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ABSTRACT

The mechanism of SOC], reduction on Pt electrodes is examined by linear sweep voltammetry and IR reflectance
spectroscopy with the interpretation aided by molecular orbital calculations. The present model emphasizes structural
aspects of bulk electrolyte as well as the electrode/electrolyte interphase region. Initially this region is enriched by prefer-
ential adsorption of [Cl,Al(«<—OSCl),]* ions occurring through the S atom of the complexed SOCIl, molecule. Further en-
hancement is noted at low cathodic overpotentials. At higher overpotentials, SO, and unidentified species, P; and P,, are
observed. The model requires stability of both P, and P; when in an adsorbed state. The acceptance of the first electron is
an irreversible process while the acceptance of the second electron is quasi-reversible. The formation of final reaction
products, viz., Cl-, S, and SO, occurs within the reaction layer.

Early discussion of the mechanism of SOCI; electrore-
duction centered around events involving isolated SOCl,
molecules, i.e., disregarding molecular interactions (1-4).
This approach was criticized by Madou et al. (5) based on
the shape of voltammograms, particularly in practical elec-
trolytes containing excess AlCl;. The complexity of the re-
action path was indicated by the formation of prepassive
surface films long before the onset of passivation (6) and
further emphasized by the role played by the various addi-
tives, e.g., Fe-Pc (7). However, the best evidence for the
complex reaction pathway was provided by the spectro-
scopic examination of the Pt/AlCl;-LiCl-SOC], interphase
region (8, 9).

In an attempt to provide better understanding of events
associated with the cell discharge and, in particular, those
occurring at the positive electrode, studies into the struc-
tural aspects of SOCly-based electrolytes were undertaken
(10-12). Specifically, structural features were derived from
the analysis of the Walden product (10) and from Raman
and IR spectra for the AlCl;-SOC], and LiCl-AlC1;-SOCI,
systems, respectively (11, 12). Here, we report on the ex-
tension of this effort and concentrate on changes that
occur within the reaction zone adjacent to the charge-
transfer plane upon polarization of the Pt/AlC1;-SOCI; sys-
tem. IR reflectance spectroscopy and linear sweep voltam-
metry (Isv) were selected as primary experimental tools.
The interpretation of experimental observations was aided
by molecular orbital (MO) calculations.

Experimental

Procedures employed in the preparation of solutions
were reported earlier (11, 12). The spectroscopic examina-
tion of the electrode/electrolyte interphase was performed
in a modified cell, first described by Pons (13). The linear
sweep voltammograms were obtained with the aid of the
computer driven potentiostat, PAR Model 173 with a 276
IEEE computer interface. IR transmittance spectra were
obtained using a Barnes mount with AgCl windows and a
15 pm Teflon space. The MO calculations were performed
using AMPAC, a general purpose, semiempirical molecu-
lar orbital package developed at the University of Texas,
Austin, Texas. These calculations yield information on the
size, shape, and charge distribution within molecules and
complexes. The recorded S—O stretching vibrations of
complexed SOCl, were computer analyzed and decom-
posed into their Voigt profiles using a previously de-
scribed procedure (14).

Electrochemical cell.—The spectroelectrochemical cell
was made of a machinable ceramic material (Macor, Dow
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Chemical). A removable AgCl window was sealed against
the cell body by an O-ring (Kalrez, du Pont). The working
electrode was a polished Pt foil permanently attached to a
ceramic plunger. The counter- and reference electrodes
were a Pt wire and a Ag/AgCl wire in a Teflon sleeve, re-
spectively. A variable distance between the window and
electrode surface was provided; however, each set of
measurements was carried out at a fixed distance. The cell
was placed at a 45° angle using a specular reflectance appa-
ratus—Spectra-Tech, Model 500—inside a 5 DXB Nicolet
FT-IR spectrometer. The path lengths were calibrated
with neat CCl,.

Results

IR spectra can be used to identify species present in so-
lution and, to a lesser degree, determine their concentra-
tions. Such an examination by itself can, at best, provide
only limited information on the characteristics of the elec-
trode/electrolyte interphase (15); it cannot unequivocally
determine the reaction pathway(s). On the other hand, lin-
ear sweep voltammetry is a useful tool for exploring com-
plex electrochemical processes since the shape of the 1sv
curves depends on two parameters related to the ther-
modynamics of the system and to the kinetics of the
charge transfer and associated transport processes. More-
over, the easily adjustable experimental conditions allow
the examination of a transition from one dominant process
to another.

