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SUMMARY

Electrode surfaces modified by monolavers of heavy metals
underpotentia{ deposited: Pt/HadE electrodes, electrode
surfaces modified by cverlayers of their own oxides grown
in—-=situ, i.e. Ir-oxide electrodes, and electrode surjfaces
with preferred orientations, namely Pt single crystals were

the modified elecirode surfaces selected for this lecture.

The potentialities and oadvantages of the electrochemical
methods, namely cyclic voltamnetry and potential step pulses
to produce modified electrode surjfaces and simultaneously to
monitor changes and to test the stability and the activity
of the modified and non—modified electrode surjface will be

emphasized and illustrated with experimental data.
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1. INTRODUCTION

There are several areas + of great scientific and
technological importance demanding for more efficient, cheap
and stable catalysts. One of this areas is electrochemical
energy conversion particularly, fuel cells: good anodes for
D2 evolution and for the oxidation of small organic

molecules, like HCOOH, CHBDH, HCHO, etc. are required.

Bare or modified noble metals are still the best catalysts
in fuel cells technology. Such catalysts can be made by
dispersing noble metals in a cheap conducting material, but,
they can also be noble metals with superficial or structural
modifications induced by various means, namely, by
electrodeposition of polymers, by underpotential deposition
of heavy metals, by alloying, by covering the electrode
surface with thin or thick films of the corresponding oxides
or by inducing roughening, facetting or reconstruction on
the structure of the bare metal surface. All these
modifications can be produced by electrochemical methods, as
well as by several other means. It ie not our purpose to
review the subject, not even to give a broad view covering
all types of modified electrode surfaces. There are several
and excellent reviews for the various types of modified

electrode surfaces and references will be given.

The design of good catalysts requires the understanding of
the roéle played by the size, shape and geometric
arrangements of active centers. But, first of all, it is of
crucial importance to be able to control the state of the
electrode surface, before, during and after the

electrooxidation processes.

Differences due to the pretreatment of the electrode
surface and also on the type of potential profile used for
the electrochemical activation of the electrode surface
might be the main reason for differences in the activities

of the "same" electrode material found by different groups.

Therein, the reason why we will place special emphasis on

simple but important aspects, e.g.:

® Control of the state of the electrode surface and of
the composition of the medium;

® Reproducibility of the electrochemical response to the
same potential perturbation;

® Stability of the bare and of the modified electrode

surfaces;

This lecture will relie on our experience with bare Pt
electrodes, Pt/Mdd and Pt single crystal electrodes, as well
as iridium oxide electrodes, which we are planning to test
as catalysts for the oxidation of HCOOH and of CHaﬂH. It is
also the purpose of this lecture to show how electrochemical
methods, namely cyclic wvoltammetry and potential step
techniques are a cheap and powerful mean to producg, to
control and even to test the activity of the modified

electrode surfaces.

2. PLATINUM ELECTRODES MODIFIED BY AD-ATOMS:
PLt/M a ELECTRODES
a

Interesting catalytic effects induced by ad-atoms on noble
metals have been observed for the oxidation of HCOOH, HCHO,
CHaDH and other organic molecules, as well as in the
reduction of 02. But on the other hand, inhibiting effects
have also been detected for some redox couples and in the

hydrogen evolution reaction.

Thus, ad-atoms seem, to provide a promising method for the
modification of the catalytic activity of the various
electrode surfaces. As a conseguence, the amount of research
in this area has been considerable. The subject was reviewd

twice by Adzic [1,2] and more recently by Kokkinidis [3].



At the present, some problems remain to be solved, namely
the question of the stability of the ad-electrode surfaces,

as well as some theoretical aspects.

2.1. THE UNDERPOTENTIAL DEPOSITION OF MONOLAYERS OF HEAVY
METALS ON Pt ELECTRODE SURFACES

The modification of the electrode surfaces by ad-atoms is
based on the formation of adatoms by the so-called under-
potential deposition process (UPD): formation of up to a
monolayer of metal adatoms at potentials more positive than
the reversible bulk deposition. The process itself, as well
as the physical and optical properties of the modified
electrode surfaces has been already reviewed by Kolb in 1978
[4]. Since then, many groups working in the field of
electrochemistry and also in the field of surface chemistry
have undertaken projects with the aim of understanding the
UPD process. UPD studies on well defined surfaces, 1i.e. on
single crystals have also been stakted by Yeager et eal. [51]
with the UPD of Pb on Au single crystals. The process has
been undertaken by Bewick et al. [é] and by Schultze et al.
(7], who have concluded about a phase transition in the UPD
process, while Lorenz et al. [8] were in favour of a cation-
adsorption model. From studies with Pt single crystals
Bruckenstein and Cadle (9] have concluded that Cu, at low
coverages, i.e. at & < 0.5 deposits preferentially on the Pt

(111) crystal face.

Improvements on the existing theories for the UPD process
are still demanded. Rigorous data on adatom—adatom
interactions, surface electron density and adatom bond
energies on various crystal faces are certainly very useful,
as well as double-layer data for the non-modified and

modified electrode surfaces.

2.2. PREPARATION AND CHARACTERIZATION OF THE Pt/M i
<L
ELECTRODE SURFACES
Pt/MijLBCTRODES BY LINEAR SWEEFP VOLTAMMETRY

Electrochemical methods, namely, linear sweep valtammetry
and potential step techniques are simple and suitable means
for producing in situ, ad-electrodes and, simultaneaously a

way for measuring the coverage of the modified surfaces.

