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h i g h l i g h t s
� Combination of hybrid GDL and microgrooves was examined for PEFC improvement.
� Effect of wettability pattern and aspect of GDL on PEFC performance was elucidated.
� Output characteristics were maximized at shallow hybrid angle with gas flow.
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a b s t r a c t

In this study, the combination of a gas diffusion layer (GDL) with wettability distribution and gas-flow
channels with microgrooves is proposed to reduce the concentration overvoltage of polymer electro-
lyte fuel cells. The effects of the wettability-distribution pattern and linear angle of the stripe-wise
wettability distribution of the GDL on the cell performance are experimentally investigated. Examina-
tion of the wettability-distribution pattern show that not only the liquid-water distribution inside a
hybrid GDL but also the liquid-water control on the GDL surface are important factors to consider in
reducing the concentration overvoltage. Furthermore, in considering the hybrid angle effect, when the
angle with the gas channel is shallow, especially at 20�, the critical current and maximum power are
maximized.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Water management on the cathode side of polymer electrolyte
fuel cells (PEFCs) is a dominant factor of the concentration over-
voltage in determining the PEFC performance. The cell performance
is greatly reduced by the excess water, which obstructs oxygen
transport. Water management is critical for improving the perfor-
mance of PEFC. Many studies have investigated the relationships
among the structure and properties of the gas diffusion layer (GDL),
microporous layer (MPL) and gas channel in the separator to
ineering, Tianjin University,
ianjin 300350, China.
a), koresawa-ryo-pr@ynu.jp
improve moisture control and liquid water removal performance
on the cathode side to control the water accumulation in a PEFC.
The surface treatments of the GDL and the use of gas channels were
examined. To cite a case, studies have considered using hydro-
phobic materials such as polytetrafluoroethylene (PTFE) for hy-
drophobic treatment of GDL [1e3]. The effects of a doublelayer GDL
with different PTFE loadings [4] and PTFE content [5,6], and
component fractions of hydrophobic and hydrophilic materials
[7,8] for aMPL on cell performance have also been examined. Liquid
water control using a GDL coated with an MPL containing hydro-
philic carbon nanotubes [9], superhydrophobic MPL [10], multiple
hydrophobic and hydrophilic MPLs [11] have also been developed.
Concerning the gas channel in separator such as channel configu-
ration have been examined for the effect on PEFC performance.
Various flow channel types, such as parallel, serpentine,
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interdigitated, wettability of GDL surface have been investigated
[12e20]. Other studies related to the configuration of the flow
channel have considered sub-channel cathode flow field [21] and
channel wall wettability [22,23]. Also, studies on water manage-
ment and concentration-overvoltage characteristics were reviewed
by Dai et al. [24], Kandlikar and Zijie [25], Kim and Lee [26], and
Wang et al. [27].

We proposed that the function of novel oxygen diffusion based
on the liquid-water movement from the non-wettable parts to the
wettable parts due to the structure (hybrid GDL), which provides
wettability distribution in the planar direction of the cathode side
GDL of PEFCs, could be achieved. We demonstrated improved
oxygen-diffusion characteristics in simulated microporous media
that provide wettability distribution using equipment that
measured the oxygen-diffusion characteristics (Utaka et al. [28]).
Furthermore, we applied a carbon-paper-type hybrid GDL, where
two porous media with different wettabilities (i.e., non-wettable
and wettable) were alternately arranged in the planar direction,
to a PEFC device and showed that improved PEFC performance was
realized (Koresawa & Utaka [29]). Since liquid water was moved
from the non-wettable medium to the wettable medium in hybrid
GDL due to capillary pressure originating from the difference in
wettability, voids in the non-wettable mediumwere aligned in the
direction of oxygen diffusion, enhancing oxygen diffusion. While
this wettability distribution in the GDL is effective for the liquid-
water movement inside the GDL, limited amounts of liquid water
can be removed from the GDL surface. To address this issue, we
devised a mechanism to effectively remove liquid water from the
GDL surface.