IR spectroscopy of the electrode/electrolyte interphase.—
The evolution of IR spectra reflected from the electrode
surface is illustrated in Fig. 1. Detailed examination was
restricted to the spectral region: 950-1350 cm ™. This region
was selected because the S—O stretching vibrations of
neat SOCl,, CLLAI(«<0OSCl,) complex and [CL,Al(«<-OSCly),]*
onium ion, which occur in the Raman spectra at 1231, 1108,
and 1055 em™}, respectively, are unobstructed by other ab-
sorptions. Also, the S—O stretching vibrations of these
species are very sensitive to any changes in the molecular
structure (11). For solutions in contact with an electrode
surface two additional peaks at 1132 and 1102 ecm™! are ob-
served (vide infra). The passage of cathodic current results
in the disappearance of the 1132 and 1102 ecm ™! peaks and
generates new peaks of which that of SO, at 1331 em™, is
clearly detectable, even at low overpotentials, e.g., 100 mV.
At higher overpotentials, new peaks appear at ca. 1190,
1170, and 1150 cm™!. Qualitatively, no significant differ-
ences are observed in the IR reflectance spectra obtained
on Au and Pt electrodes.

Isv curves.—Effect of AICl; concentration.—The effect of
AlCl; concentration on the shape of the Isv curves, re-
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Fig. 1. The 930-1350 cm™" IR spectral region of an electrode/elec-
trolyte interphase at rest and cathodically polarized. (a) Au/4.0M AICI;
in SOCI, system; dashed line at n = 0, solid line at ny = —2.5V. (b)
Pt/4.0M AICI; in SOCI, system; dashed line at m = 0, solid line at
n = —3.5Y. Species indicated.
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corded for a constant scan rate of 5 mV s71, is illustrated in
Fig. 2a-d. A cursory inspection shows a significant differ-
ence. On closer examination, however, this difference is in
the definition of characteristic points rather than in shape.
At concentrations 3.0M or less, the forward (reductive)
scan consists of two S-shaped segments, followed by a
peak current. The current plateaus, j4 and jg, as well as the
peak current, j,, increase with an increase in AICI; concen-
tration. The reverse (oxidative) scan also exhibits two S-
shaped segments followed by a rather distinctly different
region containing two peaks. All potentials delineating the
characteristic segments appear to be concentration inde-
pendent while the respective currents show a strong de-
pendence.

The situation in a 4.0M solution, especially at higher
overpotentials, is quite different both on forward and re-
verse scans. The reductive scan shows only one wave-
shaped region at lower overpotentials, becoming a straight
line at higher overpotentials. On reverse scan, the j/V(t)
curve crosses over the reductive scan, but still retains a
peak-shaped region at lower overpotentials.

lsv curves.—Effect of scan rate—The effect of scan rate on
the shape of the lsv curves in a 3.0M solution is illustrated
in Fig. 3a and b. Qualitatively, the decrease in the scan rate
yields better definition of the various regions. Thus, at
v < 50 mV s71, all characteristic features of both reductive
and oxidative scans are clearly displayed. Of interest are
two features: the merging of the reductive and oxidative
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waves within the potential range: —500 to —200 mV at the
scan rate of 5 mV s, At still lower rates a cross over of oxi-
dative and reductive waves is observed while at faster
rates, a separation of these waves occurs. The second fea-
ture of interest is the behavior of peaks, A and B in Fig. 3a.
As the scan rate decreases, merging of these points occurs
with A shifting in the positive direction and B in the nega-
tive, with the displacement of the latter being less.