Fig. 2u1 illustrates the UPD of Bi, Pb, Cd and Cu adatoms on
Pt produced by scanning the potential of the Pt electrode
between +1.5 and 0.03 V ve. (she), at 0.1 V & *, in  aqueous

acidic solutions of the corresponding salts.

The voltammetric responses show particular characteristics

of the corresponding underpotential deposition process.

1167 Pb(NOy),
---.05H HCIG

7 —vrteitnoy,
i —asmHag

Fig. 2.1. Cyclic voltammograms of the Pt/l"iud electrodes.
v =0.1V s Data from ref. [10-12].
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It is clearly shown by the Cyclic Val tammograms (CVs) in
Fig. 2.1 that under the same experimental conditions, 1i.e.
concentration of the metallic ions in solution, sweep rate,

interval of polarization etc, the complexity of the process

varies from metal to metal . For all adatoms the
underpotential deposition process takes place after the
reduction of the platinum oxide, but starts much earlier in
the case of Cd and Cu. The effect of the UPD in the hydrogen
adsorption peaks is quite similar for Bi and Pb, but wvery
different for Cd and Cu. Bi and Pb adatoms cause a big
suppression on both weakly and strongly bonded hydrogen,
while with Cu and Cd under the experimental conditions of
Fig. 2.1 bulk deposition starts to occur at ©¢.6 V, before

hydrogen adsarption.

During the anodic sweep the I-E profile of the corresponding
voltammetric response shows also to be very much dependent
on the adatom choosen. While the removal of Bi and Pb
adatoms leads to a similar profile: a well defined and
symmetric peak preceeded by a pre-peak, in the case of Cu, a
broad and complex peak appears between 0.6 and 0.8 V and for
Cd two well defined peaks of about the same size are
observed at +0.4 and +0.5 V vs. (she) respectively, as well
as a peak at ca 0.3 V. This peak at 0.3 V 1is due to the
removal of the bulk deposited cadmium while, the other two

are due to the removal of adatoms in two well defined steps.

The complexity of the anodic branches of the voltammetric
responses of the various Pt/ﬂad electrodes can vary greatly:
by varying the concentration of the metallic ions in
solution, by reversing the potential at less negative values
during the cathodic sweep or by holding the electrode for
different times, in the UPD region. Results in figures 2.2
to 2.4 illustrate those effects.

The concentration of the metallic ions plays a determinant

role in the structure and in the morphology of the F’tll"‘lﬂd
electrode.
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Fig. 2.2. The effect of the concentration of M® on the
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Fig. 2.3. The effect of reversing the potential of the Pt
electrode in a solution 1 x 107" M in Cu®’, at

s two
cathodic limits, Ec' v = 0.1 V/s.

According to Fig. 2.3 an homogeneous ad-layer can be

obtained by reducing the potential during the negative scan.
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Fig. 2.4. The effect of holding the Pt electrode in the QED
region for various times in a solution 3 x 10 ™™
; 2+ Pl g
in Cu”'. v =0.2V s

Various degrees of coverage can be obtained by holding the
potential for different time intervals at any potential 1in

the adsorption potential region.

Results in Figs. 2.1 to 2.4 show clearly that the simplest
and better defined modified Pt/Mad electrode surfaces can be
prepared by reducing the concentration of the metallic ions
in solution to levels of the order of 10°° M or by reducing

the limits of the potential during the negative sweep.

A great number of heavy metal adatoms camn be deposited on
the Pt substrate. Thus, Pt electrodes covered by adatoms in
a wide potential range between H2 and D2 evolution in
aqueous solutions or even in a wider range of potential in

non-aqueous solutions, can be prepared.

o g =

Pt

EVALUATION OF COVERAGES, QM

The UPD process 1is a fast process, therein quantitative
data, 1.e. coverage, requires the use of fast potential
perturbations. Figure 2.5 shows a potential-time sequence
used for the evaluation of coverages. The method has been
described by Motoo and Furuya [(13] and consists mainly 1in
measuring the charge during the anodic sweep after holding
the electrode in the adsorption potentiasl region for a
certain time. The potential-time sequence consists of a
series of scans between +0.05 and +1.6 V wvs. (she) for
cleanning the electrode surface. Then, the potential is held
for 40 s at 1.6 V to ensure the oxidation process.
Afterwards, the potential is stepped to +0.3 V and kept
there for 600 s to allow the formation of a monolayer of Cu
adatoms and finally scanned at 10 V s™* between 0.05 and 1.6

V for the oxidation of the Cu monolayer.
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Fig. 2.5. Potential-time sequence used for the evaluation of

PL
cu 4
voltammetric response recorded at 10 V s [11-13].

the coverage, @& % and the corresponding

The Coverages, 8, can be _calculated through the measured
charges @ ,G? and @ _, where @ represents the charge due
Cu H H Cu

to the oxidation of Cu adatoms, U: the charge due to the
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oxidation of adsorbed hydrogen in a solution free of
metallic i1ons and GH the charge due to the oxidation of
hydrogen when the modified surface is partially covered by

ad-atoms.

The methodology for the calculation of & assumes that
hydrogen does not adsorb on those metals, which are wusually

unde?notential deposited.

