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Activity enhancement of platinum oxygen-reduction electrocatalysts using ion-beam induced defects
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High activity is one of the primary requirements for the catalysts in proton exchange membrane fuel cell
applications. Platinum (Pt) is the best known catalyst, especially for oxygen reduction at the cathode; however,
further activity improvements are still required. Previous computational studies suggested that the catalytic
activity of Pt nanoparticles could be enhanced by a Pt-carbon (C) support interaction. We have recently found
that an enhanced electronic interaction occurs at the interface between an argon-ion (Ar+)-irradiated glassy
carbon (GC) surface and Pt nanoparticles. Here, we report a more than twofold increase in specific activity for
the Pt nanoparticles on the Ar+-irradiated GC substrate compared to that on the nonirradiated GC substrate.
The mechanism of this activity enhancement was investigated by local structure analysis of the interface.
Ar+ irradiation of the carbon support led to the formation of Pt-C bonding, thus protecting the deposited Pt
nanoparticles from oxidation.

DOI: 10.1103/PhysRevMaterials.6.035801

I. INTRODUCTION

The proton exchange membrane (PEM) fuel cell is a
promising device that provides a highly efficient and clean
source of energy. Many studies on related materials have been
performed toward its widespread use [1,2]. Pt nanoparticles
on a carbon material are excellent catalysts for various fuel
cell reactions such as the hydrogen oxidation reaction, oxygen
reduction reaction (ORR) [3], and methanol oxidation reac-
tion; therefore, Pt is widely used in both anode and cathode
electrodes in the PEM fuel cell. Potential loss at the cathode,
which is caused by relatively sluggish kinetics of the ORR,
is a critical issue to be solved for further improvement of the
PEM fuel cell performance [4,5].

Many researchers previously proposed that the surface
modification of the carbon support by thermal, chemical, or
plasma treatment enhanced the catalytic activity of the Pt
nanoparticles [6]. In these treatments, the particle size and
dispersibility of the Pt nanoparticles were controlled by intro-
ducing surface functional groups onto the carbon supports. On
the other hand, the electronic structures of the Pt nanoparticles
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were modulated through the orbital hybridization between Pt
and C [7–9], which is termed Pt-C bonding. According to
computational approaches, the formation of Pt-C bonding is
increased by lattice defects of the carbon support [10], and
the defective carbon support enhances the ORR activity of
the Pt nanoparticles [11]. Quite recently, our experimental
work revealed that ion-beam-induced lattice defects in carbon
supports promote the formation of Pt-C bonding [12]. In the
present study, we carried out electrochemical measurements
of the Pt nanoparticles on the GC substrate irradiated with Ar+

and then demonstrated that the Ar+ irradiation improved their
ORR activity. The mechanism of the observed activity en-
hancement was investigated by x-ray absorption fine structure
(XAFS) measurements and density functional theory (DFT)
calculations.

II. RESULTS AND DISCUSSION

The ORR activity of the Pt nanoparticles on the Ar+-
irradiated GC substrates was measured by the rotating
disk electrode (RDE) method. We used the specific ac-
tivity (SA), which is defined as the activity standardized
by the electrochemical surface area (ECSA), of Pt within
the sample. The SAs of the samples were determined by
calculating ik , the mass-transport-corrected kinetic current
density. The ECSA of the electrode was calculated from
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FIG. 1. Pt nanoparticles on the GC substrates irradiated with Ar
ions as oxygen reduction catalysts. (a) CV curves for Pt nanoparticles
on the Ar+-irradiated GC substrates in an N2-saturated 0.1 M HClO4

solution at a scan rate of 50 mV/s. (b) ORR polarization curves for Pt
nanoparticles on the Ar+-irradiated GC substrates in an O2-saturated
0.1 M HClO4 solution at a sweep rate of 20 mV/s and a rotation rate
of 1600 rpm.

the hydrogen adsorption region during the cyclic voltam-
metry (CV) using a conversion factor of 210 μC/cm2

