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a  b  s  t  r  a  c  t

The  effects  of a  microporous  layer  (MPL)  on  performance  and  water  management  of  polymer  electrolyte
fuel cells  are  investigated.  The  presence  of an MPL  on the  cathode  side is  found  to  slightly  improve
performance,  although  the voltage  gain  is less  significant  than  that obtained  by  wetter  reactants.  The
effect  of  the MPL  on water  management  depends  on  the cathode  inlet-gas  humidity.  Differences  in water
crossover  rate  are  insignificant  for  wet  cathode  feed  (RH  =  75%),  while  they  are  significant  for  dry  feed
eywords:
ater management

EMFC
icroporous layer

(RH  =  25%).  A  model  based  on transport  resistance  of  the  MPL  is  proposed  to explain  the  experimental
trends  observed.  Modeling  results  suggest  that  the  presence  of  the  MPL  on  the  cathode  side  causes  a
reduction  of the  water flux  from  the  cathode  catalyst  layer  to the flow  channels,  effectively  promoting
water  back  diffusion  through  the  membrane.  Higher  cathode  humidity  reduces  the  driving  force  for  water
transport  from  the  electrode  to  the  gas  channels,  also  reducing  the  importance  of  the  water  transport

ence
resistance  due  to the pres

. Introduction

Performance is one of the key factors for the commercial suc-
ess of polymer electrolyte membrane fuel cells (PEMFCs) as power
upplies in automotive applications. Performance losses are typi-
ally categorized as kinetic, ohmic, and mass transport losses [1].
hmic and mass transports losses are related to water content

n the membrane electrolyte assembly (MEA). Membrane conduc-
ivity and, in turn, ohmic losses depend on the water content in
he membrane [2,3]. On the other hand, liquid water can partially
aturate the pores in the cathode catalyst layer, reducing the acces-
ibility of oxygen to the reaction sites. Therefore, the optimization
f water management is important to improve PEMFC performance
4,5]. A useful parameter in this context is the water crossover flux,
hich is defined as the flux of water transported through the mem-

rane. In the literature there are different conventions on the sign
or water cross-over flux; here positive flux is defined as going from
node to cathode. Another parameter useful to characterize PEMFC
ater management is the water crossover coefficient (˛), which is
efined as the water crossover rate divided by the rate of water
roduced at the cathode by electrochemical reaction [6].  Under-

tanding how water is transferred in a MEA  can provide insight
or improving water management to avoid cathode flooding but
revent membrane dehydration.

∗ Corresponding author. Tel.: +1 604 822 4408; fax: +1 604 822 6003.
E-mail address: xbi@chbe.ubc.ca (X. Bi).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.07.002
 of  the  MPL.
© 2011 Elsevier B.V. All rights reserved.

In the typical MEA  design, microporous layers (MPLs) are added
between the electrode and the gas diffusion layer (GDL) of both
anode and cathode. The MPL  is composed of a mixture of carbon
powder and polytetrafluoroethylene (PTFE), and is characterized by
porosity mainly in the micro- and meso-scales (2–50 nm in diam-
eter). The MPL  helps reduce the contact resistance between the
electrode and GDL [1],  and is expected to affect water manage-
ment. Several research groups investigated the effect of the MPL
on water crossover rate. Janssen and Overvelde performed water
crossover measurements for MEAs with and without MPL  [7],  and
found that water crossover rate was not significantly different at
a current density of 0.4 A cm−2, while it was lower for MEAs with
MPL  on the cathode side at 0.6 A cm−2. Atiyeh et al. conducted sim-
ilar experiments [8],  and found that the presence of a MPL  on the
cathode side had negligible impact on overall water transfer at cur-
rent densities lower than 0.7 A cm−2. Kim et al. [9] found that MEAs
with MPLs on both sides had higher water crossover rate compared
to those with MPL  on the cathode side only; they also noticed that
more positive water crossover rates were measured in MEAs with-
out MPL. To explain these observations they proposed that the MPL
acts as a capillary barrier for water transport. Dai et al. performed
experiments where dry air was  fed to the cathode and liquid water
to the anode [10]; they observed that when the MPL  was present
the water transport to the cathode channels was reduced if the

air flow was  larger than a certain value. To explain their results
the authors proposed that at higher air-flows more water is driven
out of the membrane leading to a higher capillary pressure in the
micropores, and subsequently decreasing the effective water trans-

dx.doi.org/10.1016/j.jpowsour.2011.07.002
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:xbi@chbe.ubc.ca
dx.doi.org/10.1016/j.jpowsour.2011.07.002
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Nomenclature

