites [204]. The adsorption of TSPcMt takes place preferentially onto the
a/b-plane of ZnO, since crystal growth predominantly along the a and b axes was
observed. The overall growth direction is defined vertical to the electrode.
Therefore, ZnO crystallites with their a and b axes perpendicular to the substrate
grew faster and represented the preferential crystal orientation of the final film
[202]. Differences in the stability of TSPcMt adsorption to different crystallographic
faces of ZnO led to the anisotropy of the crystal growth (Fig. 11).

Dye molecules at the interface not only react with ZnO but also form
well-defined intermolecular structures. The intermolecular electronic interaction can
be studied by measuring UV-vis absorption spectra, because the interaction of the
chromophores in condensed dye assemblies leads to specific changes of the elec-
tronic structure [136, 205, 206]. This was discussed in detail for the electrode-
posited ZnO/TSPcZn hybrid thin films [202, 207]. Films electrodeposited at –0.7
(slow growth) or –0.9 V versus SCE (faster growth) showed characteristic differ-
ences. Whereas both films were blue and less scattering than pure ZnO, the film
deposited at –0.7 V obviously contained a higher amount of dye and showed
absorption maxima at 337 nm, 639 nm, and a shoulder at around 680 nm. The film
deposited at –0.9 V was pale blue and had a Q-band absorption peak at 690 nm and
only a shoulder at around 630 nm. The absorption spectra of the ZnO/TSPcZn films
deposited at −0.7 V indicated formation of π-stacking aggregates for the TSPcZn
molecules in the ZnO/TSPcZn film. Formation of such ordered dye aggregates on
inorganic surfaces was also reported for merocyanine dyes adsorbed on TiO2,
Al2O3, and ZrO2, as a consequence of chemical interactions between the dye
molecules and the ordered surface of inorganic materials as well as that among the
neighboring dye molecules [208]. Films deposited at −0.9 V showed dye loading as
monomers noticed from the dominance of the 690 nm Q-band absorption [206].
Washing the ZnO/TSPcZn hybrid thin film deposited at –0.7 V with a surfactant
solution (CTAC) providing optimum solubility of TSPcZn led to partial desorption
of TSPcZn molecules from the composite films and converted their absorption
spectra resembling those of the hybrid thin film deposited at −0.9 V [202]. Such
difference clearly indicated the formation of multilayers of dyes with strong dye/dye
interaction in the films deposited at −0.7 V. At the bottom of such multilayers of
dyes, however, TSPcZn molecules are present that are chemically attached to ZnO
and that cannot be washed off by the CTAC treatment.

The sensitization properties of such films were studied by photocurrent spectra,
time-resolved photocurrent measurements and by intensity-modulated photocurrent
spectroscopy (IMPS) [207, 209]. Visible light absorbed in the dyes led to the sen-
sitization of ZnO in contact to an organic I−/I3

− electrolyte as exemplary shown in
Fig. 12. Many experiments were performed in a conventional three-electrode
arrangement with the deposited hybrid thin films as working electrode, a Pt counter
electrode and a Ag/AgNO3 reference electrode. 0.5 M KI in acetonitrile/
ethylenecarbonate (1: 4 by volume) was used as the electrolyte. Among TSPcMt
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with different central metals, significantly higher conversion efficiencies were found
for monomeric as compared to aggregated TSPcMt adsorbed on the ZnO surface
[207, 209, 210]. This was also the case for electrodes having mostly aggregated
TSPcZn, although these aggregates dominated the absorption spectra.
A considerably higher quantum efficiency of monomeric dye when compared with
aggregated dye was thereby shown. When the values of the IPCE are considered it
has to be noted that the values reached by ZnO-TSPcMt hybrid thin films were
generally low. Among the materials, however, clear differences could be detected
showing the strong influence of the central metal. TSPcSi(OH)2 proved to be the
most efficient sensitizer since a peak IPCE of 0.4 % was reached at an absorbance of
only 0.04. This indicated an internal quantum efficiency about a factor of 3 higher
when compared to monomers of TSPcZn (0.12 % at similar absorbance) and about a
factor of 17 higher when compared to TSPcAl(OH). The higher photocurrents in
this comparison for TSPcSi(OH)2 could be explained by quite efficient electron
injection from the excited state of the dye to the conduction band of ZnO. A suitable

