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bstract

Lifetime testing of a single cell direct methanol fuel cell (DMFC) was carried out at 100 mA cm−2, ambient pressure and 60 ◦C. X-ray diffraction
XRD) and X-ray photoelectron spectra (XPS) were used to characterize the anode and cathode catalysts before and after lifetime testing. The
RD results showed that the particle sizes and lattice parameters of anode catalyst increased from 2.8 to 3.2 nm and from 3.8761 to 3.8871 Å; the

athode catalyst increased from 7.3 to 8.9 nm and from 3.9188 to 3.9204 Å before and after the lifetime test, respectively. The XPS results indicated
hat during the lifetime period, the extent of oxidation of the anode Pt and Ru components increased, and Ru appears in the XPS of the cathode.

olarization curves, power density curves, and in situ cyclic voltammetry were employed to test the performance of fuel cell and electrochemically
ctive specific surface areas (SEAS) of the anode and cathode catalysts before and after the lifetime test. The overall findings are that the cathode
uffers the greatest degradation over the test period and that subtle changes at the anode can have substantial adverse effects on the cathode.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The direct oxidation of aqueous methanol at the fuel cell
node obviates the need for reformers and humidifiers. This
nables a substantial reduction of the fuel cell system weight and
omplexity [1]. Advancements required for commercialization
nclude improvements in (i) electrocatalyst activity and stabil-
ty, (ii) membrane resistance to methanol crossover, (iii) water
nd heat management, and (iv) the durability of the polymer

lectrolyte membrane. The performance of direct methanol fuel
ells (DMFCs) has improved markedly over the last decade due
o improvements in catalyst and membrane electrode assem-
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ly (MEA) fabrication methods, an area thoroughly reviewed
y Gottesfeld and Zawodzinski [2]. Nevertheless, today there
re still daunting lifetime degradation processes that must be
itigated. The performance degradation rates of DMFC, gener-

lly higher than that of hydrogen PEMFCs, are typically in the
ange of 10–25 �V h−1 [3]. DMFC commercialization demands
table operation for at least thousands of hours (e.g. 5000 h),
hile fuel cell vehicles and residential power generators require
0,000 h, which is difficult to achieve [4]. MEA failure mech-
nisms include the growth of catalyst particles, corrosion of
atalyst particles resulting in compositional changes, poisoning
f electrocatalysts by accumulated intermediates from methanol
lectro-oxidation or impurities, aging of polymer electrolyte
embranes, and changes in the hydrophobic/hydrophilic prop-
rties of catalyst and diffusion layers [5–10]. The DMFC cathode
perates in a highly corrosive environment due to the high water
ontent, low pH (<1), high temperature (50–90 ◦C), and high
otentials (0.6–1.2 V) coupled with substantial oxygen partial
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ressures. This renders both the catalysts and carbon supports
ulnerable to a host of degradation mechanisms. The loss of
ctivity at the cathode can result from a loss of dispersion,
ong term poisoning of the catalyst, or a combination of both
7,10]. With respect to dispersion, two mechanisms for parti-
le size growth are Ostwald ripening and coalescence [11–15].
lthough coalescence has been reported to be insignificant for

arbon-supported catalysts at temperatures below 500 ◦C in the
as phase [12], this may not be the case with DMFCs where
etal black catalysts are typically used. The primary growth
echanism, Ostwald ripening, would be expected to be more

erious at the cathode, because of the proximity of the catalyst
otential to the Pourbaix corrosion boundary [14]. Others have
eported that the agglomeration of catalysts at the anode may be
nderestimated because methanol may be more corrosive than
ater in an operating DMFC [16]. There have been a number
f reports of Ru dissolution and crossover from the anode as
ell [8,10]. In this work, we carried out a 110 h lifetime test in a
MFC single cell at 60 ◦C using Johnson Matthey unsupported
t and PtRu catalysts. The MEA catalytic layers were charac-

erized by electrochemical, X-ray diffraction (XRD), and X-ray
hotoelectron spectra (XPS) prior to and after the lifetime study.

