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Introduction

Proton exchange membrane fuel cells (PEMFC) are a promising
power source for transportation and stationary application

with benefits such as high power density and low-temperature

operation.[1] To date, platinum materials have demonstrated
the highest catalytic activity toward oxygen reduction reaction

(ORR) in fuel cells.[2–4] Because of the high price of Pt, a bottle-
neck in this area for commercialization is to lower Pt usage to

<0.03 mg cm@2 to curtail the production cost of the mem-
brane electrode assembly (MEA). To reduce catalyst loading

from current state of the art (0.05–0.1 mg cm@2), the develop-

ment of optimal catalysts using Pt[5] or non-PGM[6–10] such as
Fe-N/C or heteroatom-doped carbon catalyst has continued on

the basis of moderated oxygen binding strength on their surfa-
ces to accelerate the sluggish kinetics of the oxygen reduction

reaction (ORR) on the fuel cell cathode.
The doping of heteroatoms, especially nitrogen, into a

carbon support has been shown to influence three aspects of

the catalyst metal–support system: 1) the nucleation and
growth rate during the synthesis step, 2) chemical binding be-

tween the metal catalyst and support, and 3) modification of
the electronic structure of the metal. N species or defects pro-

duced during N insertion into a carbon lattice increase the in-
teraction between the carbon support and Pt ions or Pt nano-

particles,[11] which is known to be responsible for improving

durability and ORR activity.[12] However, the detailed roles of N
species or defect to Pt in terms of oxygen binding energy

have not been fully understood. It is also debatable whether
the catalytically active site is only Pt or if it is accompanied

with heteroatom-doped carbon, and this problem is challeng-
ing because of the homogeneity of N species prepared by dif-

ferent fabrication techniques.

Nitrogen doping can be performed through diverse in situ
or ex situ processes. In situ doping requires the use of nitrogen

precursor for the desired species and carbon prepared through
the template method,[13, 14] chemical vapor deposition,[15, 16] and

electrospinning,[17–21] whereas ex situ doping requires the incor-
poration of nitrogen dopant into an undoped carbon matrix
such as through plasma coating[22] or thermal processing in

ammonia or N2.[23] However, these methods need complex pro-
cedures and poisonous chemicals, which results in extremely
low yields and limitation towards the commercial application
of heteroatom-doped carbon materials. If the method includes

pyrolysis, it is difficult to control the concentration of N species
owing to evacuation of the N atom from the carbon lattice at

high temperature. However, carbon materials for Pt nanoparti-

cles support in fuel cells are necessary to increase the reaction
surface area and decrease the Pt particle size. In addition to a

high surface area, a support for fuel cells should also possess
high electrical conductivity and a micro-/mesoporous structure

to boost diffusion of the reactant species through the proton
ionomers. Among various carbon materials, carbon black has

been widely used owing to its high availability and low cost.[24]

Baek and co-workers have proposed scalable production of
edge-functionalized graphene through ball-milling.[25, 26] The

edge site in a carbon lattice can be substituted with H, S, N, I,
Br, and other elements by cracking the graphitic C@C bond

and inducing edge reactions through frictional heat with high
energy. Along with nitrogen precursors such as pyridine and

An N-doped carbon with various N concentrations was pre-

pared by using a scalable ball-milling method. The importance

of the lone pair of electrons on the N species for the stability
of Pt nanoparticles and their activity toward the oxygen reduc-

tion reaction was investigated. X-ray spectroscopic analysis

was used to investigate the interaction between Pt and the

pyridinic N. The pyridinic N modified the Pt oxidation state

and helped achieve size homogeneity and high catalytic activi-
ty by facilitating the rate-determining step.
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urea, large quantities of N-functionalized carbon material could
be synthesized by mechanochemical ball milling. Recently,

some research groups have succeeded in synthesizing N-
doped carbon by using ball milling with melamine for use as a

catalyst in an energy conversion system.[27–29] This scalable
strategy is advantageous for the simple modification of pristine

carbon black to edge-N-doped carbon as well as to achieve a
high N doping concentration (&10 wt %); therefore, it is possi-
ble to use the N-doped carbon from ball milling as a catalyst

support.
In this work, we investigated the ORR activity of Pt/N-doped

carbon and its dependence on the N content. The activity of
the ORR increased with the concentration of N species, espe-

cially pyridinic N. To investigate the role of the lone-pair elec-
tron in pyridinic N, we tuned the N content to determine the

optimal Pt/N-doped carbon with high stability and activity in
PEMFC.

