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Incorporation of nanophase ceria (CeO2) into the cathode catalyst Pt/C increased the local oxygen concentration in an air atmo
eading to enhanced single-cell performance of direct methanol fuel cell (DMFC). Ceria doped catalysts were effective at low oxyg
ressure (≤0.6 atm) conditions and 1 wt.% CeO2 doped Pt/C exhibited the highest performance. The effect of ceria was more promine
ir as the cathode reactant and the ceria acted as a mere impurity in a pure oxygen atmosphere, decreasing the DMFC performanc
pectra showed a decrease in polarization resistance with the ceria addition to the cathode catalyst in low-potential regions con
acile mass transfer of the reactant oxygen molecules to catalytic sites. Transmission electron microscopy (TEM) pictures showe
istribution of CeO2 around platinum sites.
2004 Elsevier B.V. All rights reserved.
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. Introduction

In spite of the fact that direct methanol fuel cell (DMFC)
ontinues to trail the hydrogen–air polymer electrolyte mem-
rane fuel cell (PEMFC) in power density, it does not require

uel processing equipment and hence avoids complex humid-
fication and thermal management problems associated with
EMFC. The overall performance of DMFC depends on sev-
ral factors, of which the most important are electrocatalytic
ctivity of anode and cathode, ionic conductivity and resis-

ance to methanol cross-over of the polymer electrolyte mem-
rane and water management on the cathode side of the cell.
athode research in DMFC technology is mainly focused on
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H.Y. Ha).

developing more selective and methanol-tolerant catalys
oxygen reduction. In order to reduce the mixed potentia
to methanol cross-over, the cathode catalyst should h
high exchange current density for oxygen reduction[1–5].
Increasing air utilization in the cathode is a direct meth
fuel cells is a viable proposition for portable power ap
cations, since the burden of an air pump can be elimin
thus reducing the volume, cost and energy consumptio
the system. However, a fuel cell will exhibit lower perf
mance when air is used instead of oxygen in the cat
compartment due to low partial pressure of oxygen in a
atmospheric pressure. Hence, the incorporation of ox
storage material such as ceria (CeO2) into cathode cataly
layer has been studied to increase the local oxygen conc
tion, leading to an enhancement of the fuel cell performa

The ability of ceria to store, transport and release oxy
is of great importance in a range of clean-energy techn
gies[6–8]. CeO2 has potential uses for the removal of s
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from diesel engine exhaust[9], for the removal of organics
from wastewaters (catalytic wet oxidation)[10], as an addi-
tive for combustion catalysts and processes[11] and in fuel
cell technology[12]. It forms an integral part of three-way
catalysts and serves as a promoter in the commercial fluid
catalytic cracking catalysts[13–15]. The excellent oxygen
storage behavior of ceria is the result of a unique and delicate
balance between structural (phase formation), kinetic (rate
of shift between reduced and oxidized states: Ce3+ ↔ Ce4+),
and textural (presence of surface cerium sites) factors. The
prime role of ceria is to maintain the local oxygen pressure
by the reaction[16]:

CeO2 ↔ CeO2−x +
(x

2

)
O2 (0 ≤ x ≤ 0.5) (1)

Thus, ceria functions as an oxygen buffer. It is reasonable to
expect that the incorporation of oxygen storage material into
the catalyst layer of fuel cell cathode might lead to an increase
in the local oxygen concentration. With this line of reasoning
two reports were found in the literature, where vanadium
oxide or zirconium doped CeO2/Pt cathode catalysts led to
performance improvements of PEMFC[17,18].

In this paper, we present our preliminary results on the ef-
fect of nanophase CeO2 doped Pt/C cathode catalyst towards
single cell performance of direct methanol fuel cell.
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(IPA), and 5% Nafion® solution (1100 EW, Du Pont). The
amount of ionomer content was 15 wt.% to catalyst in the an-
ode and 30 wt.% in the cathode, unless mentioned otherwise.
A membrane-electrode assembly was fabricated by placing a
Nafion® 115 membrane between a PtRu (3 mg cm−2) anode
and a Pt (3 mg cm−2) (ceria doped and undoped) cathode fol-
lowed by hot-pressing at 140◦C, 70 kgf cm−2 for 150 s. An
MEA for impedance analysis was fabricated with an undoped
Pt electrode instead of a PtRu electrode.