Discussion
The discussion of experimental results and conclusions
reached is aided by considerations of electrolyte composi-
tion and associated equilibria and the concept of an elec-
trode/electrolyte interphase.
Equilibria in the bulk electrolyte.Mosier-Boss et al. (11)
reported the following equilibria in the bulk solution

(SOCly), s (SOCly)y-r n=1,2,.. (1]
SOCl, + AICl; = CLAl(«-0SCly) [11]
2CLAl(«-0SCly) s [CLAI(«-O0SCly),]* + AICl,~  [III]

The internal exchange reaction, Eq. [III], occurs in the
presence of free SOCI, and the extent of this reaction is ex-
pected to be affected by excess SOCI, with a dependence
on the dielectric constant at low AlCl; concentrations and
dominated by the donor properties of the SOCl, at higher
concentrations (16). Significant changes in the governing
equilibria and molecular structure occur between 2.0 and
3.0M AICl; as indicated by difference in IR spectra(8) and a
maximum in the electrolyte vapor pressure (17). (Hereaf-
ter, for brevity, we use symbols A, A, and A,* to denote
neat SOCl;, complex, and onium ion, respectively).

Concept of an interphase—A useful concept facilitating
the interpretation of experimental data and formulation of a
physical model, that of an interphase region, was dis-
cussed by van Rysselberghe (18). In the simplest case, it
takes the form of the electrical double layer. In more com-
plex cases and, in particular, during charge transfer reac-
tion, it consists of a series of layers, each associated with a
participating elementary process. In this representation,
the interphase region is an open system which encom-
passes a number of consecutive elementary processes. A
typical set of events is as follows; reactant molecules are
brought from the bulk, b, to the electrode surface, s, by dif-
fusion, d, followed by adsorption, a, and, after the charge
transfer, products are returned back to the bulk. For A," as
the reacting molecule, the set of events is given by Eq. [IV]

Agt® - Ay D 5 A,0@ + o7 5 3 products  [IV]
where the superscripts identify the elementary process
considered as well as their position within the interphase.

An interphase region is formed whenever an electrode is
in contact with an electrolyte. This region is either in an
equilibrium with the bulk electrolyte or in a stationary
state leading to a rest potential which is a thermodynamic
or a mixed potential, respectively. In the first case, the con-
stituents within the interphase are the same as in the bulk,
while in the second case new species are generated by the
partial electrode reactions. These new species, depending
upon their stability, may or may not have time to diffuse to
the bulk.

IR spectroscopy of the interphase region.—In the cell de-
signed for external reflection spectroelectrochemistry, the
recorded spectra contain contributions due to bulk elec-
trolyte and the electrode/electrolyte interphase (13). The
degree to which the interphase region can be isolated from
the bulk, and events associated with the charge transfer
process examined, can be assessed by, e.g., varying the
path length. The effectiveness of this technique is illus-
trated by spectra displayed in Fig. 4. Figures 4a and b are
the spectra for path lengths of 5 and 10 pm, respectively;
relative intensities between the two cases reflect bulk vs.
interphase concentrations. The peak ratios of complexed
species, i.e., onium ion, A,", and complex, A;, to free
SOCl,, increase with decreasing cell path length which is
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Fig. 2. Effect of AICI; concentration on shape of voltammograms. (a) 1.5M; (b) 2.0M; (c) 3.0M; (d) 4.0M AICl5. Scan rate: v,y = Vo, — SmV s~
Electrode area: 0.15 cm?. All potentials vs. Ag/AgCl reference in the same solution. Vy indicates rest potential.

indicative of enrichment of the former within the inter-
phase. A more guantitative demonstration of the inter-
phase enrichment can be seen in Fig. 5 and Table I where
the resolved Voigt profiles for the S—O vibration band at
1116 cm™ are displayed. It should be noted that both the
transmittance and reflectance IR spectra were obtained
using AgCl windows. Consequently, the observed effects
are due to the electrode/electrolyte interphase and not an
artifact of the AgCl windows.