Results and Discussion

To investigate the structure of the N-doped carbon with re-

spect to melamine content, we confirmed the chemical bond
related with carbon by both X-ray photoelectron spectroscopy

(XPS) in C 1s and X-ray absorption fine structure (XAFS) analysis
in the C K-edge region. The XPS spectra in the C 1s region

were obtained to examine the carbon species; five peaks at
284.6, 285.2, 286.4, 287.3, and 289.0 eV were assigned to

carbon bonding as C=C sp2, C=C sp3, C@OH, C=O, and O@C=O,

respectively [Figure 1 (a)] .[30] BMV (carbon without melamine)
had a relatively high proportion of sp3 carbon, which might be
owing to the defective structure compared with N-doped
carbon, which predominant contained sp2 carbon. According

to the Raman spectra of BMV (Figure S1 in the Supporting In-

formation), broader G and D bands were observed, which is
generally observed in higher-disordered graphite with a high

fraction of sp3 carbon.[31, 32] 1.0MV and 3.0MV (N-doped carbon
with a ratio of melamine to carbon black of 1.0 or 3.0, respec-

tively) had a small amount of oxygen functional groups such
as carbonyl groups (C=O), whereas BMV had a high concentra-

tion of C@OH and O@C=O groups in the carbon structure. The
near-edge X-ray absorption fine structure (NEXAFS) spectrum

of N-doped carbon with four peaks from A to D is shown in

Figure 1 (b).[33, 34] The NEXAFS spectrum of BMV had a pre-edge
at 283.7 eV (peak A), ascribed to missing carbon atoms and
edge, as confirmed with the sp3 carbon peak in the C 1s XPS
spectrum.[35] The pre-edge peak vanished in the spectra in the

presence of melamine. Moreover, maximum intensities of
0.5MV, 1.0MV, and 3.0MV were observed at peak B for the p*

transition from C=C, whereas that of BMV shifted in the direc-

tion of high energy from peak B owing to the higher contribu-
tion of C@OH bonding (peak C).[36] Peak D at approximately

288.1 eV was assigned as unoccupied p* from C@O@C and C@
N bonding, and its intensities gradually increased with increas-

ing melamine concentration.[37] To verify the origin of the C@
O@C or C@N bond in NEXAFS spectra, we performed XPS anal-

ysis in the N 1s region, as shown in Figure 1 (b), which was de-

convoluted into four peaks: pyridinic N at 398.4 eV, pyrrolic N
at 400.1 eV, graphitic N at 401.8 eV, and pyridinic N-oxide at

approximately 405 eV. The nitrogen concentration increased
from 2 to 11 at % with increasing melamine concentration,

whereas the oxygen amount reduced accordingly, as deter-
mined by XPS (Table S1 in the Supporting Information). There-

fore, peak D in the NEXAFS spectra could originate from C@N

bonding of N-doped carbon synthesized in the presence of
melamine, but it could be contributed by C@O@C in the case

of BMV. The doping concentration determined by elemental
analysis was approximately 11.59 % in 3.0MV

(Table S2 in the Supporting Information). The carbon
edge of the oxygenated functional group (e.g. , @OH

and @C=O) of BMV could be induced by the carbon

termination/oxidation reaction owing to the violent
sparking by ambient air.[25, 38] However, in the pres-

ence of melamine, the unstable carbon species could
be modified to C@N bonding by triazine, which is
generally used as an N-doping source and produced
from melamine decomposition by frictional heat

during ball milling. The pyridinic N and pyrrolic N
were the main N species, which depended on the
melamine concentration. The proportion of pyridinic
N increased compared with that of pyrrolic N as the
melamine concentration increased and was the high-

est in 3.0MV. After loading Pt nanoparticles on the
as-prepared carbon support, XRD and TEM analysis

was used to verify the Pt morphology and distribu-
tion.

