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Preface

This volume contains five chapters. The topics covered are the
cathodic reduction of nitrate, for which the key issues are prod-
uct selectivity and current efficiency; a discussion of ionic lig-
uids known as molten or fused salts in key industrial processes;
the properties of nanowires made of metals and semiconductors
by means of electrodeposition into porous templates and template
synthesis; and an overview of a range of alloys used in electro-
plating, and trends in ammonium electrolysis. Also, included is
a review of the applications of synchroton x-ray scattering to the
electrochemical interphase.

Chapter 1 by Celia Milhano and Derek Pletcher reviews the
cathodic reduction of nitrate as a “truly fascinating reaction” since
processes for nitrate removal from drinking water and effluents
and reducing nitrates in nuclear waste is an essential step in nuc-
lear waste disposal. The authors also review electrochemical
membrane technology not involving the cathodic reduction of ni-
trate.

In Chapter 2, the authors discuss substances called ionic lig-
uids, and the fact that this is really a new more modern term for
molten or fused salts. However, the label of ionic liquids is usual-
ly applied to the liquid state of salts at or near room temperature,
which is a way to differentiate low-melting salts from higher melt-
ing cousins. These molten or fused salts form the basis of several
key industrial processes, and this chapter is primarily devoted to
the non-haloaluminate ionic liquids as reviewed by Tetsuya Tsuda
and Charles L. Hussey.

Reginald M. Penner reviews and discusses in Chapter 3 the
properties of nanowires composed of metals and semiconductors.
He focuses on the step edge decoration method which is horizontal
instead of vertical.

Gerardine S. Botte and Madhivanan Muthuvel review some of
the trends in ammonium electrolysis in Chapter 4 as a renewable
source of fuel.

In Chapter 5, Zoltan Nagy reviews the usefulness of synchro-
tron x-ray scattering to a wide range of electrode phenomena by
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reviewing the physics of x-ray scattering and describing applica-
tions of the technique in response to a variety of electrochemical
phenomena.

R.E. White
University of South Carolina
Columbia, South Carolina

C.G. Vayenas
University of Patras
Patras, Greece
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The Electrochemistry and Electrochemical
Technology of Nitrate

Clelia Milhano and Derek Pletcher

School of Chemistry, The University, Southampton SO19 1BJ, England

I. INTRODUCTION

The cathodic reduction of nitrate is a truly fascinating reaction. It
can lead to at least eight different products in reactions involving
the transfer of one to eight electrons per nitrate ion, see Fig. 1. A
mixture of products is usual and it is never obvious whether prod-
ucts are being formed in a sequence of electron transfer steps or by
parallel reduction mechanisms. Two consequences follow. Firstly,
simply the determination of the average number of electrons in-
volved in the reduction is a very poor indicator of the likely prod-
ucts. Secondly, it is apparent that the product spectrum is likely to
depend on a number of experimental parameters including the
concentration of nitrate and pH as well as cathode material, elec-
trode potential (or current density) and charge passed. All the re-
duction reactions of nitrate involve protonation and hence the local
pH at the cathode surface can be quite different from the bulk
value and it can vary during an experiment, e.g. during a potential
sweep. Particularly with high nitrate concentrations, (and/or high
current density), the reaction layer will only be buffered in

R.E. White (ed.), Modern Aspects of Electrochemistry, No. 45, Modern Aspects of
Electrochemistry 45, DOI 10.1007/978-1-4419-0655-7_1,
© Springer Science+Business Media, LLC 2009
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NOs;~ NO, NO,” NO N,O N, NH,OH N,H; NH;

1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
Number of electrons

Figure 1. Possible products from the reduction of nitrate ion.

solutions at the extremes of pH; buffers added to the solution of
nitrate have a strong influence on the reduction of nitrate, even
killing the response entirely. Moreover, experience shows that the
presence of both cations and anions (including nitrite) at a trace or
impurity level can lead to changes in the product spectrum; hence,
the purity of chemicals and water used in the preparation of solu-
tions is an issue in all experimental studies. Certainly, product
selectivity is a concern in all applications involving the reduction
of nitrate ion. Also, hydrogen evolution is usually a competing
reaction producing multiple challenges for -electrocatalysts—
enhancing the rate and selectivity of nitrate reduction while mini-
mising hydrogen evolution. In addition, perhaps not surprisingly,
the mechanisms for nitrate reduction remain very poorly under-
stood; most perplexing, the mechanisms are least understood when
the voltammetry is simplest!

Despite these difficulties, there are several reasons why nitrate
reduction is of interest to electrochemical technology. Processes
have been developed for the removal of nitrate from both, drinking
water and effluents, for the reduction of nitrate as an essential step
in nuclear waste disposal and for the manufacture of hydroxyl-
lamine while both electroanalytical procedures and sensors for
nitrate have been described. Some of these objectives have also
been approached by electrochemical membrane technology using
approaches not involving the cathodic reduction of nitrate and the
final section of this chapter will also review such methods.

We are not aware of any extensive reviews of the electro-
chemistry of nitrate since the chapter by Plieth published in 1978."

II. THERMODYNAMICS OF NITRATE REDUCTION

As noted above, a number of products (namely nitrite ion, oxides
of nitrogen, nitrogen, hydroxylamine, hydrazine and ammonia)
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Table 1
Formal Potentials vs. the Saturated Calomel Electrode for the
Reduction of Nitrate to Various Products in Acid and Alkaline
Solutions.!

Reaction E.vs. SCE/V Eq.
pH 0 pH 14

NO; + 2H +e = NO, + H,0 +0.53 —1.14 (1)
NO; + 2H" + 2¢ = NO, + H,0 +0.70 —0.13 (2)
NO; + 4H + 3e = NO + 2H,0 +0.72 —0.39 (3)
2NO; + 10H + 8¢ = N,O + 5H,0O +0.88 —0.16 (4)
2NO; + 12H" + 10e = N, + 6 H,0 +1.01 +0.01 (5)
NO; + 7H" + 6¢ > NH,0OH + 2 H,O +0.49 —0.48 (6)
2NO; + 16 H" + 14e 2> N,H, + 6 H,O +0.58 -0.37 (7)
NO; + 9H" + 8¢ = NH; + 3 H,0 +0.64 —0.30 ()

have been observed during the cathodic reduction of nitrate ion.
The overall reactions involved in their formation are listed in Table
1 together with their formal potentials in both acid and alkaline
aqueous solution,™ for easy comparison and practical use, these
formal potentials are quoted versus a saturated calomel electrode.

In aqueous acid solution, nitrate ion is a strong oxidising agent.
Even the oxidation of water by nitrate ion to give oxygen and ni-
trogen is thermodynamically favourable in very concentrated acid
although it has only a small negative free energy of reaction. Cer-
tainly, the reaction between many metals used as cathodes (e.g.,
Cu, Sn, Zn) and nitrate ion in acidic solution should be spontane-
ous; corrosion of the metals should occur and any of the products
listed in the table could be formed. In practice, the kinetics of ni-
trate reduction is universally poor and nitrate reduction is seldom
observed. Hence, nitrate never reacts with water and spontaneous
reaction with metals is generally only observed in very acid media;
many metals are stable to oxidation by nitrate at room temperature
at pH > 0 provided no impurities are present. The literature is,
however, complicated by strong evidence that several species in-
cluding nitrite, oxides of nitrogen, chloride and ferric ion, even
when present in low concentration, can catalyse the oxidation of
metals by nitrate.* The importance of such effects is, of course,
magnified by the fact that several possible reduction products from
nitrate are included in the list of potential catalysts. Taking the
example of nitrite ion, the chemical reaction
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NO; + NO, + 2H" = 2NO, + H,0 9)

is thermodynamically favourable under appropriate conditions and,
in consequence, the presence of nitrite ion can introduce the possi-
bility of entirely new reaction pathways. Indeed, since the reduc-
tion

2NO, + M 2 2NO, + M* (10)

can also be thermodynamically favourable and, indeed, kinetically
facile, the chemical (and electrochemical) reductions of nitrate can
be autocatalytic since reaction (9) followed by (10) leads to a net
increase in the concentration of nitrite ion. Hence, the purity of
chemicals and water in laboratory studies and the exact composi-
tion of feed solutions to commercial processes is an important fac-
tor. It should also be noted that the formal potentials for most of
the reactions, (1)-(8) are quite similar and hence it is not surprising
that mixtures of products are common and, small variations in re-
action or electrolysis conditions can lead to different products.

In alkaline solutions, nitrate is thermodynamically more stable.
Reaction with water is always unfavourable. From a thermo-
dynamic viewpoint, the likelihood of reactions with metals re-
mains although the driving force for reaction depends on the
strength of complexation of the resulting metal ions with hydrox-
ide. Again, in practice, kinetic factors in the reduction of nitrate
and passivating oxide layers on the surface of the metals generally
prevent spontaneous reduction of nitrate by the most metals. At pH
14, the formal potentials are more spread out than in acid media
but again there is little difference in the thermodynamics of several
of the reactions.

Table 1 only considers the overall reduction of nitrate to the
eight different products. Clearly, some of the products could be
discrete intermediates in the conversion to more reduced products.
The thermodynamics of all the possible transformations is set out
in the book edited by Bard, Parsons and Jordan.” It should also be
emphasised that

(a) the reduction can occur in a sequence of discrete electron
transfer steps involving relatively stable intermediate prod-
ucts, and
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(b) a number of reproportionation reactions could occur as
coupled reactions in homogeneous solution.

For example, the reaction
3H + 3NO; + 5NH; 2 4N, + 9H,0 (11)

has a negative free energy in both acid and alkaline solution; at
pH 0, AG =-114 kI for reaction (11) as written.

The hydrogen evolution reaction has a formal potential of
—0.24 V vs. SCE at pH 0 and a formal potential of —1.07 V vs.
SCE at pH 14. Hence, from a thermodynamic viewpoint, the ca-
thodic reduction of nitrate would always be favoured compared to
hydrogen evolution. Experimentally, it has always been found that
the reduction of nitrate is a very irreversible reaction and usually it
is observed to occur at potentials where hydrogen evolution can
occur. The extent of hydrogen evolution is determined by the ki-
netics of the hydrogen evolution reaction on the cathode surface
being employed. The current efficiency for nitrate reduction will
depend on the thermodynamics and kinetics of both nitrate reduc-
tion and hydrogen evolution.

Hence, throughout this review of cathodic nitrate reduction,
key issues will be the product selectivity and the current efficiency
for the reactions under study.

III. MECHANISMS FOR NITRATE REDUCTION

At this early stage in this review, it needs to be recognised that in
most situations there is little definitive evidence to support detailed
mechanisms for the cathodic reduction of nitrate. Many papers
have sought to define reaction pathways, i.c., to identify interme-
diate oxidation states on the route to the final product, but even
here it is not always clear whether compounds are formed in series
or parallel reactions and it is important that conclusions take into
account the way in which the product spectrum changes with
charge consumed. A few cathode materials support the reduction
of nitrate to nitrite with little further reduction. It is, however, more
commonly found that the kinetics of nitrite reduction (as well as
the reduction of some oxides of nitrogen) are substantially faster
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than the kinetics of nitrate reduction and, hence, once nitrate re-
duction is initiated, multi-electron transfer can take place. It is
therefore not surprising that the products from nitrate reduction
depend on the concentration of nitrate, pH, other species in solu-
tion, current density, mass transport conditions, conversion, etc.

It is, however, the initial steps in the nitrate reduction reaction
that remain a mystery. Voltammograms for nitrate reduction can
have a very simple form. For example, at a copper disc in acidic
media, well-formed sigmoidal waves are recorded and the limiting
currents are proportional to the square root of the rotation rate of
the disc confirming mass transfer control in the plateau region, see
Fig. 2. Even so, an electron transfer as the first step seems unlikely.
Few people are willing to write the first step as

Evs SCE/V

-1.0 0.9 -0.8 -0.7 -0.6 0.5 -04 -0.3 -02 -0.1
Y SN ST TR NI [T N ST

j/ mA cm?

14

-16 —

Figure 2. Voltammograms for S mM NaNO; in 0.5 M Na,SO, pH 2.7 at a
polished Cu rotating disc electrode (a) 100 (b) 400 (c) 900 (d) 1600 (e)
2500 rpm. Potential scan rate 10 mV s™.
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NO; + ¢ > NO& (12)
or

HNO; + ¢ > HNO; (13)

Hence, how does the cleavage of the N-O bond occur? There is a
general belief, in some situation supported by good evidence, that
the adsorption of nitrate is a critical first step but the next is never
clearly defined. Moreover, it should be emphasised that the same
uncertainties can be found in the literature on the chemical reduc-
tion of nitrate and, indeed, a recent review’ of the chemical reduc-
tion of nitrate makes little mention of the mechanism for the initial
stages of nitrate reduction. The chemistry of the nitrate ion, how-
ever, confirms that it is generally a poor ligand and the kinetics of
its reduction is universally poor.

Perhaps the clearest evidence for a mechanism for a nitrate
reduction reaction comes from investigations of naturally occur-
ring enzymes. Such enzymes have a metal centre, usually molyb-
denum, capable of forming a bond to an oxygen atom in a nitrate
ion. Several papers®™® conclude that the nitrate reductase enzymes
containing a Mo centre convert nitrate into nitrite by an oxygen
transfer mechanism. The key steps are formation of an enzyme-
substrate complex

\1yy© \iyy/0 20
—Mo(_ *NO; 5 —Mo{  NZ +L (4
/ L [ SNo” N

followed by a rate determining step involving oxygen transfer and
conversion of a Mo(IV) centre to a Mo(VI) centre,

\Iv//O 0 \v;//O
—Mo_ NI— > —Mo\ + NO, (15)
AN 1N

0)
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Mechanisms involving such oxygen transfer reactions are likely to
apply to some indirect cathodic reductions with mediators such as
molybdate’!" and the uranyl cation.'” On the other hand, such
mechanisms have seldom been discussed for the direct cathodic
reduction of nitrate. In principle, oxygen transfer to the cathode
surface followed by reduction of a metal-oxygen bond is a possible
mechanism but there seems little correlation between the strength
of the M-O bond and the effectiveness of the material as a nitrate
reduction cathode.

Nadjo and coworkers'*' have sought to design heteropolyan-
ions as homogeneous catalysts for nitrate reduction in acidic media.
Significant catalytic activity was seen only with heteropolyanions
substituted by Cu(Il) and Ni(II) with Fe(III) substituted anions
showing a small activity. It was found that the catalytic activity
increased with the number of Cu(II) or Ni(II) centres in the cata-
lyst and this led'® to the development of the heteropolyanion,
[CunyCI(OH)4(H0)15(PsW4s0154)]7; studies at pH 0 and 5 were
reported. This heteropolyanion shows peaks for the Cu(II)/Cu(I)
and Cu(I)/Cu couples between 0 and —0.3 V vs. SCE and for tung-
sten couples at more negative potentials. The reduction of nitrate is
only catalysed negative to —0.8 V where the tungsten centres are
electroactive but currents of 0.25 mA ¢cm™ were achieved at pH 5
with 2.4 mM nitrate and 0.04 mM catalyst. Nitrite ion is reduced at
the much more positive potential where the Cu(II)/Cu(I) couple is
active.

The cathodic reduction of nitrate at precious metal cathodes
(bulk polycrystalline metals,'”” 2 single crystals,>** metal
blacks® 27 and dispersed on carbon supports®>") has been investi-
gated in both acid and alkaline solution. In these systems, the po-
tential for nitrate reduction generally corresponds to that where
hydrogen adsorption takes place. Moreover, the rate of reduction
reflects qualitatively the real surface area of the precious metal
exposed to the solution. Hence, it appears that the mechanism is
analogous to that for the heterogeneous reduction with hydrogen

gas’>* with adsorbed hydrogen atoms as key intermediates, i.c.,

H +M+¢e > M-H (16)

or
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H,O + M + e 2> M-H + OH" a7

followed by a reaction such as
2M-H + NO; - NO, + H,O + 2M (18)

It is tempting to believe that adsorption of the nitrate ion is essen-
tial to such mechanisms. Indeed, it has been reported that at pre-
cious metal surfaces, the reduction of nitrate becomes inhibited by
a high coverage of adsorbed hydrogen® reducing the number of
sites available for the weaker adsorber, the nitrate anion. It is also
found that the rate of reduction and even the products of reduction
depend on the anion of the supporting electrolyte and this results
from competitive adsorption of the nitrate and electrolyte anion
onto the surface. Koper and coworkers'**® reported that there was a
higher activity for nitrate reduction at Pt in perchloric acid com-
pared to sulphuric acid especially at lower nitrate concentrations
and explained this observation by adsorption of sulfate competing
with nitrate for surface sites. At very high nitrate concentration
(> 1 M) this difference in rate was much diminished as nitrate be-
came more competitive with sulfate for surface sites. The addition
of chloride ion, even in low concentrations, to either perchloric or
sulphuric acids was also found to inhibit the reduction of nitrate at
both platinised37 and rhodised® electrode surfaces; chloride ion is,
of course, recognised as a strongly adsorbing anion. The sensitivity
of nitrate reduction to submonolayer coverages of other species
also implies that adsorption of nitrate is critical to its rate of reduc-
tion. For example, the underpotential deposition of germanium
onto Pt, Pd and Pt/Pd alloys leads to an increase in the rate of ni-
trate reduction.’**” The rate increases with germanium coverage
and it was proposed that nitrate absorbed on germanium sites and
could then react with hydrogen adsorbed on precious metal sites.
Parallel evidence is available to suggest that nitrate adsorption
also is a step in its reduction mechanism at metal electrodes where
hydrogen adsorption is weak (e.g., Cu and Au) and mechanisms
involving absorbed hydrogen seem inappropriate. Nitrate reduction
at copper in acid is inhibited by halide ions. Radovici et al."!
showed that all halides can inhibit nitrate reduction at copper in
sulphuric acid solution; even uM concentrations of iodide and
bromide diminished the peak current on cyclic voltammograms for
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solutions containing mM nitrate, while the peak almost disap-
peared with 10 pM I" or 25 pM Br. In a more limited study,
Pletcher and Poorabedi* found that chloride ion added to perchlo-
ric acid led to a shift in the peak for nitrate reduction to more nega-
tive potential and some diminution in peak current density. Again,
in contrast, underpotential deposition of metals enhances nitrate
reduction; this has been demonstrated for cadmium on both gold
and silver.

The voltammetric response for nitrate reduction has been
found to be sensitive to the state of the copper surface and this also
implies a key role for surface chemistry in the reduction. The re-
duction of nitrate at polished bulk copper in acid solution gives a
well formed wave, see Fig. 2. But at a freshly deposited Cu surface,
produced by the presence of trace Cu(Il) in the electrolyte so that
in situ deposition of copper occurs continuously, the reduction
wave is steeper and shifted to more positive potentials.****° More
recently, it has been demonstrated that similar voltammetry can be
achieved by the in situ deposition of copper onto a diamond sur-
face.’'”? Similarly, it is possible to activate a copper surface for
nitrate reduction by cycling the potential of a copper electrode so
that it first corrodes and then copper is replated; such effects have
been demonstrated, for example, for hydroxide™ and sulfate™ so-
lutions. Burke et al.”> have more clearly applied the concepts of
special sites on the copper surface to the mechanism of nitrate re-
duction. Applying their general theory’®’ of the importance of
metastable metal surface states to the reaction, they propose the
existence of a low coverage of copper sites (e.g., adatoms, step
sites or other special sites) where the copper atoms are less stabi-
lised than in the bulk lattice and hence the potential of the
Cu/Cu(l) couple is shifted to more negative potentials, i.e., the
copper atoms at such sites are stronger reducing agents than bulk
copper. On copper subjected to abrasion with fine emery paper,
these authors have identified a low current density voltammetric
peak whose potential coincides with that for nitrate reduction and
suggest the following mechanism for nitrate reduction

(;u* + NO;~ > Cu(Dsuee + intermediate (19)

| .
Cu(I)surface +ec > Cu (20)
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intermediate further reduction

product 21
involving a catalytic cycle with the active copper centre, Cu’, as
the key reducing species. Roue et al.” have investigated the influ-
ence of ball milling copper powder on the activity for nitrate re-
duction in basic media. Ball milling for 60 minutes leads to a large
increase in activity and, more interestingly, ball milling in air pro-
duces a much larger effect than ball milling in argon. The role of
the ball milling is explained in terms of an increase in the number
of active surface defects.

Understanding the mechanism of the electrochemical reduc-
tion of nitrate is further complicated by the number of possible
homogeneous chemical reactions involving nitrate ion. The ni-
tronium ion, NO,", is well known as the intermediate in the nitra-
tion of organic molecules® in strongly acidic media, e.g. mixtures
of concentrated nitric acid and sulphuric acid. Moreover, it has
been identified spectroscopically and some salts have been isolated.
Hence, in acidic electrolytes, a mechanism involving the pre-
equilibrium

HNO; + H" S NO,” + H,0 (22)
followed by electron transfer
NO," + ¢ 2> NO, (23)

should always be considered even when the equilibrium concentra-
tion of the nitronium ion may be low.

In addition as noted above, the thermodynamic data in Table 1
would indicate that equilibria such as

2HNO; 5 2NO, + H,0+ %0, (24)

are possible. Again, even if the equilibrium lies to the left, they
could be significant routes to nitrate reduction™**® if the following
electron transfer step is facile. The likelihood of the involvement
of homogeneous chemical reactions is further enhanced by the fact
that a large number of reproportionation reactions are thermody-
namically possible (see Table 1), including for example
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HNO; + HNO, S 2NO, + H,0 (25)

Such reactions also introduce the possibility that reduction reac-
tions of nitrate are autocatalytic and maybe the products change
with time—i.e., the formation of particular products could initiate
new reaction pathways. Certainly, the mechanism and kinetics of
nitrate reduction could be strongly influenced by trace quantities of
nitrite ion. This was demonstrated more than 50 years ago by Vet-
ter® and a recent paper has shown that for a platinised titanium
electrode, the addition of some nitrite ion leads to a very substan-
tial increase in electroactivity for the reduction of nitrate to nitrite®'.
This could be one reason why the reduction chemistry of nitrate is
influenced by its concentration in solution; impurity levels in the
nitrate used for preparation of solutions will increase proportion-
ately with the concentration of nitrate. Moreover, since equilibria
such as (22) and (24) may be influenced by both heat and light, the
precise experimental conditions may be important. Certainly, from
a practical point of view, the purity of chemicals and of the water
used in studies of the mechanism of nitrate reduction is an impor-
tant issue — nitrite and chloride ion, common contaminants, both
have a strong influence on the reaction. It is not surprising that the
literature is not entirely consistent!

All the reduction reactions of nitrate and, indeed, the reduc-
tions of almost all stable intermediates (NO,, NO,, NO, etc.) in
the reduction sequences involve net protonation. This may occur
via protonation on the nitrate ion or the intermediates prior to elec-
tron transfer or protonation of intermediates following electron
transfer. The likelihood and rate of all such reactions will be a
function of pH. In addition, in solutions that are unbuffered (or
insufficiently buffered), particularly neutral and weakly acidic
solutions, the electrochemistry will lead to upwards swing in pH in
the reaction layer close to the electrode surface. The extent of the
pH shift will depend on the bulk nitrate concentration, current den-
sity and the mass transport regime as well as the initial pH and
buffer regime. For example, in acidic solutions, the products and
rate of reactions can depend strongly on the ratio of proton and
nitrate fluxes to the cathode surface; products are likely to be dif-
ferent in conditions where
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(a) there is sufficient proton present that the reduction of nitrate
does not lead to a significant pH swing at the surface, or

(b) the reduction of nitrate causes depletion of the proton close
to the surface and the pH increases.

The conclusions to this section are clear. Firstly, the mecha-
nism for the early steps in nitrate reduction remains a matter for
speculation. Secondly, the mechanism and products will depend on
the exact conditions of the experiment (or process operation) and
quite subtle changes to conditions or impurity levels could lead to
significant changes in reaction kinetics, the reaction pathway and
final products.

IV. THE INFLUENCE OF ELECTROLYSIS CONDITIONS

In discussing the influence of electrolysis conditions on the
cathodic reduction of nitrate, two important factors must be recog-
nised. Firstly, it must be stressed that the products, rate of reduc-
tion and mechanism can all depend on a large number of experi-
mental parameters including the electrode material, the concentra-
tion of nitrate, pH, other deliberately added ions/molecules or im-
purities, electrode potential (or current density), mass transfer re-
gime, charge passed and temperature. Secondly, the experiments
carried out and reported in the literature have been strongly influ-
enced by the target application, e.g. the range of nitrate concentra-
tion when the objective is an analytical procedure or a water treat-
ment is quite different from that for a synthesis or met in nuclear
waste treatment. A consequence is a lack of uniformity in the ex-
periments reported making comparisons hazardous. In this review,
we have selected pH and electrode material as the principle pa-
rameters in this discussion.

1. Acidic Media

At a mercury cathode, the direct reduction of nitrate only occurs in
very concentrated acidic solutions. These conditions are, however,
important because they have been used to develop a process for the
electrosynthesis of hydroxylamine. An early paper® describes the
reduction of nitric acid in 50% sulphuric acid at a mercury surface
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and a current efficiency of 60-70% was achieved. This was fol-
lowed up by workers at the Olin Corporation®®® who by using
concentrated nitric acid as the feed and a high current density of
350 mA cm™ were able to produce hydroxylammonium nitrate
with a current efficiency of 85%. This chemistry was scaled up to
a small commercial process as will be described later. Mercury
appears to be the only practical cathode material for the manufac-
ture of hydroxylamine although Bard et al.”” have described a
modification of a vitreous carbon surface that leads to good yields
of hydroxylamine. The procedure involves in situ formation of a
polymer on the surface by including 50 mM p-phenylenediamine
in the nitric acid catholyte.

The reduction of nitrate at cadmium in acid solutions has also
been reported.®® The voltammograms are affected by the anodic
dissolution of the metal but it is possible to define a potential range
where the reduction is mass transfer controlled. In this potential
region and with an acid concentration above 0.1 M, the major
product is ammonia.”® Nitrate also gives similar voltammograms at
tin and zinc cathodes.”” All three electrodes are likely to corrode
rapidly in preparative conditions employing high concentration of
nitrate.

Pletcher and Poorabedi** report a rather complete study of
nitrate reduction at a copper rotating disc electrode using low con-
centrations of nitrate (1-5 mM) in perchlorate and sulfate solutions
pH 1-3. The voltammograms are straightforward and well formed,
sigmoidal waves are recorded (at pH 1 in perchlorate medium, £;,,
=-430 mV vs. SCE). For pH < 3, the limiting currents are propor-
tional to the square root of the rotation rate of the disc electrode
confirming that in the plateau region, the current is mass transport
controlled, see Fig. 2; the currents are consistent with an 8¢ reduc-
tion. Moreover, coulometry confirms an 8¢ reduction and the
yield of ammonia (as determined by a spectroscopic method) at a
potential in the limiting current region is consistent with ammonia
as the only product and there is no evidence for intermediate prod-
ucts, see Fig. 3. Hence, in these conditions the reduction of nitrate
is

NO; + 9H" + 8¢ > NH; + 3 H,0 (8)
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Figure 3. Electrolysis of 5 mM nitrate in 0.1 M HCIO, + 0.9 M NaClO, at a
Cu gauze electrode (9 cm?) using a potential of - 0.60 V vs SCE.

When the pH was increased to 3, the limiting currents were dimin-
ished indicating that the number of electrons involved in the reac-
tion had decreased. This demonstrates the importance of the ratio
of nitrate and proton concentrations to the electrochemistry. An
excess of protons at the electrode surface is essential to obtain
complete reduction as the nitrate reduction itself consumes proton
leading to depletion at the electrode surface. The conclusions from
this paper were later used to develop analytical methods for the
determination of nitrate.**® Carpenter et al.* described a proce-
dure for the determination of nitrate in drinking water that also
uses the observation that the sensitivity may be enhanced by the
inclusion of a low concentration of copper (II) in the analyte so
that a fresh, high surface area copper surface was continuously
deposited. Davis et al.” also used electrodeposited, high surface
area copper surfaces to give a lower detection limit suitable for the
determination of nitrate in lettuces. Dima et al."” have compared
the activity of several cathode materials for nitrate reduction using
0.1 M nitrate in 0.5 M perchloric acid or sulphuric acid and con-
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clude that copper is the most active. Using differential electro-
chemical mass spectroscopy, they identified some nitric oxide
product in these conditions. However, the amount of nitric oxide is
not quantified and a low percentage of this partially reduced prod-
uct could arise because of the small excess of protons in these so-
lutions. Kaczur' used a three dimensional copper felt cathode for
the efficient removal of nitrate ion (typically 1.3 mM) at pH 2.26
and 3.05. He detected no ammonia and considered nitrogen to be
the major product (some nitrite was formed at intermediate stages
in the depletion). The partially reduced product may be explained
by the very low current density used (the cell current was 1 A with
a cathode total surface area of 5460 cm?), well below the mass
transport limited value, cf. Poorabedi and Pletcher” who obtained
ammonia in mass transport controlled conditions. Kaczur’' also
reports that the copper cathode gave a much higher rate of nitrate
reduction than either graphite or stainless steel in these conditions.

Although in 1.0 M perchloric acid, nitrate ions are not reduced
before hydrogen evolution on nickel, alloying of copper with
nickel has been shown to lead to a substantial positive shift in the
reduction wave for nitrate at the NiCu alloy compared to pure cop-
per.”>” It is suggested that the catalysis results from a mechanism
where nitrate adsorbs on copper and hydrogen atoms on the nickel.
Practically, alloying with nickel decreases the contribution from
background currents resulting from hydrogen evolution in the pla-
teau region for nitrate reduction, thereby lowering the detection
limit in analytical procedures. With the alloy Cu,sNiss, the product
is reported to be ammonia but the limiting currents are lower with
CusoNisy alloy indicating that only partially reduced products are
formed.

In strongly acidic solutions, nitrate reduction does not occur at
gold cathodes; only hydrogen evolution is observed.'*’* With solu-
tions with pH > 1.6 and a high nitrate concentration (0.5 M), how-
ever, at least at low current densities compared to mass transport
control, the reduction of nitrate becomes the predominant cathode
reaction and a mixture of nitrite and ammonia is found.”* As ex-
pected from the concept of proton deficiency, the ratio of ni-
trite/ammonia increases with increasing pH. Interestingly, chang-
ing the cation of the electrolyte from Na” to Cs” influences the
experimental observations. The authors explain this in terms of
underpotential deposition of these group I metals. This seems



The Electrochemistry and Electrochemical Technology of Nitrate 17

unlikely in an acidic aqueous solution and a double layer effect
seems more probable. Silver is also a poor cathode material in
strong acid although some reduction is observed at potentials just
positive to hydrogen evolution."’

Many studies employ precious metal cathodes and low current
density reactions are generally observed. The reports of the reduc-
tion of nitrate at platinum are many. There is general agreement
that the reduction of nitrate can occur via a direct mechanism'”
19377578 and an indirect mechanism®™ 7> and present knowledge
of these reactions is discussed thoroughly in a recent paper by de
Groot and Koper.”® The direct mechanism can occur at all nitrate
and acid concentrations while the indirect mechanism is only ob-
served in concentrated nitric acid in the presence of nitrite, either

(i) added deliberately,

(i1) present as an impurity in the chemicals,

(iii) formed by the chemical decomposition of the nitric acid, or
(iv) formed by cathodic reduction.

Figure 4 shows a typical cyclic voltammogram at Pt, in fact for a
solution containing 0.1 M NaNO; + 0.5 M HCIO,. On the forward
scan to more negative potentials, the direct reduction is seen as a
large peak at ~ +0.1 vs. RHE. A substantial cathodic peak is also
seen on the potential sweep towards more positive potentials over
the same range of potentials as the forward scan. In general, the
direct reduction always occurs at potentials negative to +400 mV
vs. SHE, i.e., in the potential range where hydrogen adsorption
occurs. The rate of the direct reduction depends on the coverages
of the surface by both adsorbed hydrogen and adsorbed nitrate and
hence is influenced by potential, concentration of nitrate and the
presence of other species, e.g., sulfate, capable of adsorption. This
explains the sharp reduction peak in Fig. 4, as negative to the peak
the coverage by hydrogen approaches one and nitrate is not able to
adsorb and continue the reduction. It also explains the cathodic
peak on the reverse scan; as the coverage by adsorbed hydrogen
decreases, the nitrate can again adsorb and nitrate reduction re-
commences. It must be strongly emphasised that the rate of reac-
tion is also always slow, orders of magnitude below the mass
transport controlled value. Current densities are < 1 mA cm™ even
for > 1 M nitrate ion. The major product of reduction over the
range +400 mV to 0 mV is always ammonia but differential elec-
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Figure 4. Cyclic voltammogram of polycrystalline Pt in 0.5 M HCIO, with
(solid line) and without (dashed line) 0.1 M NaNOs. Potential 20 mV s'.
Reprinted from Ref. 19, Copyright (2003) with permission from Elsevier.

trochemical mass spectroscopy detects small amounts of NO, N,O
and N,. It can also be shown by applying a potential of ~ 350 mV
vs. SHE (in the foot of the reduction peak) to the Pt electrode in
the solution containing nitrate, removing and washing the elec-
trode with water and then recording a voltammogram in nitrate
free acid that NO adsorbs quite strongly on the Pt surface. Cover-
ages by NO estimated from the voltammograms can reach 0.4. The
NO,4s leads to an increase in cathodic charge in the hydrogen ad-
sorption region, showing that at more negative potentials, the ad-
sorbed NO reduces further to ammonia. Hence, the mechanism of
the direct reduction could be written

NO}i > (No3i)ads (26)
H" + ¢ = Hus 27)

(NOS_)ads + 3 Hads + H+ > Noads +2 H2O (28)
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Figure 5. Cyclic voltammograms for a polished Pt electrode in (a) I M NaNO;
(b) 25 mM NaNOs(c) 1 M NaNO; + 25 mM NaNO,. in 2 M HCIO,; + 0.5 M
H,SO,. Potential scan rate 10 mV s”'. Reprinted from Ref. 36, Copyright
(2004) with permission from Elsevier.

NOads +5 Hads + H+ > NH4Jr + Hzo (29)

although the later reduction steps could be electron transfers rather
than reaction with adsorbed hydrogen atoms. The indirect reduc-
tion gives rise to the smaller symmetrical peak at ~ 700 mV vs.
RHE on cyclic voltammograms, the current dropping down to-
wards zero before the direct reduction commences at more nega-
tive potentials. Figure 5 shows cyclic voltammograms that illus-
trate responses obtained for the indirect reduction. By comparing
the voltammogram (c¢) with (a) and (b), it can be seen that the pres-
ence of nitrite is leading to a reduction current for nitrate and a
cathodic peak at ~ 700 mV. The voltammograms are also showing
waves for both nitrate and nitrite at less positive potentials for the
direct reduction. The peak for the indirect reduction is, however,
much more prominent in a more acidic solution containing a
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Figure 6. Voltammograms for 5 M HNO; + 0.5 M H,SOy at a polished Pt disc

electrode (a) stationary and (b) rotating (49 rps) electrode. Potential scan rate

15 mV s”'. Reprinted from Ref. 36, Copyright (2004) with permission from
Elsevier.

higher nitrate concentration as is illustrated with the voltammo-
grams in Fig. 6. While the current densities are still low compared
to the mass transport limited value for the nitrate in solution, it can
be seen that in appropriate conditions the peak current density can
be significantly bigger than that observed for the direct reduction.
Moreover, the peak current density is also enhanced by increasing
the nitrite concentration or the temperature. The indirect reduction
peak is only observed when both nitrate and nitrite (as an impurity
or a deliberate addition) are present in the electrolyte and the peak
current density can be a function of time since nitrite is not stable
in strong acid media (products such as NO and NO, are formed).
Also,

(a) The reaction is autocatalytic. For example, in cyclic volt-
ammetry, the second cycle can show a peak substantially
bigger than on the first cycle and the peak current also in-
creases as the potential scan rate is decreased,
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(b) When explored with a rotating Pt disc electrode, the cur-
rents are found to decrease with increasing rotation rates. In
Fig. 6 an intermediate key to the indirect reduction mecha-
nism is being swept away from the electrode surface by the
convection resulting from rotation.

Cyclic voltammetry also indicates that NO is not adsorbed at the
potentials of the indirect reduction peak. Differential electro-
chemical mass spectroscopy identifies NO as the major gaseous
product together with traces of NO, in the potential region of the
indirect peak. At slightly more negative potentials, N,O becomes a
major product together with some N,. These experimental results
lead to a possible mechanism. The indirect reduction is considered
to occur by the sequence

HNO, + H" 5§ NO" + H,0 (30)
NO" + ¢ = NO (31)
2NO + HNO; + H,0 > 3 HNO, (32)

with the reduction of NO" as the electron transfer reaction. The
reaction is autocatalytic because the consumption of two molecules
leads to the formation of three molecules of nitrous acid. Also re-
moval of the nitrous acid from the electrode surface by convection
leads to a decrease in current density. The sharp, symmetrical re-
duction peak then arises because at slightly more negative poten-
tials, the NO is removed from the catalytic cycle by reduction to
N,O in a reaction such as

2NO + 2H + 2¢ > N,O + H,0 (33)

Nitrogen is then thought to result from the further reduction of
N,O. Balbaud et al.¥ have extended the study to 373 K and both
the direct and indirect mechanisms are still observed. While dif-
ferent chemical reactions are proposed, the general concepts are
the same. Of course, much higher current densities are obtained.
Higher current densities are also obtained by using platinised
platinum surfaces'”**?7*"% although they remain very low for
practical application. Studies of the direct reduction confirm the
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role of adsorbed hydrogen and the need for the adsorption of ni-
trate.

Finally, the reduction of nitrate has been investigated at single
crystal Pt surfaces.'*** The cyclic voltammetric response is sen-
sitive to the structure of the platinum surface but this structure sen-
sitivity is considered largely to arise from sensitivity of the adsorp-
tion of hydrogen (critical to the direct reduction) and other anions
such as sulfate (competing for sites with nitrate) rather than a di-
rect influence on the behaviour of nitrate. At the Pt(111) surface™
in 0.1 M HCIO; solution containing nitrate the first cycle of a volt-
ammogram shows two reduction peaks, a sharper peak at +0.80 V
that overlaps the peak for OH desorption and a broader peak at
+0.33 V vs. RHE associated with a mechanism involving adsorbed
hydrogen. On later cycles the more positive peak is absent. Ex-
periments at [n(111) x (111)] stepped Pt surfaces™ showed that the
rate of nitrate reduction in the hydrogen adsorption region in-
creases markedly with the step density and it was concluded that
nitrate was able to adsorb at (111) monoatomic steps but not on
(111) terrace sites. At the Pt(110) surface®® in the same solution,
the response is dominated by a symmetrical peak at ~ +0.2 V vs.
RHE in the hydrogen adsorption region. Taguchi and Feliu***
conclude that the data at single crystal Pt electrodes is compatible
with a Langmuir-Hinshelwood mechanism involving adsorbed
hydrogen and adsorbed nitrate.

Dima et al."” have reported voltammetry for nitrate in acid
media using several precious metal cathodes and conclude from
comparison of the current densities at polished electrodes that the
activity decays in the order Rh > Ru > Ir > Pt > Pd. The differ-
ences are substantial; at Rh, steady state reduction currents are
clearly seen positive to hydrogen evolution while at Pd the activity
is negligible. At all precious metal cathodes, however, the current
densities for the reduction of 0.1 M nitrate are low and any practi-
cal application would require the use of a high area dispersed
metal centres on a substrate such as carbon. Indeed, a recent pa-
per’' employing highly dispersed palladium, mean particles size
10.5 nm, on high surface area carbons still showed only very low
current densities for the reduction of nitrate (0.5 M) in 1.0 M
HCIO, although the activity did increase with temperature. It was
also possible to confirm reduction of nitrate by differential electro-
chemical mass spectroscopy and both N,O and NO were detected
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as products. At rhodised Rh, the current/potential characteristic
again shows a relatively high rate of reduction and it is sigmoidal
in shape so that there is no evidence for blocking of the surface by
adsorbed hydrogen atoms.*® On the other hand, nitrate ion reduc-
tion is inhibited by the adsorption of chloride ion®® and other
chemisorbed species® and there is both differential electrochemi-
cal mass spectroscopy and FTIR evidence for the involvement of
NO as an intermediate.'™"” Hence, it may be assumed that the
mechanism for nitrate reduction on rhodium is similar to the direct
reduction on platinum. There is also some evidence that the major
product on rthodium is ammonia. There are also preliminary studies
of platinum/rhodium'® and platinum/iridium®’ alloys and evidence
is presented that the Pt/Ir alloy is more active than either of the
single metals.

.E vs Hg/HgSO,4/ V
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Figure 7. Cyclic voltammogram for a clean
platinised Pt (dashed curve) and platinised Pt
covered with submonolayer Ge (coverage
~ 0.15). Solution 0.5 M H,SO4 + 0.1 M KNO;.
Scan rate 20 mV s”. Reprinted from Ref. 39,
Copyright (1997) with permission from El-
sevier.
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Sub-monolayer deposition of many metals increases the re-
sponse of platinum and platinised platinum for nitrate reduc-
tion™ "% with germanium®** and tin”'* showing the largest
effect. Figure 7 shows the voltammetry for 0.1 M NO;™ + 0.5 M
H,SO, at a platinised platinum electrode, with and without a sub-
monolayer coverage by germanium.” In the presence of the ger-
manium, the current increases continuously as the potential is
scanned more negative and on reversing the potential scan there is
little hysteresis. The response for 10 mM nitrate is increased by a
factor of 70 by a low germanium coverage although the current
density remains much lower than that expected for mass transport
control. The presence of sub-monolayer germanium also prevents
inhibition by adsorbed hydrogen and leads to a change of product;
hydroxylamine is formed alongside ammonia and oxides of nitro-
gen; the selectivity to hydroxylamine increases to about 60% as the
germanium coverage is increased to 0.3. Later studies’ have con-
cluded that the germanium on the surface is present as a hydride
species and its role is to prevent the formation/adsorption of inhib-
iting species rather than positively promoting the reduction on ni-
trate. Very recently, FTIR spectroscopy has confirmed® that, at
least in the potential range for nitrate reduction, the germanium is
present on the surface as a hydride species. It is suggested that the
change of major product from ammonia to hydroxylamine is a
third body effect. The germanium hydride on the surface limits the
number of available neighbouring Pt sites required for the cleavage
of a N-O bond. Probably, the NO intermediate must lie flat on the
surface in order for the final N-O bond to break and ammonia to
result and this required two neighbouring sites. Shimazu et al.”’
first reported the strong positive influence of tin adatoms on the Pt
surface on the reduction of nitrate. Using a Sn coverage of 0.34
and slow scan voltammetry, they were able to obtain current
densities in excess of 5 mA ¢cm™ for a 10 mM nitrate solution in
0.1 M HCIO,. This rapid catalysis was confirmed by others’*** but
Kim et al.”* found that loss of activity was a problem. They
suggested two mechanisms; the first involves Sn(OH), formation
during the fabrication of the Sn-modified surface and its later
dissolution while the second results from diffusion of the Sn atoms
into the Pt lattice. Nitrogen is the major product formed at Sn-
modified platinum.
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Underpotential layers of transition metals on the surface of
other precious metals can likewise have a dramatic effect on the
activity for nitrate reduction. Such enhancements have been re-
ported for Cd on gold and silver,'**~" Cu on palladium,”>*® Ge on
palladium,*” Cd on gold,* Pb on gold,”® and Ag and Pb on
Au(111).” Sn on palladium®'® is a particularly catalytic surface
and current densities > 10 mA ¢cm > could be achieved with a tin
coverage of 0.65 for 10 mM nitrate solution in 0.1 M HCIO,. The
major product is nitrous oxide in contrast to nitrogen at Sn/Pt. In
general, it appears that these increases in rate result from the
avoidance of poisoning species on the surface rather than a direct
catalysis of nitrate reduction. Long term stability of such surface
would also be a general concern in many applications.

The activity of the precious metals for the cathodic reduction
of nitrate in acid media can also be enhanced by alloying. Precious
metal alloys studied include Pt/Rh'® and Pt/Ir.*” More interesting
alloys are those of Pd-Sn. Casella and Contursi'®' electrodeposited
a series of Pd-Sn alloys and found that, although neither palladium
or tin were active for nitrate reduction in 50 mM H,SO,, some of
the alloys gave well-formed, mass transport controlled peaks for
the reduction of nitrate. The most active alloy was Pd;3Sng;.

Two papers consider the influence of deposition of palladium
onto copper' > and of copper onto palladium” and claim enhance-
ment in the activity for nitrate reduction in acid solution compared
to the individual elements. Both also stress the inhibition of the
catalysis by sulphate and chloride ion and conclude that this pro-
vides evidence for the adsorption of nitrate as a critical step in its
reduction. The paper by de Vooys et al.”> considers in detail the
influence of copper coverage on the reaction. It is shown that the
current density at fixed potential increases linearly with coverage
and leads to a change in product selectivity. Nitrogen is the major
product at low Cu coverage while nitrous oxide dominates as a
monolayer of copper is approached. The behaviour of a monolayer
of copper is, however, not the same as the bulk metal. It is con-
cluded that copper activates the first electron transfer while the
palladium directs the selectivity towards nitrogen. The trend is also
towards nitrous oxide with increasing nitrate concentration.

In all its forms (graphite, vitreous carbon, diamond), carbon
has been studied as a cathode material for nitrate reduction at
higher pH. In acidic solutions, the overpotential for nitrate reduc-
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tion appears to be very high and the application of carbon is lim-
ited to that of substrate for other materials. The active materials

include copper®-" and metal complexes.'®

2. Neutral Media

While the electrochemical reduction of nitrate in neutral media is
of interest for the development of analytical procedures and sen-
sors as well as in water and effluent treatment (where the preferred
product is nitrogen), reliable, fundamental studies of mechanism
and kinetics are seldom achievable. All reductions of nitrate, e.g.,
reactions (1)—(8) consume protons and in unbuffered, neutral solu-
tions this will lead to a rapid rise in pH close to the electrode sur-
face and the extent of this rise will depend on the nitrate concentra-
tion and current density as well as the mass transport regime. So
for example, the local pH at the cathode surface will change during
a potential sweep through the peak for nitrate reduction. Indeed,
the fact that nitrate reduction in neutral solutions leads to the for-
mation of hydroxide ion at the cathode surface has long been rec-
ognised and applied as a procedure for the controlled formation of
metal hydroxide/oxide layers on a substrate surface. The best
known example is the deposition of a nickel hydroxide layer by
reduction of an aqueous nickel nitrate solution.'”*'* In general, the
use of buffers has not been followed up because it is to be ex-
pected that they would change markedly the mechanism and kinet-
ics of the cathode reaction, for example by adsorption of the buffer
ions on the electrode surface. To some extent, the impact of the pH
increase is reduced in many technological situations where the
concentration of nitrate is low and/or the use of a flowing solution
sweeps the hydroxide away from the cathode. Even so, the conclu-
sions from mechanistic and kinetic studies in neutral media really
apply to an ill-defined slightly alkaline pH.

The most active metal cathodes for nitrate reduction, as in
mildly acidic solutions, are freshly plated copper’'” and the pre-
cious metals, particularly iridium®**'% and rhodium®'*"'*® that
are reported to give higher rates of nitrate reduction than platinum
or palladium. The activity of rhodium centres deposited onto pyro-
lytic graphite depends on the deposition conditions (and correlates
with centre size) but the product is always a mixture of nitrite and
ammonia.'”'% Peel et al.*” investigated the application of a com-
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mercial Rh on carbon cloth electrode for the removal of nitrate
from groundwater. They confirmed the activity of Rh as a catalyst
and showed that the electrode material was capable of decreasing
nitrate levels to < 50 mg dm™, as required in the production of
potable water but a mixture of products were formed.

Politades and Kyriacou'”” compared the products from the
reduction of 0.1 M nitrate in neutral sulfate at Cu, Zn, Al, Pb, C
felt and two alloys (CugyZnyy, SngsCuys); nitrate could be reduced
at all these materials but the highest selectivity for nitrogen was
found at aluminium and the tin/copper alloy.

A preliminary note''’ has reported a high reduction activity
for a copper/palladium surface. Copper/platinum surfaces have
been investigated by Vila et al.''' This group modified a carbon
surface by cathodic reduction of a diazonium salt to produce a car-
bon surface covered with 4-sulfophenyl groups. These were then
complexed with Cu(Il) and the Cu(Il) reduced cathodically or by
reaction with sodium borohydride. Finally, these surfaces were
dipped into a K,PtClg solution for various periods. The resulting
Cu/Pt surfaces gave good voltammetric peaks in 2 M sodium ni-
trate but the peak height decreased as the Cu atoms were replaced
by platinum.

Dash and Chaudhari''? investigated graphite, iron, aluminium
and titanium as cathode materials at pH 7 and 9. With the metal
cathodes, they report effective removal of nitrate at a level of 100
mg dm” using a rather high current density of 0.14 A cm™. At iron
and aluminium, ammonia was formed in almost quantitative yields
but at titanium, nitrogen was said to be the major product as other
products could not be identified.

A Greek group'™'"* have used tin cathodes at very negative
potentials for the reduction of nitrate in potassium sulphate and
demonstrate an interesting result. Using a potential of 2.9 V vs.
Ag/AgCl, they found the major product to be nitrogen with a yield
of 92% with some ammonia (~ 8%) and a trace of nitrite. At —2.4
V, the yields of nitrogen and ammonia were almost equal (35-
40%). At both potentials, the rate of conversion was high and the
current efficiencies were reasonable, initially 60% at —2.9 V. The
base electrolyte also influences the rate of reduction. At —1.8 V,
the rate of nitrate reduction was highest in the presence of multi-
charged cations and followed the sequence, La*" > Ca®" > NH," >
Cs"> K" >Na'> Li" and also, for halides, followed the order, F >
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CI' > Br" > I'. The latter was thought to be a double layer effect
while the influence of the anions is similar to that observed for, for
example, copper in acid solution.*?