Symbols
A cell active area (cm2)
a sulfonic acid group concentration (1200 mol m−3)
C dimensionless concentration
F Faraday’s constant (96,500 C mol−1)
Ī average current density (A cm−2)
J molar flux (mol cm−2 s−1)
J̄ average molar flux (mol cm−2 s−1)
ṅ molar flow rate (mol s−1)
P partial pressure (kPa)
r pore radius (m)
R universal gas constant (8.314 J mol−1 K−1)
RH relative humidity
T temperature (K)
Vm molar volume (m3 mol−1)
y mole fraction (wet basis)

Greek letters
˛ water crossover coefficient
� interfacial water transport coefficient (m s−1)
�C cathode lumped water transport coefficient (m s−1)
� liquid–vapour surface tension (N m−1)
� contact angle

Subscripts
A anode
cal calibration
C cathode
cc cathode catalyst layer to channel
eqm equilibrium
H2O water
in inlet
m membrane
MFC  mass flow controller for fuel cell feed
MFM  mass flow meter for dilution gas
out outlet
pore inside pore
sat saturation
X crossover (anode to cathode)

Abbreviations
CAM capillary action model
EOD electro-osmotic drag
GDL gas diffusion layer
MEA  membrane electrode assembly
MPL  microporous layer
PEMFC polymer electrolyte membrane fuel cell
RH relative humidity
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measured using the same equipment (i.e. same syringe pumps).
Therefore the systematic errors of the equipment cancel out.
TRM transport reduction model

ort from the membrane to the GDL. Ye and Wang [11] published
xperimental results showing that a higher cathode GDL diffusivity
eads to higher water crossover from anode to cathode.

The effect of the MPL  on water crossover rate has also been
ddressed in several modeling studies. Weber and Newman [12]
eveloped a model of water transport in PEMFCs. According to their
imulation results the MPL  on the cathode side increases the water
ow from cathode to anode, effectively reducing cathode flooding

s well as decreasing membrane resistance. Murahashi et al. [4]
roposed a model of water management in a PEMFC that includes
he effect of MPL  capillary pressure; their modeling results indi-
ated that when the MPL  is present the water crossover coefficient
urces 196 (2011) 9437– 9444

is lower (i.e. less water flows to the cathode). On the other hand,
other researchers proposed that the MPL  helps removing water
from the cathode catalyst layer without enhancing back diffusion
through the membrane. According to Pasaogullari and Wang [13],
the presence of a MPL  enhances the removal of liquid water from
the cathode and reduces the saturation levels in the diffusion media
by inducing discontinuity in the porosity and surface properties
between the MPL  and the GDL. However, water transfer to/from
the membrane was neglected in their model.

In summary, the effect of the MPL  on water crossover is not yet
clear. In this study we investigated the effects of a cathode-side
MPL  on water crossover rate at different humidities and current
densities using a custom-designed tool described previously [6,14].

2. Experimental

2.1. Water crossover measurement equipment

The setup for measuring water crossover has been described
previously [6,14].  To eliminate systematic errors from the different
components of the measuring tool, a testing protocol that includes
frequent calibration was  developed. The water concentrations of a
gas stream are continuously monitored by infrared sensors (Fig. 1).
The humidification of the inlet gas streams is achieved using high-
accuracy syringe pumps that inject a known flow rate of liquid
water into a heated block where the vapour is mixed with a known
flow rate of dry gas stream controlled by automated mass-flow con-
trollers. During the ‘normal’ mode (Fig. 1(a)) the main set of syringe
pumps provides the desired relative humidity (RH) to anode and
cathode inlet streams, while the outlet vapour concentration from
the fuel cell is measured. During the ‘calibration’ mode (Fig. 1(b))
a backup set of syringe pumps supplies the desired water flow to
the fuel cell inlet streams, and the outlets streams from the cell
are directed to a vented line. Meanwhile the infrared sensors are
calibrated against the main set of syringe pumps.

