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Abstract

The voltammetric behaviour of polycrystalline rhodium in H,SO, - 12H,0 and HCIO, - 5.5H,0 was investigated by conventional and
triangularly modulated voltammetry in the range 198—298 K. H and OH electrosorption reactions and a fast electrochemical process in the
potential range preceding the oxygen evolution reaction {OER) were studied. For both electrolytes, as the temperature diminished, the H
atom reactions and those reactions related to the O-containing surface species became increasingly irreversible, whereas the fast
electrochemical process preceding the OER was nearly the same, irrespective of the temperature. Explanations recently advanced for the
behaviour of Rh in more diluted solutions of the same acids at 298 K and the electrochemical behaviour of the different processes are
discussed, considering mainly the effects of sulphate anion adsorption and perchlorate anion decomposition on Rh.
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1. Introduction

The effect of temperature on the kinetics of electro-
chemical reactions has been studied during the last decades,
particularly to evaluate the temperature dependence of
Tafel slopes and its relation to electron transfer theory [1].
More recently, the hydrogen electrode reaction (HER) on
Pt in HCIO, - 5.5H,0 in the range 189-292 K [2,3] and
the voltammetric behaviour of H and O adatoms on Pt in
H,S0O, - 12H,0 and HCIO, - 5.5H,0 in the range 189-292
K [4,5] have received special consideration. Although re-
stricted to Pt, these results are highly interesting when
exploring new aspects related to the structure of the
metal |solution interface in relation to the kinetics of elec-
trocatalytic processes.

The voltammetric response of H and O atom elec-
trosorption reactions on Rh in both acid and alkaline
solutions in the range 273-373 K [6-11] indicates a
marked effect on the kinetics of those reactions by the
composition of the electrolyte solution—particularly on
the anion adsorption [12-16], electrode potential and tem-
perature (7). The effect of these variables follows the
change in the adsorption characteristics of anions in the
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solution [10], although data on the effect of T on these
reactions are very scarce. Previous results reported for Rh
in 2.3 M H, SO0, indicated that an increase in temperature
from 263 to 363 K resulted in a decrease in the electrofor-
mation threshold potential of the O-containing layer [6].
The reaction itself was confined to a narrower and lower
potential range. The problem posed then is to understand
how the effect of T on these reactions manifests in the low
temperature range.

This paper describes a voltammetric study of reactions
which, on platinum metals such as Rh, usually proceed in
the potential range of the H and O electrosorption reac-
tions, and fast redox processes preceding the oxygen evo-
lution reaction (OER). These reactions are studied on
polycrystalline Rh in H,SO, - 12H,0 and HCIO, - 5.5H,0
covering the ranges 198-298 K and 210-298 K, respec-
tively, in which the electrolyte composition of both sys-
tems remains constant.

2. Experimental

A three-electrode glass electrochemical cell (as de-
scribed elsewhere [4]) was used. The working electrode
consisted of a polycrystalline Rh wire (Johnson Matthey,
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99.998% npurity, either 0.63 or 0.53 cm’ in geometric
area). The working electrode was surrounded by a Pt foil
which served as the counter-electrode. The reference elec-
trode was a Pd—H, electrode that ended in a Luggin—Haber
capillary tip, which was placed axially to the working
electrode at a distance of about 1 mm. Potentials (£) in the
text are referred to the reversible hydrogen electrode scale
at T.

The H,S0,-12H,0 and HCIO,-5.5H,0 were pre-
pared from H,SO, (97%) and HCIO, (70%) acids (Merck,
p.a.) and Milli-Q* water. The composition of these elec-
trolytes was constant on changing from the liquid to solid.
The CI™ ion content in the HCIO, - 5.5H,0 was less than
5 X 107> M. The cell temperature was monitored by means
of a precision thermistor (YSI 44001) and kept constant at
+0.5 K using a Lauda model WK120 Ultra-Kryomat. A
slow cooling rate ensured that a completely frozen elec-
trolyte layer remained attached to the electrode surface
when T was below the electrolyte freezing temperature
(T:(H,S0, - 12H,0) = 1995 K; T;(HClIO, - 5.5H,0) =
228 K). Conventional voltammetry was performed at 0.1 V
s~!, covering different potential regions within the thresh-
old potentials of the HER and OER.

