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a b s t r a c t

The integration of a gas diffusion layer with a flow-field is essential for enhancing the polymer electrolyte
membrane fuel cell performance. This is achieved by exploiting the ability of a gas diffusion layer-flow-
field combination to decrease the size of the reactant pathway and the thickness of the membrane-
electrode assembly, thereby reducing electrical and mass transport resistance. This study proposes a
unified membrane-electrode assembly that incorporates graphene foam that functions as both a flow-
field and a gas diffusion layer. The unified membrane-electrode assembly exhibits higher performance
than conventional membrane-electrode assembly on overall current densities region, which is attributed
to the increased the pressure drop. Furthermore, its estimated volume power density can be increased
because of the 82% decrease in its thickness. Also, the simulation results show that this design enhances
the exchange current density due to pressure drop in the graphene foam.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are desirable
for dynamic and stationary applications because of their low
operating temperature and high power density. A single cell con-
sists of a membrane-electrode assembly (MEA) including mem-
brane and catalyst layer, a gas diffusion layer (GDL), and bipolar
plates. Among these components, the bipolar plates and the GDL
play a critical role in the mass transport of reactants and product.
These components perform this task by uniformly distributing the
reactants and managing water movement, thereby reducing con-
centration (mass transport) loss.
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In bipolar plates, flow-field is an important component that is
responsible for distributing reactants and removing product.
Because excess water flooding in the channel blocks reactant
transport [1e5], water removal capability is crucial for the design of
the flow-field. Recently, new types of flow-fields such as porous
metallic powder [6e8], metal micro-coil [9], and metal-foam
[10e12] have been introduced in bipolar plates. These flow-fields
offer benefits such as the uniform distribution of reactants and
efficient water removal by substituting the conventional channel/
rib structure with a porous structure. However, metals have some
drawbacks in the PEMFC operation condition because they are
likely to corrode in acidic conditions [13,14]. Therefore, new ma-
terials with novel, non-metallic structures are needed to enhance
performance.

The GDL is another important component for mass transport in
PEMFCs. It diffuses reactants from the channel of bipolar plates to
the catalyst layer and removes water generated outside the catalyst
layer. In addition, the GDL connects electron transport, and pro-
vides mechanical support to theMEA [15]. Recently, metal foam has
been employed as a GDL in PEMFCs [16,17]. However, the
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performance of anode metal GDL was still low compared to carbon-
based GDL, and metallic GDL was not applied on cathode GDL [17].
Although the performance of metallic GDL were lower than that of
carbon-based GDL, these studies implied that foam structure can
function as promising option for combined GDL and flow-field in
PEMFCs.

The GDL causes electrical resistance and mass transport resis-
tance, despite its high electrical conductivity and high porosity. In
addition, the GDL occupies a large volume in MEAs because two
GDLs (~500 mm) aremuch thicker than a catalyst-coatedmembrane
(CCM) (~70 mm). Tanaka et al. [18] proposed a GDL-less MEA by
replacing the GDL and flow channel with a stainless-steel mesh and
a micro-porous layer (MPL). Eliminating GDLs from the MEA
reduced the electrical resistance because of the reduced number of
components, and decreased the mass transport resistance owing to
the decreased length of reactant pathway from the bipolar plates to
the catalyst layer [18,19]. In addition, lower single cell MEA thick-
ness can lead to decreased stack volume, thus increasing the vol-
ume power density. Therefore, the GDL-less MEA enhanced the
performance of single cell, as well as the stack volume power
density.

Graphene-based materials have been proposed in various de-
vices owing to its high surface area, high electrical conductivity,
and high corrosion resistance [20e24]. Reduced graphene oxide (r-
GO) was used as support of catalysts for photoluminescence system
[20e22]. In addition, graphene or graphene-based composite was
proposed as electrocatalyst for oxygen reduction reaction [23]
Finally, three-dimensional graphene-based material, graphene
foam (GF), was proposed as flow field in PEMFCs to enhance the
mass transport of reactant and product [24].

Here we applied GF as a combined GDL and flow-field in
PEMFCs, thereby eliminating GDL from MEA (Unified MEA), as
Fig. 1. Schematic diagram of conve
shown in Fig. 1. GF has similar structure to metal-foam [24]. The GF
used multi-functional components of the flow-field and GDL, as it
consisted of three-dimensional pore structure.Without anMPL and
additional hydrophobic treatment, compressed GF can play a role in
the flow-field and GDL. Electrochemical characterization, and
simulation were performed to investigate the performance of
unified MEA using GF.

