
D
e

K
S
C

a

A
R
R
A
A

K
O
N
P
N

1

p
t
a
p
l
r
o
P
e
l
h
d
[
d
t
d

c
c
a

0
d

Journal of Power Sources 196 (2011) 5256–5263

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

evelopment of group 4 and 5 metal oxide-based cathodes for polymer
lectrolyte fuel cell

en-ichiro Ota1, Yoshiro Ohgi, Kyung-Don Nam, Koichi Matsuzawa,
higenori Mitsushima, Akimitsu Ishihara ∗

hemical Energy Laboratory, Yokohama National University, 79-5 Tokiwadai, Hodogaya-ku, Yokohama, Kanagawa 240-8501, Japan

r t i c l e i n f o

rticle history:
eceived 17 June 2010
eceived in revised form 5 September 2010
ccepted 8 September 2010

a b s t r a c t

Partially oxidized zirconium, niobium, and tantalum carbonitrides were prepared to discuss a character-
istic common to all. The onset potential for the ORR of partially oxidized carbonitrides reached above ca.
0.85 V. The XRD and XPS analyses suggested that both the crystalline structure and the chemical bond-
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ing state of the surface of the partially oxidized carbonitrides were very similar to those of the oxides.
However, the partially oxidized carbonitrides had lower ionization potential than the oxides. The lower
ionization potential indicated that the partially oxidized carbonitrides had some defects on the surface.
From these results, the structure of oxides and the highest oxidation state of surface metal with some
oxygen defects were essential to have high ORR activity for group 4 and 5 oxide-based compounds.
Such oxygen defects might be responsible for the oxygen reduction capability by creating electronically

ion s
on-noble metal oxide favorable oxygen adsorpt

. Introduction

Polymer electrolyte fuel cells (PEFCs) are expected to be as
ower sources for residential cogeneration systems and transporta-
ion applications due to their high theoretical energy efficiency
nd less emission of pollutants. However, PEFCs have some serious
roblems to be solved for their commercialization. In particular, a

arge overpotential of the oxygen reduction reaction (ORR) must be
educed in order to obtain higher energy efficiency. A large amount
f platinum is generally used as a cathode catalyst in the present
EFCs to decrease the overpotential of the ORR. However, Pt is
xpensive and its resources are limited so that the Pt usage will be
imited in the future commercialization of PEFCs. Many researches
ave been tried to reduce the use of Pt catalyst such as a greater
ispersion of Pt particles and/or alloying with transition metals
1,2]. However, because the dissolution and deposition of highly
ispersion Pt particles proceeds during long-term operation [3],
he drastic reduction of Pt usage would be difficult. Therefore, the
evelopment of a new non-platinum catalyst is strongly required.
Many studies have been performed to develop non-platinum
athode catalysts for low-temperature fuel cells. Organometallic
omplexes and chalcogenides were famous as candidates for an
lternative Pt catalyst. Jasinski firstly introduced a cobalt phthalo-
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cyanine as an electrocatalyst for the ORR in 35% KOH in 1964
[4]. Jahnke and Schönborn applied transition metal phthalocya-
nines to the non-Pt cathode catalysts in 4.5 N H2SO4 in 1969 [5].
Many organometallic complexes have been widely investigated
since then [6,7]. Bashyam and Zelenay showed that the cobalt-
polypyrrole composite catalyst enabled power densities of about
0.15 Wcm−2 in H2–O2 fuel cells and displayed no signs of per-
formance degradation for more than 100 h [8]. In recent years,
Lefevre et al. reported that iron-based catalysts exhibited the
similar performance of platinum supported carbon although the
catalyst loading was much greater than that of Pt [9]. However,
these catalysts have poor stability in an acid media such as H2SO4
and polymer electrolytes.

Alonso-Vante and Tributsch found that Mo4.2Ru1.8Se8 had a
catalytic activity for the ORR in acidic media in 1986 [10]. Alonso-
Vante and co-workers reported that Ru acted as active site and
Ru metal was protected against oxidation to Ru oxides by the
chalcogens additives [11]. RuSe, RuTe, MoReSe, MoRhS, MoOsS,
MoSe, ReRuS, IrRuS, (RuMo)SeO, WRuSe, RhS, RhSe, RuCrSe, RuFeSe,
and CoSe were investigated besides MoRuSe [12]. Because these
chalcogenides were inactive for methanol, the development for
cathodes as direct methanol fuel cells was examined. However, Ru
and Rh are precious metals and their resources are very limited.

