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H I G H L I G H T S

• A hydrophilic MPL coating was ap-
plied to a commercial hydrophobic
GDL.

• Membrane resistance decreased for
the fuel cell without anode humidifi-
cation.

• Liquid water retention increased at the
catalyst layer-MPL interfaces.

• Liquid water accumulation within the
cathode GDL increased at high current
densities.

• Oxygen transport resistances in-
creased at high current densities.
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A B S T R A C T

In this study, a hydrophilic microporous layer (MPL) coating was applied to a commercial hydrophobic bi-layer
gas diffusion layer (GDL). We investigated the effect of the hydrophilic MPL coating on membrane hydration and
liquid water distribution within the GDLs during fuel cell operation without anode humidification, using fuel cell
performance monitoring and simultaneous synchrotron X-ray visualization. The application of the hydrophilic
coating was found to enhance performance of the fuel cell. Specifically, the application of the hydrophilic MPL
coating led to an increase in cell potential of up to 14% (0.07 V at 1.5 A/cm2) and a decrease in fuel cell
membrane resistance. The decrease in membrane resistance was attributed to improved membrane hydration.
This improvement in membrane hydration was caused by the increase in liquid water retention at the catalyst
layer-MPL interfaces. At high current densities, the application of the hydrophilic MPL coating led to increased
liquid water accumulation within the cathode GDL, which subsequently led to increased oxygen transport re-
sistance. Our study demonstrates that the wettability of the GDL can be tailored to enhance fuel cell performance
for a desired range of operating conditions by balancing membrane hydration and oxygen transport.
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1. Introduction

Polymer electrolyte membrane (PEM) fuel cells are promising de-
vices that complement renewable energy infrastructure by providing
on-demand electrical power [1]. To achieve widespread adoption, the
cost of PEM fuel cells needs to be competitive with alternative tech-
nologies. The fuel cell stack cost (2017) for an 80-kW system exceeded
the target cost set by US Department of Energy by 13% [2]. A potential
avenue for reducing fuel cell cost is through effective water manage-
ment, which improves fuel cell power output and efficiency [3–18].

Water is generated as a by-product of the cathode reaction (oxygen
reduction reaction) during the electrochemical conversion of stored
chemical energy of hydrogen into usable electricity. Effective water
management requires a balance between two competing phenomena.
On one hand, the accumulation of excess liquid water inhibits the ef-
ficient transport of reactant gases to the catalyst layer reaction sites
[19]. To prevent excess liquid water accumulation, the gas diffusion
layer (GDL) (composed of carbon fiber substrate and microporous layer
(MPL)) is traditionally hydrophobized with polytetrafluoroethylene
(PTFE) [20–22]. On the other hand, sufficient water is needed to hy-
drate the membrane to maintain high protonic conductivity. To achieve
this, external humidifiers are conventionally employed to humidify the
reactant gases. Removing external humidifiers reduces fuel cell system
cost, size and parasitic power demands [2,4]. For example, the direct
cost reduction of removing an external humidifier from an 80-kW fuel
cell system is estimated to be $1/kW [23], which is equivalent to 20%
of the total cost reductions required to meet the target of $40/kW by
2020. In addition, decreasing parasitic power demand by removing
humidifiers increases power output of the fuel cell and further reduces
the cost of the system. However, fuel cells typically suffer from per-
formance losses (due to increased ohmic resistance) upon removing (or
reducing) external humidification [24–26]. For example, the net power
output of fuel cell systems (tested with commercial membrane electrode
assemblies (MEAs)) decreased by up to 17% when external humidifi-
cation was removed [27]. To minimize performance losses in the ab-
sence of external humidification, researchers have proposed several
self-humidification strategies, such as the recirculation of anode or
cathode gases [28–31], active water management [32,33], and design
of tailored GDLs [3–9]. In this study, we will focus on a GDL-design
based self-humidification strategy.