Diamond cathodes have been investigated.''>!'® The latter
paper''® compares three different preparations of diamond and
finds that

(i) the surface structure of the diamonds as observed by elec-
tron microscopy differ markedly,

(i1) the voltammograms also show differences but all give sub-
stantial current densities for nitrate reduction negative to
—1.50 V vs. SCE and these can reach > 50 mA cm™ with
1 M KNOj as the medium, and

(iii) the ratio of the products is independent of the diamond
preparation; the major products are always nitrite and nitro-
gen containing gases in almost equal amounts.

Taniguchi et al.''” have investigated the reduction of 0.1 M
nitrate at a series of cathodes (Hg, Pb, Cu and Ag) in the presence
and absence of CoL*" and Ni(I)L** where L is the macrocyclic
ligand 1,4,8,11-tetra-azacyclotetradecane. The metal complexes
are effective electrocatalysts leading to substantial reductions in
overpotential for nitrate reduction. Moreover, the complexes ap-
pear to be stable and give high turnover numbers and selective
products. Interestingly, the presence of the complexes leads to a
change in product from ammonia to hydroxylamine. Moreover, the
concentration of catalyst required is very low (e.g., 20 uM) and it
is thought that the active catalyst species are adsorbed on the cath-
ode surfaces. Modified electrodes based on polymerised nickel and
copper tetraamino-phenylporphyrin entities”™ have also been
shown to be active for nitrate reduction in neutral solution when
the major product is nitrite.

A very surprising result was reported by Zhang et al.'"® They
report that, in terms of the potential, polypyrrole was the most ac-
tive electrocatalyst for nitrate reduction yet reported; in 0.1 M ni-
trate, pH 7, they found that reduction commenced at +600 mV vs.
SCE. It would be interesting to see this system investigated further.
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3. Alkaline Media

In alkaline solutions, a major driving force for investigations has
been the wish to remove nitrate from various waste streams in the
nuclear industry and a large number of cathode materials have
been investigated in appropriate conditions for this application. In
addition, academic papers have sought to probe fundamental as-
pects of electrocatalysis but such work is more limited than that in
acid solution. There is little overlap between these two strands and
it is therefore difficult to integrate the conclusions. In general, in
alkaline media, the potential for nitrate reduction is shifted to sub-
stantially more negative potentials and the electroactivity is less in
alkaline than in acidic aqueous solutions. One reason is the greater
chemical stability of nitrate itself (as well as its reduction products)
in alkaline solutions and the intervention of homogeneous chemi-
cal reactions is much less likely.

Copper remains a popular choice of cathode materia
for the reduction of nitrate at alkaline pH. There is general agree-
ment that the activity of copper for nitrate reduction depends on
the history of the surface and its pre-treatment, supporting the view
that special sites on the surface are important to nitrate reduction
on copper. Cattarin'" reports variation of the cyclic voltammetric
response with the number of cycles, the potential limits and the
direction of scan. A recent paper™ has investigated in more detail
the changes to the copper surface produced by potential cycling
(either stepping or scannining) in 1 M NaOH and has shown that
high surface area and highly structured surfaces can be produced.
Figure 8 shows SEM images of copper surfaces produced by ano-
disation and subsequent reduction under controlled conditions and
it can be seen that the copper layer is made up of nanowires. The
same paper goes on to show that there is a good correlation be-
tween the structure of the Cu layer and the potential for nitrate
reduction in 1 M NaOH; with the high surface area structure, there
is a positive shift of ~ 100 mV compared to smooth copper. Paidur,
et. al."” report that a low concentration of Cu(Il) in the electrolyte
prevents deactivation of the surface and this probably results from
the continuous deposition of a high surface area form of copper.

The most dramatic effects resulted from ball milling.”® Ball
milling in air and argon led to quite different forms of copper
powder. While both increase the activity for nitrate reduction, ball

158,74, 119-122
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Figure 8. SEM images of copper deposits produced by anodising the copper at
—100 mV vs Hg/HgO for 900 s followed by reduction with 20 cycles between
—450 mV and —1650 mV, both in 1 M NaOH. (a) top view (b) cross section.
Reproduced from Ref. 197, Copyright (2007) with permission of the
ECS—The Electrochemical Society.

milling in air produces the more active surface for nitrate reduction
in base. During cyclic voltammetry, ball milling in air leads to
large increases in current density at all potentials negative to —0.90
V vs. Hg/HgO (more than a factor of ten) and this is shown not to
be a surface area effect. It is suggested that the increased activity
results from the creation of active sites (grain boundaries and/or
surface defects) during the ball milling. In prolonged electrolyses,
ball milling increased the coulombic efficiency for nitrate reduc-
tion to ammonia.

In general, cyclic voltammetry with a copper electrode in 1 M
NaOH, nitrate gives a well formed reduction peak at ~—1.30 V vs.
SCE. The current efficiency for nitrate removal at copper is high
and the major products are nitrite and ammonia. The literature
gives the impression that reduction occurs in two stages since the
selectivity to ammonia increases with charge passed and as the
potential is made more negative (current density is increased).
Homeric, et. al.” report a surprising variation in the products with
the cation of the electrolyte at pH in the range 10-13. With Na’,
the current efficiency for ammonia increases with pH from 55% to
75% while the nitrite remains constant at ~ 27%, while with Cs,
nitrite is the major product with the ratio of NH3/NO;" in the range
0.36-0.48. Reduction of nitrate also occurs at silver in alkaline
solutions;'"” a reduction peak is seen on voltammograms at ~ —1.2
V vs. SCE but at this metal, reduction appears to stop at the stage
of nitrite ion.
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Casella and Gatta'” report that the addition of thallium to
copper increases the electrocatalytic activity for nitrate reduction
with CuysTlss giving the highest response. They noted that the
copper/thallium alloys formed by electrodeposition had a higher
roughness than copper and also suggested that thallium may pro-
mote the adsorption of nitrate. Milhano and Pletcher'** have com-
pared the catalysis of nitrate reduction in alkaline solution at Pd-
Cu alloys prepared by electrodeposition. Palladium itself is a very
poor catalyst but with increasing palladium content of the Pd-Cu
alloy, the reduction wave shifts positive by > 300 mV.

The Canadian Group has described the preparation of both
Cu-Ni and Cu-Pd alloys by ball milling. Cu-Ni alloys'** with bulk
nickel contents of 20, 40 and 80% were prepared from the ele-
ments. When examined as catalysts for nitrate reduction in 1 M
NaOH, the changes in performance were small; there was a small
decrease (20%) in the rate of nitrate destruction and a small in-
crease in the selectivity for the formation of ammonia (92 to 98%)
as the nickel content was increased from 20 to 80%. The Cu-Pd
catalysts'*® were prepared in a two stage process. Copper was ini-
tially ball milled for 6 hours before the addition of 1 at % palla-
dium followed by further ball milling for 5-30 minutes. The objec-
tive was to minimise the palladium usage by limiting the alloy
formation to the surface of the Cu particles. Palladium surface
concentrations over the range 3-62% were produced. In line with
the studies described above, the Pd-Cu were very active catalysts
for nitrate reduction in 1 M NaOH. Again compared to copper, a
surface alloy with ~ 70% Pd showed a positive shift of ~ 100 mV
for nitrate reduction and also increased the selectivity to ammonia.
It is suggested that the Cu atoms in the surface are responsible for
the initial steps in nitrate reduction while the palladium partici-
pates in the later steps leading to ammonia. These recent papers are
consistent with the earlier literature describing the strong catalysis
by Pd/Cu surfaces produced by underpotential deposition of cop-
per onto palladium.” Pd-Cu is indeed a most promising catalyst
for nitrate reduction in alkaline media. Moreover, we understand
that it will be the subject of several further papers from the Cana-
dian group in the coming year.'”’

The electrochemical reduction of nitrate in alkaline solution
has also been studied at hydrogen storage alloys,'?®
Mm(NiAIMnCo)s where Mm is a mixture of La, Ce and Pr. It was
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shown that the hydrogen loaded alloys react chemically with ni-
trate and the alloys also act as cathodes, the major product being
ammonia. Ball milling has also proved to be a useful way to fabri-
cate alloys for formulating into cathodes.

Hobbs and coworkers'**"*! were interested in removing nitrate
from nuclear waste streams and have investigated several cathode
metals using solutions typically containing 3 M NaOH and 0.25 M
Na,COs. Early experiments'”'** were conducted at controlled
potential and low nitrate concentrations. Zinc, lead, iron, nickel
and platinum cathodes were all found to give reasonable current
efficiencies for nitrate removal with the efficiency decreasing
along the series Zn > Pb > Fe > Ni. At zinc and iron, the selectivity
to ammonia was high while at nickel and platinum, nitrogen was
the major product. At lead, the ratio of ammonia/nitrogen was de-
pendent on both, potential (or current density) and initial nitrate
concentration. Later'?' much higher nitrate concentrations were
employed and electrolyses were carried out at constant current.
Nine cathode materials (Pb, Cd, Pb alloy, 316 stainless steel, Ni,
Cu, porous Ni, graphite, Medicate ES6) were examined at room
temperature for the reduction of a mixture of 1.95 M nitrate and
0.6 M nitrite. When the current density was 0.14 A cm™, all these
cathodes led to significant removal of both nitrate and nitrite with
nitrogen as a major product; lead and cadmium performed best.
The study was continued in a flow cell using an even higher cur-
rent density (0.5 A cm™) and lead and nickel were selected as the
cathode materials. With both materials, a large amount of hydro-
gen evolution was obtained and early in the electrolyses, nitrogen
and nitrous oxide were the main gaseous products from the nitrate
and nitrite, with ammonia dominating when higher charges have
been passed. The current efficiency was higher at lead when sig-
nificant conversion of nitrate to nitrite occurred in the early stages
of the electrolysis. Although these studies led to the conclusion
that the conditions employed were effective for decreasing the
nitrate and nitrite content of the nuclear waste, the current densities
are very high compared to those observed during voltammetry and
presumably correspond to rather negative potentials. Thus, for
example a voltammogram at Ni shows a low current density,
symmetrical peak at ~ —1.3 V vs. SCE and the response implies
inhibition of the surface for nitrate reduction by a high coverage of
adsorbed hydrogen atoms (as in acidic solutions)."*'
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The precious metals have been less studied in alkaline solu-
tions and the impression is that they are rather poor electrocatalysts
in alkaline media. Hirani and Rizmayer” investigated platinised
platinum and report a low current density peak on voltammograms
in the potential range where hydrogen adsorption occurs. Tucker et
al.?® report similar behaviour for high area rhodium surfaces and
also describe an activation of the rhodium surface for nitrate reduc-
tion by cycling the potential in the alkaline nitrate solution. Palla-
dium shows a very low activity for nitrate reduction’"** but it is
increased by underpotential deposition of copper.”

Several papers have addressed'”®'**'® the catalysis of ca-
thodic nitrate reduction by macrocyclic complexes in alkaline con-
ditions. None have found application but the most promising was
Co(1,4.,8,11-tetraazacyclotetradecane)’” where significant nitrate
reduction peaks were observed on voltammograms with low con-
centrations of nitrate.'**'3*

V. APPLICATIONS OF ELECTROCHEMICAL NITRATE
REDUCTION

1. Analysis

The reliable and rapid analysis of nitrate is important in many
fields. For health reasons, the intake of nitrate by humans must be
controlled. Hence, throughout the world, the maximum level of
nitrate in drinking water is fixed by legislation (in the UK the
maximum permitted level is 50 mg/litre, i.e., ~ 0.8 mM). Similarly,
the level of nitrate in food needs to be monitored while the concen-
tration of nitrate in physiological systems is of interest to the
health profession. The use of nitrates as fertilisers in agriculture, as
a component in household detergents and in many industrial proc-
esses also makes the concentration of nitrate in natural waters and
effluents a concern. The mapping of nitrate concentrations (within
the range 0-40 uM) in the oceans is a routine procedure for defin-
ing ocean circulation and this is important to the understanding of
the physics and chemistry of the oceans, weather forecasting, etc.
Nitrate and nitrite are often found together and, indeed, nitrite is
the more toxic. Hence, analytical procedures that distinguish ni-
trate and nitrite are particularly attractive although in many practi-
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cal situations, the nitrite level is much lower than that of nitrate
and nitrite is therefore not necessarily a serious interference to
nitrate determination. Moorcroft et al."*® have reviewed the ana-
lytical procedures, including amperometric and voltammetric
methods, for nitrate and nitrite analysis.

Since the direct reduction of nitrate is generally not observed
on mercury, polarographers needed to find indirect approaches in
order to establish methods for nitrate analysis. Two ways forward
were defined. The first used a soluble mediator capable of reduc-
ing nitrate and hence leading to a catalytic cycle where the limiting
current plateau for the mediator was enhanced by the presence of
nitrate. Suitable ions include molybdate’"" and the uranyl cation;'
all give well formed polarographic waves well positive to the
negative potential limit with significant current enhancements de-
pendent on the concentration of nitrate in solution. The second'’
employs a highly charged cation such as La’" or Ce’*. The pres-
ence in the electrolyte of such ions leads to a polarographic wave
when nitrate is present in solution. It is thought that such highly
charged cations ion-pair with the nitrate and the positively charged
ion pair is able to enter the double layer at the mercury drop sur-
face at negative potentials. With both approaches, however, the
relationship between limiting current and nitrate concentration is
non-linear and this makes the methods unattractive.

Solid electrodes give more promising results partly because of
the greater sensitivity achievable at Cu and Cd when the reduction
wave results from an 8¢ reduction, see reaction (8). Early experi-
ments used cadmium® and copper® rotating disc electrodes but a
major advance occurred when it was found that the quality of the
response was much enhanced by the addition of Cu®" and/or Cd**
to the analyte so that a fresh metal deposit was formed continu-
ously during the analytical determination of nitrate. This approach
was introduced by Bodini and Sawyer® who deposited in situ both
copper and cadmium onto a pyrolytic graphite cathode. By varying
the concentrations of Cu”" and Cd*" in solution, they were able to
obtain linear calibration plots between reduction peak current on
cyclic voltammograms and nitrate concentration over ranges be-
tween 0-10 uM and 0-10 mM. They also applied their procedure to
the determination of nitrate in irrigation waters and airborne par-
ticulate samples. Johnson and Sherwood"**'*° used a variation of
this procedure where they in situ plated copper onto a cadmium
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RDE and adapted the method to design a detector for nitrate for
use in high performance liquid chromatography.

Later papers recognised the importance of a fresh surface of
metal on the detection electrode but consider copper alone to be
adequate. Albery and coworkers*® described a packed bed wall jet
dual electrode where the Cu® could be generated from a bed of
copper placed before the jet of a normal wall jet electrode; this
creates a highly reproducible fresh copper on the wall disc elec-
trode. Fogg and coworkers® designed and developed a capillary
fill sensor fabricated using screen printing but used in situ copper
plating onto the screen printed carbon working electrode to obtain
a reproducible response. Davis et al.”’ reported that freshly plated
electrodes could give separate peaks for nitrate and nitrite and ana-
lysed for nitrate in lettuces and sewage outfall waters. The group in
Oxford®" also report that boron doped diamond is a good substrate
for copper deposition in these analytical procedures. These proce-
dures are all based on potential sweep methods where the precise
measurement of peak height can be a problem. Carpenter and
Pletcher® therefore devised a potential step sequence whereby
fresh copper was plated in situ onto a copper disc during a first
pulse and the nitrate reduction current was measured following a
step to a more negative potential. The analysis required only the
measurement of a single current and the potential sequence was
optimised to give the maximum response. They applied the method
to the determination of nitrate in local utility water. A Turkish
group'* further improved the lowest detection limit by using
square wave voltammetry at a glassy carbon disc on the analyte
following a small addition of Cu®". Nitrate is seen as a well formed
and easily measured peak negative to that for copper plating and a
lowest detection limit of ~ 1 pM is claimed. Bertotti et al.'*' dem-
onstrated that the Cu(Il) required to plate an active surface could
be formed in situ in the analyte. Prior to each differential pulse
voltammogram used for an analysis, a polished and acid washed
copper electrode was polarised at +0.50 V for 10 s (to drive copper
dissolution) and then —0.25 V for 15 s (to redeposit a fresh copper
surface). This pre-treatment led to a dramatic improvement in the
peak size and shape for low concentrations of nitrate. Moreover,
the peak height for nitrate reduction is proportional to nitrate con-
centration over the range 0.1-2.5 mM. The procedure was illus-
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trated by the analysis of a mineral water (nitrate determined as
14.7 ppm) and a sausage meat (nitrate determined as 26.4 ppm).

Another way to improve the sensitivity is to use a microelec-
trode array when a sigmoidal current/voltage response is obtained
and Ward-Jones et al.>* have used in situ Cu plating onto a boron
doped diamond microelectrode array to determine nitrate. They
also claim a lowest detection limit of ~ 1 uM and report excellent
analyses of natural waters containing 35 uM, 194 uM and 532 uM
nitrate. Finally, Davis et al.'* investigate the influence of ultra-
sound on these in situ copper deposition procedures for the deter-
mination of nitrate.

2. Electrosynthesis

In principle, the cathodic reduction of nitrate could be a route to a
number of compounds, see Table 1. Indeed, some would be tech-
nologically feasible, for example, the reduction at copper in acid
solution could be developed into a selective route to ammonia. The
only process that is economically attractive, however, is the reduc-
tion to hydroxylamine nitrate

2NO; + 8H'+6e > NH;0HNO; + 2 H,0 (34)

Hydroxylamine nitrate is a component of weapons and rocket
propellants but it is also used in automobile air bag inflators and as
a stripper in the manufacture of electronic components. A process
for its manufacture was developed by the Olin Company in the
USA.® No alternative to a mercury cathode was found and
hence a cell was developed, see Fig. 9. It had horizontal electrodes
with a 6 m® mercury cathode separated from the platinum clad
niobium anode by a Nafion membrane. The catholyte feed was 5
M nitric acid and the anode reaction was oxygen evolution, also
with a concentrated nitric acid electrolyte. The electrolysis was
carried out at ~ 0.3 A cm™ and operated with a current efficiency
of 85%. The cell is capable of manufacturing 70 tons/year of 13 M
hydroxylamine nitrate. The product stream from the cell contains
unreacted nitric acid and this is neutralised with hydroxylamine.
For this reason part of the product stream is converted to free
hydroxylamine using an ion exchange column and cycled back
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Figure 9. Schematic of the Olin cell for the manufacture of hydroxylamine nitrate.

into the anolyte exit stream. The stability of the product in all
streams is greatly decreased by the presence of trace metal ions in
solution and hence priority was given to pure feedstocks and cor-
rosion resistant materials for the cell and auxiliary equipment.

Rutten et al.®’ have described a specific situation where the ca-
thodic reduction of nitric acid to nitrous acid could be of interest.
Manganese dioxide (y-MnO,) can be electrodeposited by the an-
odic oxidation of an acidic manganese nitrate solution. In a divided
cell, the cathode reaction could be used to prepare nitrous acid for
further extraction of manganese from its crude ore. Using a
platinised titanium cathode and an initial catholyte feed containing
1 M HNOs + 1.2 M NO; + 0.01 M HNO, at 353 K and a current
density of 0.15 A cm™, the initial rise in nitrous acid concentration
was rapid. Unfortunately, the concentration later reached a con-
stant value (~ 0.06 M) because the nitrous acid was not completely
stable.

A much more ambitious synthesis is the cathodic conversion
of nitrate and carbon dioxide to urea as the first step in the produc-
tion of organic molecules from two simple inorganic starting mate-
rials. Shibata et al.'*® have demonstrated this reaction using gase-
ous carbon dioxide fed to a gas diffusion electrode in contact with
a solution containing 0.2 M KHCO; + 20 mM KNOs; at 298 K.
They investigated a number of metals as the cathode catalyst in the
gas diffusion electrode and concluded that metals that supported
the reduction of nitrate to ammonia and also carbon dioxide to
carbon monoxide were the best catalysts for synthesising urea;
indeed a good linear correlation was noted. The highest current
efficiency to urea was ~ 35% using a potential of —1.75 V vs. SCE
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and zinc as catalyst. This is a promising result and it would be in-
teresting to investigate the reaction further, particularly the influ-
ence of the electrolyte composition.

The cathodic reduction of nitrate also has a role in the electro-
deposition of oxide and hydroxide layers on conducting substrates.
All the reduction reactions of nitrate in unbuffered media lead to
an increase in the pH at the cathode surface and it has been shown
that the local pH can increase from 7 to > 12, allowing the deposi-
tion of for example, zinc oxide.'** The local pH and hence deposi-
tion rate will depend on a number of parameters including the ni-
trate concentration, the current density, bulk pH and temperature
and the properties of the deposits can be further controlled by po-
tential modulation.'* This controlled increase in pH at the surface
can be used to deposit layers with good adhesion and defined
properties. Initially, the electrolysis of an aqueous nickel nitrate
solution was used for the deposition of nickel hydroxide onto
nickel or steel cathodes during the manufacture of nickel/cadmium
batteries.'*'°> More recently, the procedure has been modified and
used for the deposition of nickel hydroxide onto Pt and Au micro-
electrode arrays in the fabrication of pH sensitive microelectro-
chemical sensors.'*® In addition the concept has been used for the
electrodeposition of other oxide/hydroxide layers often onto in-
dium-tin oxide coated glass as components of optical or light sen-
sitive devices. These include titanium dioxide,'" zinc ox-
ide, 14519819 cyprous oxide,' BaTiO,"! and mixed Cu/Zn ox-
ide.'> The procedure has also been extended to nitrate reduction in
a non-aqueous solvent, isopropanol in order to deposit a precursor
to the high temperature superconductor, YBa,Cu;07.; the electro-
deposition largely produces a mixture of hydroxides that, on heat-
ing in oxygen, are converted to the superconductor.'*®

3. Treatment of Nuclear Waste

Hobbs and collaborators'*"'**'%® have carried out extensive studies
of the electrochemical treatment of low-level nuclear waste. This is
a solution that remains after the removal of almost all the radioac-
tive elements and it is a complex brew typically containing 1.95 M
NaNO;, 0.6 M NaNO,, 1.33 M NaOH as well as lower concentra-
tions of several other sodium salts (aluminate, sulfate, carbonate,
chloride, fluoride, chromate, phosphate, silicate and tetraphenylbo-
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rate) and traces of radionuclides and metal ions such as ruthenium
and mercury. The objectives of the treatment would be

(a) to reduce the level of hazardous materials including nitrate,
nitrite and the radionuclides,

(b) to reduce the corrosiveness of the waste — nitrate is an ag-
gressive ion leading to stress corrosion cracking, pitting and
crevice corrosion in the carbon steels employed in the nu-
clear industry, and

(c) to minimise the volume of the waste requiring disposal.

Recycle of chemicals, particularly the sodium hydroxide, within
the waste would be a considerable benefit.

The cathodic reduction of the nitrate and nitrite to gaseous
products is an obvious way to lower the nitrogen content of the
waste. Following earlier experiments in glass cells,**"*""13313 Jead
and nickel were selected for extended testing and small pilot plant
systems were constructed around two flow cells,”** a FM01 LC
(ICI, electrode areas 64 cm?) and a MP cell (Electrocell, electrode
areas 100 cm?). The cells had a platinum anode and were operated
both with and without a Nafion 417 membrane separator. A num-
ber of 50 hour electrolyses were carried with a simulant mix at
343-353 K at a current density of 0.5 A cm™ using a charge suffi-
cient to remove 67% of all the nitrate and nitrite. The membrane
improved performance (avoiding oxidation of nitrite to nitrate at
the anode) and lead was superior to nickel as the cathode since it
gave less hydrogen as a co-product; moreover, contrary to expecta-
tions, the lead also appeared to be stable in these electrolysis con-
ditions. At both cathodes, nitrogen, nitrous oxide and ammonia
were the major gaseous products and the ammonia built up gradu-
ally until it predominated at the end of the electrolyses. At lead,
nitrite initially builds up before declining but no such increase is
seen at nickel. At lead the overall destruction efficiency was ~
75%. Also the technicium and ruthenium contents in the waste are
decreased as TcO, and Ru metal were deposited onto the cathode.
To further demonstrate the concept, two 1000 hour tests were
completed using 70 dm” batches of simulant mix in a divided cell
with a lead cathode and a Pt coated anode at 343 K. The electroly-
ses led to > 99% removal of the nitrate and nitrite with a destruc-
tion efficiency that dropped from 70% to 55% as the concentra-
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Figure 10. Preferred cell configuration for the re-
moval of nitrate and nitrite from low level nuclear
waste.

tions of nitrate/nitrite dropped. Some anode corrosion was noted
during the electrolyses (using a sulphuric acid anolyte). As a result
a further 100 hour test was carried out with a 10 M NaOH anolyte
and a stainless steel anode and this change seemed to avoid anode
corrosion without affecting the cathode performance. In this con-
figuration, the sodium hydroxide concentration in the catholyte
increased and it was possible to recover solid NaOH by crystallisa-
tion from the treated waste. The preferred cell configuration is
sketched in Fig. 10. It should be noted that all these electrolyses
were carried out where the current densities are very much higher
than in all academic studies of electrode materials (ca. 500 mA
em? vs. < 1 mA cm™); the efficiency is surprising and different
mechanisms for nitrate reduction must be expected. These flow
cell electrolyses were also successfully modelled to allow predic-
tion of the process performance with change in operating condi-
tions.'> In another study, the oxygen evolving anode chemistry
was replaced by hydrogen consuming gas diffusion electrode'®
and this change was not found to change the ability of the cathode
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to remove nitrate and nitrite. The cell was operated with both
acidic and alkaline anolytes in membrane divided cells and the
emphasis was on devising conditions where the sodium hydroxide
concentration in the waste (catholyte) built up and could be recov-
ered. Acceptable performance was obtained with current densities
in the range 0.15-0.25 A cm™ and the cell voltage (hence, the cell
energy consumption) was significantly reduced by using the hy-
drogen anode. No long term electrolyses to test the stability of the
gas diffusion electrodes were, however, reported. Bockris and
Kim"*'® report the voltammetry of the species in the simulated
nuclear waste using a nickel cathode and then show that the ni-
trate/nitrite, mercury, chromate and ruthenium can all be removed
in cells with packed bed cathodes. The influence of the bed metal
(Ni, Pb or Fe) and particle size were defined.

Hobbs'** described a different approach leading to the recov-
ery of pure sodium hydroxide and pure nitric acid solutions suit-
able for recycle back into the treatment sequence for the nuclear
waste. The three compartment flow cell is shown schematically in
Fig. 11. The low level nuclear waste is fed to the central compart-

pure pure
NaOH HNO;
cation anion
membrane membrane
, 1
Z I 0

NN

Na*

I

low level
nuclear
waste

Figure 11. Schematic of the three compartment cell for recovery
of both sodium hydroxide and nitric acid from the low level nu-
clear waste.
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ment and water electrolysis is carried out at the two electrodes; use
of an anion permeable membrane and a cation permeable mem-
brane allows the specific transport of nitrate and sodium ions from
the central compartment to the anolyte and catholyte respectively.
A number of anion and cation membranes were tested. Anion
membranes generally show poor stability to strong alkali and ni-
trite but the combination of Neosepta AM1 anion permeable mem-
brane and a Nafion cation membrane gave satisfactory results. It
was possible to remove almost all the nitrate and nitrite from the
waste stream and a considerable reduction in waste volume was
also achieved since water accompanies the ions through the mem-
branes. Theoretically, a 75% volume reduction is possible. Al-
though this approach seems attractive, it was not followed up,
probably because of insufficient stability of the anion membrane
for long term operation and the high cost of three compartment
electrolysis cells.

pure NaOH depleted
NaOH waste
cation
membrane
! \
Z H, I ©: 3
I
cathode 7 QI I Na' /\ anode
I N
! OH™ 3
I
I
1
low level
nuclear
waste

Figure 12. Schematic of the two compartment cell for recovery
of high quality sodium hydroxide from the low level nuclear
waste.
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More recently, Hobbs'>’ has described an electrolytic process
that recovers sodium hydroxide from the low level nuclear waste
but without removing the nitrate and nitrite. A schematic of the
cell is shown in Fig. 12. The low level waste is fed to the anode of
a cell carrying out water electrolysis. Hydroxide is converted to
oxygen at the anode but is reformed at the cathode leading to an
increase in concentration of a pure NaOH stream. This is a simpler
cell than that described above and avoids the use of the anion per-
meable membrane. Hobbs describes a number of electrolyses in a
MP cell with a nickel cathode, either nickel or platinised titanium
anode and either a Nafion polymer membrane or a NASD ceramic
membrane. Satisfactory performance was obtained with all the
components tested although the ceramic membrane had to be oper-
ated at a lower current density. The current efficiency for hydrox-
ide formation at the cathode was always high and it was possible to
prepare 14% NaOH. The process also leads to a reduction in the
volume of the waste as water accompanies the sodium ions
through the membrane. With a Nafion membrane, but not the ce-
ramic membrane, there was some contamination by radioactive
caesium present in the waste. With a Pt/Ti anode, nitrite in the
waste was oxidised to nitrate and with both Ni and Pt/Ti anodes, it
was necessary to limit the removal of hydroxide, since below ~ 0.4
M the aluminium in the waste precipitated as a solid. In longer
term testing, the nickel anode was found to corrode. But a FMO1
cell with a nickel cathode, Pt/Ti anode and a Nafion 350 mem-
brane was successfully operated for 1079 hours'*® although it was
necessary to carry out several maintenance activities during this
time. The test was carried out with a current density of 0.4 A cm™
at a temperature of 313 K. The cell consistently produced 13.8%
NaOH and there was no sign of electrode corrosion. The mem-
brane did eventually show evidence for precipitation within its
structure and this was thought to be aluminium and silicon species
but it was concluded that with appropriate management, the mem-
brane life would be > 5000 hours in this process environment.
Hirose and coworkers, working in the laboratories of Hitachi
in Japan, have developed procedures for the removal of ammo-
nium nitrate from the effluent of a process sequence to recover and
recycle uranium in a plant for manufacture of LWR fuel.'®"'%? The
effluent contains 1.3 M ammonium nitrate and two approaches
were considered. The first involved cathodic reduction of nitrate to



44 Clelia Milhano and Derek Pletcher

nitrite in a divided cell with a lead cathode following adjustment of
the effluent pH to 9 with ammonia. The product ammonium nitrite
was then thermally decomposed at 343 K,

NH,NO, 2 N, + 2 H,0 (35)

Essentially, complete reduction of nitrate was possible and the
current efficiency for nitrate reduction approached 100%. The cur-
rent efficiency for nitrite formation was > 70% so that the process
looked attractive especially since no by-products were formed.
Unfortunately, the lead cathode deactivated with cell operation and
attempts to reactivate led to lead corrosion. The second approach
used a three compartment cell similar to that in Fig. 11 to split the
ammonium nitrate into nitric acid and ammonia and it was possible
to generate 6 M HNO; and 8 M NH,OH using a current density of
0.3 A cm™. At the time of the presentation it was intended to scale
up the system to 4500 moles/day. A four compartment cell process
to concentrate the 6 M HNO; to 10.6 M HNO; was also described
but this is likely to be uneconomic in practice.

Another opportunity in the nuclear industry is in acid killing.
In the treatment of the aqueous phase resulting from the solvent
extraction of Fast Breeder Reactor fuel reprocessing, it is neces-
sary to reduce the nitric acid concentration in a waste stream from
> 4 M to almost neutral.'®® Mallika, et. al.'® have looked at pre-
cious metal anodes in an electrolytic process for this application.
They investigated electroplated platinised platinum, both with and
without diffusion annealing and a mixed metal oxide coating on
titanium. Their preferred anode coating was electroplated 3 um Pt
and this appeared stable when operated at 80 mA cm™ for 110
hours.

4. Removal of Nitrate from Natural Waters and Effluents

Throughout the world, pollution of ground water, rivers and lakes
by nitrate is a problem. The nitrate largely arises from present ag-
ricultural techniques, particularly the intensive use of fertilisers,
and is a risk to human health. Nitrate in drinking water has been
identified as a cause of methemoglobenemia or blue baby syn-
drome and is also implicated in some forms of cancer, diabetes and
birth defects. As a result, legislation generally limits the nitrate
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level in water and maximum concentrations in the range 10-50
ppm are enforced in most countries. Nitrate is also found in indus-
trial effluents, sometimes at a relatively high level, and it then
makes sense to remove it before it enters the natural water system.
Consequently, technology to remove nitrate from waters is now
essential. Successful approaches include biological denitrification,
reverse osmosis, ion exchange, electrodialysis, catalytic hydro-
genation and electrolytic methods'*>'% although it should be noted
that reverse osmosis, ion exchange and electrodialysis are only
concentration technologies. Either the technology must produce
sufficiently concentrated nitrate solutions for them to be recycled
or the technology is producing a secondary effluent that must be
subjected to further treatment before disposal. This review will
only consider methods for nitrate removal based on electrochemis-
try but it must always be remembered that, in practice, they are in
competition with the non-electrochemical technologies.

The nitrate levels of interest in water treatment are generally
low and certainly the target will be to remove the nitrate to << 1
mM. Also, the volumes to be treated are usually large. Hence, the
technology will be built either around a three dimensional elec-
trode or the treatment process will have two stages, a preconcen-
tration step, usually ion exchange, coupled to electrolytic destruc-
tion of nitrate from the concentrate. Paidur et al.'* investigated the
influence of cell design on the removal of nitrate from the regener-
ant solution for a strongly basic ion exchange resin, i.e., 1 M so-
dium bicarbonate containing low levels of chloride and sulfate as
well as 1 g dm™ nitrate. They selected copper as the cathode mate-
rial and compared cells with a plate cathode, a plate with a fluid-
ised bed of inert glass beads in the interelectrode gap, a packed bed
of copper particles and a vertically moving copper particle bed. As
expected, nitrate removal occurred in all the cells and ammonia
was the major product with some nitrite early in the electrolyses.
Moreover, in all cells the continuous creation of a freshly depos-
ited copper surface, e.g., by addition of Cu(Il) to the solution, in-
creased the rate of removal. Even in the simple plate cell, reduc-
tion in the nitrate level from 1000 ppm to < 20 ppm was possible
at low current densities (2 mA cm?) although the current effi-
ciency fell to < 20% towards the end of the electrolysis. Introduc-
ing the bed of inert particles improved the mass transport and a
higher rate of removal was possible; the current efficiency for 90%
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nitrate removal was ~ 30% even with a current density of 32 mA
cm™. While the rate of nitrate removal and the current efficiency
was highest with the moving bed of copper particles, the perform-
ance of the three dimensional copper electrodes was not as good as
predicted by theory and the authors believe that this is the result of
insufficient control of the potential and current distributions
through the electrodes. Kaczur'®” describes the use of a cell with a
cathode (30 cm x 7.6 cm x 0.3 cm) of compressed copper fibres
(60 pm x 75 um, specific surface area 74 cm® cm™) for the treat-
ment of both 85 mg dm™ and higher (22-123 g dm™) nitrate con-
centrations. A very low current density was employed (the cell
current was only 1.01 A) and the solutions used were acidified to
pH 2.5 and 1.5 respectively. With the dilute solution up to 90%
removal of the nitrate was achieved in a single pass through the
cell at low flow rates and the current efficiency was ~ 15%. With
increasing flow rate, the conversion decreased but the current effi-
ciency improved. Little nitrite was formed and it is suggested that
the major product is nitrogen. This is contrary to most of the litera-
ture on copper cathodes since ammonium ion is expected but ni-
trogen formation could result from proton depletion at the cathode
surface. With the more concentrated solutions, the electrolyte was
recycled through the cell many times and a copper felt cathode was
used. The current efficiency for nitrate removal was very good but
the products were not determined.

A number of papers have sought to employ metal catalysts
dispersed over three dimensional carbon substrates. The metal
catalysts include iridium,®**'®* rhodium,?***'®® Sn''*!'"* and
Pd/Sn'® alloy and all appear effective in removing nitrate from
neutral solutions. The academic literature, however, does not fea-
ture attempts to place such cathodes in engineered cells. On the
other hand, Upscale Water Technologies Inc has marketed the N-
Forcer™ for maintaining the nitrate level in closed loop fish tank
systems at an acceptable level.'® The key component is a cathode
formed from rhodium catalysed carbon cloth. The three-
dimensional cathode cell had a cathode surface area/catholyte
compartment volume ratio of 7900 cm” cm™. Hence, a large frac-
tion of nitrate is removed in a single pass. Systems were developed
for both salt and fresh water and for 200 and 400 gallon tanks.
Much larger systems able to handle up to 100,000 gallons/day
were also being developed. These might have up to 160 cells in
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parallel and were designed to remove 80% nitrate in a single pass
with an inlet nitrate concentration of 200 ppm.

Ionex Ltd has developed an integrated ion exchange col-
umn/electrochemical cell system for the removal of nitrate ion
from household water.”™ "' The overall objective is to convert
the nitrate in the water to nitrogen gas with the minimum addition
of chemicals or water or formation of waste product. The feed wa-
ter typically has a nitrate level in the range 50-100 ppm and this is
removed on ion exchange resin. The ion exchange columns are
regenerated with a 2 M KCl solution with a residual level of nitrate
and it leaves the columns containing ~ 20 g dm™ nitrate. This is the
feed to an electrolysis cell designed for simplicity and low cost. It
is an undivided tank cell with a volume of ~ 400 dm® and fitted
with 100 titanium bipolar electrodes. The cathode surfaces are
electrodeposited rhodium that has been activated by potential cy-
cling in the cell feed.”® This cycling procedure leads to a restruc-
turing of the rhodium to give a surface increased in real area to
~ 230 times the planar area along with morphological modifica-
tions; this activation procedure has to be repeated periodically dur-
ing the cell operation. The anode surfaces are standard DSA RuO,
coatings and in the cell operating conditions the anode reaction is
oxygen evolution with the protons formed largely maintaining a
pH balance in the cell. The cell operates at a current density of 100
mA cm™ (based on superficial geometric area) and the feed is re-
cycled through the cell to achieve a 90% reduction of the nitrate
concentration. Nitrogen, together with hydroxide ion, is the only
product formed at the cathode. After treatment in the electrolytic
cell, the pH of the solution is readjusted to neutral with hydrochlo-
ric acid and it is then ready for recycle to the ion exchange col-
umns. The technology is now licensed to BOC Ltd and is presently
being tested within two UK water utilities, each providing 3000-
4000 m*/day of water to customers. To date the technology is per-
forming well.

This technology has replaced an earlier concept "~ where the
ion exchange columns were replaced by a three compartment cell
with two anion permeable membranes and the centre compartment
was filled with ion exchange beads. The water to be treated passed
through the central compartment and the anion exchange resin
acted as an instantaneous trap for the nitrate in the feed water.
Electromigration induced by the cell current was used to drive the

173
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nitrate ion out from this central compartment into the anode com-
partment before it was transferred to a destruction cell. Clearly,
this is a more complex arrangement and, in any case, the available
anion membranes were not completely stable. Van Velzen and
Langenkamp'”® described another approach to the removal of ni-
trate from chloride based ion exchange column regenerant. They
used a commercial DEM cell (dished electrode membrane cell)
with parallel plate electrodes. It had a Hastelloy C steel cathode, a
DSA anode and a Nafion cation permeable membrane. This cath-
ode material led to substantial amounts of ammonia as a product
but this was removed by circulating the catholyte exit stream
through the anode compartment where hypochlorous acid was
formed, allowing the reaction

3HCIO + 2NH; > N, + 3H,0 + 3 HCI (36)

In fact, several papers have suggested combining the genera-
tion of ammonia at a cathode with destruction of the ammonia by
hypochlorous acid formed at an anode in a chloride electrolyte.
Hiro, et. al.'”®'”” used a Cu/Zn cathode and a precious metal anode
in an undivided cell and treated solutions containing nitrate, nitrite
and ammonium ion and were able to achieve 90% conversion of
the nitrate to nitrogen gas. An Italian group'’® used a membrane
cell with a Pd/Co oxide coated titanium cathode but found that the
ammonia formed was transported through the membrane to be
destroyed at Pt/Ir on Ti anode.

Cheng and coworkers'” have described the application of a
solid polymer electrolyte cell to the removal of nitrate in a bicar-
bonate based medium. The cell was based on a membrane elec-
trode assembly (MEA) fabricated by hot pressing a Pd-Rh coated
Ti cathode mesh and Pt/Ti anode mesh onto a Nafion 117 mem-
brane. The cell was operated with a current density between 1 and
20 mA cm™ giving a steady state cell voltage of 1.6 Vto 7.4 V ata
temperature of 333 K. It was possible to achieve almost complete
removal of nitrate ion although the current efficiency dropped sub-
stantially as the nitrate level dropped. Nitrogen was the major
product at lower current densities. The same cell has also been
used'® for the simultaneous removal of nitrate and ammonia at the
cathode and anode respectively. Again a bicarbonate based me-
dium was employed and it was possible to drop the levels of both
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nitrate and ammonia to a low level with nitrogen as the main prod-
uct. The current efficiency for ammonia removal was, however,
poor.

Dziewinski'®"'*? has described a totally different approach to
the removal of nitrates that is suited to both low level nitrate treat-
ment of water and high level nitrate in industrial effluent. The elec-
trolytic step is the reaction

Zn*" +2¢ > Zn (37)

carried out in a rotating cathode in conditions where the zinc is
formed as a very fine and active powder. The zinc powder is then
transferred to a chemical reactor where it is reacted with the nitrate
containing solution after slight acidification to pH 2-4 and addition
of sulfamic acid. The following reactions are rapid and selective,

Zn + 2H" + NO; 2 Zn* + NO, + H,0 (38)
NO, + H,NSO;H < N, + SO/ + H" + H,0 (39)

thus, ensuring that the nitrate is converted only to nitrogen gas.
The exit stream from this reactor then passes through the electroly-
sis cell for the removal of the zinc cation from the water and the
recycle of the zinc powder. The process may be illustrated by
treatments of water containing ~ 220 mg dm™ nitrate; the nitrate
was decreased to < 1 mg dm™ and the treated water contained only
~ 5 mg dm™ ammonium ion and a trace of sulfamic acid. Clearly
this approach consumes a chemical, sulfamic acid, and requires
careful control. It is, however, rapid and capable of handling ni-
trate concentrations over the range < 50 mg dm™ to > 1 M and
sulfamic acid is a cheap chemical. A recent paper'® has reported
the influence of the reaction conditions on the rate and efficiency
of nitrate removal.

Electrodialysis *" has proved to be a very successful technol-
ogy for the removal of nitrates from drinking water. A schematic
of the cell used for the removal of nitrate by electrodialysis is
shown in Fig. 13. For clarity, the cell is shown with only three
pairs of anion/cation permeable membranes; a commercial cell will
have 100-1000 membrane pairs between the two electrodes. In
electrodialysis, the ionic separation occurs at the membranes and

184
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the role of the electrodes (usually carrying out water electrolysis)
is only to create the electric field to drive the ionic migration
through the membranes, anions towards the anode and cations to-
wards the cathode. It can be seen in Fig. 13 that the cell has two
streams fed to alternate intermembrane gaps, the water to be
treated and a product stream, and the sodium nitrate passes out of
the water stream into a product stream that becomes a concentrated
sodium nitrate solution (for recycle or a small volume requiring
further treatment).

In Europe, the development of the nitrate removal from drink-
ing water technology has been led by Eurodia, a company in
France.'®'*® Their technology is based on:

(a) The availability of an anion permeable membrane (Toku-
yama Coup, Neosepta ACS) that shows considerable selec-
tivity for the transport of nitrate versus other ions found in
natural waters, particularly bicarbonate, chloride and sulfate.
The exact selectivity depends on the ratio of the anions in
the solution feed, current density, etc. but the ACS mem-
brane performs significantly better than other commercial
membranes; for example, for a 20% total dissolved salt re-
duction from a sample of water containing equal concentra-
tions of the anions, the anions removed could be 50% ni-
trates, 40% chlorides, 10% bicarbonates, and 0% sulfates.

(b) An improved design of the spacer in each intermembrane
gap (not shown in the Fig. 13). The main role of the spacer
is to act as a turbulence promoter and hence to increase the
flux of nitrate ions to the membrane surface. This increases
the rate and selectivity of nitrate removal without degrading
the other performance characteristics (e.g., power consump-
tion).

(c) the development of a compact stack with 700-membrane
pairs, each membrane with an active area of 0.4 m”. The
stack is capable of handling 45 m’/hour, giving 90% re-
moval of nitrate and 93-98% recovery of water. Typically,
the membrane current density is ~ 2 mA cm™. The stack is
also programmed for current and hydraulics reversal to
avoid blocking of the membranes.
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A number of commercial plants have been commissioned and
are operating around Europe to provide potable water meeting le-
gal requirements. Table 2 lists these plants with scales of operation
and some performance data. The plant in Austria has been de-
scribed in some detail'®” and there is also further information on
the web.'®®

GE Ionics also offer technology for nitrate removal from
groundwater.'®'% In the USA, the nitrate problem is slightly dif-
ferent; high nitrate is usually accompanied by a high total dis-
solved salt level and the GE Ionics technology has usually sought
to reduce the level of other salts as well as nitrate. The membranes,
the cell stack technology, and the current reversal approach has all
been developed within the company and few details have
been published. Details of some of the plants installed are given in
Table 3 where water recovery is generally > 90%. Most of these
plants have been operational for more than ten years, some for
twenty years.

Table 2
Eurodia Electrodialysis Plants for the Removal of Nitrate Ion
for Potable Water
Volume Membrane Feed Water Product Water
Site treated area Total salt Nitrate, Total salt Nitrate
(m’day’) () (ppm) __ (ppm) __ (ppm) __ (ppm)
Montfano, 1000 660 92 34
Italy
Haraucourt, 250 340
France
Bern, 1200 780
Switzerland
Amsterdam, 120 130
Holland
Imola, 600 440 52 9
Italy
Kleylehof, 3500 1344 704 120 550 41
Austria
Jaunay-Clan, 3900 1680 715 25 517 7.5

France
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Three compartment, two membrane cells (similar to that
sketched in Fig. 11) have been used for splitting ammonium nitrate
into reusable nitric acid and ammonia'"'** and such a cell is well
suited to coupling to an electrodialysis unit to produce zero efflu-
ent technology.'”® The cell had a stainless steel cathode and a DSA
anode, an AW anion permeable membrane (Solvay) and a Nafion
cation permeable membrane. The ammonia formed at the cathode
was stripped continuously while it was possible to form up to 8 M
HNO; at the anode with a current efficiency of ~ 55%. The cell
voltage was ~ 8 V with a current density of 0.2 A cm™. The diluted
ammonium nitrate solution from the central compartment was then
concentrated by electrodialysis and the concentrated stream re-
turned to the electrolysis cell. Typically the Eurodia EU-2P-10
electrodialysis unit with CMV/AMV membranes increased the
ammonium nitrate concentration from ~ 0.4 M to 1.1 M with the
diluate stream having only trace amounts. The system was run for
1000 hours in 24-hour cycles.

A bipolar membrane electrodialysis stack'™ is similar to an
electrodialysis stack except three membranes—an anion permeable
membrane, a cation permeable membrane and a bipolar mem-
brane—are alternated through the stack of 100-1000 membranes,
see Fig. 14. There are now three streams, the sodium nitrate feed
and the nitric acid and sodium hydroxide product streams. The
bipolar membrane'® has two layers composed of an anionic and a
cationic polymer respectively. Under the influence of a potential
field, water is split into proton and hydroxide and these migrate in

Table 3
Ionics Electrodialysis Plants for the Removal of Nitrate Ion for
Potable Water
Feed Water Product Water
. Volume treated - -
Site (m° day™) Total salt Nitrate, Total salt Nitrate
(ppm) (ppm) (ppm)  (ppm)

Delaware, USA 2300 114 61 11 5
Bermuda 1600 1614 66 278 8
Milan, Italy 11700 1012 120 474 37
Donnington, UK 600
Kazusa, Japan 150 80 27
Arizona, USA 62 100

Safaria, Israel 2250 100 45
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opposite directions through the cation permeable and anion perme-
able layers of the bipolar membrane. The nitric acid is formed by
combination with a nitrate ion that has migrated through an anion
permeable membrane while the sodium hydroxide results from
sodium ions migrating through a cation permeable membrane into
the stream receiving protons. Bar and Lutin'’* have described a
trial to investigate the possibility of converting an industrial efflu-
ent stream containing 200 g dm™ KNO; into potassium hydroxide
and nitric acid for reuse internally within the facility. The pilot
plant used a small stack with five sets of membranes each with an
area of 0.2 m” and it was operated continuously for 1085 hours
with a current density of 0.1 A cm™. It proved possible to generate
2 to 3 M NaOH and 2 M nitric acid suitable for the applications
envisaged and the current efficiency for the acid was 60-70%
(losses are due to proton transport back through the anion perme-
able membrane). The economics of a plant to handle 3200 tons of
sodium nitrate/year within the waste stream were considered prom-
ising. Similar bipolar membrane processes'’>'*® have been de-
scribed for the conversion of ammonium nitrate to nitric acid and
ammonia although the properties of the bipolar membranes limit
the concentration of nitric acid produced ( ~ 2 M).

