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Abstract The kinetics of Cl, evolution from concentrated
NaCl solutions on the (110) and (230) faces of RuO,
single crystals has been investigated by determining the
Tafel slope, the stoichiometric number and the reaction
orders with respect to Cl~ and H™. The experimental
parameters suggest that the mechanism is presumably
similar to that put forward earlier by Krishtalik [51] for
RuO, layers, but a step common to oxygen evolution,
like the case of polycrystalline samples, is present only
with the (230) face. Reasons for this difference and for
the apparent lower activity of the (110) face with respect
to the (230) are discussed. A detailed analysis of the
surface behavior of the two faces in ClI™ free acid and
alkaline solutions has also been carried out by cyclic
voltammetry.

Keywords RuO; - Single crystal faces - Cl, evolution -
Structure-activity relation

Introduction

The theory of electrocatalysis at oxide electrodes is do-
ing its first steps [1, 2]. Thus far, phenomenological ap-
proaches have mainly been used essentially based on
correlations where the parameter expressing the nature
of the electrocatalyst is the energy change associated
with some redox transition of the metal cation in the
solid surface [3, 4]. The experimental data can however
be hardly referred to the real surface area since elect-
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rocatalysts are as a rule prepared in the form of poly-
crystalline thin films whose stoichiometry is sometimes
known as an average bulk value. Therefore, electronic
and geometric effects cannot be separated to any extent.

Electrocatalysis at metal single crystals has been well
developed, whereas the use of oxide single crystals has
been very scanty thus far. In particular, in the case of
RuO,, besides some pioneering work in the early sev-
enties [5, 6, 7], single crystal faces have been used to
investigate oxygen evolution [8], potential of zero charge
[9], hydrogen adsorption [10, 11], surface properties in
solution [12, 13, 14] and in a vacuum [15, 16, 17], chlo-
rine evolution and reduction [18, 19]. These studies have
shown the presence of sizeable structural effects.

Polycrystalline surfaces and single crystal faces are at
the two extremes of the scale of electrocatalytic activity.
Apart from geometric effects, flat ordered surfaces are as
a rule much less active than rough disordered surfaces.
In the case of RuQO,, this has been proven for the reac-
tion of O, evolution using the Tafel slope, an intensive
quantity, which arranges electrocatalysts in order of
increasing performance [20, 21]. In the end, the param-
eter expressing the structure of the electrocatalyst sur-
face is particle size, expressed either as specific surface
area in the case of supported Pt [22, 23], or as voltam-
metric charge in the case of RuO, layers [20, 24].

A different way to fill the gap between polycrystalline
disordered surfaces and flat ordered faces is to look at
stepped single crystal faces. In this way while the surface is
still ordered, various kinds of active sites are introduced
which characterize polycrystalline surfaces but whose
precise structural features can be known and reproduced.

While such an approach is customarily pursued for
metal surfaces not only in catalysis [25] but also in
electrochemistry [26], nothing has been done thus far for
oxide electrodes, in particular RuO,. In the studies with
RuO, single crystals only ‘“‘as-grown” faces with low
Miller indexes have been investigated, particularly the
(110) face which is the most abundant natural face of
tetragonal RuQO, crystals. In this work we have used a
natural (110) face and an artificial stepped surface, re-



sulted to be (230), a vicinal surface only a bit off the
natural (110) plane.

Chlorine evolution at polycrystalline oxide elec-
trodes has been investigated extensively [27], but the
details of the mechanism have been considerably
modified over the years in correspondence with the
disclosure of new experimental aspects. More specifi-
cally, the kinetics of chlorine evolution at RuO, an-
odes has turned out to be pH dependent which has
suggested that at least one of the steps is probably
common to the oxygen evolution reaction. The same
has been found with Co3;04 and NiCo,0,4 electrodes
[19]. Since O, evolution is undoubtedly a ‘“demand-
ing” reaction on RuO, (which is revealed for instance
by the increase of the Tafel slope as the oxide be-
comes more stoichiometric [21]) whereas Cl, evolution
is apparently a “‘facile” reaction on the same surface,
the possibility that the two processes can proceed
through common steps is expected to diminish on the
stoichiometric oxide. For the above reasons, it has
been decided to investigate the effect of pH on the
chlorine evolution reaction at RuO, single crystal faces
as a very sensitive probe of the electrocatalytic activity
of oxide surfaces. Previous study [18] has been carried
out only by cyclic voltammetry at a single HCI con-
centration and the mechanism has been derived from
the observed cathodic behavior of intermediates
formed during the anodic discharge of chlorine ions.