2. Experimental

2.1. PEMFC components and assembly

Fig. 1 presents the schematic diagram of conventional MEA,
which utilizes carbonaceous GDL and a graphite flow-field, and
unified MEA using commercial GF (Graphene Supermarket, Inc.,
USA). The conventional MEA consists of the CCM, the GDL, and the
flow-field of the bipolar plates. The conventional flow field has
channels and ribs with the width of 1mm. On the other hand, the
unified MEA does not have a conventional carbon-based GDL
because the GF serves as the GDL and flow-field. In short, unified
MEA is a GDL-less MEA and utilizes the multi-functional GF. The
procedure of MEA fabrication has been reported in our previous
studies [25,26]. For all MEAs, the catalyst loading in the anode and
cathode was 0.2mg Pt cm�2 when 40wt% Pt/C (Johnson Matthey
Co., UK) was used. The proton-exchange membrane was Nafion 212
(Dupont, USA). The GDL (Sigracet 35BCE, SGL group, Germany) was
used in the conventional MEA, and it was placed on both sides of
the CCM. During the cell assembly process, GF was compressed to a
very small thickness in order to diffuse more reactants into the GDL
and increase the conductivity of the GF as described in a previous
work [24]. Specifically, the decreased thickness of the GF brought
into small in-plane pores of foam, and therefore diffused more
ntional MEA and unified MEA.
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reactants into the GDL. Furthermore, a thinner flow-field induced a
higher flow velocity compared to a conventional flow-field. This
helps to extract water droplets from the GF. However, if the thick-
ness decreases too much, the GF could block a reactant pathway.
Therefore, the thickness of the GF must be optimized to provide an
appropriate trade-off between the mass transport of reactants and
the product. In order to achieve this, four different GFs with
different thicknesses were fabricated and evaluated. The thick-
nesses used were 100 mm, 150 mm, 200 mm, and 250 mm. The MEAs
with different thicknesses were denoted as 100 mm, 150 mm,
200 mm, and 250 mm.

2.2. Electrochemical characterization of unified MEA

The single cell performance of each MEAwas measured with an
active area of 5 cm2 to investigate the effect of GF thickness on
performance. The thickness of GF was controlled by using four
gaskets that were sized to the aforementioned thicknesses. The
measurement was conducted when the cell was supplied with fully
humidified H2-air. The flow rates of H2 and air were 150 and
800mlmin�1. The cell temperature was held constant at 70 �C. EIS
(IM-6, Zahner) was obtained while H2 and air were fed into the
anode and cathode sides, respectively. The cell voltage was 0.8 V
and 0.4 V with an amplitude of 5mV to characterize an ohmic
resistance, a charge transfer resistance, and a mass transfer resis-
tance. The measured frequency range varied from 100MHz to
100 kHz.

2.3. CFD simulation with PEMFC model

The simulations for calculating current densities and pressure
drop of conventional flow-field and GF were conducted by using
the commercial CFD software, STAR-CD, with PEMFC module, es-
pemfc (Expert System for PEMFCs, Siemens) which the three-
dimensional CFD model is implemented [24,27,28]. Table S4 pre-
sents the parameters and operating conditions used in the simu-
lation. The exchange current densities and the resistant coefficients
of porous media, major parameters, were estimated to perform
computation. The CFD simulation was based on a steady-state,
multi-component, and three-dimensional mass-transfer model
[29e32]. The momentum transport equation was based on Darcy's
law, which is used in porous medium [33], as reported in our pre-
vious study [24]. The CFD simulations of unified MEA and con-
ventional MEAwere performed at various voltages (0.4, 0.5, 0.6, 0.7,
and 0.8 V). Fig. S1 shows the simulation models of the serpentine
flow-field and GF. The serpentine flow-field had a channel width of
1mm, land width of 1mm, and channel depth of 1mm. The model
of conventional MEA consists of a membrane, two catalyst layers,
two GDLs, and the serpentine flow-field. On the other hand, the
unified MEA comprises a membrane, two catalyst layers, and GF,
which has the thickness of 200 mm. In this simulation, GF was
considered as a three-dimensional rectangular model that has high
porosity (Fig. S1(b)) to simplify the calculations.

