Journal of Power Sources 196 (2011) 9510-9515

journal homepage: www.elsevier.com/locate/jpowsour

Contents lists available at ScienceDirect

Journal of Power Sources

The function of hydrophobic cathodic backing layers for high energy passive

direct methanol fuel cell

Jing Zhang, Ligang Feng, Weiwei Cai, Changpeng Liu, Wei Xing*

State Key Laboratory of Electro-analytical Chemistry, Laboratory of Advanced Power Sources, Changchun Institute of Applied Chemistry, Graduate School of the Chinese Academy of

Sciences, 5625 Renmin Street, Changchun, Jilin 130022, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 31 March 2011

Received in revised form 10 July 2011
Accepted 11 July 2011

Available online 20 July 2011

Keywords:

Back-flow

Passive direct methanol fuel cell
Hydrophobic cathodic backing layer
Energy density

Homemade wet-proofing carbon papers with back-flow effect were applied as backing layers in the cath-
ode of passive air-breathing direct methanol fuel cell (DMFC) fed by pure methanol. With the increase
of polytetrafluoroethylene (PTFE) content, the carbon papers exhibited different water transport resis-
tance and generated different back-flow effects. Moreover, PTFE-treated carbon papers were observed
by scanning electronic microscope (SEM) to investigate the function of the cross-linked microstructure.
Maximum energy density (438 WhL-!) of the improved pure methanol DMFC was obtained by using
carbon paper with 40 wt.% PTFE content as the cathodic backing layer. This value was 6 times larger than
that of the conventional DMFC fed by 2 M methanol solution.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Direct methanol fuel cells (DMFCs) are regarded as promising
electrochemical system for directly converting the chemical energy
of methanol and oxygen into electric energy in a wide range, espe-
cially for portable power sources [1,2]. Although extensive efforts
have been made to develop passive DMFC technology over the past
decades, the overall cell performance has not reached the expected
level for most electronic devices [3]. One of the issues is the short
runtime and low energy density for the passive DMFC caused by
using low methanol concentration. Passive DMFC fed by high con-
centration methanol or the pure methanol has been identified as
one of the most promising candidates for the future development
of portable power sources [4-7].

In our previous work [8], a novel passive DMFC structure was
proposed with pervaporation membrane to control the methanol
transport when the fuel cell was fed by pure methanol (DMFC-P).
The results showed that the discharge time of the proposed DMFC-
P at 100 mA was increased about 6 times as compared with that
of the conventional DMFC fed by 3 M methanol solution, and the
proposed passive DMFC-P was worthy of further study. However,
the passive DMFC-P still confronted the problem of water shortage
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during long-term operation. As we know, water is necessary for the
anodic reaction which can be seen from the following equations.

Anode : CH30H + H,0 — CO,+6H™ +6e (1)

Cathode: 3/20, +6H' +6e — 3H,0 (2)

From the reactions, water is consumed in the anodic reaction,
but more water is produced in the cathodic reaction. Therefore, it
is a reasonable and possible way to utilize the water produced in
the cathodic side for passive DMFC-P. Many efforts have been made
to fabricate a water back-flow electrode to make use of the water
produced in the cathode [9-14]. For example, Faghri et al. [11]
developed an additional thick gas diffusion layers on the cathodic
side to increase the hydraulic pressure which forced water back to
the anodic side of the cell. Zhao et al. [13] summarized the mass
transport modes of reactants transport for the DMFCs fed by con-
centrated methanol and the effects of water backflow from the
cathode to anode were further explained.

Although some reports have been done to the water back-flow
in the DMFC, the technology was usually combined with a spe-
cial kind of fuel cell structure. Based on our previous proposed
passive DMFC-P structure, in the present study, different contents
of hydrophilic ionomer (5wt.% Nafion solution) and hydropho-
bic additive polytetrafluoroethylene (PTFE) were added to each
layer of membrane electrode assembly (MEA) to build hydropho-
bicity gradient for dynamic back-flow. Through the treatment of
polytetrafluoroethylene (PTFE), the carbon papers with different
hydrophobicity were prepared as cathodic backing layers (CBLs).
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MEA

And the effects of the hydrophobic structure on the performance of
the DMFCs fed by pure methanol were systematically evaluated.

