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Sensitive electrochemical electrodes for hydrogen peroxide (H2O2) detection were developed using gold
nanoclusters (NCs) to modify phosphorus incorporated tetrahedral amorphous carbon films (ta-C:P/Au).
Au oxide covered Au NCs were electrodeposited on ta-C:P surfaces, and the size of Au/AuOx NCs ranged
between 50 nm and 91 nm, depending on the deposition time. The ta-C:P/Au electrodes exhibited higher
electrocatalytic activity towards H2O2 oxidation compared to ta-C:P electrodes. This is due to the three-
dimensional island structure of Au/AuOx NCs, which accelerates electron exchange between ta-C:P and
H O in phosphate buffered solution. We also found that ta-C:P/Au electrodes with Au/AuO NCs of a
old nanocluster
hosphorus incorporation
etrahedral amorphous carbon
ydrogen peroxide detection
lectrocatalytic activity

2 2 x

smaller size and moderate coverage exhibited larger current response to H2O2 oxidation. The results
obtained from amperometric response curves indicated that the use of Au/AuOx NCs as microelectrodes
directly favored H2O2 oxidation through hemispherical diffusion. The linear detection range of H2O2 at
the non-enzymatic ta-C:P/Au electrodes was identified to be between 0.2 �M and 1 mM with a detection
limit of 80 nM under optimized conditions. These ta-C:P/Au electrodes have potential applications in

high
H2O2 sensing due to their

. Introduction

The detection of hydrogen peroxide (H2O2) has attracted con-
iderable attention, particularly in physiological and biomedical
tudies and in the monitoring of biological processes. This is
ecause H2O2 is a reactive oxygen species and also a by-product
f many oxidative biological reactions [1]. Many studies on this
ubject involved the use of glucose oxidase [2,3]. However, the
nstability of enzymatic activity, due to factors such as tempera-
ure, pH and oxygen, restricts the use of enzyme-based sensors [4].
hus, we propose using a non-enzymatic electrode for H2O2 detec-
ion. Carbon materials are regarded to be superior to noble metals
ue to their low cost, wide potential window and relatively inert
lectrochemistry in both aqueous and non-aqueous media. Thus,
hey have potential applications in both biological electrochemistry

nd industrial electrochemistry [5–10]. The properties of carbon
hose are important to its use as an electrode material depend
n its structural and chemical stability and C–C bond hybridiza-
ion. For example, highly oriented pyrolytic graphite, glassy carbon

∗ Corresponding author at: Department of Physics, Center for Optoelectronics
aterials and Devices, Zhejiang Sci-Tech University, Xiasha College Park, Hangzhou

10018, China. Tel.: +86 571 86843468; fax: +86 571 86843468.
E-mail address: liuaiping1979@gmail.com (A. Liu).

013-4686/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2009.11.017
sensitivity, fast response and long-term stability.
© 2009 Elsevier Ltd. All rights reserved.

and “graphitized” carbon black composed of sp2 hybridized car-
bon atoms are usually made under high temperature and pressure,
and they have excellent conductivity and electrocatalytic activity.
Carbon nanotubes used for electrochemistry are generally in the
form of bundles with various sizes, which limits their broad electro-
chemical application as a single nanoelectrode [6]. Diamond offers
distinct properties compared to the “classical” carbon materials
(graphite, glassy carbon, and carbon black) and has attracted con-
siderable interest due to its excellent electrochemical properties
such as long-term stability, chemical inertness, wide potential win-
dow and low background current [7,9–11]. Diamond-like carbon
(DLC) or tetrahedral amorphous carbon (ta-C) film is a disordered
material consisting of sp2 and sp3 hybridized carbon atoms. The
sp3 fraction of ta-C film made by a filtered cathodic vacuum arc
system may be as high as 85–90%. The ta-C films are therefore
nearly completely sp3 hybridized with the tetrahedral bonding of
diamond and show comparatively high hardness, excellent bio-
compatibility, chemical inertness, low friction and wear, and high
corrosion resistance [12]. Similar to diamond, ta-C film has a large
electrical resistivity (106–108 � cm) and usually requires impu-

rity doping to provide sufficient conductivity for electrochemistry.
When ta-C or DLC films are doped with nitrogen (ta-C:N), phospho-
rus (ta-C:P) or Ni (DLC:Ni), they have been shown to be inexpensive,
easily fabricated and reproducible materials. These conductive car-
bon films possess low double layer capacitance, a large potential

