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ABSTRACT

The electrochemical reduction of gold thiosulfate has been studied and compared to the reduction of gold cyanide.
Gold thiosulfate is a potential replacement for gold cyanide in electro and electroless plating baths. Gold thiosulfate has
a more positive reduction potential than gold cyanide and eliminates the use of cyanide. The standard heterogeneous rate
constant, transfer coefficient, and diffusion coefficient for gold thiosulfate reduction were found to be 1.58 >< 1O cm/s,
0.23 and 7 x 10 cm2/s, respectively. The effect of sulfite as an additive to gold thiosulfate solutions was examined.

Introduction
Gold is used as a conducting material for interconnec-

tions and electrical contacts in the microelectronics indus-
try. Gold is chosen for its corrosion resistance, thermal
conductivity, ductility, and purity. It can be deposited by
physical vapor deposition, or by electrochemical methods.
The electroless deposition of gold requires a reducing
agent to reduce the gold complex. Gold cyanide is the most
widely used gold complex in electro and electroless plat-
ing processes.' The primary disadvantages of using
cyanide complexes are (i) the presence of cyanide in solu-
tion, wastewater, and the atmosphere raises environmen-
tal and safety concerns, (ii) the negative redox potential
makes the formulation of electroless baths particularly
difficult, and (iii) the low exchange current density of
cyanide complexes limit the rate of deposition.09 The gold
cyanide complex decomposes in the absence of excess
cyanide ions at pH < 3.1.1 The pKa of HCN is 9.46 and the
equilibrium constant for HCN(aq) going to HCN(g) is io',
making the pICa for HCN(g) 8.0610

HCN(g) - CN + H pICa = 8.06 [11

The stability constant for Au(CN) is io°, making the
standard reduction potential for the gold cyanide complex
—0.01 V vs. normal hydrogen electrode (NHE)"2

Au(CN) e Au + 2CN E° = —0.01 vs. NilE [2]
If cyanide ions accumulate in the plating bath during

the reduction of Au(CN), they will shift the equilibrium
potential to more negative values following a Nernstian
behavior. Often, high pH baths are used to avoid the unde-
sirable evolution of HCN. Consequently, alkaline, gold
cyanide electroless baths contain excess cyanide in order
to maintain a relatively constant concentration of cyanide.
The excess cyanide shifts the redox potential further neg-
ative, requiring a reducing agent with a very negative
redox potential. These disadvantages of gold cyanide have
motivated a search for alternative gold complexes. Gold
thiosulfate has been investigated in a nonalkaline electro-
less bath.'3'4 Its stability constant is lower than the gold
cyanide complex (pICa 1020), and gold thiosulfate is sta-
ble in solution over a wide range of pH."2 The reduction
of gold thiosulfate was confirmed as'2

Au(S2O2) + e — Au + 2SO 131

The accumulation of thiosulfate in an electroless bath
process affects the gold thiosulf ate reduction potential by
shifting it to more negative potentials, as predicted by the
Nernst equation.'2 The electroreduction of gold thiosul-
fate is affected by protonation of the thiosulfate in acid
solutions'0

H2S202 -* H + HS2O pKa0 = 0.3

H520 -* H + S2O pICa2 = 1.7

Sulfite has been used as an additive in gold thiosulfate
electroless baths; however, the reason for adding sulfite to
the electroless bath with excess thiosulfate present was
not explained.'4"0 The stability constant for gold sulfite is
smaller than that of the thiosulfate complex (pKa =
10b0).0609 Sulfite protonates in neutral and acidic solutions,
making the gold sulfite unstable.20'2' Thus, gold sulfite
plating baths are usually used at pH> g1018

In this paper electrochemical reduction parameters for
gold thiosulfate have been evaluated, and the effect of
excess sulfite on the reduction of gold thiosulfate has been
shown.

Experimental
A conventional three-electrode design was used in the

cyclic voltammetry experiments. A gold disk working
electrode (0.196 cm2) and a Pt wire counterelectrode were
used. The reference electrode was a saturated calomel
electrode (SCE), placed within 1 cm distance from the
working electrode. The Pine Instrument AFASR rotating
ring-disk electrode (RRDE) rotator and an EG&G PAR
Model 175 universal programmer and sweep generator
were used with an EG&G Model 366 bi-potentiostat. The
current and potential measurements were recorded with
an HP7O9OA X-Y-Y recorder.

