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a b s t r a c t

We propose novel electrodes with platinum nanoparticles dispersed on a glassy carbon (Pt-NPs/GC)

prepared using a pulsed arc plasma deposition (APD) method. The method could coat Pt-NPs on a base

material directly with a single-step process in a very short deposition time. The characteristics of the

electrodes were discussed in detail. The detection of hydrogen peroxide was performed as an example

for application of the electrodes. The distribution of nanoparticles was controlled easily by the number

of pulse. The surface morphology changed with the pulse number and the annealing except for the

sample prepared by 5 pulses deposition (APD(5)), implying that the APD(5) remained as NPs after the

annealing. Average particle size was 2.7 nm on the Pt-NPs/GC. Catalyst activity for oxidizing hydrogen

peroxide per Pt loading was excellent on the Pt-NPs/GC. When the Pt-NPs/GC was used as a detector for

hydrogen peroxide on a flow injection analysis, the Pt-NPs/GC showed high sensitivity without

deterioration. Oxidation current increased linearly with the concentration of hydrogen peroxide from

10 nM to 100 mM. This fast and easily prepared electrode showed the capability to replace a

conventional bulk metal electrode.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Metal nanoparticles (NPs) dispersed-electrode is attractive for
an electroanalysis because of its high sensitivity. Many methods
were introduced to prepare the metal nanoparticles-dispersed
electrode, such as implantation [1,2], radio frequency (RF) sput-
tering [3,4], chemical vapor deposition (CVD) [5–7], polymer
supported electrode (PSE) [8–10], and electrochemical deposition
(ED) [11–22]. From the viewpoint of the stable supply for users
and environmental aspect, a simple fabrication process with easy
handling is required with low environmental load. In addition,
NPs are required to be coated directly to a base material. The
implantation method is not suitable for widespread use because
of its high cost of production with difficulty of machine operation
and process. The CVD method was introduced to obtain nanoscale
Pt clusters by thermolysis of a carbon precursor containing Pt. The
method requires polymer synthesis skills and needs waste gas
management. Although PSE and ED are simple methods with a
ll rights reserved.

: þ81 43236 1525.
cost advantage, these methods need waste liquid treatment,
which is at present not suitable with the object of environmental
load. RF sputtering and a pulsed arc plasma deposition (APD)
method are comparable. However, RF sputtering requires longer
process time than the APD method. The sputtering rate is also
limited in the narrow range since the deposition rate depends on
the type of the material and the sputtering gas. The APD method
would satisfy those requirements with easy control of the particle
size and dispersion.

The APD method is a physical vapor deposition (PVD) method
and attracts attention for preparing nanoparticles and thin film
coatings. High grade thin films are obtained by the APD method,
because particles generated by the APD method have higher
energy than other conventional PVD methods [23]. A wide variety
of nanoparticles such as metals, alloys, oxides and even catalytic
synthesis of carbon nanotubes have been prepared by this
method [24–30]. However, there are no reports describing the
characteristics of nanoparticles coated electrode for electroana-
lysis in detail. Comparing with other conventional PVD methods
such as magnetron sputtering and molecular beam epitaxy (MBE),
the APD method can control to form nanoparticles to thin film on
a substrate by pulse number. Deposition conditions can be varied
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in a wide range of temperature, deposition pressure, and gas
atmosphere, though, the deposition process can become more
efficient without temperature and atmosphere control. As a first
trial, we tried to coat NPs at room temperature without atmo-
sphere control.

We focused on platinum nanoparticles (Pt-NPs) in this study,
because they are used for a wide variety of applications such as
medical (e.g. biosensor) [1,3,5–7,11–18], environmental (e.g. gas
sensor) [31–34] and energy fields (e.g. proton exchange membrane
fuel cell; PEMFC) [35–39]. One example of a biosensing application
is a detector for hydrogen peroxide, which is generated by an
enzymatic reaction in oxidase-based biosensors. Pt-NPs have a
great potential as an electrochemical material to improve the
sensitivity of detecting hydrogen peroxide. Many studies have
been reported about the performance of Pt-based electrodes and
their fabrication method for biosensing [1,3,5–7,11–18]. The sur-
face of the electrode must be flat to decrease the noise level, and
highly dispersed Pt-NPs might increase the active area. A carbon
electrode coated with Pt-NPs is one of the possible candidates to
fulfill these requirements. We report here the characteristics and
the electrochemical properties of glassy carbon (GC) electrodes
with Pt-NPs prepared using the APD method, and applied the
electrodes to detect hydrogen peroxide.
2. Experimental