VI. CONCLUSION

The cathodic reduction of nitrate is a reaction finding diverse ap-
plications. Despite an extensive literature, however, there are many
fundamental questions still to be answered and improving the
product selectivity remains a challenge to all who wish to apply
the reduction of nitrate.
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Electrochemistry of Room-Temperature
Ionic Liquids and Melts

Tetsuya Tsuda and Charles L. Hussey
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sity, Mississippi 38677-1848, USA

I. INTRODUCTION

Articles about substances designated as ionic liquids have begun to
appear with increasing regularity in chemistry journals around the
world. The recent advent of the terms ionic liquid or ionic liquids,
and the publication of numerous articles promoting the unusual
properties and potential uses of these materials suggest that they
are new and heretofore unrecognized substances. However, these
names are just a more modern way to describe molten or fused
salts. Such liquid salts have been recognized since the very begin-
ning of modern chemistry, and they form the basis for several key
industrial processes, e.g., the electrolytic production of aluminum.
A careful review of the literature indicates that the ionic liquids
label is almost universally applied to salts that exist in the liquid
state at or proximate to room temperature, leading to the useful
abbreviations RTIL or RTILs. As such, these labels provide a con-
venient way to differentiate low-melting salts from their higher-
melting cousins.
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Figure 1. Number of published articles as a function of year esti-
mated from on-line searches using SciFinder. “lonic liquid(s)”,
“molten salt(s)”, and “fused salt(s) were used as keywords.”

Figure 1 illustrates the explosive growth in scientific articles
about ionic liquids during the past decade compared to publica-
tions containing the descriptors molten or fused salts. These data
were collected by using SciFinder. Figure 2 depicts the number of
patents issued for all aspects of ionic liquids and for molten or
fused salts. Although interest in the technological applications of
latter materials is stronger than ever before, the increase in the
number of patents devoted to ionic liquids parallels the explosive
growth in the number of scientific articles on this subject. There
are many factors behind the intense interest in low-melting ionic
liquids. Some of these factors include high electrical conductivities
that reach to nearly 100 mS cm™; large liquidus ranges, commonly
173 ~ 450 K; wide electrochemical windows extending to ~5.8 V
in some cases; negligible vapor pressure at room temperature; and
easily tunable physical and chemical properties.

Recently, research groups in the UK,' US,** and Japan® have
attempted to present definitions for what exactly defines or consti-
tutes an ionic liquid. We have restated some of the more universal-
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Figure 2. Number of patents as a function of year estimated
from on-line searches using SciFinder. The keywords were
the same as those used to prepare Fig. 1.

ly accepted simple characteristics of these materials as an aid to
the readers of this Chapter:

a) lonic liquids are composed entirely of cations and anions.

b) Ionic liquids contain no molecular solvent(s).

c) Although the ionic liquid label properly applies equally well
to a molten or fused salt, currently it is by agreement as-
signed only to salts that are liquid at or below 373 K.

d) Low-melting mixtures with melting points < 300 K, such as
choline chloride-urea or those based on zwitter ions or ace-
tamide, are not ionic liquids in the truest sense because they
do not adhere to rules a) and b). However, they can be in-
cluded with ionic liquids under the broad label room-
temperature mellts.

There are numerous short reviews or focused articles about the
general properties of ionic liquids,>'® as well as applications in-
volving analytical chemistry,'”? batteries,”** catalysis,*> elec-
trochemistry,”®* inorganic materials,””*' organic synthesis,"*
supercritical fluid extraction,* and even the use of ionic liquids for
the preparation of cellulose materials.”’ In addition to these re-
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views, there are numerous monographs devoted to ionic liquids**™
and proceedings volumes derived from meetings dedicated to ionic
liquids, especially the biennial international meetings sponsored by
The Electrochemical Society, Inc.* The preponderance of early
research on ionic liquids was focused on haloaluminates, especial-
ly room-temperature chloroaluminate ionic liquids, and several
detailed reviews about these materials have appeared.®”*!?¢7%
In view of this previous work, the current article will be devoted
primarily to non-haloaluminate ionic liquids. (These previous re-
views are still worth reading even if you are not interested in ha-
loaluminate ionic liquids because many of the fundamental tech-
niques used to prepare and synthesize the other classes of ionic
liquids are based on work initiated with haloaluminates, especially
the chloroaluminates.)

A great many room-temperature ionic liquids, abbreviated
from this point forward as RTILs (plural form) or RTIL (singular
form), have been prepared. These RTILs can be conveniently sub-
divided on the basis of the structure of the cationic component as
depicted in Fig. 3, but it is considerably more difficult to classify
them on the basis of anion structure due to the many different
anions that have been used to formulate these materials (Table 1).
The physicochemical properties of RTILs can be tuned across a
broad spectrum by choice of the cations and anions. This is per-
haps the most interesting and useful feature of this class of sol-
vents. Those low-melting mixtures that fail conditions a. and b.
listed above, but form room-temperature melts (RTMs), such as
those based on zwitter ions,”**** urea,***”*7 or acetamide,”>*%
also possess some unique physicochemical properties that make
them suitable for electrochemistry as summarized in Table 2 and
will also be discussed herein.

Although the popularity of RTILs (and some RTMs) cannot
be disputed, there is often little understanding of the techniques
and procedures that must be used to prepare and purify these mate-
rials. Therefore, we have compiled what we think to be the best
information about these methods for each class of RTILs in the
Section presented below. In other Sections of this article, we intro-
duce fundamental electroanalytical chemistry in RTILs and discuss
electrochemical technologies based on RTILs and RTMs, e.g.,
energy and materials science.
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Figure 3. Common cations that have been used to prepare room-

temperature ionic liquids.

Table 1

Typical Room-Temperature (RT) and Low-Temperature (LT)

Ionic Liquids

Anions Cations Ref.

F(HF),” RT: Amm, Im, Pip, Py, Pyrr 61-72
LT: Amm, Im

ClI RT: Amm, Im, P 73-80
LT: Amm, Im, P

ClO, RT: Amm, Im 74,81-83
LT: Amm

CI(HC), RT: Im 84-86

Cll,” RT: Im 87

ClLI" RT: Im 88

Br RT: Amm, Im, P 73,74,78,79,
LT: Amm, Im 81, 89

Brl,™ RT: Im 87,90

Br,I” RT: Im 87,88,90

Br;~ RT: Im, Py 87,88,90

I RT: Amm, Im, P, S 73,74,78,79,
LT: Amm, Im, S 82,83,91-96
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Table 1. Continuation

Anions Cations Ref.
e RT: Im 87,97
BH4 RT: Amm 98
BF, RT: Amm, Im, Py, Pyrr, Others 73,77,82,83,
LT: Amm, Im, Pip, Pyrr, Others 93,98-108
B(CN), RT: Im 109
Borides (= Brirarsra ) RT: Amm 7,76,110-113
LT: Amm
B(HSOy)4 RT: Im 114
Tetraphenylborate (= BPhy) LT: Amm 81
Tetrakis[3,5-bis (trifluoro- LT: Amm, Im, Py 115
methyl)phenyl]borate
(=B[Ph(CF3)]4)
RBF; RT: Im 116
RBF;™ [Re=C,Fpi1] RT: Amm, Im, Pip, Pyrr 103,107,117-
LT: Amm, Im, Pip, Pyrr 122
CH;CH(BF;)CH,CN RT: Im 123
PFs RT: Im 77,83,98,100,
LT: Amm, Im, Pyrr, Others 124-128
(Ry);PF;™ [R¢=C,Fp,41] RT: Im, P 129,130
AsFs LT: Im 100,125,131
SbFg~ RT: Im 131-134
TaFg RT: Im 135,136
NbFs RT: Im 135,136
WF; RT: Im 131
WOF;5~ RT: Im 137
HCO, RT: Amm 98,138
HCO; RT: Amm 98
CH;CO, (=AcO) RT: Amm, Im, P 80,98,99,139
CH;0CO, RT(?): Im 122
CH;CH(OH)CO; (=Lac) RT: Im 105,140
LT: Others
CH;CH=CHCO, (=Crot") RT: Amm 98
CF;CO;, (=TA) RT: Im, Others 105,108,139
LT: Im, Others
CH;SO; (=MsO) RT: Im 92,141
LT: Im
CF;S0;™ (= TfO) RT: Im 83,139,141, 142
LT: Im
C;F,CO, (=HB) RT: Im 94,139
C4FSO;™ (=NfO") RT: Im 139,143
LT: Im, Pyrr
(FSO,),N" (=FSI) RT: Im, Pip, Py, 144,145
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Table 1. Continuation

Anions Cations Ref.
(CF;S0,),N” (=THN, RT: Amm, Im, P, Pip, Pyrr, S, 78-80,83,87-89,
TFSI', TFSA") Others 92-95,97,98,
LT: Amm, Im, Pip, Py, S, 100,101,105,
Others 106,119,125,
127,135,139,
142,146-159
(CH;3S0,),N" (=NMes, ) RT: Amm, Im, Pyrr 160
(CF5S0,)(CF;CO)N" RT: Amm, Im, Pyrr 161
(=TSAC) LT: Amm
(CoFsS0O,),N™ (= BETI) RT: Im 83,100,147
(C3F7802)2N7 RT: Others 157
(CF;S0,);C (=Me, Tf;C) RT: Im 125
NO, LT: Im 99
NO;s~ RT: Amm, Others 73,76,98,99,
LT: Amm, Im, Others 105,162-164
PO, RT: Im, Others 165,166
H,PO, RT: Amm, Im 98,167
SO, RT: Amm 98
SO,* RT: Im 105,168
LT: Others
HSO, RT: Amm 98,114,163,169
LT: Amm, Im
LiCl,” RT: Im 170
LT: Im
VOCly LT: Im 171
TaCls and Ta(V) RT: Im 172
LT: Im
W(VI) RT: Im 173
FeCl,> LT: Im 169,174,175
FeCl> + FeCly LT: Im 169,174
CI( FeCly), RT: Amm, Im 83,169,172-183
LT: Amm, Im
F€0_5Gao_5cl47 RT: Im 175, 181
FeBry RT: Im 182
LT: Im
CoCl,> LT: Im 184
NiCl,> LT: Im 184
CI(CuCl),” RT: Im, P, Pip, Py 185-189
CuCl,,,, ™ RT: Im 186,188
LT: Amm
AgCl?* LT: Im 170
AuCly RT: Im 190,191
LT: Im
ZnCl> LT: Im, Py 170,192
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Anions Cations Ref.

Cl(ZnCly), RT: Amm 178,193,194
LT: Amm, Im

cdcL* LT: Im 170

Cl(GaCly),” RT: Im, Py 83,175,181,195
LT: Amm, Py -197

InClg™ LT: Im 198

InCly RT: Im 198-202
LT: Im

GaCly RT: Im 203

GeClsy~ LT: Amm 204

CI(SnCl,),” RT: Amm, Im, Py 178,193,
LT: Amm, Im, Py 204-209

Ag(CN), LT: Im 210

Au(CN),” RT: Im 211
LT: Im

C(CN); RT: Im 210

N(CN),~ RT: Amm, Im, Pyrr, S 210,212-215
LT: Im, Pyrr

SCN™ RT: Im, Pyrr 73,76,105,216-
LT: Amm, Pyrr, Others 219

SeCN~ RT: Im 220

Se0,(OR)" RT: Im 221

Chelated orthoborate RT: Amm, Im, Py, Pyrr 83,222
LT: Amm, Im

C(,HsCO[ RT: Im 223

Formate RT: Im 224

Picrate (NO,);C¢H,O™ LT: Amm 216,217,225

(=Pic)

Alkylsulfate (RO)SOs5~ RT: Im 142,226-230
LT: Im

CH}(CHQ)HSO{ LT: Im 231

Bis(2-ethylhexyl) RT: Amm 232

sulfosuccinate (= BEHSS")

1,2,4-Triazolide RT: Im 233

1,2,3,4-Tetrazolide RT: Im 233

Amino acid based anions RT: Im, P 234
LT:P

Others RT: Amm, Im, P, Others 79,235-240,
LT: Amm, Im, Others 164,241

RT: m.p. <298 K; LT: 298 K <m.p. <373 K; Amm: Ammonium-based cation; Im:
Imidazolium-based cation; P: Phosphonium-based cation; Pip: Piperidinium-based
cation; Py: Pyridinium-based cation; Pyrr: Pyrrolidinium-based cation; S: Sulfo-

nium-based cation.
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I1. SYNTHESIS AND PURIFICATION OF ROOM-
TEMPERATURE IONIC LIQUIDS

As noted above, there are many classes of non-chloroaluminate
RTILs. However, not all of them are suitable for electrochemistry
because they may be poorly conductive and highly viscous, or they
may have a limited electrochemical windows. In this Section, we
describe the general synthetic methods used to prepare and purify
some selected RTILs, such as EtMeIm F(HF),; , EtMeIm MF,"
[M: B (x = 4); P, As, Sb, Nb, Ta (x = 6); W (x = 7).], and n-
BusMeN "Tf,N". These particular systems were chosen because
they have been used as electrochemical solvents on many occa-
sions. The various procedures that are used to prepare and purify
other RTILs are far too numerous to list here, and they tend to be
specific for the RTIL that is being prepared. The interested reader is
referred to a recent article for more information.*’

1. Dialkylimidazolium Chlorides

Among the various RTILs that have been used as solvents for elec-
trochemistry, the greatest proportion is based on cations derived
from 1,3-dialkylimidazolium chloride salts. The synthesis and pu-
rification of these materials were reported by Wilkes et al.”> more
than two decades ago in one of the most highly-cited articles to
appear in the journal Inorganic Chemistry. Although several newer
procedures have been reported, the technique described in this
seminal article is still a reliable and simple method to make high-
quality salts. Experience has shown that carefully prepared 1,3-
dialkylimidazolium salts are relatively easy to purify and ultimate-
ly lead to transparent RTILs with low levels of impurities. In fact,
if nontransparent RTILs are obtained, they can be readily decolo-
rized by passage of the RTILs dissolved in dichloromethane
through a suitable chromatography column.”**

A typical procedure for preparing one of the more popular
salts, 1-ethyl-3-methylimidazolium chloride (EtMeImCl), is as
follows: 1-ethyl chloride (600 mL) is condensed into a 1 L glass
pressure vessel containing distilled 1-methylimidazole (300 mL)
and dry acetonitrile (100 mL). The mixture is heated at 333 K with
continuous stirring until the solution exhibits a milky-white color
if the stirring is halted. The bulk of the unreacted ethyl chloride is
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removed by sparging the reaction mixture with a stream of dry N..
The remaining traces of ethyl chloride are removed by evacuation.
At this point, a large quantity of white crystals should be evident in
the reaction vessel. These crystals are crude EtMeImCl The crys-
tals can be purified by precipitation from acetonitrile with ethyl
acetate. Because this salt is very hygroscopic, a good quality va-
cuum line and an assortment of Kontes Airless-ware® flasks (Kjel-
dahl-shaped) and filter funnels with coarse porosity filters will
greatly simplify this procedure. To carry out this purification step,
the resulting crude EtMeImCl is first dissolved in warm (~333 K)
acetonitrile. Ethyl acetate is then added to this solution. Upon
cooling, fluffy white crystals of the salt precipitate from the solu-
tion. It may be necessary to scratch the inside of the flask with a
glass rod or to shake the flask vigorously in order to induce preci-
pitation. The salt is collected in an Airless-ware® filter funnel and
dried under vacuum. Experience dictates that this procedure must
be repeated at least three times in order to obtain a high-quality
product. The final purification step involves melting the salt under
vacuum (1 x 107 torr) at 373 K to remove the last traces of sol-
vent.

2. Dialkylimidazolium Salts with Fluorohydrogenate Anions

Fluorohydrogenate RTILs, such as 1-ethyl-3-methylimidazolium
fluorohydrogenate, EtMelm'F(HF),5, display low viscosity and
high conductivity at room temperature. If properly prepared, these
RTILs exhibit negligible release of HF gas and will not etch Py-
rex® glassware.®" " Because of these properties, they are excellent,
if unappreciated, electrochemical solvents. Only modest skills with
the safe handling of fluorine and/or HF are required to synthesize
high purity EtMeImF(HF), 5. The starting material for this RTIL
is EtMeImCl. Figure 4 shows a schematic of a vacuum line rec-
ommended for the synthesis of fluorohydrogenates. Because an-
hydrous HF reacts rapidly with borosilicate glassware, the vacuum
line and reaction cell are made of fluorine-resistant materials such
as SUS-316, FEP (fluoroethylene-propylene copolymer), PFA
(perfluoroalkoxide polymer), or Teflon. Anhydrous HF (AHF) is
obtained by contact with K,NiF4 overnight in a sealed cell. The
volatile AHF is then transferred from the HF—K,NiF container to
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Figure 4. Diagram of a vacuum line used for the synthesis of fluorohydroge-
nate-based RTILs.

the FEP reaction tube containing EtMeImCl and a Teflon-coated
stir bar by cooling the reaction tube with liquid N, After melting
the icy AHF in the reaction tube, the AHF (added in excess) reacts
with the EtMeImCl and generates HCI gas. The resulting HCI can
be eliminated by sparging the RTIL with dry nitrogen gas. This
procedure should be repeated several times so as to ensure that no
unreacted Cl remains. Unreacted anhydrous HF is eliminated from
the EtMeIm'F(HF), under vacuum by reducing the pressure to
7.5 x 107 torr (1 Pa) or less.

3. Dialkylimidazolium Salts with Fluorocomplex Anions

RTILs based on dialkylimidazolium salts with polyfluoroanions,
such as MF,", where M: B (x = 4); P, As, Nb, Ta (x = 6); W (x =
7), are normally prepared by using the corresponding aqueous ac-
ids or metal salts. This pathway leads to RTILs that are contami-
nated with water and/or metal chlorides. Such RTILs are difficult
to purify. Recently, Matsumoto et al.”*' have reported a novel pro-
cedure to make EtMelm MF, salts by using EtMelm ' F(HF),5".
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The reaction between EtMelm'F(HF),; and the corresponding
Lewis fluoroacid, MF,_;, is conducted in the reaction vessel shown
in Fig. 4. There do not appear to be any significant side reactions,
and the HF produced during the reaction can be readily eliminated
from the resulting RTILs under vacuum. If EtMelm F(HF), 5~ is
available, this is a quick and reliable method for preparing these
salts.

4. Tetraalkylammonium Salts with Bis[(trifluoromethyl)-
sulfonylimide Anions

Tetraalkylammonium salts with bis((trifluoromethyl)sulfonyl)
imide (Tf;N") anions, such as tri-n-butylmethylammonium bis
((trifluoromethyl)sulfonyl)imide, 7-BusMeN'Tf,;N", are highly
viscous RTILs.'* However, n-BusMeN T£,N™ (386 cP at 303 K) in
particular shows greater chemical and electrochemical stability
than bis((trifluoromethyl)sulfonyl)imide salts based on dialkylimi-
dazolium cations."® Furthermore, it is very hydrophobic. This
suggests that this RTIL might be a promising solvent for the che-
mistry of radioactive materials, radical chemistry, and high-energy
density batteries.

The #-BusMeN'Tf,N" RTIL is prepared by mixing exactly
equal molar amounts of n-Bu;MeNCl and LiTf,;N in ultrapure wa-
ter. (The former salt was purified by a procedure similar to that
described above for EtMeImCl.) This solution is agitated at room
temperature for 24 hours, and the resulting hydrophobic ionic lig-
uid is extracted with ultrapure dichloromethane. This solution is
washed with several portions of purified water until the wash wa-
ter contains no chloride as determined by the addition of a drop or
two of a dilute solution of silver nitrate. If necessary, the chloride
content can also be evaluated with ion chromatography. Finally,
the dichloromethane is removed by evacuating the solution at 1 x
107 torr for 24 h while it is heated to 373 K. The resulting RTIL is
usually colorless and very dry (H,O < 3 ppm). All hydrophobic
TN -based RTILs can be prepared by using this same basic me-
thod.
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III. FUNDAMENTAL PROPERTIES OF ROOM-
TEMPERATURE IONIC LIQUIDS

As a class of solvents, RTILs display many interesting and useful
physical and chemical properties. However, newcomers to this
field need to know that there are also limitations and special re-
quirements associated with these ionic solvents that need to be
understood before employing them as solvents for electrochemi-

stry.

1. Thermal Stability

The use of RTILs at elevated temperatures requires information
about their thermal stabilities. The thermal stability of a RTIL is
usually defined through experiments carried out with differential
scanning calorimetry (DSC), thermogravimetric analysis (TGA),
or differential thermal analysis (DTA). Although these methods
are easy to use and show good reproducibility, the results obtained
with these techniques, especially fast TGA scans (10 ~ 20 K
min™), do not always provide an accurate assessment of the ther-
mal stabilities of the RTILs.***®?™ Table 3 shows thermal de-
composition rates at different temperatures for some popular
RTILs compared to the decomposition onset temperature as meas-
ured by TGA-DTA. Obviously, significant decomposition occurs
at temperatures considerably lower than the onset of the decompo-
sition process. Therefore, electrochemical experiments should not
be done at temperatures close to the decomposition temperature as
determined by TGA/DTA, especially when the experiments are
expected to last for a considerable period of time. Furthermore,
several research groups have compared the thermal stabilities of
selected RTILs in moist air and dry N,"***"**”> and found notable
differences.””**” These differences are directly related to the reac-
tivity of the RTILs with atmospheric moisture. In addition to this
factor, sample quantity,”” scan rate,””” and the material used to
make the sample crucible?”"*">*"° can also affect the results.
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Limited investigations have been carried out on the pyrolysis
reactions associated with decomposition of the organic cations.
The main products of the pyrolysis process seem to be related to
the nucleophilicity of the anions and the basic skeleton of the ca-
tions. Two general decomposition models have been proposed for
tetraalkylammonium cations: the well-known Hofmann elimina-
tion with the production of an alkene (Eq. 1) and the reverse Men-

schutkin reaction, leading to a tertiary amine and alkyl halide (Eq.
2):20271

R.N'X — R;NH'X + CH,=CH, (1)
R.N'X — R;N + RX )

Similar investigations using phosphonium-based RTILs have
been attempted, but the decomposition mechanisms are more com-
plicated than for the tetraalkylammonium cations and often depend
on the anion. The original literature should be consulted for more
information.””*”

In the case of those RTILs based on dialkylimidazolium ca-
tions, the decomposition pathway most likely proceeds via Syl
(Eq. 3) or Sx2 (Eq. 4) reactions:”**"

P
CH;—C—CH3 CH;
heat
[_)\ X CHg—C—CHg q»\
CH,
CH3
CH3
L/\
R3 X R3
heat \)\
q — [—>\ +XR1+XR3(4)
—RX
R
X\/ R] ]

The reaction pathway depends on the nucleophilicity of the
anions and the structure of the alkyl group on the nitrogen atom of
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the imidazolium ring. Thus, if the anions are halides having strong
nucleophilicity, and the cations have linear alkyl chains, the reac-
tion will likely follow the S\2 pathway.”**”

Several groups have listed the thermal stabilities of the imida-
zolium cation-based RTILs. For example, Ngo et al.”’ indicates
PFs > Beti (bis(perfluoroethylsulfonyl)imide) > TN =~ BF, >
TfC = AsFg > T, Br, and Cl". Awad, et al.?” gives the follow-
ing order: PF > TELN > BF, > Br, and CI', whereas Fredlake et
al.*** proposes THL,N™ > Tf;,C™ > TfO™ > BF, > N(CN), > Br.
There is little doubt that the anion plays a crucial rule in the ther-
mal stability. Overall, imidazolium-based cations are reported to
be more stable than ammonium-based cations.””® The reason is
unclear, but the aromatic properties of the imidazolium ring may
contribute to the increased stability.

The effect of atmospheric oxygen on the decomposition of im-
idazolium salts was also investigated by Awad, et al.””> They re-
ported that the tendency to undergo oxidative decomposition in-
creased as the length of the alkyl chain bound to the nitrogen of the
imidazolium ring was increased. However, this was not the case
for the halide salts, leading them to propose that the activation
energy for oxidative decomposition was higher than the activation
energy for thermal decomposition. There is also evidence to indi-
cate that the thermal stabilities of dialkylimidazolium salts de-
clines considerably after the addition of strong nucleophilies.”®'
The details of the pyrolysis reactions of the various classes of
RTILs are just emerging, but more will be known as further inves-
tigations are conducted in this field.

2. Water Contamination

The contamination of RTILs by water is a long standing problem.
The discovery that some RTILs possess hydrophobic properties
has probably led to inattention during the purification of these ma-
terials in some cases because researchers assumed that the water
content of these materials would be diminutive. Only recently has
it come to be appreciated that hydrophobic RTILs may contain
appreciable amounts of water and that this water contamination
may affect the physicochemical properties of these liquids. In fact,
it is now established that adventitious water can result in mea-
surements that lead to lower densities,”**** lower viscosi-
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ties,”****?*7 and higher conductivities®***’ than neat RTILs. In
addition, wet RTILs may exhibit a smaller electrochemical win-
dow because the reduction of water to produce hydrogen gas is
likely to become the limiting cathodic process.”******* In the latter
case, it is important to note that the electrochemical window is
highly dependent on the material used for the working elec-
trode.™**" For example, glassy carbon may give the illusion that
the RTIL under study has a large electrochemical window because
it displays a large hydrogen overpotential. Platinum, which exhi-
bits a relatively low hydrogen overpotential compared to glassy
carbon, may give an entirely different result.

Many different methods have been used for the detection of
water in RTILs, including NMR spectroscopy, infrared spectros-
copy, Karl-Fischer (K-F) titration methods, and even voltammetry
at platinum electrodes. The general consensus is that the spectros-
copic techniques are only adequate for detecting relatively large
amounts of water, whereas K-F titration and voltammetric methods
are better suited for the detection of trace contamination. Of these
two techniques, the voltammetric method is more universally ap-
plicable because some RTILs may react with the K-F reagents.
The voltammetric method is easy to apply, provided that it has
been established beforehand that the current for the reduction of
water or H' varies linearly or in some predictable way with the
concentration of these impurities so that a standard curve can be
prepared. Then the observed current recorded in a contaminated
RTIL can be compared to the standard curve to estimate the water
or H" content. If the current versus concentration response is li-
near, then it is also possible to employ a simple standard addition
method. However, the application of platinum electrodes for the
detection of trace water or H' contamination is not without com-
plication; it may be necessary to activate the platinum surface by
using one of the many literature recipes in order to obtain the low-
est overpotential and greatest sensitivity and reproducibility.

As discussed above, the electrochemical window of most wet
RTILs is expected to be smaller than that of their dry counterparts.
However, in some cases, wet RTILs display a potential window
comparable to dry ones. This phenomenon appears to be related to
the formation of symmetric hydrogen bonds between the water and
RTIL anions, e.g., BF,, PFs, and NTf, 2" This hydrogen
bonding apparently results in highly associated water that is less
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reactive than water in the free state. Water also plays a more insi-
dious role in RTILs. Swatloski, et al.”* report that 1-butyl-3-
methylimidazolium hexafluorophosphate is readily hydrolyzed by
adventitious water to produce HF among other products.

It should be realized that most RTILs readily absorb water if
exposed to the atmosphere, even those considered to be hydro-
phobic.*#**2% Therefore, it is often necessary to handle RTILs
under an inert atmosphere to obtain accurate data, regardless of
their supposed inertness. The procedure for removing water from
ionic liquids is straightforward, if the material under investigation
is water stable, i.e., the anion does not readily hydrolyze. Most
water can be removed with a liquid N,-trapped vacuum line (< 1 x
107 torr) using conventional procedures, under moderate heating
and vigorous stirring. Also, water can be removed by sparging the
RTIL with a dry inert gas such as N, or Ar. When ultrapure RTILs
are needed, further treatment should be done by using controlled-
potential electrolysis at an applied potential sufficiently cathodic
so as to reduce any water or H" without reductive decomposition
of the RTIL. To attain maximum benefit, this procedure should be
carried out under an inert atmosphere in a divided cell. For RTILs
containing fluoroanions such as MF,", where M: B (x = 4); P, As,
Nb, Ta (x = 6); W (x = 7), care should be taken to avoid any HF
that may result from the hydrolysis of these anions. In particular,
the contamination of wet RTILs by protons, chloride, and hard
acid impurities requires special attention, because, under such
conditions, these impurities will catalyze anion hydrolysis.>**"'

3. Chloride Ion Contamination

Most RTILs are produced from a halide salt intermediate, usually a
chloride salt, because such salts are easy to prepare and purify.
However, RTILs produced in this way often contain residual chlo-
ride. In a careful study, Seddon et al.”® found that some physico-
chemical properties are highly dependent on the amount of resi-
dual chloride in the RTIL. Generally speaking, chloride ion, be-
cause of its strong nucleophilicity, increases the viscosity and de-
crease the density of the ionic liquid. In addition, because chloride
is relatively easy to oxidize, RTILs containing chloride ion impuri-
ties exhibit a smaller electrochemical window.>”> Chloride conta-
minated RTILs often show decreased thermal stabilities as men-
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tioned above (see Section III.1). Needless to say, if RTILs contain-
ing chloride contaminants are employed as reaction media, the
results may be much different from those that would be obtained in
the neat RTILs. Therefore it is very important to purify RTILs
prepared from halide salts. Recommended procedures for the puri-
fication of RTILs are described in a recent monograph.’” After the
RTILs have been purified, the Cl concentration should be ex-
amined in some way. A simple approach is to add a few drops of a
dilute silver nitrate solution and watch for the formation of a pre-
cipitate of silver chloride. However, quantitative analysis of the

chloride concentration is best done with ion chromatogra-
phy, 134298304

4. Oxygen Contamination

Oxygen does not react with most RTILs. However, the electro-
chemical reduction of dissolved O, in dry RTILs is similar to that
observed in anhydrous aprotic organic solvents such as acetoni-
trile, dimethylformamide, dimethylsulfoxide, and similar solvents
under anhydrous conditions and results in the formation of supe-

roxide ion, O, ;30313

02 +e 5 027 (5)

Unfortunately, O, is a moderately powerful reductant, leading
to the decomposition of the organic cations in imidazolium- and
phosphonium-based RTILs.**>?% Therefore, if these RTILs are
used for electrochemistry, it is imperative to avoid contamination
by oxygen. If both protons (water) and O, are present, the results
can be even more complicated. Numerous investigations of the
reduction of O, have been undertaken in RTILs. The data resulting
from these investigations are summarized in Table 4. As found in
most aprotic solvents, the 0,/O, electrode reaction is quasi-
reversible. However, the heterogeneous kinetic data and diffusion
coefficients resulting from the many prior investigations do show
some differences. The reason for these variations is not clear, but it
is probable that the concentration of dissolved O, has not been
established accurately and/or that the electrogenerated O, reacts
with impurities such as protons’" or water.’*>* It may also attack
the organic cation.***° These differences could also result from
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inconsistent efforts to account for the uncompensated resistance
during these measurements. Overall, the presence of dissolved O,
can complicate electrochemical experiments in RTILs. Fortunately
dissolved O, can be easily removed under vacuum or by sparging
with dry N.

5. Conductance Measurements at High Frequencies

More than a decade ago, the equipment needed to carry out high-
frequency AC impedance measurements was forbiddingly expen-
sive. Therefore only a few electrochemists were well versed in the
theory and experimental practice of AC impedance methods.
However, the prospects for carrying out such studies have in-
creased enormously because software-controlled equipment is now
readily available at reasonable cost. AC impedance methods are
widely used for measuring the conductivity of RTILs, but there is
considerable variation among the data measured by different
workers who have studied the same systems. Impurities aside,
these deviations are likely caused by insufficient electrochemical
knowledge. It is well-known that there are very strong interactions
between anions and cations in most RTILs. Under such conditions,
the Debye-Falkenhagen effect must be taken into account. Unfor-
tunately, in many cases it has been ignored.

Conductivity cells are typically calibrated with aqueous KCI
solutions prepared from highly purified water according to [IUPAC
recommendations.’* Depending on the cell geometry, the meas-
ured cell resistances may vary with frequency, w, over the range
from 100 Hz to 100 kHz. However, the cell resistance will usually
show a linear dependence on the reciprocal of the square root of
the frequency, 2. The frequency-independent resistances of the
calibration solutions and the RTILs under investigation are ob-
tained by extrapolating the cell resistance to infinite frequency.*"
If such plots do not exhibit the requisite linear dependence, an em-
pirical equation can be employed to obtain the frequency-
independent cell resistance.’’> Normally the data resulting from
such measurements exhibit high precision.
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6. Other Considerations

The self-diffusion coefficients of cations and anions in neat RTILs
have been measured with pulsed-field gradient spin—echo NMR
(PGSE-NMR).7*!101316319 gych data can also be used to estimate
transport numbers and ion mobilities, and it can be combined with
other physicochemical properties to gain insight into the dynamics
of ionic motion in RTILs.

A recent article by Earle et al.**” reported on the distillation
and volatility of several common RTILs. It is generally held that
most RTILs do not exhibit significant vapor pressure at room tem-
perature. In practice this is true, but contrary to popular belief,
many ionic liquids can be distilled under high vacuum with little or
no decomposition in the temperature range of 473-573 K. The rate
of distillation is roughly proportional to the molecular weight of
the RTIL.

IV. GENERAL ELECTROCHEMICAL TECHNIQUES

In 1914, Walden published an article describing the electrical con-
ductivity of some molten salts or ionic liquids.'®* Thus, it would
not be an exaggeration to say that electrochemistry in ionic liquids
has a very long history. Since the publication of that article, the
field of electrochemistry in ionic liquids has become a mature
science, and almost every electrochemical technique that has been
applied to aqueous electrolyte solutions or solutions prepared from
aprotic organic solvents and organic salts has been applied to solu-
tions derived from ionic liquids as well. In the case of reactive or
high-temperature ionic liquids, it has been necessary to overcome
numerous experimental obstacles. The purpose of this Section is to
review a few of the more common electrochemical methods that
have been commonly applied to RTILs. For more complete infor-
mation, the reader is advised to consult one of the many excellent
comprehensive texts on electrochemistry such as the classic text
coauthored by Allen Bard and Larry Faulkner.**'
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1. Electrodes and Experimental Considerations

Electrochemical experiments with RTILs are normally carried out
in three-electrode cells. Working electrodes (WE) that have been
used for such experiments in RTILs include polycrystalline metals
such as gold, platinum, and tungsten, and non-metals, principally
glassy (vitreous) carbon and pyrolytic graphite. Various single
crystal metals have also been used for specialized surface studies
and will not be discussed here.*”

It is important that the surface of the WE be carefully prepared
before use by polishing with aqueous slurries containing succes-
sively finer grades of alumina, electrochemical polishing under
appropriate conditions that depend on electrode material, and final-
ly, degreasing with ethanol or acetone. The procedures for carrying
out such polishing are well established. However, because such
polishing involves exposure of the electrode surface to water, the
electrode should be carefully dried under vacuum before use in dry
RTILs. In some cases, it may be advantageous to electrochemical-
ly precondition the WE before use. For example, the electrode
might be poised at a potential close to the positive limit of the sol-
vent to remove surface impurities such as adsorbed water. Howev-
er, all preconditioning methods must be carefully evaluated to en-
sure that they produce reproducible results and do not diminish the
active surface area of the electrode. Cyclic voltammetry is a good
technique for assessing such preconditioning methods. In some
cases, it may be necessary to employ more drastic cleaning proce-
dures that would seldom be used during electrochemical experi-
ments in aqueous solutions such as cleaning the WE surface with
an abrasive tissue after each electrochemical experiment. Howev-
er, if electrochemical experiments performed in RTILs result in
intractable surface films, there is often no other recourse except to
re-polish the electrode surface.

At the present time, there is no way to determine the active
surface areas of working electrodes used in RTILs. Most investiga-
tors simple refer all quantitative data, e.g., current densities, to the
geometrical area of the electrode. This matter is further compli-
cated by the tendency of organic salt-based ionic liquids to form
films at their anodic and/or cathodic potential limits. It is doubtful
that surface area measurements derived from experiments carried
out in aqueous solutions are applicable to electrodes used in
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RTILs. Furthermore, it is often assumed that the electrode surface
area does not vary with the type of ionic liquid under investigation;
this may be a false assumption. At the present time, there are few
answers for these questions. The best strategy is to polish the elec-
trode until the maximum voltammetric current is obtained for a
test redox couple such as ferrocenium/ferrocene (Fc'/Fc). By refer-
ring to the original scan at the fresh electrode, it is possible to track
any electrode surface area changes that occur during the course of
a series of experiments.

A useful procedure for determining the electrochemical win-
dow of a RTIL is to record two cyclic voltammograms at a WE;
one is initiated from the rest potential toward cathodic potentials,
whereas the second is initiated from the rest potential toward anod-
ic potentials or vice versa. Because sampling the potential limit of
the RTIL is sure to produce some type of surface film, care should
be taken to refresh or clean the electrode surface between scans.
However, one must be mindful that the concept of an electrochem-
ical window is somewhat subjective and depends on the level of
the background current ascribed to the potential limit of the ionic
liquid.

Most electrochemical texts provide little or no information
about the desirable characteristics of the counter electrode (CE).
When current is passed through an electrochemical cell, the func-
tion of the CE is to support the current that flows through the WE.
The electrochemical reaction occurring at the CE must in no way
affect the overall cell response. Therefore, the surface area of the
CE should be considerably larger than that of the WE to ensure
that all current limitations in the cell are due to the WE response.
In some cases, it may be necessary to take into account the geome-
try and placement of the CE in order to provide uniform current
distribution at the WE surface. Finally, some thought must be giv-
en to the electrode reaction that takes place at the CE. Will the
products that are produced at the CE affect the cell reaction? In
RTILs, the CE reaction is almost always the oxidative or reductive
decomposition of the solvent. Thus, it is necessary to isolate the
CE in a compartment that is separated from the bulk solution by a
glass frit in order to limit the mixing of the contents of this com-
partment with the bulk solution. In addition, the volume of the CE
compartment should be sufficient to contain enough of the RTIL to
support the total charge passed during the experiment, or the CE
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Figure 5. Diagrams of (a): a Ag'/Ag reference electrode for use with RTILs, and
(b): this reference electrode inserted into a salt-bridge compartment. Reproduced
from reference 323 with permission of Elsevier B.V.

reaction will limit the cell response. Typically, the CE is fashioned
from a coil of Pt or W wire or a large surface area coupon or flag
of the same materials. One of the authors has observed the suc-
cessful use of a large stainless-steel spatula as the CE while visit-
ing the laboratory of a prominent organic electrochemist!

At the present time, there is no universal reference electrode
(RE) that can be used in all RTILs. However, Ag'/Ag couples pre-
pared by immersing a clean Ag wire in a RTIL solution prepared
from a soluble silver salt or by electrogenerating Ag" show the
most promise. Like the CE, the RE must be isolated from the bulk
ionic liquid with a fritted glass barrier such as a glass frit or porous
Vycor plug (Fig. 52).** If the leakage of Ag" into the bulk solution
is problematic, then it may be necessary to employ a salt bridge so
that the hydraulic flow of the Ag" reference electrode solution into
the test solution is protected by two barriers. One such sample is
depicted in Fig. 5(b).** Another approach is to employ a simple
quasireference electrode such as a Ag, Au, or Pt wire immersed in
the RTIL and isolated from the bulk solution with a porous barrier.
The potential of the quasi-reference electrode can be related to the
one of the internal standards recommended by the [UPAC such as



Electrochemistry of Room-Temperature Ionic Liquids and Melts 93

CHgOCH,CH,0CH;
p——————— CH3GOCH ;
Hgﬁc- ‘ N | CHaoN / (CHgIaNCHO
k 1 J / _
CoHyCly ———————— /)PS0
CHaCly + ; ! .
DME + " T N(CHg)z
DMF —— 17~ (CHgoN-P=0
DMSO +—— :'// N(CHg)z
HMPA +————————————
: _ H
NMP —— N Cf_\
NM + : | CHgNOp L d Y
PG ¢ : — % ‘("3/
THF | — 0
TMS + t— T
TMHA-T,N + i~ ’“’“f \ L)
A e 0
44 43 +2 +1 0 1 2 3 -4 ‘\.‘\ O//S\\O
Potential / V vs Fe/Fct !
q}us—n
GHa~N~CHy GN/Socha
CH, “80,CF,

Figure 6. Comparison of electrochemical window of n-HexMe;N'Tf,N” (TMHA-
T£;N) and some common organic solvents that have been used for electrochemistry.
All potentials are referenced to the standard electrode potential for the Fc'/Fc.
Reproduced from Ref. 328 with permission of Kluwer Academic Publishers.

the Fc'/Fc couple, bis(biphenyl)chromium couple (BCr'/BCr), or
other metallocenes.’> The number of research groups using this
approach seems to be increasing. But unfortunately, Fc™ may react
with some RTILs****%2% and with traditional organic solvents
(DMF and DMSO).**" If the decomposition of one of the reference
compounds takes place during the electrochemical measurements,
standard electrode reactions such as the aforementioned Ag'/Ag
couple or the I/I>~ couple can be used as an alternative to Fc'/Fc.
Figure 6 shows the electrochemical windows of n-HexMe;N " Tf,N
and conventional organic solvents calibrated relative to the Fc'/Fc
standard electrode potential.***

As electrochemical solvents, most RTILs are not especially
conductive. In fact, at room temperature, one of the very best salts,
e.g., EtMelm 'F(HF), 5, exhibits a specific conductivity akin to that
of a 1.0 mol L™ aqueous KCI solution. Unfortunately, there are a
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number of electrochemically favorable RTILs having useful con-
ductivities (~ 5.0 mS ecm™) and low viscosities (~ 50 cP); some
examples are given in Table 5. Even when employing the salts in
this table, a substantial potential error can be expected during con-
trolled potential measurements due to the effects of uncompen-
sated resistance, R,, between the WE and RE, despite the most
careful electrochemical cell design. (This is rarely a concern at
small macroelectrodes in conventional high-melting inorganic
molten salts or ionic liquids, which tend to be very conductive.).
As pointed out in a recent monograph,®® this effect is most notice-
able in RTILs under conditions of high current density or large
electrode area. In aqueous solutions, the potential error or iR, drop
is often minimized by placing the RE in a compartment with a
Luggin capillary. The tip of this capillary is placed close to the WE
surface. In principle, there is no reason why such an approach can-
not be employed in RTILs, but the high viscosity of these ionic
solvents makes the use of Luggin capillaries difficult in practice.
Although careful attention to the cell design can eliminate some of
the R,, most of the better quality commercial potentiostats/galva-
nostats designed for use at moderate currents with macroelectrodes
have provisions for electronic resistance compensation. That is,
they have circuitry that provides positive feedback to the control
amplifier circuit (albeit at the expense of potentiostatic stability)
that artificially removes the potential error. In almost every case
examined by the authors, the use of electronic resistance compen-
sation in RTILs is sufficient to reduce the potential error to neglig-
ible levels.

As described in Section III, because invisible impurities de-
rived from air such as water and oxygen affect electrochemical
reactions in RTILs, electrochemical experiments with these sol-
vents, even those thought to be hydrophobic, should be conducted
under a dry, inert gas atmosphere. Electrochemical reactions at a
relatively positive potential, e.g., Al deposition, can be safely car-
ried out under dry nitrogen. It is no secret that the N,/N 3~ electrode
reaction has been observed in inorganic molten salts or ionic lig-
uids. For example, in molten LiCI-KCl, the standard electrode po-

tential for this redox couple, E°x,n*, is estimated to be 0.382 V

vs. Li"/Li at 723 K.*** Thus, when alkali metal deposition/stripping
reactions or other electrode processes are investigated at very neg-
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ative potentials, it is wise to use dry argon as an inert gas since
nitrogen may be reduced to nitride ion, N**, in RTILs under these
conditions.

2. An Overview of the Techniques Used for Electrochemical
Analysis in Ionic Liquids

The various electrochemical techniques that have been used to
probe electrochemical reactions are discussed in detail in many
excellent comprehensive texts and monographs. This Section is
intended as an aid for those researchers who are interested in doing
electrochemistry in RTILs, but do not have research experience or
academic training in electrochemistry. Brief descriptions of some
of the more popular techniques are described here along with ref-
erences to examples of studies in ionic liquids where these tech-
niques were effectively employed.

() Cyclic Voltammetry

Cyclic voltammetry (CV) is widely employed as a survey
technique, i.e., it is the first technique that is commonly applied
during the preliminary analysis of an electrochemical system. With
the demise of analog signal generators, true analog sweep cyclic
voltammetry has been largely supplanted by cyclic staircase vol-
tammetry (CSV). This technique varies from analog sweep vol-
tammetry in that the potential is changed in small steps. As long as
the step size is sufficiently small, the theories developed for CV
can be applied to CSV.**'*% The correct analysis of cyclic voltam-
metric data is somewhat of an art, and there are many examples of
investigations where such CV data have been grossly over-
interpreted or misinterpreted altogether.

If the electrochemical reaction (oxidation or reduction) is a sim-
ple diffusion-controlled process, i.e., an electrochemically reversible
or Nernstian system in which charge transfer is very fast so that the
reaction rate is limited by the rate of diffusion of the soluble elec-
troactive species to the electrode surface in the test solution, then,
the absolute magnitude of the voltammetric peak current, i,, is given
by the well known Randles-Sevick equation:**'
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n3/2F3/2 a1

where A is the electrode area (cm?), C” is the bulk solution concen-
tration (mol cm™), D is the diffusion coefficient of the electroac-
tive species (cm” s™),  is the number of electrons involved in the
reaction, v is the potential scan rate (V s™), and all of the other
symbols have their usual meaning. Linear plots of i, as a function
of v that pass through the origin suggest that the system under
study is diffusion controlled. However, this is not a definitive test
because the same behavior is also observed for an irreversible
electrode reaction.™® Fortunately, there are other criteria that can
be examined in order to verify the reversibility of the system under
study. For example, the peak potential for the oxidation or reduc-
tion wave in question is independent of scan rate in the case of a
reversible system, but varies with scan rate for a quasi-reversible
or irreversible systems. Likewise, the nonlinearity of a plot of i,
versus v'? does not necessarily indicate a slow charge transfer
process. It may simply indicate that the electrode reaction rate is
governed by the rate of a chemical reaction preceding the charge-
transfer s‘[ep.336 If n, C", A, and T are known and the system in
question has been proven to be electrochemically reversible, then
D can be estimated from the slope of a plot of i, versus v by us-
ing Eq. (6).

For a reversible (Nernstian) reaction, the following criteria are
valid

2.3RT

|Ep —Ey| = — ™
2.2RT

|Ep_Ep/2|:n—F (8)

where E,, E,, and E,, are the anodic peak potential, cathodic
peak potential, and the appropriate half-peak potential, respective-
ly. E,» is simply the potential at 50% of #,. When the reaction is
known to be reversible, the number of electrons involved in the
reaction can be estimated from Eqs. (7) and (8).*' Note, however,
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that Eq. (7) varies slightly with changes in the voltammetric
switching potential. Thus, Eq. (8) is probably superior to Eq. (7)
for estimating n. For a reversible electrode reaction, the voltamme-
tric half-wave potential, £, can be determined by estimating the
potential at which 85.17% of the peak current is observed.”® E,,
can also be estimated from the relationship given in Eq. (9):

B Epa + Epc

1/2 — 2 (9)
E,), is related to the formal potential, E", of the redox reaction by
the following expression

12

. . D

E,=E° +—2 3O;RT log(D—RJ (10)
n 0

where Dy and Dg are the diffusion coefficients for the reduced and
oxidized species, respectively.

The chemical stability of the reduction or oxidation product
produced during the initial voltammetric scan and/or the presence
of homogeneous reactions coupled to the charge transfer process
can often be determined by examining the appropriate peak-
current ratio as a function of scan rate.**® For a cathodic process,
the ratio of interest is iy, / ip., Where iy, and i, are the absolute
magnitudes of the anodic and cathodic peak currents, respectively.
For an anodic reaction, the ratio i, / i,, provides the desired infor-
mation. Because the peak current obtained on the reverse scan,
whether i, or i, depends strongly on the switching potential for
the initial scan, E;, there is no simple graphical procedure that can
be used to obtain this current. However, as noted by Nicholson,*’
the peak current ratio for a reversible reaction can be expressed a
function of three parameters in the following empirical relation-
ship for a cathodic reaction

(), 04850
IOl D883 g (11)
lpc lpc lpc
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Figure 7. Cyclic staircase voltammograms recorded at different sweep
rates at a platinum disk electrode in EtMelm F(HF), 5 containing 11.83
mmol L ferrocene”® (inset) ratio of the cathodic to anodic peak
currents as a function of sweep rate for the voltammograms shown in
this figure.

where (iy)o and (is)o are the magnitudes of the anodic current and
the current at E,, respectively, measured with respect to the base-
line for the cathodic current. The corresponding equation for ipc/ip,
is then

e _Gpedo | 048500)o 4 g6 (12)

lpa lPa lPa
where (ipc)o is the absolute magnitude of the cathodic current
measured with respect to the baseline for the anodic current. Fig-
ure 7 shows a series of CSVs recorded for the oxidation of ferro-
cene [Fe(cp),] in EtMeIm'F (HF), 5 at different scan rates and the
corresponding plots of i#,./iy, as a function of scan rate, which was
estimated by using Eq. (12).*® The oxidation of Fe(cp)s in this
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Figure 8. Voltammograms recorded as a function of angular velocity, o, at a

mercury film rotating disk electrode in n-Bu;MeN'Tf;N" containing 27.8 mmol

L' Cs(I). (inset) relationship between the limiting current density, ji, and '

Reproduced from Ref. 150 with permission of Elsevier Ltd.

solvent is known to be electrochemically and chemically reversi-
ble, and as expected, i/, is close to unity and essentially indepen-
dent of the scan rate. For a complete discussion of the effects of
coupled homogeneous chemistry on the peak current ratio, the origi-
nal article by Nicholson and Shain®*® should be consulted. It is the
experience of the authors that Egs. (11) and (12) can also be qualita-
tively applied to most quasi-reversible systems with reasonably good
results.

