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a  b  s  t  r  a  c  t

The  deposition  mechanism  of  metallic  gold  was  investigated  based  on charge  transfer  voltammetry  at  the
water/1,2-dichloroethane  (W/DCE)  interface,  and  the  corresponding  redox  voltammetry  of  the  metal  pre-
cursor in  W  and  the reductant,  triphenylamine  (TPA),  in  DCE.  The  metal  precursor  was present  as  Au(III)
(AuCl4−),  or  Au(I)  (AuCl2−) in  W  or  DCE.  Electron  transfer  could  be observed  voltammetrically  at  the  inter-
face  between  W  containing  both  Au  precursors  and  DCE  containing  TPA.  Au  particles,  formed  by constant
eywords:
lectron transfer voltammetry
TIES
u nanoparticle

potential  electrolysis  at the  W/DCE  interface,  were  examined  by transmission  electron  microscopy.  It was
shown that  deposit  size  could  be  controlled  via  the applied  potential  and  time,  with  specific  conditions
to  form  particles  of  less  than  10 nm  identified.

© 2014  The  Authors.  Published  by  Elsevier  Ltd.  All  rights  reserved.
etrachloroaurate
ichloroaurate

. Introduction

The combination of nanotechnology with chemistry, biology,
hysics, and medicine for the development of ultrasensitive detec-
ion and imaging methods in the analytical or biological sciences
s becoming increasingly important. Nanoparticle synthesis, at
r near the interface between two immiscible liquids has been
nown since the time of Faraday [1] but it is only in the last two
ecades or so, with the advent of appropriate microscopic char-
cterization, that the systematic investigation of the relationship
etween particle size and growth conditions has become more
stablished. A huge variety of nanoparticles has been synthesized,
ith immiscible liquids frequently used in synthesis [2]. The depo-

ition process at an interface between two immiscible liquids can
e considered as an intermediate case between purely homoge-
eous deposition through electron transfer between redox couples

n the same phase, which as a spontaneous process is difficult

o control, and heterogeneous deposition at the (conventional)
olid electrode-electrolyte interface [3]. Separation of the two reac-
ants, the oxidised metal precursor and a reducing agent, by the

� This is an open-access article distributed under the terms of the Creative
ommons Attribution License, which permits unrestricted use, distribution, and
eproduction in any medium, provided the original author and source are credited.
∗ Corresponding author. Tel.: +81 724 51 2454.

E-mail addresses: auehara@rri.kyoto-u.ac.jp (A. Uehara),
obert.dryfe@manchester.ac.uk (R.A.W. Dryfe).

013-4686/$ – see front matter © 2014 The Authors. Published by Elsevier Ltd. All rights 
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liquid-liquid interface means the driving force of nucleation can be
controlled through the interfacial potential.

In fact, the electrochemical synthesis of nanoparticles at liquid-
liquid interfaces is a relatively new field of research. Charge
(electron and ion) transfer reactions at the two  immiscible elec-
trolyte solutions have been studied extensively using simple
reversible systems, whereas electrochemical synthesis has only
been described in a limited number of cases.

The potential controlled electrodeposition of various metals, e.g.
Au [4–10], Cu [11], Pd [12–16], Pt [15–17], and Ag [18–22] has been
investigated at organic-water interfaces. Other studies of the spon-
taneous growth process have been carried out using the interfacial
potential established through spontaneous transfer of a partition-
ing ion between the water and organic phases (Nernst partition
equilibrium) [12,16,22,23]. Characterization of the initial nuclea-
tion process was a focus of some of this work [12]. In order to apply
to the formation of nanoparticles, it is important to rationalise the
deposition process in terms of existing models of phase formation.
To this end, some results for the deposition of metallic Pd at the
liquid-liquid interface by a reductant in organic solution have been
reported [12,13,15,16,24,25], whereas deposition of metallic gold
at the liquid-liquid interface was limited because of the large dif-
ferences in redox potential between Au ion and reductants [4,6,7].
Furthermore, precise experimental control over nanoparticle size

via the potential applied to the liquid-liquid interface has not been
described to date, although deposition at the interface has been
probed by UV-Vis and X-ray absorption spectroscopy [26]. To pre-
vent nanoparticle aggregation, tetraalkylammonim halides such as

reserved.
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for the positive and negative current, Ip1 and In1, is quasi-reversible
and the mid-point potential is calculated to be 0.115 V (Eq. (2)).