The researches on these non-platinum catalysts were summarized
by some reviews [13,14]. These catalysts have neither a sufficient
electrocatalytic activity for the ORR nor a long-term stability.

We believe that a high stability is an essential requirement
for a cathode of PEFCs because the cathode catalysts are exposed

dx.doi.org/10.1016/j.jpowsour.2010.09.021
http://www.sciencedirect.com/science/journal/03787753
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o an acidic and oxidative atmosphere, that is, a strong corro-
ive environment. We have reported that tungsten carbide with
antalum addition [15], tantalum oxynitride [16–19], zirconium
xide [20–22], titanium oxide [23], zirconium oxynitride [24,25],
hromium carbonitride [26] and tantalum carbonitride [27] were
table in an acid solution and had a definite catalytic activity for the
RR. In recent years, we found that the partially oxidized group 4
nd 5 metal carbonitrides powder had a definite catalytic activity
or the ORR [28–31]. However, these researches are discussed sep-
rately. In the present paper, we prepared some catalysts such as
artially oxidized zirconium, niobium, and tantalum carbonitrides
nd a characteristic common to these compounds was discussed.
e control a degree of oxidation of the carbonitride powders by

ontrol of condition of partial oxidation. In case of tantalum, the
egree of oxidation of carbonitride powders was varied with dif-
erent heat treatment time to obtain partially oxidized carbonitride
owders with different oxidation states [28]. In the present paper,
e treated considerably oxidized carbonitride powders as repre-

entatives of partially oxidized specimens.

. Experimental

.1. Sample preparation

Zirconium, niobium, and tantalum carbonitride powders were
sed as starting materials. A mixture of ZrO2 powder and car-
on black was heated at 1800 ◦C under nitrogen atmosphere to
ynthesize zirconium carbonitride. Niobium carbonitride powder
as synthesized by using a mixture of Nb powder (<45 �m, 99.9%,
igh Purity Chemicals, Japan) and carbon black. The mixture of
b and carbon black powder was heat-treated in an alumina tube

urnace in N2 atmosphere at 1500 ◦C for 10 h. Ta2O5 powder and
arbon black were uniformly mixed, and the mixture was heat-
reated at 1600 ◦C under flowing N2 to make tantalum carbonitride.
he carbon content of the these carbonitrides was determined
ith an infrared absorption method after combustion by high-

requency induction using a high frequency infrared carbon–sulfur
nalyzer instrument (CS-600 series, LECO Japan Co., Japan). The
itrogen and oxygen contents of the carbonitrides were deter-
ined using inert-gas fusion thermal conductivity method and

nert gas fusion-infrared absorption method (TCH600 series, LECO
apan Co., Japan), respectively. The overall chemical compositions
f the zirconium carbonitride, niobium carbonitride, and tanta-
um carbonitride were determined to be ZrC0.5N0.5, NbC0.5N0.5, and
aC0.58N0.42, respectively.

The ZrC0.5N0.5, NbC0.5N0.5, and TaC0.58N0.42 powders were heat-
reated using a vacuum purge electric furnace at 900 ◦C for several
ours under a flow rate of 100 cm3 min−1 of the 2%-H2/N2 gas con-
aining 0.5% oxygen to obtain partially oxidized specimens. In this
aper, partially oxidized ZrC0.5N0.5, NbC0.5N0.5, and TaC0.58N0.42
ere expressed as Zr–CNO, Nb–CNO, and Ta–CNO, respectively.

.2. Electrochemical measurements

In order to evaluate the catalytic activity for the ORR, the work-
ng electrode was prepared as follows. The carbonitrides with and

ithout heat treatment powders and oxides were mixed with Ket-
en Black (5 wt.%) because mixture with the carbon black as a
urrent collector was found to be useful to increase the ORR cur-
ent [28]. The mixture was suspended in a mixture of 1-propanol

nd distilled water. The suspension was evenly dropped onto the
lassy carbon rod (5.2 mmϕ). The catalyst loading was about 2 mg
n the glassy carbon rod. Dilute Nafion® solution (0.5 wt.%), then,
as dropped onto the surface. The coated glassy carbon rod was
ried in inert atmosphere at 120 ◦C for 1 h with a drying oven to
rces 196 (2011) 5256–5263 5257