@) Hydrodynamic Voltammetry

The most common hydrodynamic technique employed for
voltammetric measurements is that based on rotating electrodes,
mainly rotating disk electrodes (RDE) and rotating ring-disk elec-
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trodes (RRDE). The main benefit of hydrodynamic or convective-
diffusion voltammetry is that the rate of mass transport of the elec-
troactive species to the electrode surface can be precisely con-
trolled by adjusting the rotation rate of the electrode. Because the
electrode potential is scanned very slowly, there is no measurable
current contribution from double-layer charging. Changing the
electrode rotation rate in RDE voltammetry is analogous to chang-
ing the scan rate in stationary electrode voltammetry. Figure 8
shows a voltammogram recorded as a function of angular velocity
at a mercury film RDE in n-BusMeN'Tf,N" containing Cs"."*° Un-
der mass-transport-limited conditions, the absolute magnitude of
the limiting current, i, should always vary linearly with the square
root of the electrode rotation rate, w, according to the Levich equa-
tion:

iy = 0.62nFAC' D" 0'? (13)

where v is the kinematic viscosity of the solution (cm” s™) and all
other symbols have their usual meaning. An example of a Levich
plot is depicted in the inset of Fig. 8. In the absence of complica-
tions, this plot should be a straight line passing through the origin.
The slope of this plot can be used to estimate Dg or Dy, depending
whether the oxidized or reduced form of the solute, respectively, is
present in the solution at the beginning of the experiment. Follow-
ing the U.S. sign convention for current, the relationship between
the potential and current for a RDE voltammetric wave in the case of
a reversible electrode reaction, where both the oxidized and reduced
species are present in the solution, is given by:**!

E=E,, + 2.303RT log i, —i (14)
nkl i—i

a

where i, and i, are the cathodic and anodic limiting currents,
respectively. If only the oxidized or reduced species is initially
present in the solution, this equation simplifies accordingly. The
number of electrons involved in the electrode reaction under
investigation and £}, can be estimated from plots of log[(i. — )/(i —
i;,)] versus E constructed from the rising portion of the voltam-
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metric wave. In the case of RDE voltammetry, Ej, and EY are
related through an expression similar to Eq. (10):

E,=E"+ (15)

nk D_0

2.303RT (DR J“
——log

RDE voltammetric measurements are a useful practical tool
for determining the completeness of bulk electrolysis experiments.
For example, consider a solution containing only the oxidized
species. In the case of a chemically and electrochemically
reversible reaction, a RDE voltammogram of the solution
containing only the oxidized species will exhibit the usual S-
shaped reduction wave such as that shown in Fig. 8. As the
electrolysis experiment progresses, the wave will be displaced
from the zero current axis in proportion to the ratio of the oxidized
to reduced species in solution. Eventually, when electrolysis is
complete, only an anodic wave will remain.

RDE voltammetry is perhaps the preeminent technique for
studying quasi-reversible electrode reactions because of the ease
with which kinetic information can be unequivocally separated
from mass transport effects. To carry out such an analysis, RDE
voltammograms are recorded as a function of rotation rate. If the
system under investigation is quasi-reversible, then plots of i
versus ®'? constructed from data at the same potential on the
rising portion of each wave will be non-linear. In fact, the current
in plots of i versus ®'"* constructed with data taken at potentials
near the foot of the RDE wave may be nearly independent of w,
whereas those plots prepared at potentials approaching that where
the limiting current is observed may be nearly linear. Such
behavior is clear indication of a quasi-reversible electrode reaction
because in the case of a reversible reaction plots of i versus w'?
are linear at all potentials from the foot of the wave to the limiting
current. In order to extract kinetic data from the quasi-reversible
plots of i versus w'?, the data are plotted as 1/i versus 1/ow"?
according to the Koutecky-Levich equation,

11 |
1 062nFAC D (16)
0,




106 Tetsuya Tsuda and Charles L. Hussey

-9.0

-9.4

-9.6

In k(E)

-9.8 1

-10.0

-10.2

-10.4 T T T
0.00 0.02 0.04 0.06
E-E”(V vs Fo)

Figure 9. Dependence of the logarithm of the heterogeneous rate constant for
the reduction of Cs(I) at a mercury film rotating disk electrode on the applied
potential. Reproduced from Ref. 150 with permission of Elsevier Ltd.

provided that the reverse reaction can be ignored.

The kinetic current, i, can be estimated as a function of potential
from the intercept of each plot of 1/i versus 1/w"?. This current
leads to the potential dependent heterogeneous rate constant for the
forward reaction, k(E), via the following expression

i = nFAke(E)C 17)

Furthermore, &° and an can then be detenniqed from the inter-
cept and the slope of a plot of In k(E) vs. E — E°, according to Eq.

(18):

anF(E—-E")

rT (18)

Ink (E)=Ink"+

Such a plot is illustrated in Fig. 9 for the data in Fig. 8. The for-
mal potential, £, can be estimated by the use of Eq. (15). But nor-
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mally the diffusion coefficients for the oxidized and reduced forms of
the solute are nearly the same, making E” approximately equal to
E,). From the data in Fig. 9, E" was found to be -2.273 V, and £ and
an were estimated to be 9.8 + 0.8 x 10° cm s and 0.36 + 0.04, re-
spectively."’

RRDE voltammetry has also been employed for electrochemical
experiments in ionic liquids. It has been of great value in the analysis
of plating reactions in chloroaluminate ionic liquids involving the
underpotential deposition of aluminum-transition metal alloys.*****
For the complete details of this procedure the reader should consult
the original literature.**

(iii) Chronoamperometry

Chronoamperometry is the simplest controlled-potential tech-
nique available to the electrochemist and traces its roots to the
seminal work of Frederick Gardner Cottrell in 1903.>*° In spite of
this simplicity, chronoamperometric techniques have been applied
to a host of electrochemical problems in conventional molecular
solvents and ionic liquids. Some of these uses include the mea-
surement of diffusion coefficients, studies of metal nucleation, and
the investigation of coupled homogeneous chemistry. This tech-
nique also forms the basis of a pulse voltammetric method for re-
cording current-potential curves (see below).

The absolute magnitude of current obtained following a poten-
tial step of sufficient magnitude to deplete the electroactive species
at the electrode surface in an unstirred solution, i.e., to produce a
diffusion-controlled current, is given by the Cottrell equation,*'

.. nFAD"*C"
it) = £ (19)

where ¢ is the time (s) and all other symbols have their usual mean-
ing. For a potentiostatic current-time transient resulting from sim-
ple, uncomplicated, diffusion-controlled reaction, 7 is proportional
to £ or it'? is constant with 7 within the time limitations asso-
ciated with the convective movement of the test solution caused by
vibrations or thermal gradients. (The latter can be significant in
RTILs at elevated temperatures in poorly designed cells.) Thus,
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knowledge of i#'> measured under diffusion-controlled conditions
can be used along with Eq. (19) to calculate D.

The chronoamperometric technique has been employed exten-
sively in RTILs and their higher temperature cousins to investigate
nucleation/crystallization processes during the electrodeposition of
metals on foreign substrates, e.g., substrates composed of materials
different from the depositing metal. The presence of a nucleation
overpotential can be readily determined by examining a cyclic
voltammogram of the reaction of interest. For a nucleation-

j[SO HA

4

A

:

| 1 | 1 I |
0.8 0.4 00 -04 -08 -12
E(Vvs. Al)

Figure 10. Cyclic staircase voltammograms
recorded at different electrodes in mixtures of
EtMeImCl + EtMelm'BF, containing 37.3
mmol L Cd(I). The sweep rates were 50 mV
s™. Reproduced from Ref. 341 with permission
of Elsevier Ltd.



Electrochemistry of Room-Temperature Ionic Liquids and Melts 109

3.0
25
2.0
1.5
1.0
0.5
0.0

I (mA/cmZ)

0.0 2.0 4.0 6.0 8.0
t(s)

1.2 ¢

Instantaneous
I's

0.8

(ifi)’

0.4

'\Progressive

0.0 1.0 2.0 3.0
T,

Figure 11. Top: Current-time transients resulting from poten-
tial step experiments recorded at a Pt electrode in the 50.0-
50.0 mol % mixture of ZnCl, + EtMeImCl containing 30
mmol L' Cd(II). Bottom: Plots of #/t,' versus (i/in)* con-
structed from the current-time transients. Reproduced from
Ref. 342 by permission of ECS—The Electrochemical Socie-

ty.

controlled reaction, an anomalous loop will be observed in the
voltammogram (Fig. 10).**' This loop occurs because of the over-
potential required to initiate the first stages of the metal deposition
process on the forward or reductive scan. When the scan is re-
versed, metal continues to deposit at more positive potentials be-
cause the electrode surface has changed from a foreign or hostile
surface to one that is covered with the depositing metal. Metal
deposition finally ceases when the potential is scanned positive of
Eq.
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Nucleation followed by crystal growth also gives rise to cur-
rent-potential curves with maxima such as those shown in Fig. 11
(top). These examples were recorded at a Pt disk electrode in 50.0
mol% ZnCl,~EtMeImCl containing 30 mmol L Cd(I).*** The
shape of these transients is complex and consists of four main ele-
ments:

(1) a current due to charging of the electrode double layer,

(2) a potential-dependent time delay relevant to nucleation,

(3) arising current due to nucleation and crystal growth, and

(4) a region following the current maximum where the current
decays with ', according to Eq. (19).

The maximum in the magnitude of the current density, j., is ob-
served at #,, where the spherical diffusion zones of the developing
nuclei coalesce to form a planar diffusion zone. The value of ¢,
depends on the applied potential, i.e., ¢, becomes shorter with an
increase in the overpotential, 7 = |[E — E|.

The theory of chronoamperometry has been developed for
several different three-dimensional nucleation/growth mechan-
isms. These mechanisms have been discussed in detail.** Simple
analysis of the rising portion of the experimental chronoampero-
metric current-time transients can usually lead to identification of
the nucleation model. For example, instantaneous nucleation on a
fixed number of active sites is indicated if the current grows linear-
ly with %, whereas progressive nucleation on an infinite number
of active sites is indicated when the current grows linearly with
£2 3% However, for a more unequivocal test, the appropriate theo-
retical models can be compared to the entire experimental current-
time transients. In order to simplify this process, it is useful to
convert the experimental data into dimensionless form by dividing
the current density, j, by the maximum current density, j.,, and the
time by ¢,. Thus, the dimensionless models for instantaneous and
progressive nucleation are given by Egs. (20) and (21), respective-

Iy
Y 1.9542 125640 )|
[4] _Losan, {l_exp(- 25 tﬂ 0
]n1 m
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2 27?
[4] _ 122541, 1_exp(—2.3367¢] @
I t m

However, before making this comparison, the data must be re-
fined by taking into account the nucleation delay time, ¢ = ¢ — t,.
Fortunately, # can be obtained from the intercepts of plots of
(/jm)? or (iljm)*> vs. t, whichever is appropriate, or plots of j vs. ¢
or £, but the former method generally gives better results.** As
an example of the application of this analysis to a metal deposition
reaction in a RTIL, the dimensionless plots of (j/j)* vs. (£/ty) in
Fig. 11 (top) along with theoretical curves from Egs. (20) and (21)
are given in Fig. 11 (bottom).*** In this case, the experimental re-
sults are in good agreement with the instantaneous three-
dimensional diffusion controlled nucleation process described by
Eq. (20).

When one of the theoretical dimensionless current-time tran-
sients described above agrees well with the experimental data it is
often possible to extract useful information about the deposition
process such as the nucleation rate constant, the number density of
active sites on the electrode surface, and the saturation density of
nuclei by using the appropriate mathematical expressions.**!*’

Those cases where the experimental current-time transients
appear to fall between the theoretical transients for the limiting
cases of progressive and instantaneous nucleation have also been
considered,****'*>* and a theoretical transient has been developed
for this situation as well:****’

(LJZ _ ti {1 - eXp[_ xt/ t, + 0!(1 - exp*xt/mm )]}2 o

Jm t {1—exp[—x+a(l—exp""/“)]}2

In this equation, a and x are adjustable parameters that contain
information about the number density of active sites and the poten-
tial dependent nucleation rate per active site. For the limiting cases
of instantaneous and progressive nucleation, a approaches 0 with x
=~ 1.2564 and oo with x = 2.3367, respectively. Figure 12 shows the
dimensionless experimental data derived from the current-time
transients for copper deposition on glassy carbon in a solution of



112 Tetsuya Tsuda and Charles L. Hussey

Cu(l) in the 66.7 m/o urea—choline chloride room-temperature
melt.*** Equation (22) was fit to the experimental data to give val-
ues of a and x of 0.422 and 2.140, respectively, with a correlation
coefficient of 0.9922. In this case, a is a relatively large, suggest-
ing that the deposition reaction is initiated mainly by progressive
nucleation. A more comprehensive discussion of electrochemical
crystallization can be found in Ref. 358.

(iv) Sampled Current Voltammetry

Several kinds of pulse voltammetric techniques have been
proposed with the aim of avoiding charging current contributions
to the overall current, thereby increasing the analytical detection
limit of voltammetric measurements. These techniques, which are
usually employed in conjunction with a dropping mercury elec-
trode (DME), have been discussed at length in several prominent

| — Instantaneous
,,:‘ ----- Progressive
1" . 1 . .

0 1 2 3 4
ity

Figure 12. Examples of plots of #/t,' vs. (j/jm)* con-
structed from the current-time transients resulting
from potential step experiments recorded at a GC
electrode in a 66.7-33.3 mol % mixture of urea +
choline chloride containing 20.1 mmol L™ Cu(l).
The theoretical transient was fitted to the experi-
mental data by using the adjustable parameters, a
and x, in Eq. (22).%*
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texts cited in Ref. 321. However, analytical techniques involving
DME:s are seldom important in ionic liquid research, particularly if
the RTIL is to be heated, but such pulse techniques can be advan-
tageous at solid electrodes in RTILs. The most commonly applied
pulse technique, sampled current voltammetry (SCV), is carried
out by applying potential steps of increasingly negative (reduction)
or positive (oxidation) amplitude to a stationary solid electrode to
produce a series of potentiostatic current-time transients. The cur-
rent for each transient is sampled at a designated time after the
application of each step and then the potential is returned to the
initial value potential while the solution is stirred. The advantage
of the SCV technique is that the electrode diffusion layer and the
electrode surface are renewed between each potential pulse. When
the sampled currents are plotted as a function of the applied poten-
tial for a freely diffusing, i.e., kinetically uncomplicated system,
the result is a current-potential curve identical to that obtained at a
RDE that can be analyzed by using the current-potential expres-
sions usually applied to polarographic and RDE waves. Because
the electrode surface is renewed between data points, this tech-
nique can sometimes be used to produce well-defined current-
potential curves for systems that are intractable and do not produce
useful voltammograms with conventional scanning methods at
stationary and rotating electrodes. Several investigations in which
this technique has been used to advantage in RTILs have been
published by our research group.*****3%

V. ELECTROCHEMICAL APPLICATIONS

Electrochemical applications of RTILs include their use as sol-
vents for the study of redox reactions and metal deposition and as
electrolytes for a variety of technological applications, including
surface finishing, electromechanical actuators, dye-sensitized pho-
toelectrochemical cells, electrochromic devices, fuel cells, double-
layer capacitors, and nonaqueous batteries. Many of these applica-
tions were featured in a recent article.'® Electrochemical data for a
variety of organic, organometallic, and inorganic solutes that have
been studied in RTILs are given in Table 6. By the far, the most
extensively studied solute in RTILs is oxygen, and so we have
placed this data in a separate table (Table 4). From these tables, it
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is obvious that the number of electrochemical investigations of
solutes in non-chloroaluminate RTILs is relatively small, much
smaller than in chloroaluminate RTILs. Although chloroaluminate
RTILs have been studied for a much longer period of time, there
are now more investigators who are interested in RTILs than in the
past. The real reason for the paucity of electrochemical data may
be simple: non-chloroaluminate RTILs are relatively inert mate-
rials and do not solvate the wide variety of materials that dissolve
in the corresponding chloroaluminates. Recently, however, Chen
and Hussey*®® reported that ionophores can be used effectively to
enhance the solubility of otherwise intractable materials, in this
case, Cs(I) and Sr(IT) so that they can be subjected to electrochem-
ical studies. If this proves to be an effective method to increase the
solubility of other solutes, then perhaps more electrochemical data
will accrue in the near future. In this Section, we will introduce
recent electrochemical research results derived from RTILs.

1. Surface Finishing

The application of RTILs, in particular the room-temperature haloa-
luminates, to surface finishing technology has a long history that
spans more than half a century. In 1948, Hurley and Wier’®*" suc-
cessfully used mixtures of ethylpyridinium chloride and AlBr; as a
bath for electroplating Al. At that time, the electrochemical reaction
leading to the electroplating of Al had not been clarified, but it is now

known to be
4ALXs +3e 5 Al + 7TAIX, (23)

where X is either Br or Cl. Most research is now carried out with
chloroaluminate RTILs, rather than the mixed chloro-
bromoaluminate systems, because those containing Br tend to under-
go photodecomposition. However, in this Section, we review the
progress attained to date in surface finishing technology with RTILs
and RTMs. Tables 7 and 8 summarize the data about the electrodepo-
sition of metal and alloy films from RTILs and RTMs that were
available at the time this chapter was prepared. For convenience, we
have classified the surface finishing techniques into three categories
according to the type of solvent.
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() Metal Halide—Organic Halide Salt Binary Systems

RTILs based on the combination of a metal halide with an organic
halide salt often display dramatic changes in their physicochemical
properties based on the molar ratio of the components. This beha-
vior simply reflects the fact that the anionic speciation in these
ionic liquids varies with the component ratio. The most well
known and thoroughly studied examples of such RTILs are chlo-
roaluminate salts based on AICl; mixed with aromatic quaternary
ammonium chloride salts such as 1-n-butylpyridinium chloride or
1-ethyl-3-methylimidazolium chloride. Table 9 lists a number of
similar non-haloaluminate systems along with the corresponding
composition-dependent anionic species. The prospects for electro-
deposition/surface finishing in these RTILs are also indicated in
the table. Fortunately, as a result of the development of commer-
cially available computer modeling software, it is often possible to
predict the structures of the anionic species that might exist in
these RTILs. The results from these modeling programs show ex-
cellent agreement with the data obtained from spectroscopic me-
thods. Note that all of the anions (or more accurately, complex
anions) listed in Table 9 can be reduced to the corresponding met-
al, except those with the 7, structure: AICl;” and GaCly. Although
AICly can be reduced to Al in high temperature inorganic chloroa-
luminate ionic liquids or molten salts,” it cannot be reduced to Al
within the electrochemical window of chloroaluminate RTILs.

As can be seen from Tables 7 and 8, additives are often em-
ployed to improve of the surface morphology of electrodeposits.
As reported for chloroaluminate RTILs,"****** the electrodeposit
surface quality varies greatly with the type of additive used. But in
this particular case, the main role of the additive is to reduce the
viscosity of the RTIL.

A number of metal and alloy coatings prepared in RTILs have
been shown to have interesting properties. For example, Iwagishi,
et al.***! electrodeposited Zn-Mg coatings on automotive steel
sheet from ZnBr,—EtMelmBr—ethylene glycol (or glycerin) mix-
tures. For pure Zn plated steel, rust appeared after 168 hrs of im-
mersion in a 5 mass % aqueous NaCl solution at 308 K. But if the
Zng;sMg, s alloy was immersed in this same solution under the
same conditions, 2184 h were required to initiate rust develop-
ment.**’ Not surprisingly, ZngMg, alloy coatings exhibit a rust
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delay that exceeds 2440 hrs.*' Clearly the corrosion resistance
imparted to sheet steel by Zn-Mg coatings is improved as the Mg
content of the alloy is increased.

Koura et al.”’"****? have prepared Nb;Sb superconductors in
NbCls—SnCl,-EtMeImClI (or BuPyCl). These alloys showed su-
perconducting behavior at a temperature of 16 K (onset) and 19 K
(zero).** Electrochemical alloying/dealloying methods have been
used in the RTILs to prepare porous metal surfaces.*'®*'®*7 For
example, porous Ag has been produced by the dealloying of the
Zn-Ag alloy formed on a Ag substrate in the ZnCl,-EtMelmCl
RTIL.*"” The surface is covered with a uniform porous structure
(Fig. 13), and the surface morphology depends on the quantity of
the deposited Zn. The advantage of this method is that the bath can
be reused completely without deterioration if the counter electrode
is made from Zn.

(it) RTILs with Fluoroanions

RTILs based on fluoroanions usually exhibit outstanding elec-
trochemical stability with electrochemical windows as large as 5.8
V. With such large electrochemical windows, it is not surprising
that many attempts have been made to use these solvents to revers-
ibly deposit active metals, such as lithium. This work is driven by
the current interest in lithium batteries, and the number of reports
about this work increases every year (see Section V.3). As to the
surface finishing in these RTILs, several problems remain. The
most significant problems are the low solubility of inorganic salts
used as solutes in these ionic solvents and the difficulty of prepar-
ing thick coatings (> 1 um) that are smooth. We think that the
anodic dissolution of pure metals'>***>*"7¥%4% and the addition of
solubility-enhancing ionophores to the RTILs are promising strat-
egies for overcoming these limitations,”*>3%

Nano-ordered deposits of pure metals, such as Mg,
and Si,****® have been produced in these RTILs systems. These
reports are noteworthy because these metals cannot normally be
produced in metal halide—organic halide RTILs. However, addition-
al investigations will be required to achieve the practical applica-
tion of this technology. Katase, et al.**’ have investigated Cu-Sn
formation using the interdiffusion reaction between a Cu substrate
and Sn deposited in n-HexMe;NT,N". The rate-determining step

399,400 Ti,401
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of this process was the interdiffusion reaction, and the activation
energy for this reaction was estimated to be 58 kJ mol™.

(iii) Room-Temperature Melts (RTMs)

As a general rule, these systems are low cost compared to
RTILs because they are formulated from off-the-shelf components
that require only modest purification. For example, urea—chorine
chloride mixtures are molten at room-temperature and display
good environmental suitability.”*' Both urea and choline chloride
are inexpensive and available in bulk quantities. Urea-based RTMs
containing the appropriate metal salts have been used successfully
to prepare metal and alloy coatings on a variety of substrates. Most
metal salts display good solubilities in these melts. There do not
seem to be many difficulties associated with the preparation of
solutions containing the large amounts of dissolved metal ions
needed to deposit thick coatings. Some metal oxides also appear to
dissolve readily in urea-based RTMs.”>* However, the RTMs such
as urea—chorine chloride mixtures typically show high viscosity.”'
Thus, from a practical standpoint, these types of solvents must
necessarily be employed at elevated temperatures.

Generally speaking, the electrochemical windows of most
RTMs are better than those of most aqueous solutions, but inferior
to that of non-chloroaluminate RTILs. Therefore, it is difficult to
deposit base metals such as the rare earths and alkali metals from
these solvents. In spite of these generalizations, some workers
have reported the deposition of magnetic and semiconductive ma-
terials such as Sm-Fe,”® Sm-Co,”’ and Cu-In-Ga-Se™* from the
urea-based RTMs. Unfortunately, in many cases, these electrode-
posits do not show magnetic and semiconductor properties unless
they are annealed. Because most RTMs are usually very hygros-
copic, care should be taken to handle them only under dry condi-
tions.

2. Fuel Cells

The electrochemistry related to fuel cells based on RTIL electro-
lytes has been investigated since the early 1990’s.* More recent-
ly, anhydrous protic RTILs and RTMs, which consist of HTf;N (or
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Figure 13. SEM images of Zn-Ag samples dealloyed
after Zn electrodeposition on a Ag substrate. The
sample areas covered by each micrograph are: (A)
0.64, (B) 5.12, and (C) 20.48 C cm™. Reprinted with
permission from Ref. 417. Copyright (2006) Ameri-
can Chemical Society.



136 Tetsuya Tsuda and Charles L. Hussey

HTYf) and imidazole-based tertiary amines, have been proposed as
solvents for PEM fuel cells.*®’ (Technically speaking, these solu-
tions would only be a RTIL if the two components are mixed in
equal proportions, otherwise they would simply be a RTM.) Most
conventional PEM fuel cell systems suffer decreased performance
at higher temperatures because of water evaporation. Non-aqueous
proton conductive solvents have been proposed as an answer to
this problem. There are many efforts to replace the conventional
solvents used in PEM fuel cells with proton conductive RTILs
(and RTMs). In addition, several research groups have focused on
the advantages of RTILs in these applications and have proposed
novel fuel cell systems based on the reactions that are inherent in
RTILs such as imidazolium sal’ts,460 AlClg,—EtMeImCI,462 and Et-
MelmF (HF),,_““‘464 In this Section, we describe some of these elec-
trode reactions and the operation of fuel cells based on RTILs.

(i) Hydrogen Electrode Reaction

There are many reports providing electrochemical data and
reaction mechanisms for the hydrogen electrode reaction in high-
temperature ionic liquids.*”® Compared to aqueous solvents, the
mechanism in these high-temperature systems appears to be com-
plex, but this may be a perception that is derived from a lack of
knowledge and understanding. Based on the limited information
that is available, the hydrogen electrode reaction is also complex in
RTILs. In the basic imidazole-HTf,N system under oxygen-free
conditions, the redox reaction at 0 V vs. RHE at 353 K is:**®

2HIm" + 2¢ S 2Im+H, (24)

But, under an O, atmosphere, the reaction becomes: 06467

0,+4HIm" + 4¢ — 2H,0 + 4Im (25)

The diffusion coefficient for HIm" in these mixtures depends
on the imidazole—-HTf,N composition ratio, and the value was es-
timated by pulse-gradient spin-echo NMR spectroscopy to be ca. 1
~6x 107 cm?’s 4%
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(ii) Oxygen Electrode Reaction

It is very important to know about the mechanism of the oxy-
gen electrode reaction in RTILs because as mentioned above oxy-
gen is easily reduced to O, in anhydrous aprotic solvents (Eq. 5).
Although the electrochemistry of oxygen in RTILs has been inves-
tigated by several scientists (see Section I11.4), most of these expe-
riments were carried out in very dry RTILs under an inert atmos-
phere with O, and H,O < 3 ppm. There is not much information
about the O, electrode reaction in RTILs containing H™" and/or
H,0,”** which is the environment that is required for the opera-
tion of fuel cells. It is well known that in the presence of H" and
H,0, the reduction of O, takes a different mechanism from Eq. (5):

0, + 4H + 4¢ — 2H,0 (26)

Thus, studies that are designed to probe and understand the O,
electrode reaction in RTILs containing H'/H,O are required before
these ionic solvents can be exploited as electrolytes for use in low-
temperature fuel cells. Recently, an investigation of the O, elec-
trode reaction in proton conductive RTILs, was reported.****’ The
oxygen reduction reaction rate in RTILs containing HTf exhibited
a higher reaction rate than with phosphoric acid and neutral RTILs.

(iii) Fuel Cell Systems Based on RTILs

The first reported fuel cell system based on a RTIL was of the
thermally regenerative type.*®® This fuel cell employs mixtures of
MeEtIm Cl" + HCI with or without added AICl;. The pertinent cell
reactions are:

Anode:
2 EtMeIm'Cl" + H, +2 CI" — 2 EtMeIm'HClL, +2¢  (27)

Cathode:
2HClI + 2¢ — H, + 2CI" (28)

Thus, the net reaction is:

2 EtMeIm'Cl" + 2 HCl — 2 EtMelm'HCI," (29)
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Figure 14. Variation of cell voltage (0) and power density () with cur-
rent density for a single fuel cell using dry H, and O,. The electrodes
were Pt/C with a Pt loading of 0.926 mg cm™. The cell was operated at
373 K. Reproduced from Ref. 475. Copyright (2006) with permission of
The Royal Society of Chemistry.

The regeneration of a sufficient amount of EtMeIm'Cl" and
HCI from the resulting EtMeIm HCl,™ proceeds readily when the
cell is heated to more than 453 K. The actual peak open circuit
voltage is 0.3 V, and the maximum power density is 0.69 mW cm™
if the cell is heated to 383 K. Aluminum chloride is added to the
electrolyte in order to lower the operating temperature.

Fuel cells employing proton conductive RTILs and RTMs are
the most common systems that have been investigated because the
prospective electrochemical reactions in these cells are basically
the same as those found in conventional PEM fuel cells.*”#"*47¢ In
addition, these anhydrous systems can operate at temperatures of
more than 373 K. Unfortunately, very little comprehensive cell
performance data has been produced for comparison to conven-
tional fuel cell systems. Polymer electrolyte membranes that con-
sist of the same quantities of 2,3-dimethyl-1-octylimidazolium



Electrochemistry of Room-Temperature Ionic Liquids and Melts 139

triflate, and  polyvinylidenefluoride-co-hexafluoropropylene
(PVdF-HFP), and HTf (0.5 M) have been examined in a single fuel
cell having a 10 cm” active area with 0.926 mg cm™ of a Pt cata-
lyst at 373 K.*” The maximum power density of this cell was ca.
1.0 mW cm™ (Fig. 14). Susan et al.*’* reported an unoptimized
single cell prepared from a PVdF-(1,2,4-triazole/HTf,N = 5/5)
membrane with a 1.6 mg cm™ Pt catalyst that generated a maxi-
mum power of 0.32 mW cm™ at 0.970 mA cm™.

A non-proton transport type fuel cell system has also been pro-
posed. This cell is based on RTILs derived from 1,3-dialkyl-
imidazolium cations and fluorohydrogenate anions denoted by
(HF),F.*54* This fuel cell system is relatively simple as illu-
strated in Fig. 15. What is remarkable is that this fuel cell does not
involve the direct transfer of H'. The reactions that take place in
this fuel cell are shown below:

Forn=123
Anode: H, + 6 (HF)F" — 4 (HF),F +2e” (30)

Cathode: 4 (HF),F +%0,+2¢ — H,O+6 (HF)F (31)
Forn=2.3
Anode: H, + 8 (HF),FF — 6 (HF);F +2¢” (32)

Cathode: 6 (HF);F + % 0, +2¢” — H,0 + 8 (HF),F  (33)

Anode Cathode
+— :DHZO
(HF)F~ o (HF)F~
Hy = = 0,

Figure 15. Operating principles of a fuel cell based on
fluorohydrogenate ion conduction in EtMeIm'F(HF),5".
Reproduced from Ref. 464 by permission of ECS—The
Electrochemical Society.
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The overall reaction for n = 1.3 or 2.3 is, thus,
Hz + Oz - HQO (34)

Figure 16 shows the open circuit voltage (OCV) of the fuel
cell system illustrated in Fig. 15. The OCV was stable at ca. 1.1 V
during experiments conducted over a period of 18 h and was al-
most independent of the » value.*** Surprisingly, under wet condi-
tion the cell performance was maintained without HF generation.
A composite electrolyte consisting of poly-2-hydroxyethyl metha-
crylate and EtMelm'(HF),;F~, which exhibits high conductivity,
has great promise for use in the fabrication of a novel PEM fuel
cell system.*”’

Very recently, an innovative carbonate fuel cell system was
proposed by a research group at the Georgia Institute of Technolo-
gy, USA.*"® This cell uses a carbonate anion exchange membrane
as the electrolyte, and the cell can be operated with hydrogen or
methanol as the anode gas. The proposed anodic reactions in this
system are:

1.2 . . .

1.0f 107V A
> 0.8
306
Q
O 0.4} -

0.2

0.0 ] L |

0 5 10 15 20

Time / hour
Figure 16. Open circuit voltage as a function of time for the
fuel cell in Fig. 15. Reproduced from Ref. 464 by permission
of ECS—The Electrochemical Society.
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Figure 17. Power curve for room-temperature fuel cell modified with n-

BuMelm BF, operating on hydrogen. Reproduced from Ref. 478 by permis-
sion of ECS—The Electrochemical Society.

for hydrogen
H, + COy> — H,0 + CO, + 2¢ (35)

for methanol
CH;OH + 3CO;> - 2H,0 + 4CO, + 6¢ (36)

The cathodic reaction is:
2C0, + 0, + 4 — 2CO5" (37)

Interestingly, applying n-BuMelm 'BF, to this system im-
prove the power density if hydrogen is used as the anode gas (Fig.
17). However, the reason why this RTIL enhances the cell perfor-
mance is unclear, and there is no report that this system modified
with the RTIL can be operated with methanol as the fuel. This
room-temperature carbonate fuel cell is a notable energy conver-
sion system with great promise.
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3. Lithium and Lithium-Ion Batteries

High energy density batteries are widely used for electronics de-
vices such as laptop computers and cell-phones. In particular, the
Li-ion battery has been the focus of constant attention.”****" The
technology associated with Li-ion batteries is one of the most tho-
roughly studied topics in electrochemistry as a result of its signifi-
cant economic impact. Unfortunately, the margin of safety for
these particular batteries is less than that for many other battery
systems. Because Li-ion batteries contain very reactive materials,
they have a tendency for thermal runaway, leading to ignition and
blowout. A safer nonflammable electrolyte that cannot contribute
to thermal runaway is greatly desired. In addition, conventional
secondary (rechargeable) cells based on Li metal do not reach their
optimum performance level, owing to the instability of the electro-
lytes used in these cells toward Li metal. Not surprisingly, there is
great interest in employing nonflammable and electrochemically
stable RTILs and RTMs as electrolytes in these cells in an effort
push the limits of current Li-ion battery technology.

Until several years ago, chloroaluminate RTILs were the ma-
jor target for the Li battery electrolytes,”*>*'“*** but interest in the
use of non-chloroaluminate RTILs has gradually increased in re-
cent years. A large number of RTILs have been proposed for Li
battery electrolytes, and actual Li rechargeable batteries have been
described, '#414%136.261.330397.485496 R ocent research involving Li and
Li-ion rechargeable batteries based on RTIL electrolytes is de-
scribed in Table 10. Those systems in which organic solvents were
added to the RTILs are not included in this table. It is well known
that adding organic solvents to RTILs often gives desirable re-
sults,*?197:499503:5% Bt such mixed solvent systems are outside the
scope of this article.

Although Li metal can be deposited from RTILs as indicated
in Table 7, almost all RTILs react with Li metal to form a solid
electrolyte interphase film (SEI) layer on the Li metal surface. The
mechanisms by which these passivating layers are formed and the
stability of these SEI layers vary with the types of RTIL, experi-
mental temperature, and the presence or absence of organic sol-
vents,2031:499-503505-507 U fortunately, it seems that most RTILs
are unstable during the cell discharge-charge process if the appro-
priate SEI layer does not form on the electrode. That is, the SEI
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film that is produced on the anode during the charge/discharge
process is inferior in stability to that obtained in conventional or-
ganic solvents. This incompatibility problem limits the cycling
efficiency of such cells. Very recently, MacFarlane et al.””® have
succeeded in elucidating the mechanism of film formation on Li
negative  electrode in RTILs based on  N-alkyl-N-
methylpyrrolidinium ions and Tf;N". On a negative note, Dahn et
al.>® have concluded that RTILs are not necessarily safer solvents
for Li-ion batteries.

Intercalation of the organic cation into a graphite electrode has
also been observed.’® Thus, research and development involving
RTIL-based Li batteries is no less difficult than that involving
conventional solvents. As shown in Table 10, it is likely that the
low capacity of the RTIL-based cells is caused by these undesira-
ble solvent reactions. However, research with Li batteries based on
ionic liquid electrolytes is in its infancy, and future success may be
just around the corner.

Although there are difficulties with rechargeable Li batteries,

we expect that Li-air’'® and Li-seawater’'' primary batteries will
achieve practical use without great difficulty. These batteries are
not novel systems, but the use of hydrophobic RTILs greatly im-
proves their performance. It is notable that the capacity of the Li-
air cell using EtMeIlm ' TH;N ™ is 5360 mAh g and that this perfor-
mance figure exceeds that of similar cells that are based on con-
ventional organic solvents. Figure 18 (top), which is reproduced
from this article, shows changes in the cell voltage as a function
of time with the measured temperature and humidity. The cell was
discharged continuously for 56 days under an air atmosphere. The
discharge profiles of this cell are shown in Fig. 18 (bottom) for the
first 40 hours of operation. The cell performance drops off rapidly
at temperatures of 253 K or less, but the performance is quite good
when the operating temperature is 293 ~ 373 K. This result implies
that the cell can be used effectively at temperatures of more than
373 K. In this investigation, it was also revealed that EtMeIm"
plays an important role in preventing hydrolysis of the Li negative
electrode. It is likely that EtMeIm" contributes to the formation of
a stable SEI film on the Li negative electrode.
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Figure 18. Top: Effect of humidity on the discharge profile in air
for a Li-air cell with a EtMeIm Tf;N” + LiTf,N (0.5 M) electrolyte.
The operating current density was 0.01 mA cm?. Bottom: Dis-
charge curves for this cell at different temperatures under the same
experimental conditions. Reproduced from Ref. 510 with permis-
sion of Elsevier Ltd.

4. Nuclear Waste Treatment

As described at the beginning of this article, RTILs have a good
chemical and electrochemical stability. Recently, the effect of rad-
iation on the stability of several RTILs was investigated. These
studies were conducted with different objectives. Some research
groups were interested in utilizing RTILs as solvents for radiolytic
studies, whereas others were interested in using them for the
processing of nuclear materials. The radiation-induced reactions in
these solvents were found to be complex,’'>'® but several salts
based on the n-BuMelm" cation were declared to be excellent sol-
vents for the generation of radical cations and anions.”'* However,
the tetraalkylammonium-based RTILs such as n-BusMeN Tf,N’,



Electrochemistry of Room-Temperature Ionic Liquids and Melts 149
tend to show the best stability toward solvated electrons,”>'" and
are superior to RTILs based on dialkylimidazolium salts.’*®

(i) Removal of °’Cs* and *’S* from Spent Reactor Fuel

The reprocessing of spent nuclear reactor fuel results in large
volumes of liquid waste that contains many insidious by-products,
notably *’Cs* and *’Sr*". There are many on-going efforts to de-
velop an effective process to capture and concentrate these waste
products, including liquid-liquid extraction with hydrophobic or-
ganic solvents, e.g., 1,2-dichloroethane, dichloromethane, toluene,
xylene, containing macrocyclic ligands.”"* Given their favorable
solvent properties, it is not surprising that hydrophobic RTILs
have also been investigated for this purpose.®-%293-296-368.320-333 g
example, calix[4]arenes such as calix[4]arene-bis(t-octylbenzo-
crown-6) (BOBCalixC6) dissolved in 1-C,-3-methylimidazolium
bis[(trifluoromethyl)sulfonyl]imide ionic liquids were found to be
an extremely effective extraction system for Cs".**’ Likewise, Sr*
could be extracted into these RTILs with dicycohexano-18-crown-
6 (DCH18C6).*308-220-526328532 pigyre 19 (top) shows the selectiv-
ity ratio of Sr**/alkali metal ions in different RTILs for two differ-
ent macrocyclic ligands. This figure indicates that the Sr**/alkali
metal selectivity ratio is not good enough for DCHI8C6 in these
dialkylimidazolium-based RTILs to form the basis of a practical
system. However, the related crown ether, N-octyl-aza-18-crown-
6, provides the needed selectivity as shown in Fig. 19 (bottom).>*
Presently in order to improve the extraction efficiency, several
approaches are being studied by modification of hydrophobic
RTILs for this treatment **' and through molecular dynamics
simulations.>*

Unfortunately, any practical extraction process for Cs™ and Sr*"
that is based on RTILs must include a provision for recycling the
expensive extraction solvent. Recycling methods based on the elec-
trochemical removal of the ionophore-coordinated Cs™ and Sr** have
been investigated and found to be feasible in tetraalkylammonium-
based RTILs such as n—Bu;MeN+Tf2N’.150’289’295’368’532 The related
dialkylimidazolium-based RTILs are not compatible with electro-
chemical recycling strategies owing to their pronounced tendency to
undergo reduction at the same potential at which the ionophore-
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coordinated alkali metal ions are reduced. A schematic model of the
proposed processing cycle for Cs" is shown in Fig. 20.*
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Figure 19. Effect of the alkyl chain length in C,Melm' TN
on Sr**/Na®, Sr*’/Cs”, and Sr**/K” selectivities during metal
cation extraction from aqueous solutions with (top)
DCH18C6 (0.1 M) or (bottom) N-octyl-aza-18-crown-6
(0.1M). Reprinted with permission from Ref. 526. Copyright
(2004) American Chemical Society.
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Closed symbols = [Cymim]|[PF]
Open symbols = Dodecane
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Figure 21. Distribution ratios for *'Am*", 3U0,*, **Pu*’, and
BOTh*™ in the liquid/liquid extraction systems: n-BuMeIm PF,
/aqueous solution (solid symbols) or dodecane/aqueous solution
(open symbols). The extracting phase is either (- - -) 0.1 M oc-
tyl(phenyl)-N, N-diisobutylcarbamoylmethyl ~ phosphine  oxide
(CMPO) in n-BuMelmPFs or (—) 0.1 M CMPO + 1 M tri-n-
butylphosphate (TBP) in n-BuMelmPFs. Reproduced from Ref.
534 with permission of Elsevier Ltd.
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(i) Recovery of Actinides with RTILs

The high level waste resulting from the treatment of spent

nuclear reactor fuel also contains actinides that must be eliminated
from the processing solution. Chemical extraction experiments
have been conducted to remove actinide cations using imidazo-
lium-based RTILs with octyl(phenyl)-N,N-diisobutylcarbamoyl-
methyl phosphine oxide (CMPO) and tri-n-butylphosphate
(TBP).”**** The CMPO works as an extractant, and the TBP is a
phase modifier. As shown in Fig. 21, the distribution ratio increas-
es with the HNO; concentration independently of the solvent and
obviously improves by the use of a RTIL in comparison to a con-
ventional dodecane-based system.
There are a limited number of papers about the electrochemical
behavior of  actinides in  the  non-chloroaluminate
RTILs, 364383386537 5robably because the solubility of the acti-
nide salts is much lower in these solvents. To overcome this issue,
the synthesis of actinide complexes consisting of organic cations
and actinide chloride anions have been attempted.’®**+3354 Up-
doubtedly, more research on this subject will appear in the near
future.

SYMBOLS (USUAL UNITS)
A area (cm?)
c bulk concentration (mol cm™)
Cj* bulk concentration of species j (mol cm™)
D diffusion coefficient (cm® s™")
D; diffusion coefficient of species j (cm® s™")
E electrode potential versus some reference electrode (V)
Ep half-wave potential (V)
E” formal potential (V)
E, peak potential (V)
Epn potential at i = i,/2 (V)
Ep anodic peak potential (V)
Ep cathodic peak potential (V)
Eq equilibrium potential in a solution containing a redox
couple (V)
F Faraday constant (96485 C)
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current (A)

current as a function of time (A)

peak current (A)

half-peak peak current (A)

anodic peak current (A)

cathodic peak current (A)

current at the switching potential (A)

anodic limiting current (A)

cathodic limiting current (A)

kinetically limited current (A)

current density (A cm?)

maximum current density (A cm™)

potential dependent heterogeneous rate constant for forward
reaction (cm s™)

standard heterogeneous rate constant (cm s™)

number of electrons in an electrode reaction

molar gas constant (8.314 J mol™ K™)

absolute temperature (K)

time (s)

time at maximum current density (s)

nucleation delay time (s)

corrected time = £ — £, (s)

corrected time = ¢, — £, (s)

kinematic viscosity (cm”s™)

dimensionless time of the maximum

(i) dimensionless parameter; (ii) transfer coefficient

overpotential (V)

potential scan rate (V s™)

angular frequency of rotation (s™)
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Electrochemical Step Edge Decoration
(ESED): A Versatile Tool for the
Nanofabrication of Wires

Reginald M. Penner
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University of California, Irvine, CA 92697-2025

I. INTRODUCTION

The properties of nanowires composed of metals and semiconduc-
tors became a source of tremendous interest to materials chemists
and physicists as soon as it became possible to make them — in the
late 1980°s. Among the first methods used for this purpose was
electrodeposition into porous templates, such as ultrafiltration
membranes (e.g., Nuclepore®) and anodic porous alumina (e.g.,
Anopore™)—a technique that would become known at template
synthesis. This family of methods, pioneered by Martin,'* Mosko-
vits,”'* and Searson'>?' can be used to prepare nanowires that
were up to 50 um in length and as small as 20 nm in diameter.
Nanowires are formed in the pores of the template material in a
vertical orientation, perpendicular to the plane of the electrode
(Fig. 1a). The wire shape and diameter are predetermined by the
corresponding properties of the pores present in the template.
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Figure 1. Schematic diagram of the preparation by ESED of metal na-
nowires by two methods. a) Direct metal electrodeposition at step edges,
b) electrodeposition of metal nanowires in two steps involving, first, the
electrodeposition of nanowires composed of a precursor material (e.g.,
MoO,), and second, the reduction of this material to form the metal of
interest (e.g., Mo°).

Template synthesis is, by far, the most widely used method for
fabricating nanowires but it has several serious limitations. First,
the length of the nanowires that can be produced is limited by the
thickness of the templates and for templates of all types, this limit-
ing thickness is less than 50 pum. Second, with a few exceptions,
template synthesis produces polycrystalline not single crystalline
nanowires. Third, electrical contacts are difficult or impossible to
establish to nanowires while they are confined within these tem-
plates because very little wire area is presented at the surface of
the filled template. As luck would have it, when the nanowires are
released from the templates by dissolution of the template materi-
al, electrical contacts are difficult to apply for entirely different
reasons: the freed nanowires must be collected onto a surface,
oriented, and anchored prior to the application of electrical con-
tacts. This problem has stimulated some innovative ideas for wir-
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ing the nanowires prepared by template synthesis but these me-
thods have not become widely adopted because of their complexi-
ty. The difficulty associated with electrically contacting template-
synthesized nanowires has impeded their use in devices that re-
quire electrical contacts for their function, including transistors,
chemical sensors, and photonic devices.

Step edge decoration, pioneered by Himpsel,””> Kern,?® and
others, is a horizontal, rather than a vertical templating method that
involves the exploitation of step edges on single crystalline
substrates as templates for the formation of nanowires. In the prior
work cited above, the deposition method is physical vapor deposi-
tion (PVD) in vacuum and the deposition flux and the substrate
temperature were adjusted to achieve nucleation of the deposited
material at step edges to produce continuous nanowires of varied
width. The nanowires produced by PVD were very thin, with a
thickness in the direction perpendicular to the surface of just one
or at most two atomic layers. Such nanowires could not be re-
moved from the surfaces on which they were deposited and the
electrical characterization of these nanowires was not reported.
Behm®”** demonstrated the principle that individual atomic scale
defects on a pristine, reconstructed Au(111) surface could be se-
lectively decorated by the electrodeposition of metals at low over-
potentials, but continuous metal nanowires were not obtained in
these experiments.

The decoration of step edges on HOPG surfaces by electrode-
posited silver or platinum nanoparticles was considered a nuisance
in our experiments,”>® carried out from 1992 to 2000, aimed at
preparing highly size monodisperse dispersions of metal nanopar-
ticles because the diameter of the particles that nucleated at step
edges were invariably smaller than those that nucleated on the gra-
phite terraces between them. But in 1999, Mike Zach, a graduate
student in my laboratory, showed that the propensity of step edges
to nucleate material could be exploited to synthesize highly uni-
form nanowires composed of MoO,, an electronically conductive
oxide of molybdenum.’” This constituted the first example of na-
nowire preparation using electrochemical step edge decoration or
ESED and it is the jumping off point for the discussion of ESED in
Section II below.

Highly oriented pyrolytic graphite (HOPG) holds the key to
ESED: it is the only electrode material that has been successfully
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used for nanowire growth using this method. The HOPG (0001)
plane has three properties that aid the ESED process. First, this
surface has an extremely low surface free energy (35 dynes cm™)*®
that insures that the electrodeposition of material will occur via a
Volmer-Weber growth mode® involving prompt 3D growth.
Second, it is characterized by a highly regular and predictable de-
fect structure consisting of 0.1-1 mm diameter (for high quality
ZYA or ZYB grade crystals) domains of approximately linear step
edges that are oriented approximately parallel with one another.
These domains are the exposed faces of columnar grains with axes
oriented along (0001) that are fused to form this material. In other
words, each grain present on the HOPG basal plane encompasses a
set of thousands of linear step edges with total length 0.1-1.0 mm,
on average. These step edges do not cross the grain boundaries:
between grains are disordered regions where ordered step edges
are rarely observed. Thus, the diameter of these grains fixes the
maximum length of the nanowires that can be formed using the
ESED method at = 1 mm. Finally, these step edges are capable of
catalyzing electron transfer to electron donor and acceptor species
present in a contacting liquid. This was the conclusion of work
carried out by McCreery and coworkers*”™* who investigated the
effect of defects on the observed rates of electron transfer at gra-
phite electrodes. They also demonstrated that defect-free regions
of the basal plane, in contrast, were highly unreactive electrochem-
ically. The implication is that the linear step edges found on the
HOPG basal plane act like linear microelectrodes. The pronounced
electrochemical anisotropy of the HOPG surface further promotes
the localization of an electrodeposited material at step edge de-
fects.

