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The radio frequency (RF) sputtering method was used to prepare nanoscale platinum (0)
particles highly dispersed in a graphite-like carbon film (Pt-NEGCF) by co-sputtering
platinum and carbon. The preparation is very simple, controllable, and reproducible. We
studied this film with respect to its structural characterization and electrocatalytic properties.
The XPS spectrum reveals that the platinum state in the Pt-NEGCF is platinum (0). TEM
images show that the structure of the carbon in the film is graphite-like and that the platinum
particles are highly dispersed in the carbon matrix. The electrochemical properties of the
Pt-NEGCF electrode were evaluated. Compared with Pt bulk electrode, this film electrode
is highly electrocatalytic as regards hydrogen evolution, dioxygen reduction, and hydrogen
peroxide oxidation with good stability.

Introduction

Highly dispersed nanoscale platinum particles have
been attracting growing interest because of their unique
physical and chemical properties, as well as with regard
to their applications in catalysis,1-12 magnetism,13

electronics,14,15 and fuel cells.16-21 There are several

methods for preparing metal clusters including chemical
reduction,22-24 photolysis,25 microwave,26-27 an electro-
chemical process,28-32 metal evaporation,33-36 gas-phase
reduction,37 and decomposition.38-41 Most of the above
methods can produce nanoparticles on a supported
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Omil, J. A.; Rodrı́guez-Izquierdo, J. M. Ultramicroscopy 1998, 72, 135.
(6) Freelink, T.; Visscher, W.; van Veen, J. A. R. J. Electroanal.

Chem. 1995, 382, 65.
(7) Takasu, Y.; Ohashi, N.; Zhang, X. G.; Murakami, Y.; Minagawa,

H.; Sato, S.; Yahikozawa, K. Electrochim. Acta 1996, 41, 2595.
(8) Morris, C. A.; Anderson, M. L.; Stroud, R. M.; Merzbacher, C.

I.; Rolison, D. R. Science 1999, 284, 622.
(9) Swider, K. E.; Rolison, D. R. Langmuir 1999, 15, 3302.
(10) Bernal, S.; Baker, R. T.; Burrows, A.; Calvino, J. J.; Kiely, C.
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surface or colloidal dispersions. However, very few
papers have reported the preparation of uniform plati-
num-cluster dispersed carbon film. McCreery and co-
workers42-45 and others46 have published a series of
articles on the synthesis of nanoscale platinum (0)
clusters in glassy carbon (not solely on a glassy carbon
surface) by incorporation of platinum in a glassy carbon
precursor followed by thermolysis at 600 °C. This kind
of platinum (0) doped glassy carbon (Pt-GC) exhibits
high catalytic activity for the reduction of H+ and
dioxygen. Joo et al.47 synthesized a high dispersion of
platinum nanoparticles supported on ordered nanopo-
rous arrays of carbon. Here, we used a radio frequency
(RF) method to form a graphite-like carbon film con-
taining highly dispersed nanoscale platinum (0) par-
ticles by co-sputtering platinum and carbon. We studied
this RF sputtered platinum-nanoparticles-embedded
graphite-like carbon film (Pt-NEGCF) with respect to
its structural characterization and electrocatalytic prop-
erties for reduction of H+ and dioxygen, and the oxida-
tion of hydrogen peroxide.

Experimental Section

Chemicals and Reagents. We purchased H2O2, H2SO4,
and 0.1 M phosphate buffer solution (PBS, pH 7) from Kanto
Chemical Co. Ltd. (Tokyo, Japan). We prepared a fresh
concentration of H2O2 with 0.1 M PBS buffer (pH 7) from a 10
mM stock solution of H2O2 before every use. We purified the
water used in the experiments with a Milli-Q system (Milli-
pore, Bedford, MA). The polycrystalline Pt pellet and sintering
carbon for sputtering were obtained from Tanaka Kikinzoku
Co. (Japan).