To detect the presence of reversible electrochemical
processes, the triangularly modulated linear sweep voltam-
metry (TMV) technique was applied. The background of
this technique has been extensively described in the litera-
ture [17,18] and it has been used successfully to detect fast
conjugated surface electrochemical reactions, such as those
involved in the electrosorption of H and O atoms at both
the monolayer and multilayer level [17,19,20]. In this case,
the TMV modulation frequency f was varied in the range
20 < f<1000 Hz, whereas the modulation amplitude A
was fixed at 0.040 V. For the triangularly modulated
voltammograms, either a single linear or a triangular scan
was recorded on a Kenwood model CS-5130 oscilloscope
and photographed with a Micro Nikkor 55 mm f 2.8 lens
mounted on a Nikon FE2 camera using llford FP4 film.

All the experiments were performed under purified N,,
covering the range 298-198 K for H,S0, - 12H,0 and the
range 298-210 K for HCIO, - 5.5H,0.

3. Results

3.1. Voltammetry in H,SO, - I12H,O at different tempera-
tures

At 298 K, the stabilized voltammogram of Rh in
H,S0, - 12H,0, obtained at 0.1 V s~ ! between 0.07 and
1.40 V, exhibits two well-defined potential regions (I and
1D (Fig. 1). At potentials below 0.40 V (region I), a pair of
reversible conjugated current peaks can be observed at
about 0.135 V, which are related to H atom electrosorption
on Rh. Both current peaks show a shoulder at about 0.2 V.
Furthermore, the HER starts at potentials below 0.1 V.
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Fig. 1. Potentiodynamic E—1I profiles of polycrystalline Rh in H,SO,-
12H,0 at ¢ =0.1 Vs~! and T =298 K between E,=0.07 V and E,
changed stepwise from 1.40 to 0.65 V. Apparent electrode area, 0.63
cm?.

Region II comprises the electroformation of the O-con-
taining layer on Rh, which commences at about 0.58 V.
This complex reaction is characterized by a broad positive
current peak at about 0.8 V, followed by a very smooth
current decay for E = 1.2 V, and a slight current increase
for £> 1.2 V. A broad negative current peak located at
about 0.47 V, related to the electroreduction of the O-con-
taining layer, is recorded during the reverse potential scan.
The corresponding peak potential shifts negatively as the
upper switching potential (E,) is positively increased, as a
result of the increasing irreversibility of the electrochemi-
cal reaction itself. This electroreduction process overlaps
considerably the initial stages of the H electroadsorption
reaction.

Fast redox processes related to oxide film formation on
Rh can also be followed by TMV. Thus, TMV carried out
from 0.05 to 1.4 V at f= 100 Hz and A = 0.040 V shows
two fast conjugated current envelopes (Fig. 2(a)). The first
reversible envelope which appears in the range 0.08 < E <
0.28 V (region 1) can be assigned to fast H atom elec-
trosorption reactions; the corresponding anodic (positive)
to cathodic (negative) apparent charge ratio is g,/q. = 1.
The symmetric second reversible envelope observed in the
range 0.5 < £ < 1.0 V (region II) can be associated with
the beginning of the formation of the O-containing layer
on the Rh [8]. In this case, q,/q. = 1.1 for f= 100 Hz.
The value of g, is smaller than that involved in the H
electrosorption process, probably because of the relatively
high surface coverage by adsorbed HSO, and SO}~ ions
(hereafter denoted as sulphate anions); this adsorption
takes place in this potential range, as has been recently
concluded by other authors {13-16]. This fact can explain
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why the reverse TMV scan (Fig. 2(b)) is more poorly
defined, because it exhibits a smooth positive peak at
about 0.68 V and an asymmetric negative peak at about
0.54 V. In this case, g,/q. = 0.5, and the peak potential
difference is AE = 0.2 V. These results suggest that the
electroreduction process behaves irreversibly. Conversely,
the first reversible system in region I is nearly the same as
that in Fig. 2(a), because the effect of the reversible
adsorption of sulphate anions on the H atom electrosorp-
tion rapidly decreases from 0.25 to 0 V [13].