[13]. The CV curves were compared between the Pt
nanoparticles on the Ar+-irradiated and nonirradiated GC
substrates to examine how the Ar+ irradiation affects the
ECSA and the electric double layer of the samples. Fig-
ure 1(a) shows the CV curves of the Pt nanoparticles on the
GC substrates in an N2-purged 0.1 M HClO4 solution. The
ECSA values were estimated to be 0.59 and 0.57 cm2 on
the nonirradiated GC substrate and on the substrate irradiated
at the highest fluence (1.0 × 1016 ions/cm2), respectively.
The ECSA and electric double layer of the samples did not
change consistently as a function of the fluence. This can
reasonably be explained by considering the change in the
substrate roughness due to Ar+ sputtering [14]. Figure 1(b)
shows the linear sweep voltammetry (LSV) curves for the
same samples in an O2-saturated 0.1 M HClO4 solution at
a rotation rate of 1600 rpm. The ORR for all the samples
was diffusion-controlled when the potential was less than 0.6
V/RHE and was under mixed diffusion-kinetics control in the
potential region between 0.6 and 0.9 V/RHE.

Figure 2 shows the ORR activity of the Pt nanoparticles on
the GC substrates irradiated with Ar+ at different fluences and
on the nonirradiated substrate. Figure 2(a) provides the en-
larged view of the LSV curves in the range of 0.8–1.0 V/RHE
for the Pt nanoparticles on the GC substrates irradiated with
Ar+ at fluences of 1.0 × 1014, 1.0 × 1015, and 1.0 × 1016

ions/cm2 and on the nonirradiated GC substrate. Clearly, the
ORR current of the Pt nanoparticles on the irradiated sub-

FIG. 2. ORR performance of all the samples. (a) Enlarged view
of the ORR polarization curves for all the samples. (b) Tafel slopes
derived from the mass-transport correction of the corresponding
RDE data. Current densities are normalized to the ECSA of platinum
within the samples. Inset: Current densities of all the samples at
0.85 V.

strates began flowing at a more positive potential than their
nonirradiated counterpart, and the onset potential was higher
as the fluence increased. The LSV curves were recorded at
four different rotation speeds, and the Koutecky-Levich plots
for the ORR were straight lines. Thus, the kinetic current was
derived from Koutecky-Levich theory [15], and ik , obtained
using ECSA, was represented as the Tafel slope in Fig. 2(b).
The ik at 0.90 V/RHE were 0.12, 0.14, and 0.17 mA/cm2 for
the Pt nanoparticles on the substrates irradiated at 1.0 × 1014,
1.0 × 1015, and 1.0 × 1016 ions/cm2, respectively. In other
words, the SA became higher with an increase in the Ar+ flu-
ence [Fig. 2(b) (inset)] and, at 1.0 × 1016 ions/cm2, reached a
maximum of twice that on the nonirradiated substrate (0.087
mA/cm2). Strikingly, at 0.85 V/RHE, the maximum magni-
tude of the enhancement was ∼2.2. These results demonstrate
the enhancement of the ORR activity by the Ar+ preirradia-
tion of the GC.

The SA enhancement would undoubtedly be the result of
the Pt-carbon support interaction at the interface. According
to our recent study, the Ar+ irradiation left the structure of the
microcrystalline graphite with the largest number of vacancies
and promoted the formation of the Pt-C bonding between the
Pt nanoparticles and the GC substrate [12]. Therefore, the
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FIG. 3. XAFS spectra of Pt nanoparticles on the Ar+-irradiated
GC substrates. (a) The normalized XAFS spectra of the Pt M3-edge
measured in the TEY mode using the BL-27A of the KEK-PF. The
inset shows an enlarged view of the white-line peaks. (b) The normal-
ized XAFS spectra of the Pt L3-edge measured in the transmission
mode at the BL14B1 of SPring-8.

Pt-C bonding behavior at the interface is of great interest for
obtaining an insight into the origin of the higher activity.

