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a b s t r a c t

In present work, a 600 h durability test and in situ measurements of water transport were carried out on
a single direct methanol fuel cell (DMFC) at atmospheric pressure and 80 ◦C. Effect of water transport on
the single cell performance was investigated in detail, which indicated that the accumulated water in the
hydrophobic micropores of the cathode gas diffusion layer (GDL) aggravated the cathode flooding, and
consequently led to a temporary and reversible degradation of the cell performance. Further investigation
eywords:
irect methanol fuel cell
urability
erformance recovery
ater analysis

revealed that cathode flooding could be alleviated by blowing the cathode with dry air for 150 h at open
circuit condition and the partially recovered cell performance within the durability could be obtained
in consequence. Water analysis combined with the scanning electron microscopy (SEM), contact angle
measurement and energy dispersive X-ray (EDX) was used to explore the characteristics of cathode GDL
before and after the durability test. Results showed that the variation of the microstructure and hydropho-
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. Introduction

Liquid-fed direct methanol fuel cell (DMFC) has received much
ttention as one of the promising power sources for portable elec-
ronic devices, electric vehicles and other mobile applications due
o its high power density, environmental friendly and compact sys-
em design [1–3]. However, further development of DMFC is still
rohibited by a number of significant technical hurdles, among
hich the durability of DMFC is one of the key challenges [4].

Many investigations have been made to find the reasons for
MFC deterioration during durability tests. Most of the researches

ocused on the degradation of key materials, such as the electro-
atalysts and the proton exchange membrane. The agglomeration
f electro-catalyst particles was believed to be one of the main rea-
ons for the performance degradation [5–6]. Ruthenium crossover
rom anode through the membrane to cathode was reported as
nother key contributor in literatures [7–9]. The chemical aging of
afion® membrane after single cell lifetime test was also responsi-
le to the degradation of DMFC performance [6]. Moreover, further

tudies have been focused on the structural variation of membrane
lectrode assembly (MEA) in resent years. The negative effect of
EA delamination on DMFC durability was proposed [10–12] and

he variation of F/C atomic ratio for the cathode gas diffusion layer

∗ Corresponding author. Tel.: +86 411 84379063; fax: +86 411 84379063.
E-mail address: gqsun@dicp.ac.cn (G. Sun).
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he cathode GDL is probably one of the inherent reasons for the irreversible
ance besides the electro-catalysts deterioration.

© 2008 Elsevier B.V. All rights reserved.

GDL) was also supposed to be correlated with the durability degra-
ation [8].

In addition, Wang [13] indicated that water management and
ater crossover through the membrane is a significant factor affect-

ng DMFC performance, as the accumulated water in the cathode
ot only decreases the oxygen/air transport efficiency, but also

nfluences the electrode reaction kinetics. Thereafter, basing on
ang’s study, follow-on works showed the effects of MEA structure

n water crossing the membrane [14–16]. Xu et al. [14] claimed that
he water-crossover flux through the membrane decreased slightly
ith the increase of polytetrafluoroethylene (PTFE) loading in the

athode backing layer (BL). Peled et al. [15] used a liquid–water
arrier to minimize the water loss from the DMFC anode in their
tudy. Liu et al. [16] designed a novel structure with a microp-
rous layer basing on Nafion® 112 and obtained a relatively low net
ater transport coefficient. However, few works have been done
n the variation of water-crossover flux from anode to cathode
nd its influence on cell performance during a DMFC durability
est.

In this work, a 600 h durability test was implemented on a DMFC
ingle cell at ambient pressure and 80 ◦C. A stage of 150 h “cathode
lowing” with dry air at open circuit was inserted into the dura-

ility test. Furthermore, contributors to the collected water were
btained through theoretical analysis. Thereby the degraded and
artially recovered cell performance during the whole durability
est could be systematically illustrated by the varied water fluxes.
n addition, the unrecoverable degradation of the cathode GDL was

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:gqsun@dicp.ac.cn
dx.doi.org/10.1016/j.jpowsour.2008.08.095
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xamined by contact angle measurement, SEM and EDX analysis
efore and after the 600 h potentiostatic test.

