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Gold nanoclusters (NCs) were electrodeposited on phosphorus incorporated tetrahedral amorphous car-
bon (ta-C:P) electrode and characterized by X-ray photoelectron spectroscopy, scanning electron micros-
copy, cyclic voltammetry and chronoamperometry. The nanosized Au deposits controlled by adjusting
the deposition time represented a progressive nucleation and diffusion-controlled growth of separate
three-dimensional islands on limited sites. Significant enhancement of electrochemical activity and
reversibility towards ferricyanide oxidation reaction was observed after the deposition of Au NCs on
ta-C:P film, implying ta-C:P/Au as a potential material for the application of electroanalysis.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Great attention has been given to metal nanoparticles (NPs) due
to their abilities to enhance catalytic activity of electrodes, facili-
tate electron transfer and improve sensitivity and selectivity of
electrodes. Materials assembled with two- and three-dimensional
NPs become important in analytical chemistry in terms of their po-
tential applications in nanoelectronic devices, sensors and cata-
lysts [1–3]. Gold NPs or nanoclusters (NCs) with a large surface
area and a good electronic property show specific performances
of accumulating charge, which makes them promising as prepon-
derant materials in the construction of electrochemical sensors
and biosensors [4–6]. Currently, many technologies have been
adopted to prepare Au NPs/NCs including electrochemical deposi-
tion (a convenient, efficient and fast method) [6–8], metal vapor
synthesis [9], ion-beam [10] and sputtering deposition [11], sol–
gel technique [3–5], and so on. Many groups have investigated
the properties of Au NPs/NCs on carbon-based materials, such as
glassy carbon [12], screen-printed carbon [7], amorphous carbon
(a-C) [10] and boron doped diamond (BDD) [6,9,11]. Among which,
a-C electrodes are suggested to be an inexpensive, hence well alter-
native to crystalline diamond electrodes [13]. With ambient tem-
perature growth on virtually any substrate and smooth surfaces,
a-C films exhibit many important advantages over the difficult-
to-nucleate, high-temperature grown polycrystalline BDD films
ll rights reserved.
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[13], especially in the applications for water treatment and bioelec-
trodes [14,15]. With platinum, nitrogen or phosphorus used as a
dopant, doped a-C electrodes are regarded as appropriate for the
application in electroanalytical chemistry [14,16–19]. However,
the electrocatalytic activity of the doped a-C electrodes is still lim-
ited. Metallic modification should be attempted to improve the
electrochemical response of the electrodes.

In the present investigation, phosphorus incorporated tetrahe-
dral amorphous carbon (ta-C:P) film is firstly prepared on silicon
wafers by filtered cathodic vacuum arc (FCVA) technology, fol-
lowed by an electrodeposition of Au NCs on the film surface. The
resulted Au deposits are characterized by X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), cyclic
voltammetry and chronoamperometry. The electrochemical activ-
ity of Au NCs modified ta-C:P (ta-C:P/Au) electrodes towards ferri-
cyanide oxidation reaction is examined in detail.

2. Experimental

70–80 nm ta-C and ta-C:P films were deposited on conductive
Si wafers by FCVA system [19] with 8 sccm PH3 gas as the dopant
source. The electrochemical deposition of Au NCs on ta-C:P surface
was performed in 0.1 M H3BO4 + H2SO4 solution containing 0.5 mM
HAuCl4 (pH 1.4) using an electrochemical workstation (CHI 660A,
China). The three–electrode system consisted of ta-C:P working
electrode, saturated calomel electrode (SCE) reference electrode
and platinum counter electrode. The edges and backsides of ta-
C:P were sealed by an O-ring resin with the apparent geometric
surface area of 0.4 cm2. The potential was scanned from 0.85 V to
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Fig. 2. (a) XPS spectra of ta-C, ta-C:P and ta-C:P/Au films. (b) XPS spectra of Au 4f
and C 1s as a function of sputtering time for ta-C:P/Au film after depositing 90 s in
HAuCl4 solution.
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�0.05 V (vs. SCE) and back to 0.85 V for different cycles at
0.02 Vs�1.