Aqueous citrate mixtures (0.4 M citric acid monohydrate
and 1 M potassium hydroxide, 0.4 M citric acid monohy-
drate, and 0.6 M potassium hydroxide) were used as
buffered pH stock solutions. All chemicals were reagent
grade. The potassium gold (I) cyanide was obtained from
Engelhard (East Newark, NJ) sodium gold (I) thiosulfate
was obtained from A. D. Mackay Chemicals (Red Hook,
NY), and sodium sulfite was obtained from Fischer
Scientific. All cyclic voltammetric experiments were per-
formed at room temperature with an initial 5 mm nitrogen
gas purge.

The overpotential due to solution resistance was estimat-
ed for the experiments. Excess potassium chloride (1.2 N
KC1) was used as the supporting electrolyte in all voltam-
metric experiments. The solution resistance for 1.2 N KC1,
with the reference and working electrodes tess than 2 cm
apart, was calculated to be 32 Il. The uncompensated solu-
tion resistance of a 1.2 N KC1 solution was measured with
an EG&G PAR Model 273 potentiostat to be 30 V 2 V.
The overpotential due to solution resistance is approxi-
mately 8 mV for i = 0.25 mA. Therefore, measured char-
acteristic potentials are subject to 8 mV (iR,) vanation.
Voltammo-grams were digitized and corrected for back-
ground current before measured potentials were quantified.

Results and Discussion
The reduction of gold thiosulfate was studied as an

alternate gold complex for plating baths. The reduction
[41 voltammograms of 0.01 M gold thiosulfate and 0.01 M gold

[5)
cyanide are compared in Fig. t. The reduction voltammo-
grams were obtained on a stationary gold electrode at pH
4.8 and 6.4. The potential sweep rate was 100 mV/s. The
voltammograms for gold thiosulfate reduction were the
same at the two pHs. The gold thiosulfate reduction volt-
ammogram has a larger peak current than the gold
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Fig. 1. The reduction voltammogram for 0.01 M gold(l) thiosulfate
and 0.01 M gold cyanide. At 100 mV/s. 25°C on a stationary 9old
disk (0.196 cm2). (- -) gold cyanide at pH 6.4, (—) gold cyanide at
pH 4.7, (—4 gold thiosulfate at pH 6.4 and at pH 4.7.

cyanide reduction voltammogram under similar condi-
tions, Fig. 1. At pHs greater than 4, the free thiosulfate
concentration is not effected by pH, because it is essen-
tially fully deprotonated, as shown in Eq. 4 and 5. The
slope of the gold thiosulfate current-potential curve is
greater than that of gold cyanide. The electroreduction of
gold thiosulfate occurs at potentials more positive than
the electroreduction of gold cyanide at pH 6.4, Fig. 1. The
potential for the reduction of gold cyanide shifts with pH,
because of the change in free cyanide concentration below
pH 8. The gold cyanide reduction voltammogram shifts to
more negative potentials with pH until the cyanide
becomes essentially fully deprotonated above pH 9.

The effect of thiosulfate buildup during gold deposition
and the subsequent effect of thiosulfate concentration on
the gold thiosulf ate reduction voltammogram were deter-
mined in a previous investigation.13 The addition of excess
thiosulfate shifts the reduction potential of gold thiosul-
fate to more negative potentials, as predicted by the
Nernst equation.

The addition of sulfite as a complexing agent was stud-
ied in the gold thiosulfate solution (pH 6.4, 25°C). The
reduction voltammograms of 0.03 M gold thiosulfate with
varying excess sulfite concentration were obtained at a sta-
tionary gold electrode at a potential sweep rate of 100mV/s,
Fig. 2. The reduction of gold thiosulf ate shifts in the neg-
ative direction as the sulfite concentration increases. The
reduction of 0.03 M gold thiosulf ate solution shifts neg-
atively by approximately 100 mV with the addition of
0.05 M sulfite. Similar potential shifts with the addition of
sulfite were reported for gold chloride solutions with
excess thiosulfate." Kato et al. did not attempt to explain
this effect of sulfite on the gold reduction voltammo-
grams.t8 An asymmetric, complex may have formed with
thiosulfate ions and sulfite ions. Alternatively, sulfite may
adsorb onto the gold substrate, or become involved in the
reaction intermediates shifting the reduction voltammo-
gram to more negative potentials. The exact mechanism by
which sulfite affects the electroreduction of gold thiosul-
fate remains unclear