2. Experimental
2.1. Fabrication of membrane electrode assembly

Before the MEA fabrication, the required carbon papers (TGP-
H-030, Toray) with different hydrophobicity were prepared by the
treatment of PTFE. First, carbon papers were accurately weighed
and then immersed in PTFE emulsion (40 wt.%, DuPont, USA) for
different times which depended on the final hydrophobicity of the
carbon paper. During the impregnation course, it was necessary
to stir the emulsion continuously and brush the surface of car-
bon papers several times to keep PTFE spread uniformly on the
surface. Second, the carbon papers were heat treated in the muf-
fle furnace at 340°C for 30 min. The PTFE particles on the surface
were melted to liquid and then infiltrated into the interspaces of
carbon fibers above melting point of 327 °C. Finally, carbon papers
were weighed again after the heat treatment to calculate the actual
amount of PTFE. The impregnation-sinter courses of carbon papers
were repeated until reaching the expected PTFE content. A series
of hydrophobic carbon papers with PTFE loading from 10 wt.% to
50 wt.% were prepared in this way.

The hydrophobic properties of carbon papers are evaluated
using the contact angle test by sessile drop method [15,16]. In this
method, droplet of water is placed on the surface of carbon paper
and the contact angle is measured by special instrument (DSA100.
KRiSS Company, Germany). Micro-scale morphology of the carbon
paper was observed by scanning electron microscope (SEM, FEI,
Netherlands). The samples were cleaned with water and ethanol
solution, and cut into tiny pieces in liquid nitrogen before observa-
tion.

The above treated carbon papers with different hydrophobicity
were used as cathodic backing layer (CBL). Then the microporous
layers (MPL) composed of carbon black (Vulcan XC-72) and PTFE
were spread onto the carbon papers for anode and cathode to form
the gas diffusion layers (GDL) [17,18]. The carbon loading for the
MPL in cathode and anode was 2mgcm~2, and the PTFE content
for the diffusion layers was 20wt.% and 10wt.% in cathode and
anode, respectively. Finally, the GDL was dried at room temper-
ature and sintered in air at 340° C for half an hour to distribute the
PTFE homogeneously throughout the MPL [19-21].

The catalyst ink was made by dispersing the catalyst (PtRu
black for anode and Pt black for cathode, Johnson Matthey Co.)
with a mixture of 5wt.% Nafion ionomer solution (DuPont, USA),
isopropanol, and de-ionized (DI) water. The volume ratio of iso-
propanol and DI water was 50:1. The suspension was stirred in
ultrasonic cleaner for 45 min and then sprayed on the GDL with an
ultrasonic syringe to form catalyst layer [19]. The Pt black loading
was 8.0mgcm~2 and the Nafion content was 10 wt.% in the cath-
ode catalyst layer. The PtRu black loading was 8.0 mg cm~2 and the
Nafion content was 20 wt.% in the anodic catalyst layer. A Nafion
117 membrane (DuPont, Co.) was used as the polymer electrolyte
membrane. The pretreatment process of the membrane included
boiling the membrane in 5 vol.% H,0,, washing in DI water, boil-
ing in 0.5M H,S04 and washing in DI water for 1h in turn [22].
Finally, the MEA was fabricated by sandwiching the Nafion mem-
brane between the anode and the cathode, and was hot-pressed at
135°C and 5 MPa for 3 min. The prepared MEAs were immersed in
DI water overnight for activation and humidification. The apparent
area of the MEA was 3.0 cm x 3.0 cm.

Ultimately, the proposed back-flow MEA structure (shown in
Fig. 1) can be divided into the following seven layers: Nafion
membrane, highly hydrophobic backing layer, hydrophobic MPL,

Anode.
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4

Fig. 1. Structure of improved back-flow membrane electrode assembly. (1)
Hydrophobic backing layer with above 30 wt.% PTFE, (2) less hydrophobic MPL with
20 wt.% PTFE, (3) hydrophilic catalyst layer with 10 wt.% Nafion, (4) Nafion 117 mem-
brane, (5) more hydrophilic catalyst layer with 20 wt.% Nafion, (6) less hydrophobic
MPL with 10 wt.% PTFE, and (7) less hydrophobic backing layer with 10 wt.% PTFE.

hydrophilic catalyst layer for the cathode and more hydrophilic cat-
alyst layer, less hydrophobic MPL, less hydrophobic backing layer
for the anode. Due to the hydrophobicity gradient between differ-
ent layers, the water produced in the cathode was prevented from
diffusing to air through backing layer and could be spontaneously
driven back from cathodic catalyst layer to anodic catalyst layer by
the strengthened hydraulic force [9,12].