prepare a working electrode. Electrochemical measurements were
carried out in 0.1 mol dm−3 H2SO4 at 30 ◦C in N2 and O2 using a
three-electrode cell. A reversible hydrogen electrode (RHE) and
the carbon plate were used as a reference and counter electrode,
respectively. In order to stabilize the electrode, cyclic voltammetry
was carried out from 0.05 to 1.2 V vs. RHE in N2 at a scan rate of
50 mV s−1. When cyclic voltammetry reached a steady state, slow
scan voltammetry (SSV) was measured from 0.2 to 1.2 V vs. RHE in
N2 and O2 at a scan rate of 5 mV s−1 to obtain the potential–current
curves for the ORR. The difference between the current under O2
(iO2 ) and that under N2 (iN2 ) was corresponded to the oxygen reduc-
tion current (iORR), that is, iORR = iO2 − iN2 . The current density was
based on the geometric area of the working electrode. The onset
potential for the ORR, EORR, was defined as the electrode poten-
tial at the iORR = −0.2 �A cm−2. The onset potential was utilized to
evaluate the catalytic activity for the ORR in the present study.

2.3. Characterization

The crystalline structure of the specimens was characterized
using an X-ray diffractometer (XRD; XRD-6000, Shimadzu, Japan)
with Cu K� in the range from 15 to 85◦. An X-ray photoelec-
tron spectroscopy (XPS; AXIS-NOVA, Kratos, US) was performed to
investigate the chemical bonding state of the surface of the speci-
mens at the accelerating voltage of 10 kV. The peak of the C–C bond
attributed to free carbon at 284.6 eV in C 1s spectrum was used
to compensate for surface charging in XPS. An ionization potential
of specimens was measured using a photoelectron spectrometer
surface analyzer (Model AC-3, Riken Keiki) [32].

3. Results and discussion

3.1. Crystalline structure

Fig. 1 illustrates the XRD patterns of (a) ZrC0.5N0.5, Zr–CNO,
and commercial ZrO2 (Wako Pure Chemicals Co., Japan) and (b)
NbC0.5N0.5, Nb–CNO, and Nb2O5, and (c) TaC0.58N0.42, Ta–CNO, and
commercial Ta2O5 (High Purity Chemicals, Japan). Nb2O5 was pre-
pared by complete oxidation of NbC0.5N0.5 with heat treatment at
900 ◦C under atmospheric condition.

In all cases, both these carbides and nitrides have a same
crystalline structure (Rock-Salt type) and form a complete solid
solution. The peak pattern does not change from carbide to nitride,
and an each peak shifts to higher angle with the increase of nitro-
gen content, which is known as the Vegard’s law [33]. In the present
paper, the compounds with XRD peaks which existed between ZrC
(JCPDS: 35-0784) and ZrN (JCPDS: 35-0753), NbC (JCPDS: 38–1364)
and NbN (JCPDS: 38–1155), and TaC (JCPDS: 35-0801) and TaN
(JCPDS: 32-1283) were expressed as ZrCxNy, NbCxNy, and TaCxNy,
respectively. No peaks due to oxides were observed in these car-
bonitrides in all cases.

The Zr–CNO, Nb–CNO, and Ta–CNO, which were considerably
oxidized, had only oxides peaks, as shown in Fig. 1. However,
although the XRD patterns indicated that the Zr–CNO, Nb–CNO, and
Ta–CNO were identified as ZrO2 (JCPDS: 37-1484), Nb2O5 (JCPDS:
37-1468), and Ta2O5 (JCPDS: 25-0922), respectively, the color of the
partially oxidized specimens was not white but black. These XRD
patterns show that these partially oxidized carbonitride powders
had similar crystalline structure to these oxides.

3.2. Catalytic activity for the oxygen reduction reaction
In electrochemical measurements, after the cyclic voltammo-
gram reached steady state, slow scan voltammetry (scan rate:
5 mV s−1, 1.2–0.2 V) was performed under nitrogen or oxygen
atmosphere in 0.1 mol dm−3 H2SO4 at 30 ◦C. Potential–current



5258 K.-i. Ota et al. / Journal of Power Sources 196 (2011) 5256–5263

ZrO2

Zr-CNO

ZrC N

80604020

In
te

n
s
it
y
 /
 a

. 
u
.

