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a  b  s  t  r  a  c  t

This  study  investigates  an  aqueous  solution  of sulfuric  acid  that  serves  as the  liquid  electrolyte  (LE)  in
a passive  direct  methanol  fuel  cell  (DMFC).  The  addition  of an  LE  can  reduce  methanol  crossover  and
increase  the  fuel  utilization  significantly.  To  improve  the  performance  of  an  LE-DMFC,  a  mathematical
model  is  developed  to optimize  the thicknesses  of  both  the  LE  layer  and  the  Nafion  membrane.  The
maximum  power  density  of  the  LE-DMFC  is improved  by approximately  30%  compared  with  a  conven-
eywords:
iquid electrolyte
assive direct methanol fuel cell
athematical model
ethanol crossover

tional  DMFC  (C-DMFC)  when  each  is  fed  by  methanol  solutions  of  the  same  concentration.  Due to the
low  methanol  crossover  of the  LE-DMFC,  a highly  concentrated  methanol  solution  can  be  directly  fed
into  the  LE-DMFC.  The  discharge  time  and  volume  energy  density  of  the LE-DMFC  are two  times  longer
and three  times  greater  than  those  of  the  C-DMFC,  respectively.  In addition,  fuel  utilization  increases  by
approximately  100%.
ighly concentrated methanol

. Introduction

Direct methanol fuel cells (DMFCs), especially passive DMFCs,
re attractive power sources for mobile electric devices because
f their features, which include the high specific energy density of
ethanol, its simple structure and its low operating temperature

1].  However, the issue of high methanol crossover through the
roton exchange membrane (PEM) significantly lowers the electro-
hemical performance and unit power of a DMFC [2].  Many studies
ave been performed in the field of methanol crossover reduc-
ion membranes and modified Nafion membranes to reduce the

ethanol crossover of DMFC [3–16]. However, none of these mem-
ranes can replace the commercial Nafion membrane in a DMFC
ue to their low proton conductivity and poor stability.

A simple method to reduce the methanol crossover in a DMFC
as introduced by Kordesch et al. [17]. A circulating electrolyte

ayer was used to replace the PEM in the DMFC to form a flow-
ng electrolyte DMFC (FE-DMFC). The open circuit voltage (OCV)

f this FE-DMFC pumped with a high concentration of methanol
10 mol  L−1) remains at approximately 0.8 V. Schaffer et al. [18]
esigned another FE-DMFC with one Nafion membrane on the

∗ Corresponding authors. Tel.: +86 431 85262223; fax: +86 431 85685653.
E-mail addresses: xingwei@ciac.jl.cn (W.  Xing), liuchp@ciac.jl.cn (C. Liu).
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© 2011 Elsevier B.V. All rights reserved.

anode side. Their results showed that the pumped liquid elec-
trolyte minimized methanol crossover effectively and improved
DMFC performance significantly. Mathematical models have also
been developed for FE-DMFCs to simulate the effects of different
operation conditions on methanol crossover [19,20]. However, all
of the reported FE-DMFCs require extra auxiliary equipment (such
as a pump for circulating the electrolyte) and consume more energy
than conventional DMFCs (C-DMFCs). Therefore, the method of
adding a circulating electrolyte layer is not suitable for passive
DMFCs because they require a simplified structure.

In this work, we proposed a new design for a passive DMFC
with a composite electrolyte to replace the solid PEM in a C-
DMFC. Fig. 1a shows the composite electrolyte with two  Nafion
membranes with a liquid electrolyte (LE) layer in between. The
LE layer reduces the methanol crossover in a DMFC because of
the different proton transfer mechanisms in the LE and the Nafion
membrane, as reported in [21]. Proton transfer in the LE layer fol-
lows the Grotthus proton-transfer mechanism, which involves less
water and methanol than the vehicle proton-transfer mechanism,
which plays a leading role in the Nafion membrane. The thick-
nesses of the LE layer and the Nafion membrane for the composite

electrolyte are optimized by the development of a mathemati-
cal model. The electrochemical and discharge performances of the
LE-DMFC are also studied through both experiments and calcula-
tions.