ADVANTAGES OF USING CYCLIC VOLTAMMETRY

¢i> Cyclic voltammograms show characteristic features of
the UPD process thus, of the corresponding ad-

electrode surfaces;

¢ii>» Peak potentials and peak currents can be measured
with high accuracy, thus accurate thermodynamic and

kinetic data of the UPD can be obtained;

€iii> The coverage of the modified electrode surface, e,
can be calculated by measuring the amount of charge
produced during the stripping of the monolayer or
submonolayer, previously deposited, assuming

z x 200 uC cm™? as the charge of a monolayer [14];

¢iv> Alloy formation in the UPD region can be
distinguished from a monolayer of adatoms through the
maximum amount of charge under the I-E curve during
the scan of the potential in the positive direction. A
limiting value of z » 200 uC cm—2 in the UPD region

does not exist for the alloys;

{v>» Kinetic and mechanistic information for the UuPD
process can be obtained from CVs recorded in a wide

range of scan rates;

¢vi> The number of Pt sites occupied by each adatom can be

determined through the voltammetric data, i.e. by

= 1B =

using the method described by Furuya and Motoo [13].

{viid Surfaces changes can be. followed through the recorded

Cvs.
Some characteristics of the underpotential deposited layers

of Bi, Pb, Cu and Cd obtained fraom electrochemical

measurements are given in Table 2.1.

Table 2.1. Characteristics of the thﬂad electrodes [15]

N of Pt Potential
Solution occupied range for |[E/V

Adatom by each adatam

composition adatom removal e = 0.5
Bi 1x10™ %M Bi(NO,) 3 O — 1.0 0.90
Pb 1x107 %M PB(NO_) 2 0.5 —0.75| 0.61
cd 1x10"?M cd 50, 2 0.4 —0.65| 0.54
Cu 1%x107 %M Cuso, 1 Ot —i0:8 0.40

Pt/h%d ELECTRODES BY POTENTIAL STEP PULSES

As stressed by Pletcher et eal. [31,15] uncertainties
associated with the dependence of coverage on potential can
disappear if pulse techniques are used instead of linear
sweep voltammetry. Potential pulses seguences as those shown
in Fig. 2.6, illustrate the application of the pulse
techniques for the calculation of the number of Pt sites
occupied by each adatom wunderpotential deposited on Pt.
Coverages can be calculated from pulse transients or by a
sequence of pulses followed by a ramp of potential (see Fig.
2.6 (b)).
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Fig. 2.6, Plots of (Qi‘D") VS, Gc /2. Charges obtained from
u
experiments following sequence (a) x and sequence

(b) © [11,12].

Fig. 2.7 gives the coverage of the Pt electrode by Cu
adatoms as a function of adsorption and oxidation
potentials. Data was obtained from short transients (2s)
following the pulse profile (a) for the evaluation of
coverage as a function of the adsorption potential and
profile (b) for defining the curve 8 vS. oxidation

potential.

The potential range in which adatom removal occurs, as well
as the potential at which a monolayer is completely formed

can be deduced from plots, i.e. by those in Fig. 2.7.
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Fig. 2.7. Coverage of the Pt/Cu electrodes as a function
of the adsorption 8&° and of the oxidation @

potential [11,15].
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2.3. STABILITY OF THE PL/M‘iELECTRDDES
(=1

Watanabe et «al. [16] have recently reported ad-atom

electrodes of Pt/Ru and Pt/Sn remaining stables for more
than 20 h of polarization at +0.4 V wvs. {(she) in HZSG‘
aqueous solutions. Holze and Cattaneo [17] report F‘t:./Snml
electrodes giving essentially the same response in a tin-—
free and in a tin containing solution. Furuya and Shibata
[18] have obtained stable Pt/Cuad electrodes acting as
catalysts for the reduction of ethylene with & maximum of
activity at @ =~ 0.1. Similar results have been obtained by

us for the oxidation of HCOOH [19].

3. ELECTRODE SURFACES MODIFIED BY OVERLAYERS OF OXIDES:
Ir/OXIDE ELECTRODES

Hydrous oxides on noble and non-noble metals are a topic of
increasing interest to electrochemists, as these materials
play a central rd&le in electrocatalysis, corrosion and
passivation of metals, formation of protective and
insulating films and in various other branches of material
science. There are several evidences of the participation of

oxides in various oxidation processes.

Burke and Sullivan [20] report an enhancement in the
activity of rhodium for D2 evolution due to the presence of
a thick layer of a hydrous oxide film produced by potential
cycling. Arvia and co-workers [21] have also obtained Tafel
slopes for 02 evolution on rhodium strongly dependent on the
pretreatment of the electrode by fast potential cycling.
Smickler and Schultze [22] in their review on electron-
transfer reactions at oxide-covered metal electrodes give a
compilation of data illustrative of the influence of the
thickness of the oxides on the rate of electron transfer

reactions.

The amount of data on the growth of oxides on noble metals,
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their physical and optical properties, is considerable (see
reviews by Woods [14], by Sullivan and Calvo [23], by Burke
and Lyons [24]1 and by Schultze and Smickler [22], and other

more recent publications).
3.1. GROWTH OF HYDROUS OXIDES ON NOBLE METALS
The capability of the electrochemical methods for producing

thick oxide films on noble metals was earlier detected in

the case of iridium (see review by Woods [14] and references

therein). Only more recently, the growth of hydrous oxides
on other noble metals like platinum, gold, ruthenium and
rhodium electrodes was also achieved (see Burke et al. [25-

271, Arvia et al. [21] and K&tz et al. [28].