2.3. Single-cell testing

All experiments including electrochemical measurements
were conducted with cells, which consisted of MEAs sand-
wiched between two graphite flow field plates. The ac-
tive area of the cell was 10 cm2. In all the experiments
operated in a fuel cell mode, 2 M methanol solution was
pumped through the anode side at a flow rate of 5 mL min−1

and oxygen to the cathode side at a flow rate of 250 sccm
or air (250 or 1250 sccm). The temperature and pressure
of single cells were held at 80◦C and 1 atm, respec-
tively. An oxygen or air stream to the cathode compart-
ment was humidified by passing through a humidifier main-
tained at a temperature of 65◦C. Current–voltage curves
were measured galvanostatically by using an electronic load
(
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.1. Catalyst preparation and characterization

A ceria doped Pt/C catalyst was prepared by impreg
ng aqueous solution of Ce(NO3)3·6H2O (CR-Kanto Chem
cals Co. Inc., Japan) into 20–60% Pt/C catalysts (E-TE
he resulting mixture was dried at 65◦C for 24 h and cal
ined at 300◦C for 2 h in nitrogen atmosphere to obt
eO2 doped Pt/C cathode catalyst of varied compositi
amelyxCyP, wherex is ratio of CeO2 to platinum (x =
CeO2/WPt × 100) andy is weight percent of platinum
t/C. The CeO2 doped Pt/C was used as a cathode cat
nd Pt-Ru (50:50 atom%) black catalyst (Johnson Mat

nc.) was used as an anode catalyst.
The BET surface areas of the cathode catalyst sam

ere measured by N2 adsorption using a Micromeritic
SAP2010 apparatus. X-ray diffraction (XRD) measu
ents were recorded on a Rint-Dmax 2500, Rigaku in
ent, using a nickel-filtered Cu K� (0.15418 nm) source. Th

verage crystallite size was estimated with the help o
ebye–Scherrer equation, using the XRD data of all pr
ent lines. The morphologies of the catalysts were exam
y transmission electron microscopic (TEM) technique u
Phillips - CM30 electron microscope.

.2. Fabrication of the membrane electrode assembly
MEA)

Catalyst inks were prepared by mixing appropr
mounts of catalysts, deionized water, isopropyl alc
Daegil 500P).

.4. Electrochemical measurements

Impedance spectra were obtained on MEAs as indic
elow with a potentiostat (IM6, Zahner). The anode (P

nstead of PtRu/C, counter electrode) was supplied w
ontinuous stream of hydrogen (200 sccm) to make a
amic hydrogen electrode (DHE) and to facilitate rem
f permeated water at 80◦C and the cathode (Pt/C or Cer
oped Pt/C) was supplied with a stream of humidified n
en (200 sccm) to form a working electrode (WE). All ca
de impedance spectra reported here were measured be

he cathode (WE) and the DHE in the complete fuel cell.
requency range was chosen in the region from 50 MH
kHz and the amplitude of the sinusoidal current signal
djusted so that the potential amplitude did not exceed 5
he spectra were measured at dc potentials of 0.7, 0.
.9 V (versus DHE).

. Results and discussion

In order to understand the performance enhanceme
he presence of ceria as an oxygen storage material
le cell tests were made for direct methanol fuel cell w
0 wt.% Pt/C cathode catalyst in the presence and ab
f 1 wt.% CeO2 at a flow rate of 250 sccm pure oxygen, 2
nd 1250 sccm air in the cathode compartment (Fig. 1). It
an be seen that in an oxygen atmosphere the pure
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Fig. 1. Single cell performance of DMFC with 20 wt.% Pt/C catalyst in the
presence and absence of CeO2 under (a) oxygen 250 sccm, (b) air 250 sccm
and (c) air 1250 sccm.