dx.doi.org/10.1016/j.jpowsour.2011.05.006
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:xingwei@ciac.jl.cn
mailto:liuchp@ciac.jl.cn
dx.doi.org/10.1016/j.jpowsour.2011.05.006
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Nomenclature

c1 methanol concentrations in the Nafion/anode elec-
trode interface

c2 methanol concentrations in the Nafion/LE interface
on the anode side

c3 methanol concentrations in the Nafion/LE interface
on the cathode side

c4 methanol concentrations in the Nafion/cathode
electrode interface

cin methanol concentrations in the fuel reservoir
cac methanol concentration in the anode catalyst layer
ccc oxygen concentration in the cathode catalyst layer
ca

ref
reference methanol concentration on the anode side

cc
ref

reference oxygen concentration on the cathode side
Dw diffusion coefficient of methanol in water
Dm diffusion coefficient of methanol in the Nafion mem-

brane
F Faraday’s constant
I  current density of the fuel cell
Ia current density on the anode side
Ict total current density on the cathode side
Ia
ref

reference exchange current density of the anode
Ic
ref

reference exchange current density of cathode
Nad methanol flux through the anode diffusion layer
Nle methanol crossover flux through the LE layer
Nm methanol crossover flux through the Nafion mem-

brane
R universal gas constant
T cell temperature

Greek letters
˛a anode transfer coefficient
˛c cathode transfer coefficient
�a order of anode reaction
�c order of cathode reaction
� electro-osmotic drag confident of water
ıac thickness of the anode catalyst layer
ıad thickness of the anode diffusion layer
ıcc thickness of the cathode catalyst layer
ıcd thickness of the cathode diffusion layer
ıle thickness of the LE layer
ım thickness of the membrane
εad porosity of the anode diffusion layer
�a anode overpotential

2

2

r
c
h
l

p
u
T
c
t
b

�c cathode overpotential

. Experiments

.1. Preparation of the half-MEAs

The sandwich structural MEA  in conventional DMFCs was
eplaced by a composite electrolyte MEA  in the LE-DMFC. The
omposite electrolyte MEA  consisted of a LE layer between two
alf-MEAs. The half-MEA contained a catalyst layer (CL), a diffusion

ayer (DL) and a Nafion membrane.
PtRu/C (20 wt.% Pt, Pt:Ru = 1:1) powder and Pt/C (20 wt.% Pt)

owder were suspended in Nafion solution containing 10% PTFE
nder ultrasonic conditions until a homogeneous ink was  formed.

he ink was sprayed to 20% PTFE wet-proofed carbon paper and
ured at 340 ◦C in a nitrogen-filled vacuum oven for 1 h to form
he anode and cathode electrodes. The Pt and Nafion loadings in
oth catalyst layers were approximately 2 mg  cm−2 and 1 mg  cm−2,
rces 196 (2011) 7616– 7626 7617

respectively. The anode and cathode electrodes were hot-pressed
to the membranes at 130 ◦C and 100 MPa  for 3 min  to obtain two
half-MEAs for the anode and cathode.

2.2. LE-DMFC fabrication

Piled hydrophilic filter papers acted as the carrier for the LE.
The thickness of the LE layer was  determined by the number of
paper piles. The two half-MEAs prepared as described in Section
2.1 were then assembled with the LE layer to obtain the composite
electrolyte MEA, as shown in Fig. 1b. The composite electrolyte MEA
was  immobilized within the fuel reservoir, current collectors, and
gaskets by the screws to obtain the LE-DMFC.

2.3. Electrochemical studies

After the composite MEA  was installed in the cell, a methanol
solution was injected into the fuel reservoir at room temperature
(25 ◦C). The polarization and discharge curves of the conventional
DMFC and LE-DMFC were compared.

3. Mathematical model

For the passive DMFC, the temperature difference inside the
cell was very small (<0.15 ◦C) during operation [22]. This tempera-
ture difference was negligible compared with the DMFC operating
temperature; therefore, thermal transfer equations were not con-
sidered is this model. In other words, in this study, we proposed
an isothermal mathematical model containing mass transfer and
potential equations.

