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ABSTRACT: Development of a novel flow-field design for improving
the water management of proton exchange membrane fuel cells
(PEMFCs) is critical for realizing a practical high-performance energy
conversion system. The conventional serpentine flow-field designs with
the two-dimensional channel and rib configuration often cause water
accumulation, thus blocking the transport of reactants and interfering
with the removal of water, which in turn result in reduced fuel cell
performance at high current densities. In this work, hydrophilic polymer
grafting into the patterned region of three-dimensional multilayered
graphene (MLG)-coated Ni foam is proposed to improve water
management in fuel cells. The MLG-coated Ni foam with patterned wettability provides not only a gas transport pathway
via the hydrophobic surface of graphene but also a direct drainage pathway through the patterned hydrophilic region, leading to
improved mass transport and PEMFC performance at high current densities.
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■ INTRODUCTION

The demand for clean and highly efficient power sources is
increasing because of worldwide concerns about our environ-
ment and the strengthened eco-policy.1−3 Among the various
renewable energy sources, fuel cells, particularly, proton
exchange membrane fuel cells (PEMFCs) have received great
attention owing to their high efficiency, small noise, short startup
time, zero pollution (even purifying the polluted atmospheric
air), and diverse applications ranging from portable power
sources to transportation such as public buses.4−6 Nevertheless,
some technical issues still hinder the commercialization of
PEMFCs such as the high cost of precious metal catalysts and
limited performance, which originates mainly from three losses:
activation loss, Ohmic loss, and mass transport loss.7−9 During
PEMFC operation, the electrolyte membrane should be
sufficiently hydrated to maintain a high ionic conductivity,
which is directly related to Ohmic loss; however, excessive water
in the catalyst layer (CL) or gas diffusion layer (GDL) causes
limited fuel supply to the active sites, which leads to severe

performance degradation.10−13 Therefore, water management in
the PEMFCs plays a critical role in achieving high performances.
Many studies have been conducted on effective water

management, particularly with GDLs and bipolar plates.14−20

The role of a GDL is to allow gaseous reactants to move to the
CL and provide a water pathway from the CL to the flow channel
of the bipolar plates. To avoid excessive water accumulation in
the GDL, usually a hydrophobic material [polytetrafluoro-
ethylene (PTFE)] coating is applied, which enhances the water
removal capacity of the GDL.17,21,22 However, excessive loading
of PTFE results in a lower water content of the GDL and
increases the hydraulic pressure for driving the liquid water flow
through the pores.23,24 Recently, the study of GDLs with
patterned wettability was highlighted because it is possible to
separate water and gas pathways in the hydrophilic and
hydrophobic regions, respectively, and the modified GDL

Received: June 3, 2019
Revised: July 29, 2019
Published: August 24, 2019

Research Article

pubs.acs.org/journal/ascecgCite This: ACS Sustainable Chem. Eng. 2019, 7, 15487−15494

© 2019 American Chemical Society 15487 DOI: 10.1021/acssuschemeng.9b03117
ACS Sustainable Chem. Eng. 2019, 7, 15487−15494

D
ow

nl
oa

de
d 

vi
a 

IN
C

H
E

O
N

 N
A

T
L

 U
N

IV
 o

n 
O

ct
ob

er
 2

8,
 2

01
9 

at
 0

3:
40

:4
1 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/journal/ascecg
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.9b03117
http://dx.doi.org/10.1021/acssuschemeng.9b03117


exhibited improved water management.25−27 Bipolar plates are
the most important PEMFC components because they function
as current conductors between the cells and as a passage for
supplying reactant gas and removing water. In addition, it is
especially responsible for large portions of total weight, volume,
and cost of the PEMFC system.14,20,28 Generally, a graphite
bipolar plate with a carved flow channel has been widely used
owing to its good chemical resistance and conductivity.29