. Experimental

.1. MEA preparation

MEAs were prepared as previously described [17–19].
riefly, Johnson Matthey Pt black and PtRu black were used at

he cathode and anode, respectively. The PtRu black and 5 wt%
afion solution (E.I. DuPont De Nemours & Co.) were mixed in

sopropanol solution to form a dispersion of catalyst black ink.
he cathode catalyst ink was prepared similarly with Pt black,
lthough PTFE dispersion was included in the ink. The inks were
eposited onto the GDLs by paint brush at loading of 4 mg cm−2
or both electrodes. The carbon cloth (E-TEK, ELAT/NC/DS/V2
ouble sided ELAT electrode, carbon only, no metal, 20% wet
roofed) was used as the gas diffusion layer (GDL) and backing
ayer in the cathode. The carbon paper (Toray paper TGPH 060)

s
s
(
n

Fig. 1. Schematic of fuel cell test system. Fue
Sources 177 (2008) 386–392 387

as used as the anode GDL. DuPont Nafion 117 membrane was
se as the electrolyte membrane. The Nafion membrane was
retreated by dilute nitric acid (nitric acid:deionized water of
8 M� cm (nanopure water) with a volume of 1:1) at boiling
emperature for 20 min and then rinsed 5 times with nanop-
re water. The Nafion membrane was then immersed in boiling
anopure water for 1 h. The MEA was formed by hot-pressing
he anode and cathode diffusion layers onto the Nafion film.

.2. Electrochemical measurements

.2.1. Single fuel cell tests
Single fuel cell data were acquired at 60 ◦C using a 5 cm2

ctive area fuel cell (NuVant System Inc., Crown Point, IN).
ig. 1 schematizes the experimental setup for fuel cell testing
nd in situ cyclic voltammetry (CV) measurements. Methanol
1 mol L−1) was delivered to the anode at 2.5 mL min−1 with
o back pressure, while dry air was delivered to the cath-
de at 100 mL min−1 at ambient pressure. The polarization
urves, power density curves, and potential–time curve were
btained using a load unit (Series 890B, Scribner Associates
nc., Southern Pines, NC, USA) with a 4 V d.c. unregulated
ower supply in series [17] with the fuel cell. The potential–time
urve was measured in galvanostatic mode with a current den-
ity of 100 mA cm−2 for 110 h. The fuel cell was conditioned
ith nanopure water at the anode and air at 60 ◦C at the cathode

or 5 h. After conditioning, nanopure water was replaced with
queous methanol for 24 h in galvanostatic mode at 10 mA cm−2

rior to the acquisition of lifetime data.

.2.2. Cyclic voltammetry
CVs were obtained using a PAR potentiostat/galvanostat

EG&G Model 273A) at 25 ◦C. The electrochemically active
pecific surface area (SEAS) of the anode and cathode catalysts
as determined by CO-stripping and hydrogen desorption mea-
urements, respectively. For CO-stripping, the fuel cell cathode
ide was set up for use as both a dynamic hydrogen electrode
DHE) and counter electrode by first purging the cathode with
itrogen for 10 min and then switching to humidified hydrogen

l and oxidant flow in counter directions.
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lifetime test (Fig. 4) show that within the time period studied,
the changes at the anode are at most, subtle. Fig. 5 shows the
hydrogen desorption waves of the cathode catalyst before and
after the lifetime test. It is immediately obvious that reduction of
88 Z.-B. Wang et al. / Journal of P

t 100 mL min−1 and ambient pressure. The anode was then
urged with nitrogen for 10 min, replaced with CO for 15 min,
nd purged again with nitrogen for 10 min. The potential was
canned (0.02 V s−1) between 0.05 and 1.2 V. The integrated
eak area of CO electro-oxidation was used to calculate the
EAS of the anode. For the hydrogen desorption analysis at the
athode, the anode served as reference and counter electrode,
s described above. The cathode was purged with humidified
itrogen for 10 min. The CV curve was recorded within the
otential range of 0.05–1.2 V at 0.02 V s−1. All potentials are
eported versus DHE.

.3. Characterization of physical properties

After electrochemical testing, the MEA was carefully
emoved from the cell. The anode and cathode GDLs were sep-
rated from the MEA and cut into smaller pieces for subsequent
nalysis by XRD and XPS.

