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Pt/TiO2–C  catalyst  with  TiO2 and  carbon  black  as  the  mixed  support  has  been  synthesized  by the
microwave-assisted  polyol  process  (MAPP).  Effects  of  anatase  TiO2 with  different  particle  sizes and  con-
tents  on  the  stability  of supported  Pt catalysts  have  been  systematically  studied.  X-ray  diffraction  (XRD),
transmission  electron  microscopy  (TEM),  cyclic  voltammograms  (CV),  and accelerated  potential  cycling
tests (APCT)  have  been  carried  out to  present  the  influence  degree.  The  experimental  results  indicate
that  the  original  electrochemically  active  specific  surface  areas  (ESA)  of the  catalysts  decrease  with  the
roton exchange membrane fuel cell
ixed support

itanium dioxide particle size
itanium dioxide content

increase  of  mean  particle  sizes  of  TiO2 and  TiO2 contents.  However,  the  activity  of  Pt/TiO2–C-20  is very
close  to  that  of  Pt/TiO2–C-5 and  the  stability  of  Pt/TiO2–C-20  is the  best  after  1000  cycles  APCT,  illustrating
that  the  optimized  particle  size  of TiO2 in Pt/TiO2–C  catalyst  is 20 nm.  Furthermore,  the  stability  of  the
catalysts  increase  with  the  increase  of  TiO2 contents  in  the mixed  support.  Taking  into  account  both  the
activity  and  stability  of  various  Pt/TiO2–C catalysts,  the  optimized  particle  size of TiO2 is  20  nm and  the

ted  i
optimal  TiO2 content  exis

. Introduction

Proton exchange membrane fuel cells (PEMFCs) have attracted
ncreasing interest in recent years due to their high efficiency, high
nergy density, low-temperature operation, fast start-up, environ-
ental friendliness and the possibility for a variety of applications

1–4]. Carbon black is still the most widely used catalyst sup-
ort for PEMFCs as it has very high surface area, moderate pore
tructure, and excellent electronic conductivity [1,5–7].  However,
arbon materials are susceptible to corrosion in PEMFCs [8–11],
ecause they are exposed to an aggressive combination of strong
xidizing conditions, liquid water, strongly acidic conditions, high
emperatures, high electrochemical potentials, high electric cur-
ents, and large potential gradients and so on [10–12].

More stable and corrosion-resistant catalyst supports are cur-
ently required in order to inhibit the corrosion of carbon support

nd increase the stability of the catalysts during the operation of
EMFCs. Recently, excellent mechanical resistance and stability of
iO2 in acidic and oxidative environments make it popular in the
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el.:  +86 451 86417853; fax: +86 451 86418616.
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n  the  mixed  support  is 40%.
© 2011 Elsevier B.V. All rights reserved.

PEMFCs catalyst field [13–15].  To date, the hydrolysis of titanium
alkoxides is the main method by which TiO2 was incorporated
into the PEMFCs catalyst. Nevertheless, the catalysts synthesized
through this method need to be heat-treated at high temperatures
so that the mean particle size of Pt nanoparticles would increase.
Xiong and his co-workers [16] prepared Pt/TiOx/C nanocomposites
for oxygen reduction in direct methanol fuel cells by three different
routes and found that Pt/TiOx/C nanocomposites exhibited better
methanol tolerance than Pt/C. Pt/TiO2/C synthesized with a two-
step reaction method by Liu and his co-workers [17] was  employed
as cathode catalyst for PEMFC. After the same accelerated aging test
(AAT), the mean particle size of the Pt in Pt/C increased from 5.3 to
26.5 nm in comparison with that in Pt/TiO2/C increased from 7.3
to 9.2 nm,  which indicated that Pt/TiO2/C catalyst is more stable
than Pt/C. In our previous work [18], we  have reported that the
microwave-assisted polyol process (MAPP) is a more rapid, sim-
ple, uniform, and efficient method to prepare Pt/TiO2–C catalyst
with TiO2 and carbon black as the mixed support. Moreover, the
Pt/TiO2–C catalyst synthesized by this method exhibited both high
activity and stability in comparison with Pt/C prepared by the same
process. However, so far, the effects of anatase TiO2 with different
particle sizes and contents on the stability of Pt-based catalysts pre-