In contrast, when the potential scan reaches a value
close to 2 V (Fig. 3) an ill-defined positive current contri-
bution appears at about 1.6 V, i.e. prior to the OER
threshold potential. The Rh oxide film which is produced
at high positive potentials is electroreduced below the
potentials required for those oxide layers formed at lower
potentials. Furthermore, the current peak of the oxide film
electroreduction is preceded by a negative limiting current
which extends from 1.5 to 0.8 V.

0.1

E/V

Fig. 2. Triangularly modulated voltammogram recorded between 0.06 and
142V at0.1 Vs~ and T =298 K in H,SO,12H,0 with A =0.040 V
and f=1 kHz: (a) positive-going potential scan; (b) negative-going
potential scan. Apparent electrode area, 0.63 cm?,
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Fig. 3. Potentiodynamic E -/ profiles of polycrystalline Rh in H,SO,-

12H,0 at v =0.1 V s™' and T =298 K between E.=0.07 V and
E,=1.80 V. Apparent electrode area, 0.63 cm?.

The TMV carried out from 0 to 2 V shows a new fast
conjugated system at about 1.7 V, i.e. in the potential
range just preceding the commencement of the OER (Fig.
4). This new system appears during both the positive- and
the negative-going potential scans. Furthermore, it is found
that g,/q. = 1, but the anodic charge is only a fraction
(0.6) of the charge involved in the positive current peak
observed at 0.75 V. In addition, the complex contour of the
H adatom electrosorption involves reversible conjugated
current peaks at about 0.38 and 0.1 V.

As T is decreased from 278 to 210 K, the entire
voltammogram obtained at 0.1 V s~ ' changes, particularly
in the H atom electrosorption potential range. Thus, on
decreasing T from 253 to 210 K (Fig. 5), both the positive
and negative charges related to the H atom electrosorption
diminish and a new current contribution is enhanced at
more positive potentials. The electrochemical reactions are
less reversible, covering a wider potential range. Accord-
ing to the behaviour of Rh in more dilute aqueous H,SO,
at 298 K [13-16], the hysteresis shown in Fig. 5 indicates
a predominant effect of sulphate anion adsorption as the
temperature is decreased. The broadening of the H atom
region on the positive-going scan compared with the nar-
row peak on the reverse scan has been shown to result
from the fact that an anion is more difficult to desorb from
a positively charged surface (negative-going potential scan)
compared with the adsorption of an anion on an already
negatively charged surface (positive-going potential scan)
[15,16].

The stabilized cyclic voltammogram of Rh in frozen
H,S0, - 12H,0 (T = 198 K) obtained between 0.06 and
1.45 V at 0.1 V s~' exhibits two broad peaks in the H
adatom potential region, followed by a very broad current
peak in region II (Fig. 6(a)). The reverse scan shows a
broad negative peak, resulting from the electroreduction of
the O-atom-containing layer, as well as another large
negative contribution in region 1 (Fig. 6(b)). As E, is
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Fig. 4. Triangularly modulated voltammogram recorded between 0.06 and
1.80 Vat 0.1 Vs~ ! and T = 278 K in H,S0,- 12H,0 with A =0.040 V
and f=1 kHz: (a) positive-going potential scan; (b) negative-going
potential scan. Apparent electrode area, 0.63 cm?.

decreased stepwise from 1.45 to 0.55 V, the electroreduc-
tion current peak of the O-containing layer shifts positively
and the negative charge in region I related to H atom
electroadsorption is reduced appreciably (Fig. 6(b)). In
fact, no negative current peak can be observed when
E,<0.6 V, ie. when E, lies in the potential range of
maximum adsorption for sulphate anions on Rh [13] and
the O atom layer electroformation is avoided (Fig. 6(b)).
Furthermore, as E, = 0 V, where E_ is the lower switch-
ing potential, the positive peak located at about 0.125
V-—which corresponds to the electro-oxidation of molecu-
lar H, formed in the preceding negative-going potential
scan—is clearly observed.