In the liquid electrolyte, hydrated water molecules did not trans-
fer together with the protons in the Nafion membrane during the
operation process of the LE-DMFC. Therefore, the use of an LE
layer in the LEDMFC significantly decreased the permeating rate of
water from the anode to the cathode side. The methanol crossover
flux was also reduced due to the intersolubility of methanol and
water. Four methanol concentrations, which are symbolized as
c1–c4, were used in the mathematical model, as shown in Fig. 1a.
These four characteristic concentrations represented the concen-
tration distribution of methanol across the composite electrolyte.
c1 and c4 corresponded to the methanol concentrations in the
Nafion/electrode interfaces of the anode and cathode sides, respec-
tively, and c2 and c3 corresponded to the methanol concentrations
in the Nafion/LE interfaces of the anode and cathode sides, respec-
tively. c4 was set at zero for the calculation. Therefore, the methanol
crossover fluxes through the two PEMs can be calculated by the
following two  equations:

Nm1 = Dm

ım1
(c1 − c2) + 18�I

F
c1 (1)

Nm2 = Dm

ım2
c3 + 18�I

F
c3 (2)

In both Eqs. (1) and (2), the first term on the right side represents
the diffusion methanol across the Nafion membrane, and the sec-
ond term is the electro-osmotic drag. The subscripts m1  and m2
correspond to the Nafion membrane on the anode and cathode
sides, respectively. F is Faraday’s constant, and ım is the thick-
ness of Nafion membrane. Dm and � are methanol diffusivity and
the electro-osmotic drag coefficient of water in Nafion membrane,
respectively. I is the operation current density of the DMFC.

The methanol permeation flux across the LE layer can be

described by Fick’s law

Nle = Dw

ıle
(c2 − c3) (3)
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Fig. 1. (a) Schematic diagram of methanol permeation through the com

here Dw is the methanol diffusivity in aqueous solution and ıle is
he thickness of the LE layer.

The previously mentioned methanol permeation fluxes Nm1,
m2 and Nle were equivalent to each other because no methanol was
onsumed by the composite electrolyte. Therefore, we can combine
qs. (2) and (3) to obtain the relationship between the methanol
oncentrations c2 and c3

Dw

ıle
c2 =

(
Dw

ı2
+ Dm

ım
+ 18�I

F

)
c3 ⇒ Dw/ıle

Dw/ıle + Dm/ım + 18�I/F
c2

= c3 (4)

Given Eq. (1),  the relationship between c1 and c3 can be
xpressed as follows

1 =
[(

Dw

ıle
+ Dm

ım

)
Dw/ıle + Dm/ım + 18�I/F

Dw/ıle
−

(
Dw

ıle

)]
× c3

(Dm/ım) + (18�I/F)
(5)
 electrolyte; (b) fabrication of composite electrolyte MEA  for LE-DMFC.

To calculate the three characteristic methanol concentrations
c1, c2, and c3, the relationship between methanol concentration c1
and methanol permeation flux through the anode diffusion layer
Nad is expressed below as

Nad = ε1.5
ad

Dw

ıad
(cin − c1) (6)

where the factor 1.5 is the Bruggemann correction coefficient [23]
for porous systems; εad and ıad are the porosity and thickness of
the anode diffusion layer, respectively; and cin is the methanol con-
centration in the fuel reservoir of the LE-DMFC.

Methanol that was transferred through the anode diffusion layer
reacted in the anode catalyst layer with water according to the
following equation

CH3OH + H2O → CO2 + 6H+ + 6e− (7)

In the LE-DMFC, the residual methanol transferred across the

composite electrolyte to the cathode side, and the crossover flux
was  Nm2. This gives the following equilibrium equation

Nad = I

6F
+ Nm2 (8)
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y combining Eq. (8) with (4) and (5),  the methanol concentrations
1, c2, and c3 can be calculated.

The Butler–Volmer equation is employed in this model to cal-
ulate the anode and cathode overpotential,

a = Ia
ref

(
cac

ca
ref

)�a

exp
(

˛aF

RT
�a

)
(9)

ct = Ic
ref

(
ccc

cc
ref

)�c

exp
(

˛cF

RT
�c

)
(10)

he current density in the anode side Ia was equivalent to the cell
perating current density I. The permeated methanol in the cath-
de catalyst layer was believed to react completely with oxygen
hrough an electro-oxidation reaction; therefore, the total current
ensity on the cathode side Ict was defined as Ict = I + 6FNm. In Eq.
9), cac represents the methanol concentration in the anode cata-
yst layer, and its value was considered to be equivalent to c1. In Eq.
10), ccc is the oxygen concentration in the cathode catalyst layer.
he definition of every symbol in the above-mentioned equations
s given in the nomenclature list, and the values of the parameters
re illustrated in Table 1.