For porous media, it is assumed that, within the volume con-
taining the distributed resistance there exists a local balance
everywhere between pressure and resistance forces [31]. The STAR-
CD assumes a porous medium generate the presence of distributed
resistance which results in an additional force (per unit volume) to
the general momentum conservation equation as followed in
equation [28,34].

Fp ¼ � K,v

where K is the porous resistance tensor and v is the superficial
velocity. For the three mutually orthogonal directions of the porous
resistance tensor, we used the following equation [28,34].

Kii ¼aijvj þ bi

where i is repeated subscripts denoted diagonal elements of the
porous resistance tensor (but not summation) and, ai is porous
inertial resistance coefficient whose and bi is porous viscous
resistant coefficient. The units of measurement are (kg m�4) and
(kg m�3 s�1), respectively. The coefficients which may either uni-
form or spatially varying can be estimated with the pressure drop
analysis using flow rate vs. pressure drop experiment data [28,34].
When the flow through the porous medium is laminar, ai is usually
zero and bi becomes zero for highly turbulent flow [34]. The su-
perficial velocity (v) at any cross section through the porous me-
dium is defined as the volume flow rate divided by the total cross-
sectional area (i.e., area occupied by both the fluid and solid).

3. Results and discussion

3.1. GF as a combination of a flow-field and a GDL

The unified MEA is a MEA that uses GF as a combination of the
GDL and flow-field, and is comprised of a CCM and GF. This alter-
native, which functions as a GDL and flow-field, is needed to
eliminate the GDL from the MEA. Firstly, we apply only the com-
bination component composed of the GDL and flow-field. However,
the single cell test result shows that the GDL alone is not suitable
for combined GDL and flow-field (Supplementary note 1 and
Fig. S2). These observations lead us to investigate other measures
using alternative materials such as GF.

On the other hand, the GF can be a promising candidate for the
GDL-flow-field combination component owing to its corrosion
resistance, three-dimensional pore structure consisting of in-plane
and through-plane pores (as shown in scanning electron micro-
scopy (SEM) images in Fig. 2), and hydrophobicity. As GF is a ma-
terial composed only of graphene, it has high corrosion resistance
in acidic operating conditions. Fig. 2(a and b) shows the top view
and the cross-section of a pristine GF. The top view and cross-
section view of GF show the pore morphology in the through-
plane direction and the in-plane direction, respectively. Because
the GF retains in-plane pores, it can play a role in the flow-field
distributing the reactants on the catalyst layer. In addition, the
high porosity of GF in the through-plane direction enables it to
function as both a flow-field and GDL. Also, it can be expected that
GF decreases the distance from the inlet to the outlet (X), leading to
the increased oxygen density (r) in the catalyst layer, as expressed
in the following equation [35].

rO2
jx¼X;y¼C ¼ rO2

jx¼0;y¼Channel �MO2

j
4F

�
HC

SHFDO2

þ HE

DO2

þ X
uinHC

�

where MO2 is the molecular weight of oxygen, j is the current
density, Hc is the channel size, HE is the diffusion layer thickness, uin
is the inlet flow velocity, SHF is the Sherwood number, and Do2 is
the diffusion coefficient. Also, eliminating GDL fromMEA decreases
HE, resulting in the increased oxygen density in the catalyst layer.
Additionally, the result of contact angle measurement (Table S1)
shows that GF is hydrophobic. Conventional GDL is fabricated by
additional hydrophobic treatment, such as polytetrafluoroethylene
(PTFE) treatment, which helps removewater from the catalyst layer
to prevent flooding. Table S1 shows that the contact angle of GF is
above 90�, meaning that GF is hydrophobic despite its lower con-
tact angle relative to the conventional GDL. Given that the GF is



Fig. 2. SEM images: (a) top view of pristine graphene foam, cross-section of (b) pristine graphene foam, (c) compressed GF (250 mm), (d) compressed GF (200 mm), (e) compressed
GF (150 mm), and (f) compressed GF (100 mm). Scale bar, 100 mm.
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hydrophobic, its additional hydrophobic treatment, such as PTFE
treatment [11,36,37], is not necessary. Therefore, GF without addi-
tional treatment can be a promising candidate for a combined GDL
and flow-field.