The molar flux of water through the membrane is obtained from
the water mass balance for both anode and cathode using the fol-
lowing equations:

ṅH2O,X,A = ṅH2O,in,A − ṅH2O,cal,A
yH2O,out,A

yH2O,cal,A

×
(

ṅMFM,A + ṅMFC,A − (ĪA/2F)
ṅMFM,cal,A

)
(1)

and

ṅH2O,X,C = ṅH2O,cal,C − yH2O,out,C

yH2O,cal,C

(
ṅMFM,C + ṅMFC,C − (ĪA/4F)

ṅMFM,cal,C

)

− ṅH2O,in,C
ĪA

2F
(2)

The average water crossover flux J̄H2O is defined by the water
crossover rate per unit cell area:

J̄H2O = ṅH2O,X,A

A
= ṅH2O,X,C

A
= ṅH2O,X

A
(3)

This approach yields a more accurate determination of the
crossover flux since all terms involved in the calculation are
As reported by Yau et al. [14], the crossover rate obtained from
the cathode signals (Eq. (2)) data may  be affected by hydrogen
crossover, so only the crossover rates obtained from the anode side
(Eq. (1)) are reported here.
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Fig. 1. Schematic diagram of the experimental setup. One side/electrode of the setup is shown. (a) Configuration for ‘normal mode’ measurements, when the water crossover
r n liquid water from the main syringe pump is fed directly to mix with the dilution gas
f the backup pump provides humidified flow to maintain steady conditions at the cell. The
o
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Fig. 2. Experimental polarization curves at constant fuel and oxidant flow
rates. Results are the average from two  replicates. MEA  construction and
cathode RH are as indicated. T = 70 ◦C, PA = 230 kPa, PC = 230 kPa, RHin,A = 75%,
H flow rate = 4.46 × 10−3 mol  s−1, N flow rate = 2.94 × 10−3 mol  s−1, O flow
ate  for the fuel cell is measured. (b) Configuration for the ‘calibration mode’, whe
rom  MFM and then analyzed by the infrared analyzer as a reference reading, while 

utlet  gases from the cell are purged to the vent.

.2. MEA  construction and operating conditions

Four MEAs with a nominal area of 50 cm2 were prepared from
atalyst coated membranes (Nafion NRE211) and Toray GDL coated
ith PTFE. Two of the MEAs had MPLs on both anode and cathode,

nd the other two had MPLs on the anode side only. Each pair was
ested at identical conditions to verify the reproducibility.

The experimental conditions used in this study are summarized
n Table 1. The effects of MPLs and the effects of differences in inlet
H between anode and cathode are addressed in this study. To min-

mize the effect of pressure on water crossover, both anode and
athode pressures were kept at 230 kPa (absolute). Each polariza-
ion curve was obtained by running the cell at 7 different current
ensities. To avoid possible effects of hysteresis, the order for dif-
erent current densities in the polarization curve was  randomized
or each run. The dry gas flow rates were constant at all current
ensities.

. Results and discussion
Fig. 2 shows the polarization curves for runs 1–8 (see Table 1). In
hese runs the anode inlet RH was kept constant (RHa = 75%) while
he cathode inlet humidification changed (RHc = 25% or RHc = 75%).
he results presented are the average from two different MEAs with

2 2 2

rate = 7.81 × 10−4 mol  s−1. Error bars indicate the difference in readings between the
two  replicates; solid symbols may  cover the whole error bar.
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Fig. 3. Water crossover flux (measured from anode) against current density. Neg-
ative values indicate water transfer from cathode back to anode. Results are the
average from two  replicates. MEA  construction and cathode RH are as indicated.
T  = 70 ◦C, PA = 230 kPa, PC = 230 kPa, RHin,A = 75%, H2 flow rate = 4.46 × 10−3 mol s−1,

N2 flow rate = 2.94 × 10−3 mol s−1, O2 flow rate = 7.81 × 10−4 mol  s−1. Error bars indi-
cate the difference in readings between the two replicates; solid symbols may  cover
the  whole error bar.

the same design. Reproducibility was  satisfactory with a voltage
variation smaller than 31 mV  at all current densities.