The TMV response of Rh in frozen H,SO, - 12H,0
provides additional information only when f< 100 Hz.
Otherwise, for f> 100 Hz, a trend towards featureless
voltammograms is observed, consisting mainly of a capaci-
tive response. Thus, TMV carried out from O up to 2 V at
f=20 Hz and A =0.040 V shows three main current

1.6
E/V
Fig. 5. Potentiodynamic E—TI profiles of polycrystalline Rh in H,SO,-

12H,0 at v =0.1 V s~ ! between E, =005 V and E, =145 V: — — —,
T=253K;,—-— T=233K; - - - T=210 K. Apparent electrode area,

0.63 cm>.

contributions (Fig. 7). The first contribution at about 0.1 V
is presumably related to the electro-oxidation of traces of
H, formed during the preceding negative-going potential
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Fig. 6. Potentiodynamic E—1I profiles of polycrystalline Rh in H,SO,-
12H,0 at ¢+ =0.1 Vs™* and T =198 K between E,=0.05 V and E,
changed stepwise from 1.45 to (.55 V. Apparent electrode area, 0.63

sz.
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scan; the second contribution at about 0.3 V (region I)
involves a conjugated pair of current envelopes related to
the H atom electrosorption affected by the adsorption of
sulphate anions; the third contribution also involves a pair
of conjugated current envelopes (region II) which corre-
spond to the initial stages of the O-containing layer elec-
troformation and /or electroreduction. Subsequently, the
reverse scan (Fig. 7(b)) presents several ill-defined nega-
tive and positive current contributions. The first pair of
envelopes located at about 0.8 V comprises a charge
smaller than that resulting in Fig. 7(a). Subsequently,
electrosorption processes take place in the potential range
where strong sulphate anion adsorption occurs [13]. Fur-
ther details of these reactions result from TMV carried out
for E,=0Vand E, =0.58 V at f= 50 Hz (Figs. 7(c) and
7(d)). Therefore, TMV carried out from 0.58 to 0 V (Fig.
7(d)) shows the absence of reversible conjugated current
peaks attributable to H adatom reactions, whereas TMV
from 0 to 0.58 V (Fig. 7(c)) shows a single pair of
conjugated current peaks at about 0.2 V. Finally, when the

0.1

potential scan exceeds the OER threshold potential (Fig.
8), TMV shows that the second redox system becomes a
fast process similar to that found at 298 K.

Therefore, the voltammetric features of Rh in H,SO, -
12H,0O confirm that sulphate anion adsorption has a re-
markable effect on the voltammetric response of the H
atom and O-containing layer formation. These reactions
show an increasing irreversibility as T is reduced, whereas
there is only a minor effect of 7 on the redox system
observed at about 1.8 V.

3.2. Voltammetry in HCIO, - 5.5H,0 at different tempera-
tures

A voltammogram of Rh in HCIO, - 5.5H,0 at 298 K
(Fig. 9) obtained at 0.1 V s~! between 0.1 and 1.55 V,
shows electrochemical reactions taking place in two main
potential regions (I' and IT'), as previously described for
H,SO, - 12H,0, although the current contribution in re-
gion I' for HCIO, - 5.5H,0 is narrower than that in region

0.2
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Fig. 7. Triangularly modulated voltammogram recorded (a), (b) between 0.05 and 1.45 V and (c), (d) between 0.0 and 0.55 V at 0.1 Vs~! and T = 198 K
in H,S0, - 12H,0 with A =0.040 V, (a), (b} f= 20 Hz and (c), (d) f= 50 Hz: (a), (c) positive-going potential scan; (b), (d) negative-going potential

scan. Apparent electrode area, 0.63 cm?.
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Fig. 8. Triangularly modulated voltammogram recorded between 0.40 and
20V at01Vs~!and T=198 K in H,SO,-12H,0 with A =0.040 V
and f=50 Hz: (a) positive-going potential scan; (b) negative-going
potential scan. Apparent electrode area, 0.63 cm?.
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Fig. 9. Potentiodynamic E—/ profiles of polycrystalline Rh in HCIO, -
5.5H,0 at v=0.1 Vs~ and T =298 K between E, =0.07 V and E,

changed stepwise from 1.40 to 0.65 V. Apparent electrode area, 0.53
2
cm®.

