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Differential capacitance studies of the specific adsorption
of thiosulfate on silver
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The differential capacitance of a polycrystalline Ag electrode was measured in a NaClOy electrolyte
containing Na»S,0O3 at concentrations ranging from 0.1 to 20 mm and at electrode potentials ranging
from —0.9 to —0.3 V vs SCE. The differential capacitance measurements were analysed to obtain the
surface coverage of specifically adsorbed thiosulfate (szog—) as a function of both electrode potential
and bulk concentration. The various forms for the adsorption isotherm at an electrochemical in-
terface which are commonly employed are reviewed and discussed. The adsorption behaviour is best
explained by the formation of image dipoles by the specifically adsorbed ions, whose energetic
interactions are then dominated by repulsion of like dipoles. The adsorption data is quantitatively fit
to an adsorption isotherm for interacting dipoles, yielding an effective dipole moment of 0.72 D for

the system SzOg_/Ag.
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List of symbols

Cyq  differential capacitance
Cuy  Helmholtz capacitance

c bulk concentration of NaZSQO?

E electrode potential

e electronic charge

AGY,, standard Gibbs free energy of adsorption

90 parameter in the Frumkin adsorption isotherm
characterizing strength of interactions

g1 parameter characterizing strength of

interactions for adsorbed layer of charges
92 parameter characterizing strength of
interactions for adsorbed layer of dipoles

k exponent defining a constant phase element
(c.p.e.)

m two-dimensional surface coordination number

n number of sites involved in multisite
adsorption

(0] constant related to impedance

q excess electronic charge density at electrode
surface

1. Introduction

Thiosulfate (SzOg_) is widely employed industrially
as a Ag" complexing agent during image develop-
ment in photography [1]. Through reduction of the
Ag™ activity in solution, thiosulfate promotes fixing
of photographic films by selective dissolution of AgX
while leaving neutral Ag intact [2]. Although other
species may solvate Ag' ions, none has a better
combination of solvation ability, cost, nontoxicity,
and stability during dilution by washing. Thiosulfate
also has potential applications in development of
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universal gas constant

solution resistance

nearest neighbour distance at full coverage
temperature

mol fraction of Nazszng

impedance

ionic charge in unsigned units of electronic
charge

x>

NN H NS

Greek symbols

Y surface tension

Y electrosorption valency
I surface excess of Szng

I'.  surface excess of CIO,

I’ specifically adsorbed concentration of S,03~

I specifically adsorbed concentration of ClO,

0 fractional surface coverage

k,x’ constants which appear in adsorption
isotherms

u dipole moment

w angular frequency of oscillation

noncyanide silver plating baths. This has motivated a
series of recent studies by Vereecken and coworkers
to elucidate the thermodynamic and kinetic aspects of
silver oxidation/reduction from thiosulfate complexes
[3-8].

However, little is known of the adsorption of
thiosulfate on Ag. Early studies of silver image fixa-
tion showed that thiosulfate adsorbed strongly on
silver surfaces immersed in thiosulfate-containing
solutions [9, 10]. Although thiosulfate was initially
believed to adsorb in the form of AgS, the inability to
remove this deposit with a cyanide solution led to the
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suggestion that thiosulfate forms a single atomic layer
of S, similar to the phenomenon of underpotential
deposition, rather than forming discrete AgS [10].
More recently, detection of thiosulfate adsorption
has been reported by differential capacitance [11, 12],
although these investigators reported that their ad-
sorption measurements were only qualitative due to
reaction of thiosulfate with the silver surface. In addi-
tion, recent surface-enhanced Raman spectroscopy
(SERS) investigations found evidence for a surprising
phenomenon, an increase in the extent of thiosulfate
adsorption on silver with increasing bulk concentration
of nitrate ion [8]. This paper reports differential capaci-
tance measurements of thiosulfate adsorption on Ag
electrodes at a variety of bulk concentrations and dem-
onstrates that the appropriate adsorption isotherm is
that for an array of repulsively interacting image dipoles.