Fig. 12 Optical absorption spectra (lines) and photocurrent action spectra in the oxidation of
iodide at −0.2 V versus Ag/AgNO3 (circles) measured at films of TSPcZn/ZnO grown at −0.7 V
versus SCE (a) and at −0.9 V versus SCE (b), TSPcAl(OH)/ZnO (c), and TSPcSi(OH)2/ZnO (d),
both grown at −0.9 V versus SCE. (Reprinted from Z. H. Kafafi, (ed.): “Organic Photovoltaics II”
Proceedings of SPIE, Volume 4465, Bellingham (WA), Copyright (2002), with permission from
The International Society for Optical Engineering.)
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relative position of the electron energy levels combined with a strong chemical
interaction of TSPcSi(OH)2 with ZnO was found to provide the basis for this
increased efficiency when compared with other TSPcMt [209, 210]. In a direct
comparison of the monomeric versus the aggregated zinc complex TSPcZn on ZnO
(Fig. 12) the higher injection efficiency from monomers was confirmed by an
increased quantum efficiency. Despite a smaller coverage by the monomers and,
hence, decreased absorption, even the incident photon-to-current conversion effi-
ciency (IPCE) was higher for the films with monomeric TSPcZn when compared to
those with aggregated TSPcZn, in which photogenerated charge carriers mostly
recombine within the aggregates [207, 209].

Time-resolved photocurrent measurements in the ms-regime were performed to
discuss the efficiency of monomeric versus aggregated forms of TSPcMt and the
role of the central group in TSPcMt (Fig. 13) [210]. Electrodes with monomers of
TSPcZn on ZnO led to a more pronounced overshoot of the photocurrent above the
stationary value when the light was switched on and significant cathodic currents
when the beam was shut, whereas electrodes with aggregates of TSPcZn showed a
more rectangular response consisting of anodic currents only. A more facile transfer
of electrons from I− to the aggregates compared with the monomers explained this
behavior [207]. The slower regeneration of the neutral dye following electron
transfer from the excited monomer to the conduction band of ZnO led to a sig-
nificantly higher concentration of oxidized dye in the stationary state in this case
with the consequence of the observed cathodic currents caused by transfer of
electrons from the ZnO valence band, easily detected when the light beam was shut.
The low efficiency of TSPcZn aggregates was not caused by slow regeneration
kinetics but by fast radiationless decay within TSPcZn aggregates or by a slower
electron injection rate into the conduction band of ZnO. Despite significantly faster

Fig. 13 Photocurrent transients observed at −200 mV versus Ag/AgNO3 in contact to 0.5 M KI in
acetonitrile/ethylenecarbonate (1:4 by volume). Comparison between aggregated and monomeric
forms of TSPcZn (a), and of the influence of the central group in monomeric TSPc (b). (Reprinted
from Z.H. Kafafi, (ed.): “Organic Photovoltaics II” Proceedings of SPIE, Volume 4465,
Bellingham (WA), Copyright (2002), with permission from The International Society for Optical
Engineering.)
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electron transfer from I− to the aggregates the electrodes were significantly less
efficient.

Different TSPcMt monomers on ZnO showed transients of similar shape indi-
cating similar relative rates of electron injection and regeneration. Compared with
TSPcSi(OH)2, however, smaller ratio of charging/steady-state and discharging/
steady-state currents were observed for TSPcZn or TSPcAl(OH) (Fig. 13) [207,
209, 210]. A faster electron transfer from the electrolyte to TSPcZn or TSPcAl(OH)
was thereby indicated relative to electron injection from the excited dyes into ZnO.
Since lower steady-state values of the photocurrents were observed when compared
with TSPcSi(OH)2 it was concluded that TSPcSi(OH)2 provided faster and more
efficient electron injection into ZnO compared with TSPcZn or TSPcAl(OH).

