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a b s t r a c t

We report on the electronic structure of three different types of N-containing carbon-based cathode cat-
alysts for polymer electrolyte fuel cells observed by hard X-ray photoemission spectroscopy. Prepared
samples are derived from: (1) melamine and poly(furfuryl alcohol), (2) nitrogen-doped carbon black and
(3) cobalt phthalocyanine and phenolic resin. C 1s spectra show the importance of sp2 carbon network
formation for the oxygen reduction reaction (ORR) activity. N 1s spectra of the carbon-based cathode
eywords:
olymer electrolyte fuel cell
athode
xygen reduction reaction
-ray photoemission spectroscopy
arbon alloy catalysts
lectronic structure

catalysts are decomposed into four components identified as pyridine-like, pyrrole- or cyanide-like,
graphite-like, and oxide nitrogen. Samples having high oxygen reduction reaction activity in terms of
oxygen reduction potential contain high concentration of graphite-like nitrogen. O 1s spectra are similar
among carbon-based cathode catalysts of different oxygen reduction reaction activity. There is no corre-
lation between the ORR activity and oxygen content. Based on a quantitative analysis of our results, the
oxygen reduction reaction activity of the carbon-based cathode catalysts will be improved by increasing
concentration of graphite-like nitrogen in a developed sp2 carbon network.
. Introduction

Catalysts for oxygen reduction reaction (ORR) have been inten-
ively investigated in recent decades for metal–air battery and fuel
ell applications [1–19] because of the considerable overpotential
ith ORR. In particular, the application of the catalysts in polymer

lectrolyte fuel cells (PEFCs) has attracted much attention and has
een demonstrated in vehicular and stationary applications as a
ew system for the conversion and storage of energy. Convention-

lly, platinum (Pt) is used as the catalyst on both the cathode and
he anode, with higher loading on the cathode due to the sluggish
inetics of ORR in which the oxygen molecule is reduced to water
1]. However the high costs and the scarcity of Pt have obstructed

∗ Corresponding author at: Department of Applied Chemistry, School of Engineer-
ng, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan.
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the commercialization of PEFCs. Therefore, ORR catalysts without
platinum should be developed.

Among possible replacements for Pt, carbon-based cathode cat-
alysts [2–19] such as carbon alloy catalysts (CACs) [17–19] have
been extensively studied owing to their high ORR activities. Car-
bon alloys are carbon materials modified by other elements such
as hydrogen, boron, and nitrogen [20]. Since carbon-based cath-
ode catalysts can be synthesized from a wide variety of materials
such as organometallic complexes, iron or cobalt salt, resin, carbon
black and ammonia [2–19], there are abundant resources to prepare
non-platinum ORR catalysts. The mechanism of the catalytic activ-
ity of carbon-based cathode catalysts has long been under debate.
It has been suggested that the Me–N4/C, Me–N2/C and/or Me–C–N
moieties (Me = Co, Fe) act as the ORR active site [2,5–8]. It has also

been suggested that nitrogen plays a crucial role in the ORR activity
[8,11–18]. In particular, some groups have emphasized the impor-
tance of pyridine-like nitrogen as a marker for the edge plane of
the carbon layer [8,12,13]. In order to surpass the ability of con-
ventional Pt catalysts, it is important to identify the ORR active

dx.doi.org/10.1016/j.jpowsour.2010.08.054
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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and IMFP [22] are taken into account. The composition ratio of Co in
Co1000aw is only 0.03 at. % within the probing depth 10 nm which
is sufficiently deep to cover all the area of the nanoshell. According
to our recent XANES study, over 80% of the residual cobalt is com-
posed of metallic state [24], while it is known that metallic cobalt

Table 1
Electrochemical activities for ORR measured by rotating disk electrode voltammetry
and BET specific surface areas of the CACs.

Sample EO2
a (V vs. NHE) i0.7

b (�A cm−2) SBET
c (m2 g−1)

Co1000aw 0.75 −49.8 242
Co1000 0.75 −46.4 287
AO90 0.57 – 1200
AO50 0.58 – 1250
N2 0.45 – 122
N1 0.45 – 310

a Oxygen reduction potential defined as the voltage at which a reduction current
density of −10 �A cm−2 is reached.

b Current densities at 0.70 V vs. NHE (i0.7).
c BET specific surface area.