However, it has several disadvantages such as high manufactur-
ing cost, heavy weight, and difficulty in processing various
channels.30,31 As an alternative, a metal foam as a porous flow
field has been introduced in bipolar plates owing to their open-
pore structure (porosity > 90%), lightness, and excellent
electrical and thermal conductivities.14,30,32 However, it is
highly vulnerable to surface oxidation in an acidic environment
during PEMFC operation, which increases the Ohmic resistance
and the hydrophilicity.28,33 Therefore, most studies on metal
foams in the PEMFCs have focused on surface passivation using
carbon or gold coatings,28,31,33,34 while the studies on improving
water management in metal foams have been limited to
increasing hydrophobicity using conventional PTFE coating
strategy.35,36

Herein, we report a modified Ni foam as an effective three-
dimensional (3-D) porous flow field by multilayered graphene
(MLG) coating followed by hydrophilic polymer grafting on the
prepatterned region. The MLG was completely coated on the
entire region of the 3-D structured Ni foam surface by a gas-
phase deposition technique such as chemical vapor deposition
(CVD). The MLG-coated Ni foam reduced the interfacial
contact resistance between the GDL and Ni foam by surface
passivation of the oxide layer on the Ni foam and changed the
surface wettability of the Ni foam from hydrophilic to
hydrophobic. Furthermore, the formation of a patterned
hydrophilic region in the hydrophobic MLG-coated Ni foam
provided a direct water drainage pathway through a hydrophilic
channel, while the hydrophobic region served as a gas pathway.
By utilizing the patterned wettability to separate gas/water
passages in the 3-D porous metal foam flow field, we achieved a
significantly improved PEMFC performance.

■ EXPERIMENTAL SECTION
Formation of Graphene on Ni Foam. MLG was coated on Ni

foam substrates (5 cm × 10 cm × 1.5 mm, CNL, Korea) via a thermal
CVD process. Before growth, the Ni foam was carefully cleaned in an
acetone solution by sonicating for 30 min. After cleaning, the Ni foam
was placed inside a quartz tube (6.5 cm diameter and 20 cm length) that
was loaded into a tube furnace (heating zone length: 30 cm). The tube
furnace temperature was ramped at 10 °C/min to 950 °C and held for 1
h under a hydrogen flow rate of 200 sccm. Next, a gas mixture of
methane (40 sccm), hydrogen (150 sccm), and argon (200 sccm) was
introduced into the tube furnace, where the chamber pressure was
controlled at 10 Torr. After the growth of MLG for 15 min, methane
and hydrogen were turned off and the system was rapidly cooled to
room temperature (RT). For transmission electron microscopy (TEM)
analysis, the MLG-coated Ni foam was immersed in a 3.0 M HCl
solution at RT for 6 days to fully remove the Ni component.
Fabrication of MLG-Coated Ni Foam with Spatially

Patterned Polymer Grafting. A metal mask with regular hole arrays
(diameter: 300 μm and pitch size: 1.2 mm) was prepared by laser
cutting a thin stainless steel sheet (100 μm thick). The metal mask was
placed on the MLG-coated Ni foam and subjected to oxygen plasma
treatment (200 mTorr, 10 W) for ∼1 min. Afterward, the modified
MLG-coated Ni foam was dipped into a N-vinylformamide (NVF)
(Sigma-Aldrich, United States) solution at 80 °C for 2 h. In this process,
the NVF monomer was grafted onto the modified surface of the MLG-

coated Ni foam by radical polymerization. Then, the samples were
rinsed several times with ethanol and water to remove the excess NVF
monomer inside the metal foams.

Hydrolysis and Ion Exchange. To visualize the MLG-coated Ni
foam having a hydrophilic patterned region by energy-dispersive
system, the NVF-grafted MLG-coated Ni foam was placed in a 2 M
NaOH solution at 80 °C for 12 h to hydrolyze NVF to vinylamine.
Then, ion exchange was performed by placing the samples in 0.1MHCl
solution at 30 °C for 12 h to obtain an ammonium salt (NH3