The XRD patterns with respect to melamine con-

centration contained five distinct peaks at 39, 47, 67,
81, and 838 corresponding to Pt (111), (2 0 0), (2 2 0),

(3 11), and (2 2 2), respectively [Figure 2 (a)] ,[39, 40]

which was consistent with a face-centered crystal

Figure 1. (a) C 1s XPS spectra, (b) NEXAFS spectra of the C K-edge, and (c) N 1s XPS spec-
tra of N-doped carbon prepared with different amounts of melamine (BMV, 0.5MV,
1.0MV, and 3.0MV).
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structure of Pt. The full-width half maxima (FWHM) of the five

peaks broadened with increasing melamine concentration, es-
pecially the (2 2 2) plane, which eventually disappeared in the

XRD pattern of Pt/3.0MV. The (2 2 2) plane is parallel to the
(111) plane, which is the predominant site in >2 nm octahe-

dral nanoparticles.[41] The average crystal size of the Pt nano-
particles was calculated with the (111) plane using Scherrer’s
equation and summarized in Table S3 in the Supporting Infor-

mation. The domain size reduced from 5.52 nm in Pt/BMV to
2.91 nm in Pt/3.0MV. Support–metal interactions play an im-
portant role in determining the particle size and distribution
because the support surface properties govern the nucleation

and growth kinetics during metal deposition.[12] In terms of Pt
amount, the amount of loaded Pt on N-doped carbon was

almost similar to the melamine doping concentration, (50.5:
0.6) % (Table S4 in the Supporting Information). The functional
groups on the carbon support can affect Pt nucleation in
terms of kinetics and strength between the Pt ion and carbon.
To estimate the behavior of Pt and N-doped carbon during Pt

nucleation, we compared the potential of zero charge (PZC),
the potential region for minimum ion adsorption at the sur-

face, depending on melamine concentration, as shown in Fig-
ure 2 (b).[42] The PZC location was determined by the potential
at minimum current, at which the adsorption of hydroxyl ion

or chloride ion and oxidation of hydroquinone start, in cyclic
voltammetry in N2-satuatred 0.1 m HClO4. (Figure S2 in the Sup-

porting Information).[43, 44] In case of BMV, the PZC location pos-
itively shifted compared with the pristine carbon support. This

was interpreted as that the oxygenated functional groups

withdraw anions on the surface of BMV owing to co-ion repul-
sion.[45, 46] In contrast, N-doped carbons exhibited negative shift

of the PZC location from the pristine carbon support, indicat-
ing the opposite surface charge against BMV was formed in

0.5MV, 1.0MV, and 3.0MV. According to the literature, oxygenat-
ed functional groups increase the acidity of the carbon surface,

whereas N functional groups lead to the formation of basic

groups, which increase the pH of the isoelectric point com-
pared with pristine carbon.[47, 48] In other words, the presence

of nitrogen atoms from pyridine and pyrrole in 0.5MV, 1.0MV,
and 3.0MV results in increased basicity of the N-doped carbon

surface, and they act as nucleation sites, providing enhance-
ment in the nucleation rate owing to their negatively charged

and electron-rich donor surface state.[49, 50] Therefore, if more N

species are present in the carbon, the size of the Pt nanoparti-
cles is smaller. The Pt nanoparticles in Pt/3.0MV were smaller