.3.1. X-ray diffraction
XRD measurements on the catalyzed GDL were recorded on

Rigaku Ultima III X-ray diffractometer system (Rigaku MSC,
oodlands, TX) using a graphite crystal counter monochroma-

or that filtered Cu K� radiation. The X-ray source was operated
t 40 kV and 40 mA. The patterns, recorded in the 2θ range
f 20–140◦, were obtained using high precision and high res-
lution parallel beam geometry in the step scanning mode at
deg min−1. The identification of phases was made by referring

o the Joint Committee on Powder Diffraction Standards Interna-
ional Center for Diffraction Data (JCPDS-ICDD) database. Lat-
ice parameters and crystallite sizes were calculated using JADE
Plus software (Rigaku). Grain sizes were determined from the
cherrer equation using the Pseudo-Voigt profile function.

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

-ray photoelectron spectrometer (VG ESCALAB MKII) with
he Al K� X-ray source of 1486.6 eV, which recorded the spec-
ra from the 45◦ take-off angle at the chamber pressure below
× 10−9 Pa. The C 1s electron binding energy was referenced
t 284.6 eV, and a nonlinear least squares curve-fitting program
as employed with a Gaussian–Lorentzian production function

20,21]. The deconvolution of the XPS spectra was achieved
ith the reported procedures [22–26].

. Results and discussion

Fig. 2 shows the degradation of the fuel cell potential oper-
ted galvanostatically with time at 60 ◦C at 100 mA cm−2. The
eriodic performance recovery corresponds to refilling of the
ethanol solution.
This short-term recovery process, superimposed upon a long-

erm non-recoverable process, is related to a positive potential

xcursion that occurs during fuel starvation. The mass trans-
ort overpotential is accommodated by a positive shift of the
otential. The recovery process may be attributed to the reestab-
ishment of equilibrium among the ruthenium oxides [27,28],

F
A
a

ig. 2. Single cell (active area 5 cm ) performance at 60 C, 100 mA cm over
00+ h. Anode: PtRu black, 4 mg cm−2. Cathode: Pt black, 4 mg cm−2. Anode:
.0 mol L−1 CH3OH at 2.5 mL min−1. Cathode: dry air at ambient pressure,
00 mL min−1.

r possibly the oxidative removal of poisoning adsorbates. The
rrecoverable loss may be related to the degradation of catalysts,
he dissolution of Nafion solution in catalysts layer [29], and/or
he aging of polymer electrolyte membrane [9]. The short-term
ecoverable loss illustrated in Fig. 2 is to be differentiated from
hat reported by Eickes and Zelenay [7,8]. They elucidated a
hort-term loss due to oxide formation at the cathode. Recov-
ry was accomplished by air starvation, which causes a negative
hift of the cathode potential that removes the oxide layer. In our
ase (Fig. 2), recovery occurs by an anodic shift of the anode
lectrode. Thus there are short-term recovery issues at both the
node and the cathode sides of the DMFC.

Cell performance and power density curves at 60 ◦C were
btained before and after lifetime testing (Fig. 3). The maximum
ower density drops from 72.3 to 42.4 mW cm−2 (i.e. a 41.3%
oss). The loss of power density at cell voltage of 0.4 V is about
0.5%.

The comparative CO-stripping waves before and after the
ig. 3. DMFC single cell before and after the lifetime test. Temperature: 60 ◦C.
node feed: 1 mol L−1 CH3OH solution; flow rate: 2.5 mL min−1. Cathode feed:

ir at ambient pressure; flow rate: 100 mL min−1.
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Table 1
The different parameters of the anode and cathode catalysts before and after the
lifetime test