. Results and discussion

.1. Optimization of LE thickness
The effect of LE thickness on fuel cell performance was  studied
sing a mathematical model. The concentration of the LE was  kept
onstant (1.0 mol  L−1 sulfuric acid). Fig. 2 shows the relationship
etween the calculated cell voltage and the LE thickness of the LE-

Fig. 2. Dependence of cell voltage on liquid electrolyte thickness calculated from
the model.

ig. 3. Comparisons of calculated (a) polarization data; (b) methanol crossover flux and cathode overpotential of a C-DMFC using Nafion 112 and 117. (c) Polarization data;
d)  methanol crossover flux and cathode overpotential of a LE-DMFC using Nafion 112 and 117.
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Table  1
Parameter values.

Parameter/symbol (unit) Value Ref.

Cell temperature/T (K) 298.15
Reference methanol concentration/ca

ref
(mol cm−3) 1 × 10−3 [24]

Reference oxygen concentration/cc
ref

(mol cm−3) 1 × 10−6 × 101,325/(RT) [24]

Diffusion coefficient of methanol in water/Dw (cm2 s−1) 2.8 × 10−6 exp
(

2436
353 − 2436

T

)
[24]

Diffusion coefficient of methanol in membrane/Dm (cm2 s−1) 4.9 × 10−6 exp
(

2436
333 − 2436

T

)
[24]

Faraday’s constant/F 96,487
Reference exchange current density of anode/Ia

ref
(A cm−2) 0.011 × ıac [25]

Thickness of cathode catalyst layer/ıac (cm) 0.005 Assumed
Reference exchange current density of cathode/jc

ref
(A cm−2) 0.011 × ıcc [25]

Thickness of cathode catalyst layer/ıcc (cm) 0.005 Assumed

Electro-osmotic drag coefficient of water/� 2.9 exp
(

1029
333 − 1029

T

)
[26]

Contact resistance of cell/Rcon (� cm2) 1.2 Assumed

Conductivity of Nafion membrane/�m (S cm−1) 0.073 exp
(

1268
(

1
298 − 1

T

))
[24]

Order  of anode reaction/�a 1 Assumed
Order  of cathode reaction/�c 1 Assumed
Anodic transfer coefficient/˛a 0.5 Assumed
Cathodic transfer coefficient/˛c 0.5 Assumed
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sion layer was consumed in two  ways, through electro-oxidation on
the anode side and by crossover to the cathode side. The methanol
reaction velocities in the anode CL of the LE-DMFC and the C-DMFC
Thickness of anode diffusion layer/ıad (cm) 

Thickness of cathode diffusion layer/ıcd (cm) 

MFC when loading different operating current densities with a
.0 mol  L−1 methanol solution. We  investigated an LE layer with

 thickness range of 0.1–0.5 cm at current densities set at 60, 80,
nd 100 mA  cm−2. The cell voltage apparently depended on the LE
hickness at these three current densities. When 60 mA  cm−2 was
sed, the cell voltage reached its peak value when the LE thickness
as approximately 0.26 cm.  As the current densities increased to

0 and 100 mA  cm−2, the optimal thickness of the LE decreased to
.22 cm and 0.16 cm,  respectively. A LE layer with 0.2 cm thickness
as chosen for further investigation.

.2. Effect of PEM thickness

The thickness of the PEM can strongly affect the methanol
rossover flux of the DMFC. Therefore, Nafion membranes with dif-
erent thickness were used for both the C-DMFC and the LE-DMFC
n this mathematical model.

Calculated polarization data for the C-DMFCs, which were
ssembled with Nafion 112 (C-DMFC-112) and Nafion 117 (C-
MFC-117) membranes are shown in Fig. 3a, and 3.0 mol  L−1

ethanol solution was used. The cell voltage of the C-DMFC-117
uring the polarization process was much greater than that of the
-DMFC-112. The maximum power density of the C-DMFC-117 was
pproximately 15.5 mW cm−2, which was 29% higher than that of
he C-DMFC-112. The better electrochemical performance of the C-
MFC-117 was due to its lower methanol crossover flux compared
ith the C-DMFC-112 as shown in Fig. 3b, which can be attributed

o the thicker PEM. Lower methanol crossover resulted in a cathode
verpotential for C-DMFC-117 that was 30 mV  lower than that of
-DMFC-112.