pared by the MAPP have not been studied systematically yet, which
is worth studying. In this paper, X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM), cyclic voltammograms (CV), and
accelerated potential cycling tests (APCT) for Pt/TiO2–C catalysts

dx.doi.org/10.1016/j.jpowsour.2011.05.063
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:gudaming@126.com
mailto:wangzhenbo1008@yahoo.com.cn
dx.doi.org/10.1016/j.jpowsour.2011.05.063
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ave been carried out to present the influence degree of different
article sizes and contents of TiO2.

. Experimental

.1. Catalyst preparation

Hexachloroplatinic acid (H2PtCl6·6H2O) was purchased from
hanghai, China. Vulcan XC-72 carbon black with mean parti-
le size of 20 nm was purchased from E-TEK and 5 wt.% Nafion
olution was obtained from Dupont. Anatase titanium dioxide
TiO2) with particle sizes of 5, 20, 30, 50, and 70 nm was  obtained
rom Xuan Cheng Jing Rui New materials Co., Ltd., China. Except

here specified, all chemicals were of analytical grade and used

s received. Pt/TiO2–C catalysts with different particle sizes and
ontents of TiO2 were synthesized by the microwave-assisted
olyol process (MAPP) [18]. The total Pt metal loading was fixed

100806040200
2θ / o

Fig. 1. XRD patterns of the Pt/TiO2–C catalysts with various particle sizes of TiO2:
(a)  5 nm,  (b) 20 nm,  (c) 30 nm,  (d) 50 nm, and (e) 70 nm.

ig. 2. TEM images and the size distributions of Pt/TiO2–C catalysts with different particle sizes of TiO2: (a, b) 5 nm, (c, d) 20 nm, (e, f) 70 nm before (a, c, e), and after (b, d, f)
PCT.
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Fig. 2. 

t 20 wt.%. Briefly, a calculated amount of mixed support was
ispersed into the mixture of ethylene glycol and isopropyl alcohol
nder ultrasonic treatment for 1 h. Then H2PtCl6-EG solution
as added into the uniform carbon ink with urgent agitation

or 3 h. The pH value of the ink was then adjusted to 12.0 and
he suspension was subjected to consecutive microwave heating
or 50 s. After cooling to room temperature, the pH value of the

olution was adjusted to 3–4. The mixture was kept stirring for
2 h and then the product was washed repeatedly with ultrapure
ater (Millipore, 18.2 M� cm). The obtained Pt/TiO2–C catalysts
ere dried for 3 h at 80 ◦C and then stored in a vacuum vessel.
nued ).

2.2. Physical characterization

X-ray diffraction (XRD) measurements were carried out using
the D/max-RB diffractometer with Cu Ka radiation. The tube volt-
age was  maintained at 45 kV and tube current at 100 mA. Diffraction
patterns were collected with a scanning rate of 4◦ min−1 and with
a step of 0.05◦. The samples for transmission electron microscopy

(TEM) analysis were prepared by ultrasonically dispersing the cata-
lyst powder in ethanol. A drop of the suspension was then deposited
and dried on a standard copper grid coated with carbon film. The
morphology of the catalysts was characterized using a TECNAI G2
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ig. 3. Cyclic voltammograms in 0.5 mol  L−1 H2SO4 for Pt/TiO2–C with various parti
canning rate: 50 mV  s−1; test temperature: 25 ◦C.

30 field emission transmission electron microscope operated at
00 kV.