The reduction of 0.01 M gold thiosulfate was investigat-
ed using a rotating gold electrode at different rotation
rates. Voltammograms were obtained at a potential sweep
rate of 100 mV/s (pH 6.4, 25°C). The reduction of gold thio-
sulfate has an onset potential near 0.15 V vs. SCE and
reached a limiting current near —0.2 V vs. SCE, as shown

I

Fig. 2. Current-potential variation of 0.03 M gold(l) thiosulfate
with sulfite addition. At 100 mV/s. pH 6.4, 25°C on a stationary
gold disk (0.196 cm2): (—) zero excess sulfite, (—) 0.005 M excess
sulfite, (— —) 0.01 M excess sulfite, (. —) 0.05 M excess sulfite.

in Fig. 3. The limiting current increased with rotation rate.
The currents measured at a rotating disk electrode can be
separated into mass transfer controlled, kinetic controlled,
and mixed controlled regimes. A reversible electron trans-
fer reaction a has cathodic limiting current which is
directly proportional to w112, where w is the electrode rota-
tion rate in -121 Anonlinear relationship between the lim-
iting current and u'12 indicates that the limiting current is
dependent on kinetics and mass transport2'

1/I = 1/f, + 1/1k [6]

Where I, is the mass-transport limited current (A) and 'kis
the kinetically limited current (A). The limiting current
controlled by mass transfer follows the Levich equation2'

I, = 0.62 nFAD2'3j.r"u"2C [7]
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Fig. 3. Current-potential variation of 0.01 M gold thiosulfate
with rpm. At 100 mV/s, pH 6.4, 25°C on a stationary gold disk
(0.196 cmi: (--) 50 rpm, (—4 100 rpm, (—4 200 rpm.
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where A is the electrode surface area (cm2), D is the diffu-
sion coefficient (cm2/s), v is kinematic viscosity (cm/s), C is
concentration (mol/cm3) of the electroactive species, F is
Faraday's constant, and a is the number of electrons. The
kinetically controlled current is dependent upon the het-
erogeneous rate constant, k1 (F) (cm/s), and the potential,
E(V).

= nFACk1(E) [8]

Plots of 1/I vs. 1/&!2 at different potentials allow evalua-
tion of k0. The heterogeneous rate constant, k0, is related to
the standard heterogeneous rate constant, k, (cm/s), and
the transfer coefficient, a (nondimensional)

= k0 exp [—aF/RT(E — F°')]

where F°' is the formal reduction potential.
The currents were measured at different potentials and

rotation speeds, and used to determine the kinetic con-
stants for the electrochemical reduction of gold thiosul-
fate. Currents were measured at six potentials (—0.35,
—0.25, —0.2, —0.15, —0.1, and —0.05 V vs. SCE) and a lin-
ear plot of I_i vs. w'12 at the limiting current shows nonze-
ro y-intercepts, as shown in Fig. 4. The kinetically con-
trolled current, 'k' was calculated from the y-intercepts of
the linear plots in Fig. 4 and the heterogeneous rate con-
stants were calculated at each potential.

The determination of the standard heterogeneous rate
constant, and transfer coefficient, Eq. 9, requires an accu-
rate value of the gold thiosulfate standard formal poten-
tial. The reduction of gold thiosulfate is an irreversible
reaction. The determination of the standard potential is
more difficult for irreversible reactions than reversible
ones because relationships like the Tafel equation cannot
be used to find the standard potential.

The standard formal potential of gold thiosulfate has
been reported by Pouradier and Gadet to be 0.15 V vs.
NIlE (—0.09 V vs. SCE).1222 The standard formal potential
was experimentally determined here by measuring the rest
(equilibrium) potential of gold in gold thiosulfate solu-
tions at various thiosulfate concentrations.22 The standard
formal potential was calculated by correcting the rest
potential for different gold thiosulfate and thiosulfate
concentrations. Fluctuations in the rest potential with
small changes in reactant concentrations and electrode

w°5 (s°)

Fig. 4. Inverse current variation with inverse rotation rate for the
reduction of 0.01 M gold(l) thiosulfate. At 100 mV/s, pH 6.4,
25°C on a gold disk. 4) —0.35 V vs. SCE, (0) —0.3 V vs. SCE,
4) —0.25 V vs. SCE, (0) —0.2 V vs. SCE, 4) —0.15 V vs. SCE, (EU
—0.1 V vs. SCE, (U) —0.05 V vs. SCE.

surface anomalies add uncertainty to the previously
reported value of the gold thiosulfate standard formal
potential.