Table 2
The composition ratios (at.%) for CACs estimated from the HXPES results. In the
calculation of the composition ratios, photoionization cross-section and IMFP at
5.95 keV excitation are taken into account. For AO90, AO50, N2, and N1, there is no
cobalt in their precursors.

Sample C N O Co

Co1000aw 96.33 0.37 3.27 0.03
H. Niwa et al. / Journal of Pow

ite in carbon-based cathode catalysts. Hard X-ray photoemission
pectroscopy (HXPES) is a powerful tool [21] for determining the
hemical state of each constituent element irrespective of surface
ontamination owing to its large probing depth. In this study, we
ave prepared three different types of CACs and proposed the ori-
in of the ORR activity in the CACs by investigating the electronic
tructure of each element in the CACs by HXPES.

. Experimental methods

.1. Sample preparation and characterization

Three different types of CACs were synthesized: (1) nitrogen-
oped carbon materials prepared by a kneading method in which
he precursors contain nitrogen atoms (N1 and N2). N1 and N2 were
ynthesized from melamine and poly(furfuryl alchol) to have dif-
erent N-doping levels (N2 > N1). Details of the preparation and the
lectrochemical characterization of N1 and N2 have been described
lsewhere [17]. (2) Nitrogen-doped carbon alloys prepared by an
mmoxidation method, where nitrogen is doped onto carbon black
Ketjen Black) with 50% (AO50) and 90% (AO90) ammonia gas at
00 ◦C. (3) Nanoshell carbon [19] derived from pyrolyzed cobalt
hthalocyanine and phenolic resin followed by ball milling. The
mount of cobalt in the precursor was adjusted to be 3 wt.% in the
ixture of cobalt phthalocyanine and phenolic resin. The temper-

tures of the pyrolysis were 1000 ◦C (Co1000). After ball milling,
he sample was washed with hydrochloric acid to remove cobalt
Co1000aw).

The ORR activities of these samples were evaluated by rotating
isk voltammetry in 0.5 mol L−1 H2SO4 saturated with oxygen at
oom temperature [17]. We employed an oxygen reduction poten-
ial EO2 that is defined as the voltage at which the reduction current
ensity normalized by the area of a glass-like carbon disk electrode
eached −10 �A cm−2 as the ORR activity. The BET specific surface
reas were determined by N2 adsorption measurement at liquid
itrogen temperature with an automatic apparatus (BELSORP 28SA,

apan BEL Co. Ltd.).

.2. HXPES measurements

The probing depth of HXPES is several times larger than the
nelastic mean free paths (IMFPs) of photoelectrons which are
pproximately 11 nm for the C 1s, N 1s, and O 1s edges and 10 nm
or the Co 2p edge when the incident photon energy is 5.95 keV
22]. HXPES measurements at BL15XU of SPring-8 were conducted
n an ultrahigh-vacuum chamber (base pressure ∼3 × 10−7 Pa) at
oom temperature. The photon energy used for the photoemission
easurements was approximately 5.95 keV. The overall energy

esolution was approximately 0.25 eV. The binding energies were
alibrated using the Au 4f line. The detection angle of photoelec-
rons was approximately 1◦ from the surface normal to gain the
etection efficiency. For a detailed chemical analysis, backgrounds
f the core level spectra were subtracted by the Shirley method.
ach spectrum was fitted with Voigt (Gaussian and Lorentzian)
unctions, where the Gaussian width was an adjustable parame-
er, and the Lorentzian width for the N 1s and O 1s were fixed to
.25 eV and 0.30 eV, respectively.

. Results and discussion
.1. Electrochemical properties

The electrochemical activities for ORR measured by the rotating
isk electrode voltammetry are shown in Fig. 1 and Table 1. The BET
pecific surface areas evaluated by N2 adsorption are also summa-
Fig. 1. Voltammograms of the CACs.

rized in Table 1. The three different types of CACs show different
profiles of reduction currents in the negative voltage sweep. N1
and N2 have the lowest EO2 among all the samples. AO50 and AO90
have similar values of EO2. Although AO50 and AO90 have high sur-
face areas, their ORR activities are lower than those of Co1000 and
Co1000aw. Nanoshell carbons (Co1000 and Co1000aw) have sim-
ilar values of EO2, which is the highest among all the samples. The
current density at 0.7 V vs. NHE (i0.7) of Co1000aw is larger than that
of Co1000, indicating an enhancement of i0.7 by the acid washing,
while it does not change EO2 for Co1000 and Co1000aw.

