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a b s t r a c t

Pt/TiO2/C catalysts are employed as the cathode catalysts for proton exchange membrane fuel cell
(PEMFC). The comparative studies on the Pt/C and Pt/TiO2/C catalysts are conducted with the physical
and electrochemical techniques.

After the accelerating aging test (AAT), the remaining electrochemical active surface area (EAS) of
the Pt/TiO2/C catalysts is 75.6%, which is larger than that of the Pt/C catalysts (42.6%). The apparent
exchange current density (i0app) of the oxygen reduction reaction (ORR) at the Pt/C catalysts decreases
from 3.02 × 10−9 to 1.32 × 10−11 A cm−2 after the AAT. And the value of i0 of the ORR at the Pt/TiO /C
athode catalyst
roton exchange membrane fuel cell
ong-term durability

app 2

catalysts is 2.88 × 10−9 A cm−2 before the AAT and 2.51 × 10−9 A cm−2 after the AAT. Furthermore, the
output performance degradation of the PEMFC using the Pt/TiO2/C cathode catalysts is also less than that
using the Pt/C catalysts. The particle size of the Pt/C catalysts increases significantly from 5.3 to 26.5 nm
after the AAT. The mean particle size of the Pt/TiO2/C catalysts is 7.3 nm before the AAT and 9.2 nm after
the AAT. It can be concluded that the long-term durability of the Pt/TiO2/C catalysts in a PEMFC is much
better than that of the Pt/C catalysts.
. Introduction

Proton exchange membrane fuel cell (PEMFC) is a kind of poten-
ial alternative power source for transport applications [1]. One
f the main obstacles for the application of PEMFC in vehicles is
he long-term durability of the cathode catalysts, especially when
he fuel cells are operated under the cycle duty. Currently, the
arbon-supported platinum (Pt/C) is still the most widely used
lectro-catalyst in PEMFC. The degradation of Pt/C cathode catalysts
esults from both the reduction of electrochemical active surface
rea (EAS) of Pt [2] and the corrosion of carbon support [3]. These
wo factors are influenced and accelerated by each other [4–6].
he Pt agglomeration [7,8] caused by the dissolution/re-deposition
9,10] of the Pt and the transfer of the Pt atoms at the surface of
arbon support [2] is considered to be the main reason for the
eduction of the catalyst activity.
The agglomeration of Pt particles can be hindered effectively
y alloying the Pt with the non-precious metal. The Pt alloy cat-
lysts have been prepared and served as the PEMFC cathode
atalysts. Besides the high catalytic activity, the stability of the

∗ Corresponding author. Tel.: +86 13940971209; fax: +86 41184665057.
E-mail address: chenjian@dicp.ac.cn (J. Chen).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.01.077
© 2010 Elsevier B.V. All rights reserved.

carbon-supported Pt alloy catalysts is also better than the Pt/C
catalysts [11–13]. It is indicated that the improved durability is
attributed to the “anchor effects” of the non-precious metal to the
Pt at the carbon surface, which makes the Pt atom to insert or
anchor at the surface of carbon more stably. However, the disso-
lution of the non-alloyed metal may accelerate the degradation
of the membrane and decrease the surface of Pt which is cru-
cial to the catalytic activity towards ORR [10]. Furthermore, the
output performance of PEMFC will be reduced. These issues have
made many of the alloy compositions impractical [14–20]. There-
fore, to develop more durable cathode catalysts for PEMFC is still a
challenge.

Recently, transition metal oxides, such as ZrO2, have been
applied to improve the long-term durability of the carbon-
supported platinum catalysts on the basis of the strong metal–
support interaction and the anchor effect between the metal oxides
and the adjacent Pt atoms [21,22]. TiO2 is highly stable in acidic
environment [23,24]. The Pt/TiO2/C catalysts have been employed
as the cathode catalyst in both PEMFC [25] and direct methanol fuel

cell (DMFC) [26]. It was reported that the electrochemical active
surface area (EAS) of the platinum in the catalyst was increased
with the addition of TiO2 due to the synergistic effects of the
interface between Pt and TiO2 and the spillover of hydrogen [25].
Besides, the TiO2 films thinner than 18 nm were found to be proton-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:chenjian@dicp.ac.cn
dx.doi.org/10.1016/j.jpowsour.2010.01.077
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onducting [27,28]. In addition, the tolerance of the cathode to the
ethanol permeating from the anode via Nafion membrane in a
MFC was obviously enhanced by introducing TiOx in the cata-

yst [26]. However, the long-term durability of Pt/TiO2/C when it
s employed as PEMFC cathode catalyst has not been investigated
et.