2.1. Materials

Phosphate buffer solution was prepared to dissolve 67 mM (1/
15 M) phosphate buffer powder into distilled water (pH¼7.0). The
powder, sulfuric acid and hydrogen peroxide were purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Platinum tablet
(3 N) as a target was obtained from Kojundo Chemical Laboratory Co.,
Ltd. (Saitama, Japan). GC substrate (10 mm�10 mm�0.5 mm thick)
was used as an electrode substrate and purchased from Tokai Carbon
Co., Ltd. (Tokyo, Japan).

2.2. Nanoparticle coating

The GC substrate was exposed to Ar plasma for 60 sec with the
plasma energy of 35 W (GD-OES, Horiba, Japan) before Pt-NPs
coating. The APD system (APD-P, Ulvac-Riko Inc., Japan) was used
to prepare Pt-NPs with an applied voltage of 150 V and a capacitor
capacitance of 1080 mF. The system did not employ DC cathodic arc
sources but a pulsed arc source. The distance between the target
and the substrate was set to 140 mm. Pt metal was deposited
at room temperature with the operating frequency of 1 Hz at a
pressure of 5�10�3 Pa. We only changed the pulse number on the
deposition from 5 to 20 (deposition time: 5 s–20 s). For simplifica-
tion, we refer to the sample condition as APD(pulse number). After
the deposition, GC electrodes coated with Pt-NPs were annealed at
200 1C for 30 min with N2 gas including 0.25 vol% H2 gas.

2.3. Instrumentation and measurements

X–ray photoelectron spectroscopy (XPS) (Model 5500, Ulvac-
Phi, Inc., Japan) was employed to estimate a quantitative compo-
sition of the electrodes. The surface roughness was measured by
an atomic force microscopy (AFM) (SPI 3800, SII Nano Technology
Inc., Japan) with the tapping mode in air using a SI-DF40
cantilever. Horizontal dispersion of Pt-NPs was monitored by
field emission type transmission electron microscopy (FE-TEM)
(EM002BF, Topcon Technohouse Co., Japan) with a high-angle
annular dark-field (HAADF) mode.
2.4. Electrochemical measurements and flow injection analysis

Electrochemical properties of the GC electrodes with Pt-NPs
were evaluated by using a potentiostat (ALS832, CH Instrument,
USA) with a plate material evaluating cell (BAS Co., Ltd., Japan)
consisting of the prepared electrode as a working electrode (WE,
active area¼0.11 cm2), a reference electrode (RE) and a Pt wire
counter electrode (CE). Reversible hydrogen electrode (RHE) and
Ag/AgCl (3 M NaCl) electrode were used for the RE in 0.5 M
sulfuric acid solution and in the phosphate buffer solution,
respectively.

We set the prepared electrode in a flow injection analysis (FIA)
system as an electrochemical detector. A radial flow cell (BAS Co.
Ltd., Japan) was used for the detector consisting of the prepared
electrode for WE, an Ag/AgCl electrode for RE, and a stainless
electrode for CE. Active area of the electrode was defined as
0.6 cm2 with a 25 mm thick spacer. The phosphate buffer solution
was used as a carrier solution. A microsyringe pump (CMA-102,
CMA Microdialysis, Sweden) induced the carrier solution from a
microsyringe (1 mL, Hamilton, USA) to the flow cell through a 6-port
injection valve (V-485-DC, Upchurch Scientific, USA). Hydrogen
peroxide was dissolved into the phosphate buffer solution from
10 nM to 1 mM. Sample loop had 1 mL volume, and the dead volume
of the injection valve was 35 nL. The capillary tube obtained from
Upchurch Scientific had outside and inside diameters of 360 and
100 mm, respectively. After the prepared electrode was set in the
flow cell and connected to the potentiostat, amperometric detection
was carried out. All the measurements were carried out at room
temperature.
3. Results and discussion

3.1. Nanoparticle characterization

The APD method is known as a coating technology with great
potential, because the arc plasma is fully ionized and manipulated
with electric and magnetic fields. Ion energy affects the structure
and property of the film, and is influenced by the electric field.
Magnetic field is commonly used to guide and homogenize the
plasma. The kinetic energy of Pt on the APD method was
estimated as 67 eV [40]. The kinetic energy indicated that Pt-
NPs had good adhesion to a substrate. The results of differential
scanning calorimetry (DSC) analysis showed that Pt loading
increased with the pulse number linearly. Pt loading rate on our
deposition condition showed the constant of 2.08 mg/cm2/pulse,
indicating that the APD method could control the Pt loading
precisely.