The interplay of different dye molecules present during the electrodeposition
reactions of dye-modified ZnO and also under photoelectrochemical working
conditions were studied for zinc complexes of tetrasulfonated phthalocyanine
(TSPcZn) and tetraphenylporphyrine (TSTPPZn). Both dyes were simultaneously
adsorbed to ZnO during the deposition [211]. The typical absorption bands for both
dyes were detected. Films of TSPcZn/ZnO consisted of larger particulate domains
when compared with TSTPPZn/ZnO or (TSTPPZn + TSPcZn)/ZnO as also
revealed by atomic force microscopy [211]. Composite films with both dyes present
(TSTPPZn + TSPcZn)/ZnO absorbed 48 % of the light at 420 nm and 31 % at
680 nm. The presence of the porphyrin obviously stabilized the phthalocyanine on
the ZnO since a higher amount of TSPcZn was adsorbed. It is relevant to note,
however, that the aggregation tendency of TSPcZn was even increased in the films
with both dyes present as seen in the increase of the aggregate absorption band
(640 nm) relative to the monomer band (680 nm) of TSPcZn [211]. Both, TSPcZn
and TSTPPZn worked in parallel and the contribution of each dye to the overall
photocurrent was collected [212]. The presence of TSPcZn together with TSTPPZn
improved the photoelectrochemical properties of TSTPPZn since a threefold
increase of the photoelectrochemical quantum efficiency was found at 425 nm
[212]. In this case the increased rate constant of the electron transfer to oxidized
TSPcZn could be efficiently utilized to suppress recombination in TSTPPZn.
TSPcZn took over a role as charge mediator in the electron transfer from I− to
oxidized TSTPPZn. Nevertheless, IPCE not larger than 0.1 % were observed for
these electrodes in which TSPcZn was present during electrodeposition of ZnO
leading to aggregates of TSPcZn and a small surface area of the hybrid material.

4.2.2 Sensitization by Subsequently Adsorbed Phthalocyanines

Clearly improved electrode characteristics were obtained when ZnO was prepared
in a separate reaction step in the presence of a more favorable structure-directing
agent before the phthalocyanine chromophores were adsorbed in a subsequent step
[212–214]. Films of ZnO with a high porosity at preserved crystallinity were
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obtained in the presence of Eosin Y [214–216]. Since Eosin Y can be desorbed
from such films an efficient ZnO semiconductor matrix is provided that can sub-
sequently be loaded with a variety of sensitizer molecules by adsorption from
solution (“readsorption method”) [213, 214]. Using this method, TSPcZn was
readsorbed on ZnO. By analysis of these films it was clearly observed that TSPcZn
could perform at much better efficiency when compared with the films deposited in
its presence. In the Q band an absorbance of about 0.7 above the scattering
background was observed. This is about a factor of 5–10 higher than that in the
films deposited in the presence of TSPcZn speaking in favor of an efficient
adsorption of the sensitizer at such ZnO grown in the presence of EosinY. The
shape of the band speaks for a widely monomeric adsorption of TSPcZn. The
spectral dependence of the photocurrent (IPCE) basically follows the optical
absorbance spectrum and shows the high efficiency of adsorbed monomers of
TSPcZn. The IPCE reaches 30 % at the absorption maximum of 680 nm leading to
a photocurrent density of 2.3 mA cm−2 calculated for the geometric surface area.
When these values of the IPCE or the current density are compared to the values
reached for the films deposited in the presence of TSPcZn, an increase by a factor of
about 500–1500 was observed. By normalizing for the increased absorbance an
internal quantum efficiency (absorbed photon-to-current conversion efficiency
APCE) about 150 times higher can be estimated. The improvement of the photo-
electrochemical properties for the TSPcZn/ZnO film can be understood by a mainly
monomeric adsorption of the dye on the surface of ZnO, by the preserved crys-
tallinity of ZnO and by the large overall surface area [212]. Despite such progress,
however, efficiencies relevant for technical application could not be reported.
Subsequent work focussed on the use of newly developed phthalocyanine sensi-
tizers. Octacarboxyphthalocyanines with Zn, Al(OH) and Si(OH)2 as central groups
had shown very small aggregation tendency [217] and had performed well as
photocatalysts [218]. These complexes were, therefore, employed as sensitizers on
ZnO electrodeposited in the presence of EosinY [219]. Decent values of IPCE
(31 %) and APCE (60 %) were reached in the absorption maximum but overall low
currents and conversion efficiencies η < 0.3 % were obtained because of a limited
achievable load by monomeric dye on the ZnO surface. Small improvements
(IPCE = 51 %, APCE = 63 % and η = 0.45 %) could be reached using the TiO
complex of octacarboxyphthalocyanine [220]. Use of an asymmetrically substituted
phthalocyanine with three naphthyloxy and one carboxy-dioxyphenyl groups
improved the performance only slightly (IPCE = 31 %, APCE = 35 % and
η = 0.48 %) [220]. It has to be stated that the attractive efficiencies reported for
phthalocyanines in the sensitization of TiO2 as referred to above could not be
reached for ZnO yet. It still has to be found out if this is caused by the slightly
higher energy of the ZnO conduction band edge or by details in the sensitizer
design.
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5 Technology Outlook