Inclined microgrooves were applied on the inner surfaces of gas
channels in the separator. Liquid water wasmoved from the surface
of the GDL to the opposing surface in the gas channel owing to the
airflow shear forces that acted on the liquid water in the channel
and the capillary forces that acted on the liquid water in the mi-
crogrooves. The flow velocity of the liquid water in the micro-
grooves was measured using the laser-induced fluorescence
method. Liquid-water movement was confirmed to occur along a
relatively long flow-path direction, demonstrating its effectiveness
(Utaka et al. [30]). This microgroove design was also applied to an
actual PEFC device to demonstrate improved PEFC performance
(Koresawa & Utaka [31]). Additionally, a GDL with wettability dis-
tribution and a separator with microgrooves were installed at the
same time (Utaka & Koresawa [32]) in an actual PEFC [29,31]. The
combination of those two mechanisms is shown schematically in
Fig. 1 [32]. An oxygen diffusion paths in the non-wettable area of
Fig. 1. Schematic of water movement with combination of hybrid GDL and micro-
grooves [32].
the GDL was ensured by the movement from non-wettable region
to wettable region. Further, liquid water accumulated on the GDL
surface in the wettable area was removed due to the mocrogroove
effect. Those two functions of a hybrid GDL and a gas separator with
microgrooveswere combined and applied to an actual PEFCwith an
effective length of 200 mm [32]. Synergetic improvements in the
PEFC performance were experimentally examined. As a result, the
combination in PEFC reduced the concentration overvoltage and
enhanced the current density limit and maximum power density
compared with the normal PEFC, hybrid PEFC, and PEFC with mi-
crogrooves. At an air velocity of 8.0 m/s, the PEFC with micro-
grooves and a hybrid GDL improved the current density limit and
maximum power density by approximately 19.5% and 8.0%,
respectively, when compared with the normal PEFC. Moreover, the
PEFC reduced the cell voltage fluctuation and improved the stability
of the cell voltage due to an oxygen diffusion path formed by the
movement of liquid water through the hybrid GDL and the
discharge of liquid water from the GDL surface and the gas
channels.

In a study related to the wettability distribution of GDLs, Forner-
Cuenca et al. [33e35] applied a partial hydrophilic treatment to
hydrophobic-paper-type GDLs in a small PEFC device; thus, a
stripe-wise wettability-distribution pattern similar to that
described by Utaka et al. [28] was achieved. Using neutron-beam
visualization of liquid water, the effect of wettability distribution
and improvement in power-generation characteristics were
confirmed. Takaya and Araki [36] showed similar trends using
numerical analyses for a compact PEFC with a striped GDL wetta-
bility distribution and microgrooves based on the experimental
study of Utaka et al. However, because the generated water that
accompanied the power generation increases in the downstream
direction of the channel, control of the accumulated liquid water is
extremely important. The effective length of the flow channel was
as long as 200 mm in the previous experiments of Utaka et al.
[29,31,32]. However, because the designed flow channels were
targeted for small PEFCs with 10-mm channel effective lengths and
a 1-cm2 active area, examinations under actual PEFC conditions will
be insufficient.

The effect of the pattern and arrangement of the GDLwettability
distribution using actual PEFC equipment with a combined hybrid
GDL andmicrogrooved separator channels were investigated in this
study. In previous reports [29,32], the wettability-distribution
pattern of alternately arranged wettable and non-wettable stripes
had stripe widths of approximately 1 mm and stripe angles of 45�

with the gas flow. However, because the generated water flow,
which increased with the gas-channel length, and the configura-
tion of the wettability distribution are closely related, the config-
uration of the wettability distribution affects the liquid-water
distribution inside and outside the GDL. Therefore, the morpho-
logical effects of the wettability distribution with respect to the
oxygen diffusion and PEFC output characteristics should be
considered. In the present work, the relationship between the PEFC
performance and basic control factors that regulate the output
characteristics of PEFCs, such as cell temperature, air humidity, and
configuration of the GDL wettability distribution, was examined.
On the basis of these investigations, we then experimentally
determined the effect of the angle between the linear GDL wetta-
bility distribution and gas-channel direction on the PEFC
performance.

2. Experimental apparatus and procedure

A summary of the experimental conditions and PEFC specifica-
tions is listed in Table 1. The hydrogen supplied to the anode and
the air (approximately 78% nitrogen, 21% oxygen, and 1% argon)



Table 1
Experimental conditions and specifications of the PEFC apparatus.