ZrC0.5N0.5

a

Nb-CNO

Nb2O5

NbC0.5N0.5

8070605040302010

In
te

n
s
it
y
 /
 a

.u
.

b

Ta2O5

TaC0.58N0.42

Ta-CNO

In
te

n
s
it
y
 /
 a

. 
u
.

c

80604020

2θ / degree (CuKα)

2θ / degree (CuKα)

2θ / degree (CuKα)

Fig. 1. XRD patterns of (a) ZrC0.5N0.5, Zr–CNO, and commercial ZrO2 (Wako Pure
C
T
c
©

c
r
c
t
(
H
c
0
c
r

0
ZrO2

a

b

c

-0.4

-0.2 ZrC0.5N0.5

Z CNO

NbC0.5N0.5

1.21.00.80.60.40.20

-0.6

Zr-CNO

Nb2O5

-0.4

-0.2

0

Nb-CNO

1.00.80.60.40.2

-0.8

-0.6

1.20

-0.2

0

Ta2O5

TaC0.58N0.42

E vs. RHE / V

E vs. RHE / V

-0.8

-0.6

-0.4

Ta-CNO

j /
 m

A
 c

m
-2

 
j /

 m
A

 c
m

-2
 

j /
 m

A
 c

m
-2

 

0 0.2 0.4 0.6 0.8 1.0 1.2
hemicals Co., Japan) and (b) NbC0.5N0.5, Nb–CNO, and Nb2O5, and (c) TaC0.58N0.42,
a–CNO, and commercial Ta2O5 (High Purity Chemicals, Japan). (a) ♦: ZrCxNy , �:
ubic-ZrO2 (JCPDS: 49-1642), ©: monoclinic-ZrO2 (JCPDS: 37-1484), (b) �: NbCxNy ,
: Nb2O5 (JCPDS: 37-1468), (c) �: TaCxNy , ©: Ta2O5 (JCPDS: 25-0922).

urves observed in the slow scan voltammetry immediately
eached steady state. The potential–current curve at 3rd cycle with
athodic scan was chosen to obtain the ORR current. Fig. 2 shows
he potential–ORR current curves of the (a) Zr-based compounds,
b) Nb-based compounds, (c) Ta-based compounds in 0.1 mol dm−3

◦ −1

2SO4 at 30 C with a scan rate of 5 mV s . In all cases, the ORR
urrent of the carbonitrides and the oxides was observed below
.6 V, indicating that the carbonitrides and the oxides had poor
atalytic activity toward the ORR. On the other hand, the ORR cur-
ent of the partially oxidized carbonitrides was clearly observed at
E vs. RHE / V

Fig. 2. Potential–iORR curves of (a) Zr-based compounds, (b) Nb-based compounds,
(c) Ta-based compounds in 0.1 mol dm−3 H2SO4 at 30 ◦C with a scan rate of 5 mV s−1.

higher potential. Therefore, it was found that the partial oxidation
of group 4 and 5 metal carbonitrides was greatly useful to enhance
the catalytic activity for the ORR.

Fig. 3 shows the onset potential for the ORR in 0.1 mol dm−3

H2SO4 at 30 ◦C. Although the carbonitrides have some electrical
conductivity and some stability in an acid solution, the carboni-
trides have poor ORR activity because these onset potentials are
very low. In addition, the oxides also have poor ORR activity as
expected. On the other hand, these partially oxidized carbonitrides
have higher onset potential around 0.85 V or above. The onset
potential increased about 0.3–0.35 V with the partial oxidation.

In the case of tantalum, a partial oxidation, that is, the substitu-
tion for O atoms, brings an increase in ionic components among the
chemical bonding, because the energy difference between the Ta 5d
and O 2p orbitals is higher than that between Ta 5d and C or N 2p.
The partial oxidation method might produce the oxygen defects,

which formed the release point of C and/or N, and/or remaining C
or N on the surface. In the case of zirconium and niobium, it seems
that a similar phenomenon has occurred.

The onset potential of Pt/C (Pt loading: 46.3 wt.%; Tanaka Kik-
inzoku Kogyo) was 1.05 V. The catalytic activity of the partially
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xidized carbonitrides was much lower than that of the Pt/C at
resent. However, preparation of ultra-fine particle and increase

n density of active sites on the surface would enhance the ORR
ctivity. Therefore, the partially oxidized carbonitrides might be
ossible candidate as alternative Pt cathode for PEFC.