Fig. 3c shows the comparisons of LE-DMFC performances using
afion 112 and Nafion 117 as the PEM. We  used a 0.2-cm thick LE

ayer with the LE-DMFC for the calculations. When a 3.0 mol  L−1

ethanol concentration was used, the calculated polarization
urves for LE-DMFC-117 LE-DMFC-112 were almost identical to
hose shown in Fig. 3c. The maximum power density of the LE-
MFC-112 was approximately 3% higher than that of LE-DMFC-117.

n addition, the methanol crossover fluxes and cathode overpoten-
ials of these two LE-DMFCs were slightly different, as shown in

ig. 3d. Therefore, the lower proton transfer resistance of the LE-
MFC-112 caused by the minimal thickness of the PEM was the
ain reason that it had a better electrochemical performance than

he LE-DMFC-117.
0.003
0.003

Fig. 4 shows another comparison between the cell perfor-
mances of the C-DMFC-117 and the LE-DMFC-112 supplied with a
3.0 mol  L−1 methanol solution. The LE-DMFC performed much bet-
ter than the C-DMFC under these conditions, and the maximum
power density of LE-DMFC reached 19.67 mW cm−2, which was
approximately 27% higher than that of the C-DMFC.

The better cell performance of the LE-DMFC can be attributed to
its lower cathode and anode overpotential compared with the C-
DMFC, as shown in Fig. 5a and b. The lower cathode overpotential
of the LE-DMFC was caused by its lower methanol crossover flux,
as shown in Fig. 5c. The methanol crossover fluxes for both the
C-DMFC and the LE-DMFC decreased as current density increased,
and the decreasing velocity of the LE-DMFC was much lower. This
is because the proton transfer in the LE layer followed the Grot-
thus mechanism, and the electro-osmotic drag of the methanol
crossover flux did not exist in the LE layer during the operation
process.In contrast with the C-DMFC, the LE-DMFC also possessed
a lower anode overpotential, as shown in Fig. 5b, which was caused
by the higher methanol concentration in the anode catalyst layer, as
shown in Fig. 5d. The methanol permeating across the anode diffu-
Fig. 4. Comparison of calculated electrochemical performance of a LE-DMFC with a
C-DMFC. (3.0 mol  L−1 methanol solution).
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Fig. 5. Comparison of calculated (a) cathode overpotential; (b) anode overpotential; (c) methanol crossover flux; (d) methanol concentration in anode CL; (e) ohmic
o

w
m
a

L

verpotential of a LE-DMFC with a C-DMFC (3.0 mol  L−1 methanol solution).

ere equivalent at the same current density. Therefore, the lower

ethanol crossover flux of the LE-DMFC spontaneously resulted in

 higher methanol concentration in the anode CL of the LE-DMFC.
Fig. 5e compares the ohmic overpotential variations for the

E-DMFC and the C-DMFC with current density. For both of the
DMFCs, the ohmic overpotential was linear with the current den-

sity because the resistance of the DMFC did not vary with the
current density. The ohmic overpotential difference between the
LE-DMFC and the C-DMFC was  negligible when the current density
was  small. When the current density increased to 100 mA cm−2,



7622 W. Cai et al. / Journal of Power Sources 196 (2011) 7616– 7626

F
c

t
1

t
t
I
t

4

D
a
D
w
c
f
m
T
o
v
t
s
m

ig. 6. (a) Calculated and experimental polarization data; (b) calculated methanol
rossover flux data of a C-DMFC with different methanol concentrations.

he ohmic overpotential of the LE-DMFC was only approximately
5 mV  greater than that of the C-DMFC.

Given the above-mentioned information, we concluded that the
hinner Nafion 112 membrane was more suitable for the LE-DMFC
han the Nafion 117, which is commonly used as a PEM in C-DMFCs.
n addition, the LE-DMFC showed much better performance than
he C-DMFC.

.3. Effect of methanol concentration

The calculated and experimental polarization results of a C-
MFC supplied with differing concentrations of methanol solutions
re shown in Fig. 6a. The calculated results illustrate that the C-
MFC had the best electrochemical performance when it was  fed
ith a 3.0 mol  L−1 methanol solution. Any increase of methanol

oncentration above 3.0 mol  L−1 caused a rapid degradation of per-
ormance, and the cell voltage of a C-DMFC fed with a 7.0 mol  L−1

ethanol solution was even lower than that fed with 1.0 mol  L−1.
his was due to the dependence of the methanol crossover flux
n the feeding methanol concentration, as shown in Fig. 6b. The

alue of the methanol crossover flux with 7.0 mol  L−1 was more
han five times greater than the flux with 1.0 mol  L−1. Fig. 6a also
hows the experimental polarization data for the C-DMFC with
ethanol solutions ranging from 1.0 to 5.0 mol  L−1 to validate the
Fig. 7. Polarization curves for the LE-DMFC with different methanol concentrations.

mathematical model. The results showed that the analytical results
agreed quite well with the experimental data for all three concen-
trations.