Recent studies have shown that hydrophilic MPLs improved fuel cell
performance with low inlet humidification [3–9]. For instance, Kita-
hara et al. [3–6] fabricated multi-layered MPLs and controlled the hy-
drophilicity of the cathode MPLs. They demonstrated that a 5 μm-thick
hydrophilic MPL, situated between the catalyst layer and the adjacent
hydrophobic MPL, enhanced the fuel cell performance under low
cathode humidification. They hypothesized that the hydrophilic layer
helped preserve the hydration state of the membrane and the adjacent
hydrophobic layer served as a barrier for water removal by dry air.
Tanuma et al. [7–9] showed that the fuel cell performance of a hy-
drophilic MPL, which consisted of an ionomer (Flemion®) and vapor
grown carbon fiber, was less susceptible to changes in gas pressure and
inlet humidification under high temperature operating conditions.
Their findings suggest that the addition of a hydrophilic MPL helps
preserve water content within the membrane during low humidity
conditions. Ahn et al. [10] demonstrated that a cathode GDL substrate
coated with a hydrophilic MPL, which consisted of an ionomer (Na-
fion®) and carbon black, enhanced the fuel cell performance at both the
fully humidified and non-humidified conditions. Despite the demon-
strated performance improvement, we need liquid water visualization
studies to investigate and understand the physical mechanisms leading
to these performance improvements. Liquid water within the GDL af-
fects the fuel cell performance by influencing membrane hydration and
the oxygen transport resistance within the fuel cell. Liquid water vi-
sualization studies provide insights that will aid the design of next-
generation GDLs for fuel cells operating without external humidifica-
tion.

Liquid water in GDLs that contain hydrophilic components has been
visualized using neutron radiography [34,35] and cryo-scanning elec-
tron microscopy (cryo-SEM) [36]. For instance, Mukundan et al. [34]
used neutron radiography to show that the hydrophilic alumosilicate
fibers in the MPL wicked liquid water away from the cathode catalyst
layer, which led to decreased oxygen transport resistance. Aoyama et al.
[36] used cryo-SEM to visualize the water (frozen immediately after
fuel cell operation) in the cross-sections of two MEAs, one containing a
hydrophilic MPL and the other containing a hydrophobic MPL. They
reported the presence of larger quantities of ice in the pores of the
hydrophilic MPL compared to the hydrophobic MPL, after fuel cell
operation using fully humidified inlet gases. Forner-Cuenca et al. [35]
patterned GDLs with longitudinal hydrophilic water removal pathways

Nomenclature

Variables

CA Anode electric double layer capacitance [F/cm2]
CC Cathode electric double layer capacitance [F/cm2]
Deff Effective diffusion coefficient [m2/s]
I X-ray irradiance transmitted through sample
I0 Incident X-ray irradiance
j Unit imaginary number, 1
Ly Gas diffusion layer (GDL) thickness [m]
Lz Length of the GDL parallel to the beam path [cm]

(L cm0. 80z = )
Nt Number of frames over time
Nx Number of pixels in x-direction
RA Anode activation resistance [Ω⋅cm2]
RP Cathode charge transport resistance [Ω⋅cm2]
Rmt Mass transport resistance of oxygen within the cathode

[Ω⋅cm2]
R Ohmic resistance [Ω⋅cm2]
s y( )w Liquid water saturation profile in the through-plane y-di-

rection
sw ave, Average liquid water saturation in regions of interest

t Distance of propagation of beam within material [cm]
tw n, Normalized liquid water thickness [cm/cmGDL]
t y( )w n, Normalized liquid water thickness profile, averaged in x-

direction and time [cm/cmGDL]
ZA Impedance of the anode electrochemical reaction [Ω⋅cm2]
ZC Cathode impedance [Ω⋅cm2]
ZTot Total impedance of the equivalent circuit [Ω⋅cm2]
ZW Cathode Warburg impedance [Ω⋅cm2]
Z Ohmic impedance [Ω⋅cm2]

Greek characters

y( ) Porosity profile of GDL in the through-plane y-direction
µ Attenuation coefficient [cm−1]

Characteristic diffusive time of oxygen [s]
Frequency of the AC signal [rad/s]