3.2. HXPES analysis

3.2.1. Composition ratio of the CACs and Co 2p HXPES
The composition ratios of the CACs calculated from the HXPES

data are listed in Table 2. The photoionization cross-section [23]
Co1000 96.48 0.37 3.10 0.05
AO90 97.64 1.07 1.30 –
AO50 95.76 1.85 2.38 –
N2 89.78 1.88 8.34 –
N1 92.07 0.48 7.45 –
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Fig. 3. N 1s HXPES spectra of the CACs. Each spectrum is fitted with Voigt func-
tions followed by background subtraction with the Shirley method. Red, blue, green,
ig. 2. C 1s HXPES spectra of the CACs. Blue dotted lines are the measured data. (For
nterpretation of the references to colour in this figure legend, the reader is referred
o the web version of the article.)

s not active for ORR [25]. This result indicates that the residual Co
toms in the CACs do not play an important role in ORR unlike other
ases on Co-containing ORR catalysts [6,8]. The detailed discussion
bout the residual cobalt is described elsewhere [24].

.2.2. C 1s HXPES
Carbon is the main element present in the CACs, compris-

ng more than 90 at.% in all the samples examined in this study
Table 2). Fig. 2 shows the C 1s HXPES spectra of the CACs. The
pectra are normalized with respect to the peak height. The peak
osition and full width at half maximum (FWHM) of each C 1s peak
t ∼284.6 eV are listed in Table 3. The C 1s peak energy of each
pectrum is within a range of 0.3 eV entered at 284.6 eV, indicat-
ng that the CACs predominantly consist of a typical sp2 carbon
etwork [6,13,26–29]. Among nitrogen-containing carbon-based
athode catalysts, the broad tail toward higher binding energy [30]
s attributed to carbon atoms bonded to nitrogen [6,13]. How-
ver, it is unlikely that this broad tail is only derived from C–N
onds because the nitrogen content of the CACs is much smaller
han the carbon content (see Table 2). Several reports have stated
hat sp3 amorphous carbon has a tail that is wider and broader at

2
igher binding energy than typical graphitic sp carbon [28,29].
t is expected that our samples having a broad tail in the C 1s
XPES spectra contain predominant sp3 components such as the
H3 group or diamond-like C–C bond besides minor C–N bonds.
he FWHM of the C 1s spectra of Co1000 and Co1000aw are smaller

able 3
inding energies (eV) and full widths at half maximum (FWHM) (eV) of all CAC
amples derived from C 1s HXPES spectra.

Sample Binding energy (eV) FWHM (eV)

Co1000aw 284.5 0.79
Co1000 284.6 0.76
AO90 284.7 0.91
AO50 284.7 1.02
N2 284.7 1.23
N1 284.5 1.06
and orange solid lines are pyridine-like (NP1), pyrrole-like or cyanide-like (NP2),
graphite-like (NP3), and oxide (NP4) nitrogen components, respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to
the web version of the article.)

than those of the other CACs, indicating that Co1000 and Co1000aw
have more sp2 carbon network compared with the other CACs. The
CAC samples having larger FWHM values (N1, N2, AO50, and AO90)
are relatively low ORR active (see Table 1), implying the importance
of the carbon structures. It is considered that sufficient sp2 carbon
network formation is necessary for fast electron transfer during
ORR.

Considering that the FWHM of the C 1s spectra of Co1000 and
Co1000aw are quite similar, we can conclude that the acid washing
does not drastically change the backbone carbon structure of the
CACs unlike carbon nanotubes where the carbon structure seems
to be affected by the acid washing [31].

3.2.3. N 1s HXPES
Nitrogen content is within 2.0 at.% for each sample (see Table 2).

N2 contains more nitrogen than N1, reflecting the nitrogen content
in their precursors [17]. Fig. 3 shows N 1s HXPES spectra of the
CACs. The spectra are normalized to a common area. The profile of
the N 1s HXPES spectra changes drastically among the samples pre-
pared by different methods. In order to reveal the chemical states
of nitrogen in detail, the N 1s HXPES spectra are decomposed into
four peaks (NP1–NP4) corresponding to different chemical states
of nitrogen [26,27,32–34]. The binding energy and relative com-
position ratio of the four peaks are summarized in Table 4. Peak
NP1 around 398.3–398.5 eV is pyridine-like nitrogen neighbouring
two carbon atoms in a graphitic sp2 network [26,32]. The assign-

ment of peak NP2 around 399.9–400.2 eV is controversial; Ray et
al. have reported that peak NP2 is cyanide-like nitrogen neigh-
bouring one carbon atom with triple bonds [27], while Pels et al.
have claimed that peak NP2 is pyrrole-like nitrogen formed in a
five-membered ring [26] as shown in Fig. 4. There could be some
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Table 4
Binding energies (eV) of four nitrogen components derived from decomposed HXPES spectra and relative composition ratio (%) of each CAC sample.