The compressed GF is applied to achieve enhanced performance
for a single cell. The thickness of GF can be associated with its
electrical conductivity. The thickness of pristine GF is 1mm, and the
compression of GF can increase its electric conductivity and
enhance the connection between ribs. Table S2 presents the re-
sistances of four GFs of different thicknesses. The resistance of the
GF decreases with decreasing thickness. Increased electric con-
ductivity of GF can decrease the ohmic resistance of a single cell,
resulting in increased cell performance. Moreover, the thickness of
GF, which is associated with the channel depth, can affect the mass
transport of the reactant and product. The porosity of the pristine
GF is 96.25%. It is well known that high porosity >90% suppresses
the convection flow of reactants into the GDL, and instead causes
them to pass through the flow-field. However, the decreased
thickness of GF lead to small in-plane pores of foam and therefore
diffuses more reactants into GDL. Furthermore, a thinner GF in-
duces higher flow velocity compared to the conventional flow-field,
which help draw water droplets off the GF and remove accumu-
lated water. However, if the thickness became too thin, the GF can
block a reactant pathway. Thus, the thickness of GF must be opti-
mized to provide an appropriate trade-off between the electric
conductivity of the GF and the mass transport of reactant and
product.
3.2. Optimization of GF thickness

To determine the optimal thickness for GF, four compressed GF
samples with different thicknesses are tested. The thicknesses are
100 mm,150 mm, 200 mm, and 250 mm. Fig. 2 shows the morphology
of GF before and after compression. After compression, all GFs have
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similar top views, as shown in Fig. 2(a). These results indicate that
the effect of GF on the through-plane diffusion of reactants is
approximately the same. Compression affects only the in-plane
pores of GF, not the through-plane pores. Fig. 2(cef) represents
the cross-section of the different GFs (250, 200, 150, and 100 mm).
GF that is compressed from 1mm to 250 mm forms layer-by-layer
morphology and has the largest in-plane pores among the four
test samples. As shown in Fig. 2(d and e), GF with 200 and 150 mm
have similar cross-section morphology. Unlike three different
compressed GFs, compression from1mm to 100 mmcauses to block
some in-plane pores due to too thin thickness.

Fig. 3 shows the single cell performance of five unified MEAs. All
of the fuel cell components and operating condition of the unified
MEAs are held constant, except for the GF thickness. In low current
densities, decreasing the thickness of GF lead to increased single
cell performance. Activation loss arises at low current densities and
is related to reaction kinetics and catalytic activity [38]. Generally,
the activation loss for each unifiedMEAmust be equivalent because
CCMs and the GF have similar properties and operating conditions
[7,18]. However, the single cell performance obtained from reduced
GF thickness results in decreased activation loss. Activation loss is
associated with exchange current density. Increased exchange
current density leads to decreased activation loss. Exchange current
density (i0,c) is related to the temperature (T), activation barrier
(Eact), and reactant concentration (PO2) according to the following
equation [39].

i0;c ¼gc$exp
�
� Eact

RT

�
$

 
PO2

PO2; ref

!

where gc is the rate constant. To decrease the activation loss by
increasing the exchange current density, the temperature should be
increased, an effective catalyst must be used, or the reactant con-
centrationmust be increased to obtain a higher outlet pressure [11].
Of these factors, the activation loss of unified MEAs are affected by
increased reactant concentration with higher outlet pressure
because we use the same CCM and cell component, and operated
under the same conditions. It is implied that reducing GF thickness
increases the pressure drop in the GF, leading to decreased acti-
vation loss. When supplying certain flow reactant flow rates,
decreased GF volume (by compression) increases the pressure
drop. This is attributed to the effect of form drag in GF [40].
Therefore, decreasing GF thickness increases performance by
reducing the activation loss in low current densities. From these
Fig. 3. Polarization curve of MEAs with varying GF thickness. They were evaluated
with fully humidified H2/air at ambient pressure.
facts, we can conclude that the effect of the pressure drop is
increased by decreasing the thickness of the GF.