Experimental

RuO, single crystals were grown by chemical vapor
transport at the Brooklyn College as described elsewhere
[28]. The crystal faces were identified by X-ray at the
University of Illinois, Urbana; in particular, two (110)
faces of sufficiently large size were selected and used.
One of these (110) (the smaller one) was used as such,
while the other was very gently mechanically polished. A
successive X-ray analysis revealed that the exposed face
was a (230) plane, a vicinal surface very close to (110).
For the sake of simplification, the two surfaces will be
referred to as (230) and (110), respectively.

The electrical contacts to the crystals were established
by means of a flexible copper wire and conducting silver
resin. The wire and the back of the crystal were then
placed in an appropriate Teflon holder and the face to be
investigated was finally isolated by means of suitable
non-contaminating resins. In particular, the Schotch-
cast N. 4 resin used to mask Ag single crystals for double
layer studies [29] has proved to be stable in strong acids
and oxidants without unwanted interference on the
experimental parameters.

The cell was the same as that described previously [8,
19]. Unless otherwise stated, solutions prepared using
Millipore MilliQ grade water and analytical grade re-
agents were deaerated by bubbling purified N,.
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Surface characterization was carried out either in
0.5 mol dm* H,SO, or 1 mol dm > KOH solutions.
Chlorine evolution was studied in 5 mol dm™ NaCl
solutions containing 0.01 mol dm~* HCI to keep the pH
low.

The geometric surface areas of the electrodes were
measured on photo%raphic enlargements and were
found to be 11.1 mm? for the (230) face and 4.5 mm?
for the (110) face. No roughness factor corrections
were introduced throughout in presenting experimental
data (for the discussion of roughness factors see later
text). The absolute values of the geometric surface
areas may be subject to some uncertainty (especially at
the crystal face edges), but the ratio between the two
(which is more relevant here) is thought to deserve
confidence.

Experiments were carried out potentiostatically in a
water thermostat at 25+0.1 °C. A saturated calomel
electrode (SCE) was used in NaCl or KOH solutions,
while a hydrogen electrode in the same solution
(RHE) served as the reference electrode in H,SO,
solutions.

Results
Open circuit potential in Cl™ free solutions

On immersion, the open circuit potential has been
measured to be around 0.95 V (rhe), a value similar to
that observed with polycrystalline layers [30].

Voltammetric curves on the virgin crystal faces

Figure 1 shows the typical voltammetric curves of the
two RuO, crystal faces in acid solutions. The curves
appear to be somewhat more structured than observed
previously with the crystals from the same source [12],
while the qualitative features show some difference.
Closer agreement is observed with Nagy et al.’s results
[13], but the peak height ratio is lower in that work.
Moreover, in both previous works [12, 13] voltammetric
curves cover the whole potential window between H,
and O, evolution. In this work the negative potential
limit was 0.4 V (RHE) precisely to avoid any possible
interference by the process of hydrogen adsorption/
desorption.

The curves for the two faces are not dissimilar in
general and only a closer inspection can reveal some
specific differences. In particular, three pairs of peaks are
observable with both faces, while only two are visible for
(110) in previous studies [12, 13]. The peaks have been
identified as A, B and C from the least to the most
anodic one. Peak A appears to be slightly less reversible
on the (230) face. For this reason, the anodic peak po-
tential is somewhat more positive (ca. 0.78 V) on the
(230) than on the (110) face (ca. 0.75 V).
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Peak B is not well developed, but it is well reversible
on both faces. Also the peak potential is the same at ca.
0.92 V (rhe). Peak C is much better developed. The
potential is slightly more positive (1.28 V) on the (230)
than on the (110) face (1.26 V). The reversibility is good
on both faces. The apparent slight shift observed with
the (230) face is thought to be essentially related to the
steeper rise of the current at more anodic potentials.

Position and height of the peaks are not at all affected
by the width of the potential range scanned during cy-
cling. This is further evidence in favour of the revers-
ibility of the surface reactions. Also, the potential sweep
rate from 20 to 200 mV s~' has been found not to
modify the features of the curves.

The anodic and cathodic areas under peaks A and B
are approximately the same, viz. the charges associated
with the respective reactions are the same. The area
under the anodic peak C is as a rule higher than that for
the corresponding cathodic peak. This is thought to be
due to the effect of the rising current at more anodic
potentials. In particular, the anodic to cathodic charge
ratio is higher for the (230) face, which suggests that the
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Fig. 1 Voltammetric curves at 100 mV s~ of RuO, single crystal
faces in 0.5 mol dm~> H,SO, solution

anodic process at more positive potentials has greater
importance on this face.