Before the GC substrate was sputtered by Ar plasma, the
surface had polishing flaws with a surface roughness (average
roughness¼Ra) of 1.91 nm. AFM images scanned over 1 mm�
1 mm with the tapping mode showed quite a flat surface with Ra
of 0.53 nm after the Ar sputtering. The Ar sputtering was effective
for planarization even with very short time (only 60 s). The GC
electrodes with Pt-NPs also had quite flat surfaces after the
deposition (Ra¼0.55–0.65).

HAADF-STEM images of APD(5–20) before and after the
annealing are presented in Fig. 1(a). On the APD(5), Pt-NPs (bright
spots) were well dispersed. Fig. 1(b) shows a high resolution FE-
TEM image after annealing the APD(5). The distribution of the
metal particle size was narrow with an average size of 2.7 nm.
Particle size and distribution were nearly unchanged after the
annealing. By contrast, small islands consisting of very small
particles were found on the APD(10). After the annealing, the
particles disappeared and formed islands. Even after 20 s deposi-
tion, Pt thin film did not cover the entire surface of the APD(20),



Fig. 1. (a) HAADF-STEM images of APD(5–20) before and after the annealing. (b) High resolution FE-TEM image of APD(5) after the annealing.

Fig. 2. High resolution XPS spectra of Pt(4f) line on the APD samples of (a) APD(5),

(b) APD(10), and (c) APD(20) before the annealing. (d) and (e) show the spectra

after the annealing on the APD(5) and APD(10), respectively. Pt(4f7/2) on bulk was

inserted in spectra.
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and network of Pt nano-structure appeared after the annealing.
These results showed that APD(5) was the only Pt-NPs dispersed
GC electrode (Pt-NPs/GC), and the APD method could produce Pt-
NPs in a short time without temperature and atmosphere control,
which is superior to other PVD methods. Pulsed laser deposition
(PLD) needs over 60 s to increase the density of Pt-NPs, which
made some cluster formation [41]. Atmosphere control is neces-
sary when using the sputtering method. In addition, sputtering
rate is dependent on the target material and induced gas.

XPS was used to estimate the quantitative composition of the
electrodes. In order to estimate the binding energy of Pt(4f), C(1s)
was used as an internal reference (284.5 eV). The atomic concen-
tration of Pt increased with the pulse number. High resolution
XPS spectra of Pt(4f) line of APD(5–20) and APD(5, 10) after the
annealing are plotted on Fig. 2. The binding energies of the Pt(4f7/

2) and Pt(4f5/2) electrons increased with decreasing pulse number.
Peak separations of each spectrum were 3.3 eV, which was equal
to that on bulk Pt. The binding energy of Pt(4f7/2) electrons on the
APD(5), APD(10) and APD(20) were 72.1 eV, 71.6 eV and 71.6 eV,
respectively. The binding energy of the APD(5) was 0.9 eV higher
than that of bulk polycrystalline Pt (71.2 eV). After the annealing,
the binding energy on the APD(5) and APD(10) decreased to
71.4 eV and 71.3 eV, respectively. The positive shift of the binding
energy of Pt(4f7/2) electron against bulk Pt was due to the size
effect of small particles [42]. After the annealing, the amount
of positive shift decreased on all the samples. The decrease of
positive shift on the APD(10) after the annealing was mainly due
to the drastic change of morphology. However, shape of Pt-NPs
did not change on the APD(5) after the annealing. In this case, the
decrease of positive shift might be caused by removal of adsorbed
impurities. These results indicated that the Pt-NPs existed in the
Pt(0) state.
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3.2. Electrochemical properties