The fourMEAs does not show the same tendency in high current
densities. Cell performance in high current densities is enhanced as
the GF thickness decreases from 250 mm to 200 mm. This is
consistent with the results obtained in low current densities. This is
because shallow channel (thin thickness or smaller cross-section)
increased pressure drop and flow velocity, leading to enhanced
mass transport, as reported in literature [40,41]. On the other hand,
GFs that have thicknesses of less than 200 mm reduces in-pore sizes
and hinders the mass transport of reactants and water, leading to
decreased performance in high current densities. In case of porous
flow field such as metal-foam or GF, in-plane pore volume means
the depth or cross-section of flow field. In other words, too small in-
plane pore caused by thin thickness of GF resulted in increasing the
possibility of blocking the pathway of reactant and product, leading
to the worse mass transport. Furthermore, the MEA with GF
thickness of 100 mmdrops below 1 A cm�2, despite the high voltage
at low current densities, which is similar to results obtained for the
conventional MEA without a flow-field. While the decreased
thicknesses are greatly affected by the increased pressure drop,
thicknesses that are too small (100 mm) causes the blocking of in-
plane pores, which resulting in an insufficient in-plane supply of
reactants, as shown in Fig. 2(f). As a result, 200 mm is determined to
be the optimal thickness that exhibits the highest performance, as
named as unified MEA.

3.3. Electrochemical performance of unified MEA

Fig. 4(a) and Table S3 present a comparison between unified
MEA and conventional MEA. The unified MEA exhibits higher
voltage than the conventional MEA across all current densities. The
unified MEA yields a 56% and 74% increase at 0.4 V and 0.8 V,
respectively. In low cell voltage (0.4 V), which is dominant in mass
transport, the unifiedMEA outperforms the conventional MEA. This
is attributed to the substitution of GF for the GDL and flow-field.
Eliminating the GDL from the MEA reduces the reactant and wa-
ter transport pathway by approximately 80% (conventional MEA:
1250 mm, unified MEA: 250 mm), and removes water without
blocking catalyst layer.

High cell voltage (0.8 V) is related to activation loss, which is
affected by catalyst activity and utilization. The current density at
0.8 V is 120mA cm�2, which is 74% higher than that of the con-
ventional MEA (69mA cm�2). Table S4 presents the measured
pressure drop in the unified MEA and conventional MEA. The
pressure drop in the unified MEA (0.6 bar) is higher than that in the
conventional MEA (0.05 bar). These results indicate that the pres-
sure drop is increased due to the reducing volume of the flowing
reactants, leading to the reduced activation loss of the unified MEA.
This effect is similar to the effect of outlet pressure. This increased
pressure drop in GF can be caused by form drag, which is the drag
when the gas passes through the object [42].

In 0.6 V, the current density of the unified MEA is higher than
the conventional MEA, even though the unified MEA does not have
a MPL. A conventional GDL consists of PTFE-treated carbon paper
and a MPL. The MPL acts as a smooth layer that provides a large
surface area for the catalyst and creates good contact between the
porous carbon paper and the catalyst layer, which results in
enhanced electron transport. On the other hand, because the uni-
fied MEA does not have a MPL, it cannot efficiently transport
electrons. This is because of the small contact area that exists be-
tween the catalyst layer and the GF. In addition, the electronic
resistance of GF is larger than that of the GDL and conventional
flow-field, as shown in Table S2. Therefore, this leads to increased
ohmic resistance and can decrease performance in the middle



Fig. 4. (a) Polarization curves of unified MEA and a conventional MEA. The catalyst loading of both MEAs was 0.2mg cm�2. Test at 70 �C H2/air, fully humidified with ambient
pressure. (b) Comparison with volume power density of unified MEA and conventional MEA. EIS Nyquist plots for constant voltage at (c) 0.8 V and (d) 0.4 V under a fully humidified
H2/air environment.
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current densities. Although the ohmic resistance of the unifiedMEA
is higher than that of the conventional MEA, the current density of
the unified MEA at 0.6 V increases by 16% because of the upshift in
performance from the increased pressure drop.

In addition, Fig. S4 presents the stability test of the unified MEA
and conventional MEA, operating at a constant current density of
500mA cm�2. Although the unifiedMEA results in a slight decrease
in cell performance, it exhibits stable performance for 4000 s,
implying that the unifiedMEAwithout the use of the GDL can show
good stability. However, as the graphene foam, consisting of a
multilayer of graphene, has lowmechanical strength, the durability
issue associated with longer operation remains a problem to be
solved. Therefore, better durability is expected with further inves-
tigation of foam materials with higher mechanical strength, as the
mechanical strength is a crucial factor in long-term durability.