2. Experimental details

All reagents were prepared with water that was pu-
rified by deionization, reverse osmosis, and filtration
and then by double distillation. Cleanliness was en-
sured by observing both cyclic voltammagrams and
differential capacitance as a function of time for an
electrolyte solution containing a nonadsorbing anion,
ClO; . These experiments indicated that the surface
remained effectively uncontaminated for approxi-
mately 1-2h. Electrochemical measurements were
conducted in a Pyrex cell using a Pt spiral counter
electrode and a SCE reference electrode with an
EG&G model 263A potentiostat. All potentials are
reported with respect to SCE. The 7mm diameter
>99.99% polycrystalline Ag working electrode
(Aldrich) was embedded in a Teflon mount and af-
fixed with TorrSeal, a highly chemically inert epoxy.
Prior to each experiment, the electrode and mount

were mechanically polished with successively finer
grades of alumina down to 0.05 um in diameter, fol-
lowed by rinsing and sonication in ultrapure water to
remove any attached alumina particles. During im-
mersion into the electrochemical cell, the electrode
was potentiostated, and, following immersion, the
cell potential was cycled several times. This pre-
treatment was sufficient to yield differential capaci-
tance curves congruent to those obtained by previous
investigators for a blank NaClOy electrolyte [13]. All
solutions were deoxygenated by bubbling Ar through
the electrolyte for approximately 20 min. The pH was
approximately 5.8 for all solutions employed.

Capacitance was measured by phase sensitive de-
tection using a Stanford Research Systems model
SR830 lock-in amplifier by measuring the current
component which lags the applied AC voltage by
135° [14]. An AC voltage of 2mV was applied at a
frequency of 50 Hz, where the capacitance measure-
ments were approximately independent of frequency.
Potential sweeps at 2mVs~' were employed to de-
termine the potential dependence of the capacitance,
yielding capacitance values that depended on the
sweep direction by less than 3%.

3. Results

A typical cyclic voltammogram for 10 mm Na,S,03/
Ag is shown in Fig. 1. Oxidation starts at approxi-
mately —0.25V, reflecting the strong interaction of
thiosulphate ions with Ag surfaces. Since even small
faradaic currents can alter the phase relationship
between the current and voltage, differential capaci-
tance measurements were only recorded at potentials
cathodic of —0.3V. Differential capacitance mea-
surements performed at sweep rates of 2mVs~' are

shown in Fig. 2 for several different bulk thiosulfate
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Fig. 1. Cyclic voltammogram for 10 mm Na»S,03, 0.49 M NaClOy solution at a sweep rate of 5mVs™'. Dashed curve: voltammogram on a
Ag surface roughened by oxidation-reduction cycling. Solid curve: voltammogram on an unroughened Ag surface.
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Fig. 2. Differential capacitance measurements for a mixed electro-
lyte of NaClO4 and various Na,S,03 concentrations at a total ionic
strength 0.5M and a sweep rate of 2mVs™'. The Na,S,05 concen-
trations are 0(1), 0.1(2), 0.2(3), 1.0(4), 1.5(5), 2.0(6), 10(7) and
20mm (8).

concentrations with the total ionic strength constant
at 0.5M. These measurements were reproducible over
repeated voltage sweeps, demonstrating that adsorp-
tion was reversible and that the surface roughness did
not increase significantly. This and other internal
consistency checks also demonstrate that no signifi-
cant faradaic currents are present at potentials below
—0.3 V. Thiosulfate adsorption appeared to approach
saturation above bulk concentrations of about 30—
50mm, as evidenced by the saturation of the differ-
ential capacitance curves.