Section 4.2 proved that the LE-DMFC had a lower methanol
crossover flux than the C-DMFC. Therefore, it is reasonable to sup-
ply a highly concentrated methanol solution into the fuel reservoir
of an LE-DMFC. Fig. 7 shows the calculated polarization data for
the LE-DMFC fed with differing concentration methanol solutions.
Methanol concentrations ranging from 1.0 mol  L−1 to 13.0 mol  L−1

were investigated by running the mathematical model for the
LE-DMFC, and the results are shown in Fig. 7a. The LE-DMFC
that was supplied with a 1.0 mol  L−1 methanol solution exhibited
the worst electrochemical performance, and the maximum power
density in this case was only 14.10 mW cm−2. The cell voltage
of the LE-DMFC increased as the feeding methanol concentra-
tion increased, and the best electrochemical performance for the
LE-DMFC occurred when it was fed with a 5.0 mol  L−1 methanol
solution. The maximum power density of the LE-DMFC fed with
a 5.0 mol  L−1 methanol solution was  approximately 50% higher
than that of the 1.0 mol  L−1 solution. An increase of the methanol
concentration over 5.0 mol  L−1 caused a very small decrease in
the cell performance. When the feeding methanol concentration
increased to 13.0 mol  L−1, the LE-DMFC still performed much better
than the LE-DMFC that was  fed with 1.0 mol  L−1 methanol solu-
tion. A comparison of the polarization data for the LE-DMFC with
3.0–9.0 mol  L−1 methanol solution is shown in Fig. 7b. The polar-
ization curves of 5.0 mol  L−1 and 7.0 mol  L−1 were identical, and the
cell performances of the LE-DMFC with 3.0 mol  L−1 and 9.0 mol  L−1

methanol solutions were slightly lower. The calculated results ver-
ified that the LE-DMFC can be supplied with highly concentrated

methanol.

A methanol solution of 3.0 mol  L−1 is the most commonly used
fuel for passive C-DMFCs, and 12.0 mol  L−1 is considered to be a
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Fig. 8. Comparison of (a) calculated polarization data for LE-DMFC; (b) experimental polarization data for LE-DMFC; (c) calculated polarization data for C-DMFC; (d)
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xperimental polarization data for C-DMFC with high and common-used methanol

ery high concentration because the volume ratio of methanol-
o-water in this concentration is approximately 1:1. Therefore,
he performance of the LE-DMFC was compared under conditions
f 3.0 mol  L−1 and 12.0 mol  L−1 methanol solutions. Fig. 8a and b
hows the calculated and experimental polarization data for the
E-DMFC, respectively. The calculated results show that perfor-
ance of the LE-DMFC that was fed with 3.0 mol  L−1 methanol

olution was slightly better than the case of 12.0 mol  L−1. The max-
mum power densities for these two cases only differed by 6%.
he cell voltages of the experimental results were much lower
han the predicted data calculated from the proposed model, as
hown in Fig. 8b, because the actual contact resistance (total resis-
ance: 2.4 � for the LE-DMFC with 4 cm2 active surface area) was

uch higher than expected (0.3 � for a 4 cm2 electrode). When fed
ith 3.0 mol  L−1 and 12.0 mol  L−1 methanol solutions, the exper-

mental polarization results of LE-DMFC did not differ greatly,
hich agreed well with the predicted tendency. The maximum
ower density of the LE-DMFC with 3.0 mol  L−1 methanol solu-
ion was approximately 8% higher than that fed with 12.0 mol  L−1

ethanol solution. In addition, Fig. 8c and d shows the electro-
hemical performance comparison of the C-DMFC with 3.0 and
.0 mol  L−1 methanol solutions. The calculated and experimental
esults both showed that when 6.0 mol  L−1 methanol solution was
ed into the C-DMFC, the cell performance dramatically declined
ompared to the one with 3.0 mol  L−1. The maximum power den-

ity of the C-DMFC supplied with 6.0 mol  L−1 methanol solution
as approximately 70% less than that in 3.0 mol  L−1 case. In sum-
ary, it can be concluded that the LE-DMFC can be supplied with
ntration.

a much more highly concentrated methanol solution than the C-
DMFC.