Figure 2 shows the voltammetric curves in alkaline
solution. The differences between the two faces are here
striking. In particular, the curve for the (110) face
exhibits the characteristic cathodic “‘tail” at low poten-
tials already visible in a previous paper [12]. Moreover,
peaks A and B have apparently merged into one peak
A’, while a more anodic well developed peak C’ is still
present; however the (110) face now shows a certain
irreversibility of peak C’.

A closer inspection of the curves in Fig. 2 reveals that
peak A’ is reversible on both faces, although a mismatch
of about 20 mV can be recognized on the (110) face. The
most intriguing aspect is that peak A’ is now at a less
positive potential on (110) than on (230). In addition,
the anodic peak C’ is now at more positive potentials
with respect to Fig. 1, i.e. at 1.35 V for (230) and > 1.4
for (110). The reduction peaks C’ are at ca. 1.32 V for
both faces.

As in Fig. 1, the pairs of peaks A’ are almost sym-
metrical, which means that the anodic and cathodic
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Fig. 2 Voltammetric curves at 100 mV s~ of RuO, single crystal
faces in 1.0 mol dm~> KOH solution



charges are the same. Peaks C’ are again unbalanced.
More specifically, the charge under peak C’ appears to
be approximately twice that under peaks A’. On the
contrary, in Fig. 1 the charge under peaks A + B is seen
to be approximately equal to that under peaks C.

Tafel lines for chlorine evolution

Figures 3 and 4 show quasi-stationary potentiostatic
curves for chlorine evolution from NaCl solutions at
constant pH (ca. 0.9, by addition of HCI).

There are Tafel lines of 0.04 V extending over
approximately two decades of current for the (230) face
in 5 mol dm—> NaCl. The Tafel line region is narrower
for the (110) and becomes very short for both faces in
0.5 mol dm~* NaCl. The deviations from the Tafel line
are seen to depend on potential and not on current,
which suggests that they are not related to uncompen-
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Fig. 3 Tafel plots for Cl, evolution on the (110) face of a RuO
single crystal. Solution: (1) 5 mol dm~® NaCl; (2) 0.5 mol dm™
NaCl. A concentration of 0.01 mol dm~2 of HCI is present in both
cases. (.....) Slope of 40 mV. (- - - - ) Theoretical reversible potential
in the presence of 1% Cl, gas

1300 -
(230)
1200 - 2 P !
/
- . - . :;;/;;,.//.,
€ P
£ 1100 - - -
w | ——mea o //'J‘(‘J
- —v/
P /_,7/
¢ e
1000 - s
o
900 : ‘ : . . ‘ . ‘
-0.5 0.5 15 25 35
log (j / uA cm?)

Fig. 4 Tafel plots for CI, evolution on the (230) face of a RuO
single crystal. Solution: (1) 5 mol dm~> NaCl; (2) 0.5 mol dm™~
NaCl. A concentration of 0.01 mol dm~2 of HCl is present in both
cases. (.....) Slope of 40 mV. (- - - - ) Theoretical reversible potential
in the presence of 1% Cl, gas

323

sated ohmic drops. The deviations commence at 1.10 V
(SCE) for the (230) and at 1.14 V for the (110) face.

The calculated reversible potentials of the Cl,/Cl™
couple for a partial pressure of Cl, of 0.01 bar have been
marked in the figures. These can only have qualitative
significance since the solutions were purged with nitro-
gen during the experiments. However, it appears that
chlorine evolution becomes appreciable at approxi-
mately the calculated reversible potential on the (230)
face, whereas the start of the reaction is sensibly retarded
on the (110) face. At constant current density, the dif-
ference in overpotential between the two faces is about
80 mV.