2.2. Fuel cell performance measurements

A homemade single passive DMFC fed by pure methanol was
fabricated according to our previous work [8]. In brief, the fuel
reservoir was divided into two tanks: a pure methanol tank (12 mL)
and a low methanol concentration cushion tank (5 mL). Before the
discharge test, 3mL DI water was injected into the cushion tank
for initial humidification. The pervaporation membrane was fixed
between the two tanks to control the methanol transport. The
MEA was positioned between two current collectors, which were
made of gilded stainless steel meshes. A pair of 0.5 mm thick sil-
icon rubber gaskets was used to prevent fuel leakage from the
cell. Cathodic backing layers with PTFE content of 10 wt.%, 20 wt.%,
30wt.%, 40 wt.% and 50 wt.% were marked as CBL10, CBL20, CBL30,
CBL40 and CBL50, respectively. The polarization curves of the sin-
gle fuel cell were measured with a Fuel Cell Test System (Arbin
Instruments Co.) under ambient conditions. The discharge curves
of voltage vs. time were also tested at a constant current.

3. Results and discussion

From the viewpoint of water management in DMFC, the water
flux between anode and cathode is determined by electro-osmotic
drag, diffusion and hydraulic permeation [9]. Electro-osmotic drag
in the cell is caused by hydrogen protons pulling water through the
Nafion membrane during discharge course. Diffusion of water takes
place due to species and concentration gradients. And hydraulic
permeation is caused by pressure gradient of water across the
membrane. For DMFC fed by dilute solution, the three forces are
prone to drive water from anode to cathode. However, for passive
DMFC fed by pure methanol, diffusion and hydraulic permeation
are possible to benefit the water back-flow from cathode to anode.
Furthermore, the hydraulic permeation can be accelerated by mod-
ifying the hydrophobicity of cathode and hydrophilicity of anode.
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Fig. 2. Contact angle images of carbon papers with the PTFE loading of (a) 0 wt.%, (b) 10 wt.%, (c) 20 wt.%, (d) 30 wt.% and (e) 40 wt.%.

Fig. 3. SEM images of hydrophobic carbon papers (a) 0wt.% PTFE, (b) 20 wt.% PTFE, (c) 30 wt.% PTFE and (d) 40 wt.% PTFE.

So it is necessary to investigate the surface wetting properties of
carbon papers.

Surface contact angle values and the corresponding PTFE con-
tent of the carbon papers are presented in Table 1. From the results
it can be concluded that the untreated carbon paper with 0 wt.%
PTFE already exhibited hydrophobicity and the contact angle was
about 101°, which was consistent with the previous report [23].
When the carbon paper was impregnated with PTFE, the contact
angles rose with the increase of PTFE content rapidly and dis-
played higher hydrophobicity, but above the content of 20 wt.% the
increasing tendency was quite gentle instead of linear growth. The
contact angle stopped increasing at the PTFE content of 40 wt.%
(154°), which was regarded as the upper limit of the PTFE content
in the carbon paper, and the surface of carbon paper was almost
completely overlaid by PTFE [24]. There was no significant increase
of contact angles when the PTFE content was above 50 wt.% (151°).