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:liuaiping1979@gmail.com
dx.doi.org/10.1016/j.electacta.2009.11.017
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indow, low background current, stability in challenging environ-
ents, comparative electrocatalysis and high resistance to product

dsorption and do not require a non-activation treatment of the
lectrode surface by polishing, heating or laser activation. With
mbient temperature growth on virtually any substrate and smooth
urfaces, doped ta-C or DLC films exhibit many advantages over
he difficult-to-nucleate, high-temperature growth boron-doped
iamond (BDD) films and “classical” carbon materials and are
egarded as an appropriate material for electroanalytical applica-
ions [5,8,12–20].

However, the electrocatalytic activity of doped ta-C electrodes
or H2O2 electro-oxidation is still limited. Metal nanoparticles (NPs)
r nanoclusters (NCs), with large surface areas and good electronic
roperties, show good performance in accumulating charge and in

mproving the electrochemical response of electrodes in electro-
hemical sensors and biosensors [21–24]. These metal NPs or NCs,
uch as Au NPs or NCs, may be partially oxidized in aqueous media
25], and the oxidation products often act as the mediators for the
eduction and oxidation of dissolved species in solution [26,27].
etallic modification of carbon electrodes has been carried out to

mprove the electrocatalytic activity for H2O2 oxidation in the past
ew years. For example, You et al. developed a H2O2 detector using
graphite-like carbon film electrode containing 6.5% platinum NPs

28]. Ivandini et al. fabricated Pt-modified diamond electrodes by
mplantation method to oxidize H2O2 [29]. Chikae et al. fabricated
u and Pt NPs on screen-printed carbon strips using an electrode-
osition process and confirmed the electrocatalytic activities of
he electrodes in H2O2 oxidation [30]. Hrapovic et al. reported the
nhanced activity of Pt NPs modified carbon nanotubes towards
2O2 oxidation or reduction due to the catalytic action of Pt NPs

31]. To our knowledge, there were few reports on H2O2 oxida-
ion with metal NPs- or NCs-modified conductive ta-C electrodes.
n this paper, Au NCs-modified ta-C:P (ta-C:P/Au) films were fabri-
ated and the Au deposits were characterized by scanning electron
icroscopy (SEM). The capability of ta-C:P/Au films as analytical

lectrodes for H2O2 detection was investigated by voltammetric
nd amperometric methods. The kinetics of H2O2 oxidation at ta-
:P/Au electrodes was also examined in detail.

. Experimental

.1. Reagents

H2O2 solution (30%) and HAuCl4·3H2O (purity 99.99%) were
upplied by Sigma (USA). All other chemicals were of analytical
rade. Water was obtained from a Millipore Q purification system
resistivity > 18 M� cm). 0.2 M phosphate buffered solutions (PBS,
H = 5.0–10.0) were prepared by combining appropriate volumes
f 0.2 M NaH2PO4 and 0.2 M Na2HPO4 solutions.

.2. Preparation of ta-C:P/Au electrodes

Using a filtered cathodic vacuum arc system with 10-sccm phos-
hine (purity 99.9999%) as the dopant source, 80-nm ta-C:P films
ere deposited on p-type silicon wafers (� = 0.01–0.02 � cm) [14].
u NCs were electrodeposited on as-prepared ta-C:P surfaces in
0.1 M H3BO4 solution containing 0.5 mM HAuCl4 (the pH of the

olution was adjusted to 1.5 with dense H2SO4) using an electro-
hemical workstation (CHI 660A, China) [32]. The potential was
canned from 0.85 V to −0.05 V (vs. saturated calomel electrode