Hydrous oxide films can be produced by repetitive potential
cycling between suitable limits or by potential step pulses.
Sinuscidal, sguare or triangular waves of potential can be
used; the linear sweep voltammetry, however,is the mast
popular: the electrochemical spectrum of the growth process
is produced. The thickness of the oxide film can be measured

and the redox behaviour can be detected.

The upper and lower limits of the potential, as well as the
composition of the solution and the sweep-rate play a
determinant rele on the thickness and on the kineties of the
growth process. These and other effects will be illustrated
in the next section with examples from our laboratory for

the growth of oxides on iridium in acidic medium.

3.2. THE GROWTH OF OXIDES ON IRIDIUM IN ACID MEDIUM

3.2.1. THE GROWTH OF OXIDES ON IRIDIUM BY CONTINUOUS
POTENTIAL CYCLING

Cycling the potential of the Ir electrode either in stﬂ‘ or

-

in HCID4 aqueous solutions between +0.053 and +1.35 V
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vs. (she) leads, after a few runs, to the appearance of
highly reversible peaks in the oxide region at ca +0.9 V,
their size increasing with the number of cycles (see Fig.
3.1).

Similar behaviour has been reported earlier by Otten and
Visscher [29], and later by Burke and Whelam [30] and by
Mozota and Conway [31].

A surprising effect not previously reported, is the big
difference in the rate of the hydrous oxide growth due to
the composition of the solution. This finding has deserved a
systematic study of the growth process either in sulphuric
and in perchloric medium. Results are summarized in Figs.
3.1. and 3.2 and also on Table 3.1. ﬂox is the charge under
the anodic branch of the voltammetric curve between +0.3 and

+1.35 V vs. (she), after successive cycles of polarization

at 0.1 v s,

Fig.3.1.The growth of iridium oxide by continuous

potgntial cycling beg?een +0.05 and +1.35 V
durlng 1 h, at 0.1 ¥V s 7, in: (a) 1M HC10 agueous
solution; (b) 0.1 M HZSU‘ aqueous solutiod.
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While in HC!G‘ aqueous medium the increase in charge GOx
tends to a plateau of ca. 1.5 mC cm 2, in H S0, medium a
linear relationship between Gax and the number of cycles is
obtained at least for up to 350 cycles the slopes of the
straight lines being dependent on the concentration of
stﬂ‘: higher rates in the oxide growth are obtained with
more diluted solutions, i.e. at 0.1 M in comparison with 0.5
M. Another feature resulting from continuous cycling is the
-displacement of peak C in the positive direction during the
anodic scan. The effect is, particularly, noticeable during

the first 50 cycles and slows down afterwards (see fig. 3.1

and 3.2).

The process leading to peak D, at +0.97 V ws (she) is most

probably due to the formation of hydrous iridium oxide, e.g.

by :

Iro, + H" + @ —— Ir0OH

200

Differences induced by the composition of the solution may
be due to the competitionlbetween adsorption of the anions
of the base electrolyte and the electrodeposition of OH and
of 0% species. Effectively, it is well known that so?”  and
HSG: ions are specifically adsorbed on noble metals. Another
possibility resides on the potentialities of SDi_ as a
complexing anion leading to coordination compounds within

the film.

In very high acid concentrations, either perchloric or
sulphuric, hydrous oxide films do not grow on Ir: after 1 h
of cycling at 0.1 V =™ no signs of the reversible peak D
was seen and the whole voltammogram is totally reproducible.
Therefore, the use of a high concentration of the base
electrolyte (i.e. > 2M) is a mean to reduce the growth of

oxides on iridium to monolayer levels.

3.2.2. THE GROWTH OF OXIDES ON IRIDIUM BY POTENTIAL STEP
METHODS

As already mentioned for the Pt/r'.’lml electrodes, potential
step methods are very convenient potential perturbations for
the preparation of oxide films of known thickness. Potential
step profiles, as those reported in Fig. 3.3, were used to

grow iridium oxide films on Ir in HZSG‘ agueous media.

V(RHE)

Fig. 3.3/ The grdwth of oxide films on Ir in 0.5 M HESD4 by
potential step pulses: (a) initial state;
(b) after profile (b).




- 22 —

Table 3.1 summarizes results from potential step pulses.

Table 3.1. Growth of the oxides films on Ir after potential

steps e.g. . +1 .35 ¥V +1.35 V
S
0.03 V 0.03 V
2 S
initial initial
an tat
state GOx (C) state
972 uC 532 uC
- il t(s)
t (s) HZSO‘ (0.5M) HClD‘(l ) (
{0 1290 - &44 0
180 1350 732 180
300 1410 790 300
Regardless the initial state of the electrode, the

successive application of pulses from 0.03 to +1.35 V with
different lengths leads to an increases in charge,
particularly noticeable for polarization times at 1.35 V
smaller than 90 s. Once more, the film grows faster in HZSD‘

medium (0.95) than in HClD4 (1M) .

Potential step measurements have also shown that thicker
oxide films can be produced by potential step pulses in
short times (4-300 s), in comparison with those produced by

continuous cycling of the potential between the same limits.
3.3. THE REDUCTION OF OXIDE FILMS ON IRIDIUM

The resistance of iridium oxide films to reduction is one of
the most important aspects of particular relevance in

electrocatalysis. Answers for questions i.e.:

(i) how stable is the film or (ii) how emasy is to reduce

— 2T =

The amount of the iridium-oxide films reduced after
submitting the interface to high anodic potentials, i.e., at
+1.85 V v= (she), depends strongly on the potential-time
perturbation previously used to grow the oxide. This has

necessarily to do with the morphology and structure of the

grown oxide film.