Experimental conditions

Active electrode area (geometric) (cm2) 2.1 � 20.0
Clamping pressure (MPa) 1.23
Cell temperature (�C) 50, 70, 80, and 90
Relative humidity (%) 20, 50, 70, and 100
Gas velocity (flow rate)
Hydrogen (m/s) (mL/min) 1.2 (800)
Air (m/s) (mL/min) 5.0 (3300)e15.0 (9900)

Specifications of GDL, MPL, and the separator

Hybrid GDL (wettability-distribution
pattern)

Linear (0� , 20� , 30� , and 45�), Grid
(±45�)

MPL treatment (mg/cm2) Polytetrafluoroethylene: 2.0, Carbon:
2.0

Flow field design parallel
Gas-channel width (mm) 1.0
Gas-channel depth (mm) 1.0
Rib width (mm) 1.0
Inclination angle of microgrooves (�) 20
Width of microgrooves (mm) 0.2
Depth of microgrooves (mm) 0.2
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supplied to the cathode were provided from gas cylinders via hu-
midifiers and mass-flow controllers set to constant flow rates. The
supply gases were saturated at a predetermined temperature in the
humidifiers.

To operate the PEFCmain body at a predetermined temperature,
temperature control was maintained by passing gases through
constant-temperature water in a tank to the anode and cathode
separators. The relative humidity of the supplied gas was also set.

Fig. 2 shows the configuration of the PEFC used in this study. The
separator was made of gold-plated brass with a cooling water flow
path, a current collector, inlet and outlet manifolds for the supply
gas, and gas-flow channels (with parallel flow paths).

The size of the separator was 86 mm � 258 mm with parallel
gas-flow passages in the central 21 mm � 200 mm part. Two types
of flow channels, namely conventional and microgrooved channels,
were used. A conventional flow channel with a rectangular cross
section 1-mmwide and 1-mm deep and 11 flow channels, 200 mm
long was installed. Ten ribs with a width of 1 mm and length of
200 mm were installed between the flow paths. The channel
temperatures were measured using T-type sheath thermocouples
installed in the thermocouple holes provided at six locations be-
tween the high-temperature water and gas-flow channels. Addi-
tionally, temperature-controlled water was passed through three
Fig. 2. Schematic of the PEFC components.
7-mm-diameter flow paths located at the center of the cell
(18 mm from the left and right of the cell). The separators with
microgrooves were also made of gold-plated brass. Except for the
added microgrooves, these separators had the same basic structure
and functions (i.e., cooling, current collection, and gas-flow path) as
the conventional separators. Based on the results obtained by Utaka
et al. [30], the details in Fig. 3 (a) show that the flow channels with
microgrooves had an inclination angle of 20� and awidth and depth
of 0.2 mm, arranged at 0.2-mm intervals (i.e., a pitch of 0.4 mm
perpendicular to the groove centerline). The separator with mi-
crogrooves was used only at the cathode where water production
by power generation occurred. A conventional separator was used
for the anode. The microgrooves in the separator were installed
from 50 to 200 mm downstream of the flow channel where the
flow rate of the generated liquid water increased.

A carbon-paper Toray TGP-H-060 GDL with a thickness of
190 mm and porosity of 78% coated with a microporous layer (MPL)
on one side was used. Table 1 lists the details of the GDL. The size of
the GDL was 21 mm � 200 mm, i.e., the same as the reaction area.
The size of the polymer electrolyte membrane (PEM) was equal to
that of the separator and was 86 mm � 258 mm. Catalyst layers
were coated on both sides (corresponding to the anode and cath-
ode) of the central part of a 21mm� 200mmPEM, which served as
Fig. 3. Details of the separator with microgrooves and wettability-distribution pattern
of the hybrid GDLs.



