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Preface

This book is a review which focuses on electrocatalysis based on chalcogenides
particularly in the nanoscale domain. The interest will be placed on the focus of two
important reactions of technological interest, related to the electrochemistry of
hydrogen and oxygen reactions. More particularly, the book will provide an
introduction to materials synthesis, basic principles of electrochemistry and elec-
trocatalysis, associating precious versus non-precious catalytic center chalcogenides
as well as different supports. The role of such supports to stabilize the catalytic
centers will be stressed. In short, it covers the properties of this class of electro-
catalysts, from the bottom-up approach to the application in low-temperature fuel
cell systems, such as the microfluidic fuel cells for portable devices. The book will
illustrate the basic ideas behind materials design from cluster to cluster-like com-
pounds providing current research progress. It will be ideal for students, profes-
sionals, and researchers in the search of non-noble metal centers for chemical
energy conversion interested in the field of electrochemistry, renewable energy, and
electrocatalysis.

Last but not least, this work reflects the product of many fruitful collaboration
with a number of talented students and researchers in France and abroad, whose
contributions are mentioned in the list of references in every chapter. Therefore, I
heartily thank everyone.

Poitiers, France Nicolas Alonso-Vante
February 2018
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Chapter 1 )
Introduction Check or

1.1 Basic Concepts of Electrochemical Kinetics

The thermodynamic principles of electrochemistry can be found in a vast literature,
e.g., [1-4]. This section is mainly devoted to delineate the kinetics concepts applied
so far to the multi-electron charge transfer at the electrocatalytic materials interface,
which is further discussed in the next chapters. Therefore, some basic concepts are
recalled in this section.

1.1.1 The Interfacial Charge Transfers Kinetic Model

The charge transfer at the electrode/electrolyte interface is usually associated with
other phenomena, e.g., adsorption—desorption, mass transfer, surface diffusion,
crystallization. Moreover, the driving force at the interface is the internal difference
potential between the electrode and the electrolyte, necessarily linked to the
double-layer capacitance [5-12], so that at the electrode surface, S, the surface
reaction rate (mol cm 2 s '), which involves in the reaction a stoichiometric
number of species v;, is defined as:

11 Bn,-
- (= 1.1
' viS(at)Imerf ( )

Thus, the reduction and oxidation rates at the interface (0, 7) of a general elec-
trochemical reaction are, namely (a) v,,Ox + ne. — Vv,.4Red; and (b) v,.,Red —
Vo Ox + ne are:

Vryed = k,eng’;(O,t) (12a)
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2 1 Introduction

Vox = korClzt (0, 1) (1.2b)

If we confine the species Ox and Red on a metallic electrode with |v,.4 =
[Voxl = 1 and |v,] =n > 1, a series of elementary steps, following the kinetic
theory, must be taken into account in the final equation of the current—potential
characteristics. In the simplified picture, the rate constants, k,,; and k,,,, will depend
on the applied electrode potential difference between the electrode surface and the
electrolyte.

kred = koei(lia(.)nf(EiEo) (133)
kox —_ koe+ot,,nf(E—EU) (13b)

Hence, kY is the reduction, and oxidation rate constant at the standard potential,
E°, and f= F/RT = (96,487 C mol '/8.314 J mol 'K’ x 298 K) = 38.9 V.
The charge transfer coefficient, o, has been identified, respectively, as o, and o.
This coefficient is a descriptor of the applied electrode potential at the solid/
electrolyte interface affecting the cathodic and anodic activation energies through

the free Gibbs energy of reaction, AGZé, and can be rationalized as follows,
Egs. (1.4 and 1.5):

AG? = —nFE = —nF(E — E°) = —nF AE (1.4)

0AG? 904G 4 an 0AG? 904G, )
OAGF nFAE ¢ oAGF nFAE ¢

(1.5)

One can assume that o, and ¢, are constants with values between 0 and 1, so that
at any electrode potential o, + o. = 1. However, if o is potential dependent,
oy + o # 1.

Combining the reaction rate, v, with the flow of electrons, (I = x£nFSv),
where + stands for anodic and cathodic, respectively, the total current, Iy, is
given by:

Lipgar = I+ 1. = nFS[kOXCRed(O7 t) - kredCOX(07 t)} (16)

The substitution of Egs. (1.3a, b) in (1.6) gives the general Butler—Volmer
equation (1.7).

I = nFSk° [CRed(o, 1)e 12 ME=E) _ (0, 1) (EE) (1.7)



1.1 Basic Concepts of Electrochemical Kinetics 3

1.1.2 At Equilibrium

One first consequence of the kinetic current, displayed in Eq. (1.7), is to demon-
strate that at equilibrium, i.e., E = E° = E,,, the total current is equal to 0. This
simple assumption makes Eq. (1.7) become the well-known Nernst equation (1.8).

M — enf(qufEO) (18)

CRed (0, t)

It is interesting to note that Cp,(0,#) and Creq(0,7) in Eq. (1.8) refers to the
concentration at the electrode surface. However, at equilibrium, the species con-
centration in the electrolyte bulk Cp and Cg., can also be used in Eq. (1.8).

1.1.3 Far from Equilibrium

1.1.3.1 Far from Equilibrium and Charge Transfer

The electron charge transfer driving force is given by the so-called overpotential
parameter: § = E — E,,. Substituting E = E,, +# in (1.7), and rearranging, we
obtain.

I = nFSKOC o~ (Eeg=E) [e<1—“u>"f'"—e—“<"f'"] (1.92)
or
I1=1 {e(lfaa)nfrl_e*%nfﬂ} (1.9b)

where I, divided by the electrode surface area, S, represents the exchange current
density, jo. This parameter is again a descriptor used to compare, in a volcano curve,
the electrocatalytic properties of various materials toward a defined reaction. Taking
the following values for o, = o, = 0.5, T = 298.15 K, n = 1, and j, = 2 mA cm 2,
and n = £0.15 V, the plot of Eq. (1.9b) (dark curve) is given in Fig. 1.1a. The
partial contributions for the anodic and cathodic currents are given in red, so that
one obtains the well-known Tafel expression by rewriting the Butler—Volmer

equation (1.9b) for the anodic and cathodic overpotential, when # — =+ ©o.
+n(j) = a £ b In|j| (1.10)

where b is the Tafel slope (£2.303 RT/aF or (£2.303/o f). For n = 1, the slope
corresponds to 0.118 V/decade. Equation (1.10) is plotted in Fig. 1.1b, with an
exchange current density of 1 mA cm 2. For simple kinetics, the Tafel slope is
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Fig. 1.1 a Plot of j versus the overpotential, 7,
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Fig. 1.2 Change of the Tafel slope with temperature for RuO, and Pt data adapted with
permission from reference [13]. Copyright (1993) American Chemical Society

proportional to the temperature. This phenomenon is certainly true for outer-sphere
charge transfer mechanisms, but in electrocatalysis of a multi-electron charge
transfer process (e.g., water oxidation), the situation is more complex as demon-
strated in Fig. 1.2 for platinum and ruthenium dioxide electrodes. The figure depicts
the response obtained in a wide range of temperature at an applied electrode
potential [13]. The latter one shows an anomalous behavior, whereas the former one
follows the trend dictated by the temperature increase by b. This experimental fact,
certainly, puts in evidence the role of the charge transfer coefficients as being
descriptors of the surface complex chemistry during an electrocatalytic process.
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1.1.3.2 Far from Equilibrium and Mass Overpotential

The application of an electrode potential at the interface to favor the charge transfer
process means activating the reaction through an activation overpotential, #,.,. This
process, at the electrode/electrolyte interface, generates a concentration gradient
that generates the concentration overpotential, #,,,,.. Departing from Eq. (1.7) in the
equilibrium, we obtain for the exchange current Eq. (1.11):

Ip = nFSK°Cl ) i, (1.11)
Rearranging Eqgs. (1.7) over (1.11) it turns out that:

] — IO |:CRed(07 t) e(l—aé,)nfna _ COX(07 t) e—ycnfns:|

” ” (1.12)
CRed COx

Herein, the concept of mass transfer overpotential comes up clearly, using the
definition of overpotential and the Nernst equation.

Neome = E — Egg =~ 1n( €000 /Crea(0:1) (1.13)
conc q I’lf

* *
COX CRed

With the definition of a limiting current, [; = nFSD%, Eq. (1.13) can be rep-
resented as:

1
Neone = E

Do \PC: 1—1,.
In —( 0) or I (1.14)

DrReq Crea la—1

One generally encounters in all steady-state experimental data (e.g., generated via
the rotating disk electrode technique), the effect of the concentration gradient, and
Eq. (1.12) is the general one to be taken into account to extract kinetic parameters.

1.2 Chalcogens and Metal Chalcogenides

The term chalcogen applies to the elements (O, S, Se, Te, and Po) placed in group
16 of the Periodic Table. The compounds formed by these elements are known as
chalcogenides, and herein we make mainly reference to inorganic compounds based
on or involving sulfur, selenium, and tellurium of the type (M X;; where M is a
transition metal, and X: S, Se, Te). A recent account on the history, and occurrence
of chalcogens has been published [14]. Herein, we concentrate on the discussion
regarding the electronic structure and the interfacial reactivity for electrocatalytic
purposes of 2D (e.g., MoS,, ...), 3D (e.g., RuS,, ...) as well as surface coordinated
transition metal centers (e.g., Ru,Sey, ...).
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1.2.1 The Bond Ionicity or Covalency

The degree of interaction of the transition metal valence d-, p-, and s-electrons with
the chalcogen valence p-electrons determines the conduction and valence bands
energy position of the chalcogenide materials in the solid state. Focusing on the
binding energies data extracted from the literature [15] and schematized in Fig. 1.3
we can qualitatively observe that an increasing covalency is obtained when d-states
of the metal with 2p states of the chalcogen proceed from oxygen to tellurium.
Transition metal chalcogenide (TMC) compounds, in the groups 8—10 (or 8B) of
the Periodic Table, can present species having oxidation states X* or (X»)*". In
other words, the cation is reduced and the anion is oxidized, going from layered,
e.g., TiS, with Ti** and S*~, to bulk FeS, with Fe* and (S,)*". This phenomenon is
attributed to the intra-atomic and interatomic interaction of electrons, and this latter
describes the behavior of the majority of chalcogenide compounds, their band
energy positions, and gap. Hence, the hybridization degree of chalcogen p-states
with the transition metal d-states favor the metal-metal interaction and thus the
magnitude of the band gap, leading to modulate the optoelectronic properties of
TMC. This complex interplay, however, with respect to the filling of the metal
d bands determine why semiconductors, as well as metallic conductors are obtained
[16, 17].

4 5 6 7 8 9 10 16
4B 5B 6B 7B 8B 6A
Ti Zr Hf |V NbTa |CrMoW | Mn TcRe| Fe RuOs|CoRhIr [NiPdPt | |O S Se Te
64
4s 4s
=S ??d_ 2 P 2 4s 28 Ss 5
S 20 25
> gda¢d _& y 6 6s|4s 4s 4
2 4d - i%4_Ld | 49 | 4d 6s 45—5
% 3d 3d 3d s 6s 5p
£ 104 . » S o =
o 3
£
°
c
=
124
2p
14

Fig. 1.3 Atomic ionization potential for the transition metals and chalcogens. Data extracted from
reference [15]
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1.2.2 The 2D, 3D Compounds

A portion of the Periodic Table, as that depicted in Fig. 1.4, gives an overview of
the various TMC structures with two-dimensional (2D) and three-dimensional (3D)
structures. The 2D-TMCs in MX, is actually composed of individual M atomic
layers coordinated between two chalcogen (X) atomic layers, Fig. 1.5. This
stacking configuration leads to two types of crystal structures, namely trigonal
prismatic (Tp) (2H), and octahedral (Oh) (1T); see Fig. 1.6. As discussed in the
literature, a similar TMC, e.g., 2H-MoS, can be converted to 1T- MoS, [18]. This
phase transformation is of extreme importance in the materials physics and
chemistry domain, since the conductivity of MoS, changes from semiconducting to
conducting material. This means that a sole material can be used as a photocatalyst
as well as an electrocatalyst for green fuel generation.

Based on a quantitative band structure calculation [19-21], a simplified elec-
tronic structure is shown in Fig. 1.7 for M: Mo, Pt; X: S, and Se [20]. A systematic
variation in the valence band, via photoelectron spectroscopy, of such materials was
summarized earlier [22]. The main feature for the Oh coordination symmetry is that
the d-states are placed above a lower energy band made up of p-states from
chalcogen, whereas on the other hand, in the Tp symmetry, a split of the t,, energy
band into a lower d? energy band and higher d-band derived from dyy, and dﬁ—dﬁ
states is separated by a hybridization gap.

4 5 6 7 8 9 10
4B 5B 6B 7B 8B

Oh: Octahedral i EREAES

Tp: Trigonal prismatic Mn| Fe | Co| Ni

Py: Pyrite S Nl ol
22 F3] 2 N

ms Ti| v |cr e Bl

s s Y P e

Py | Py-Ma| Py %

M-Te S R i S dcs Irl
N ~ Py | Py-Ma | Py-Ma Py

2 | N0\ M| e

7 n T

k] [ ~ |
Oh Oh Oh Hf | Ta| W | Re | Py:-Ma Ma-Oh | Py-Oh
@i CUBNICL o inn e Py | P2 | pd
Oh Oh N py _I‘r-Py‘ | Pd
~ Py-0h | “on
Oh T v Py N BN
Oh b T oh Py Ir-Py
Oh on” |Oh-Tp | op Py
—- Py Oh~_
Oh |~ 1p Tp Oh
Oh~ Tp o Oh
_Oh |ohTp | oh

Fig. 1.4 Coordination symmetry (Oh, Tp, Py) of some transition metal dichalcogenides (MX;).
The right block shows essentially 3D structures. The block on the left and bottom forms 2D
structures (layered compounds). Modified from reference [16]. Copyright (1992) Published by
Elsevier B.V
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Fig. 1.5 A layered compound based on MoS,. structure generated via the Software VESTA

Trigonal prismatic (2H) MX, Octahedral (1T) MX,

c ’MOX

Fig. 1.6 Atomic positions with the structure MX, (2H) and (1T). Structures generated via the
Software VESTA

1.3 Chalcogenide Cluster Compounds (Chevrel Phase)

The Chevrel phase, reported in 1971 by Chevrel, Sergent, and Pringent [23, 24] is a
fascinating family of ternary chalcogenide materials with a general formula
M MogXg (where M = Fe, Cu, Ag, Co, Pb, rare earth, etc., and X = S, Se or Te).
Due to the variability of their dimension this phase possesses interesting physical
properties, and has been investigated since the 1970s toward their superconducting
properties with large critical magnetic fields [25]; and band structure [26-29].
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Trigonal Prismatic Octahedral
3_’ S MoS,| [A%y  MoSe,
113 2 PtS, PtSe,

—~ 24 i
@ 1 Mo ! 2 g &—E‘t_d
5 19 ' : —5¢ p
s — Tou
2] Vo2
wo_ }

2 %ﬂ;—

54560246 0 36 9 04 8 12
DOS(1/eV) DOS(1/eV)

012

Fig. 1.7 Total density of states (DOS) of some MoX, and PtX, (X =S, Se). Adapted from
reference [20]. Copyright (2016) under Creative Commons Attribution License

1.3.1 Structural Description

The structures are made up of blocks of slightly distorted cubes or clusters of
MoeXg units, with eight X atoms at the cube corners and six Mo atoms slightly
outside the middle of the cube faces (Fig. 1.8). At room temperature, most of them
have rhombohedral structures and many distort to triclinic structures. As shown in
Fig. 1.9 a network of interconnecting channels, parallel to the rhombohedral axes
(C3), runs between the MogXg clusters which contain interstitial sites or cavities,
where M atoms reside. Such cavities share within the rhombohedral axis (C3),
opposite pseudo squares. One can recognize two (Mo—Mo) distances describing the
molybdenum cluster. The first distance, R1, belongs to two-molybdenum atoms
found on the same plane perpendicular to the ternary axis (C3), while the second
belongs to two adjoining planes, R2, in the cluster, namely: 0.266, 0.271 nm,
respectively.

Fig. 1.8 [MogXg] cluster unit
of the Chevrel phase.
Structures generated via the
Software VESTA

X=Se, S, Te
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Intercalating
® atom

Fig. 1.9 [MogXg] cluster unit of the Chevrel phase indicating the ternary axis and the two Mo—
Mo distances R1 and R2. The cluster network is highlighted at the right. Structures generated via
the Software VESTA

1.3.2 Electronic Properties

The unit MogXg (X =S, Se and Te), consisting of [Mog] octahedron clusters
surrounded by eight chalcogens arranged in a distorted cube, cf. Figure 1.9, was
theoretically investigated by ab initio methods, as certified by studies on electronic
band structure [26, 27, 29], and crystal structure [30, 31]. Such studies revealed that
the [Mog] cluster behaves as a redox center. Hence, their interest increased in the
battery field community, as cathodes for Li batteries [32-36], additionally for
processes such as, hydrodesulphurization catalysis, [37-39], and electrocatalysis
[40-46]. The theoretical band structure calculations revealed a density of states
(DOS) near the Fermi level (Eg) due to the Mo 4d character (Fig. 1.10). The
splitting between the bonding and antibonding states of the Mo 44 band depends on
the number of electrons in the cluster. Certainly, this characteristic led recently to
the hope that thermoelectric materials can be found in the Chevrel phase com-
pounds [47]. This work makes a comparison between the photoemission spectra
and band structure calculations [47].

1.3.3 The Cluster—Chevrel Phase as Electron Reservoir

As assessed by the molecular orbital (MO) calculation, all bonding states are
occupied by 24 e per Mog-cluster units (4 e per molybdenum atom). Band
structure calculations [26, 27] reveal the existence of a band gap (E,) in that
particular electron count (Fig. 1.10). Electron counting rules are based on a sim-
plified ionic-covalent model [31]. A formal oxidation state of —2 can be assigned to
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the chalcogen X, i.e., 16 negative charges for the Mog-cluster unit which are
balanced by the valence electrons of the metal atoms (e.g., Mo). Consequently, for
MoeXg the remaining electrons in the intra-cluster bonding are: (6 x 6) — 16 = 20
or 333 e per molybdenum atom. However, in the ruthenium containing
pseudo-ternary cluster, (Mo4Ru,), as in Mo4Ru,Seg, the electron counting is:
4 x6)+ (2 x 8 —16 =24, ie., 4 e per cluster. This latter is a semiconductor
(Eg = 1.3 eV) as reported some time ago [41]. This “magic” number of 4 ¢ per
cluster is also met in the ternary compound CuysMo¢Ssg, the semiconducting nature
of which has not been identified yet. These electrons are essentially derived from
the transition metal d-states [27] and available at the Fermi level, Eg (Fig. 1.10a).
The increased density of states at Eg is attained with a valence electron counting
(VEC) of 4 e per cluster, as demonstrated by valence band spectra measurements
[40, 41] (Fig. 1.10b). The delocalization of electrons in the cluster offers a pool of
charges that can be engaged in an electrocatalytic reaction with a minimum elec-
tronic relaxation. In this sense, Chevrel phases can be considered as models for the
investigation of charge transfer electrocatalysis based on metal center clusters, and
as cathodes for intercalation processes in batteries [48, 49], and other areas of
physics and chemistry [50].

1.4 Soft Chemistry Synthesis of Chalcogen-Like Materials

In earlier days, the solid-state chemical route was preferentially used, to generate
chalcogenide cluster materials [23, 51, 52]. For instance, the reaction to generate a
Chevrel phase was performed in vacuum evacuated, sealed, silica tubes heated at
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initial temperatures of ca. 500 °C and then subjected to reaction at temperatures
>900 °C for several days [52, 53]. With the knowledge acquired on the cluster
chemistry and physics using the Chevrel phase as electron reservoir for
multi-electron charge transfer, and the evidence of the chemical force of the
chalcogen atoms, the development of a chemical path, based on the carbonyl
coordinated transition metal clusters as chemical precursor, for chalcogenide started
in the beginning of the 1990s [54, 55]. The synthesis was then confined to the low
temperature range (< 200 °C), so-called soft chemistry [54-57], as explained in
Sect. 1.4.1.2. This approach is essentially based on the pyrolysis in non-aqueous
solvent of a metallic cluster compound containing carbonyl as ligands [58, 59].
However, one recognizes that the formation of a transition metal carbonyl com-
pound has its origin in the chemistry developed by Longoni, and Chini [60] to
synthesize dianions of platinum carbonyl complex: [Pt3(CO)6]~n2_. This chemical
route is named herein, the carbonyl chemical route, and is devoted to the chalco-
genide compounds.

1.4.1 The Carbonyl Chemical Route

The basis of this approach consists in pyrolyzing in mild conditions the chemical
precursor, a transition metal complex containing as ligands carbonyl: [M,(CO),].
The chemical reaction in an organic solvent during the pyrolysis of the chemical
precursor can be affected by the solvent itself, since this latter can act as a ligand
(L), and be coordinated to the metal center. This leads to the formation of a
“critical” complex, [M,(CO)y-;L,], which nature is of importance to understand the
final product [MyL,], in form of nanoparticles, as schematically represented in
Fig. 1.11. Various examples exist in the literature and they will be briefly described.

1.4.1.1 Ruthenium-Based Alloy Materials

We consider a key factor the use of transition metal complexes as chemical pre-
cursors, as a departure point for the synthesis of nanodivided materials
(monometallic, bimetallic or chalcogenide species). A bimetallic cluster compound

Fig. 1.11 Schematics of the
pyrolyzing process either in a
gas or in a non-aqueous
solvent phase for the
generation of chalcogenide
cluster-like materials

Initial precursor Critical complex Nanoparticles

[M(CO),] —> [M(CO), L] —> [M,L,]

M : Transition Metal (e.g., Ru, Co, ..)
L: Solvent, Se, S, ...
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was designed by Adams et al. [61] by reacting Ru(CO)s and Pt(Cyclooctadiene),, to
obtain Pt,Ru,(CO),5. Indeed, this cluster in a solvent can further evolve to form an
intermediate complex, carbide PtRusC(CO),q, prior to obtain the bimetallic cata-
lyst, as shown in Fig. 1.12. The product PtRu nanoparticles can be supported, e.g.,
onto carbonaceous supports. The studies on this system revealed that this pyrolytic
pathway can lead to the formation of highly dispersed nanomaterials with an
increased crystalline disorder [62—64].

1.4.1.2 Ruthenium-Based Chalcogenide Materials

The genesis of the transition metal chalcogenide electrocatalysts, a process that
precedes the above described one, takes its origin on the well-ordered Chevrel
phase clusters (see Sect. 1.3.1). Indeed, simple pyrolysis in non-aqueous solvents
under mild conditions (< 200 °C) of a transition metal cluster compound suffices to
produce, at the boiling temperature of the solvent, a nanodivided product that
contains coordinated chalcogen atoms (S, Se or Te). This process is shown
schematically in Fig. 1.13. In the specific case of ruthenium, the chemical precursor
was the tris-ruthenium dodecacarbonyl: Ru3(CO);,. Consequently, for the synthesis
of Ru,Sey, one can inscribe, following the scheme in Fig. 1.11, the pyrolytic
reaction in a determined non-aqueous solvent:

Ru;(CO);, 4+ Se — [Ru,Sey — CO,| — RuySey 4 zCO (1.15)

This process can be monitored in xylene (Xyl) and/or 1,2 dichlorobenzene
(DCB) solvents. It was later recognized that the reaction of (Ru3(CO);,) and ele-
mental selenium dissolved in an organic solvent leads to a polynuclear chemical
precursor in the first stages of the reaction. This is the so-called critical complex in
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Fig. 1.13 Frame A shows the steps leading to the formation of a heteronuclear complex, and
additionally frame B shows the completion (up to step 5) of the pyrolysis in the solvent, and in
presence of a support, e.g., carbon. The supported material is obtained after completion in step 7

step 4, frame A, in Fig. 1.13. The presence of this “critical complex” was assessed
by '*C NMR, showing the chemical shift & = 198.88 ppm, characteristic of
RuySe,>(CO),;, and FTIR analyses [65, 66]. The generation of this “critical com-
plex” was obtained with a high yield in 1,2 dichlorobenzene (DCB). Chemically
speaking, the simple pyrolysis technique, using a proper solvent’s boiling point
(BP), shows some advantages to produce this high nuclear complex as compared to
other data reported in the literature [67-69]. However, by keeping the boiling
temperature of the solvent in refluxing conditions under argon or under nitrogen
during 20 h of reaction (step 5, frame B, Fig. 1.13) the carbonyl ligands are lost,
and the resultant product is a cluster-like material: Ru,Se,. What is important here
is to disperse the material, by adding a conducting support, e.g., carbonaceous, or
oxide materials, as indicated, between steps 3 and 4, Fig. 1.13, to finally obtain the
supported chalcogenide Ru,Se,/C (step 7 in frame B, Fig. 1.13). This process has
been embraced by other research groups in the world [70-81] and further extended
using aqueous medium [82]. In these works, however, the stoichiometry of the
majority of the pyrolyzed products remained rather descriptive. Therefore, the
rationalization of the “critical complex™ or real chemical precursor, at least with
respect to the Ru,Se, cluster-like, was assessed, in order to determine the surface
chemistry of the material. With the knowledge of the nature of the “critical
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complex”: RuySe,(CO),y, its simple pyrolysis [58] led to x~2 and y~1. However,
the chemical signature of such cluster-like materials was obtained combining var-
ious physical-chemical analytical techniques.

1.4.2 Toward Chalcogenide Cluster Surface Coordination

Taking example on the relatively well-studied ruthenium chalcogenide (Ru,Sey),
the pyrolysis of RusSe,(CO),, in a solvent or in a gas phase, favors the elimination
of the carbonyl ligands. The formation dynamics of Ru,Se, cluster-like compound
was investigated in situ under temperature-controlled conditions, with regard to the
initial fragmentation of cluster framework evolution followed by the preferential
nucleation of selenium atoms at ruthenium centers [58] as indicated in Fig. 1.14.
The thermal decomposition process can be subdivided into three regions, namely:
(a) 20-30 min (150-240 °C) breakdown of the carbonyl and formation of ruthe-
nium clusters; (b) 30-65 min (240440 °C) slow growth of the preformed cluster
by coalescence; and (c) 65-80 min (440-500 °C) formation of a phase separation.
One observes at t = 30 min a sudden completion of the metallic cluster formation.
This phenomenon (right scheme in the figure) leads to the formation of segregated
core structures and finds precedent in other bimetallic systems as discussed in
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e N )
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Fig. 1.14 Intensity variation of the diffraction peak 112 of carbonyl complex precursor
Ru,Sex(CO)y; at Theta = 8.6°; and around the strongest peak of scp ruthenium at theta = 21.4°.
The measurements were performed as a function of time and temperature under nitrogen.
Figure with permission from reference [58] Copyright (2007) American Chemical Society
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Fig. 1.15 a Diffraction pattern of Ru,Se, after pyrolysis at 220 °C of RuySe,(CO);;. The inset
shows the mass fractions of the Acp Ru model particles versus their diameter. From reference (58);
b wide angle XRD pattern of Ru,Se, after 600 °C treatment. The thick vertical bars show the hcp
structure of Ru,Se,. The presence of the RuSe, pyrite phase is present. Figures with permission
from reference [58] Copyright (2007) American Chemical Society

Sect. 1.4.1.1. Since the end product leads, apparently, to a nanometallic core—hcp
Ruthenium—TFig. 1.15a, it clearly indicates that chalcogen atoms must coordinate
onto ruthenium surface atoms (the scattering power of selenium is ca. 60% that of
ruthenium), with a narrow size distribution in the non-supported chalcogenide
particles with a compositional distribution of 2:1 in full agreement with previously
reported works in which pyrolysis took place in non-aqueous solvents [59, 65, 66],
or in an aqueous one using platinum centers [83]. In the gas phase experiments,
however, selenium atoms did not escape fugaciously (since at high temperature,
beyond the region (c), Fig. 1.14, the selenium reappears as RuSe, (pyrite structure).
Indeed, the XRD spectrum taken at 430 °C, Fig. 1.15b, already confirms the
beginning of the formation of pyrite-type domains. This behavior can be rational-
ized as core Ru metal nanoparticles in Ru,Se, attaining a critical size (e.g., >3 nm)
which leads to an excess of Se onto the Ru surface, thus driving the formation to the
pyrite structure [58]. As determined by DFT calculations, the RuSe system
develops up with increasing temperature to attain the thermodynamic stable phase,
ie., RuSe, a semiconductor chalcogenide compound with a band gap of
E, = 0.76 eV [84, 85]. Yet, one has to stress herein that the initial precursor of this
pyrite structure is a ruthenium metallic core sustained chemically by the coordi-
nated selenium atoms: Ru,Se,. The chemical stability of the metallic core against
oxidation, and/or agglomeration, either kept at room temperature or submitted to a
heat treatment under O,-atmosphere, is due to the chemical coordination of sele-
nium atoms [86]. This intimate interaction was revealed using solid-state
773e-NMR and XPS measurements [87]. In short, selenium, a semiconductor
(Eg = 1.99 V), becomes metallic because charge transfer takes place from the
ruthenium metallic core. This fact explains the low liability of ruthenium
nanoparticles to coordinate oxygen or be oxidized. The beneficial chalcogenide
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surface coordination was herein assessed and tested on other systems, such as
Pt,Se, [83], Pt,S, [88, 89], Rh,S, [90, 91], Ir,Se, [92], Pd, X, (X: S, Se, Te) [93].

1.5 Other Chalcogenide Systems

The rich chemistry of chalcogens materials is exemplarily illustrated below for the
sake of their fundamental understanding and evaluation toward future applications
in energy storage and converting devices.

1.5.1 Amorphous—Glassy Chalcogenides

Excluding oxygen, the elements in group 6A (orl6), Fig. 1.3, react with more
electropositive elements, e.g., Ag, to form chalcogenides. Typical representatives of
this kind of materials are AgInSbTe and GeSbTe. These materials can contain one
or more chalcogens and are crystalline or amorphous (glassy), metallic or semi-
conducting, and conductors of ions and electrons. They are thus classified as
covalent networks. The switch between the amorphous state (glassy) and the
crystalline one can encode binary information useful to data storage because of the
change in optical as well as electrical properties. Clearly, these relevant physical
properties will depend on the electronic structure, and since they also show

Working electrode: stainless steel
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Fig. 1.16 Current—potential behavior of 70Li,S-30P,Ss glass ceramic. With permission from
reference [98] Copyright © 2014 Woodhead Publishing Limited
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significant ionic conductivity, the switch between amorphous and crystalline states
is also interesting for electrochemical redox switches. A comprehensive account of
synthesis, properties, and applications was given recently, for example [94, 95].
Since these materials are connected to electronics, optics, optoelectronics,
biomedical areas, physicochemical sensing, and data storage, the link between these
materials with those mentioned in the above sections is their potential application as
solid electrolytes in batteries. In this connection, silver-doped chalcogenide glasses
(AgrS—-GeS,, Ag,Se-GeSe,) were discussed by Frumar and Wagner [96], Pradel
and Ribes [97]; and (Li,S—SiS,-Li4Si0y4, Li,S—P,Ss) by Tatsumisago and Hayashi
[98]. For the sake of illustration, the current—potential characteristic first cycle of the
system containing 70Li,S—30P,Ss is shown in Fig. 1.16, where a wide electro-
chemical window over 5 V was measured. This kind of bulk-type all-solid-state
battery was reported to show an excellent performance and stability.

1.5.2 Amorphous—Gel Chalcogenide: Chalcogels

The generation of homogeneous nanonetworks or aerogels is well explored for oxides
that build interconnecting structures consisting of micropore (< 2 nm), meso-pore (2—
50 nm), and macro-pore (>50 nm). The current state of materials science for
chalcogenides, in this context, has been extended to synthesize gel structures, since it
is believed that the solgel process leading to aerogel formation provides a powerful
and general approach for the creation of porous nanoarchitectures. Various strategies
were envisaged to achieve the synthesis of chalcogenide gels, namely thiolysis [99],
nanoparticle condensation [100], and metathesis reactions between soluble chalco-
genide with linking metal ions [101] and extended to novel materials [102]. Therefore,
the stratagem employed for chalcogenides took the name of chalcogels [101]. Hence,
combining porosity (nanosized particles interconnected into a random 3D architec-
ture) with optoelectronic (quantum size effect) of typical chalcogenide semiconduc-
tors (CdS, CdSe, etc.) the 3D materials for catalytic and photovoltaic devices with
quantum confinement optical features were fashioned as compared to their bulk
counterpart [103—106]. These phenomena are governed by the bulk density of the
nanonetwork, as schematized in Fig. 1.17 for the specific case of CdSe [103]. The
density of the material is related to the material’s compactness; accordingly, the band
gap from nanoparticles to single crystal crosses the various stages of dimensionality or
spanning from the infrared to the visible solar spectrum. The CdSe aerogel has a gap
energy, B, = 2.2 eV, versus E, = 1.74 eV for CdSe bulk material.

For the sake of the electrocatalytic activation of the hydrogen evolution reaction,
by means of non-noble catalytic centers, the blending of chalcogels of CoSy and
MoS, was performed to obtain CoMoS (Fig. 1.18). This latter material combines
the activity and stability of the individual metal centers of the former materials to
attain a so-called universal pH hydrogen electrode, in alkaline, and acid environ-
ment [107], demonstrated by a similar overpotential, at a defined current density
(Fig. 1.18).
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Chapter 2 )
Fuel Cell Electrocatalysis Skl

2.1 Generalities

In a fuel cell (FC) system, the combustion process of a fuel at low temperatures,
e.g., hydrogen, and the typical oxidant, oxygen from air, is not governed by the
thermodynamic cycles occurring in combustion engines [1]. The energy available in
such systems can be well described by the Gibbs free energy. As it will be described
below, one important drawback is the high activation barrier, especially at the
cathode side. Consequently, the need of abundant, cheap, and stable materials with
electrocatalytic properties is of paramount importance. The consequence is that the
majority of the electrochemical reactions of technological interest are multi-electron
charge transfer processes. This is the case of production of electricity and water
from their constituents: hydrogen and oxygen. The reverse reaction, however, needs
energy to generate hydrogen (fuel) and oxygen. Thus, this cycle, named water
cycle, is the achievement of a dream summarized in Grove’s quote: “decomposition
of water by means of its composition,” schematized in the well-spread gaseous
voltaic battery, Fig. 2.1, published in 1842 [2], and its working principle was
discovered by the German-Swiss scientist Christian Friedrich Schonbein in 1838
[3]. These two systems, i.e., fuel cell (FC) or discharging mode—and electrolyzer
(EC) or charging mode have been investigated separately in the last decades, in acid
[using proton conducting membranes (PEM)] and alkaline media [anion conducting
membranes (AEM)] (see Fig. 2.2a, b). Moreover, the interest in the development of
a H,/O, energy storage system led to unify both systems in one, so-called unitized
regenerative cell (URC), Fig. 2.2c as reported by Mitlitsk et al. [4, 5]. With the
advent of cheap, active, and stable electrode materials development, this system is
attracting a lot of interest, as recently reviewed [6].

As schematized in Fig. 2.2a, the anode and the cathode in a fuel cell are sepa-
rated by a membrane serving as electrolyte. At the anode, different fuels can be
used, such as small organics (e.g., methanol, formic acid) and hydrogen. These
species are oxidized delivering the electrons that travel at the external circuit to the
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Fig. 2.2 Inward the polymer electrolyte membrane (PEM) system: a fuel cell (FC); b electrolyzer
Cell (EC); c unitized regenerative cell (URC). Discharging mode: FC; recharging mode: EC

cathode. These electrons are received by one oxygen molecule to be reduced at the
cathode. The product of the combustion of hydrogen and oxygen in a fuel cell is
water if the number of electrons exchanged fulfills the reaction requirement (see
below). Summing up, the processes being performed in a FC are the hydrogen
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oxidation reaction (HOR) and the oxygen reduction reaction (ORR). The former
process means fuel consumption; therefore, its production using the water elec-
trolysis process, see Fig. 2.2b, is necessary, provided cheap, stable, and active
electrocatalysts are available to cost competitive with the presently used hydrogen
generated via fossil fuel sources [7, 8].

2.2 Thermodynamics and Kinetics

The water cycle, shortly described in Sect. 2.1, is based on the elementary hydrogen
and oxygen reactions. Hydrogen is oxidized at the anode (HOR), whereas oxygen is
reduced at the cathode (ORR). These reactions are associated with the production of
electricity and water in a fuel cell [9-11], Figs. 2.2a and 2.3, curves b, whereas the
stored chemical energy is released in an electrolyzer cell, Figs. 2.2b and 2.3, curves a.
Figure 2.3 clearly depicts the potential region where HER/HOR as well as ORR/OER
can take place in a fuel cell (FC) system, and an electrolyzer cell (EC) system. The
thermodynamic “gap” of water, i.e., 1.229 V can sensitively be affected on both ends
(HOR/ORR) and (HER/OER) in low-temperature FCs and ECs, respectively, due to
reaction kinetics hampering, which increases the reaction overpotential at the anode
and cathode (cf. Sect. 1.1.3), depending on the working mode conditions of the
system. This phenomenon is intimately related to the electrocatalytic properties of the
electrode materials, vide supra.

The free energy change of one molecule of water, Eq. (2.1), under standard
conditions is 4G = + 237.2 kJ/mol.

1
H20—>502+H2 (2.1)

Using the relation AG = —nFAE®°, AE° = 1.229 V per electron transferred.
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Fig. 2.3 Schematics of polarization curves a fuel cell and b electrolyzer modes



30 2 Fuel Cell Electrocatalysis

Equation (2.1) is the sum of Egs. (2.2) and (2.3).
1
H,0 — 3 0,+2H" +2¢~ (OER) (2.2)

2H' +2¢~ — H, (HER) (2.3)

The reactions (2.2) and (2.3) can be driven by light (see Chap. 3) via a semi-
conductor, which must absorb light with photon energies of >1.23 eV, otherwise,
converting energy into H, and O,.

1
H0+2h* — 20, +2H" (OER) (2.4)

2H" +2¢~ — H, (HER) (2.5)

The photoprocess must generate two electron—hole (¢ -h*) pairs per molecule of
hydrogen, i.e., an energy of 2 x 1.229 eV = 2.46 eV; or four electron—-hole pairs
per molecule of oxygen, i.e., an energy of 4 x 1.229 eV = 4.92 eV. This means
that a single semiconductor material, must have a gap energy large enough to split
water, and energy band positions (conduction band—E., valence band—E,)
straddling the electrochemical redox potential of reactions (2.4) and (2.5), see
Fig. 2.4, thus depicting a nice principle of the artificial photosynthesis or artificial
leaf [12] where solar energy is used for producing a storable fuel. In addition,
Fig. 2.4 illustrates the important relation between two scales, i.e., the one with
increasing electron energy (eV)—vacuum scale and the other with increasing
electrode potential (V/SHE)—SHE scale. This concept follows the definition of the
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Fig. 2.4 Water splitting process in acid medium (pH 0) under illumination. The right vertical axis
shows the redox electrode potential versus the standard hydrogen electrode and the left vertical
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corresponds to the hydrogen redox potential 0 V
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absolute electrode potential, and its value for the standard hydrogen electrode
(SHE) is given by Eq. (2.6) [13, 14].

EO}c/Red = _eEOx/Red(abs) = _eEOX/Red(SHE) —45 (26)

2.2.1 Hydrogen Evolution/Oxidation Reaction (HER/HOR)

The HER and HOR (in acid medium) are treated as a combination of three steps:
(i) Volmer step, where proton (H*) or hydronium (H3O%) ions discharge on the
electrode surface, M, building an adsorbed intermediate, M-H,4:

H;O" +M+e 2M — Hy + H,0 (2.7)
This step is followed by, either the Heyrovsky step:
H;0%" +M —Hy+e” =M+H; +H,0 (2.8)
Or the Tafel recombination step:
2M — Hy =2M+H; + OH™ (2.9)

In alkaline medium, these reactions are analogous, except that the species
M — H,q in the Volmer reaction is formed by the discharge of water molecules:

H,0+M+e =M — Hy + OH™ (2.10)

The reaction steps described in Egs. (2.7)—-(2.10) depend on the electronic
properties of the electrode surface, so that the rate controlling steps are usually
evaluated through the Tafel slope (see Sect. 1.1.3). The chemical adsorption and
desorption of H atoms are competitive processes, and a good electrocatalyst,
according to the Sabatier principle [15], should form a sufficiently strong bond
(M-H,q) for facilitating the electron transfer process, but it should be also weak
enough to assure bond breaking obtaining the product at a minimum thermody-
namic overpotential, #7.

Following the described thermodynamic constraints [16], the equilibrium
potential for Volmer and Heyrovsky steps in (2.7) and (2.8) is:

0 0
E[‘I}OJr /Hadx + Eads,H_;O* /Hz

5 :E,‘;}O‘/Hz =0 (2.11)

The free energy change of (H;0 + ¢7) in Eq. (2.7) in the electrochemical scale
[cf. (2.6)] is related to an energy in the vacuum scale (-¢Eo,/g.q (abs)), so that the
standard equilibrium potential for the Volmer reaction can be written as:
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AG
—— (2.12)

0 — —
EH30+ /Hatls - e

The adsorption energy of H,q; is AG%M , thus if AG%M <0, then E1013 0 JHus = 0,
shaping the well-known hydrogen underpotential deposition region, Hy,q, a phe-
nomenon generally observed on transition metal electrodes, e.g., Pt [17], Pd, Ir, Ru,
e.g., Ptin Fig. 2.5. It is to be noticed that the standard equilibrium, considering the
Volmer step, as thermodynamically favorable at E = 0, the less thermodynamically
favorable step is the Heyrovsky one, so that a concept of a thermodynamic over-
potential, 77, can be defined as:

Nr = E2130+:H41{1A/H2 B E2130+/Hads' (213)

In this sense, an electrocatalytic material can be considered as excellent if 1, =
AGY, .. /e = 0. However, any electrocatalyst with AGY, ;. /e # 0 will show a 77> 0
indicating that Volmer or Heyrovsky step may show a standard potential at equi-
librium < or > than 0, as schematized in Fig. 2.6.