The iridium electrode cleaned from 1its oxides by thermal
treatment is less sensitive to continuous potential cycling
even in HZSD‘ aqueous medium.

The following conclusions have emerged from our studies:

® Ir oxide films grown by continuous cycling at high sweep

rates i.e., at v > 1 V/s or by potential steps pulses,
between the same potential limits (0.03 — 1.35 V) are harder
to reduce than those of identical thickness grown by
continuous cycling the potential at low sweep rates (i.e. at
Q.1 Vis).

® Polarization at wvery high anodic potentials, 1i.e. at

+1.85 V, with bholding times of the order of 5 minutes
depending on the film thickness is an efficient method for
the electrochemical reduction of the oxide films grown on

iridium electrodes.

® Films of the same thickness grown by continuous cycling in
HClD4 are harder to reduce than those grown in HZSD‘ medium,

the reverse being valid for films grown potentiostatically.

® Thick oxide films on Ir can be reduced to monolayer levels
by thermal treatment: heating the electrode for a few seconds

in a gas flame (+ =~ 1200 C).

® A reproducible state of the Ir-oxide electrode surface is
obtained whenever a cathodic polarization in the hydrogen
adsorption/desorption region is applied even during short

periods.
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the film for recovering the “bare” electrode surface are

of crucial importance.

Both states can certainly be achieved depending on the
experimental conditions. The establishement of those
conditions has been the main purpose of our experiments
before testing the electrocatalytic activity of the modified

electrode surface. CVYs on Figs. 3.4 and 3.5 illustrate the

reduction of thick oxide films both by electrochemical means

and by thermal treatment

I?Qu&

%.4. The voltammetric responses of the Ir-Oxide

electrode after:
(a) 70 cycles at 0.1 V/s in 0.5 M HZSG‘
(b) 15 minutes at +1.85 V

Fig.

Fig. 3.5. Voltammetric responses of the Ir electrode in 0.3 M
H_ SO :
27 4
(a) before and (b) after flame treatment;
(c) & cycles after state (b).
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4. ELECTRODE SURFACES WITH PREFERRED ORIENTATIONS: Pt SINGLE
CRYSTALS

The importance of the superficial structure of the electrode
is well recognized. Not only the kinetics but also the
mechanism of several electrooxidation reactions have shown to
be strongly dependent on the crystallographic orientation and
on ‘'the symmetry of the superficial atoms of the electrode
surface. Structural effects have been observed for small
organic molecules, as well as for larger molecules 1like the
butanol isomers, the D-glucose and the D-sorbitol among
others (see the recent review by Parsons and VanderNoot [32]

and references therein).

4.1. SINGLE CRYSTAL ELECTRODE SURFACES

The importance of having well defined surfaces has been

stressed by several workers.

The most direct approach for the. characterization of the
single crystal electrode surfaces 1is Low Energy Electron
Diffraction (LEED): each single face gives a definite LEED
pattern [33]; the technigue, however, is quite expensive,

requires high-ultravacuum and is not an in situ technique.

Electrochemists have found the possibility of using
electrochemical methods, namely cyclic voltammetry for the
characterization of the single crystal electrode surfaces.
The hydrogen adsorption/desorption region is particularly
sensitive to the structure of the electrode. The
distribuition of the multiple hydrogen adsorption states is
quite different from one single crystal orientation to
another, thus, leading to peaks at different potentials: the
position, the number of peaks, their relative amplitude and
size, reflect the structure of the electrode sur face.
Standard voltammetric responses for the Pt low index single

crystals and also for the Au and Ir electrode surfaces either



— 26 —

in acid and in basic medium have been established and
reported in the literature [34-47]. Differences reported in
the standard voltammetric responses of the low-index crystal
planes from the various laboratories might be due to the
electrochemical treatment of the electrode surface and its
activation by electrochemical means. Structural modifications
of the Pt single crystals due to potentiodynamic cycling have
been detected by LEED [33]. Differences induced by the
electrolyte, particularly for those anions which can be
specifically adsorbed have been recently reported by Armand
and Clavilier [41] for Pt(100), Pt(111) and Pt(110) single
crystals and earlier by Motoo and Furuya [45] for Ir(100),
Ir(110) and Ir(111) single crystals.

PRETREATMENT AND ACTIVATION OF THE SINGLE CRYSTAL ELECTRODE
SURFACES

Work with single crystals is very delicate. Single crystals
are very expensive and they can easily suffer structural
modifications during electrochemical polarization. They are
also very sensitive to impurities in the solution. As it haé
been detected by Wagner and Ross [33] and, by several others
that the upper limit of the potential during the positive
scan is critical. Wagner and Ross report stability of the Pt
low index surface, in acid medium, only when the value of

0.82 V ws (she) is not exceeded.

The procedure developed by Clavilier [34] and by Adzic et al.
[37] for the pretreatment of the single crystal electrode
surfaces is quite different. The methodology of Clavilier has
been most widely used and consists of thermal treatment in a
gas oxygen flame followed by rising with ultrapure water, the
electrodes being protected by a droplet of water during their

transfer to the electrochemical cell.