Table 1

Contact angle values of carbon papers with different PTFE contents.
PTFE content owt% 1owt%s 20wtz 30wt% 40wt%  50wt%
Contact angle 101° 128° 142° 149° 154° 151°

In order to evaluate the hydrophobic effect of the cathodic car-
bon paper after PTFE-treatment, the water droplet images during
contact angle test are shown in Fig. 2. The images manifest the
effects of surface hydrophobicity on water transport: water droplet
was slippery on the surface of carbon paper for high PTFE content
(above 30wt.% PTFE) and the contact area was so small that the
water could not permeate the surface and internal micropores of
carbon paper easily. As the barrier to hold up cathodic water, carbon
paper with large water transport resistance was needed to prevent
the water from diffusing to air. By contrast, liquid water spreads
stagnantly on the surface of carbon paper for relatively low PTFE
content (below 20 wt.% PTFE). It is certain that the less hydropho-
bic carbon paper with larger contact area enjoyed more chances
for the water penetration, namely, less water transport resistance.
Liquid water produced in the cathodic reaction could easily pass
through the less hydrophobic carbon paper and evaporate to the
atmosphere, which reduced the total amount of back flow. Since the
hydraulic force had the ability to control the water content and flow
direction between the adjacent layers by different hydrophobicity
[9], the hydrophobic treatment of the carbon papers was necessary.

Morphology of carbon paper in micro scale was investigated by
SEM (shown in Fig. 3). It can be seen that the pores among the
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Fig. 4. Polarization curves of passive air-breathing DMFC fed by 2 M methanol.

carbon fibers distributed from several microns to tens of microns
and the sintered PTFE polymers exhibited a spatial extension and
adhered firmly to the porous structure of carbon fibers. With the
increase of PTFE content, the polymer networks became thicker and
more adhesive. Previous literatures [14,25-27] suggested that this
hydrophobic PTFE networks play an important role for water trans-
port and provide micro-channels for air-breathing on the cathodic
side. Since the size of micro pores among the PTFE networks is large
enough for oxygen molecule transport, the increase of PTFE content
has low influence on the oxygen diffusion in the PTFE networks.
Meanwhile, due to the high hydrophobicity and thick microstruc-
ture, cathodic backing layers with high PTFE loading can generate
efficient water blocking effect, which lays the foundation of the
following back-flow as expected. So the adoption of PTFE-treated
carbon paper as CBL was the primary requirement for back-flow
effect, which was indispensable for our proposed DMFC system fed
by pure methanol.

In order to know the actual effect of PTFE-treated carbon papers
on mass transport of DMFC, the different hydrophobic carbon
papers were used and tested in a conventional passive DMFC with
2 M methanol solution (Fig. 4). It can be seen from Fig. 4 that the
cell performance is closely associated with the hydrophobicity of
CBL. When the PTFE content in the CBL was 10 wt.%, the maxi-
mum power density of the DMFC was 19 mW cm~2. With 20 wt.%
PTFE CBL, the DMFC can obtain maximum power density up to
23 mW cm~2, which was the highest one among the five CBLs. Cell
performance decreased with the increasing of PTFE content above
20 wt.% and the maximum power density of DMFC finally reduced
to 10mW cm~2 for 50 wt.% CBL. It is confirmed in the previous
work [23] that the addition of PTFE brings a great increase of elec-
tric resistance to carbon paper and the resistance displays a gentle
increase above 10 wt.% PTFE. In general, the optimal performance
of passive DMFC is determined by two key factors: mass transport
and electric conductivity. It is certain that the increase of insulated
polymer PTFE takes the responsibility for the performance decline.
Meanwhile, the remove of cathodic water is difficult due to the high
hydrophobicity and leads to serious flooding [9,10,19] at high cur-
rent density. The flooding is commonly caused by the accumulation
of excessive water, which blocks the micro-channel for oxygen dif-
fusion. However, when adopting low hydrophobic carbon papers
such as 10 wt.% in the cathode, the remove of water is still difficult
due to the sticky property of the less hydrophobic micro-channel.
The cathodic flooding limits the oxygen transport in cathode and
finally brings negative influence on the cell performance during the
operation. Therefore, a balance between water transport and elec-
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Fig. 5. Polarization curves of DMFC-P with different CBLs.

tric resistance needs to be built by controlling the PTFE content of
cathodic carbon paper to achieve optimal cell performance.