Orders of reaction for chlorine evolution

Figure 5 shows the dependence of the reaction rate at
constant potential on the activity of Cl™ in the solution
containing constantly 0.01 mol dm > HCI. As shown in
a previous paper [19], the pH of the solution changes
from about 2 to about 0.9 as the concentration of NaCl
is increased. The plots show that the experimental points
for the (230) face do not gather around a straight line.
The reaction rate appears to be depressed the more the
higher the NaCl concentration. This behavior resembles
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Fig. 5 Current density (j) versus log cnaci at constant HCI
concentration (0.01 mol dm~>). (230) plane, E=1.08 V (SCE);
(110) plane, E=1.14 V (SCE). (—) Theoretical unit slope
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Fig. 6 Current density (j) versus log cnacy at constant pH. (230)
plane, £=1.08 V (SCE); (110) plane, E=1.14V (SCE). (—)
Theoretical unit slope
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Fig. 7 Current density (j) versus pH at constant NaCl concentra-
tion. (230) plane, E=1.08 V (SCE); (110) plane, E=1.14 V (SCE).
(—) Theoretical slopes of —1 and 0, for (230) and (110),
respectively

that observed with polycrystalline samples [19, 31]. On
the contrary, the points for the (110) face gather around
a straight line of unit slope.

Figure 6 shows the same kind of data but taken
keeping the pH of the solution constant by adding HCI
where necessary. It has been verified that the additions
do not interfere appreciably with the nominal concen-
tration of chloride in solution. For both faces, the points
now gather around a straight line of unit slope.

Figure 7 shows the dependence of the reaction rate of
chlorine evolution at constant potential and constant
NaCl concentration on the solution pH. While for the
(110) face the reaction rate is to first approximation
independent of pH, for the (230) face an order of reac-
tion of —1 is observed, as reported for polycrystalline
samples [19, 31]. Actually, a slight increase can be ob-
served for (110) in the low pH range. Since any pH effect
is expected to result in a depression of the reaction rate,
the small enhancement observed is attributed simply to
the slight increase in CI™ concentration as a consequence
of the addition of HCI to keep the pH constant.

Stoichiometric number for chlorine evolution

The theoretical reversible potential of the Cl,/CI™ couple
was observed with both faces in the presence of Cl, gas.
This allowed determining the stoichiometric number for
the Cl, evolution reaction by comparing the “apparent”
with the “actual” exchange current obtained via the
charge transfer resistance and the extrapolation of the
Tafel plots, respectively. The resulting stoichiometric
number was found to be 1 within the experimental
uncertainty.

Voltammetric curves on the used crystal faces

Immediately after extensive use in chlorine evolution,
the voltammetric curve for the (110) face becomes

featureless, more similar to that of polycrystalline sam-
ples. The original pattern is partly recovered long after
the use in chloride solutions. However, the curves re-
main less structured although the relationships between
the two faces are retained.

Discussion
Surface processes

As expected, the voltammetric curves of the single
crystal faces show much better resolved features, yet
qualitatively they do not differ substantially from those
for polycrystalline electrodes. Under normal conditions,
polycrystalline samples exhibit two broad humps, one
centered around 0.8 V (RHE) and the other one around
1.3 V [21, 24, 32, 33]. With single crystal faces the first
hump reveals the presence of a doublet, whereas the
second hump becomes a resolved peak. Between the two
regions, at about 1.0 V (rhe), there falls the open circuit
potential. Therefore, the less positive peak is probably
associated with the surface transformation of a more
reduced species into RuO,, while the more positive one
corresponds to the conversion of RuO, into a more
oxidized species.

The identification of the surface processes is not an
easy task especially with single crystal faces since the
lattice is not hydrated. This means that the metal-oxy-
gen coordination number corresponds to that of the
forming species only for the half of the metal surface
complex towards the solution phase. For the rest the
coordination number, especially towards the interior of
the solid phase, is presumed to remain that typical of
RuO,, otherwise disruption and instability of the lattice
should be observed. This is probably what happens at
very anodic potentials where volatile RuOy, is formed
[34], but this is unlikely to be the case in the potential
range before oxygen evolution.

The stoichiometry of the surface is difficult to assess.
For both faces, the open circuit potential is that expected
for RuO,. This indicates that the surface Ru atoms to-
wards the solution have saturated their coordination
towards oxygen. Of course, the metal-oxygen binding
energy of the surface bonds should differ from that for
oxygen bridges between two Ru atoms in the interior of
the lattice. It is therefore hard to expect that the ob-
served peak potentials can have an exact correspondence
in the Pourbaix diagrams [35] based on bulk phases.

Since the (110) face is expected to be largely present
on polycrystalline samples, a certain parallelism might
exist between the latter and single crystals. A quantita-
tive investigation carried out by Doblhofer et al. [36] has
suggested that one unit of charge is transferred to Ru
ions between 0.4 and 1.0 V and one between 1.0 and
1.4 V (rhe). In other words, Ru(Ill) is present at 0.4 V,
Ru(IV) at about 1.0 V and Ru(V) at ca. 1.4 V prior to
oxygen evolution.