AuCl4−
(DCE)� AuCl4−

(W) (2)

Table 1
Cell compositions used in this work.

W1 DCE1

0.2 mM HAuCl4
10 mM HCl

10 mM TOA+TFPB− Cell 1
Fig. 1

0.5 mM HAuCl4
10 mM HCl

20 mM TPA
10 mM TOA+TFPB−

Cell 2
Fig. 2,  4

0,  0.1, 0.2, 0.4 mM
HAuCl4
10 mM HCl

20 mM TPA
1 mM TOA+TFPB−

Cell 3
Fig. 5

10 mM HCl 0.5 mM TOA+AuCl4−

10 mM TOA+TFPB−
Cell 4
Fig. 6(a)

10  mM HCl 0.5 mM TOA+AuCl4−

20 mM TPA
10 mM TOA+TFPB−

Cell 5
Fig. 6(b)

10  mM HCl 0.5 mM TOA+AuCl2− Cell 6
A. Uehara et al. / Electroc

etyltrimetylammonium bromide, CTAB, and tetraoctylammonium
hloride, TOACl, have been widely used as the capping ligands
orming monolayers on particle surfaces [27–29]. Cunnane and
o-workers [5,9,10] have previously investigated the effect of depo-
ition conditions for the case of Au deposition at the liquid-liquid
nterface. In their work, Au was not reduced heterogeneously via
n organic phase electron donor, rather the AuCl4− was  transferred
rom the organic phase to the aqueous phase. Following transfer,
he AuCl4− underwent a spontaneous homogeneous reduction with
n aqueous phase electron donor to form a gold-polymer compos-
te. Both tyramine and resorcinol were used as the electron donors,
nd the influence of solution pH and applied interfacial potential
ere investigated. An approximately linear relation between
article diamater (in the range 17 to 35 nm)  was found with
pplied potential, although it is not clear if the Nernst equilibrium
ncluded the effect of the AuCl4− ion distribution in this case.

In the present study, Au deposition at the water/1,2-
ichloroethane (W/DCE) interface was performed with AuCl4− and
ichloroaurate (AuCl2−) dissolved in either W or DCE. The Au pre-
ursors react at the interface with a hydrophobic amine reductant,
riphenylamine, dissolved in DCE, which results in the reduction
f AuCl4− and AuCl2− to form metallic Au. Au deposition at this
nterface is a relatively complex process. In spite of the interest in
u nanoparticle synthesis at liquid-liquid interfaces, there are few
lectrochemical studies of Au interfacial deposition. Here, charge
electron and ion) transfer was observed by voltammetry at the

/DCE interface to probe the deposition mechanism. Furthermore,
he Au deposit was analyzed by transmission electron microscopy
nd the effect of the applied potential at the interface and the dura-
ion of the electrolysis was investigated.

. Experimental

.1. Chemicals

Hydrogen tetrachloroaurate, HAuCl4 3H2O (Alfa, ≥ 99.999%) was
sed as the source of Au(III), tetrabutylammonium dichloroaurate,
BA+AuCl2− (Tokyo Kasei, ≥ 99.99%) was used as the Au(I) source.
Cl was used as a supporting electrolyte. 1,2-dichloroethane, DCE