We also performed a two-parameter optimization for the LE-
DMFC. Fig. 9 shows cell voltage as a function of feeding methanol
concentration and LE thickness (from 0.1 cm to 0.5 cm)  at differ-
ent densities of 40, 60, and 80 mA cm−2. The PEM thickness was
set at 0.005 cm.  The results in Figs. 9a–c indicate that cell volt-
age strongly depended on the methanol concentration, whereas
the dependence of cell voltage on LE thickness was not evi-
dent. The optimal LE thickness changed from 0.1 to 0.5 cm as
methanol concentration increased from 1 to 15 mol  L−1. More
importantly, 6–10 mol  L−1 were found to be the optimal methanol
concentrations according to the two-parameter optimization at
any current density. Therefore, the conclusion that the LE-DMFC
can be supplied with a highly concentrated methanol solution was
valid for all of the investigated LE thickness and current densi-
ties.

4.4. Discharging performance

Because the LE-DMFC can be directly supplied with highly
concentrated methanol, we must also discuss the discharging per-
formance of the LE-DMFC. The reservoirs of both the LE-DMFC and
the C-DMFC had a depth of 2.0 cm,  and the cross-area of the reser-
voirs was equal to the active area of the electrode. Fig. 10 shows the

calculated discharging curves of a C-DMFC and a LE-DMFC with var-
ious methanol concentrations at 60 mA cm−2. As shown in Fig. 10a,
the C-DMFC can work continuously for approximately 12 h when it
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Fig. 9. Cell voltage as a function of feeding methanol concentratio

as supplied with 6.0 mol  L−1 methanol solution, which is the most
oncentrated methanol solution that is suitable for the C-DMFC
t 60 mA  cm−2. The onset voltage for the C-DMFC decreased evi-
ently as the methanol concentration increased from 3.0 mol  L−1

o 6.0 mol  L−1. For comparison, Fig. 10b  shows the calculated dis-
harging curves of a LE-DMFC that was supplied with methanol
olutions ranging from 3.0 mol  L−1 to 15.0 mol  L−1. The LE-DMFC
ith 15.0 mol  L−1 methanol solution could work continuously for

pproximately 33 h, which was approximately two times longer
han the longest discharging time of the C-DMFC.

The LE-DMFC not only had a much longer discharge time than
he C-DMFC but also had a much higher cell voltage during the dis-
harging process, as shown in Table 2. The average cell voltages of
he C-DMFC that was supplied with 3.0–6.0 mol  L−1 methanol solu-
ions were all approximately 0.25 V, whereas the average voltages
f the LE-DMFC were all larger than 0.29 V. The higher cell volt-
ge during the discharging process for the LE-DMFC was caused by
ts lower methanol crossover flux than the C-DMFC as discussed
n the previous two sections. The average methanol crossover
uxes (Fm,av) for both the C-DMFC and the LE-DMFC with different
oncentrations of methanol solutions were calculated and shown
n Fig. 10c. When supplying 3.0 mol  L−1 methanol solution, the
m,av of the C-DMFC was approximately 0.75 × 10−7 mol  cm−2 s−1,
hich was approximately two times greater than that of the
E-DMFC. When the methanol concentration increased, the Fm,av

f the C-DMFC increased much more rapidly than that of the
E-DMC. When supplied with 5.0 mol  L−1 methanol solution, the
verage methanol crossover flux of the C-DMFC was  approxi-
 LE thickness at (a) 40 mA cm−2; (b) 60 mA  cm−2; (c) 80 mA cm−2.

mately 1.25 × 10−7 mol  cm−2 s−1, which was equivalent to that of
the LE-DMFC that was  supplied with 15.0 mol  L−1 methanol solu-
tion.

We also compared the energy density and power density of the
LE-DMFC and the C-DMFC. Table 3 shows the structural parame-
ters for these two  DMFCs. The active area of the electrode for both
the C-DMFC and the LE-DMFC was  2 cm × 2 cm.  The C-DMFC had
a total thickness of 2.3 cm after we packed the MEA, gaskets, cur-
rent collectors, and the fuel reservoir in series. The LE-DMFC was
0.2 cm thicker than the C-DMFC due to the existence of a LE layer.
The cross area of the two fuel cells was 3 cm × 3 cm considering the
0.5 cm width of the reservoir wall.