Cyclic voltammograms (CVs) of APD(5–20) before and after
the annealing were measured in 0.5 M sulfuric acid solution
bubbling with N2 gas as shown in Fig. 3. Since electrochemical
(EC) cleaning over 1.0 V vs. RHE caused the change of crystalline
surface structure [43]; we cleaned the electrodes by scanning
from 0.05 to 0.8 V for 100 cycles with the sweep rate of 100 mV/s
before evaluating the CVs with the sweep rate of 50 mV/s. Before
the annealing, CVs of APD(5–20) had no peaks corresponding to
the crystal orientation of Pt in the lower potential range, repre-
senting the reduction of absorbed hydrogen and the formation of
absorbed hydrogen. This result showed that impurity adsorption
on the surface of Pt-NPs was not decontaminated completely by
such a mild EC cleaning. Current density increased with the pulse
number independently of the annealing, which affected Pt loading
as discussed above. The annealed electrodes progressed in current
density, and peaks appeared at the lower potential range. The
result indicated that the annealing in H2 gas was effective to
remove impurities. The effective Pt surface area (APt) was calcu-
lated using the following equation:

APt½cm2� ¼

Z
i� dt=QPt0,

where i, dt and QPt0 are current, time, and theoretical charge
amount per unit area of bulk Pt (210 mC/cm2), respectively. As
shown in Table 1, the effective Pt surface area, APt, increased after
the annealing on each sample since the surface was cleaned at
high temperature with H2 gas.

3.3. Hydrogen peroxide detection

Hydrogen peroxide is one of the important substances for
detecting bio-materials, since there are many oxidase-based
biosensors. Additionally, a highly sensitive detection of hydrogen
Fig. 3. Cyclic voltammograms in 0.5 M sulfuric acid solution on the APD samples

of (a) APD(5), (b) APD(10), and (c) APD(20) before the annealing. (d), (e) and

(f) show CVs after the annealing on the APD(5), APD(10) and APD(20), respec-

tively. The potential of the WE was scanned from 0.05 to 0.8 V vs. RHE with a

sweep rate of 50 mV/s.

Table 1
The real surface area of Pt (APt) was estimated from the charge corresponding to

the hydrogen reduction and the hydrogen absorption in Fig. 3.

Before the annealing After the annealing

Sample APt (cm2) APt (cm2)

APD(5) 0.03 0.04

APD(10) 0.09 0.1

APD(20) 0.17 0.23
peroxide is anticipated since it is known as a stress marker
[44,45]. We observed CVs of the GC electrode and APD(5–20) in
the phosphate buffer solution including 1 mM hydrogen peroxide.
The potential of the WE was scanned from 0.2 to 0.8 V vs. Ag/AgCl
with the sweep rate of 50 mV/s. For example, Fig. 4(a) shows CVs
of the GC electrode and APD(5) before and after the annealing.
The GC electrode did not show any significant oxidation peaks,
indicating low detection sensitivity for hydrogen peroxide in this
potential range. By contrast, CVs on each APD(5) had the oxida-
tion peak. Magnitude of the oxidation peak increased after the
annealing. Fig. 4(b) shows the current density at the oxidation
peak and catalyst activity for hydrogen peroxide corresponding to
the pulse number on the prepared electrode before and after the
annealing. The catalyst activity, CA, was calculated as given
below:

CA¼current at the oxidation peak [mA]/electrode area [cm2]/
Pt loading [mg].

The CA decreased with increasing pulse number, and the
APD(5) after the annealing showed the highest CA in our experi-
ments. Current density at the oxidation peak decreased gradually
over 10 pulses. The electrodes showed high activity after the
annealing since impurities were removed, and the morphology of
deposited material was changed. The potential at the oxidation
Fig. 4. (a) Cyclic voltammograms of the GC and APD(5) before and after the

annealing in 1/15 M phosphate buffer solution (pH¼7.0) including 1 mM hydro-

gen peroxide. The potential of the WE was scanned from 0.2 to 0.8 Vvs. Ag/AgCl

with the sweep rate of 50 mV/s. (b) Current density at oxidation peak and catalytic

activity (CA) for hydrogen peroxide were plotted against the pulse number.

Squares and circles show the electrode conditions before and after the annealing,

respectively. CA was calculated as oxidation peak current/electrode area/Pt

loading. These data were obtained from CVs in phosphate buffer solution with

1 mM hydrogen peroxide.



Fig. 6. Calibration curve using Ip and Q for hydrogen peroxide at the condition of

Fig. 5. Calibration curve at lower range (10 nM–5 mM) is included on the upper left

corner. Open circles and squares show Ip and Q, respectively.
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peak on the APD(5) after the annealing was about 0.4 V vs. Ag/AgCl.
The APD(5) was in optimal condition to be used for an electrode
with high sensitivity for hydrogen peroxide since the APD(5) was
the only Pt-NPs/GC. The stability of the APD(5) without the
annealing was examined on CV in PBS containing 1 mM H2O2.
After the first evaluation, the sample was left atmospherically
exposed for 16 months at room temperature. Current at oxidation
peak on the 16-month-old sample was almost the same as the
result of the first evaluation. This result indicated that perform-
ance degradation was not observed on the APD(5) without the
annealing.