≥ 99%, Aldrich) was used as the organic solvent. Triphenylamine
TPA, ≥ 99%, Acros Organics) was used as reductant in DCE. The
etraoctylammonium (TOA+) salt of AuCl4− in DCE was prepared
y shaking an equimolar volume of HAuCl4 in W and TOA+Cl−

n DCE for the TOA+AuCl4− case. The TOA+salt of AuCl2−in DCE
as prepared by shaking pure W with equimolar amounts of

BA+AuCl2− and TOA+Cl− in DCE. The supporting electrolyte in DCE
or potential sweep experiments was TOA+TFPB− or BTPPA+TFPB−,
here BTPPA+ and TFPB− denote bis(triphenylphosphoranylidene)

mmonium cation and tetrakis[3,5-bis(trifluoromethyl)phenyl]
orate anion, respectively. BTPPA+TFPB− was obtained as a precipi-
ate after mixing a methanol solution of BTPPA+Cl− with a methanol
olution of Na+TFPB−, and was purified by recrystallization from
thanol based on the temperature dependence of the solubility of
he salt.

.2. Measurement of the voltammogram for charge transfer at
he macro and micro W/DCE interfaces

Two electrochemical cells were employed; a macro-interface
ell and a micro-interface cell. In the (conventional) macro-
nterface case, cyclic voltammetry experiments were performed

sing a four electrode configuration with an IVIUM potentiostat
“Compactstat” model, IVIUM Technologies, the Netherlands). No
R compensation was applied for the electrochemical measure-

ents: it was assumed that a sufficient concentration of supporting
 Acta 118 (2014) 26–32 27

electrolytes was present in both phases. Homemade Ag/AgCl and
platinum gauze were used, respectively, as reference electrodes
(RE) and counter electrodes (CE). The organic CE was insulated from
the W phase by coating its contact in a glass sheath.

The cell used for the electrochemical measurements at the
W/DCE interface had a cross-sectional area of about 0.64 cm2 and
had a volume of 3 cm3. Further details are described elsewhere [7].
The micro-interface cell uses a 16 �m thick polyester film, with a
micro hole 30 �m in diameter, to separate the W and DCE phases
[30–32].

The potential difference at the W/DCE interface, E, was mea-
sured vs the potential of a silver-silver chloride electrode, SSE, in
W referred to the potential of a BTPPA+ ion selective electrode [33],
inserted in DCE. The generic cell composition is:

Ag | AgCl | 10 mM LiCl (W)  | W1 (W)  || DCE1 (DCE) | 10 mM
BTPPA+TFPB− (DCE) | 1 mM BTPPA+Cl− + 10 mM LiCl (W)  | AgCl | Ag

The E is related to the Galvani potential difference, �W
DCE�, as.

E = �W
DCE� + Eref (1)

where Eref is the potential of the reference electrodes employed. In
the calculation of �W

DCEGo(= −zF�W
DCE�o, the measured E was  con-

verted using the extrathermodynamic assumption of Parker [34].
Cell compositions used in this work were summarised in Table 1.

2.3. Electrochemical deposition

Electrochemical deposition was performed using a constant
potential for a defined time: the DCE was then separated from W
and stored in a glass vial. Immediately prior to transmission elec-
tron microscopy, TEM (JEM-2000FX II, JEOL), DCE was  dropped on to
the TEM grid (Holey carbon films on 300 mesh grids, Agar Scientific)
to isolate the deposit.

3. Results and discussion

3.1. Electrochemical reaction between Au species and TPA

3.1.1. Voltammetry of Au deposition using AuCl4− dissolved in W
Initially, voltammograms were recorded using W containing

AuCl4− and supporting electrolyte, and DCE solution without
reductant (TPA) to confirm the effect of the latter on the interfacial
charge transfer process. Curve 1 in Fig. 1 shows the voltammogram
for the transfer of AuCl4− between W and DCE. The transfer reaction
10 mM TOA+TFPB− Fig. 7(a)
10  mM HCl 0.5 mM TOA+AuCl2−

20 mM TPA
10 mM TOA+TFPB−

Cell 7
Fig. 7(b)
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ig. 1. Ion transfer voltammogram of AuCl4− in the absence of TPA in DCE (Cell 1),
urve 1: −0.3 to 0.48 V, curve 2: −0.3 to 0.26 V. Scan rate; 20 mV s−1.