The performance difference between MEAs with and without
MPL  was negligible for current densities < 0.1 A cm−2 at both RH
conditions. Thus, feed humidification and the addition of the MPL
has little effect on the kinetics of the electrochemical reaction. From
0.5 to 1.2 A cm−2, the cell voltage is higher for the MEAs with MPL.
As expected, the effect of the cathode inlet humidification is signif-
icant for both designs at current densities higher than 0.1 A cm−2,
indicating lower ohmic losses in the membrane and cathode layer
as a result of the increased water concentration in the ionomer.
Mass transport loss appears minimal from 0 to 1.6 A cm−2 as sug-
gested by the absence of a characteristic ‘shoulder’ shaped drop in
voltage on the polarization curve.

Fig. 3 shows the water crossover flux corresponding to the
polarization curves of Fig. 2, which is calculated from the water
concentration measured at anode outlet. The water crossover
fluxes were acquired at different current densities, from 0 to
1.6 A cm−2, at the same time as the polarization curve in Fig. 2.
Again the two  replicates show good reproducibility with a
sample-to-sample difference in water crossover flux smaller than
1.74 × 10−7 mol  cm−2 s−1 (equivalent to a current of 34 mA  cm−2).
The intercepts in Fig. 3 are indicative of the RH gradients across the
membrane: for the case with different RH at cathode and anode
(RHc = 25% and RHa = 75%) the intercept is positive (i.e. positive
water crossover flux) because there is a gradient in water con-
centration between the two  sides of the membrane, which drives
water from anode to cathode; when the inlet RH is the same
(RHc = RHa = 75%) the intercept is zero. At positive current densi-
ties water produced at the cathode generates a water concentration
gradient across the membrane, causing back-diffusion of water to
the anode (i.e. more negative water crossover flux). The trends in
water crossover flux against the current density are linear up to
approximately 1.5 A cm−2 for the condition with 25% cathode RH
and up to 1.2 A cm−2 for 75% cathode RH. The curves for 75% cathode
RH are slightly deflected upwards at higher current densities.

By comparing the water crossover trends for MEAs with and
without MPL, it can be seen that the presence of the MPL causes the

slope of the water crossover flux to be more negative, particularly
for the runs with RHc = 25%. Therefore, at these operating condi-
tions the presence of the MPL  enhances back diffusion of product
water to the anode. An argument derived from a mass balance at the
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Fig. 4. Experimental polarization curves at constant fuel and oxidant flow
rates. Results are the average from two replicates. MEA construction and
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Fig. 5. Water crossover flux (measured from anode) against current density.
Negative values indicate water transfer from cathode back to anode. MEA  con-

A common hypothesis found in the literature [4,9] to explain
the effects of the MPL  on water management is that the MPL  effec-
tively decreases the saturation pressure of water vapour by means

Fig. 6. Experimental polarization curves at constant fuel and oxidant flow
athode RH are as indicated. T = 70 C, PA = 230 kPa, PC = 230 kPa, RHin,A = 25%,
2 flow rate = 4.46 × 10−3 mol  s−1, N2 flow rate = 2.94 × 10−3 mol  s−1, O2 flow

ate = 7.81 × 10−4 mol  s−1.

athode catalyst layer proposed in Ref. [14] is used to estimate the
raction of water generated at the cathode that back-diffuses to the
node and exits the cell through the anode channels. The simulation
esults for the runs with inlet RHc = 25% indicate that 33.7% of the
ater generated by electrochemical reaction flows to the anode in

he MEAs with MPL, while for the MEAs without MPL  it is 27.4%. For
he case with equal inlet RH of 75%, the calculations indicate that
imilar fractions of product water flow to the anode regardless of
he presence of the MPL; 34.9% without MPL, and 37.4% with MPL.
his estimate agrees with the experimental results of Fig. 3. These
xperimental results are consistent also with the findings of Atiyeh
t al. [8],  who observed insignificant changes in water crossover
ates for anode and cathode humidities of 60% and 100%, respec-
ively. In contrast, results by Kim et al. [9] showed that MPL  on the
athode side enhanced water transfer back to the anode side even
or saturated cathode feeds.

Fig. 4 shows the polarization curves obtained for RHa = 25%,
nd RHc = 25 or 75% (runs 9–12, in Table 1). The performance
mproves slightly for MEA  with MPL, mainly in the ohmic
egion (0.5–1.5 A cm−2). However, for current densities higher than
.5 A cm−2 this performance gain decreases, and the MEA  without
PL  performs better for RHc = 75%. The ‘shoulder’ observed in the

olarization curve for the MEA  with MPL  and for RHc = 75% could be
aused by oxygen diffusion limitations. This feature is less evident
n the polarization curve measured for the same MEA  at 25% RH on
oth sides.