Compositions of ta-C:P film (P/(C+P) = 5.8 ± 0.2 at.%) was quan-
tified by XPS signals recorded on a PHI ESCA 5700 spectrometer.
Core level spectra of Au 4f and C 1s were analyzed as a function
of depth by Argon ion sputtering at 3 keV. The morphology of Au
NCs was examined using a Hitachi S4800 SEM. The deposition pro-
cess and nucleation mechanism of Au were analyzed by cyclic vol-
tammetry and chronoamperometry, respectively. The kinetics of
FeðCNÞ3�=4�

6 redox couple was investigated in 5 mM K3Fe(CN)6

and 1 M KCl solution at 0.02 Vs�1.

3. Results and discussion

3.1. Voltammetric properties of Au electrodeposition

Fig. 1 displays cyclic voltammograms (CVs) of ta-C:P electrode
in 0.5 mM HAuCl4 solution at 0.02 Vs�1. The curve shape is similar
to those reported in previous studies [20]. A reduction peak of Au
(Peak A) is observed at about 0.16 V in the first scan. The peak at
�0.30 V (Peak B) is related to the reduction of hydrogen ions to
hydrogen adatoms [21]. The peak at 1.14 V (Peak C) on the return-
ing curve is verified due to the oxidation of deposited Au on ta-C:P
surface. A crossover of forward and reverse currents is observed at
0.81 V, corresponding to the equilibrium potential of Au/Au3+ reac-
tion. Peak A in the second cycle shifts to a more positive potential
of 0.61 V. This can be explained by the suggestion that the existent
Au nuclei make the deposition of Au easier. Peak B also moves to-
wards more positive direction, indicating a decrease of overpoten-
tial for hydrogen evolution. Furthermore, the reduction peak and
oxidation peak of Au shift cathodically and anodically, respectively,
with increasing sweep rate. A linear relationship between the max-
imum current at peaks and the square root of sweep rate indicates
that reduction and oxidation processes involving Au are diffusion-
controlled.

3.2. Characterizations of Au NCs

Fig. 2a shows XPS spectra of ta-C, ta-C:P and ta-C:P/Au after
depositing 90 s in HAuCl4 solution. The peaks centered at
285.4 ± 0.2, 132.4 ± 0.2, 189.5 ± 0.2 and 533.2 ± 0.2 eV are related
to C 1s, P 2p, P 2s and O 1s spectra. Au 4f7/2 and Au 4f5/2 peaks lo-
cated at 83.9 ± 0.1 eV and 87.6 ± 0.1 eV for the Au NCs are consis-
tent with those of Au foil [22]. The intensity of Au 4f peak is
strengthened first and attenuated subsequently as the sputtering
Fig. 1. Cycle voltammograms of ta-C:P electrode in 0.1 M H3BO4 + H2SO4 solution
including 0.5 mM HAuCl4 (pH 1.4) at 0.02 Vs�1. The apparent geometric surface
area of ta-C:P is 0.4 cm2.
time (i.e. depth) increases (Fig. 2b). This hints the three-dimen-
sional structure of Au NCs. No shift of Au 4f peak is observed,
excluding the possibility of ‘gold carbide’ formation. The move-
ment of C 1s peak towards lower binding energy is the result of
surface graphitization after sputtering 60 s (Fig. 2c).

SEM images of ta-C:P and ta-C:P/Au electrodes shown in
Fig. 3 confirm the discrete nature of Au NCs on ta-C:P surface.
The average number of Au NCs is predicted from SEM images
and geometric working areas by image analysis software. Results
show that Au NCs prepared at 20 s appear to be spherical and
have a size distribution from 13.5 nm to 75.7 nm with 50.3 nm
mean value (Fig. 3b). The clustering hints that the growth of
some Au sites occurs around the already deposited Au seeds.
When the deposition time rises up to 180 s, the average diame-
ter of Au NCs increases to 56.9 nm with a density of 1.2 � 109

units per cm2 (Table 1). The size dispersion of Au NCs becomes
larger from 13.0 nm to 78.3 nm, suggesting a progressive nucle-
ation mechanism. Chronoamperometry analysis also confirms
progressive nucleation and diffusion-controlled growth of Au
on ta-C:P surface using Scharifker and Hills models [23]. Simi-
larly, increasing the deposition time to 720 s produces average
88.4 nm Au CNs with a density of 2.5 � 109 units per cm2. There-
fore, the deposition of Au NCs on ta-C:P surface by electrochem-
ical method represents a growth of separate three-dimensional
islands of hemispheric shape but not formation of successive
monolayers.