In the following step, the DMFC-P with the above MEA was
tested to evaluate the actual function of hydrophobic carbon paper.
The polarization curves are shown in Fig. 5. It can be seen that
the power density of the five cells showed an overall decline,
compared to the DMFCs fed by solution. The highest power den-
sity belonged to the DMFC-P with CBL30, which was lower than
20mW cm~2. Performances of DMFCs-P with CBL30 and CBL40
were similar and higher than that of the DMFCs-P with CBL20 and
CBL10. And DMFC-P with CBL50 was still the lowest one due to the
large electric resistance. The performance decline of DMFC-P could
be attributed to the lack of fuel in the anodic catalyst layer. The
anodic catalyst layer of conventional DMFC fed by dilute solution is
always immersed in solution and the mass transport of methanol
in the aqueous medium is very fast. Thus the methanol concentra-
tions keep nearly the same in different parts until fuel exhaustion.
But for the DMFC-P, the concentration of methanol solution in
cushion tank is controlled by methanol transport through perva-
poration membrane. The estimate of the methanol concentration
in the cushion compartment can be found in our previous work [8].
Because the methanol was slowly transported to the anodic cata-
lyst layer, it would limit the DMFC-P performances. The weakness
was not evident at low current density but became the vital fac-
tor at high current, when the anodic reaction demanded a large
amount of methanol. Without sufficient fuel to attend anodic reac-
tion under such condition, the maximum output power of DMFC-P
was decreased as compared with the DMFC fed by methanol solu-
tion. It can be concluded that the DMFC-P is not suitable to work at
high current density.

However, it is not proper to evaluate the performance merely
according to the polarization curve. For many portable electrical
devices, the starting and working current is not very high (often
below 20 mA cm~2). So the detailed function of hydrophobic CBL
for DMFC-P was further studied through long-term discharge test
at a relatively lower current range. In our work, the discharge
experiments at 100 mA and 200 mA were carried out for further
investigation. The voltages of the cells were recorded every 2 h and
the V-t curves are presented in Fig. 6(a) and (b) for 100 mA and
200 mA, respectively. It can be seen from Fig. 6(a) that the five
curves exhibited different trends after a few hours. In the initial
10 h, the DMFC-P experienced a sudden voltage decline and a slow
recovery from the lowest value due to the accumulated heat [6-8],
which increased the catalyst activity. The cell voltages of DMFCs-P
with CBL10 and CBL20 could reach 0.40V after 10 h. However, the
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Fig. 6. Long-term discharge curves of DMFC-P with different CBLs at (a) 100 mA and
(b) 200 mA.

maximum voltages of DMFCs-P with CBL30 and CBL40 could only
reach 0.38V due to the larger resistance of PTFE. After 10h, the
voltages for all DMFCs-P with different CBLs fluctuated between
0.35V and 0.38V, and then stabilized in the next 50 h. From 60 h
to 100 h, the cell voltages dropped slowly with time due to the
accumulation of poisonous side products. In this period, the volt-
age decline of DMFCs-P with low hydrophobic CBL was larger than
those of DMFCs-P with highly hydrophobic CBL. At 100 h, the cell
voltage of DMFC-P with CBL10 turned lower than that with CBL30
and CBLA40. In the following time, DMFC-P voltage with CBL10 and
CBL20 decreased rapidly, while that with CBL30 and CBL40 still
maintained a relatively steady value. It is confirmed from the vol-
ume of methanol in reservoir that insufficient methanol took the
responsibility for performance decline after discharge. Passive air-
breathing DMFC-P with CBL40 had the longest operation time over
200h.

Fig. 6(b) shows the V-t curves of the DMFCs-P operated at
200 mA. With the doubled speed of fuel consumption, duration
time was significantly shortened. It is presented that DMFC-P
with CBL40 exhibited the best performance among the five cells.
And the cells with CBL10 and CBL50 still showed weak perfor-
mance. Fig. 6 indicates that DMFC-P with hydrophobic CBL40
exhibited the most effective utilization of methanol and the best
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stabilization of voltage during long-term operation. The voltage
stability during continuous operation can be explained in terms
of water management in the cathode side. Based on the con-
ventional theory and experiences, more PTFE in the CBL would
increase electric resistance and hinder the water remove from the
cathode, which produced negative influence on electric conductiv-
ity and mass transport in DMFC-P. However, the negative effects
of high hydrophobicity were overcome by some positive factors
under the continuous discharge operation with pure methanol.
The reason can be explained as follows: firstly, blocking effect of
highly hydrophobic CBL provided a basis of internal flow of gen-
erated water instead of diffusing to air. Then the accumulated
water in the cathode was driven to flow back due to the differ-
ent wettability as well as concentration gradient from cathode to
anode. The water back from cathode dilutes the pure methanol in
anodic catalyst layer. Meanwhile, the back-flow water could bring
proportional amount of methanol with it. This reduced the net
methanol crossover for the DMFC-P. Ultimately the above factors
enhanced the practical efficiency of DMFC-P. In concert with the
low hydrophilic catalyst layer in the anode, DMFC-P with CBL40
achieved the optimal combination of excellent back-flow effect
and tolerable electric resistance. In contrast, DMFC duration with
CBL10, CBL20 and CBL30 were not satisfactory due to weak back-
flow effect. In the two operations at 100 mA and 200 mA the CBL50
brought deterioration to DMFC-P, which was attributed to the large
electric resistance.