The current at the negative vertex (−0.30 V) corresponds to the
ransfer of Cl− from the supporting electrolyte between W and DCE.
cans to more positive potentials than 0.24 V, as in curve 2 in Fig. 1,
id not yield any current other than the transfer of H+ present in W
s the supporting electrolyte.

On addition of TPA to DCE, the voltammogram shown in Fig. 2
a) was recorded. When the potential was scanned to 0.26 V, ion
ransfer of AuCl4− between W and DCE was observed, which is
imilar to the result in the absence of TPA in DCE shown in Fig. 1.
owever, when the potential was scanned to 0.5 V, the new posi-

ive and negative current features, Ip2, Ip3 and In2, at 0.02, 0.36 and
0.2 V, respectively, were observed as seen in Fig. 2(b). The currents

epended on the number of scans. The black curve of the voltam-
ogram is the 1st scan, and the dotted line is the 10th scan. Ip1

nd In1, corresponding to the transfer of AuCl4− between W and
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ig. 2. Charge transfer voltammogram at the macro-interface between AuCl4− in
 and TPA in DCE (Cell 2). Scan rate; 10 mV s−1. (a) Voltammetry over a restricted

otential range (b) extended potential range, where black line; 1st scan, gray lines;
nd  to 9th scan, dotted line; 10th scan. Scan rate; 10 mV  s−1.
Fig. 3. Two  half-cell bridged by solid electrode between AuCl4− in W and TPA in
DCE.

DCE, decreased with successive potential scans, while, Ip2, Ip3 and
In2 increased with repeated potential scanning.

In order to distinguish between ion and electron transfer reac-
tions at In2, Ip2 and Ip3, electrochemical measurement where the
W and DCE phases are separated by a solid electrode [35,36] was
carried out as shown in Fig. 3. Here, glassy carbon and platinum
wire electrode were used in W and DCE, respectively to connect
both phases. Positive and negative current were observed at 0.45
and −0.3 V, corresponding to electron transfer processes: on the
basis of the reduction potentials of the Au complex and the TPA
(vide infra), these processes are the electrodeposition and strip-
ping of Au as shown in Fig. 4. From the second scan, another current
feature corresponding to the formation of the second layer on the
Au deposit was  observed at 0.26 V, i.e., deposition on the carbon
surface give rise to two  peaks, on the initial scan a high potential
peak (0.45 V) is seen due to the relatively unfavorable energetics
of metal deposition on carbon [38]. These peak potentials corre-
late well with those of the voltammogram recorded at the W/DCE
interface (Fig. 2(b)) and therefore suggest that processes Ip2 and
In2 correspond to Au deposition and stripping, respectively. Fur-
thermore, Fig. 4 shows typical features of deposition of a metal at
the solid electrode, with a cross-over in the current on the first
reduction cycle due to nucleation [17,24,37]. Note that the lower
potential deposition peak seen in the bipolar case is not apparent
at the W/DCE interface, suggesting it is either obscured by the ion

transfer current (Ip1/In1) or Au deposition is occurring more slowly.
The latter suggestion may  be supported by the lack of “nucleation
loop” seen at the W/DCE interface. Consequently, the AuCl4− is
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Fig. 4. Charge transfer voltammogram for cell 2 where the two half-cell are bridged
by  solid electrode between AuCl4− in W and TPA in DCE (Cell 2). Glassy carbon and
platinum electrode were used as the working electrodes in W and DCE, respectively.
Black line; 1st scan, gray lines; 2nd to 4th scans, dotted line; 5th scan. Scan rate;
10  mV s−1.
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Table 2
Standard potential of each redox couple in W or DCE and standard ion transfer
potential between W and DCE.