I/uA

R e talatataind phaiaiid S

E/V

Fig. 10. Potentiodynamic E—1I profiles of polycrystalline Rh in HCIO, -
55H,0 at v=0.1V s~ and T =228 K between E,=0.07 V and E,
changed stepwise from 1.40 to 0.65 V. Apparent electrode area, 0.53
cm?.

I for H,SO, - 12H,0 and involves no current peaks such
as those shown in Fig. 1. The positive current peak located
at about 0.1 V presumably results from H, electro-oxida-
tion. In contrast to H,SO, - 12H,0, the O-atom-containing
layer in HCIO, - 5.5H,0 begins at about 0.65 V with a
smooth current increase (Fig. 9). The stepwise shift of E,
from 0.6 to 1.5 V indicates that the initial stage for the
O-containing layer electroformation on Rh in HCIO, -
5.5H,0 behaves reversibly, as for H,SO, - 12H,0 at the
same T (Fig. 1).

As T is steadly reduced to 228 K, the same voltammet-
ric characteristics are essentially maintained, but the over-
all voltammetric charge decreases. For frozen HCIO,
5.5H,0(T = 228 K), this charge is smaller by a factor of
about eight than that recorded at 298 K. At the lowest T
value, a sharp current peak appears at about 0.15 V,
preceding the HER, which is caused by the presence of
Cl™ anions that result from the instability of the ClO,
anion on Rh [12,14-16] and from the proper composition
of the electrolyte (Fig. 10).

At T =298 K, the TMV behaviour is comparable with
that already described for H,SO, - 12H,0. Either at T =
298 K (Fig. 11) or T=213 K (Fig. 12), TMV shows
reversible processes in regions I' and II'. Region I', which
covers the range 0.0-0.4 V, shows the reversible H atom
electrosorption reaction; region II' exhibits the reversible
initial stage of the O-containing surface layer and another
reversible process at about 1.7 V. This process is enhanced
and better resolved in HCIO, - 5.5H,0 than in H,SO, -
12H,0. The TMV positive charge that results from the
reversible process at about 1.7 V is four times greater than
those recorded for the reversible H and OH electrosorption
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reactions observed at about 0.1 V and 0.8 V respectively.
It is worth noting that both reversible processes in region
II' are observed in the frozen electrolyte (Figs. 11 and 12).
The capacitive contribution to TMV increases at 7 = 213
K, especially in the range 1.1-1.5 V.

The values of the ¢,/q. charge ratio related to the
electrosorption of H atoms, the formation of OH species at
about 0.8 V and the reversible system formed at about 1.7
V are always close to unity at all T values. Therefore, in
the entire range of T, the difference in potential between
the H adatom and oxide regions for HCIO, - 5.5H,0 is
always greater than that for H,SO, - 12H,0. HCIO, -
5.5H,0 exhibits a smooth rise in the ‘‘onset of oxide™’
region as compared with H,SO, - 12H,0. The current
peak at 0.15 V in Fig. 10, which is similar in behaviour to
that produced in the desorption of CI~ ions on Rh [15,16],
indicates clearly the presence of Cl~ ions that result from

10
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Fig. 11. Triangularly modulated voltammogram recorded between 0.0 and
20V at0.1 Vs~ and T =298 K in HCIO,-5.5H,0 with A =0.040 V
and f=1 kHz: (a) positive-going potential scan; (b) negative-going
potential scan. Apparent electrode area, 0.53 cm®.
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Fig. 12. Triangularly modulated voltammogram recorded between 0.0 and
20Vat0.1Vs™!and T=213 K in HCIO,-5.5H,0 with A =0.040 V
and f=400 Hz: (a) positive-going potential scan; (b) negative-going
potential scan. Apparent electrode area, 0.53 cm?.

the decomposition of ClIO, anions on Rh [12,14,15]. This
is consistent with the relatively high initial concentration
of Cl” ions in the electrolyte and the relatively low
activation energy of the ClO, anion decomposition reac-
tion on Rh yielding C1™ ions [14]. The effect of Cl~ ion
adsorption on the voltammetric response of Rh in HCIO, -
5.5H,0 increases as T is reduced.