Film Preparation. We prepared the Pt-NEGCF on a Si
wafer by RF co-sputtering (ANELVA EP21, Japan) of carbon
and Pt. The background pressure of the chamber was 1.0 ×
10-7 Torr. The Ar gas pressure during sputtering was 1.0 ×
10-2 Torr. The temperature of the Si substrate was controlled
at 200 °C, and the RF power was 200 W. We can control the
platinum contents (1-7%) by setting different numbers of Pt
pellets on the carbon target to control the ratio of Pt/carbon
surface area, without changing the sputtering parameters such
as power and pressure. When the ratio of Pt/carbon surface
area is 0.1, 0.35, and 0.7%, the Pt content in the Pt-NEGCF
is 1.3, 2.9, and 6.5%, respectively. The film thickness was
controlled to be 40 nm. Then, the wafer was cut into a
rectangle and a plastic tape (with a 3-mm diameter hole) was
fixed to it to form a Pt-NEGCF disk electrode.

Apparatus. We carried out cyclic voltammetry with an
ALS/CHI 802 electrochemical analyzer (CH Instruments, Inc.,
Austin, TX) in a Faraday cage with a Pt-NEGCF (or Pt-bulk)
working electrode (d ) 3 mm), an Ag/AgCl (3 M KCl) reference
electrode, and a platinum auxiliary electrode.

We performed flow injection analysis (FIA) experiments
with an ALS/CHI 802 electrochemical analyzer (CH Instru-
ments), a column oven CA-202, SER 300H608 (BAS, Japan),
and a thin-layer radial flow cell (BAS, West Lafayette, IN).
We undertook comparison experiments with Pt-bulk and Pt-
NEGCF electrodes for both the CV and FIA measurements.

We observed the film, after peeling it from the silicon
substrate, using a TEM apparatus (H-9000UHR, Hitachi Ltd.,
Japan) with an acceleration voltage of 200 kV.

X-ray photoelectron spectroscopy (XPS) was conducted at
the NTT-AT Analysis Center with a Kratos AXIS Ultra (AlKR
1846.6 eV) spectrometer to determine the elemental composi-
tion of the film surface.

The conductivity of the Pt-NEGCF was measured with the
conventional four-terminal method at room temperature.

Results and Discussion

Film Characterization. Figure 1A shows a typical
XPS spectrum of Pt-NEGCF, which reveals that there
is 2.9 at. % of platinum in the Pt-NEGCF. The C(1s) is
used as an internal reference (284.6 eV). The binding
energies of Pt(4f7/2) and Pt(4f5/2) electrons in the high-
resolution spectrum of the Pt(4f) line (as shown in
Figure 1B) are 72.1 and 75.5 eV, respectively, which
indicates that the platinum state in the Pt-NEGCF is
platinum (0). The slightly higher binding energy (∼1.0
eV) than that of bulk polycrystalline platinum may be
due to the size-effect of small particle.48-50

Figure 2A shows a transmission electron micrograph
(TEM) of a Pt-NEGCF front view. The dark spots and
light features correspond to platinum nanoparticles and
carbon matrix, respectively. We can observe that the
matrix carbon in the Pt-NEGCF has small crystalline
structures. The lattice images of the carbon with 3.6 Å
spacing (wider than the ideal graphite crystal) were also
obtained, which indicates that the carbon matrix is not
amorphous, but disordered graphite-like.53-55 Figure 2B(42) Callstrom, M. R.; Neenan, T. X.; McCreery, R. L.; Alsmeyer,
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Figure 1. XPS spectrum of 2.9% Pt-NEGCF (A) and high-
resolution spectrum of Pt(4f) line (B).
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illustrates the histogram of the platinum particle size
distribution of 2.9% Pt-NEGCE. We measured 300
particles to study the platinum nanoparticle distribu-
tion. Figure 2A shows only a part of the TEM image
area investigated for Figure 2B. The distribution of the
platinum particles varies between 1 and 4 nm. More-
over, about 83% of the Pt particles sizes are in a narrow
range from 2 to 3 nm. The average diameter of the
platinum particle size is ∼2.5 nm. This means that the
RF sputtering method is a potential way to prepare
narrow distribution of platinum particles. The platinum
particles in 2.9% Pt-NEGCF are nanoscale in size and
highly dispersed in the graphite-like carbon film. The
lattice spacing of the Pt-NEGCF measured by electron
diffraction Pt(111) is 2.265 Å, which is in good agree-
ment with the theoretical value for polycrystalline
platinum. The side view of Pt-NEGCF was also studied
by TEM measurements. We obtained the lattice spacing
for carbon and Pt (111), 3.65 and 2.265 Å, respectively,
which coincides with those for the front view.