Subscripts

w Relating to liquid water
Ref Relating to reference image (dry-state image)
Wet Relating to wet-state image obtained during fuel cell tests
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and visualized the GDLs in ex-situ water injection experiments using
neutron radiography and high-resolution X-ray tomographic micro-
scopy. They showed that wettability patterning in the GDL was effective
in confining the injected liquid water into pre-defined pathways.
However, in-operando studies to visualize liquid water within GDLs
containing hydrophilic MPL coatings have not been conducted. In-op-
erando visualization studies are needed to gain insights into the influ-
ence of hydrophilic MPLs on water transport within the fuel cell. Syn-
chrotron X-ray radiography is a powerful tool for real-time in-operando
visualization of liquid water within the opaque fuel cell with high
spatial and temporal resolutions [37–45]. The visualized liquid water
information can be combined with porosity profile of the material
[35,44,46,47] to quantify the liquid water saturation within the GDL,
which can provide useful information for GDL modeling and design
[48–50].

To enhance the understanding of the physical phenomena occurring
within the fuel cell, liquid water within the fuel cell can be correlated
with the impedances of the fuel cell [51–55]. Electrochemical im-
pedance spectroscopy (EIS) has been employed as a diagnostic tool in
PEM fuel cells to quantify the electrical impedances caused by in-
dividual electrochemical and transport phenomena in the fuel cell
[51,52,56–63]. In EIS, the cell voltage or current is perturbed at a given
amplitude and frequency, and the response of the fuel cell is measured.
This perturbation can be provided over a range of frequencies to cap-
ture and isolate the impedance from physical phenomena occurring
over a wide range of time scales. Equivalent circuit modeling is often
used to interpret Nyquist plots obtained from EIS to quantify these
electrical losses [51,52,58–61,64]. For instance, the ohmic resistance of
the fuel cell is quantified using the high frequency resistance obtained
from EIS (at frequencies of ∼1–5 kHz) [51,58,63]. The ohmic re-
sistance is composed of membrane resistance and electrical resistance
within the fuel cell components and component interfaces [58]. The
oxygen transport resistance within the cathode can be captured at low
frequencies (∼0.1 Hz–32 Hz) of the Nyquist plots [51,52,58–60]. In

this study, EIS was used to quantify the ohmic and oxygen transport
resistances in conjunction with liquid water saturation to understand
the physical phenomena governing fuel cell performance.

In this study, we investigated the effect of hydrophilic MPL coatings
on membrane hydration and liquid water distribution within GDLs
during fuel cell operation without external anode humidification.

2. Methodology

In this study, custom hydrophilic microporous layer coatings were
applied to commercial hydrophobic GDLs. Porosities of the GDLs were
characterized using X-ray micro-computed tomography (micro-CT).
Fuel cells were assembled with custom-made and commercial GDLs.
The procedure to measure fuel cell electrical output (cell potential,
power density) and impedances (using electrochemical impedance
spectroscopy) is presented. The GDL liquid water distributions of the
two fuel cell configurations were compared and evaluated.

2.1. Hydrophilic microporous layer coatings

Custom hydrophilic MPL coatings were applied onto commercial
hydrophobic Sigracet (SGL) 25 BC GDLs (Sigracet® GmbH), as illu-
strated in Fig. 1 a). The hydrophilic MPL was coated on the free surface
of the hydrophobic MPL of the SGL 25 BC GDL and was positioned
towards the catalyst layer in an MEA. Table 1 provides the specifica-
tions of the GDL materials used in this study. The unmodified SGL 25
BC GDL, referred to as the bi-layer GDL in this study, consisted of a
hydrophobized carbon fiber substrate with a hydrophobic coated MPL.
This bi-layer GDL was used as a reference for this study. The in-house
modified GDL, named tri-layer GDL, was composed of an SGL 25 BC
GDL that was coated with the custom hydrophilic MPL slurry. For each
of the experiments, the same GDL material was used for both the anode
and the cathode.

The slurry for the hydrophilic coating was composed of carbon

Fig. 1. a) The procedure to apply custom hydrophilic MPL
coating on commercial SGL 25 BC GDL. b) Schematic of the
fuel cell electrochemical testing setup. During fuel cell
testing, hydrogen and air were supplied at 1 L/min with a
back pressure of 100 kPa (gauge). The cell temperature was
maintained at 60 °C using the heated water bath. c)
Equivalent circuit used to fit Nyquist plots obtained from
electrochemical impedance spectroscopy. The equivalent
circuit was used to quantify and analyze fuel cell im-
pedances.