II. METALS

Although MoO, nanowires were the first to be prepared using
ESED,’’ their synthesis (described in Section IIL.1 below) is ex-
ceptional in many ways. From a purely electrochemical perspec-
tive, a much simpler electrodeposition reaction involves the 1 or 2
electron reduction of a hydrated metal ion to form a metal:
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Figure 2. Potential programs used for the direct electrodeposition of metal nano-
wires, as shown in Fig. 1b. a) Three-step “canonical” program involving oxidation
of the HOPG surface (+0.80 V x 5 s), nucleation (-1.0 V vs. E°\pemo X 10-100 ms),
and growth [(=100)-(—=10 mV) vs. E°\emo % 10-1000 s]. b) Four step deposition
program for metal nanowires incorporating, in addition to steps 1-3 in (a) nanowire
thinning by kinetically-controlled electrooxidation (+10-100 mV vs. E°yyimo * 10-
1000 s).

M" g+ ne = M°. The ESED method used to prepare nanowires of

M° is the same for many different metals and can be considered to
be canonical.

1. Canonical ESED of Metal Nanowires

The distribution of a metal electrodeposit produced on an HOPG
cathode is strongly influenced by the potential program used to
produce it and by the pretreatment received by the HOPG surface
prior to electrodeposition. Three voltage pulses are applied in rapid
succession to effect the growth of metal nanowires (Fig. 2a):

1. First, a+0.8 V vs. SCE x 5 s pulse is applied to mildly oxid-
ize step edges.

2. Then a large, negative voltage pulse (=1.0 V vs. E°yuimo %
10-100 ms) is applied to create metal nuclei on the HOPG
surface —both at step edges and on terraces.

3. Finally, the growth of these nuclei is continued at a much
slower pace [(—10)-(—100) mV vs. E°Mpmo X 1-1000 s].
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Figure 3. Schematic depiction of the dispersion of nanowire diameters as a function
of growth time. The three step program depicted in Fig. 2a (and terminating at 200
s in this figure) causes a smoothing of the nanowire as its mean diameter increases
because constrictions in the nanowire grow at a faster rate than bulges. The addi-
tion of a fourth voltage pulse, kinetically-controlled electrooxidation (Fig. 2b)
causes a reduction in the mean diameter of the nanowire without inducing the
roughening of its surface. Reprinted with permission from Ref. 80. Copyright
(2006) American Chemical Society.

The original objective was to achieve kinetically-controlled growth
in this time regime and this would be characterized by a current
that increases in proportion to the area of the growing nanostruc-
tures. In practice, however, we have found that the current stabiliz-
es at a pseudo-constant value after approximately 10 s, suggesting
the presence of a transport limitation to the growth rate. This ob-
servation is general for the deposition of many different materials
and this unexpected circumstance is fortuitous because the result-
ing growth law for nanowires is given by:

(o) = Lttt (1)
mFl

Equation (2) is an example of a convergent growth law — it
predicts that the nanowire radius grows in proportion to 7' result-
ing in a gradual smoothing of the nanowire as dr/dt is larger for
constrictions than for bulges in the nanowire (Fig. 3). This effect is
analogous to the convergent evolution of the diameter distribution
for coll&idal nanoparticles growing under conditions of diffusion
control.
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Figure 4. The effect of mild electrooxidation of the graphite sur-
face is to increase the nucleation density at step edges for vir-
tually all electrodeposited materials (b). In the absence of this
oxidation step, the nucleation density at steps is insufficient to
permit the formation of nanowires for many materials (a).

The effect of the oxidation pulse (Fig. 2a) is to increase the
nucleation density along step edges relative to the nucleation den-
sity on terraces (Fig. 4b). If this oxidation step is omitted, a lower
nucleation density at step edges is obtained which can be too low
for the eventual formation of nanowires in the growth phase of this
process (Fig. 4a). We discuss a technique for reducing the diame-

ter of nanowires (as shown in Figs. 2b and 3) in Section IV of this
chapter.
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2. Coinage and Noble Metals

Nanowires composed of noble and coinage metals, including nick-
el, copper, silver, gold, platinum and palladium are readily pre-
pared using the procedure depicted in Fig. 2a. Typical data for
copper is shown in Fig. 5. Cyclic voltammograms for copper show
that the onset for copper electrodeposition on the second voltam-
metric scan is shifted positively from that seen at the first scan.
This is the general case seen for many different metals and it re-
sults from the incomplete removal of copper nuclei on the first
positive-going stripping scan. Thus, the shift seen between the first
and subsequent scans provides a good approximation of the nuc-
leation overpotential for the metal in question on HOPG. In the
ESED experiment, a growth potential within this interval is always
selected to avoid further nucleation of copper on the HOPG sur-
face (after the nucleation pulse) while providing for the growth of
the preexisting nuclei (Fig. 5a). Suitable values for the nucleation
potential and the oxidation potential are also indicated in Fig. 5a.
The former is always selected based upon trial and error, and the
later is usually = +0.8 V vs. SCE.

Equation (1) predicts that the nanowire diameter will be pro-
portional to the (deposition time)"® and this proportionality is
usually recovered experimentally (Fig. 5b).*° Scanning electron
micrographs (SEMs) of copper nanowires clearly show the poly-
crystalline morphology of these wires. In the case of copper, the
grain diameter is close to the wire diameter, and this is the general-
ly observed case when complexing agents have not been added to
the plating solution. The addition of additives such as ethylene-
diaminetetraacetic acid (EDTA) or saccharine produces a smaller
grain diameter, in the 2-10 nm range, and a smoother nanowire
morphology, in general. These additives are therefore useful par-
ticularly for achieving the smallest possible nanowire diameters
using the ESED method.

3. Base Metals

Like noble and coinage metals, the base metals (Cd, Mo, Pb, etc.)
may be produced by direct electrodeposition by direct electrodepo-
sition (Fig. la), but after deposition, these metals spontaneously
oxidize while in contact with water. Depending on the pH and the
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Figure 5. Typical results for the preparation by ESED of copper nanowires: (a)
Cyclic voltammograms of a copper plating solution at an HOPG electrode showing
the values for Eq, Enucl, and Eg,y typically used for the preparation of copper nano-
wires. The solution was aqueous 2.0 mM CuSO4*5 H,0, 0.1 M Na,SO4. Two oxi-
dation waves seen at +100 mV and +350 mV are assigned to copper stripping (+100
mV) and oxidation of Cu’® to CuO (+350 mV). (b) The effect of mild electrooxida-
tion of the graphite surface is to increase the nucleation density at step edges for
virtually all electrodeposited materials. Nanowire diameter versus (deposition
time)'? for the growth of copper nanowires. Each series of experiments for a par-
ticular metal were performed using a single graphite crystal in order to limit the
variation in the step edge density from experiment to experiment (see Eq. 1). (c-f)
Scanning electron microscope (SEM) images of copper nanowires prepared using
different growth times ranging from 120 s (c) to 600 s (f).

particular metal involved, the product of this oxidation is either
metal ions or an insoluble metal oxide. This oxidation does not
occur while the incipient nanowire is cathodically protected during
its electrodeposition, it commences upon release of the potential to
open circuit. The final state of the nanowire is unpredictable under
these circumstances. This problem is circumvented using the strat-
egy shown in Fig. 1b. Nanowires of a metal oxide are first electro-
deposited either cathodically or anodically, and these nanowires
are then reduced in hydrogen at elevated temperature to produce
nanowires of the parent metal.
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Figure 6. (a) Cyclic voltammogram at 20 mV s for an HOPG working electrode
in an aqueous plating solution containing 1 mM Na,MoO4 1.0 M NaCl, 1.0 M
NH,CI and adjusted to pH 8.5 with the addition of aqueous NH;. (b) Plot of the
MoO; nanowire diameter as a function of the square root of the deposition time.
Linear plats, in accordance with Eq. (1), are obtained for two different sets of
growth conditions (MoO,> concentration and deposition potential, as indicated). (c-
f) MoO, nanowires of various diameters prepared by varying the growth time as
follows: 8 s (¢), 16 s (d), 32 s (e), 64 s (f). All wires shown here were prepared at
—0.95 V vs. SCE from a solution containing 7.0 mM MoO,*, 1.0 M NaCl, 1.0 M
NH,Cl.

Our most successful implementation of this scheme has in-
volved the production of molybdenum nanowires. Nanowires of
MoO, are first electrodeposited from a basic aqueous electrolyte
containing MoO,”, according to:

MoO,/> + 2H,0 + 2¢ = MoO, + 4 OH )
Subsequent hydrogen gas reduction produces nanowires of Mo:

MoO, + 2 H; = Mo° + H,O 3)

A second motivation for pursuing this approach in the case of mo-

lybdenum is the simple fact that there are no known methods for
directly electroplating molybdenum metal, to our knowledge.
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The formation of the MoO, precursor material, in this case,
occurs via an irreversible reduction (Fig. 6a). Virtually any poten-
tial at the foot of the deposition wave produces nanowires on the
HOPG surface, even when the nucleation pulse (Fig. 2a) is omit-
ted. These wires increase in size in proportion to tdep” 2, as expected
based upon Eq. (1) (Fig. 6b), and the resulting nanowires have a
nearly perfect, hemicylindrical shape (Fig. 6¢-f).>”"

The reduction of MoO, to Mo in flowing H, at 500 °C for one
hour is accompanied by a significant change involve because the
molar volume of Mo is much smaller than that of MoO, (9.4 moles
em™ vs. 19.8 moles cm™) leading to shrinkage of the wires in
length and diameter during the reduction process. This contraction
is large enough to be visible in the SEM images shown in Fig. 7.
The completeness of the reduction process is readily verified by x-
ray photoelectron spectroscopy (XPS, Fig 7c-¢). A key attribute of
this approach, as with all ESED nanowire depositions, is the tre-
mendous length of the nanowire arrays that are obtained (Fig. 8).
Nanowires that are continuous for lengths of more than a millime-
ter are frequently observed.

A requirement for this approach is that the metal of interest
has an electronically conductive oxide that can be electrodepo-
sited. Other metals for which this electrochemical/chemical ap-
proach is practical include copper (using Cu,O as an intermediate),
silver (Ag,0), and manganese (MnQO,), but there are surely many
other candidates.

4. Nanowire Nucleation with Seeds Prepared Using
Physical Vapor Deposition (PVD)

The minimum diameter for metal nanowires prepared using either
of the ESED methods depicted in Fig. 1 is in the 70-90 nm range
depending on the metal. In the case of some metal oxides includ-
ing MoO,, nanowires as small as 20 nm have been obtained.®” 3!
What determines the minimum diameter? The answer is apparent
when one considers the mechanism of growth for nanowires pre-
pared by ESED. After the nucleation of metal (Fig. 2a), one has a
linear ensemble of metal nanoparticles arrayed along each step
edge on the HOPG surface (Fig. 9). These 1-D particle ensembles
evolve into a nanowire by coalescing into a continuous metal
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Figure 7. SEM micrographs of electrodeposited nanowires before (a) and
after (b) reduction at 500°C for one hour. Arrows indicate the diameter of
three wires in each image. Before reduction, this diameter for all three
wires was 570 nm; after reduction the diameter is 460 nm. The graphs on
the right show X-ray photoelectron spectra (Mo 3d region only) of graphite
surfaces decorated with electrodeposited nanowires. All three samples were
deposited for 256 s from a solution containing 2.6 mM MoQ,> (1M NaCl,
IM NH4CI, pH = 8.0-8.5pH) for 256 s and consisted of nanowires approx-
imately 400 nm in diameter. The binding energy of the Mo 3ds, peak is in-
dicated for each spectrum. (c) Immediately following electrodeposition a
Mo 3ds,, binding energy consistent with MoO, is observed. (d) After re-
duction of freshly deposited nanowires in hydrogen at 650°C for 3 hours a
Mo 3ds; binding energy characteristic of molybdenum metal is seen. (e)
After exposure to a laboratory air ambient for approximately 5 days.

structure as each individual particles increase uniformly in size.
This mechanism leads to the conclusion that the minimum nano-
wire diameter, dia,,;,, is inversely proportional to the density of
nuclei present on the step edges, &>

1
dia_ =— 4
i i, 5 “4)
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Figure 8. Low magnification SEM image of MoO, nanowires
showing the parallel organization of step edges on the HOPG
surface, and the tremendous length of these nanowire arrays.
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Figure 9. Schematic diagram illustrating the relationship between
nucleation density, 3, and the minimum nanowires diameter, did,;,.
As shown here, increasing the nucleation density by a factor of two
reduces dia,,;, by one-half.
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In the specific case of gold, the highest values for 6 seen in
purely electrochemical gold nanowire growth experiments is in the
10-13 um™ range which coincides with the minimum dimensions
of 80-100 nm seen in these experiments.*’ These nucleation densi-
ties are obtained using the procedure shown in Fig. 2a and we have
not discovered other electrochemical or chemical means to en-
hance o beyond those summarized by this scheme.

A desire to prepare still smaller gold nanowires using the
ESED method motivated us to look at the possibility of creating
nuclei at step edges using physical vapor deposition (PVD).* After
a systematic investigation of the conditions of gold flux and sam-
ple temperature that were optimal for this purpose, surface like
those shown in Fig. 10a were obtained by thermally evaporating 4
nm of gold at a rate of ~0.3 nm/s onto HOPG surfaces heated to
673 K. These conditions lead to the highly selective decoration of
step edges and other defects on the HOPG surface, with virtually
no extraneous gold deposition on terraces—a far higher degree of
defect selectivity that has been seen for gold" using the purely
electrochemical ESED method of Fig. 2a. The & values obtained
using this approach were 30-40 pum™ —much higher than is achiev-
able for the electrochemical nucleation of gold using potentiostatic
pulses.*””" However, we were not able to identify conditions of
gold flux and sample temperature that permitted the preparation of
nanowires by PVD alone.™

Instead, we substituted PVD gold deposition for the first two
steps of the canonical ESED procedure (Fig. 2a) and we then elec-
trodeposited additional gold with the goal of obtaining continuous
gold nanowires using this hybrid approach. Cyclic voltammetry for
clean (Fig. 10b, top) and PVD-decorated HOPG surfaces (Fig.
10b, bottom) showed that the PVD gold nuclei catalyzed the elec-
trodeposition of gold (Fig. 10b), shifting the onset for gold elec-
trodeposition positively by 300 mV. Using a deposition potential
of 640 mV vs. SCE, we found that electrodeposited gold selective-
ly decorated the preexisting PVD gold nuclei thereby producing
nanowires with minimum diameters in the 70-90 nm range and
lengths of 1.0 pm or more. In fact, these minimum dimensions are
similar to those obtained in the purely electrochemical ESED grow
of gold nanowires—a somewhat disappointing outcome. Higher o
values obtained using PVD do not lead immediately to smaller
nanowires because of fluctuations in the nucleation density that
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Figure 10. (a) SEM image of 1D Au NPEs prepared by depositing 4 nm of
gold at 673 K. The particle diameter is in the 2-15 nm range. (b) Cyclic
voltammograms (3 scans) in aqueous 0.2 mM Au(III)Cls, 0.1 M NacCl at 20
mV s for two electrodes: freshly cleaved HOPG (top) and HOPG on
which 3.3 nm of gold was deposited at 673K (bottom). In each case, the
first voltammetric scan is shown with solid lines and the dashed lines indi-
cate the second and third. (b) Current versus time transients at five deposi-
tion potentials, as indicated, for HOPG on which 3.3 nm of gold was depo-
sited at 673K. (c) SEM image of 1D Au NPEs after the potentiostatic elec-
trodeposition of gold for 150 s from aqueous 0.2 mM Au(III)Cl;, 0.1 M
NaCl at 640 mV (vs. SCE), Qa,=3.1 mC.

lead to gaps—Ilocally lower values of &—along the nanowires and
these can only be filled by adding more gold thereby increasing the
overall diameter of these wires over their entire lengths.

III. COMPOUND SEMICONDUCTORS

Research on semiconducting nanowires has concentrated on single
crystalline wires and comparatively little work has been carried out
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on the synthesis and characterization of polycrystalline semicon-
ductor nanowires. The exception to this generalization is the large
body of work pertaining to template-synthesized nanorods already
referenced earlier. Many unresolved questions pertaining to poly-
crystalline nanowires persist: Is the carrier mobility high enough to
permit applications such as photoconductive switching and transis-
tors? Is it possible that lower carrier lifetimes actually improve the
performance of polycrystalline nanowires relative to single crystal-
line nanowires of the same material? Can such nanowires produce
clean photoluminescence and electro-luminescence emission spec-
tra, characterized by emission at the bandgap?

Two different approaches—analogous to those shown in Fig.
1—can be used to obtain nanowires composed of compound semi-
conductors. The first approach is to electrochemically synthesize
the material of interest directly at step edges (analogous to Fig.
la). The second approach is to deposit nanowires of a precursor
material, and then react these nanowires in-place at elevated tem-
peratures with a gas phase reagent to effect the chemical conver-
sion to the desired material, hopefully retaining the nanowire mor-
phology (analogous to Fig. 1b). We have employed both of these
approaches to obtain semiconducting nanowires using the ESED
method.

1. Stoichiometric Electrodeposition of CdSe and Bi,Te;
Nanowires using Cyclic Electrodeposition-Stripping
in Concert with ESED

The electrodeposition of CdSe and most other binary semiconduc-
tors is complicated by the fact that elemental excesses of either
component—Cd and Se——can be electrodeposited from the same
plating solution. In fact, in a negative-going voltammetric scan, the
onset for Cd and Se deposition coincides with the deposition of
CdSe. Under these circumstances, how can one insure that stoichi-
ometric CdSe is obtained? Cyclic electrodeposition/stripping is a
strategy for circumventing this problem, and it is effective for a
variety of different materials, deposited as nanowires, nanopar-
ticles, or films.

In the specific case of CdSe, cyclic electrodeposition/stripping
works as follows.”® First, CdSe and a stoichiometric excess of
cadmium and some elemental selenium are electrodeposited in a
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negative-going voltammetric scan. These first two reactions occur
together with an onset near —0.80 V vs. SCE, while selenium de-
position occurs somewhat positive of these with an onset at —0.60
V. The three reactions occurring concurrently at potentials nega-
tive of —0.80 V are:*

H,SeO; + Cd*" + 6¢ + 4H" — CdSe + 3 H,0 (5)
Cd* +2e¢ = Cd° (6)
H,SeO; + 6H' + 4¢ = Se° + 2H + 3 H,0 (7

At a negative limit of —1.0 V, the voltammetric scan is reversed
and on the positive-going scan, reactions 6 and 7 occur in reverse,
removing excess cadmium and selenium from the nascent CdSe
electrodeposit. Over this range of potentials, the enthalpy of for-
mation for CdSe (AHr = —163 kJ mol™) imparts stability to the
CdSe formed on the first negative-going scan relative to Cd® and
Se® allowing these two contaminants to be selectively and quanti-
tatively removed. The precise potentials for the processes indicated
in Egs. (5)-(7) are shown in Fig. 11. Reversal of the positive going
scan at +1.0 V vs. SCE (Fig. 11) provides for the selective removal
of both Cd° and Se° but it avoids CdSe stripping (the reverse of
reaction 6). This deposition-stripping cycle is repeated as neces-
sary to build up a stoichiometric CdSe deposit of the required
thickness (Fig. 12).* In the case of the ESED experiment, CdSe
nanowires with diameters from 50 to 300 nm can be prepared us-
ing this approach.” These nanowires are nanocrystalline with
grain diameters in the 7 to 25-nm range, based on analysis by
transmission electron microscopy.

The nanowires shown in Fig. 12 were obtained without applying a
nucleation pulse, as shown in Fig. 2. Why then does nucleation
occur with such high density along step edges in this experiment,
which involves purely cyclic voltammetry? The answer can be
seen in Fig. 11a: at the foot of the CdSe/Se/Cd deposition wave,
near —0.6 V, a pre-wave is observed that corresponds to the elec-
trodeposition of elemental selenium according to reaction 7. For
reasons which are not entirely clear, this selenium deposition oc-
curs with a very high degree of selectivity at step edges (data not
shown),” and as the scan proceeds to more negative potentials,
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these selenium seeds then serve to efficiently nucleate CdSe, Se,
and Cd.

The same cyclic electrodeposition/stripping strategy can be
used to obtain nanowires of bismuth telluride (Bi,Tes), a material
of technological importance for thermoelectric power generation
and cooling/heating. Once again, Bi,Te; electrodeposition (reac-
tion 8) occurs concurrently with the deposition of excess elemental
bismuth (reaction 9) and tellurium (reaction 10) (see Fig. 13b):

a 10 Cd—>Cd**+ 2e
otential scan range
o l—f1—(® L) 15V
E | I ©) » 1.0V
< C (b)y—>]06V [ ! 7
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Figure 11. (a) Survey CV of a 120 mM CdSO4/ 1m M SeO; solution at pH = 2.70.
(b) SEM image of HOPG electrode after first scanning to —1V, then scanning back
to 0.6 V for 3 cycles (inset: EDX spectrum); (¢) SEM image of HOPG electrode
after first scanning to —1V, then scanning back to 1 V for 3 cycles (inset: EDX
spectrum); (d) SEM image of HOPG electrode after first scanning to —1 V, then
scanning back to 1.5 V for 3 cycles.
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Figure 13. (a) Program used for the synthesis and electrooxidation of Bi,Te; nano-
wires on HOPG electrodes. The electrodeposition of Bi,Te; nanowires involves
three steps: 1) Potentiostatic oxidation of step edges on the HOPG surface at Ex =
0.80 V vs. SCE for a time, 7, = 5 s; 2) Potentiostatic nucleation of Bi,Te; at Eyye =
—0.75 V for tya = 5 ms; and, 3) Cyclic electrodeposition of stoichiometric Bi,Tes
involving n potential cycles at 20 mV s between a positive limit of E, (+0.35 V)
and a negative limit of £, (—0.05 V). Electrooxidation adds a fourth step: poten-
tiostatic oxidation at +0.37 V. b) Cyclic voltammograms at 20 mV s for an HOPG
electrode in contact with three different aqueous plating solutions. Top: 1.5 mM
Bi(NOs); in 1 M HNOs; middle: 1.0 mM TeO, in 1 M HNO;; bottom: 1.5 mM
Bi(NOs); and 1.0 mM TeO, in 1 M HNOs. (¢) CVs acquired during the growth of
Bi,Te; nanowires using cyclic electrodeposition/stripping. The CV is shown at
scans 1, 5 and 40 as indicated.

2Bi"" + 3HTeO; + 9H" + 18¢ — BiyTe; + 6H:0  (8)
Bi* + 3¢ — Bi° ©)

HTeO,  + 3H + 4¢ — Te + 2 H,0 (10)
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In contrast to the case of CdSe, however, it is possible to strip
excess bismuth from the nascent deposit but not excess tellurium
because its stripping potential is positive of that for Bi,Tes itself
(Fig. 13b). This means that the composition of the deposition solu-
tion must be skewed to insure that very little elemental Te is pro-
duced on the negative scan. In this case a nucleation pulse was
applied before the cyclic electrodeposition/stripping is initiated
(Fig. 13a and 13c) in order to as usual to produce a dense linear
array of nuclei on step edges. Bi,Te; nanowires such as those
shown in Figs. 14a-14¢ are obtained. As always, the crystal struc-
ture must be confirmed by diffraction analyses and both x-ray dif-
fraction and electron diffraction can be used for this purpose (Figs.
14d and 14e). Compositional analysis including purity and stoichi-
ometry are confirmed using X-ray photoelectron spectroscopy
(data not shown).

2. Electrochemical/Chemical Synthesis of CdS and
MoS,; Nanowires

Often electrodeposition-stripping cannot be employed for various
reasons. In the case of metal sulfides such as CdS>* and MoS,,*>*
an alternative is to use electrochemical/chemical or E/C synthesis
that involves the electrodeposition of nanowires composed of a
precursor material (Cd® or MoO,) and then exposing the precursor
nanowires to H,S at elevated temperature.

In the case of MoO,, the electrodeposition and conversion

reactions are:>>>°

MoO,> + 3H,0 + 2e — MoO, + 4 OH (11)
MoO, + 2 H,S — MoS, + 2 H,0 (12)

Reaction 12 is carried out at 800-1000 °C in order to achieve grain
growth of the MoS, as it is formed. Durations of up to 72 hrs. were
required to completely convert nanowires of MoO, (e.g., Fig. 6) to
MoS, within this temperature range. As is apparent in Fig. 15,
reaction 12 is accompanied by a radical restructuring of the nano-
wires as the isotropic MoO, crystal structure is transformed into



196 Reginald M. Penner

.
)

a,

3
i

o @

Tma 3 ?
106 nm =%2*
- 2 0 e

ALY

Intensity, a.u.

0I5

o

* @
bt |

JCPDS 15-0863
1010 110

»

Figure 14. (a-c) Scanning electron micrographs (SEMs) of three Bi,Te; nanowire
samples prepared using 10, 20, and 50 electrodeposition/stripping scans. (d) Powd-
er X-ray diffraction for three Bi,Te; samples prepared by cyclic electrodeposi-
tion/stripping for 1 hr., 5 hrs. and 10 hrs. The 5 and 10-hr. samples were continuous
films of Bi,Te; whereas the 1-hr. sample consisted of wires with a mean diameter
of approximately 500 nm. (e) Selected area electron diffraction pattern for a Bi,Te;
nanowire. White lines mark the expected position of diffractions for rhombohedral
Bi,Tes, JCPDS card 15-0863, as shown. Diffractions from the crystalline graphite
substrate are also indicated.
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relatively large, platelet-like MoS,; crystallites (Fig. 15, right). This
transformation can be followed by SEM (Fig. 15).

The quality of the resulting nanowires is remarkable. As just
one example, Fig. 16 shows absorption spectra for MoS, nano-
wires. The indirect and direct bandgaps of this material are clearly
seen and two exciton transitions just above the near the direct
bandgap (labeled Al and B1) are well resolved. The energy of
these two transitions shifts to higher values as the thickness of the
MoS; nanowires is reduced (Figs. 16b and 16¢), quantitatively as
expected based upon carrier confinement.

3. Oxides

Two reasons exist for electrodepositing nanowires of oxides:

a) The first is to prepare nanowires of a precursor material that
is to be chemically converted to a target material of interest
(e.g., reaction 12).

b) The second reason is because the oxide material itself is of
interest.

We have found that metal oxides are among the most forgiving
materials in terms of adapting their electrodeposition to the ESED
method. This means that the step edge-selective electrodeposition
of metal oxides can usually be carried out potentiostatically, with-
out using the preoxidation and nucleation pulses shown in Fig. 2.

The oxides we have deposited as nanowires and the corres-
ponding half-reactions for each are the following:

AgO”’ Ag" + H,O - AgO + 2H  + le (13)
Cu,0 2Cu*'+ 2¢ + H,O —» Cu,0 + 2H' (14)
MnO,®  MnOy + 2H,O + 3e- —» MnO, + 40H- (15)
Mo0O,"*" MoOs + 3H,0 + 2¢ — MoO, + 40H  (11)

Si0,” SiCly; + 2 H,0 — SiO, + 4 HCI (16)



‘[eLId)RW SIY) JO oImyonns paldke] oy} Jummoys QoJN Jo ydiowkjod JY¢ oy jo weideip onewdyos B st (JYSL) umoys os|y
(wonoq) s s pue (doy) s 01 Jo Pz Sursn paredord axom sormouru QO Y], (seSewr JySir) ‘sIy g pue (SoSewr 10Judd) *SIY 47 10§ ST
ur 9,008 & S¢H 03 aIsodxa Suimol[oy (seSewr }JI[) sarmoueu QoA 10 A3ojoydiow ur uonnjoAd 2y} Juimoys sadewr NFS ‘G 231

yoLs

wnuapgAjow

anj[ns




w600 =
pue ‘w 910 = M ypm  uopenbs jo sjord are saury prjos YL YPIUS[PABRM UI WU ()" [+ 0} PuodsaLIod s1eq L0119 AZ10ud ofdures yoes ut mo_mk
opdpnw uo syusWAINSEIUW ALY J0J O]+ dIe sieq 10110 |7 'suojoxe [g pue [y oy 1oy sorSious yead jo uonoung e se 17 Jo 1014 (0) wu (] 03
wu /| wotj ‘7 ‘sassauyory) JuIIp 2A1y SurAey saImouru ISON-LH 10§ (B) Ul umoys [ealsjur [exnoads oy 10§ enoads uondiosqe-uorssiusuer |,
(q) "syead uooX0 1g pue [y pue 95ps uondiosqe 1021p SUIMOYS SAIIMOUBU (SO 10 wnnoads uondiosqe-uoissiusues) A3AInG (8) "9 aInJig

A® ‘A3uoug A9 ‘“A3ueu3 A2 “‘Ay
S0 [4 56l 61 581 gl 81 6l [4 1"t T | gl [ ST £ S€
o T T T T T c T T T T T T T T T T
I [ ]
. 19 uohx3
sJake| || 0T . ‘IEH ul psnojd
o 05 . 38U [endads
[ - 0t B .
= ..;..,.f_\\.\.l./!..l_..s\\l!:z::)! i ee >
v 001 109 wizT 1> o
o o /..rl_\l.l{!_..\...\zll:!.. a )
b Jog = [ wist 49 m.
g o AN £ :
- 001 wu e -
5 uoldxXd 19| e uoNIXD |y 3 3T €0 8
‘€ oozf Jour [ _ ) s\t
z2 7 7, 1 N —
* o (dg) oo | | * |'g uoung
L L L Lo AHD e I N L ! C LA [
-U a0z 0S9 Q09 . 0001 008 009 0% .
wu “y wiu y .m



200 Reginald M. Penner

Of course, the electrodeposition of metal oxides is only possible
when these oxides possess some electronic conductivity. This is
the case for all the oxides listed above except for SiO,. In that
case, we employed chemical vapor deposition, not electrodeposi-
tion, to obtain these nanowires. Briefly, SiCl, vapor was reacted
with water that condensed preferentially at the hydrophilic step
edges of a HOPG basal plane surface. The quantity of condensed
water was controlled via the partial pressure of water in the reac-
tion chamber.

IV. REDUCING THE DIAMETER OF ESED NANOWIRES
BY KINETICALLY-CONTROLLED NANOWIRE
ELECTROOXIDATION

The ESED method has two weaknesses:

1. The nanowires produced using ESED are always polycrys-
talline and often nanocrystalline; single crystalline nano-
wires can not be obtained, and

2. nanowires with diameters below 70 nm are obtained with
difficulty.

In fact, metal oxides constitute the only case where sub-70 nm
diameter nanowires can be routinely obtained by ESED. How can
this minimum diameter be reduced? As already discussed (c.f.,
Fig. 9), the minimum nanowire diameter is directly related to the
maximum density of nuclei that can be formed along step edges.
This correlation immediately suggests a strategy for obtaining
smaller nanowires is to increase the nucleation density, and we are
working towards methods for accomplishing this objective (e.g.,
Section 11.4) but our work in this direction has not yet yielded
smaller nanowires. We discuss here a completely different strate-
gy—kinetically controlled electrooxidation—" in this Section.
Kinetically controlled electrooxidation involves electrochemically
removing material from larger nanowires to make them smaller.
For many materials, this material removal process can be carried
out by electrochemically oxidizing the material to soluble prod-
ucts. We have successfully applied this approach to nanowires
composed of antimony, gold, and Bi,Tes.*’ Electrooxidation is
implemented using the potential program shown in Fig. 2b.
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Figure 17. (a) Plots of mean nanowire diameter, <dia.>, versus /. for gold, anti-
mony, and Bi,Te;. Each data point plotted in here represents a separate nanowire
growth experiment involving, for a particular material, nucleation and growth
under identical conditions, followed by electrooxidation for various etching
times. (b)-(c) Antimony nanowires before (b) and after (c) electrooxidation for
500 s. (d)-(e) Gold nanowires before (d) and after (e) electrooxidation for 1300
s. (f)-(g) Bismuth telluride nanowires before (f) and after (g) electrooxidation for
800 s. Reprinted with permission from Ref. 60. Copyright (2006) American
Chemical Society.

A key point is that the oxidation potential applied in the final
step produces an extremely slow, kinetically-controlled oxidation
of the nanowire. In this limit, wire diameter versus time plots (Fig.
17) were linear, in accordance with the equation:

jOXt()X Vm

r(t)=r,, oF (17)

where 7, is the initial radius of a nanowire subjected to oxidation
and j,, and ¢, are the oxidation current density and duration, re-
spectively (Fig. 3). The derivation of Eq. (17) assumes that etching
occurs by a kinetically controlled process. Electrooxidation per-
mitted nanowires with an initial diameter of 100-150 nm to be
reduced to a minimum diameter of 30 nm in the case of Bi,Te; and
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antimony, and 50 nm in the case of gold. When a higher rate of
electrooxidation was employed, nanowires decomposed rapidly as
constrictions in these nanowires evolved rapidly into breaks be-
cause the rate of the nanowire narrowing, dr/dt is actually higher at
constrictions when oxidation is not kinetically controlled.

We have applied the concept of kinetically-controlled elec-
trooxidation to nanowires prepared using ESED but in principle, it
is a completely general strategy for shrinking nanowires composed
of a variety of materials and prepared by virtually any method.

V. SUMMARY

Electrochemical Step Edge Decoration (ESED) is a family of tech-
niques for preparing nanowires composed of a variety of materials
using electrodeposition. The common denominator in all these
methods is the HOPG surface, with its characteristic and highly
useful defect structure. By applying the electrooxidation strategy
described in Section IV, ESED can produce nanowires with mini-
mum diameters in the 20-30 nm range and the length of these na-
nowires can be more than 100 um in many cases. Other advantag-
es of ESED are the following:

1. nanowires are organized into parallel arrays containing
hundreds or thousands of wires,

2. these nanowires interact weakly with the HOPG surface and
can be removed by embedding them in cyanoacrylate, and

3. a highly diverse range of materials (Table 1) can be ren-
dered as nanowires using ESED.

ESED also has several important limitations. It can produce
only polycrystalline nanowires. Furthermore, ESED cannot be
used to pattern nanowires on surfaces: nanowires are obtained at
the location of step edges on the HOPG surface and the position of
these steps cannot be controlled. We have sought to develop a new
method that has many of the attributes of ESED, but which enables
the patterning of the step edges on a dielectric. Our efforts have
culminated in the development of a new method, called Litho-
graphically Patterned Nanowire Electrodeposition or LPNE, that
shows considerable promise. ¢'
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Table 1
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Chronology of Nanowire Syntheses by Electrochemical Step
Edge Decoration.

Material(s) Method Application Refs.
MoO,, Mo Electrodeposition of MoO,: None 37,51
MoO,” +2H,0 +2¢e =
MoO, +4 OH
Reduction in H, to Mo
Pd Direct electrodeposition of Pd Hydrogen gas 62,63
sensing
Au, Cu, Ni Direct electrodeposition of M° None 47,49, 50
Ag Direct electrodeposition of Ag  Amine vapor sensing 45, 46
AgO, Ag'+H,0 > AgO+2H" +1¢  Amine vapor sensing 57
CdS Electrodeposition of Cd, Photoconductive 54
followed by reaction with H,S: nanowires
Cd+H,S=CdS + H,
Bi,Tes Cyclic electrodeposition/ Thermoelectric energy 64, 65
stripping with net reaction: generation
2 Bi’" +3 HTeO, + 3 H,0
+18 ¢ = Bi,Te; +9 OH™
a-MnO, MnO, +2H,0+3e = Li" battery cathode 58
MnO, + 4 OH material
Pt, Pd, Au, Galvannic displacement using None 66
Ag, Cu insoluble crystals of two
ferrocene derivatives (Fc°).
Net reaction:
M"™ +nFc®+nX = Mo +nFcX
CdSe Cyclic electrodeposition/stripping None 53
with net reaction:
H,Se0; +Cd*™ +6¢ +4 H
= CdSe + 3 H,0
MoS, Electrodeposition of MoO,, fol- None 55,56
lowed by reaction with H,S:
MOOz +2 st < MOSz +2 HzO
Au Direct electrodeposition of Au on None 52

PVD-deposited Au seeds
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Trends in Ammonia Electrolysis

Madhivanan Muthuvel and Gerardine G. Botte*

Department of Chemical and Biomolecular Engineering, Ohio University, Athens,
Ohio 45701

I. INTRODUCTION

The world requires energy for transportation, machinery, buildings
and various other operations. Energy has been an important issue
for a long time. The energy requirement for our world’s population
has been provided by power plants and other small auxiliary power
units. But there has been constant and increasing demand for more
power and energy over the years. Different kinds of power plants
are in operation in the present world; they are thermal, hydroelec-
tric, nuclear, solar, wind and geo-thermal power plants. All of the
power plants require a primary fuel to produce electric power.
Most of the fuels used in the power plants are fossil fuels—coal,
oil, and natural gas, whereas stored water and uranium are used in
hydroelectric and nuclear power plants, respectively. Thermal,
hydroelectric, and nuclear power plants are based on non-
renewable fuels, while solar, wind, and geo-thermal power plants
derive energy from renewable sources such as the sun, the wind
and hot geysers, respectively.

Renewable sources for fuels are very important as more atten-
tion is given to the pollution and preservation of the environment.
R.E. White (ed.), Modern Aspects of Electrochemistry, No. 45, Modern Aspects of

Electrochemistry 45, DOI 10.1007/978-1-4419-0655-7 4,
© Springer Science+Business Media, LLC 2009
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Among the fuels used in power plants, fossil fuels are the most
destructive in nature since they generate green house gases on
burning and their availability is constantly dwindling each day.
Therefore, renewable energy sources (e.g., solar and wind) and
fuels (e.g., biomass and biofuels) are in high demand. However,
the power efficiency from renewable energy is lower than conven-
tional power plants. Furthermore, these sources of energy are in-
termittent due to the availability of sunlight and wind. On the other
hand, fuel cells offer a solution to the use of renewable energy
sources by providing energy when an intermittent source is not
available.

Fuel cells are electrochemical devices where hydrogen reacts
with oxygen to produce electric power and water. The fuel cell
was first demonstrated by Sir William Groove in 1839, but it has
taken more than a century for fuel cells to be accepted as a genuine
power unit. Various types of fuel cells with their operating temper-
ature and mobile ions are listed in Table 1. Both hydrogen and
oxygen gas are supplied to a fuel cell and the fuel cell can generate
direct current as long as hydrogen is available as fuel. Since air
contains 21% as oxygen, it is used instead of oxygen in most of the
fuel cell applications.

Research in fuel cell systems has been devoted to areas such
as electro-catalyst materials for anode and cathode, cell design,
flow field plates, electrodes, hydrogen production and storage, and
direct fuel supply systems. Cell design and electro-catalyst mate-
rials are being investigated because fuel cells are more expensive
than internal combustion engines and existing power generators.
However, critical areas of concern are the source of fuel (hydro-
gen) and transportation and storage of the fuel. Transportation and
storage of hydrogen is not currently efficient and it is expected to
take about 20 to 30 years of research to construct efficient and safe
distribution networks and storage systems for hydrogen.

On the other hand, the major sources for hydrogen production
are fossil fuels and water, which are discussed in the next Section.
A novel approach Ammonia Electrolysis was introduced by re-
searchers at Ohio University-Electrochemical Engineering Re-
search Lab (EERL), where ammonia is electrochemically broken
into hydrogen and nitrogen gas.>® There are multiple advantages
on using ammonia as a hydrogen carrier. Furthermore, the process
of ammonia electrolysis allows compatibility with renewable ener-
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gy sources (wind and solar energy). The ultimate goal of the
process known as Ammonia Electrolysis is shown in Fig. 1 where
ammonia-waste is sent into an ammonia electrolyzer operating
with renewable energy sources to produce hydrogen and clean
water. Because ammonia can be obtained from waste, it can be
considered a renewable fuel. In this chapter, the process of ammo-
nia electrolysis is explained, and the use of the technology as a
solution to hydrogen storage and transportation, and even its pro-
duction are presented.

Lake or Environment

Solar Energy

Nitrogen

Electrical
Energy

Clean Water

Ammonia from Waste |
»|  AMMONIA

A

ELECTROLYSIS I

Hydrogen

Livestock

Fertilizer Industry Fuel Cell

Figure 1. Diagram on the use of renewable energy by ammonia electrolyzer to
produce hydrogen and clean water from livestock and industrial ammonia waste. As
indicated in the picture, ammonia electrolysis can serve as a remediation process
with hydrogen generation. More details about ammonia emissions and sources of
emissions will be discussed in Section 3.1. Image Courtesy: www.nrel.gov (Fuel
Cell), commons.wikimedia.org (Solar Energy) and Vaarok from en.wikipedia.org
(Livestock).
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II. HYDROGEN PRODUCTION METHODS

The operation of an efficient fuel cell requires pure hydrogen gas
as fuel. In the world, hydrogen is abundantly available but in the
form of different compounds and not as pure hydrogen gas. Com-
pounds which have more hydrogen content are water, ammonia,
and hydrocarbons such as natural gas, oil, coal, and methane. Fuel
processing is the only option to get hydrogen gas from various
compounds. The most widely used and well established techniques
to generate hydrogen from hydrocarbons are described below.

1. Steam Reforming

One of the established methods for producing hydrogen gas from
hydrocarbons is steam reforming."** The chemical reactions that a
hydrocarbon (C,H,,) undergoes in a reformer can be summarized
as

CH, + nH,0 2 nCO + (m/2 +n)H, (1)
CO +H,0 > CO, +H, )

Reaction (2) is generally known as the water gas shift reaction
where steam reacts with carbon monoxide to form carbon dioxide
and hydrogen. In this method, steam is mixed with the hydrocar-
bon over a supported nickel catalyst at high temperatures, normal-
ly above 500 °C. The outlet gas from the reformer will contain
carbon dioxide, carbon monoxide, hydrogen, and un-reacted steam
and hydrocarbon. In order to obtain a clean supply of hydrogen,
the reformed gas has to be purified to remove all gas components
other than hydrogen before being sent to the fuel cells.* Hydrocar-
bons used in the steam reforming process are natural gas, methane
and even methanol:**

CH, + H,O > CO + 3H, (3)
CH;0H + H,0 © 3 H, + CO, “4)

The drawback of this method is that all the reforming reac-
tions with most of the hydrocarbons are endothermic, which means
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energy has to be supplied to produce hydrogen gas. Even after the
reforming process, the hydrogen gas has to be purified before its
use in a fuel cell. In recent years, there is wide interest about using
methanol directly as a fuel to the fuel cells, thereby both reforming
and then electrochemically converting hydrogen to water for pro-
ducing electricity; and this process has been studied. Such a setup
is called a direct methanol fuel cell (DMFC)."”* The idea of using
fuel reforming in a fuel cell is not only restricted to methanol but
other fossil fuels. This process is generally known as internal re-
forming.”"!

2. Partial Oxidation Reforming

Another way of producing hydrogen gas from methane and other
hydrocarbons is partial oxidation reforming. Typical operating
temperature for partial oxidation lies in the range of 1200 to 1500
°C, and no catalyst is used during the fuel reforming process. The
following partial oxidation reaction for methane conversion to
hydrogen and carbon monoxide is an exothermic process:

CH, + %0, > CO + 2H, 5)

In comparison with reaction (3), less molecules of hydrogen
are produced by the partial oxidation method than steam reforming
suggesting that partial oxidation is less efficient, but the high oper-
ating temperature for partial oxidation makes it suitable to handle
heavi?r6 petroleum fractions such as diesels and residual frac-
tions.”

3. Coal Gasification

Gasification is another technology used for the large scale conver-
sion of complex hydrocarbons into various products, which are
further processed to enrich the hydrogen fraction.'> This technolo-
gy can use all carbon-based feedstock, coal, petroleum residues,
biomass, and municipal wastes, and produce a variety of com-
modity products.”® The process of coal gasification involves high
temperature (1040-1540 °C) reactions with moderate pressure (5-
10 bar) using steam and oxygen to produce gas products contain-
ing CO, CO,, CHy, H,, N,, and H,S in varying pl‘OpOI‘tiOHS.M
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Coal gasification is a complex process involving pyrolysis,
steam reforming, partial oxidation, water gas shift (reaction 2), and
methanation reactions. The basic reaction network in a steam and
oxygen fed gasifier is given below:"

o fast pyrolysis:

CnHmOy - tar + H2 + C02 + CH4 + C2H4 + ... (6)
e steam reforming:
tar+xH209XCO+yH2 (7)
e CO, reforming:
tar + CO, > xCO + yH, ®)
e partial oxidation:
CH, + 020, > nCO + m/2 H, )
o water-gas shift:
CO + H,0O > CO, + H, )
e methanation:
CO + 3H, > CH; + 2H,0 (10)

Reactions (7) and (9) are steam reforming and partial oxida-
tion, respectively, for a generalized form of coal, whereas methane
specific reactions are represented in reactions (3) and (5).

4. Water Electrolysis

The hydrogen produced in the world today is predominantly from
reforming fossil fuels accounting for about ~95% and the rest are
from other methods."> One of the alternate methods is electrolysis
of water. Water electrolysis involves the supply of current through
electrodes immersed in water thereby splitting water into hydrogen
and oxygen gases. Hydrogen obtained from electrolysis is 100%
pure and does not require any further purification treatment.

The reactions involved in electrolysis of water are the exact
opposite to the reactions taking place inside a fuel cell. In a fuel
cell, pure hydrogen and oxygen is allowed to react to form water
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and electricity is produced; whereas in water electrolysis current is
used to split water into hydrogen and oxygen gases. Combining
water electrolysis and fuel cell together might mean that the elec-
tricity and water produced from the fuel cell would be used in the
electrolyzer to produce hydrogen and oxygen, which is not consi-
dered a power efficient method. Sometimes water electrolysis is
looked at as a better way of producing hydrogen for fuel cell ap-
plications as there is no purification step involved. Different kinds
of electrolyzers are available — alkaline electrolyzer, PEM electro-
lyzer, and solid oxide electrolyzer.

The first electrolyzer developed was an alkaline water electro-
lyzer. It used 30% potassium hydroxide (KOH) solution as the
electrolyte with nickel or nickel compounds electrodes. Asbestos
was used as a diaphragm or a membrane to provide OH ions ex-
change between the cathode and the anode sides. The operating
conditions included temperatures ranging from 70° to 100°C with
an applied high pressure of 1 to 30 bars.'® !

Over the years another kind of electrolyzer for water was de-
veloped based on the proton exchange membrane (PEM). PEM
electrolyzers use expensive electro-catalysts—platinum, on its
electrodes. Water is filled in the anode side of the electrolyzer.
Oxidation of water produces oxygen gas and protons. Protons are
transferred to the cathode side by the selectively permeable PEM
membrane for reduction of protons to hydrogen gas. A commonly
used PEM material is a perfluoroalkyl sulphonic acid polymer,
commercially known as a Nafion' membrane.'>'**° The reactions
for water electrolysis are given below

2H,0 > O, + 4H + 4¢ 11

4H +4e¢ >2H, (12)

where reactions (11) and (12) take place at the anode and cathode

of the water electrolyzer, respectively. The overall reaction is giv-
en by

2H,0> 0O, + 2H, (13)

Dissociation of water to hydrogen and oxygen requires a minimum
voltage of 1.23 V at normal room temperature and atmospheric
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pressure, but at this voltage the rate of hydrogen production is less
along with a low current density, which results in lesser current
efficiency. In real applications, the voltage maintained over the
electrolyzers is in the range of 1.6 to 2.0 V, which is higher than
the thermoneutral voltage of 1.48 V for water electrolysis to gen-
erate hydrogen gas, and this voltage will facilitate current densities
around 1.0 A cm™."" In addition to applying high cell voltage, the
water electrolyzer also requires deionized water for its normal op-
eration.'®

5. Efficiency for Hydrogen Production Methods

The hydrogen gas produced from these methods will be used in a
fuel cell to generate power. Traditionally, efficiency for any hy-
drogen production method is described as the ratio of energy de-
rived from hydrogen over the energy contained in the raw material.
But the calculation should include other energies involved in the
process such as combustion, electrical heating, cooling, and purifi-
cation step, so as to obtain the real efficiency for converting the
raw material to final product — pure hydrogen gas. Using the val-
ues provided in a report by the National Research Council,”' effi-
ciency for hydrogen production methods are listed in Table 2.

The following assumptions were used for the calculation of
the efficiencies shown in Table 2:

e Thermodynamically, one gram of H, can generate 33 Wh
from a fuel cell at 100% efficiency.

e The standard density of hydrogen was 2.55 g ft” (1 atmos-
phere, 15°C) was used.

Table 2
Efficiency for Different Hydrogen Producing Methods

Methods Efficiency
Steam methane reforming 63%
Coal gasification 64%

Water electrolysis 67%
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None of the efficiencies include compression of hydrogen
after the purification step.

In the case of steam methane reforming (SMR), the effi-
ciency of the process is based on the lower heating value
(LHV) of natural gas. On supplying natural gas of 3.794
MM (million) Btu (LHV) energy per hour to the methane
reformer will produce 8,290 scf (standard cubic feet) of H,
per hour, when 5-kW electrical power is consumed for heat-
ing the reformer. Overall efficiency for this process was es-
timated to be 63%.

In the case of coal gasification, the efficiency was estimated
for a large production facility, where 50,000 kg of H, per
hour was produced from a gasifier by supplying it with coal
at 8,399 MM Btu (LHV) per hour. The efficiency for the
gasifier was assumed to be 75% and it required hot oxygen
gas to combust coal to produce synthetic gas. With the help
of 120,656 kW electrical power, air was heated into the hot
oxygen gas. Synthetic gas has hydrogen and other compo-
nents such as CO, and CO,, which are converted to H, by
water gas shift reaction to finally produce 50,000 kg of H,
per hour. The efficiency for converting coal to hydrogen in-
volving the electrical power and purification of the gas is
64%.