In this paper, Pt/TiO2/C catalyst was prepared and employed as
he cathode catalyst for PEMFC. The comparison of the long-term
urability of Pt/TiO2/C and Pt/C catalysts was conducted with in situ
nd ex situ measurement by evaluating the single cell performance,
yclic voltammetry (CV) curve and steady-state polarization curve.
eanwhile, the morphological changes of the cathode catalysts

aused by the accelerating aging test (AAT) were investigated by
ransmission electron microscope (TEM).

. Experimental

.1. Preparation of catalysts

Pt/TiO2/C catalyst (Pt content was 40 wt.%) was prepared with
two-step reaction method. Ti-2triethanolamine (Ti-2TEA) was

rstly prepared by using Ti(OBu)4 as the precursor. The carbon-
upported TiO2 (TiO2/C) was prepared by mixing Ti-2TEA with a
uspension of Vulcan XC-72. The Pt metal was chemically reduced
rom H2PtCl6 in ethylene glycol (EG) solution and deposited on
iO2/C powders. Afterwards, the compositions were heat-treated
t 500 ◦C in N2 for 3 h to obtain Pt/TiO2/C catalyst. The content of Pt
nd Ti in the catalyst was detected by inductively coupled plasma
ICP).

For comparison, Pt/C catalyst (Pt content was 40 wt.%) was pre-
ared with the EG method.

.2. Preparation of membrane electrode assembly (MEA) and
EMFC single cell

The gas diffusion electrodes consisting of gas diffusion layer
nd catalyst layer were prepared with the procedure described
lsewhere [29]. The gas diffusion layer with a micro-porous layer
MPL) was prepared by coating a mixture of Vulcan XC-72 car-
on black and PTFE (30 wt.% in dry state) onto a waterproofed
arbon paper and was heated at 240 ◦C for 30 min, and then was
alcined at 340 ◦C for 30 min. The catalyst layer was prepared by
praying a mixture containing a certain amount of home-made
t/C or Pt/TiO2/C catalysts, 10 wt.% PTFE and ethanol onto the
urface of MPL. Then the gas diffusion electrodes were sintered
t 350 ◦C in N2 for 1 h. The electrodes were impregnated with
wt.% Nafion® solution by a spray technique. In the electrodes, the

oading of Pt and Nafion in dry state was all about 0.4 mg cm−2.
he electrodes prepared as mentioned above were served as
athodes.

The anodes were prepared with the same method using the
ommercial Pt/C catalyst (TKK Corp., Pt content is 46.4 wt.%). The
t loading in anodes was 0.3 mg cm−2.

The MEA was prepared by hot-pressing the cathode, Nafion 212
embrane, and the anode at 140 ◦C and 1 MPa for 1 min. The effec-

ive area of the electrode was 5 cm2. The MEA was mounted in a
ingle cell with stainless steel end plates and stainless steel mesh
ow fields as the current collectors.

.3. Single cell test
The performance of the fuel cell was evaluated at a cell tem-
erature of 80 ◦C. Hydrogen and oxygen were humidified before
ntering the cell, and were employed as the fuel and the oxidant,
espectively. The humidification temperatures for hydrogen and
ces 195 (2010) 4098–4103 4099

oxygen were 90 and 85 ◦C, respectively. Both the pressure of hydro-
gen and oxygen were 0.2 MPa. Before the steady-state polarization
curves were recorded, the cell was kept at a constant current den-
sity of 1000 mA cm−2 for about 6 h until the output voltage of the
cell was stable.

2.4. Electrochemical accelerating aging test

Two kinds of AATs were performed by employing the CV mea-
surement. One kind of AATs was to employ a three-electrode cell, in
which a thin film electrode fabricated with Nafion solution (DuPont,
USA) and the home-made Pt/C or Pt/TiO2/C catalyst on the sur-
face of a glassy-carbon (GC) electrode was served as the working
electrode, a Pt foil with the surface area of 3 cm2 and a saturated
calomel electrode (SCE) were used as the counter and the refer-
ence electrodes, respectively. The CV tests were performed in the
potential range of −0.25 to +1.0 V for 1000 cycles in a N2 sat-
urated 0.5 mol L−1 H2SO4 solution at room temperature. The CV
curves were recorded to calculate the electrochemical active sur-
face area (EAS) of Pt in the catalysts by using the following equation
[29]:

EAS = QH

QrefLPt

in which QH is the charge of hydrogen adsorption; Qref is the
charge for a monolayer adsorption of hydrogen on polycrystalline
Pt, whose value is 210 C (cm2 Pt)−1; and LPt is the loading of Pt in
the cathode.