As a result, the power density of the unified MEA is increased by
50%, compared to that of the conventional MEA. Furthermore,
Fig. S4 shows that the unified MEA had increased electrochemical
surface active area (ECSA) by 27%. The ECSA of unified MEA and
conventional MEA are 79.38 and 62.55m2 g�1. This enhancement is
attributed to the effect of the increase in the pressure drop in
unified MEA. The elimination of the GDL from the MEA by
substituting GF with the GDL and flow-field combination increases
pressure drop, leading to the enhanced collision frequency and
utilization of reactant. This phenomenon results in the increased
ECSA. In addition, the estimated volume power density of single cell
can be increased because of the 82% decrease in MEA thickness
(Fig. 4(b) and Supplementary note 2), which is 27% higher than that
of Mirai fuel cell stack reported by Toyota. Moreover, the unified
MEA shows higher performance than the conventional MEA in the
overall current density region, when operating under lower hu-
midity (RH 50%) conditions at which commercial PEMFCs operate
(Fig. S4). This indicates that the GF in the unified MEA can function
as both a flow field and GDL without the use of the GDL.
3.4. The effect of unified MEA on mass transport and activation loss

To examine the mass transport phenomena of unified MEA,
electrochemical impedance spectroscopy (EIS) is conducted. Next,
the additional electrochemical evaluation is carried out. EIS is a
diagnostic tool used to measure the frequency-dependent imped-
ance of a fuel cell by applying AC potential as perturbation signal
and measuring the current [43]. This tool has the advantage of
analyzing individual contributions to the total impedance, such as
Ohmic, charge transfer, and mass transport resistance. Ohmic
resistance, RU, is the sum of ionic and electronic resistances of cell
components. Charge transfer resistance, Rct, is related to activation
loss, which is a function of catalyst surface area, catalyst concen-
tration, and catalyst utilization [35,44]. Warburg impedance, Zw, is
related to the mass transport resistance. Fig. 4(c and d) is Nyquist
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plots, which are plots of imaginary the part of impedance versus
the real part at each frequency. In a Nyquist plot, the high frequency
intercept is the ohmic resistance and the diameter of the semicircle
represents the charge transfer resistance in high cell voltage (0.8 V).
However, in low cell voltage (0.4 V), which is the dominant region
of mass transport polarization, the semicircle of the Nyquist plot
indicates both charge transfer and mass transfer resistances [45]. A
high-frequency semicircle indicates charge transfer resistance, and
a low-frequency semicircle indicates mass transfer resistance.

Fig. 4(c) presents the Nyquist plot at 0.8 V of the unified MEA
and the conventional MEA. The Ohmic resistance of the unified
MEA is larger than that of the conventional MEA. This is attributed
to the larger electronic resistance of GF, as shown in Table S2. In
addition, because unified MEA does not include MPL, the contact
area between the GF and the catalyst layer decreases owing to the
high porosity, leading to poorer electron transport and increased
ohmic resistance. Although the unified MEA have a larger ohmic
resistance, its charge transfer resistance is much smaller than that
of the conventional MEA. The EIS measurement under the high
voltage region (0.8 V) is used to evaluate the extent to which the
charge transfer resistance is affected by the activation loss. Because
high cell voltage (0.8 V) is a region that is dominant in activation
polarization, mass transport resistance can be neglected [46]. The
charge transfer resistance of the unified MEA is smaller than that of
the conventional MEA, as shown in Fig. 4(c). This means that the
activation loss of the unified MEA is decreased, and is consistent
with the results of the polarization curve in the low current den-
sities. While a conventional MEA is comprised of a GDL and channel
in the flow-field, a unified MEA consists of only the GF. The volume
of passing reactant in a unified MEA is decreased by 74.3% (Con-
ventional MEA: 0.35 cm3, and unified MEA is approximately
0.09 cm3), as shown in Fig. 1. A reduced volume of flowing reactants
achieved by compressing GF and eliminating GDL results in
increased pressure drop. The increased pressure drop in GF directly
affects the catalyst layer and enhances cell performance. It is
possible that the performance of the unified MEA in low current
densities is enhanced by reducing the activation loss without
separate outlet pressure, owing to the increase in the pressure drop
inside the GF.