Ilustrating the classical Sabatier principle [18], assessed for electrocatalysis [15,
19], a plot of #7 versus the adsorption energy, AG‘,),M, shows the tradeoff between
the strong- versus weak-binding of H,4s species in a volcano relationship (see
Fig. 2.7). In the classical electrochemical literature [20-23] such a volcano curve is
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Fig. 2.5 Surface electrochemistry for Pt electrode in pure aqueous 0.5 M H,SO, solution at 25 °
C; The cyclic voltammetry sweep rate = 50 mV s~ ' (With permission from Ref. [17] Copyright ©
1973, American Chemical Society)
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Fig. 2.6 A schematized variation (dotted, dashed lines) of the free energy of Volmer, and
Heyrovsky steps, relative to each other. The optimized condition is fulfilled when the energy level
tends to reach the same free energy, as to have a thermodynamic overpotential, 77 = 0
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Fig. 2.7 Thermodynamic volcano plot, adapted from Refs. [15, 22-24]

represented by a kinetic parameter, e.g., exchange current density, j, (cf.
Sect. 1.1.3.2) versus the strength of the metal-hydrogen bond. Since a similar
analysis of Egs. (2.7) and (2.8) can be applied for the HOR [16], Fig. 2.7 also
shows the volcano “inverted” plot for this process. The adsorption energy, AG?{M,
known as the descriptor was calculated by the density functional theory (DFT) [24,
25]. Such calculation assesses again that there is not any good alternative to the
platinum electrode material, as shown in Fig. 2.8. Indeed, plotting the exchange
current density versus AGOHM obtained by DFT shows a volcano with an optimum
at zero free energy of adsorption. One can recall that the potential determining step
is different on each side of the volcano maximum; otherwise, an indication of the
magnitude of overpotential of the reaction caused by, e.g., AGEIM >0 (Volmer

reaction); AG%M_ < 0 (Heyrovsky or Tafel reaction).
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Fig. 2.8 Hydrogen evolution reaction (HER)—electrocatalysts—experimental exchange current,
Jo, as a function of the calculated standard free energy of adsorption of hydrogen, AGQI‘I{I‘. Marked in
blue color, platinum and a PtBi surface alloy are compared (With permission from Ref. [25]
Copyright © 2009, Rights Managed by Nature Publishing Group)

2.2.2 Oxygen Reduction Reaction/Evolution Reaction
(ORR/OER)

The half-cell oxygen reduction reaction (ORR) is more complex. One can consider
a serial reaction pathway, in which the molecular oxygen can be reduced to water
through hydrogen peroxide, Eq. (2.14), to water, Eq. (2.15). The corresponding
Nernst equations for the equilibrium potentials are given by Egs. (2.16), and (2.17),
respectively, with the standard potentials versus the SHE of 0.695 V, and 1.763 V

for, ESZ/HZOZ, and E2202/H20, correspondingly.
0,+2H" + 2¢~ =22H,0, (2.14)
H,0, +2H" +2e~ 22H,0 (2.15)
E — RT\ dino (2.16)
0,/H,0, — 0,/H,0, oF a[-]zozalzr.[+ .
_ 50 RT a%lzo
EHZOZ/HZO = EHZOZ/HZO — ﬁlnm (217)

Herein, q; is the activity of the species i in water. So that, for the global reaction
at equilibrium, Eq. (2.18), the standard potential is E007 /0 = 1.229 V.
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0, +4H" +4e” =2 2H,0 (2.18)

RT  dj,

EOz/HzO = Egz/Hzo — Eln (219)

)
aOz Ay +

For each pH-unit increase of the electrolyte solution, the equilibrium potential
becomes more negative by 59.2 mV versus the SHE. On the other hand, if ag, is
associated with the partial pressure of oxygen, p,,, , the equilibrium potential will be
shifted 14.8 mV by a tenfold decrease of p,,.

In the standard conditions (all @ = 1), the equilibrium potential is equal to the
standard potential, and this latter parameter (using the energy scale in eV) can be
used to define the free energy of the oxygen molecule, as follows:

AG(0,) — 24G(H,0
EEOOz/HQOZ[ (02) 7 H0) _ | 329y (2.20)

Taking AG(H,0) = 0eV, this leads to AG(0,) =4 x 1.23 =4.92¢V. This
energy is to be overcome in order to produce water in the ORR process. However,
multi-electron processes generating multi-intermediate species are in the interplay
of this complex mechanism.

To understand this, let us start with the reaction represented in Eq. (2.21).

O,+e =0; (2.21)

This simple charge transfer forms the superoxide ion [O, ], typically encoun-
tered in non-aqueous electrochemistry, e.g., acetonitrile on platinum and glassy
carbon electrodes [26], or on the cluster chalcogenide: Chevrel phase [27].
Hydrogen superoxide is generated with the addition, into the non-aqueous solvent,
of dry protons from 96% H,SQy,, so that under this condition, we consider as a first
step the following reaction:

O, +H " +e = HOz(adS) (2.2221)

Considering that such reactions take place at a catalytic site () on the electrode
surface, we can rewrite Eqgs. (2.22a) as (2.22b):

(%) = Onags) + (H' +e7) 2 (x) — O2Haqy) (2.22b)

which subsequently with an excess of protons forms the hydrogen peroxide gives
(%) — O2H(uag) + (H' +€7) 2 (%) — O(aas) +HaO0r (%) — H,0,) (2.23)

Up to here, this mechanism involves the production of hydrogen peroxide, or the

so-called series pathway, as suggested many years ago [28]. This is the most
popular intermediate measured electrochemically on most ORR electrocatalysts via
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the rotating disk electrode technique [29, 30]. Most catalytic centers (precious or
non-precious ones), reported so far, produce hydrogen peroxide. An analysis of
such centers was summarized by the present author [31]. There is strong evidence
that the rate determining step is via the hydrogenation of adsorbed oxygen in step
(2.22b).

Further hydrogenation to water as the final product can be represented by
Egs. (2.24) and (2.25).

(*) = Ogaas) + (H" +e7) & (x) — OHugy) (2.24)
(%) = OH(ys) + (H" +¢7) = (x) + H,0 (2.25)

Water in alkaline medium serves as proton-donor reactant for the ORR process
(cf. Eq. (2.18) in acid medium),

0, +2H,0 +4e~ =2 40H™ (2.26)

Applying a similar reasoning regarding the equilibrium potentials, discussed
above (cf. Eq. (2.11)), the thermodynamic redox potential of O,/H,O can be
associated with the reactions steps, Egs. (2.22b)—(2.25) with Eq. (2.27):

0 0 0
EOz/ O2H uas + EOZHadA/ OH g5 + 2E0Had.\' /H20

4

= Ep, /0 = 1229V (2.27)

This simple relation teaches us that the thermodynamic overpotential is linked to
the determining steps among reactions (2.22b)—(2.25), meaning that the conditions
of an ideal electrocatalyst [16, 32] must have a thermodynamic overpotential, 77, of
zero. This can be achieved if AG(0,) =4.92¢V, and AG(H,0) = 0¢V, so that
AG(OxHy45) =3 x 1.229 =3.69eV, AG(Ouy5) =2 x 1.229 =2.46eV, and
AG(OHa45) = 1 x 1.229 = 1.23eV. It was established by DFT calculations that
the binding energies of species O,qs, OHaqs, O2Hags are not independent [33], but
they can be interrelated into a “simple” linear equation, so-called scaling rela-
tionship, as follows:

G(OzHad‘;) =05x AG(Oads) +K02H (228)
AG(OHadS) =05x AG(Oad_y) +K0H (229)

Since these equations are the result of chemical bonding principles, the factor 0.5
makes reference to the surface double bonding of two-unpaired valence electrons of
oxygen, whereas one-unpaired valence electron is to be found in OH,45 and O,H 4,
entities. Furthermore, the difference AKg},H in energy between the adsorbed species
Ko,n and Koy is independent of the nature of the material electrocatalysts (e.g.,
metal, oxides, chalcogenides, etc. [34]).
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AngH — KOzH _ KOH ~3.24+02eV (23O>

The energetic balance applying Egs. (2.28) and (2.20) to Egs. (2.22b)—(2.25)
identifies the thermodynamic overpotential, #7, of zero can be obtained if AKgIQH =
2.46eV. However, one clearly sees that the thermodynamic overpotential is:

N = 2ie (4K — 2.46) (2.31)

The thermodynamic overpotential, 77, as a function of the descriptor, AG(O,q;),
for reactions in Egs. (2.22b) and (2.25), shows the two crossing points (see
Fig. 2.9). Apparently, the difference #r = 0.37 V is the one that leads to the
unavoidable overpotential observed experimentally and assessed theoretically [35],
on the precious and non-precious metal centers known so far, Fig. 2.10a and the
way up to decrease such overpotential by improving the ORR activity of Pt, the best
ORR electrocatalytic electrode material, through its alloys Pt:zM (M: Co, Ni, Fe,
etc.) [36], as shown by the theoretical prediction—dashed line—in Fig. 2.10b. It is
to be noted that the experimental data, shown in this figure, correspond to measured
kinetic currents on a range of catalysts with platinum ‘“skins” (Pt monolayers
supported on single-crystal electrodes). At the top of the volcano plot, it is the best
ever man-made electrocatalyst: Pt3Ni (111).

With respect to the oxygen evolution reaction (OER), this process occurs at a
potential higher than 1.23 V/SHE [cf. Eq. (2.1)] on most oxide-covered metals
[37], and oxide electrodes [38—40]. Moreover, particular attention has been paid to
put into a perspective the electronic structure of the materials that govern the
binding strength of the various intermediate species generated in the multi-electron
charge transfer process. The understanding of this aspect can lead to find the
optimal electrocatalytic material [41, 42].

The reaction steps invoked in the literature are in fact similar to those considered
above for the ORR in the reverse direction, starting with the water dissociation [cf.
Eq. (2.29)].

() + HyO = (%) — OH(ya) + (H" +¢7) (2.32)
Followed by a further oxidation of OH,q4 species:
(%) — OH(aas) = (%) — O(aas) + (H™ +e¢7) (2.33)
To obtain the superoxide intermediate,
(%) — O(ags) + H2O = () — OOH yq) + (H" +¢7) (2.34)

that acts as the molecular oxygen evolution precursor.
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Fig. 2.9 a Lining up energy levels show that the thermodynamic overpotential now depends on
the ability of the catalyst to bind oxygen. b The thermodynamic overpotential as a function of the
binding energy of the descriptor. Cu, Pt, Ag, and Au are schematized on the volcano curve
(Figure adapted with permission of Ref. [16] Copyright © 2010 Elsevier B.V.)

(%) = OOH(yq5) = O + (H* 4¢7) (2.35)

Here again, similar considerations as those presented for the ORR in search of
the optimal OER electrocatalyst were taken into account. Applying the scaling
relationship, with free energies with reference to surface oxides [43], we have,

AG(03Hogs) ~ 0.64 x AG(Oyqs) +2.40 eV (2.36)
AG(OH q5) =~ 0.61 x AG(O,g5) — 0.58 eV (2.37)

The zero thermodynamic overpotential must fulfill the following data:
AG(OHyy5) = 1 x 1.229 = 1.23eV,  AG(Ouy5) =2 x 1.229 =2.46eV,  and
AG(O2Hz5) =3 x 1.229 =3.69eV.
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Fig. 2.10 a Oxygen reduction activity trends as a function of the oxygen binding energy, 4E,.
With permission from Ref. [35] Copyright © 2004, American Chemical Society; b relative to Pt,
the experimental kinetic current density (circles: monolayers supported on single-crystal metal
electrodes; diamonds: polycrystalline alloys annealed in ultra-high vacuum before immersion in
the electrochemical cell; crosses: bulk Pt;Ni(111) alloys annealed in ultra-high vacuum before
immersion) for a range of alloy electrocatalysts with Pt “skins,” in addition to Pt;Y and Pt;Sc, are
plotted as a function of the calculated oxygen adsorption energy, AE,. The dashed lines are
theoretical predictions [35] with permission of Ref. [36] Copyright © 2009, Rights Managed by
Nature Publishing Group
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Fig. 2.11 Thermodynamic overpotential and equilibrium potential volcano plot for the OER. The
relative positions of IrO,; RuO,, and TiO; are indicated in the figure (With permission of reference
[43] Copyright © 2006 Elsevier B.V.)

The comparison of Egs. (2.36) and (2.37) with (2.28), and (2.29) indicates that
scaling slope is rather comparable, and that the oxide AKg;,H =2.98eV is also
rather similar to that of metals (ca. 3.2 eV). It appears that for both OER and ORR
processes, this AKg;IH parameter is a critical parameter. Equations (2.36) and (2.37)
are represented in Fig. 2.11 and generated by DFT calculations [43]. The two
representatives best OER catalysts (IrO, and RuO,), and a less active one, the
semiconducting TiO,, are therein depicted. All these materials are rutile phases.
One clearly sees that IrO, and RuO, bind oxygen strongly and weakly, respectively.
On the other hand, linear relations can be also established with OH_4, and O,H,4,
species. At the top of this inversed volcano, the surface of the oxidized materials
can experience further oxidation/dissolution, like RuO, [44, 45]. Moreover, a series
of OER experimental data obtained on various oxide materials within the rutile
structure [46] are compared and summarized in Fig. 2.12 [34].

2.3 H,/O; Fuel Cell Electrochemistry

A fuel cell (FC) is a device designed to produce electricity from a chemical reac-
tion, and it belongs to a variety of electrochemical power sources. Unlike galvanic
cells working as batteries (primary), and accumulator or storage batteries (sec-
ondary), the FC uses a continuous flow of gaseous or liquid (fuel) reactants with a
continuous elimination of the products. Its operation is, in principle, sustained as far
as the reactants are provided. The FC systems are indeed significant because they
offer a series of advantages, namely (i) a high efficiency of fuel utilization, (ii) a
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Fig. 2.12 Activity trends 0.0
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large operation power ranging from microwatts to megawatts, and (iii) to further
under development to find out the best catalyst materials among the most abundant
elements in nature. In this book, we will limit our discussion to hydrogen—oxygen
electrochemistry on low-temperature fuel cell principles. Taking advantage of the
principles outlined in Sect. 2.2, we can sum up that the overall reaction at the anode
(negative) is the hydrogen oxidation reaction—HOR,

H, —2H" +2e” (2.38)
and at the cathode (positive) the oxygen reduction reaction (ORR).
0, +4H" +4e — 2H,0 (2.39)

In this manner, a closed electrical circuit is generated (cf. Fig. 2.2a). Otherwise,
positive electrical current flows from the anode to the cathode, so that the chemical
reaction, producing the current, is:

2H, + 05 — 2H,0 (2.40)

The reaction of 2 mol of hydrogen and 1 mol of oxygen, at normal conditions of
pressure (1 Bar) and temperature (298 K), produces 2 mol of water (36 g). The
thermal energy (or reaction enthalpy, —4H) set free in Eq. (2.40) when it takes place
as a direct chemical reaction totals 285.8 kJ/mol, Table 2.1.

The free energy —A4G amounts 237.1 kJ/mol, value corresponding to a maxi-
mum electrical energy W;"*. In other words, the maximum attainable thermody-
namic efficiency, #zuerm = 83%.
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Table 2.1 Some thermodynamic data of H,/O, fuel cell

Reaction T(K) | AG (kJ/mol) | AH (ki/mol) | AS (J/K) |n [E° (V) | Hinerm
H, + % 0, — H,0() |298 |-237.1 -285.8 -162 2 (123 |0.83®
H, + % 0, — H,0(g) |298 |-229 242 —44 2 [1.18  |0.95°

H, + %2 0, —> H,0(g) |378
H, + % 0, —> H,0(g) | 1273
“LHV—Lower Heating Value
"HHV—Higher Heating Value

One example of such devices is the proton exchange membrane fuel cell
(PEMFC), which is a current prospective technology in the automotive application
[47]. The electrode potential of the oxygen electrode, E., is more positive than that
of the hydrogen electrode, E,. This potential difference delivers the cell voltage
(U) of the fuel cell.

U=E.—E, (2.41)

The FC operating in discharging (or consumption) mode means that reactions
(2.38) and (2.39) take place continuously. In thermodynamics, the potential dif-
ference of the cell is called electromotive force (EMF = E? — E?) of the cell. If we
consider the hydrogen—oxygen system, this EMF corresponds to free energy of the
current producing reaction in Eq. (2.40), i.e., 1.229 V. However, for practical
reasons, the voltage of an out of operation cell is named open-circuit voltage
(OCV), Uy. So that U, < EMF. Figure 2.13a clearly illustrates this fact, where the
current sets on at a value less than E? owing to the lack of equilibrium of the
oxygen electrode. This is the reason why the operating working voltage of a FC, U;
is even lower due to various factors that can be easily identified in some regions
indicated in Fig. 2.13a, namely (1) the activation polarization a dominated region—
where the main losses are due to the overpotentials required by the reactions at the
anode and cathode, (2) the ohmic polarization dominated region—where the losses
are mainly due to the internal resistance of the cell (R drop), (3) concentration
polarization dominated region—where the losses can be mainly attributed to mass
transport effects. Most important from the materials’ perspective is the large drop
from the thermodynamic limit observed in the activation polarization region, pre-
dominantly attributed to the high overpotential for the oxygen reduction reaction at
the cathode, as discussed in Sect. 2.2.2.

The voltage of the cell, U;, will be lower the higher the current density, j, as
observed in the current—voltage characteristic of a fuel cell shown in Fig. 2.13a,
curve (1). This characteristic can be simplified by the linear equation: U; = U, — jR
where R, in a first approximation, is associated with the apparent internal resistance
of the cell. Moreover, Fig. 2.13a shows indeed that the shape of the current—voltage
is S-shaped. One recognizes, however, that the OCV or U, and the operating
voltage, U,, are considered important parameters in a fuel cell. On the other hand,
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Fig. 2.13 a Electricity and b heat generation in fuel cells, see text

the difference between E? and U, will depend on the nature of the reaction kinetics,
and on the nature of the electrode. In the PEMFC, a voltage of 0.6-0.7 V is
commonly used, resulting in significant energy losses due to heat generation
(Fig. 2.13b). At a working voltage of U; = 0.65 V about the same amount of
electrical energy and heat is generated. The flowing current at this voltage at the
external load with a resistance R,,; is determined by Ohm’s law.

U U
Rext R + RE}CZ

(2.42)

During the fuel consumption in the FC, the power P = U; x I (Power = Voltage X
Current) or (Watt (= Joule/s) = Volt x Coulomb/s) is delivered. Using Eq. (2.42),
the power can be written as,

2
R
P JIFJR ; (2.43)
ext

This equation shows that decreasing the external resistance, the voltage
decreases; hence, the power—current relation goes through a maximum; Fig. 2.13a,
curve (2). The current, I, and the power, P, are both determined by the load (R,,;)
selected by the user. However, the maximum current /,,,, and the associated P,
establish important features of the cells. Indeed, this performance sets a critical
lower bound of the cell voltage to a critical value, as to avoid overheating. Attempts
to go to even lower cell voltages in order to increase the electrical power density by
increasing the current density (to a maximum power point) have been made.
Therefore, in an operating fuel cell, the sustainability of the thermal conditions can
be established by fixing a lower limiting current.

For hydrogen-based fuel cells (PEMFCs) the generation of heat is a technical
problem that is usually solved by cooling arrangements.
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2.3.1 Fuel Cell Efficiency

The overall efficiency of fuel cells, 7, 1S less than 100%. The operating effi-
ciency, in transforming a fuel’s chemical energy to electricity, is the ratio between
the electrical energy produced and the chemical energy of the supplied fuel’s
oxidation. The theoretical thermodynamic efficiency, 7., is defined as:

n — Qreacl - Qlat _ A_G _ Wel
therm Qreact AH Qreact

(2.44)

where Q.. the total thermal energy produced during a chemical reaction—the
reaction enthalpy (AH = AG + TAS) is set free as electrical energy, W,; (the current
flows at the external circuit), whereas the remaining part of the reaction evolved in
form of latent heat of reaction, is the reaction entropy, Qy,, (—T4S). This latent heat
is similar to the Carnot heat in heat engines. Equation (2.44) shows that, in an
electrochemical system, a big portion of the chemical energy is converted directly
into electricity, since Q,, is small compared to Q,.., (cf. Table 2.1). For most FC
systems, this last parameter is negative, meaning that U; will drop with a temper-
ature increase. The #,.,,» Will never be larger than 90%, because of the negative
temperature coefficient. Since a FC is not operating reversibly, we must also define
a voltage efficiency, 7,, as:

U; U;

=B T EMF

(2.45)

So that the real fuel cell efficiency # should be # = #yerm X 7y For Hy/O, FC, the
value of EMF = E® is 1.229 V. In a real system, it is worth to mention that the
overall efficiency #, of a fuel cell depends, besides #erm, and 7, on two other
additional factors, e.g., the efficiency due to the reactant utilization, or coulombic
efficiency, #.ow; and the efficiency of the design, #gesign (Mrotal =
N X Heoul X Ndesign)- It is thus clear that efforts to improve a FC system must be
concentrated to increase #, (via electrocatalysis); 7.ou (Via selectivity or tolerance
of materials), and #gesign (via system and stack design).

2.3.2 Fuel Cell Parameters

In order to associate fuel cell power generators, as those summarized in Table 2.2, it
is convenient to normalize the relative rates in terms of current producing reactions
to a surface (A).

These usual parameters to compare the relative efficiencies of FCs are current
density, j = I/A (mA/cm?), and power density, p = P/A (mW/cm?). This later can be
expressed as power density referred to unit mass, p,, = P/M (mW/kg), or to unit
volume, p, = P/V (mW/L).
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Table 2.2 Summary of most common fuel cells (FCs) technologies

PEMFC DMEFC AFC PAFC MCFC SOFC
Fuel H2 CH3OH H2 H2 H2, CO, Hz, CO,
CH,, CH,,
HC® HC®
Electrolyte (Nafion) (Nafion) KOH H5;PO, Li-, ZrO—
K,CO; Y,0;
Charge H* H* OH~ H* CO;>~ 0>
carried in
electrolyte
Temp. (°C) | 50-100 50-90 60-120 175-200 650 1000
n (%) 35-60 <50 35-55 35-45 45-55 50-60
Unit Size 0.1-500 <1 <5 5-2000 800-2000 |>2.5
(KW)
Applications | Portable, Portable, Space, Medium to | Large Medium to
stationary mobile and | military, large power large
and stationary | submarines, | power generation | power
automotive | use transport generation generation
“Hydrocarbons

2.3.3 Electrode Reactions

The electrochemical reactions taking place in a fuel cell determine the performance
of the system. Focusing on the H,/O, FCs, Table 2.3 shows the reactions that occur
in acid fuel cells: polymer electrolyte fuel cells (PEMFC), phosphoric acid fuel cells
(PAFC), and alkaline fuel cells (AFC). It is worth to note, that all these systems
require noble metal electrocatalysts for optimum reaction rates at the anode and at
the cathode.

2.4 H,/O, Anode and Cathode Electrochemistry

Most research systems are based on the recording of current—potential character-
istics, under well-defined conditions (e.g., temperature, mass transport, etc.). This
section will be devoted to highlight some important tasks to perform in measuring

Table 2.3 Electrochemical reactions in acid and alkaline FCs

Fuel cell type Anode reaction Cathode reaction
Acid (PEMFC, PAFC) |H, — 2H" + 2¢~ % O, + 2H" + 2 —> H,0
Alkaline (AFC) H, +2(OH ) — H,0 +2¢ |20, + H,O +2¢ — 2(OH)
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electrocatalytic materials (applicable to precious or non-precious catalytic centers)
in form of nanodivided powders. The main drawbacks are to mimic the electro-
catalytic nanoparticles (NPs) behavior, embedded on a gas diffusion layer of a
membrane electrode assembly (MEA) of a PEMFC, using the thin-film rotating disk
electrode (RDE), and rotating ring-disk electrode (RRDE) technique, to evaluate the
corresponding electrocatalytic activity of supported NPs in half-cell arrangement.
The supports can be of different nature, e.g., carbon, graphene, oxides, and com-
posites (carbon-oxide; graphene oxide). This means that the electrochemical study
is based on the preparation of inks. The replication across the laboratories requires
an experimental protocol which requires the ink formulation, the quality of the film,
and the procedure to perform the electrochemical tests [48].

The learning curve in electrocatalysis is to identify the surface reactivity of the
electrode materials. The action of the electrocatalyst can be due to structural or
chemical modification of the surface of the electrode in addition to the influence of
the ions present in the electrolyte. In other words, structural effects can be asso-
ciated with the changes of the electronic state at the surface (d-band occupation,
d-band center shift) or by the variation of geometric nature at the surface that occurs
in crystal-defined planes [49-52], alloy [53-55], strain effects [56—58]. More details
are given in Sects. 2.4.2 and 2.4.3.

2.4.1 Turn Over Frequency

Having taken the necessary precautions to prepare inks and electrodes, the elec-
trocatalytic activity of a given material must be described using the concept of turn
over frequency (TOF) number. To appreciate this concept, one can imagine
working with thin films of variable thickness, which can be obtained by successive
pipetting an ink onto the disk (e.g., glassy carbon, as substrate) of the electrode, as
shown in Fig. 2.14. This leads to a deposited mass loading variation, effect of
which is to increase the number of NPs in the thin layer. Such examples were tested
with carbon Vulcan-supported platinum NPs with a defined thickness, xy, and
varying mass loading [31], or with cobalt chalcogenide (CoSe,) [59] varying
thickness and a defined mass loading. The increase (with similar size) of NPs
represents an increase of the number of sites (catalytic ones). Since these NPs are
confined in a defined thin-film space with a determined thickness, we are dealing
with a quasi-volume electrode, so that the electrocatalytic activity can be estab-
lished as the current per unit volume (A/cm3). This parameter can be related to the
site density (site/cm3) with Eq. (2.46).

Activity = (Site density) (TOF) q (2.46)

where ¢ is the elemental charge (1.6 X 107" C/e "), TOF in (e /Site/s) is related to
the kinetic current density. Taking the electrochemical reaction being carried out on
a catalytic “Site”:
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Fig. 2.14 Schematics of the catalytic site density variation in carbon matrix support. a loading
increase through direct synthesis; b loading increase through successive layer depositions (With
permission of Ref. [31] Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

voOx +ne” + Site — vgRed (2.47)
The rate of electrons at the “Site” can be written as:
1 1dn,
= 2.48
Siten dt ( )

This equation measures the flow of (e /Site/s), otherwise, the so-called TOF. The
active “Site” can be expressed per square centimeter of electrocatalyst surface: Site
em”2, or site per cubic centimeter of electrocatalyst volume: Site cm . Clearly, n, is
the concentration of electrons (e cm Zore” cm73), and t, the reaction time (s).

The activity of an electrocatalytic material can be expressed as a current density,

Js (A.cm;e%). This parameter can be, indeed, further reported as mass activity

(MA = A.mgg.,), and specific activity (SA = pA.cm2,), so that the electrochemical
active surface area, ECSA, combines MA and SA, as follows:

MA logcm%a,

ECSA = —— = (2.49)
8rcar

SA

Making use of the current densities, easily determined from current—potential
experiments, one can calculate TOF as:
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SAECSAMcy MAMc,
TOF === Car Car (2.50)
q Ny q Ny

where M, is the molar mass of the catalysts, N4 the Avogadro number.

2.4.2 Electrochemical Evaluation of HOR-HER Electrodes

Beyond the fundamental considerations outlined in Sects. 1.1, and 2.2.1, surface
electrochemistry (performed via the cyclic voltammetry technique [60]) on
well-defined surfaces on the best catalytic material (Pt) is a good example to start
this section. Examples on other noble transition metal surfaces have been sum-
marized elsewhere [61, 62]. In fact, striking effects of the electrolyte composition
have been recorded for the processes shown in Egs. (2.7)—(2.10) on (hkl) surfaces
of e.g., platinum, since these surfaces present a long-range atomic order and are
sensitive to the anion adsorption. Figure 2.15 summarizes the fingerprints of low-
hkl index of platinum submitted to a scan rate of 50 mV/s in acid containing sulfate
(SO4% or HSO, ) and perchlorate (Cl1O4 ) anions. The responses of (100), (111),
and (110) correspond to the Hypg region (cf. Fig. 2.5) for the polycrystalline
material. In this latter, two main couples of reversible adsorption processes appear
between 0.4 V/SHE and the potential where the hydrogen evolution reaction sets on
(0 V/SHE). The peak centered at 0.27 V/SHE is due to the strongly adsorbed
hydrogen atoms, whereas the peak centered at 0.12 V/SHE corresponds to weakly
adsorbed hydrogen. On well-cleaned polycrystalline surfaces a third peak (at ca.
0.22 V/SHE) appears on the ongoing positive scan. At this point, it is interesting to
recall that the charge under the H,pq region of 210 pC cm 2 [63] corresponding to a
full H monolayer coverage is used to determine the real surface area necessary to
obtain the TOF factor (see Sect. 2.4.1). Now, comparing the shape of the Hypq
regions in Fig. 2.5 (recorded in sulfuric acid) with the shapes presented in
Fig. 2.15, one learns that the H-coverage takes place on surfaces with different
symmetries. Each hkl, indeed, shows a different adsorption energy, since Pt atoms
are arranged in different unit cells, leading to a difference in the overlapping
between the electronic local density of a “Site” with the adsorbed hydrogen. Hence,
as a result, we perceive that the strong adsorbed hydrogen peak corresponds to the
electrochemical response at the (100) surface, whereas the weakly adsorbed peak to
that generated on (110) and (111) surfaces. Moreover, as shown in Table 2.4, the
charge density is compatible in all surfaces. The average charge density is
197 uC cm™2, approaching the value of the polycrystalline surface.

The H monolayer coverage on these surfaces is affected by the composition of
the electrolyte solution, pointing out the effect of the specific adsorption of the
anions. It is worth to recall that an important amount of work combining ultra-high
vacuum (UHV) and electrochemistry experiments [64] led to unravel the interesting
so-called butterfly feature on the voltammogram recorded on the Pt (111) surface in
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Fig. 2.15 Cyclic voltammograms of (hkl) Pt surfaces recorded in acid at 50 mV/s. The specific
anions adsorption affects the shape of the Hy,q region (Adapted from Ref. [65] Copyright © 2011,
Springer)

Table 2.4 Charge density on hkl surface of Pt (fcc)

Surface (hkl) n (atom/cmz) Surf. Conc. (mol/cmz) Charge density (uC/cmz)
(100) 1.28 x 103 213 x 107° 205
(110) 0.92 x 10% 1.53 x 107° 147
(111) 1.50 x 10" 249 x 107° 240

sulfuric acid. Such spikes reveal the transition of the S0,>~ (or HSO,") adlayer
between disordered and ordered states. A historical account of platinum surface
electrochemistry was provided in 2011 [65, 66].

Around 0 V/RHE, the difference of the HER/HOR on Pt (hkl) is clearly obvious
in acid and in alkaline solutions, Fig. 2.16, assessing the role of the surface
geometry on the kinetic rates [67]. It is also clearly discernible, although less
sensitive that in acid medium such an effect is less pronounced as compared to the
effect in alkaline medium. Summarizing the effects, the degree of electroactivity
decreases in the order (110) > (100) > (111) in both media. Considering the
mechanism of HOR and HER, discussed in Sect. 2.2.1, one can distinguish the
potential intervals between H,,q and H,pq regions (cf. Fig. 2.15) at the (khl) sur-
faces. Since the more open surface (110) is the HOR/HER most active one, the top
sites, as indicated in Fig. 2.15b must be available for the hydrogen interaction
(adsorption/bond making and breaking) favoring the H,pq process, thus leaving on
(110) a dual active site. This is not the case for (100) and (111), since they
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Fig. 2.16 a Current—potential curves for the HER and HOR on Pt (hkl) in acid (top), and alkaline
(bottom) media, and b surface ideal representations of Pt (hkl) showing Hypa, and Hopq sites, with
permission of Ref. [67] Copyright © 2002 Elsevier Science B.V. ¢ The hydrogen oxidation
reaction rate by promotion of hydroxyl adsorption, with permission from Ref. [70] Copyright ©
2013, Rights Managed by Nature Publishing Group. d Tafel plot of data extracted from curve for
Pt (111) of this figure (a)

apparently only have one type active site, where Heyrovsky—Volmer mechanism
must be operative. Another interesting feature of the HOR/HER on Pt (hkl) surfaces
is the fact that the kinetics in alkaline medium are lower than in acid medium. The
effect can be relied to OH,4s species blocking the active sites for the adsorption of
hydrogen [68]. This path makes it difficult to find non-precious metal centers to
activate the HOR. However, tailoring efficient dissociative adsorption sites
(metalhydroxyl oxide) for water (hydrogen is discharged by water in alkaline
medium) is required to augment HOR/HER kinetics [69, 70]. Particularly inter-
esting to consider is the fact that the variation of pH and, as such, the HOR/HER
current—potential simulations were performed to cover the whole pH range [70].

Considering total reactions (2.51) and (2.52), and a partial pressure of hydrogen
of 1 Bar:

K
2H;0" +2e” f H, +2H,0 (2.51)

K
2H,0 + 2e” Kzz H, +2HO™ (2.52)
1
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The corresponding anodic, and cathodic kinetic current densities in acid,
Eq. (2.53) and in alkaline, Eq. (2.54), can be expressed as:

Ju = 2Ky [Ha],_ exp [oca (% (£ E) - 1n[H2]1/2>] (2.5%)

Jo = 20K l:0" ] gexp |- (i (6~ B~ i) )| 253w
Jo = 2K [OH ], qexp o (o (B~ £) ~ i 2) | 2540
Jo = <2FKeft0),_yexp |- (g (B~ B) - w2 )| 254

All the symbols have their respective meaning. The constants K; and K, refer to
the coverage of the H,4s, or OH,4, species. The effect of mass transfer is added via
the Levich equation: j = 0.62nFD*3v=1/°[C, 4 — Cbulk]xzowl/ 2 to the simulation
curves (see Fig. 2.16¢).

For this, HOR/HER apparently simple reaction, the surface electrochemistry on
well-defined surfaces teaches us that the surface must be tailored for dual functional
catalytic sites to activate a proton donor to bridge the pH gap. In this sense, the
material in nanodivided form is essential to develop devices for the real-world
application and explorations in acid and alkaline medium using carbon-supported
platinum, iridium, and palladium nanoparticles [71]. Figure 2.17 contrasts the
electrochemical response obtained via the RDE technique of carbon-supported Pt,
Ir, and Pd nanoparticles in acid and alkaline medium. Here again, a striking dif-
ference in the HOR/HER electroactivity is observed in acid versus alkaline medium
for all carbon-supported samples. The Tafel plot [cf. Sect. 1.1.3.1, Eq. (1.9b)], in
Fig. 2.17c, d clearly displays that at an overpotential 7 = 0.05 V the anodic current
densities for Pt are ca. 200 times, for Ir ca. 160 times, and for Pd ca. 150 times more
active in acid than in alkaline media. Similar differences can be read at the cathodic
side, i.e., # = —0.05 V. At this point, it is also worth to add that on Pt(111), see
Fig. 2.16d, the HER is ca. a factor of 20 times (# = —0.10 V) higher in acid than in
alkaline environment. Nanoparticulated materials, indeed, increase the number of
active sites. Summing up, the order of magnitude is similar for these three metals,
implying a similar binding energy of the descriptor (4 G%m) discussed in
Sect. 2.2.1. From a fundamental point of view, and under the light of the results
[71] depicted in Fig. 2.17, it is shown that the higher oxophilicity of iridium does
not enhance the HOR/HER activity; therefore, the HOR/HER mechanism to be
favored is the Volmer step (cf. Eq. (2.7) in Sect. 2.2.1), thus pointing toward a
similar mechanism in acid as well as in alkaline medium.
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Fig. 2.17 a Inward a PEMFCs arrangement the polarization curves (2 mV/s) in a H,-saturated
atmosphere at ambient pressure and 313 K on various electrocatalysts, namely 5 wt% Pt/C
(ECSA = 120 x 10* em’/g), 20 wt% I/C (ECSA =59 x 10* cm?*/g) and 10 wt% Pd/C
(ECSA =105 x 10* cmzlg). b 0.1 M NaOH at 10 mV/s at 1600 rpm, ¢ and d are the
corresponding Tafel plots of a and b, respectively (With permission of Ref. [71] CC Attribution
3.0)

2.4.3 Electrochemical Evaluation of ORR Electrodes

This section will be focused on the typical ORR electrocatalytic response on
materials in the nanodivided form. Indeed, the evaluation of the electrochemical
performance of electrode materials for the ORR process is typically performed by
the use of the rotating disk electrode (RDE) and the rotating ring-disk (RRDE)
electrode techniques [30]. Generally, typical ORR characteristics under mass
transport conditions are obtained, as shown in Fig. 2.18a. One can recognize three
regions in which the ORR process is controlled, namely (i) kinetic controlled
(activation region), where the ORR rate is quite slow; (ii) the mixed kinetic dif-
fusion where the reaction accelerates (increase of the current) as the overpotential
increases; (iii) the diffusion-controlled region, the current density is determined by
the diffusion rate of reactants and reaches a plateau at a determined rotation rate of
the RDE. On the same figure, one can read the half-wave potential, E;,. This
parameter is used to verify and compare in a qualitative way the activity of the
electrocatalysts. The more active materials should show under the same measure-
ment conditions a more positive half-wave potential value. Figure 2.19a shows that
E shifts to a positive potential with the mass loading or site density [cf. Fig. 2.14
and Eq. (2.46)]. It is worth to mention that a lower E;,, is equivalent to a strong
indication which favors the ORR 2-electron pathway, or formation of hydrogen
peroxide as assessed by RRDE experiments (see Fig. 2.19b). This phenomenon,
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Fig. 2.18 a ORR polarization curve obtained on 20 wt%/C in 0.1 M HCIO, acid medium at
900 rpm at a scan rate of 5 mV/s. b Corresponding Tafel plot of the kinetic current density, after
mass correction
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Fig. 2.19 a Half-wave potential of RDE current potential characteristics of Pt-based electrodes as
a function of the mass loading. b Hydrogen peroxide detected via the ring electrode of the RRDE
technique (Data extracted from Refs. [72, 75]. Modified figure with permission of Ref. [76]
Copyright © 2009 Elsevier Ltd.)
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which appears to be universal on other ORR catalytic centers (e.g., metals,
chalcogenides, perovskites, in acid as well as in alkaline medium) is documented in
the literature [31, 59, 72-76]. It is worth to mention that all RRDE experiments
reported so far underestimate the hydrogen peroxide production in porous systems
(quasi-3D, cf. Fig. 2.14); therefore, the halfway potential must reflect the adsorp-
tion—desorption kinetics of O,H, 4 species (cf. Eq. (2.23)). Thus, a cross-laboratory
comparison can be made using the half-wave potential parameter, as depicted in
Fig. 2.18b.

The kinetic current can be read directly from all generated curves (with elimi-
nated background contribution made through a N,-based test from that of the O,-
based measurement) at different rotation rates, o, if the ratio: j/j; . (measured current
density/cathodic limiting current density) < 5%, (see region noted kinetic con-
trolled) so that an onset potential E,, can be identified when j = 0. This is not
indicated in Fig. 2.18a. To further evaluate the data generated in Fig. 2.18a the
kinetic current density, ji, should be extracted from the mass transport corrected
polarization curves using the Koutecky—Levich Eq. (2.55) [60].

1 1 1 1 1
ST = (2.55)
Jok e Jk o 0.62nFDYwl/2v1/6C;

where j, j; ., j are the measured, limiting, and kinetic current density, respectively, n
is the electron transfer number, F is the Faraday constant (96,485 C/mol), D is the
oxygen diffusion coefficient in the electrolyte, v is the kinematic viscosity of the
electrolyte, and Cp, is the bulk concentration of oxygen. To evaluate quantitatively
the hydrogen peroxide production, the collection of the current at the ring electrode,
I, biased at a potential of 1.2 V/RHE of the RRDE system, and the disk current, Ip,
are obtained. Thus, the H,O, yield can be calculated by Eq. (2.56) through the
measured faradic ring current, and the collection factor, N of the RRDE, as done for
the results represented in Fig. 2.19b.

200 - Ix/N

Again, the kinetic current densities, jg, of different catalysts are often compared
at relatively high potential, e.g., 0.9 V/RHE for Pt systems (or 0.95 V (or Pt alloy
systems with very high activity) [77]). As an example, the measurements in
Fig. 2.18b show the mass transfer corrected kinetic current density (j = Ip/S, where
S = 0.07 cm? is the surface of the glassy carbon disk). We read at 0.9 V/RHE of
2.68 mA/cm? (geo), or a kinetic current Ix = 0.187 mA. Using the Hy,q region (cf.
Fig. 2.5) to determine the real surface of platinum NPs deposited onto the glassy
carbon disk, we can determine the specific activity (SA = 0.13 mA/cm3,). Having
deposited 20 pg of 20 wt% catalysts ink onto the glassy carbon disk, the mass
activity is MA = 46.7 mA/mgp,. Otherwise, using Eq. (2.49) the electrochemical
active surface area of this system corresponds to ECSA = 33.6 (m2/g)pt. The
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resulting turn over frequency, (i.e., electrons/site/s), is TOF = 0.09 s, This latter
data from RDE at 25 °C (298 K) compared to the literature value (TOF = 25 st
[77]), obtained from a PEM fuel cell system operating at 80 °C (353 K), seem too
small. Therefore, a fair comparison is the parameter-specific activity (SA). Indeed,
from Table 5 [77], for Pt/C(TKK) AS = 195 uA/cm%t at 80 °C. The data deduced
in Fig. 2.18b correspond to AS = 130 pA/cm, at 25 °C. Adjusting this last kinetic
current to 80 °C using: ji o exp(—E,/kgT), where a typical value of activation
energy for the ORR is 0.3 eV [78], and then the ratio between the two kinetic
currents can be formulated as:

Inju  Ew(T1 — T2)

LN 2.57
In jip kgTT> ( )

The calculated ratio is ca. 2.06. Thus, the temperature adjusted for the data in
Fig. 2.18b at 0.9 V/RHE is (AS)gpec = 130 pA/emp, x 2 = 260 pA/ecmp,. This is
an interesting indicator that puts in evidence that the utilization of Pt NPs at the
working RDE electrode (measured in half-cell) is far from being 100%, thus the low
TOF value. However, in practical fuel cell applications, the mass activity is more
important than the specific activity. Ways to develop benchmarking methods to test
HOR/HER, ORR/OER electrocatalyst performance are still underway (see, e.g.,
Ref. [79]) to assure comparability with practical systems. That is the reason why
defined targets (e.g., MA = 440 mA/mgp,) for the year 2020 for catalysts in
automotive applications have been projected by the USA department of energy
(DoE) [80].