SCE)) and back to 0.85 V for 20 s, 180 s, 360 s and 720 s at a scan rate
f 0.02 V s−1 under nitrogen bubbling conditions. These ta-C:P/Au
amples were correspondingly labeled as ta-C:P/Au1 to ta-C:P/Au4
s the deposition time increased from 20 s to 720 s. The three-
lectrode system consisted of either a ta-C:P or a ta-C:P/Au working
Fig. 1. Cyclic voltammograms of the ta-C:P/Au1 electrode in a 0.1 M H2SO4 solution
at different scan rates. Inset is the dependence of the peak current of Au reduction
on the square root of the scan rate.

electrode, a SCE reference electrode and a Pt foil counter electrode.
The edges and back of the ta-C:P and ta-C:P/Au electrodes were
sealed by an O-ring resin with an apparent geometric surface area
(Ag) of 0.4 cm2. The as-prepared ta-C:P/Au electrodes were then
cycled in 0.1 M H2SO4 solution until a stable voltammogram was
achieved, indicating complete cleaning of Au active areas.

2.3. Characterization of ta-C:P/Au electrodes

The composition of the ta-C:P film was measured by X-ray pho-
toemission spectroscopy using a PHI ESCA 5700 spectrometer with
an Al K� line (1486.6 eV) as the X-ray source. The content of phos-
phorus (P/(C + P)) in the ta-C:P film was calculated to be 6.8 at.%
from the core level spectra of P 2p and C 1s using the sensitiv-
ity factors of the instrument [14]. The deposition process of Au
was analyzed by cyclic voltammetry in a 0.1 M H2SO4 solution
at different scan rates. Au NCs were examined using a Hitachi
S4800 SEM. The electrochemical behavior of the Fe(CN)6

3−/4−

redox couple at ta-C:P and ta-C:P/Au electrodes were investigated
in a 5 mM K3Fe(CN)6 and 1 M KCl solution at 0.02 V s−1. H2O2
detection using ta-C:P and ta-C:P/Au electrodes was performed
in 0.2 M PBS with different pHs using the three-electrode sys-
tem described above. In steady-state amperometric experiments,
an optimal potential was selected with a stirring rate of 200 rpm,
and the current–time curves were recorded after a constant back-
ground current was established. Electrolyte solutions were purged
with high-purity nitrogen during electrochemical experiments. The
kinetics of H2O2 oxidation at ta-C:P and ta-C:P/Au electrodes was
estimated by cyclic voltammetry and amperometric measurement.
All electrochemical experiments were carried out at 25 ◦C using a
thermostated water jacket.

3. Results and discussion

3.1. Characterization of Au NCs

Fig. 1 shows the cyclic voltammograms (CVs) of the ta-C:P/Au1
electrode in a 0.1 M H2SO4 solution at different scan rates. A reduc-
tion peak of Au was observed at about 0.58 V in the negative scan of
Curve a, and the peak at −0.18 V was due to the reduction of hydro-
gen ions to hydrogen atoms [33]. The peak at 1.16 V on the returning

curve was verified to be the oxidation peak of Au deposited on
the ta-C:P surface. Furthermore, the reduction peak and oxidation
peak of Au shifted cathodically and anodically, respectively, with
increasing sweep rates. The linear relationship between the reduc-
tion peak current and the square root of sweep rate, v (correlation
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Table 1
Parameters of ta-C:P/Au electrodes obtained from SEM and voltammetry analyses. The related error for all values is less than 5%.