4, Discussion

4.1. Structure of electrolytes at the electrochemical inter-
face

The temperature effects on H atom and OH electrosorp-
tion, O-containing layer formation and electrodissolution,
and the redox processes preceding the OER on Rh elec-
trodes depend strongly on the nature of the electrolyte and,
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to a lesser extent, on whether the electrolyte is liquid or
solid. Therefore, it may be useful to recall certain charac-
teristics of the structures for bulk H,SO, - 12H,0 and
HCIO, - 5.5H,0, and Rh|H,SO, - 12H,0 and Rh[HCIO,
- 5.5H,0 interfaces, in the potential range covered by this
work.

The structure of bulk H,SO, - 12H,0 is considered to
consist of H-bonded chains [21,22]. This structure would
make possible a direct interaction between sulphate anions
and the Rh surface, both for the liquid and solid elec-
trolyte. As has been recently demonstrated [13,15], ad-
sorbed sulphate anions on Rh play a key role in the
kinetics of electrochemical reactions proceeding in the
potential range of our experiments. It was shown further
that an adsorbed layer of sulphate anions on Rh(111) is
more stable than that on other Rh surfaces, as a result of a
more favourable spatial configuration of the anions and the
surface water molecule network. The uptake of anions by
Rh(111), as concluded from radiochemical data, reaches
about 40% of the theoretical maximum coverage for sul-
phate anion concentrations up to 107 M. In the absence
of Rh surface oxidation, the reversible adsorption of sul-
phate anions on Rh(111) was verified with respect to the
bulk sulphate anion concentration and the electrode poten-
tial [13].

However, the crystal structure of bulk HCIO, - 5.5H,0
has been described as a polyhedral clathrate (pc), where
the host lattice is formed by water molecules and the C10,
anion is the guest [23]. The dielectric relaxation of this
clathrate is determined by the H,O framework and the
polar characteristics of the guest species, and their ability
to interact with the host lattice by H bonding or by the
substitution of H,O molecules. Therefore, for Rh |HCIO, -
5.5H,0, an anion—Rh surface direct interaction appears to
be unlikely for C1O, anions that remain in the host lattice.

However, in this case, the structure of the interface is
complicated by the catalytic properties of Rh(100), Rh(111)
and Rh (pc) in the processes of ClO; anion reduction in
aqueous media yielding C1~ anions as the main electrore-
duction product, either at the Rh surface or in the bulk of
the solution [14], as concluded from surface analysis, low
energy electron diffraction (LEED) and Auger spec-
troscopy data [14,24]. The rate of CIO, anion electrore-
duction decreases in the order Rh(100) > Rh(pc) >
Rh(111), and the degree of surface coverage ratio for
oxygen and chloride in 0.1 M HCIO, at 298 K attains a
minimum value at about 0.20 V, i.e. in the potential range
related to H atom electrosorption reactions [14]. Further-
more, the apparent heat of activation of perchlorate anion
electroreduction on Rh (pc) is 41 kJ mol~'. Therefore, a
change in temperature from 298 to 210 K would imply a
decrease in the rate of this reaction by a factor of approxi-
mately three leading to the unavoidable interference of
chloride species with the electrochemical reactions covered
in this work, particularly those that occur in the H adatom
potential range.

4.2. H electrosorption process on Rh electrodes

The cathodic current contribution recorded at about
0.15 V corresponds to H atom electroadsorption affected
by either sulphate anion adsorption or ClO, anion elec-
troreduction, depending on the electrolyte composition.

In H,SO,-12H,0, as T is decreased, the H atom
electroadsorption current peak begins to disappear, the H
electrodesorption current peak decreases appreciably and,
simultaneously a clear hysteresis in the voltammogram,
resulting from anion adsorption, is observed (Fig. 5). This
is reflected also in the absence of the reversible pair of
current peaks for H atom electrosorption during the nega-
tive potential scan.

The strong blockage of Rh adsorption sites by sulphate
ions for H electrosorption reactions is consistent with
previous results obtained in aqueous HF and H,SO, solu-
tions [9], and can be interpreted through a competition
between adsorbable anions and the H atom as expressed by
the formal reaction

Rh,(HSO; /SO; ) + H;0* + e~
= Rh (H) + HSO; /SO}™ + H,0 (1)

where x stands for a Rh surface site covered by an
adsorbate and the parentheses denote adsorbed species.