Fig. 5 shows the water crossover flux as a function of the cur-
ent density corresponding to the polarization curves of Fig. 4. The
ffects of the MPL  on water crossover depend again on the cathode
nlet RH, as in Fig. 3. For current densities larger than 1.6 A cm−2,
he water flux from cathode to anode decreases with increasing
urrent. This behaviour could be caused by saturation of the mem-
rane at the interface with the cathode. After the ionomer at that

nterface is saturated, local water concentration cannot increase
ny further and the driving force for back diffusion of water is effec-
ively reduced. This hypothesis can possibly explain the plateau in
he water crossover flux observed between 1.6 and 2 A cm−2. On the
ther hand, the water flux due to electro-osmotic drag increases
ith increasing current density, possibly explaining the observed
ending upwards of the curve.
Fig. 6 shows the polarization curves obtained for RHa = 75% and

Hc = 100%. Up to 1.7 A cm−2 the polarization curve for the MEAs
ithout MPL  is not significantly different from the one measured at
struction and cathode RH are as indicated. T = 70 ◦C, PA = 230 kPa, PC = 230 kPa,
RHin,A = 25%, H2 flow rate = 4.46 × 10−3 mol s−1, N2 flow rate = 2.94 × 10−3 mol s−1, O2

flow rate = 7.81 × 10−4 mol s−1.

RHa = RHc = 75% (same RH at both sides) and shown in Fig. 2. On the
other hand, the polarization curve for the MEAs with MPL  shows an
evident mass-transport shoulder (already observed for RHa = 25%,
RHc = 75% in Fig. 4). The plot of the water crossover flux versus the
current density corresponding to the polarization curves of Fig. 6 is
shown in Fig. 7. Similar to the previous runs at RHc = 75% (Fig. 5), the
MPL  has no significant effect on water crossover fluxes. The water
content and distribution in the membrane is likely similar for both
MEA  types, given that the inlet humidification is the same and the
water crossover flux is also the same. The performance of the MEAs
with MPL  at this condition (RHc = 100%) is the highest of all runs,
and it is significantly higher than that measured for MEA  without
MPL at the same conditions, particularly in the ohmic region of the
polarization curve. It is possible that the difference in performance
within the ohmic region between the two types of MEAs is caused
by differences in contact resistance at the cathode/GDL interface.
rates. Results are the average from two  replicates. MEA  construction is as
indicated. T = 70 ◦C, PA = 230 kPa, PC = 230 kPa, RHin,A = 75%, RHin,C = 100%, H2

flow rate = 4.46 × 10−3 mol  s−1, N2 flow rate = 2.94 × 10−3 mol s−1, O2 flow
rate = 7.81 × 10−4 mol  s−1. Error bars indicate the difference in readings between
the two  replicates; solid symbols may  cover the whole error bar.
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Fig. 7. Water crossover flux (measured from anode) against current density. Neg-
ative values indicate water transfer from cathode back to anode. Results are the
average from two  replicates. MEA  construction is as indicated. T = 70 ◦C, PA = 230 kPa,
PC = 230 kPa, RHin,A = 75%, RHin,C = 100%, H2 flow rate = 4.46 × 10−3 mol  s−1, N2 flow
r
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ate = 2.94 × 10−3 mol s−1, O2 flow rate = 7.81 × 10−4 mol  s−1. Error bars indicate the
ifference in readings between the two replicates; solid symbols may cover the
hole error bar.

f capillary action (capillary action model, CAM). This is described
y the Kelvin equation, which relates the actual vapour pressure in

 hydrophobic pore of radius r and contact angle � (Psat,pore) to the
aturation pressure (Psat) [15]:

sat,pore = Psat · exp

(
−2 · � · cos �  · Vm

r · R · T

)
(4)

The average pores size in a MPL  is much smaller compared to
he carbon paper in the GDL. According to the above equation, the
resence of a MPL  on the cathode side should cause a lower satura-
ion pressure close to the cathode/membrane interface. That is, for
he same inlet conditions the actual RH (and water vapour activity)
ear to the MPL  is higher, thereby increasing the local concentration
f water in the ionomer of the cathode, also increasing the water
oncentration gradient across the membrane. This should result in
he effective increase of water back-diffusion. In theory this effect
s present regardless of the current density, thus there should be

 negative water crossover flux even at zero current when anode
nd cathode inlet RH is the same. Experimental evidence against
his hypothesis can be observed in Fig. 3, where the intercepts of
he water crossover flux corresponding to zero current are close to
ero both MEA  types with and without MPL.