cathode catalyst exhibited a higher degree of performance
(130 mW cm−2) than ceria doped Pt/C (103 mW cm−2) at
0.3 V (Fig. 1a). However, when air was used instead of oxy-
gen, higher performances were noted for CeO2 doped Pt/C in
comparison to undoped Pt/C (Fig. 1b and c). Further, at low
air flow rate (250 sccm) ceria exhibited pronounced effect be-
cause of oxygen deficiency in the catalyst layer (Fig. 1b); but
at high air flow rate (1250 sccm), the mass transport of oxy-
gen in the catalyst layer was accelerated and the ceria effect
for enriching oxygen concentration was reduced (Fig. 1c).
Even in the presence of oxygen storage material like ceria,
the air had a much less performance than the pure oxygen
because of large difference in oxygen partial pressure. Also,

the performance was higher for air 1250 sccm than for air at
250 sccm. For instance, in the case of 1 wt.% of ceria doped
Pt/C, the power density at 0.3 V was 103, 55 and 40 mW cm−2

for oxygen 250 sccm and air of 1250 and 250 sccm, respec-
tively. Though the amount of oxygen availability is almost the
same in the first two cases, the discrepancies in the perfor-
mances are attributed to the fact that when air is used, there is
nitrogen blanket formation in the cathode catalyst layer that
hinders the accessibility of reactant oxygen molecules to the
platinum catalytic sites[19].

In order to optimize the Pt content in the ceria doped Pt/C
catalyst, single cell performances with different Pt/C catalysts
were measured (Fig. 2a–c), while maintaining ceria content
in the catalysts at 1 wt.%. It can be seen that 40 wt.% Pt/C
exhibits the highest performance at all atmospheres regard-
less of the presence of ceria and the order of performance is:
1C40P > 1C60P > 1C20P. This observation may be ascribed

Fig. 2. Single cell performance of DMFC with 1 wt.% CeO2 with different
loadings of platinum under (a) oxygen 250 sccm, (b) air 250 sccm and (c)
air 1250 sccm.
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to the fact that the platinum particle size increased with in-
creasing platinum content in the Pt/C catalyst, as reported in
literature[20]. The average Pt particle sizes in 20, 40 and
60 wt.% Pt/C were 2.5, 3.9 and 8.8 nm, respectively, and the
corresponding surface areas were 112, 72 and 32 m2g−1 [21].
In case of 20 wt.% Pt/C, there was an increase in the relative
number of edge atoms due to its small particulate size and
the dispersion was higher than other loadings. However, this
composition had a thicker catalyst layer compared to other
catalyst loadings due to a higher amount of low-density car-
bon. A thicker catalyst layer hinders the facile mass transport
of reactant gas molecules to the catalytic sites and increases
the proton transport resistance in the catalyst layer. Hence the
highest performance exhibited by 1C40P is attributed to the
optimum availability of metal active surface area as well as
the thickness of the catalyst layer.

To study the role of the oxygen storage ability of ceria,
performance studies were conducted for various amounts
of ceria incorporations under different cathode atmospheres,
and the results are shown inFig. 3a–c. In oxygen atmosphere,
the pure Pt/C catalyst exhibited higher performance than the
ceria doped Pt/C. This is because the addition of catalytically
inactive ceria to Pt/C might have decreased the surface area of
the platinum particulates. But in air atmosphere (flow rate of
250 or 1250 sccm), the highest performances were noted for
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Fig. 3. Single cell performance of DMFC with 40 wt.% Pt/C catalyst with
different loadings of CeO2 under (a) oxygen 250 sccm, (b) air 250 sccm and
(c) air 1250 sccm.