Catalysts Anode Cathode

Before After Before After

CO oxidation peak potential (V) 0.634 0.654 – –
CO oxidation onset potential (V) 0.508 0.522 – –
SEAS (m2 g−1) 35.83 33.56 11.19 4.65
Relative change of SEAS (%) 6.30 58.40
dXRD 2.8 3.2 7.3 8.9
Relative change of dXRD (%) 14.30 21.90
SXRD 109.9 96.2 38.4 31.5
Relative change of SXRD (%) 12.50 18.00
C
L

s
c
where the electrolyte, reaction material, and electrically con-
nected catalyst particles contact together. These results point
out that the Pt black catalyst and catalyst layer in the cath-
ode electrode were already decayed. Based on this, we can say
Fig. 4. CO-stripping (25 ◦C) at the anode before and after lifetime test.

he hydrogen desorption wave integral is accompanied by a loss
f the characteristic Pt crystallographic face dependent adsorp-
ion waves, and an increase in the double layer capacitance of the
lectrode. Such high double layer capacitance is typical for PtRu
lectrodes. Ru crossover and plating onto the cathode has been
reviously reported [10]. Note the presence of a peak around
.64 V at the beginning scan. The unknown peak is organic con-
aminant from the Nafion solution. On consecutive scans, the
nknown peak disappears.

The electrochemically active specific area (SEAS), which
eflects the intrinsic electrocatalytic activity of a catalyst, is
alculated with the recognized method based on the curves of
O-stripping voltammetry and hydrogen adsorption–desorption
urve [30,31], respectively, through the following equation:

EAS = Q1

GQ2
(1)

here Q1 is the charge quantity calculated from integrated in
V curves for CO desorption electro-oxidation or hydrogen
dsorption–desorption in micro coulomb (�C), Q2 is the charge
equired to oxidize a monolayer of CO on alloy catalyst of 420

�C cm−2) [32] or single layer saturation coverage hydrogen on
t surface area of 210 (�C cm−2) [31], and G represents the total
etal loading (mg) in the electrode.

ig. 5. Hydrogen desorption test of cathode catalyst before and after the lifetime
est. Temperature: 25 ◦C.
atalyst utilization (%) 32.60 34.90 29.10 14.50
attice parameters (Å) 3.8761 3.8871 3.9188 3.9204

The SEAS calculations are presented in Table 1. Anode SEAS
uffer a small change of 2.27% while the cathode show a 58.4%
hange. These noticeably reduce the ‘triple-phase boundaries’
Fig. 6. XRD patterns of (a) anode catalyst and (b) cathode catalyst.
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Fig. 7. XPS core level spectra of anode catalyst

hat DMFC performance degradation can be attributed to all the
hanges that occurred on the cathode catalyst. Also the utiliza-
ions (SEAS/SXRD) of catalysts in both electrodes are almost the
ame, about 30% before the lifetime test. This result is in agree-
ent with the reports in the literature [9,33]. After the lifetime

est, the utilization of anode catalyst slightly increases to 34.9%.
his is probably a result of a prolonged conditioning period of

he anode during the lifetime testing. However, the utilization of
athode catalyst severely decreases to 14.5%.

After the single cell test, the used MEA was separated and
egmented into samples for further analysis. XRD patterns of
node and cathode were measured (Fig. 6). The observed diffrac-

ion peaks at 26◦ in the anode and cathode are attributed to the
exagonal graphite structures (0 0 2) in carbon black remaining
n the catalyst layer after peeling off the GDLs. The Pt and PtRu
lack forms a face centered cubic (fcc) structure and has major

o
[
c
s

able 2
xide content of Pt and Ru in the anode and cathode before and after lifetime test

Electrodes

Anode

Pt/Oxide
concentrations (%)a

Ru/Oxide
concentrations (

Pt PtO PtO2 Ru Ru

re-lifetime test (%) 62.0 28.3 9.7 68.4 31.
ost-lifetime test (%) 55.9 29.4 14.7 53.8 46.

a Oxide distribution.
d b) before and (c and d) after the lifetime test.

eaks of (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2), and (4 0 0). The
ean particle sizes and lattice parameters of catalysts before

nd after the lifetime test were calculated from XRD patterns by
sing JADE software and are listed in Table 1.