. Experimental

.1. MEA preparation

Pre-treatment of H+-Nafion®-1135 (E.I. DuPont de Nemours and
ompany) membrane was accomplished by boiling successively

n 3–5% H2O2 aqueous solution, deionized (DI) water, 0.5 mol L−1

2SO4 aqueous solution, and then DI water again. Each step took
h.

For the anode, unsupported PtRu black (Johnson Matthey HiS-
ec 6000, Pt:Ru = 1:1 atomic ratio) was sonicated together with DI
ater and Nafion ionomer (DuPont) in an ice bath for 40 min to
repare the catalyst ink. Then it was painted onto a commercialized
LAT DS (E-TEK, Natick, MA) GDL to form the anode electrode with
.4 mg PtRu cm−2. Pt/C (Johnson Matthey HiSpec 9100, 60 wt.%) was
hosen as the cathode electro-catalysts and the catalyst ink was
repared with the same method as the one described above. The
athode electrode with 2.1 mg Pt cm−2 was obtained by spraying
he ink onto the pre-treated Nafion membrane. Content of Nafion
onomer (dry weight) in both catalyst layers was 15 wt.%.

As it was mentioned above, commercialized ELAT DS (E-TEK,
atick, MA) GDL was used as the anode GDL, while the cathode GDL
as not prepared as the normal one. Carbon paste was prepared by

ntroducing carbon powder (Vulcan, XC72R, Carbot Co.) into the
ixture of terpineol (Sinopharm Chemical Reagent Co. Ltd.) and

riton X-100 (Shenyang, China) and then experiencing a process
f mechanical stir and sonication, which lasted for 1 h. Thereafter,
TFE dispersion (3F New Material Co. Ltd.) was added to the cooled
arbon paste to obtain the cathode microporous layer (MPL) ink.
he weight ratio of carbon powder, terpineol, triton X-100 and PTFE
as 2.46:50:1:2.46. Screen printing technique was used to apply

he MPL ink to the Toray carbon paper (TGP-H-060, Toray Industries
nc.). The cathode GDL with abundant solvent was dried in an air
ven at 60 ◦C for 4 h and then sintered in muffle furnace at 340 ◦C
or 0.5 h. Carbon loading on the cathode GDL was 1.2 mg cm−2.

MEA with 4 cm2 geometrical area was assembled into a single
ell with stainless steel plates owning serpentine flow-field chan-
els.

.2. Single cell test

Over-all cell performance and durability behavior at const-
oltage of 0.45 V were measured by using a Fuel Cell Test System
Arbin Instrument Corp.) at 80 ◦C. 0.5 mol L−1 methanol aqueous
olution with a flow of 1 mL min−1 was supplied to the anode com-
artment, and dry air with a flow rate of 40 SCCM was fed to the
athode compartment.

Anode polarization curves were measured by EG&G PAR 273A
otentionstat/galvanostat at 80 ◦C. Detailed experimental pro-
edure was described in our previous work [17]. Furthermore,
R-corrected cathode polarization curves were obtained from the
um of the IR-corrected cell voltage and the IR-corrected anode
otential. Methanol crossover at open circuit was carried out by
sing the same equipment and experimental mode as the anode
olarization measurements. While in the measurement, humidi-
ed N2 instead of H2 with a flow rate of 50 SCCM at 70 ◦C was fed to
he cathode, acting as the working electrode. As suggested by Lu et

l. [18], the equivalent methanol crossover current density (icross)
an be calculated from the following equation:

cross = iocv

(
1 − i

ilim

)
(1)

t
(
s
a

rces 185 (2008) 1015–1021

here icov is the equivalent methanol crossover current density at
pen circuit, i the operating current density, ilim the anode limiting
urrent density, which could be gained from the anode polarization
easurements.
Electrochemical area (ECA) of the anode catalyst layer was

etermined by CO-stripping test, whereas that of the cathode one
as carried out by hydrogen-desorption measurement. For CO-