.3. Electrochemical characterization

Electrochemical measurements were performed using a
HI650D electrochemical analysis instrument and a conventional
hree-electrode cell. Porous electrodes were prepared as follows:
.0 mg  catalyst in 2.5 mL  ethanol was ultrasonicated for 20 min.
hen, 10 �L of this ink was transferred onto a glassy carbon disk (GC,

 mm diameter), and onto which 5 �L of a dilute aqueous Nafion®
olution (5 wt. % solution in a mixture of lower aliphatic alcohols
nd ultrapure water) was added. A piece of Pt foil (1 cm2) was
sed as the counter electrode and the Hg/Hg2SO4 (−0.68 V relative
o reversible hydrogen electrode, RHE) was used as the reference
es of TiO2: (a) 5 nm,  (b) 20 nm, (c) 30 nm, (d) 50 nm, and (e) 70 nm during the APCT.

electrode. The cyclic voltammograms (CV) within a potential range
from −0.66 V to 0.49 V were recorded to calculate the electrochem-
ical active specific surface area (ESA) [18].

The investigation on the stability of Pt-based catalysts in PEM-
FCs is a time-consuming and complex task. To test the stability of
catalysts in a real normally working PEMFC is inefficient because
the life requirement for PEMFC is >5000 h for transportation and
>40,000 h for stationary applications [19]. Therefore, the so-called
accelerated degradation tests is developed. One of the accelerated
degradation tests is potential cycling [20–22] which is carried out
during the potential region between the oxidation and reduction of

Pt. Herein, the accelerated potential cycling test (APCT) which was
conducted within the potential range of −0.11–0.49 V (the region
between the oxidation and reduction of Pt) was applied to evalu-
ate the stability of catalysts. All experiments were carried out at a
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Fig. 4. ESA of Pt/TiO2–C with various particle sizes of TiO2: (a) 5 nm,  (b) 20 nm, (c)
30  nm,  (d) 50 nm,  and (e) 70 nm.
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Fig. 7 shows TEM images with associated size distributions of

Pt/TiO2–C-70%, Pt/TiO2–C-50%, and Pt/TiO2–C-30% before and after
APCT, respectively. The TEM micrographs illustrate clearly that
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emperature of 25 ± 1 ◦C and all the potentials reported here were
eferenced with respect to the Hg/Hg2SO4 electrode.

. Results and discussion

.1. Effects of anatase TiO2 with different sizes on the stability of
t catalysts

.1.1. Physical characteristics of homemade various Pt/TiO2–C
atalysts

In this section, the mass fraction of TiO2 in the mixed support is
0%. Fig. 1 shows the XRD patterns of Pt/TiO2–C catalysts with var-

ous particle sizes of TiO2. As a result of all kinds of TiO2 used here
s perfect anatase phase, it can be distinctly seen that all spectra
f Pt/TiO2–C catalysts are almost the same. Moreover, Pt diffrac-
ion peaks can be detected in all Pt/TiO2–C patterns, however, not
lear, which is similar to our previous work [18]. For the sake of
onvenience and concision, Pt/TiO2–C with TiO2 particle sizes of

 nm,  20 nm,  30 nm,  50 nm,  and 70 nm are denoted as Pt/TiO2–C-
, Pt/TiO2–C-20, Pt/TiO2–C-30, Pt/TiO2–C-50, and Pt/TiO2–C-70,
espectively.