Sample Binding energy (eV) Relative composition ratio (%)

Peak NP1 Peak NP2 Peak NP3 Peak NP4 Peak NP1 Peak NP2 Peak NP3 Peak NP4

Co1000aw 398.4 400.0 401.2 403.0 23.8 27.1 39.5 9.7
Co1000 398.3 399.8 401.2 402.9 21.2 26.7 41.5 10.7
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AO90 398.5 399.9 401.3 4
AO50 398.5 400.0 401.3 4
N2 398.4 400.2 401.3 4
N1 398.4 400.0 401.4 4

mount of cyanide-like nitrogen in the CACs since our previous
-ray absorption spectroscopy (XAS) study, which is sensitive to

he number of � bonds, has indicated the existence of cyanide-like
itrogen in the CACs heat-treated at 900 ◦C [35]. Considering that
yrrole-like nitrogen is stable at temperatures as high as 600 ◦C
26], peak NP2 is a mixture of pyrrole-like nitrogen and cyanide-
ike nitrogen. Peak NP3 around 401.2–401.4 eV is usually assigned
o be graphite-like nitrogen that is hybridized with 3 carbon neigh-
ours in a sp2 network [32–34]. Peak NP4 around 402.9–403.8 eV

s ambiguous; Pels et al. have reported that NP4 possibly corre-
ponds to the nitrogen-oxide of pyridine (as shown in Table 1)
r some other oxidized nitrogen functionalities [26]. In this study,
P4 is assumed to be nitrogen bonded to oxygen regardless of its

unctionalities.
It is found that higher active ORR catalysts such as nanoshell

arbons (Co1000 and Co1000aw) have the largest relative compo-
ition ratio of NP3 (graphite-like nitrogen) among the four nitrogen
omponents. The result is consistent with our previous XAS study
35]. Comparing atomic composition ratios (Table 2), the nanoshell
arbons contain less nitrogen than the other catalysts such as AO50,
O90 and N2 having lower ORR activities, indicating that the total
mount of nitrogen is not necessarily correlated with the ORR activ-
ty of the CACs; For N1 and N2, the relative composition ratios of
P3 are larger than those for AO50 and AO90, while the ORR activ-

ties of N1 and N2 are lower than those of the other CACs. This
s probably because N1 and N2 do not have sufficient sp2 carbon
etwork that helps fast electron transfer during ORR as discussed
bove by the FWHMs of C 1s HXPES. At present, we cannot exclude
he contribution of NP4 (nitrogen bonded to oxygen species) to the
RR activity. The N 1s spectra of Co1000 and Co1000aw are quite
imilar, which indicates that the acid washing does not change the
hemical state of the nitrogen.

The detailed ORR mechanism is discussed below. The adsorp-
ion process of an oxygen molecule is important because it is the

Fig. 4. Schematic of various nitrogen components in N-doped graphene.
52.5 36.8 7.5 3.2
45.4 41.9 9.2 3.4
31.9 30.7 31.6 5.8
30.1 45.8 22.7 1.4

first step of ORR [16,36,37]. It has been reported that carbon at the
zig-zag edge itself (not neighbouring a nitrogen atom) is active to
oxygen adsorption [36]. This is probably because carbon at the zig-
zag edge has sharp density of states near the Fermi level called
“the edge states” [38], which is crucially important for oxygen
adsorption [39]. Other researchers have reported that nitrogen sub-
stitution at the zig-zag edge leads to an impurity state near the
Fermi level [40]. Ikeda et al. also have shown by a first principle sim-
ulation that a carbon atom next to a graphite-like nitrogen at the
zig-zag edge tends to adsorb oxygen molecules much easily than a
carbon atom not neighbouring a nitrogen atom does [36], in other
words, the presence of graphite-like nitrogen at the zig-zag edge
enhances the ORR activity. This is consistent with our experimen-
tal result that the highly active nanoshell carbons contain much
graphite-like nitrogen components, i.e., it is possible that the pres-
ence of graphite-like nitrogen at the edge contributes to the ORR
activity in carbon catalysts.