Table 1
Details of the GDL materials used in the study. The base material for all the GDLs was SGL 25 BC.

GDL name Layers within GDL Custom fabrication details

Bi-layer GDL Hydrophobic MPL Unmodified commercial SGL 25 BC
Hydrophobic substrate

Tri-layer GDL Hydrophilic MPL coating SGL 25 BC coated with hydrophilic MPL
coating, consisting of carbon black and
Nafion® (2 wt.% of carbon black)

Hydrophobic MPL
Hydrophobic substrate
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black (Vulcan® XC-72R, Fuel Cell Store), deionized water, a surfactant
(Triton™ X-100, Sigma-Aldrich), and a dispersion of perfluorosulphonic
acid ionomer (10 wt.% of ionomer in water, Nafion® dispersion D1021,
IonPower) in the ratio of 1: 10: 0.2: 0.2 by weight. The surfactant was
added to the deionized water and stirred for 20min using a magnetic
stirrer. The carbon black was added to the mixture in three equal bat-
ches by weight. The resulting slurry was stirred and sonicated con-
tinuously for 30min at 50% amplitude (equivalent to 90 μm tip dis-
placement amplitude) using a Q125 sonicator with a 1/8 inch-diameter
#4422 probe tip (Q Sonica, LLC). The ionomer dispersion was added to
the slurry and the resulting mixture was stirred for 25min (using a
magnetic stirrer) and sonicated continuously for 30min at 50% ampli-
tude.

Varying the Nafion® content within the hydrophilic MPL coating in
the tri-layer GDL influences the liquid water distribution and fuel cell
performance (specifically membrane hydration and oxygen transport
resistance). The goal of this study was to understand the effect of hy-
drophilic MPLs on liquid water distribution, membrane hydration, and
oxygen transport resistance. A priori fuel cell performance tests, which
informed this study, revealed that a Nafion® content of 2 wt.% (of the
weight of carbon) led to an increase in membrane hydration (perfor-
mance improvement) with a simultaneous increase in oxygen transport
resistance at a high current density of 2.0 A/cm2. The knowledge
gained from this study is intended to inform the design and optimiza-
tion of GDL wettability properties to improve fuel cell performance.

The slurry was manually applied with a film thickness of 5 μm on
the MPL side of an SGL 25 BC GDL using an adjustable micrometer film
applicator (Microm II, Paul N. Gardner Company, Inc.). The slurry was
dried with a controlled relative humidity (RH) of 98% at ambient
temperature in an environmental chamber (Tenney C-EVO
Temperature/Humidity Test Chamber, Thermal Product Solutions) for
3.5 days. The high RH within the environmental chamber was used to
apply a slow rate of water evaporation from the MPL (compared to
ambient conditions) to reduce the drying stresses within the MPL (to
avoid the formation of mud cracks within the MPL). Subsequently, the
MPL was heated to 250 °C for 1 h and treated with a 1-h sintering
process at 350 °C in a convection oven (DHG9000JB, MTI Corporation).
The resulting MPL exhibited carbon black to ionomer (solid) weight
ratios of 1: 0.02. Following the 1-h sintering process, we verified the
presence and stability of the ionomer in the resulting hydrophilic MPL
by detecting sulphonic acid side chains within the ionomer. Surface
elemental maps of sulphur, characterized using wavelength dispersive
spectroscopy (WDS), indicated the presence of sulphonic acid side
chains. The reader is referred to Appendix A for details regarding the
sulphur elemental maps that were used to further confirm the suit-
ability of the sintering process.