tripping measurement, the cathode was fed with H2, serving as
oth DHE and counter electrode. Humidified CO/Ar (5 vol.%) gas was
rst supplied to the anode at a constant electrode potential (0.1 V
ersus DHE) for 20 min and then it was replaced by high purity
itrogen lasting for another 20 min. Then the anode catalyst layer
as scanned from 0.1 to 0.75 V (versus DHE) with a scanning rate
f 20 mV s−1. Thus ECA of the anode catalysts could be calculated
rom the integrated peak area of CO-adsorption. For hydrogen-
esorption test, the anode was fed with humidified H2 serving as
HE and counter electrode, while the cathode was supplied with DI
ater. CV curve was recorded within the potential range of 0–1.2 V

versus DHE) at a scanning rate of 20 mV s−1. The integrated peak
rea of hydrogen-desorption (0.05–0.4 V versus DHE) was used to
alculate the ECA of cathode catalysts.

.3. Cathode water collection

A water trap filled with silica gel was located in an ice bath and
onnected to the cathode exit to collect the removal water. Water
as collected intermittently at the 4th, 55th, 154th, 226th, 303rd,

11th, 522nd hours, respectively. And 2 h were kept for each col-
ection. The weight of the collected water could be obtained by
ravimetric analysis.

As proposed by Xu and Zhao [19], the cathode collected water
ncludes three parts:

H2O = NORR + NMOR + Ncross (2)

here NH2O is the total water flux collected from the cathode exit.
ORR and NMOR represent, respectively, the molar flux of water due

o the oxygen reduction reaction (ORR) and crossover methanol
xidation reaction (MOR). It can be further expressed as below:

ORR = i

2F
(3)

MOR = ic
3F

(4)

here i is the average current density during each period of water
ollection, and ic the equivalent methanol-crossover current den-
ity measured just before the process of water collection.

Ncross as the total water flux from the anode to cathode can be
alculated by subtracting NORR and NMOR from the total water flux,
nd can be further expressed as the following equation [20]:

cross = �
i

F
+ Deff

�ca−c

ım
− K

�
�pc–a

�

MH2O
(5)

here � = i/F represents the water flux generated by electro-
smosis, Deff(�ca–c)/(ım) is the part of water flux produced by
oncentration gradient and the expression of (K/�)�pc–a(�/MH2O)
s the part driven by hydraulic pressure difference from the cathode
o anode.

.4. Characterization of the cathode GDL
Contact angle measurements were performed on both sides of
he fresh and faded cathode GDLs by using a contact angle system
JC2000C1, Powereach Instruments). Each sample was measured
ix times within different regions and the average value was taken
s the contact angle in order to get a better accuracy.
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Table 1
Comparison of current density (@0.45 V) for the over-all cell performance and dura-
bility performance.

Test
time (h)

Over-all cell current
density @0.45 V
(mA cm−2)

Cell current density
during the durability
test (mA cm−2)

Difference of current
densities @0.45 V
(mA cm−2)

0 160 149a 11
213 160 95 65
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Fig. 1. Const-voltage discharge at 0.45 V.

The surface morphologies and structures of the cathode GDL
efore and after the durability test were observed by SEM (FEI
UANTA 200F). EDX (FEI QUANTA 200F) was developed on both

ides of the fresh and faded cathode GDL to detect the F/C atomic
atio.

. Results and discussion

.1. Single cell performance

A 600 h const-voltage durability performance at 0.45 V for a sin-
le DMFC is shown in Fig. 1. According to the variation of discharge
urrent density, the whole durability can be divided into the follow-
ng three stages. The first one is during the period of 0–213 h, the
econd one is 213–446 h and the last one is from 446 h to the end.
oreover, a break of 150 h was conducted to the cell between the

econd and the third stage. During that period, both the inlet and
he outlet of the anode were exposed to the air, and the cell cathode
as fed by dry air with a flow rate of 10 SCCM in order to remove the
esidual water in the cathode. This process was so-called “cathode
lowing”.