+Cl−).
MEA and Single-Cell Preparation. The MEAs used in this work

were prepared by the following procedure. First, catalyst slurries were
prepared by mixing a carbon-supported platinum catalyst (Pt: 45.7 wt
%, Tanaka, Japan), 2-propanol (Sigma-Aldrich, United States), and
Nafion ionomer solution (5 wt %, Sigma-Aldrich, United States) by
sonicating for ∼30 min. Next, a Nafion 211 membrane (∼25 μm
thickness, DuPont, United States) was placed on a modified hot-plate
machine fitted with a vacuum pump. The temperature was set as ∼70
°C and vacuum pressure was applied to prevent swelling of the Nafion
film during catalyst deposition by quickly removing the solvent from the
catalyst slurries. Then, the prepared catalyst slurries were sprayed onto
the Nafion film with a Pt loading of 0.2 mg/cm2 at the anode side and
0.4 mg/cm2 at the cathode side, respectively, using an automatic spray
machine equipped with an ultrasonic vibrator (ESR200B, NanoNC,
Korea). By using this system, the agglomeration problem of catalyst
slurries with time during the deposition process could be avoided, and
the MEAs were prepared with better reproducibility than by the hand-
spray method. The catalyst-coated membrane was placed on the center
of a single cell and two GDLs (39BC, SGL Carbon, Germany) and
Teflon gaskets were added to both the anode and cathode sides. A
bipolar plate with a serpentine graphite channel (width: ∼1 mm) was
utilized as a flow field at the anode side in all the experiments. For the
cathode flow field, a serpentine graphite channel (width: ∼1 mm and
area: 5 cm2) was used for the reference, and graphite plates with a
rectangular groove (depth: ∼0.6 mm and area: 5 cm2) were used for
different Ni foams. Finally, the prepared single cells were tightly
assembled by fastening eight bolts with a torque of 70 ft lbs.

Electrochemical Corrosion Tests. The electrochemical corrosion
resistance evaluation was performed by using pristine Ni foam and
MLG-coated Ni foam with a 4 cm2 area as the working electrode, Ag/
AgCl as a reference electrode, and a platinum mesh as a counter
electrode. Prior to performing the corrosion test, the evaluation was
carried out at an open circuit potential (OCP) variation of less than 10
mV. Potentiodynamic polarization was measured at RT under a 0.1 M
H2SO4 solution at a potential range of −0.8 to 1.0 V (vs OCP) with a
scan rate of 5 mV/s. In addition, the long-term stability was evaluated
by a cyclic voltammetry (CV) for 100 cycles at a potential range
between −0.8 and +1.0 V (vs OCP) at a scan rate of 20 mV/s.

Electrochemical Characterization. To determine the mass
transport effect of the modified Ni foams, polarization curves were
measured in two different ways by using the PEMFC Test System
(CNL, Korea). First, to achieve maximum performance by minimizing
the mass transport loss, fully humidified H2 (150mL/min) and air (800
mL/min) were supplied at excessive flow rates at a cell temperature∼70
°C by the current sweep method at a 10 mA cm−2 s−1. Then, by
calculating the fuel consumption per current, fully humidified H2/air
(stoichiometric ratio ≈ 1.5) was supplied at controlled flow rates and
the stabilized voltage for 2 min at each current density with intervals of
0.1 A cm−2 was recorded. The electrochemical impedance spectroscopy
(EIS) spectra were measured using an impedance analyzer (HCP-803,
BioLogic, France) at 1.6 A/cm2 with an amplitude of 500 mA in the
frequency range of 0.1 Hz to 100 kHz. The experimental conditions
including temperature and flow rate were set to correspond to those of
the polarization tests. The interfacial contact resistance was measured
with an ac impedance spectrometer (1260/1287, Solartron Analytical
Co., United Kingdom) using a single-cell assembly with the GDL/metal
foam without MEA in the frequency range of 0.1 Hz to 100 kHz under
open-circuit voltage condition with an amplitude of 30 mV in ambient
temperature with no flow. The interfacial contact resistance between
the (pristine/MLG-coated)Ni foam andGDLwas obtained from the x-
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intercept of the imaginary versus real impedance plot over a high-
frequency range.
Material Characterization. The crystal structure of the MLG-

coated Ni foam was confirmed by X-ray diffraction (XRD) analysis
performed on a Rigaku Dmax2500/PC with a Cu Kα radiation source
(λ = 1.54 Å). The morphology and structure of the MLG-coated Ni
foam were observed under an Inspect F50 scanning electron
microscope operated at 5 kV, and energy-dispersive X-ray (EDX)
analysis was conducted using a compatible accessory. The TEM images
were obtained using a FEI TITAN 80-300 transmission electron
microscope operated at 200 kV. Raman spectra were measured using a
Renishaw inVia Raman microscope with a 532 nm HeNe laser.
Contact Angle Measurement. The static contact angles of

deionized water on the prepared samples weremeasured using a contact
angle analyzer (DSA100, Kruss, Germany).