Fig. 3. SEM images of ta-C:P and ta-C:P/Au electrodes with different deposition times: (a) ta-C:P, (b)–(f) ta-C:P/Au for 20, 90, 180, 270 and 450 s, respectively.

Table 1
Parameters of ta-C, ta-C:P and ta-C:P/Au electrodes with different Au loadings obtained from SEM and voltammetry analyses

Sample Au deposition time (s) Density of Au deposits (units cm�2) DEp (mV) Iox
p

Ired
p

Iox
p (lA)

ta-C 0 0 510 0.86 1.8
ta-C:P 0 0 170 0.88 8.4
ta-C:P/Au1 90 6.6 � 108 87 0.94 10.5
ta-C:P/Au2 180 1.2 � 109 62 0.99 12.1
ta-C:P/Au3 270 1.4 � 109 63 0.98 13.7
ta-C:P/Au4 720 2.5 � 109 61 0.99 15.1

The related error for all values is less than 5%.
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3.3. Voltammetric response of ta-C:P and ta-C:P/Au electrodes

Fig. 4 displays CVs of ta-C, ta-C:P and ta-C:P/Au electrodes in
5 mM K3[Fe(CN)6] and 1 M KCl solution. ta-C film represents slight
activity to FeðCNÞ3�=4�

6 redox due to its poor conduction (q = 107–
108 X cm), while ta-C:P electrode (q = 10–40 X cm [19]) provides
a pronounced reactive signal and exhibits a non-reversible behav-
ior with a peak potential difference (DEp) of 170 mV and peak cur-
rent ratio (Iox

p =Ired
p ) of 0.88 (Table 1). Comparably, ta-C:P/Au

represents an excellent reversibility towards FeðCNÞ3�=4�
6 redox

and the catalytic capability is dependent on the Au loading on elec-
trode surface. After 90 s deposition, the DEp and Iox

p =Ired
p ratio of ta-

C:P/Au1 are equal to 87 mV and 0.94 (Table 1). These results sug-
gest that the Au NCs on ta-C:P surface can accelerate electron ex-
change between ta-C:P and FeðCNÞ3�=4�

6 in the solution. The
variation of repetitious measurements falls within the margin of
experimental error, implying the stability of Au NCs. The DEp fur-
ther decreases with the increase of Au NCs loading for ta-C:P/Au2

(Table 1). Subsequent increase in the deposition time does not sig-
nificantly change DEp and Iox

p =Ired
p ratio. Moreover, the peak current

Iox
p on ta-C:P/Au electrodes increases 5–9 times compared with that

on ta-C and 1–2 times compared with that on ta-C:P (Table 1).
However, the experimental peak current on ta-C:P/Au is lower
than the theoretical value calculated using the Randles–Sevcik
equation [24] for a 0.4 cm2 electrode area and a 7.6 � 10�6 cm2 s�1

diffusion coefficient [6]. This can be explained by the suggestion
that there is a small quantity of active sites on ta-C due to the high
resistivity of ta-C film. The enhanced current response on ta-C:P
may be attributed to the catalyzed action of active C-P sites on
ta-C:P surface [19]. Nanosized Au clusters with good conductive



Fig. 4. Cyclic voltammograms of ta-C, ta-C:P and ta-C:P/Au electrodes in 5 mM
K3[Fe(CN)6] and 1 M KCl solution at 0.02 Vs�1. The apparent geometric surface a-
reas of all electrodes are 0.4 cm2.
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properties further facilitate charge transfer, increase the catalytic
activity and improve the reversibility of ta-C:P by adjusting the
coverage and size of Au NCs. However, the active sites of ta-C:P/
Au surface are still limited.

4. Conclusions

Three-dimensional gold nanoclusters (CNs) are deposited on
phosphorus incorporated tetrahedral amorphous carbon (ta-C:P)
electrode by electrodeposition. Cyclic voltammetric investigations
show that Au reduction represents a three-electron, diffusion-con-
trolled process. The size and coverage of Au NCs can be adjusted by
controlling the deposition time, which dominates electrochemical
properties of ta-C:P/Au electrodes. Current-time transients demon-
strate that Au electrodeposition occurs as progressive nucleation at
finite sites on ta-C:P, followed by a growth process limited by the
diffusion. ta-C:P/Au electrodes show a high catalytic activity to-
wards ferricyanide oxidation reaction, indicating its further poten-
tial application in electroanalysis systems.
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