Fig. 4. Current density at a voltage of 0.4 V for different oxygen partial
pressures (total flow rate: 250 sccm fixed).
wt.% CeO2 doped Pt/C. This is owing to the oxygen stor
apacity (OSC) of ceria and its ability to rapidly excha
xygen to buffer oxygen partial pressure oscillations[22]. It
an be noted that the effect of ceria in the lower air flow
s much pronounced, to an extent of 100% (Fig. 3b), while at
he higher air flow rates, the efficiency improvement is o
5% (Fig. 3c). For very low additions of ceria (<1 wt.%), t
xygen storage ability in this catalyst formulations are
ronounced, and on the other hand, higher addition of
>1 wt.%) may add resistance to the catalyst layer and
rease the active surface area of platinum particulates,
eria is a poor electronic conductor as well as inactive to
xygen reduction reaction. Therefore, an optimum am
f loading should be chosen to increase the local ox
oncentration and hence, oxygen supply to platinum a
ites without appreciably affecting the catalytic activity
t. So, it is a delicate balance between the availabilit
latinum surface area and the oxygen storage ability of

hat contributes to the performance with an optimum con
f ceria.

As one can see inFigs. 1–3, the performance with ceri
oped Pt/C catalysts were affected by oxygen concentr

n the cathode stream, and therefore, the effect of oxygen
entration was investigated in more detail.Fig. 4 shows the
lots of current density at a constant voltage of 0.4 V for

ous oxygen partial pressures for 0 and 1.0 wt.% CeO2 doped
0 wt.% Pt/C. It is clearly shown that at low oxygen par
ressures (≤0.6 atm) the CeO2-doped Pt/C exhibited bett
erformance than the pure Pt/C catalyst, whereas at hig

ial pressures of oxygen (>0.6 atm) the pure Pt/C cat
howed higher performance than the ceria doped cataly
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All the above single cell performance studies of direct
methanol fuel cell indicate that the ceria doped cathode cata-
lyst exhibits better performance especially at low oxygen par-
tial pressures in the cathode compartment and, on the other
hand, the pure Pt/C catalyst is the best candidate in pure
oxygen atmospheres. This can be confirmed further from the
results of impedance studies that were carried out for the
pure and ceria doped catalysts in air atmosphere at potentials
from 0.7 to 0.9 V, and the corresponding Nyquist plots are
shown inFig. 5. In the spectra the diameter of arc is a mea-
sure of polarization resistance and the CeO2 doped catalyst
exhibits smaller resistances than the pure Pt/C at all poten-
tials. The corresponding percentage decrease in polarization

F
d

Fig. 6. Polarization resistance of the cathode in air at different potentials
[Inset diagram compares the polarization resistance of the cathode in oxygen
and air at 0.7 V].

Fig. 7. Pore size distribution of 40 wt.% Pt/C catalyst with different loadings
of CeO2.

resistances by the addition of ceria are 20, 40 and 57% for
potentials at 0.9, 0.8 and 0.7 V, respectively. Polarization re-
sistance observed at a low-potential or at high current density
is generally related to the mass transfer process because at
low potentials the reaction rate is very high and thus oxygen
depletion could occur to retard the reaction[23]. Therefore,
the significant decrease in resistance noted at the low poten-
ig. 5. Impedance spectra of the cathode with 0C40P and 1C40P in air at
ifferent potentials.

tial (0.7 V) may be attributed to more facile mass transfer of

Fig. 8. XRD patterns of 40 wt.% Pt/C catalysts with different loadings of
CeO2.
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Fig. 9. TEM images of (a) 0C40P and (b) 1C40P.

oxygen molecules to Pt active sites for the ceria doped Pt/C
catalyst.

Similar impedance studies were carried out in an oxygen
atmosphere andFig. 6 consolidates the polarization resis-
tance of oxygen and air atmospheres at different potentials.
As shown in the inset of theFig. 6, in pure oxygen envi-
ronment the Pt/C catalyst had lower resistance than the ceria
doped Pt/C.

The microstructure evolution of the ceria catalyst was in-
vestigated using Brunauer-Emmett-Teller (BET) surface area
and pore size distribution measurements, X-ray diffraction
(XRD) and transmission electron microscopy (TEM) tech-
niques.