The Voigt profiles show two new peaks at 1132 and
1102 cm™' which are present only within the interphase.
These peaks disappear upon cathodic polarization. Two
plausible assignments can be made: (i) they can be as-
signed to the symmetric and asymmetric stretching vibra-
tions of A*® or (ii) to S—O stretching vibrations of A,®
and A,"®, respectively. In the first case, these vibrations in
the bulk solution are essentially degenerate and appear as
a broad band. Case (i) is consistent with the observation
that A," is more strongly enriched within the interphase
than A,. Further distinction between these two cases can-
not be made at the present time. Regardless, since these
peaks are shifted to higher frequencies, it follows that the
adsorption occurs through the S atom. A shift to higher
frequency requires an increase in the force constant of the
S—O bond which can only occur if the pw-— dn back-
bonding increases. This conclusion is based on the thor-

oughly investigated effects of bonding through the S and
O atoms of (CH;),SO on the S—O stretching frequencies
(19, 20), and further supported by MO calculations. These
calculations show that the positive charge rests on the S
atom (12). For case (i), the removal of degeneracy would
imply that only one of the SOCI; molecules of the onium
ion is actually on the electrode surface.

In summary, the insitu IR reflectance spectroscopy
clearly indicates that we have a complex electrode/electro-
lyte interphase. This interphase consists of onium ions
(and possibly, 1:1 adduct) adsorbed on the electrode sur-
face in contact with a region of enrichment of onium ions
and complex which, in turn, is in contact with the bulk.

Shape of Isv curves.—The tendency of SOCI, to form ad-
ducts and/or to solvate ions further suggests that the elec-
troreduction of SOCI, in practical electrolytes comprises a
complex overall reaction where, most likely, chemical re-
action(s) is (are) coupled to a charge transfer. For this rea-
son, the Isv is the experimental technique of choice to as-
sess the complexity of this reaction and elucidate, at least
in'a qualitative manner, its mechanism. This approach is
based on the premise that, for a specific coupling, a charac-
teristic lsv curve is obtained (21, 22). The shape of this
curve depends on two parameters: the thermodynamic
parameter, x=Kec, and the kinetic parameter,
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Fig. 3. Effect of scan rate on shape of voltammograms. (a) Scan rates:
Veed = Vor = 50 mV 57! ( ) for 500; () for 100, and (~-—~-—-— )

for 50 mV s (b) Scan rates; v,y = o < 50 mV s ( ) for 2; (++)
for 5; (——-—-—] ) for 10, and ( ) for 50 mV s, Electrolyte, 3.0M
AICl;. Electrode orea: 0.15 cm?.

A = (RT/nF) c(k/v). These parameters enter as a source/sink
term in the mass balance equation, Eq. [1]

ac, o%c,

at ' ax

fi M) (1]

where ¢; is the concentration of the i-th electroactive spe-
cies, K is the equilibrium constant, k is the appropriate
rate constant, and v the scan rate. The source/sink func-
tion, fi(x, M), is formulated for a specific set of events com-
prising the overall reaction. Any discussion of the reaction
mechanism(s), even a qualitative one, must involve speci-
fication of the f(x, A\) function which, in turn, requires an
examination of the effect of solution composition and the
scan rate. Often, this function is potential dependent and
may be simplified by making relevant approximations. Be-
cause of the low conductivity of these electrolytes, any at-
tempt for a gquantitative evaluation of kinetic factors
would not be appropriate (23-25) and, therefore, has not
been pursued further. It is emphasized that the shape of
the 1sv is determined solely by the mass balance equation,
Eaq. [1]. The resistivity of the electrolyte enters through the
A parameter and affects the position and the symmetry of
the peak current as well as its magnitude. In particular,
anodic peaks are displaced in the positive direction while
the cathodic peaks in the more negative direction (24).
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Fig. 4. IR reflectance spectra at rest potential. {a) and (b) Reflect-
ance spectrum as a function of path lengths of 5 and 10 um, respec-
tively. Electrolyte, 4.0M AICI; in SOCI,; electrode material, Au.

In principle, solution of Eq.[1], subject to appropriate
initial and boundary conditions, implies that all pertinent
information can be derived from the analysis of a single
scan. For complex reactions, however, additional informa-
tion can be extracted by scan reversal, especially if ad-
sorbed species participate in the charge transfer. This as-
sertion is demonstrated in Fig. 6 where the shape of the 3/V
curve produced by the reverse scan depends on the point
of termination of the forward scan. For example, when the
forward scan is reversed at point A, the 3/V curves on the
forward and reverse scan coincide. At higher cathodic
overpotentials, points B, C, and D, the oxidative segments
of the j/V curves differ substantially from those on the for-
ward scan. These differences can be used in the formula-
tion of a reaction pathway.