■ RESULTS AND DISCUSSION

Figure 1a,b schematically displays the fabrication procedure of
the MLG-coated Ni foam with spatially patterned polymer
grafting. The procedure consists of mainly two steps: (a)
deposition of MLG onto the Ni foam surface via CVD by
supplying a gas mixture of methane, hydrogen, and argon into
the furnace at a high temperature (∼950 °C) and low pressure
(∼10 Torr);37,38 and (b) spatially selective modification of

wettability of MLG-coated Ni foam by irradiating O2 plasma in
the open region of the metal mask/MLG-coated Ni foam
followed by radical condensation polymerization of hydrophilic
NVF monomer on the modified region.25 The prepared
modified Ni foams were utilized as an effective porous flow
field instead of conventional graphite channels in a single-cell
assembly (Figure S1). The experimental details are presented in
the Experimental Section. Figure 2a,b shows the scanning
electron microscopy (SEM) images of pristine Ni foam and
MLG-coated Ni foam surfaces, respectively. No difference was
observed between the MLG-coated Ni foam and pristine Ni-
foam in the low-magnification image; however, from the
magnified inset images, rougher surface and many domains
can be seen in the MLG-coated Ni foam than in the pristine Ni
foam, which has a smoother surface with large domains (for
more images, see Figure S2). To further investigate the
properties of the MLG-coated Ni foam, we conducted detailed
characterizations. Figure 2c shows the TEM image of MLG after
etching Ni with aqueous solutions of 3.0MHCl; it confirms that
the MLG consists of 6−7 graphene sheets (for more images, see
Figure S3). EDX analysis was conducted to confirm the
modified elemental composition of the MLG-coated Ni foam
(Figure 2d). The MLG-coated Ni foam shows high-intensity

Figure 1. Schematic illustrations of preparation of MLG-coated Ni foam with patterned wettability. (a) Growth of MLG on Ni foam by CVD. (b)
Selective grafting of hydrophilic polymer on MLG-coated Ni foam.

Figure 2. (a,b) SEM surface images of (a) pristine Ni foam and (b) MLG-coated Ni foam. (c) TEM image of MLG. (d−f) Characterization of MLG-
coated Ni foam: (d) EDX spectrum, (e) Raman spectra, and (f) XRD spectra.
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peaks of carbon and Ni, whereas the pristine Ni foam shows only
a dominant Ni peak (Figure S4). To further confirm that the
coated carbon layers on the Ni foam have graphitic structures,
Raman and XRD spectroscopies were performed. Figure 2e
shows the Raman spectrum of the MLG-coated Ni foam, which
exhibits typical peaks of graphitic carbon at 1588 and 2701 cm−1,
corresponding to the G and 2D bands, respectively.38 Addi-
tionally, the XRD spectra display a crystalline (002) peak of
graphite (2θ = 26.6°), confirming the graphitic crystallinity of
MLG (Figure 2f).38 The MLG coating plays an effective role in
reducing the interfacial contact resistance and changing the
wettability of the Ni foam. Figure S5 shows the interfacial
contact resistance between the GDL and (pristine/MLG
coated) Ni foam obtained by EIS measurements. The MLG-
coated Ni foam showed a lower interfacial contact resistance of
∼63% than that of pristine Ni foam; this implies we can reduce
the Ohmic resistance of the PEMFC by using the MLG-coated
Ni foam. Furthermore, MLG changes the wettability of the
pristine Ni foam from hydrophilic to hydrophobic, which affects
the PEMFC water management. The wettability change will be
discussed in detail with contact angle measurement results.
Additionally, to figure out the anti-corrosion property of the
MLG-Ni foam, the electrochemical was performed in 0.1 M