Pore size distribution and BET surface area measurements
were carried out for the 40 wt.% Pt/C with different content
of ceria.Fig. 7shows the pore size distribution of the selected
catalyst samples. As the ceria content increased, appreciable
decline in the pore volume was observed at the pores below
2 nm. And remarkable variation in pore size distribution was
recorded for the 3.0 wt.% ceria content. The corresponding
values of BET surface area of the samples are 122, 108, 117,
111 and 98 m2 g−1 for the 0, 0.5, 1.0, 1.5, 3.0 wt.% CeO2,
respectively. The decrease in BET surface area of the Pt/C
catalyst with the incorporation of ceria offers an evidence
for its distribution throughout the catalyst textures and it also
i d by
c

t/C
a of
t ,
( .76,
4 ce
o rp
p on of
m den-
i is
e ation

after background subtraction[25]. The peaks in the regions of
28.4 and 47.5 can be indexed for CeO2 with fluorite structure.
The diffraction peaks are very feeble and the first peak is pro-
nounced only at the higher concentrations of ceria incorpo-
ration; however the second peak is merged with the Pt (2 0 0)
peak and this can be confirmed from increase in the heights
of these peaks with increasing ceria content. However, there
is no shift in any of the diffraction peaks of platinum metal at
all compositions indicating that the added CeO2 is not play-
ing any role in influencing the crystallographic orientations
of platinum catalyst particles supported on carbon.

The transmission electron microscopy (TEM) pho-
tographs of undoped and 1 wt.% CeO2-doped 40 wt.% Pt/C
are shown inFig. 9, exhibiting the morphology and disper-
sion of Pt and CeO2-Pt on carbon. In these pictures, the semi-
transparent clusters are the aggregates of carbon black parti-
cles, the white dots are the dispersed platinum particles and
the much denser white particles are ceria. The platinum parti-
cle size distribution is uniform and no agglomerates of metal
particles are observed in both cases. The presence of CeO2
in the catalyst appears to have relatively little effect on the
platinum particle size, with the average particle size being
3.5–4.0 nm in both doped and undoped samples.

These observations indicate that the electronic and mor-
phological state of ceria doped platinum catalyst is similar to
t

4

h as
c o in-
c here,
l FC.
T aller
t lly at
l ating
ndicates that the platinum active sites could be blocke
eria, leading to a reduced performance.

The X-ray diffraction patterns of ceria doped 40 wt.% P
re shown inFig. 8. The characteristic diffraction peaks

he face centered cubic crystalline (fcc) Pt, namely (1 1 1)
2 0 0), (2 2 0), (3 1 1) and (2 2 2) in the regions of 39
6.24, 67.45, 81.28 and 87.00 (2θ) demonstrate the presen
f Pt in metallic form[24] and, importantly, the lack of sha
eak rules out the presence of a significant mass-fracti
uch larger crystallites. From the extent of the line broa

ng of (1 1 1) at 2θ of 39.76◦, the average crystallite size
stimated to be 3.5–4.0 nm with the use of Scherrer equ
he pure Pt/C catalyst.

. Conclusion

The incorporation of an oxygen storage material suc
eria (CeO2) into the cathode catalyst has been shown t
rease the local oxygen concentration in the air atmosp
eading to an enhancement in the performance of a DM
he resistance of the ceria doped Pt/C electrode was sm

han the normal Pt/C electrode in air operation especia
ow-potentials as found in the impedance spectra, indic
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the more facile mass transport of reactant oxygen molecules
to reactive platinum sites on ceria addition. The 1 wt.% CeO2
doped 40% Pt/C was found to be an optimum catalyst com-
position exhibiting the highest performance in an air atmo-
sphere. Higher loadings of ceria resulted in adverse effects
on cell performance by decreasing the active surface area of
platinum catalyst particulates and by increasing resistance in
the catalyst layer due to the catalytically inactive and elec-
trically nonconductive properties of ceria. In the catalyst for-
mulations, ceria retained its fluorite structure and it did not
influence the crystallographic orientations of platinum sites
or alter the electronic state of the metallic phase in the plat-
inum catalyst supported on carbon.
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