Sample AAu (cm2) Diameter of Au/AuOx NCs (nm) Density of Au/AuOx NCs (units cm−2) � �R AU (cm2) � (mol cm−2) �Ep (V) iox
p /ired

p

ta-C:P/Au1 0.08 50.1 2.3 × 109 0.045 0.040 0.384 2.76 × 10−10 0.076 0.94
ta-C:P/Au2 0.15 51.7 5.9 × 109 0.124 0.120 0.352 5.20 × 10−10 0.066 0.97
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ta-C:P/Au3 0.23 58.7 5.1 × 109

ta-C:P/Au4 0.35 90.1 4.0 × 109

iping Liu et al.

oefficient, R = 0.9994) indicated that the reduction process of Au
as diffusion-controlled (the inset in Fig. 1). The Au oxide formed
uring the position sweep covered the surface of Au NCs, and could
erve as a mediator, providing electrocatalytic activity together
ith Au [25–27]. The real surface area of Au loading (AAu) can be

stimated from the charge consumed in the reduction of the surface
xide monolayer of Au between 0 V and 0.9 V in the cathodic scan,
n N2-saturated 0.1 M H2SO4 (v = 0.1 V s−1). The reported value of
00 �C cm−2 [34,35] was used. The calculation results shown in
able 1 indicate that AAu increases with longer deposition time.

The SEM image of the ta-C:P/Au2 electrode shown in Fig. 2A con-
rms the uniformly discrete nature of Au/AuOx NCs on a smooth
a-C:P surface. The average diameters of Au/AuOx NCs for differ-
nt ta-C:P/Au electrodes were predicted from SEM images using
n image analysis software. Results show that the size of Au/AuOx

Cs, prepared at 20 s, ranged between 13.8 nm and 74.3 nm with
mean value of 50.1 nm. After 180 s of electrodeposition, the

ize of Au/AuOx NCs varied in a larger range (12.5–75.1 nm)
ith a 51.7-nm average (Fig. 2A). With deposition time increas-
ng to 360 s and 720 s, the average diameters of Au/AuOx NCs
ncreased to 58.7 nm and 90.1 nm, respectively. Larger-sized NCs

ith three-dimensional island structures were also formed after
ong deposition times (Fig. 2B). These clusters hinted that the

Fig. 2. SEM images of (A) ta-C:P/Au2 and (B) Au/AuOx NC.
0.138 0.130 0.348 7.94 × 10−10 0.063 0.98
0.255 0.225 0.310 1.21 × 10−9 0.063 0.99

growth of some Au sites occurred around the Au seeds deposited
previously. The densities of Au/AuOx NCs on ta-C:P surfaces were
estimated from the SEM images and listed in Table 1. It is clear
that the dispersion of Au/AuOx NCs, which varies in the range of
109 units cm−2 geometrical surface area, strongly depends on the
deposition time. Smaller NCs tended to merge and form larger ones
due to the overlap of these NCs after long deposition times. This
could result in a decrease in the density of Au/AuOx NCs. According
to the theory of Davies et al. [36], the global coverage of Au/AuOx

NCs, �, can be estimated by using an approximation of monolayer
distribution of the NCs:

� = �R2
bNgold

Ag
, (1)

where Rb is the mean radius of Au NCs and Ngold is the number of Au
NCs deposited on the ta-C:P surface with an area of Ag. The actual
area of “uncovered” electrode AU is given by:

AU = (1 − �R)Ag (2)

where �R is the real coverage of Au/AuOx NCs and is calculated
using the formula:

�R = 1 − e−� (3)

Therefore, the real area of ta-C:P/Au electrodes can be obtained
from AAu and AU and the results are shown in Table 1. The surface
coverage of Au/AuOx, � (mol cm−2), on ta-C:P electrodes can also be
determined from the charge (Q) associated with the oxidation of Au
deposits by sweeping the potential between 0.9 V and 1.6 V in a N2-
saturated 0.1 M H2SO4 solution (v = 0.1 V s−1) using the following
equation [34,37]:

� = Q

nFAg
(4)

where n is the stoichiometric number of electrons involved in the
electrode reaction and F is the Faraday constant. The data displayed
in Table 1 show that higher Au loading results in a larger size of
Au/AuOx NCs and a larger coverage of Au NCs on the ta-C:P surfaces.
�R is calculated to be about 0.225 and � is 1.21 nmol cm−2 after
720 s of deposition. This � value is less than the amount of Au in
an Au (1 1 1) monolayer surface (2.5 nmol cm−2) [34]. A continuous
Au film is therefore not formed after 720 s of deposition.