H2SO4 at a potential range of−0.8 to 1.0 V (vs OCP). Generally,
the anodic oxidation process produces Ni2+ ions and the
cathodic reduction process consumes the generated electrons.
Figure 3a shows initial polarization curves of pristine and MLG-
coated Ni foams in 0.1 MH2SO4 at RT. The corrosion potential
of MLG-coated foam (−0.171 V) was positively shifted and the
corrosion current density (2.236 μA/cm2) was much reduced
compared to those of the pristine Ni foams (0.262 V and 57.7
μA/cm2). These values are extracted from the intersection of the
linear fits to the anodic and cathodic curves at a large
overpotential (Figure S6).28 Figure 3b shows the results of the
accelerated degradation measurement with 100 CV sweeps and
the MLG-coated foam exhibited much enhanced cyclic stability
by showing a less-shifted value of corrosion potential. From
these observations, we can see that theMLG-coating process can
effectively alleviate the corrosion of the Ni foam in acidic
operating condition of PEMFC. The detailed values are
summarized in Table S1.
After confirming the successful deposition of MLG on the Ni

foam, characterizations were conducted to verify the spatially
patterned polymer grafting on the graphene-Ni foam. Figure 4a
shows the digital camera image of the metal mask with regular
hole arrays having 300 μm diameter and 1.2 mm pitch size. The

Figure 3. Polarization curves of pristine andMLG-Ni foams in 0.1MH2SO4 at RT of (a) initial cycle and after (b) 100 CV sweeps between of−0.8 and
1.0 V.

Figure 4.Digital camera images of (a) metal mask with holes, andMLG-coated Ni foam with hydrophilic patterned region in (b) dry state and (c) wet
state after immersion in ethanol. (d−f) Characterization of a modified region of MLG-coated Ni foam: (d) SEM image, (e) EDX elemental mapping
image showing two elements (carbon from MLG and chlorine from the grafting and followed by ion exchange), and (f) EDX spectrum.
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pattern dimensions were carefully chosen by considering the
pore size of Ni foam (∼350 μm). Oxygen plasma irradiation in
the open region of the mask followed by radical polymerization
of NVF resulted in the formation of a patterned hydrophilic
region over the entire hydrophobic region of the MLG-coated
Ni foam. Figure 4b,c shows the hydrophilic patterned MLG-
coated Ni foam in the dry state and wet state after immersion in
ethanol, respectively. In the dry state, patterned polymer grafting
is not visible to the naked eye; however, in the wet state, the
patterned grafted region is clearly seen because the strong
affinity of the hydrophilic region to polar solvents resulted in
greater accumulation and slower evaporation of ethanol
compared with the hydrophobic region. To verify the chemical
modification of hydrophilic polymer grafting on the MLG-
coated Ni foam, elemental mapping was performed by SEM/
EDX spectroscopy (Figure 4d−f). Before the measurement,
ammonium salt (NH3

+Cl−) was formed via hydrolysis and ion
exchange because the detection of distinguished elements of the
NVF polymer (HCONHCHCH2) in the MLG-coated Ni
foam is difficult.25 The reaction mechanism is shown in Figure
S7. The EDX elemental mapping image and the SEM image in
Figure 4e,f show the presence of chloride (Cl−) in the modified
region, confirming that O2 plasma irradiation followed hydro-
philic NVF polymer grafting was successful.
Next, the surface wettability of the flow-field channels,

including the reference graphite channel, pristine Ni foam, and
modified Ni foams, was investigated. In the PEMFCs, water
management is considered a key challenge to achieving high
performances, and thus, flow-field wettability is extensively
studied because of its association with water flooding.39−41