Initial stages of lsv curves.—The rather significant en-
hancement in the concentration of A," in the vicinity of the
electrode surface both at rest potential and while cathodi-
cally polarized, is illustrated in Fig. 7, where the reference
spectrum obtained at rest potential has been subtracted

Table |. Decomposition of spectral bands of free and adsorbed
complexed SOCI, into Voigt profiles

Complex Onium ion
Method® Symbol® (Bulk) Bulk Adsorbed state
T vo 1116.92 1065.55 — —
Avg 6.085 36.535 — —
Avy, 44.296 61.382 — -
I, 1.137 0.142 — —
A 80.175 16.277 — —
R/Pt vp 1116.96 1064.79 1132.25 1102.97
Avg 9.335 60.260 24.036 26.640
Avy, 32.896 6.350 6.302 11.364
Iy 0.046 0.022 0.018 0.029
A 2.505 1.589 0.578 1.185
R/Au vo 1116.26 1060.11 1132.92  1101.40
Avg 8.536 57.589 28.128 29.628
Avy, 53.452 3.868 8.866 16.616
Iy 0.080 0.033 0.016 0.037
A 6.823 2.135 0.647 1.847

* T—transmittance
R—reflectance

b Ave—Gassian width, em™
Avi—Lorentzian width, em™!
Ir—peak intensity, Abs
A—band area, Abs cm™!
v—peak position, em~
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Fig. 5. The 950-1150 cm ™" IR special region decomposed into Voigt
profiles. (a) Transmittance spectrum, (b) reflectance spectrum from Au
electrode, (c) reflectance spectrum from Pt electrode. Both at V. A, C,
S—O vibrations due to onium and complex in the bulk; B, D, asymmet-
ric and symmetric S—O stretching vibrations of the adsorbed onium
ions, respectively, or S—O stretching vibrations of adsorbed onium ion
and 1:1 complex, respectively. Electrolyte, 4.0M AICl; in SOCI,.

out. (Figure 1 shows the S—O stretching spectral region
for the polarized and unpolarized cases, vide supra.) There
is a corresponding displacement of A;and A,. Evidently, at
low overpotentials, i.e., when the charge transfer reaction
is insignificant, the major event is the potential dependent
shift in the equilibria, Eq. [I]-{III], taking place within the
confines of the interphase region. With a further passage of
current, new peaks appear, viz., at 1331 and ca. 1150 cm™!
due to the formation of SO, and at 1170 and 1190 cm™! as-
signed to, as yet, unidentified products containing a S—O
bond with the peak at 1170 cm™! appearing first. It is note-
worthy that these peaks are not due to SO, complexes with
either SOCI; or AICl;. Concurrently, there is the loss of A,,
A;, and A," species, indicated in Fig. 7 by the negative
peaks at 1231, 1108, and 1055 cm™?, respectively. It is not
clear, however, whether the SOCIl, in these species are si-
multaneously reduced or if only one species, e.g., A", par-
ticipates in the reduction process. This ambiguity cannot
be resolved by kinetic arguments alone because the spe-
cies present are coupled to one another via the chemical
equilibria, Eq. [II] and {III], and products of the electrore-
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Fig. 7. Effect of applied overpotential on the composition of the in-
terphase by subtractive IR spectroscopy. Electrolyte, 4.0M AICI; in
SOCL,.

duction of one species may shift the equilibrium to regen-
erate the electroreducible species. However, assuming the
discharge from either species can occur independently,
the MO calculations favor the discharge from the A,* spe-
cies, Eq. V]
At +e P Ky, Voo [V]
This conclusion is consistent with data asssembled in
Tables II-IV. As indicated, the calculated heats of forma-
tion for the addition of an electron to A; and A," are —132
and —299 kcal/mol, respectively. Assuming P, to be the ini-
tial reaction product, it is likely that the 1190 and/or
1170 cm™! bands in the IR, Fig. 1, are associated with it or
with P; (vide infra, Eq. [VI])). Furthermore, on the basis of
the coincidence of the forward and reversed Isv , Fig. 6,
point A, we conclude that the charge transfer reaction,
Eq. [V], is irreversible.