Penner and co-workers revealed the condition to control the
size and dispersion of Pt-NPs by ED [19–22]. However, there were
not many reports discussing the catalytic performance per Pt
loading on hydrogen peroxide detection using ED. Chikae et al.
reported the direct coating of Pt-NPs on screen-printed carbon
electrode [18]. The distribution of particle size was scattered from
80 to 130 nm. The potential and current density at the oxidation
peak for hydrogen peroxide were about 0.6 Vvs. Ag/AgCl and
0.3 mA/cm2, respectively. By contrast, RF sputtering could supply
2.5 nm Pt-NPs embedded in carbon film [3]. The potential and
current density at the oxidation peak for hydrogen peroxide were
about 0.5 Vvs. Ag/AgCl and 0.35 mA/cm2, respectively. Comparing
with those reports, our Pt-NPs/GC had excellent catalytic activity
on potential (0.4 Vvs. Ag/AgCl) and current density (0.39 mA/cm2)
at the oxidation peak.

Pt-NPs/GC was applied into the detector of the FIA system. The
WE potential was set to 0.4 Vvs. the RE to oxidize hydrogen
peroxide. The flow rate ranged from 5 to 15 mL/min. Height of the
current peak and peak area were determined as Ip and Q,
respectively. Electric charge Q shows the amount of hydrogen
peroxide oxidized on the electrode, and was calculated as an
integration of current at the current peak. Although Ip increased
with the flow rate, Q had a peak around the flow rate of 7.5 mL/
min. It takes longer to determine the period with lower flow rate.
Judging from the measuring time and the magnitude of the
responses, a calibration curve was obtained both on Ip and Q at
the flow rate of 10 mL/min. Examples of the response on FIA were
shown in Fig. 5. Current increase was recognized even in 10 nM.
Noise around 10 s, 40 s and 70 s were caused by valve operation
in the FIA system. The time from sample injection to peak end
was within 30 s. The efficiency of electrochemical reaction was
estimated at the detector as a trap ratio. The trap ratio can be
expressed as
Fig. 5. Examples of FIA response on the Pt-NPs/GC with various concentration of

hydrogen peroxide (0–1000 nM). The flow rate was 10 mL/min. The WE potential

was set to 0.4 V vs. RE (Ag/AgCl). Each data were offset in current direction.
trap ratio [%]¼measured Q/theoretical electric charge (9.65�
10�6C, 1 mL injection of 100 mM hydrogen peroxide)�100.

The trap ratio of hydrogen peroxide at the flow rate of 10 mL/
min was expected as 97.6%, which indicated that our FIA system
worked well. Ip and Q were measured with hydrogen peroxide
concentration from 10 nM to 1 mM by five times measurements at
each concentration. The responses of Ip and Q against hydrogen
peroxide concentration showed linear relation in the range from
10 nM to 100 mM with correlation coefficients of 0.9998 and
0.9999, respectively, as shown in Fig. 6. The detection limit (S/
N¼3) was 13.5 nM, which indicated that the system could detect
13.5 fmol of hydrogen peroxide. These results showed that our FIA
system had high sensitivity with low sample volume and short
detection time. We studied the response dependent on repetition
of sample injections for 100 times to evaluate the durability of the
electrode. As a result, the electrode response was stable among the
experiments. Coefficient of variation (CV) was 4.8%.
4. Conclusion

GC electrodes coated with Pt-NPs by the pulsed APD method
were demonstrated to be a superior electrode for detecting
hydrogen peroxide. The APD method can supply nanoparticles
with fine particle size and narrow size distribution with 5 pulses
(APD(5)). Surface morphology was dependent on the pulse
number and annealing process, except for the APD(5); morphol-
ogy on the APD(5) was unchanged after the annealing. Only the
APD(5) formed Pt-NPs on the GC substrate. Catalyst activity for
hydrogen peroxide per Pt loading showed the best performance
on the Pt-NPs/GC in this study. As the results of applying the Pt-
NPs/GC for the detector on the FIA system, the electrode had good
durability and repeatability with low detection limit. These
results indicated that the APD method can supply the functional
electrode superior to conventional bulk metal electrodes.
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