We also carried out TEM measurements for 1.3% and
6.5% Pt-NEGCFs. The average particle size obtained
for the two different Pt atom concentration Pt-NEGCFs
is about 2.5 nm, same as that of 2.9% Pt-NEGCF. The
variation of Pt content does not change the Pt nano-
particles size. This is different from the previous
works,42-46 which show that the Pt particles sizes
increase with the higher Pt atom concentration. They
prepared 0.9, 1.1, and 1.5% Pt-GCs, with the average
cluster sizes of 8, 10, and 15 Å, respectively. The RF
sputtering method has the advantage to form different
Pt content Pt-NEGCFs with the same average particle
size.

We measured the conductivity of both a RF carbon
film and 2.9% Pt-NEGCF. The conductivity of the RF
carbon film is 24 S‚cm-1. This value is much higher than
that for amorphous carbon film (∼10-2 S/cm)51 because
the graphite-like structure was observed in Pt-NEGCF
as shown in Figure 2A. After co-sputtering with plati-
num, the film conductivity increases to 103 S‚cm-1 due
to the highly dispersed platinum in the carbon film.

Because RF carbon film is conductive, the Pt-NEGCF
electrode works as a platinum nano-array electrode.

Electrochemistry of the Pt-NEGCF Electrode.
We studied the electrochemical properties of 1.3, 2.9,
and 6.5% Pt-NEGCFs electrodes for H+ reduction,
dioxygen reduction, and electrooxidation of hydrogen
peroxide. Because the 2.9% Pt-NEGCF electrode ex-
hibited the highest current density among the three
different film electrodes, it was used for this work.

We evaluated the electrocatalytic ability of 2.9% Pt-
NEGCF (Figure 3a) with respect to H+ reduction in 0.05
M sulfuric acid compared with Pt-bulk (Figure 3b) and
GC (Figure 3c) electrodes. Before the experiments, we
polished the Pt-bulk electrode and scanned it in sulfuric
acid until we obtained cyclic voltammogram (CV) char-
acteristics indicating a clean Pt electrode. As shown in
Figure 3, the current density value of H+ reduction at
the Pt-NEGCF electrode is much higher than that
obtained at the Pt-bulk electrode. The exchange current
density increases as the platinum particle size de-
creases.52 In addition, the current at the Pt-NEGCF
electrode does not decay as quickly as that at a Pt-bulk
electrode. The current density at the Pt-NEGCF elec-
trode decreased 25% after 2 h scanning, whereas it
decreased about 80% at the Pt-bulk electrode. Moreover,
the hydrogen evolution potential became positive as the
platinum particle size decreased.

Figure 4 shows CVs of dioxygen reduction at the 2.9%
Pt-NEGCF (Figure 4a), Pt-bulk (Figure 4b), and GC
(Figure 4c) electrodes. The results show that electro-

(54) Hayashi, T.; Hirono, S.; Tomita, M.; Umemura, S. Nature 1996,
381, 772.

(55) Babonneau, D.; Cabioc’h, T.; Naudon, A.; Girard, J. C.; De-
nanot, M. F. Surf. Sci. 1998, 409, 358.

Figure 2. Transmission electron micrograph (TEM) image (A) and histogram of the platinum size distribution (B) of the 2.9%
Pt-NEGCF.