It should be noted that a hydrophilic material exhibits a water
contact angle (angle between the liquid-vapor and solid-liquid inter-
faces) less than 90°, and a hydrophobic material exhibits a water con-
tact angle greater than 90°. Binder-free (untreated) carbon is hydro-
philic with a contact angle of ∼23° [10], and the ionomer has a
hydrophilic receding contact angle of 25° [65]. The combination of the
two materials rendered the custom MPL coating hydrophilic, in com-
parison to the hydrophobic commercial MPL in SGL 25 BC. The ap-
parent contact angle of a porous surface is influenced by surface
roughness [66]. The average surface roughness (i.e., arithmetic average
of surface height deviations from the mean height) for the SGL 25 BC
MPL has been previously determined to be 8 ± 2 μm [67,68]. The
contact angles for the custom MPL surfaces were not measured, since
the apparent contact angle measured at the surface of custom MPLs was
expected to be influenced by the surface roughness in addition to the
contact angles of the MPL constituents.

2.2. Microstructure characterization

The porosity profiles of the compressed GDL materials were

characterized using X-ray micro-computed tomography (micro-CT).
The GDLs were compressed in a custom compression device to simulate
the compression under the ribs of the fuel cell [69]. The compressed
GDLs were scanned using a desktop micro-CT scanner (SkyScan 1172,
Bruker Corporation) to obtain two-dimensional (2D) radiographic
projections. The 2D projections of the GDLs were reconstructed into
three-dimensional (3D) images using NRecon software (Bruker Cor-
poration). The reconstructed images were segmented into trinary
images that consisted of void, MPL, and fiber voxels using an in-house
segmentation software [69]. The porosity profiles of the GDLs (Fig. 7),

y( ), along the thickness of the GDLs were computed using the micro-
structural information obtained from the segmented images. For more
details regarding the procedure for calculating the porosity profiles,
please refer to the work by Banerjee et al. [69].

2.3. Fuel cell testing

This section describes the methodology employed for fuel cell
testing. The details on the hardware and operating conditions used for
fuel cell testing is described in Section 2.3.1. Section 2.3.2 presents the
procedure for quantifying fuel cell impedances using equivalent circuit
model fitting of EIS measurements. The procedure to verify repeat-
ability is described in Section 2.3.3.

2.3.1. Fuel cell hardware and operating conditions
A custom miniature fuel cell (Fig. 1 b)) was used to simultaneously

measure electrical output (e.g., current, potential) and impedances
within the fuel cell. Liquid water within the fuel cell was quantified
simultaneously during fuel cell operation. The anode and cathode flow
fields consisted of parallel channels and ribs, with dimensions of
0.5 mm for rib width, channel width, and channel depth. The fuel cell
had an active area of 0.68 cm2 (0.85 cm × 0.80 cm). The MEA consisted
of a commercial catalyst coated membrane (CCM) that was sandwiched
between the anode and cathode GDLs. It should be noted that asym-
metric GDL configurations can be used to tailor complex water trans-
port behaviour through the membrane [70]. However, to isolate and
study the effect of hydrophilic MPL coatings on liquid water distribu-
tions, symmetric GDLs were used at the anode and the cathode in this
study. The CCM was comprised of a 22 μm-thick Nafion® HP membrane
coated with Pt/C catalyst layers (Ion Power) with platinum loadings of
0.30mg/cm2 on each side. The bi-layer GDL (SGL 25 BC) had a nominal
uncompressed thickness of 235 μm with a 190 μm-thick substrate. The
tri-layer GDL had an additional 5 μm-thick coating of a hydrophilic
MPL. The GDLs were compressed to 72–74% of their original thickness,
controlled using rigid polyethylene naphthalate (PEN) spacers. The fuel
cell MEAs were compressed by applying a torque of 20 lbf-in (2.3 N·m)
to each of six M4 bolts. The fuel cell was conditioned with ten voltage
cycles between a cell potential of 0.90 V–0.30 V at steps of 0.10 V,
where each cell potential was held constant for 3min. For the con-
ditioning, hydrogen (Grade 5.0) and air (Grade 0.1) were supplied at
flow rates of 0.5 L/min and relative humidity of 90%. By the tenth
cycle, the polarization curve was found to be consistent between suc-
cessive cycles.