The above model is substantially supported by other
authors’ views [37-39] who proposed that O, evolution
in acid solutions starts as the formation of RuO3; com-
mences, which implies that Ru(V) should be present on
the surface at the potential of incipient oxygen evolu-
tion.

The nature of the doublet is unclear. Possibly, it
could be associated with a surface rearrangement as the
coverage with adsorbed species attains at a critical value.
This rearrangement does not appear in the more anodic
transition. The peak for the latter is narrower which
suggests that lower lateral interaction between surface
species should be involved.

The picture in the alkaline solution is markedly dif-
ferent and reflects the amphoteric nature of the RuO,
surface. In addition, it should be recalled that the surface
of RuO, possesses a strongly positive charge in acid
solution and a strongly negative charge in alkaline
solution [40, 41]. The energetics of the surface modifi-
cations can therefore be largely different.

If the assignment proposed by Burke and Murphy
[37] is accepted, Ru(III) is present at 0.4 V (rhe) Ru(IV)
at 0.8-0.9 V (rhe), Ru(VI) at about 1.2 V and Ru(VII)
just prior to oxygen evolution. The Ru atoms are thus
oxidised to a higher valency state in base. This is not
surprising since, as found by Burke, the rate of change of
the peak potentials with pH is higher than the classical
Nernst value [42]. Therefore, the existence of a given
oxidation state on the oxide surface is shifted to less
positive potentials (with respect to RHE) as the pH is
made more alkaline. As a consequence, states at higher
valency than (V) are formed during oxygen evolution in
acid but prior to it in base.

The presence of a smaller peak at the positive extreme
of the potential range in alkaline solution has been ob-
served also previously [43]. The anticipated formation of
higher oxides in base reflects the higher chemical sta-
bility of these Ru compounds in alkaline solutions, i.e. it
conforms to the known chemistry of Ru. At alkaline
pH’s the crystal faces show some more specific structural
effects. Apart from the large cathodic “tail” for the (110)
face already observed previously [12], the less positive
potential of peak A’ for this face indicates stronger
adsorption of intermediates. In other words, the surface
shows a higher affinity for oxygenated species. This fact
is probably also responsible for the higher irreversibility
of peak C’. The formation of the species under this peak
requires some more energy, but once formed are reduced
at comparable potentials.

Although no specific investigation of O, evolution
has been carried out in this work, the voltammetric
curves can provide some hint of the relative activity of
the two faces. In acid solution, oxygen evolution com-
mences at about the same potential on both faces. This is
in line with the fact that oxidation-reduction peaks fall
at about the same potential. In alkaline solution oxygen
evolution is presumably pushed to more positive
potentials on the (110) face as a consequence of the
higher difficulty to form Ru(VII) on this surface. As a
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result, this face appears to be less active, like for the
electrocatalysis of oxygen evolution [8].

Surface charge

The assignment of the voltammetric peaks to various
surface transitions requires consistency in the peak area
ratio. Thus, peaks A + B (Ru III — IV) and peak C
(RulV — V) are expected to have same area, which has
actually been verified. Similarly, the area of peak A’ (Ru
IV — VI) should be twice that of peak C’ (Ru VI — -
VII), which is in fact the case. As a whole, the charge
measured in the potential range 0.4-1.4 V (rhe) in
alkaline solution (Ru IIT — VII) should be twice that
measured in acid solution (Ru III — V). Since the total
(mean) charge (Q%*) for the (230) face has been found to
be 32 uC in alkaline and 14 uC in acid solution, the ratio
is actually close to 2 as expected. Similarly, for the (110)
face the ‘‘alkaline” charge is 13.1 uC, while the “‘acid”
one is 7.3. Thus, the ratio is again close to 2 (note that it
is difficult to establish the precise correspondence of the
potential range in acid and alkaline solutions).

“As-grown” surfaces look very flat on the micro-
scope. If unit roughness factor is to a first approxima-
tion assumed for both faces, the charges for the two
samples should be in the same ratio as their surface
areas. For the acid solution, the (230)/(110) charge ratio
is Rp«=3.8 (the ratio for the alkaline solution does not
lend itself to similar calculations because of the diversity
of the voltammetric features). For the surface areas,
R, =2.5. The difference is in principle attributable to the
roughness of the (230) face (mechanically polished), with
a plausible roughness factor of 1.5. The above conclu-
sion is based on the assumption of the same Ru surface
atom density on the two planes, that is difficult to assess
for (230), but that can be reasonable in view of the small
deviation of this plane from (110). It seems thus sound
to conclude that the charge exchanged with the solution
during surface redox transitions involves only surface
metal ions (but see later on).