In order to clearly show the advantage of DMFC-P, the DMFC-P
with the optimal CBL of 40 wt.% PTFE content and the DMFC fed by
2M methanol solution with optimal CBL of 20 wt.% PTFE content
were compared under the same discharge condition (100 mA) and
the V-t curves are shown in Fig. 7. The voltage fluctuation of the two
cells in the initial 20 h is also inserted in Fig. 7. It is confirmed that
the DMFC-P exhibited a relatively stable performance during 100 h
operation, and then decreased gently. By contrast, the voltage of
DMEFC fed by 2 M solution was a little higher than DMFC-P in the ini-
tial 20 h but only stabilized for 10 h followed by a drastic decrease.
The reasons for the performance decline over time are complex and
several limiting factors such as species poisoning, methanol supply
and water management are discussed in the above results. Because
of the same reactants and the catalysts employed in the fuel cells,
the performances decline affected by the poisoning species should
be similar in the two kinds of fuel cells. From the curves of Fig. 7,
it was evident that the significant decline of cell performance in
the later stage should be mainly affected by the amount of fuel
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(methanol and water) supply. When the methanol concentration
was lower than the fuel required for normal anodic reaction, the
performance was reduced. Since the DMFC-P fed by pure methanol
can provide more methanol than the DMFC fed by solution in the
same volume, the DMFC-P would have a longer operation time
than that of the DMFC fed by solution. Moreover, for DMFC-P, the
water management was realized by hydrophobic CBL which could
drive the cathodic water back to the anode. Therefore, the DMFC
fed by pure methanol which could slowly provide sufficient reac-
tants (methanol and water) would have a longer lifetime than the
DMEC fed by the same volume of methanol solution. By the formula
W = UIt, we can calculate the electric energy generated after a long-
term operation with a certain volume of methanol. W, U, I and ¢t
represent energy, voltage, current, and duration time, respectively.
Since the current is constant, product of U and t equals to the inte-
gration area between the V-t curve and t-axis. The volume energy
density of DMFC-P is calculated to be about 547 WhL-!. Consid-
ering the initially injected 3 mL water in cushion tank, the actual
value is 438 WhL-!. The calculated energy density of 2 M solution
feed DMFC is 63.4WhL-1, far less than that of DMFC-P. The above
experiment and calculation results demonstrate that the highly
hydrophobic cathode backing layer played a crucial role for the
long-term operation of passive DMFC-P. This could be attributed to
the water back-flow effect from cathode to anode, which provided
sufficient water for anodic methanol oxidation during long-term
operation. As a result, the duration time and specific energy density
of DMFC-P were greatly increased compared to the conventional
DMEFC employing methanol solution.

4. Conclusion

Cathode backing layers (CBLs) with different PTFE contents were
prepared for passive air-breathing DMFC fed by pure methanol.
With the same volume of fuel, the energy density of DMFC-P using
the CBL with 40 wt.% PTFE was increased by six times compared to
conventional DMFC (438 WhL~1 vs. 63.4WhL-1) fed by 2 M dilute
solution. The optimal DMFC-P could perform a stable operation for
more than 120 h. The results confirmed that highly hydrophobic
CBL exhibited excellent water management which was indispens-
able for water back-flow effect during a long-term operation for

passive DMFC-P. It is confirmed that this study develops a practical
way for the development of high-energy DMFC.
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