The fuel cell was controlled using a fuel cell test stand (Scribner
850e, Scribner Associates Inc.) equipped with a potentiostat (885 Fuel
Cell Potentiostat, Scribner Associates Inc.). Hydrogen (Grade 5.0) and
air (Grade 0.1) were supplied at inlet volume flow rates of 1 slpm, back
pressure of 100 kPa (gauge), and inlet relative humidity of 0% (anode)
and 100% (cathode). High gas flow rates of 1.0 L/min (1.5 L/
(min.cm2)) were used to prevent liquid water accumulation within the
channels and maintain uniform gas concentrations along the length of
the flow channels. The fuel cell current density was maintained at
constant steps of 0.25, 0.50, 1.0, 1.5, 2.0 A/cm2 for 15min each. At the
highest current density of 2.0 A/cm2, the flow rate of 1.0 L/min results
in anode and cathode stoichiometry of 171 and 64, respectively. This
15-min period facilitated steady state conditions for the water
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distributions and cell voltages, as shown by Banerjee et al. [42]. The
cell temperature was measured using a T-type thermocouple (5SRTC-
TT-T-30-36, OMEGA Engineering Inc.) embedded within the cathode
flow field under the active area. The cell temperature was maintained at
60 °C by circulating heated water through the end plates of the fuel cell,
using a heated water bath (Isotemp™ 4100R20, Fisher Scientific Co.).

2.3.2. Fuel cell impedance measurements
At the end of each constant current step, electrochemical impedance

spectroscopy (EIS) was performed between the frequencies of 0.1 Hz
and 10 kHz with an amplitude of 10% of the DC current using the fuel
cell test stand. Fig. 1 c) shows the equivalent circuit used to analyze the
fuel cell impedances [51,58,61,62,71].

The total impedance of the equivalent circuit, ZTot , can be described
as

Z Z Z Z ,Tot A C= + + (1)

where ZA [Ω⋅cm2] is the impedance of the electrochemical reaction at
the anode, ZC [Ω⋅cm2] is the cathode impedance, and Z [Ω⋅cm2] is the
ohmic impedance. The ohmic impedance, Z , is equivalent to the ohmic
resistance of the fuel cell, R [Ω⋅cm2], as

Z R .= (2)

The ohmic resistance consists of membrane resistance, the electrical
resistance within the fuel cell components, and the contact resistances
between material interfaces [56,57,62,72]. The electrical and contact
resistances of the fuel cell configurations were assumed to be constant
due to the implementation of identical test setups (i.e., identical CCMs,
PEN spacers, and fuel cell). The variation in the measured ohmic re-
sistances was attributed to changes in the membrane resistance, which
were attributed to changes in membrane hydration. The dominance of
membrane resistance in the ohmic resistance has also been shown in
literature [72]. The ohmic resistance, R , was quantified as the high
frequency resistance (i.e., real component of the EIS impedance at
5 kHz).

The anode electrochemical impedance can be described [51,58] as

Z
R

j C1 · · ,A
A

A

1
= +

(3)

where RA [Ω⋅cm2] is the anode activation resistance, CA [F/cm2] is the
anode electric double layer capacitance, [rad/s] is the frequency of
the AC signal, and j is the unit imaginary number, 1 .

The cathode electrochemical impedance can be described
[52,58–60] as

Z j C
R Z

· · 1 ,C C
P W

1
= +

+ (4)

where CC [F/cm2] is the cathode electric double layer capacitance, RP
[Ω⋅cm2] is the charge transport resistance related to the electro-
chemical kinetics, and ZW [Ω⋅cm2] is the Warburg impedance. The
Warburg impedance is described [52,58–61,64] as

Z
R tanh j

j
( · · )

· ·
,W

mt=
(5)

where Rmt [Ω⋅cm2] is the mass transport resistance of oxygen at the
cathode, and [s] is the diffusive time, which can be expressed as

L
D

,y

eff

2
=

(6)

where Ly [m] is the GDL thickness and Deff [m2/s] is the effective dif-
fusion coefficient. In a dry porous material, the effective diffusion
coefficient Deff is proportional to the bulk diffusion coefficient and the
effective porosity, and inversely proportional to the tortuosity [73]. In a
partially saturated porous material, the effective diffusion coefficient is
additionally dependent on the liquid water saturation. When liquid

water occupies some pore spaces within the porous media, the effective
porosity of the porous media decreases and the tortuosity increases,
which leads to a decrease in Deff . The equivalent circuit model was fit to
the measured impedance data using ZView software (Scribner Associ-
ates Inc.), where the weight of each data point was normalized by its
magnitude to obtain the fit.