The adsorption of sulphate anions on Rh is favoured as
compared with other noble metals, probably because of the
comparatively lower potential of zero charge [25,26]. The
surface coverage of Rh by anions is maximal at the onset
of oxide formation [13]. Hence, the greatest inhibition of
adsorbed H occurs when E, is set just at the onset of oxide
formation (Fig. 6(b)). The reason that more H adsorbs as
E, becomes more positive (Fig. 6(a)) is that fewer anions
are adsorbed as the previous potential scan reaches more
positive potentials. As T is reduced, the reversible adsorp-
tion of sulphate anions increasingly dominates the kinetics
of the H atom electrosorption on Rh.

In HCIO, - 5.5H,0 the electrochemical behavior of Rh
in the H adatom potential region fits into a kinetic scheme
in which anions also play a key role. In this case, the H
adatom potential range decreases gradually as T is dimin-
ished, showing no major changes in the characteristics of
the voltammogram, especially when E, is set at about 0.6
V. The TMV characteristics of the H atom electrosorption
remain practically unaltered when T approaches 213 K. In
this case, the decrease in the voltammetric charge results
from the competing ClO, anion decomposition on Rh,
leading to either adsorbed C1~ or Cl™ anion in solution
[14]. Hence, the overall H-atom electrosorption can be
simply written as

Rh,(H,0) + (H;0) "+ e~ = Rh (H) + 2H,0 (2)

where y denotes the fraction of Rh surface available for
interacting directly with water. Seemingly, at a constant E
value, the value of y tends to decrease as T is reduced,
causing progressive hinderance of reaction (2).
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For both electrolytes, it is reasonable to say that the
proton transfer involved in reactions (1) and (2) occurs in
an almost completely H-bonded lattice, as if the reorgani-
zation energy contribution to the electrochemical process
became of little importance as T is decreased.

4.3. Electroformation of the O-containing layer on Rh

The electroformation of the O-containing layer on Rh
involves the initial electrosorption of OH species resulting
from the underpotential decomposition of water. For
H,S0O, - 12H,0, the overall reaction can be written as

Rh, (HSO, /SO; ™) + H,0
= Rh (OH) + HSO, /SO;” +H* +e~ (3a)
and, for HCIO, - 5.5H,0, we have

Rh,(Cl7) +2H,0=Rh(OH) + CI "+ H;0" + e~
(3b)

Reactions (3a) and (3b) are accompanied by a reaction
such as

Rh,(H,0) + H,0 = Rh (OH) + H,0" + e~ (3c)

where x' and y stand for the fractions of Rh surface
covered by adsorbed species and by water respectively.
This type of reaction involving a simultaneous electron—
proton transfer process is already well-established for a
number of metal electrodes in aqueous solutions.

According to TMV, reactions (3a) and (3b) are re-
versible reactions, independently of the electrolyte, over
the entire range of T covered in this work. For the solid
electrolytes, the proton motion involved in these reactions,
either at the reaction interface or in the bulk, can be
described as an H transfer between two favourably ori-
ented vicinal water molecules tunnelling the corresponding
potential energy barrier. This process, which occurs in ice,
can be written as

[H30+]a +[H,0], - [H20]a + [H30+]b (4)

where a and b denote two neighbouring water molecules.

The increasing irreversibility of the subsequent stages
of the O-containing layer electroformation, which takes
place at potentials above 0.9 V, is mainly related to the
interference of anion adsorption on the appearance of more
stable surface species such as Rh(Q). These reactions are
also affected by the presence of adsorbed anions on Rh
[15,16]. The formation of Rh(O) can be expressed by a
formal reaction such as

Rh(OH) — Rh(O) + H" + e~ (5)

This represents the oxide layer growth that leads to a

presumably hydrated Rh,0; layer, according to

2Rh(0) + (z+ 1)H,0 - Rh,0,-zH,0 + 2H" + 2e~
(6)

The formation of the entire O-containing layer on Rh,
according to reaction (6), moves positively as T is de-
creased. Therefore, anion adsorption hysteresis also occurs
in the OH adsorption and desorption potential ranges.