(2.91 nm) than in Pt/1.0MV (2.98 nm) despite the similar N con-
tent. This could be related to the stability of the lone pair of

electrons in pyridine and pyrrole. Pyridine has a stable conju-
gated system of three C=C bonds in the aromatic ring, and

thus it has a free lone pair of electrons on the N atom for don-

ation. In contrast, pyrrole does not have a conjugated system
of p bonds owing to its pentagonal ring. Its lone pair of elec-

trons participates in the resonance, so they cannot be donated
with others. Pt/3.0MV had more pyridine, which could result in

a more negatively charged surface, resulting in a smaller Pt
nanoparticle size. As shown in Figure 2 c, d and the inset image

Figure 2. (a) XRD patterns of Pt/BMV, Pt/0.5MV, Pt/1.0MV, and Pt/3.0MV and (b) zero charge of potential (ZPC) depending on melamine amount (BMV, 0.5MV,
1.0MV, and 3.0MV). TEM images and (inset) histogram of Pt particle distribution of (c) Pt/BMV and (d) Pt/3.0MV.
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of the Pt diameter histogram of Pt/BMV and Pt/3.0MV, Pt/
3.0MV exhibited fine Pt nanoparticles with a uniform distribu-

tion, whereas the Pt nanoparticles agglomerated in the case of
Pt/BMV. BMV also has a negatively charged surface incorporat-

ed in the oxygen functional group rather than the N species,
but the higher electronegativity of the oxygen could excessive-

ly accelerate the nucleation kinetics and result in metal ag-
glomeration.

We performed electrochemical tests to measure the electro-

chemical active surface area (ECSA) of Pt and evaluate the ORR
activity depending on the N amount in carbon. A change in

the peak shape of the cyclic voltammograms (CVs) owing to
the presence of N species in the anodic current from 0.0 to

0.4 V vs. reversible hydrogen electrode (RHE) was observed
[Figure 3 (a)] . The peak is known as hydrogen desorption from
the Pt surface and used for measuring ECSA by calculating the

peak area. The ECSA of Pt/3MV was higher than that of Pt/
BMV owing to the small Pt size and uniform distribution con-

firmed by the TEM and XRD results. The ORR polarization
curves are shown in Figure 3 b, which indicated a lower onset
potential as the amount of N species increased. In particular,
Pt/3.0MV showed much higher ORR activity compared with

commercial Pt/C. The uniformity of the Pt nanoparticles of Pt/

3.0MV could contribute to this activity enhancement, but the

difference in ECSA was not sufficient to improve ORR activity.
To determine the origin of the activity enhancement, we com-

pared the activity of the carbon support because nitrogen
functional groups are known as active material toward ORR

owing to the presence of N@C sites.[51] However, as-prepared
carbon supports were almost inactive in this acidic medium;

consequently, the activity of Pt on N-doped carbon might be
improved owing to other reasons rather than the synergetic

effect between Pt and the nitrogen functional group.

Because the electronic configuration and electron density of
d-orbitals is regarded as one of crucial parameters responsible

for catalytic activity,[52] we investigated the Pt oxidation state
and chemical bonding of the Pt atom. As shown in Figure 4 (a),

the peak positions of Pt on N-doped carbon were shifted to
higher binding energy compared with Pt/BMV. This means that

the Pt oxidation states were increased from Pt0 to Pt2 + or Pt4 + .

In contrast, the binding energies of nitrogen were negatively
shifted (Figure S3 in the Supporting Information), which indi-

cated that strong metal–support interaction happened, in
agreement with the TEM image of well-distributed Pt particles

on N-doped carbon. These metal f-band modification by N-
doped carbon have been reported in several studies[53, 54] and

can result in changing of their catalytic activity by tuning the

adsorption energy of the reactants and intermediates. Pyridine
and pyrrole are known as electron donors. When Pt is deposit-

Figure 3. (a) XPS spectra of the Pt 4f region and (b) k3-weighted FT-EXAFS
plots of Pt/BMV, Pt/0.5MV, Pt/1.0MV, and Pt/3.0MV.