The interfacial structure between the Pt nanoparticles and
GC substrate was investigated by XAFS measurements. We
analyzed the x-ray absorption near-edge structure (XANES)
data at the Pt M3-edge and the extended x-ray absorption
fine structure (EXAFS) data at the Pt L3-edge in terms of the
electronic structure of the Pt 5d band and the local bonding
structure around the Pt atoms, respectively. For the XANES
analysis, the x-ray absorption at the Pt M3-edge was investi-
gated because the Pt nanoparticles were deposited only on the
surface of the samples, and a lower x-ray energy is suitable
for the surface analysis.

Pt M3-edge XANES spectra were measured in the total
electron yield (TEY) mode to examine the changes in the
electronic structure of the Pt 5d band. They are shown in

Fig. 3(a) after normalization and background subtraction. The
white-line intensity of the Pt nanoparticles was reduced on the
Ar+-irradiated substrates, and this reduction became signifi-
cant as the irradiation fluence increased. These results indicate
that the density of the unoccupied Pt 5d states decreased on
the GC substrates irradiated with Ar+ due to the suppression
of Pt oxidation [16]. In fact, the tendency to inhibit oxygen
adsorption was also observed in the LSV curve [Fig. 1(b)]
[17]. In some papers about the relationship between the ox-
idation and ORR activity, the oxygen-containing surface layer
caused slower kinetics [18,19], because desorption of O and
OH would be the rate-limiting steps for the ORR at high
potentials on the Pt nanoparticles [20]. Thus, we consider that
the improvement of the ORR activity by the Ar+ irradiation
resulted from the suppressed oxidation.

The analysis of the EXAFS data can support the interpreta-
tion in the previous paragraph from the perspective of the local
bonding structure. Figure 3(b) shows the Pt L3-edge XAFS
spectra in the transmission mode. The white-line intensity was
lower, which is similar to Fig. 3(a). The radial distribution
function was obtained from the EXAFS oscillation in Fig. 3(b)
(Appendix B). The detailed EXAFS parameters, such as the
coordination number, bond length, and Debye-Waller factor,
are listed in Appendix C. This table indicates the follow-
ing two important characteristics: (i) the Pt nanoparticles on
the irradiated substrate exhibited a lower Pt-O coordination
number than those on the nonirradiated GC surface, and (ii)
the slight shortening of the Pt-Pt bond length was caused
by the Ar+ irradiation. Regarding the second characteristic,
the shortened Pt-Pt bond length was reported to weaken the
bond strength between O and Pt [21]. Therefore, these two
findings from the EXAFS analysis are consistent with the
suppressed oxidation discussed above. Note that the shorter
Pt-Pt bond length would originate from the structure of the
Pt/GC interface involving the Pt-C bonding.

DFT calculations were conducted to investigate the atomic
structures of the irradiated GC substrates that contributed to
the suppression of the Pt oxidation. The calculation models
comprise a Pt13 cluster and three layers of graphene [10,22–
26] with different vacancy configurations (Appendices A and
D). Although this model does not reproduce the size of the
Pt nanoparticles obtained experimentally, the same Pt clus-
ters have been used in similar discussions in previous papers
[10,22–26], and we considered that this model is applicable
to the discussion of our work. After structural relaxation, the
d-band center, εd [27] (average energy of the d-states), over
the 13 Pt atoms for each model was calculated (Table I) [28].
Compared to the case of the pristine graphene, when the Pt13

cluster was supported on the multiple vacancies (defined as

TABLE I. DFT calculations. Average d-band center values of the Pt13 cluster on the substrates with different defective structures.

Substrate εd of 13 atoms (eV)

Pristine graphene (PG) −2.36
Single vacancy only in the upper layer (SV) −2.34
Double vacancies only in the upper layer (DC) −2.43
Single vacancies in the upper two layers (2SV) −2.41
Double vacancies in the upper two layers (2DV) −2.41
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defective structures with more than two lattice vacancies), εd

became lower by 0.05 eV or more. It is broadly accepted that
εd correlates with the chemical reactivity of the Pt surface
[29], and the bonding of oxygen to the Pt surface has been
reported to weaken with a lower εd value [27]. Therefore,
the lower εd value indicates that the multiple vacancies of
the carbon support probably weaken the bonding of oxygen
to the Pt clusters. Such low oxygen-adsorption ability would
originate from the Pt-carbon support interaction involving the
electron transfer from the Pt d-orbitals to the carbon π -sites.
Thus, the suppression of the Pt oxidation can be ascribed to
the Pt-C bonding between Pt atoms and the multiple vacancies
of the carbon support, thereby improving the activity.