An alternative hypothesis is proposed to explain the MPL  effects
n water management through hydraulic action. Based on mod-
ling results, Weber and Newman [12] and Baghalha et al. [16]
roposed that a decrease in hydraulic permeability towards the
athode side due to the presence of a MPL  will drive water towards
he anode side while the cathode catalyst layer is saturated at low
urrent densities regardless of inlet RH [16]. However, the results
hown in Fig. 7 for saturated cathode feeds seem to contradict this
ypothesis, since the presence/absence of the MPL  in the above
xperiments did not have a significant effect on the water crossover
ux.

Another possible explanation of the role of the MPL  on water
anagement is that it reduces the transport of water from the

athode layer to the cathode channels by decreasing the effective

ransport coefficient for water vapour through the GDL (trans-
ort reduction model, TRM). As a result, a larger fraction of the
ater generated has to move towards the anode side, leading to

 more negative water crossover flux. When there is no RH gradi-
urces 196 (2011) 9437– 9444

ent across anode and cathode channels and there is no load, any
changes in water transport resistance at the cathode GDL have no
effect, which is consistent with the experimental findings in this
paper.

The TRM described above is also consistent with the experimen-
tal results showing similar water crossover fluxes between MEAs
with and without MPL  at high cathode inlet RH. Following Refs.
[17,18], it is assumed that water is generated by the electrochemi-
cal reaction at the cathode membrane interface. The water removed
from the cathode/membrane interface is proportional to the differ-
ence between the actual membrane water content at the interface
CH2O,C and the water content in equilibrium with the water vapour
at the interface CH2O,eqm through an interfacial transport coefficient
� [17,18]:

JH2O = a · � · (CH2O,C − CH2O,eqm) (5)

This is equal to the flux from the cathode membrane interface
to the cathode channel only when there is no transport resistance
of water vapour between the interface and the channel [18]. Here
it is assumed that the diffusion of water vapour between the cath-
ode membrane interface and the channel can be incorporated with
membrane interfacial water transport described above, such that
an equivalent equation can be written as:

JH2O,cc = a · �C · (CH2O,C − CH2O,eqm,C ) (6)

where CH2O,eqm,C is the water concentration at equilibrium with the
cathode channel humidity, and �C is a lumped transport coefficient
accounting for both membrane interfacial transport and diffusion
between the membrane interface and the cathode channel. Any
diffusion resistance between the membrane interface and the cath-
ode channel would therefore be reflected by a smaller value of �C
compared to � .

The diffusion resistance from the cathode channel to the cath-
ode membrane interface increases when the MPL  is added to
the cathode GDL, leading to a smaller transport coefficient �C.
When the cathode RH is high, the equilibrium concentration of
water (CH2O,eqm,C ) also increases according to the equation pro-
posed by Springer et al. [19]. At a given current density, the water
reaching the cathode/membrane interface by electro-osmotic drag
and water generated by electrochemical reaction is the same
independent of the presence of the MPL. Thus, the steady-state
water concentration of the cathode interface (CH2O,C ) should not
change significantly. Subsequently, the driving force for the flow of
water from the cathode interface to the cathode channel (CH2O,C −
CH2O,eqm,C ) decreases, and differences in flux for different transport
coefficient �C become less significant. The trends expected for the
TRM are consistent with a weaker effect of the MPL  on increasing
back-diffusion at high cathode relative humidity.

