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a b s t r a c t

Life tests of direct methanol fuel cells (DMFCs) were carried out with three individual single cells for
three different times. X-ray diffraction (XRD) and X-ray photoelectron spectra (XPS) were used to eval-
uate the cathodic Pt black catalysts prior to and after the life tests. XRD results showed that the particle
sizes of cathodic catalysts increased from an original value of 7.3–8.3, 8.7, and 9.2 nm, whereas their lat-
tice parameters first increased and then decreased from an original value of 3.9188–3.9210, 3.9197, and
3.9196 Å before and after 117, 210, and 312 working hours, respectively. XPS results indicated that the metal
content gradually decreased with test time, but the contents of Pt oxides in cathodic catalysts increased.
Hydrogen adsorption–desorption cyclic voltammetry were employed to test the performances of three
athodic catalyst degradation
lectrochemically active surface area
n situ cyclic voltammetry

individual fuel cells and the electrochemically active surface areas (SEAS) of cathodic catalysts before and
after the life tests. It is found that both SEAS of cathodic catalysts and their utilization decreased markedly.
This indicates that the change of SEAS and utilization of cathodic catalysts are the main factors affecting the
performance decay of DMFC. The dissolution/agglomeration of Pt metal from cathodic catalysts also plays
an important role in the performance decay of DMFC. The sintering/degradations of cathodic Pt nanopar-
ticles were accelerated due to crossover of methanol to form the mixed potentials. The agglomeration of
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. Introduction

Low-temperature fuel cells with either hydrogen or methanol as
he fuel represent an environmentally friendly technology, which
re attracting much attention as portable energy system. Pro-
on exchange membrane fuel cells (PEMFC) are moving steadily
owards commercialization for various applications [1,2]. In recent
ears, direct methanol fuel cell (DMFC) has been receiving much
ore attention due to its advantages of easy transportation and

torage of the fuel, a substantial reduction of system weight, size,
nd complexity without the need for reformers and humidifiers,
nd high-energy conversion efficiency [3]. The performance of
MFC depends on several factors, among which the most impor-

ant are: (i) electrocatalytic activity and durability of catalysts, for
xample, the overpotential of anode, when operated with pure

ydrogen, has a value of tens of microvolts. However, the over-
otential caused by slower kinetics of oxygen reduction reaction
t the cathode is more than 300 mV, even if pure Pt is used [4,5];
ii) the ionic conductivity and resistance to methanol crossover of

∗ Corresponding author. Tel.: +86 451 86417853; fax: +86 451 86413707.
E-mail address: wangzhenbo1008@yahoo.com.cn (Z.-B. Wang).
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be illustrated with dissolution/deposition mechanism.
© 2008 Elsevier B.V. All rights reserved.

roton exchange membrane (PEM); (iii) water and heat manage-
ent on the cathodic side of the cell [6]; (iv) the aging of PEM.

esearchers have made great efforts on the above factors [7–9],
nd obtained many good results. The performance of DMFC was
nhanced markedly in recent years, but its price is still prohibitive,
ecause a large amount of noble metals of Pt and Ru as the cata-

ysts in anodes and cathodes are still used. In fact, the limitation of
latinum resource and rareness of ruthenium have been the major
bstacles to the broader commercialization of DMFCs. Hence, it is
ery worth prolonging the life of catalysts for DMFC and lowering
heir loading and the costs of DMFC by using various techniques.
he performance degradation rates of DMFC are evidently higher
han that of pure hydrogen PEMFC [10]. The commercialization
f DMFC demands a stable operation for at least thousands of
ours, e.g. 5000–40000 h required for fuel cell vehicles and resi-
ential power generators [11]. Many factors will affect the stable
peration of DMFC, including the growth of catalytic particles, the
oss of catalytic active components, poisoning of electrocatalysts