While on a relative basis the picture of surface charges
appears self-consistent, it is more difficult to rationalize
absolute quantitative aspects. With n(110) = 1x10"> cm >
[10], ¢* (= O*/A) should amount to 160 uC cm 2 for the
exchange of one electron per surface metal ion. There-
fore, the theoretical specific charge ¢* should be
320 uC cm ™ in acid and 640 uC cm ™2 in alkaline solu-
tion. In fact, the experimental ¢*’s turn out to be almost
exactly half the above values. The same is of course the
case for the (230) face. The same observation is reported
by Lister et al. [13], who however observed a very low
peak at intermediate potentials (their peak As) so that the
total charge exchan%ed between 0.4 and 1.4 V (RHE) is
only ca. 95 uC cm™ - .

It is very intriguing to compare the above results with
the findings of Burke et al. [44] who related the charge
exchanged by a polycrystalline layer to the real surface
area measured by the BET technique. According to their
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calculations, one electron is exchanged every 0.08 nm?
of real surface area as the electrodes are cycled between
0 and 1.4 V. Since the voltammetric curve for poly-
crystalline samples is almost featureless, the charge ex-
changed over a potential range of 1 V (like in this work)
can be assumed to be ¢*/1.4 that determined by Burke
et al. Therefore, one electron (=1.6x10""" C) is ex-
changed every 0.08x1.4=0.115 nm? of real surface area.
Since the (110) face is the commonest in RuO, crystal-
lites, it is acceptable to confront Burke’s data with those
for the (110) face in this work. Thus, (7.3x107%
1.6x107") 0.115x107"*=0.051 cm?, which differ by only
ca. 14% from the measured geometric surface.

The above calculations can be questioned in principle
on the ground that the BET surface area may not rep-
resent the actual working surface in electrochemical
experiments. However, if the specific surface charge as
found by Burke were too low, this would only mean that
the BET technique gives a higher surface area. This is
quite unlikely, since it has been shown that the BET
surface area gives correct values at low surface area
values but lower values (because of packing effects) at
high surface area values [45]. The possibility that the
BET value includes the surface area of regions not
accessible to the solvent in wet experiments is to be ruled
out on the basis of present evidence.

The surprising agreement between the specific value
of ¢* found here (about 0.16 mC cm > real surface
area) and that proposed on the basis of polycrystalline
RuO, (about 0.14 mC cm 2 BET surface area) breaks
down in alkaline solution. In fact, g* has been found to
remain the same for polycrystalline samples, whereas it
becomes twice as much for single crystal faces. On the
other hand, the doubling of the current in alkaline
solution can be observed also in the voltammetric curves
of previous papers for all faces investigated [12, 13]. This
particular aspect requires further investigation.

Time-dependent surface charge

Voltammetric charge has been shown to depend on the
potential scan rate for polycrystalline RuO, [32]. This
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Fig. 8 Dependence of the voltammetric charge between 0.4 and
0.5 V (SCE) on the potential scan rate

effect has been attributed to the slow penetration of
protons along defective paths, such as cracks, pores,
grain boundaries, etc. In principle, such an effect should
be absent with single crystal faces without morphologi-
cal defects. Figure 8 shows that this is in fact not the
case.

The voltammetric charge was determined as a func-
tion of the potential scan rate (v) in a very narrow po-
tential range between 0.4 and 0.5 V (SCE), away from
visible peaks. v was varied from 10 to 100 mV s~!
Figure 8 shows unambiguously that ¢* depends on the
scan rate, more appreciably for the (230) than for the
(110) face. This indicates that even with single crystals
there is a slow process governing the exchange of pro-
tons between the oxide surface and the adjacent solution
layer [14].

In previous papers, one of us has shown [46, 47] that
g* can be extrapolated to v — 0 as well as to v — . The
former extrapolation gives the total charge ¢,* while the
latter gives the outer voltammetric charge ¢,*. Figure 9
shows the extrapolation to v=0. ¢* results to be
20 uC cm ™2 for (110) and 42 uC cm 2 for (230). The
charge ratio 2.1 turns out slightly higher that 1.5
resulting at 100 mV s~ ' (cf. Fig. 1). The higher ratio at
v=0 is probably more representative of the actual sur-
face roughness of the (230) face.