For the cathodic process the determination of TOF for the hydrogen peroxide
reduction (HPR) and the ORR processes, as a function of the catalyst mass loading
was reported, and the results are summarized in Fig. 2.20 [81]. The data evaluation
for each system was performed using the considerations mentioned above through
Egs. (2.46)—(2.50), and (2.55), (2.56). The TOF for the ORR process decreases

Fig. 2.20 TOF values taken 1.0
at 0.8 V versus RHE for @ el
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hydrogen peroxide reduction \. 0.( 2} + TOFNg * 102 k)
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o
(=]
L]

(HPR) and the oxygen
reduction reaction (ORR) in
0.5 M H,SO, on various mass
loadings of Pt/C (With
permission of Ref. [81].
Copyright © 2016 Wiley-
VCH Verlag GmbH & Co.
KGaA, Weinheim)
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with the mass loading, whereas the HPR is less sensitive than ORR with the catalyst
mass loading. One can assess at least two important facts: (i) 1 mM of hydrogen
peroxide (HP) finds sufficient active sites, whereas 2 mM HP reveals less accessible
active sites with the mass loading; (ii) the HOR and ORR apparently reflect the sum
of the individual process. Therefore, this phenomenon clearly reveals that there is
no interference for actives sites for ORR and HPR. However, it is clear that ORR is
more perturbed by the lack of active sites with the mass loading, reflecting as
phenomenon the distance among particles is different, because the NPs size and
morphology are similar.
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Chapter 3 M)
Environmental Catalysis e

3.1 Introduction

Pollution abatement and pollution prevention enters into the field of environmental
catalysis. Over the years, a series of technologies, e.g., catalytic sensors, fuel cell
systems, photocatalytic reactors, aiming at monitoring and controlling these pro-
cesses, have been developed and succinctly summarized in the literature [1, 2]. Within
the “green chemistry hub,” the use of light as a reagent applied to heterogeneous
photocatalytic systems, for practical applications such as water decontamination,
water splitting, carbon dioxide reduction, represents a paramount challenge to pursue
[3-5] due to the environmental benefits it entails.

Sunlight is a unique natural, non-expensive, abundant, and endlessly renewable
source of energy. For example, solar photons can be converted straightforward to
heat, as shown in Fig. 3.1. This heat can be further converted, by indirect means,
e.g., mechanical, or by direct means via photovoltaic devices to electricity, and/or
directly to fuel generation (better known as solar fuels) by means of, e.g., photo-
electrochemical systems (PECs). For the electricity and fuel production (e.g.,
hydrogen, CO, reduction products), one needs semiconducting materials able to
capture efficiently the visible fraction of the solar spectrum (400-800 nm). Besides, a
precondition of such semiconducting materials is their reasonable abundance on the
earth’s crust, with a low environmental impact through their life cycle, and stability
with time under light irradiation, in the operating medium. Herein, we concentrate on
some basic principles of artificial photosynthesis [6-9], but definitely, the challenge
nowadays still remains to split water into hydrogen and oxygen using solar visible
photons. Aiming at mimicking the natural photosynthesis, UV-sensitive oxide
semiconductors were used for the photoelectrolysis of water. Boddy [10] reported for
the first time the evolution of oxygen under illumination on n-TiO, (rutile) single
crystals in 1968, preceding the well-known paper by Fujishima and Honda in 1972
[11]. The results of these experiments are, certainly, the basis for the heterogeneous
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Fig. 3.1 A schematic representation of the direct and indirect conversions of solar photons

photocatalysis, accomplished in a photoelectrochemical cell (PEC) system. They
also paved, since then, the long way up to the development of the artificial leaf
[12—-15], aiming at storing high-energy density chemical fuels for the future.

3.2 The Basics of Semiconductor Photoelectrochemistry

The understanding of semiconductor photoelectrochemistry goes back to the works
devoted to the effect of light onto well-defined single-crystal materials in contact
with electrolyte (solid/electrolyte junctions) since the 1960s and summarized in the
1980s by some pioneers [16—18]. Although some systems showed interesting per-
formance (photon to electricity conversion), most of them failed due to the instability
against (photo) corrosion and cost combined with a poor efficiency. The field of
photoelectrochemistry was renewed thanks to the development of semiconducting
materials in the nanoscale domain, as reported in the 1990s by O’Regan and Grétzel
[19]. Nanostructured materials are now the object of research for light-driven water
splitting and environmental remediation, linking the electrocatalysis at nanopartic-
ulated semiconductors and semiconductor photoelectrochemistry.

3.2.1 Semiconductor Properties

The Gibbs free energy stored in the semiconductor, Fig. 3.2a, resulting from the
photon absorption (hv > E,), Fig. 3.2b, depends on the band gap of the material,
E,, to free the internal energy of electron—hole pairs, and further to their e -h™ pair
concentration (n, p) release or recombination, Fig. 3.2c. The driving force is the
photon absorption process that leads to the splitting of the Fermi level, i.e., the work
per photon (photovoltage) eV,,, = AE. This latter is equivalent to the quasi-Fermi
levels (QFL) for electrons and holes, Er,,, and Ef,, respectively, Fig. 3.2b so that
the incident photon energy hv > E, > AEr. The QFL are given by the expressions:
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Fig. 3.2 Elementary step of photoabsorption by an intrinsic semiconductor (a), producing the
work in (b) via the separation of the quasi-Fermi levels, a state of quasi-equilibrium or
thermalization, and to charge separation or recombination in (c)

Epy = Ec+ksT In— (3.1a)
y NC
o P
EF,p = EV — kBT In— (31b)
Ny

where n and p are electron and hole concentrations, and N and Ny are, respec-
tively, the densities of states of the conduction and of the valence bands [20]. The
shift of the quasi-Fermi level with absorption of light highlights the importance of
this parameter, which defines the concentration of majority carriers (electrons and/
or holes in a semiconductor) obtained by the effect of doping the material. If we
consider an n-type semiconductor, the concentration of electrons, n, under equi-
librium thermal conditions is given by the Fermi—Dirac equation:

n = Ncf(E) (32)

where f(E) is the Fermi—Dirac distribution probability, and N the density of states
in the conduction band.

1

f(E) = 1 _’_e(EC*EF)/kBT (33>

For (E¢c — Ef) ca. 0.05 eV or a doping level of < 10" cm™3, Eq. (3.2) can be
approximated by the Boltzmann equation.

n = Nee~ (Ee=Ee)/ksT (3.4)



64 3 Environmental Catalysis
In the case of p-type semiconductors, the concentration of holes, p, is given by:
p = Nye Er=Ev)/kT (3.5)

Herein, Ny is the density of states in the valence band. The product of n and p at
equilibrium define the law of the mass balance in an intrinsic semiconductor
(non-doped semiconductor), cf. Fig. 3.2a.

np = n? = NeNye ™ E/kaT (3.6)

The Fermi level, Ef, is then the chemical potential for electrons, acting as
donors, Np, in n-type semiconductors, and as an acceptor, N4, levels in p-type
semiconductors, and also known as the electrochemical potential for electrons, ji,-.
Equations (3.4) and (3.5) define the concept of the Fermi level at equilibrium in
darkness and are similar to Egs. (3.1a), and (3.1b). These latter define a system
under a steady-state illumination, where photogenerated electrons and holes are a
concentration of photostationary electrons and holes (n, p), far from their initial
equilibrium, and in thermal equilibrium with the lattice. Such a concept, used to
describe non-equilibrium processes at solid-state junctions, was applied for a
quantitative analysis of charge transfer processes at n- and p-type GaAs electrodes
in photoelectrochemistry [21, 22]. The bottom of the conduction band and the top
of the valence band for n-type semiconductor are schematized in Fig. 3.3a com-
pared to a metal in Fig. 3.3b, showing other usual energy parameters that allow to
judge the properties of the semiconducting materials summarized in Fig. 3.4. Most
of the oxide materials possess band gaps larger than 3 eV (< 413.3 nm), meaning
that these materials are able to split water using photons in the ultraviolet
(UV) region (A < 400 nm). On the other hand, chalcogenides (e.g., CdS, MoS,,
CdSe) with gap energies (1.9-2.4 eV or 516.6—-652.5 nm) within the solar spectrum
are excellent photocatalyst materials for the hydrogen evolution.

The band edges of the oxide semiconductors usually follow the Nernst law with
pH, i.e., a shift of —0.059 V/pH, at room temperature [23]. This means that the
adsorption—desorption process of protons and hydroxides governs the double-layer
capacitance at the SC/EI junction, Cy; = q/Vy. (q: the charge density pC/cm?; Viy:
the Helmholtz potential). For oxide surfaces, the two sites of a hydroxylated sur-
face: M*-OH™ should be equivalent to the neutral surface: M—OH, otherwise the
site can give proton to the solution (3.7a), or accept a proton from the solution
(3.7b):

M-OH =M-O~ +H™* (3.7a)
H" + M—OH = M—OH,’ (3.7b)
The free energy of reaction (3.7b) must include the factor —eVy (Helmholtz

potential) that should be overcome by the protons to be adsorbed, or +eVy if
released (3.7a). Rearranging (3.7a) and (3.7b), we have, respectively:
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Dividing (3.8a) over (3.8b) and simplifying, we obtain:

M — oH; ) /2
eVy = 2.303ksT (pzc — pH) + 2.303kBT1n{[[M—O_2]]} (3.9)

This equation reveals that the point of zero charge (pzc) can be obtained when
[M-OH,"] = [M-O7], that the first term gives a slope of Vj; versus pH of 0.059 V/
pH, and that the second term is pH independent and highly charged generating a Cy
double-layer capacitance approaching that measured at metal/electrolyte interfaces,
ie., ca. 2040 pF/cm2. On the other hand, for nonpolar surfaces Vy becomes
non-sensitive to pH changes.

3.2.2 Semiconductor/Electrolyte Junction

When a semiconductor is immersed in an electrolyte, it will necessarily reach
(similar to metals) the establishment of a potential until equilibrium between both
phases is attained (equilibrium potential measured with respect to a reference
electrode). This condition is determined by the states of the atoms at the electrode
surface (metal or semiconductor) and to the nature of the species present in the
electrolyte interacting with the surface atoms. This process will produce the
building of an electrical double layer, also known as the Helmholtz double-layer
capacitance Cy. Unlike metals, the charge distribution across the junction, at
equilibrium, is determined by the position of the flat band potential, Eg. This
parameter defines the state of no charge accumulation or depletion at the semi-
conductor side of the junction, meaning that there is no electrical field at the
junction. Now, if we consider that the equilibrium potential was attained because of
electron withdrawal from the semiconductor, a positive space charge region con-
sisting of ionized positive atoms was formed. This is the so-called depletion region
or space charge region in the semiconductor, Wgc, a parameter that depends on the
doping donor, Np, (n-type) or acceptor, Ny, (p-type), the material’s permittivity, &,
and the potential drop at the space charge region.

2 A 1/2
Wsc = (LO ¢SC> (3.10)

The space charge region generates a linear electric field variation, E, from the
surface (x = 0) to a distance x = Wgc. The field decreases to zero at x=Wgc.
Therefore,

Epax = —2-€ (3.11)
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Furthermore, the charge density at the space charge region, p, can be calculated
by:

p = eNpWsc = (2ec0eNpAdge)'? (3.12)

The donor charge density, p, the electric field, E, and the electric potential A¢,
are contrasted with the semiconductor/electrolyte junction in Fig. 3.5. The linear
variation of the electric field corresponds to a parabolic variation of the electrical
potential A¢g-. This variation reflects the band bending at the semiconductor/
electrolyte junction. If we assume, as an example, ¢=10, and 4¢ = 0.7 V, Wy,
E,.ax» and p can be calculated from Eqs. (3.10)—(3.12). The data are summarized in
Table 3.1.

The positive charge in the space charge region in the semiconductor must be
balanced by the opposite negative charge in the electrolyte, located at the outer
Helmholtz plane of the electrical double layer, Cy. The variation of the space
charge region (SCR) further defines the space charge capacitance, i.e.,

lonic
charge
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Fig. 3.5 A general scheme showing thermal equilibrium of (a) the space charge distribution; b the
corresponding electric field distribution; ¢ the electrostatic potential distribution; d the interface of
the SC/EI junction at band bending condition in darkness showing the ionized charges in the space
charge region (SCR) with corresponding counter-ionic charge from the electrolyte; and e under
illumination condition
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Table 3.1 Variation of Wg¢, Enax, and p, as a function of the donor concentration, Np

Np (cm™) 10 106 10'8 10%°
Wsc (nm) 2780 278 27.8 278
E e (Vicm) 5 x 10° 5 x 10* 5% 10° 5 x 10°
p (e/lem?) 2.8 x 108 2.8 x 10° 2.8 x 10 2.8 x 101
dp
Csc = (3.13)
dAdgc

The dependence of which with the applied electrode potential is given by the
Mott—Schottky equation [23], e.g., for n-type semiconductors:

1 2 ksT
—=—— (A =
CSZC eNDEE() ( d)SC e )

The applied electrode potential at the semiconductor/electrolyte junction will vary
A44SC at will, so that any change in the applied electrode potential should appear
across the SCR. The capacity will extrapolate to infinity, when 44SC = kzT/e. The
flat band potential Eg4 will be read extrapolated to Ci =0. Ep, means the actual
position of the Fermi level of the semiconductor with respect to a reference electrode
before equilibrium, and it provides the conduction and valence band energies’
position, providing in this manner the thermodynamic feasibility of the semicon-
ductor to reduce and/or oxidize a given species in the electrolyte under illumination,
cf. Fig. 3.3. The additional benefit of this experiment is the determination of the
majority carrier concentration, Np, directly from the slope. It is important to recall
that at the SC/EI junction the capacitance of the semiconductor, Cgc, is in series with
the capacitance of the double layer, Cy. This latter parameter is usually of the order of
20-40 pF/cm?” and thus much higher (one- to two-orders of magnitude) than the
values expected for a reasonable moderately doped semiconductor [16].

The photons impinging on the n-type semiconductor with energy of hv > E,
produce electron—hole pairs separated by the electric field in the SCR, Fig. 3.5e.
Electrons are transported to the rear ohmic contact in the way to the external circuit,
whereas holes are transported to the semiconductor/electrolyte junction. Under
illumination, the Fermi level rises producing a photopotential, eV,;, and a con-
comitant splitting of the original Fermi level into two quasi-Fermi levels
(QFL) related to the concentration of electrons, Er,, and the other to the concen-
tration of holes, Ef,, cf. Equation (3.1a), (3.1b). As noted in Sect. 3.2.1, if this free
energy of photoexcited carriers is suitable, reduction via electrons and oxidation via
holes will be driven separately. Indeed, the oxidation reaction, prevented in darkness
Fig. 3.5d, takes easily place under illumination: Red + h* = Ox in the valence band,
as far as the process of electron—hole recombination in the SCR is not favored. As
also noted in Chap. 1, oxidation and reduction reactions are generally submitted to
an overpotential, #, to efficiently drive the process due to kinetics constraints.

(3.14)
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The lifetime of the minority carriers (the holes) limits the quantum efficiency, or
the incident photon-to-current conversion efficiency (IPCE). This parameter is the
ratio of the measured electron flux (current density, j,;) in the external circuit to the
incident photon flux, I, (at a wavelength, L). As shown in Fig. 3.2¢, if there is no
vectorization (charge transfer) of the photogenerated charges, recombination will be
the preferred path, otherwise electrons and holes will serve to promote reduction
and oxidation processes of species in intimate contact with the semiconductor
surface.

Jon Jpn(mA/cm*) x 1239.8(V/nm)  electrons cm™2s~!

ICPE = =
ely P;(mW [/em?) x \(nm) photons cm=2s~1

(3.15)

It is worth to note that lower values of ICPE are obtained as those predicted by a
model developed by Gértner [24], and the reason is due to the e~h* pair recom-
bination in the SCR, and additionally in the material’s bulk (neutral region). Strictly
speaking, the ICPE must be collected at zero bias conditions, i.e., two-electrodes in
short circuit. Thus, all reported ICPE under a determined bias should be considered
as a diagnostic tool to compare material properties or understand material perfor-
mance [25]. Summing up, ICPE considers photon absorption, leading to the frac-
tion of electron—hole pairs generated per incident photon [as defined in Eq. (3.15)],
but additionally, one must also consider the charge transport to the interface and the
charge efficiency, cf. Fig. 3.5e.

3.2.2.1 The Fluctuating Energy Model at the Semiconductor/
Electrolyte Junction

Figure 3.3 contrasts the various materials’ properties for a semiconductor and a
metal prior to form a contact with, e.g., electrolyte (solid/electrolyte junction). In
both cases, the electrochemical potential of the electron is defined by the position of
the Fermi level, which states the boundary between the conduction band and
valence band in a metal, and the doping level of the n-type or p-type semiconductor
in the band gap. The magnitude of the latter separates the valence band from the
conduction band. All these parameters are, naturally, defined by the electronic
structure of the element and/or compound. A similar approach to this statement was
made to the redox species in an electrolyte, doing likeness to the solid state with
empty levels (conduction band) and filled levels (valence band) with the oxidized
state (Ox) and the reduced state (Red), respectively [26], and with reference to the
vacuum level, the energy of the redox couple can be given by:

0 k B T C Ox
——1In
Fredox ne CRe J

EF,redox = = —4.5¢V — EEredox (316)

The correspondence of the electrochemical potential versus the standard
hydrogen electrode scale (SHE), cf. Fig. 2.4, on the vacuum scale is given as
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—4.5 eV. From this concept, the electrons (which are not free to move in the liquid
phase) are localized on the charged ions (anions and cations) with different energies
as a consequence of their interaction with the solvent and change with time due to
fluctuations of the dipoles of the solvents, i.e., the fluctuating energy model of the
Marcus theory [27-29]; and Gerischer’s [30, 31], known as the Marcus—Gerischer
Model.

The density of states D(E) for the Ox and Red species is, respectively, given as:

DOX(E) = COXWOX(E) (317)
DRed(E) == CRedWRed(E) (318)

Co, and Cg,, are, respectively, the concentrations of the oxidized and reduced
species; W, and W, are, respectively, the probability to find an empty (oxidized)
state or an occupied (reduced) state. The electronic level has a Gaussian distribution
shape of W(E):

_ E%?
W(E) = (ndksT)~*exp (— %) (3.19)

In the exponential term, is the reorganization energy for the corresponding
species. The density of states of the species in the electrolyte shape is contrasted for
a semiconductor/electrolyte, and a metal/electrolyte junction, Fig. 3.6. This
approach is ingenious, on the one hand, for semiconductor electrodes because the
electrons can be transferred via the conduction band or the valence band, and is

Semiconductor/Electrolyte junction Metal/Electrolyte junction
E |E
oF,redox
Semiconductor Red-Ox System T Metal Red-Ox System
Density of States (DOS) Density of States (DOS)

Fig. 3.6 Density of states at SC/electrolyte and M/electrolyte junctions deduced from reference
[31]
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valid for non-adiabatic processes—weak interactions; on the other hand, with the
model it is possible to easily predict the band energy involved in the process of
charge transfer.

3.2.3 Photoelectrolysis of Water

Putting together all the elements that constitute a photoelectrochemical cell (PEC),
i.e., a semiconductor and a metal counter-electrode, for the water splitting process,
it is clear that a photovoltage, eV, < E,, will not be sufficient to release the stored
free energy since the energy needed to split water into hydrogen and oxygen is
AEgr > 1.229 eV; therefore, the use of higher band gap materials to ensure an
adequate photovoltage as schematically shown in Fig. 3.7 with a single n-type
semiconductor is required. As assessed in Chap. 2, interfacial charge transfer ki-
netics for the water splitting reaction is sluggish (overpotential for holes (ex;) and
electrons (er,), particularly at the oxygen electrode. Besides, such losses are also
associated with free energy losses within the semiconductor (recombination, surface
states, low charge carriers’ mobility, etc.). Such macroscopic phenomena are usu-
ally encountered in massif materials; therefore, the necessity to further engineer
materials chemistry to tailor materials in the nanoscale range, in which such
microscopic phenomena are further mitigated, is a strategy nowadays. One inter-
esting example is the use of oxide semiconductors; however, due to the small
crystalline domains and high defect and impurity concentrations, the metal oxides
generally show an important energy loss. As cited in Sect. 2.2 (Table 2.1), the
electrolysis of water requires energy of 237.1 kJ/mol, or 1.229 V. However, the
production of hydrogen and oxygen in the gas phase goes together with an
increased entropy change, so that the thermoneutral voltage is calculated from the
standard enthalpy change, i.e., 285.8 kJ/mol or 1.48 V. Indeed, in commercial
electrolyzers applied voltages, to overcome the associated kinetics and ohmic drop,
range between 1.7 and 1.8 V. This consideration is also applied in

Fig. 3.7 Energy diagram of a o —_— o
single band gap n-type
semiconductor in a
photoelectrochemical cell for
water splitting. Ohmic contact 3 A
with the semiconductor is
shown. A connection between
the ohmic contact and the
counter-electrode completes
the circuit
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photoelectrolysis, with the condition that a single semiconductor band edges
straddle the redox energy of water: Eg o and Eg o’ cf. Fig. 2.4. Following this
2 2/

latter scheme, Fig. 3.4 recaps some semiconductor materials reported so far [32]
showing on the one hand, their relative band edge positions (E¢, and Ey), and on
the other hand, their band-gap width (E,). Few of them fulfill the requirement by
having the bottom of the conduction band more negative than the (H*/H,) redox
potential, and the top of the valence band more positive than the (O,/H,O) redox
potential.

Putting together the dark process on metals (electrocatalysis) with the light
process (photoelectrocatalysis), using nanostructured n-TiO, (anatase) under
UV-illumination on the same electrochemical potential scale, see Fig. 3.8, we can
appreciate the important potential shift of the onset oxidation potential of water to
molecular oxygen in acid medium compared to, say the best OER catalyst RuO,, cf.
Fig. 2.12, as a result of the hole energetics at the titanium dioxide valence band.
Although reported in 1972 [11], the product was detected online in the 1990s using
the mass spectrometry (DEMS) coupled with the PEC system [33].

In the field of solar water splitting, the solar-to-hydrogen (STH) efficiency has
been estimated for single absorbers [25], as shown in Fig. 3.9. The STH describes
the overall efficiency in a PEC water splitting device exposed to a solar Air-Mass
1.5 (AM 1.5) irradiation in the absence of any applied bias (i.e., two-electrode
systems short circuited) in the same pH electrolyte. Under this circumstance, the
STH efficiency is defined as the chemical energy (rate of hydrogen—mmol/s)
produced with respect to the solar energy input, P, closely matched to the intensity
of Air-Mass 1.5 Global (AM 1.5 G) standard [34].

(mmolH, /s) x (237.1kJ /mol)

STH =
P(mW [em?) x A(cm?) AM1.5G

(3.20)

It is recalled that in Eq. (3.20), the free energy at 298 K is used instead of the
standard enthalpy change. Otherwise, if an applied bias potential, Ey;, is used, one

OER

—

E (V vs RHE)

Current density

HER : ORR

v

Fig. 3.8 Dark hydrogen oxidation and evolution reactions (HOR/HER) and oxygen evolution and
reduction reactions (OER/ORR) at metal electrodes versus light processes. The OER, at the
nanostructured n-TiO, (anatase) under UV-light, sets on at 0.1 V/RHE in 0.5 M H,SO,
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[25] Copyright © Materials
Research Society 2010
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exceeds the thermodynamic water splitting potential of 1.229 V, and the photo-
generated current is directly related to the production of hydrogen. In this sense,
Eq. (3.20) can be rewritten as:

Ton(mA o) x (1229 — Eyas)(V)
P(mW [cm?) AM1.5G

STHyies = (3.21)

Errors to avoid when reporting STH have been discussed [25]. Under these
premises, and for the sake of comparing such a parameter with one single absorber
(semiconductor) Fig. 3.9 contrasts the theoretical STH as a function of its optical
band gap. The trend is to have narrower band gap materials with a concomitant
photovoltage and energy band position to enhance the STH factor, cf. Fig. 3.4.
From the data collected in the vast literature, materials having a gap energy between
1.5 and 2.5 eV can be considered as interesting candidates.

Although water splitting is a promising path for a sustainable hydrogen pro-
duction and solar energy storage, the hurdle to overcome is the cost of hydrogen
production. Furthermore, most single photoelectrodes cannot split water, and
adding complexity to the system, one must provide an additional bias to split water
[35]. Besides, complications will be further encountered to separate hydrogen and
oxygen produced in a classical PEC. This problem is in part solved in conventional
electrolyzer structures, which use ion exchange membranes to avoid H,/O, cross-
over. A feasible approach consists of separating anode and cathode compartments,
coupling a redox mediator in each compartment, and adding a photovoltaic
(PV) device [36]. The key issue with the redox mediators (working as inner
battery-like system) in each separate compartment is the fact that they provide the
chemical potential to generate H, and O, evolution processes at the cathode and
anode. This is, in fact, wiring PV with an electrolysis cell and/or photoelectrolysis
cell [37].
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3.3 Environmental Remediation Principle

The general definition of environmental remediation is to reduce all kinds of pol-
lutants present in the air, soil, and groundwater or surface water. The word reme-
diation should not be confused with a response to an accident. The issue is huge;
thus, we will concentrate on the physical-chemical aspects using the current state of
materials research to promote multi-charge transfer reactions (e.g., water splitting,
carbon dioxide reduction) under illumination using the physical-chemical princi-
ples succinctly outlined in the above sections of this chapter. Hydrogen, the most
abundant element in the universe, combusts with oxygen to deliver water, and in
this sense, it is regarded as a promising renewable energy source, which should be
produced efficiently at a low cost. Its production nowadays is via reforming fossil
fuels with water vapor (CH; + H,O — CO + 3H,), or via gasification of coal
under oxygen control (3C + O, + H,O — 3CO + H,) [38]. However, the exces-
sive use of fossil fuels perturbs the environment through the production of toxic
species: carbon oxides (COy), nitrogen oxides (NOy), sulfur oxides (SOy), organic
compounds (C,Hy), particulate matter (soot), and metals [39]. So far, burning fossil
fuels is a predominant activity for the hydrogen production. However, an alterna-
tive, as discussed in the sections above, is the use of photons as chemical precursors
and the use of abundant materials to drive the hydrogen production. This is the
inevitable energy transition to the renewable sources of energy like, wind, water,
sun, and biomass to be used for thermal, electrical, photonic, and biochemical
energy for the hydrogen generation via the water splitting process. The major
driving force to generate hydrogen is the thermal energy through the
steam-reforming method. In comparison, the water electrolysis through electrical
energy represents only 4% of the hydrogen production [40]. Here, again the elec-
tricity production powered by renewables means that electrolysis of water will be,
environmentally speaking, a benign process for the future hydrogen production.

3.4 Energy-Driving Water Splitting Systems

Most photocatalysts are active in the UV-region (mostly UV-A) of the solar
spectrum. This region accounts for only 4% of the total visible solar energy,
whereas the visible (400-800 nm, or 3.09-1.55 eV) and the infrared (>800 nm,
<1.55 eV) account, respectively, for 53 and 43% of the total solar energy [41, 42].
It seems clear that less efficient photocatalysts that absorb visible light can be more
useful than more efficient photocatalysts absorbing uniquely ultraviolet light. The
materials design leads to photocatalytic samples in powder or colloidal form able to
integrate dopant elements as co-catalysts, necessary for their optimization. Within
this context, the link between photoelectrochemistry (see Sect. 3.2) and
nanoscience (quantum size effect) comes across. The former reported by Brattain
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and Garrett [43] was born in 1955, the physical [44] in the 1970s, and the chemical
[45, 46] aspects of quantum size effect in the 1980s.

Photocatalytic processes, by means of semiconducting nanopowders, have been
used for the production of hydrogen either from water, or from organics present in
wastewaters. In general, the scheme presented for nanoparticulated semiconductors,
Fig. 3.10, shows the various approaches undertaken to enhance the water splitting
reaction on such nano-objects (oxide or non-oxide). Based on the energetics of
semiconductors, e.g., a single oxide nanoparticle can produce H, and O, via the
photogenerated electron—hole pairs (¢ -h*)( see Fig. 3.10a). This phenomenon is
feasible, provided the energetic requirements are fulfilled, cf. Fig. 3.4; with a fur-
ther prerequisite, the semiconducting materials are stable in aqueous solutions
under irradiation.

The process of photocatalysis implies at least three steps, namely (i) absorption
of photons (hv > E,), (ii) charge separation followed by migration of the photo-
generated charge carriers, and (iii) surface chemical reactions between the charge
carriers and the adsorbed species (e.g., water). Recombination of electrons and
holes can occur in the bulk of nanoparticles reducing the efficiency of the hetero-
geneous photocatalytic process (iii). One single oxide particle cannot, however,
perform under visible light both reactions if the flat band position is not sufficiently
negative for the hydrogen production, as contrasted in Fig. 3.11 [47], and if the
energy gap is >3 eV. Conversely, visible-light-sensitive oxide semiconductors,
such as WOj3, Fe,O3 cannot produce H, (see Fig. 3.4). Under this circumstance,

(a)
H*iii),
HZ

Er
(it)

f Fermi Level shift

Fig. 3.10 Schematic illustration for the water photosplitting process using nanoparticulated
semiconductors (SCs) either an oxide or a chalcogenide (a), (¢), and (d). The hydrogen production
is shown in (b) via sacrificial agents. The oxidation of water by positive holes in the valence band
(VB) and reduction of proton ions by photogenerated electrons in the conduction band (CB) in the
presence of selected co-catalysts. The effect of charge accumulation is shown in (d)
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Fig. 3.11 A correlation of the flat band potential as a function of the band gap of oxides, with
permission of reference [47] Copyright © 1980 Published by Elsevier Ltd

non-oxide or chalcogenide semiconductors, like CdS fulfill both conditions, i.e.,
band position and energy gap in the visible spectrum, but the semiconducting
material is non-stable and it is self-oxidized (CdS + 2h™ — Cd** + S) instead of
oxidizing water. Moreover, the appropriate energy position of CdS is an advantage
for the hydrogen evolution when coupling with a co-catalyst (e.g., catalytic metal
nanoparticles) and in the presence of a sacrificing electron donor “A” or hole
scavenger. This principle, shown in Fig. 3.10b, has been demonstrated for the
hydrogen production in the visible region [48-52]. The various sacrificial donors
(“A”) used so far are, e.g., tri-ethanol amine (TEA), sodium sulfite (Na,SO3),
sodium sulfide (Na,S), Lactic acid or 2-hydroxypropanoic acid (CH;CH(OH)
COOH), ethanol (CH3;CH,OH), glycerol or propane-1,2,3-triol (C3HgO3).

The role of co-catalysts, acting as catalytic centers, is to enhance the reduction
and oxidation steps, Fig. 3.10c, in promoting the separation and transport of charge
carriers: processes (ii) and (iii), Fig. 3.10a. With one co-catalyst, Fig. 3.10b, one
has the advantage of using organic or inorganic species (‘“A”) as sacrificial agents,
or hole scavengers to generate the proton ions, that are reduced by the photogen-
erated electrons to form H, in the presence of an appropriate co-catalyst. For the
photoreforming process, sacrificial organics are required [53]. In the frame of the
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environmental remediation principle, the use of wastewater streams containing
organics should be considered, for the sake of water treatment and hydrogen
generation [54, 55].

The physical-chemical properties of nanoparticulated semiconductor systems,
compared to bulk semiconducting materials, are that such nano-objects possessing
depletion width near their particle size do not show band bending, as just
schematized in Fig. 3.10. Undeniably, the process of charge transfer is governed by
diffusion, and the photopotential should be determined by the charge recombination
rate rather than by the space charge region where an electrical field exists, cf., e.g.,
Fig. 3.5. There are various examples that assess such statements in the literature
[56-58] and are summarized in Fig. 3.10d. This latter figure depicts the property of
storing electrons (Fermi level shift) observed for gold nanoparticles on TiO, [56,
57], and for silver nanoparticles on ZnO [58]. In a photoelectrochemical cell sys-
tem, this phenomenon is measured through the onset photopotential shift toward a
negative electrode potential in the absence of an electron scavenger (e.g., oxygen).
The photocatalytic system offers, in a simple way, opportunities to tune co-catalysts
that interact (forming nanoheterojunctions, or decorating semiconducting
nanoparticles’ surface) with the semiconducting nanoparticles in order to improve
the charge transfer rate of minority carriers to the adsorbed species without the
necessity to improve the transfer of the majority carriers. Hence, for water splitting
applications catalytic centers based on metallic nanoparticles are used. As discussed
in Chap. 2, some existing metallic elements of the periodic table have been iden-
tified as “good” electrocatalysts for HER (cf. Fig. 2.8) and OER (cf. Fig. 2.12).
Although, the actual trend on the quest for improving the water splitting reactions is
to tailor novel materials, such as chalcogenides [49, 59-65], phosphides [66-74],
perovskites [75-82], and layered double hydroxides [83-89] based on earth
abundant elements. In the premises of novel materials, the water splitting
photocatalytic system, depicted in Fig. 3.10c, must be designed with the best
low-cost HER and OER co-catalysts.

3.4.1 Photocatalysis on Some Selected Oxides

An overview, similar to that made for S, Se and Te chalcogenides, cf. Fig. 1.4 [90],
summarizing some selected oxides employed for water splitting is represented in
Fig. 3.12. The left block shows elements that form oxides with ¢ configuration or
empty d-orbitals of metal cations in the conduction band. Conversely, their valence
band is composed of O 2p orbitals.

The representative oxides of group 4B are TiO, (anatase, rutile, brookite), and
ZrO, (monoclinic). The band gap of TiO, ranges from 3 eV (rutile), 3.2 eV
(anatase) to 3.5 eV (brookite) [90] and that of ZrO, of 5.0 eV [91]. The most active
photocatalyst for water splitting with the help of an external bias is the anatase
phase, because of its more negative conduction band position, as compared to the
rutile phase. Their photon absorption is in the UV-region, and one of the driving
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Fig. 3.12 A portion of the periodic showing some transition metal oxides (M,O,). The elements
of the right block are essentially d'° structures, the elements of block left are d” structures

forces to shift the absorption threshold to the visible solar region is obtained by
doping TiO, either with non-metals (p-block elements of the periodic table), such
as, B [92-97], C [95, 97-105], N [94-97, 100, 106-111], S [112], P [107, 113,
114], or by introducing metal ions, such as, e.g., V¥* [115-118], Mo®* [119, 120],
Ru3+, [121, 122], etc. Among the metal ions, the latter ones increase the oxide
photoactivity, whereas others, such as Al3+, C03+, decrease the oxide photoactivity
[123]. However, the ultimate goal of the dopant is to trap and to favor the transfer of
electrons or holes. In fine, the judicious incorporations into the oxide lattice of
dopants can extend the photon absorption edge into the visible region (see
Fig. 3.13a [124]). The base photocatalysts (TiO,) can be combined with other
oxides (e.g., SrTiO3 [125] or ZrO, [126]) to form heterojunctions and improve the
photocatalysis of hydrogen evolution.

Hydrogen production by water splitting was also examined on oxides of group
5B such as Nb,Os (tetragonal phase [127], avg. band gap of 3.4 eV [128]), and
Ta,0s (tetragonal phase [129], E, = 3.8 V) in which sacrificial donors such as
methanol were employed for the hydrogen production under UV-irradiation [130],
for the former, and for the latter, forming a composite with Bi,Os5 in order to shift its
spectral response into the visible region [131]. The niobium [130, 132] and tan-
talum pentoxides [131, 133] were also modified with metals (e.g., Pt, Au, Cu) and/
or metallic oxides (e.g., NiO, RuO,) co-catalysts to enhance their water splitting
activity under UV-illumination. Under the same purpose of water splitting, the
oxides, in the group 6B, considered were WOj; (monoclinic phase, E, = 2.8 eV)
[134-157] and MoOj (orthorhombic phase, E, = 2.45 eV [158]) [159-163]. Again,
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Fig. 3.13 a UV-vis spectra of various transition metal (TM)-doped TiO, nanowires. Inset show
the pictures of various TM-doped TiO, nanowires, with permission from reference [124]
Copyright © 2013, American Chemical Society. b The photocatalytic process of charge separation
toward hydrogen production and dye degradation, with permission of reference [173] Copyright ©
2015 Elsevier B.V

a similar approach of modifying the reactivity and photon absorption threshold of
WO;5; and MoO; was done by admixing co-catalysts based on g-C3N,4, metals (e.g.,
Pt, Au), oxides (e.g., TiO,, NiO, V,0s, CeO,, CoOy, Fe,03) chalcogenides (e.g.,
MoS,, WS,) [155, 162, 164-168].

In the group 3A, Fig. 3.12, the most stable phase of Ga,Oj3 is the B-Ga,O3
(monoclinic phase [169], E, = 4.59 eV [170]). Ga,O3 has five different polytypes
(o, B, v, O, €). Interestingly, using DFT it was found that the band alignments for
Se-doped and I-doped B-Ga,O3 are well positioned allowing both photo-oxidation
and photoreduction of water in the visible region [170]. It was, however, experi-
mentally demonstrated that the addition of ions, such as, Ca, Cr, Zn, Sr, and Ta,
boosted remarkably the water splitting photocatalytic activity [171]. On the other
hand, In,O3 (bixbyite (bcc) phase, E, = 2.63 eV [172]) was investigated with other
oxides forming ternary composites, e.g., TiO,—In,0O;@g—C5N,4. It was found,
indeed, that such composites enhance the hydrogen generation rate [173] and the
degradation rate of a dye (Rhodamine B). This phenomenon, evidenced by pho-
toluminescence spectroscopy, electrochemical impedance spectroscopy, and pho-
tocurrent analysis, was attributed to the interfacial transfer of photogenerated
electrons and holes (in the Vis-region), among TiO,, In,03, and g—C3Ny, leading to
the effective charge separation on these semiconductors, Fig. 3.13b. Finally, pho-
tocatalysts of groups 4A and 5A, sensitive to UV-light irradiation, are mixed oxides
containing Ge** and Sb>*. Indeed, RuO,-decorated LilnGeO, showed a high
photocatalytic activity for the overall splitting of water to produce H, and O, under
UV-irradiation. The combination of highly crystallized LilnGeO,4 and highly dis-
persed nanoparticles of RuO, enhanced the photocatalytic activity [174]. In a
similar context, the photocatalytic activity for water decomposition of metal
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antimoniates, namely CaSb,0g and NaSbO; was investigated. Again, these anti-
moniates were photocatalytically active for H, and O, production when combined
with nanoparticles of RuO, under UV-irradiation [175].

3.4.2 Photocatalysis on Some Selected Transition Metal
Chalcogenides

The research on photocatalysts, mediated by oxide semiconductors, for environ-
mental applications, i.e., elimination of hazardous pollutants, and sustainable
hydrogen production is further developed with alternative materials. The search of
semiconducting materials having light absorption in the visible region; acting as
catalytic centers and as co-catalysts is important for an efficient charge separation
and photocatalytic activity. The transition metal dichalcogenide appears to fulfill
this expectation, since most of them possess a relatively favorable energy level for
hydrogen evolution and oxygen activation [176] (see Fig. 3.10). They are recog-
nized as alternatives for noble-metal-based catalysts. Though, popular metal cations
d'l chalcogenide materials such as: ZnS (zincblende phase, E,= 3.6 €V), ZnSe
(zincblende phase, E, = 2.7 €V) [177], CdS (wurtzite phase, E, = 2.4 eV), CdSe
(wurtzite phase, E, = 1.7 eV) [49, 52, 128, 178-183] have also been explored.
Most of these materials are, however, sensitive to corrosion in aqueous medium, but
could be kinetically stabilized using sulfide as sacrificial agents Na,S and Na,SO3
[184, 185]. This is certainly the reason to explore 2D transition metal dichalco-
genides (2D-TMD) in order to expose the highly active centers at the edges (planes
perpendicular to the Van der Waals surface); see, e.g., MoX, depicted in Fig. 1.5,
and take advantage of the tunable band gap and the energy band positions.