Fig. 3A shows the electrochemical behavior of different elec-
trodes in 5 mM K3Fe(CN)6 and 1 M KCl solution at a scan rate of
0.02 V s−1. The ta-C:P electrode exhibits a nonreversible behavior
with a peak potential difference (�Ep) of 0.15 V and peak current
density ratio (iox

p /ired
p ) of 0.90. Comparably, ta-C:P/Au electrodes

possess quasi-reversibility towards the Fe(CN)6
3−/4− redox reac-
tion and their catalytic capability is dependent on the Au coverage
on the electrode surface, as displayed in Table 1. The results indi-
cate that the reversibility of the ta-C:P/Au electrodes is improved
after three-dimensional Au/AuOx NCs modification, resulting in an
enhancement of electrochemical activity.
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(Fig. 5A), since pH is an important factor in the sensitivity, activity
and stability of electrodes. It is interesting to note that the voltam-
metric waves shift negatively when increasing pH from 5.0 to 10.0.
This may be attributed to the increase of negative charge on the
ta-C:P/Au2 electrode. The current response to 1 mM H2O2 obtained
ig. 3. Cyclic voltammograms of ta-C:P and ta-C:P/Au electrodes in 5 mM
3[Fe(CN)6] and 1 M KCl solution at 0.02 V s−1.

.2. H2O2 detection using ta-C:P and ta-C:P/Au electrodes

.2.1. Voltammetric responses of H2O2 on ta-C:P and ta-C:P/Au
lectrodes

Fig. 4A shows the CVs obtained using the ta-C:P electrode in
.2 M PBS (pH 7.4) with and without 1 mM of H2O2 at a scan
ate of 0.1 V s−1. A prominent H2O2 oxidation peak (Peak A) was
bserved at 0.78 ± 0.08 V (Curve b). The response current of H2O2
btained using ta-C:P may contribute to the catalysis action of
ctive CP sites on the ta-C:P surface [14]. Fig. 4B shows the CVs of
a-C:P/Au electrodes, with different sizes of Au/AuOx NCs deposited
n them, in 0.2 M PBS (pH 7.4) with 1 mM H2O2 at a scan rate of
.1 V s−1. The two peaks, Peak B at 0.28 V and Peak C at 0.96 V,
bserved at the ta-C:P/Au2 electrode in pure PBS, were attributed
o the reduction and oxidation peaks of Au deposited on the ta-
:P surface (Curve a). The catalytic current density obtained at
he ta-C:P/Au electrodes (Curves b–e) was 3–6 times higher than
hat obtained at the ta-C:P electrode upon H2O2 oxidation. Peaks A
btained at the ta-C:P/Au electrodes shifted to 0.67 ± 0.06 V, which
s 0.1 V lower than that obtained at the ta-C:P electrode. The lower
xidation potential and higher current density obtained at the ta-
:P/Au electrodes revealed their higher catalytic abilities towards
2O2 oxidation compared to ta-C:P electrodes. This is because the

hree-dimensional Au/AuOx NCs accelerate the electron exchange
etween ta-C:P electrodes and H2O2 in aqueous solution. More-
ver, the current density of H2O2 oxidation depends on the size
f Au/AuOx NCs. When 50.1-nm Au/AuOx NCs were deposited on
he ta-C:P electrode surface, the real surface area of Au NCs on ta-
:P/Au1 electrode increased. This was accompanied by an increase

n the signal to background (S/B) ratio and a decrease in detection
otential for H2O2 oxidation (Fig. 4B and C). Although the greater
urface area of the ta-C:P/Au1 electrode might result in an increase
n the background current, the sensitivity of H2O2 detection at the
a-C:P/Au1 electrode was enhanced by improving the S/B ratio.
he Au/AuOx NCs can be regarded as microelectrodes, uniformly
istributed on the ta-C:P surface and a higher detection current
an be obtained at each NC. After 180 s of deposition, the size of
u/AuOx NCs varied in a wider range with a slight increase in the
verage diameter. The S/B ratio increased due to the increased real
urface area of ta-C:P/Au2. Further lengthening of the deposition
ime improved the growth of Au/AuOx NCs and increased the back-
round current, resulting in a decrease in the S/B ratio (Fig. 4C). In an