Table 1 shows that changes in the particle size and lattice
arameters of anode catalyst are minimal. However, the cathode
atalyst experiences a particle size change of almost 2 nm, and
o significant changes on the lattice parameters in agreement
ith Xin and co-workers [9]. As mentioned earlier, Ostwald

ipening would be expected to occur to a greater extent at the
athode than at the anode so it is not surprising that loss of dis-
ersion at the cathode is more substantial. The relative effects

f coalescence and Ostwald ripening are still an open question
14]. Table 1 shows that the lattice parameter of the PtRu alloy
atalyst increases slightly, presumably due to the oxidation, dis-
olution, and separation of Ru metal atoms in the Pt crystalline

Cathode

%)a
Pt/Oxide
concentrations (%)a

Ru/Oxide
concentrations (%)a

O2 Pt PtO PtO2 Ru RuO2

6 64.9 26.0 9.1 – –
2 53.2 29.3 17.5 12.8 87.2
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Fig. 8. XPS core level spectra of cathode cata

attices. However the CO-stripping waves showed only subtle
hanges at the surface. The lattice parameter of the cathode did
ot change much. The implication is that only a small loss of
u at the anode can result in a large change in performance of

he cathode. Although the bulk structure of the cathode is not
hanging, the surface is substantially poisoned throughout the
ifetime test. Fig. 5 suggests that the surface of the Pt cathode is
oisoned, most likely by plating of Ru onto the surface. This is
onsistent with the findings of the Zelenay group [8,10].

The specific surface area of catalysts (denoted as SXRD) calcu-
ated from XRD patterns are also listed in Table 1. The change of
he ratio of SEAS is slightly smaller than is the SXRD in the anode.
owever, the change of the ratio of SEAS is much higher than it

s SXRD in the cathode. This suggests that the catalyst agglom-
ration is not the sole reason for the SEAS loss in the cathode.
he Nafion may be delaminating from the catalyst particles as

he surface morphology changes. This loss of the ‘triple-phase
oundaries’, may contribute to the loss of the SEAS.

Figs. 7 and 8 present the curve-fitted Pt 4f XPS spectra of PtRu
lack anode catalyst and Pt black cathode catalyst, respectively,
efore and after the lifetime test.

The oxidation states of Pt, Ru, and their relative amount
efore and after the lifetime test are listed in Table 2. Table 2

hows that the oxide content of the cathode catalyst is sub-
tantially increased after the lifetime test. This is consistent
ith the proposed mechanism that oxide formation at the cath-
de is a failure mechanism. The XPS results also show that

c
c
a
a

a) before and (b and c) after the lifetime test.

hile the cathode started out as pure Pt, Ru appears as a com-
onent of the cathode after the lifetime test. This explains
he loss of the Pt crystallographic face dependent hydrogen
esorption–adsorption waves in Fig. 5. The Pt metal content
n the PtRu black (55.9%) after the lifetime test in anode is only
.1% lower than that of it (62.0%) before the lifetime test. Also,
he total amount of oxidation states (Pt(II) and (IV)) after the
ifetime test is a little higher than before the lifetime test, espe-
ially the increase of Pt(IV) oxide of 5%. However, the Ru metal
ontent after the lifetime test rapidly decreases, and meanwhile
he Ru(IV) oxide content after the lifetime test sharply increases,
nd its relative amount is 14.6% higher that before the lifetime
est. The relative peak area of Pt(II), Pt(IV), and Ru(IV) in the
tRu anode alloy does not change after the stability test. The Ru
etal of the PtRu black catalyst during the operation is easily

issolved.

. Conclusions

After 110 h of operation there was a 41.3% loss at the max-
mum power point of the fuel cell. Catalyst ripening is more
evere at the cathode than at the anode: Ostwald ripening is
nhanced at the more positive potentials of the cathode. A small

hange at the anode can result in substantial changes at the
athode. The Ru from the anode crosses over to the cathode
nd plates out on the cathode Pt catalyst. The lattice parameter
t the cathode remains essentially unchanged, which indicates
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hat the failure mechanism at the cathode is more of a surface
henomenon rather than a bulk issue (i.e. Ru poisoning of the
urface). Pulsed fuel starvation results in recovery of perfor-
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hat the poisoning species can be oxidatively removed. Better
ecovery methods than fuel pulsing warrant attention.
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