Figure 4. (a) CVs of Pt/BMV, Pt/0.5MV, Pt/1.0MV, and Pt/3.0MV in N2-saturated
0.1 m HClO4 and (b) ORR polarization curves of Pt catalysts and their carbon
supports in O2-saturated 0.1 m HClO4 with 1600 rpm rotating speed.
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ed, electron transfer from N species to unfilled orbitals of Pt
could occur. However, the oxidation state of Pt was increased

according to the XPS spectra. This discrepancy could be ac-
counted by s-bonding and p-backbonding from the lone pair

of electrons in the p-orbital of the N atom in N species to the
empty d-orbital of the Pt atom. Then, p-backbonding occurs

from the filled Pt atomic d-orbital to the p antibonding orbital
of the N atom.[55] Furthermore, we observed an increase in the
radial distance of Pt@O in Fourier-transformed extended X-ray

absorption fine structure (EXAFS) results obtained from the
Pt@L edge (Figure 4 b). The peaks at 2.64 and 1.64 a were
caused by Pt@Pt and Pt@O bonding, respectively.[56] As the N
content in Pt on N-doped carbon increased, the intensity of

the Pt@Pt bonding peak decreased, and the radial distance of
the Pt@O bonding shifted to a more positive value. Because

the atomic radius of nitrogen is bigger than that of oxygen,

the increment might be owing to Pt@N bonding in Pt on N-
doped carbon. We also performed electron paramagnetic reso-

nance (EPR) analysis at room temperature to confirm Pt@N in-
teraction (Figure S4 in the Supporting Information). The EPR

signal was significantly reduced from 3.0MV to Pt/3.0MV. Be-
cause a large metal content is known to trigger fast relaxation

of the conduction electrons,[57] the reduction in intensity was

attributed to Pt loading on the C@N bond with an unpaired
electron. Namely, most of the electrons in Pt/3.0MV existed in

pairs and not unpaired electrons by formation of Pt@N interac-
tions. In summary, the electrons of Pt on N-doped carbon

might move from Pt to N owing to the formation of Pt@N
bonding with strong electronic interaction. This tuned elec-

tronic structure through metal–support interaction might

make a major contribution to enhancing the ORR activity by al-
tering the activation energy of the ORR.

Two reaction steps are generally known to govern the ORR
kinetics on Pt, which are the O@O bond cleavage step and the

O2 adsorption step accompanying charge transfer from the
cluster to the adsorbate.[58] DFT calculations have revealed that

Pt clusters on N species can make it easier for O2 to adsorb

and facilitate O@O dissociation by elongating the bond dis-
tance.[59] In the case of a Pt cluster on a pristine carbon sup-

port, the amount of transferred charge to O2 is reduced be-
cause the Pt cluster also donates charge to the carbon sup-

port. That is, the presence of a carbon support diminishes the
O2 adsorption energy. It also leads to an increase in the Pt@O

distance and a decrease in the O@O distance, and then causes
sluggish ORR. In contrast, N species donate electrons to the Pt
cluster. During ORR, electrons from the Pt cluster could transfer

to O2 and form a Pt@O bond. Therefore, enhanced ORR activity
of Pt/3.0MV resulted from the electron donation from the N-

rich carbon support to the Pt nanoparticles.
The decrease in the ECSA in the durability test of Pt/3.0MV,

Pt/BMV, and commercial Pt/C is shown in Figure 5. It was as-

sessed by using the triangle method, repeating CV from 0.6 to
1.0 V until 10 000 cycles in O2-saturated 0.1 m HClO4. After