3.4.2.1 Photocatalytic Hydrogen Evolution

MoS, (trigonal prismatic phase—2H, E, = 1.75 eV) and WS, (trigonal prismatic
phase, E, = 2.1 eV) can be considered as representative of the 2D-TMD com-
pounds, cf. Figs. 1.4 and 1.5. Indeed, aiming at enhancing the hydrogen evolution
rate, MoS, has been employed to modify the photocatalytic activity of other
3D-chalcogenides, e.g., CdS [186, 187] and ZnIn,S, [188], as well as oxides, e.g.,
TiO; [189-192], ZnO [193], StZrO5 [194]. It is clear that the junctions of MS, with
other materials mentioned above constitute the so-called multi-component or
composite photocatalysts. The intimate contact established between two compo-
nents (semiconductor-semiconductor heterojunction, SC/SC), say, MoS, and CdS,
using an optimized chemical synthetic route in aqueous solution, is shown in the
inset of Fig. 3.14a responsible for the enhanced photocatalytic hydrogen production
[186]. Other examples of SC/SC photocatalysts, based on MoS, with TiO,, ZnO
and SrZrO;, are depicted in Figs. 3.14b—d. A common parameter in this kind of
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Fig. 3.14 a Rate of H, evolution on MoS,/CdS photocatalysts loaded with different amounts of
MoS, under visible light (A > 420 nm), the inset shows the HRTEM image of 1 wt% MoS,/CdS.
Adapted with permission from reference [186] Copyright © 2008, American Chemical Society.
b The hydrogen evolution rate on 1D MoS; nanosheet-TiO, nanowire hybrid nanostructures. Inset
is a high-resolution TEM image of as-synthesized hybrid structures. EY means: dye eosin-Y (2-
(2,4,5,7-tetrabromo-6-oxido-3-oxo-3H-xanthen-9-yl) benzoate), adapted with permission from
reference [189] Copyright © 2014, Royal Society of Chemistry. ¢ The dependence of the steady
rate of H, production by MoS,—ZnO on the loading amounts of MoS,. Inset TEM image of 2.00
wt% MoS,—ZnO composite photocatalyst. Adapted with permission from reference [193]
Copyright © 2015, Royal Society of Chemistry. d Photocatalytic activity of MoS,/StZrO;
catalysts with different amount of MoS,. Inset: HRTEM images of (SMS, = 5%MoS,).
Figure adapted with permission of reference [194] Copyright © 2014, Royal Society of Chemistry

heterojunction (as demonstrated in the TEM pictures) is the role that the amount of
MoS, plays toward the hydrogen evolution efficiency. The analysis of hydrogen
evolution efficiency is hard due to the different experimental conditions reported so
far. However, a rationalization of the various heterojunctions can be summarized in
Fig. 3.15, considering the band positions of the semiconductors, reported in
Fig. 3.4. A sacrificial agent (A) or hole scavenger is necessary in the photocatalytic
system. The feasibility for hydrogen to evolve, under visible light, for CdS/MoS,
system, is shown in Fig. 3.15a. It is clear that this process is less favorable under
visible light in the oxides (TiO,, ZnO)/MoS,. A similar phenomenon can be also
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Fig. 3.15 Energy level schematic mechanism of charge transfers at nanoparticulated heterojunc-
tions, compared to two pH 0, and 14

observed when using essentially UV-irradiation to generate electrons and holes in
the large-band gap oxide, Fig. 3.15d. Furthermore, one can also assess that water
oxidation (oxygen evolution) is kinetically hindered by the low activity of oxides
and the low oxidation energy potential (valence band position) of the
chalcogenides.

Prior to all nanojunctions materials chemistry, discussed above, the Chevrel
phase (Mo4Ru,Seg, cf. Fig. 1.9) in powder (crystallites) form was fixed onto a
well-defined p-type semiconductor (p-GaP) surface via an ionomer Nafion® thin
film. In spite of the physical contact between the chalcogenide crystallites and GaP,
it was demonstrated that photogenerated charge carriers, in the visible region, could
be conveyed through the chalcogenide material to kinetically enhance the hydrogen
evolution process. This phenomenon was visible by the increase in the photocurrent
in the region of charge recombination (flat band region) observed on the naked
p-GaP, Fig. 3.16 [195].

3.4.2.2 Photocatalysis and Charge Storage and Transfer
via Chalcogenides in Colloidal Solution

Transition metal chalcogenides based on ruthenium centers can be prepared in
colloidal solution. The synthetic route is shown in Figs. 1.11 and 1.13. As reported
some time ago [196], the addition of a surfactant serving as stabilizer prior to the
formation of the heteronuclear-complex Ru,Se,(CO),; permits, after pyrolysis of
the heteronuclear-complex, in an organic solvent (e.g., Xylene or
di-chlorobenzene), to obtain colloidal Ru,Se, nanoparticles [196-198]. For Ru,Se,
material 1-octa-decanthiol (CH3(CH,),7-SH) was employed as the stabilizer agent
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Fig. 3.16 Photoevolution of hydrogen of the Nafion-fixed Chevrel-phase chalcogenide
(Mog4Ru,Seg). Curves: (1) naked p-GaP; (2) Nafion-modified p-GaP; and (3) Nafion®-attached
chalcogenide crystallites. With permission of reference [195] Copyright © 1987 Published by
Elsevier B.V

R-SH stabilizer

Steps 1to 4
as indicated
in Fig. 1.13(A)

Fig. 3.17 a Schematics of the structural dynamics of Ru,Se,-ligand stabilized (CH3(CH,) 17-SH)
nanoclusters in organic solvent (Xylene, or Di-chlorobenzene), cf. Fig. 1.14. The TEM image
illustrates the crystallinity nature of a Ru,Se, cluster

[196]. The resulting product, after steps 1 to 4 (Fig. 1.13), was identified, as shown
in Fig. 3.17. The synthesis of the colloidal solution could be followed by UV-Vis
resulting in a featureless curve. It is interesting to notice that the colloidal solution
containing small Ru,Se, clusters with a narrow-size envelope shown in the TEM
image, Fig. 3.17b, was stable in ambient conditions for months. The colloidal
solution allowed to modify by simply dipping different metallic or semiconducting
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substrates. One example is shown in Fig. 3.18 using a TiO, thin layer. The
follow-up of the UV-Vis spectra obtained in this system shows this effect on the
dipping time in a Ru,Se-colloidal solution, mirroring the featureless spectra of the
colloidal solution obtained during its synthesis. A simply pyrolysis thereafter (e.g.,
230 °C in argon atmosphere) allowed to eliminate the organic stabilizer, as proven
by TEM and X-Fluorescence analyses on Ru,Se,-modified titania (see Fig. 3.18).
In this manner, nanointerfaces of TiO,/Ru,Se, were developed for photoelectro-
chemical charge transfer studies on nanointerfaces made of semiconductor
substrates/Ru,Se,, or conductor/Ru,Se, for photoelectrocatalytic as well as elec-
trocatalytic processes [199, 200]. For the former process, the presence of the sta-
bilizer (organic monolayer) can hinder the charge separation if the system is put into
contact with water. However, two ways exist to get rid of the stabilizer molecule,
using heat treatment (pyrolysis), as shown in Fig. 3.18, or performing experi-
mentations in a quasi-non-aqueous solution. While the first approach is necessary to
perform studies in aqueous solutions (e.g., oxygen reduction reaction [200]). The
second approach offers the possibility to understand the charge storage capacity of
the transition metal chalcogenide and its release in the presence of a proper scav-
enger under electron—hole generation conditions. Thus experiments, in colloidal
suspension using solvent mixtures, were possible [201]. As described in Fig. 3.19,
the experiment illustrating the temporal electron accumulation via UV-Vis on
titania nanoparticles was done using colloidal TiO,. Figure 3.19 shows that a

Absorbance

substrate

Solid or Powder Wavelength / nm

Ar R-SH + Ar
[Ru,Se,]
1

x=2;y=

230°C, 2h

Fig. 3.18 Absorption spectra for a TiO, nanostructured thin film before thermal treatment and
after immersion in the colloidal Ru,Se, solution for different times: (1) before immersion; (2) after
5 s; (3) after 1 min; 4. after 6 min; 5. after 16 min; 6. after 51 min. The pyrolysis process after
adsorption of the Ru,Sey-colloidal solution onto a substrate is illustrated in the TEM image, using
as a substrate titania thin layer
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Fig. 3.19 a Absorption spectra evolution of TiO, (0.023 M solution purged with nitrogen),
b Absorption evolution for different previously illuminated samples: TiO,, TiO; + (20 pl; 40 pl,
60 ul Ru,Sey)

relative broad peak centered at 650 nm grows as a function of increasing illumi-
nation time. Electron—hole pairs are generated by the band-to-band excitation using
the UV light. The holes diffuse to the particle surface where they react with reduced
dissolved species, such as ethanol, as shown in the upper scheme at the left of
Fig. 3.19. In contrast, the electrons remain in the particles, leading to a transitory
charge. This negative charge induces recombination and accelerates the electron
charge transfer to the solution. The accumulation of electrons in the TiO, colloidal
solution can be detected by monitoring the increase in the absorbance in the visible
region; i.e., the semiconductor particles become blue colored [202]. The release of
the accumulated electrons can be favored via an electron scavenger, and/or via a
mediator to speed up such a charge release (increasing charge transfer kinetics). To
illustrate this approach, the UV-Vis spectra of the semiconductor colloidal solution,
purged with nitrogen after 20 min under illumination, were measured using dif-
ferent amounts of the Ru,Se, colloidal solution distributed in various quartz cuv-
ettes with a certain volume of TiO, colloidal solution and each illuminated during
20 min. As the system TiO,/Ru,Se, is illuminated, electron-hole pairs are gener-
ated. The holes will diffuse to the semiconductor surface as mentioned above,
where they will react with ethanol species present in solution. On the one hand, the
photogenerated electrons can be trapped at TiO, surface states or can move to the
Ru,Sey nanoparticles (see Fig. 3.19b). The chalcogenide is embedded in a sheath of
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Fig. 3.20 a Absorption spectra evolution of TiO, (0.023 M solution purged with nitrogen), with
thereafter addition of deaerated 1 mM C60 solution. b Accumulation of electrons. Bottom: transfer
to Cgo to produce the radical Cgy. Absorption evolution at 1060 nm for different previously
illuminated samples: a TiO,, b TiO, + 20 ul Ru,Sey; and ¢ TiO, + 40 pl Ru,Se, with the addition
of Cgp. Light was due to 150 W Xe lamp

the chemical stabilizer: 1-octadecanthiol. Moreover, it seems that charge transfer
takes place in the presence of these thiol chains. This configuration gives a certain
hydrophobic character to the chalcogenide clusters, which certainly remain covered
with a monolayer of octadecanthiol, even in the presence of TiO,. It can thus
reasonably be assumed that the Fermi level of Ru,Se, nanoparticles must be placed
below the conduction band of TiO, favoring the electrons to be transferred from the
semiconductor to the chalcogenide and stored in the chalcogenide clusters. This
process continues until a stationary state is attained (see Fig. 3.19b). Indeed, the
decrease of the peak centered at 650 nm is visible with the increasing amount of the
Ru,Se, colloidal. This is a clear evidence that Ru,Se, clusters accumulate (store)
charges released by the oxide nanoparticles. The charges can be further transferred
if an electron scavenger is added, such as the molecular oxygen (O,). Thus,
molecular oxygen annihilates the accumulation of electrons. This experiment can be
considered as a photocatalytic reduction of molecular oxygen using as sacrificial
agent: ethanol (cf. Fig. 3.10d). However, a more spectacular proof is to use another
spectroscopic probe molecule: the fullerene Cgo. The electron transfer to Cg, leads
to the radical formation of Cgp: (Ceo + € — Cf%,) with a characteristic peak
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centered at 1060 nm. This phenomenon takes place testifying that Cgq can interact
with the electrons accumulated on the TiO, semiconductor surface (see Fig. 3.20a).
The electronic transfer between the TiO, particles and Cgy with a quantum effi-
ciency of 24% was observed some time ago [203]. The electron storage and transfer
via the chalcogenide clusters to the Cgy molecule was performed monitoring the
1060 nm peak. The scheme is presented in Fig. 3.20b. The experiment was per-
formed in such a way as to keep, without altering the ratio xylene: ethanol, the
addition of Cgp solution (1 mM) in xylene introduced directly into the TiO, (cf.
Fig. 3.20a), or TiO»/Ru,Se, suspensions (Fig. 3.20b), previously illuminated. The
change in absorbance with C%, took place under two different numbers of
chalcogenide nanoparticles. As compared to TiO, alone, the highest concentration
of ruthenium chalcogenide nanoparticles (40 pL) accelerate the increase in the
1060-nm signal of the C%, molecule, testifying again that Cgo reacts with the
accumulated electrons on the semiconductor via Ru,Se, to form C%,. In other
words, electrons can accumulate in both materials.
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Chapter 4 M)
Precious Versus Non-precious e
Electrocatalyst Centers

4.1 Introduction

Advances in earth-abundant materials is of paramount importance to promote
reactions of technological interest, such as the hydrogen evolution reaction (HER),
the hydrogen oxidation reaction (HOR), the oxygen reduction reaction (ORR), and
the oxygen evolution reaction (OER) discussed in the previous chapters. To find a
balance among the materials’ activity, stability, and selectivity with an unlimited
materials’ availability represents challenging tasks in laboratories all over the world
working in the rationalization of this problem. The gap to overcome is to justify the
design of catalytic centers based on non-precious ones, aiming at approaching the
activity of the so-called precious catalytic centers. However, most of the precious
metals with respectable electrocatalytic properties have limited availability and high
price, as in Fig. 4.1. An availability limitation also exists for some chalcogen ele-
ments. Among the chalcogens, sulfur is by far the most abundant (4 and 5.6 orders of
magnitude higher than Se and Te, respectively), with a low average price of 2 orders
of magnitude with respect to Au, Pt, and Pd. A similar observation with respect to the
availability and price can be drawn for non-precious elements, such as W, Mo, Co,
Ni, and Fe. In this chapter, we will concentrate on the role of chalcogenides (pro-
vided with precious and non-precious centers) as electrocatalysts.

4.2 Precious Metal Center Chalcogenides

Among these electrocatalytic materials, we can account on Pt- [1-3], Ru- [4-39],
Pd- [40—43], Rh- [18, 44-46], and Ir- [47-49] based chalcogenide centers. The
most fundamental studies on this kind of materials are devoted so far, to a large
extent, to the oxygen reduction reaction in acid medium.
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4.2.1 Materials for HER/HOR

Few (or none) chalcogenide materials containing a precious catalytic center (e.g.,
Pt, Pd) are reported as electrocatalysts for the HER and/or HOR. Since platinum is
one of the best electrocatalytic material for the HER/HOR in acid medium, cf.
Figs. 2.8 and 2.17, the purpose is to find alternative materials [50, 51] to
platinum-based ones to produce hydrogen from water at low overpotentials (see
Sect. 4.3.1). In this connection, precious catalytic centers, such as Pt, Pd, and Ir,
were incorporated into chalcogenide matrices [52], by modifying a chalcogenide
layer to boost the HER electrocatalytically in dark [53] and under illumination (AM
1.5G) [54]. One interesting example to mention is the epitaxial growth of a
monolayer of semiconducting PtSe, (E, = 1.2 eV), cf. Figs. 1.4 and 1.7, performed
by a single-step selenization on Pt (111). This material is a potential suitable
visible-light photocatalysis for catalysis [1], cf. Chap. 3.

Chalcogels come into play (cf. Sect. 1.5.2) with the development of ternary
chalcogels assimilating [Fe,S,] biological redox-active centers bridging [SnySi]
units linked with metals ions forming the chalcogel framework:
[FesS41xMy[SnuS o], = M-ITS-cg3, where M (Pt, Zn, Co, Ni, Sn) [55]. As shown in
Fig. 4.2a, the nature of the metal affects the electron charge transfer processes within
the chalcogel framework, going from the more cathodic to the more anodic onset
potential. It is apparent that platinum best reinforces kinetically the evolution of
hydrogen, as compared to Co-ITS-cg3.

On the other hand, the electrocatalytic behavior of a series of composites made
with palladium atoms deposited onto defect-rich (DR) molybdenum disulfide
(DR-MoS,) showed an electrocatalytic activity similar to that of platinum (see
Fig. 4.2b [53]). In this figure, the TEM pictures of the molybdenum chalcogenide are
contrasted with the HER current—potential characteristics, stressing that the way Pd
atoms were grown onto the basal plane of the chalcogenide (TEM Images b-d),
going from the less to the most active material, i.e., (b) Pd NPs/DR-MoS, (epitaxial),
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Fig. 4.2 a Hydrogen evolution current—potential characteristics at M-ITS-cg3 samples (M = Pt,
Zn, Co, Ni, Sn). Adapted with permission from Ref. [55]. Copyright © 2014, American Chemical
Society. b TEM images of composites: (a) DR-MoS,; (b) Pd nanoparticle/DR-MoS, composite
(epitaxial growth), (c) Pd nanoparticle/DR-MoS, (sonication), and (d) Pd ND/DR-MoS,, in which
arrows show Pd NPs aggregation and boundary sites of support (DR-MoS,). The corresponding
right panel shows the HER polarization curves of the Pd/DR-MoS, samples. Adapted with
permission from Ref. [53]. Copyright © 2016, Royal Society of Chemistry. ¢ Upper panel:
photoelectrochemical hydrogen generation scheme; bottom panel: hydrogen produced at 0.6 V/
RHE under an illumination of 1 sun (AM1.5G) on CdSe/CdS/ZnO nanowire electrode before, and
after IrO4-nH,0 modification. The 100% faradaic efficiency expected hydrogen evolution is shown
in dashed lines. Adapted with permission from Ref. [54]. Copyright © 2013, American Chemical
Society

(c) Pd NPs/DR-MoS, (sonication), and (d) Pd ND/DR-MoS, (epitaxial assembly of
palladium nanodisks (PD NDs)). The HER on these systems clearly reflects the
synergy of both catalytic entities in Pd ND/DR-MoS, as compared to their corre-
sponding current—potential curves for Pd/C and DR-MoS, alone. The so-called
synergy effect between Pd NDs and DR-MoS, shows an important chemical sig-
nature change in the emission lines for S 2p and Mo 3d (see Fig. 6, in Ref: [53])
assessing the fact of an electronic modification of the catalytic center via the inter-
action with the support. Furthermore, iridium was employed, in its oxidized form
(IrOy), since it is known that this material is a good oxygen evolution electrocatalysts
(cf. Fig. 2.12), to form nanojunctions with chalcogenide semiconductors (quantum
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dots of CdS and CdSe) [54]. The heterostructure shown in Fig. 4.2c shows the
photoelectrochemical cell in which the paths for the hydrogen evolution take place
via the photogenerated electrons at the semiconductor being conveyed to the
counter-electrode (Pt). The presence of the iridium oxide clusters accelerates the hole
charge transfer to oxidize the sulfide species (bottom panel in Fig. 4.2¢), increasing
the hydrogen evolution yield.

4.2.2 Materials for ORR/OER

Chalcogenide materials containing a precious catalytic center (e.g., Pt, Pd) are
essentially reported as electrocatalysts for the oxygen reduction reaction. To the best
knowledge, such materials have not been investigated for the OER, since the use of
alkaline medium opened avenues to develop non-precious catalytic center-based
chalcogenides (see Sect. 4.3.2). Therefore, this section will be devoted to the
selected catalytic precious centers known so far.

4.2.2.1 Ruthenium-Based Chalcogenide Materials

Section 1.4.1 summarized the synthetic chemical route to generate ruthenium
chalcogenides. Definitely, this kind of materials has been investigated toward the
oxygen reduction reaction in acid medium [45, 56—65]. The Chevrel-phase material,
Mo4Ru,Seg, was considered as a potential alternative to platinum-based electro-
catalysts [66], and since then, ruthenium as catalytic center has been further
developed [67].

Among the Chevrel phase, the pseudo-ternary material (Mog4,Ru; gSeg), cf.
Figs. 1.9, 1.10, showed the highest ORR activity with an overpotential of ca.
0.35 V, and the detected amount of hydrogen peroxide was around 2.8-3.9% in
oxygen-saturated 0.5 M H,SO, [68, 69] (see Table 4.1). The kinetic analysis of this
kind of multi-electron charge transfer reaction suggested that the primary electron
was the limiting rate of the reaction, and a first-order kinetics according to the
Koutecky—Levich analysis. The slow kinetic may result from the limitation of
favorable adsorption sites. Moreover, the cluster made of (Mog.,Ru,Xg) can be
considered as an electron reservoir responsible for the ORR activity, where the
adsorbed molecule O,,,4 can directly exchange electrons at the electrocatalyst’s
surface [70, 71]. This latter statement is supported by the in situ electrochemical
EXAFS experiments and analysis of the material. The Ru-(Ru, Mo) distance was
sensitive to the electrocatalytic oxygen reduction reaction, whereas the distance
between Ru and Se remained insensitive [70]. This observation further assessed that
the ORR took place on ruthenium centers.

Unlike the Chevrel phase, whose temperature synthesis in the solid state in quartz
ampoule amounts to 1000 °C or higher and high pressure (0.4 GPa) [73], novel
Ru-based chalcogenide catalysts were synthesized in mild conditions (<200 °C)
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Table 4.1 Oxygen reduction reaction on sintered Chevrel-phase materials evaluated in 0.5 M
H2S04

Catalysts Onset potential versus RHE/V H,0,/% Log |jo| mA/cm > Refs.
Moy 5Ru, gSeg 0.87 2.8-39 —-0.85 [68]
Mo,Re,Seg 0.77 <4 -1.7 [72]
MoeSee 0.60 —4.84

Mo,Re,Sg 0.67 -35

MoeSs 0.30 -5.0

in organic solvents [65, 74] and later on in aqueous conditions using commercial Ru
black and Se powder as precursors without any carbonyl ligand involved in the
preparation process [75, 76]. A summary of some relevant data obtained so far on
ruthenium-based chalcogenide samples is abridged in Table 4.2. This table collects
room-temperature (RT) data from the current—potential characteristics, generated in
0.5 M H,SO, at a rotating speed of 1600 rpm, and a scan rate of 5 mV/s, namely the
onset potential; the half-wave potential; the hydrogen peroxide production (at
electrode potentials below 0.6 V vs. RHE); and the catalytic mass loading.
Summarizing these data, generated in various laboratories, we learn that typical
thermodynamic/kinetic parameters are as follows: (i) The onset potential is
0.85 &+ 0.05 V/RHE, that is, ca. 0.1 V negative to that of Pt-based catalysts ca.
0.95 £ 0.05 V; (ii) the E;,, potential is 0.65 £ 0.05 V, again lower than that of
Pt-based catalysts ca. 0.87 V; (iii) the maximum hydrogen peroxide production (ca.
4%) lies below 0.6 V/RHE, indicating that sufficient active sites are available to
promote a four-electron pathway. It is important to recall that the ORR efficiency is
dependent on the catalytic site density, whatever the nature of the catalytic center,
thus the catalyst mass loading [77]; and (iv) the generated Ru,Se, in p-xylene (BP
140 °C) or 1,2-dichlorobenzene (BP 180 °C) showed higher catalytic activity
toward the ORR as compared to the Chevrel phase (see Fig. 4.3). Indeed, for the
same hydrodynamic conditions (i.e., 400 rpm), the Ru,Se, in powder form
imbedded in a carbon paste assesses the above statement, as in Fig. 4.3b [78].
Aiming in producing the Chevrel phase, molybdenum atoms were added in the
carbonyl synthesis route using non-aqueous solvents. It turned out that the resulting
product was dubbed (Ru;_Mo,),SeO, where the amount of incorporated Mo atoms
was ca. 2-4% (mol/mol, related to Ru) [65].

The tiny amount of Mo metal (in doping quantities) showed a slightly higher
ORR activity, and this phenomenon was ascribed to the fact that Mo atoms adsorb
oxygen molecules which are reduced on Ru atoms, serving as ORR catalytic center.
The success of Mo-modified Ru,Se, materials was reinforced by further showing the
suppression of the catalytic center oxidation via the coordination with selenium
atoms inducing ligand and strain effects, and in addition displaying tolerance to
methanol. The material was also tolerant toward the phosphate poisoning [64]. The
basis of the chemical stability toward oxidation in air of ruthenium nanoparticles to
RuO; lies in the fact that Se atoms are surface coordinated [87], reinforcing further
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Table 4.2 Oxygen reduction reaction on ruthenium chalcogenides materials evaluated in 0.5 M
H,S0,

Catalysts Onset potential | Ey» versus | HO,/% | Catalyst Refs.
versus RHE/V RHE/V loading/pg cm >

(Ru;.Mo,),SeO, 0.85 0.58 <4 [78]

(Ru;_.Mo,),SeO, 0.90 0.72 [79]

Ru,Se, 0.83 [80]

Ru,Se, 0.87 5T+6 [81]

Ru; 9,Mo0g 03SeOy4 0.85 0.71 <l.5 40 [82]

RuSeg 17 0.84 0.67 8.72 143 [83]

Ru 0.75 0.54 150 [28]

Ru/S 0.84 0.58

Ru/Se 0.90 0.69

Ru,Se, 0.90 0.71

Pt/C 1.0 0.87

RuSe,/C 0.85 0.73 [18]

WOs-Ru,Se ;/C 0.90 0.59 0.67 156 [21]

Ru,Se 1/C 0.90 0.50 1.9

RuSe,/C (Se, 6.3 wt%) | 0.84 0.63 150 [84]

RuSe,/C 0.86 0.66

(Se, 11.8 wt%)

RuSe,/C 0.89 0.68

(Se, 16.7 wt%)

RuSey 15/C 0.81 0.70 2.06 28 [39]

RuSeg 30/C 0.82 0.64 2.06

RuSeg 60/C 0.84 0.62 3.38

RuSe/C 0.87 0.65 4.71

(Ru,Sey)xyi 0.89 0.68 10 56 [85]

(RuFeSe)yy; 0.69

(RuFeSe)pcp 0.71

Ru,Se,/C (20 wt%) 0.89 0.77 56 [86]

the positive effect of coordinated Se atoms toward the ORR process. The role of
selenium atoms coverage on ORR was investigated, and it was found that on Ru,Se,
a maximum ORR kinetic current density at 0.62 V/RHE occurs with 15 mol% Se
[88], through a concomitant decrease of the hydrogen peroxide production with the
selenium content [88, 89]. It was also found that the ORR enhancement increased
with Se from 6.3 to 25 wt% [84]. The effect of selenium coverage can be directly
detected when performing the electrochemical stripping of selenium. Figure 4.4a
shows the different anodic potential profiles performed on 20 wt% Ru,Se,/C in
0.5 M H,SOy,. The scan to 0.8 V (curve a) and 0.95 V (curve b) does not perturbate
the material’s ORR performance, as in Fig. 4.4b. However, scanning up to 1.05 V
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Fig. 43 a Oxygen reduction reaction in 0.5 M H,SO, on sintered Chevrel phase
(1) Moy,Ru;gSeg; (2) MossRuy3Seg; (3) on massif Pt. Rotation rate 400 rpm; 5 mV/s.
Adapted with permission from Ref. [66]. Copyright © 1987, Rights Managed by Nature
Publishing Group. b Current—potential curves for the molecular oxygen reduction at RDE
electrodes in 0.5 M H,SO, of Ru,Se, powder embedded in carbon paste-electrodes. Adapted with
permission from Ref. [78]. Copyright © 1995 Published by Elsevier Ltd.

(curve c), one can barely start to see the effect of the stripped selenium in the
corresponding ORR (curve c¢). This phenomenon testifies that the ORR open-circuit
potential of ruthenium selenide is limited to the surface-coordinated selenium oxi-
dation. The selenium stripping can be accelerated when cycling up to 1.2 V, as
demonstrated by the low ORR performance (curves sl ... s5) up to the formation of
an oxide layer on ruthenium nanoparticles (curve s11). The nature of stabilizing
chemically the ruthenium atoms’ surface is due to a charge exchange between
ruthenium and selenium. Selenium is a p-type semiconductor (E, = 1.9 eV [90]) and
via the coordination with ruthenium becomes metallic in Ru,Se,. This phenomenon
was put in evidence using solid-state nuclear magnetic resonance (NMR) [91]. On
the other hand, the local density of electronic states (LDOS) using the density
functional theory (DFT) [92, 93], taking into consideration a one-third and a
two-third monolayer coverage of selenium on Ru (0001), indicated no perceptible
changes around the Fermi level of the Ru d-band center, as in Fig. 4.5. The coor-
dinated selenium atoms tune the reactivity of the catalytic center since they become
negatively charged, repelling negatively charged OH and O species, improving, as
discussed above, the ORR activity.
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Fig. 4.4 a Cyclic voltammetry profiling curves on Ru,Se,/C in Np-purged 0.5 M H,SOy, at a
scan rate of 50 mV s~'; b the corresponding oxygen reduction reaction (ORR) current—potential
characteristics at a RDE electrode (1600 rpm), and scan rate of 5 mV s ! in O,-saturated 0.5 M
H,SO,. The catalyst loading was 94 pg cm >

Fig. 4.5 Densities of the Ru
d-electronic states (black solid
lines) and Se p-states (red
dashed line) calculated for Se
(1/3)/Ru(0001) (upper panel)
and for clean Ru(0001) (lower
panel). Adapted with
permission from Ref. [93].
Copyright © 2012, American
Chemical Society
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4.2.2.2 Platinum-, Rhodium-, Iridium-,
Palladium-Chalcogenide-Based Materials

Since the decade of the 1980s, numerous articles have made reference to the
properties of ruthenium chalcogenide, as a methanol-tolerant ORR electrocatalyst
material. Attention has also been focused on other chalcogenide ORR cathodes
containing other precious catalytic centers. In this respect, modified precious cen-
ters with chalcogenides have been reported so far, namely Pt S, [94, 95], Pt,Se,
[96, 97], Rh,S, [18, 28, 44, 98, 99], Rh,Se, [28], Ir,S, [48], Ir,Se, [47, 49], Pd,S,
[41], and Pd,Se, [41, 42, 100].
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Pt S, One of the first synthesis, with regard to carbon-supported platinum sulfide,
Pt,S,/C, was done reacting (NH4),PtCls with molecular sulfur [95]:
(NH4),PtClg + S — (NH4),Pt,Sy + 3Cl,. The reaction for 24 h is done in the
presence of carbon support. The electrocatalyst precursor ((NH4)-Pt,S,) is further
heat-treated, in (75% v/v) No/H, atmosphere, at 350 °C to obtain Pt,S,/C, according
to the pyrolytic chemical reaction: (NH,4),Pt,S,/C — Pt,S,/C + 2NH;3 + H,S. One
key question in modifying via a chalcogen a catalytic center is to render the most
active ORR catalytic center tolerant to small C; organic reactants, e.g., methanol.
The oxidation of methanol in acid medium is a well-investigated process on plat-
inum nanoparticles, e.g., [101, 102]. Thus, a key virtue of this reaction is to compare
the activity of carbon-supported nanoparticulated materials Pt,S, vis-a-vis Pt, as
shown in Fig. 4.6a. The marked different behavior in 0.5 M H,SO, containing
0.5 M CH;O0H is clear. The catalytic center in the chalcogenide environment is
active by 5% of the total oxidation current considering the forward scan. This
property is further tested for the ORR process in the same medium. The Pt,S,/C
kinetic evaluation compared to Pt/C presented a similar Tafel slope (80 mV dec™"),
Fig. 4.6b, in methanol free electrolyte, stressing the fact that the catalytic center is
not perturbed by sulfur coordinated atoms. However, the presence of sulfur atoms
increases the overpotential by 0.12 'V with respect to the “naked” Pt NPs, at a current
density of 0.2 mA/cm?. The reason is rather similar to the phenomenon observed in
Fig. 4.4 for Ru,Se,. The electrochemical oxidation of coordinated sulfur atoms with
the ORR process is centered at around 0.12 V more negative than the oxidation of
platinum (formation of a mixed potential). The oxidation of sulfur can be given by:
S*” + 4H,0 — SO,>” + 8H* + 8¢”. Additionally, in agreement with the results
depicted in Fig. 4.6a, the ORR in the presence of methanol is little affected (lower
depolarization of ca. 0.03 V), when compared to Pt/C performance, for which the
depolarization attains a negative shift of 0.37 V. The high tolerance of Pt,S, was
assessed. Insights as to the chemical state of sulfur atoms was provided using in situ
surface-enhanced Raman scattering (SERS) and DFT calculations [103]. The
chemical state of sulfur on Pt NPs is indeed a S~ (sulfide ion) interacting with a
platinum atom detected by SERS at a wavenumber of 351 cm™' (see insert in
Fig. 4.6a). Further modification of PtS, with tungsten atoms was reported,
Pt,W,S,/C [104]. In spite of the recorded good tolerance to methanol, and the
relatively low ORR performance as compared to Pt,S,/C, there are no further
insights as to the role played by W atoms in these materials.

Pt Se, The role of selenium atoms was also established by modifying Pt NPs with
selenium atoms. The initial material was prepared via a modified organic colloidal
method in ethylene glycol, in which chloroplatinic acid and sodium citrate were
dissolved. This solution was mixed in an organic solvent (tetrahydrofuran—THF)
containing selenium and triphenyl phosphine, adding carbon as support while
stirring, to finish the synthesis, after a pH adjustment of 12 in a Teflon-lined
autoclave at 160 °C [105]. The recovered material was heat-treated under H,/N,
atmosphere at 200 °C. However, the formation of Pt,Se, can be performed by a
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Fig. 4.6 a Methanol oxidation at Pt/C and Pt,S,/C showing that a 5% of the total methanol
oxidation current is on Pt,S,/C. Insert: model describing the interaction between sulfide anions and
platinum corresponding to a wavenumber of 351 cm™". b ORR corrected mass transfer Tafel plots
for Pt/C and Pt,S,/C. Curves (1) in O,-purged 0.5 M H,SO, electrolyte, curves (2) in O,— purged
0.5 M H,SO,4 + 0.5 M CH;0H electrolyte. The dashed-point line on curve (1) of Pt/C indicates
the Tafel slope, and the dotted line at j = 0.2 mA cm? is an optical help to read the depolarization
effect caused by the presence of methanol in the electrolyte. Adapted with permission from Ref.
[95]. Copyright © 2006 Elsevier B.V. All rights reserved

simple selenization in aqueous medium, a method which was used for ruthenium
centers [106]. It turned out that this method was also effective for platinum centers
departing either from commercial source or synthesized ones [97]. The electro-
catalytic activity of aqueous generated platinum selenide (Pt,Se,) [96], see
Fig. 4.7a, is rather similar to that recorded on Pt,S, (cf. Figure 4.6b). In this work,
it was recognized that the increasing amount of surface coordinated chalcogenide
decreases the ORR activity of platinum; therefore, a systematic investigation to find
the optimum surface coordinated selenium was undertaken. One approach was
using the cyclic voltammetry technique as shown in Fig. 4.7b. The Pt,Se, electrode
material was submitted to anodic cycles opening the anodic branch from 0.9 to
1.4 V/RHE in Nj-saturated 0.5 M H,SOy, in the presence of 0.5 M CH;O0H at 25 °
C. Similar to that exposed for Pt,S,, cf. Figure 4.6a, the methanol oxidation is
enhanced as the majority of coordinated selenium atoms are stripped. The ORR
measurement, Fig. 4.7c, after each cyclic potential profile scan, reveals that this
process attains a maximum in the ORR activity, otherwise an optimum of surface
coordinated selenium produces a catalytic material with the highest ORR activity
and methanol tolerance. This is illustrated in Fig. 4.7d, after analysis of the
half-wave potential data extracted from Fig. 4.7c. Each point in Fig. 4.7d shows the
half-wave potential of maximum activity and depolarization effect caused by the
methanol on selenium coordinated platinum centers. At the same time, each of these
data is related to the effect of mixed-potential, which is triggered by the simulta-
neous oxidation of CH30H and the ORR process. On platinum, the chemisorption
of methanol and thus its dissociation are attained when three adjacent Pt-sites on a
crystallographic surface are present to form COH,q, species [107]. Therefore, on
platinum chalcogenide materials this condition is not fulfilled in the presence of an
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Fig. 4.7 a The ORR mass-transfer corrected Tafel plot for Pt/C and Pt,Se,/C electrodes: curves
(1) recorded in 0.5 M H,SO, electrolyte; curves (2) in 0.5 M CH30H + 0.5 M H,SO, electrolyte.
Adapted with permission from Ref. [96]. Copyright © 2014 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. b Selenium stripping of the 20 wt% Pt,Se,/C via cyclic voltammetry
(CVs) anodic profiling at 0.9 V to 1.4 V/RHE, at a scan rate of 50 mV/s; ¢ ORR taken at 900 rpm
on O,-saturated electrolyte measured after CVs; and d the half-wave potential, E,/,, collected from
the ORR-RDE experiments. Measurement was done in Nj-saturated 0.5 M H,SO, + 0,5 M
CH;0H at 25 °C. Adapted with permission from Ref. [97]. Copyright © 2013 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim

optimum sulfide or selenide coverage. It is important thus to recall that an equi-
librium between these chalcogenides and free active sites has to be found. The
chemical signature of platinum coordinated selenium in Pt,Se, is depicted in XPS
Se 3d emission lines (see Fig. 4.8a). The main peak assigned to Se 3ds, is shifted
by 0.6 eV toward lower binding energies [96]. A similar phenomenon was
observed, since a shift of the Se 3ds,, peak was around 0.4 eV, Fig. 4.8b, induced
by the epitaxial formation of the layered semiconducting PtSe, at 270 °C, as shown
in Fig. 4.8c. Herein, the phenomenon was attributed to the formation of the selenide
ion (Se*7) [1]. Although no evidence exists of the presence of a layered compound
on Pt NPs, it becomes, however, clear that a phenomenon of charge transfer takes
place, to explain the negative charge of coordinated selenium: Se® (where,
0 > 8 > —2), in a similar way as to the phenomenon observed on RuySe, [91]. It is
concluded that the charge transfer from platinum surface atoms to selenium drawn
by XPS is at the origin of the improved methanol tolerance of Pt toward ORR.
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Fig. 4.8 a XPS spectra of Se/C and Pt,Se,/C in the Se 3d region. Adapted with permission from
Ref. [96]. Copyright © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. b The XPS of
Se 3d emission peak during heat-treatment, displaying the formation of PtSe,, schematized in (c),
through the Se 3ds/, chemical signature shift from at 54.80 to 54.39 eV. Adapted with permission
from Ref. [1]. Copyright © 2015, American Chemical Society

PtMX (M: Fe, Mn; X: S, Se Te) Hetero- and homo-metal chalcogenide cluster
materials have been proposed [108] as cathodes for the oxygen reduction reaction.
So that materials such as Pt—Fe—-S, Pt—-Fe—Se, Pt—-Fe—Te, Pt-S, Pt-Te, and Pt—-Mn-S
were dispersed on black carbon and used as cathodes for the ORR in
methanol-oxygen fuel cells. Among those electrocatalysts, PtMn,S, showed the
highest activity in the half-cell measurements attaining an activity close to com-
mercial Pt/C Etek material. Indeed, all the electrocatalysts were highly tolerant to
methanol. This effect, as discussed above, comes from the presence of coordinated
chalcogen atoms essentially. Since noble metal chalcogenides are the favored choice
of electrocatalyst materials over pure metal and metal alloys, the following section
shares alternatives to non-platinum chalcogenides discovered so far for the oxygen
reduction activity in acid and the tolerance capacity in the presence of methanol.

M Sulfide (M: Rh, Ir, Pd) A typical synthetic chemical route for this kind of
materials was described in Chap. 1 (Sect. 1.4.1). Herein, sulfurization or sel-
enization can be done using alternative chemical routes; e.g., for Rh,S, or Rh/S, Rh
black is reacted with S in suspension in xylene solvent previously purged with
argon, and heat-treated for 24 h at 142 °C [28], whereas Ir,S, was obtained by
precipitation in which heat-treated carbon black is put into a suspension containing
sodium sulfite (Na,SOj3) and chloroiridic acid (H,IrClg) adding NaOH up to a
pH > 12 leaving the reaction under stirring at 50 °C, 12 h [48]. The surface elec-
trochemistry, in 0.5 M H,SO,, of Rh black, carbon-supported Ir centers, as well as
their surface modified by sulfur, is compared in Fig. 4.9. The CV of Rh/S feature,
as compared to Rh, is strongly modified, Fig. 4.9a. The oxidation of S starts at ca.
0.8 V, whereas the reduction starting at ca. 0.7 V extends over to 0.0 V. Due to
sulfur surface modification of Rh, the ORR activity of Rh/S was lower than Rh
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Fig. 4.9 a Cyclic voltammetry characteristics for Rh and Rh/S electrodes in 0.1 M H,SO, at
20 mV/s. Reprinted with permission from Ref. [28]. Copyright 2006, The Electrochemical
Society. b Cyclic voltammetry characteristics for Ir/C and Ir-S based materials as indicated in the
figure in Nj-saturated 0.5 M H,SO, at a scan rate of 20 mV/s. Adapted with permission from Ref.
[48]. Copyright © 2011 Chinese Society of Particuology and Institute of Process Engineering,
Chinese Academy of Sciences. Published by Elsevier B.V. All rights reserved

black [28]. Following the same pattern, the surface electrochemistry response of
sulfur-modified carbon-supported iridium (Ir,S;_,/C) presents an analogous phe-
nomenon; the hydrogen peaks depress with the sulfur content, Fig. 4.9b, compared
to Ir/C. Moreover, an ORR enhancement (mass and surface specific activities) was
reported with the catalyst: Ir,S; /C (x = 0.7) [48]. The common point from the
sulfur surface-modification of Rh and/or Ir is their modified activity toward the
ORR with a common strong methanol tolerance as compared to Pt/C. Similar to
iridium, the palladium chalcogenide (Pd,S,) was prepared from palladium acety-
lacetonate dissolved in xylene. The addition of the chalcogen (sulfur) and carbon
was done under nitrogen atmosphere and left reacting at 130 °C for 24 h [41]. The
generated palladium-sulfur (Pd,S,) material showed an enhanced amorphization
effect, as revealed by the XRD analysis, and an inactivity toward the ORR [41].
Although the reason for this inactivity was not further explored, the results led the
authors to conclude that a formation of a new material phase was the reason of such
a negative result. Some parameters such as the onset potential and half-wave
potential are summarized in Table 4.3. Besides, the Tafel plot clearly displays the
electrocatalytic differences of the chalcogenides compared to their metal centers in
sulfuric and hydrochloric acid (Fig. 4.10).