.3. Characterization of the specimens

The chemical bonding state of the surface was analyzed using an
-ray photoelectron spectroscopy (XPS). Fig. 4 shows the XPS of (a)

r 3d, (b) O 1s, (c) N 1s, and (d) C 1s of the ZrC0.5N0.5, the Zr–CNO, and
he ZrO2. The value of binding energy for Zr 3d5/2 reported in the
iterature for Zr4+ in pure zirconia was 182.26 eV [34]. However, the

easured value of binding energy for Zr 3d5/2 of ZrO2 in the present
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study, 181.8 eV, was slightly smaller than that of the literature. We
used the 181.8 eV as the binding energy of Zr 3d5/2 of ZrO2 in the
present study. In the case of ZrC0.5N0.5, two peaks were complicated
in Zr 3d spectra. One shifted lower than ZrO2, and another existed
higher. The binding energy of Zr 3d5/2 of ZrN was ca. 179.8 eV [35].
ZrC probably had similar binding energy of Zr 3d5/2. Therefore, the
lower Zr 3d5/2 peak, ca. 179.8 eV, was attributed to carbonitride. The
peaks attributed to ZrN (N 1s ZrN: 397.3 eV [36]) was observed in N
1s spectra of ZrC0.5N0.5. In addition, in C 1s spectra there were small
peak at around 282 eV which was responsible for ZrC (C 1s ZrC:
281.5 eV [37]) as well as free carbon (C 1s: 285 eV). These results
also supported that zirconium carbonitride existed near the sur-
face of the ZrC0.5N0.5. Another peak, Zr 3d5/2 of ca. 182.2 eV, was
probably responsible for the hydroxide. The O 1s spectra of the
ZrC0.5N0.5 had a large shoulder around 531.6 eV. The peak due to
hydroxide positioned at 531.6 eV [38]. The Zr 3d and O 1s spectra of
the ZrC0.5N0.5 suggested that some of oxide transformed to hydrox-
ide on the surface. These results indicated that the surface of the
ZrC0.5N0.5 powder was slightly oxidized in air, and the oxides par-
tially transformed hydroxides on the surface. In O 1s spectra of the
Zr–CNO, the shoulder attributed to hydroxide at 531.6 eV decreased
with the partial oxidation. In addition, the peak due to carbonitride
in the Zr 3d spectrum of the Zr–CNO powders disappeared and no
nitride and carbide peaks in N 1s and C 1s were observed in the
Zr–CNO. These results suggested that the surface of the Zr–CNO
was oxidized due to the partial oxidation and the hydroxide on the
surface transformed to oxide by the heat treatment. Little differ-
ence was observed in the XPS spectra between the Zr–CNO and the
2
Fig. 5 shows the XPS spectra of the NbC0.5N0.5, the Nb–CNO, and

the Nb2O5 in (a) Nb 3d, (b) O 1s, (c) N 1s, and (d) C 1s regions.
As shown in Fig. 5(c) and (d), the NbC0.5N0.5 had peaks identi-
fied as NbC (282.8 eV) [39] and NbN (397.2 eV) [40]. The binding
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nergies of Nb 3d5/2 peaks corresponding to NbC and NbN were
03.7 [41] and 203.8 eV [42], respectively. Niobium forms oxides

n various oxidation states, i.e., NbO2 (Nb4+) at a binding energy
f 205.5–206.0 eV, and Nb2O5 (Nb5+) at 207.0–207.6 eV [41,43].
hree peaks were superimposed in the Nb 3d5/2 spectrum of the
bC0.5N0.5. The first peak was positioned near the peak of NbC or
bN, and the second peak located at the peak of NbO2 was very

mall. The third peak was identified as Nb2O5. This result indicated
hat the surface of the NbC0.5N0.5 was mainly composed of NbCxNy

nd Nb2O5. Although the XRD pattern of the NbC0.5N0.5 had only
bCxNy peaks, the surface of the NbC0.5N0.5 powder was slightly
xidized in air. In O 1s spectra, the shoulder attributed to hydrox-
de decreased with the partial oxidation in the same as Zr. The Nb
d peak of the Nb–CNO powders shifted to higher energy and no
itride and carbide peaks in N 1s and C 1s were observed in the
b–CNO. Therefore, the surface of the Nb–CNO was considerably
xidized similar to Nb2O5.