y accumulated intermediates from methanol electrooxidation or
mpurities, aging of PEM, and changes of hydrophobic/hydrophilic
roperties in the catalyst layers and diffusion layers [12]. Thereinto,
he electrocatalysts are one of the major components of membrane
lectrode assemblies (MEAs), and their stability plays an impor-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:wangzhenbo1008@yahoo.com.cn
dx.doi.org/10.1016/j.jpowsour.2008.08.045
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Electrochemically active surface areas (SEAS) of cathodic catalysts
were determined by hydrogen adsorption–desorption test. For
this, the anode as both reference (defined as a dynamic hydro-
gen electrode (DHE)) and counter electrodes was first fed with
Z.-B. Wang et al. / Journal of Po

ant role in the long-term operation of fuel cells [13]. The catalyst
egradation in DMFC proceeds gradually, and its degree is time-
ependant. Wilson et al. [14] studied the particle growth of Pt
atalyst after 4000 h of a continuous operation of fuel cells, and
ound that approximately 60% of the active surface area was lost. In
ddition, the characterization changes of catalysts at the anode and
athode in DMFC are different. Cathodes in DMFC operate in a seri-
us corrosive environment, e.g. high water content, low pH value,
igh temperature, and high potentials gone with operating sub-
tantial oxygen partial pressures [15], and the carbon support may
lso be oxidized during fuel starvation [10]. So, the agglomeration
nd dissolution of catalyst in cathodes are more severe than that
n anodes. But, a research showed that the catalyst agglomeration
n anode is more serious than that in cathode, because methanol

ight be more aggressive against the catalyst than water produced
n DMFC [16]. The durability investigations of cathodic and anodic
atalysts were already carried out in details in a single DMFC in our
revious work [17]. The contribution of cathodic catalyst to the per-
ormance degradation of DMFC is greater than that of anodic one.
wo mechanisms for particle size growth, i.e. Ostwald ripening, and
oalescence have been suggested [18–22]. Although coalescence
as been reported to be insignificant for carbon supported catalysts
t temperatures below 500 ◦C [19], this may not be the case with
MFC, in which metal black catalysts are typically used. The pri-
ary growth mechanism, Ostwald ripening, would be expected to

e more serious at the cathode [22]. However, the aging mechanism
f cathodic catalysts is not very clear at present. The debate about
his question is still open. The changing regularity of cathodic cata-
ysts with times in different individual single DMFCs is unexplored
et.

In our recently work, the change rules of anodic PtRu black
atalysts with different working times in three individual single
ells were investigated in detail [23]. In this paper, we focus on
xploring the durability of cathodic catalysts for 117, 210, and 312 h,
espectively, in three single DMFCs operated at 60 ◦C and a current
ensity of 100 mA cm−2. Electrochemical characterizations were
erformed prior to and after the life tests, and their results were
ompared. Results of XRD and XPS obtained before and after the
ife tests were also discussed.

. Experimental

.1. MEA preparation

The MEA preparation was prepared according to the method
entioned in the literatures [17,23]. As described briefly, Pt black

nd PtRu black (Johnson Matthey Co.) were used as catalysts for
he cathode and anode, respectively. PtRu black and 5 wt.% Nafion®

onomer solution (DuPont EW = 1100) were mixed in isopropanol
lcohol solution to form a homogeneous suspension for the anode.
he cathodic catalyst ink was prepared similarly with Pt black,
afion® solution, and PTFE latex. The Nafion® contents in both
nodic and cathodic catalyst layers were 20 wt.%. The catalyst inks
ere deposited onto the gas diffusion layer (GDL) by paint brush
ith a metal loading of 4 mg cm−2 for both electrodes. The carbon

loth (E-TEK, ELAT/NC/DS/V2 double sided ELAT electrode, carbon
nly, no metal, 20% wet proofed) was used as the GDL and backing
ayer for the cathode. The anodic GDL was prepared by using spray
ainting method with 1 mg cm−2 of carbon black and 5% Nafion®

onomer solution on the carbon paper. DuPont Nafion® 117 mem-

rane was used as solid electrolyte. Before being applied to the
lectrodes, the membrane was pretreated by dilute nitric acid (the
atio of nitric acid:deionized water of 18 M� cm by volume is 1:1)
t its boiling temperature for 20 min, and then rinsed five times
ith ultrapure water. The membrane was then immersed in the
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oiling ultrapure water for 1 h. The membrane electrode assem-
ly (MEA) was formed by hot-pressing the anodic and cathodic
iffusion layers onto the Nafion® film.