Figure 3. Hydrogen evolution obtained in 0.05 M H2SO4 at
2.9% Pt-NEGCF (a), Pt-bulk (b), and GC (c) electrodes,
respectively. Scan rate, 50 mV/s.
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catalytic activity of Pt-NEGCF as regards dioxygen
reduction is much higher than that of the Pt-bulk
electrode. In addition, the reduction potential is at about
0 V, which is about 0.4 V lower than that obtained at
the Pt-bulk electrode. Compared with the Pt-bulk
electrode, the Pt-NEGCF electrode has advantages in
terms of dioxygen reduction with both a high current
density and a comparatively low potential, which may
make it useful as a potential electrode material for a
dioxygen consumption measurement type biosensor.

We also studied the CVs for hydrogen peroxide
oxidation at a 2.9% Pt-NEGCF electrode to evaluate
its properties as an electrode for bio-electroanalytical
chemistry. This is because the product of commonly used
oxidase enzymes (such as glucose and lactate oxidases)
is hydrogen peroxide. The oxidation peak potential was
∼0.57 V at the Pt-NEGCF electrode, which is 70 mV
lower than that at the Pt-bulk electrode (not shown).

Figure 5a shows hydrodynamic voltammograms
(HDVs) for hydrogen peroxide at the 2.9% Pt-NEGCF
electrode in the thin layer radial flow cell obtained by
flow injection analysis (FIA). The responses of the Pt-

bulk and GC electrodes were also measured for com-
parison. It can be seen that the current density at the
GC electrode is very low because of its high overpoten-
tial for hydrogen peroxide oxidation. In contrast, we
obtained a very high electrocatalytic current density at
the 2.9% Pt-NEGCF electrode, which was 10 times
higher than that obtained at the Pt-bulk electrode. The
lower oxidation potential and higher current density at
the Pt-NEGCF electrode reveals its high electrocata-
lytic ability with regard to the electrooxidation of
hydrogen peroxide. The Pt-NEGCF electrode was also
very stable during the FIA measurements. The response
was linear between 2 µM and 5 mM. The film electrode
has a very high sensitivity for the electrooxidation of
H2O2. A limit of detection of 0.01 µM was determined
(S/N ) 3). The reproducibility of the peak current
response for 100 µM H2O2 at the Pt-NEGCF electrode
was also studied. The current response changes very
little for continuous measurements of H2O2. The relative
standard deviation was found to be 1.5% (n ) 6). The
successful detection of H2O2 at the Pt-NEGCF electrode
in both stationary and flow systems indicate that this
film is a potential electrode material for a H2O2-based
biosensor application.

In comparison with methods reported in prior
work,42-46 the RF method is relatively simple. We can
prepare Pt-NEGCF at the low temperature of 200 °C,
whereas prior work required a higher temperature of
600 °C. The Pt-NEGCF electrode has highly electro-
catalytic responses for hydrogen evolution and dioxygen
reduction with good stability, which is similar to the
references.42-45 In addition, we used the Pt-NEGCF
electrode for the electrooxidation of H2O2 in a flow
system with a high sensitivity and good reproducibility,
which indicates that this film electrode is a potential
material for practical electroanalysis.

Conclusion

We employed an RF sputtering method for preparing
nanoscale platinum (0) clusters in conductive graphite-
like carbon film. The preparation is very simple, con-
trollable, and reproducible. We can prepare Pt-NEGCF
with different controlled platinum atom concentrations
(1-7%). The Pt-NEGCF electrode has high activity and
good stability for hydrogen evolution and dioxygen
reduction. Moreover, this electrode is suitable for mea-
suring hydrogen peroxide because of its extremely high
electrocatalytic oxidation ability with excellent stability,
which is important for biosensing applications.

CM020636K

Figure 4. Electroreduction of saturated dioxygen in 0.5 M
H2SO4 at 2.9% Pt-NEGCF (a), Pt-bulk (b), and GC (c)
electrodes, respectively. Scan rate, 50 mV/s.

Figure 5. Hydrodynamic voltammograms of 100 µM hydrogen
peroxide at 2.9% Pt-NEGCF (a), Pt-bulk (b), and GC (c)
electrodes. Sample injection, 20 µL; run buffer, 0.1 M PBS,
pH 7; flow rate, 0.5 mL/min.
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