Development of current plateau(s)—The characteristic
feature of the reductive lsv is the appearance of a current

Downloaded on 2015-03-09 to IP 169.230.243.252 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

2460

Table Il. Bond length and charge density distribution following
electron acceptance by neat SOCI,
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Table 1V. Bond length and charge density distribution foliowing
electron acceptance by onium ion

Reactions

SOCl,; AH; = —22 keal/mol
SOCI, + e~ — SOCl,~; AHy = —111 keal/mol
SOCL,~ + e~ — SOCI;2~; AH, = —48 kcal/mol
(AHj is the MO calculated heat of formation from the elements)

Reactions

CLAI(<«O0SCl,),"; AH; = —11 kcal/mol
CLAI(<—0SCly),' + e — CLAI(«-OSClz),; AH; = —310 kealt/mol
ChAI(«05Cly); + e~ — CLAI(«0SCl,),~; AH; = ~347 kcal/mol

(AH; is the MO calculated heat of formation from the elements)

Bond lengths, A

Bond lengths, A

Bond SOCl, SOCly” SOCl?- Bond  CLAl <« OSCl),* CLAI(«OSCl), ClLAI(«O0SCl));"
s—0 1.468 1477 1.492 S—0, 1.506 1.496 1.534
S—Cl, 2.037 2.160 2.452 Si—Cl 2.010 2.013 2.053
s—Cl, 2.038 2.161 2.453 S—Cly 2.103 2.018 2.049

Al—O, 1.795 1.844 1.737
Charge density 2%_83 2.093 %%gili 2.133
= 7 — 2.096 . 2.1
Atom SOCL S0CL, SOCl, AL-O, 1785 1,688 1737
0,—S, 1.510 1.534 1.533
S 1.2349 0.9203 0.4708 S;—Cls 2.009 2.031 2.053
0 —0.5500 —0.5644 —0.7369 S;—Clg 2.012 2.052 2.050
cl -0.3424 —0.6789 -0.8669
Cl, -0.3425 -0.6790 —0.8670 Charge density
Atom  CLAI(<OSCly),' CLAI«OSCl); CLAK—OSCl)),
Table I11. Bond length and charge density distribution followin:
elecfrgon acce tan?:e b l'ly :1 Ib: on foTowing Al 1.1016 1.116 1.081
P y 11 comple 0 -0.6868 -0.635 -0.6719
gz —0.6836 -0.737 ~0.6728
. . 1.3343 1.336 1.007
Reactions S, 1.3265 1,044 1,007
Cl3Al — OSCly; AH, = — 178 keal/mol ClLy ~0.1579 -0.225 —0.450
Cl;Al < OSCl, + e~ — ClsAl < OSCl,~; AH; = —309 kcal/mol Cl -0.1711 -0.218 —0.444
Cl;Al < OSCh~ + e™ — ClzAl < OSChL?™; AH, = —309 keal/mol Cls —0.3666 -0.407 —0.480
(AH; is the MO calculated heat of formation from the elements) Cly —-0.3691 -0.432 —0.482
Cl; -0.1585 -0.3913 ~0.450
Clg -0.1686 -0.4501 —0.444

Bond lengths, A

Bond CLAl < OSCl; CLAIN«OSCl)~ ClAl(«OSCl)y)?"
S—0 1.496 1.5315 1.560
S—Cl, 2.020 2.056 2.179
S—Cl, 2.018 2.055 2.179
0O—Al 1.845 1.7436 1.673
Al—Cly 2.103 2.154 2.182
Al—Cl, 2.107 2.143 2.183
Al—Cl; 2.127 2.137 2.187