Fig. 11 shows the calculated energy densities and the average
power densities during the discharging process for the C-DMFC and
the LE-DMFC with various concentrations of methanol solutions.
The energy densities of the DMFCs both increased obviously along
with the methanol concentration because a higher methanol con-
centration caused a longer discharging time, as shown in Fig. 10c.
When fed with 5.0 mol  L−1 methanol solution, the C-DMFC reached
its highest energy density at approximately 30 Wh L−1, which was
approximately 40% smaller than that of the LE-DMFC under iden-
tical working conditions. When fed with 15.0 mol L−1 methanol
solution, the energy density of the LE-DMFC was  approximately
110 Wh  L−1. The average power densities for both the LE-DMFC and

the C-DMFC supplied with different concentrations of methanol
solutions are also compared in Fig. 11.  When fed with 13.0 mol  L−1

methanol solution, the LE-DMFC showed its highest power
density of approximately 19.5 mW cm−2, whereas the high-
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Table  2
Average cell voltages for C-DMFC and LE-DMFC with different methanol concentrations.

cm (mol L−1)

3.0 4.0 5.0 6.0 7.0 9.0 11.0 13.0 15.0

Average voltage for C-DMFC (V) 0.251 0.255 0.255 0.252
0.316 0.321 0.322 0.323 0.322

e
1

o
t
c
2
a
D
t
u

�

Table 3
Structure parameters for C-DMFC and LE-DMFC used in energy and power output
calculation.

C-DMFC LE-DMFC

Volume of the fuel cell 3 cm × 3 cm × 2.3 cm 3 cm × 3 cm × 2.5 cm

F
c

Average voltage for LE-DMFC (V) 0.290 0.308 

st power density for the C-DMFC was only approximately
5 mW cm−2.

We  also compared the experimental discharging performance
f the C-DMFC and the LE-DMFC under identical working condi-
ions. Fig. 12a  shows a comparison of the experimental discharging
urves of the DMFCs fed with 1.0 mol  L−1 methanol solution at
.5 mA  cm−2. The structure parameters of the DMFCs were the same
s those used in the mathematical model given in Table 3. The C-
MFC could work continuously for 23 h, whereas the discharging

ime for the LE-DMFC was 48 h. The fuel utilization can be calculated
sing the following equation
 = It/6F

cm,0lr
(11)

ig. 10. Calculated discharge curves of (a) a C-DMFC; and (b) a LE-DMFC with various me
rossover flux with methanol concentrations for C-DMFC and LE-DMFC.
Volume of the fuel reservoir 2 cm × 2 cm × 2 cm 2 cm × 2 cm × 2 cm
Active area of electrode 2 cm × 2 cm 2 cm × 2 cm

where lr is the thickness of the fuel reservoir. The fuel utilization
of the C-DMFC and the LE-DMFC were 17.88% and 37.31%, respec-

tively. As shown in Fig. 12b, the calculated discharging times for
the C-DMFC and the LE-DMFC were 22 and 47 h, which agreed well
with the experimental measured data.

thanol concentrations at 60 mA  cm−2. (c) Variations of calculated average methanol
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ig. 11. Calculated energy densities and average output power densities of the (a)
E-DMFC and (b) C-DMFC with various methanol concentrations.

. Conclusions

In this work, a specially designed passive LE-DMFC with a com-
osite electrolyte was fabricated to reduce methanol crossover.
he composite electrolyte had two Nafion-112 membranes with

 0.2 cm LE layer in the middle. A corresponding mathematical
odel was also proposed to optimize the cell parameters and
orking conditions. The LE-DMFC with a composite electrolyte per-

ormed much better than the C-DMFC due to its lower methanol
rossover flux. In particular, the LE-DMFC can be fed with highly
oncentrated methanol. The cell performance of the LE-DMFC was
lmost identical when fed with methanol solutions of 3.0 mol  L−1

nd 12.0 mol  L−1. The LE-DMFC with 15.0 mol  L−1 methanol solu-
ion could work continuously for approximately 33 h, which was
wo times longer than the C-DMFC fed with 6.0 mol  L−1 methanol
olution. The highest energy density obtained from the C-DMFC was
nly approximately 30 Wh  L−1, whereas the energy density of the
E-DMFC reached 110 Wh  L−1. By employing an LE layer, the fuel
tilization of the LE-DMFC was improved by more than 100%, which
as affirmed by both the experimental and calculated discharging
ata.
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