The other kind of AATs was performed by measuring the CV
curves of the cathode in a PEMFC single cell. In this case, the anode
side was fed with hydrogen and served as the reference and counter
electrodes. The cathode side was fed with nitrogen and served as
the working electrode. The AATs were performed by employing the
potential sweeping test in the range of +0.6–1.2 V for 3000 cycles.
The EAS of Pt in the catalyst can be calculated as described above.
In this experiment, the cell temperature was 80 ◦C, and the humid-
ification temperature of hydrogen and nitrogen was 90 and 85 ◦C,
respectively.

The CV measurements were performed using a CHI 625A
electrochemical workstation (Chenhua Instrument Co., Shanghai,
China).

2.5. Characterization of catalysts

XRD patterns of the catalyst were conducted on a PAN-analytical
powder diffraction-meter (Philips X’Pert PRO) using Ni-filtered Cu
K� radiation (� = 1.54056 Å) for the characterization of the crys-
talline structures of Pt and TiO2.

The morphologies of the catalysts before and after the AAT were
investigated by using transmission electron microscope (JEOL JEM-
2011). The catalysts after the AAT were collected from the used
cathode and were mixed with ethanol to form homogenous slurry
ultrasonically. At least 200 metal particles were calculated to obtain
the particle distribution diagram of each catalyst sample. The mean
particle diameter (dm) was calculated using the following formula
[30]:

dm =
∑

inidi∑

ini

in which ni is the number of particles with the diameter di.
The bulk contents of Pt and Ti in the prepared Pt/TiO2/C catalyst

were analyzed by ICP (Plasma-spec-ii, Leeman, USA).
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Fig. 2. Cyclic voltammograms obtained with the thin film electrodes fabricated with
(a) Pt/C and (b) Pt/TiO /C catalyst in N -purged 0.5 mol L−1 H SO solution before
Fig. 1. XRD patterns of (a) Pt/C and (b) Pt/TiO2/C catalyst.

. Results and discussion

.1. ICP measurement and XRD spectrum

The results obtained from ICP indicate that the content of Pt and
i in Pt/TiO2/C catalyst was 40 and 1.08 wt.%, respectively. Thus, the
verall molar ratio was Pt:Ti = 9:1.

The XRD patterns of Pt/TiO2/C and Pt/C catalyst are shown in
ig. 1. The Pt/TiO2/C catalyst exhibited well-shaped characteristic
eaks for the cubic crystalline platinum at 39◦, 46◦, 68◦, 81◦ and
5◦, corresponding to Pt (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2)
lane, respectively. The Pt/C catalyst showed poorly defined peaks
f Pt. The peak at the Bragg angle of 85◦ corresponding to Pt (2 2 2)
lane cannot be observed from the XRD pattern of Pt/C. It can be
oncluded that the particle size of Pt/TiO2/C is larger than that of
t/C due to the heat-treatment of the Pt/TiO2/C catalyst. Besides, no
eak related to TiO2 phases in Pt/TiO2/C catalyst can be observed
rom Fig. 1. The reason might be the very low content of titanium
about 1.08%) in Pt/TiO2/C catalyst. In addition, there is no shift
n any of the diffraction peaks of Pt in Pt/TiO2/C catalyst, which
ndicates that the addition of TiO2 does not change the crystalline
attice of Pt.

.2. Long-term durability of catalysts

The CV curves obtained with the thin film electrodes fabricated
ith Pt/C and Pt/TiO2/C catalysts are shown in Fig. 2(a) and (b),

espectively. The CV curves present the well-shaped current peaks
orresponding to the adsorption/desorption of hydrogen at Pt sur-
ace, and the oxidation/reduction of the oxygen-containing species
t Pt surface. The EAS of Pt in the catalyst is calculated as described
n Section 2.2. The results are listed in Table 1. The initial EAS

alue of Pt in Pt/C catalyst before the AAT was 74.38 m2 (g Pt)−1,
hich was larger than that of Pt in Pt/TiO2/C catalyst (64.52 m2

g Pt)−1). The reduction of EAS value of Pt in Pt/TiO2/C catalyst might
e caused by the heat-treatment of the catalyst at 500 ◦C. After

able 1
lectrochemical active surface area (EAS) of Pt/C and Pt/TiO2/C catalyst.