arlier study, Hutton et al. [38] reported that the exchange current
ensity of Pt clusters-modified glassy carbon for hydrogen evolu-
ion increased with a decrease in Pt particle size. Jia et al. [39] also
ound that biosensors fabricated with smaller-sized Au NPs exhib-
ted a larger current response than those prepared with larger-sized
ta 55 (2010) 1971–1977

Au NPs. The maximum value of S/B is obtained at a ta-C:P/Au2 elec-
trode with moderate coverage and thus, it was the chosen electrode
for the following voltammetric and amperometric measurements.

3.2.2. Effect of pH and detection potential
The effect of pH of the measurement solution on the peak cur-

rent density obtained at the ta-C:P/Au2 electrode was investigated
Fig. 4. Cyclic voltammograms of (A) ta-C:P and (B) ta-C:P/Au electrodes in 0.2 M
PBS (pH 7.4) with and without 1 mM H2O2 at 0.1 V s−1. (C) Signal/background ratios
calculated from the cyclic voltammograms of ta-C:P and ta-C:P/Au electrodes in
0.2 M PBS (pH 7.4) with and without 1 mM H2O2.
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Fig. 5. (A) Cyclic voltammograms of the ta-C:P/Au2 electrode in 1 mM H2O2 and
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diffusion of O2 from the electrode surface to the solution, and H2O2
from the solution to the electrode surface slows down the reaction
rate and affects the kinetics of the overall reaction when a large
amount of O2 is created on the electrode surface. As a result, the

Fig. 6. (A) Current density–time response of H2O2 oxidation obtained at ta-C:P and
.2 M PBS at different pH. Inset is the dependence of signal/background ratio on pH
t the ta-C:P/Au2 electrode in 0.2 M PBS with 1 mM H2O2. (B) Evolution of current
ensity difference with the change of potential obtained at ta-C:P and ta-C:P/Au2

lectrodes in 0.2 M PBS (pH 7.4) with and without 1 mM H2O2.

t the ta-C:P/Au2 electrode increased pronouncedly from pH 5.0 to
.0, changed slightly in the pH region between 7.0 and 8.0, then
ecreased when pH was greater than 8.0. According to Hall et al.
40], acidic conditions were likely to hinder the formation of the
inding site and could result in protonation, producing inactive
ites with higher anodic potential. In addition, the contribution of
ackground current at pH 7.4 was very low, in contrast to those
bserved at other pH values. The maximum S/B ratio was there-
ore obtained at pH 7.4 (see inset in Fig. 5A). The effect of pH of the

easurement solution on the peak current density obtained at the
a-C:P electrode was similar to that obtained at the ta-C:P/Au2 elec-
rode. Therefore, both ta-C:P and ta-C:P/Au2 electrodes are suitable
or the detection of H2O2 at pH 7.4.

Moreover, the difference in current densities due to change in
otential obtained at ta-C:P and ta-C:P/Au2 electrodes in 0.2 M PBS
pH 7.4) with and without 1 mM H2O2 was calculated. It can be seen
rom Fig. 5B that 0.77 V and 0.67 V should be chosen as the opti-

al measurement potentials for ta-C:P and ta-C:P/Au2 electrodes
o avoid interference from Au oxidation and O2 evolution.