10 000 cycles, Pt/3.0MV had an ECSA retention of approximate-
ly 90 % of the initial ECSA, which was higher than that of com-

mercial Pt/C. We also analyzed the concentration of dissolved
Pt in 0.1 m HClO4 after 10 000 accelerated stress test (AST)

cycles using inductively coupled plasma (ICP)-MS. As summar-

ized in Table S5 in the Supporting Information, dissolved Pt
from Pt/3.0MV was much lower than from Pt/BMV. The Pt parti-

cle degrades mainly through dissolution from the Pt@OH form

in this potential range of the durability test. The strong interac-
tion between the Pt particle and N species in N-doped carbon

might suppress Pt dissolution of Pt/3.0MV like in a previous
study.[16] Pt/BMV, possessing oxygenated functional group,

showed high Pt loss owing to promotion of the carbon corro-
sion process. It was reported that the incorporation of nitrogen

into a carbon support leads to a reduction of oxygenated func-

tional groups and inhibits Pt degradation against carbon corro-
sion.[60, 61] We also performed TEM analysis to check the mor-

phological change by an AST test. Even after 10 000 cycles, Pt/
3.0MV maintained its small particle size and uniform distribu-

tion owing to strong Pt@N interaction. (Figure S5 in the Sup-
porting Information)

We evaluated the PEMFC performance and durability of Pt/

3.0MV and Pt/BMV as cathode catalysts with 25 cm2 of MEA.
I–V curves were produced by using H2/air with various stoichi-

ometry numbers in the cathode. 1.5 and 2.0 bar backpressure
was applied to the anode and cathode, respectively. The open-

circuit voltages, determined by mainly catalytic activity at low
current density, of Pt/3.0MV and Pt/BMV were 0.923 and

0.878 V at the beginning of life, respectively (Figure S6 in the
Supporting Information). This could contribute to enhanced
ORR activity through a tuned Pt electron structure by N spe-

cies in N-doped carbon. The performance in the high-current
region of the I–V curve was affected by the MEA resistance

and mass-transfer limitation. The steep slope in the I–V curve
of Pt/BMV indicated a high contribution of the iR drop. When

the quantity of oxygenated functional groups in a carbon sup-
port is increased, it has semiconductor-like electronic proper-
ties with a bandgap. However, nitrogen doping on carbon

leads to narrowing of the bandgap or the formation of a new
peak in the density of states around the Fermi level, which re-

sults in a system with metallic behavior.[58] Because of the high
conductivity of 3.0MV, the rated power density was also higher

Figure 5. Normalized ECSA after a 10 000 cycle durability test of Pt/BMV, Pt/
3.0MV, and commercial Pt/C.
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in Pt/3.0MV than in Pt/BMV. Furthermore, Pt/3.0MV retained a
higher power density than Pt/BMV after 10 000 AST cycles

owing to strong Pt@N interactions. As shown in Figure 6, the
activity loss of Pt/3.0MV was only 19 mW cm@2, whereas that of

Pt/BMV was 46 mW cm@2.

Conclusions

Pt nanoparticles were deposited on N-doped carbon fabricated
through a facile and scalable ball-milling method. The amount

of N increased with increasing amount of melamine precursor,
especially the amount of pyridinic N. The lone pair of electrons

of pyridinic N acted as the nucleation site for the Pt precursor,
which led to a highly uniform distribution of fine Pt nanoparti-

cles in the Pt/3.0MV catalyst. We confirmed the significance of

the Pt@N bond in the Pt cluster depending on the N content
by extended X-ray absorption fine structure (EXAFS) analysis

and X-ray photoelectron spectroscopy (XPS). N species tether
to the Pt nanoparticle by electron transfer through p-back-

bonding. The tuned Pt electron structure contributes to en-
hanced oxygen reduction reaction (ORR) activity and proton

exchange membrane fuel cells (PEMFC) performance. Further-

more, strong interaction between Pt and N-doped carbon pre-
vents the loss of the Pt active surface area.