) A
ELECTROCHEMICAL ACTIVATION

The state of the electrode surface as well as the purity of

the system can be checked through the cyclic voltammograms

recorded from the electrode in the base electrolyte. The
upper limit of the potential shall be carefully choosen and
polarization should preferably start in the negative
direction (see Figs. 4.1 to 4.3).
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Fig. 4.1. Voltammetric responses of the Pt (hkl) low-index
Planes in 1 M HCIO . v = 50 mv s™* (42],
Extending the upper limit of potential into the oxide region
leads to different vol tammetric profiles, both in the
hydrogen adsorption/desorption region and in the oxide
region. In basic medium Pt(110) and Pt{111) undergo
reconstruction after repetitive adsorption-desorption of

oxygen at high coverages. The effect is even more drastic in
acid medium.
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Fig. 4.2. Voltammetric responses for the Pt(hkl) low-index
planes in 0.1 M NaOH. v = 0.2 V s~ [46].

The electrocatalytic activity of the single crystal electrode
surfaces decreases rapidly with continuous cycling in the
presence of the electroactive species, but the lost of
activity depends on the structure of the electrode surface.
It has been observed recently [48] that after five cycles the
electroactivity of the Pt(hkl) low-index planes, for the
oxidation of the D-sorbitol in perchloric medium decreases
57%, 74%4, 68% and 524 for the Pt(100), Pt(110), Pt(lll) and
Pt(poly), respectively (see Table 3.1).

= 98 —
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Fig. 4.3. Voltammetric profiles from the Pt(hkl) low—-index
planes in 0.1 M NaOH after extending the upper

limit of the potential [47].

TABLE 3.1.
Maximum peak current densities and peak potentials for
oxidation of 0.1 M D-sorbitol at » = 100 mV s *, on

electrodes of different structures [48].

Electrode ip/mQ EP/V Peak decrease (%)
surface cm” 2 (vs. RHE) g%y g %% —, 504
cycle cycle

Pt(100) .8 0.72 30 S7
Pt(110) 2.9 0.63 &4 74
PEiiil) 2.4 0.468 40 &8
Pt(poly) 2.2 0.65 44 52

1.4 0. 73 36 &7

the
Pt
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4.2. ELECTROCHEMICAL FACETED ELECTRODE SURFACES

Arvia et al. [49] have noticed that fast electrochemical
perturbations can induce morphological and structural
modifications on palycrysta]]iﬁe metal electrodes. From those
observations new electrochemical methodologies for producing
electrodes with well-defined surface structures were
established. The methodologies are well described by Arvia et
al. [89] and consist mainly in the application of fast

repetitive potential perturbations of preselected

characteristics.

The characteristices of the potential perturbations such as
the limits of potential, range of sweep rate, range of

frequencies, symmetry of the ramp, etc. have been well

ecstablished by Arvia et al. for the platinum, gold, rhodium

and palladium polycrystalline electrode surfaces [50-52].

The development of the preferred crystallographic
orientations on the polycrystalline metal electrodes have
been identified through their voltammetric responses and also

confirmed by the corresponding X-ray diffractograms.

In general, faceted metal surfaces without appreciable
changes in roughness can be obtained by fast repetitive
potential perturbations such as, repetitive square wave
potential scanning, repetitive triangular potential sweeps,
‘or repetitive sinusoidal potential perturbations, applied to

the polycristalline electrode surfaces.

Arvia et al. [50] have tested the stability of those
electrode surfaces with preferred crystallographic
orientations and have concluded that such modified electrodes
remain stable for long times, either in contact with pure
water and pure electrolyte solutions or even in the presence

of a clean nitrogen atmosphere.
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Electrode surfaces of noble metals can also be roughened by
electrochemical methods. Nearly two decades ago Biegler and
Woods [53] have reported enhancement of roughness and
smoothing of electrode surfaces due to low frequency anodic-
cathodic polarization of the corresponding electrode surfaces

in the supporting electrolyte.

Recent results on polyerystalline platinum electrodes have
demonstrated the ability of the anodic-cathodic treatments to
produce changes in surface topography depending on frequency,

symmetry and limits of the periodic perturbations [49,50].

These and other results obtained by Arvia and collaborators
show that data obtained with different relaxation techniques
must be handled with special care because of the possible

modifications induced on the electrode surface.

The electrochemical procedure for the activation of the
polycrystalline Pt electrodes in acid medium established in
our laboratory and reported in a previous paper [34] have
caused differences in the corresponding voltammetric
responses that might be due mainly to the roughening of the
electrode surface. Peaks in the hydrogen adsorption-
desorption region become better defined, as well as those in
the oxide region; the position and the relative size of the
peaks in the hydrogen region, however, do not show
significant changes, as it is clearly shown by the CVs in
Fig. 4.4.

Enhancements in the degree of roughness of smooth electrode
surfaces can be produced by electrochemical polarization of
the Pt electrodes over a wide range of potential.
Electrochemical activation, however, can produce apart fraom
roughness, also structural modifications, depending on the

limits of the scanning potential, rate of scanning, etc.
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own electrodes depending. on the type of potential

perturbation used for the electrochemical activation.

——— 01 —=t
U ANprra—— T RRDE RR s Ul Lt L aat A 608 e

-1
i ir t 0.1 V s .
Fig. 4.4. CV's from Pt/1 MH S0 interface a
s (-——) lst cycle; (-. .—.)‘ 2nd cycle; (...) after ten

cycles at 0.1 V &~ %; (—) immediately after the

application of the potential profile given inside [54].