Redox couple �Eo vs.TPhE / Va Ions �w
DCE�o vs. TPhE / V

TPA/TPA+ in DCE 0.81 AuCl4− 0.115
AuCl4−/Au in W 0.802b AuCl2− 0.026
AuCl2−/Au in W 0.954b

AuCl4−/AuCl2− in W 0.73b

ically, the halide loss associated with AuCl4 reduction means the
AuCl4−/Au(0) reduction potential is lowered by ca. 2 V. The cyclic
voltammograms changed depending on the number of scans as
shown in Fig. 6(b). On scanning from −0.15 V, a clear transfer of
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15
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(a)

I
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A

A. Uehara et al. / Electroc

educed by TPA not in the bulk DCE phase but at the W/DCE inter-
ace, on the transfer of AuCl4− to W.  In the case of the liquid-liquid
nterface, there is only one observable deposition peak, whereas a
ower potential peak (0.24 V) is seen on subsequent scans, which
an be attributed to Au deposition on Au as the following equation;

uCl4−
(W) + 3TPA(DCE)� Au + 3TPA+

(DCE) + 4Cl−(W) (3)

Figure 5 shows the voltammogram recorded at the micro-
nterface under the same conditions as the macro-interface, Fig. 2,
xcept for the concentration of supporting electrolyte in DCE. In the
bsence of TPA in DCE, negative current corresponding to the trans-
er of AuCl4− from W to DCE was observed as in curve 1 in Fig. 1. The
iffusion coefficient can be calculated from the following equation
31];

SS = 4zFDW rcW (4)

here Iss, z, F, DW, r and cW are the steady state plateau current, the
harge number involved in the reaction, the Faraday constant, the
iffusion coefficient of the ion in W,  the entrance (W side) radius
nd the concentration of the ion in the bulk of W,  respectively. The

 calculated (8.3 × 10−6 cm2 s−1) is similar to that calculated at the
acro interface (7.9 × 10−6 cm2 s−1). In the presence of TPA in DCE,

n addition to the negative current corresponding to the transfer of
uCl4−, a positive current was observed as shown in Fig. 5. The posi-

ive current indicates an electron transfer from DCE to W.  Here, the
hape of the voltammogram did not change with the number of
cans. However it was found that the positive current on the for-
ard scan was different from that on the backward scan, whereas
inimal hysteresis was  seen in the negative current region, corre-

ponding to the transfer of AuCl4−. This suggests that the reaction
ssociated with the positive current is associated with the nuclea-
ion of the Au particles. The data is re-plotted as current normalized
or AuCl4− concentration. This reveals a decrease in hysteresis as
oncentration increase, indicating the increased ease of nucleation.
he limiting current of the positive process is about twice that of
he monovalent AuCl4− ion transfer (see insert in Fig. 5). This ratio
f positive to negative current is consistent with a three-electron
eduction of Au, coupled to the transfer of AuCl4− from W to DCE.

Table 2 shows the standard potentials, �Eos, of the TPA+/TPA
ouple in DCE, and the aqueous AuCl4−/Au, AuCl2−/Au and
uCl4−/AuCl2− couples [39]. The oxidation of TPA was  investigated
oltammetrically and found to give a reversible voltammogram

n DCE. The standard electron transfer potential can be calculated
rom the difference in the standard potentials of TPA+/TPA in DCE
nd the AuCl4−/Au couple in W (0.008 V). Here, �Eos obtained on
he SSE or NHE scales are converted into those with respect to TPhE

ig. 5. Charge transfer voltammogram at the micro-interface between AuCl4− in W
nd TPA in DCE (Cell 3). Curves 1 to 5 are 0, 0.1, 0.2, and 0.4 mM AuCl4− . Scan rate;
0  mV s−1.
a Converted from SSE or NHE,
b ref [39].

at the W/DCE interface [40]. Although the electron transfer reac-
tion was irreversible, the mid-point potential under the condition
of Fig. 2(b) was estimated to be approximately 0.07 V, which indi-
cates the electron transfer reaction overlaps with the transfer of
AuCl4− ion between W and DCE.