Figure 10 shows the extrapolation of the voltam-
metric charge to v=oo. ¢,* is 54 uC cm > for (230) and
76 uC cm > for (110). The outer charge turns out sur-
prisingly higher for (110) than for (230).

The dependence of ¢* on v for single crystal faces
entails that there is a diffusional component in the
process of site oxidation/reduction even on as flat a
surface as a perfect (110) face. This process does not
necessarily involve the penetration of protons into the
lattice. It can also be related to the motion of molecular
groups in the transition of proton from water (hydro-
nium ions) to OH groups on the solid surface. This view
is corroborated by the observation that the ratio ¢.*/ ¢*
(¢* is the charge at 100 mV s~ ') is only two for the
(110) face. Since ¢* has been found to involve only about
50% of the Ru surface sites, ¢* corresponds to the
involvement of 100% of the sites. If ¢.* included proton
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Fig. 9 Extrapolation of the charge in Fig. 8 to the potential scan
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rate y=oo

penetration into the lattice, its value would be expected
to be much higher.

The situation is more complex for the (230) face.
Data show that the ratio ¢*/ ¢* is higher than two and
especially that ¢,* becomes lower than that for the (110).
This can only imply that the diffusional component
during a voltammetric scan is more important the more
open the surface structure. In other words, the (230)
surface is likely to contain sites that are kinetically more
difficult to reach and are thus excluded as v — oo.

Mechanism of chlorine evolution

The experimental kinetic parameters of the anodic
reaction of chlorine evolution are unambiguous. The
Tafel slope is 40 mV for both crystal faces. This indi-
cates that the rate-determining step involves the second
electron transfer. Since the stoichiometric number has
been found to be 1, of the classical mechanisms only that
involving the ion + atom step (ClI”+Cl) would be
plausible. However, such mechanism would require an
order of reaction of two with respect to CI™, which is not
the case. Once again, the parameters of Cl, evolution on
oxides prove that the classical mechanisms are unsuit-
able to explain the experimental picture [27].

The order of reaction of one with respect to Cl™
indicates that this species appears only once in the steps
up to the rate determining one included. The order of
reaction of zero with respect to protons for the (110) face
rules out that the mechanism can include a step whose
potential shifts with pH. Therefore, the mechanism of
chlorine evolution on the (110) face of RuO, single
crystals is basically different from that on polycrystalline
layers although the main parameters have the same
values. The only mechanism that appears to be reason-
able is thus the earlier one proposed by Krishtalik and
co-workers [48], i.e.:

S+CI" -S—-Cl + ¢ (2a)

S—Cl— (S—CI)" +e rds (2b)
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(S--CI)" ... = Cl, (2¢)

where S is a surface active site whose precise nature is
unknown. But it is realistic to assume that the core of the
active site is the Ru ion.

The reason why any pH dependence is absent is to be
sought in the especially high overpotential for O, evo-
lution [8] compared to that for CI, evolution on the (110)
face. The surface reaction of site oxidation preceding O,
generation is probably pushed to higher potentials on
the (110) face. The relative activity of the catalyst surface
for O, versus Cl, evolution is thought to be responsible
for the appearance or not of the pH dependence of Cl,
evolution [49]. The intrinsic redox behavior of the sur-
face active sites provides the ability for them to draw
two electrons from the same discharging species as an
alternative to the classical ion + atom (Cl+ CI™) step.

The mechanism on the (230) face appears to differ
from that on the flat (110) face, being closer to that on a
polycrystalline surface [19]. In this case, the order of
reaction of —1 with respect to protons calls for a surface
oxidation step preceding Cl discharge [50, 51]:

S--OH — S--O+ H" +e (3a)
S—0O0 + CL™ —-S—-0OCL+e rds (3b)
S—O0Cl+H"+Cl” -S—-0OH+Cl (3c)

The experimental Tafel slope of 40 mV points to Eq. 3b
as the rate determining step. Therefore, the precise
nature of step Eq. 3c is not important since it follows the
rds.