FINAL REMARKS

The potentialities of the electrochemical methods as a cheap

means to produce modified electrode surfaces and to control

their state, before, during and after their wutilization as

electrocatalysts have been demanstrated.

We would not like to conclude this lecture,

mentioning two particular aspects:

(i) The relevant and increasing
spectruelectrochemica] methods, namely oOf

SNIFTIRS, in the identification of the poisoning

however, without

importance of the
EMIRS, PMRS and

species

s S

responsible far the loss of activity of the modified and
non-modified electrode surfaces and

(1i) The importance of several other types of modified
electrode surfaces, namely of electrode surfaces modified by
polymers, by complexes species chemically attached, by

electrodeposited redox centers, by 1on implantation, etc.

ACKNOWLEDGEMENTS

We greatly acknowledge the organizing Committee of this
meeting for their kind invitation to present this lecture and
the financial support from Instituto Nacional de Investigag¢Zo
Cientifica (INIC) CECUL (Proj. 1E)3 Junta Nacional de
Investigago Cientifica (JINICT), (Proj. PMCT/C/MPF/527/90)
and CNRS (Convénio INIC/JINICT/CNRS).

The fruitful scientific collaboration with Professor C. Lamy
(Poitiers, France) and his group, namely B. Beden, J.M. Léger
and F. Hahn, as well as with D. Pletcher (Southampton, U.K.)
and C. Gutierrez (Instituto de Quimica-Fisica Rocasolano,

Madrid, Spain) deserve special thanks.

The dedication and the skill of those who produced most of
the results, namely, A. Cristina S. Marin, M. Fatima Bento,

M. Teresa Portela and Jorge Loureiro are also deeply thanked.

Last, but not least, the great care of Mrs. L. Gouveia in
typing the manuscript and of my syster in drawing the figures

is also specially thanked.



— 34 —

REFERENCES

[1]

£2]

(3]

[4]

(9]

[&6]

(71

(el

[?1

[10]

R.R. Adzic,
Israel J. Chemistry, 18 (1979) lé6b.

R.R. Adzic,
in Advances in Electrochemistry and Electrochemnical

Engineering, Yol 13, H. Gerischer and C.W. Tobias

(Eds.), Wiley, N.Y., 1984,

G. Kokkinidis,
J. Flectroanal. Chem., 201 (198&) 217.

D.M. Kolb,
in Advances in Electrochemistry and Electrochemical

Engineering, Vol. 1f, H. Gerischer and C.W. Tobias

(Eds), J Wiley, N.Y. 1978.

R. Adzic, E. Yeager and B. Cahan,
J. of Electrochem. Soc., 121 (1974) 474.

A, Bewick and B. Thomas,
J. Flectroanal. Chem., 65 (1975) 911; ibid. 85 (1977)

329.

J. W. Schultze and D. Dickertmann,
Suryf. Sci., B4 (1976) 489.

W.J. Lorenz, E. Schmidt, G. Staikov and H. Bort,
Faraday Symp. Chem. Zoc., 12 (1978) 14.

S.H. Cadle and S. Bruckenstein,
Anal. Chem., 43 (1971) 1858.

D. Pletcher and V. Solis,
J. Electroanal. Chem., 131 (1982) 309.

L33

[12]

£14]

[15]

[161]

[171

(18]

(193

[20]

[21]

— 356 —

I.T.E. Fonseca and D. Pletcher,

FPort. Electrochimica Acta, 1 (1983) 219;

ibid Ext. Abstrs. of the 35" ISE Meeting, p. 415,
Berkeley, 1984,

I.T.E. Fonseca and A.C.S. Marin,
FPort. Electrochimica Acta, 6 (1988) 51.

N. Furuya and S. Motoo,
J. Electroanal. Chem., 78 (1977) 189.

R. Woods,
in Electroanalytical Chemistry Vol. 2, A.J. Bard (Ed.),
Marcel Dekker, N.Y., 1976.

I1.T.E. Fonseca, J. Lin-Cai, and D. Pletcher,

J. Electrochem. Soc., 130 (1983) 2187.

M. Watanabe, Y. Furuchi and S. Motoo,
J. Electroanal. Chem., 191 (1985) 3&7.

R. Holze and B.B. Cattaneo,
Electrochim. Acta, 33 (1988) 353.

N. Furuya and M. Shibata,
J. Electroanal. Chem., 266 (1989) 4&1.

1.T.E. Fonseca, A.C.S. Marin and D. Pletcher,
J. Electroanal. Chem., 218 (1987) 327.

E.J.M. O'Sullivan and L.D. Burke,
J. Electrochem. Soc., 186 (1989) 1015; ibid 137 (1990)
466,

C. Pallota, N.R. de Tacconi and A.J. Arvia,
J. Electroanal. Chem., 122 (1981) 347.



[22]

(23]

[24]

[25]

[26]

(271

[281]

[291

[30]

[31]

— 36 —

W. Shmickler and J.W. Schultze,

in Modern Aspects on Flectrochemistry, Vol. 17,

R.E. White and J.0'M Bockris (Eds), Plenum Press, N.Y.,

1786.

E.J.M. 0O'Sullivan and E.J. Calvo
in Chemical Kinetics, Vol. 27,

R.G. Compton (Ed.), Elsevier, Amesterdam, 1987.

L.D. Burke and M.G. Lyons,
in Modern Aspecls on Electrochemistry, Vol. 18, p. L69,
R.E. White and J. O'M. Bockris (Eds),

N.Y., 1986.

