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Abstract: The hydrogen electrode on an interface platinum/dimethyl sulphoxide + 0.5 M
KClO4 solution was examined from both the thermodynamic and kinetic aspect, using HCI
as a proton source. The equilibrium potential was shown to obey a Nernstian dependence on
concentration. The voltammograms recorded using a rotating platinum disc electrode evi-
denced that the cathodic evolution of hydrogen proceeds under mixed, activation—diffusion
control. The diffusion coefficient of the proton was determined to amount to 4.5x10°°
cm? s In the region of activation control, a Tafel slope of about 0.110 V dec™! was esti-
mated, which indicates that the Volmer reaction is the rate determining step.

Keywords: dimethyl sulphoxide, equilibrium potential, hydrogen electrode, hydrogen evolu-
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INTRODUCTION

Nowadays, aprotic electrolytic solutions are attracting increasing attention owing to
their wide application in modern electrochemical devices, such as lithium batteries and
electrolytic capacitors.!~# Dimethylsulphoxide (DMSO) belongs to the group of mostly
used aprotic solvents. The electrochemical behavior of many redox couples in this solvent?
as well as its own electrochemical behavior have been reviewed.>¢

The conductivities of HC1 — DMSO solutions were measured earlier,” and these in-
vestigations evidenced that the conductivity is substantially lower in this aprotic solvent
than in aqueous solutions, probably as a consequence of the fact that the proton does not
display abnormal mobility. Also, the pronounced curvature in the plot of molar conduc-
tance versus the square root of concentration indicates a substantial role of ionic associa-
tions. The limiting molar conductivity of the H* ion may be calculated from the limiting
molar conductivity of HCI (38.74 ohm! cm? mol1),? after subtraction of the contribution
of the CI~ ion (24.0 ohm! cm? mol1),!0 to amount to 14.74 ohm! cm? mol .

Recently, the electrochemical behavior of acids on platinum electrodes in organic so-
lutions were examined primarily from an electroanalytical standpoint. Barrette ez al.,!! us-
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ing linear sweep voltammetry, investigated the relative acidity of various Bronsted acids in
DMSO and in other aprotic solvents, on the basis of the relative positions of the half-wave
potentials of the hydrogen electrode. They found that the half-wave potential for hydrogen
evolution from a HCIO4 + DMSO + 0.5 M tetracthylammonium perchlorate solution on a
smooth platinum electrode amounts to —0.218 V vs. SHE (— 0.459 V vs. SCE). A similar
study involving DMSO, in which particular attention was paid to the mechanism of the re-
duction of acids, was performed by Treimer et al.12 They also calculated the formal poten-
tial of the hydrogen electrode in acid + DMSO solutions in dependence of pK, using the
datal” that the solubility of hydrogen in DMSO at 25 °C at 101.3 kPa (1 atm) amounts to
1.07 mM. They showed that the formal potential does not depend on the equilibrium con-
stant (Ky) of acid dissociation for strong acids having pK values less than 2.

Using cyclic voltammetry to determine the half-wave potential of hydrogen evolution
from HCIOy in various aprotic solvents, Daniele et al.1314 studied both the relative sol-
vents basicity!3 and the proton-solvent interactions.!4 On finding that the anodic-to-catho-
dic peak potential difference increases with the increase in sweep rate,!3 they suggested
that the hydrogen reduction is not completely reversible.

The diffusion coefficient of H* ion in HCI + DMSO + 0.1 M tetracthylammonium
perchlorate was determined by the amperometric titration technique!® to amount to
4.29x107, This value is close to the one reported previously by Kolthof et al.,!6 who
found polarographically using DME in the solution 8.9 mM HCIO4 in DMSO + 0.1 M
NaClOy, that the H diffusion coefficient amounts to 4.4x10-0 cm? s~! at 30 °C. Treimer et
al.12 using chronocoulometry found that the diffusion coefficient of H" in 1.39 —2.03 mM
4-methylbenzenesulfonic acid in DMSO + 0.2 M tetracthylammonium perchlorate amo-
unts to (2.76 £ 0.06)x1076 cm2 s1.