Photoelectrochemical properties of molecular semiconductors have recently
regained new interest in view of their possible application in photovoltaic cells.
Phthalocyanines are of interest for this application because of high absorption
coefficients for visible light, high chemical and thermal stability, and good com-
mercial availability. Originally, they had been tested successfully for applications in
all-solid-state photovoltaic cells [16, 18, 221, 222], where the best results with
molecular semiconductors were obtained for p-n cells containing a phthalocyanine
as p-type semiconductor and perylenetetracarboxylic acid diimides (PTCDI) as n-
type semiconductor in a configuration ITO/PTCDI/Pc/Au [18, 221]. Efficiencies of
up to about η = 2 % were found for such cells of PcZn and N,N′-
dimethyl-3,4,9,10-perylenetetracarboxylic acid diimide (MePTCDI) [221]. The
efficiency of such cells could be increased significantly in interpenetrating networks
(“mixed layers”) of the two electrode materials leading to an increased interfacial
area [222]. Crystallographic strain can be expected in the interface of two crys-
talline molecular semiconductors, leading to a small interfacial contact area and
efficiency losses due to chemical and physical defect centers. Such interfacial states
have been directly observed as surface dipoles in photoelectron spectroscopy
studies of organic/organic′ heterojunctions [19, 20, 103, 107, 113, 116]. PcZn and
MePTCDI were therefore also investigated in photoelectrochemical p-n cells to
increase the effective surface area by an electrolyte between the two semiconductor
thin films (e.g., ITO/PcZn/Fe(CN)6

3−/4−(aq)/MePTCDI/ITO) [45]. However,
although the semiconductor/electrolyte interface avoids the organic/organic′ solid
contact and should provide larger contact areas at the surfaces, ridiculous effi-
ciencies (η = 0.00032 %) were found for these cells, caused by a very low pho-
tocurrent (iSC = 10.5 μA cm−2) which was explained by charge transfer limitation
and mandatory reactant adsorption prior to the charge transfer step. Such limitation
was generally found for electrodes of phthalocyanines [45, 50, 124], and also for
thin films of perylene derivatives [45]. Further, surface defects observed at thin
films of phthalocyanines and perylene derivatives [163] mainly act as recombina-
tion centers, since charge transfer from surface defects is slow. The rather small
surface area of the Pc and PTCDI thin films (roughness factor only about 2) [45]
could by far not compensate these limiting effects of reactant adsorption and surface
recombination. Rather low efficiencies of only up to 0.08 % were therefore also
reported for photoelectrochemical solar cells with Pc electrodes and metal counter
electrodes, corresponding to all-solid-state Schottky cells [121, 223].