However, the voltammetric electroreduction of the ox-
ide layer in H,SO, - 12H,0 also moves positively when
E, is decreased (Fig. 6). From the two ill-defined voltam-
metric peaks observed during the negative-going potential
scan in TMV (Fig. 7(b)), it can be concluded that the
clectroreduction of the Rh oxide layer grown up to 1.4 V
consists of at least two different species, i.e. Rh oxide and
Rh(OH), which are electroreduced at about 0.5 V and 0.8
V respectively.

4.4. Reversible process at about 1.7 V

The second reversible redox process which can be
observed in the range 1.6-2.0 V for both electrolytes is
somewhat similar to that previously reported for Rh in
alkaline solutions [27,28] and 12 M H,SO, [8], when the
electrode is potential-cycled and the accumulated charge
can be increased by applying a fast potentiodynamic rou-
tine [8,27].

It is worth noting that, for both electrolytes, the re-
versibility of this system appears to be independent of T,
at least within the T range covered by this work, and the
charge involved in all cases is only a fraction of the charge
density expected for the O atom monolayer. Furthermore,
the effect of the electrolyte nature and the greater re-
versibility of the system in solid HCIO, - 5.5H,0 suggest
that, in this case, the kinetics of the reversible process are
probably governed by proton mobility, which is actually
determined by the electrolyte structure and the presence of
Cl™ ions at the reaction interface. Thus, HCIO, - 5.5H,0
clathrate creates an excess of one proton in the system, in
contrast to H,SO, - 12H,0, for which the interaction of
H,S0O, and H,0 molecules through H bonding leaves the
number of protons unchanged. The excess of one proton in
HCIO, - 5.5H,0 could explain why the process at about
1.7 V becomes more reversible in HCIO, - 5.5H,0 than in
H,SO, - 12H,0 (Fig. 12). The mobility of protons in
H,S0, - 12H,0 and HCIO, - 5.5H,0 at low T values can
be considered through a tunnelling process which is inde-
pendent of T rather than through a classical hopping
mechanism.

From the above discussion and the fact that the second
reversible process always appears at potentials above 1.6
V, irrespective of the substrate metal, it is reasonable to
say that the reactant and products involved in the overall
electrochemical reaction should be related to H,O. Then,
the second reversible process observed at about 1.7 V is
probably related to the equilibrium

HO, + 3H*+ 3¢~ = 2H,0 (7)

The standard potential of reaction (7) is E®=1.65 V at
298 K [29].
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5. Conclusions

(1) The voltammetric behaviour of H and O atom
reactions on Rh in H,SO, - 12H,0, in the range 298—198
K, and in HCIO, - 5.5H,0, in the range 298-210 K, is
strongly affected by sulphate anion adsorption for H,SO, -
12H,0 and by electroreduction of perchlorate to chloride
anions for HCIO, - 5.5H,0, as has been reported in the
literature at 298 K using more dilute solutions [12-16].

(2) As the temperature is decreased, the effect of anion
adsorption becomes more marked, particularly for the H
atom electrosorption reactions and the initiation of O-con-
taining layer electroformation. The H atom electroadsorp-
tion reaction is practically no longer observed at the lowest
T value used in this work, at least in the range 0-0.3 V.

(3) For H,SO, - 12H,0, the voltammetric charge for
the initial stages of O-containing layer formation dimin-
ishes as T is decreased, as a result of anion adsorption.
The same occurs for HCIO, - 5.5H,0, although the re-
versibility of the reaction in this case, is maintained over
the entire range of 7.

(4) For both electrolytes, a reversible process at about
1.7 V is observed over the entire range of T. This process
is also affected—although to a minor extent—by the
composition of the electrolyte, principally by the adsorp-
tion of anions.

(5) The difference in the voltammetric responses of H,
OH™ and O atom electrosorption reactions on Rh and Pt
already found in aqueous HCIO, and H,SO, solutions at
298 K [9,10] persists in both H,SO, - 12H,0 and HCIO, -
5.5H,0 over the entire T range.
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