As an illustration of the capillary action model (CAM) and the
transport reduction model (TRM), Eqs. (4) and (6) are indepen-
dently incorporated into the fuel cell model by Berg et al. [18].
The additional model parameters introduced by CAM are the pore
radius r and the contact angle �, while the TRM introduces the cath-
ode water transport coefficient �C as the additional parameter. The
parameters for the original model without MPL  are obtained by
fitting the polarization and water crossover rate data simultane-
ously for runs 1–4. The additional parameters for CAM and TRM
are found by fitting the data for runs 5–8. The best-fit pore radius
in CAM is found to be 1.0 × 10−8 m assuming a contact angle of
140◦ [20], which is of the same order of magnitude as the pore size
in typical microporous layers measured by mercury porosimetry

[20,21]. The best-fit for �C in the TRM is found to be 25.8% smaller
for the MEAs without MPL. This is consistent with the assumption
that the MPL  reduces water transport from the cathode layer to the
channel.
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Fig. 8. Fitting results on the polarization curves using different models for the action
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f  the MPL. The experimental data are the same as in Fig. 2. The original Berg model
solid black lines) was used to fit for data without MPL, the TRM (dotted lines) and
AM (solid grey lines) were used to fit the data with MPL.

According to the fitting results shown in Fig. 8, both models
apture the voltage gain observed for the MEA  with MPL  under the
onditions in runs 1–8 (Figs. 2 and 3). However, as shown in Fig. 9,
he CAM model requires a negative water crossover flux for the run
ith the equal inlet RH, which is not consistent with the obser-

ations discussed earlier. For the run with 25% cathode and 75%
node inlet RH, the CAM underestimates the effect of back diffusion
ecause the predicted water crossover is less negative.

The best-fit pore radius of 1.0 × 10−8 m leads to an increase in RH
t the cathode membrane interface from 25% to 26.7%. As a result,
AM hardly captures the large increase in back diffusion at 25%
athode RH observed in the experiments (compare solid symbols to
rey line in Fig. 9). On the other hand, TRM gives a better fit in water
rossover (compare solid symbols to dashed black line in Fig. 9). The
hange in slope of the water crossover flux against current density
t 25% cathode RH is more evident for TRM fit compared to the CAM
t. For the same degrees of freedom (i.e. number of fitting param-
ter), the TRM model gives a better fit to the experimental results.
n summary, the effect of the MPL  on water management is possi-
ly related to the increase in water transport resistance between

he cathode electrode and the cathode channel, and this effect is
ess significant when the cathode channel RH is close to satura-
ion because the driving force for water removal decreases. Since

ig. 9. Fitting results on water crossover using different models for the action of the
PL. The experimental data are the same as in Fig. 3. The original Berg model (solid

lack lines) was  used to fit for data without MPL, the TRM (dotted lines) and CAM
solid grey lines) were used to fit the data with MPL.
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the experiments in this article involve only one type of MPL, more
tests on MPLs with different binder and carbon compositions may
be necessary to generalize the findings listed above.

There are other physical phenomena that could affect the exper-
imental observations, such as temperature gradients in the MEA  in
through-plane direction. Owejan et al. [20] demonstrated that the
temperature gradient between the cathode catalyst layer and the
cathode channels may  be sufficient to drive water diffusion towards
the cathode channels. Further investigations are required to eluci-
date the temperature effects in the transport mechanism of water
across the MPL.

4. Conclusions

The effects of a MPL  on performance and water management of
PEMFC were investigated. Adding the MPL  increases the cell voltage
under the same current density, except for the case of 100% cathode
RH. However, the performance increase is larger when the inlet RH
is increased than when the MPL  is added. For the cases of wet cath-
ode inlet a mass transport ‘shoulder’ was  observed for MEAs with
MPL  at high current densities. This effect is less evident for MEAs
without MPL. At moderate current densities the water crossover
flux decreases linearly with increasing the current, while at high
current densities the trend is inverted, possibly indicating water
saturation at the cathode catalyst layer/membrane interface. The
presence of the MPL  in the cathode GDL increases back diffusion of
water to the anode channels only at low cathode RH (25%), regard-
less of RH gradient between anode and cathode. To explain the
experimental observations it is proposed that the effect of the MPL
on water management is related to the increase in the transport
resistance from the cathode catalyst layer to the cathode channels,
which effectively increases water back-diffusion to the anode. At
high cathode RH the driving force for water removal from the cath-
ode electrode to the cathode channels decreases, and the effects
of the MPL  on transport reduction are less evident. Other physical
processes, such as capillary effects and reduction of hydraulic con-
ductivity caused by the presence of the MPL, are not consistent with
the experimental observations. However, through-plane tempera-
ture gradients in the MEA  might contribute to the observed trends
of the water crossover flux at high current densities.
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