Catalyst EAS before AAT
( m2 (g Pt)−1)

EAS after AAT
( m2 (g Pt)−1)

EAS remaining

Pt/C 74.38 31.68 42.6%
Pt/TiO2/C 64.52 48.81 75.6%
2 2 2 4

(solid line) and after (dash line) AAT. Potential scan rate: 50 mV s−1.

the potential sweep test in the range of −0.25 to +1.0 V for 1000
cycles, the EAS value of Pt in Pt/C reduced to 31.68 m2 (g Pt)−1.
The remaining EAS of Pt in Pt/C after the AAT is about 42.6%. In
contrast, the EAS of Pt in Pt/TiO2/C catalyst was 48.81 m2 (g Pt)−1

after the AAT, which was obviously larger than that of Pt in Pt/C
catalyst. The remaining EAS of Pt in Pt/TiO2/C is about 75.6%. The
results indicate that Pt/TiO2/C catalyst is more durable than Pt/C
catalyst.

Fig. 3 shows the polarization curves of oxygen reduction
obtained with the thin film electrodes fabricated with the Pt/C
and Pt/TiO2/C catalysts. After the AAT, the half-wave potentials
for oxygen reduction at Pt/C electrode and Pt/TiO2/C electrode
shifted negatively 58 and 14 mV, respectively. The apparent
exchange current densities (i0app) of oxygen reduction were calcu-
lated from Tafel curves which is derived from the oxygen reduction
polarization curves as shown in Fig. 3. The values were calcu-
lated to be 3.02 × 10−9 A cm−2 at Pt/C electrode before the AAT
and 1.32 × 10−11 A cm−2 after the AAT, and 2.88 × 10−9 A cm−2 at
Pt/TiO2/C electrode before the AAT and 2.51 × 10−9 A cm−2 after the
AAT. Although the initial value of i0app for oxygen reduction at Pt/C
electrode was larger than that at Pt/TiO2/C electrode, it reduced
sharply from 3.02 × 10−9 to 1.32 × 10−11 A cm−2 after the AAT. On

the contrary, the i0app of oxygen reduction at Pt/TiO2/C electrode
remained quite stable. It can be seen that the durability of the cat-
alytic activity of Pt/TiO2/C catalysts toward ORR is better than that
of Pt/C catalysts.
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caused by the low catalytic activities of the electrode (catalyst).
Thus, it can be concluded that the catalytic activity of the Pt/C was
reduced obviously by the AAT. On the contrary, the catalytic activity
of the Pt/TiO2/C was almost unchanged. When the current densities
were larger than 300 mA cm−2, the voltage decrements of both the
ig. 3. Polarization curves of oxygen reduction at (a) Pt/C and (b) Pt/TiO2/C cata-
yst in O2-saturated 0.5 mol L−1 H2SO4 before (solid line) and after (dash line) AAT.
otential scan rate: 5 mV s−1. Rotation speed: 2500 rpm.

It can be concluded from the experimental phenomena as men-
ioned above that the Pt/TiO2/C catalysts are more tolerant to the
AT, which leads to the larger remaining EAS value and the higher
urability of ORR activity after the AAT.

.3. Long-term durability of catalysts in PEMFC

The long-term durability of the Pt/TiO2/C catalyst was investi-
ated when it served as PEMFC cathode catalyst. Meanwhile, the
ong-term durability of the Pt/C catalyst as the PEMFC cathode cat-
lyst was also investigated for comparison. At first, I–V curve of the
ingle cell was measured before the AAT. Then the cathode was fed
ith nitrogen and the potential sweep test was performed from

0.6–1.2 V for 3000 cycles. Afterwards, the cathode was fed with
xygen again and I–V curve of the single cell was tested. The degra-
ation rate of the single cell can be calculated by using the equation
31]:

Degradation rate (mV/cycle)

= final performance (mV) − original performance (mV)
cycle number
–V curves obtained with the single cells employing the Pt/C and
t/TiO2/C cathode catalysts are shown in Fig. 4. It can be seen,
he initial performance of the cell using the Pt/C cathode catalysts
as slightly better than that of the cell using the Pt/TiO2/C cata-

ysts. However, after the AAT, the performance of the cell using the
Fig. 4. Performances of PEMFC single cells. PH2 = PO2 = 0.2 MPa; Tcell = 80 ◦C;
Ta,humi = 90 ◦C; Tc,humi = 85 ◦C.

Pt/TiO2/C catalysts was much better than that of the cell using the
Pt/C catalysts. For example, after the AAT, the voltage loss of the cell
using the Pt/TiO2/C catalysts at 200 mA cm−2 was about zero, while
the value for the cell using the Pt/C catalysts was about 50 mV and
the overall decay rate was 0.0167 mV cycle−1. Similarly, the voltage
loss of the cell using the Pt/TiO2/C at 1000 mA cm−2 was 18 mV (the
overall decay rate was 0.006 mV cycle−1), which was much lower
than that of the cell using the Pt/C (88 mV and 0.0293 mV cycle−1,
respectively).