.2. Electrochemical measurements

.2.1. Single fuel cell tests
Single fuel cell tests were performed by using a homemade

cm2 apparent area test fixture. The fixture was composed of a
air of graphite plates with serpentine flow fields for reactants to
ow. Air and methanol solution were used as the reactants. The
ow rate of air is 100 mL min−1 under ambient pressure, and that
f the solution is 2.5 mL min−1 with a concentration of 1.0 mol L−1

ethanol. Both reactants were not humidified, and directly enter
he cell. The cell temperature was 60 ◦C. Rod-like heaters were
nserted into the plates to control the cell temperature. Polariza-
ion curves, power density curves, and potential–time curves were
btained by using a Fuel Cell Test Station (Scribner Associates Inc.,
eries 890B, Southern Pines, NC, USA) in a galvanostatic polariza-
ion mode. Potential–time curves of the three individual single
ells were measured in a galvanostatic mode with a current den-
ity of 100 mA cm−2 for 117, 210, and 312 h, respectively. To ensure
hat the electrolyte in Nafion® membrane and electrode is moist
nough to have high ionic conductivity, it is necessary to activate
he MEA before the performance measurements. In our experi-

ents, the single cells were conditioned with ultrapure water and
ir at 60 ◦C for 5 h. After conditioning, ultrapure water was replaced
ith methanol solution of 1.0 mol L−1 for 24 h in a galvanostatic
ode with a current density of 10 mA cm−2 prior to the acquisition

f life test data.

.2.2. Cyclic voltammetry (CV)
Cyclic voltammgrams were obtained by using a PAR poten-

iostat/galvanostat (EG&G Model 273A) at a cell temperature of
5 ◦C. Fig. 1 shows a scheme of the experimental set-up for fuel
ell testing and in situ cyclic voltammetric measurements [17,23].
ig. 1. Scheme of fuel cell set-up including alteration for CV measurements. For CV,
ir to the cathode was replaced with humidified N2. The original cathode became
he working electrode. For CV methanol solution to the anode was replaced with
umidified N2 for 10 min. N2 to the anode was replaced with humidified H2 again
nd the anode became the counter/reference electrode [23].
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Table 1
Maximum power densities (MPD), voltages, and current densities at MPD of the membrane electrode assemblies before and after different test times

MEA no. MEA 1 MEA 2 MEA 3

0 h 117 h 0 h 210 h 0 h 312 h

Current density at MPD (mA cm−2)a 200 170 210 180 240 200
Voltage at MPD (V)a 0.345 0.307 0.355 0.309 0.34 0.285
MPD (mW cm−2)a 69.0 52.2 74.5 55.7 81.5 57.0
Decrement rate (%)a 24.3 25.2 30.1

Current density at 0.4 V (mA cm−2) 150 100 170 110 180 110
Decrement (mA cm−2) 50 60 70
Decrement rate (%) 33.3 35.3 38.9

Power density at 0.4 V (mW cm−2) 60.6 40.3 67.9 44.5 71.9 43.7
−2
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Decrement (mW cm ) 20.3
Voltage decay rates (mV h−1)a 0.40

a Data were taken from Ref. [23].

itrogen to purge methanol solution for 10 min, and then nitro-
en was replaced with humidified hydrogen gas at a flow rate of
00 mL min−1 under ambient pressure. The cathode was first fed
ith humidified nitrogen to purge air for 10 min, and then stop

eeding nitrogen. CV curves were recorded within a potential range
f 0.05–1.2 V at a scan rate of 0.02 V s−1. The integrated peak area
f hydrogen adsorption–desorption was used to calculate the SEAS
f cathodic catalyst. All potential values reported in this work are
ersus DHE.

.3. Characterization of physical properties

After electrochemical testing, the MEA was carefully removed
rom the cell. The cathode GDLs were separated from MEAs after
ifferent working times. The membranes with catalyst layers were
ut into small pieces for subsequent analysis by XRD and XPS.