This detailed survey of both old and recent literature shows that, although there exists
the possibility to conclude that hydrogen evolution on platinum from DMSO solutions is
approximately reversible,!1-14 no study aimed particularly at the thermodynamics and ki-
netics of the hydrogen redox processes in DMSO exists, unlike the case of aqueous media.
In this work the concentration dependence of both the equilibrium potential on platinized
platinum and the exchange current density on smooth platinum rotating disc, using hydro-
gen chloride as the proton source, were examined. Potassium perchlorate as an inert elec-
trolyte was used, since it is soluble enough in DMSO, not-hygroscopic and electrochemi-
cally inert over a wide potential range. It may, therefore, be recommended as a standard in-
ert electrolyte in this type of solvent.

EXPERIMENTAL

Dimethyl sulphoxide, Koch-Light Lab. Ltd, spectroscopic grade, in which dry KCIO4 was dissolved in
the concentration of 0.5 M, was exposed to a stream of dry gaseous hydrogen chloride. In order to determine
the concentration of the dissolved HCI, a sample of the solution was added to an excess of water and titrated
using a standard NaOH solution. The initial HCI solution, the concentration of which was 0.0468 M, was di-
luted by addition of the supporting solution DMSO + 0.5 M KClO, in order to obtain a series of solutions of
lower concentrations. For comparison, a 0.01 M HCIOj solution was also prepared by dissolving concen-
trated 60 % HCIO; in the DMSO + 0.5 M KClOy solution.
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The viscosities of the solutions were measured using a Ostwald capillary viscometer.

All the electrochemical measurements were carried out using a EG&G PAR Model 270 Potenti-
ostat/Galvanostat, equipped with an EG&G PAR 5208 Two Phase Lock-in Analyzer for impedance measure-
ments. The electrochemical cell was thermostated at 25 °C. A commercial aqueous saturated calomel elec-
trode was used as the reference electrode. For potential measurements, a platinized platinum foil was exposed
to a gaseous hydrogen stream until a stationary potential value was attained. For electrode kinetics measure-
ments, a smooth polycrystalline platinum disc electrode was prepared by polishing with a-Al,O5 polishing
powders of gradually decreasing granulation, to obtain a mirror reflectance. During the kinetic experiments,
the solutions were kept under an argon atmosphere. The elimination of oxygen was necessary since, for a sup-
porting electrolyte solution equilibrated with air, the limiting current density of oxygen reduction on a rotating
Pt disc at a rotation rate of 5 rps amounts to 0.62 mA cnZ. To calculate the IR correction, the electrolyte resis-
tance in the electrochemical cell was measured by the complex impedance method.

RESULTS AND DISCUSSION

The equilibrium potential plotted against the logarithm of HCI concentration, at atmo-
spheric hydrogen pressure, presents a straight line with a slope of 0.060 V per decade (Fig.
1). This value confirms the expectation that, according to the first derivation of Nernst
equation:

dE 2.303RT

dlogc,.

~0.059V @

the reaction H" + ¢~ = 1/2 Hy determines the equilibrium potential. The extrapolation of this
line to the zero of the log ¢ axis gives —0.345 V vs. aqueous SCE to be the formal potential of
the hydrogen electrode in the solution DMSO + 0.5 M KCIOj4. A rather fair linearity of £ vs.
log ¢ indicates that the KClO4 supporting electrolyte enables the activity coefficients to main-
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Fig. 1. Equilibrium potential of the hydrogen electrode on the boundary platinized platinum / DMSO + 0.5
M KCIQy, at 25 °C versus logarithm of concentration.
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tain a fixed value over a large HCI concentration range 0.08-0.005 mol cm 3, contrary to the
unsupported HCI + DMSO solution, the conductivity of which indicates a permanent de-
crease of activity coefficient with increasing HCI concentration.”?