The (110) face is clearly less active than the (230) face.
In terms of the proposed mechanism, this implies that
either S—Cl is at lower energy or (S—CI)" is at higher
energy. Both situations probably occur on the (110) face
at the same time. The S—CI bond strength is presumably
higher because of the large number of unsaturated sur-
face bonds; on the other hand, due to the compactness
of the atom distribution, the lateral interaction between
two neighboring (S—Cl)™ species is stronger. The ab-
sence of any pH effect also on the (110) face suggests
that both O, and Cl, evolution are inhibited on this face
compared to the (230) face. It has to be concluded that
the dramatic activation of the (230) with respect to the
(110) face, despite they are structurally vicinal, is related
to the more favorable interaction of the intermediates
with “oxygenated” surface sites. In other words, the
activation of the surface towards O, evolution, related to
the more open structure of (230), is responsible for the
activation of the same surface towards Cl, evolution.

The deviation from the Tafel line of 0.04 V slope at
more anodic potentials (cf. Figs. 3 and 4) cannot be
related to ohmic drop effects because of the high con-
ductivity of the single crystals and the small current
circulating in the cell. It is possible that either the rate-
determining step shifts to the primary discharge (Egs. 2a
and 3a) or the oxygen evolution reaction starts to
interfere with the Cl, evolution process in the high
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overpotential range. With polycrystalline samples, the
Tafel slope has been found to stay constant for many
decades of current [19, 52]. Thus, the second possibility
is more realistic. If this is the case, the kinetic parameters
should change in the high overpotential range; in par-
ticular, some sort of pH dependence should appear also
for the (110) face. The verification of this hypothesis
requires further experimental study.

At constant potential on the linear part of the Tafel
plots, the ratio of current density, j, is (230)/(110) = 130.
If the same atomic density were assumed for both faces,
the activity ratio, corrected for the roughness factor of
(230) becomes 87. Since the real atom density on (230) is
probably lower than that on (110), the (230) plane turns
out to be more active that the (110) plane by ca. two
orders of magnitude. This can only be explained in terms
of real electrocatalytic effects. The higher activity of the
(230) plane is to be related to its more open structure as
well as to the presence of atoms with unsaturated surface
bonds which can interact more favorably with reactants,
intermediates, and/or products of the reaction.

The voltammetric curves become less structured after
extensive use of the electrodes in Cl, evolution. How-
ever, the relative features of the two faces are apparently
retained. Immediately after prolonged discharge of Cl,,
the curves are even more distorted. This indicates that a
sort of ‘“atom implantation” takes place during the
discharge of CI™ ions, which deteriorates the surface
response. The voltammetric “‘spectrum” thus becomes
more like that of polycrystalline layers. The penetration
of chlorine into the oxide layer has been observed with
thermal oxides [53]. However, in that case grain
boundary diffusion is probably responsible for the ob-
served phenomenon. Penetration should not take place
on single crystal faces, but the surface is anyway
appreciably disturbed. Further surface studies are nee-
ded to gain insight into this particular aspect.

Conclusions

This work has revealed for the surface and electrocata-
lytic behavior of RuO, single crystal faces aspects not
pointed out before.

(1) A (230) plane, a vicinal surface of (110), has been
investigated for the first time. Despite the close
similarity of the voltammetric pattern, the electro-
catalytic activity is dramatically different. In par-
ticular, pH effects are not observed with (110) while
they are substantial with (230).

The electrocatalytic activity for Cl, evolution does
not appear to be related to the chemical composi-
tion of the surface, but rather to its morphology. A
(230) surface, more open than (110), shows a higher
activity for Cl, evolution thanks to its easier oxi-
disability. Thus, surface oxidation is a prerequisite
for low overpotential for Cl, evolution. The struc-
ture of the surface complex is the key to the elect-
rocatalytic activity of RuO».

2)

(3) The (110) face of RuO, exchanges one electron per
Ru surface atom in the potential range 0.4-1.4 V
(RHE). In the same range the valency state of Ru
atoms is expected to change from III to V. Thus,
only half of the surface atoms are normally in-
volved. If the potential scan rate is reduced to zero
(i.e., the rate of surface processes), the atoms in-
volved turn out to become 100%. This indicates
that the exchange of protons between oxide surface
and solution adlayer is limited by a diffusional
component even for single crystal faces. The diffu-
sional component is thought to be related to local
motion of molecular groups (H;O" and surface
OH), and not to penetration of protons into the
crystal lattice.

The surface voltammetric charge doubles in alkaline
solution with respect to the value in acid solution.
This agrees with a higher valency state of Ru atoms
in alkaline solution, so that in the 0.4-1.4 V (RHE)
potential range the transition is III-VII compared
with III-V in acids. The involvement of only half of
the surface atoms in ordinary conditions persists
also in alkaline solution.

4)
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