Differential capacitance measurements were ana-
lysed as described by Weaver and coworkers [13] for
conditions where the total ionic strength is kept
constant while varying the molar fraction x of the
specifically adsorbing anion, in this case SzOg_. The
surface excess of S,03~ was determined using a
Hurwitz—Parsons analysis, where for a mixed elec-

trolyte with only one adsorbing anion, the Gibbs
adsorption isotherm can be written as [15]

—dy = qdE + [rs—( )rC]erlnx (1)

0.5—x
where the symbols are as listed at the outset. As long
as neither anion preferentially populates the diffuse
layer, one can rewrite Equation 1 as [13]

x
0.5—x

where T, and T, are the specifically adsorbed con-
centrations of the two anions. The second term above
in parentheses is assumed to be negligibly small. In
this case I', can be obtained by differentiating the
surface tension in Equation 2 with respect to the mole

fraction x:
1 ay
i =——[——
s RT (a lnx> E

The surface tension at each mole fraction x was ob-
tained by doubly integrating the experimental curves
of differential capacitance, with integration beginning
at —0.95V. The derivative in Equation 3 was ob-
tained by graphical differentiation of plots of the
surface tension y against Inx at each electrode po-
tential £ [16]. Figure 3 shows the surface concentra-
tion obtained from Equation 3 as a function of
electrode potential and bulk concentration of thio-
sulfate. The roughness factor during the present ex-
periments was found to be approximately 1.31 from
measurements of Pb underpotential deposition.
Several potential complications to the differential
capacitance measurements reported here deserve
comment. Both Hg and solid electrodes can exhibit
nonideal interfacial capacitance behaviour for a
variety of reasons, so the interfacial impedance is
often represented by a constant phase element

(c.p.e.) [17]
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Fig. 3. Surface coverage of szo§* as a function of potential. Key: (@) 0.1, (O) 0.2, (H) 1.0, ((J) 1.5, (A) 2.0, (®) 10.0 and (<) 20.0 mm. The
surface coverages have been adjusted to reflect a roughness factor of 1.31.
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Z(w) = R, + Qi) ™" (4)

The symbols are specified at the outset. For a purely
capacative interfacial impedance, k is equal to one.
However, such a treatment makes determination of
an adsorption isotherm problematic, since the con-
stant Q cannot be associated with a capacitance when
k is not equal to one. Indeed, this is a general problem
that makes adsorption isotherms quite difficult to
measure by impedance spectroscopy, since equivalent
circuit elements cannot be easily associated with the
interfacial capacitance.

For solid electrodes, some authors have associated
the observation of a c.p.e. with the presence of sur-
face roughness, which reflects heterogeneity of sur-
face sites with different energetics. However, a
number of authors have questioned the idea of a
simple connection between a c.p.e. and surface
roughness [18-20], so this association remains con-
troversial. Nonideality in the solution phase is also
believed to yield a c.p.e. [21, 22], the origin of which
has been ascribed to problems with the solution con-
ductivity. In summary, although the experimental
observation of a c.p.e. is established for a number of
systems, its origins have proven difficulty to identify
and quantify and thus remain controversial [23, 24].
However, one can get an approximate idea of the
degree of impedance nonideality by comparison to
results reported for polycrystalline pt electrodes in
perchloric acid solutions [23]. In this case solution-
phase nonidealities were not present at an ionic
strength of 0.5M, an unsurprising result given the
limited spatial extent of the diffuse layer at these
concentrations. In addition, £ was found to be very
close to unity for the low roughness values (1.31) seen
in the current study. Differential capacitance can be
problematic for the reasons given here and others.
Indeed, few cases may exist where it is absolutely
rigorous. However, this technique has been applied
most extensively to and is well-established on Ag
electrodes [13, 25-29].