First results on the implementation of a commercially available rhodium chalco-
genide (30 wt% Rh,S,/C) in the mixed-reactant fuel cell technology were reported
(see Chap. 6), because of its tolerance to methanol fuel [18]. The authors concluded
that Rh,S,/C underachieved the performance of Ru,Se,/C. However, besides the
ORR activity and stability of the chalcogenide Rh,S,/C, compared to Pt/C and Rh/
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Table 4.3 Oxygen reduction reaction on Rh, Ir, Pd sulfide materials evaluated in acid media

Catalysts %Onset Potential %E,)» versus | Medium | Catalyst Refs.
versus RHE/V RHE/V loading/pg cm >

Rh 0.89 0.73 H,S0, |["150 [28]

Rh,S, 0.87 0.59

Rh,S,/C 0.93 0.72 bdg3 [18]

Rh,S,/C (SF%) 0.88 0.52 HCI 16 [45]

Rh,S,/C (AS®) 0.86 0.47

Rh,S,/C (NA" 0.75 0.43

Ir/C <0.80 0.52 H,SO, | 200 [48]

Ir,S;/C (x =0.5) | <0.80 0.54

Ir,S,/C (x =0.6) | <0.80 0.52

Ir,S,/C (x=0.7) | <0.80 0.51

I, S;/C (x =0.8) | <0.80 0.49

Ir,S;/C (x =0.9) | <0.80 0.48

Pd/C 0.72 0.42 €353 [41]

Pd,S,/C N/A N/A

“Estimated data from current—potential curves

At 1600 rpm

€At 2000 rpm

YMeasured at 60 °C
dSulfur ion-free synthesis
°Aqueous synthesis
"Non-aqueous synthesis

C, it showed resistance against depolarization in high concentrations of chloride
ions (Cl") during the electrolysis of aqueous hydrochloric acid (HCI):
2HCI = 2H, + 2Cl,, Fig. 4.10b. This figure clearly depicts the differences in ORR
activity obtained on rhodium-sulfide materials according to the chemical route of
synthesis followed, on the one hand; and on the other hand, it is clearly shown that
platinum is not an effective electrocatalyst in highly corrosive conditions since it is
constantly poisoned by chloride ions. In this context, further fundamental results
were generated on Rh,Sy, since the synthesis of this material generates a
multi-phase inorganic framework constituted of Rh,S; and Rh;S,, present and
active ORR phase in the so-called Rh,S, material. These data were derived from in
situ-operando EXAFS measurements [44], as shown in Fig. 4.10d. This figure
illustrates the Fourier Transforms between the absorbing atom (Rh) and its
neighbors. The interaction of Rh with S atoms is centered at a lower coordination
distance of 2.69 A.

M Selenide (M: Rh, Ir, Pd)

Selenium is a popular element used to prepare transition metal selenides. Selenization
in aqueous solvent can be used starting from commercial or self-synthesized carbon-
supported metal centers, where the source of selenium is a selenium (IV) oxide.
Herein, Rh black is reacted with Se in suspension in xylene solvent previously purged
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Fig. 4.10 a ORR Tafel plots on Rh,S,/C, and Pt/C in O,-saturated 0.5 M H,SO, at 60 °C. The scan
rate used was 2 mV/s in the negative direction at 1600 rpm. Adapted with permission from Ref. [18].
Copyright © 2007 Elsevier Ltd. All rights reserved. b Tafel plots on Rh-based chalcogenides in O,-
saturated 0.5 M HCI. The catalysts loading was 30 wt% on carbon. Comparison was done with Rh/C
and Pt/C electrode materials at 900 rpm and scan rate of 20 mV/s. See text for (NA, NS, and SF
conditioning). Adapted with permission from Ref. [45]. Copyright © 2007 Published by Elsevier
Ltd. ¢ ORR Tafel plots on Ir,S;_ (x between 0.5 and 0.9) compared to Ir/C and Pt/C catalysts in O,-
saturated 0.5 M H,SO,4 at 25 °C, scan rate of 5 mV/s, and 2000 rpm. Adapted with permission from
Ref. [48]. Copyright © 2011 Chinese Society of Particuology and Institute of Process Engineering,
Chinese Academy of Sciences. Published by Elsevier B.V. All rights reserved. d The
nonphase-corrected Fourier Transform (FT) of Rh K-edge (23.22 keV) k*-weighted [y(R)| spectra
in outgassed 1 M TFMSA. The spectrum of Rh,S generated at 0.40 V,in outgassed 6 M TFMSA, is
contrasted as dashed line on the 1 M TFMSA spectrum. Reprinted with permission of Ref. [44].
Copyright © 2009, American Chemical Society

with argon and heat-treated for 24 h at 142 °C [28]. The surface modification by
selenium is visible in cyclic voltammetry experiments, at 20 mV/s in 0.1 M H,SOy,
Fig. 4.11a, pointing out a similar phenomenon observed with sulfur-modified Rh
surface, cf. Figure 4.9a, in which the common feature on Rh,S, and Rh,Se, is the
suppression of the hydrogen and hydroxyl adsorption/reduction species present on
Rh. Taking Iridium as the metal center, materials based on Ir—Se were synthesized
using the carbonyl chemical route (see Chap. 1, Sect. 1.4.1) using as precursor
dodecacarbonyl iridium: Ir4(CO),,, and selenium powder [49]. Similar to other metal
centers, the surface electrochemistry of carbon-supported Ir,Se,/C is different to Ir/C.
Selenourea (SeU)-assisted synthesis was also employed to generate Ir,Se,-(SeU).
Again, the hydrogen adsorption/desorption region is suppressed, as well as the
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Fig. 4.11 a Cyclic voltammetry characteristics for Rh and Rh/Se electrodes in 0.1 M H,SO, at
20 mV/s. Reprinted with permission from Ref. [28]. Copyright 2006, The Electrochemical
Society. b Cyclic voltammograms for Ir—Se and Ir/C-coated glassy carbon electrode in 0.5 M
H,SO,4 with and without 0.5 M MeOH under N,-saturated electrolyte. Potential scan rate: 5 mV/s,
25 °C. Reprinted with permission of Ref. [49]. Copyright © 2006 Elsevier B.V. All rights
reserved. ¢ Electrochemical measurements on Se-modified and unmodified Pd/C (1-PdSe/C and
1-Pd/C) surfaces in 0.1 M perchloric acid

hydroxide redox process, as in Fig. 4.11b. As similarly indicated in the figure, the
Ir,Se, material possesses a good tolerance to methanol poisoning as compared to Ir/C
or Pt/C [49, 109]. The effect of the ORR enhancement of Ir/C catalyst by covering the
metal Ir centers with Se atoms is a positive effect, due to the strong methanol tol-
erance property, and the absence of a mixed-potential caused by the simultaneous
reaction of ORR and methanol oxidation, as compared to Pt/C, is nil. Therefore,
Ir,Se, is a tolerant catalyst for methanol oxidation and a promising catalyst to be
considered as cathode for direct methanol membrane-less fuel cells (DMFCs). For
the same ORR purpose, palladium-centered selenide (Pd,Se,/C) was developed for
cathodes in DMFCs [172]. The selenium surface modification of palladium improved
the ORR activity as compared to Pd/C. It seems that the Pd,Se, catalyst preserves the
bulk structure of Pd nanoparticle, unlike S, as discussed above (cf. Table 4.3). As
summarized in Table 4.4, and judging by the extracted half-wave potential data, the
selenization of Rh, Ir, and Pd can favor the ORR kinetics in acid medium as com-
pared to the non-modified catalytic center. But it can also show a negative potential
shift, as in the case of rhodium.

An alternative method to produce Pd,Se, was reported [42]. However, the ORR
activity on this hydrothermal generated material was ill-defined, and the conclusion
of this work was that the electrocatalyst was based on PdSe, PdSe,, and Pd;Se
(tetragonal and orthorhombic crystal structures). PdSe showed higher electrocat-
alytic activity than the Pd;Se or PdSe, in 0.5 M H,SO,. Moreover, using a facile
synthesis route, e.g., the selenization in aqueous solvent, our laboratory obtained
the Pd,Se, material, presenting a similar surface electrochemistry feature in sulfuric
acid, as well as in perchloric acid. Figure 4.11c displays the electrochemical
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Table 4.4 Oxygen reduction reaction on Rh, Ir, Pd selenide materials evaluated in acid media

Catalysts 4Onset Potential “E,), versus | Medium | Catalyst Refs.
versus RHE/V RHE/V loading/ug cm >

Rh 0.89 0.73 H,S0, |["150 [28]

Rh,Se, 0.84 0.64

Ir/C 0.90 0.60 73 [49]

Ir, Se,/C 0.93 0.63

Ir,Se,/C-(SeU) |0.97 0.70 °40 [109]

Pd/C 0.72 0.42 4353 [41]

Pd,Se,/C ca. 0.70 0.45

Pd/C 0.93 0.82 HCIO, |°342 This work

Pd,Se,/C 0.82 0.55

Pd/C 0.97 0.82 KOH

Pd,Se,/C 0.97 0.85

# Estimated data from current—potential curves

At 1600 rpm

€At 400 rpm

4At 2000 rpm

€At 900 rpm

behavior in 0.1 M HCIO,. The coordinated selenium atoms strongly modify the
adsorption properties of Pd/C, since the hydrogen and oxide regions are suppressed.
The oxidation wave that appears at 0.9 V corresponds to the coordinated selenium
oxidation. Table 4.4 summarizes the ORR data obtained on this material in 0.1 M
HCIO, and 0.1 M KOH. It is worth to note that the ORR kinetics on the chalco-
genide is strongly enhanced in alkaline medium, as compared to the acid one. The
selenization of palladium using the non-aqueous medium strongly modifies the
palladium core and/or surface, since the detection of phases such as Pd,;Se, and
Pd,;Ses was revealed [110] by the XRD technique [111]. Pd;Se,s is a naturally
occurring mineral known as Palladseite [112].

4.3 Non-precious Metal Center Chalcogenides

The major drawback of platinum group metal (PGM) electrocatalysts is the limited
availability and elevated cost (cf. Fig. 4.1). The development of non-precious
catalytic centers (or non-platinum group metal—NPGM) has been stimulated in the
recent years with respect to the oxygen reduction reaction [67, 113—131], hydrogen
evolution reaction [132-144], oxygen evolution reaction [120, 145, 146], and
hydrogen oxidation reaction [147]. Metal oxides, carbides, nitrides, and carboni-
trides constitute a good reliant among the NPGM electrocatalysts. However, the
transition metal chalcogenide materials play a central role in this development (see
below), since their incremental improvement regarding the activity and stability for
some of the above mentioned electrochemical reactions has been proven.
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4.3.1 Materials for HER/HOR

Non-precious electrocatalysts are generally not stable in acid medium. This is the
reason why such materials (e.g., nickel-based) are preferentially integrated in
alkaline electrolytes [148, 149]. However, the search of hydrogen evolution stable
materials for the acid medium has led to some examples based on chalcogenides,
e.g., MoS, [134, 136, 142-144], MoSe, [150-156], WSe, [157-161], CoSe,
[133, 162-168], NiSe, [169-172], FeSe, [173], and other mixed-chalcogenides
[135, 174, 175]. The survey of the recent literature sheds light on the fact that this
family enriches the group of hydrogen-producing electrocatalysts for different uses
in systems like low-temperature fuel cells, electrolyzers, and solar fuel devices.

4.3.1.1 Hydrogen Evolution Reaction (HER)

Non-precious transition metals, e.g., Fe, Ni, and Mo, form part of biological sys-
tems in which the generation of molecular hydrogen is catalyzed by metalloen-
zymes (hydrogenase) [176]. In this context, the concept of artificial photosynthesis
assembling catalysts made of cobalt and phosphate ions to produce molecular
oxygen from water [177] must be applied to another kind of electrocatalysts to
produce hydrogen with emphasis on their engineering and electronic modification,
as described below:

M Sulfide (M: Mo, W, Co) The molybdenum disulfide (MoS,) is a layer-structured
semiconductor (B, = 1.75 V) (cf. Figs. 1.4, 1.5, and 1.6). This material has been
studied photoelectrochemically and outlined as a potential material for water split-
ting with visible light in the 1970s by Tributsch and Bennett [178]. It is worth to
recall that those first experiments were performed on natural crystals (a few mm? to
several cm?), certainly with a poor bulk activity. Many years later, computational
studies reported by Hinnemann et al. [144] predicted that nanostructured molyb-
denum disulfide possesses hydrogen evolution reaction (HER) activity. The analysis
between MoS, metal-like (highly dispersed nanoparticles) and natural hydrogenases
revealed that the Mo (1010) edge of MoS,, Fig. 4.12a, has a hydrogen binding
energy of ca. 0.08 eV, i.e., very close to the ideal value of 0 eV, Fig. 4.12b (cf.
Figs. 2.6, 2.7). The HER performance of nanocrystals [179] of MoS, was correlated
and corroborated with the number of its edge sites [143]. This finding was further
developed to engineer an increased number of active edge sites on gold substrates
[180], and on silica templates electrodepositing Mo followed by sulfurization with
H,S [181] to obtain large-area connecting thin films of MoS, with a tunable
thickness showing outstanding HER electrocatalytic activity, with 0.15-0.2 V
overpotential, and a Tafel slope of 50 mV/decade. Another synthetic approach was
the variation of oxygen in MoS; to favor the formation of unsaturated sulfur sites,
with the consequence of increasing the materials’ conductivity [182]. As conferred
in Chap. 1 (Sect. 1.2.2, cf. Fig. 1.6), there are two polytypes of MoS, (2H, and 1T).
2H-MoS; is thermodynamically (less electrical conducting) more stable but less
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HER active than 1T-MoS,. The exfoliation via Li intercalation of 2H-MoS, to obtain
1T-MoS, was done chemically. The obtained materials (1T) exhibited a dramatic
HER enhancement [179], as indicated by the current density versus the electrode
potential characteristics compared with platinum (Fig. 4.12c). The HER at
j=10 mA/cm? on the as grown 2H-MoS, was obtained at —0.320 V, whereas on
the exfoliated material (1T-MoS,) the same current density was obtained at
—0.195 V. Additionally, amorphous molybdenum sulfide (MoSy) films have been
also considered good HER candidates. Experiments on such MoS, (i.e., MoS;3 or
MoS,) films showed an excellent hydrogen evolution activity in acid medium
achieving a current density of 15 mA/cm?® at 0.20 V overpotential [183]. The
reaction mechanism, apparently, is determined by the reduction and protonation of
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Fig. 4.12 a Schematics showing, at the left, the Nitrogenase FeMo cofactor (FeMoco) with three
hydrogen atoms bound at the equatorial p,S sulfur atoms; at the center, the active site of the
hydrogenase with one-bound hydrogen atom; at the right, the MoS, slab, where the unit cell in the
x-direction is indicated (lines). The sulfur monomers are present at the Mo edge, in which
hydrogen is bound every second sulfur atom (corresponding to a coverage of 50%). b The
determined free energy diagram for hydrogen evolution, at a potential U = 0 relative to the
standard hydrogen electrode at pH = 0 at standard conditions. The diagram includes data with
other metals, e.g., Au, Pt, Ni, and Mo. The calculated data for MoS, corresponds to a hydrogen
coverage from 25 to 50%. a and b Reprinted with permission from Ref. [144]. Copyright © 2005,
American Chemical Society. ¢ HER current—potential curves of chemically exfoliated MoS,
nanosheets. d The corresponding Tafel plots, where filled symbols show iR-corrected data. ¢ and
d Reprinted with permission from Ref. [179]. Copyright © 2013, American Chemical Society
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the terminal sulfide units. From the theoretical standpoint via the density functional
theory (DFT) conducted by Li et al. [184], it is concluded that the terminal complex
S,>~ could be the true catalytically active site responsible for the low Tafel slope.
Such terminal S,>~ exists in MoS; and at the edge of crystalline MoS,. However,
data reported by Lassalle-Kaiser et al. [185], using in situ X-ray absorption spec-
troscopy (XAS) technique, support the idea that the rate determining HER on MoS,
is the protonation and reduction of interfacial Mo(III)(S,) sites, involving directly a
disulfide unit in molybdenum sulfide-based material, as schematized in Fig. 4.13.
The deactivation of the HER active sites of molybdenum disulfide can take place if
driven to electrode potentials higher than 0.98 V/NHE in acid electrolyte. The loss
of MoS, HER activity was attributed to the irreversible surface oxidation. If eleven
electrons are needed, this degradation is due to the generation of SO42_, Szz_, and
MoOj; species, according to electrochemical reaction: MoS, + 7TH,O —
MoOs + SO4°™ + % S,°~ + 14 H +11e7, as supported by the XPS data [142, 186].
Thus, this chalcogenide material will not be applied to water oxidation. Table 4.5
summarizes some relevant works devoted to this kind of transition metal
dichalcogenide. The metric of a good HER electrocatalysts is measured by the
overpotential needed to generate a current density of 10 mA/cm?. The overpotential
ranging between 120 and 680 mV, as compared to platinum under the same con-
ditions (which is ca 30-40 mV), gives account of the difficulty to activate the HER
on MoS,, on the one hand, but on the other hand, it explores various possibilities like
the electronic effect by doping and by the interaction with supports (cf. Chap. 5).

Fig. 4.13 Schematics of the synchrotron radiation incident beam (SR) to observe the sulfur
K-edge, and Mo K-edge spectra and probe the HER catalytic centers of MoSy films
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However, the gathered data on molybdenum disulfide motivated the application
of the isostructural tungsten disulfide (WS,; E; = 2.1 eV) for the HER deposited
onto carbon supports [142], exfoliated 2H-WS, (semiconductor) to 1T-WS,
(metallic nanosheets) [187, 188], sulfidization of nanoarrays of WS, to modulate
the increase of the HER activity via metal sulfide composition [189], through the
growth of WS, onto oxidized carbon fiber (0CF) via the hydrothermal process [190]
building 3D nanostructures probed to be more effective than the same material onto
carbon fiber (CF) (see Fig. 4.14).

A further achievement to enhance the electrocatalytic activity was done by a
monolayer dendritic growth of ternary chalcogenide: WSy 4)Seax. The abundant
edge sites generated were evidenced by sulfurization and selenization of tungsten
trioxide powders [174].
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Fig. 414 a HER current—potential characteristics on WS, massif materials and supported onto
various carbon-based materials: oCF (oxidized carbon fiber), CF (carbon fiber), and compared to
Pt/C. Measurements were performed in N,-saturated 0.5 M H,SO,4. b The corresponding Tafel
plots. a and b Adapted with permission from Ref. [190]. Copyright © 2017 Elsevier B.V. All
rights reserved. ¢ HER current—potential characteristics on monolayer WS, and monolayer
dendritic WS x)Se,x flakes in N-saturated 0.5 M H,SO, electrolyte, at room temperature. Gold
foil is shown for comparison and used as support. d The corresponding Tafel plots of WS,, and
WS(1.xSexx on Au foils. ¢ and d adapted with permission from Ref. [174]. Copyright © 2017,
Royal Society of Chemistry
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Unlike the TMD-layered materials, cf. Fig. 1.4, cobalt disulfide (CoS,) is a
narrow bandgap ferromagnetic material, while the isostructural pyrite (FeS,;
E; = 0.95 eV) is a diamagnetic semiconductor, long considered as a solar energy
material [203], and the low-band-gap semiconductor nickel disulfide (NiS,,
E, = 0.3 eV [204]). The pyrite structure is characterized by the presence of anions
pairs X,2~ (X: S, Se, Te), as a consequence of the increased binding energy of the
d-orbitals of the transition metal, and considered as better HER materials than bulk
layered materials [205]. In this context, by a specific morphology control, Faber
et al. [206] demonstrated that the HER can be tailored on metallic cobalt disulfide
with different morphologies, such as films, microwire, and nanowire (Fig. 4.15a).
This figure shows the current density, referred to the geometric surface area, and
contrasted with the morphology (F, MW, and NW), as a function of the applied
electrode potential, together with the Tafel analysis (Fig. 4.15b). By thermal
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Fig. 4.15 a Current—potential characteristics on CoS, films, MW array, and NW array electrodes
for the HER electrocatalysis. Pt is also shown for comparison in Hj-purged 0.5 M H,SO,
electrolyte at RT. b Tafel plot of data presented in (a). The electrode morphology is shown in the
inset of (b). Figures a and b were adapted with permission from Ref. [206]. Copyright © 2014,
American Chemical Society. ¢ The HER iR-corrected current—potential characteristics of FeS,,
CoS,, NiS,, PyS, (Fe.45C00.52)S2, and (Cog s9Nig41)S, thin-film materials on graphite supports.
Measurements done in H,-purged 0.5 M H,SO, electrolyte at RT. d Tafel analysis of the data
shown in (c). Figures ¢ and d adapted with permission from Ref. [50]. Copyright © 2014,
American Chemical Society
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Table 4.6 Hydrogen evolution reaction on W-, Co-disulfides

4 Precious Versus Non-precious Electrocatalyst Centers

Materials Synthesis method Morphology Electrolyte | —n/V @ Refs.
10 mA/cm?

WS, CVD on W foil, and NPs as grown | 0.5 M 0.33 [187]
1T-WS, Li-exfoliation Oven H,SO,4 0.18

exfoliated
1T-WS, p-wave 0.15

exfoliated
WS, Chemical synthesis and | Vertical 0.47 [190]
WS,/CF* autoclave grown arrays 0.37
WS,/0CF® 0.33
WS, CVD-sulfurization, Monolayer 0.310 [174]
WSo(1-x5€ax selenization Nanoflakes 0.156
CoS, Thermal sulfidation on | Film (F) 0.190 [206]
CoS,-MW deposited metal films | Microwire 0.158

onto graphite MW)

CoS,-NW Nanowire 0.145

(NW)
CoS, Solvothermal on Nanoparticles 0.206 [167]
CoS,/DETA® nanobelts anchored onto 0.149
C0S,/CoSed nanobelts 0.080
CoS, Sulfurization Thin film onto 0.192 [50]
FeS, graphite N/A
NiS, N/A
(Feo.07Nig.93)S2 N/A
(F80_48C00_52)Sz 0.196
(Coo.59Nig.41)S2 N/A
CoPS Thermal evaporation of | Films (Fs) 0.128 [209]
CoPS PS precursors on Nanowires 0.061

deposited metal films (NWs)

CoPS onto graphite Nanoplates 0.048

(NPIs)

4CF—carbon fibers
®oCF—oxidized carbon fibers
‘DETA—diethylenetriamine

9A hybrid chalcogenide

sulfurization of electron-beam evaporated metal thin films previously deposited
onto graphite substrates, Faber et al. prepared CoS, and M;Co;_,S, (M: Fe, Ni)
pyrite structure compounds [50]. The HER activity of all these pyrite-phase thin
films is displayed in Fig. 4.15c. The results offer a clear HER performance dif-
ference within the same pyrite structure. Cobalt disulfide achieves the cathodic
current of 10 mA cm 2 at an overpotential of —0.192 V, and additional data are
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summarized in Table 4.6. The result on CoS, is comparable to the best MoS,
(T-MoS2) reported so far (see Table 4.5). The Tafel plot in Fig. 4.15c discloses a
similar Tafel slope, around 50—60 mV/decade. One further interesting aspect in
tailoring activities among the pyrite structure is the electronic modification by
introducing (alloying) CoS, with Fe and Ni, since the HER performance of NiS,
and FeS, is lower. Certainly, the intrinsic conductivity of the materials plays an
important role since, as mentioned above, CoS, possesses a metal-like behavior. It
is also worth to mention, besides the electrocatalytic application, that the properties
of making Co;Fe,S, alloys are to raise the conductivity. Due to the alloy,
low-temperature conduction electrons, tunable with x, provide fundamental
investigation for the development of spintronic devices [207], and solar applications
[208]. The HER electrocatalytic improvement on tungsten- and cobalt disulfide, as
summarized in Table 4.6, is due to the various modifications of the catalytic center,
via synthesis route, nanoalloying, and the interaction with the support.

M Selenide (M: Mo, W, Co) Computational studies proposed that the Gibbs free
energy for the H adsorption on MoSe; (E, = 1.64 ¢V [210]) edge is much closer to
the thermoneutral state, and MoSe, possesses a higher H coverage as compared to
MoS, [156, 211]. Edge-terminated MoX, (X: S and Se) films were prepared in a
single-zone furnace (550 °C) in the presence of sulfur or selenium powder on Mo
films, previously prepared by electron-beam evaporation, followed by a thermal
annealing [212]. This process produced vertically aligned layers, so that the layers
were perpendicular to the substrate favoring the exposition of Van der Waals gap
for reaction. The HER evaluation (current—potential curves and Tafel plot) of such
films grown on glassy carbon substrates is displayed in Fig. 4.16a, b, respectively
[211]. The data in this figure demonstrate that active sites lying on edges of MoSe,
is rather similar to that of MoS,. Moreover, the results generated on MoS,, cf.
Table 4.5, set as HER benchmark electrocatalysts the MoS,/RGO [194], due to the
lowest onset potential and Tafel slope. In this context, Tang et al. [156] reported the
synthesis of hybrids MoSe,/RGO synthesized via the hydrothermal reaction of
Na,MoO, and hydrazine hydrate Se in water at 200 °C. Rich folded edges parallel
to RGO support revealed basal planes of the chalcogenide onto RGO maintaining
the 2H-MoSe, structure. Indeed, in sharp contrast to MoSe,, MoSe,/RGO showed
lower onset potential with a Tafel slope closing at 69 mV/decade (see Fig. 4.16c,
d). It is ostensible that the Gibbs free energy of hydrogen adsorption (higher H
coverage) on MoSe, is closer to the thermoneutral value than that of MoS,, see
Fig. 4.12b, and consistent with computational results [211]. This hierarchy is also
reported when comparing different liquid exfoliated dichalcogenides [213]. MoSe,
outperformed the HER of MoS, (Table 4.7). The effect on MoSe, was reinforced in
hybrid material composites: MoSe,/SWNT (single wall nanotube). Enhanced HER
activity was also reported on MoSe, [152] using the colloidal chemical synthesis.
Through a chemical synthetic way using an organic solvent and Mo(CO)e, and
selenium powders, as reported some time ago [214], MoSe, nanostructures pos-
sessing a network-like, and flower-like morphologies were obtained. The key to
obtain such morphologies was the variation in the synthesis of the ratio of
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Fig. 4.16 a HER current—potential characteristics, in Nj-saturated 0.5 M H,SO, solution, of
edge-terminated MoS,, and MoSe; films. Glassy carbon is shown as a blank. b The corresponding
Tafel plot of data in (a). Figures a and b adapted with permission from Ref. [212]. Copyright ©
2013, American Chemical Society. ¢ HER current—potential characteristic of pure MoSe, and
MoSe,/RGO in acidic 0.5 M H,SOy at a potential scan rate of 10 mV/s. d The Tafel plots of data
in (c) recorded on glassy carbon electrodes with a catalyst loading of 160 ug/cm? at a scan rate of
5 mV/s. Figures ¢ and d adapted with permission from Ref. [156]. Copyright © 2013, Royal
Society of Chemistry

oleylamine (OAm) to oleic acid (OA). Thus, OAm: OA = 1:0 produced a network
and OAm: OA = 1:1 produced a restructured network, whereas OAm: OA = 0:1
produced nanoflowers (see Fig. 4.17). Although the growth mechanism is not
established yet, this complex chemical interplay shows versatility and an oppor-
tunity to create important exposure of active sites.

Interlayer engineering allowed to produce 1T-MoSe, nanosheets via solvother-
mal synthesis of flower-like assemblies [155]. The obtained nanosheets showed
expanded interlayer spacing of ca. 1.17 nm, compared to 0.646 nm of 2H-MoSe,.
The conversion of 1T to 2H was obtained by a simple temperature heat treatment at
300 °C. The recorded HER activity on sample 1T-MoSe, outperformed 2H-MoSe,,
see Table 4.7, with a combined Volmer—Heyrovsky reaction mechanism. Another
alternative way to enhance the HER on MoSe, was its growth on nitrogen-doped
carbon nanotubes (NCNTs) to obtain hybrids: MoSe,/NCNTs [154]. The strategy
was based on the preparation of MoOs;/PANI (PANI: polyaniline) nanohybrids.
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Table 4.7 Hydrogen evolution reaction on Mo diselenide
Materials Synthesis method | Morphology Electrolyte | —n/V @ Refs.
10 mA/cm?
2H-MoSe, Hydrothermal Nanoflowers, 0.5SMH,SO, | ~0.26 [156]
process and ultrathin sheets
2H-MoSe,/RGO | annealing Folded 0.15
edgenanosheets
MoSe, Selenization Perpendicular 40.45 [212]
transport in a layers grown
single-zone onto substrate
furnace
bMoSeZISWNT Probe sonication | ~ 100 nm avg. 0.22 [213]
"MoS,/SWNT of powders in exfoliated 0.28
sodium cholate nanosheets
hydrate
‘MoSe, Colloidal Nanonetwork 0.30 [152]
9MoSe, chemica.ll Corrugated 0.23
‘MoSe, synthesis Nanoflowers 0.23
1T-MoSe, Solvothermal Flower-like 0.17 [155]
synthesis of assemblies
2H-MoSe, MoCls with SeO, | Annealing 0.56
in octylamine at | treatment 300 ©
180 °C C
MoSe,/NCNTs Hydrothermal Nanosheets on 0.102 [154]
NCNTs
MoSe,/MoO5 Hydrothermal @D Thin rod 0.23 [157]
agglomerated
flowers
MoSe»/MoOs *2) 0.30
Marigold-like
flowers
Cu,MoS4/MoSe, Top down Nanodots on 0.17 [215]
method, Cu,MoS, basal
sonication, planes
solvothermal,
autoclave
MoSe./RGO-M® | Gas phase Crumpled and 0.21 [216]
reaction sphere-like
morphology
MoSe,-1-180 Hydrothermal €100%-2H 0.355 [150]
MoSe,-1-200 52%-2H;48% 0.163

1T

*Data extrapolated; "Composites with 10 wt%-SWNT-mass loading of 1.5 mg/cm?; “oleylamine
(OAm) to oleic acid (OA) = 1:0; doleylamine (OAm) to oleic acid (OA) = 1:1; °oleylamine
(OAm) to oleic acid (OA) = 0:1; M means a mass loading of 20 wt%; *Flower-like; hlat 200 °C;

hat 150 °C
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Fig. 4.17 Scheme showing the chemical route of synthesis of MoSe, leading to various
morphologies, as shown on the high-magnification TEM images: Nanonetwork (upper, middle);
Nanoflower (bottom). Adapted with permission from Ref. [152]. Copyright © 2017 Elsevier Ltd.
All rights reserved

Thereafter, a thermal treatment in hydrazine hydrate solution converted by an anion
exchange reaction, the molybdenum oxides in MoSe,/PANI, heat-treated further at
600 °C. Small-size nanosheets (some Se-Mo—Se atomic layers) and the expanded
(002) planes of the NCNTs (obtained by conversion of PANI nanorods during the
heat-treatment) support were produced. This hybrid, indeed, produced a current
density of 10 mA/cm? at an overpotential of 0.102 V. Due to the potential versa-
tility, the use of the hydrothermal method for some dichalcogenide materials’
morphology control seems to be very common, as recently summarized [151]. In
this framework, working with reaction temperature and residence time, hybrids of
MoSe,/MoO; with marigold-like flowers (150 °C), and thin rod agglomerated
flowers (200 °C) morphologies were produced and tested for the HER in acid
medium [157]. The rod-like petals showed higher performance in terms of over-
potential than marigold-like flower morphology (see Table 4.7). However, the data
reported on this type of hybrid materials are far from other data summarized in the
table. Since basal planes of layered materials are rather inactive for the HER, hybrid
structures are being explored aiming at using OD (zero-dimensional) MoSe,
materials. In this sense, nanostructures of Cu,MoS4/MoSe, have been explored
[215]. The authors report that an overpotential of 0.17 V at 10 mA/cm® was
obtained, with excellent stability. An optimum MoSe, nanodot (ND) size was found
to be 30 nm. Furthermore, using the spray-drying process composites of MoSe,/
RGO with a high content of RGO were produced [216]. An optimum mass loading
of RGO was 20 wt%. However, the high HER activity of such a composite material
was attributed to the morphology generated during the synthesis, namely the RGO
crumple structure and empty nanovoids with ultrafine nanocrystal layers of
molybdenum diselenide. This fact assesses the catalytic center-support interaction
(see Chap. 5), as the synergetic effect. The role of the material’s phase (2H vs. 1T)
toward the HER was investigated, in which a new strategy synthetic route was
devised [150]. This technique consisted in a control of the reductant NaBH, to
NaMo0,.2H,0 and selenium, with the temperature. The molar variation of NaBH,
to NaMo0O,4.2H,0O > 1 allowed the synthesis of phase 1T-MoSe,. So that the
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Fig. 4.18 Induced phase- and disorder-controlled synthesis of MoSe, nanosheets (NSs) via the
hydrothermal technique by tuning NaBH, relative to Na,MoO42H,O (x) and the reaction
temperature (T). Right panel: iR-corrected HER current—potential curves of various MoSe,, showing
the contribution of the increasing 1T phase. Pt wire is depicted for comparison. Adapted with
permission from Ref. [150]. Copyright © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

synthesis engineering of this method is shown in Fig. 4.18a, showing besides a
synergy regulation of both crystal phase and disorder.

The growing interest in transition metal dichalcogenides (TMDs) has also been
extended to tungsten and cobalt center materials coordinated to selenium atoms. For
optimum HER conditions, the computational studies revealed that molybdenum and
tungsten edges and selenium edges in MoSe, (E,=1.8¢V) and WSe,
(Eg = 1.6 €V) should be the major sites for the electrocatalytic activity [211].
Therefore, the synthesis of materials should be focused on edges design in the
nanocatalyst. In this sense, 2D tungsten diselenide nanosheets were produced and
supported onto carbon nanotubes via the solvothermal method [159], similar to the
process used for MoSe,; (cf. Fig. 4.18). Herein, additionally, acid-treated CNTs in
DMF were added. The HER on bare and CNT-supported WSe, materials were
measured, Fig. 4.19a, observing that WSe,/CNT showed a superior activity
(Table 4.8). The difference in the performance between the bare and
CNT-supported electrocatalysts was attributed to an efficient charge transport
through the CNT support of the multiple exposed catalytic sites in intimate contact
either on CNTs [159] or graphene nanosheets (RGO) [158, 160]. Other hybrid
composites WSe,/WO; prepared via the solvothermal technique, controlling the
reaction temperature and residence time, showed different morphologies tested for
the HER in acid medium [157] following the same strategy as that mentioned above
(cf. Table 4.7). Although a certain progress is reported, these data remain far from
those obtained by supporting WSe, onto RGO and/or CNTs, Table 4.8.

Cobalt diselenide (CoSe,) is a semi-metal that exists in two types of structure:
orthorhombic (Marcasite) and cubic (Pyrite), cf. Fig. 1.4. In conjunction with
small-gap semiconductors, e.g., Si, it was studied as co-catalyst in (p-Si/CoSe,
(Marcasite)) for the photoelectrochemical evolution of hydrogen in acid medium
(cf. Chap. 3) with photocurrents of up to 9 mA/cm? at 0 V/RHE was reported by
Basu et al. [217], and to further improve the stability and efficiency, CoSe, was
embedded in carbon nitride (C5Ny) to form the heterostructure: (p-Si/C3N4-CoSe,
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Fig. 4.19 a HER-current-potential for bare WSe,, and CNT/WSe, in 0.5 M H,SO,4. Commercial
Pt/C is shown for comparison, as well as the support CNT. b The corresponding Tafel plots of data
of figure (a). Figures a and b adapted with permission from Ref. [159]. Copyright © 2016
Elsevier B.V. All rights reserved. (¢) The HER on CoSe, material. The stability test (0—1000
cycles) is contrasted on the Cs;N4-supported and C3N4-non-supported chalcogenide (inset). Figures
adapted with permission from Ref. [218]. Copyright © 2016, American Chemical Society. d The
HER performance, in Ar-purged 0.5 M H,SO,, of pyrite-type beaded stream-like cobalt diselenide
nanoneedles (CoSe,-BSND) formed onto titanium foils. The insert shows the corresponding Tafel
plot. Adapted with permission from Ref. [168]. Copyright © 2016, Royal Society of Chemistry

(Marcasite)) as photocathode [164] to additionally demonstrate the solar hydrogen
production in a photoelectrochemical cell (PEC), delivering a photocurrent of
—4.89 mA/cm? at 0 V/RHE [218]. Interestingly, the HER on C;N4-CoSe,, in acid
medium, was verified, demonstrating the positive effect in performance and stability
with the carbon nitride (Table 4.8, Fig. 4.19c¢). In contrast, it seems that the CoSe,
(Pyrite) can be conditioned to a specific morphology as to display a higher HER
performance. In this direction, Lee et al. [168] reported the synthesis of this
chalcogenide in form of nanoneedles on flexible titanium foils via the Co3;0,4
nanoneedle array template with selenium vapor. The enhanced electrochemical
activity of this system, see Fig. 4.19c¢, is apparently facilitated by 3D structure.
Lamellar structured cobalt diselenide nanosheets onto titanium foils were synthe-
sized via the hydrothermal method by Xiao et al. [162]. Different morphologies of
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the materials were obtained via the catalyst mass loading variation, volume, and
reaction time. The HER-optimized material was found to be 0.83% of CoSe, onto
titanium plate, (Fig. 4.19d, Table 4.8). Again, the enhanced activity is due to the
direct growth of the cobalt diselenide onto titanium plate. The use of metal organic

Table 4.8 Hydrogen evolution reaction on W, Co diselenide

Materials Synthesis method Morphology Electrolyte |-n/V @ | Refs.
10 mA/
cm?
WSe, Solvothermal Graphene-like 0.5MH,SO, |0.31 [159]
structure
WSe,/CNTs Edge-rich 0.21
hybridized
nanosheets
WSe,/RGO Nanoflowers 0.23 [158,
anchored onto RGO 160]
WSe,/WO;3 Hydrothermal Rhombic 0.48 [157]
dodecahedron
WSe,/WO; Nanorods 0.37
CoSe, Hydrothermal Nanorods 0.23 [218]
CoSe,/C3Ny Nanorods grafted on 0.21
C3Ny
°CoSe,-PA Hydrothermal and | Particles on Ti foil 0.20 [168]
4CoSe,-BSND pyrolysis Nanoneedle arrays 0.12
CoSe, Hydrothermal: Nanobelts 0.338 [162]
CoSey/Ti absepce Or presence | perpendicular 0.152
of Ti foils nanosheets
CoSe,@DC Pyrolysis of NPs embedded in 0.132 [164]
Co-MOF, oxidation | carbon nanotubes
and selenization
CoSe,/DC Chemical synthesis | NPs onto defective 0.23
with DC carbon
MOF-CoSe, Pyrolysis of CoSe, nanoparticles 0.23 [165]
Co-MOF, and anchored in
selenization N-doped MOF
CoSe,/CFN Co-CFN olid-state | 3D nanonetlike 0.133 [133]
reaction and carbon fibers with
selenization at highly dispersed
500 °C NPs
CoSe, NS@CP | Hydrothermal in Dense and 0.162 [163]
the presence of CP | perpendicularly
packed nanosheets
CoSe,/CNT Spray pyrolysis for | Microsphere 0.174 [166]
CoO-CNT and composite
selenization

*Data extrapolated; "Composites with 10 wt%-SWNT-mass loading of 1.5 mg/cm?; “PA-Particles
on Ti foil; “BSND—Beaded Stream-like Nanoneedle
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framework (MOF) [219], as a chemical precursor, is an interesting strategy.
Cobalt-based MOFs (ZIF-67) was employed to generate cobalt nanoparticles
embedded in carbon (Co@C), after pyrolysis in Ar atmosphere at 800 °C, and
washing with acid overnight. The heat treatment of Co@C in air at 350 °C formed
Co5;0,@C, the chemical precursor for cobalt chalcogenide, after selenization at
450 °C to obtain the so-called chalcogenide nanoparticles embedded defective
carbon: CoSe,@DC [164]. The HER data generated on this material and the
comparison with DC supported one are summarized in Table 4.8. However,
although using similar chemical precursors, Lin et al. [165] reported the synthesis
of cobalt diselenide using cobalt-based MOF (ZIF-67) and thereafter selenization to
obtain MOF-CoSe,. The overpotential of HER of this material at j = 10 mA/cm?
was 0.23 V. This performance is lower than the former CoSe,@DC issued from
similar chemical precursors. Thus, apparently the oxidation chemical step after
pyrolysis [164] is a key factor. The morphology and conductivity of the support are
essential ingredients to enhance active sites for the HER performance of cobalt
dichalcogenide. In this connection, highly dispersed CoSe, NPs were deposited on
3D nanonet-like carbon fibers [133], by the in situ growth of interlayer expanded
lamellar cobalt diselenide nanosheets on carbon paper substrate (CoSe,NS@CP)
[163], or by producing macroporous CoSe,/CNT composites microspheres [166].
All these approaches led to an enhancement of cobalt dichalcogenide toward the
HER, as noted in Table 4.8.

Another metal center dichalcogenide based on Ni has been reported as an effi-
cient 3D electrode for the HER [169]. The solid-state selenization reaction at 450—
600 °C allowed the formation of NiSe, on Ni foam. The morphology obtained
depended on the selenization temperature. More active sites were, apparently,
created with the selenization temperature, so that the activity toward the HER
results more effective on the sample generated at 600 °C, as noted at a current
density of 10 mA/cm?. The overpotential data were: 0.19 V (450 °C), 0.16 V
(500 °C), 0.15V (550 °C), and 0.14 V (600 °C), respectively. Again, for the
TMDs discussed so far, the electrocatalytic activity (active sites) of the HER is
dominated by the morphology and the electrical conductivity of the material.