IR-corrected polarization curves and the over-all cell perfor-
ance measured at 0, 213, 446 and 600 h within the durability test

re shown in Fig. 2. It can be observed that the anode performance at

Fig. 2. Cell polarization curves at different time during the durability test.
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46 140 65 75
00 120 107.5 12.5

a This value is obtained at 1 h.

13 h is a little worse than that at 0 h. However, it is obviously better
han at 446 and 600 h, where the anode performance remains sta-
le. For the cathode performance, it decreases continuously as the
esting time goes on. But no distinct deterioration appears until the
nd of the durability test, where remarkable cathode degradation
merges.

In order to further compare the variation difference between the
ver-all cell performance and the durability performance, detailed
urrent densities (@ 0.45 V) at 0, 213, 446 and 600 h were listed in
able 1. As revealed in Table 1, the cell performance tested in the
–V mode is always higher than that in the durability test. Addi-
ionally, the performance difference enlarges from 11 mA cm−2 of
he beginning continuously to 75 mA cm−2, when “cathode blow-
ng” happens. Thereafter, the difference decreases to 12.5 mA cm−2

t the end of the 600 h durability test, which is still higher than
1 mA cm−2. Thus, we can conclude safely that the cell performance
egradation contains both reversible and irreversible degradation

n the durability test.

.2. Systematic analysis on cathode water during the durability
est

As indicated by Eickes et al. [21], accumulation of liquid water
n the cathode catalytic layer and cathode GDL is one of the

ost important reasons for the reversible performance-loss. In
his paper, it can be confirmed by the correlation of the durabil-
ty performance and the over-all cell performance. Firstly, if the
ignificantly decreased durability performance in the second stage
s caused by the anode performance degradation completely, the
urability performance would not recover so much after the “cath-
de blowing” as shown in Fig. 2, as the anode polarization curve in
he beginning of the last stage is even worse than the one in the
eginning of the second stage. Secondly, the cathode performance
eeps nearly the same at 213 and 446 h, which means no evident
egradation of the cathode electro-catalysts appeared during this
eriod. Therefore, it cannot lead to the serious attenuation of the
urability performance either. Thus, the sharply deteriorated dura-
ility from 213 to 446 h should be attributed to the temporary and
eversible degradation caused by “cathode flooding”, which could
e alleviated by “cathode blowing” and was once reported by Pasao-
ullari and Wang [22]. In addition, the recovery of the durability
erformance after “cathode blowing” confirms the reason for the
ecoverable degradation of the cell performance.

Fig. 3 shows water flux pouring out from the cathode outlet
nd its contributors at different period of time during the dura-
ility test. The amount of water collected from the cathode outlet
hows a decreased tendency in general. It decreases from about
80 mg h−1 cm−2 in the beginning to 245 mg h−1 cm−2 in the last

easurement. For the three parts, water-crossover flux from anode

o cathode is the main contributor, which takes up about 80%
nd owns a similar variation tendency with the total water flux.
urthermore, as revealed in Fig. 3, water generated from MOR is
lways the smallest contributor during the whole testing process
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on the gas/liquid interface of the GDL’s hydrophobic micropores is
large [18], which leads to high hydraulic pressure and large water
cross-over flux from cathode to anode by counter hydraulic perme-
ation. Therefore, the large diffusive water flux from the cathode to
ig. 3. Contributors to the water collected in the cathode outlet at different time
uring the durability test.

nd has a completely reversed variation tendency with the one
rom ORR. Water produced from ORR reduces continuously with
he decrease of the current density, whereas water generated from

OR increases at the meanwhile.
Contributors to water flux crossing over the membrane from

node to cathode are shown in Fig. 4. As it was reported by Nak-
gawa et al. [23], the electro-osmosis drag coefficient � for Nafion
lectrolyte in contact with liquid water is a function of temperature,
hich can be fitted as

= 1.6767 + 0.0155 T + 8.9074 × 10−5T2,

T is the temperature in ◦C (6)

Though it may have some difference with the real value in
ur work, no influence will be produced when only observing the
ariation tendency of electro-osmotic water and diffusive water

generated by both concentration gradient and counter hydraulic
ermeation). Thus the calculated value 3.5 is introduced as the
lectro-osmosis drag coefficient to gain water dragged by electro-
smosis during the durability test. Because electro-osmotic water is

ig. 4. Contributors to the water-crossover flux at different time during the dura-
ility test.