.2.3. Amperometric responses of H2O2 at ta-C:P and ta-C:P/Au
lectrodes

Fig. 6A shows typical amperometric response curves of H2O2

xidation at ta-C:P and ta-C:P/Au2 electrodes using the above opti-
um conditions (0.77 V detection potential for ta-C:P and 0.67 V

or ta-C:P/Au2, 0.2 M PBS at pH 7.4) with successive increments of
2O2, of various volumes and concentrations, in 10 mL PBS. The
lectrode responses achieved steady-state signals within 8 s. The
ta 55 (2010) 1971–1977 1975

linear characteristics of the electrodes for H2O2 detection can be
observed in Fig. 6B. The current density of H2O2 oxidation obtained
at the ta-C:P electrode was proportional to the H2O2 concentra-
tion in the range of 2–200 �M, with a sensitivity (change of current
density per unit concentration of H2O2) of 48.4 ± 0.2 nA cm−2/�M
(R = 0.9976). The detection limit, based on the signal-to-noise ratio
(S/N = 3), was estimated to be 0.5 ± 0.1 �M. After modification with
Au/AuOx NCs, the current density of H2O2 oxidation obtained at
the ta-C:P/Au2 electrode was linear within a wider concentration
range from 0.2 �M to 1 mM (R = 0.9988) and had a sensitivity of
293.8 ± 0.3 nA cm−2/�M. The detection limit at S/N = 3 was calcu-
lated to be 80 nM. This value was one order of magnitude lower than
that obtained at the ta-C:P electrode under the same conditions, and
three orders of magnitude lower than that obtained at DLC elec-
trodes (20–30 �M) [8]. When the concentration of H2O2 exceeded
1 mM, the current density obtained at the ta-C:P/Au2 electrode was
no longer proportional to the bulk H2O2 concentration. The cur-
rent density of H2O2 oxidation saturated at a lower concentration
of 300 �M at the ta-C:P electrode. This may be explained by the
suggestion that maximum electrode response and sensitivity can
only be obtained when oxygen gas (a product of H2O2 oxidation) is
rapidly removed from the vicinity of the electrode. The postponed
ta-C:P/Au2 electrodes with successive addition of various volumes and concentra-
tions H2O2 into 10 mL 0.2 M PBS (pH 7.4). Electrode potential: 0.77 V vs. SCE for ta-C:P
and 0.67 V vs. SCE for ta-C:P/Au2. The solution was stirred magnetically during mea-
surements. Inset is the magnification of the dashed part. (B) Relation between the
current density of H2O2 oxidation and the concentration of H2O2 obtained at the
ta-C:P and ta-C:P/Au2 electrodes in 0.2 M PBS (pH 7.4).
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The long-term stability of the ta-C:P/Au2 electrode was investigated
over a 60-day period. ta-C:P/Au2 electrode was stored at 4 ◦C and
measured every 2 days. The electrode’s response to H2O2 oxidation
under identical conditions decreased to 85% of the initial response
ig. 7. Cyclic voltammograms of (A) ta-C:P and (B) ta-C:P/Au2 electrodes in 0.2 M
BS (pH 7.4) with 5 mM H2O2 at different scan rates. Inset represents the dependence
f peak current density of H2O2 oxidation on scan rate or square root of scan rate.

ensitivities of ta-C:P and ta-C:P/Au2 electrodes are lowered. ta-
:P electrodes with smaller surface area tend to be passivated and

neffective in the presence of lower amounts of O2 or H2O2. ta-
:P/Au2 electrodes with a larger real surface area and higher ratio
f AAu to real surface area preponderates over ta-C:P electrodes in
erms of the higher S/B and S/N ratios, and a lower detection limit
an therefore be obtained at this electrode.

.3. Kinetics of H2O2 oxidation

The kinetics of H2O2 oxidation at ta-C:P and ta-C:P/Au2 elec-
rodes were estimated by cyclic voltammetry and current–time

easurement. Fig. 7 shows the CVs obtained at ta-C:P and ta-
:P/Au2 electrodes in 0.2 M PBS (pH 7.4), with 5 mM H2O2, at
ifferent scan rates. The peak position of H2O2 oxidation at the
a-C:P electrode obviously shifted towards the positive direction
ith increasing scan rate. The peak current density of H2O2 oxi-
ation was dependent on the scan rate from 0.05 V s−1 to 0.2 V s−1

R = 0.9940). The overall process of H2O2 oxidation was therefore a
urface-controlled electrode process. Thus, an excellent linear rela-
ion between the peak current density of H2O2 oxidation and the
quare root of scan rate (v = 0.05–0.2 V s−1) with R = 0.9980 was
btained at the ta-C:P/Au2 electrode, demonstrating the speedy
eaction kinetics and diffusion-controlled process (Fig. 7B).