4.3.1.2 Hydrogen Oxidation Reaction (HOR)

Non-precious chalcogenide materials are essentially reported as electrocatalysts for
the oxygen reduction reaction (ORR), oxygen evolution reaction (OER), see
Sect. 4.3.2, and as discussed above, for the hydrogen evolution reaction (HER). To
the best knowledge, such materials have not been investigated for the hydrogen
oxidation reaction (HOR), neither in acid nor in alkaline medium due to lack of
activity both in acid and in alkaline media. However, the commencement of
alkaline membrane fuel cells development, the HOR in alkaline conditions
(2H; + 4OH — 4H,0 + 4e") has attracted an increasing interest since then.
Even, if chalcogenides have not been developed yet, it is interesting to mention that
non-precious catalytic centers have been investigated for HOR in alkaline polymer
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electrolyte fuel cell (APEFCs), as reported by Lu et al. [220] with chromium
surface-modified Ni NPs and by Hu et al. [221] with tungsten surface-modified Ni
NPs. The system still has some difficulties, first, since the availability of the alkaline
membrane is limited, and second, a non-precious anode is not straightforward. In
this connection, a ternary Ni-based metallic thin film (NiMoCo) electrodeposited
onto gold substrate was reported [147]. As shown in Fig. 4.20, the non-precious
trimetallic material outperforms the HOR under the same condition to platinum.
The activity was sustained at potentials lower than 0.1 V to avoid oxidation of the
material, leading to a passivation of nickel. Likewise, the effects are recorded on
Ni—Cr and Ni-W toward the HOR; Ni-Mo also offers an enhanced activity,
compared to Ni. Thus, in spite of the existence of tiny amounts of Co, it builds
hydroxide as well as nickel. The enhanced activities related to the hydrogen
bonding energy must be favorable in the ternary NiMoCo.

4.3.2 Materials for ORR/OER

Massive chalcogenide materials (sulfides, selenides, tellurides) with non-precious
metal centers, e.g., Co, Ni, W, Mo, Ti, Ta, have been reported as electrocatalysts for
the oxygen reduction reaction (ORR) in acid medium by Baresel et al. in 1974
[222]. The authors concluded that cobalt sulfide and cobalt-nickel sulfides showed
the best ORR activity in 2 M H,SO,, whereas chalcogenides with the same metal in
selenide or telluride environment were less active. The reason for such a difference
was not established, but attributed to a correlation between the ORR activity and the
decrease in the energy difference between the O, 2p-orbital and the highest occu-
pied d-orbital of the transition metal coordinated to sulfide; nonetheless, the
materials were not sufficiently stable to sustain the reaction in a fuel cell system. In
the same line, electrocatalysts containing non-precious metal centers and
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chalcogenide in the spinel structure (AB,X,) were also reported in 1975 by Behret
et al. [223]. These materials (A3X4: A = Co, Ni, Fe; X = S, or A = Mn, Fe, Co, Ni,
Cu, Zn; B =Ti, V, Cr, Fe, Co, Ni; X =S, Se, Te, O), synthesized at 300 °C
(solid-state reaction), demonstrated a non-negligible ORR activity in 1 M H,SO4
medium. The Co3S, and Ni3S,4 present an open-circuit potential of 0.8 V/RHE, as
shown in Fig. 4.21. The figure clearly shows, within the spinel structure, the
electrocatalytic effect of the metals: Co > Ni > Fe. In 0.1 M KOH solution.
Kitayama et al. [224] reported that thiospinel CosS, is an effective catalyst for the
ORR, assessing that the multi-electron charge transfer (four electrons) proceeded on
cobalt sulfide electrode. The contributions of Baresel et al. [222] and Behret et al.
[223] is the hallmark into the use of “exotic” materials based on chalcogenides for
the ORR. On the other hand, the OER process with a more important overpotential
due to the complex oxidation process (cf. Chap. 2, Sect. 2.2.2) [225] has been
restricted to the use of Ir and Ru oxide-based electrocatalyst (cf. Fig. 2.12). The
important issues for application is the stability of the material and the support (see
Chap. 5). In working conditions, the dissolution, in acid as well as in alkaline, of
RuO; is higher than IrO, [226]. In this context, Co and Ni oxide-based materials
have shown comparable OER activities to IrO, [227]. From these facts, Co and Ni
metal centers for the OER process are essential ingredients in the development of
novel electrocatalyst, and cobalt sulfide has been recently reported for the OER
[228-230].

4.3.2.1 Oxygen Reduction Reaction (ORR)

M-Sulfide (M: Co, W, Mo, Fe). Following the research on massive chalcogenide
materials, cobalt sulfide was taken as a model to understand the activity reported in
the 1970s. Quantum computational calculation, using as a model CogSg, determined
that the (202) surface was partially OH-covered, at an onset potential of 0.74 V/
RHE, thus active for ORR [231], and further predicting that oxygen bonding also
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takes place on a non-metallic site, i.e., sulfur. The synthesis of nanoparticulated
(50-80 nm) cobalt sulfide was first performed using an in situ free-surfactant
approach using cobalt carbonyl (Co,(CO)g) in organic solvents mixed with carbon,
and oleic acid and tri-octylphosphine oxide (TOPO) as surfactants to prevent the
particle aggregation, followed by sulfurization (and/or selenization) [225]. Thus,
carbon-supported Co3S4 was generated. The ORR electrocatalytic activity of 20 w
% Co03S,4/C in acid medium is displayed in Fig. 4.22a. The effect of blocking sites
by surfactant is also displayed on the sample Co3S4-01, whereas the surfactant-free
samples (C03S4-02; Co3S4-03) show higher activity. Herein, the predicted ORR
onset potential read on the current—potential characteristic approaches the predicted
value of 0.74 V. Using physical methods, chalcogenide thin films were prepared by
magnetron sputtering [232]. The electrocatalytic nature, of pyrite generated mate-
rials, namely CoS,, and (Co-Ni)S, thin films deposited onto glassy-carbon sub-
strates, was examined in acid medium and compared to NiS, (Fig. 4.22b). The
Tafel plot (inset) displays these data against platinum thin-film electrode; among the
chalcogenides, (Co-Ni)S, is better, but still 1.5-2 orders of magnitude lower than
Pt. Moreover, it seems that the ORR activity differences among these chalcogenide
materials is determined by the synergy effect of Co and Ni in the pyrite structure, as
evidenced by Raman and XDR techniques. The hydrothermal chemical route was
employed to generate CoS, and investigated toward the ORR in alkaline medium
[124]. It is worth to note that the authors obtained CoS, NPs of ca. 31 nm that
showed tolerance to small organics, like methanol, and that the ORR activity
depends on the catalytic site density (mass loading) similar to the phenomenon
reported for platinum, cf. Fig. 2.19, and other non-platinum catalytic centers, e.g.,
CoSe, [233]. Nanocrystalline CoS, was generated by hydrothermal process, by
Jirkovsky et al., [234]. By optimizing the weight ratio CoS,/C (physical mixture),
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Fig. 422 a Linear voltammetry, in O,-saturated 0.5 M H,SO, at room temperature, and
1600 rpm, for 20 wt% Co3S4/C-01, —02 and —03. Scan rate of 5 mV/s. The catalyst loading was
11 pg cm™ 2 Dashed line recorded under nitrogen-saturated electrolyte. Reprinted with permission
from Ref. [225]. Copyright © 2008, American Chemical Society. b ORR performance of NiS,,
CoS, and (Co,Ni)S, films in 0.1 M HCIlO, solutions at 2000 rpm and scan rate of 5 mV/s. The
insert shows the corresponding Tafel plots for the same materials compared to Pt. Adapted with
permission from Ref. [232]. Copyright © 2008 Elsevier Inc. All rights reserved
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the authors determined experimentally that the highest ORR activity in acid med-
ium was obtained with a ratio of CoS,/C of 1. The high hydrogen peroxide pro-
duction on this system was suppressed by increasing the catalyst dispersion,
attaining a performance similar to Ru,Se,.

Some chalcogenides have been tested as bifunctional electrocatalyst for ORR
and OER (cf. Fig. 2.2; see next Sect. 4.3.2.2). Hybrid electrocatalyst can provide
this possibility. WS, sheets on carbon nanotubes (CNTs) connected via tungsten
carbide (WC) that provide low-resistance for charge transfer have been engineered,
as an example [235]. The interconnected structure and growth of WS, sheets on
CNTs via WC were confirmed by XRD and XPS. The ORR electrocatalytic per-
formance in 0.1 M KOH at 1600 rpm is displayed in Fig. 4.23. The number of WS,
sheets (ca. 4-5 layers) in the sample noted CSW2 showed the best performance, as
compared to CSW1 (2-3 layers) and CSW3 (10 layers), clearly demonstrating an
optimum in the number of catalytic sites with the conductivity of the support of the
complex hybrid structure schematized in the inset of Fig. 4.23a and Table 4.9. The
hybrid structure was also tested for the OER and reported in Sect. 4.3.2.2. Since the
WS, and MoS, are semiconducting materials, it was thought that doping these
materials could be beneficial to catalyze the ORR (HER). However, the effect of Nb
and Ta as p-type dopants on WS,, and MoS,, produces, on the one hand, a high
percentage of 1T-phase in WS, and, on the other hand, a negative electrocatalytic
effect on the ORR, as well as on the HER compared to their undoped counterparts
[236]. This work shows that various challenges of fundamental interest in the
TMDs materials science need to be pursued.
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Fig. 4.23 a ORR-performance in O,-saturated 0.1 M KOH electrolyte hybrid structured WS,-
CNT materials noted as CSW1 to CSW3. WS,, CNT, and Pt/C serve as comparison. The inset
shows the morphology of the hybrid materials and the possible ORR mechanism. Adapted with
permission from Ref. [235]. Copyright © 2017 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. b ORR performance of MoS,-based hybrid materials (M-CMP2-800) in O,-saturated
0.1 M KOH. Measured at 1600 rpm and 5 mV/s. The inset schematizes the surface process.
Adapted with permission from Ref. [241]. Copyright © 2016 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. The RHE scale for both figures was calculated: E = Exg¢y + 0.222 + 0.059 pH
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Table 4.9 Oxygen reduction reaction on Co, W Mo, Fe sulfide materials

Catalysts Onset potential E;; versus | Medium | Catalyst Refs.
versus RHE/V RHE/V loading/pg cm >

Co055,4-02 0.68 NA 05M |11 [225]
H,SO,

CoS, 0.82 NA 01M |°TF [232]

(Co-Ni)S, 0.89 NA HCIO,4

CoS,/C (ratio = 1) |~ 0.80 ~ 0.72 1.5 pm thick [234]

layer

CoS, 0.94 0.71 01M |100 [124]

3CSW1 0.90 0.55 KOH 200 [235]

bcsw2 0.98 0.82

‘CSW3 0.75 0.55

MoS, 0.80 0.64 283 [238]

P-Mo0S,-0.2 0.96 0.80

MoS, 0.76 0.64 283 [239]

0-MoS,-87 0.94 0.80

MoS,/N-RGO 0.89 0.77 35 [240]

4CMP2-800 NA 0.751 600 [241]

*M-CMP2-800 1.01 0.859

MoS,/G-500 (0.5:1) | 0.84 0.75 600 [242]

MoS,/G-500 (1:1) | 0.91 0.80

MoS,/G-500 (1.5:1) | 0.85 0.72

MoS,/Pd 0.97 0.81 10 [244]

FeS, 0.77 NA 01M |°TF [246]

(Fe-Co)S, 0.80 NA HCIO,4

%0.06 mmol WS,/WC/CNT; %0.125 mmol WS,/WC/CNT;  €0.25 mmol WS,/WC/CNT;
9Micro-porous carbon generated from pyrazine-containing polymer; *MoS, in Micro-porous
carbon generated from pyrazine-containing polymer; °TF: thin film

Prior to any doping, comparable phenomenon (exfoliation) on MoS, toward the
HER (cf. Table 4.5), the Mo edges of MoS, NPs were tested to be responsible for
the ORR activity [237]. Instead, this work also reports on the effect of NPs size.
These exfoliated nanoobjects were obtained via a combination of sonication and
centrifugation (1000-12,000 rpm), from MoS,, dispersed in dimethyl formamide
(DMF). The material obtained at 12,000 rpm, corresponding to 2 nm MoS,,
showed the largest limiting current at 0 V/RHE (—1 V/SCE). Coming back into the
context, the doping with low-electronegative phosphorous (via annealing at 600 °C
sulfourea, red phosphorous and MoOs;) [238] and oxygen (through hydrogen per-
oxide incorporation in the synthesis after pyrolysis of ammonium molybdate,
thiourea, and layered g-C;N,4 template) [239] into the plane of MoS,, as confirmed
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by XPS, induced positive effect toward the ORR in alkaline medium, as assessed by
the half-wave potential shift into the positive values; see samples P-MoS,-0.2 and
O-MoS,-87 (higher oxygen content) in Table 4.9. The combination of highly
conductive support like nitrogen-doped graphene (N-RGO) with molybdenum
sulfide can compensate for the semiconducting property of the chalcogenide. By a
simple physical mixing of commercial MoS, and NRGO, Zhao et al. [240] reported
ORR improvement of the system. The authors claim that the MoS,/N-RGO hybrid
obtained by loading MoS, sheets onto N-RGO through ultrasonication improved
the electrocatalytic ORR activity via the exposed active edges as well as the syn-
ergistic effect and reduced contact resistance at the interface of MoS,/N-RGO, but
the reported performance is still poor (Table 4.9). In this regard, two-dimensionally
core-shelled system, 2D MoS,/N-CMP-T (nitrogen-doped porous carbon) hybrid,
was synthesized by pyrolysis of 2D porous polymer/MoS, sandwiches. In the
structure of the hybrid, both sides of ultrathin MoS, nanosheets are electrically
contacted with the nitrogen-doped porous carbon treated at 800 °C (M-CMP2-800)
[241] (see inset in Fig. 4.23b). This material showed an excellent ORR in 0.1 M
KOH. Herein, contrary to non-supported materials, the strong interaction between
nitrogen-doped porous carbon and the chalcogenide via covalent functionalization
is favorable to boost the ORR process (Fig. 4.23b, Table 4.9). Using the
hydrothermal synthesis chemical route, Arunchander et al. [242] developed
flower-like MoS, incorporated onto graphene. The hybrid material MoS,/G-500
obtained, via a-two step method, i.e., MoS,, by hydrothermal, then mixing with
graphene and pyrolyzing at various temperatures (400, 500, 600 °C), was evaluated
in alkaline medium. Interesting results were obtained that allowed the authors to
pursue the test, as cathode, in an alkaline electrolyte membrane fuel cell (AEMFC),
a system giving a peak power density of 29 mW/cm?.

Previous to this work of Arunchander et al. [242], Zhou et al. [243] reported
hierarchical MoS,-reduced graphene oxide (MoS,-rGO), prepared by the
hydrothermal procedure, in which hierarchical MoS, nanosheets grew onto rGO
sheets. This material delivered a modest ORR activity in alkaline medium with an
onset potential of 0.8 V/RHE, a bit positive compared to MoS, (0.7 V/RHE). This
latter is in agreement with other data on similar systems reported so far (cf.
Table 4.9). Paths toward a facile synthesis route of hybrids based on TMDs
materials have been devised to promote synergistic effects, as documented in
Table 4.9. In addition, other composites having electrocatalytic NPs onto the
chalcogenide have been reported [244]. Using the sonochemical route, composites
of MoS,/Pd were generated. Based on the idea that catalytic metal NPs can strongly
hybridize on graphene layers, such catalytic NPs could interact similarly onto
exfoliated layers of MoS, under a high intensity ultrasonic irradiation. As a result,
the combination of the ultrathin nanosheets of MoS, as support and a highly
dispersed Pd NPs is favorable for the ORR (see Table 4.9). As an important class of
2D materials (like graphene) MoS, has been very widely studied in the last years,
because of its intriguing properties, and computational studies appear as a nice tool
to design and further develop the material. In this connection, it is predicted that
heteroatoms doping can be beneficial for the ORR process, since the energy barrier
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and overpotential can largely decrease if a MoS, monolayer is doped with Nitrogen
[245]. Out of these 2D TMDs, the pyrite compound was also reported as an ORR
electrocatalyst material. Similar to CoS, and (Co-Ni)S, (see Table 4.9), FeS, and
(Fe-Co)S, thin films deposited onto glassy carbon substrates were produced by the
magnetron sputtering method and examined in acid medium [246]. The difference
in these materials was the binding energy of S 2p5, signal in (Fe-Co)S,, which was
shifted to higher binding energies compared to that from FeS, films. Again, the
electronic structure of pyrite changes upon addition of cobalt atoms. This phe-
nomenon impinges a positive effect toward the ORR process, although rather poor
against platinum thin films, since the magnitude of current, at an electrode potential
of 0.6 V, is three orders or magnitude lower.

M Selenide (M: Co, W, Mo, Fe) Soft chemistry based on the pyrolysis of transition
metal carbonyl complexes and selenium in powder form in the refluxing conditions
of an organic solvent has been applied to the synthesis of metal selenides based,
e.g., on Co, Fe, Mn metal centers [247]. A method which was widely used in the
synthesis of Ru-based selenides (Chap. 1, Sect. 1.4). Since this method presents
some drawbacks (e.g., unreacted selenium or toxicity of some metal carbonyls), its
modification avoiding organic solvents led to the use of green solvents like water
and/or using a free-surfactant method. This approach was employed to generate
Co3S,4 compounds described in Fig. 4.22a.

Taking advantage of the dispersing property of black carbon, carbon-supported
(20 wt%) CoSe, NPs were obtained [225]. Figure 4.24a displays the effect of
heating during the synthesis on two samples CoSe,/C-01 (conventional heating) and
CoSe,/C-02 (microwave heating). These first data opened the path to further
improve materials synthesis aiming at enhancing the ORR activity. Like the
pyrite-type (cubic structure) 3d transition cobalt disulfide, CoS,, cobalt diselenide,
CoSe,, is a metallic compound, whose valence bands are composed essentially of
strongly hybridized Co 3d and Se 4p states [248], which are certainly key to favor
electrocatalytic reactions (cf. Fig. 1.10). From a structural point of view, cobalt
diselenide has two structural phases: orthorhombic and cubic. It was found that the
cubic phase is more active than the orthorhombic one for the ORR in acid medium
[249, 250]. The in situ surfactant-free method allowed to produce, using conven-
tional heating, such nanoobjects in mild conditions. The as-prepared sample
developed the orthorhombic phase under a heat treatment under nitrogen atmosphere
between 250 and 300 °C (avg. crystallite size of 14 nm, 0-CoSe,-300C), whereas
the cubic phase was formed between 400 and 430 °C (avg. crystallite size of 26 nm,
c-CoSe,-430C). The various ORR activities on the samples are contrasted in
Fig. 4.24a. With respect to the structural aspects of the material, a clear improvement
was obtained, without considering any influence of the support, with a 3.5 ¢/
molecular oxygen charge transfer promotion. An aspect of paramount importance is
the material’s tolerance to methanol during the ORR. Figure 4.24d shows this
phenomenon, compared to platinum in acid medium, with the carbon-supported
sample (0-CoSe,-300/C). One remarks a practically complete tolerance to CH;0H
[250], since there is no mixed-potential, which is present in Pt/C. Electronic
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Fig. 4.24 a ORR current—potential RDE curves of CoSe,/C-01, synthesized by the conventional
heating, and CoSe,/C-02 synthesized by the microwave heating, in O,-saturated 0.5 M H,SO, at
room temperature. b The corresponding Tafel plot, after the mass-transfer correction of data of
figure (a). Figures a and b adapted with permission from Ref. [130]. Copyright © 2008
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. ¢ ORR current—potential RDE curves of
CoSe,/C NPs as prepared, and annealed at the indicated temperatures in O,-saturated 0.5 M
H,SO,4 at 2500 rpm, and 25 °C, scan rate of 5 mV/s. d ORR characteristics in the presence of
methanol of CoSe,/C (heat-treated at 300 °C) compared to Pt/C, at 2500 rpm, and 5 mV/s. Figures
¢ and d Reprinted with permission from Ref. [250]. Copyright © 2010 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim

modification of the catalytic center is a key question. An attempt was done to
produce Co—W-Se material [251], synthesized by the carbonyl chemical route and
selenium powder in xylene organic solvent (cf. Fig. 1.13). XPS results specified
positive binding energies shift of Co 2p5,,, and W 4f,,, in Co—W-Se materials, with
respect to the element in their binary environment (CoSe,, WSe,), thus strongly
indicative of a charge transfer of the metals (Co, W) to selenium. This apparent
electronic modification did not improve the multi-electron charge transfer, since the
limiting current obtained was essentially a two-electron process (Table 4.10). This
process depends on the number of the catalytic site density and is independent of the
nature of the catalytic center [77] (cf. Fig. 2.19). To illustrate this effect on a
non-precious catalytic center, Fig. 4.25 shows the production of hydrogen peroxide
with mass loading of CoSe,. [233] measured by the rotating ring-disk electrode
(RRDE) technique. Assuming a similar thickness on each sample, one can correlate
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Table 4.10 Oxygen reduction reaction on Co, W, Mo selenide materials

Catalysts Onset potential E;; versus | Medium | Catalyst Refs.
versus RHE/V RHE/V loading/pg cm >

3CoSe,/C-01 0.72 NA 05M 11 [130,

5CoSe,/C-02 0.72 NA H,50, 225]

0-C0Se»-300C/C | 0.78 °~0.56 22 [250]

c-CoSe,-430C/C | 0.81 ~0.59

Co-W-Se/C 0.76 ~0.60 270 [251]

CoSe/C 0.82 °~0.70 450 [253]

CoSe, o/C 0.637 NA 100 [254]

CoSes o/C 0.705 NA

CoSe,/C 0.81 °~0.68 609 [255]

Pt/CoSe, 1.01 NA 50 [256]

dCoW,Se/C 0.79 NA 250 [263]

dCoW, 40Se/C 0.81 NA

CoSe,/N-C (2) 0.79 0.609 450 [257]

CoSe»/N-C (5) 0.663

CoSe,/N-C (10) 0.711

CoSe,/C 0.85 0.71 0.1M 44 [127]

fCoSe,/GCP 0.93 0.81 KOH 51 [258]

CoSe,/NCNH 0.9 0.81 214 [259]

CoSe/C 0.79 0.70 285 [260]

CoSe/NG25(1000) |0.92 0.86

WSe, 0.88 °~0.77 100 [262]

-WS, 0.97 °~0.83

Pt-WSe,/C-800 °~0.82 ~0.66 05M [264]

H,SO,
MoSe, 0.88 °~0.77 01M |100 [262]
- MoSe, 0.97 °~0.83 KOH

“Via conventional heating; "Via microwave heating; “Estimated data from plots; 4Orthorhombic;
°The number in parenthesis means the ratio (Se/Co) used in the synthesis; "Material obtained a
750 °C

the catalytic site density. The figure shows that typical catalyst mass loadings can be
limited to a percentage of hydrogen peroxide production. For non-precious catalytic
metal centers, the low mass loading affects the thickness and therefore the ORR
kinetics, and an increased mass transport loss at high current densities can take place
[252]. Microwave-assisted polyol process for cobalt selenide has been pursued on
nanoporous carbon using Co(Il) acetate and sodium selenite as precursors. The
material generated (CoSe) corresponded to a hexagonal phase (Freboldite).
The ORR catalytic activity of CoSe/C was examined in acid medium, showing also a
very high tolerance in the presence of small organics, namely methanol, ethanol,
2-propanol, ethylene glycol, and formic acid in a concentration span of 2—10 M
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[253]. This property of CoSe/C is interesting in mixed-reactant systems (see Chap. 6).
Moreover, employing the similar microwave technique, Li et al. [254] reported the
synthesis of carbon-supported CoSe,/C to understand the role of how selenium
affects the ORR activity. Cobalt acetate and selenium dioxide were used as pre-
cursors with different Se/Co mole ratios, and samples heat-treated at 400 °C to
obtain the pyrite (cubic) structure. For Se/Co from 2 to 4, the crystallite size
decreased, and the ORR activity shifted positive with Se/Co ratio, leveling at Se/
Co = 3. This material (CoSe; (/C) showed the best activity toward ORR and stability
in acid solution. Furthermore, the CoSe, (pyrite structure), unlike the microwave
technique, was synthesized by a wet-chemical route using cobalt salts (CoSO,4.H,0),
selenium dioxide (SeO,), and a reducing agent NaBHy, followed by a heat treatment
at 600 °C [255]. The carbon-supported material gave similar results, assessing that
CoSe; activity, in acid medium, is higher than that on thin films of CoSe hexagonal
phase. In addition, the evaluation of the hydrogen peroxide production was done
with the mass loading. One way to boost cobalt diselenide was the synthesis of
carbon-free Pt/CoSe, nanobelt as ORR methanol-tolerant catalysts. Following the
solvothermal route to produce CoSe,/DETA (diethylenetriamine) nanobelts, Gao
et al. [256] reported that Pt NPs (avg. size of 8.3 nm) can be simply deposited by
reaction exchange onto CoSe,/DETA nanobelts. This material presented an onset
potential similar to Pt/C catalyst. However, the ORR current—potential shape
exhibited a broad mixed kinetic diffusion region (absence of a diffusion-limiting
current). Remarkably, the nanohybrid material was insensitive to high concentra-
tions of methanol (5 M) whereas, as is well-known, the ORR activity on Pt/C
catalyst is significantly reduced even at low concentration (0.05 M). The effect of
synergy of tungsten on cobalt selenide was undertaken by pyrolysis of corre-
sponding carbonyl compounds in 1,6-hexanediol solvent. The so-called W-doped
Co-Se catalysts showed a high catalytic activity for the ORR in acid solution. The
generated catalysts presented structural characteristics of orthorhombic CoSe, with
presence of tungsten oxide (WO3). The presence of this oxide was put in evidence by
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XPS. Indeed, the binding energy (Eg) of W 4f;, in the Co-W-Se compound is
3.1 eV higher than that of WSe, (W 4f;,, = 32.2 eV) and similar to Eg of WO3 (W
4f5, = 35.4 eV). Thus, it is thought that the oxide in Co—W-Se modifies the electron
density of selenium. Since, non-precious metal centers lack of sufficient activity and
stability, one devised way to boost; e.g., the stability, in acid medium, of CoSe,, is
using other kinds of supports. Through a detailed synthesis, and characterization of a
variety of N-doped carbons, Chao et al. [257] reported the synthesis of CoSe, (pyrite
structure) using the best N-Carbon (generated at 800 °C) containing 6.1 wt% and
Co/Fe 4 wt% (issued from the chemical precursors used in the preparation). The
chalcogenide was obtained by the carbonyl route, blending Co,(CO)g, N-Carbon, in
xylene solvent, and thereafter addition of selenium in xylene submitted to the solvent
reflux conditions. Thereafter, it was heat-treated at 400 °C. Herein, to assess the
material’s phase structure, the authors varied the ratio of Se/Co (= 2, 5, 10, and 25).
Thus, with a ratio of Se/Co = 2, the material’s structure was dominated by the
orthorhombic phase; when Se/Co > 5, the cubic phase emerged; otherwise, sharper
XRD lines of the cubic phase were present at Se/Co = 25. The impact of the
material’s synthesis is reflected in the ORR process (Table 4.10). However,
Fig. 4.26 contrasts the stability effect of the Vulcan—Carbon vis-a-vis the N-Carbon
supports. It is clearly shown that the activity and stability of CoSe, pyrite (half-wave
potential shift) are better on the N-Carbon. No insights were further given for this
effect. So far, the data shortly summarized in Table 4.10 report on the ORR of cobalt
selenide in acid medium. The alkaline medium is a medium where non-precious
metal centers show outstanding ORR activities. One of the first works to evaluate the
carbon-supported pyrite CoSe,, in alkaline medium, was reported by Feng and
Alonso-Vante [127]. The results, as compared to acid medium [233], cf. Fig. 4.24c,
for the same material confirmed a more facile ORR kinetics, stability, Fig. 4.26c,
and tolerance to methanol tested up to 5 M concentration (Fig. 4.26d). In the
alkaline medium, again, the HO, release depends on the catalytic site density. The
metal organic framework (Co-MOF: ZIF-67) was proposed as support that provides
during the thermal carbonization, N-doped graphitic carbon. The product, CoSe,/
GCP, was obtained by ZIF-67 combustion in the presence of selenium, in argon
atmosphere, at various defined temperatures (450-900 °C). The material gener-
ated at 750 °C showed the highest ORR performance [258]. Although the current—
potential characteristic shape was somewhat dominated by kinetic factors, the
authors claim that CoSe,/GCP outperformed the activity of commercial platinum
catalysts. Other types of supports based on nitrogen-doped carbon nanohorns [259],
and nitrogen-doped RGO has been reported [260]. In the former one, as depicted in
Fig. 4.27a, the nanohorns were nitrogen doped with urea and heat-treated at 800 °C,
serving as a support to cobalt diselenide, made from cobalt chloride and selenium
oxide reduced by NaBH,, to obtain CoSe,/NCNH. In the latter one, nitrogen-doped
reduced graphite oxide was prepared by high-temperature pyrolysis from a
polypyrrole/GO composite, serving also as support to cobalt diselenide, made from
cobalt sulfate and selenium oxide reduced by NaBH,, followed by a heat treatment
of 600 °C, to obtain CoSe,/NCNH (see Fig. 4.27b). The pyrite (CoSe,) and the
hexagonal (CoSe) phases perform better on N-doped carbons, as compared to their
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Fig. 4.26 Stability tests performed in O,-saturated H,SO,, 1600 rpm, and 10 mV/s. for
a Carbon—Vulcan-supported CoSe,; b N-doped carbon-supported CoSe,. The total activity
decays after 1000 CV cycles is noted by the change of the half-wave potential (4E;,). Figures
a and b reprinted with permission from Ref. [257]. Crown copyright © 2013 Published by Elsevier
Ltd. All rights reserved. ¢ Stability test in O,-saturated 0.1 M KOH at 2500 rpm of
carbon-supported cubic CoSe, (20 wt% mass loading) after cyclic voltammetry scans in N,-
saturated 0.1 M KOH at 25 °C (see inset). d Linear sweep scans (5 mV/s) at 2500 rpm in 0, 0.05,
0.5 and 5 M methanol electrolyte containing 0.1 M KOH saturated with O, at 25 °C. The lower
panel compares the Pt/C performance under the same conditions. The gray line was recorded in
Nj-saturated 0.1 M KOH containing 5 M methanol. Figures ¢ and d reprinted with permission
from Ref. [127]. Copyright © 2012 Elsevier Ltd. All rights reserved

counterparts on carbon (e.g., Vulcan XC-72) toward the ORR. The important
ingredient in N-doped carbons, as confirmed by XPS, is the concentration of
pyridinic-specific bonding on carbon. Furthermore, the morphology plays an
important role, since these N-doped carbons (single-wall carbon nanohorns-
SWCNH; Graphite) develop during the pyrolysis process more active sites and
increase pore size and volume, affecting favorably the ORR process, as confirmed by
the current—potential curves in Fig. 4.27c, d.

The proliferation of Pyrite (CoSe,) toward the ORR leads to the examination of
other metal center selenides, such as layered compounds: WSe, and MoSe, for the
same finality. Through their exfoliation [261], they offer an interesting surface
chemistry flexibility to engage electrocatalytic processes. In this background, the
layered TMDs (2D materials), considered as a graphene analogue, combined with
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Fig. 4.27 a Schematic synthesis of NCNH (nitrogen-doped carbon nanohorns)-supported CoSe,.
b Schematic synthesis of GO and N-doping process thereof onto which hexagonal-CoSe is
chemically deposited. ¢ ORR performance of various C-, CNH-, NCNH-supported CoSe,
electrocatalysts in oxygen-saturated 0.1 M KOH, 1600 rpm, and a scan rate of 5 mV/s. d ORR
performance of various carbon-supported hexagonal CoSe. In both cases Pt/C served as reference.
Figures a and ¢ adapted with permission from Ref. [259]. Copyright © 2015 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim. Figures b and d adapted from Ref. [260]

graphene (reduced graphene oxide—RGO) generate nanocomposite materials
(g-WSe, and g-MoSe,) that take advantage of the conductivity of RGO, and the
catalytic centers of the semiconducting materials. Nanocomposites of g-WSe, and
g-MoSe, were synthesized [262] chemically using exfoliated GO, WClg (or MoCls)
with selenium powder in oleylamine, and refluxed at 280 °C in nitrogen atmo-
sphere, further centrifugated and finally heating the product at 450 °C. The inter-
action of RGO with the TMDs was assessed by Raman spectroscopy. The ORR
performance, compared with their unsupported counterparts, is contrasted in
Fig. 4.28. The composite electrodes show a favorable ORR performance, con-
firming the significant contribution of the single-layer graphene (Table 4.10).
Further modification of the WSe, has been sought using porous carbon and as a
co-catalyst Pt NPs.

Pan et al. [264] reported Pt—WSe,/C-800 as the best ORR electrocatalyst in acid
medium, exhibiting higher tolerance to methanol. However, judging the ORR
characteristics of this material (cf. Fig. 6a in Ref. [264]) under the same hydro-
dynamic conditions (although not in the same electrolyte medium), the performance
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Fig. 4.28 ORR-current
potential characteristics of
MoSe,, WSe,, g-MoSe,, g—
WSe,, in O,-saturated 0.1 M
KOH, scan rate of 10 mV/s,
at 1600 rpm. Pt/C is used as
reference. Adapted with
permission from Ref. [262].
Copyright © 2015, Royal
Society of Chemistry.

The RHE scale was
calculated:

E = EAgCl + 0.222 + 0.059
pH
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Table 4.11 Oxygen evolution reaction on some metal chalcogenide materials
Catalysts Onset Potential | 7opr @ Medium | Catalyst Refs.
versus RHE/V | 10 mA cm™%/V loading/pg cm™>
CoSe, 1.60 0.52 0.1 M 200 [284]
Mn;0,/CoSe, ~1.47 0.45 KOH
NG- CoSe, 1.52 0.366 [285]
CoTe, ~1.52 0.357 250 [286]
CoTe ~1.5 0.365
CeO,/CoSe, ~1.39 0.288 200 [287]
Ni,Fe, ,Se,-DO ~ 14 0.19 1M - [288]
Zng.76C00245/CoS; | 1.55 043 KOH 1000 [290]

of Pt—WSe,/C-800 remains at the level of WSe, (Fig. 4.28; Table 4.10). Additional
materials’ designs using the hydrothermal approach have been proposed, e.g.,
multi-functional WSe,/CdS, MoSe,/CdS [265] and WSe,/MoO3;, MoSe,/WO;3
[157]. Moreover, the ORR current—potential characteristics of these nanohybrid
materials, prepared at 200 °C, with peculiar morphologies, are kinetically con-
trolled, although the trend for the onset potential was: MoSe,/MoO; (0.84 V/
RHE) > WSe,/WO; (0.78 V/RHE), whereas on the nanohybrid dots (NHDs) the
trend was MoSe,:CdS (—0.46 V/RHE) < WSe,:CdS (—0.26 V/RHE), obtained by
linear sweep voltammetry. The bifunctionality of these hybrids materials was also

investigated.
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4.3.2.2 Oxygen Evolution Reaction (OER)

The oxygen evolution reaction (OER) is a fundamental process in the electrocat-
alytic water splitting (cf. Fig. 2.3). Together with the oxygen reduction (ORR), both
processes are also fundamental for rechargeable metal-air batteries. The best
electrocatalysts for the OER are precious metal oxides-based materials, specifically,
RuO, [266-269], IrO, [267, 268], recently revised [226], and theoretically
rationalized [270]. As a matter of fact, the comparison of OER electrocatalysts is
made at a current density of 10 mA cm ™ considered as a metric relevant to an
integrated solar water splitting device [271] and a figure of merit to compare
electrocatalytic activity [268]. The subject matter of this section is devoted to
discuss recent progress done so far on metal chalcogenide materials. Due to the
versatile physical-chemical properties, pyrite materials are merging as potential
materials for the OER.

Cobalt-based nanomaterials have become popular to tailor OER interesting
electrocatalysts, including cobalt oxide [272, 273], mixed oxides [274, 275], hydro
(oxy)oxides [276], phosphates [277, 278], perovskites [279-282], and chalco-
genides [235, 283]. Gao et al. [284] reported that CoSe, can oxidize water delivering
a current density of 10 mA ¢cm™? at an overpotential of 0.45 V in alkaline solution
(0.1 M KOH), with an enhanced stability. The material was based on a hybrid
between cobalt diselenide and manganese oxide: (Mn3;0,4/CoSe,). This material was
synthesized by the polyol method where Mn3;O,4 NPs (average particle size 15.7 nm)
were anchored, via a heterogeneous nucleation process, on CoSe,/DETA (precursor
used to produce Pt/CoSe,, cf. Table 4.11). The OER performance on Mn3;0,4/CoSe,
is contrasted with those of single counterparts, Fig. 4.29. The XPS analysis on this
material revealed that the binding energy of Co 2p;/, decreases in the presence of
Mn;0, indicating a charge transfer from the oxide sites to CoSe,. As a consequence,
this phenomenon creates a synergy effect between the generated Lewis (oxide) and
acid (pyrite) sites improving the OER activity. With the same finality, a cobalt
composite electrocatalyst was designed using the graphene to generate
nitrogen-doped cobalt-based composite. The synthesis was performed via the
hydrothermal reduction approach using graphene oxide (GO) sheets onto which
CoSe, nanobelts were nucleated at 180 °C, in a medium containing DETA/H,0, to
obtain NG—CoSe,—nanobelt composite [285]. The ORR performance of this com-
posite outperforms pure CoSe, nanobelts, and Pt/C, and that of RuO, at current
densities higher than 10 mA cm 2 The synergy phenomenon, attested by XPS, and
Raman spectroscopies, is into play between the nitrogen moieties (pyridinic, pyr-
rolic, graphitic) of the support (rGO) and the chalcogenide. Moreover, a slightly
more OER efficient pyrite material was found with CoTe, [286]. The synthesis of the
material was done by a chemical transformation process of ultrathin Te nanowires
(1D), as templates, of hierarchical CoTe, and CoTe nanofleeces via the polyol
reduction chemical route, and heat-treated at 200 °C, 220 °C, to generate, by
changing the concentration of Co(acac) from simple to double, CoTe,
(orthorhombic) and CoTe (hexagonal), respectively, as revealed by XRD mea-
surements. The electrocatalytic OER activities of both materials showed that CoTe,
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Fig. 4.29 a OER current potential characteristics on glassy carbon (GC), Mn3O4 NRs, pure
CoSe,/DETA NBs (DETA = diethylenetriamine; NBs = nanobelts), and hybrid Mn3;04/CoSe;, in
O,-saturated 0.1 M KOH (pH ~ 13) using a mass loading of 200 pg/cm® b The corresponding
Tafel plot of data in figure (a). 20 wt% Pt/C was used as a reference material. Figures a and
b adapted with permission from Ref. [284]. Copyright © 2012, American Chemical Society.
¢ iR-corrected OER current—potential characteristics, at 5 mV/s, in O,-purged 0.1 M KOH, on
glassy carbon (GC) and GC modified with materials, such as RuO, (as a OER reference
electrocatalysts), CoSe,/DETA NBs, and CeO,/CoSe, hybrid (catalyst loadings of 200 ug/cmz.
(d) The corresponding Tafel plot of data in figure (c). Figures ¢ and d adapted with permission
from Ref. [287]. Copyright © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

was more active than CoTe, Pt/C, and RuO, in 0.1 M KOH (see Table 4.11). It
appears that the superior performance of CoTe, versus CoTe can be due to the high
surface area, and the electrical conductivity, as assessed by BET and capacitance
measurements. From a mechanistic point of view, the facets (120—orthorhombic)
and (101—hexagonal) of these two-structural phases dominate and determine the
difference in the overpotential, as rationalized by DFT calculations. Moreover, by
coupling chemical and electrical properties in functional materials a superior OER
activity could be developed. The grafting of CoSe, to oxygen-vacancies rich oxide
(CeO,) represents an example [287]. The oxygen vacancies present in CeO, NPs can
favor the binding of adsorbates as compared to other oxides. The anchoring of CeO,
NPs onto ultrathin CoSe,/DETA (diethylenetriamine), by the polyol reduction
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method at 278 °C, was favored by the heterogeneous nucleation onto the amino
groups present on the surface of CoSe,/DETA. The oxide coverage was modulated
by the amount of the chemical precursor (Ce(acac)). The OER activity of the hybrid
CeO,/CoSe; casted onto GC, depicted in Fig. 4.29¢, can afford a current density of
10 mA cm ™2 at an overpotential of ca. 0.28 V, a value smaller than that of RuO,,
and that of Mn30,4/CoSe,, Fig. 4.29a. Here, the synergy between the oxide and the
chalcogenide is reinforced and favorable to the OER kinetics. As confirmed by XPS,
the binding energy of Co 2p;/, in CeO,/CoSe; is shifted to negative values as related
to the same signal in pure CoSe,, assessing again, for this system, a charge transfer
from the oxide to the chalcogenide, similar phenomenon to that reported on Mnz O,/
CoSe,. Moreover, particular attention must be paid on the in situ electrochemical
oxidation of metal sulfides and/or selenides for OER, since the metal oxides derived
thereof are responsible for OER, as in the case of Ni-Fe—Se, a selenide-derived oxide
(DO) [288]. Indeed, the combinatorial screening of metal oxides revealed an
important number of potential OER trimetallic oxide materials, where Ni and Co are
essential non-precious metal elements for water oxidation in alkaline medium [289].
Moreover, Zng 76C00 24S/CoS, that derived from an oxide materials (ZnCo,0,4) was
reported to be an excellent OER electrocatalysts in alkaline medium [290].