.3.1. X-ray diffraction (XRD)
XRD measurements for the catalyzed GDL were recorded on a

igaku Ultima III X-ray diffractometer system (Rigaku MSC, Wood-
ands, TX) using a graphite crystal counter monochromator that
ltered Cu K� radiation. The X-ray source was operated at 40 kV
nd 40 mA. The patterns, recorded in a 2� range of 20–90◦, were
btained using high precision and high resolution parallel beam
eometry in a step scanning mode of 1◦ min−1. The identification
f phases was made by referring to the joint committee on pow-
er diffraction standards international center for diffraction data
JCPDS-ICDD) database. Lattice parameters and crystallite sizes
ere calculated using Jade 7 Plus software (Rigaku). Grain sizes
ere determined by Scherrer equation using the Pseudo-Voigt pro-
le function.

.3.2. X-ray photoelectron spectrometry (XPS)
XPS study of surface composition involved a special X-ray

hotoelectron spectrometer (VG ESCALAB MKII) with the Al K�
-ray source at 1486.6 eV, which recorded the spectra from 45◦

akeoff-angle at a chamber pressure below 5 × 10−9 Pa. The C 1s
lectron binding energy was referenced at 284.6 eV, and a non-
inear least-squares curve-fitting program was employed with a
aussian–Lorentzian production function [24,25]. The deconvolu-

ion of the XPS spectra was achieved with the reported procedures
26–30].
. Results and discussion

The changes of PtRu black anodic catalysts with working times
ere exhibited in our previous works [23]. In this work, we focus

c
m
s
t
t

23.4 28.2
0.22 0.07

n the change of cathodic catalysts with working times. The per-
ormance data of three single DMFCs are also presented in this
aper as shown in Table 1 [23]. The discussions on the performance
hange rules and the performance curves of three individual single
ells were presented in detail in reference [23]. A briefly depic-
ion is only provided in here. Compared with the cell performances
efore the life tests, it can be seen that the maximum power den-
ities (MPD) of DMFCs drop by about 24.3%, 25.2%, and 30.1% after
test time of 117, 210, and 312 h, respectively. The current densi-

ies and potentials, at which the MPD occur, also drop with test
ime. The loss of cell voltage, at which MPD occur, has the great-
st value of about 55 mV after the life test of 312 h. The voltage
ecay rates of DMFCs are about 0.4, 0.22, and 0.07 mV h−1 during
he tests for 117, 210, and 312 h, respectively. During the overall
est, the cell voltages decrease gradually with test time. It can be
een from Table 1 that the current densities of three individual
ingle cells at a cell voltage of 0.4 V after working times of 117,
10, and 312 h decrease by about 50, 60, and 70 mA cm−2, respec-
ively. Power densities at the voltage of 0.4 V decrease by about 20.3,
3.4, and 28.2 mW cm−2 after different working times, respectively.
heir decrements are 33.3%, 35.3%, and 38.9%, respectively. These
ndicate that their performance decays are fast at the beginning
f working and then are slow down. There is a slow performance
oss that is irrecoverable, which may be related to the degrada-
ion of catalysts, the dissolution of Nafion® solution in catalyst
ayers [31], and the aging of polymer electrolyte membrane [12],
nd so on. With the increasing of working time, the performance
oss decreases gradually. The voltage decay rates decrease also evi-
ently with time. Though the decay rate for 312 h is already close to
hat for the commercialization demands of DMFC [10], it does not

eet the demands yet. It is certainly necessary to prolong the life of
MFC.