Charge density
Atom CLAI(«<O0SCly) CLAK<OSCly)~ CLAK«<OSCl),)?*
S 1.3293 0.9872 0.6609
o —-0.6238 —0.6592 -0.6791
Al 0.9616 0.9859 1.0317
Cl; -0.2235 —0.4461 —0.6966
Cl; -0.2217 —0.4472 -0.6973
Cl; —0.4382 —0.4884 —0.5378
Cly -0.3975 ~0.4718 -0.5378
Cls —0.3861 —0.4604 —0.5440

plateau extending over a considerable range of overpoten-
tials, cf. Fig. 2. The development of such a current plateau
in 1sv experiments suggests coupling of chemical reac-
tion(s) to the charge transfer. More specifically, the
coupling reaction must either precede or be in parallel
with the charge transfer. For the ce-type reaction, the cur-
rent plateau is proportional to the concentration of the
electroactive species, here A", but independent of the
scan rate. The experimental evidence presented in Fig. 3,
is in agreement with the first but not the second condition,
if the charge transfer reaction is irreversible. The situation
is less clear if the charge transfer reaction is reversible or if
it occurs in parallel (21). In the simplest case, the appear-
ance of the current plateau for an exponential j = f{V) rela-
tionship, requires that the depletion of the electroactive
species is balanced by its production within the zone adja-
cent to the electrode surface. Otherwise, with an increase
in overpotential (and, in the lsv experiments, also with
time) the condition dA4,*/8t = 0 cannot be realized.

With the further increase in cathodic overpotentials, yet
another current plateau appears, Fig. 2b. This current pla-
teau occurs within a much narrower potential range and is
better defined at slower scan rates and lower AlCl; concen-
trations. While the coupling of reaction, Eq. [IIT] with the
charge transfer, Eq. [IV], is presumed to be responsible for
the development of the first current plateau, the condi-

tions for the development of the second plateau cannot be,
at the present time, as clearly stated. However, if the inter-
phase region is considered an open system, the condition
of constant affinity exists and can be specified by ther-
modynamic reasoning, provided that the necessary infor-
mation is available (18, 26). Analogous to the development
of the first plateau, the appearance of the second plateau
may be attributed to the coupling of adsorption and charge
transfer to the chemical reaction and diffusion. Occur-
rence of chemical reaction(s) requires the presence of reac-
tion layer, r, sandwiched between the adsorption and dif-
fusion layers.

Reversal of the reductive scan at potentials within the
current plateau, e.g., at point B, Fig. 6, results in a decrease
in the charge transfer current density which can be attrib-
uted to blocking of the electrode surface by an adsorbed
species, P,®, generated by a slow reduction of P, Eq. [VI]

Pl(a) +e — Pz(a) k_z >> kz, VZO, [s23 [VI]

The participation of an adsorption step becomes quite
evident at higher overpotentials. Qualitatively, the pres-
ence of an adsorption step is illustrated in Fig. 6 where a
plot of the oxidative Isv is displayed as a function of ter-
minating potential of the reductive scan. The oxidative Isv
exhibits two broad peaks whose currents increase with the
terminating voltage, without substantial changes in their
potentials, however. Such a behavior leads to the follow-
ing conclusions: (i) as the overpotential increases so does
the accumulation of reaction product(s) at the electrode
surface, and (i) these product(s) are reoxidized within the
potential range 200-1000 mV. Thus, the charge transfer re-
action, Eq. [VI], is quasi-reversible.

Elementary processes at higher overpotentials.—The cur-
rent/time relationship, j(0, t), for V(t) = V, + [v|t, for the N
electroactive species and M adsorption processes, is given
by Eq. [2]

i0, 0 F[§ D% S de”‘] [2]
’ = ), —— m
! a7 mE:l dt

where I, denotes the maximum surface concentration of
the m-th species. Both terms in Eq. [2] are time dependent,
but in a different way. At slow scan rates, transport of reac-
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tants and products between the bulk and the interphase is
substantial and the observed lsv is sensitive to the scan
rate. At fast scan rates, the condition at the electrode sur-
face is the dominant factor and the contribution due to
frangport is minimal. As a general observation, the scan
rate of v = 100 mV s~! is taken as the rate separating these
contributions (27).

The composition of the interphase region, arising from
the interplay between the electrode surface processes and
the bulk, is determined by the reductive scan rate and the
terminal potential. To illustrate, we selected two scan
rates, viz.,, 5 and 100 mV s™!, with the terminal voltage at
—1200 mV. In accordance with Eq.[2], the slower scan in-
cludes the effect of transport on surface processes while
the faster scan focuses on the processes pertinent to the
adsorbed species. Even a cursory examination of Fig. 8a
and b, reveals that a slow reductive scan promotes the ac-
cumulation of reaction product that can be reoxidized.