In addition, the mass transport resistance of the unified MEA is
much smaller than that of the conventional MEA, as shown in
Fig. 4(d). This indicates that the unified MEA enhances the mass
transport of the reactants and product. As a flow-field, GF uniformly
distributes reactants and removes easily generated water because
of its structural characteristics. Therefore, the mass transport
phenomena are enhanced by only using GF as the flow-field. This
finding with the results is reported in a previous paper [24]. The
most important point is that unified MEA improves the mass
transport of reactants and product due to its unique advantages.
The pathway of reactants and product is decreased because of the
elimination of GDL and the decreased width of GF, as shown in
Fig. 1. Generally, when the reactants are supplied through a con-
ventional flow-field, they diffuse into GDL. Then, the generated
water is removed from catalyst layer (CL) to the flow-field through
GDL. Therefore, the GDL producesmass transport resistance despite
its high porosity. Meanwhile, in the unified MEA, faster velocity in
GF due to the reduced thickness of GF can result in efficient removal
of generated water [47]. In addition, the generated water can be
easily removed by the large pressure drop into the GF, asmentioned
above [48,49]. Therefore, by using GF, the GDL-less MEA decreases
mass transport resistance and enhances mass transport, giving rise
to increased cell performance in high current densities.
3.5. The effect of design without GDL on cell performance

The performances of the unified MEA and the unified MEAwith
a GDL are compared to investigate the effect of eliminating GDL on
cell performance. Fig. 5(a) shows a schematic of the unified MEA
and the unified MEA with a GDL. Except for the GDL, all cell com-
ponents and the thickness of the GF are the same. By comparing the
performance of two MEAs, the effect of the GDL-less MEA on cell
performance can be considered, with the exception of the GF effect.
Fig. 5(b) presents the polarization curves of the unified MEA and
the unified MEA with a GDL. The unified MEA outperforms the
unified MEA with a GDL in overall current densities. This
enhancement can be due to three decreasedmain losses. Firstly, the
enhancement is attributed to lower ohmic loss of the unified MEA.
As shown in Fig. S6, the ohmic resistance of the unified MEA is
much lower than that of unified MEA with a GDL. The ohmic
resistance of the unified MEA and the unified MEA with a GDL is
15.2mU and 26mU, respectively. As the ohmic loss of the unified
MEA is decreased by 42% compared to the unified MEAwith a GDL,
cell performance is enhanced. This result is because the electron
pathway is decreased by the elimination of GDL, and then the
Ohmic resistance is reduced from the Ohm's law (Resistance is
linearly proportional to length).

In addition, the effect of the GDL-less MEA on activation and
mass transport losses are examined using an IR-corrected cell
voltage curve. The IR-corrected cell voltage is simply the identifi-
cation of activation and mass transport losses by eliminating the
ohmic effect on performance. It is a useful tool for comparing the
activation and mass transport effect between two MEAs as
following equation [50].

Vcorr ¼Vcell þ hohmic

Fig. 5(c) represents the IR-corrected cell voltage of the unified
MEA and the unified MEAwith GDL. As eliminating the ohmic loss,
cell voltage is the same in the middle current densities where the
ohmic polarization is dominant. However, for high cell voltage, the
unified MEA exhibits a higher current density. This indicates that
the activation loss of the unified MEA is decreased. This is because
the pressure drop in the unified MEA is increased, as mentioned in
above, and the increased the cell voltage reduces the activation loss.
While the performance of the unified MEA is affected by the effect
of the pressure drop, the unified MEA with a GDL cannot increase
pressure drop due to the large volume of flowing reactants. The
volume of the flowing reactants in the unified MEAwith a GDL and
the unified MEA is 0.19 cm3 and 0.09 cm3, respectively. This result
reveals that the pressure drop in the GF is dramatically increased
below a certain volume. Points which special attention should be
paid are that the elimination of the GDL in unified MEA results in
reduced activation loss due to pressure drop.