Water electrolysis utilizes electricity to produce hydrogen
gas and its raw material is water, which does not have any
heating value. So to produce 8,290 scf of H, per hour, 180
kg of water is supplied per hour to a 75% efficient water
electrolyzer. Electrical power consumed by the electrolyzer
is 1050 kW and the overall efficiency for converting water
to hydrogen gas in the water electrolyzer is 67%. It is im-
portant to mention that this efficiency does not include any
penalties associated with the purification of water (deio-
nized water is required for the process).

On comparing these three methods, electrolysis of water

seems to have a slight edge over steam reforming and coal gasifi-

cation.
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1I1I. AMMONIA

Ammonia is a pungent, colorless gas with a boiling point at 28°F
and a freezing point of —107.86°F at atmospheric pressure. Am-
monia is highly soluble in water and at 32°F, one volume of water
can absorb 1.148 volumes of ammonia.”> Ammonia has many at-
tractive qualities; first, it is nonflammable and non-explosive.
Second, it can easily be liquefied as its vapor pressure is 9.2 bar
(~121 psig) at room temperature and it can be stored in simple
pressure vessels. Third, hydrogen constitutes 17.65% mass of am-
monia, which means liquid ammonia has about 45% more volume-
tric hydrogen density than liquid hydrogen.” In the United States,
a safe and efficiently operating ammonia distribution system with
more than 3000 miles of pipeline is already in existence.”* The
energy density for ammonia is 3.3 kWh kg™, which is better than
water and methanol.”® Using these properties, an investigation was
performed to assess ammonia as a fuel to ammonia-oxygen fuel
cell.’® In recent years, ammonia has been considered as a fuel
along with hydrogen for stationary application related fuel cells
mainly in intermediate temperature solid oxide fuel cells.”’

1. Sources

Ammonia is produced from hydrogen and nitrogen gas using the
well established Haber-Bosch process. In this method, the gases
are passed over an iron catalyst at high temperature (400-600°C)
and pressure (200-400 atmospheres). Synthesis of ammonia is
generally coupled with hydrogen production. When hydrogen is
produced from natural gas during reforming process, water and
nitrogen are introduced to form ammonia.

Ammonia can easily escape into the atmosphere because it is a
gaseous compound. So entrapment of an ammonia emission is the
next available source for ammonia. Ammonia emissions have their
impact on vegetations and other organisms, which exhibits signifi-
cant environmental concern.®*’ Various industries and other oper-
ations are considered as emitters of ammonia. They are the fertiliz-
er manufacture industry, livestock management, coke manufacture
industry, fossil fuel combustion, and refrigeration methods.** Fos-
sil fuel combustion is included in the list of ammonia emitters be-
cause of their control measure methods. Exhaust gas from a fossil
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fuel processing plant has nitrogen oxides, which is allowed to react
with urea or ammonia to limit the emission of nitrogen oxides into
the atmosphere. A portion of ammonia may exit along with the
exhaust gas, which is known as an ammonia slip, and this is how
fossil fuel combustion is one of the emitters.*

The U.S. is one of the leading producers of ammonia in the
world. According to a report, in 2002 the U.S. saw over 5-million
tons of ammonia emitted into the atmosphere from various
sources.”’ The distribution of the sources for this ammonia air
emission is given in Fig. 2.

On combining fertilizer, livestock and domestic sources, about
3.25 million tons of ammonia (65%) are emitted into the atmos-
phere. The production of ammonia in the U.S. in 2002 (using the
Haber-Bosch process) was 10.1 million tons; this means that the
emission of ammonia to air from these three sources was equiva-
lent to 32.5% of the total production of ammonia in the U.S.
Based on the EERL calculation, recovery of ammonia from the
three sources—fertilizer, livestock and residential (domestic), and
performing ammonia electrolysis using solar energy—should be
able to generate enough hydrogen to power over 900,000 house-
holds per year (assuming an average electric power consumption
of 12,000 kWh per year and a proton exchange membrane fuel cell
operating with a 50% efficiency.)

Fertilizer
Native Soils 28%

32%

Wild Animals —
3%

Domestic
3% Livestock
34%
Figure 2. Distribution of ammonia air emission
sources in 2002. %!



Trends in Ammonia Electrolysis 219

2. Ammonia Cracking

Thermal decomposition of ammonia is commonly known as am-
monia cracking. Decomposition of ammonia is an endothermic
process, where ammonia is broken down into hydrogen and nitro-
gen at high temperatures (> 500°C). Ammonia cracking is a CO,
free process of producing hydrogen compared to steam reforming,
partial oxidation, and coal gasification.’> This has prompted re-
searchers to use ammonia indirectly as fuel in an alkaline fuel
cell.** Research on ammonia cracking began when synthesis of
ammonia was widely investigated, and then using the information
developed on ammonia synthesis, various catalysts were also de-
veloped for decomposition of ammonia. The catalysts tested for
ammonia cracking are metals, alloys and compounds of noble
metal. In recent decades, Ni and Ru based catalyst have been wide-
ly studied and these catalysts are supported over activated carbon
or porous alumina.?>?**%5%’

Ammonia cracking was introduced to fuel cell car technology
by Kordesch and his co-workers in the 1960s.***° Kordesch ran a
hybrid car fitted with equipment to reform ammonia by thermal
decomposition and the purified hydrogen gas was passed over an
alkaline fuel cell to power the car. This could have been the first
on board generation of hydrogen.

3. Ammonia Electrolysis

Production of hydrogen gas has been mainly concentrated with
reforming fossil fuels and at times dissociation of water was con-
sidered. The key factors related to hydrogen gas as fuel are pro-
duction, storage, and transportation. Storage of hydrogen has led to
extensive research on finding new materials for hydrogen entrap-
ment under high pressure conditions as well as forming new metal
hydride compounds to quickly release hydrogen gas.'? In order to
overcome these concerns of producing hydrogen with less energy,
no storage and transportation issues, ammonia electrolysis should
be considered.

Electrolysis of ammonia, a new approach for hydrogen pro-
duction, involves using an ammonia solution containing ammo-
nium hydroxide (NH,OH) and potassium hydroxide. A typical fuel
and electrolyte composition for ammonia electrolysis is 1 M
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® ®®

®

Electrolyte

Anode Cathode

0.059 v

Figure 3. Schematic diagram of ammonia electrolysis with reactions
at anode and cathode electrodes forming nitrogen and hydrogen gas,
respectively.

NH4OH in 5 M KOH. Ammonia is oxidized at the anode electrode
to form nitrogen gas and water is reduced to hydrogen in the ca-
thode side of the electrolytic cell. Hence, the overall reaction for

the cell is dissociation of ammonia into hydrogen and nitrogen.

3,41

Reactions at each electrode and overall reaction are given below

e anode reaction:
2NH; + 60H > N, + 6 H,O + 6¢
E’=-0.77 V vs. SHE
e cathode reaction
2H,0 +2e¢ > H, + 20H
E’=-0.829 V vs. SHE

e overall reaction
2NH; > N, + 3H,
E'=-0.059 V

(14)

(15)

(16)
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This ammonia electrolysis process has been illustrated in Fig.
3. There is a significant difference between 0.059 V and 1.23 V of
cell voltage for ammonia and water electrolysis, respectively. Us-
ing these thermodynamic cell voltages, the energy required to pro-
duce one gram of H, is 1.55 Wh for NH; and 33 Wh for H,O elec-
trolysis. Cost for producing hydrogen is predicted, with $0.21 per
kWh for solar energy as source for electrolysis, to be $0.90 for a
kg of H, produced from NH;, where the average cost of NH; was
assumed to be $175 per ton. The price for a kg of H, from ammo-
nia electrolysis is well below the US Department of Energy (DOE)
estimation — $3. Assuming solar energy being used for water elec-
trolysis, the cost for a kg of H, produced will be $7.10. Energy
expenditure and cost of H, production for ammonia electrolysis is
almost 95% less energy consuming and 87% cheaper than water
electrolysis. This demonstrates the importance of ammonia elec-
trolysis and its possible impact in the present hydrogen economy.

4. Comparison of Ammonia Electrolysis and Ammonia
Cracking

The two different approaches used to produce hydrogen from am-
monia have been explained in the above Section. The efficiency
for the two technologies under various conditions is listed in Table
3. Both methods are breaking down ammonia into hydrogen and
nitrogen so their thermodynamic efficiencies are the same, and
were determined by dividing the lower heating value of H, (242.7
kJ mol™) over the sum of ammonia lower heating value (320.1 kJ
mol™) and either the electrical energy (NH; electrolysis) or thermal
energy (NH; cracking).” In ammonia cracking, thermal energy is
required to increase the temperature of the reactor and it is unders-
tood that at least 30% of H, heating value after H, production is
used to heat the reactor.*” The table lists efficiency more than
100% in theoretical terms for both processes because the energy to
produce ammonia has not been included in the calculation. If NH;
was commercially produced, then the energy required to make
NH; should also be taken into consideration. This is one of the
advantages of ammonia electrolysis vs. thermal cracking. Ammo-
nia electrolysis allows the direct conversion of ammonia from
waste to hydrogen, while thermal cracking of ammonia requires
pure ammonia.
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Table 3
Process Efficiency Comparison for Ammonia Cracking and
Ammonia Electrolysis

Methods Conditions Efficiency
Ammonia cracking and Thermodynamic at standard condi- 112.1%
ammonia electrolysis tions.
Ammonia cracking Pure ammonia (excludes energy 102.1%
required to purify the hydrogen).
Ammonia electrolysis Glass cell, one compartment with 80 %
1 M NH;?
Single cell electrolyzer (with separa- 104.5%
tor), 1 M NH;.*
9-cell stack, 1 M NH;.* 98.2%
Low concentration electrolyzer (20 95.1%
mM NHj): glass cell, one com-
partment.45

Electrolysis of ammonia has evolved in recent years and its
improvement is solely based on advances made in anode electrode
and cell design. A detailed description of the advances made to-
wards improving ammonia electrolysis is discussed in the follow-
ing Sections. The initial study on using a glass cell (one compart-
ment) for ammonia electrolysis with Pt-Ir anode electrode resulted
in an efficiency rate of 80%.’ The best recorded cell voltage for
NH; electrolysis in a single cell electrolyzer is 0.35 V, which
translates to 104.5% process efficiency.* In a recent study, a 9-cell
stack was developed as an ammonia electrolyzer, which had a cell
operating voltage of 0.63 V at room temperature and the efficiency
was 98.2%.* One of the objectives of ammonia electrolysis is to
clean the wastewater. Normally the concentration of ammonia in
livestock wastewater is low (excluding the urea which can be
transformed into ammonia to make up to 0.7 M NHj), in the order
of 20-mM NHj;, and electrolysis of low ammonia concentration
had a cell voltage of 0.78 V at 25 mA cm™.* Low concentration
electrolysis of NH; did yield 95.1% efficiency in converting NH;
to H, gas.

Thermal cracking of ammonia like electrolysis does not take
energy consumption for ammonia preparation from the Haber-
Bosch process into consideration for the calculation of process
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efficiencies. But ammonia cracking has also skipped the energy
requirement in cleaning the H, gas along with the thermal losses
during the gas cooling step. On the other hand, ammonia electroly-
sis can produce pure hydrogen, without using the purification step
from either commercially available ammonia or from ammonia
waste, which would ultimately help clean the environment as well
as producing inexpensive power. When comparing Tables 2 and 3,
it is evident that ammonia wastewater electrolysis has the highest
efficiency for the production of pure hydrogen.

IV. DEVELOPMENT OF COMPONENTS

The key components in an electrolyzer are: anode, cathode,
and electrolyte. These components play important roles in the de-
velopment of an ammonia electrolysis technology. In this Section,
we concentrate on the materials used to build an ammonia electro-
lyzer with the research and development for the anode, the ca-
thode, and the electrolyte.

1. Anode Electrode

The anode is the electrode where the oxidation reaction takes
place. In the case of ammonia electrolysis, electro-oxidation of
ammonia to nitrogen gas (reaction 9) is observed at the anode. The
electrode is made of catalyst particles and a supporting material.
The role of the supporting material is not only to provide physical
support to catalysts but also to help in transferring current or elec-
trons for the reaction. In order to obtain high efficiency in electro-
lysis, the anode electrode has to perform at its best. Various re-
searchers around the world are working to improve the perfor-
mance of electrodes to oxidize ammonia. Development of the
anode electrode for ammonia electrolysis means developing both
the substrate and the electro-catalyst for the alkaline solution.

The catalyst for ammonia oxidation has been widely studied
mainly with the intention of removing ammonia from wastewaters
and industrial effluents.”>**>* The mechanism for ammonia elec-
tro-oxidation over platinum in alkaline medium was proposed by
Gerischer and Mauerer:”'
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NHj(aq) > NHj s 17)

NH; 45 + OH™ = NHj s + HO + ¢ (18)
NH,.4s + OH = NH, + HO + e (19)
NH,aas + NHyags 2 NoHyiyads (20)

NoHyiyaas + (xty) OH” > Ny + (xty) H2O + (xty)e  (21)

NH,s + OH > Ny + H,0 + ¢ (22)
Nads + Nads 9 NZ,ads (23)
Noags 2 Na(aq) (24)

with x, y = 1 or 2. The authors considered adsorbed nitrogen as a
poison for the electrooxidation of the ammonia reaction. At poten-
tials above 0.6 V vs. reversible hydrogen electrode (RHE), the
platinum electrode deactivates and the main adsorbed species was
reported to be adsorbed nitrogen. The adsorption of NHj is fast at
potentials above 0.45 V, which suggests the kinetic order for NH;
concentration is zero.

On the contrary to the above mechanism, the co-adsorption
kinetics of OH™ ion with NH; over Pt surface was considered by
Botte™ in her study to formulate the reaction rate for electro-
oxidation of NH; in an alkaline medium. Botte found the results
from rotating disk electrode experiments to disagree with the reac-
tion mechanism proposed by Gerischer and Mauerer.”' She devel-
oped a reaction model for the experimental results based on the
mechanism proposed by Tilak, et al.** using electroadsorption of
OH' ion over Pt:

P, + 20H S 2(PL,OH) + 2 ¢ (25)

2
A CoH 2aqFn
b= 109 (COH,ref> exp ( RT ) (26)

where i is current density (mA ¢cm™), i is exchange current densi-
ty (mA cm™), Coy is OH ™ ion concentration in the solution (mol
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cm'z), Coun,rer is the reference concentration of OH™ ion in the solu-
tion (mol cm™), @is surface coverage (dimensionless value), «, is
anodic transfer coefficient (dimensionless), F is Faraday’s constant
(96485 C eq-mol™), 7 is the overpotential, R represents universal
gas constant ( 8.314 J mol”' K™') and T is the temperature of the
reaction (K). The surface coverage (@) for the Pt electrode during
the adsorption of OH™ ion was modeled to follow this equation:

acyFn C acs
0 = 1— ac,exp (;) (i> 27

RT COH,ref

where ac;, ac,, and ac; are dimensionless constants.

Sasaki and Hisatomi described the cyclic voltammogram of
ammonia over platinized platinum.>* The ammonia oxidation peak
appeared around 0.7 V vs. RHE, which was before the formation
of the platinum surface oxide. The height of the peak was propor-
tional to the square root of the sweep rate implying that the kinet-
ics is diffusion limited. Wasmus, et al. used a newly developed
technique—differential ~ electrochemical mass spectroscopy
(DEMS)—to determine the chemical composition of the products
formed from the reaction of ammonia oxidation on Pt-black.” The
authors reported that nitrogen oxides were observed at potentials
higher than 0.8 V vs. RHE, while at the maximum of the oxidation
peak (0.75 V vs. RHE), the selectivity toward N, formation is
100%. Gootzen, et al. studied the coverage of the surface by am-
monia adsorbates during the electro-oxidation of ammonia by us-
ing DEMS.* According to this study, the selective formation of N,
at lower potential may be explained by a lowering of the energy of
adsorption of N4 with decreasing potential.

De Vooys, et al. investigated the use of several transition and
coinage metal catalysts for oxidation of ammonia to nitrogen gas.”’
The metal catalysts studied by the authors were platinum (Pt), pal-
ladium (Pd), rhodium (Rh), ruthenium (Ru), iridium (Ir), copper
(Cu), silver (Ag) and gold (Au). Coinage metals (Cu, Ag, and Au)
were unable to selectively oxidize ammonia to nitrogen gas be-
cause of metal ion— ammonia complex formation by the coinage
metal catalyst leading to their electrodissolution. During the oxida-
tion of NHj; to N», the nitrogen intermediate species were adsorbed
on the catalyst materials based on their affinity. Among the transi-
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tional metal catalysts, Ru, Rh and Pd showed high affinity towards
the nitrogen intermediate species, which was the reason for no
generation of N, gas by these catalysts. Both Pt and Ir displayed
low affinity for the nitrogen intermediates and were able to form
N, gas from the oxidation of ammonia.

The importance of ammonia oxidation lead to several investi-
gations about metal catalysts like the use of platinized TiO, as an
electrode for photocatalytic oxidation of NH; to N, ** and a dimen-
sionally stable anode (DSA) made of IrO, over Ti substrate for
removal of NH; from wastewater to form N,.> Recently, Yao and
Cheng have used a binary alloy (Ni-Pt) as an anode for electro-
oxidation of ammonia.” But the study reveals that the key material
acting as catalyst in the anode is Pt and not Ni, so this anode—Ni-
Pt—is basically made of micron size Pt catalyst particles dispersed
over a Ni support. Lopez de Mishima, et al. studied the electro-
catalysis of ammonia and its application to ammonia sensors.*
Cyclic voltammetry studies were performed on Pt, Ir, and Pt-Ir
(75:25 and 50:50 by weight) electrodes, and these electrodes dis-
played an apparent diffusion control mechanism in the kinetics of
ammonia oxidation. Vidal-Iglesias, et al. observed that the oxida-
tion of ammonia on platinum is a structure-sensitive reaction that
takes place almost exclusively on Pt (100) sites.*’ This means that
the geometric structure of the deposited species is as important as
their composition.

Use of Pt based noble metals as the catalyst for ammonia oxi-
dation was further extended by Endo, et al. in their quest to under-
stand metal binary alloys Pt-Me (Me = Ir, Ru, Ni and Cu).*"*
These authors prepared their alloy catalysts on glassy carbon elec-
trode by thermal decomposition process and performed the expe-
riments in ammonia containing a KOH solution. The starting po-
tential for ammonia oxidation curve, obtained with electrodes hav-
ing Pt Ir, (0 <x < 1) and Pt Ru, (0 < x <0.6) as catalyst, was
observed at —0.6 V (vs. Ag/AgCl), which was 0.1 V lower than the
potential observed for Pt metal. Both Ir and Ru displayed high
compatibility with Pt as the saturation current density for the elec-
trodes at a high oxidation potential (NH; oxidation) was higher for
Pty Ir, (x £0.8) and Pt; \Ruy (x < 0.4) than pure Pt metal. But both
Ni and Cu based alloy catalysts, Pt;_Ni, (0 <x <0.7) and Pt ,Cu,
(x =0.33 and 0.5), were not able to lower the potential for ammo-
nia oxidation and their current densities were lower than other al-
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loy catalysts. Endo and his co-workers concluded that use of Ir and
Ru along with Pt will enhance the oxidation of ammonia in the
KOH solution.

Research at Ohio University has focused on using the electro-
catalysts for electrolysis of ammonia to produce hydrogen. The
electro-catalyst development found in the literature have used me-
thods other than electrodeposition or electroplating of the metals
over a substrate. But at EERL, electroplating is the approach to
prepare both the anode and the cathode electrode dispersed with
catalyst for ammonia electrolysis. Cooper and Botte studied elec-
trodeposition of Raney nickel over titanium (Ti) gauze for applica-
tion as an anode for ammonia electrolysis.”® Raney Ni was depo-
sited along with Ni particles over Ti grid. Authors found that in
order to achieve at least 50% of Raney Ni in the deposit, a current
density of 100 mA cm™ has to be maintained.

The use of Raney Ni as catalyst prompted Cooper and Botte to
investigate Raney Ni as a substrate of the noble metal alloy cata-
lysts.*! The metal alloy catalyst studied by the authors consisted of
Rh and Pt. The experiments were designed to optimize Rh loading
and followed with Pt loading optimization. Rh was electrodepo-
sited over Raney Ni foil in loadings of 0.5, 1, 2, 3 and 4 mg cm?.
These electrodes were further deposited with 1 mg cm™ of Pt for
ammonia electrolysis testing. The electrolyte used for ammonia
electrolysis was 1 M NHj; in 1 M KOH (ammonia solution). Cyclic
voltammetry of these electrodes in an ammonia solution is shown
in Fig. 4, where the current density is normalized to Rh loading for
each electrode.

Each electrode displayed an oxidation peak in the range of
—0.7 V to —0.57 V (vs. Hg/HgO), which has been related to the
oxidation of OH" ion by the electrochemical activity of Rh catalyst.
Botte has postulated a mechanism to explain the surface blockage
of the active sites during the oxidation of ammonia.”* The surface
blockage is considered to be the adsorption of OH™ ions rather than
N.gs or its intermediates as widely believed in the literature.>'>>7
In Fig. 4, Rh catalyst has proved the existence of OH™ ion adsorp-
tion by displaying the oxidation peak near —0.7 V. Among the dif-
ferent loadings for Rh, 1 mg cm™ was chosen by the authors be-
cause it had the most catalytic activity per mass of Rh. During
ammonia electrolysis, the cell voltage was 0.64 V for a current
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Figure 4. Comparison of various loadings of Rh with 1-mg cm™ Pt in 1 M NH; in 1

M KOH solution at 25°C with 10 mV s sweep rate. Reproduced from Ref. 41,
Copyright (2006) by permission of The Electrochemical Society.

density of 0.25 mA cm™ with the electrode carrying 1 mg cm™ of
Rh and Pt catalysts.

The authors proceeded to optimize Pt loading by comparing
with 5 and 10 mg cm™ of Pt deposition over 1 mg cm™ of Rh load-
ing. These two electrodes were tested in 1 M NH; in 5 M KOH
solution so that higher current densities can be applied. The elec-
trode with 5-mg cm™ loading of Pt was able to hold only 2.5 mA
em™ current density for a long duration, whereas 10-mg cm™ Pt
loading electrode sustained a maximum current density of 5 mA
cm. Morphological analysis of these electrodes is shown in Fig. 5
with SEM images.

The electrolysis of ammonia with 5 mg cm™ Pt and 1 mg cm™
Rh catalyst at 2.5 mA cm™ current density resulted in a steady cell
voltage of 0.633 V for 11 hrs. This voltage corresponds to 1.58
mW cm™ of power requirement for electrolysis. The authors as-
sumed 100% efficiency for ammonia electrolysis to produce 1.04
mL H, h' per cm® of catalyst or equivalently to generate 16.83 Wh
per gram of H, from the hydrogen produced. On comparing, 10-
mg cm™ Pt and 1-mg cm™ Rh electrode at 2.5-mA cm™ current
density had a constant cell voltage of 0.547 V with 1.37 mW cm™



Trends in Ammonia Electrolysis 229

-

Exposed - ® "o - ) 4
Rarey NI « i Deposited Rb b < R 1

¥
v % 4 tnoled X y
P L e - okl S
- E Raney Ni ."3
.

,:ﬁ)TDcpomcd Pt
;‘ e
4 O Q004 1000% k-

Figure 5. SEM images of (a) 5-mg cm™ Pt + 1-mg cm™ Rh and (b) 10-mg cm™
Pt + 1-mg cm™ Rh. Reproduced from Ref. 41, Copyright (2006) by permission
of The Electrochemical Society.

power consumption which accounted for 1.04 mL H, h™' per cm’
of catalyst or equivalently 14.54 Wh per gram of H, (13.6% power
reduction). At the maximum current density of 5 mA c¢m, the 10-
mg cm™ Pt and 1-mg cm™ Rh electrode had a steady voltage of
0.599 V and produced 2.09 mL H, h™' per cm? of catalyst at 15.93
Wh per gram of H, by consuming 3 mW c¢cm of power.

The initial studies conducted at Ohio University for demon-
stration of ammonia electrolysis involved work by Vitse, et al.,’
they compared Pt metal and its alloys as catalyst for electro-
oxidation of ammonia. The catalysts used were Pt black, Pt-Ir
(10% Ir) and Pt-Ru (13% Ru) and these were electrodeposited over
Pt foil substrate with 2.5 mg cm™ loading. Polarization experi-
ments were performed at 60°C with stirred 1 M NH; in 5 M KOH
solution, using Pt-Ru as a counter electrode. A three-electrode 1-L
glass cell, which can function as either a one compartment or a two
compartment cell, was used in this study for batch experiments and
the reference electrode was Hg/HgO. In a two-compartment situa-
tion a polypropylene membrane was used. A closer look at differ-
ent anodes during the polarization experiments revealed that Pt-Ir
electrode has 0.36 V overpotential at 70 mA cm™ current density
and 0.56 V overpotential for Pt black. Pt-Ru electrode overpoten-
tial was placed between 0.36 and 0.56 V. The polarization curve
for ammonia electrolytic cell is shown in Fig. 6. In order to pro-
duce hydrogen gas, the ammonia electrolytic cell required a mini-
mum of 0.4 V and if Pt-Ir was used as the cathode, then the cell
voltage could be as low as 0.3 V.
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Figure 6. Polarization curves for ammonia electrolytic cell. Re-
printed from Ref. 3, with permission from Elsevier.

Using the information on cell voltage, Vitse, et al. calculated
the efficiency curves for each catalyst material used in the anode
(Fig. 7). Efficiency for the ammonia electrolytic cell can be de-
fined as the amount of energy that can be gained from burning H,
gas divided by the total energy spent to obtain H, (energy from
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Figure 7. Efficiency curves for ammonia electrolytic cell with
different anode catalyst. Reprinted from Ref. 3, with permission
from Elsevier.
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NHj; plus electrical energy for electrolysis). The ammonia electro-
Iytic cell efficiency was calculated using the following equation

3 X AHy,
g =
ZXAHNH3+6XF><AE

(28)

where AHy,is the lower heating value of H, (242.7 kJ mol™),
AHyp,is the lower heating value of NH; (320.1 kJ mol™), F is Fa-

raday’s constant (26.8 Ah mol™) and AE is the cell voltage. The
efficiency for an ammonia electrolytic cell using Pt-Ir as catalyst
in tgle anode varies from 80% at 10 mA cm™ to 60% at 400 mA
cm™.

The gases produced during the experiments were collected in
two separate columns for nitrogen and hydrogen when the two
compartment cell was used. Analysis of the collected gas was per-
formed using gas chromatography and no CO,, NO,, or NH; was
detected in both gas streams. Further, the hydrogen gas stream was
passed through HPLC water at room temperature so that any NHj
escaping through H, gas would increase the pH of HPLC water.
The authors found that the pH of the HPLC water increased with
the start of gas bubbling and settled at pH 8.4 after 5 hours. Based
on the vapor-liquid equilibrium, the concentration of NH; in the
gas phase of the bubbler was calculated to be less than 1 ppm. This
analysis of gas streams produced by ammonia electrolysis has
proved that high-purity hydrogen can be easily produced using this
method.

In other experiments performed at the EERL, the substrate
was changed from Pt foil to Ti foil and four different noble metals
(Pt, Ir, Ru and Rh) were studied as monometallic, bi-metallic, and
tri-metallic catalysts for ammonia oxidation.** Vitse, et al. found
that among mono-metallic catalyst Ir and Ru had lower overpoten-
tial of 0.3 V, whereas Pt had 0.4 V as overpotential and higher
current density for ammonia oxidation. In the case of bi-metallic
catalysts, Pt-Rh and Pt-Ir displayed promising qualities. The over-
potential for Pt-Rh catalyst was 0.27 V and it also exhibited a re-
duction peak characteristic of a Rh catalyst, related to reduction of
dehydrogenated intermediates formed during electro-oxidation of
NH;. Pt-Ir bi-metallic catalyst combined the low overpotential
from Ir and stable catalytic activity with higher current density
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from Pt. These results led to the formation of tri-metallic catalyst
(Pt-Ir-Rh), which was able to achieve high current density at low
overpotential of 0.27 V.

Next, the development in the substrate for the electro-catalyst
was performed at EERL by wrapping polyacrylonitrile (PAN) car-
bon fibers (Celion G30-500) from BASF over Ti gauze. A bundle
of carbon fiber consisting of 6000 filaments with an average length
of 35 cm was wrapped around Ti gauze. Electro-catalysts Pt, Ir and
Rh were preferentially electroplated over the carbon fibers with the
intention of increasing their surface area to enhance catalytic activ-
ity. One of the objectives of the study conducted by Bonnin, et al.
was to compare carbon fiber substrate with Raney nickel.*” The
authors electroplated the Pt-Ir alloy catalyst on a carbon fiber with
a loading of 4.6 mg cm™ as compared to 8 mg cm™ on the Raney
nickel substrate. The cyclic voltammetry of these two electrodes in
1 M NH; in 1 M KOH solution at 25°C is displayed in Fig. 8. An
oxidation peak is observed for Pt-Ir on Raney nickel electrode at -
0.2 V vs. Hg/HgO, which is electro-oxidation of NH;. The slope of
the curve at the beginning of the oxidation peak was identical for
both Raney nickel and carbon fiber electrodes. But in the case of
Raney nickel, the current decreased after the polarization potential,
which the authors suggest is due to the blockage of active sites on
Pt-Ir alloy by OH ion adsorption. The authors tested the stability
of the Raney nickel electrode by exposing the electrode to air
every week before cyclic voltammetry experiment. A decrease of
200 mA for the oxidation of NH; was noticed in a period of four
weeks, which indicated the authors that carbon fiber substrate is
better suited for Pt-Ir catalysts to perform electro-oxidation of
NH;.

A recent advancement in substrate for electrodes has been the
use of carbon paper, especially from TORAY™. Carbon paper is a
matte of carbon fibers pressed together with polymer binders to
form a sheet. The carbon paper is used in the membrane electrode
assembly (MEA) for fuel cells as a gas diffusion layer (GDL),
primarily for diffusion of hydrogen and oxygen gas to catalyst
particles. The anode electrode for electro-oxidation of NHj is pre-
pared by sandwiching Ti gauze with two TORAY carbon paper (2
cm x 2 cm) and the papers were held together by Ti foil. Electrop-
lating of the Pt-Ir alloy over the carbon paper electrode was stu-
died using different compositions of Pt and Ir salt. The cyclic vol-
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Figure 8. Cyclic voltammetry of Raney nickel and carbon fiber electrode with
Pt-Ir catalyst in ammonia solution (1 M NH; in 1 M KOH). This article was
published in Ref. 45, Copyright (2008) Elsevier.

tammetry of different Pt-Ir compositions on carbon paper elec-
trodes (average loading: 1.25 mg cm™) in ammonia solution (1 M
NH,4OH in 5 M KOH) is shown in Fig. 9.
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Figure 9. Cyclic voltammetry of carbon paper electrodes with Pt-Ir catalyst
from different plating solution composition.



234 Madhivanan Muthuvel and Gerardine G. Botte

The carbon paper electrode has shown a better performance in
ammonia electrolysis and electroplating Pt-Ir alloy over carbon
paper has been easier compared to carbon fiber electrodes. Studies
using carbon paper as an electrode are presently being pursued and
the results will be available for future publications.

2. Cathode Electrode

Production of hydrogen gas occurs at the cathode electrode by
reduction of water. This reaction is common for both alkaline wa-
ter and ammonia electrolysis, so the catalyst and support materials
for the cathode electrode can be same for both processes. The ca-
thode material has to possess low overpotential for hydrogen evo-
lution so that less energy will be consumed for electrolysis. Metals
have different hydrogen overpotentials but among them Pt is con-
sidered to have the lowest H, overpotential. Pt is a very expensive
metal so industrial water electrolyzers have used mild steel, Ni and
Ni-based alloys as cathodes.

A study using Ni ultra fine particles (UFP) as a catalyst for the
cathode was performed by Ezaki, et al.® The authors concluded
that the performance of Ni UFP alloyed with Mo UFP (Ni-Mo
UFP) had the lowest overpotential for hydrogen. Hu, et al. devel-
oped a novel multilayer cathode for water electrolysis to overcome
the problem of losing the catalytic activity of the electrode if the
electrolyzer was shut down for more than two weeks.® The au-
thors’ recommendation was to use a Mm-based hydride alloy,
which will sever as the hydrogen absorbing alloy, and coat it with
a layer of Ni-Mo alloy catalyst. The cathode material was made of
porous Ni substrate, which had MmNi;4Cog75Mng4,Aly,; alloy
coated with Ni-Mo alloy catalyst. H, overpotential for the cathode
in 30% KOH solution with a current density of 200 mA cm™ at
70°C, was 88 mV. This cathode material was able to maintain the
same overpotential for a continuous operation of 4300 hours, even
after 3000 hours of intermittent electrolysis. A ternary alloy like
Ni-Fe-Mo was investigated for use as a cathode for water electro-
lysis.®” The overpotential for hydrogen evolution with Ni-Fe-Mo
(64:24:12) (wt. %) alloy in 30% KOH solution was 148 mV at
30°C for 100 mA cm?, which decreased to 104 mV at 70°C for the
same current density.
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The Ni-Fe-Mo alloy has demonstrated good catalytic activity,
but adding Zn to this mixture will lead to large surface area struc-
tures as well. This was obtained by Crnkovic, et al. by co-
deposition of Ni, Fe, Mo and Zn over mild steel substrate and
leaching Zn in 28% KOH solution at 80°C.” This cathode dis-
played an adherent Ni-Fe-Mo-(Zn) alloy layer over mild steel. The
performance of the cathode in 6 M KOH solution at a current den-
sity of 135 mA cm™ was 83.1 mV H, overpotential at 80°C. But
the cathode could not maintain the lowest reported hydrogen over-
potential for a long time as the overpotential rose to 157 mV in
440 hours. In a recent study, different kinds of stainless steel (304,
316 and 430) were tested as cathodes for water electrolysis and it
was found that SS 316 had a better cathodic performance since it
has more Ni content.”” In other investigations, sulfur is being in-
troduced into the Ni based alloys to enhance the catalytic activity
for cathode material either as Ni-S alloy coating on nickel foam
substrate "’ or Ni-S-Mn alloy on different Ni substrates.”'

In the case of ammonia electrolysis, generally the anode and
the cathode were made of the same electrode material—Pt-Ir cata-
lyst over carbon paper. All the studies conducted at EERL utilized
Pt-Ir on carbon paper as cathode electrode. Presently, new projects
are underway to identify the best cathode material for ammonia
electrolysis. The overpotential for the oxidation of ammonia is
lower than for water oxidation; therefore, depending on the appli-
cation a noble metal based cathode will be more convenient. Cata-
lysts being considered for the cathode electrode are Pt, Ir, Rh, Ni
and Co or its alloys over carbon paper material.

3. Electrolyte

Composition of the electrolyte solution used for ammonia electro-
lysis is very important, as it will determine the cell voltage and
current density for ammonia oxidation, which in turn dictates the
energy consumption for hydrogen production. Oxidation of am-
monia by an electrochemical method has been applied in an ampe-
rometric sensor for ammonia gas.*’ In this study, the electrolyte
used to investigate the electro-catalyst for the anode had a varying
concentration (0.4, 1.6, and 2.5 mM) of ammonium sulfate
[(NH4),SO4] in 1 M KOH. During sensor analysis, ammonia was
introduced to the 1 M KOH solution as ammonium sulfate ranging
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from 10 to 200 ppm to evaluate the performance of the ammonia
Sensor.

Ammonium hydroxide (NH4OH) or ammonia in water has
been widely used as an electrolyte solution for electrochemical
oxidation of ammonia. The electrolyte concentration used in the
investigation of catalyst materials for the anode electrode has been
ranging from 1 mM to 1 M NH; in 1 M KOH.”™**¢* Other chem-
icals containing ammonia have also been used for electro-
oxidation studies. In an investigation to identify the possibility of
using dimensionally stable anode (DSA), namely IrO,, for the
treatment of wastewater, the electrolyte composition was 0.5 M
(NH,),SO4 or 1 M NH,CI in 0.1 M Na,SO, solutions.”® The au-
thors studied the effect of pH for the decomposition of NHj to N»;
they concluded that in the basic solution NH; mainly oxidized to
nitrogen gas whereas the ammonium ion in the neutral and acidic
solution was partly decomposed to N, by OH radicals generated
under the oxygen evolution. It was noted that the decomposition
rate for NH; to N, was fastest in the basic solution. A similar find-
ing was observed in a recent study by Halseid et al.,”* where the
authors’ investigation was focused on understanding ammonium
oxidation in acidic solution. Halseid, et al. used perchloric acid
(HC10,) and sulfuric acid (H,SO,4) as supporting electrolyte for
ammonium hydroxide solution. They observed slow oxidation of
ammonium ions and the presence of ammonium ion affected the
formation and reduction of Pt oxide at higher potentials involving
the formation of very stable nitrogen or nitrogen-oxygen species.

At EERL, the electrolyte composition has been a basic solu-
tion with ammonium hydroxide in KOH. Vitse et al. added 1 M
NH; to 5 M KOH solution for electro-oxidation of ammonia at
high temperature of 60°C.> On the other hand, Cooper and Botte
investigated Pt and Rh catalyst over Raney Ni substrate using 1 M
NH; in 1 M KOH solution at 25°C.*! In a recent article, Bonnin, et
al. have performed ammonia electrolysis in solutions having low
concentration of ammonia.* Investigation on electro-oxidation of
ammonia at low concentrations has indicated the possibility of
cleaning ammonia from wastewater. Anode electrodes were made
of carbon fiber wound around Ti gauze and different electro-
catalyst with varying loadings were used in the study. The anode
electrodes used are labeled (Fig. 10): Electrode 1 (Rh: 5 mg cm™),
Electrode 2 (Pt: 5.3 mgem™), Electrode 3 (Pt-Rh: 5.2 mgcm™),
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Figure 10. Galvanostatic performance of the electrodes in 20 mM NH,OH in
0.2 M KOH. This article was published in Ref. 45, Copyright (2008) Elsevier.

Electrode 4 (Pt-Ir-Rh: 5.1 mg cm™), and Electrode 5 (Pt-Ir: 4.6 mg
em™). Figure 10 displays the galvanostatic performance of each
anode with cathode being Pt-Ir-Rh catalyst over carbon fiber in a
solution of 20 mM NH,OH in 0.2 M KOH at 25°C. In a galvanos-
tatic experiment, each anode electrode is subjected to a current
staircase starting from 30 mA and increased to 150 mA with a 10
mA step, and at each step the current is held for 30 minutes.
Among the electrodes, Electrodes 4 (Pt-Ir-Rh) and 5 (Pt-Ir) had
similar cell voltage for each current step, but Electrode 4 was able
to attain higher current of 150 mA before reaching a cell voltage of
1 V. On comparing with Electrode 2 (Pt), the cell voltage for Elec-
trodes 4 and 5 was at least 100 mV less than Electrode 2.

Authors concluded that Pt-Ir-Rh on carbon fiber was the
anode electrode for electrolysis of ammonia at low concentrations.
They also calculated both ammonia conversion and Faradic effi-
ciency for this anode. Electrode 4 (Pt-Ir-Rh) was able to oxidize
ammonia from 21.5 mM to 1.83 mM in 13.8 hours at 100 mA with
a conversion efficiency of 91.49% and the Faradic efficiency for
the system was 91.81%. These high efficiency values demonstrate
that ammonia electrolysis can also remove ammonia from low
concentration solutions, which is significant towards wastewater
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treatment for ammonia so as to meet EPA standards of 0.08 mM
NH;.”

4. Separator Membrane

The electrolysis process consists of anode and cathode reactions. If
both of these reactions take place in one container then it is known
as an open cell system and if the reactions happen in two separate
compartments then it is known as a divided cell system. In a di-
vided cell system, ionic conductivity between anode and cathode
compartment is established by a diaphragm or membrane. The
function of the membrane is to avoid mixing of gases produced
and electrolyte between the two compartments but allow the trans-
port of ions for conductivity.

The diaphragm or membrane most commonly used in the al-
kaline water electrolyzer (industrial model) is asbestos. But asbes-
tos is not the best membrane material available as it has limitations
like low corrosion resistance to alkaline solution, cost and toxicity
(carcinogenic). Literature on membrane research suggests that
there are other available materials to act as diaphragm for water
electrolysis. Mostly polymer compounds are considered for mem-
branes like poly (phenylene sulfide) (PPS), poly (tetra fluroethy-
lene) (PTFE) or commonly known as Teflon, and polysulfone
(PSF).” Other materials that have been investigated as membranes
are poly (ether sulfone),” Zirfon™ is a porous composite mem-
brane made of polysulfone matrix with ZrO, powder,”® and homo-
genous mixture of poly (ether sulfone) and poly (vinylpyrrolidone)
(PES-PVP).” 1t is generally known that Nafion membranes are
used in an acidic environment, but Kim, et al. have experimented
with Nafion 424 (cation exchange membrane) as a diaphragm to
study ammonia electrolysis with IrO, as the anode and Ti as the
cathode.”® At EERL, Teflon has been used as membrane to sepa-
rate both gas and electrolyte solution from mixing. It is expected
that most membranes used in alkaline water electrolyzers can po-
tentially be employed in an ammonia electrolyzer.
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V. AMMONIA ELECTROLYZER: A PROTOTYPE

Demonstration of ammonia electrolysis technology requires the
continuous functioning of an electrolyzer. Using the developments
made in the area of anode electrode and utilizing the same material
as cathode electrode, a continuous ammonia electrolytic cell was
first constructed and operated by Botte and Benedetti.* The elec-
trolytic cell was separated with a membrane and ammonia solution
was flown through both anode and cathode compartments, which
housed Pt-Ir on carbon fiber as electrodes (4 cm?). A statistical
analysis of the variables affecting the performance of ammonia
electrolytic cell was studied using MINITAB software. Authors
varied different parameters — concentration of KOH (0.5 and 7 M)
and NH; (0.5 and 5 M), current (100 and 300 mA) and temperature
of the electrolytic cell (25 and 50°C), to assess the electrochemical
performance of the cell. The lowest energy consumption was
found to be 8.6 Wh per gram of H, (that is 0.33 V operating vol-
tage), for a system with 5 M NH; in 7 M KOH solution operated at
50°C with a current of 100 mA. On the other hand, a solution of
0.5 M NH; in 7 M KOH functioning at 50°C with 100 mA current
exhibited only 0.35 V as cell voltage (9.4 Wh per gram of H;).

The development of an ammonia electrolyzer prototype has
made a strong stride with recent success in designing and operat-
ing a multi-stack, continuous closed cell ammonia electrolytic cell
(AEC), which can produce hydrogen enough to sustain up to 2.5
W fuel cell.** In order to supply a 2.5 W fuel cell, a 9-cell AEC
stack was designed starting with electrode preparation, membrane
electrode assembly (MEA), and testing the prototype under vary-
ing parameters. The stack configuration for AEC was scaled up
from 2-cell to 5-cell and finally extended to 9-cell set-up. Sche-
matic representation of an assembled 9-cell AEC stack is shown in
Fig. 11.

Electrodes for the AEC were prepared by electroplating Pt-Ir
alloy as electro-catalyst over TORAY carbon paper. End plate,
electrode plate, and gasket (separator plates) were designed and
constructed with materials compatible to ammonia and potassium
hydroxide solution. The anode side of the AEC was supplied with
1 M NH,OH dissolved in 1 M KOH solution, whereas the cathode
side was filled with only 1 M KOH solution. The cathode and the
anode compartments were separated by a proprietary Teflon mem-
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Figure 11. Schematic representation of 9-
cell AEC stack.*

brane. The experimental set-up for 9-cell AEC with electrolytes
flowing and gas collecting system is shown in Fig. 12.
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Figure 12. Experimental set-up for 9-cell AEC stack to produce hydrogen gas by
ammonia electrolysis.**
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Galvanostatic tests were performed on the AEC stack to eva-
luate the power consumption, H, gas generation and effect of tem-
perature under a continuous flowing condition. Current applied for
each cell was restricted to 500 mA so that high anode overpotential
can be avoided, which means the maximum current passed through
the 9-cell AEC stack was 4.5 A. At 25°C, the stack voltage was
0.633 V which was 73 mV higher than the voltage noticed at 55°C,
that is, 0.56 V. Hydrogen gas was collected during the AEC stack
testing. The efficiency for producing hydrogen gas was 97.55% at
both temperatures, i.e., 0.164 g h”' of H, was produced as com-
pared to 0.168 g h™' from Faraday’s law. Net power consumed by
the 9-cell AEC stack at 25°C was 2.85 W, which translates to
17.36 Wh per gram of hydrogen produced, but at higher tempera-
ture (55°C) the net power consumption was 2.52 W equivalent to
15.36 Wh per gram of H, produced.

The electrodes used in the AEC stack were tested in an open
cell system and they had cell voltages similar to the ones reported
by Botte and Benedetti.* This demonstrates that ammonia electro-
lysis is linearly scalable. But when these electrodes are placed in
the AEC stack (9 cell closed system), their cell voltages were
higher than open cell system. The voltage loss was 153 mV and
180 mV at 25°C and 55°C, respectively. This cell voltage increase
in the electrolyzer is due to the ohmic loss from the present confi-
guration of electrical connections for the AEC stack.

The 9-cell AEC stack was combined with a 4 W PEM fuel cell
to assess the integration of ammonia electrolyzer with a fuel cell
by calculating energy conversion efficiency. Energy conversion
efficiency is calculated as the net useful energy available from the
integration over the total energy consumed by AEC stack for am-
monia electrolysis and the average energy efficiency for the fuel
cell was assumed to be 65%. At 25°C, the energy conversion effi-
ciency for AEC-PEMFC system was only 23.62% and 39.71% at
25°C and 55°C, respectively. This low efficiency is due to the sig-
nificant ohmic loss mainly from the poor electrical connections to
the electrodes in the AEC stack. Future improvement for the AEC
stack is to eliminate the external electrical connection loss of 153
mV (25°C) and 180 mV (55°C). On removing the ohmic losses
from AEC stack, the expected energy conversion efficiency for the
AEC-PEMFC system would be as high as 62.87% (25°C) and
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95.36% (55°C). This should enable ammonia electrolyzer to com-
pete with any hydrogen producing technology.

VI. SUMMARY

The issue of hydrogen production, storage, and transportation can
be solved with the use of ammonia as hydrogen carrier. Ammonia
electrolysis demonstrates the simplicity in production of hydrogen
gas and provides solution to the difficulty faced with hydrogen
storage and transportation. The ammonia electrolyzer can be used
to produce hydrogen on demand as shown on the experiments per-
formed by Botte and Benedetti.* EERL group members have
worked on a shoe-sized vehicle which proves the concept of on-
board reforming of ammonia using the ammonia electrolyzer.”
The ammonia electrolyzer in the shoe-sized car was able to pro-
duce 2.25 ml min™ of H, by consuming energy equivalent to 13.1
Wh per gram of H,. The PEMFC, connected to an ammonia elec-
trolyzer, was able to generate 18.7 Wh energy for every gram of
H, supplied, which was sufficient enough to power a 6§ mW mo-
tor (5.6 Wh per gram of H,) to drive the shoe-sized car and also
use the remaining energy—13.1 Wh per gram of Hy—for the am-
monia electrolyzer.

Furthermore, it has been established that ammonia electrolysis
can be used as a remediation process coupled with hydrogen coge-
neration (Bonnin, et al.).** Back of the envelope calculations indi-
cate that hydrogen can be produced at less than $3 per kg using
ammonia electrolysis. This cost could be significantly reduced if
ammonia from waste is used for the electrolyzer. For example, this
technology will be a beneficial process for farmers who could re-
mediate their effluents or wastewater and produce electric power
for their farms.

Further research and development is needed to make this
technology more efficient. Current work at EERL has to do with
the development of cell stacks, catalyst, and electrolyte. However,
results from the stacks developed by the EERL group could be
used to build large-scale demonstration units, which will facilitate
early adoption of this technology for different applications includ-
ing vehicle transportation, electricity for residential houses, back-
up power, and ammonia remediation. Electrolysis of ammonia
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wastewater has the highest energy efficiency for the production of
hydrogen among the different hydrogen production methods avail-
able.
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I. INTRODUCTION

The central phenomenon of surface electrochemistry, the transfer
of charge between an electronically conducting phase and an ioni-
cally conducting phase, always occurs at a phase boundary—an
interface—between the two phases. The region of interest, howev-
er, is usually wider than a simple two-dimensional interface. The
atomic-level structure of both phases at the interface can be
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drastically different from those of the bulk structures. These spe-
cial regions can penetrate from a few A to a few thousand A in
both phases. To emphasize the three-dimensional nature of this
region of interest, it is often called the interphase. The most com-
mon combination is a solid metal/aqueous solution interphase,
although numerous other possibilities also exist. The important
effect of the state of the metal surface on the rate and mechanism
of charge-transfer reactions was recognized at the very earliest
times of electrochemical research. Special active surface sites were
proposed to explain many experimental observations, and great
care was taken to use reproducible surface preparation techniques.
However, real understanding of these surface effects was very
much hampered by the virtual absence of experimental techniques
for the determination of the atomic- and molecular-level structure
of the interphase, both in the morphological and in the chemical
sense. The situation has changed considerably in recent decades
with the development of UHV surface science, modern spectros-
copic techniques, and, more recently, the discovery of scanning
tunneling microscopy and related techniques. Numerous approach-
es have been tried for the investigation of electrochemical inter-
phases both ex sifu and in sifu. In the past, the ex-situ techniques
were used more often than the in-situ techniques, but this tendency
is slowly being reversed. While much useful information can be
obtained using the ex-situ techniques, there always remains a nag-
ging doubt about the effect that the loss of potential control and the
changing environment from metal/solution to metal/vacuum may
have had on the surface conditions. In contrast, the in-situ tech-
niques, while experimentally more difficult, overcome these dis-
advantages. Namely, they permit the continuous electrochemical
control of the interphase during the structural/chemical examina-
tion (permitting also dynamic measurements under changing elec-
trochemical conditions), and they retain the aqueous condition
during the measurement.