In further developments of all-solid-state cells using phthalocyanines as a donor in
a mixed layer with an acceptor, PcCu was very successfully used as donor with C60 as
acceptor. Efficiencies of up to 5.7 % were reached in a tandem cell approach using
such mixed layers [224]. The approach has been developed further to 12 % efficient
cells claimed by the company Heliatek without, however, mentioning specific
composition of the cells [225], and 11.1 % efficiency reported for a triple-junction
solar cell of the same type using two layers of tetraphenyldibenzoperiflanthene
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(DBP) as a donor blended with C70 as acceptor and a layer of 2-((7-(5-(dip-
tolylamino)thiophen-2-yl)benzo[c] [1, 2, 5] thiadiazol-4-yl)methylene)malononitrile
(DTDCTB) as a donor blended with C60 as acceptor [226]. Such cells are directly
competing with solution-processed “plastic solar cells” consisting of at least one
polymeric organic donor and, typically, a molecular organic acceptor, which have
also reached similar efficiency levels of 6.1 % [227], 7.4 % [228], 8.7 % [229], and
9.4 % [230] for different material combinations in conventional single-cell device
structures, 10.6 % in a tandem cell [231], and even 11.5 % [232] or 11.8 % [233] in
triple-junction devices.

The problem of short diffusion lengths of excited states in organic absorbers
compared with the thickness needed for efficient absorbance could alternatively be
solved by the development of nanocrystalline dye-sensitized solar cells, using
organic dyes as sensitizers for porous inorganic wide-bandgap semiconductors like
TiO2 or ZnO as reviewed above. When photoelectrochemical cells are considered,
the concept of dye-sensitized oxide electrodes therefore provides the best per-
spective. Although good oxide–dye combinations have already been presented,
further work will reveal new composite materials, prepared by different, preferably
simpler, preparation techniques and phthalocyanines might very well play a role in
this context. One should keep in mind, however, the mostly low efficiency of
phthalocyanine aggregates as opposed to considerably more efficient monomers of
phthalocyanines on the one hand and the high aggregation tendency of phthalo-
cyanines on the other hand. A goal therefore will be to continue tailoring
phthalocyanines with specifically designed anchoring groups to bring the chro-
mophore π-system close toward the oxide surface, optimize the relative energetic
and local orbital overlap with the oxide (electronic “push-pull”) and at the same
time hinder the chromophores from aggregate formation even at a high coverage on
the surface. The photoelectrochemical properties of phthalocyanine surfaces are
also of interest in interactions with gas environments. Chemical reactions with
redox-active gas molecules lead to similar changes of the surface trap distribution as
discussed above for the reactions in contact to liquid redox-active electrolytes.
Changes of the electrical conductivity as a consequence of redox interactions with
gas molecules were therefore often used to test phthalocyanine thin films as sen-
sitive layers in chemical sensors. Vapor-deposited phthalocyanine thin films and
thin films prepared by the LB technique were extensively studied and discussed in
review articles [68, 80, 92–94, 234, 235]. Photoelectrochemical experiments in
contact to solutions of the analytes or their model compounds can be used to study
the surface reactions at the electrodes in great detail and, hence, assist in deepening
the insight of chemical sensing at phthalocyanine surfaces. Of particular interest in
this context is the finding that the photoconductivity of phthalocyanine films
showed a considerably higher sensitivity to the presence of redox-active gas
molecules than the dark conductivity [236]. A clear relevance of surface defects as
centers of charge-carrier dissociation and traps for charge carriers is thereby shown.
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A close link of the photoelectrochemical research at phthalocyanine thin films and
research toward their application as chemical sensors should therefore be main-
tained and used to further develop both fields, although they appear quite inde-
pendent judged from their technological aspects.
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