The surface condition generated by the slow and fast re-
ductive scan are examined via the analysis of the oxidative
Isv. In particular, Fig. 9a-d show the response of the elec-
trode/electrolyte interphase generated at a slow reductive
scan and Fig. 10a-d, for fast scans. It is seen that the inter-
phase generated at slow scan rate is insensitive to the oxi-
dative scan rates throughout the potential range. Differ-
ences only appear within the potential range of anodic
currents. The response of the interphase generated at fast
scan rate is more complex, viz., high scan rates affect the
region of anodic currents while slow rates influence pro-
cesses immediately after scan reversal. Such a behavior is
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consistent with fast adsorption of species from the reac-
tion layer.

The common feature of oxidative lsv is the appearance
of anodic peak currents. These currents indicate the pres-
ence of oxidizable substance(s) in an adsorbed state and,
most likely, a reversible character of a charge transfer
process, Eq. [V]. Their functional dependence, j = f(v), is
used in the analysis—a linear relationship is associated
with adsorption while the square root dependence usually
implies an intervention of a diffusional flux in the overall
process. Results summarized in Fig. 11 indicate the domi-
nance of adsorption in a 3.0M AICl; in SOCIl; electrolyte
and the participation of diffusion in a 4.0M solution.

Sequence of events, their rates, and the nature of interme-
diates.—The behavior of the Me/AlCL:-SOCI, system, sub-
ject to cathodic polarization is the result of the participa-
tion of, at least, three species, A,*, P, and P;. Of these
species, the onium ion, 4,%, is adsorbed rapidly on the

\ Vo /mV 87!

5 10 15 20

jp/x10‘4 A
[45]
T

0 [} 1 1 i
50 100 150 200 250
Vou/mV 57!

Fig. 11. Plots of anodic peak currents as a function of sweep rate.
Curve a, for 3.0M AICI; in SOCIy; curve b, for 4.0M AiCl; in SOCL,.
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electrode surface, so that its surface concentration is inde-
pendent of the scan rate. The presence of adsorbed species
modifies the j/V relationship which, in turn, makes the in-
terpretation of voltammograms more difficult and the
identification of participating processes less certain. The
separation of anodic peaks at lower scan rates, shown in
e.g., Fig. 10b, is indicative of surface coverage by more
than a single species (28). The cross over of the reverse
scan, ¢f. Fig. 2d and 3b, implies that the standard potential
of reaction, Eq. [VI], is more positive than for the first elec-
tron transfer, Eq. [V], i.e., V,* > V.

The summary of events associated with the electrore-
duction of SOCIl; in the AIC1;-SOCI; system is presented in
Fig. 12. Initially, at rest potential, the interphase is equili-
brated with the bulk, Eq. [I{III], with a significant enrich-
ment of A, and A," in the vicinity of the electrode surface.
The interphase consists of adsorption and enrichment lay-
ers in contact with the bulk electrolyte.

Upon cathodic polarization, the composition of the inter-
phase includes: P®, P,", P,@ P,° with k_, >> k,. The
composition of the interphase is now governed by the
charge transfer processes. Eq. [V] and [VI], transport from
the bulk and desorption from the electrode surface. The
enrichment layer, defined in the absence of the charge
transfer, becomes the reaction layer, where species P; and
P, stabilized by the adsorption, undergo chemical reac-
tion(s) to yield stable species Cl7, S, and SO,. These species
interact with the components of the interphase, diffuse to
the bulk where they may affect the established equilibria.

Conclusions

1. Because of the reactivity of SOCl, molecules, study of
its electroreduction must consider the nature of the elec-
trolyte.

2. Reduction occurs via the two-electron transfer of
which the first is irreversible while the second is quasi-
reversible with k_, >> k; and V,? more positive than V,°.

3. Adsorption processes play a key role in the reduction
mechanism, giving rise to mild autocatalytic effects. Diffu-
sional processes modify the adsorption characteristics.

J. Electrochem. Soc., Vol. 136, No. 9, September 1989 © The Electrochemical Society, Inc.

4. Chemical reactions, including the formation of stable
products occur within the interphase region. Desorption
destabilizes intermediate species.
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