As a matter of course, the unified MEA also exhibits higher
current density in low cell voltage. The GDL-less MEA reduces the
width by eliminating the GDL, which lead to a faster diffusion of
reactants into the CL. In addition, reducing the volume of flowing
reactants due to elimination of the GDL results in increased pres-
sure drop, resulting in effortless drawing of water droplets. Apart
from the effect of GF onmass transport, the structural advantages of
the GDL-less MEA decreases mass transport resistance.
3.6. Simulation results

Computational Fluid Dynamics (CFD) simulation is conducted to
predict the cell performance at 0.4, 0.5, 0.6, 0.7, and 0.8 V, and to
examine the factors for improving the cell performance of the
unified MEA. The experimental results show that the GF induces



Fig. 5. (a) Schematic of unified MEA and unified MEAwith GDL. (b) Polarization curve of unified MEA and unified MEAwith GDL. (c) IR-corrected voltage of unified MEA and unified
MEA with GDL. Test at 70 �C H2/air, fully humidified with ambient pressure.
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the increase in the pressure drop, leading to enhanced cell per-
formance in terms of the overall current densities. In our previous
study [24], the simulation results of average water content and
oxygenmole fraction in the catalyst layer reveal the average current
density is increased with increasing pressure drop by using GF
porous media. In this simulation, we assume that the GF is porous
media as an orthotropic resistance field due to the flow resistance,
which is directionally dependent. To calculate the porous resistance
tensor, the resistance coefficients have to be estimated properly.
However, the calculation of resistance coefficients for amorphous
porous media is difficult owing to lack of information regarding the
geometry. Therefore, several experiments of pressure drop by
increasing the feed flow rate are conducted to estimate the resis-
tance coefficients roughly at 0.4 V (Fig. S7). The resistance co-
efficients of GF are used for calculating the pressure drop at the cell
voltage (Table S5). However, the simulation result of average cur-
rent density at 0.4 V using the resistance coefficients is lower than
experimental data. The exchange current density of oxygen and
hydrogen is estimated respectively using the average current
density at 0.4 V. Using these coefficients of resistance and exchange
current density values, the CFD simulations carried out at several
cell voltages (0.4, 0.5, 0.6, 0.7, and 0.8 V) (Fig. S8). The simulation
results of current density are in good agreement with the experi-
mental ones. Fig. 6 shows the distribution of current density and
pressure drop on the catalyst layer of the unified MEA. Also, Table 1
presents the comparison of simulation results of two MEAs. In
addition to experimental data, these results reveal that the unified
MEA shows some the increase in pressure difference, leading to
improvement in the exchange current density of oxygen and
hydrogen. Overall, this is the reason for the current density of the
unified MEA being higher than that of conventional MEA under the
ambient pressure.
4. Conclusions

In summary, we applies GF to a unified MEA as a combined GDL
and flow-field. GF is three-dimensional graphene-based material
that features an interconnected pore structure. Because GF has in-
plane and through-plane pores, it can function in the GDL and flow-
field. Decreasing the thickness of a MEA by eliminating the GDL
reduces the reactant pathway from the bipolar plate to catalyst
layer, as well as the mass transport resistance. In addition, unified
MEA reduces the volume of the flowing reactant and increases the
pressure drop in the GF, which results in a decreased activation loss.
Furthermore, decreased GF width allows reactants to be diffused at
a higher velocity and water droplets to be drawn through unused
reactant flow, caused by high pressure drop. Therefore, the entire
cell performance of the unified MEA is enhanced in terms of the
overall current densities because of the decreased activation and
mass transport losses. Simulation results also show that the unified
MEA exhibits an increased the exchange current density because of
the pressure drop, leading to an enhanced cell performance.



Fig. 6. Distribution of current density on the catalyst layer of the cathode at an average cell voltage of 0.4 V: (a) conventional MEA; (b) unified MEA. Distribution of pressure drop on
the catalyst layer of the cathode at an average cell voltage of 0.4 V: (c) conventional MEA; (d) unified MEA.

Table 1
Comparison of average simulation results of unified MEA and conventional MEA.

Current density at 0.4 V [A cm�2] Pressure Difference [atm] Oxygen exchange current density [A m�2] Hydrogen exchange current density [A m�2]

Unified MEA 2.116 2.797 400 4000
Conventional MEA 1.499 0.319 200 2000

J.E. Park et al. / Electrochimica Acta 323 (2019) 134808 9
However, as the increased pressure drop is a constraint for the fuel
cell, further investigation regarding foam material with the mini-
mal pressure drop should be conducted.
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