Examples of the current—potential curves obtained using the platinum rotating disc
electrode in the solution DMSO + 0.5 M KCIO4 + 0.01 M HCl are shown in Fig. 2.
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Fig. 2. The voltammograms obtained
with a smooth platinum rotating disc
40 electrode in the solution 0.01 M HCl in
DMSO + 0.5 M KClO, at various rota-
tion frequencies.
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The plateaus of the voltammograms in Fig. 2 present the limiting diffusion currents at
various rotation frequencies. The linear dependence of the limiting current density on the
square root of rotating frequency, shown in Fig. 3, evidences that one is dealing here with
diffusion currents. Thanks to the very negative potential of solvent reduction, the plateaus
of the diffusion currents in Fig. 2 are much longer than is the case in aqueous solutions.
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Fig. 3. Limiting current densities of hydrogen evolution on rotating platinum disc in the solutions 0.01 M
HClin DMSO + 0.5 M KClO, as a function of square root of rotation frequency.
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Fig. 4. The dependence of limiting current density on concentration for hydrogen evolution on platinum rotat-
ing disc in the solutions HCI (W) and HCIO; (O) in DMSO + 0.5 M KClOy, at the rotation frequency of 5 1ps.

The limiting current density at a fixed rotating frequency is presented in Fig. 4 as a
function of the HCl concentration. This dependence is linear over a wide range of HCI con-
centrations.

The limiting current densities, together with the corresponding viscosities were used
to calculate the diffusion coeffcient of the H' ion, on the basis of the Levich relation:

J1=0.62nFDZ3 16 ¢ »1/2 )

where v presents kinematic viscosity, i.e., viscosity divided by density, and w is angular ro-
tation frequency (w = 2mf, where f'is rotation frequency).

For HCI concentrations lower than 0.05 M, the density and viscosity were found to
depend only slightly on the HCI concentration, and therefore the representative values of
1.141 £0.001 g cm3 and 0.00285 + 0.00001 Pa s were used for all HCI concentrations.
For sake of comparison, these values are 1.101 g cm=3 and 0.00196 Pa s for pure DMSO.
On the basis of these values, a mean value of the proton diffusion coefficient was calcu-
lated to amount to 4.5x10-6 cm? s~1. Such a value is otherwise characteristic of ions in lig-
uid solutions which do not display an abnormal mobility. For instance, for the DMSO + 0.8
M NaClOy solution, Giordano et al.!? found the diffusion coefficient of iodide ion to be
6.9x10-6 cm? 571, while Nakagawa et al.1° have found the diffusion coefficient of Ag* ion
in DMSO + 1 M KClOy4 to be 2.9x1076 cm? s~

The value of proton diffusion coefficient found in this work is remarkably higher than
the value of (2.76 + 0.06) x10-¢ cm? s~! found chronocoulometrically by Treimer ez al.12
in 1.39-2.03 mM 4-methylbenzenesulfonic acid in DMSO + 0.2 M tetraethylammonium
perchlorate. The high absorption ability of both tetracthylammonium perchlorate and
methylbenzenesulphonic acid may be responsible for this discrepancy.
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Fig. 5. Tafel plots of electrode potential, £, versus 102 jimod Gmod =7/ (1 —j /j1)), for hydrogen evolution on
rotating platinum disc from the HCI solutions of the following concentrations (from left toward right):
0.0033, 0.005, 0.0066, 0.01, 0.033 and 0.066 M HCI in DMSO + 0.5 M KClOy.

As already suggested on the basis of cyclic voltammetry,!3:14 hydrogen evolution in
the system under investigation is not a pure Nernstian process. This is also evident from
Fig. 2 since the half-wave potential of hydrogen reduction shifts toward negative values
with increasing rotation frequency. Therefore, the /-E curves were subjected to a Tafel
analysis. As one is dealing here with a mixed activation/diffusion controlled process, a rec-
tilinear plot within an extended potential range was obtained by plotting the potential ver-
suslog [j/ (1 —j /)]

The lines obtained for a HCI concentrations range from 0.0033 M to 0.066 M, are pre-
sented in Fig. 5. According to the best linear fit, the slopes of the lines in Fig. 5 amount to
110 mV per decade. Under the obvious absence of any coupled processes, this indicates
that, most probably, the Volmer reaction presents the slow step of the hydrogen evolution.