TEM images with associated size distributions of Pt/TiO2–C-5,
t/TiO2–C-20, and Pt/TiO2–C-70 before and after APCT are shown
n Fig. 2. The TEM micrographs illustrate clearly that the disper-
ion of Pt nanoparticles on the mixed supports before APCT is fairly
niform. Pt particle sizes slightly increase with the increasing of
article sizes of TiO2. Fig. 2a and c shows that the mean size of
t nanoparticles of Pt/TiO2–C-5 is similar to that of Pt/TiO2–C-20,
ndicating that Pt/TiO2–C-5 and Pt/TiO2–C-20 has almost the same
ctivity. However, the mean size of Pt nanoparticles of Pt/TiO2–C-
0 is evidently larger than Pt/TiO2–C-5 and Pt/TiO2–C-20, showing
hat the activity of Pt/TiO2–C-70 is lower than those of Pt/TiO2–C-5
nd Pt/TiO2–C-20 catalysts. As to the TEM micrographs after APCT,
t can be obviously seen that the crystallite sizes of Pt/TiO2–C-
, Pt/TiO2–C-20, and Pt/TiO2–C-70 grow to 4.55 nm,  3.64 nm,  and
.95 nm,  increasing by 82.7%, 43.3%, and 47.4% in comparison with
hose before APCT, respectively. The results after APCT indicate that
t/TiO2–C-20 has higher stability than Pt/TiO2–C-5 and Pt/TiO2–C-
0 catalysts.

.1.2. Electrochemical characteristics of homemade various
t/TiO2–C catalysts

APCT of Pt/TiO2–C-5, Pt/TiO2–C-20, Pt/TiO2–C-30, Pt/TiO2–C-50,
nd Pt/TiO2–C-70 are carried out in 0.5 mol  L−1 H2SO4 at 25 ◦C.
yclic voltammograms (CV) before and after APCT are shown

n Fig. 3. Measurements of the hydrogen adsorption–desorption
HAD) integrals provide the ESA of Pt nanoparticles. The ESA and rel-
tive ESA of various Pt/TiO2–C catalysts with cycle number during
he APCT are shown in Figs. 4 and 5, respectively. As shown in Fig. 4,
he original ESA of the catalyst decreases with the increase of mean
article size of TiO2, which is in accordance with the results of TEM.
owever, it can be clearly seen that the activity of the Pt/TiO2–C-20

s almost the same with that of Pt/TiO2–C-5 and the stability of the
t/TiO2–C-20 catalyst is the best after 1000 cycles APCT, illustrating
hat the optimized particle size of TiO2 in the Pt/TiO2–C catalyst is
0 nm.

.2. Effects of anatase TiO2 with different contents on the stability
f Pt catalysts

.2.1. Physical characteristics of homemade various Pt/TiO2–C
atalysts
The mean particle size of TiO2 used in this part is 20 nm.  XRD
atterns of Pt/TiO2–C with different contents of TiO2 are presented

n Fig. 6. The spectra of various Pt/TiO2–C catalysts are very similar
o the results of Fig. 1. In this section, the expression of TiO2 contents
Fig. 5. Relationship of ESA and cycle numbers of Pt/TiO2–C with various particle
sizes of TiO2: (a) 5 nm,  (b) 20 nm, (c) 30 nm, (d) 50 nm,  and (e) 70 nm during the
APCT.

in the catalysts is relative to the total mass of mixed support. The
equation is presented as follows:

TiO2% = TiO2 mass
TiO2 mass + carbon black mass

(1)

For the sake of convenience in the expression, Pt/TiO2–C
with 30%, 40%, 50%, 60%, 70%, 80% and 90% TiO2 are designated
as Pt/TiO2–C-30%, Pt/TiO2–C-40%, Pt/TiO2–C-50%, Pt/TiO2–C-60%,
Pt/TiO –C-70%, Pt/TiO –C-80%, and Pt/TiO –C-90%, respectively.
100806040200
2θ / o