The experimental difficulties of in-situ techniques stem from
the special nature of the electrochemical interphase, namely, that it
is a buried interface and the probe used for the investigation must
be able to penetrate either the electronically conducting phase or
the ionically conducting phase. Consequently, the probe must ful-
fill certain criteria:
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(a) the probe's interaction with the atoms in the interphase un-
der investigation, at the probe's incident flux, must be suffi-
ciently strong to be surface/interface sensitive, and

(b) the interaction of the probe with at least one of the phases
must be sufficiently weak for penetration to and from the
interface without significant intensity loss. Among the
atomic-level structural probes—neutrons, electrons, and x
rays— only synchrotron x rays meet both criteria for the in-
situ investigation of electrochemical interphases.

While there are a number of synchrotron-x-ray techniques that
are used for examining electrochemical interphases, in this chap-
ter, applications of the in-situ synchrotron surface-x-ray-scattering
techniques to electrochemistry problems are reviewed ranging
from submonolayer level phenomena, through nanometer size
phenomena, to submicron size phenomena; that is, covering the
full range of the interphase at an electrode surface. The purpose of
the chapter is to demonstrate the usefulness of synchrotron sur-
face-x-ray scattering to a very wide range of electrode phenomena
rather than to give a complete review of all published work. Only a
few specific applications will be described in some detail for each
electrochemical phenomena, for which the techniques are used, as
examples to show the capabilities of the techniques, although a
comprehensive listing of all research carried out will be attempted
in the references. A number of reviews have been published in the
past, but these are usually restricted to some specific problem area
or to the work of one research group.'"* Description of other syn-
chrotron-x-ray techniques used in electrochemistry research have
also been published. These are EXAFS/XANES,'®!" the standing-
wave technique,'® and the utilization of infrared radiation produced
at synchrotrons."’

After a brief review of the physics of x-ray scattering, a num-
ber of applications of the technique will be described for the inves-
tigation of a variety of electrochemical phenomena.
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II. THEORY AND PRACTICE OF X-RAY SCATTERING

1. General Description of Surface-X-Ray Scattering (SXS)

An electron density distribution representing the condensed matter
is needed for a discussion of the interactions of x rays with matter.
The electron density of an atom, f,, can be approximated by a dis-
tribution centered at the position of the nucleus of the n™ atom.
Then, the total electron density in real space is:

N
nG)= ) 1,67 M
n
Applying Fourier transformation and denoting it by S(a) gives:
S(3) = f n(@) €07 d7

n
N

= ) F,(Q)e?™
=1

n

Within the first-order Born-Oppenheimer approximation, this
is essentially an approximation for x-ray-scattering cross section,
besides the proportionality factor, known as Thomson scattering
length or classical radius of a free electron (e*/m.c* = 2.83x107™"
cm). For a crystalline structure, Eq. (2) can be greatly simplified
using the symmetry and periodicity of the structure.

Once periodicity is assumed, it is sufficient to consider the
scattering only from the repeating element (the unit cell) to calcu-
late the scattering amplitude. The scattering from the unit cell is
called the structure factor, and it is usually denoted by S in analo-
gy to the total scattering amplitude in Eq. (2), which, in fact,
represents the structure factor for a giant unit cell incorporating
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every atom of the sample. Using S for the structure factor instead
of S(é)), for the sake of clarity, Eq. (2) can be rewritten as:

s(Q) = Z O ZF (Q)e’Q(Tn-Rk)I
Z Sz8(Q - G)

{6}

A3)

where L is the number of atoms in a unit cell and M is the total
number of unit cells (V= ML). The summation is performed over
all possible values allowed by the reciprocal lattice. The J-function
in Eq. (3) specifies the reciprocal lattice positions. The reciprocal
lattice depends only on the lattice constants and the symmetry of
the lattice, while the structure factor depends only on the atomic
arrangement inside the unit cell. By an inverse Fourier transforma-
tion of Eq. (3), the electron density can be rewritten as a Bloch-
wave expansion:

n(@) = Z Sgelc” (4)
{¢}

From this equation, the structure factor can be identified as the
corresponding Fourier component of the electron density. For the
special case where the unit cell consists of a single atom, the form
factor and the structure factor are equivalent.

A structure factor can, in principle, be inverted to a real elec-
tron density of the materials or their interfaces. However, only the
absolute values of the structure factor are measurable, while the
phase of the structure factor is generally lost. Furthermore, the
range of experimentally accessible Q is limited to Ewald space®
and it is often limited also by the geometry of the sample. Because
of the limited information obtainable on structure factors, the use-
fulness of direct Fourier transformation using Eq. (4) to obtain the
electron density is limited to very special cases. In most cases, a
trial-and-error/curve-fitting procedure is used. Physically reasona-
ble models are assumed for the system, the structure factors are
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calculated for the models, and the model parameters are obtained
by curve fitting.

When the structure is periodic and has a true long range order,
the summation, 2{5} must be carried out over three dimensions.

When the structure is aperiodic in any one direction, the summa-
tion should be truncated or replaced by an integral for that direc-
tion. For example, for the case of a half-infinite single crystal, the
structure is no longer periodic in the surface-normal direction and
should be replaced by . @} [d a | or truncated at the surface.

For a medium without any structure (a liquid is close to this
limit for length scales larger than atomic distances), the Fourier
transformation yields a three-dimensional delta function:

S@=n j drei@”
= né(é)

)

where 7 is an average electron density of this medium. The physi-
cal meaning of the three-dimensional delta function is that scatter-
ing is allowed only when the momentum transfer, 6, is zero. In
reciprocal space, there exists only one spot—the origin. That is,
the x-ray beam propagates only to the forward direction. This pro-
vides an opportunity to study the atomic scale deviation from a
continuum model of liquids by measuring non-forward scattering.
When this medium is filled with a periodic array of electrons, the
Fourier transformation yields a lattice of delta functions:

s(@)=n f d?ei‘j'FZN: SG—7)

N

=n Z e’@'Fn (6)
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where G is a reciprocal lattice vector. Assuming another medium
that is essentially a sheet of electrons without any periodicity at z =

0, the equation for S (Q_)) can be rewritten as:

s(Q) = nf d7 §(2)e'?™

i )
=n8(Q))

The result is a two-dimensional delta function and only one /ine of

scattering exists that passes through the origin. On the other hand,

when the sheet of electrons form a two-dimensional lattice, the

Fourier transformation yields a set of lines:

$(Q) = nf d?ei6'75(z)i6(??n)
=nz5(§n -G))

G

The real surface has both three-dimensional and two-
dimensional characteristics because, even though the surface
sometimes can be regarded as two dimensional, it generally has a
finite thickness, and it is also part of a three-dimensional sample.
Consequently, the two-dimensional and three-dimensional charac-
teristics cannot be isolated. Therefore, the scattering results in a set
of rods in reciprocal space, but the intensity along the rods varies
as a result of convolution with the scattering from the three-
dimensional system. These lines are often called crystal truncation
rods (CTR), and are discussed in detail below.

2. X-Ray Reflectivity and Crystal Truncation Rods

From the point view of classical electromagnetism, the x-ray-
scattering process is the response of a medium to high-frequency
electromagnetic waves. A simple model for the dielectric constant,
using the equation of motion for an electron bound by a harmonic
force and acted upon by an electromagnetic wave field, gives:*
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47Ne?

elw)=1+ -

A
Z(wjz - w? - ia)l"j)_1 )
j

where NZ is the total number of electrons involved in the scatter-
ing process, o; is the resonance frequency, and I’; is the damping
constant. The damping constants are generally small compared
with the resonant frequencies, and the dielectric constant rises
sharply at ® = ®,, which is a phenomenon known as anomalous
dispersion.

The complex dielectric constant is directly related to the com-
plex scattering factor of an atom as:

z
4N e? w? — w? — iwl;
ew)=1- > sz 2]2 / >
mw® & (w? = 0?)" + () (10)
4mtNe?
=1- 2
mw

where F' (= F| + i F) is a form factor. This expression can simply
be extended to the multi-atom unit-cell case by substituting 7' by S,
a structure factor, regarding N as the number of unit cells, and
summing over the all the electrons in the unit cell. When the x-ray
energy is significantly higher than the binding energies of most
electrons in the medium, within an approximation the dielectric
constant takes the simple form of:

wp
E((.U) =~ 1 —p "
, A4mNF,e? (11
%=,

and the frequency o, is called the plasma frequency of the me-
dium.

For the case of an ideally sharp interface, the scattering can be
described by the Fresnel reflectivity equation of classical optics,*
since x rays are electromagnetic waves. The Fresnel equation can
be expressed with the perpendicular components of momentum-
transfers using the complex dielectric constant as follows. The
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equation can be written in terms of the angle of incidence with
respect to the interface:

_ Vecos(/2 - 6) — Je' —esin?(n/2 — 6)
 Vecos(n/2 — 0) + Je' —esin2(n/2 — 6)

RQ) (12)

where the angle 6 is measured from the surface and ¢ and ¢” are the
dielectric constants of the media across the interface. By defining
the critical angle of the interface as coszﬁc = ¢'/e from Snell's law
and by defining momentum transfer as Q = 4nsinb/A, the reflec-
tivity equation becomes

QL —0Q1 ( Qc )2 (13)

RO =570~ aq,

where Q| = /Q% — QZ. The critical momentum transfer of a sur-
face can also be written using the plasma frequency for the limit-
ing case as:

_47rwp
Tl w
_ 2wy (14)

c
=0.029,/pZ/A

where p is the mass density, and 4 is the atomic number of the
sample. For a perpendicular component of the momentum transfer
that is smaller than the critical momentum transfer, the x-ray beam
undergoes a total reflection and a complete reflection of the inci-
dent x ray occurs.

When there is more than one interface, the total reflectivity
can be obtained simply by adding the reflections from each inter-
face. More rigorously, multiple scattering has to be taken into ac-
count and the total reflectivity can be obtained by appropriate
summation of reflection amplitudes.*

The total external reflection is a dynamical process; conse-
quently, very little information can be obtained easily about the
nature of an interface near or below the critical momentum trans-
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fer. On the other hand, the scattering process is nearly kinematic in
the large momentum-transfer limit. Consequently, the reflectivity
can be obtained from the Fourier transformation of a step function
0[g ()] where g(#) = 0 defines the surface:

i0.0292pZ /A

ROQ) =0

f ei07 0[g(M)]d7 (15)

For a single-crystal case, it is convenient to start with the den-
sity of an infinite single crystal in the form of a Bloch-wave ex-
pansion.”” Subsequently, the electron density of an infinite single
crystal can be expressed as the product of a step function and the
sum of Bloch waves as in Eq. (4):

n() = 0lg(] Y 5z~ (16)
G

where Szis the structure factor of the single crystal. Therefore, the
scattering amplitude in the kinematic limit is:

- i0.029%2p/A > B_A).2
R(@) =%Z S©) [ @7 elg@Nar a7
G

= 0'0292’)/‘42 - S¢ _ f ei(@-6)7qs, (18)
4QJ_ z QJ_ - GJ_ S

Equation (18) is analogous to Eq. (15). Equation (18) can be
obtained from Eq. (17) by using Green's theorem. A comparison of
Egs. (15) and (18) reveals that CTR is the sum of the reflected
amplitudes from the surface with the momentum transfer reduced
by the crystal momentum transfer. The reflections emanate from
each reciprocal lattice vector position in the direction perpendicu-
lar to the surface or surfaces for facetted samples. When the sur-
face is parallel to a crystallographic plane, reflectivities from the
aligned reciprocal lattice points may interfere and become very
sensitive to the interfacial structure of the sample. In this case, the
reflectivity can be written as a simple one-dimensional sum of
scattering from each plane:
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5 10.029%p /A 5 5
R(Q) = %Z 5(Q) - Gy)

Gy

N (19)
X Z V;lei(Qﬂnﬂffu'?nn)
n

where Q| and @, denote parallel and perpendicular components of

a vector @, respectively, and ¥, is the scattering amplitude of the
nth layer.

For a three-dimensional single crystal with one of the dimen-
sions finite, as for a two-dimensional crystal, thin film, or trun-

cated surface, only 5” is discrete. Then, the R((_j)forms an array of
rods in the reciprocal space and the intensity variations along the
rods reflect the electron density profile along the direction of the
finite dimension.

The mathematical representations of the x-ray-scattering
processes are pictorially summarized in Fig. 1. Following custo-
mary naming convention, surface-x-ray scattering (SXS) in gener-
al can be categorized into three types of surface scattering, namely,
x-ray reflectivity (specular and off-specular), glancing angle in-
plane x-ray diffraction, and crystal truncation rod (CTR) mea-
surements:

(a) The specular and off-specular x-ray-reflectivity techniques
are used to study surface morphology. They are not typical-
ly sensitive to crystalline structures of the surface but sensi-
tive to nano- to micro-meter length scales.

(b) Glancing angle in-plane diffraction, measured parallel to the
surface with incident and diffracted x rays at glancing an-
gles, is extremely sensitive to the two-dimensional structure
and reconstruction.

(c) Crystal truncation rods, measured normal to the surface, are
extremely sensitive to the surface coverage and relaxation.

Numerous examples of applications of these techniques to
electrochemical problems will be given in the rest of this chapter.
To point out just the first few examples:

(a) the use of the reflectivity measurement is illustrated in Sec-
tion I1.2(#7) (cf. Fig. 9);
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(b) that of the glancing angle diffraction in Section IIL.1(i7)
(Fig. 3); and

(c) that of the CRT measurements in Sections III.1(¢) and (iii)
(Figs. 2 and 4).

The electrochemical aspects of the synchrotron-x-ray-
scattering measurements, such as detailed descriptions of several
x-ray-electrochemical cell designs and other experimental details,
will be given in the Appendix.

Specular

(a) X-ray Reflectivity
OfFSpe
w

{b) Glancing angle scattering

Rod

—

2
\
\
N
Crystal Trungation
(=)

| o

Figure 1. Experimental geometries of surface-x-ray scattering.”*
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3. Resonance Anomalous Surface X-Ray Scattering

So far, the discussion was limited to an approximation given in Eq.
(11) where the energy of x rays is far above the absorption edges
of the atoms involved in the scattering processes. However, it is
well known that, at least in bulk x-ray scattering techniques, x-ray
energies can be tuned through the absorption edges for resonance
scattering and the anomalous dispersions at the edges can deliver
elemental and chemical information about the atoms probed. A
similar concept can be used for surface scattering processes for
elemental and chemical sensitivity of surface atoms involved in
surface scattering processes.

To understand the resonance anomalous scattering processes,
it is necessary to examine Eq. (9). It is obvious that the scattering
factor, F, can have anomalous dispersions whenever ® = ;. By
tuning the x-ray energy through the anomalous scattering energies
of surface atoms, one can examine the chemical states of the atoms
at the buried interfaces at which ordinary surface-science probes
cannot be used.”

The quantum mechanical version of the numerator of Eq. (9)
exhibits explicit polarization dependence. The polarization depen-
dence was recently used to study the structures and chemical states
of light elements, even when the elements do not have edges in the
hard x-ray energies, by tuning the x-ray energy to the binding
energy of substrate atoms.™

A detailed discussion of resonance anomalous surface x-ray
scattering is beyond the scope of this chapter. However, in-depth
discussion of the technique and examples of applications can be
found elsewhere.”* One example of the application of this tech-
nique to electrochemistry is briefly discussed in Section VIIL.2.

III. METAL SURFACE PREPARATION,
RESTRUCTURING, AND ROUGHENING

An initial experiment is often the investigation of the structure of a
well prepared, clean single-crystal surface under an electrolyte,
because such a surface will eventually serve as the stage of elec-
trochemical reactions. The preparation of single crystal surfaces
for electrochemical investigations has been somewhat of an art for
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quite some time, and the cleanliness and well defined morphology
of the surface often were judged by the results of an electrochemi-
cal experiment (e.g., a cyclic voltammogram) rather than by direct
observation. Synchrotron-x-ray techniques provide a very direct
way for this observation. This was utilized to investigate the dif-
ferent preparation techniques for Cu(111) film,*” gold**>? and pla-
tinum® single crystals, and for the investigation of nanostructured
platinum sufaces.***

1. Relaxation/Reconstruction of Metal Surfaces

The surfaces of single crystals are often structurally different from
the structure of the bulk crystal. Surface restructuring (relaxation
and/or reconstruction) is a well-known and much investigated
phenomenon in UHV studies, but the presence of an electrolyte
solution and the application of an electrical potential often strongly
influence the reconstruction. Much work has been carried out in
this area as shown in Table 1.

() Relaxation of Platinum Surfaces

The relaxation of Pt(hkl) surface structures was described in a
series of papers.®>>"7¢878L8 1t \ag found that close to the hydro-
gen evolution potential there was an increase in the separation of

Table 1
Surface Relaxation and Reconstruction
System References
Ag(111) 36-40
Au(100) 28,29,32,41-54
Au(110) 48,51,54,55
Au(111) 7,48,51,54,56-71
Pd on Pt(100) 72
Pdon Pt(111) 73-75
Pt(100) 51,76-78
Pt(110) 33,51,78-80
P(111) 51,78,81-83
Pt(111)/CO 84
Pt;Sn(111) 85,86
Ru0,(100) 87

RuO,(110) 87,88
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Figure 2. The measured x-ray intensity along (a) (0, 0,
) and (b) (0, 1, /) of the Pt(110) surface in 0.1 M NaOH
at an electrode potential of 0.1 V. The solid lines are
calculated fits to the data according to the relaxation
model, and the dashed lines are the calculated intensity
for a contracted (1 x 2) missing-row model of the sur-
face. (Reprinted with permission from reference 79.
Copyright (1996) by the American Physical Society.)

the top surface layer from the second layer, and that this expansion
of surface atoms increased in the sequence of Pt(111) < Pt(100) <
Pt(110) (in the amounts of 1.5%, 2.5%, and 25%, respectively) in
both acidic and basic solutions. It was suggested that the expansion
is connected to the adsorption of hydrogen on the surface and the
results can be explained by the differences in the adsorption sites
and the strength of the hydrogen-metal bonding. Fig. 2 shows the
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good fit of the CTR data to the surface relaxation model for the
Pt(110) surface.

(ii) Reconstruction of Platinum Surfaces

The reconstruction of platinum surfaces under aqueous solu-
tions was also investigated. The Pt(100)’® and the Pt(111)*' surfac-
es were found to be stable and unreconstructed at all potentials
investigated, while the Pt(110) was found to exhibit either a (1 x 1)
or a (1 x 2) structure depending on the method of preparation (Fig.
3).**™ A quick quenching of the flame-annealed crystal freezes the
unreconstructed surface, while a slow cooling allows the recon-
struction to occur below the critical temperature. Both surfaces
were found to be stable under solution within the potential range of
hydrogen adsorption and the onset of oxide formation.

Tntensity / arb.units

0.4 0.2 0.0 02 0.4
A © / degrees

Figure 3. Top: ideal models for the (1 x 2) (right) and (1 x 1) (left) surfac-
es; solid dots represent adsorbed hydrogen atoms. Bottom: the measured x-
ray intensity at (0,1.5,0.1) along the [100] direction for a Pt(110)-(1 x 2)
(solid line) crystal, and for a Pt(110)-(1 x 1) crystal (dashed line—note the
absence of the 1 x 2 peak). (Reprinted from reference 33. Copyright
(1997), with permission from Elsevier.)
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(iii) Reconstruction of Gold Surfaces

The Au(hkl) surfaces behave quite differently from those of
Pt. All three major faces were found to be reconstructed at nega-
tive potentials, but the reconstructions are lifted at more positive
potentials, as reported in a series of papers.*>>>" The Au(100)
exhibited a (5 x 20) reconstructed surface at negative potentials,
similar to the surface observed in UHV, which, in perchloric acid
solution, was lifted at more positive potentials with the formation
of a partial top layer containing the excess atoms from the earlier
reconstructed layer (Fig. 4).*' The Au(110) exhibited a (1 x 3) re-
constructed surface at negative potentials in a number of halide
solutions, in contrast with the (1 x 2) reconstruction observed in

107
105 Au(001)
70.01M HCIO4
1078 |
107
1078 | *
L 1 " 1 L 1 L
0 1 2 3

L (UNITS of c¥)

Figure 4. Absolute reflectivity data of Au(100) for the
(0,0,L) rod at -0.4 V (open circles) and 1.0 V (solid cir-
cles). The long-dashed line is for ideal termination with
no rms displacement amplitude. The solid line is fit for
the reconstructed surface and the short-dashed line is fit
for the unreconstructed surface with a partial top layer.
(Reprinted with permission from reference 41. Copy-
right (1990) by the American Physical Society.)
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Table 2
Surface Roughness
System References
Ag(polycrystalline) 89
Ag(111) 40,90
Au(100) 28,29,31
Au(111) 29,30,64
Cu (polycrystalline), Cu/oxide 23
CuzAu(111) 91
GaAs(001) 92
Nb(polycrystalline), Nb/Nb,Os 93
Ta(polycrystalline), Ta/Ta,Os 93
Pd on Pt(111) 73,75
Pt(111) 4,10,94-97
Pt;Sn(111) 86

UHYV, this reconstruction was lifted at more positive potentials,
presumably due to the adsorption of anions.”® The Au(111) exhi-
bited a (23 x V3) surface at negative potentials in a number of ha-
lide solutions, similar to the surface observed in UHV. This recon-
struction was also lifted at more positive potentials, presumably
due to the adsorption of anions.>®

2. Surface Roughness Measurements

The surface roughness of an otherwise clean and well ordered sur-
face is also important in electrochemical investigations. X-ray-
scattering techniques are very well suited to determine even atomic
level roughness, as shown by the investigations collected in Table
2. Roughness at a much higher level can also be investigated, as
will be described in Section X on porous silicon.

(i) Platinum Oxidation/Reduction

While the characterization of relatively thick (multiple atomic
layers) oxide films is important both for science and technology,
the most fundamental understanding of oxide film growth requires
an examination of the oxide film at the submonolayer level and at
the incipient stages of the formation process. The oxida-
tion/reduction of the Pt(111) single-crystal surface was selected for
such an investigation.””’ Experiments in 0.1 M CsF solution, have
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shown that the surface irreversibly roughens when the potential is
cycled beyond 1.3 V (HE), while the initially flat surface can be
completely recovered after electrochemical reduction of the oxide
film formed at potentials more negative than 1.3 V. A series of
normalized crystal-truncation-rod scans is shown in Fig. 5. Each
scan was made at 0.8 V, after oxidation at the potential indicated
and reduction at 0.0 V. All data are divided by the 0.8 V data to
emphasize the surface contribution and each scan from the top is
offset sequentially by an order of magnitude for display purposes.
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Figure 5. Crystal-truncation-rod scans of Pt(111) oxi-
dized at potentials indicated. Open circles represent the
experimental data, and the solid line were calculated
with the three-step model.**’
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The abscissa is the reciprocal lattice unit of platinum in the
hep unit cell. Electrochemical measurements (cyclic voltammetry)
of the oxygen coverage of the platinum surface indicated that a full
monolayer of oxide coverage is not achieved at potentials negative
to approximately 1.4 V, suggesting that oxidation/reduction of less
than a monolayer of oxide film will not destroy the originally flat
surface, but the surface will roughen if more than a monolayer of
oxide is formed/reduced.

The roughness of the surface atomic layers could be deter-
mined by comparing the experimental data to predictions of the
scattering equation applied to some simple models of rough sur-
faces (Fig. 6). In these calculations only occupational disorder was
considered. The experimental data are compared to curves calcu-
lated with the various models in Fig. 7. It is quite evident that only
the three-step model fits the data. The calculated curves in Fig. 5
were all obtained with the three-step model.
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Figure 6. Surface roughness models. From
top to bottom: ideal surface, two-step model,
three-step model, and multiple-step model.
The shaded circles represent platinum atoms
exposed to the solution.'™*’
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Figure 7. Normalized reflectivity data and comparison to models for a reduced
surface obtained after oxidation to 1.7 V in CsF solution.”

Some conclusions can be drawn from these results about the
mechanism of surface oxidation. The total number of platinum
atoms is not conserved in the two-step model. The surface struc-
ture represented by the two-step model can evolve from an ideally
flat surface only by the removal of some atoms from the first layer,
thereby exposing some atoms of the second layer to the solution.
One possibility is the chemical dissolution of platinum oxide.
Another possibility arises if one considers that the surface is not
ideally flat, rather it is a stepped surface with large flat terraces
between steps. Then, a two-step surface can be produced between
steps if some of the atoms removed from the first layer migrate on
the surface until they find step edges and become incorporated at
kink sites. The poor fit based on the two-step model is clear evi-
dence against these mechanisms. This indicates that the mobility
of platinum atoms at room temperature is not sufficiently large for
the atoms to migrate thousands of angstroms to the step edges. It
also indicates that the solubility of platinum oxide should be near
zero or too small to be detectable in our measurements. This is
further substantiated by the good fit of the data to the three-step
model because the morphological transformation from the flat sur-
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face to the surface of the three-step model is a mass-conserving
process (with the restriction that the step-up and step-down proba-
bilities are the same, which is a consequence of the zero dissolu-
tion of the oxide). Atoms removed from the first layer remain on
top of the first layer.

The good fit of the data to the three-step model identifies it as
the one most likely describing correctly the morphology of the
rough surface induced by oxidation. The fit of this model to the
data indicates that the oxide formation involves mostly the plati-
num atoms at the first layer and only very few atoms in the second
layer. Adding a small fraction of second-layer oxidation (that
would result in a five-step model of the surface because of the re-
striction of equal probability of step-ups and step-downs) did not
significantly improve the fit, and the fraction of the second-layer
oxidation found in the fitting was small. Furthermore, although the
morphological transformation from a flat surface to a multiple-step
surface can also be achieved with mass conservation (by succes-
sive, single-height movements of the atoms) the poor fit resulting
from the application of this model also substantiates the correct-
ness of the three-step model.

(i) Copper Passivation

The surface roughness of the passive film on copper was in-
vestigated using specular the x-ray-reflectivity technique.” Figure
8 shows the cyclic voltammogram of copper passivation/ depassi-
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Figure 8. Cyclic voltammogram of the Cu/Si electrode in borate buffer
solution (pH 8.4), scan rate = 10 mV/sec.”
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vation, in borate buffer solution at pH of 8.4, indicating the forma-
tion and reduction of the passive oxide film. The electrode used in
this work consisted of a thin film (~ 250 A) of copper which was

evaporated in vacuum onto a polished silicon substrate.
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To follow this process, a series of x-ray-reflectivity scans
(Fig. 9) were taken at several potentials between —0.8 V and 0.4 V
(all potential changes were made at 10 mV/sec and the scans were
taken after the current reached a steady state value of less than
1 pA). The changes in the reflectivity (the reversible changes in
the peaks) correlate well with the oxidation/reduction peaks in the
CV. The solid lines are fits to the data and only one out of every
five data points are shown for clarity.

The scans in Fig. 9 were fit with a reflectivity equation devel-
oped for three interfaces, i.e., solution/copper oxide, copper
oxide/copper, and copper/silicon interfaces; the fitting parameters
were the thickness of the copper layer and that of the copper oxide
layer, the roughness of the copper/copper-oxide interface, and that
of the copper-oxide/solution interface, and the correlated rough-
ness of the two interfaces. The most important results can be
summarized as follows. The oxide film thickness was found to be
about 25 A (corresponding well with the measured charge trans-
fer). The corresponding changes in the copper layer thickness are
shown in Fig. 10 (less than 25 A due to the higher density of cop-
per metal). The hysteresis corresponds well with the peak positions
in the CV (Fig. 8). The roughness of both interfaces increased
from about 4 to about 9 A during the course of the experiment.
The correlated roughness was a function of potential (Fig. 10) with
the same hysteresis as the copper thickness, except that the loop
did not close. This was probably due to preferential roughening at
grain boundaries. The significance of these experiments was to
show the unique capability of the x-ray-scattering technique for the
simultaneous, in-situ determination of all these parameters (the
film thicknesses and the roughness of several interfaces including
the correlated roughness of two interfaces) during metal passiva-
tion.

IV. DOUBLE LAYER STRUCTURE STUDIES

An important area of electrochemical research deals with the struc-
ture of the electrical double layer at the surface of electrodes. Sur-
face-x-ray-scattering techniques have been utilized to investigate
this phenomenon including
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Figure 10. Plots of key fitting parameters from Fig. 9. (top) The
thickness of the copper film on silicon. (bottom) The correlated
roughness of the copper/oxide and oxide/water interfaces. The
solid lines are guides to the eye. The open circles are the fitting
parameters in the oxidation cycle and the closed circles are the
fitting parameters in the reduction cycle. The electrochemical ir-
reversibility in these two fitting parameters as a function of po-
tential is apparent.”

(a) the observation of the structure of water in the interphase at
a Ag(111),°** a Au(111),”® and a ruthenium dioxide elec-
trode,*”® and

(b) the distribution of ions at a platinum electrode
liquid/liquid interface.”'"!

1097 and at a
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1. Water at the Silver Surface

The investigation of the water structure at the Ag(111) produced
some unexpected results.**>*? No ice-like structures were found and
the main features concluded from the oxygen distribution (Fig. 11)
were the potential dependent layering of the water molecules ex-
tending to about three molecular diameters with a reorientation of
the water as a function of potential. What was unexpected was the
density of the water molecules in the first layer: 1.1 (at —0.23 V) to
1.8 (at +0.52 V) per silver atoms. One would expect ~ 0.8 water
molecules per silver atom. This high surface density of water was
tentatively explained by the effect the large electric field (~ 107
V/cm) at the surface of the electrode.

Normalized Oxygen Distribution

z (R)

Figure 11. Best-fit of the CTR data for the normalized oxygen distribution of water
near a Ag(111) electrode surface at -0.23 (dashed line) and +0.52 (solid line) V to
the pzc as a function of the distance above the top silver atomic plane. (Reprinted
from reference 38. Copyright (1995), with permission from Elsevier.)
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2. Water at the Ruthenium Dioxide Surface

A different picture emerged from a study of ruthenium dio-
xide(110) single crystal electrodes.®”*® There is a special characte-
ristics of this facet that makes its study especially informative:
certain crystal truncation rods are dominated by scattering from
oxygen atoms only (called further as oxygen-rods) due to the for-
tuitous cancellation of the signal from the two Ru sublattices,
while most other rods are typically dominated by the much heavier
ruthenium atoms. Cyclic voltammogram and x-ray-intensity data
(Fig. 12) indicated a complex behavior, including oxida-
tion/reduction of the electrode and the beginning of oxygen evolu-
tion.

However, the most interesting feature of these changes was
the formation of a commensurate water layer on the surface with a
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Figure 12. Cyclic voltammogram (solid line) and x-ray intensity (circles with error
bars) at (014) measured for the RuO,(110) surface in 0.1 M NaOH. Filled and open
circles are for cathodic and anodic sweeps, respectively. The arrows indicate the
directions of the potential change.®
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structure very closely resembling that of ice X. The x-ray intensity
near the Bragg peaks was very strong in the truncation rods be-
cause the x-ray-scattering amplitudes from many layers are added
in-phase, but this signal was insensitive to the surface structure.
The intensity distribution around the anti-Bragg point (mid-point
between two adjacent Bragg peaks) was typically weak and con-
cave because x rays scattered from different layers were out of
phase, but it was sensitive to the positions of surface atoms. For
instance, if a new layer would form over an ideal termination at a
height twice the bulk spacing, the scattered x-ray amplitude from
the new layer would be added in-phase and the anti-Bragg point
would change from a minimum to a local maximum. Therefore,
the concave-to-convex change in the off-specular oxygen rods,
seen in these measurement near the anti-Bragg point (e.g., (014)
and (105) in Fig. 13), demonstrated the possibility of the formation
of such an extraneous layer of oxy-species. Additionally, this
proved the commensurate nature of the extraneous layer since an
incommensurate or disordered layer would not affect the off-
specular rods.

10* () - (b) (¢
ol I - (100)
N
REN i i
2w} i [
3 $O1L)
St : 2 141x10°
E
2 10 i i
E 0? A I ﬂ I\ [ l\
Sl i A A AR
o -\".ﬁul.".-. ..'n ,_-"': \ -\""w-‘! -""r..@'.- \ ’\,ﬁ'g P s \ §X10)-‘
107 v "

Figure 13. RuO,(110) CTRs at (10L) and (01L) (oxygen rods) and (20L), meas-
ured at potentials of (a) 330 mV, (b) 500 mV, and (c) -200 mV. Solid lines are
the results of the best curvefits.*
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The assumed structure of this layer is shown in Fig. 14(b).
The x-ray scan superimposed on the CV in Fig. 12 was one that
was very sensitive to this layer. These data agreed with the model
of the ice-layer formation as the surface is oxidized, however,
there was an interesting hysteresis in the x-ray scattering not
present in the CV. Apparently, as the surface was reduced there
existed a memory effect and the ice-like water layer structure was
retained, although it was not strongly bound to the surface any
more. As the potential was swept further negative, this layer was
slowly lifted to further and further distance from the surface, Fig.
14(c), till it finally disintegrated. On the other hand, on reversal of
the sweep in the anodic direction, the ice-like layer could not
reform till the surface was oxidized. This is the first instance of the
demonstration of an ice-like water structure in the electrochemical
double layer.
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Figure 14. Ball-and-stick models for (a) 330-mV, (b) 500-mV, and (c) —200-mV
structures. The medium-size balls represent the Ru atoms. The large balls represent
oxygen atoms in the bulk, on the surface bonded to Ru, and in the water molecules,
respectively. The small balls represent the hydrogen atoms, conjectured to show
conceivable hydrogen bonds.®
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3. Ionic Distribution in the Double Layer

Some preliminary measurements were also carried out to test the
feasibility of detecting the ionic distribution changes in the solu-
tion side of the double layer as a function of potential.'””” These
measurements were carried out with a Pt(111) electrode ina 0.1 M
CsF solution; this solution gives a very large double-layer window,
and it was expected that the results will be affected only by the
concentration changes of the Cs* ion since it is much heavier than
the fluoride, which is very similar to water as far as the x rays are
concerned. A potential shift of 800 mV from the point of zero
charge indeed produced a clearly measurable x-ray response (Fig.
15) attributable to the ionic concentration changes since no Fara-
daic reactions take place in this potential range. lonic distributions
were also examined recently at the nitrobenzene/aqueous solution
electrified interface, with the preliminary conclusion that the
Gouy-Chapman model does not correctly describes the system

because it ignores the molecular-scale structure of the solutions.”®
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Figure 15. Reflectivity measured at the potential of zero charge
and at a very negative potential, indicating a systematic differ-
ence that may be explained by the presence of excess cations in
the double layer. °
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V. ADSORPTION/ABSORPTION AT ELECTRODE
SURFACES

While it could be considered part of double layer research, the
contact adsorption of ionic, atomic, and molecular species is a
large area of research in itself. Many systems have been investi-
gated using synchrotron x-ray-scattering as listed in Table 3.

1. Adsorption of Bromide on Gold Surfaces

The adsorption of bromide on Au(100) and Au(111) electrodes
have been described in a series of papers.''®''"""*!"* On the
Au(111) electrode, electrodeposited Br forms an incommensurate,
rotated-hexagonal phase (Fig. 16). The Br coverage increases with
potential and the rotated-hexagonal diffraction pattern appears
when the potential is increased positive of 0.42 V. Between 0.42
and 0.72 V the Br coverage normalized to that of the substrate
increases from 0.465 to 0.515, while the interatomic Br-Br spacing
decreases from 4.24 A at 0.42 V to 4.03 A at 0.72 V. This electro-
compression of the adlayer proceeds monotonically.

Bromide adsorption on the Au(100) surface behaves quite dif-
ferently (Fig. 16) and the potentials where new diffraction features
appear are well correlated with the peaks in the cyclic voltammo-
gram (Fig. 17). At potentials below P2, all diffraction features are
associated with the square pattern from the underlying gold sub-
strate. Positive of P2, additional reflections appear, which corres-
pond to a rectangular, commensurate ¢(N2 x 2V2)R45° bromide
unit cell. Over the entire potential range between P2 and P3, there

Table 3
Adsorption at Electrodes
System References
Acetate on UPD Hg/Au(111) 102
Bron Ag(100) 103-109
Bron Ag(111) 110
Br on Au(100) 50,53,106,109-112
Bron Au(111) 7,56-58,61,62,110,113-116
Br on Pt(100) 117-119

Bron Pt(111) 82,106,109,112,120-127
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Table 3. Continuation

System References
Br on UPD Cu/Pt(100) 128-131
Br on UPD Cu/Pt(111) 130,132
Br on UPD Pb/Pt(100) 130,131
Br on UPD Pb/Pt(111) 130,132
Clon Au(111) 7,56-58,113
Clon Pt(111) 82,120,122,133
CO on Au(100) 52-54
CO on Au(110) and (111) 54
CO on Pt(100) 51,77,80
CO on Pt(110) 33,51,80
COonPt(111) 24,51,67,80,83,84,127,134-137
CO on UPD Bi/Pt(100) 131
CO on UPD Bi/Pt/(111)/Bi 138
CO on UPD Cu/Pt(100) 130,131
CO on UPD Cu/Pt(111) 130,132
CO on UPD Pb/Pt(100) 130,131
CO on UPD Pb/Pt(111) 130,132
CO on Pt(100)/Pd 72
CO on Pt;Sn(111) 85,86
CsI on Au(110) 139
Cu on Au(100) 140
CuBron Pt(111) 122,124,125
CuClon Pt(111) 120,122,133,141-144
Dodecanethiolate on Au(111) 145
Ton Ag(111) 110
TonAu(l11) 7,110
I and alkali metals on Au(110) 139
Ton Au(111) 60,146
TonPt(111) 82
NO on Pt(111) 147
O/OH on Cu(111) 148
OH on UPD Tl/Au(111) 149
Son Ag(111) 40
Son Au(111) 150,151
Silicotunstate on Ag(100) 152
SO4 0on Au(111) 153
SO, on UPD Hg/Au(111) 102,142,153
SO, on Pt(111) 2481
SO, on UPD Co/Pt(111) 154
SO, on UPD Cu/Pt(111) 155
SO, on UPD Cu/Pt(111 x 110) 142
stepped surfaces

SO, on UPD TI/Pt(111) 156
SO4 on Ru(001) 157,158
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Figure 16. (a) The structures of Br on Au(100) and
Au(111). They correspond to A: the commensurate
¢(\V2 x 2\2)R45° structure, B: the uniaxial-incommen-
surate c(V2 x p)R45° structure, and C: the rotated-
hexagonal structure. (b) The potential-dependent bro-
mide coverages, determined from the in-plane diffrac-
tion, versus the applied potential. The Au(l00) and
Au(111) studies were carried out in 0.05 M NaBr and
0.10 M NaBr solutions, respectively. (Reprinted from
reference 110. Copyright (1996), with permission
from Elsevier.)

is no change in the symmetry or in the coverage of bromides. At
potentials above P3, the bromide monolayer is monotonously
compressed uniaxially into an incommensurate c(N2 x p)R45°
phase (p < 2V2). The phase transition is nearly reversible and ap-
pears to be second order.
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Figure 17. Cyclic voltammogram (10 mV/sec) and the corres-
ponding (0,1) x-ray intensity vs. potential curve (1 mV/sec) for
the Au(100) electrode. Peak P1 corresponds to the rearrange-
ment of the top gold layers from a reconstructed-hexagonal to
an ideally terminated surface. (Reprinted with permission from
reference 111. Copyright (1996) by the American Physical So-

ciety.)

2. Adsorption of Carbon Monoxide on Platinum Surfaces

The adsorption of CO on the Pt(111) electrode surface recently
became subject of intense research because of its direct relevance
to the mechanism of poisoning in modern low-temperature fuel
cells. Measurements using STM and IR spectroscopy suggested
the existence of two types of structures: hexagonal close-packed (2
x 2)-3CO lattice with a coverage of 3/4 per surface Pt atom at po-
tentials close to 0 V (RHE), that transforms to another hcp with a
coverage of 13/19 at more positive potentials. The (2 x 2)-3CO
structure was also confirmed by early synchrotron-x-ray-scattering
investigations, but no additional structure was found.®*%127:134
Recent measurements have also confirmed the existence of the
(V19 x V19)R23.4°-13CO lattice."*> Potential-dependent x-ray-
scattering measurements were performed of both the (2 x 2) and
the (V19 x V19) superlattice reflections. The cyclic voltammo-
grams of Pt(111) with and without preadsorbed CO are shown in
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Fig. 18 in 0.1 M HCIO4 + 10 mM NaBr (bromide was added be-
cause it was reported to increase the size of CO domains by block-
ing OH adsorption'”’). Integrated scattering intensities as a func-
tion of potential in a CO-saturated solution are also shown in Fig.
18. The current peak at around 780 mV (RHE) in the anodic scan
(solid line) is due to the oxidation of cc 9% of the preadsorbed CO,
which accompanies transition from (2 x 2) to (V19 x V19). This
transition occurs at a less positive potential (650 mV) in the x-ray
measurements. This is due to the difference in CO pressure and in
the time scale of the two experiments. Whereas the CV
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Figure 18. Top: CVs (first anodic scans) at 50
mV/s with CO preadsorbed at 50 mV (solid line),
at 700 mV after 30 min of Ar purge (dashed), at
700 mV after 60 min of Ar purge (dash-dot), and
without preadsorbed CO (dotted line). Bottom: In-
tegrated SXS intensities (filled triangles) at (1/2
1/2 0.2) and (open triangles) at (3/19 14/19 0.2) as
a function of potential in CO-saturated solution.
Vertical size of the symbols corresponds to error
bars (standard deviation) of the signal. Lines are
drawn for visualization only.'>
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was acquired at 50 mV/s, the X-ray data were acquired stepwise
with cc 4 min time delay. Upon further increase in potential, ad-
sorbed CO is completely oxidized as manifested by the anodic CV
peak at 1020 mV and disappearance of the (V19 x V19) reflection
at 930 mV. The discrepancy between the values of the CO strip-
ping potential can be again attributed to the different experimental
conditions. Upon reversal of the potential scan direction, restora-
tion of the (V19 x V19) structure is delayed to 720 mV, showing
about 200 mV hysteresis between CO stripping and reordering.
Because the CV in the presence of solution-phase CO shows a
similar hysteresis between CO oxidation and adsorption peaks, it
was concluded that CO does not adsorb on Pt(111) in the potential
range between CO stripping and (V19 x V19) formation. This hys-
teresis appears to be an intrinsic phenomenon related to competi-
tion between CO and anions for Pt sites and it is not related to the
slow ordering of the (V19 x V19) phase.

3. Absorption of Oxygen below Platinum Surfaces

Some species can not only be adsorbed on the surface of electrodes
but they can penetrate under the surface layers in an absorption or
intercalation process, such as hydrogen into palladium’>">'*'¢
?gd palladium/niobium'*'® films and oxygen into platinum.”'®"-

Initially Electrosorbed !i orOH

Figure 19. A schematic representation
of the place-exchange model.'®'
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The so called dermasorption of oxygen into platinum (Fig. 19)
was investigated in a number of experiments.”'*'"'* These are
described in more detail in Section VIII.2 with respect to oxide
film formation on platinum.

VI. KINETICSMECHANISM AND ELECTROCATALYSIS
OF CHARGE TRANSFER REACTIONS

The kinetics and mechanism of electron-transfer reactions can be
very strongly influenced by the atomistic structure of the electrode
surface and the absence or presence of adsorbed/deposited species
(and their structures) at the interface. The use of synchrotron-x-
ray-scattering techniques coupled with electrochemical measure-
ments and other surface techniques is a powerful combination to
detect such effects (see Table 4).

1. Oxygen Reduction Reaction on Gold Surfaces

The oxygen reduction reaction (ORR) is of considerable interest
both because of its rather complex mechanism and because of its
practical importance in fuel cells. An example of bromide adsorp-
tion on Au(100) electrodes was already discussed in Section
V.1, and the same system was also investigated in the pres-
ence of dissolved oxygen.'” Figure 20 shows the voltammetry
curve and determination of the Br adlayer structure and stability
during O, reduction in 0.1 M HCIO;, solution containing 10 mM
KBr. The thin solid line in Fig. 20b shows that the diffraction in-
tensity at (1/2, 1/2, 0.1) rises between 0.3 and 0.66 V in the ab-
sence of O,, indicating the existence of the ¢(N2 x 2V2)R45° ad-
layer in this potential region. In the presence of oxygen, the x-ray
intensity (bold line) rises over the same potential region, although
the intensity is slightly weaker. This indicates that the c(\2 x
242)R45° Br adlayer is stable over the entire potential region even
in the presence of oxygen. The electrochemical results with statio-
nary Au(100) and Au(100)/Br electrodes are shown in Fig. 20c.
The bromide adlayer causes a considerable inhibition of ORR,
shifting its half-wave potential by approximately 0.3 V to more
negative values. A comparison of Fig. 20b and 20c reveals that the
ORR in the presence of Br' is completely blocked in the potential
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region of existence of the c¢(¥2 x 2V2)R45° phase. The reaction
takes place only at potentials negative to 0.3 V, where the ordered
Br” structure vanishes and the coverage decreases with decreasing
potential. Therefore, at smaller coverages, a disordered bromide

Reaction Kinetics/Mechanism and Electrocatalysis

System References
Au(111) reconstruction 58
Bi deposition on Au(111) 164
Br adsorption on Ag(100) 108
Br adsorption on Au(100) 50
CO oxidation on Au(100) 49,52,54
CO oxidation on Au(110) and (111) 54
CO oxidation on Pt(100) 77,80
CO oxidation on Pt(110) 33,80
CO oxidation on Pt(111) 51,67,80,83,134
CO oxidation on Pt(111)/Bi 165
CO oxidation on Pt(111)/Pd 74
Cu deposition on Pt(111) 68
Cu UPD on Pt(111) 129,141,142,144
CuCl deposition on Pt(111) 141-144
H, evolution/oxidation on Pt(111)/Pd 73
H, evolution on RuO,(100) and (110) 166
H, oxidation on Pt(100) 77
H, oxidation on Pt(111) 134
H, oxidation on Pt(111)/Bi 165
HCOOH oxidation on Pt(111)/Bi 165
H,0, reduction on Au(100) 47
H,0, reduction on Au(111)/Tl 167
Hg UPD on Au(111) 144
Formaldehyde oxidation on Au(100) 49
Glucose oxidation on Au(100) 49
NO oxidation on Pt(111) 147
O, reduction on Ag(100)/Br 105,106,109
O, reduction on Au(100) 47,52
O, reduction on Au(111)/Bi 168
O, reduction on Au(100)/Br 106,109,112
O, reduction on Au(111)/T1 105,167,169,
O, reduction on Au(111)/TIBr 109
O, reduction on Pt(111)/(100) nanofacets 35
O, reduction on Pt(111)/Ag 109,123,170,171
O, reduction on Pt(100)/Bi 165
O, reduction on Pt(111)/Br 106,109,112,123
S adsorption on Au(111) 150,151
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Figure 20. (a) Voltammetry curve of the Au(100) electrode in
0.1 M HCIO,4 with 20 mM Br’, sweep rate 20 mV/s. (b) X-ray
intensity at (1/2, 1/2, 0.1) position as a function of potential
for Br/Au(100) in the same solution in the absence (dashed
line), and in the presence (full line) of oxygen. (c) O, reduc-
tion on Au(100) in 0.1 M HCIOj in the absence (dashed line)
and in the presence of 20 mM Br (full line). Sweep rate 20
mV/s. (Reprinted from reference 106. Copyright (2000), with
permission from Elsevier.)

adlayer does not cause a pronounced inhibition in the given poten-
tial region of the O, reduction on Au(100) while a complete block-
ing is caused by the (V2 x 2\2)R45° phase.
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2. Oxygen Reduction Reaction on Platinum Surfaces

Another example of the effect on the ORR kinetics and mechanism
is the irreversible adsorption (underpotential deposition) of bis-
muth on the Pt(100) electrode.'® In the absence of oxygen, a ¢(2 x
2) Bi structure was found that was stable over the full potential
range investigated (Fig. 21). From a fit of a Lorentzian line shape
to this data and to other ¢(2 x 2) reflections it was calculated that
the coherent domain size in the Bi adlayer was in the range 25 to
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Figure 21. (a) Base voltammetry of Pt(100) and Pt(100)-
Bii(~ 4 ML) in 0.1 M HCIO4 (50 mV/s). (b) Potential depen-
dence of the x-ray intensity at the (1, 1, 0.4) reciprocal space
position. (¢) Same at (0, 1, 0.4). (d) Rocking scan through the
(0, 1, 0.4) lattice point, which gives rise to a ¢(2 x 2)Bi;
structure and fit to Lorentzian lineshape. (From reference
165. Reproduced by permission of the PCCP Owner Socie-
ties.)
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40 A. It was concluded that Bi orders into small patches of ¢(2 x 2)
structure on the Pt(100)Bi;, surface. The fact that the calculated Bi
coverage (~ 0.4 ML), obtained from the CTR results, is smaller
than the ideal coverage of 0.5 ML implies that this structure does
not fully cover the Pt(100) surface.