Recent surface-enhanced Raman spectroscopy
(SERS) investigations have suggested that the extent
of thiosulfate adsorption on silver increases with in-
creasing bulk concentration of nitrate ion [8]. This is
consistent with the observation that the integrated
intensity under an unassigned SERS Szng peak,
which appears at concentrations below the bulk de-
tection limit, increases by a factor of 2-3 X in the
presence of 0.5-0.6 M NaNO;. Evidence for such co-
operative behaviour was sought by comparing the
differential capacitance curve against electrode po-
tential for an electrolyte containing 10 mm NaNOs,
10mm Na,S,03 and 0.48 M NaClOy4 to the curve re-
ported in Fig. 2 for 10 mm NaS,03 and 0.49m Na-
ClOy4. These two curves were virtually identical,
suggesting the cooperative effects of NaNOs on SZO_%*
adsorption are insignificant at low concentrations of
NaNO;. This is a legitimate comparison because
several control experiments showed that the differen-
tial capacitance of a blank 0.5m NaClO, electrolyte

differed insignificantly from that for 10 mm NaNO;
and 0.49m NaClOy4. This comparison is difficult at
NaNOj; concentrations as high as those employed by
previous investigators [8] due to strong effects of the
background anion on the baseline capacitance.

4. Discussion

The ability to relate surface coverage at the solid—
liquid interface to bulk concentration, that is the
determination of the adsorption isotherm, can be of
significant practical importance in understanding the
behaviour of plating additives, of surfactants, and of
surface processes in biomedical technology. Adsorp-
tion isotherms in electrochemical systems have been
reviewed by Conway [30] and will be summarized
only briefly. The familiar Langmuir adsorption iso-
therm arises from considering site competition but
neglecting both interactions between adsorbed species
and surface heterogeneity. The Langmuir isotherm
relates surface coverage (0) to bulk concentration ¢
according to
0

1-0
On the other hand, noninteracting species which
occupy multiple (n) adsorption sites may follow

what will be called the multisite adsorption isotherm
[31]:

Kc (5)

0 [04n(1—0)""
(1-0)" n

= K¢ (6)

The Temkin isotherm may be applicable to adsorp-
tion of uncharged, noninteracting species onto a
heterogeneous surface, where the adsorption energy
varies with adsorption site [32, 33]. The Temkin iso-
therm is usually written as:

0 =xlogc (7)

Interactions between adsorbed species can be in-
cluded in a variety of different ways, but are most
commonly ascribed to a Frumkin isotherm, which
can be written as:

Tg() = kce 90 (8)
This form can be derived, for example, assuming
pairwise nearest-neighbour interactions [30]. The
parameter gy characterizes the strength of the two-
dimensional interactions in the adlayer and is some-
times found to be potential dependent. The Frumkin
isotherm reduces mathematically to the Temkin iso-
therm for cases of strong adsorption.

Although the Frumkin isotherm is widely em-
ployed, it lacks a direct theoretical connection to a
realistic form for the adlayer interaction energy. If
one considers the present case of adsorption of ionic
species, an adsorption isotherm can be derived for a
coverage-dependent coulombic interaction energy of
the form glRTG]/Z, yielding [30]
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This isotherm will be referred to as the charge iso-
therm. Here it is expected that

mz 2

T 2RIy

g1 (10)
where m, R, T, z, and r are as listed at the outset.
More realistically, one might expect ionic adsorption
to create an image charge in the electrode, forming an
image dipole. In this case the adsorption isotherm can
be derived from the coverage-dependent interaction
energy of the form glRT03/2, yielding [34]

30,0\
= kce 390

— 11

o (11)
This will be referred to as the dipole isotherm. Here,
neglecting the consideration of partial charge transfer
and the electrosorption valency,

mu?

= — 12
2RT¥3 (12)

g2

where u is the dipole moment. Each of the above
constants x are in reality the product of other con-
stants according to

K — i’ e~ AGu/RT JVF/RT

(13)

where Angs is the Gibbs free energy of adsorption.
The second exponential term arises from the equi-
librium condition that the bulk chemical potential be
equal to that at the electrochemical interface, which is
exponentially related to the electrode potential. Un-
fortunately, AGY;; can vary with potential, making
separation of the different components of Equation
13 difficult.