Fig. 6. XRD patterns of Pt/TiO2–C catalysts with different contents of TiO2: (a) 90%,
(b)  80%, (c) 70%, (d) 60%, (e) 50%, (f) 40%, and (g) 30%.
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he dispersion of Pt nanoparticles on the mixed supports before
PCT is fairly uniform. According to the expression, the experi-
ental results of Pt/TiO2–C-40% are the same with Pt/TiO2–C-20
entioned above. From Figs. 7(a) (c) and (e) and 2(c), it can be

learly seen that the mean sizes of Pt nanoparticles are almost
he same before APCT. However, after APCT, the crystallite sizes
f Pt/TiO2–C-70%, Pt/TiO2–C-50%, Pt/TiO2–C-40% (Pt/TiO2–C-20),

nd Pt/TiO2–C-30% increased by 0.98 nm,  1.10 nm,  1.10 nm,  and
.34 nm in comparison with those before APCT, respectively, show-

ng that the stability of the catalyst increases with the increase of
he content of TiO2. The reason is that there is strong metal–support

ig. 7. TEM images and the size distributions of Pt/TiO2–C catalysts with different conten
urces 196 (2011) 8207– 8215

interaction (SMSI) [18,23,24],  which becomes stronger with the
increase of TiO2 content in the mixed supports, between Pt
nanoparticles and TiO2. SMSI between Pt and TiO2 [23–27] has been
studied and confirmed by many investigators. Pt supported on TiO2
or composite support has also been used in the field of fuel cells.
Huang and his co-workers [28] thought the ultrahigh stability of
the Pt/TiO2 catalyst was attributed to the SMSI between Pt particles

and TiO2 support for PEMFCs. In our previous work, carbon riveted
Pt/TiO2–C [18] and carbon riveted microcapsule Pt/MWCNTs-TiO2
[29] have also been synthesized. The experimental results indi-
cate that carbon riveted Pt/TiO2–C and carbon riveted microcapsule

ts of TiO2: (a, b) 70%, (c, d) 50%, (e, f) 30% before (a, c, e), and after (b, d, f) APCT.
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Fig. 7. 

t/MWCNTs-TiO2 exhibit both high activity and stability due to
MSI between Pt nanoparticles and TiO2. TiO2 may  anchor the Pt
articles by interacting with Pt and thereby inhibit Pt migration and
gglomeration and then improve the stability of Pt-based catalyst
30].

.2.2. Electrochemical characteristics of homemade various
t/TiO2–C catalysts
APCT of Pt/TiO2–C-90%, Pt/TiO2–C-80%, Pt/TiO2–C-70%,
t/TiO2–C-60%, Pt/TiO2–C-50%, Pt/TiO2–C-40%, and Pt/TiO2–C-30%
re carried out in 0.5 mol  L−1 H2SO4 at 25 ◦C. Cyclic voltammo-
rams (CV) before and after APCT are shown in Fig. 8. The ESA
inued )

and relative ESA of various Pt/TiO2–C catalysts with cycle num-
ber during the APCT are shown in Figs. 9 and 10,  respectively.
According to the results of Fig. 7, the mean sizes of Pt nanoparticles
before APCT are almost the same. However, as shown in Fig. 9,
the original ESA of the catalyst decreases drastically with the
increasing of TiO2 content which is due to the poor conductivity
of TiO2. That is, the more TiO2 content exists in the catalyst, the
worse conductivity of the mixed support exhibits, and then the

worse activity of the catalyst is presented. Furthermore, it can also
be distinctly observed that the stability of the catalyst increases
with the increase of TiO2 content, which is in accordance with the
TEM results of Fig. 7. In addition, when TiO2 content in the mixed
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Fig. 8. Cyclic voltammograms in 0.5 mol  L−1 H2SO4 for Pt/TiO2–C catalysts with different contents of TiO2: (a) 90%, (b) 80%, (c) 70%, (d) 60%, (e) 50%, (f) 40%, and (g) 30%
during the APCT. Scanning rate: 50 mV s−1; test temperature: 25 ◦C.
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existed in the mixed support is optimal. Full tests of these sup-
ported catalysts in single fuel cells are still in process. Considering
the importance of the stability of the catalysts in fuel cell environ-
ments and the rapidness, simplicity, uniformity as well as efficiency
of synthesis procedure of the catalysts, the Pt/TiO2–C is a promising
catalyst for PEMFCs.
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