3.1.2. Voltammetry of Au deposition using AuCl4− dissolved in
DCE

Before the measurement of the voltammogram in the pres-
ence of TPA, a voltammogram in the absence of TPA was recorded
as shown in Fig. 6(a). The mid-point potential determined from
the potentials at the positive and negative currents at Ip1 and In1
in Fig. 6 agreed with that obtained in Fig. 1 and reported previ-
ously [4,5,7]. The electrochemical reaction between W and DCE
containing AuCl4− and TPA was  thus investigated for the case
of AuCl4− initially dissolved in DCE. There is no homogeneous
reaction between AuCl4− and TPA because of the strong solvent
dependence of the reduction potential of the former [7,41]. Specif-
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Fig. 6. Ion transfer voltammogram of AuCl4− at the macro-interface between W and
AuCl4− in DCE, i.e. AuCl4− initially in DCE phase. Scan rate; 10 mV s−1. (a) absence of
TPA, cell 4 (b) presence of TPA (20 mM,  Cell 5): Black line; 1st scan, gray lines; 2nd
to  4th scans, dotted line; 5th scan.
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Table 3
Electrochemical deposition experimental by changing applied potential (Eapp) and
duration time (tapp) under the condition of Cell 5. Q is the charge.

Batch No. Eapp vs. TPhE / V tapp /min Q /mC

1 0.16 30 6.76
2  0.21 30 12.3
3  0.26 30 18.7
4  0.31 30 27.1
uCl2− in DCE. Scan rate; 10 mV  s−1. (a) in the absence of TPA (Cell 6); (b) with TPA
n  DCE (Cell 7): black line; 1st scan, gray line; 2nd to 9th scans, dotted line; 10th
can.

uCl4− between W and DCE was observed, which gave a differ-
nt second voltammogram from that measured when dissolving
uCl4− into W instead of DCE (Fig. 2(b)). From the second scan,
ositive and negative current peaks were observed at 0.35 V and
0.2 V, corresponding to the electron transfer for the redox equilib-

ium between AuCl4− and Au(0). Those potentials are close to those
btained in the analogous cell where AuCl4− was initially present in

 (Fig. 2(b)). However, the electron transfer current at 0.35 V for the
eposition of Au(0) in Fig. 6(b) is clearly higher than that in Fig. 2(b),
hich must reflect the difference of solvation of the AuCl4− trans-

erred from DCE compared to those initially present in W.  AuCl4−

ransferring from DCE to W would be immediately reduced to Au(0)
t the interface by TPA in DCE, based on the potentials reported in
able 2. By scanning 10 times, the current for the transfer of AuCl4−,
s well as that for the electron transfer, decreased as a result of the
rreversible deposition reaction.

.1.3. Charge transfer voltammetry between W and DCE
ontaining AuCl2− and TPA

Cyclic voltammograms were measured for the transfer of
uCl2− between W and DCE as shown in Fig. 7(a). Interest-

ngly, in spite of conventional wisdom suggesting AuCl2− should
isproportionate rapidly in aqueous solution [42], a reversible
oltammogram for the transfer of AuCl2− from W to DCE was
bserved(Eq. (5)).

uCl2−
(DCE)� AuCl2−

(W) (5)

In the presence of TPA in DCE, voltammograms such as that
hown in Fig. 7(b) were recorded. Again because of the solvation

ffects on reduction [7], AuCl2− did not react spontaneously with
PA in DCE. In addition to the AuCl2− transfer peaks at 0.08 V, new
oltammetric features were observed at 0.2 V on the first scan, with

 small negative current seen at −0.2 V. The new features were
5  0.16 60 12.1
6  0.21 60 22.4

observed to grow at the expense of the AuCl2− transfer peaks and
are attributed to Au deposition and stripping at the W/DCE inter-
face:

AuCl2−
(W) + TPA(DCE)� Au + TPA+

(DCE) + 2Cl−(W) (6)

The chemical behavior of AuCl2− in the presence of TPA is sim-
ilar to that of AuCl4− except that the reversible ion transfer peak
(In1) is smaller in the AuCl2− case, and the electron transfer peak
(Ip2) is enhanced, indicating the higher reactivity of AuCl2−. After
electrolysis at 0.3 V for 2 hours, particle deposition was  observed
via TEM.