4.3.2.3 Bifunctional Chalcogenides (ORR/OER)

Bifunctional electrocatalysts for the oxygen reduction reaction (ORR) and the
oxygen evolution reaction (OER) play a critical role in energy converting systems,
e.g., metal—air battery, in low-temperature fuel cells (FCs) (cf. Figs. 2.2, 2.3, and
Sect. 2.2.2. Mesoporous non-precious catalysts based on cobalt, molybdenum, and
nitrogen (CozMozN) have been successfully developed as bifunctional electrocat-
alyst for the ORR/OER in alkaline medium for Li—O, battery [291]. In this context,
ultrathin cobalt-based oxide nanostructures have been developed for such a purpose
in zinc—air batteries [273]. As discussed in the sections above, transition metal
chalcogenides are nowadays potential electrocatalysts for ORR and OER.
Figure 4.30 shows as an example the ORR/OER bifunctionality performance of
two electrocatalytic materials (Pt/C and IrO,/C or RuO,/C) considered as reference
ones, either for the ORR or for the OER processes (Table 4.12). On these precious
metal centers, in alkaline medium, we can appreciate that there is no OER/ORR
symmetry reaction due to then reaction kinetics differences discussed in Chap. 2
(cf. Figs. 2.10, and 2.12). Moreover, we can appreciate that IrO,/C [292] shows a
better bifunctional performance compared to RuO, [293] and Pt. The metrics used
to evaluate novel materials is the difference in energy defined as 4E = Eppre; = 10

— Eorrej= -3- Eorrej=10 is the OER potential at a current density of
10 mA cm 2%, and Eorrej=-3 is the ORR potential at a current density
-3 mA cm 2 (see Fig. 4.30). Thus, the smaller the AE is, the closer the system is to
an ideal reversible oxygen electrode. Table 4.12 summarizes some significant data.
Few chalcogenide electrocatalysts have been developed as bifunctional materials.
Moreover, Liu et al. [294] reported that hybrids of NiCo,S,4 nanoparticles grown on
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Table 4.12 Bifunctional ORR/OER materials
Catalysts Eorr/V at Eoer/V at Oxygen electrode Refs.
j==3mAcm? |j=10mA cm ? |A4EN = Eopg-

Eorr
20 wt% Pt/C 0.86 1.90 1.04 [292]
20 wt% IrO,/C 0.61 1.45 0.84
RuO,/C 0.09 1.60 1.49 [293]
NiCo0,S4@N/S-rGO 0.76 1.70 0.94 [294]
Cop.sFeqsS@N-MC 0.78 1.64 0.86 [295]
NiCo,04 0.75 1.72 0.97 [296]
NiCo,04-A1 0.78 1.62 0.84 [297]

Metal chalcogenide compared with Ni-Co—oxides form and precious centered reference electrodes

graphene (S- and N-doped rGO) can be considered as a novel bifunctional oxygen
electrocatalyst. The low activity of a physical mixture of the same components
assessed the importance of the interaction between the support and the catalytic
center (cf. Chap. 5). The hybrid material showed a AE of 0.94 V. In the same line,
Shen et al. [295] proposed a nanostructured materials based on cobalt—iron double
sulfides covalently entrapped in nitrogen-doped mesoporous graphitic carbon:
Co, xFe,S@N-MC, where the best ORR and OER performances were obtained
with CogsFeqsS@N-MC, cf Table 4.12. However, in these two works, the
chemical signature of the materials after OER process was not reported. This fact
allows to think that surface electrocatalytic precursor must be a derived oxide. In
this sense, it is reasonable to compare also the ORR/OER bifunctionality perfor-
mance of similar metal centers in oxide form. This is the case of spinel nanowires of
NiCo0,04 [296], and this oxide is prepared with varying weight ratio of polymer, to
tune the effect of the morphology, and as chemical precursors, nickel



43

Non-precious Metal Center Chalcogenides 151

acetylacetonate (C;oH;4NiO,4) and cobalt acetylacetonate (C;oH;4C00,) to obtain a
porous rod-like structures of 1D NiCo0,04-A1 [297].

Chalcogenide-based materials can be a concept to develop bifunctional ORR/
OER materials for the alkaline medium. Such centers must be provided with a
chemical interaction with the support, so that the surface electrochemical precursor
could be stabilized forming oxide layers for the OER.
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Chapter 5 )
Effect of Supports on Catalytic Centers e

5.1 Introduction

The electrocatalytic power of nanodivided materials can be well utilized if they are
highly dispersed onto conducting supports. These latter are a key component in the
energy converting devices, since they play a critical role in the catalytic center
durability and activity providing pathways for electrons and mass transfer. However,
to achieve a higher durability, the electrocatalyst nanoparticles should be strongly
coupled with conducting support. Moreover, the strong interaction of the electro-
catalyst nanoparticles with the conducting support prevents the nanoparticles
agglomeration, aggregation, and leaching out during the catalytic reaction. Some
factors, like geometric (metal-metal distance) and ligand (d-band vacancy) effects,
have been considered to be responsible for the electrocatalytic enhancement of the
ORR process on Platinum-based electrocatalysts [1, 2]. The phenomenon that favors
similar process is the so-called strong metal support interaction, known as the “SMSI”
effect. Indeed, this effect was put in evidence by Tauster et al. [3, 4] when detecting an
altered chemisorption property of some noble metals reduced on oxide (TiO,) surface.
This effect was defined as the formation of an interfacial bond occurring between the
metal and the metal of the oxide’s surface. Generally speaking, the strong coupling,
between the metal nanoparticles and a conducting support, encompasses the
enhancement of the catalytic activity through faster electron transport during the
reaction, influencing favorably the current-potential characteristics shown in Fig. 5.1.
This figure summarizes various processes of technical relevance in energy converting
and storage devices; namely: oxygen reduction reaction (ORR), oxygen evolution
reaction (OER), Hydrogen evolution reaction (HER), small organics oxidation, noted
as fuel oxidation reaction (FOR), and the carbon dioxide reduction (CO,-R). In this
context, since carbon black (a popular support) cannot meet the harsh corrosion
requirements, usually, encountered in, e.g., fuel cells, or electrolyzers, great efforts
have been done so far to develop alternative support materials: graphitized carbon,
metal oxides, and carbon—oxide nanocomposites.
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Fig. 5.1 Current-potential characteristics of multi-electron charge transfer electrocatalytic
processes that take place in energy and storage devices: fuel cells and electrolyzers. FOR: fuel
oxidation reaction; HER: hydrogen oxidation reaction; CO,-R: carbon dioxide reduction reaction;
ORR: oxygen reduction reaction; OER: oxygen evolution reaction

5.2 The Effects Encountered Between the Catalytic Center
and the Oxide Support

The strong metal support interaction induces an electronic perturbation effect of the
metal [5] which has been known in catalysis since the 1960s thanks to the work of
Schwab [6] and Solymosi [7]. Interfacial contact between a metal and a support can
result in charge redistribution at the interface. The electronic interactions are
governed by fundamental principles; e.g., energy minimization and the continuity
of the electric potential in a solid. A metal in contact with a support, depending on
the degree of interaction, either weak (W) or strong (S), a metal support interaction
(WMSI or SMSI) can occur. These phenomena are often invoked to explain cat-
alytic effects resulting from electron transfer between metals and supports.
Therefore, to further alter the catalytic activity by controlling the electron transfer,
the metal-adsorbate interface should be modified. Consequently, the adsorption
energy, W,q, must be the contribution of the free surface energy of the support (if an
oxide—) Yoxige» the metal interacting with the support, Vpnew, and the interface
(metal/oxide, Fig. 5.2a) as interface, Yinerfaces Written as:

W = Ymetal T Yoxide — Yinterface (51)

The Yinterface iN EqQ. (5.1) must strongly influence the growth of NPs or overlayers
on the support. A heterojunction between the metal NPs and the support, e.g.,
n-type semiconductors, CeO,, ZnO, SnO,, TiO,, can be formed, e.g., Ru NPs onto
Titania [5], Fig. 5.2b. Its physics and chemistry define the contact nature, cf.
Chap. 3, Figs. 3.3 and 3.5. It is important to recall that a reaction between the two
contacting solids creates an interfacial layer which, at the end, will dominate the
Schottky barrier height, e.g., a metal onto silicon produces a metal silicide, and
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Fig. 5.2 a Schematics of an oxide-supported metal interface showing the energetic parameters, .
b A transmission electron microscopy (TEM) picture showing the Ru NPs covered by fractions of
amorphous Titania, showing additionally the metal/oxide junctions reported as active catalytic
sites for the synthesis of hydrocarbon from hydrogen and carbon monoxide. Adapted from Ref.
[5]. ¢ The surface energy as a function of the work function, ¢, of various transition metals. In
Region I the encapsulation is expected (¢ > 5.3 eV and y > 2 J/m?). In region II (¢ < 4.7 eV), the
oxidation of metals on Titania is possible. Reproduced from Ref. [10]. Copyright © 2005,
American Chemical Society

Fig. 5.3 a Scheme showing Growth via Modified Ostwald Ripening

instability mechanisms for Pt Transport

NPs: Ostwald ripening; r-’ of Ptx complex _l
coalescence; and detachment Rhes PO e P 4 xe == Pt
due to corrosion, occurring in Dissolution Redeposition
low temperature fuel cells. Garban support

Adapted from Ref. [11].

Copyright © 2007, Springer

Science-Business Media, Coalescence via Crystal Migration

LLC

* e

Carbon support

Detachment from carbon support

»

v

Detachment
Carbon support



172 5 Effect of Supports on Catalytic Centers

metal (e.g., Pt) onto TiO, produces an alloy as proved by XRD and XPS analyses
[8]. Thus, charge transfer and formation of interface dipole and the barrier may well
correlate the chemical interaction at the interface. These results describe the phe-
nomena observed by Tauster et al. [3, 4], since the surface and interface energies
can significantly contribute to the total free energy, particularly on nanostructured
systems. It is also known that such factors can contribute to oxidation and
encapsulation processes. Metals generally possess larger surface energies than the
oxide supports, so that metals 3D-NPs are favored to grow on oxide surfaces [9]
because Yoxide < Ymetal + Vinterfaces Otherwise, the decrease of the total surface
energy can determine the growth of 3D NPs to 2D structures. In this regard, the
minimization of the surface energy can be used as the driving force to favor an
encapsulation reaction; i.e., when metals have a high surface energy compared to
the oxide supports, then the supported metal NPs can be encapsulated [10]. In
general, a preferential encapsulation can take place if the work function or the Ef,
ox > Egm. The mechanisms highlighted above can provide an idea the way to
control the SMSI effect at metal/oxide, or other kinds of interfaces for (electro)-
catalytic purposes to take place. As an example, Fig. 5.2c displays the surface
energy of various well-oriented and polycrystalline metallic surfaces as a function
of the metal work junctions. In Fig. 5.2¢, region I (>5.3 eV) NPs’ encapsulation is
expected, whereas in region II (<4.7 eV) NPs’ oxidation is possible on Titania.

5.3 Carbon-Supports

The state-of-the-art polymer electrolyte fuel cells (PEFCs) employ platinum (Pt) or
Pt-based nanoparticles supported on high surface area carbon as electrocatalysts for
the ORR at the PEFC cathode. Carbon black (CB), e.g., from Vulcan XC-72 and
Ketjen®, is the most widely used supporting materials for catalysts’ nanoparticles.
The damage of electrical contact (via carbon corrosion or Pt particle detachment) as
well as Pt surface area loss (via Pt dissolution into ionomer, particle agglomeration,
surface blocking, or Ostwald ripening) lead to a loss in the ORR activity in aged
PGM cathodes in acid media and at higher potentials. Indeed, it has been recog-
nized that potential cycling from high to low moves the carbon- “attached” Pt NPs
into solution, and electrodeposits these NPs with a new redistribution (Ostwald
ripening effect); coalescence via the migration process, and/or detachment from the
carbon support, as schematized in Fig. 5.3 [11, 12]. Experimentally, the loss of
surface area is attributed to the growth of NPs, whereas the coarsening of particles
leads to spherical, and non-spherical shapes which remain in contact, and or detach
from the carbon support. However, the modeling of such mechanisms indicated that
the growth in the particle size and loss in surface area are primarily due to
coalescence/sintering that are sensitive to the potential limits and the initial particle
size distribution [12]. One certainly has to recall that during the potential cycling
process, the crossover effect of platinum ions causes NPs’ precipitation in the
ion-conductor of the membrane electrode assembly (MEA) by the influx of
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hydrogen (H, + Pt** — Pt + 2H") from the anode side of the PEMFC. These facts
put in clear that these phenomena contribute to the loss of the electrochemical
activity of fuel cell electrodes and that the nature of the interaction of the support
with the catalytic center is an important issue if voltages are driven higher than
1.1 V/RHE, since the carbon as support primarily corrodes. The electrochemical
reaction of carbon corrosion is expressed as [13]:
C+2H,0 — CO, +4H" +4e~ E=0.207V (5.2)
Thermodynamically, carbon is not stable at the potential at which the cathode
operates. However, the corrosion kinetics at the cathode electrode potential is very
slow, and certainly due to carbon oxide and hydroxides intermediates that occur at
higher potentials than 0.9 V/RHE, where C* is a carbon defect site [14].
C* -C-OH+H,0 — C*+CO, +3H" +3¢e~ E=095V (5.3)

This scheme seems appropriate and explains experimental results obtained by
the differential mass spectrometry [15]. The DEMS result is in agreement with
recent data that considered a model based on the cathode catalyst layer represented
as three interfaces: zone A (Nafion/carbon interface), zone B (platinum/Nafion
interface), and zone C (platinum/carbon interface (see Fig. 5.4b). It turns out clearly
that the presence of Pt NPs promotes the carbon corrosion from 0.8 V [14], a value
slightly lower than that of carbon alone, as detected by DEMS [15]. Moreover,
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Fig. 5.4 a Cyclic voltammetry of carbon (glassy carbon-GC, Vulcan XC-72) electrodes in 0.5 M
H,SO,, scan rate 5 mV/s. The Vulcan and Nafion® were deposited onto GC. The simultaneous
detection of the mass signal for carbon dioxide (m/z = 44) is shown in the bottom panel. Reprinted
from Ref. [15]. Copyright © 2002 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
b Generated carbon dioxide emission, based on a three interfaces model: (Nafion/carbon interface);
(platinum/Nafion interface); and (platinum/carbon interface) as a function the applied electrode
voltage. Reprinted from Ref. [14]
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corrosion experiments on Ketjen Black using DEMS revealed that the CO,
detection limit was at 1.35 V/RHE [16]. Therefore, the enhancement of the ORR
activity, and stability of carbon black supported Pt NPs must be based on the design
of the catalytic center and on the presence of oxygen functional groups (e.g., >C=0,
—OH; —COOH) at the carbon surfaces.

5.3.1 Carbon, a Versatile Element

Graphite, carbon fiber (CF), glassy carbon (GC), carbon blacks (CBs), diamond,
and carbon nanotubes (CNTs) are related materials. Depending on the parameters
used in the synthesis method (e.g., CVD), the amorphous form can be found, e.g.,
on CNTs. The electronic structure of carbon contains six-electrons distributed in
1 52, 2 s2, 2p,1(, Zp;, 2p,, Fig. 5.5. In carbon, the preferred tetravalence is explained
by the hybridization sp’. Since the difference in energy is low for p orbitals, these
orbitals mix to form four equivalent hybridized orbitals, i.e., the 2s-orbital mix with
a lower number 2p-orbitals to form sp> or sp-hybrid orbitals, with the spatial
arrangement depicted in Fig. 5.5. Three-dimensional (3-D) tetrahedral, trigonal
planar and linear structures are obtained. Consequently, in sp- and spz-hybridized
orbitals there are two- or one- p-orbital not participating in the hybridization pro-
cess, enabling an additional n-bond in contrast to the o-bonds. The physical
properties of the various forms of carbon are summarized in Table 5.1.

The sp” hybridized atom allows the carbon atom to form bonds with other kind of
atoms, such as N, S, O, P. The important allotropes of carbon are: Diamond,
Graphite, and Fullerene. Each individual carbon atom in diamond is covalently
bound to four atoms via a C—C single bond, leading to a giant and strong structure
Fig. 5.6a, providing the physical-chemical properties shown in Table 5.1. In con-
trast to diamond, graphite is soft and brittle, Fig. 5.6b. Herein, each individual atom
is sp® hybridized, and bonded to three other carbon atoms, forming a trigonal planar
geometry, giving a “honeycomb” like structure. As contrasted in Table 5.1, graphite

2p, sp3-hybrid orbitals 109.5°
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Fig. 5.5 Diagram showing the atomic orbitals and sp>- sp?, sp-hybridization of carbon
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Table 5.1 Physical chemical properties of some carbons

Materials Density/g cm > | Hardness/GPa | % sp® | Gap energy/eV | Refs.
Diamond 3.515 100 100 5.5 [17, 18]
Graphite 2.267 N/A 0 0.04

Glassy carbon 1.3-1.55 2-3 = 0.01

CNT 0.8-1.2 N/A N/A 0.3-2.0 [19]
*Vulcan XC-72 0.096 N/A N/A ~0 [20]
PKetjenblack EC300J | 0.125-0.145 N/A N/A ~0 ¢

Surface area: 250 m*/g
"Surface: 416 m?/g
°AkzoNobel-datasheet

Amorphous
carbon

Fig. 5.6 Some carbon allotropes used as catalysts’ supports in electrocatalysis. a and b show the
two natural allotropes: diamond and graphite. These structures were generated via the VESTA
program. ¢ Besides the natural carbon allotropes other allotropes came into the stage from 1985
(Fullerenes); 1991 (Carbon Nanotubes, CNTs), and the rediscovered Graphene in 2004.
Amorphous carbon (e.g., Vulcan XC-72) is constituted of sp> and sp’-like defect carbons

is an electron-conducting material due to the fact that the remaining electron from
each carbon atom is delocalized within the structure. The structure of graphite
consists of sheets lying one on top of the other interacting with a Van der Waals force
of attraction between each layer. Thermodynamically speaking, graphite is more
stable than diamond, so that conversion of graphite to diamond was done under very
harsh conditions of temperature (3000 K) and pressure (125 kbar) [21]. Fullerene,
the third major allotrope of carbon, together with CNTs is a very interesting
nanostructure material. The fullerene’s general formula is (C,, n > 60). This
material, discovered in the early 1980s [22], is a large spherical molecule also known
as “Bucky-balls.” The strong electronic effect on such a molecule is based on the
topology effect produced by the changes in their geometry. Cg is constituted by 12
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pentagons in the graphene lattice plus 20 hexagons, Fig. 5.6c. One application of
this molecule was described, herein, in Sect. 3.3.1.2.2, as a reservoir of electrons
(c.f. Fig. 3.20a). The natural allotropes and other ones developed since 1985, i.e.,
Fullerenes [22], CNTs [23], and graphene sheets [24] are summarized in Fig. 5.6c.
The amorphous carbon, a popular support used in electrocatalysis (e.g., carbon
black—Vulcan XC-72 (280 m2/g); Ketjenblack (400-1100 mz/g) is also shown. This
is a material that contains nanodomains of sp” and highly disordered sp-like carbons
(C-C), cf. GC and Vulcan carbon, Table 5.1. It is important to recall that the
dimensionality (0D-3D) of the nanoobjects determines the materials’ properties.
The isolation and the otherwise covalent functionalization of 2D graphene opened
the potential interest in this material, as electrocatalytic support of chalcogenide
materials for the HER, HOR, ORR, and OER, (cf. Chap. 4).

5.3.2 The Graphitization Ratio of Carbons

The term low graphitization refers to carbon that contains varying quantities of sp”
and sp>-like (defects) bonded carbon atoms, e.g., in the amorphous carbon, namely
carbon black—Vulcan XC-72, Ketjenblack, which are popular as supports for pre-
cious or non-precious nanoparticles acting as electrocatalytic centers [25-31] for
the study of electrocatalytic process in half-cells or fuel cells [32-35]. Raman
spectroscopy is the technique per se to characterize the Graphitic/Defect-carbon or
G/D ratio of carbons. This is illustrated in Fig. 5.7a showing various samples:
carbon black—Vulcan XC-72, CNT (Multi-wall MW-CNT), and the highly oriented
pyrolytic graphite (HOPG). One can recognize a complex overlapping, deduced by
Lorentzian and Gaussian lines fitting of the curves, in the wavenumber interval
between 1100 and 1800 cm™'. Two important Raman lines D and G emerge
showing the high degree of disorder in carbon black (Vulcan XC-72) and those of
the MW-CNTs with interstitial disorder along the c-axis between the planes,
notified by the band centered at 1580 cm™'. In this example, the huge number of
defects (C—C) in MW-CNT-1 with respect to MW-CNT-2 reflects the quality of the
chemical vapor deposition (CVD) technique of synthesis used. The best fits finally
provide the integrated intensity ratios of D versus G bands [36]. The G band in the
Vulcan XC-72 shows a slight shift, to lower Raman wavenumbers, stressing the
high degree of disorder in the sample. Therefore, the analysis of the Intensity Ip/l;
ratio allows the knowledge of the defects/sp2 contribution, on the one hand, and on
the other hand, to quantify the in-plane crystallite size, L, [37] variation in the
carbon material. A parameter that can be determined by:

I
Lo(nm) =24 x 107104 26 (5.4)

laser E
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Fig. 5.7 aRaman spectra of Vulcan XC-72, MW-CNT-1, MW-CNT-2, and HOPG. Figure adapted
from Ref. [36] with permission. Copyright © 2012, American Chemical Society. b Electron-hole
pairs generation by UV-light to deposit Pt nanoparticles (NPs) onto graphitic surface or generation of
Pt NPs via the photochemical pathway. ¢ Selected TEM of a Pt NPS deposited via a chemical route
(carbonyl)-left; and via the photodeposition-right. Figures (b) and (c) adapted from Ref. [39] with
permission. Copyright © 2013 Elsevier B.V. All rights reserved

For the specific cases shown in Fig. 5.7, the evaluated Ip/l; ratios were,
respectively, 2.1; 1.7; 0.5 for Vulcan XC-72, MW-CNT-1, and MW-CNT-2, with
the corresponding L,, deduced from Eq. (5.4), of 8; 9.6; and 31.5 nm [36].

5.3.3 The Support Interaction of Metal Nanoparticles
onto Graphitic Domains

The question is: how sp’-like (defects) versus sp> domains, present on moderately
disordered carbon, can affect the catalytic center? The requirement is to bring in
close interaction the metal atoms with the sp*-hybrid orbitals. This phenomenon can
be attained, either chemically or photochemically, via UV-VIS photons, to selec-
tively photodeposit the metallic NPs onto the sites where electron—hole pairs are
generated and generate the d-m hybridization, a condition necessary for a strong
metal support interaction [36, 38—40].
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5.3.3.1 Metal NPs Photodeposition via Photons

The synthesis of carbon-supported electrocatalytic centers (so far with platinum)
has been essentially conducted using a variety of chemical routes, such as colloidal
[41-46], carbonyl-based metal clusters [47-53], chemical reduction [54-57].
Moreover, for electrocatalytic purposes, the photodeposition approach on carbon
supports [36, 38—40, 58], and oxide—carbon composites [59-66] (Sect. 5.4.3)
proved to be an effective technique of investigation to induce the metal support
interaction, reported on gas phase catalysis [3, 4].

The quasi-negligible band gap of disordered carbons, cf. Table 5.1, seems to be
a necessary condition to apply photons, ranging from UV-A (315-400 nm) to the
visible region to generate electron—hole pairs (e~ + h*).

Carbon+hv — e~ +h* (5.5)

The vectorization of electrons (¢”) and holes (h*) will depend on the electron,
and hole scavengers present in the reaction medium, in order to avoid (¢~ + h*)
recombination. To photodeposit Pt NPs, the hole scavenger used was isopropanol
(propan-2-ol), and the electron scavenger a platinum salt: [PtClg]*>". One cannot
neglect the fact that the UV-irradiation can be absorbed by the metal complex to
produce an excited state of the metal complex: [PtClg]* ". This species can react
with isopropanol to form a radical. Consequently, various reactions can be present
during the photodeposition process, namely the (i) the radical one in the presence of
isopropanol-water solution [67], Eq. (5.6):

[PV CI]*” (C,HsCHOH + H,0) + hv — [P CI)*™ — P{° (5.6)

And (ii) the electrochemical reaction via the generated conduction band elec-
trons, Eq. (5.7):

[P CI%, +2e;, — [PFICI, +2C1

(5.7)
[P CI2, 4 2e, — PO +4CI

The efficiency of reaction (5.7) is determined by the hole scavenging property of
isopropanol, Eq. (5.8):

CyHgCHOH +2h* — CyHgCO +2H ™ (5.8)

It is to be noted that the photooxidation of isopropanol is complex, so that we
assume that the initial product is acetone (C,HgCO), Eq. (5.8). Moreover, the
subsequent reaction of acetone photooxidation can lead to the formation of formic
acid, as reported on titanium dioxide surfaces [68]. Figure 5.7b summarizes both
processes, (i) metal nanoparticles deposition via the conduction band electrons
(left), and (ii) via the radical pathway (right). Figure 5.7¢ contrasts the transmission
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electron microscopy (TEM) pictures of Pt NPs generated onto MW-CNT-2, as an
example. The nanoparticles’ morphology generated by the chemical deposition
(e.g., carbonyl route), and by the photodeposition method is different. In the latter
method, the agglomeration effect is generally observed, indicating concentrated
domains of sp2 regions, where reactions (5.7) and (5.8) are favored. As it will be
discussed below, such sites or domains are at the origin of the strong metal support
interaction.

5.3.3.2 Electrochemical Probing the Electronic Interaction

The electrochemical CO stripping is used to probe the electronic surface modifi-
cation of nanoparticulated electrocatalytic centers [38, 69, 70]. In acid electrolyte,
the global electrochemical oxidation of carbon monoxide can be written as follows:

CO+Hy,0 — COy +2H " +2e” (5.9)
This reaction can be thought as a set of two steps, namely
COygs + OH,gs — CO, +H™T +e” (5.10)
where OH,4; indicates a partial oxidation of the metal:
M+H,0 — M-OH,gs +H" +e~ (5.11)

On platinum surface, the adsorption phenomenon of CO is accompanied by the
back donation of d-orbital of platinum in the 2n* antibonding orbital of CO, a
phenomenon known as the Blyholder—Bagus back-donation mechanism [71, 72]. In
Fig. 5.8a, the oxidation of adsorbed CO sets on at 0.69 V/RHE and peaks at
0.77 V/RHE on Pt/Vulcan XC-72. On Pt/HOPG this process is shifted to lower
applied electrode potential by AE = =90 mV (see arrow in the figure). Indeed, on a
platinum surface with a higher electron density the process of oxidation sets on at
0.6 V/RHE and peaks at 0.68 V/RHE, with respect to Pt/ Vulcan XC-72. This shift
is significant for a one-metal center catalyst; in the meantime, it puts in clear
evidence the role of the support’s nature: the graphitic domains. Independently of
the I/l ratio, cf. Figure 5.7a, the use of photons can favor the sp> domains to
nuclei metal nanoparticles, as demonstrated on P/MW-CNT-2. The CO stripping
on photodeposited Pt NPs onto MW-CNT-2 shows the contribution of the two
carbon domains: sp® and sp>-like (defects), see Fig. 5.8a. Such changes in the
electrochemical oxidation have to be associated with a different adsorption energy
of the CO molecule induced by the effect of the support. The strength of such an
interaction will depend on the domain extension of sp” in nanodivided carbons,
such as MW-CNTs. It was demonstrated recently that the stability of the catalytic
centers can be enhanced, Fig. 5.8b [73]. The understanding of this phenomenon can
open ways to better chemically stabilize one of the best catalytic centers (and
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Fig. 5.8 a CO stripping, in 0.5 M H,SO,4, on Pt (NPs) chemically deposited on amorphous
carbon (upper panel); multi-wall carbon nanotubes, MW-CNT, (middle panel); and on highly
oriented pyrolytic graphite, HOPG, (bottom panel): Figures modified from Ref. [36] with
permission. Copyright © 2012, American Chemical Society. b The CO stripping, in HCIOy4, on Pt
(NPs) photodeposited on amorphous carbon, and on carbon nanotubes (CNT) having different L,
(crystallite domains). Figures adapted from Ref. [73] with permission. Copyright © 2016,
American Chemical Society

non-precious ones), at the same time enhancing, e.g., the ORR kinetics, and hin-
dering the agglomeration of nanoparticles.

The doping of graphene with non-metal atoms, e.g., N, B, P strongly alters its
electronic surface charge, so that this material, so-called metal-free electrocatalyst
has shown excellent electrocatalytic activity toward the ORR in alkaline medium
[74-77]. Alike the photodeposited Pt on MW-CNT [73] the platinum deposited
chemically onto N-doped graphene [40, 78] is also affected by the support inter-
action, as revealed by the chemical signature of Pt 4f XPS signals, see Fig. 5.9. On
both examples, the Pt 4f binding energy shifts, testifying the change of the elec-
tronic properties of Pt NPs, via the hybridization, on one hand, with sp2 domains of
carbon, Fig. 5.9a, and, on the other hand, with pyridinic N-moieties leading to the
formation of platinum-nitride species, Fig. 5.9b. The interaction is shown in
Fig. 5.9, see insets. This phenomenon explains the lower oxidation potential of
adsorbed CO during the CO stripping experiments, cf. Fig. 5.8. Therefore, these
facts give credence to the electrochemical activation of various important processes,
such as ORR, OER, HOR, and HER on precious, as well as on non-precious
catalytic centers, such as the chalcogenides of Co, Mo, W, discussed in Chap. 4.

5.3.3.3 Effect of Carbon Supports’ Nature on Chalcogenide Centers

The integration of chalcogenides with highly conducting supports with large sur-
face area, e.g., CNTs, RGO, was used to develop efficient hybrid electrocatalysts.
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Fig. 5.9 a Pt 4f XPS spectra on Pt NPs supported onto Vulcan XC-72, and MW-CNT-2. The
inset in the figure shows the calculated charge accumulation (blue) and depletion (red) is at the
origin of the downshift of the binding energy (see arrow). Figures adapted from Ref. [38]. with
permission. Copyright © 2013, American Chemical Society. b Pt 4f XPS spectra on Pt NPs
supported onto NRGO, and GO. In the inset the XPS spectra of the N 1 s bands is shown. Herein,
the interaction of coordinated Pt—N upshifts the binding energy (see arrow). Charge transfer is
from the metal cluster to the nitrogen moieties. Figure adapted from Ref. [78] with permission.
Copyright © 2012 Elsevier B.V. All rights reserved

Particularly for the HER, cf. Figs. 4.14, 4.15, 4.16 and 4.19; ORR, cf. Figs. 4.23
and 4.27, and the oxygen evolution reaction (OER) (cf. Fig. 4.29). As an example,
the solvothermal synthesis of MoS, NPs on RGO (reduced graphene oxide)
induced the chemical, and electrical coupling that turned out to be beneficial for the
HER activity and stability even beyond 1000 cycles for the system: MoS,/RGO
[79]. As discussed in Chap. 4 (Sect. 4.3.1.1), the morphology of this hybrid system
played a pivotal role, since the synthetic chemical route employed developed
structures with an important amount of edges stacked onto the support (RGO), see
inset image in Fig. 5.10 showing superior electrocatalytic activity in HER as
compared to sole MoS,. The support interaction, aside from the activity, confers to
the hybrid system the enhanced chemical stability. Furthermore, exploring the
coupling with carbon nanotubes as support, and changing the electronic property of
pyrite (FeS,) by doping with cobalt, the CNT supported FeyoCog 1S,/CNT out-
performed the HER activity of FeS,/CNT [80]. In addition to the coupling of pyrite
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with CNT, the doping effect by cobalt further reduced the energy barrier on
hydrogen adsorption. Further evidence of the effect of the carbon support onto
cobalt selenide (CoSe,) was verified in the electrocatalytic activity enhancement of
this non-precious center toward the ORR in alkaline medium when supported onto
functionalized CNT (f-CNT) as compared to carbon black [81]. Additionally, in
acid medium, it was reported that this system, CoSe,/f-CNT, was highly active,
again as compared to carbon black, oxide—carbon composite, and nitrogen-doped
carbon supports [81]. Carbon nanohorns (CNHs) are also a low graphitic material,
showing horn-shaped carbon nanoparticles constituting a peculiar morphology:
dahlia-like [82, 83] which can be further doped with nitrogen (NCNH). The ORR
activity, in alkaline medium, showed that NCNH supported cobalt diselenide
(CoSe,/NCNH) was more efficient than CoSe,/CNH, CoSe,/C and NCNH [84].
XPS data on CoSe,/NCNH further revealed that such an ORR enhancement can be
the result of the catalyst support interaction since a charge transfer phenomenon
from N atoms to CoSe, nanoparticles was put in evidence. The interaction of cobalt
sulfide (Co;—S) on graphene (rGO) and/or MW-CNT was also reported to be
beneficial for the ORR in alkaline medium. As a result, the electrocatalytic activity
of Co;— S/MW-CNT outperformed that of Co,—,S/rfGO, owing, apparently, to the
difference of the conductivity of the support [85]. Furthermore, chalcogenide
compounds, the coupling of graphene with Fe—Ni-layered double hydroxide to form
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FeNi—rGO-LDH also improved the activity and stability toward the oxygen evo-
lution reaction (OER) in alkaline medium [86]. The strategy to modify carbon-
based materials (e.g., TGO, MW-CNT, CNH) by doping with nitrogen has been
stimulating to capitalize other catalytic centers, e.g., Co30,4 nanoparticles [87] for
the ORR, and NiCo alloys [88] for the oxygen evolution reaction interacting with
doped-N of the graphene (NGr) in alkaline medium.

5.4 Oxide and Oxide-Carbon Nanocomposites

Due to a severe corrosion of commonly used amorphous carbon supports, oxides,
and oxide—carbon composites have been envisaged as electrocatalytic nanoparticle
supports for the cornerstone energy conversion processes, such as the ORR and
OER (cf. Fig. 5.1). The non-carbon materials are corrosion-resistant, potential
strong metal support interaction (cf. Sect. 5.2), and stable porous structure.
However, the low conductivity of most oxides can be overcome via doping of
titanium oxides [89-96], tungsten oxide [97-99], tin oxide [100-103], and/or by
chemically interacting with carbon to form a oxide—carbon composites [36, 64,
104-108].

5.4.1 Selected Metal Oxides of Ti, Sn, and W

Among the large band-gap oxide semiconductors, TiO, (Anatase phase 3.2 eV;
Rutile phase 3.0 eV), SnO, (3.5 eV), and WO; (2.7 eV), (see red asterisks in
Fig. 5.11) have been employed as heterogenous photocatalyst materials [109]. The
figure at the bottom of Fig. 5.11a indicates the upper limit photon energy (3.09 eV)
of the visible region. Therefore, for photoelectrochemical conversion, cf. Chap. 3,
Sect. 3.2.3, the photon absorption of most oxide semiconductors is limited to 2—-5%
STH (solar to hydrogen) efficiency, assuming AMI1.5 photons (cf. Fig. 3.9).
Moreover, TiO,, SnO,, and WOj are stable in aqueous solutions, as compared to
unstable ones, e.g., ZnO, Cu,O [110], and have been employed, essentially, as
electrocatalytic supports for Pt-based catalytic centers. The oxides as supports
should be in the nanostructured form, otherwise, the requirement is to have a large
area, which can be obtained using the soft chemistry route of synthesis or low
temperature solution process, e.g., sol-gel. TEM of metal oxide mesoporous
materials, Fig. 5.11b, can be used to observe for sol-gel synthesized Anatase
(TiO,) [111], hydrolysis of Na,WO, with HCI to obtain the amorphous phase of
WO3-2H,0 [112], and microwave-assisted polyol method with SnCly. SH,O in
tri-ethylene glycol as solvent to obtain SnO, [113].

The origin of the natural n-type conductivity of, e.g., Ti-, Sn oxides is, apparently,
not determined by the oxygen vacancies, as it used to be thought [114], but caused
by the presence of impurities. Such an impurity has been detected to be due to
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Fig. 5.11 a Energy bands positions of various oxide semiconductors with respect the SHE
electrochemical scale, and the vacuum reference energy scale. The hydrogen and oxygen redox
couples are positioned with respect to a pH of 2. The bottom panel shows the electromagnetic
spectrum of the solar light. b TEM images of various oxide in nanoparticulated form: TiO,
(anatase) [111], amorphous WO3, and SnO, (rutile), with their corresponding unit cells generated
by the program Vesta

hydrogen, acting electrically, in interstitial form or in substitutional sites for oxygen
in the oxides. The presence of hydrogen has been predicted to act as shallow donor in
oxide materials [115, 116], whereas the oxygen vacancies are deep donors in ZnO,
and SnO,, and certainly for TiO, too [114]. In the literature devoted to catalysis
(based on TiO, [117-123], and electrocatalysis (based on TiO, [106, 107, 124—127],
on WO; [104, 128, 129], and on SnO, [100-103]) some “pure” or not-intentionally
doped nanostructured oxide materials have been tested as supports. To illustrate the
effect of the oxide support interaction, we take as a model system nanostructured
platinum deposited physically via the physical vapor deposition (PVD) onto Titania,
reported by Hayden et al. [123]. Herein, different thicknesses of platinum were
obtained onto Titania. The effect of the various “averaged equivalent” Pt thicknesses
is reflected by the surface electrochemistry behavior during the carbon monoxide
stripping, Fig. 5.12a. This result is contrasted with another example, where the
method used was the electron—hole generation via UV photons to photodeposit Pt
NPs onto nanostructured n-TiO,, in the author’s laboratory, Fig. 5.12b. In the for-
mer approach, lower Pt thickness (or coverage) performs the CO oxidation at higher
electrode potential concomitant to the negative shift in the platinum reduction peak,
discussed in Fig. 5 of the Ref. [123], and ascribed to the thermodynamic and kinetic
effects as result of the interaction of oxygen with “small” platinum coverage.
A phenomenon observed on carbon used as support [69, 130] and attributed to
particle size effect. Moreover, this complex interplay, that contributes to the strength
of adsorption energy of CO and oxygen, is the result of various factors, namely
surface micro-strains and support interaction as reported by DFT calculation on Pd
[131], and latter experimentally measured on this metal in the nanoparticulated form
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Fig. 5.12 CO stripping, in 0.5M HCIlOy, on platinum thin films grown onto TiO, supports with
their corresponding cyclic voltammograms. Figure adapted from Ref. [123], with permission.
Copyright © 2009, Royal Society of Chemistry. b The similar process recorded on photodeposited
platinum onto nanoparticulated TiO, (Anatase). The inset shows the corresponding cyclic
voltammograms in the same acid solution
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Fig. 5.13 Photodeposition process, in water containing 20 vol% isopropanol, of nanoparticulated
platinum onto nanostructured TiO, spin-coated onto a conducting glass (FTO. During the firsts
90 min, the electron-hole separation takes place under UV-illumination. In presence of platinum
salt (1.16 x 107> M), the open-circuit potential is barely modified by the on—off illumination, due
to the charge transfer process to reduce the metal cations, and to oxidize the isopropanol molecule.
The inset shows schematically the charge photogenerated separation and charge photogenerated
transfer that occurs on the nanostructured titanium oxide. Courtesy of CA Campos-Roldan

onto various metal supports [132]. Unfortunately, the results depicted in Fig. 5.12a
were not described or put in evidence by a surface spectroscopy tool. Nevertheless,
one should keep in mind that two factors are at the source of the negative oxidation
potential shift of carbon monoxide, used as a molecular probe, on carbon, cf.
Fig. 5.8a, and on titanium dioxide Fig. 5.12, since the CO oxidation on PVD
deposited Pt centers between 0.7 and 0.74 V/RHE (Fig. 5.12a, and 0.67 V/RHE on
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nanostructured TiO,, compared to 0.75 V/RHE determined on chemically deposited
Pt onto carbon, Figs. 5.8a and 5.12b. Some insights as to the driving force for the
surface nanostructured Titania modification by Pt NPs are given in Fig. 5.13.
Indeed, in a simple experiment the solution consisting of nitrogen outgassed water
and isopropanol, the response, under UV-illumination, of an electrode made of
n-TiO, nanoparticles deposited by spin coating, and sintered onto a conducting glass
(FTO) develops an open-circuit potential under illumination of ca. —0.77 V/RHE, as
shown in the first 90 min, Fig. 5.13. The addition of 2.4 mM of the platinum salt
fixes the open-circuit potential to ca. 0.94 V/RHE. It is interesting to observe that, on
the one hand, the photogenerated electron—hole pairs are used to reduce the metal
cations of platinum, and on the other hand, the holes are consumed by the hole
scavenger. The resulting semiconducting oxide surface modification by platinum is
depicted in the cyclic voltammetry at 50 mV/s in the inset of Fig. 5.12b and com-
pared to a commercial Pt/C material under the same conditions in 0.1 M HCIO,.
However, in spite of the similarity observed on the cyclic voltammetry features, the
electronic property of platinum is modified as testified by the CO stripping experi-
ment. Therefore, the strong interaction of a catalytic center with the support put into
play the chemistry (change of the energy of adsorption of species induced by the
support interaction), and the physics (the electronic environment of the catalytic
center also induced by the support interaction) to favor multi-electron charge transfer
processes. The inset in Fig. 5.13 illustrates the various processes, namely the driving
force of the material under UV-illumination (e -h*) separation and the transfer
(vectorization) of these e -h™ pairs in presence of an electron and a hole acceptor, cf.
Fig. 3.10d, and Egs. (5.11) and (5.12).

5.4.2 Doped Oxide

In order to further favor the charge transfer between the oxide support and the
catalytic center, the conductivity of semiconducting oxide must be enhanced. Two
strategies were followed: the doping of oxides, and the synthesis of oxide—carbon
composites (see Sect. 5.4.3). The majority of studies reported so far are devoted to
enhance the activity and durability of platinum supported onto TiO, (Anatase
phase) for the ORR. Among the Titania dopant elements we can find: Cr-doped
[126]; Nb-doped [89, 133]; W-doped; [96]; Mo-doped [134]; Ru-doped [135];
Ta-doped [94, 136]; Sn-doped [93]; Y-, Ce-doped [105]; N-,C-doped [125];
Ag-doped [137]. This latter to improve the photocatalytic reduction of nitrite to
nitrogen selectivity.