Fig. 2 shows hydrogen adsorption–desorption curves in cath-
des prior to and after the life tests for different working times.
he normal peaks of hydrogen adsorption–desorption on pure Pt
etal are presented in Fig. 2 before the life tests. The hydrogen

dsorption–desorption regions on Pt catalysts decrease gradually
ith time after the life tests. The two normal peaks of hydrogen
esorption also decay gradually with time. The double layer capac-

tances on three Pt black catalysts are relatively small before the
ife test. However, their double layer capacitances increase to dif-
erent extents with time during the life tests. The carbon corrosion
appens in gas diffusion layer at higher potentials, higher oxygen

ontent, and higher temperature, which may be the reason for aug-
ent of double layer capacitance in cathodes. Furthermore, the

mall oxidation peaks at about 0.68 V in CV curves before the life
ests are attributed to the oxidation of small organic and/or con-
aminants’ molecules adsorbed on Pt metal surface [32]. The peaks
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Fig. 2. Hydrogen adsorption–desorption tests of cathodic c

an disappear while more scans are carried out continuously for
athodes.

The electrochemically active surface area (SEAS) is calculated
ith the recognized method based on hydrogen adsorption–
esorption curve [33,34], by Eq. (1) as follows:

EAS = Q1

G × 210
(1)

n which Q1 is the charge quantity calculated from integrated in CV
urves for hydrogen adsorption–desorption in microcoulomb (�C),
nd a value of 210 (�C cm−2) is the charge required to oxidize a

onolayer of hydrogen on Pt metal catalyst [35], and G represents

he Pt metal loading (mg) in the electrodes.
The results of calculations listed in Table 2 show that the SEAS of

athodic catalysts decrease gradually with time. The SEAS loss after
orking times of 117, 210, and 312 h are about 24.2%, 35.9%, and

o
c
t
p
(

able 2
haracterization of cathodic catalysts before and after different test times

EA no. MEA 1

0 h 117 h

EAS (m2 g−1) 11.19 8.48
SEAS changing (m2 g−1) 2.71
Changing rate (%) 24.2

XRD (nm) 7.3 a 8.3
dXRD changing (nm) 1.0

XRD (m2 g−1) 38.4 33.8
SXRD changing (m2 g−1) 4.6
Changing rate (%) 12.0

tilization of catalyst (%) 29.1 25.1
attice parameter (Å) 3.9188a 3.9210

a Data were taken from Ref. [17].
s before and after different test times. Temperature: 25 ◦C.

1.3%, respectively. The increments in loss decrease evidently with
orking time. The changing rates of cathodic catalysts are much
igher than those of anodic ones (see Ref. [23]). This result is in
greement with other groups’ reports [12,36], indicating that Pt
lack catalyst and catalyst layer in cathodes already degrade, and
he ‘triple-phase boundaries’ obviously decrease. It means that the
erformance decay of DMFCs derives from the change of cathodic
aterials. This is consistent with the result of our previous inves-

igation [17].
After the single cell tests, the used MEA was peeled carefully

nd cut into small pieces for further analysis. XRD patterns of cath-

des were measured as shown in Fig. 3. The diffraction peaks for
athodes at 26 ◦C can be attributed to the hexagonal graphite struc-
ures (0 0 2) of the carbon black remaining on the catalyst layer after
eeling off from the GDLs. The Pt black has a face-centered cubic
fcc) structure showing the major peaks of (1 1 1), (2 0 0), (2 2 0),

MEA 2 MEA 3

0 h 210 h 0 h 312 h

10.89 6.98 9.44 5.54
3.91 3.90

35.9 41.3

7.3a 8.7 7.3a 9.2
1.4 1.9

38.4 32.2 38.4 30.5
6.2 7.9

16.1 20.4

28.4 21.7 24.6 18.2
3.9188a 3.9197 3.9188a 3.9196



1070 Z.-B. Wang et al. / Journal of Power S

(
o
X
T
t
3
T
t
o
e

t
I
c
c
p
l
t
a

f
c
T
r
l
t
p
m

w
t
t
t
c
p

s
working times. The two most intense peaks in Fig. 4a, located at
Fig. 3. XRD patterns of cathodic catalysts after different test times.