In this study, the rest potential of 0.01 M gold thiosulfate
was measured as a function of thiosulfate concentration.
Care was taken in preparing solutions of specified concen-
trations and in reproducing the surface conditions of the
electrode. The activity coefficients of gold thiosulfate were
assumed to be one. The standard formal potential was cal-
culated using the rest potentials and gold thiosulfate and
thiosulfate concentrations. The average standard formal
potential for the electroreduction of gold thiosulfate is
—0.09 V vs. SCE 0.005 V vs. SCE (±2u). The experimen-
tal standard formal potential determined in this investiga-

[9] tion agrees well with the experimental standard formal
potential reported in literature.

A third determination of the standard formal potential
was made by using the Nernst equation for the reduction
of gold ions to gold and using a literature value for the sta-
bility constant for gold thiosulfate, pKa = 1020. 10,11,18 The

standard formal potential for the reduction of gold ions to
gold is 1.44 V vs. SCE." The Nernst equation for the gold
(I) ion reduction to gold was corrected for the complexa-
tion of gold ions with thiosulfate. The problem with this
method is the uncertainty in the stability constant. From
the Nernst equation and gold thiosuif ate stability constant
of 1028, the standard formal potential for gold thiosulfate
is calculated to be —0.22 V vs. SCE.

The standard heterogeneous rate constant and transfer
coefficient for the gold thiosulfate reduction were deter-
mined using a standard formal potential of 0.09 V vs. SCE
and the experimental data show in Fig. 4. A plot of In k,
vs. (F-F"') has an intercept equal to in k0, and the slope is
proportional to the transfer coefficient, as can be seen
from Eq. 9. Figure 5 shows the relationship between ln Ic,
and (F-F"'). The calculated standard heterogeneous rate
constant is 1.58 x io- cm/s with an error of 0.8 X
iO cm/s (±2u). This calculated standard heterogeneous
rate constant for gold thiosulfate is high in comparison to
two silver complexes, silver(I) cyanide (6.66 >< 10° cm/s)
and silver(I) iodide (2.4 X i0 cm/s).23 The calculated
transfer coefficient is 0.23 with a standard error of 0.02
(±2a). Silver cyanide and silver iodide have transfer coef-
ficients of 0.61 and 0.84, respectively.23 The low transfer
coefficient of gold thiosulfate indicates that the activation
complex is more structurally similar to the reactant, a
bidentate complex, than the products.

Fig. 5. Logarithmic variotion of elecfrochemical rate constant with
potential for the reduction of 0.01 M gold(I) thiosulfate. At 100 mV/s,
pH 6.4, 25°C on a gold disk (0.196 cm2).
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The intercepts of the 1/I vs. 05 allows the determina-
tion of the kinetic parameter and Tafel region for each
rotation rate.24 The Tafel plots at 400 and 600 rpm, had
slopes of —0.34 and —0.32 V/decade, respectively, in the
potential range from —0.05 to —0.35 V vs. SCE as shown in
Fig. 6. Two Tafel slopes were observed for gold cyanide com-
plexes at 60°C. For soft gold, the slopes were —0.35 V/decade
(—0.50 to —0.95 V) and 0.154 (—0.95 to —1.1 V). For nickel
hardened gold, the Tafel slopes were —0.47 V/decade
(—0.50 to —0.80 V) and —0.186 V/decade (—0.95 to —1.1 V).
The change in slopes was attributed to a change in mech-
anism for the reduction of the gold complex. The higher
Tafel slopes observed at more positive potentials, were due
to reduction through an adsorbed AuCN complex, where-
as the lower Tafel slopes (higher currents) at more negative
potentials, were due to the direct reduction of the Au(CN)
complex.24

Gold thiosulfate reduction was studied at as a function
of concentration at a potential sweep rate of 100 mV/s and
an electrode rotation rate of 200 rotations per minute (rpm)
at 25°C in a citrate buffer at pH 6.4. A mass transport lim-
ited current is observed in each case, as shown in Fig. 7.
The limiting current increases with concentration and a
plot of the limiting current as —0.25 V vs. SCE against gold
thiosulfate concentration is linear as shown in Fig. 8.

Fig. 7. Current-potential variation of the reduction of gold(l) thio-
sulfate with concentration. At 100 mV/s, 200 rpm, pH 6.4, 25°C
on a gold disk (0.196 cm2) (—) 0.01, (—) 0.009, (— —) 0.005, and
I- - —) 0.004 M gold thiosulfate.