Independent numerical least-squares fits of the
surface coverage (0) to the bulk concentration ¢ at
ten different electrode potentials were performed to
test the applicability of the above adsorption iso-
therms. The Langmuir, multisite and charge iso-
therms provided poor fits and will not be considered
further. The Temkin isotherm was rejected on the
basis of the consistent deviations in the same direc-
tion found at each of the ten potentials examined.
This could be visually observed from plots with 6 as
the ordinate and log ¢ as the abcissa that were all
slightly concave upward rather than linear. Both the
Frumkin and dipole isotherms provided fits that were
reasonably appealing to the naked eye. However, the
Frumkin isotherm was rejected for two reasons. First,
the total residual variance over the ten data sets was
approximately 55% lower for the dipole isotherm
relative to the Frumkin isotherm. In addition, if one
allowed ten different values for g, in the dipole iso-
therm, these agreed to within approximately 25%,
whereas the ten different values for gy varied by as
much as 70% from their average value.

Thus the dipole isotherm given by Equation 11
provides a superior data fit with effectively fewer
adjustable parameters. In addition, this isotherm is
consistent with a simple and intuitively reasonable
model for the adlayer interactions of specifically ad-
sorbed anions. A plausible model is that adsorbed
species form image dipoles, with the adlayer ener-
getics dominated to first order by repulsive dipole
interactions. To the author’s knowledge this is the
first time that the dipole isotherm has been verified as
the best description for the specific adsorption of a
particular ionic species. The dipole isotherm may not
describe specific adsorption of all ionic species due to
partial charge transfer, dipole depolarization, ion
pairing effects, and other nonideal behaviour. The
least-squares fit of the experimental data to the dipole
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Fig. 4. Comparison of the experimental data to the adsorption isotherm for repulsive, parallel image dipoles. Key: (@) —0.30, (O) —0.325,

(W) —0.35, (0) —0.375, (A) —0.40, () —0.45, and ($) —0.50 V.
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Table 1. Variation of k with electrode potential

Potential/V vs SCE Inx

-0.300 1.24
—-0.325 0.45
-0.350 —-0.16
—-0.375 -0.90
-0.400 -1.83
-0.425 -2.64
-0.450 -3.36
—-0.475 —4.24
-0.500 -5.13
-0.525 —-6.03

isotherm is shown in Fig.4. Table 1 gives the poten-
tial-dependent best-fit values for k, and the best fit
value for g, is approximately 6.8. From Equation 12,
assuming a coordination number of six and that r is
the nearest-neighbour spacing on Ag(111), a dipole
moment of 0.72 D is obtained for the SZO?/Ag Sys-
tem. This value can be compared to that predicted by
approximating the dipole moment as [35]

_z [ y
#_47TCH z

where Cy is the Helmholtz double-layer capacitance
and z times the quantity in parentheses is the effective
number of charges in the adsorbed species. The ex-
traction of the Helmholtz capacitance from differen-
tial capacitance measurements is difficult [36, 37], so
an approximate value of 70 uF cm™ has been taken,
yielding a dipole moment of 1.2 D. This is of the same
magnitude as that measured,which is probably re-
duced in size by the nonideal behaviour mentioned
above. The noise in the differential capacitance mea-
surements mask any variation in the dipole moment
with potential, so only an average value is reported.

(14)

5. Conclusions

A combination of cyclic voltammetry and differential
capacitance measurements show that SQO? specifi-
cally adsorbs on a polycrystalline Ag electrode in
measurable quantities between approximately —0.7 V
and —0.3V vs SCE, at which point the adsorbed
species undergoes faradaic reaction. The surface
coverage as a function of bulk concentration and
electrode potential has been determined and shown to
be consistent with an isotherm previously proposed
for the interaction of parallel image dipoles according
to [34]

0 ~3g 1/2
g = Kee (15)
where
2
mu
= 1
92 = 3R (16)

Numerical fits to this isotherm yield an effective di-
pole moment of 0.72 D, which is roughly consistent

with that expected from a simple model of the elec-
trochemical interface.
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