Fig. 5. Effect of relative humidity as a basic parameter on the cell performance for
cases with and without microgrooves.
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the position of the gas-flow channel of the separator.
A sample hybrid GDL is shown in Fig. 3 (b). Two hybrid GDLs

with inclination angles of the linear non-wettable treated regions
(i.e., linear angles) relative to the gas-flow direction were indicated
to have angles of 0� and 45� (linear 0� and 45�). In addition, a hybrid
GDL with �45� and þ45� non-wettable treated stripes in a lattice
pattern (i.e., grid 45�) is shown. The dark linear portions in the
figure represent the areas subjected to non-wettable treatment.
Hybrid GDLs with linear angles of 20� and 30� (linear 20� and 30�)
were also used in the experiment. These configurations determined
the characteristics of not only the liquid-water transfer inside the
hybrid GDL but also the control of surface liquid water, which
increased with the gas-flow path. For example, covering the non-
wettable portion with liquid water may cause accumulation on
the GDL surface due to the bridging the wettable portions by the
liquid water. Therefore, the hybrid GDL has functions of prevention
of bridging and supply of liquid water to the root of the
microgrooves.
3. Experimental results and discussion

3.1. Effect of basic factors on the cell performance characteristics

Figs. 4 and 5 show the influence of cell temperature and air
humidity, which are fundamental factors, when a linear 45� hybrid
GDL is used. The results of the gas-flow channels with and without
microgrooves are shown in each figure. Fig. 4 shows the cur-
rentevoltage characteristics when the cell temperature was varied
from 50 to 90 �C. As shown by Koresawa and Utaka [31], im-
provements in cell characteristics were observed after application
of the microgrooves. Regardless of the presence or absence of mi-
crogrooves, better cell performance was observed at 70 and 80 �C.

Fig. 5 shows the currentevoltage characteristics when the
relative humidity of air and hydrogen gas at the inlets was varied
from 20% to 100%. Compared to the influence of temperature, the
effect of humidity was higher. Furthermore, a significant perfor-
mance deterioration occurred, particularly in the low-humidity of
20% cases. Further voltage drop appeared after the microgrooves
were added. This shows the negative effect on PEFC performance
due to the liquid removal of microgrooves. In either case, it was
shown that the use of PEFC at extremely low humidity condition is
not favorable. At 50% and 70% humidity levels, relatively significant
performance improvements were observed after the microgrooves
were added. Because of the high levels of liquid water in the
channel environment at these relatively high-humidity conditions,
the addition of microgrooves significantly improved the cell
Fig. 4. Effect of the cell temperature as a basic parameter on the cell performance for
cases with and without microgrooves.
operation. However, at humidity conditions of 100%, PEFC perfor-
mance decreased and the influence of the microgrooves became
smaller.

Fig. 6 (a) and (b) shows the currentevoltage characteristics of
two PEFCs with two different hybrid GDL configurations of linear
45� and grid 45� for a ±45� stripe arrangement with and without
microgrooves at air-flow velocities that varied from 5.0 to 8.0 m/s.
Optimal cell performance was observed at approximately 70 �C and
70% cell temperature and inlet-gas relative humidity, respectively,
as shown in Figs. 4 and 5. These parameters govern the PEFC
characteristics, and these optimum values were used as standard
references. The comparison of Fig. 6 (b) with Fig. 6 (a) revealed
improvements in the cell after the microgroove application. The
effects of the microgrooves on the air velocity were more pro-
nounced. Although Fig. 6 (a) shows that the PEFC without micro-
grooves indicated an increase in the critical current density of
approximately 200 mA/cm2 when the airflow rate was varied from
5 to 8 m/s, a difference of more than two times the approximately
500 mA/cm2 critical current density in the PEFC with microgrooves
[Fig. 6] (b) was realized. This difference was closely related to the
removal of liquid water by the microgrooves owing to the shear
force caused by the air flow. In the absence of microgrooves, the
difference in performance was relatively small. However, with the
microgrooves, the critical current density increased as the air-flow
velocity increased because the influence of the air-flow velocity
increased.