Fig. 8. Limiting current variation with concentration for the reduc-
tion of gold(l) thiosulfate. At 100 mV/s, 200 rpm, pH 6.4, 25°C on
a gold disk (0.196 cm2).

At a stationary electrode, a single diffusion limited peak
at —0.912 vs. SCE, was observed (100 mV/s). A linear rela-
tionship between peak currents and is212 over a wide range
of sweep rates is seen in Fig. 921

= 2.99 X 10 n(conj"2 ACIY'2u"2 [10]

From the slope of the I, vs. is1'2, the diffusion coefficient
was found to be 7.01 x iO cm2/s with an error of 0.13 )<
10-6 cm2/s (±2Y). The calculated gold thiosulfate diffusion
coefficient is lower than the estimated diffusion coefficient
of thiosulfate, 1.08 x iO cm2/s.'4'25 However, the size of
the hydrated gold thiosulfate complex is larger than the
size of the hydrated thiosulfate ion.

Summary
A qualitative comparison between gold cyanide and

gold thiosulfate reduction shows that the gold cyanide
electroreduction reaction is kinetically slower. Gold thio-
sulfate is reduced at 0.15 V vs. SCE. The electroreduction
of gold thiosulf ate is independent of pH for values above 4.

Fig. 9. Peak current variation with square root of the potential
swee rate for the reduction of 0.01 M gold(l) thiosulfate. At pH 6.4,
25°C on a stationary gold disk (0.196 cm2).
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The standard heterogeneous rate constant for gold thio-
sulfate was found to be 1.5 x 1O cm/s and, the transfer
coefficient was 0.23. Gold thiosulfate has a low diffusion
coefficient of 7.01 x 10 cm2/s.
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Further Investigation of the Reduction of Alkyl Bromides at

p-InP Photocathodes
Hot or Thermalized Electrons?

Markus D. Groner, David K. Watts, and Carl A. Koval*

Department of Chemistry and Biochemistry, University of Colorado, Boulder, Colorado 80309, USA

ABSTRACT

Electron transfer from p-InP photocathodes to competing electron acceptors, oxidized metallocenes, and dibro-
moethylbenzene (DBEB), in acetonitrile solutions was investigated in order to access the limitations associated with
detecting hot electrons in such systems. Low and highly doped p-InP electrodes were investigated wider various illumi-
nation conditions and acceptor concentrations. Collection experiments showed that the fraction of photocurrent which
reduced DBEB decreased from one to zero as oxidized metallocene, decamethylferrocenium (DFER) or dicar-
bomethoxycoba1tocenium (DCMC), was added to a DBEB solution. Mott-Schottky data revealed a corresponding
decrease in the negative shift of the bandedges under illumination which went to zero at the same metallocene concen-
trations at which DBEB reduction was no longer detected. Voltammograms revealed hysteretic double waves in cases
where the metaflocene was not present in large enough concentrations to accept all electrons. The data indicate that the
rate constants for reduction of DFER or DCMC by conduction-band electrons are at least two orders of magnitude larg-
er than for reduction of DBEB. Although previous research on these interfaces was interpreted as evidencefor reduction
of DBEB by hot electrons at highly doped p-InP electrodes, these results indicate that it would be difficult to distinguish
between hot and thermalized photoreduction mechanisms in these systems.

Introduction
The efficiency of photoelectrochemical cells could be

improved if charge carriers with significantly greater
energy than the bandedge (i.e., hot carriers) reacted effi-
ciently with redox species in solution. When a photon cre-
ates an electron-hole pair in a semiconductor, the energy
separation between these hot charge carriers is initially
equal to the energy of the photon, but vibrational relax-
ation due to electron-phonon collisions causes the electron
to undergo rapid thermalization which decreases this
energy separation down to that of the bandgap. The abili-

* Electrochemical Society Active Member.

ty to utilize all the light energy would allow for theoreti-
cal conversion efficiencies of 66% in a single bandgap de-
vice, as opposed to the conventional limit of 33% for sin-
gle bandgap devices operating at thermal equilibrium.'
Many papers have been published suggesting evidence for
nonthermalized charge carriers in liquid-junction cells.'8'
While hot electrons are well documented in the solid
state,' the question as to whether they can be utilized in
liquid junction cells is still under discussion.89

Recently our group reported that hot electrons could be
detected in a photoelectrochemical cell consisting of a p-
InP photocathode and an acetonitrile solution containing
decamethylferrocene/decamethYlferrocenium (DFER°)