3.2.4. O 1s HXPES
The oxygen content varies among the samples (see Table 2).

Fig. 5(a) shows the O 1s HXPES spectra of the CACs. The spectra
are normalized with respect to the peak height. The shapes of the
spectra look relatively similar, in spite of the presence of oxygen in
different chemical states in the precursors and the different values
of EO2 of the CACs. It appears that there is no correlation between
the oxygen content and EO2. Using Voigt functions, the O 1s spectra
are nicely fitted to three components (peak OP1–OP3), indicating
the presence of at least three oxygen components in the CACs;
The C O group appears around 531.2–531.6 eV (peak OP1), the
C–OH and C–O–C groups appear around 532.2–533.4 eV (peak OP2),
and chemisorbed oxygen or water appears around 534.6–535.4 eV
(peak OP3) [41,42]. Besides, it has been reported that a cobalt oxide
peak corresponding to non-stoichiometric cobalt oxide appears
around 530.7–531.6 eV (peak OP1) [43]. The O 1s HXPES spectra
of Co1000 and Co1000aw are different in the lower binding energy
region as shown in Fig. 5(b). This suggests that acid washing reduces
the lower binding energy component (peak OP1) corresponding to
the C O groups or non-stoichiometric cobalt oxides [41–43]. As
the acid washing does not change the ORR activity of the CACs,
C O groups or non-stoichiometric cobalt oxides are not the ORR
active site.

3.2.5. Estimation of active site density
In order to quantitatively examine the possibility of nitrogen

serving as the active site of ORR, the active site density of the CAC
is compared with a conventional 20 wt.% Pt/C cathode catalyst for a
PEFC. Here, the active site density is defined as an atomic percent-
age of the active site in a catalyst. Assuming that all graphite-like
nitrogen (designated as peak NP3 in the N 1s spectra) neighbour-

ing three carbon atoms are nicely located at the zig-zag edge of
the graphite and the two edge carbons next to the graphite-like
nitrogen are active for oxygen adsorption, the active site density
of Co1000aw is estimated to be 0.29 at.% [44]. Meanwhile, for the
20 wt.% Pt/C, the active site density is estimated to be 0.75 at.%
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Fig. 5. O 1s HXPES spectra of the CACs. (a) The spectra are fitted with Voigt functions
followed by the background subtraction with the Shirley method. Red, blue, and
green solid lines are C O groups or non-stoichiometric cobalt oxide (OP1); C–OH
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espectively. (b) O 1s HXPES spectra of nanoshell carbons. (For interpretation of the
eferences to colour in this figure legend, the reader is referred to the web version
f the article.)

ssuming that half of the Pt atoms in a Pt nanoparticle with a diam-
ter of 2 nm is located on the surface and all of them contribute to
he ORR activity [45]. Therefore, the active site density of the CAC is
ne third of that of Pt/C catalysts. Thus it is important to selectively
ncrease the concentration of graphite-like nitrogen at zig-zag edge
or enhancement of the ORR activity.

. Conclusions

We have investigated the electronic structure of several CACs for
EFCs by HXPES measurements. We have found that acid washing

educes the cobalt concentration in the CACs, but does not change
he carbon structure nor the chemical state of nitrogen. Since the
obalt content in the CACs is only 0.03 at.% within the probing depth
f the photoelectrons, we suggest that cobalt is not responsible
or the ORR activity in the CACs. C 1s HXPES spectra suggest the

[

urces 196 (2011) 1006–1011

importance of sp2 carbon network to the ORR activity. From N 1s
HXPES analysis, we have found that graphite-like nitrogen posi-
tively contributes to the ORR activity, which is well consistent with
both first-principles simulation [36] and our previous study [35].
There is no correlation between the oxygen content and the ORR
activity. The ORR active site density of CAC is estimated to be one
third of that of a 20 wt.% Pt/C catalyst, assuming that carbon atom
next to graphite-like nitrogen at zig-zag edge is the ORR active site.
Thus, by selectively increasing the concentration of graphite-like
nitrogen at zig-zag edge in a developed sp2 carbon network, CACs
have the potential to become one of the most promising cathode
catalysts without noble metals.
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