III. SUMMARY

In summary, the ORR activity of the Pt nanoparticles on
the Ar+-irradiated GC substrates increased proportionally to
the Ar+ fluence and, at 1.0 × 1016 ions/cm2, reached a max-
imum of 2.2 times that on the nonirradiated one. This activity
enhancement would be attributed to the Pt-carbon support
interaction at the Pt/GC interface. The XAFS measurements
clarified that the Ar+ irradiation led to the suppression of the
Pt oxidation. According to the DFT calculations, the lower
εd value on the multiple vacancies explains the suppressed
oxidation of the Pt nanoparticles, which is known to enhance
the ORR activity. It follows that the formation of the Pt-C
bonding promoted by the ion-beam-induced lattice defects
would be the origin of the higher activity. Additionally, the
ion-beam irradiation may also play an important role in dura-
bility enhancements because the Pt-carbon support interaction
was reported to increase the stability of the Pt nanoparticles
[6,7].
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APPENDIX A: EXPERIMENTAL METHODS

1. Sample preparation

Unpolished 1-mm-thick GC substrates were obtained from
Tokai Carbon Co., Ltd., Japan, and cut into 1 cm × 1 cm
samples. Ar+ irradiation was performed at an energy of 380
keV and the fluences between 1.0 × 1014 and 1.0 × 1016

FIG. 4. Sample preparation schematic for the Pt L3-edge XAFS
measurements at SPring-8.

ions/cm2 using the ion implanter at the Takasaki Ion Accel-
erators for Advanced Radiation Application (TIARA) facility
of the Takasaki Advanced Radiation Research Institute. The
irradiated GC substrates were heated at 400 ◦C in an N2

atmosphere for 1 h in order to remove water-related contami-
nation. Pt nanoparticles were then deposited on this substrate
by radiofrequency magnetron sputtering at room temperature.
The sputtering time and the plasma output were 60 s and
20 W, respectively, for all the samples. The sample preparation
method was adopted from the previous study [12].

2. Electrochemical measurements

All the electrochemical measurements using the RDE were
performed using an HZ-5000 Potentiostat (Hokuto Denko
Corp., Japan), a three-electrode cell with a KCl-saturated
Ag/AgCl reference electrode, and a Pt wire counter electrode.
We used the experimental system from a previous study [30].
The CV measurements were performed in an N2-saturated
0.1 M HClO4 electrolyte. The electrodes were cycled in the
potential range between 0.05 and 1.25 V (versus RHE) at
a scan rate of 50 mV/s after electrochemical cleaning [31].
Subsequently, the LSV measurements were performed in the
same potential range in an O2-saturated 0.1 M HClO4 at a scan
rate of 20 mV/s with rotation speeds of 400, 900, 1600, and
2500 rpm [32].

3. XAFS measurements

The XAFS measurements of the Pt M3-edge were carried
out on the BL-27A of the Photon Factory in the High En-
ergy Accelerator Research Organization (KEK-PF) [33] in the
TEY mode to conduct surface-sensitive measurements in an
ultrahigh-vacuum chamber at room temperature with a base
pressure of about 1.0 × 10−7 Pa. The spectra were processed
with normalization and background subtraction using the pro-
gram IFEFFIT [34]. The XAFS spectra of the Pt L3-edge were
obtained at the BL14B1 of SPring-8 [35] in the transmission
mode at room temperature. The samples for the Pt L3-edge
XAFS measurements were prepared as shown in Fig. 4.
Fourier transformation for the EXAFS spectra and a fitting
procedure were performed in the R-space with �k = 3.0–9.5
Å−1 and �R = 1.3–3.3 Å, respectively. The backward ampli-
tude and phase shift required for the least-squares fitting of
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FIG. 5. (a) k2-weighted EXAFS spectra, and (b)–(d) Fourier
transform of the EXAFS spectra.

the Fourier-transformed EXAFS spectra were obtained from
the FEFF 6 program [36].