Hydrophobic treatment of flow fields has been an effective way
to reduce water accumulation.17,21,22 However, it increases the
hydraulic pressure for driving the liquid water flow through the
pores because the water preferentially flows through the
hydrophilic region than the hydrophobic region.23,24 Figure 5

shows the line graphs and representative images of contact angle
measurements. The contact angle of pristine Ni foam (∼30°) is
lower than that of the reference graphite channel (∼78°).
Interestingly, the MLG-coated Ni foam exhibits a large contact
angle (∼140°) owing to the hydrophobicity of MLG.
Furthermore, the smallest contact angle (∼0°) of the MLG-
coated Ni foam with hydrophilic polymer grafting on the entire
area indicates successful wettability change from hydrophobic to
super-hydrophilic. This implies that it is possible to utilize the

patterned wettability of the flow field by using the MLG-coated
Ni foam with spatially selective polymer grafting. Figure 6 shows

the digital camera images of water droplet behavior with time on
theMLG-coated Ni foam having a patterned hydrophilic region.
Initially (t = 0 s), the water droplet formed a sphere with a large
contact angle on the modified Ni foam because of the smaller
area fraction of the hydrophilic region (∼6%) than that of the
hydrophobic region. However, after a very short time (t < 1 s),
the water droplet became smaller by the drainage force of the
hydrophilic region around the water droplet, and soon, it
completely disappeared inside the modified Ni foam. This
behavior is completely different from the superhydrophilicity
with ultrafast wetting of the hydrophilic polymer-treated Ni
foam and the nonwetting property of the MLG-coated Ni foam,
as shown in Figure 5. In the patterned wettability configuration
of the modified Ni foam, liquid water is preferentially drained
into the hydrophilic region, and simultaneously, the hydro-
phobic regions provide a gas transport pathway by repelling the
water toward the hydrophilic region. The effects of MLG-coated
Ni foamwith a patterned hydrophilic region are summarized as a
schematic image in Figure 5; the corresponding movie clips are
available online, and we confirm that there formed a continuous
water pathway through the MLG-coated Ni foam with a
patterned hydrophilic region (Figures S8 and S9). The water
generated in the cathode would be removed sequentially
through the CL, GDL, hydrophilic region of metal foam, and
bipolar plate. After the water is collected and filled in the
hydrophilic region of metal foam, the water forms a layer along
the interface with the bipolar plate and escape to the outlet
(Figure S10).
To elucidate the effect of advanced mass transport in the

MLG-coated Ni foam having a patterned hydrophilic region on
the PEMFC performance, we constructed single cells by
incorporating diverse flow fields, including a reference graphite
channel, pristine Ni foam, and modified Ni foams. Figure 7a
shows the polarization curves at 70 °C with an excessive H2/air
flow rate of 150/800 cm3/min, which is approximately twice the
fuel requirement at a limiting current density (∼2.5 A/cm2).
This experimental condition was set to achieve maximum

Figure 5. Water contact angles of graphite channel, Ni-foam, MLG-
coated Ni foam, and MLG-coated Ni foam with hydrophilic polymer
grafting over the entire region.

Figure 6.Digital camera images of droplet behavior with time onMLG-
coated Ni foam with hydrophilic patterned region, and schematic
illustration of enhanced water management effect of the modified Ni
foam.
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performance and generate much water from the oxygen
reduction reaction at the cathode. In the low-current density
region (<0.25 A/cm2) where the activation loss of catalytic
reactions is dominant, there is no performance difference
between the samples because the same amount of catalysts was
loaded using the automatic spray machine. In the intermediate
current density region, a large overpotential (voltage loss)
appeared for the pristine Ni foam compared with the other
samples, which is related to the Ohmic loss from the high
interfacial contact resistance between the GDL and the Ni foam
surface, as mentioned above (Figure S5). Notably, in the high-
current density region (>1.4 A/cm2) where the generated water
leads to water flooding in the flow field and blocking of gas
transport, the samples with modified Ni foams showed much
lower overpotentials and exhibited superior performances
compared with those of the reference graphite channel. The
MLG-coated Ni foam with a patterned hydrophilic region
showed a maximum performance of ∼920 mW/cm2, which is
∼16% higher than that of the conventional graphite channel
(∼793 mW/cm2). To better understand the effects of modified
Ni foams on Ohmic resistance and mass transport, EIS
measurements at a high current density (∼1.6 A/cm2) were
conducted and the results were fitted by using the typical
equivalent circuit model (Figure S11) for cathodic reaction of
the PEMFC.43 The fitted EIS results are shown in Figure 7b and
the detailed values are summarized in Table S2. ThemodifiedNi
foams (MLG-coated Ni foam, MLG-coated Ni foam with
hydrophilic polymer grafting on the entire area, and MLG-
coated Ni foam with a patterned hydrophilic region) showed
comparable Ohmic resistance (Rohm) to that of the reference
graphite channel (∼0.05196 Ω cm2), as calculated from the
intercept of the semicircle in the EIS plot with the real axis in the
high-frequency range.42,43 However, the pristine Ni foam
showed a much higher Rohm (∼0.09112 Ω cm2) because of the
large contact resistance between the GDL and the Ni foam