F
c

rces 185 (2008) 1015–1021

n proportion to current density [24], it varies consistently with the
ell durability performance, which can be observed by contrasting
igs. 1 and 4. Moreover, it is worth noting that the electro-osmotic
ater flux is the bigger contributor to the total water-crossover
ux, when compared with the diffusive water flux. The diffusive
ater flux is −99 mg h−1 cm−2 for the first time water was collected.

hereafter it reaches −22 mg h−1 cm−2 after 226 h operation. It
xceeds zero at 303 h and touches its peak value of 89 mg h−1 cm−2

t 411 h. Finally, it decreases to below zero after the “cathode blow-
ng” process is performed on the cell cathode. The negative diffusion
ux here implies the transport direction of diffusive water is from
athode to anode.

In the beginning of the durability test, current densities are rela-
ively high as shown in Fig. 1, which leads to large water flux driven
y electro-osmosis from anode to cathode and consequently high
ater activity on the interface of membrane and cathode catalyst

ayer as indicated by Ren and Gottesfeld [25]. Thus water flux gen-
rated by concentration gradient from anode to cathode will be
mall. In addition, no residual water is accumulated in the GDL’s
ydrophobic micropores in the beginning. So the capillary force
ig. 5. (a) CO-stripping curves of the anode catalyst layer and (b) CV curves of the
athode catalyst layer before and after the durability test.
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ig. 6. SEM images for the fresh and faded cathode gas diffusion layer: (a) micropor
acking layer for the fresh cathode GDL and (d) backing layer for the faded cathode

node is resulted from the combined action of the two mentioned
ater fluxes with opposite direction.

However, with the durability testing time goes on, more water
ccumulates in the cathode micropores and consequently blocks
he transport of oxygen. Thus the current density in the durabil-
ty test decreased gradually, which results in smaller ORR water
nd electro-osmotic water. Naturally, water activity on the interface
f membrane and cathode catalyst layer will be smaller, leading
o gradually strengthened diffusion of water from anode to cath-
de. Additionally, the residual water in the cathode will reduce the
ydrophobicity of the cathode GDL as the hydrophobic micropores
re gradually filled with water, which contributes to the lowered
ydraulic pressure in the cathode. Therefore, the counter water
ux driven by hydraulic pressure difference becomes weaker. Based
n the detailed analysis above, it can be conclude that total water
ransported by diffusion from anode to cathode becomes larger
nd finally a reversed and positive diffusion flux is obtained at
46 h.

As for the last measurement on water collection, the total diffu-
ive water flux is from cathode to anode again, which happens after
cathode blowing”. This is probably caused by the draining away of
he accumulated water from the hydrophobic micropores, which
esults in not only the increased liquid/gas interface, but also the
ffective oxygen transport and consequently the increase of water
ctivity in the cathode. Thus the backflow water generated from the
athode capillary force increases and the water driven by concen-

ration gradient from anode to cathode decreases at the meanwhile,
esulting in the negative value of the total diffusion flux. However,
he significant reduction for the collected water, as shown in Fig. 3,

ight be resulted from the irreversible structural change of the
athode GDL.

6
w
i
G
f

yer for the fresh cathode GDL, (b) microporous layer for the faded cathode GDL, (c)

.3. Irreversible degradation of the cathode GDL

CO-stripping curves of the anode catalyst layer and CV curves
f the cathode catalyst layer before and after the durability test are
hown in Fig. 5. The calculated ECA values are also listed in the fig-
re. It can be seen clearly that ECA reduces in both catalyst layers
fter the durability test, which leads to the irreversible degradation
f the durability performance. In addition to the electro-catalysts
egradation, the variation of the microstructure and the hydropho-
icity for the cathode GDL is another key factor resulting in the
eterioration of the durability performance.