Fig. 6(a)–(d) shows the XPS of Ta 4f, O 1s, C 1s, and N 1s. Peak
ositions of Ta2O5 (26.5 eV), TaN (23.5 eV), and TaC (23.3 eV) in
ig. 6(a) correspond to those of Ta 4f7/2 [44–46]. Two peaks were
uperimposed in the Ta 4f7/2 spectrum of the TaC0.52N0.48. One
eak was positioned near the peak of TaC or TaN, and another was

ocated at the peak of Ta2O5. This result indicated that the sur-
ace of the TaCxNy was composed of TaCxNy and Ta2O5. In addition,
he peaks attributed to TaN (397.6 eV) [47] and to TaC (282.6 eV)
47] were observed in the N 1s and C 1s spectra of the TaC0.52N0.48,
espectively. Although the XRD pattern of the TaC0.52N0.48 had only
aCxNy peaks, the surface of the TaC0.52N0.48 powder was partially
xidized in air.

No peaks attributed to the carbonitride were observed on the
a–CNO as shown in Fig. 6(a), (c), and (d). From the peaks of Ta 4f7/2
nd O 1s, only Ta2O5 was detected on the surface of the Ta–CNO. Lit-
le difference was observed between the Ta–CNO and the Ta2O5 in
he XPS. The results of the XPS suggested that the highest oxidation
tate of metals was probably essential to have high ORR activity.

The ionization potential of the specimens was measured using
photoelectron spectrometer surface analyzer to reveal the differ-
nce of the surface electronic state between the partially oxidized
arbonitrides and the oxides. Fig. 7 shows the relationship between
he square root of the photoelectric quantum yield Y1/2 and the
hoton energy, that is, the photoelectron spectra of the (a) Zr-
ased compounds, (b) Nb-based compounds, and (c) Ta-based
ompounds. The beam power was 200 nW. Because the carboni-
rides were electrical conductors, the photoelectrons were emitted
t low photon energy in all carbonitrides. The photoelectrons were
ifficult to emit with the progress of the oxidation. The square root
f the photoelectric quantum yield increased almost linearly with
ncreasing the photon energy on each specimen. The slope of the
traight line reflected the tendency of the photoelectron emission
f the specimens, that is, the density of state of the electrons near
he Fermi level. The slopes of the oxides were apparently lower than
hat of carbonitrides and partially oxidized carbonitrides, because
xides are insulators. It is remarkable that the partially oxidized
pecimens had higher slope than the oxides, indicating that the
artially oxidized specimens had larger density of state of electrons
han the oxides near the Fermi level. The intersection between the
traight line and the background line in the photoelectron spectra
rovided a threshold energy. The threshold energy corresponded
o a photoelectric ionization potential, which accorded with the
ork function in case of metals. As shown in Fig. 7, the ionization
otentials of the ZrC0.5N0.5, the NbC0.5N0.5, and the TaC0.52N0.48

ere 5.08, 4.81, and 4.75 eV, respectively. The work functions of
etal Zr, Nb, and Ta were 4.05, 4.3, and 4.25 eV, respectively [48].

he ionization potential of the ZrC0.5N0.5, the NbC0.5N0.5, and the
aC0.52N0.48 were ca. 1.0, 0.6, and 0.5 eV larger than those of these
etals because of the carbonitridation. In the case of the oxides, the
the photon energy of (a) Zr-based compounds, (b) Nb-based compounds, and (c)
Ta-based compounds. Beam power: 200 nW.

ionization potentials of the ZrO2, the Nb2O5, and the Ta2O5 were
determined to be 5.56, 5.53, and 5.8 eV, respectively. The highest
energy level of electrons in the valence band of bulk ZrO2, Nb2O5,
and Ta2O5 is reported to be ca. −7.5, −7.6, and −7.8 eV [49], that is,
the ionization potentials of ZrO2, Nb2O5, and Ta2O5 are predicted to
be ca. 7.5, 7.6, 7.8 eV, respectively. However, the ionization poten-
tial of the ZrO2, the Nb2O5, and the Ta2O5 obtained was no less than
ca. 2.0 eV lower than that predicted from literature. The surface
level of the oxides probably caused the lower ionization potential.