Since, as the literature data shows, the perchlorate ion originating from the KClO4
supporting electrolyte is a weaker base than DMSO,20 the hydrogen ion exists in the solu-
tion in the form of a solvocomplex, SH* (S = DMSO).14 The reduction may thus be pre-
sented by the reaction:

SH"+e=12H,+S

As in aqueous solutions, the dissociation of the solvocomplex is fast and its rate does
not influence the simple Volmer mechanism of reduction.

In order to read exchange current densities, the lines in Fig. 5 may be extrapolated, in
the direction of decreasing current, to attain the ordinate values which, according to the dia-
gram in Fig. 1, present their equilibrium potentials. For example, for the HCI concentra-
tions 0.01 and 0.005 M, the equilibrium potentials are — 0.464 and — 0.481 V, respectively,
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and consequently, from the corresponding abscisa values in Fig. 5 being — 3.22 and — 3.03,
the exchange current densities may be calculated to be 0.602 mA cm2 and 0.933 mA
cm 2, respectively. Obviously, these values correspond to a quasireversible kinetics.

The diagram in Fig. 5 allows to calculate the reaction order 7 of hydrogen reduction
reaction, on the basis of the equation:

Ologj

0 log ¢ ) E = const

=n

For this purpose one should draw the line parallel to the log j axis, which crosses all
the lines in Fig. 5, and, using the crossing points, to construct a diagram log j versus log c.
The slope of this dependence, for instance for £ =—0.55 V, gives the reaction order to be
0.84. More probably, in accordance with the relatively simple reaction mechanism, the re-
action order is roundly 1 in this case, bearing in mind that the real Tafel region is rather
short, and a considerable calculation error is easily to be made during its enlargement by
help of the factor 1 /(1 —j /).
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U3BOJ

TEPMOJMHAMMYKE U KNHETUYKE OCOBMHE BOJJOHWYHE EJIEKTPOJIE Y
PACTBOPY JUMETUIICYJI®OKCHU]I + 1 M KCIO,4

B. BOJMHOBUR, C. MEHTYC* u B. KOMHEHW'h

Meitianypuiro-itiexnonowxu gaxyaiteit, 81000 Ioozopuya u *(Dakyﬂu?em 3a Gusuky xemujy, Ynusepauitieii y Beozpaoy,
Cittyoentticku wipz 12, 11000 beozpao

Bononnuna enextpoyna Ha rpanuim matuHa/aumetnn cyngoxenp + 0.5 M KCIO, ncrmruBana
je ca cTaHOBWINTA PaBHOTEXKHOT MOTeHNHjana 1 KnHetrnke Kopucrehn HCl Kao m3BOp MpOTOHA.
ITokazaHo je 1a 3aBIUCHOCT PAaBHOTESKHOT NOTEHIIMjaNa Off KOHIEHTpauyje ciaeny HepHeToBy jeHa-
ynHy. BonTaMorpamu Ha poTupajyheM mIaTHHCKOM JJUCKY MOKa3yjy Jia je U3[jBajarbe BOJOHUKA U3
OBE CpEIMHE TOJi MELIOBUTOM aKTUBALMOHO-AH(y3rnoHOM KoHTpostoM. Onpeben je mudy3nonn
KoeduImjeHT NpoToHa fia u3Hock 4.5x10° cm? s71. Y o6nactu aktusaruone kourpone, Tadenosu
nujarpamu nMmajy Haru6 0.110 V mro ykasyje fa je PommepoBa peakija Ciopy CTYIak.

(ITpumsbeno 12. asrycra 2002, pesupupaso 3. mapra 2003)
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