The morphological comparisons between the fresh and faded
PL obtained from SEM are shown in Fig. 6. For the MPL, slight

hange can be observed. Fig. 6(a) shows that nearly all the carbon
bers are covered with carbon powder and PTFE particles, and some
mall cracks are observed for the fresh one. While more carbon
bers appear in the faded one as shown in Fig. 6(b). In addition,

ots of micropores in the scale between 50 and 100 �m are formed
n the MPL surface after the durability test. As for the backing layer
f the cathode GDL, the fresh one clearly reveals its carbon fiber
tructure in Fig. 6(c). While evident viscous materials attached to
he carbon fibers are observed in the faded backing layer as dis-
layed in Fig. 6(d). Moreover, the micropores formed with carbon
ber becomes less and smaller after the 600 h durability test.

The contact angle comparison for the cathode GDL before and
fter the durability test is shown in Fig. 7. It is 7.5◦ smaller after the

00 h operation than the one before the durability test for MPL,
hereas the contact angle of the backing layer increases by 3.5◦

n the same period. Furthermore, the value of the MPL for fresh
DL is larger than that of the backing layer, which could certainly

orm a hydrophobic gradient. But the variation of the hydrophobic
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Comparison of the atomic ratio of F/C for the cathode GDL from EDX.
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ig. 7. Comparison of the contact angle for the fresh and faded cathode gas diffusion
ayers: (a) microporous layer and (b) backing layer.

roperties after the durability test makes this gradient reversed.

ig. 8 displays EDX spectra for the fresh and faded cathode GDLs.
he analytical results of F/C atomic ratio are listed in Table 2.
he F/C atomic ratio for the MPL of the fresh GDL is 0.173, which
ecreases to 0.157 after 600 h operation. In contrast, it increases

Fig. 8. EDX spectra for the fresh and faded cathode gas diffusion layer.

c
h
i
s
t
m
a
r
t
o
a

4

f
m
q
a
l
p
c

r
w
p
t

c
d
t
b
p

A

o
D
a
2

R

Microporous layer Backing layer

resh cathode GDL 0.173 0.0135
aded cathode GDL 0.157 0.0209

rom 0.0135 to 0.0209 for the BL during that time. Since PTFE is
dded to the ink of the microporous layer, fluorine detected by
he EDX should come from it. Therefore, the changes of F/C atomic
atio could imply the variation of the hydrophobic properties due
o the strong hydrophobicity of PTFE [25]. These results are in good
greement with the previous contact angle analysis.

Based on these results, it is obvious that the changes of the
icrosructure and hydrophobicity should contribute to the signifi-

ant reduction of the removal water and the decrease of the over-all
ell performance after the durability test. Firstly, the weakened
ydrophobicity and the slightly increased size of the micropores

n the MPL would result in a decreased capillary pressure and con-
equently the reduction of the backflow water ability. Furthermore,
he increased hydrophobicity as well as the decreased size of the

icropores in cathode backing layer would hinder water remove
way from MPL to BL, which aggravated the difficulty of water
eleasing from the cathode GDL [26]. Therefore, more water is likely
o accumulate in the cathode, which affects the water management
f the cathode GDL and consequently results in “cathode flooding”
nd over-all cell performance deterioration as shown in Fig. 2.

. Conclusion

In this work, the correlation of water transport and cell per-
ormance was studied by analyzing water transport through the

embrane during a 600 h durability test. It was found that the
uantity of water produced by diffusion was the key factor that
ffects the cell durability. With the testing time goes on, the capil-
ary pressure weakened, and the water flux produced by hydraulic
ressure difference reduced, which would consequently make the
ell durability deteriorate.

Furthermore, “cathode blowing” with dry air under a small flow
ate for 150 h was applied to remove the majority of the residual
ater in the cathode GDL. Experimental results showed that the cell
erformance recovered partially due to the recovery of the water
ransport ability in the cathode GDL.

In addition, the contact angle, SEM and EDX analysis of the
athode GDL were used to investigate the material characteristics
uring the durability test. Results indicated that the variation of
he hydrophobicity and the surface morphology in the MPL and
acking layer affected the water management ability and the cell
erformance severely.
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