The voltage losses of the single cells caused by the AAT are
recorded with respect to the operating current densities (Fig. 5). The
voltage loss of the cell using the Pt/C catalysts was much larger than
that of the cell using the Pt/TiO2/C catalysts at the same operating
current densities. At the current densities less than 300 mA cm−2,
there was no voltage loss could be observed with the cell using the
Pt/TiO2/C catalysts. On the contrary, the voltage loss of the cell using
the Pt/C catalysts increased sharply to 44.6 mV when the operating
current density increased from 0 to 100 mA cm−2. The voltage loss
of a PEMFC single cell at low current densities is considered to be
Fig. 5. The voltage losses of PEMFC single cells after AAT. Curve 1: cell using Pt/C
cathode catalyst. Curve 2: cell using Pt/TiO2/C cathode catalyst.
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Fig. 6. TEM images of the catalysts: Pt/C catalyst (a) before AA

ells increased obviously with the increase of the operating current
ensities. The increase of the voltage losses of the cell at higher cur-
ent densities is caused by the increase of the inner resistance of
he cell. This indicates that the inner resistances of the single cells
sing Pt/C and Pt/TiO2/C catalyst were increased obviously by the
AT.

The EAS values of Pt in the cathodes were also measured from
he CV curves as described in Section 2.2. It showed that after the
AT, the reduction of EAS value of Pt in the Pt/TiO2/C catalysts
as about 29.8% and was obviously less than the reduction of EAS

alue of 74.9% for the Pt in the Pt/C catalysts. The results show
hat the Pt/TiO2/C catalyst is more stable than Pt/C catalyst to the
AT.

The morphologies of the cathode catalysts before and after the
AT were observed and recorded using TEM. The TEM images and
he distributions of Pt particle size are shown in Figs. 6 and 7,
espectively. The results indicate that the dispersion of Pt particles
n both the Pt/C and the Pt/TiO2/C catalysts was uniform before
he AAT. The mean particle size was around 5.3 nm for Pt/C cata-
ysts and 7.3 nm for Pt/TiO2/C catalysts. Thus, the Pt particle size
after AAT; Pt/TiO2/C catalyst (c) before AAT; and (d) after AAT.

in the Pt/TiO2/C catalysts was slightly larger than that in the Pt/C
catalysts due to the heat-treatment of Pt/TiO2/C at 500 ◦C. After
the AAT, the obvious agglomeration and coalescence of Pt parti-
cles in the Pt/C ctalysts were observed (as shown in Fig. 6(b)).
The mean particle size of Pt increased to 26.5 nm with a broad
size distribution. But for the Pt/TiO2/C catalysts, after the AAT the
mean particle size of Pt increased to 9.2 nm, which was much
smaller than the value of Pt in the Pt/C catalysts. Besides, the
size distribution of Pt particles in the Pt/TiO2/C catalysts remained
approximately uniform. It can be concluded that the long-term
durability of the morphology of the Pt/TiO2/C is much better than
that of the Pt/C when they are served as PEMFC cathode cata-
lysts.

The improved stability and durability of the catalysts are possi-
bly due to the existence of titanium oxide. The similar phenomena

have been observed from the other transition metal oxide in the
carbon-supported platinum catalysts [32]. However, the detailed
mechanism of the metal oxide in the improvement of carbon sup-
port Pt catalysts is not clear now. The further investigation is under
way.
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Fig. 7. Histograms of particle size distributions of the catalyst. Pt/C catalyst:

. Conclusions

Pt/TiO2/C and Pt/C were prepared with a two-step reaction
ethod and were employed as PEMFC cathode catalysts. After the
AT, the reduction of EAS value for the Pt/C catalysts was 74.96%,
as significantly larger than the value of 29.79% for the Pt/TiO2/C

atalysts. The output voltage decrease of the single cell using the
t/C catalysts was also larger than that of the cell using the Pt/TiO2/C
atalysts.

The obvious agglomeration and coalescence of Pt particles in
he Pt/C catalysts caused by the AAT were observed from the TEM
mages. The mean particle size of the Pt in the Pt/C increased from
.3 to 26.5 nm with a broad size distribution. But for the Pt/TiO2/C
atalyst, the mean particle size of the Pt increased from 7.3 to 9.2 nm
fter the AAT, which was much smaller than that of the Pt in the
t/C catalysts.

In brief, the stability and long-term durability of PEMFC cath-
de catalysts are obviously improved by introducing TiO2 into the
atalysts.
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