Plenum Press,

L.D. Burke, M.B. Roche and W.A. 0'Leary,
7. Appl. Electrochem. 18 (1988) 781.

L.D. Burke and C.M.B. Roche,
J. Electroanal. Chem., 137 (1982) 1753

ibid J. Electrochem. Soc. 120 (1982) 2641.

L.D. Burke, J.J. Borodzinki and K.J. O Dwyer,
Electrochim. Acta, 35 (1990) 1821.

R. K&tz, H.J. Lewerenz, P.B. Bruesch and 5. Stucki,

J. Electroanal. Chem., 130 (1983) 209.

J.M. Otten and W. Visscher,
J. Flectroanal. Chem., 55 (1974) b

L.D. Burke, D.P. Whelam,
J. Electroanal. Chem., 162 (1984) 121.

J. Mozota and B.E. Conway,
Electrochim. Acta, 28 (1983) 1.

[32]

[34]

[35]

[37]

£38]

[39]

(4037

£41]

[42]

[43]

— 37 —

R. Parsons and T. VanderNoot,

J. Electroancl. Chem. , 287 (1988) 9

F.T. Wagner and P.N. Ross Jr.

J. Electroanal. Chem., 150 (1983) 141

J. Clavili
avilier, R. Faure, G. Guinet and R. Durand
1

J. Electroanal. Chem. , 288 (1990) 217

E. Morallon, J.L. Vasquez and A. Aldaz,
J. Electroanal. Chem., 288 (19%90) 217.

R.R. Adzic and M. Avramovic-Ivic,

J. Catalysis, 101 (198&) 532.

R.R. i =
R. Adzic, W.E. O Grady and S. Srinivasan,
Sury. Sci., 94 (1980) 191.

R.R. i i i

R. Adzic, A.V. Tripkovic and N.M. Markovic
?

J. Electroanatl. Chem. , 150 (1983) 79.

J. —
Clavilier, R. Faure, G. Guinet and R. Durand
J. Electroanal. Chem. , 107 (1980) 205

J. Clavilier and 5.G. Sun,
J. Electroanal. Chem. , 199 (198&) 471.

D. Armand and J. Clavilier,
J. Electroanal. Chem., 263 (1989) 109:
ibid, 270 (1989) 331.

J.M. Léger,
These d’'Etat, Poitiers, 1982.

C. Lamy, J.M. Léger and J. Clavilier,
J. Electroanal. Chem., 138 (1982) 321



[(44]

(a6l

(471

48]

[491]

[501

(511

[521]

[53]

[541]

R.R. Adzic,

in Modern Aspects of Electrochemis
J. 0.M. Bockris and B.E. Conway
N.Y., 1990.

5. Motoo and N. Furuya,

try, Vol
(Eds),

J. Electroanal. Chem., 181 (1984) 3013

ibid., 184 (1985) 303.

. 21,

Plenum

D. Takky, B. Beden, J.M. Léger and C. Lamy,
Flectroanal Chem., 256 (1988) 34.

J. Electroanal. Chem., 288 (1930)

J.M. Léger, 1. Fonseca, F. Bento and M.I. Lopes,

J. Electroanal. Chem., 285 (1990)

a.J. Arvia, J.C. Canullo, E€. Custidiano,

and W.E. Triaca,
Electrochim. Acta, 31 (1986) 1359.

Moralldén, J.L. Vasquez and A. Aldaz,

217

125.

R.M. Cervino, W.E. Triaca and A.J. Arvia,

J. Flectroanal. Chem., 182 (1985)

51.

a.C. Chialvo, W.E. Triaca and A.J. Arvia,

J. Electroanal. Chem., 171 (1984)

A.E. Bolzan, A.C. Chialvo and A.J
j. Electroanal. Chem., 179 (1984)

T. Biegler and R. Woods,

303.

. Arvia,

71.

J. Electroanal. Chem., 20 (1969) 73.

1.T.E. Fonseca and A.C.S. Marin,

Portugaliae Flectrochimica Acld,

4 (1986)

131.

Press

C.L. Perdriel

= B =

POROUS CARBON ELECTRODES FOR NON-MERCURY

CHLOR-ALKALI CELLS

S.H.A.SHIBL!,* GOPU KUMAR, S.KRISHNAMURTHY and K.1.vasu®
CENTRAL ELECTROCHEMICAL RESEARCH INSTITUTE,

KARAIKUDI - G623 @6, INDIA

SUMMARY

Porous carbon electrodes were prepared using carbon
pawdérs of different t#pas using wvarious catalysts. Physical
properties of +the prepared electrodes were evaluated wusing
scanning electron microscopy (SEM), surface area analyser etc.
Parformance characteristics of these elsctrodes were evaluated by
galvanostatic polarisation at wvarious temperatures in 6M

potassium and sodium hydroxide solutions.

INTRODUCT ION

Chlorine and caustic are almost entirely produced by
electrochemical means. Caught between high energy cost and low
product prices, chlor-alkali producers world-wide are now turning
towards membrane csll technology for survival. Membrane based
technologies have improved so much in recent years. One
dovelopment is the oxygen depolarizing cathode process. In this
Pprocess, an alternate cathodic reaction, that is, the raduction
of oxygen rather than the conventional decomposition of water, is
used for producing caustic [11.

Electrochemical power sources such as metal/air

batteries and fuel cells contain carbon electrodes for oxygen
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