For the same process and catalytic center, Tin Oxide (SnO,) was also doped:
Nb-doped [138]; Indium-doped (known as ITO) [139]. Sb-doped [140, 141] serving
as a support for a chalcogenide (RuSe) [142]. Unlike photodeposition, shown in
Figs. 5.12 and 5.13, so far all the above data show that the platinum catalytic center
was deposited chemically, and the general trend observed on all these systems is the
change of the surface chemistry induced by the electronic modification of the
catalytic center, leading to ORR catalytic activity and stability enhancement in acid
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medium, Fig. 5.14, as a result of the electron charge transfer from support to
platinum, inducing d-band vacancy of the catalytic center (Pt), as revealed by X-ray
absorption near-edge spectroscopy (XANES) [134, 135]. From some literature data,
the remaining electrochemical surface activity (ECSA) as a function of the number
of cycles, summarized in Fig. 5.14 leads to a greater stability of the oxide supported
metal catalytic center than that seen on carbon or carbon composite-supported
electrocatalyst. Some recent data devoted to the SMSI phenomenon have been
recently published [25, 31, 143, 144].

5.4.3 Oxide—Carbon Nanocomposites

The conductivity of semiconducting oxides can be also improved by the in situ
synthesis of the oxide in presence of carbon [e.g., Carbon Vulcan XC-72; CNTs
Reduced graphene oxide (RGO)] to form the oxide—carbon composites [8, 32-34,
61, 63, 64, 104, 145]. The relative powder conductivity of nanodivided oxide—
carbon composites, obtained by soft chemistry (e.g., Sol-Gel), was measured by
impedance spectroscopy [146] using a four-point probe [147], Fig. 5.15a. In spite
of the intimate contact between the oxide nanoparticles and carbon, produced
during the synthesis, the highest relative conductivity compared to pure carbon, is
indeed maintained up to an oxide mass loading of ca. 40 wt%. For the measure-
ments, the powder was submitted to a pressure of 25 lb/square-in. in the four-point
cell. The addition of Y-, Ce-dopants modified the opto-electronic properties making
of Y-doped TiO, less photoactive [64]. Yttrium increases the powder conductivity
of (Tip7Y030x) by ca. two orders of magnitude compared to non-doped TiO,.
Therefore, the electronic conductivity of pure and/or doped oxide can be guaranteed
by the presence of carbon. Indeed, the in situ synthesis of the oxide (Anatase) in
presence of carbon, as depicted in Fig. 5.15b was performed using the hydrolysis of
TIP (Titanium isopropoxide) chemical precursor with water at ca. 4 °C. Since the
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Fig. 5.15 a Relative electrical conductivity 6/S cm™' for undoped-, and doped oxide—carbon
nanocomposites in powder form. The powders were submitted to a torque of 25 Ib/in. % in a
four-point cell. Courtesy of LA Estudillo-Wong. b The schematic synthesis of the oxide—carbon
nanocomposite. ¢ TEM of a 10 wt% TiO,-C composite. d The energy scheme of the oxide—carbon
heterojunction, showing the formation of an ohmic contact
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Fig. 5.16 a Scheme showing the selective photodeposition of nanoparticulated metals (e.g., Pt,
Ru) under UV-irradiation on the oxide sites of the oxide—carbon nanocomposite. b TEM image
showing 8 wt% Pt/5wt% TiO,.C (upper); TEM image showing 10 wt% Pt/C, chemically deposited
via carbonyl (bottom). ¢ Current-potential curves for ORR in oxygen saturated electrolyte H,SO,
0.5M at 900 rpm on 8 wt% Pt/C, and 8 wt% Pt/5 wt% TiO,/C. Figures (b) and (c) adapted from
Ref. [8], with permission. Copyright © 2010 Elsevier B.V. All rights reserved

work function of carbon (4.3-4.6 eV) depends on the surface functionality [148],
and for a non-stochiometric TiO,, the work function is ca. 4.6 eV [149], it is
reasonable to schematize the heterojunction carbon/oxide, as shown in Fig. 5.15d
indicating an ohmic contact quality, at least responsible for the relative conductivity
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response up to an oxide mass loading of 40 wt%, Fig. 5.15a. The opportunity to
selectively photodeposit metal nanoparticles onto the oxide sites of the nanocom-
posites can be realized via a photoreaction process [8], as indicated in Fig. 5.16; cf.
inset in Fig. 5.13, where M*" is a metal cation and A the hole scavenger, e.g.,
isopropanol. For similar electrocatalyst’s mass loading, we note in the TEM images
some differences regarding the metal distribution on the support. This is a clear
indication of the photodeposition process, since the catalytic NPs are selectively
deposited onto the oxide sites of the nanocomposite, as compared to the chemical
deposition (Fig. 5.16b bottom) of the same catalytic center onto carbon. Moreover,
differences are remarkable when comparing the interaction (so-called SMSI effect)
generated by the photodeposition process between Pt NPs and the oxide sites, as
compared to the chemical deposition route. Again, this SMSI effect can be easily
visualized in the CO stripping process, see inset in Fig. 5.16c obtained on samples
shown in Fig. 5.16b. The complex interplay at the interface between the catalytic
center, and the support (oxide or carbon) will be discussed in Sect. 5.5. Meanwhile,
the SMSI effect that produced the oxidation potential shift of adsorbed carbon
monoxide monolayer is beneficial to enhance the kinetics of the ORR, since the
sigmoidal curve recorded at 900 rpm in sulfuric acid saturated oxygen is shifted
toward positive potential on the oxide supported electrocatalyst. The consequence
of this phenomenon has already been described in Fig. 5.14.

5.5 The Rational Theoretical Approach

The examples provided above in Sects. 5.3 and 5.4 underline the importance of the
support interaction, in heterogeneous (electro)catalysis, to stabilize and sustain the
activation process. It was also discussed that the deposition of catalytic nanopar-
ticles onto supports can be done using common chemical routes or, as developed in
our group, using the photons to selectively deposit metal clusters onto the desired
sites. In this section, we will focus on the last approach and discuss the consequence
of the selective photodeposition of metal nanoparticles onto sp>-carbon domains
and oxide moieties that determine the change of the electronic structure toward the
surface reactivity [150-152]. We take as the specific example platinum clusters.
Other metal centers (precious or non-precious) seem to follow a similar trend.

5.5.1 Support Interaction on Carbon Materials

Figures 5.8a, b show that the carbon support, specifically the sp> domains, besides
acting as an electronic conductor, it is positively affecting the electronic properties
of the metal NPs, since it enhances their activity and stability toward, e.g., HER
process. The density functional theory (DFT) calculations of the interaction
between the metal clusters and the graphitic domain (sp? domains) revealed that the
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Fig. 5.17 a Charge iso-surface and Bader analysis of Pty, Pts, Pt;5 and Pt;o over graphite (upper
panel). The charge accumulation (blue) and depletion (red)—Top view (middle panel), Side view
(bottom panel). Figure (a) from Ref. [153] with permission. Copyright © 2013, Royal Society of
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Figure (b) adapted from Ref. [38], with permission. Copyright © 2013, American Chemical
Society

presence of charge donation to the metal clusters depends on the adsorption strength
of the metal clusters, so that this latter become polarized [153] (see Fig. 5.17). This
figure shows, after metal cluster-graphite Bader analysis [154], a charge depletion at
the metal cluster/graphite interface extended to the graphite second layer (see side
view), as a result of a charge transfer to graphite. Negative charges accumulate
predominantly at the top of all metal clusters: Pty, Pts, Pt;3, and Pt;g. This inter-
action leads to new bonding and antibonding states formation, revealing the hy-
bridization of Pt—Graphite. This phenomenon is not only limited to the interaction
area but to the surrounding graphite area is also affected (Fig. 5.17a—top view).

To further rationalize the support effect interaction toward the CO stripping
process shown in Figs. 5.8 and 5.12, again the DFT simulation [155] brought light
into this electrochemical process. The DFT calculations revealed that the extra
charge on the Pt clusters on the top, cf. Fig. 5.17a, modifies the charge donated to
the carbon monoxide molecule, as assessed by the XPS data (cf. Fig. 5.9 [38]). This
charge modulation on the metal clusters monitored by the sp” carbon domain
interaction is at the origin of the catalytic center stability, through surface-bound Pt
NPs, shown during the process of oxidation/reaction in Fig. 5.8b, leading to an
increase in back donation of Pt d-orbitals to 2n* antibonding orbital of carbon
monoxide, further producing a depletion of charge in the metal atom that interacts
directly with CO, Fig. 5.17b. Otherwise, the charge transferred is inversely pro-
portional to the adsorption energy of the carbon monoxide.



5.5 The Rational Theoretical Approach 191

5.5.2 Support Interaction on Oxide Materials

The strong metal support interaction (SMSI) observed on oxide sites, undergoes
also a complex interplay between the catalytic metal atoms and the metal of the
oxide, since it results in the modification of the electronic properties of the catalytic
center, as in the example shown in Fig. 5.12b for Pt NPs photodeposited onto
Titania to form: Pt/TiO,.

The deposition of size-selected metal nanoclusters on a well-defined oxide
support was examined by DFT calculations, specifically with platinum metal
clusters on rutile TiO, (110) surface [156]. This study showed that the structure at
the metal/oxide interface is made of various contributions, namely, Pt—Pt, Pt-O, and
Pt-Ti interactions, Fig. 5.18a. Moreover, the metal-metal bond between Pt and Ti
can favor the change of the electronic structure of the catalytic center and can be
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Fig. 5.18 Stable structure of Ptg on TiO, (110), with an edge-sharing bi-square on the oxide
surface (upper panel), and the electron density difference between Pt,/TiO, (110). The color code
for the charge iso-surface is: electron accumulation (cyan iso-surface); electron depletion (purple).
Figures adapted from Ref. [156], with permission. Copyright © 2012, American Chemical Society.
b XRD patterns of as-prepared samples: 8 wt% Pt/C, and 8 wt% Pt/S wt% TiO,/C (XRD-upper
curves); and after heat-treatment in air at 400 °C, 2 h (XRD-bottom curves); The corresponding
Williamson—Hall plot is shown at the bottom panel. The open circles show the fitted experimental
data using three free parameters: mean particle size <d>, stacking fault probability, o, and internal
strains, o. Figures (b) from Ref. [145], with permission. Copyright © 2010 Elsevier B.V. All rights
reserved
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thus associated with the charge transfer at the interfacial Pt—Ti nanoalloy formed.
Indeed, the calculations showed that local density of states produces charge sepa-
ration (electron density difference) as a result of a significant hybridization between
Pt 5d with Ti 3p at the interface Pt clusters/oxide along the Pt—Ti bonds, as shown
in Fig. 5.18a. Moreover, the action of building a strong interaction at the metal
oxide interface can include phenomena related to strain and ligand arising from the
impact of the support on intermetallic distances (nanoalloy formation) and elec-
tronic structure. The strain effect was found to influence the adsorption chemical
properties of the surface and this concept can be used to tailor the catalytic activity
of metals, which is significantly different from unstrained ones [157]. The experi-
mental evidence was brought by the structure analysis of the photodeposited Pt NPs
onto the anatase sites of the oxide—carbon composite [145], as shown in Fig. 5.18b.
The XRD analyses on as-prepared and heat-treated (400 °C) samples are compared.
The corresponding Williamson-Hall analysis was done, using the equation:

1 OCthl 20b
db = — —
d * a Epu

(5.12)

(The parameters Vj, En, and b are: Miller indexes constant, lattice parameter,
and Young’s modulus, Bragg peak position). From the XRD integral line broadening,
the fitting of Eq. (5.12) allows the determination of the mean crystallite size (d),
stacking fault probability (o), and internal strains (o) on the as-prepared 8 wt%
Pt/S wt% TiO,/C. The platinum lattice parameter was smaller on the 8 wt% Pt/5 wt%
TiO,/C as compared to Pt/C (i.e., 3.900 vs. 3.9236 A), demonstrating the theoretical
expectation of Pt-Ti bond formed, and in this example testifying the change of the
electronic property of the catalytic center due to the strong metal support interaction
(SMSI) effect. It is worth to mention that heat-treatment effect heals the internal strains
on the metal (photo)deposited onto oxides. Therefore, as recently reported [105], the
change of the interaction energy with the support on doped or non-doped oxides has to
be associated with the increase/decrease micro-strain and stacking fault as a result of
the SMSI effect at the interface of the metal oxide.
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Chapter 6 M)
Micro-fuel Cells Check or

6.1 Introduction

The kinetic and thermodynamic principles of a fuel cell system were discussed in
Chap. 2 (cf., e.g., Fig. 2.13). The micro-fuel cell (LFC) device obeys the same
kinetic and thermodynamic concepts. In order to be integrated in micro-systems and
nanosystems in the emerging technologies, led by the proliferation of MEMS/
NEMS (micro- and nanoelectromechanical systems), pFCs must satisfy the
requirement of energy, where the operating temperature between RT and 90 °C
permits the use of either passive [1, 2] or active delivery of reactants [3]. These
two-principal operating modes of PFCs can framework the elimination or the use of
ancillary devices that provide the feeding of fuel in the pFC. The technique allows
these systems to be operated in air-breathing conditions at the cathode providing a
net power output in the energy balance of plant. However, the study of novel
devices leads to the use of ancillary equipment to understand the engineering
process in the micro-devices. Under this circumstance, micro-fluidic fuel cells
(UFCs) appear to be a promising power source for portable electronic devices.

6.2 Micro-fluidic Fuel Cells

The micro-fluidic fuel cell is an alternative cell type that does not need a membrane,
so-called self-styled membrane-less device. This latter indeed represents, besides
the high cost, a bottleneck for processes such as fuel-crossover, and water man-
agement in conventional fuel cell systems (cf. Fig. 2.2). The way of functioning of
the two systems is schematized in Fig. 6.1. The heart of the fuel cell is the mem-
brane electrode assembly (MEA). The role of the membrane in this fuel cell is to
separate fuel and oxidant, while maintaining a good ionic conductivity, Fig. 6.1a. In
the micro-fuel cell (WFC), the laminar nature of the flow should be maintained, and
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Fig. 6.1 A bridged working principles of fuel cells. a A membrane polymer acid fuel cell
(PEM-FC); b Y-shaped micro-laminar flow fuel cell (LLFFC); ¢ an air-breathing micro-laminar
flow fuel cell (ULFFC); d an air-breathing mixed-reactant micro-laminar flow fuel cell
(MR-PLFFC)

the system is named micro-laminar flow fuel cell (WLFFC). The flow regime
(Reynolds conditions) in this system naturally separates the reactant streams, while
also keeping a good ionic conductivity, Fig. 6.1b. Under these conditions, the
LLFFC can work (i) either as a laminar flow fuel cell [4—13] (LFFC, Fig. 6.1c), or
as (ii) a mixed-reactant flow fuel cell [9, 11, 12, 14], MRFFC, Fig. 6.1d. In the
LFFC mode, the flow regime essentially avoids the crossover effect of fuel and
oxidant (in the streams) that can affect the reaction selectivity at the anode or at the
cathode interface because of a lack of tolerance at the anode or at the cathode
materials (cf. Figs. 4.6 and 4.7). Besides these complexities regarding the nature of
the catalytic centers of the electrode materials, engineering analyses have been put
forward to optimize the design, and operational control using mathematical mod-
eling. For example, Xuan et al. [15], using the semi-empirical Graetz—Damkohler
analysis, arrived at the conclusion that the fuel utilization and the current density is
strongly related to the electrode kinetics. Additionally, a co-laminar flow in the pFC
limits the fuel utilization, and therefore, the pFC performance. Naturally, these
calculations open ways as to the optimization of future pFC systems, from an
engineering technical point of view concerning the materials science development.

6.2.1 Working Principle of LFFC

The fluid at the microscale level is submitted to laminar conditions, where the
stream with the components moves in parallel without being mixed, Fig. 6.1b. The
number of Reynolds (Re) characterizes the inertial forces with respect to the vis-
cosity, Eq. (6.1):
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_ pUDh
U

Re (6.1)

where p is the volumetric mass or density of the fluid, kg m>; U the average flow
speed, m s L D;,, the hydraulic diameter, m; and u the kinematic viscosity, m?s .
Additionally, the parameter that represents the ratio between the transfer by con-

vection and the transfer by diffusion is the Péclet number (Pe), Eq. (6.2)

_ UD,
D

Pe (6.2)

where D is the diffusion coefficient, m? s ', A well-defined parallel flow lines flow,
with a laminar regime, is characterized by Re < 2000. Moreover, a high-effective
Pe will characterize a decrease in diffusive mixing with the flow rate. Furthermore,
the velocity of a particle of the fluid can be determined by the Navier—Stokes
relationship, Eq. (6.3):

i B}
p<5”: +Ei.Vﬁ> — Vp+ V3] (6.3)

where p is the pressure, u is the velocity of a particle of the fluid, ¢ is the temporal
parameter, and fis the body force per unit of volume. Equation (6.3) allows to describe
and predict the motion of the fluids at the microscale, i.e., micro-fluidics. In general,
the instabilities in a fluid are directly associated to the non-linear term (i - Vi) that
represents the inertial mass transport by convection. For an incompressible fluid
(p = constant), the conservation of mass follows Eq. (6.4) of continuity:

(aaf +V- (pﬁ)) =0 (6.4)

The solution of Eq. (6.3) with (6.1) and (6.4) lead to the well-known parabolic,
flat, and uniform profile of flow speed, without turbulence. The streams that flow
through a channel of micro-metric dimensions (D;, < 1000 um) behave differently
from those that flow in large diameter tubes and can be used to replace FCs: H»/O,;
CH;0H/O,.

The oxidant and fuel are conveyed along the micro-channel in the pPLFFC
without mixing, Fig. 6.1b, c. The streams containing the fuel (e.g., CH3;0H,
CH;CH,OH, HCOOH, glucose) and the oxidant (O,) are, respectively, named
anolyte and catholyte. The protons diffuse through the liquid interface (diffusion
mixing layer) between the two laminar flows [16—18]. Moreover, the stream that
uses the O, from air corresponds to an air-breathing LFFC system [19], as
schematized in Fig. 6.1c, d, in these membrane-less fuel cells.

If the pLFFC device uses methanol as fuel, this device is termed a micro-direct
methanol fuel cell (WDMFC) and the crossover phenomenon is present at high
alcohol concentration. The fuel can gradually cross from the catholyte to the anolyte
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through the diffusion mixing layer (cf. Fig. 6.1c). The width of this diffusion
mixing layer can be calculated with Eq. (6.5) [16]:

13
Ax ~ (Dgy) (6.5)

where £ is the channel height, y is the distance of the fluid that flows downstream,
and U is the average flow speed.

The simultaneous oxidation of the fuel and the reduction of molecular oxygen at
the cathode generate a mixed-potential. This parameter lowers the overall perfor-
mance of the FCs. A phenomenon which can be reduced by increasing the flow
speed of the catholyte [19], or using a nanoporous separator placed between the
streams [20-22]. The role of this latter is to reduce the fuel diffusion gradient, but
increase the device’s internal resistance.

6.2.2 Micro-laminar Flow Fuel Cells—ulFFC

Taking advantage of the hydrodynamics in the microscale dimensions,
micro-laminar flow fuel cells (WLFFC) have been designed to operate without
membranes. Table 6.1 summarizes various designs and their corresponding per-
formances. An overview of data summarized in Table 6.1, without taking into
consideration the vanadium-redox system [23], reveals that most of the nLFFC
developed so far use oxygen, as a dissolved oxidant in the catholyte stream; and the
fuels, such as, hydrogen, methanol, formic acid, dissolved in the anolyte stream (see
Fig. 6.1b). The anode and cathode materials are essentially Pt-based materials. In
acid medium, the use of fuels like methanol, and formic acid, can affect, by the
crossover effect phenomenon, the micro-fuel cell performance, as indicated by the
cell voltages data (electromotive force). The performance of low-temperature fuel
cells is essentially focused on the cathode performance. Thus, we can read from
Table 6.1, for platinum-based cathodes that the cell voltage spans between 0.6 and
0.62 V (methanol); 0.64 and 0.78 V (formic acid). For chalcogenide cathodes, the
cell voltages are, namely on Ru,Se, 0.55 V (methanol), and 0.84 V (formic acid);
on CoSe; 0.27 V (methanol); 0.49 V (formic acid); on Pt,S, 0.48 V (methanol),
and on Pt,Se, 0.37 V (methanol). All chalcogenides framed in the Table are
methanol tolerant cathode materials, in acid as well as in alkaline medium.
Aiming at optimizing the micro-laminar fuel cell performance, various designs
(less- or more-sophisticated) have been considered, as shown in the first column of
Table 6.1. The most common is the Y-shaped configuration, Fig. 6.1a. Figure 6.1c
can be considered as Y-shaped with a self-breathing window for the cathode side.
One notices that the diffusion mixing layer shortens at the end of the cell path, so
that the crossover effect can take place. This cell can be easily converted to a
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210 6 Micro-fuel Cells

mixed-reactant cell on condition that the cathode is tolerant to the fuel used, without
affecting the oxygen reduction reaction (absence of mixed-potential).

6.2.3 Cathode Electrocatalysts and Fuel Tolerance

In Chap. 4, Sect. 4.2.2.2., the methanol crossover problem was addressed for the
specific case of platinum electrodes. Sulfide [11, 42] and selenide [12, 43] coor-
dinated surface atoms onto nanoparticulated platinum enhance the methanol tol-
erance during the oxygen reduction reaction (cf. Figs. 4.6b and 4.7). It turns out that
a similar phenomenon was evaluated on Chevrel phase (Moy4,Ru; gSeg) [44, 45],
ruthenium selenide (Ru,Se,) [10, 46-50], and cobalt diselenide CoSe, materials
[11, 51-54]. The formic acid fuel was also tested for tolerance, specifically on the
Ru,Se, [10, 33, 50, 55] and CoSe [56] cathodes. Figure 6.2 summarizes the pro-
gress on cathode materials reported so far, as fuel tolerant chalcogenide materials
for the micro-laminar flow fuel cell aiming at working in laminar or mixed-reactant
mode. Some examples of the micro-direct formic acid flow fuel cell
(u-DFA-LF-FC), as well as the micro-direct methanol flow fuel cell (u-DM-LF-FC)
are discussed below.

6.2.3.1 Case Study of the Y-Shape Geometry

The performance comparison of pPLFFCs, Fig. 6.1b, using as oxygen cathodes
20 wt%Ru,Se,/C (1.1 mgg, s / cm?), and 30 wt% Pt/C (1.1 mgp/cm?), is shown

in Fig. 6.3. The formic acid oxidation at the anode for both systems was 30 wt%
Pd/C (1.7 mgpd/cmz). The anolyte and catholyte streams flowed at a rate of 0.1 and

Chalcogenide electrocatalysts for ORR

Chevrel-Phase Ru,Se,
Mo, ,Ru, gSeg / Pt,Se; Tolerance to HCOOH ‘4’ U-DFA-LF-FC

Tolerance to CH;0H ‘4, WU-DM-LF-FC

Pd,Se,

CoSe,

Fig. 6.2 A scheme showing at the origin a Chevrel phase compound (cf. Chap. 4, Sect. 4.2.2.1).
The chalcogenide based on Pt, Pd, and Co metal centers investigated so far for the micro-fluidic
fuel cell in laminar and mixed-reactant conditions. The earlier ORR investigation on the Chevrel
phase led to the synthesis of Ru,Se,, with an extension to platinum, palladium, cobalt, rhodium,
etc.
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Fig. 6.3 Current-potential-power density curves in a Y-shaped LFFC using as cathodes a Ru,Se,/C
(1.1 mg.cmfz) and b Pt/C E-tek (1.1 mg.cmfz). The anode for both systems was Pd/C E-tek
(1.7 mg.cm™?). At the anolyte, the flow rate was fixed at 1.2 mL min~, and at the catholyte
0.1 mL min~". The fuel at various concentrations was HCOOH (@) 0.1, (l) 0.5, (A) 1, (¥) 5 M, at
25 °C. Figures (a) and (b) adapted from reference [33], with permission. Copyright © 2010
Elsevier B.V. All rights reserved

Table 6.2 Performance parameters on carbon supported Ru,Se, and Pt cathodes measured in a
Y-shaped micro-laminar fuel cell

Ru,Se, Pt

HCOOH/ | Cell Jmax/ Prax/mW Cell Jmax/ Prax/mW
M voltage/V mA cm > cm voltage/V mA cm 2 cm

0.1 0.77 7.73 1.43 0.87 4.73 1.71

0.5 0.84 11.44 1.89 0.86 4.44 1.97

1 0.75 10.89 1.76 0.46 2.40 0.31

5 0.71 7.73 1.30 0.24 1.95 0.14

Length of the channel of 45 mm, and a distance between electrodes of 2 mm. Base electrolyte 0.5 M
H,SO,. Fuel stream: HCOOH; Oxidant stream: saturated Oxygen, at RT

1.2 mL/min, respectively. With the increase of the formic acid concentration from
0.1 to 0.5 M, there is an increase of the performance for both systems, where a
maximum power density of 1.89 and 1.97 mW/cm? for Ru,Se, and Pt, respectively,
is attained. Under this circumstance, the crossover negative effect is absent.
Moreover, the micro-fuel cells’ performance drops dramatically with the formic
acid concentration of 1 to 5 M for Pt due to the diffusion of the anolyte in the
diffusion mixing layer interface—crossover effect. As a result of this phenomenon,
the cell voltage decreases by 0.62 V. This negative effect encountered at Pt is
relatively negligible at the chalcogenide Ru,Se, cathode material, so that at the
highest formic acid concentration the performance of the chalcogenide is 9.3 times

that of Pt. Thus, this fact testifies the high tolerance to formic acid, as summarized
in Table 6.2.



212 6 Micro-fuel Cells

6.2.3.2 Case Study of the Y-Shape Geometry
in the Air-Breathing Mode

Using the Y-shape in a modified way, the micro-laminar flow fuel cell system
(UDFA-FFC) can work in air-breathing mode. The anolyte stream contained the
fuel: formic acid, Fig. 6.1c. In the mixed-reactant mode, the same concentration of
fuel flowed in the anolyte and catholyte, Fig. 6.1d. The oxygen cathodes were
20 wit% Ru,Se,/C (2mggy se, Jem?), and 8 wt% Pt/C (0.8 mgp/cm?®), and the
anode 30 wt% Pd/C (2.4 mgpd/cmz). The inks of these electrocatalysts were
deposited onto porous carbon paper. Herein, the base electrolyte was 0.5 M H,SOy,
and the streams were fixed at 0.5 mL/min. Figure 6.4 contrasts the performance
comparing the laminar flow mode and the mixed-reactant mode for Ru,Se, and P,
respectively, using a fuel concentration of 5 M, Table 6.3. As discussed above in
Sect. 6.2.3.1, the tolerance to formic acid of Ru,Se, is remarkable, since the
maximum power density (Pp,.x) drops 5%, whereas with Pt the P,,,x drops 35%.
The MRFFC approach suggests a stream oversimplification in the system.

(a) (b)
0.8 10 08 25
Ru,Se, < LFFC Pt < LFFC
= MRFC | g = MRFC| Jg9
06 ) 06f g
i 5
z e 2 35%) 1" 8
3 04t E 3 0.4f B.
w = W =4
14 = 110 3
E =
0.2F = 02k pes
q2 3 15 3
I{J L)
0 L ' 1 L L ' 0 0 L L L L 0
0 10 20 30 40 50 60 70 0 20 40 60 80 100
Current density / mA cm2 Current density / mA cm™

Fig. 6.4 Current-potential-power density curves in a self-breathing Y-shaped MRFC using as
cathodes a Ru,Se,/C (2 mg cm?) and b Pt/C E-tek (0.8 mg cm ?) using as fuel 5 M HCOOH, at
25 °C. The flow rate was fixed at 0.5 mL min '. Pd/C E-tek (2.4 mg.cm_z) served as anode.
Figures adapted from references [57], courtesy of Aldo S. Gago

Table 6.3 Performance parameters on carbon-supported Ru,Se, and Pt cathodes measured in a
Y-shaped cell in the LFFC and MRFFC mode

Ru,Se, Pt

FC-Mode Cell Jmax/ Pax/mW Cell Jmax/ P ax/mW
voltage/V. |mA cm™ > |cm™> voltage/V. |mA cm > |cm™>

LFFC 0.67 61.9 7.7 0.7 90.2 17.1

MRFFC 0.54 53.9 7.3 0.54 67.9 11.1

Length of the channel of 28 mm, and a distance between electrodes of 1.2 mm. Base electrolyte
0.5 M H,S0,. Fuel stream: 5 M HCOOH; Oxidant stream: Pure oxygen (1Bar), at RT
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The data in Tables 6.2 and 6.3 clearly identify the performance improvement of
the electrode materials. The use of (i) a porous separator between the electrodes
(Millipore GSWP 0.22 um), (ii) a porous carbon support for the electrocatalyst, and
(iii) pure oxygen at the air-breathing side of cathode are positive factors for LFFC
and MRFFC devices, Fig. 6.1c, d [57]. The ruthenium chalcogenide, Ru,Se,, is
additionally tolerant to methanol [33, 46, 58-64]. The selectivity of
ruthenium-based chalcogenides compared to platinum-based materials is due to the
higher density of states near the Fermi level favoring the formation of Ru—OH
species at more negative potential than platinum [65]. It is important to recall that
on ruthenium oxide-like surface, the interaction of carbon monoxide is less com-
pared to a metallic surface [66]. On the other hand, as reported by the density
functional theory (DFT) calculations [67], the tolerance to methanol is attributed to
a high dehydrogenation energy barrier on metal chalcogenides.

6.2.3.3 Multi-channel Geometry in the pFFFC

The study of cathode materials selectivity properties was further pursued via a
multi-channel micro-fuel cell working as a micro-laminar fuel cell (LLFC), and as
micro-mixed-reactant laminar fuel cell (WMR-LFC).

Figure 6.5 shows the fabrication, and assembly process of this kind of
air-breathing fuel cell to measure either in the laminar flow fuel cell, provided by a
nanoporous separator (3)—(5)—(7), or in the mixed-reactant flow fuel cell (4)—(6)—(7)
mode. The cell in (7) shows the window for the air self-breathing mode at the
cathode. The nanoporous separator in (3) placed between the SU-8 structures served

S Outlet:
. _\_‘\/Hemo\ym +Fuel

i (7)

4 Inlet.
* electrolyte + Fuel

5U-8 structure with
microchannels,
removed from Si wafer

0
intet: /"

d)
electrolyte + Fuel |

Fig. 6.5 Process of fabrication of the micro-fluidic fuel cell with micro-channels. (1): UV-print on
silicon wafer; (2) the micro-channels (each channel was 250 mm high, 750 mm wide, and 20 mm
long) with varying channel dimensions; (3) (5) the electrodes laminar flow fuel cell assembly with
a nanoporous separator (polycarbonate filter Cyclopore, 0.1 mm pore size); (4) (6) the electrodes
mixed-reactant assembly; (7) the micro-fuel cell assembly provided with two sheets of copper, in
contact with the electrodes, as current collectors
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to prevent the mixing of the streams in the micro-channels [11, 36]. With this
arrangement, various transition metal chalcogenides were investigated, namely
Pt Sy [11, 42], Pt,Se, [12, 43], Pd,Se, [68], CoSe, [11, 69], toward the methanol
tolerance. The micro-fuel cell performance in the laminar flow with the separator
and under the mixed-reactant conditions is summarized in Table 6.4.

The coordinated chalcogen (S, Se) on Pt, Pd enhances the methanol tolerance
with respect to the only metal center in the mixed-reactant working conditions.
Judging by the values of P, this parameter drops by 80% on the metal centers,
whereas the methanol poisoning effect is significantly minimized by the Se, and S
coordination onto the surface of Pt, and palladium, where the P,., drop attains at
the most 30%. Figure 6.6 contrasts exemplarily the impact of the crossover effect of
carbon supported Pt,S,, Pt,Se,, Pd,Sey, and CoSe,, respectively. On this latter, it is
worth to note the valuable effect of the support. Indeed, the nitrogen-doping and
morphology of carbon (e.g., carbon nanohorns (CNH)) seem to be a primordial
ingredient to favor the metal support interaction. It is also to be noted that the

a b
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44 PllSe‘IC (x:y=5:1)
o
= 15 o
o 08 %
1s ¢ g
3 e LF-FC 1% o
w 9 I [mRec 3
[ ] & osp o~ 13 @
> 2 3 > i -
w = w X 12 3
41 = 04 ] \ =
a 1 o
3 3 3
5 L e e o 1
0 10 20 30 40 S0 60 70 80
Current Density / mA cm®
c d
(c) (d) -
091 = Pd,Se, /C
e, 15 g Jo.z 3
084 " z o8| =%
i % LF-FC 4 3w s
- o I =]
E 074 " s £ e
s MR-FC ™= 33 2 osf 3
w 064 P e = ® 0 for
e - i % 0.4 %
0.5 -t \_ 005 o
e {1 o B
- \% .
04 P 0 S T S 15 2 88 3 88°

0 40 50 60
Current Density / mA cm®

Current Density / mA cm™

Fig. 6.6 Current-potential-power density curves in a self-breathing LFFC and MRFC using as
cathodes: a Pt,S,/C, b Pt,Se,/C, ¢ Pd,Se,/C, and d CoSe,/C. Figures (a), (d) adapted from
reference [11], with permission. Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. Figure (b) adapted from reference [12], with permission. Copyright © 2014, Royal
Society of Chemistry. Figure (c) adapted from reference [68]. Courtesy of JM Mora-Hernandez.
The anode on these systems was PtRu/C using as fuel 5 M CH30H at 25 °C. The flow rate was ca.
3.4 mL min~!
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micro-fuel cell device Fig. 6.5 (in position 7) allows to record the fuel (5 M
methanol) oxidation at the anode (PtRu/C), as well as the impact (not shown here)
of the fuel concentration.

6.2.4 The H,/O, Micro-fuel Cell Platform

The micro-fuel cell system can serve as a H,/O, platform tool to test the electro-
catalytic properties on novel materials in real conditions using acid or alkaline
streams, without the need of a membrane, required in a classical fuel cell system.
Platinum-based electrodes in alkaline [70, 71] and acid [72—-74] media have been
investigated to assess the proof of concept. It was determined that in alkaline
medium the performance of hydrogen-fueled room-temperature alkaline fuel cell is
limited by the carbonate species present in the electrolyte [71] with less impact at
the cathode side. It is known that the carbonate formation (CO;> /HCO;") reduces
the OH concentration, with a concomitant reduction of the electrolyte conduc-
tivity, thus affecting the reaction kinetics, a problem in the traditional alkaline fuel
cells (AFCs), that are limited to the use of high purity H, and O, gas streams with
ultra-low CO, concentration. In the micro-fuel cell, however, the flowing elec-
trolyte stream can be used as an effective means to prevent carbonate species
accumulation.

6.2.4.1 H,/O, pFFFC

Besides the device presented in Fig. 6.5, a H,/O, functional system to work in acid
or alkaline media is shown in Fig. 6.7a to evaluate the performance of the anode
and the cathode with a reference electrode connected to the outlet of the system (not
shown). A case study performed with a cobalt chalcogen (hexagonal phase struc-
ture) cathode in alkaline medium is presented, and, again, compared to platinum
electrode. The study highlights the following aspects: The versatility of using the
membrane-less device as a platform and to evaluate the effect of the catalytic center
support (cf. Chap. 5). The hexagonal phase of cobalt selenide (CoSe) is the
example shown in Fig. 6.7b, c. This electrocatalytic material was synthesized, in
presence of the carbonaceous support, a solution containing CoSO4-7H,O and
SeO,. The reduction was completed by adding NaBH,, powder filtered, dried, and
heat treated at 600 °C. It was assessed by XRD measurements that the crystal phase
structure was the hexagonal (Freboldite) material [41]. The carbonaceous materials
used as supports were amorphous carbon (C), N-C and doped with 25%
Polypyrrole, heat treated at 1000 °C (NC25(1000)); N-RGO and doped with 25%
Polypyrrole, heat treated at 1000 °C (NG25(1000)). The measurements in alkaline
medium using the H,/O, micro-fuel cell indicate that the support effect is beneficial
to enhance the ORR electrocatalytic activity of CoSe, Fig. 6.7b. The highest per-
formance is obtained on CoSe/NG25(1000). The cathode and anode characteristics
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Fig. 6.7 a The H,/O, micro-laminar fuel cell for acid or alkaline electrolytes. b The cathode and
anode performance in H,/O, micro-laminar fuel cell in 3 M KOH. (c¢) Cell voltage and power
density performance deduced from (b). Figures (b) and (c) adapted and reprinted from reference
[41]

translated into the micro-fuel cell performance, clearly deliver an enhancement of
the power density of ca. 11% of the catalyst supported on NG25(1000) with respect
to the NC25(1000) support. The results depicted in Fig. 6.7b, c clearly indicate that
the specific morphology of the carbon supports favors the catalytic center coordi-
nation favorable to the catalytic center-support interaction discussed in Chap. 5.

6.3 Micro-fluidic Fuel Cells—What Else?

The sections above, in this chapter, were essentially devoted to the progress done in
the use of chalcogenide materials in micro-fuel cell systems. The advantage, of this
kind of materials (precious or non-precious centers), is their enhanced activity to
perform the ORR reactions in presence of a fuel (formic acid, methanol). It is
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Table 6.4 Micro-channel laminar micro-fuel cell systems
Cathode Cell voltage/V Jmax/MA cm 2 Pypax/mW/cm? References
Pv/C 0.50 66 5.7 [12]
0.19 27.7 1.2
Pt,S,/C 0.49 54.2 3.9 [11]
0.32 40 2.7
Pt,Se,/C 0.39 44 3.7 [12]
0.37 433 3
Pd/C 0.49 138 13.2 [68]
0.30 84.6 5
Pd,Se,/C 0.63 72 5.7
0.43 69.8 5.6
CoSe,/C 0.32 32 0.29 [11]
0.27 3.4 0.29
CoSe,/CNH 0.42 79.28 4.53 [14]
CoSe,/NCNH 0.48 124.2 10.04

Hatched zones refer to the mixed-reactant working mode using a 5 M CH;0H

certainly important to point out that progress in the development of micro-fuel cells
is being addressed to develop further anode—cathode micro-fuel cells based on
non-precious metal center electrocatalysts. Additionally, the search of bifunctional
electrocatalyst will permit to manufacture unitized micro-systems by means of a
similar device depicted in Fig. 6.7a [13].

To the best knowledge, since the first report on chemical energy converting
devices, in the microscale using the fluidic dynamics [23], research and develop-
ment in this field of micro-fluidic fuel cell and battery technology for electro-
chemical energy conversion and storage has progressed. In this sense, various
books [75, 76] and reviews have been devoted; e.g., to the development of
micro-machined membrane-based fuel cells [77], micro-fluidic microbial fuel cells
[78], and chalcogenides and portable devices [50, 79, 80].
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Chapter 7 )
Outlook Check or

Since the publication by Grove and Schonbein, in the mid-XIX century, of a
gas-based energy converter device, nowadays known as fuel cell, platinum has been
the electrode material of choice. Although this material is hampered by scarcity and
hence high price, the material, as seen by the number of publications throughout the
years, is still used a model to understand the physical-chemical basis of surface
electrochemistry for many reactions of technological interest, as succinctly
described in Chap. 2. Moreover, the scarcity and high price have not been a brake
on the development of polymer electrolyte fuel cell (PEFCs), one of the most
promising technologies for producing electricity, e.g., for transportation, as
demonstrated by the Toyota-Mirai vehicle [1]. Herein, the platinum electrode
working as cathode was modified to get a composition of PtCo to enhance its
electrocatalytic, and stability properties. The strategy to optimize the platinum alloy
synthesis has been pursued by performing the synthesis in non-aqueous medium to
further increase the specific activity by a factor of 7 compared to commercial Pt/C,
as reported by Shen and coworkers [2]. Despite the remarkable progress on pre-
cious metal centers, the present work has focused on the recent advancements in the
synthesis, properties, and application of transition metal chalcogenides that enable
efficient electrocatalysis of different reactions, such as ORR, OER, HER, and HOR,
and tolerance to certain fuels. Otherwise, the pathways to oxygen and hydrogen
electrochemical reactions which have not been dealt previously, this being the main
reason to have written this book.

Even if the novel chalcogenide electrocatalysts discussed herein have still not
reached the commercialization stage; the recent fast progress suggests a potential
use of such materials in the near future. Specifically, the improvement in the
rational design and synthesis of various nanostructured electrocatalysts with con-
trollable size, shape, composition, surface morphology, and support has contributed
to gain important insights into the nature of the catalytic activity and stability.
Certainly, the upscaling synthesis and real-world evaluation may be the focus in the
next step of materials’ development. Among the transition metal chalcogenides, we
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noted that two-dimensional materials are evolving as novel electrocatalysts for the
HER, like MoS,, with outstanding catalytic performances.

Regarding the catalysts’ support, which affects the electrocatalysis performance
of, e.g., HER, ORR, or OER, the most commonly used supporting substrates have
been carbon-based materials that suffer corrosion. Chapter 5 delivers an additional
appreciation of the modification of the catalytic center via the use of photons that
generate electron—hole pairs on the support to better anchor the catalytic center,
which could be extended to the most popular support: carbon. Therefore, this
approach renders carbon one of the most interesting topics in materials science and
research. Furthermore, progress of alkaline fuel cells, in microscale devices without
membrane, promotes the development of metal chalcogenides (S, Se)-based cata-
lysts for oxygen reduction reaction. Moreover, the ultimate need of reversible cells
or batteries to sustain the energy economy will be the development of bifunctional
electrodes, based on non-precious centers that enable the oxygen reduction reaction
(ORR) and the oxygen evolution reaction (OER). This is one important challenge in
the near future. The scope of the book does not allow for a full appreciation of all
recent development in the field of chalcogenide materials. Moreover, it is advised to
consult the respective original literature and reviews on special results and on
further kinds of chalcogenide materials.
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