Experimental Section

Synthesis of N-doped carbon

The N-doped carbon was prepared through a ball-milling method
with commercial carbon black (Vulcan XC-72, CABOT) and mela-
mine (Sigma–Aldrich). Carbon black, melamine, and zirconia balls
were mixed in a zirconia container. The weight ratio of carbon
black to zirconia balls was 1:50. The concentration of N species in
N-doped carbon was controlled by the ratio of melamine to
carbon black as 0, 0.1, 0.5, 1.0, and 3.0. The mixture was pulverized
in a planetary ball mill (Planetary Mono Mill, FRITSCH) with
500 rpm and 72 repetitions, including 30 min of milling and 10 min
of pause time. To remove excess melamine in the produced
carbon powder, it was washed in hot water and separated by
vacuum filtration. Then, it was dried in an oven at 60 8C for 24 h.
The nitrogen content on the carbon was controlled by the ratio of
melamine to carbon black. We designated the N-doped carbon de-

pending on the amount of melamine as BMV, 0.1MV, 0.5MV, 1.0MV,
and 3.0MV.

Synthesis of Pt/N-doped carbon

Pt nanoparticles on as-prepared N-doped carbon were synthesized
through the polyol process. N-doped carbon (300 mg) was dis-
persed in a mixture of ethylene glycol (132.65 mL, Sigma–Aldrich)
and deionized water (67.35 mL) using a bath sonicator for 1 h.
H2PtCl6·x H2O (Alfa Aesar) was dissolved in deionized water to make
a 20 % Pt precursor solution and diluted with ethylene glycol
(20 mL, Sigma–Aldrich). The diluted Pt precursor solution was
dropped into a carbon dispersion solution for 30 min, and then
the solution was heated to reflux at 160 8C for 3 h. When the tem-
perature of the solution fell to 40 8C, we increased the pH to 10
with 1 m NaOH solution (Sigma–Aldrich) and stirred the solution at
40 8C for 20 h. Consequently, the Pt catalysts were obtained and la-
belled as BMV, Pt/0.1MV, Pt/0.5MV, Pt/1.0 MV, and Pt/3.0MV de-
pending on the amount of melamine.

Physicochemical characterization of N-doped carbon and Pt/
C

We conducted various surface analyses of N-doped carbon, which
can affect the Pt growth kinetics and chemical properties of
loaded Pt on N-doped carbon. To determine the electronic struc-
ture and surface functional groups of N-doped carbon depending
on the melamine content, NEXAFS spectra over the C K-edge were
obtained at the total electron yield mode in beamline 10D located
at Pohang Accelerator Laboratory (PAL). We also conducted XPS at
Korea Basic Science Institute (KBSI) to investigate both N and C
species and the elemental composition of N-doped carbon de-
pending on the melamine content. In terms of the N amount, the
weight percentages were also confirmed with an elemental ana-
lyzer (Elementar Analysensysteme GmbH). The carbon structure of
N-doped carbon was observed with a Raman microscope (Horiba
Jobin–Yvon). The excitation source was a 515 nm diode laser, and
the excited laser was detected by a charge-coupled device (CCD)
at room temperature.
The microstructure of Pt nanoparticles on N-doped carbon, such as
the morphology and particle distribution, was analyzed by field-
emission TEM (FE-TEM, JEM-2100F). The Pt loading amount was
confirmed by ICP atomic emission spectrophotometry (ICP-AES,
ACTIVA, JY HORIBA). The concentration of dissolved Pt ions in 0.1 m
HClO4 after electrochemical AST test was analyzed by ICP-MS.
Energy-dispersive X-ray spectroscopy was also utilized for the ele-
ment atomic percentage and distribution. The crystal structure was
confirmed by XRD (Miniflex II, Rigaku), using a CuKa for X-ray anod-
ization source (l= 0.15141 nm). The Pt oxidation state was deter-
mined by XPS at KBSI. XAFS in Pt LIII-edge was also performed to
investigate the chemical nature of Pt species of Pt nanoparticles
on N-doped carbon. Spectra were obtained in TEY mode from
beamline 7D of PAL. Powder-type specimens were collected in a
sample holder to penetrate hard X-ray. EPR measurements were
performed using a Bruker EMSplux instrument. The microwave fre-
quency was 9.644 GHz, and the power setting was 1 mW.