4. DFT calculations

All the DFT calculations were performed using the Vienna
ab initio Simulation Package (VASP). The projector augmented
wave method combined with a plane-wave basis set and a
cutoff energy of 400 eV was used to describe the core and
valence electrons. The revised Perdew-Burke-Ernzerhof form
of the generalized gradient approximation was implemented
in all the calculations. A conjugate gradient algorithm was
used to relax ions into their ground states. The ions were
allowed to relax, but the unit cell and its shape were kept
constant. The energy converge criteria were set to 10−4 eV
for the self-consistent calculations with a γ -center 9 × 9 × 1
k-mesh. To accelerate the electronic convergence, Gaussian
smearing of the Fermi surface was employed with a smearing
width of 0.1 eV. All of the periodic slabs had a vacuum
spacing of 18 Å.

FIG. 6. (a) Calculation models of the irradiated GC and Pt
nanoparticles. The interface was modeled as an icosahedral Pt13

cluster and three layers of graphene with (b) SV, (c) DV, (d) 2SV,
and (e) 2DV.

APPENDIX B: EXAFS SPECTRA

Figure 5(a) shows k2-weighted EXAFS spectra of the
Pt-foil and the Pt nanoparticles on the GC substrate irra-
diated with Ar+ at a fluence of 7.5 × 1015 ions/cm2 and
on the nonirradiated substrate. Figure 5(b) was obtained by
Fourier transformation of the EXAFS spectra (3.0 < k < 9.5
Å−1, k2). Least-squares fitting with Pt-Pt and Pt-O nearest-
neighbor coordination shells in the R space (1.3 < R < 3.3
Å) was treated [Figs. 5(c) and 5(d)].

APPENDIX C: STRUCTURAL PARAMETERS OBTAINED
FROM THE ANALYSIS OF THE EXAFS SPECTRA

Table II shows the structural parameters obtained from the
analysis of the Pt L3-edge EXAFS spectra. In the Fourier
transformation of the Pt foil, the coordination number was set
to 12 as a reference. The Pt nanoparticles on the irradiated
substrate exhibited a lower Pt-O coordination number than
those on the nonirradiated substrate. The Pt-Pt bond length
of the Pt nanoparticles on the irradiated substrate was shorter
than on the nonirradiated substrate, even after errors were
considered.

APPENDIX D: CALCULATION MODELS

The model of the irradiated GC and Pt nanoparticles was
indicated in Fig. 6(a). The GC substrate was modeled as
three layers of graphene; each layer had a 5 × 5 structure
[25,26,37]. To simulate the irradiation defects, vacancies with
different configurations [(b) single vacancy only in the up-
per layer (SV), (c) double vacancies only in the upper layer
(DV), (d) single vacancies in the upper two layers (2SV),

TABLE II. The structural parameters obtained from the analysis of the Pt L3-edge EXAFS spectra.

Sample Path Coordination number Bond length (Å) DW factor (Å2) R-factor (%)

Pt-foil Pt-Pt 12 2.7572±0.0063 0.0031 0.0025
Nonirradiated Pt-Pt 10.293 2.7508±0.0026 0.0088 0.0083

Pt-O 2.041 1.9231±0.0085 0.0009
Irradiated Pt-Pt 10.799 2.7437±0.0031 0.0076 0.0098

Pt-O 1.289 1.9093±0.0175 0.0003
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and (e) double vacancies in the upper two layers (2DV)]
were introduced to the upper two layers. An icosahedral
Pt13 cluster was allowed to interact with the carbon atoms

[22–24]. One face of the icosahedron was in contact with the
graphene, and the face center of gravity was centered at each
vacancy.
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