The electrochemical data on this electrode in the presence of
oxygen is shown in Fig. 22. Several conclusions were drawn from
these data. At positive potentials (> 0.3 V), the ORR on Pt(100)-
Bi;, and Pt(100) obeyed the same reaction mechanism, which was
determined from Levich plots to be the four-electron reduction of
oxygen to water. The activity on the former surface was reduced
by adsorbed Bi;; due to a reduction of the number of active surface
sites, that is, a pure site-blocking effect was observed. On the other
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Figure 22. (a) Oxygen reduction on Pt(100)-Bi; for different rotation rates
(solid line) and on Pt(100) (dashed line) at 900 rpm for comparison. 0.1 M
HclO4 50 mV/s. (b) Fraction of H,O, formed during the ORR as discerned
from the RRDE measurements on Pt(100)-Bi; (filled circles) and Pt(100)
(open circles). (¢) Levich plots for the ORR on Pt(100)-Bi; at different poten-
tials. (d) Tafel plots deduced from the disk currents at 900 rpm on Pt(100)-Bi;
(filled circles) and Pt(100) (open circles). (From reference 165. Reproduced
by permission of the PCCP Owner Societies.)
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hand, in the more negative potential region (< 0.3 V), much more
peroxide is formed on Pt(100)Bi;, since the formation of pairs of Pt
sites is effectively suppressed by the Bi;. Consequently, the ad-
sorbed bismuth can not only passively block the ORR, but it can
affect the mechanism by changing the ratio of the four-electron to
two-electron paths.

VII. METAL DEPOSITION AT THE SUBMONOLAYER,
MONOLOYER, AND MULTILAYER LEVEL

Some charge-transfer reactions will materially change the surface
composition and structure of the electrode surfaces. One of these
reaction groups is metal deposition either at the submonolayer
level (underpotential deposition, Table 5) or at the multilayer level
(bulk deposition, Table 6). The underpotential deposition (UPD) is
probably the phenomenon most investigated by synchrotron-x-ray-
scattering techniques. In addition of being rather important for
basic electrochemistry, including electrocatalysis, these systems
are ideally suited for these techniques because the layers are typi-
cally ordered and the metals of importance, having high atomic
numbers, are excellent scatterers of x rays. Only four examples
will be described briefly to show typical applications. For the first
three systems, the investigations were carried out from UPD to
bulk deposition.

1. Deposition of Lead on Silver Surfaces

The deposition of lead on Ag(111) is described in a number of
reports.'™'*° The UPD layer of lead (Fig. 23) was found to have a
close-packed-hexagonal structure, incommensurate with the under-
lying silver, and rotated 4.5° about the six-fold axis of the silver
substrate.

An interesting feature of this layer was that it exhibited a two-
dimensional compressibility as a function of potential (Fig. 24).
The lead-lead interatomic distance decreased linearly with poten-
tial until the start of bulk deposition; at more negative potentials,
the structure of the UPD layer remained unchanged with a 2.8%
contraction from bulk lead. The rotational epitaxy degree did not
change with potential. The compression of the structure with
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Table 5
Underpotential Metal Deposition
System References
Agon Au(111) 172,173
AgonPt(111) 109,123,170,171,174,175
Bion Ag(111) 36,176,177
Bion Au(111) 7,60,164,168,178
Bi on Pt(100) 131,165
BionPt(111) 138,165
Cdon Au(111) 179
Coon Pt(111) 154
Cu on Au(100) 140,180,181
Cuon Au(111) 39,115,116,182
Cu on Pt(100) 128-131
CuonPt(111) 120,122,124,125,130,132,133,141,142,144,155
CuonPt(111 x 110) 142

stepped surfaces
Hg on Au(111)
Pb on Ag(111)
Pb on Au(100)
Pb on Au(111)
Pb on Cu(111)
Pb on Pt(100)
Pb on Pt(110)
Pb on Pt(111)
Pb-Bron Au(111)
Pd on Au(100)
Pd on Au(111)
Pd on Pt(100)
Pd on Pt(111)
Tl on Ag(100)
Tlon Ag(111)
T1 on Au(100)
Tlon Au(111)
Tlon Pt(111)
TI-Br on Au(111)
TI-Cl on Au(111)
TI-I on Au(111)

102,142,144,153,183
184-190

45,46

186,173, 190
148,191
118,119,130,131,192
192
67,126,130,132,192
193

194

69,194

72

73-75

195

90,190,196-198

199
62,105,109,149,167,169,190
156

105,109,200,201

193

193

potential was tentatively explained by a thermodynamic driving
force due to an ionic overpressure. This would arise because the
ionic concentration of lead in the solution (which is in equilibrium
with the UPD layer at the potential of its formation) is unchanged,
but at the more negative potentials, a lower concentration would be
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Table 6
Bulk Metal Deposition
System References
Ag on UPD Pb/Au(111) 173
Au(100) on itself 202
Au(111) on itself 71
Auon Si(111) 203
Co on Cu(100) 204,205
Co on Si(111) 91
Cu on Au(100) 68,181,206
Cuon Au(111) 68
Cu on GaAs(001) 92,207
Cuon Si(111) 91
Ni and Ni/Fe alloy (polycrystalline) 208
OsonPt(111) 209
Pbon Ag(111) 184,188,189
Pb on Au(100) 45,46
Pb on Si(111) 203,210
Pd on Pt(100) 72
Pd on Pt(111) 75
Tl on Ag(100) 195
Tl on Au(100) 199

needed for equilibrium. This driving force was assumed to exist
even under nonequilibrium conditions.

Lead deposited over the UPD layer was not found to be epi-
taxial with the UPD layer and the crystallites must have been ran-
domly oriented as no reflections were observed from them. After
about five equivalent monolayer deposition, the signal completely
disappeared, indicating that the UPD layer itself became restruc-
tured. The lead signal reappeared after about 100 equivalent mono-
layer deposition, and the signal could be explained by (111) fiber-
structured islands which were somewhat randomly oriented in the
plane of the substrate.

2. Deposition of Palladium on Platinum Surfaces

The growth of palladium films on Pt(111) from the submonolayer
to the multilayer level has been described in a number of papers.
7 1t was found that Pd films deposited electrochemically onto
Pt(111) exhibited a pseudomorphic growth, whereby a full pseu-
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Figure 23. Voltammogram for the deposition of
lead on silver(111). Potentials are measured rela-
tive to Ag/AgCl. Scan rate 20 mV/s, 0.005 M lead
acetate, 0.1 M sodium-acetate, 0.1 M acetic acid.
Shows UPD at about -0.4 V and the beginning of
bulk deposition at about -0.55 V. (Reprinted with
permission from reference 184. Copyright (1988)
by the American Physical Society.)
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Figure 24. Lead-lead near-neighbor distance vs. electrode
potential. (Reprinted with permission from reference 184.
Copyright (1988) by the American Physical Society.)
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Figure 25. (a) CV from the Pt(111)-n ML Pd surface at differing levels of Pd cov-
erage. For n < 1 (the SUB-ML regime), the CV shows the emergence of a peak at
~0.21 V due to Pd surface adsorption sites; for » = 1 (the ML regime), the ~0.21 V
peak has saturated (the dashed line shows the CV of the clean Pt(111) surface); for
n =2 (the 2-ML regime) the emergence of a second peak at ~ 0.3 V due to Pd step
sites concurrent with a reduction of the peak due to Pd surface terrace sites is evi-
dent; for n > 2 (the N-ML regime) it is evident that the second peak now dominates
indicating a much greater number of step sites than terrace sites. (b) A schematic of
the surface in each case as inferred from the Pd coverages obtained from the SXS
results, the darker circles are Pt atoms and the lighter circles are Pd atoms. (Re-
printed from reference 75. Copyright (2002), with permission from Elsevier.)

domorphic monolayer was completed before the onset of three-
dimensional island formation (Fig. 25). The Pd atoms were found
to be located at threefold (fcc) hollow sites continuing the ABC
stacking of the bulk lattice.
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Up to two monolayers, the CTR data were fitted to a model
with the following structural parameters: the relaxation of the top-
most Pt atomic layer from the bulk position, the coverage of Pd per
Pt atom, the Pt-Pd surface normal spacing, and a Debye-Waller
type rms roughness of the topmost Pt atomic layer and of the Pd
adlayer. Good fits were obtained with the pseudomorphic model
with a slight expansion of the topmost Pt layer and the first Pt-Pd
distance. With two monolayer equivalent deposition, the best fit
indicated that a full second layer was not formed, rather islands of
up to three layer heights were formed, continuing the ABC stack-
ing. Similarly, for the N-layer cases, island growth was found. A
good fit to the data was obtained (Fig. 26) using a statistical model
of the layer occupancy with Lorentzian distribution. The electroca-
talytic properties of these films were also investigated for the hy-
drogen evolution/oxidation reactions’ and the oxidation of carbon
monoxide.”

3. Deposition of Thallium on Silver Surfaces

Thallium was found to form two UPD layers on the Ag(100) sur-
face before bulk deposition.'”” The cyclic voltammogram (Fig. 27)
showed a broad cathodic peak at —0.225 V that is the initial UPD
of Tl. It was followed by the sharp peak at —0.335 V which, ac-
cording to the x-ray-scattering measurements, corresponded to the
formation of a close-packed Tl monolayer. At —0.460 V, the large
peak signaled the deposition of the second T1 layer which oc-
curred at a potential about 10 mV positive of the bulk deposition.
Below the reversible Nernst potential of —0.472 V (dashed line),
the onset of bulk deposition gave rise to a sharp increase of the
cathodic current.

X-ray-scattering results (Fig. 28) indicated that thallium
formed a c(p X 2) close-packed monolayer which compresses un-
iaxially (p decreasing from 1.185 to 1.768) with decreasing poten-
tial. Upon deposition of the second layer, the first layer expands
slightly along the incommensurate direction and both layers form a
c(1.2 x 2) structure. After deposition of a few hundred nominal
atomic layers, the x-ray results (Fig. 29) indicated that several very
sharp and intense peaks appeared in the two surface rods. These
equally spaced spikes along the L direction were indicative of the
formation of well-ordered three-dimensional crystallites. Despite



294 Zoltan Nagy and Hoydoo You

the presence of these spikes, the intensity at all other positions are
nearly the same as the ones measured at —0.47 V (circles) for the
Tl bilayer. A tentative explanation for the constant intensity in the
bilayer rods was suggested: the bulk crystallites only covered a
small region of the crystal.

Intensity (Arb units)

1(units of c*)

Figure 26. Specular and first order non-specular CTRs
for the N-ML surface in 0.05 M H,SO,, taken at an
electrode potential of 0.05 V. The circles represent the
data, the solid line is a best fit to the data using a struc-
tural model involving a half-Lorentzian distribution of
layer occupation for pseudomorphic layers of palla-
diums. The dashed lines are calculated for an ideally
terminated, clean Pt(111) surface. Inset: plot of the Pd
layer occupancy derived from the fit to the CTR data.
(Reprinted from reference 75. Copyright (2002), with
permission from Elsevier.)
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Figure 27. Linear sweep voltammogram for UPD
of Tl on Ag(100) in 0.1 M HCIO,, with 2.5 mM
TI,SO, obtained in a conventional electrochemi-
cal cell. The Nernst potential for T1 bulk deposi-
tion is indicated by the dashed line. Sweep rate 5
mV/s. (Reprinted from reference 195. Copyright
(1995), with permission from Elsevier.)
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Figure 28. Upper panels: diffraction scans along the H direction
through two low-order diffractions of the c(1.2 x 2) TI bilayer (cir-
cles) at —0.47 V and of the c(p x 2) monolayer (squares) at -0.46 V.
The solid lines are the fits to a Lorentzian line shape. Lower panel:
the real space models for the commensurate c(1.2 x 2) bilayer and the
c(p x 2) monolayer. The diameter ratio of the open (the first T layer)
and lightly shaded (the second TI layer) circles to the filled (Ag) cir-
cles is 3.456/2.889 = 1.196, which equals to the ratio of bulk TI sepa-
ration in the hexagonal plane (3.456 A) over the Ag-Ag separation
(2.889 A). (Reprinted from reference 195. Copyright (1995), with
permission from Elsevier.)



Applications of Synchrotron X-Ray Scattering in Electrochemistry 297

8F (o) (0.83305L)
6F -
4t .
2F _
)
Sot .
<1, 1 1 L 1 1 L
< 4 i b)l T T T T
> HKL SH(ABA) Sf(ARC) ( 667.0.L)
i 101 0.75 1.00
S3F 102 025 0.33 1
€ | 103 075 033 |4 _
111 000 033 4
2F 112 100 033 -
113 000 0.33 |
1t i
0 " 1 1 L i 1 ]

0 0.5 1 1.5 2 25
L (units of c*)

Figure 29. Surface rods measured at —0.47 V For the ¢(1.2 x 2) bilayer
(circles) and at —0.53 V for the ¢(1.2 x 2) bilayer plus hcp multilayers
(triangles). The solid lines are for guiding the eyes. The (10) and (11) TI
rods are measured at (0.833, 0.5) and (1.667, 0) in-plane positions of the
substrate coordinate, respectively. The inset of (b) lists the calculated
structure factors for AB and ABC stacking sequences of Tl multilayers
at six Bragg positions. (Reprinted from reference 195. Copyright (1995),
with permission from Elsevier.)
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4. Deposition of Copper on Gold Surfaces

Bulk deposition of copper on Au(111) was found to form pseudo-
morphic epilayers that were fully relaxed after the deposition of
the first monolayer.® A monotonic increase of the x-ray signal was
observed, indicating a homogeneous growth rate (Fig. 30). An
interesting feature of these results was the observation that the
copper layer thickness decreased in time after the cessation of de-
position, this was explained as the dissolution of copper by the free
radicals formed through the radiolysis of the solution. This phe-
nomenon will be discussed in more detail in the Appendix.

(112 1.12 0.1) stops depositon
2500 -
Cu deposition @ -0.15 V
2000 A \‘.
A 5mV/s [
& \
g [
% 15004 t
S starts Cu deposition
£ ] Beam stoped
for 1 min.
1000
500 T T T T N T M T T T
0 200 400 600 800 1000

Time (s)

Figure 30. Evolution of the fully relaxed copper peak as a function of the deposition
time. Scan starts with the potential at 0.8 V (no Cu adsorbed), the potential is then
reduced at 5 mV/s until the deposition potential of —0.15 V is reached. (Reprinted
from reference 68. Copyright (1999), with permission from Elsevier.)
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VIII. OXIDE FILM FORMATION ON METALS AND
PASSIVATION

Another charge-transfer reaction that changes the composition and
structure of metal electrodes is oxidation and the resulting oxide
film formation (Table 7). Some of these films may be passive
films providing corrosion protection; consequently there is some
overlap between this and the following Section IX on corrosion.
The formation of passive oxide film on polycrystalline copper was
already discussed in Section II1.2(ii). Oxidation/reduction of elec-
trode surfaces other than metals have also been investigated, such
as Ru0,.82!!

1. Oxidation of Ruthenium Surfaces

The electrochemical surface oxidation of Ru(001) in 1 M H,SO,
was found to be limited to a one-electron process resulting in one
monolayer oxygen uptake at potentials below the onset of bulk
oxidation.””""*® At a potential negative to surface oxidation, a bi-
sulfate coverage of approximately 1/3 was found with an oxygen
adlayer of about the same coverage, while the Ru(001) surface
remained nearly ideally terminated. At a potential positive to the
surface oxidation, the oxygen coverage increased to one while the
bisulfate coverage decreased to 0.08 (Fig. 31 and 32). However, no

Table 7
Oxide Films
System References
Ag(polycrystalline) 89,212
Cu(polycrystalline) 23,163,212-214
Cu(111) 148,215
Fe(polycrystalline) passivation 216
Fe(100) and (110) passivation 217,218
Nb(polycrystalline) 93
Ni(111) passivation 219-221
Pt(111) 4,10,24,25,95,96,161-163,222
Ru(001) 157,158
Si(100) 214,223
Stainless steel passivation (polycrystalline) 216,224
Ta(polycrystalline) 93

T1 UPD on Au(111) 149




300 Zoltan Nagy and Hoydoo You

0.1V, HSO,” 0.31 ML 1.0V, OH™ 1.0 ML
H 0" 0.31 ML HSO,” 0.16 ML

Figure 31. Upper panel: Specular reflectivity (structure factor
squared) measured for Ru(001) at 0.1 V (circles) and 1.0 V
(plus signs) in 1 M H,SO4 with the dot-dash line showing the
calculated curve for an ideally terminated Ru(001). The dashed
and solid lines are the fits to the models shown in the lower
panel, dashed: sulfate only, solid: sulfate and oxygen. Lower
panel: Proposed structural models where the O, S, and Ru atoms
are represented by the open, heavily shaded, and lightly shaded
circles, respectively. The layer spacings are given in A and co-
verages are given in monolayer (ML). (Reprinted with permis-
sion from reference 157. Copyright (2001), from American
Chemical Society.)
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Figure 32. X-ray intensities as a function of potential and the corres-
ponding voltammetry curve for Ru(001) in 1 M H,SO,. Sweep rate = 1
mV/s. The x-ray intensities measured at the (0,0,1.1) and (0,0,2.5) posi-
tions are shown after subtracting the diffuse scattering background and
normalizing the intensities at the most negative potentials to unity. The
vertical dotted line highlights the critical potential (0.57 V) where the
onset of structural changes due to the surface oxidation/reduction occurs.
(Reprinted with permission from reference 157. Copyright (2001), from
American Chemical Society.)
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in-plane diffraction features could be correlated to any ordered
(sub)monolayer oxygen phases, presumably because the expected
x-ray intensity from an oxygen adlayer would be very weak rela-
tive to the diffuse scattering background originating from the thin
solution layer and the plastic film of the x-ray-electrochemical
cell.

Further insight was obtained into these surface processes by
monitoring the x-ray intensities at the (0,0,1.1) and (0,0,2.5) posi-
tions while sweeping the potential between 0 and 1.2 V at 1 mV/s.
Figure 32 shows these potential-dependent intensities together
with the voltammetry curve. Both the bisulfate desorption and a
layer expansion of the Ru surface would be expected to contribute
to the intensity increase at the (0,0,1.1) position at high potentials,
but the latter has a dominant and opposite effect on the x-ray in-
tensity at (0,0,2.5). The (0,0,1.1) intensity was found to be constant
up to 0.57 V in the positive potential sweep suggesting that no
significant change in either Ru surface or adlayer coverage oc-
curred below this critical potential, even though the anodic current
started to rise at a slightly more negative potential. Above 0.57 V,
the (0,0,1.1) intensity continuously increased with increasing po-
tential, which is accompanied by the intensity decrease at the
(0,0,2.5) position. This confirmed that an electrooxidation-induced
surface expansion occurred on Ru(001) above this critical poten-
tial. After the potential sweep reversal, both x-ray intensities re-
mained constant over the entire oxide formation potential region
down to 0.57 V. At this critical potential, the onset of oxide reduc-
tion occurred, which was followed immediately by changes in the
(0,0,1.1) and (0,0,2.5) intensities. The steep slopes in the x-ray-
intensity curves correlated well with the reduction current peaks.

2. Oxidation of Platinum Surfaces

The oxidation of the Pt(111) surface was already briefly discussed
in Section II1.2(7) with respect to surface roughening. X-ray scat-
tering was also used to investigate many other aspects of the sub-
monolayer/monolayer oxidation/reduction of that surace.*'**>*%16!-
13 1t was found (see Fig. 33 and 34) that there are three distinctly
different behaviors that can be best separated in terms of the total
amount of charge transferred during the surface oxidation (ex-
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Figure 33. Voltammogram of Pt(111) in 0.1 M HCIO, solution (bottom
curve) and the change of scattered x-ray intensity at (0,0,1.3) versus poten-
tial (top curve). The potential scale is referenced to the potential of the be-

ginning of hydrogen evolution in the CV.'*!%?

pressed in units of number of electrons transferred per surface
platinum atom, ¢ /Pt):

(@)

()

()

Up to approximately 0.6 ¢/Pt, (~ 0.9 V) there was no
change in the x-ray scattering in spite of the obvious elec-
trochemical indication of surface oxidation.

Between approximately 0.6 and 1.7 ¢ /Pt (up to approx-
imately 1.2 V), an increasing deviation was found from the
scattering measured at oxide-free surfaces. However, upon
electrochemical reduction of the surface, the original oxide-
free surface scattering was always reproduced, indicating
that the surface processes were completely reversible.
Oxidation for > 1.7 e /Pt irreversibly changed the x-ray
scattering, indicating an irreversible roughening of the sur-
face (see Fig. 6 in Section I11.27).
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Figure 34. (O0L) scans of Pt(111) in 0.1 M HCIO, solution, normalized
to the oxide-free scan. The scans are offset for clarity. The potential was
changed to four consecutively more oxidizing potentials between 1.025
V and 1.175 V. Finally, the surface was reduced, and the final x-ray
measurements indicated that the original smooth surface was recovered.
The lines are fits with the place-exchange model.”

The following explanation of these observations was pro-
posed. (With the caveat that only the positions of the Pt atoms can
be considered in the modeling of the x-ray scattering because the
electron densities of both the OH™ and O” species are negligible
compared with that of Pt. Therefore, x rays cannot distinguish be-
tween the OH™ and O™, nor can they be used to determine directly
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the position of these species.) During the first phase of surface
oxidation, either the OH™ or O* was chemically adsorbed onto the
surface without changing the structure of the underlying platinum.
These structures represent dipoles and, because the high repulsive
dipole-dipole interaction energy, adsorption occurred in nearest-
neighbor-avoiding configuration till at a critical point of coverage
some of the dipole structures was flipping around resulting in
place exchange (sometimes called dermasorbed oxygen). Model-
ing of the x-ray-scattering data indeed gave the best fit with the
place-exchange model (Fig. 34 and 35). The fraction of place ex-
changed platinum atoms increased linearly from about 0.21 to 0.33
for the four scans shown in Fig. 34. At this phase of the oxidation,
it was possible to essentially recover the original smooth platinum
surface with cathodic reduction of the oxide layer. The proposed
consecutive surface structures are shown in Fig. 36.
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Figure 35. The (O0OL) scan at 1.175 V with fits based on several models. (The
data reproducibility is indicated by the good agreement between datasets taken at
two different synchrotrons.) Dot-dashed: ideal surface; long-dashed: buckled
surface; short-dashed: C10,” adsorption; solid: place exchange.'*
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Structure 1

0.29e~ /Pt

Structure 2

0.59e~/Pt

Structure 3

0.88e~/Pt

Structure 6

>1.75e7 /Pt

Figure 36. Six possible structures of the oxidized surface.'*'*

Once a full monolayer of the place exchanged structure was
completed (at the oxidation of 1/3 of the platinum atoms in the
surface), upon further oxidation OH or O reacted with the place-
exchanged Pt atoms. Therefore, the formation of the Pt—O or
Pt—OH (shown in the boxes in Fig. 36) was accompanied by a
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decrease of the metal-oxygen bond strength in the second layer of
platinum atoms. Consequently, the newly formed Pt+—O or
Pt—OH would easily move away from their original positions by
surface diffusion, and reduction of the oxide would not recover the
original Pt surface structure, resulting in irreversible roughening of
the surface.

While the above results permitted the examination of the
physical morphology of the surface, the novel technique of reson-
ance surface scattering (RASXS) permitted the examination of the
surface oxidation state.****** In structures 1 and 2 in Fig. 36,
where oxyspecies chemisorbed on the surface without disrupting
the top Pt layer, the RASXS measurements indicated no measura-
ble chemical shift despite the expected chemisorption. It was con-
cluded that in this case the chemical shift is too small to be meas-
ured with this technique. In Structures 3-4, it was found that the
measured RASXS spectra were easily modeled by the oxide mono-
layer (1/3 Pt layer and 2/3 oxyspecies). The fit value for the reson-
ance energy shift of the top 1/3 monolayer Pt atoms was a surpri-
singly large value of 9(+2) eV. This large shift was attributed to
the change in the work function of Pt surface. The top Pt oxide
layer becomes an insulating layer which has no longer a Fermi
level. The resonance energy is the energy difference between the
ground and the lowest unoccupied intermediate states.”” In case of
bulk platinum in metallic state, the lowest unoccupied intermediate
state is at the Fermi level. In the case of oxide layer(s), the Fermi
level falls at the insulating band gap, thus the lowest intermediate
state available is at the vacuum level. Since the work function of
platinum metal is ~ 6 eV, the actual binding energy shift of the
oxidized Pt atoms is ~ 3 eV. This value is not unreasonable for the
Ly core binding energy shift upon oxidation and it indicates the
higher oxidation state of these structures. Similarly, it was possible
to model Structure 6 with the resonance energy shift of the top two
layers (1/3 first and 2/3 second layers). It was concluded that the
top two layers of Pt and oxygen atoms form a bilayer oxide of
PtO, when the electrochemical potential exceeds ~ 1.2 V or the
charge transfer amount is larger than 1.75 ¢/Pt.
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IX. CORROSION AND METAL DISSOLUTION

The opposite of metal deposition is the charge-transfer reaction
involving metal dissolution. These reactions are also the central
reactions in the phenomenon of metallic corrosion (see also the
previous Section VIII on passive film formation). The corro-
sion/electrodissolution of As from GaAs(001),”>**" CuzAu(111),
91228 holycerystalline copper,””**° and steel”' have been reported.

1. Pitting Corrosion of Copper Surfaces

In one study, the electrochemically-induced pitting process on a
copper surface in NaHCO; solution was monitored using in-situ x-
ray off-specular reflectivity measurements.””>*** The morphology
and growth dynamics of the localized corrosion sites or pits were
studied. Analysis of the experimental results indicated that early
pitting proceeded in favor of nucleation of pit clusters over indi-
vidual pit growth. It was found that the lateral distribution of the
pits was not random but exhibited a short-range order as evidenced
by the appearance of a side peak in the transverse off-specular ref-
lectivity. Fitting of the experimental results employing an island
model with the distribution of islands satisfying the hard-sphere
model (Fig. 37) yielded the average size, nearest-neighbor distance
(within any one of the clusters), and over-all density of the pits
averaged over the entire surface (Fig. 38).

X. POROUS SILICON FORMATION

Roughness of surfaces can also be investigated at a much larger
scale than atomic layer level (discussed in Section III.2), as it was
carried out for the investigation of the anodic formation of porous
silicon layers 2! 5%

The experiments were performed with p'-type silicon with a
resistance of 0.015 /cm, and the (100) surface investigated had
an initial roughness of 2 to 3 A. The electrolyte solution was
~ 25% HF solution (50% aqueous HF diluted with an equal vo-
lume of ethanol). The two main characteristics of specular reflec-
tivity utilized in this work were:



Applications of Synchrotron X-Ray Scattering in Electrochemistry 309

E —7r1I 15T 3
L » g, =0.15A1 7
E > . 3
E cl.v. L E
= '-'l.nl-....l"' . ...".-.'-lnl .:
.5 - . .". . o,
o F - . E
8 N R o~ o ey, . N 5
2 F o T E
EZ I3 .. - 3
g X "".."'.. 0~: ’Ol'v T IR PO
E . . 'v' 3
e T M 4min.]
3 R
E . . . ~. . E
rE= -t q..s- v-'...---u". « . i “..'n.nu.nu- B.min. y
Lt o : §
rE=+02V e . :
. 0, .:.-ooo.-...o -l : L ) -I. o ...-..,._-.,.." , .
-4 2 0 2 4
q, (10#A1)

Figure 37. X-ray transverse off-specular reflectivity at the pit-
ting potential of 0.5 V after various holding times. (Reprinted
from reference 230. Copyright (1996), with permission from El-
sevier.)

(a) the critical angle for total external reflection, and
(b) the Q dependence of the reflectivity.

Diffuse scattering was also used around the Bragg reflections to
study the in-plane structure of the pores. One series of reflectivity
scans obtained are shown in Fig. 39. The top two scans were car-
ried out before any anodic dissolution. The subsequent scans were
made after the application of a successively increasing number of
dissolution pulses at 10 mA/cm? resulting in the dissolution of the
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Figure 38. Time dependence of the average size, nearest-neighbor dis-
tance of pits within a cluster, the number of pits per cluster, and the
number of clusters. (Reprinted from reference 230. Copyright (1996),
with permission from Elsevier.)

equivalent of solid silicon layers ranging from approximately 135
to 2,500 A, for a grand total of 24,000 A. All the scans were linear
for angles larger than the critical angle, and the slope of the reflec-
tivity scans changed during the first few successive dissolutions
but remained constant thereafter. In other words, the interface den-
sity profile reached a steady state functional form at a critical dis-
solution depth (~ 300 A of solid silicon for this particular set of
data). This observation indicated the existence of an interfacial
region where the density gradually changed, followed by another
layer where dissolution in excess of a critical depth did not signifi-
cantly alter the density profile any more. Furthermore, this obser-
vation also indicated that the interface density profile should fol-
low a power law. The critical angle was well defined for all the
scans, and it decreased continuously as the total dissolution
amount increased. The critical angle of the top two scans (zero
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porosity) was 0.025 A, and it decreased to 0.018 A™" for the last
scan (indicated by the arrows in Fig. 39). The porosity of silicon
could be estimated from the measured critical angles. For example,
the porosity of the last scan was approximately 52%. This porosity
was averaged over a depth of 1.4 um, which was the penetration
depth of x rays at the critical angle.

Two possible pore distribution models consistent with the
power-law density profile are schematically shown in Fig. 40:

(a) tapered pores with relatively uniform length across the sam-
ple surface, and

(b) pores with uniform radius and a length distribution match-
ing the overall power-law interfacial-density profile.
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Figure 39. A series of reflectivity scans during anodic oxidation of

silicon. The scans are offset from each other for display purpos-
10,232
es.
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—

(a) (b)

Figure 40. Two possible pore distributions consistent with the reflectivity
scans.' "

The reflectivity data were consistent with either possibility or with
any combination of them. Therefore, additional measurements
were made for diffuse scattering around the Bragg reflections to
determine which model was closer to the real structure of the
pores. It was found that a funnel-shaped (tapered) interfacial layer,
followed by a layer of uniform porosity with relatively straight
circular pores and increased branching with depth provided the
best fit to the data. For the particular conditions, the porosity was
around 50%, and the pore diameter was about 50 to 70 A. It was
also found that the space-charge regions became insulating layers
between the pores, because the holes must overcome the potential
barrier of the space-charge region for the dissolution process to
continue. To illustrate this, schematic views of pore cross sections
at a given depth are shown in Fig. 41. (a) Illustrates the mechanism
of pore repulsion. The arrows represent growth rates, the white
area is space-charge region, and the gray background is solid sili-
con. Holes cross freely in the direction of the long arrows, but
fewer hole crossings are possible across the space-charge region in
direction of the short arrows. Consequently, a pair of holes will
grow apart, thereby, avoiding the overlap between nearest neigh-
bors. Figure 41(b) illustrates the termination of lateral growth of
the pores. The growth of the pores towards each other will be ter-
minated when three pores meet. Only three pores are shown for
illustration purposes, but lateral growth of pores will be similarly
terminated when all pores are closely packed.
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Figure 41 Schematic diagrams for pore formation: (a) pore repulsion (b) termina-
tion of lateral growth.”*

XI. INVESTIGATION OF INTERPHASES OTHER THAN
METAL/ELECTROLYTE

Synchrotron-x-ray-scattering techniques can be used also for the
investigation of electrode surfaces other than solid metals and met-
al alloys under aqueous electrolytes. Electrode surfaces of liquid

. 2352 .
gallium and  mercury,”>’  semiconductors such  as

Si203,210,2]1,214,223,232-234 and GaAS,92,207,226,227 and bulk OXideS Such
as RuO,* #1911 were also investigated under aqueous electro-
lytes. Electrodeposition by electrochemical atomic layer epitaxy
(ECALE), CdS deposition on Ag(111), was also investigated.** As
was the Au(111)/polymer-electrolyte interface®® and a liquid/liquid
interface.”®'"" The ionic adsorption and the structure of the elec-
trical double layer at mineral/electrolyte interfaces were also in-
vestigated without using potential control.'* A number of these
systems have been briefly discussed in previous sections.

1. Oxidation of Ruthenium Dioxide Surfaces

The surface structure and oxidation/reduction of RuO,(100) in
H,SO, solution was investigated and described in a number of
papers.””**!! The structure was found to display marked changes
with potential. The cyclic voltammogram and the very closely cor-
responding x-ray-scattering response are shown in Fig. 42. A fit-
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ting analysis revealed that the Ru plane at the surface is signifi-
cantly expanded (about 0.15 to 0.2 A) when reduced. In addition to
the surface expansion, the Ru—O bonds at the surface were found
to be significantly distorted. The distortion of the surface structure
is consistent with the reduction of RuO, to Ru(OH)O, in which a
proton is inserted in the surface of the RuQ, lattice to balance the
change of the oxidation state of Ru from +4 to +3. This behavior is
completely reversible over many cycles. Some results reported for
the RuO,(110) facet were already described in Section IV.2 in
connection to the study of water structure in the double layer. The
catalytic behavior of both these facets for hydrogen evolution reac-
tion was also investigated.'®®
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Figure 42. Cyclic voltammogram of RuO,(100) in 0.5 M H,SO, solution and
the corresponding x-ray-scattering intensity."’
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XII. CONCLUDING REMARKS

It was the intent of this chapter to demonstrate the usefulness of
synchrotron-x-ray-scattering techniques for the in-situ investiga-
tion of a wide range of phenomena occurring in the electrochemi-
cal interphase. In the interphase that extends from a few A to a few
thousand A in both the electronically and the ionically conducting
phases. The phenomena that can be investigated include, among
others, the morphological and chemical nature of the solid inter-
face, adsorption and absorption occurring at the interface, the
structure of the electrochemical double layer, and the deposi-
tion/dissolution and oxidation of metal interfaces. Many interphas-
es other than those occurring between a solid metal and an aqueous
solution can also be investigated. These in-situ measurements were
made possible by the advent of synchrotrons, which provide x rays
orders of magnitude more brilliant that prior sources. While expe-
riments at synchrotron beamlines can be difficult, time consuming,
and sometimes frustrating,® the results, which usually cannot be
obtained with any other technique, are making them worthwhile.

APPENDIX

Typical schematics of an experimental setup at a synchrotron
beamline using a transmission-geometry x-ray-electrochemical cell
is shown in Fig. 43.

Reference

- Count
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Electrode
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— Working Electrode

Figure 43. A schematic diagram of the experimental set-up of the electrochemical
cell and the beamline at the synchrotron.'’
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Several x-ray-electrochemical cell designs have been devel-
oped based on different x-ray geometries. Some of the design fea-
tures will be described in this Appendix, together with some spe-
cial precautions needed in electrochemical experiments at synchro-
tron beamlines.

1. X-Ray-Electrochemical Cell Designs

There are two x-ray geometries used in cell designs, which are
called: reflection (Bragg) and transmission (Laue) geometries. The
reflection geometry is shown schematically in Fig. 44a. The win-
dow of the cell through which x rays pass is parallel to the inter-
face of interest. It is analogous to Bragg geometry for the single-
crystal scattering case where the interface of interest is considered
as a Bragg plane. The other possibility is to perform the x-ray-
scattering studies in a transmission geometry (Laue geometry)
where the incoming x rays pass through a window perpendicular to
the interface of interest and the outgoing x rays pass through a
second perpendicular window. The cell geometry for the Laue case
is shown schematically in Fig. 44b. The earliest reports for x-ray-

(@ (b)

Figure 44. (a) Reflection (Bragg) geometry. (b) Transmission (Laue) geometry. The
upper figures are for the solid/water (electrochemical) interface and the lower ones
are for single crystals.'
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electrochemical cell designs probably were those published in the
mid 1980s for EXAFS experiments using the reflection geome-
try”> and the transmission geometry,”****! and for surface x-ray
diffraction experiments.**?

(©) Reflection-Geometry Cell Design

The reflection-geometry cells are, by necessity, thin-layer
cells (Fig. 45). A few micrometer thin plastic film (typically poly-
propylene) window covers and seals the cell with a thin capillary
electrolyte film of a few micrometers between the working elec-
trode surface and the plastic film. The counter and reference elec-
trodes are positioned in the solution reservoir behind and surround-
ing the working-electrode holder. For electrochemical manipula-
tions, the thin film is expanded by the application of a slight over-
pressure, followed by the application of a slight underpressure to
collapse the film for x-ray measurements. An early design'® is
shown in Fig. 45, while several variations, using essentially the
same design principles, were also reported.*! 194204243

Figure 45. Thin-layer, reflection-geometry
x-ray-electrochemical cell. (A) working
electrode, (B) Ag/AgCl reference electrode,
(C) counter electrode, (D) polypropylene
window, (E) o-ring holding polypropylene
film to cell, (F) external electrical connec-
tion to the working electrode, (G) solution
inlet, and (H) solution outlet. (Reprinted
from reference 185. Copyright (1988), with
permission from Elsevier.)
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(ii) Transmission-Geometry Cell Design

A transmission-geometry type cell is shown in Fig. 46.'%%2%
The cell is a layer-type, sandwich configuration, consisting of a
Teflon center section that houses the electrodes and shapes the
electrolyte cavity, surrounded on both sides by thin plastic mem-
branes; the membranes are pressed in place by a pair of Teflon
inner frames, which, in turn, are supported by a pair of outer metal
frames. The schematic view in Fig. 46 shows only the center sec-
tion and one of the two sets of framing pieces of the cell. The pair
of inner and outer frames is cut with appropriately shaped slits to
permit the x rays to enter and exit the cell through the membrane
cell windows in a range of 45°. The assembly is held together by
bolts that compress the inner frames and the center section to pro-
vide a solution-tight seal around the edges. The outer frames are
also equipped with appropriate mounting fixtures to attach the cell
to a four-circle x-ray spectrometer.

VENT/FEED Pl MEMBRANE

METAL
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| — COUNTER
ELECTRODE
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WORKING
ELECTRODE

CONTACTS

Figure 46. Transmission-geometry x-ray-electrochemical cell design.
Schematic drawing, not to scale.'
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The electrolyte cavity is so shaped as to accommodate rotation
of the cell by 90° in either direction and still provide gas space
above the electrolyte with the working and counter electrodes fully
submerged. For the same reason, there are two vent holes, one in
each upper corner of the electrolyte cavity. The cell is further
equipped with solution-fill and gas-bubbler tubes, and connections
to purge or fill the space below the working electrode. These in-
put/output connections are made of Teflon tubings that are tightly
fitted into holes drilled in the Teflon center section, their functions
are generally interchangeable. Electrical contact is made at both
ends of the working electrode using lead wires that are pressed
against the bottom of the electrode. The lead wires are sealed in a
Teflon sheath that forms a tightly fitting, sliding seal in the center
section. The inert metal wire counter electrode is positioned above
the working electrode surface, traversing its full length to provide
a uniform current distribution. The reference electrode is posi-
tioned close to the working electrode surface to ensure a small
uncompensated ir-drop in the solution. Either internal or external
reference electrodes can be used. Internal reference can be, for
example, chloride or oxide coated silver wire sheathed in Teflon
tubing except for a few mm at the working end. In the case of an
external reference electrode, a small Teflon tube can serve as both
Luggin tip and solution bridge. This Teflon-tube Luggin, coupled
with the feed tubing leading to the other end of the working elec-
trode, can also be used to continuously flush the solution over the
working electrode surface, if needed. Several other cells built on
essentially the same design principles were also reported.*¢8227:243
Transmission-geometry cells for use under controlled hydrody-
namic conditions****® and for use with liquid metal (mercury or
gallium) working electrode™>** have also been reported.

(iii)y Hanging-Drop Transmission-Geometry Cell Design

A common problem of both the reflection and transmission-
geometry cell designs is that it is not easy, and sometimes it is im-
possible, to ensure that only the crystal face of interest is exposed
to the solution. Seepage around the edges of the crystals is difficult
to control. To overcome these problems, a hanging-drop configu-
ration transmission-geometry x-ray-electrochemical cell has been
designed (Fig. 47).*** The hanging-drop geometry has very often
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been used in single-crystal electrochemical experiments. A small
droplet of the test solution is extruded from a capillary tubing and
it is touching only the crystal face to be examined. The whole as-
sembly is surrounded by a cylindrical Kapton window and the at-
mosphere within the cylinder is flushed with pure nitrogen or other
inert gas. Furthermore, this geometry provides a 360° in-plane ac-
cessibility for the x rays. The counter and reference electrodes are
placed in the inlet/outlet tubing for the solution, resulting in rather
high-resistance circuits; but the uncompensated ir-drop need not be
large, being controlled by the diameter of the solution drop. Pre-
liminary experiments with a similar design, with the modification
to permit the circulation or continuous flushing of the solution in
the drop (see the effect of radiolysis below) were also reported. It
was shown that the drop is stable with flowing solution and with-
stands the movements of the x-ray goniometer.'**°

A .
' — Reference Electrode
N, Inlet - |~ Counter Electrode
2 ’: Electrolyte Inlet
T '
i1 II,FIL 1 RE’SEVOil"
Water — b Kapton Window
Soturated —L _ fyjiial | .
Fitter Paper Working Electrode
B

Reference Electrode
Electrolyte

Working Electrode

Figure 47. Hanging-drop, transmission-geometry x-ray-
electrochemical cell. (Reprinted with permission from
reference 44. Copyright (1993) by the American Insti-
tute of Physics.)
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(iv) Comparison of Cell Designs

The transmission geometry has several advantages from the
standpoint of desirable electrochemical practice. In the reflection
geometry (Fig. 44a), the current distribution over the working elec-
trode surface is very nonuniform and the uncompensated ir-drop is
very large because of the geometrical arrangement of the elec-
trodes and the large ohmic resistance in the electrolyte gap. It is
common practice with this type of cell to expand the electrolyte
gap by inflating the membrane (or withdrawing the electrode as-
sembly) during electrochemical manipulations. However, during
the measurements with x rays, the electrolyte gap is constricted to
a layer of the order of um, which could lead to the loss of mea-
ningful potential control except at very low current densities. A
cell designed with transmission geometry (Fig. 44b) alleviates
these problems at the price of increased attenuation of the beam
intensity, but choosing an optimum cell thickness can minimize
that. A properly designed transmission-geometry cell also permits
the continuous flushing of the solution at the electrode surface.
This is important for removing radiolytic products of the electro-
lyte solution that would otherwise interfere with the surface elec-
trochemistry (see below). With a reflection-geometry cell, the ra-
diolysis products of the electrolyte and the membrane itself are
trapped in a thin layer of electrolyte near the electrode surface and
can cause unwanted contaminations.

The transmission geometry is also advantageous from the x-
ray scattering standpoint:

(a) In the transmission geometry (Fig. 44b), x rays reflect to the
detector from the electrochemical interface only, while in
the reflection geometry (Fig. 44a), x rays reflect from the
air/membrane and membrane/solution interfaces as well as
the interface of interest. Therefore, the reflectivity data in
transmission geometry can be interpreted directly, while the
data obtained in reflection geometry require deconvolution
or subtraction of the interference from air/membrane and
membrane/solution interfaces for small angles of incidence.
Furthermore, the nature of those additional interfaces may
also vary as the experimental conditions change, which can
compromise the correct interpretation of the data.
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(b) Reflectivities measured in transmission geometry require
little absorption correction because the path length of x rays
is nearly constant over the angular range of interest, while
with the reflection geometry the path length changes sharply
for small angles.

(¢) Since the attenuation is an exponential function of path
length, there is a tendency for the diffuse background to rise
rapidly at small scattering angles in the reflection geometry;
therefore, the total signal is reduced by absorption but the
diffuse background from the air/membrane and the mem-
brane/solution interface is hardly attenuated, resulting in a
low signal-to-background ratio at small angles. In the
transmission geometry, the diffuse background is attenuated
as much as the signal, and the signal-to-background ratio
remains constant over the full angular range of interest. The
low signal-to-background ratio is particularly important for
in-plane scattering studies at glancing angles when the ex-
pected signal is very weak.

One apparent advantage of the reflection geometry is that
there is no severe restriction on the size of the sample surface,
while in the transmission case, the width of the cell must be opti-
mized to the order of the absorption length of x rays, which is a
few mm for readily available x-ray energies. However, sample size
is hardly an advantage because of the small spot size of a focused
synchrotron beam. Another apparent advantage of the reflection
geometry is accessibility to high scattering angles. However, for
most practical applications, the full hemispherical accessibility is
really not needed because of the symmetry characteristics of the
crystalline materials under investigation. For example, for a ma-
terial with a three-fold symmetry axis, only a 120° section of the
hemisphere (versus the full 360°) is required to obtain all the ne-
cessary information about the surface structure. Furthermore,
transmission-geometry cell design with wide-angle accessibility is
available.**

2. Problems with Solution Impurities at Beamlines

Charge transfer experiments can be very seriously affected by im-
purities in the test solution, often at levels as low as parts per bil-



Applications of Synchrotron X-Ray Scattering in Electrochemistry 323

lion. Keeping clean conditions is especially difficult under syn-
chrotron-x-ray experiments. A main source of impurities is the x-
ray radiation itself as it interacts with the test solution and structur-
al parts of the cell. Some experiments indicated that bulk solution
radiolysis can occur at high x-ray fluxes.®®***’ The degree of radi-
olysis and the seriousness of its consequences on the phenomena
investigated strongly depend on the experimental conditions. This
effect can be safely ignored for most measurements carried out at
the second-generation bending-magnet beamlines. However, as
higher-flux beamlines are developed at the third-generation syn-
chrotrons, the x-ray interference with the system under investiga-
tions will have to be considered for every experiment. Radiolytic
products of water (H, and H,0,, and a variety of intermediate radi-
cal species) will always be present, together with possible radiolyt-
ic products from the solutes. What effects these may have on the
system investigated will have to be decided on a case-by-case ba-
sis. Just as in every case of impurity effects on electrochemical
systems, there are no general rules. Some reactions on some elec-
trodes will be sensitive to certain impurities but not to others,
while other reactions or electrodes will have a different sensitivity
to impurities. One either must investigate the individual effects, or
assume the worst case and purify as much as possible. Admittedly,
the problem is not easy to solve, but that is a poor reason for ignor-
ing it. The degree of radiolysis will depend on the volume of solu-
tion irradiated; therefore, different cell designs will pose different
problems. The reported experiments were carried out with trans-
mission-type cells only, in which case the x rays traverse a large
volume of solution. Thin-layer cells (reflection-geometry cells)
contain much smaller irradiated volume; on the other hand, all
radiolytic products are trapped close to the working-electrode in-
terface. These systems will have to be investigated further. The
only way to minimize the radiolytic effect is the continuous, high-
speed flushing of the test solution to carry away most of the radi-
olytic products before they can diffuse to the interface (transmis-
sion-geometry cells are particularly suited for such experiments).

It was found in one set of expriments*"’ that a rather simple,
qualitative indicator of radiolysis was the open circuit potential
shift upon irradiation of a platinum electrode immersed in per-
chloric acid solution. This was about 10 to 15 mV at a bending-
magnet beamline (that, considering the much wider potential range
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used in the experiments, is easily negligible), while it increased to
over 100 mV at a wiggler beamline. Figure 48 shows the potential
shift at open-circuit potential and Fig. 49 shows the current meas-
ured when the electrode was potentiostatted at the open-circuit
potential before application of the x-ray beam. There is a surpris-
ing scarcity of data about x-ray-induced radiolysis in the literature,
however the general understanding of radiolysis of water was suf-
ficient to permit at least an order-of-magnitude, or better, predic-
tion of the interaction of the measuring x-ray probe with the sys-
tem under investigation.**’

Other workers® have reported that they encountered one ma-
jor problem during x-ray measurements of copper bulk deposition:
the strong interaction between the x-ray beam and the electrolyte
seemed to create oxidizing free radicals that strongly interacted
with the deposit and produced its dissolution. To check this x-ray
effect, the beam was stopped for one minute during the measure-
ments and this clearly demonstrated that the film did not dissolve
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Figure 48. Shift of open-circuit potential (SCE) and its relax-
ation in 0.1 M HCIO; solution. Beam directed at the center of
the working electrode at an incident angle of 12° with an x-
ray flux of 2 x 10" (solid), 4.6 x 10" (short dashed), 1.1 x
10" (long dashed), 2.5 x 10° (dot-dashed), and 5.7 x 10°
(dotted) photons per second.*’
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Figure 49. Current at open-circuit potential and its relaxation.
Conditions as in Fig. 482

during the period when the x-ray beam was off (see Fig. 40). In
another report, the radiolytic production of chloride ions from per-
chloric acid were assumed to occur.®

X rays can also damage structural parts of the cell, conse-
quently, introduce decomposition products into the solution. The
most noticeable damage is on the thin-film membranes that can
easily be punctured by x rays. It was found that the most usable
membrane is a sandwich of Kapton between two layers of Tef-
lon.*"* This construction permitted the cleaning of the cell with
strong acids because of the chemical inertness of the Teflon (Kap-
ton would be strongly attacked under these conditions). Then, dur-
ing experiments small holes were punctured through the Teflon
layers by the x-ray beam, but this exposed only small areas of
Kapton to the usually not-very-corrosive test solution. Unfortu-
nately, this still introduced some of the decomposition products of
the Teflon into the solution. The only way to minimize the effect
was the flushing of the test solution.

A further difficulty is caused by the requirement of flexible
connections between any solution reservoir or gas source and the
cell due to the rather wide-angle movements of the x-ray goniome-
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ter. Similar connections in a laboratory are typically made of solid
glass tubing, but at a beamline plastics are used. Teflon is desirable
because of its chemical resistance and cleanability, but it is unfor-
tunately very highly permeable to oxygen. Continuous or frequent
flushing of the solution was again the only way to minimize the
problem, unless other materials can be found that provide both
chemical stability and oxygen impermeability (maybe Teflon tub-
ing with a thin metal, or other oxygen impermeable, coating on the
outside).
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