Electrochemical measurements

Electrochemical tests were performed with a potentiostat/galvano-
stat (Biologic, VSP) and a three-electrode system consisting of Ag/
AgCl (in 3 m KCl) and Pt wire as reference electrode and counter

Figure 6. Power density at 0.45 V of a PEMFC cell voltage at beginning of
life and after AST 10 000 cycles (end of life) of Pt/BMV and Pt/3.0MV.
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electrode, respectively. A working electrode was fabricated by the
ink drop-casting method. For the ink, catalyst (10 mg) was dis-
persed in a mixture of deionized water (1.2 mL), isopropanol
(0.8 mL, Junsei), and Nafion resin dispersion solution (10 mL,
Sigma–Aldrich) in water and aliphatic alcohol. After dispersing for
30 min in a bath sonicator, catalyst ink (9.9 mL) was loaded on a ro-
tating ring-disk electrode (RRDE, Pine, area = 0.248 cm2) and then
dried in an oven at 60 8C for 20 min. CV was performed in N2-satu-
rated 0.1 m HClO4 (Sigma–Aldrich) electrolyte from 0.05 to 1.15 V
vs. RHE with a 20 mV s@1 scan rate. The temperature of the electro-
lyte was maintained at 293 K with a circulator. For evaluating the
ORR activity, linear sweep voltammograms (LSV) were acquired in
O2-saturated 0.1 m HClO4 electrolyte from 1.15 to 0.05 V vs. RHE
with a 5 mV sec@1 scan rate. Before CV and LSV, we conducted CV
with a 100 mV sec@1 scan rate in deaerated 0.1 m HClO4 electrolyte
to remove organic chemicals from the ink solvent. The durability of
Pt nanoparticles on N-doped carbon was assessed using a triangle
wave cycle method, a kind of AST. This method involved repeated
cycling from 0.6 to 1.0 V with a 50 mV sec@1 scan rate, known as
the Pt dissolution potential range. It was conducted in O2-saturated
0.1 m HClO4 and included evaluation of the ECSA by CV and ORR
activity by LSV every 1 000, 3 000, 5 000, and 10 0000 cycles.

PEMFC operation

To evaluate the performance in a PEMFC, we fabricated a MEA
with 25 cm2 of gas diffusion layer (29BC, SGL) and N211 membrane
(Dufont). The catalyst was loaded by auto-spraying on gas diffusion
layer (GDL) with catalyst ink, including catalyst, isopropanol, deion-
ized water, and Nafion resin dispersion solution. Pt nanoparticles
on N-doped carbon were used for only the cathode catalyst,
whereas commercial Pt/C was used as the anode catalyst. The
loading amount of the anode and cathode was 0.10 and
0.20 mgPt cm@2, respectively. Two GDLs with a catalyst layer were
assembled with the membrane, then pressed with a hydraulic
press system (3851-0, Carver) at 140 8C. The hot-pressing was con-
tinued for 5 min with 250 psi of pressure. The PEMFC test was per-
formed with a fuel cell station (Scitech Korea Inc.). Prior to the I–V-
curve measurement, we applied a constant voltage at 0.55 V for
4 h with blowing H2 and O2 gas to activate MEA by humidifying
the membrane with water product. The cell temperature was main-
tained at 80 8C, and the relative humidity was 80 %. We used O2

and air with a stoichiometry value of 2.0 to 4.0 as cathode fuel,
whereas fixed H2 gas with 1.5 stoichiometry value was used in the
anode for the I–V-curve measurements. In the case of PEMFC oper-
ation with air as cathode gas, backpressure was applied to make
outlet gas pressure on the anode and cathode with 1.5 and 2.0 bar
(abs), respectively. We increased 0.1 A cm@2 every 20 sec from the
open-circuit voltage to 0.3 V of the cell voltage. The AST test was
performed by repeating a constant voltage at 0.6 V for 3 s and
1.0 V for 3 s as one cycle. The inlet gas was N2 gas for the cathode
(50 sccm) and H2 gas for the anode (200 sccm). After 10 000 cycle
AST test, we obtained an I–V curve to evaluate the performance at
end of life.
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