3 1 1), and so on. The mean particle sizes and lattice parameters
f the catalysts before and after the life tests were calculated from
RD patterns by using JADE software. Their results are listed in
able 2. The particle sizes of cathodic catalysts grow from an ini-
ial value of 7.3–9.2 nm and their lattice parameters increase from
.9188 to 3.9210 Å and then decrease to 3.9196 Å with test times.

he increments of particle sizes are about 1.0, 1.4, and 1.9 nm after
imes of 117, 210, and 312 h, respectively. In comparison to those
f anode catalysts [23], the sintering rates of cathodic catalysts are
vidently higher due to a higher water content and oxygen concen-

t
m
P
p

Fig. 4. XPS core level spectra of cathodic catalyst be
ources 185 (2008) 1066–1072

ration than in anodes. This result is consistent with Xin’s [12,13].
n addition, the higher potential is also adverse to the stability of
atalytic particles, especially the unsupported Pt black used in fuel
ells [37]. Methanol crossover from anode to cathode must hap-
en during working of DMFC. It is concomitant with performance

osses of cathodic catalysts due to the formation of mixed poten-
ial on the cathodic catalysts, which is also very deleterious and
ccelerates the sintering/degradation of cathodic Pt nanoparticles.

The specific surface area of catalysts (denoted as SXRD) calculated
rom XRD patterns are also listed in Table 2. The loss rate of SEAS in
athode is almost one time higher than that of SXRD as presented in
able 2. It indicates that the agglomeration of catalyst is not the only
eason for the SEAS loss in cathode. The Nafion® ionomer with cata-
yst particles desquamates and/or dissolves in the catalyst layer due
o their growth, thus results in the decrease of proton conductive
aths and ‘triple-phase boundaries’. Namely, the SEAS loss increases
arkedly.
The utilizations (SEAS/SXRD) of catalysts in cathodes decrease

ith time after the life tests. After a life test of 312 h, the utiliza-
ion is only 18.2%. However, the utilizations of cathodic catalysts for
hree MEAs are relatively low, between 25% and 30% before the life
ests. So, it is quite necessary to enhance the utilizations of cathodic
atalysts. Some work has been done by using different methods to
repare MEAs [38,39]. However, the results are not satisfied yet.

Figs. 4 and 5 represent the curve-fitted Pt 4f, O 1s, and C 1s XPS
pectra of Pt black cathodic catalysts prior to and after different
he binding energies of 71.15 eV (Pt 4f7/2) and 74.53 eV (Pt 4f5/2),
aintain an area ratio near 4:3 as expected theoretically for pure

t. Hence they are originated from metallic Pt0 without doubt. The
eaks at 72.01 and 75.82 eV can be attributed to Pt2+ in the form of

fore life test. (a) Pt 4f [17]; (b) O 1s; (c) C 1s.
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ig. 5. XPS core level spectra of cathodic catalyst after different test times. (a) Pt 4
10 h; (f) C 1s after 210 h; (g) Pt 4f after 312 h; (h) O 1s after 312 h; (i) C 1s after 312

tO or Pt(OH)2 [26,28,30], while the peak at 74.65 eV arises from
t4+, possibly in PtO2. The two intense peaks in Fig. 4c, located at

he binding energies of 283.95 and 285.10 eV, can be attributed to

C and C O bond. The oxidation states of Pt4f, O 1s, C 1s and their
elative amounts are listed in Table 3. The XPS information of C 1s
s from GDL.

able 3
urface contents of Pt metal, its oxide, and oxygen in cathodic catalysts before and
fter different test times

aterial Composition New catalyst After 117 h After 210 h After 312 h

t
Pt 64.9 a 51.4 49.7 48.3
PtO 26.0a 38.3 36.6 35.3
PtO2 9.1a 11.4 13.7 16.4

1 25.3 60.9 38.8 32.8
2 22.1 20.1 39.5 42.4
3 52.6 19.0 21.7 24.8

C C 88.6 85.6 82.7 81.9
C O 11.4 14.4 17.3 18.1

a Data were taken from Ref. [17].

t
a
d
w
p
o
t
t
8
f

P

P

o
a
(
o

117 h; (b) O 1s after 117 h; (c) C 1s after 117 h; (d) Pt 4f after 210 h; (e) O 1s after