The grid 45� configuration, when compared with the linear 45�

configuration, was initially expected to improve the hybrid GDL
performance because the moving ability of liquid water increased
inside the GDL due to the increased wettability boundary length
between the wetted and non-wetted parts. However, as shown by
the experimental results, regardless of the presence of micro-
grooves, the performance of the grid 45� configuration remarkably
decreased when compared with that of the linear 45� configura-
tion. The difference in the cell performance was likely dependent
on the positional relationship between the wettable part and the
gas flow-path direction in the hybrid GDL because it depends on
the drainage characteristics from the GDL surface in the gas chan-
nel. For the grid 45� GDL, thewettable part was surrounded by non-
wettable parts. Depending on the positional relationship between
the gas-flow path and the wettable part, liquid water accumulated
at the wettable area, and the concentration overvoltage readily
increased. For example, whenwettable part was located at center of
flow-channel, block off the channel may occurred. On the other
hand, accumulation of water easily arose from wettable area



Fig. 6. Comparison of the power generation characteristics between the hybrid GDLs
of linear and grid patterns with and without microgrooves in gas channels.

Fig. 7. Effect of the linear angle of the wettability pattern distribution on the cell
performance.
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positioned under rib. As a result, an apparent power generation
difference was observed.

Thus, as described above, for the hybrid GDL, not only the liquid-
water movement inside the GDL but also the liquid-water accu-
mulation on the GDL surface should be carefully controlled;
consequently, the configuration of the wettability distribution is
important.
3.2. Effect of the installation angle of the linear wettability
distribution in hybrid GDL

Next, the effect of the linear angle of the wettability distribution
relative to the gas-flow channel was examined. As mentioned
earlier, we only measured the linear 45� configuration and
considered this angle in exploring the liquid-water control on the
GDL surface. Furthermore, the cell performance was investigated
over a broad air-flow velocity range because of the remarkable
dependence of the liquid-water behavior on the air flow and its
response to larger air-flow rate to the channel, such as that in a
serpentine configuration.

Fig. 7 shows the effect of the linear angle on the cell perfor-
mance. Fig. 7 (a) and (b) shows the current densityevoltage curves
and the output density characteristic curves, respectively. The PEFC
was configured with microgrooves, the cell temperature and air
and hydrogen relative humidity were set to 70 �C and 70%,
respectively, and the air-flow velocity range was expanded to
6.0e15.0 m/s. The linear angle was set to 0� for a parallel configu-
rationwith the gas channel, and angles of 0�, 20�, 30� and 45� were
examined. From both figures, when the microgrooves and hybrid
GDL were combined, noticeable performance improvements were
observed due to the increased air-flow velocities. The effect of the
hybrid angle was confirmed, and the cell performances for the
linear 0�, 20�, and 30� was higher than that for linear 45�. In
particular, the performance was the highest for the linear 0� and
20� configurations, which were relatively shallow angles relative to
the liquid-water flow path. Because the configurations of the
wettable and non-wettable parts were the same for all angles,
control of the liquid-water accumulation on the GDL surface is
important. At shallow angles, the influence of the surface covered
by liquid water present in the wetted part on the upstream side of
the non-wettable part appeared to have a smaller effect.

The critical current density and maximum output point are
shown in Fig. 8 for each examined linear angle to determine the
characteristics of the current densityevoltage and output density
curves. Here, the critical current density was defined at a voltage of
0.2 V. Among the four linear angles investigated (i.e., 0�, 20�, 30�,



Fig. 8. Comparison of the effects of the linear angle on the wettability pattern on the
cell performance.
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and 45�), the performance was the highest at shallow angles of
0� and 20�, especially at 20�. Under these conditions, the PEFC
performance was high over the entire range of studied air-flow
velocity, and the maximum power and critical current density
were maximized.

4. Conclusions

In this study, we have experimentally examined the influence of
a hybrid pattern and hybrid angle using a PEFC by applying the
hybrid GDL with a wettability-distribution pattern and gas chan-
nels with microgrooves. The following results were obtained:

(1) The effects of cell temperature and gas-inlet relative hu-
midity, which are basic factors in fuel cells, were studied for
the combined hybrid GDL with the wettability distribution
and separator with microgrooves.

(2) Based on the relationship between the hybrid pattern and
output characteristics of the fuel cell, liquid-water control on
the GDL surface as well as liquid-water distribution inside
the hybrid GDL are important factors to consider.

(3) The effect of the hybrid angle of the linear wettability-
distribution pattern on the gas channel was presented. The
hybrid angle should be shallow, preferably 20�, where the
critical current density and maximum power are optimized.
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