3.2. Effect of electrolysis conditions on Au nanoparticle formation
at the liquid/liquid interface

The electrochemical deposition conditions were varied to deter-
mine if control over the nanoparticles’ mean size and/or density
occurred on changing the applied potential (Eapp) and electrolysis
time (tapp). Experimental conditions are summarized in Table 3. In
this study, W containing 10 mM HCl and DCE containing 0.5 mM
TOA+AuCl4−, 20 mM TPA and 10 mM TOA+TFPB− (Cell 5) was
employed. The TOA+ can act as a capping agent for the Au deposit
[28].

Electrolysis at Eapp = 0.21 V and tapp = 30 min  produced particles
in the size range 3–7 nm as shown in Fig. 8 (a). However, the total
amount of particles was much lower than formed under the other
conditions employed, although a significant deposition current was
observed at the potential in Fig. 6(b). Eapp = 0.26 V and tapp = 30 min,
gave many 3 nm diameter particles in addition to the lesser number
of particles in the 2–7 nm range shown in Fig. 8 (b). At Eapp = 0.31 V,
particles of 3–5 nm diameter were mainly observed (Fig. 8 (c)). The
average size of those particles at Eapp = 0.31 V seemed to be larger
than Eapp = 0.21 and 0.26 V. Particles around 50 nm in diameter were
observed at Eapp = 0.36 V and tapp = 30 min  in addition to the ca.
10 nm diameter particles. The size of particles produced was  not
closely correlated with the applied potential, although there was
a tendency to form larger particles, at more positive potential. The
ex-situ nature of the TEM analysis makes comparative evaluation
of particle number difficult but the exponential increase in current
with potential in the potential range of Fig. 6(b) (compare with
Fig. 5) therefore suggests that the main change with potential is
likely with respect to the number of particles formed. Table 3 gives
the charge passed for the different Eapp and tapp. No particles were
observed from TEM samples obtained at potentials below the onset
of Ip3 in Fig. 6(b) (specifically Eapp = 0.16 V and tapp = 30 min). Finally,
longer term electrolysis was  carried out using Eapp = 0.16 and 0.21 V
for tapp = 60 min. Fig. 8 (d) shows the result from Eapp = 0.21 V and
tapp = 60 min. Larger particles having diameter in the range 4–8 nm
were observed compared with those formed at the same poten-
tial and tapp = 30 min. Moreover there was evidence of particle

aggregation in the case of the longer tapp experiments (10–15 nm).
Consequently, synthesis of particle with diameters less than 10 nm
requires Eapp = 0.21–0.31 V and tapp = 30 min  under the experimen-
tal conditions employed here.
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Fig. 8. TEM image of DCE after the electrolysis at (a) Eapp = 0.21 V and tapp = 30 min, (b) Eapp = 0.26 V and tapp = 30 min, (c) Eapp = 0.31 V and tapp = 30 min, and (d) Eapp = 0.21 and
tapp = 60 min which were carried out under the condition of Cell 5.
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. Conclusions

It has been found that Au deposit was formed at the interface
rom the simultaneous reduction of AuCl4− or AuCl2− in W and
oncomitant oxidation of TPA as a reductant in DCE. Ion transfer
oltammetry indicated that AuCl2− is stable, at least on the second
imescale, in aqueous solution. The formation of Au nanoparticle
ith diameters less than 10 nm was more sensitive to time of elec-

rolysis than the applied potential.
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