The metal content of Pt black is 64.9%, which is relatively high,
nd the PtO2 content is relatively low, only 9.1% in cathode before
he life test. The metal contents in cathodes decrease gradually,
nd the amounts of Pt(II) oxide first increase markedly and then
ecrease with time after different working times. Their decrements
ith working time are gradually low. Those are consistent with the
erformance changes of DMFCs as shown in Table 1. The decrement
f Pt metal for 117 h is 20.8%, and for 312 h, it is only 25.6%. However,
he amounts of Pt(IV) oxide after life tests increase markedly with
ime. The increment for 117 h is up to 25.3%, and for 312 h, it is
0.2%. The formation of Pt oxides could have been established as
ollow:

t + 1
2 O2 → PtO (2)

tO + 1
2 O2 → PtO2 (3)
This is a main reason that results in the increase of Pt(IV)
xide. Methanol crossover is inevitable in DMFC. Methanol from
node can be oxidized to formaldehyde (HCHO) or formic acid
HCOOH) and other intermediates on the Pt catalyst surface in cath-
de. They are very excellent reducing agents. It is very easy to
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eoxidize Pt(IV) oxide. This reducing process can be proposed as
ollow:

tO2 + HCHO + H2O → Pt + HCOOH + 2H+ + 2e− (4)

tO2 + HCOOH → Pt + CO2 + 2H+ + 2e− (5)

It is reasonable to expect that the Pt nanoparticles during the life
est are easily oxidized, dissolved, and then redeposited to grow in
harsh cathodic environment. This is consistent with the proposed
echanism that oxide formation at the cathode is a failure mecha-

ism, i.e. the agglomeration of Pt nanoparticles in cathode is mainly
ttributed to the dissolution/deposition mechanism. In addition,
n accordance with the literature [40–42], O(1s) spectra show an
vident presence of CO species arising from the carbon-support
t around 533 eV in all MEAs. The Pt O or metal-like species are
bserved in these cathodic catalysts at a binding energy of 531 eV or
o. The presence of oxygen containing carbon-functional groups is
lso seen at a binding energy of about 535 eV in the three MEAs. The
ontents of CO species and oxygen containing carbon-functional
roups increase gradually with test time. The contents of C O
pecies in carbon surface increase slowly with working times as
resented in Table 3. The results show that the carbon corrosion in
DL already happens by oxygen at higher potentials with higher
umidity in cathode than that in anode. In addition, the oxidation
rocess is firstly fast and then slows down with working times.

t presents that the corrosion of carbon in contact with Pt should
e more rapid. The effect of Pt nanoparticles on carbon corrosion

s relatively evident due to the smaller particle size of Pt black at
he beginning of the life test. With the increase of working time,
he particle size of Pt catalyst grows gradually. The effect of rela-
ively large Pt nanoparticles on carbon corrosion decay slightly as
hown in Table 3. It indicates that the carbon corrosion in GDL is the
ain reason for the increased capacitance of double layer in cyclic

oltammgrams as shown in Fig. 2.
Cathodic catalyst in DMFC operates in a harsh environment of

igh water content, low pH value, high temperature, high poten-
ials, and high oxygen partial pressures coupled with the poisoning
f methanol crossover from anode and the formation of the mixed
otential on the cathodic catalyst surface. Which one is the main

actor? This is an open question. A lot of work needs to do to explore
he effect degree of each factor on the degradation of cathodic cat-
lyst.

. Conclusions

The particle sizes of Pt black catalysts in DMFC increase grad-
ally with time. The cathode potential is relatively high and has
strong adverse influence on cathodic catalyst in comparison to

he anode one. The contents of Pt metal in cathodes decrease, but
he contents of Pt(IV) oxide increase markedly with test time. The
lectrochemically active surface areas (SEAS) of cathodic catalysts
ecrease markedly with test time. The loss rate of SEAS of the cath-
de is much higher than that of SXRD. The utilizations of catalysts
lso lower evidently. The decrease of both SEAS and utilizations of
athodic catalysts and the dissolution of Pt metal from cathodic cat-
lysts surface are the main factors affecting the performance decay
f DMFCs. It accords with the dissolution/deposition mechanism
or the aging of cathodic catalysts.
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