Fig. 8A shows the current density–time curves obtained at
he ta-C:P/Au2 electrode in 0.2 M PBS (pH 7.4) with and without

–5 mM H2O2. According to the theory of diffusion control, the
ime (t) dependence of the current (I) for linear diffusion at a planar
lectrode follows Cottrell’s equation [41]:

= nFAD1/2
0 C∗

0�−1/2t−1/2, (5)
ta 55 (2010) 1971–1977

where D0 is the diffusion coefficient and C∗
0 is the concentration of

the active species. The area A may be the geometric surface area or
the real surface area of the electrode, depending on measurement
time [34]. Similarly, the time dependence of the current for hemi-
spherical diffusion at a microelectrode is described by the following
equation:

I = nFAD0C∗
0(�−1/2D−1/2

0 t−1/2 + 4�−1r−1), (6)

where r is the radius of the microelectrode. It can be seen from
Fig. 8B that the intercepts of the Cottrell plots are not zero and the
slopes are small, indicating that the total current density has a small
time-independent component. It can be inferred that the kinetics of
H2O2 oxidation at the ta-C:P/Au2 electrode is mainly controlled by
hemispherical diffusion. The three-dimensional Au/AuOx NCs not
only accelerate the electron exchange between the ta-C:P electrode
and H2O2 but also directly favors H2O2 oxidation as microelectrode
arrays on the ta-C:P surface. That is, Au/AuOx NCs are dispersed on
the surface of the ta-C:P electrode in the form of microelectrodes.

3.4. Reproducibility of the ta-C:P/Au electrode

The repeatability of ta-C:P/Au2 electrode is tested. The relative
standard deviation of amperometric current responses recorded
by 100 injections of 10 �L of H O (1 mM) was found to be 4.5%.
Fig. 8. (A) Amperometric responses of the ta-C:P/Au2 electrode in 0.2 M PBS (pH
7.4) with and without different concentrations of H2O2. (B) Cottrell plots obtained
at the ta-C:P/Au2 electrode in 0.2 M PBS (pH 7.4) with different concentrations of
H2O2.
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fter 2 weeks due to the absence of some Au/AuOx NCs. However,
he response maintained at a similar level during a 2-month period
hereafter, implying the long-term stability of the electrode.

. Conclusions

Gold NCs-modified, phosphorus incorporated tetrahedral amor-
hous carbon (ta-C:P/Au) was fabricated using a filtered cathodic
acuum arc process followed by electrodeposition. The real sur-
ace area of ta-C:P/Au electrodes modified with Au/AuOx NCs
ncreased compared to that of ta-C:P electrodes. The size and cov-
rage of Au/AuOx NCs can be adjusted by controlling the deposition
ime. The Au/AuOx NCs significantly improved the electrochemical
ctivity and reversibility of ta-C:P electrodes towards ferricyanide
xidation reaction and provided high catalytic activity towards
ydrogen oxidation (H2O2) oxidation due to the action of three-
imensional NCs. The detection limit of H2O2 obtained at the
a-C:P/Au electrode with Au/AuOx NCs of small size and moderate
overage was estimated to be 80 nm, which was one order mag-
itude smaller than that obtained at the ta-C:P electrode under
ptimal conditions. The results from current density–time mea-
urement indicated that H2O2 oxidation at the ta-C:P/Au electrode
as mainly controlled by hemispherical diffusion. Accelerated oxi-
ation of H2O2 was induced by Au/AuOx NCs microelectrodes
ispersed on ta-C:P surfaces. The successful detection of H2O2 at
a-C:P/Au electrodes implies that the electrodes may be applied
s a non-enzymatic H2O2-based biosensor due to their immediate
esponse, high sensitivity and good reproducibility.
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