As shown in Fig. 7, the ionization potentials of the Zr–CNO, the
Nb–CNO, and the Ta–CNO were 5.12, 4.84 and 5.25 eV, respectively.
The XRD and XPS analysis suggested that the physical properties
such as the crystalline structure and the chemical bonding state
of the surface of the partially oxidized carbonitrides were simi-
lar to those of the oxides. However, the ionization potential and
the density of state of the electrons near the Fermi level in these

specimens were obviously different. The ionization potential of the
partially oxidized carbonitrides obtained in the present study was
much lower than that of the oxides.
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Henrich et al. found that the work function of the oxides
ecreased with increasing the density of defects [50]. Therefore,
he low ionization potential suggested that the partially oxidized
arbonitrides had some surface defects. Lattice defects and impu-
ities introduce localized electron levels in the band gap of metal
xides. Vacancies of oxide ion give donor levels close to the edge
evel of the conduction band [51]. Therefore, we think that the par-
ially oxidized carbonitrides probably had some vacancies of oxide
on [52]. The adsorption of oxygen molecules on the surface was
equired as the first step to proceed the ORR. Many researchers
ound that the surface defects sites were required to adsorb the
xygen molecules on the surface of the oxides [53–57]. Therefore,
he increase in the surface defects on the partially oxidized car-
onitrides yielded the increase in the adsorption sites of oxygen
olecules. In addition, the interaction of oxygen with the cata-

yst surface is essentially important because both the adsorption
f oxygen and the desorption of water on the surface is necessary
o continue the fluent progress of the ORR. When the interaction of
xygen with the catalyst surface is strong, the desorption of water is
estrained. On the other hand, when the interaction of oxygen with
he catalyst surface is weak, few adsorption of oxygen molecules
roceeds. Therefore, there is suitable strength of the interaction
etween the oxygen and the catalyst surface. Metal Zr, Nb, and Ta
trongly adsorbed oxygen because of the large calculated adsorp-
ion enthalpies of oxygen (Zr: 824, Nb: 832, and Ta: 937 kJ mol−1)
58]. In case of Pt, the adsorption energy of oxygen of Pt was
80 kJ mol−1 [58]. Therefore, calculated adsorption enthalpies of
xygen of Zr, Nb, and Ta were much larger than that of Pt. As the oxi-
ization of metal Zr, Nb, and Ta proceeded, the interaction of oxygen
ith these metals of the catalyst surface became weak because the

xide ions attracted the electrons of the highest occupied molecule
rbital of metal to be metal charged positively. When the interac-
ion between the surface metals and oxygen become suitable for the
RR, the ORR proceeded fluently. From the experimental results,

he structure of oxides and the highest oxidation state of surface
etal with some oxygen defects were essential to have high ORR

ctivity for group 4 and 5 oxide-based compounds. Such oxygen
efects might be responsible for the oxygen reduction capability
y creating electronically favorable oxygen adsorption sites.

Fig. 8 shows the summary of the onset potentials of new cata-
ysts prepared by Yokohama group without platinum group metals
or the ORR. Among these materials, partially oxidized carboni-
rides had higher catalytic activity for the ORR. The highest onset
otentials of the Zr–CNO, the Nb–CNO, and the Ta–CNO, which were

repared under optimized conditions, were 0.97, 0.92, and 0.96 V,
espectively. Although there is some difference in the ORR activity
rom a Pt/C catalyst, these materials have a great potential for PEFC
athode.

[

[
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4. Conclusions

We prepared some catalysts such as partially oxidized zir-
conium, niobium, and tantalum carbonitrides and discussed a
characteristic common to all. The catalytic activity for the ORR
increased with partial oxidation. The XRD patterns of the partially
oxidized carbonitrides were similar to those of the oxides. In addi-
tion, the XPS revealed that the surface chemical bonding state of
the partially oxidized carbonitrides were similar to those of the
oxides. However, the partially oxidized carbonitrides had lower
ionization potential than the oxides. The lower ionization poten-
tial indicated that the partially oxidized carbonitrides had some
defects on the surface. From these results, the structure of oxides
and the highest oxidation state of surface metal with some oxygen
defects were essential to have high ORR activity for group 4 and 5
oxide-based compounds. Such oxygen defects might be responsi-
ble for the oxygen reduction capability by creating electronically
favorable oxygen adsorption sites.

The oxygen defects might be responsible for the oxygen
reduction capability by creating electronically favorable oxygen
adsorption sites.
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