surface. When it comes to the mass transport resistance
represented by the Warburg impedance (Zw), all the Ni foam
samples including pristine Ni foam showed a much lower Zw
than that of the reference graphite channel because of the effect
of enhanced mass transport in the 3-D open-pore structure.
Among the modified Ni foams, the MLG-coated Ni foam with a
patterned hydrophilic region showed the lowest Zw, whereas the
MLG-coated Ni foam with hydrophilic polymer grafting on the
entire area showed a larger Zw than that of the other modified Ni
foams. This implies that patterned wettability plays an effective
role in improving the mass transport by separating the gas/water
flows and providing direct passages. However, the differences in
the performances and mass transports of the MLG-coated Ni
foams with and without a hydrophilic patterned region were not
significant under an excessive flow. It is thought that the effects
of water removal and gas transport in the MLG-coated Ni foam
with a hydrophilic patterned region did not sufficiently appear
because of the effect of excessive flow, that is, external force. In
this respect, we obtained polarization curves and EIS spectra
under controlled H2/air flow rates with a stoichiometric ratio ≈
1.5 by calculating the fuel consumption per current (Figure
7c,d). In contrast to the results obtained for an excessive flow,
under the controlled flow rate, the difference in the perform-
ances of the MLG-coated Ni foams with and without the
hydrophilic patterned region became larger and the MLG-
coatedNi foamwith the hydrophilic patterned region showed an
enhanced maximum performance of up to 42% compared with
that of the reference graphite channel. This indicated that
effective drainage of water preferentially toward the hydrophilic
region through separation of gas/water passages in the 3-D
porous structure enhanced the mass transport in the PEMFC.
Moreover, the EIS spectra with fitted data line in Figure 7d
shows that Zw of the MLG-coated Ni foam with the hydrophilic
patterned region is significantly lower than those of the MLG-
coated Ni foam and reference graphite channel by ∼39 and

Figure 7. (a) Polarization curves at 70 °C with excessive flow rate (H2/air = 150/800 cm3/min) and (b) corresponding electrochemical impedance
spectra at 1.6 A/cm2. (c) Polarization curves at 70 °Cwith stoichiometric H2/air ratio of 1.5 and (d) corresponding electrochemical impedance spectra
at 1.6 A/cm2.
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∼75%, respectively. Finally, we checked the pressure drop
between the inlet and outlet of our samples by installing the
pressure sensor at the entrance of the single cell. Generally,
pressure drop increases the mass transport efficiency by
increasing the internal pressure in the flow field.31 However, it
can provide an overload to the mass flow controller in the
PEMFC, and the uniform supply of gas to all the cells in the stack
becomes difficult. From Figure S12, we confirmed that our
modified metal foams showed almost no pressure drop; this
indicates that the performance enhancement of the modified
metal foams resulted from the advanced mass transport effect of
its geometric and chemical properties.
In summary, we presented a MLG-coated Ni foam with

patterned wettability for enhancing water management in a fuel
cell via CVD of MLG followed by hydrophilic polymer grafting
in the patterned region of the MLG-coated Ni foam. We found
that MLG effectively reduced the interfacial contact resistance
between the GDL and Ni foam. Additionally, the hydrophobic
nature of MLG imparted a large contact angle (∼140°) to the Ni
foam, which reduced water accumulation in the porous flow
field. Furthermore, patterned hydrophilic polymer grafting on
the MLG-coated Ni foam enabled preferential draining of water
to the hydrophilic region, while the hydrophobic region served
as a gas transport pathway. The combined effect ofMLG and the
patterned wettability significantly enhanced the fuel cell
performance.
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