2.3.3. Repeatability tests
Each fuel cell test was repeated three times to analyze the re-

producibility of the performance results. The three sets of repeatability
tests were named Test 1, 2, and 3 in this study. The variability in the
fuel cell performance between different material batches and fuel cell
builds were tested, as detailed in Table 2. The standard deviation
among the three tests was calculated and reported as error bars in the
results section (Section 3). Test 1 was conducted with synchrotron X-ray
visualization.

2.4. Synchrotron X-ray visualization

The custom fuel cell was visualized during operation using syn-
chrotron X-ray radiography at the Biomedical Imaging and Therapy
Bending Magnet (05B1-1) beamline facility at the Canadian Light
Source (CLS) in Saskatoon, Canada [74]. A monochromatic collimated
X-ray beam with photon energy of 24 keV was used to visualize the cell
in the plane perpendicular to the z-direction (where z-direction was
into the plane of the figure in Fig. 2). A 10 μm-thick scintillator (AA40,
P43, Hamamatsu Photonics K.K.) was used to convert the transmitted X-
ray irradiance into visible light. The converted light was detected by a
digital scientific complementary metal-oxide-semiconductor (sCMOS)
camera (ORCA-Flash4.0, Hamamatsu Photonics K.K.). The raw radio-
graphs obtained had pixel and temporal resolutions of 6.5μm/pixel and
3 s/frame, respectively.

The raw radiographs were corrected for background camera noise,
decay in the beam intensity over time, and unwanted translation of the
cell during operation. The background camera noise was characterized
from an image of the fuel cell that was captured without the application
of the X-ray beam. The background intensities of this image were
subtracted from the intensities in the test images to correct for back-
ground noise. The decay in beam intensity was characterized by
tracking the average intensity of a region unaffected by liquid water
(such as the region above the anode channels). The change in intensity
of this region over time provided a quantification of the decay in beam
intensity and was used to correct all the test images. Unwanted trans-
lation or movement was detected using negative values in processed
images at material interfaces that were free of liquid water (such as the
interface between the anode rib and channel of the flow field). Each test
image was translated to minimize this movement, if such a movement
was detected. For a more detailed explanation of these image correction
procedures, the reader is referred to the publications by Ge et al. [75]
and Hinebaugh et al. [43]. A sample image of the corrected radiograph
is presented in Fig. 2 (a). The image is an average of 100 frames
(equivalent to 5min) at the end of the 2.0 A/cm2 current density step.
The axes in red show the x- and y-(through-plane) directions (z-direc-
tion is into the plane of the figure) used in this study. The boundaries of
anode and cathode GDLs are shown in green solid lines. The boundaries
of the catalyst coated membrane are shown with dotted red lines.

The corrected images were normalized with respect to a reference to

Table 2
Details of tests performed to analyze repeatability of performance results.

Repeatability test Material batch Fuel cell build

Test 1 Batch I Build A
Test 2 Batch I Build B
Test 3 Batch II Build C
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obtain liquid water thickness. The reference image, named dry-state
image, was obtained by averaging 5 frames at the end of the open
circuit voltage conditions at the start of each test. The transmitted ir-
radiance from the reference sample (i.e., each pixel of the dry-state
image) can be described using the Beer-Lambert Law as

I I exp µ t( ( · ) ),Ref Ref0= (7)

where IRef and I0 are the transmitted and incident irradiances of the
reference sample respectively, µ [cm−1] is the attenuation coefficient
of the material, and t [cm] is propagation distance of the beam within
the material.

Similarly, the transmitted irradiance from the test sample can be
described using the Beer-Lambert Law as

I I exp µ t( ( · ) ),Wet Wet0= (8)

where IWet and I0 are the transmitted and incident irradiances of the test
sample, respectively. Assuming that the reference sample was dry at
open circuit voltage conditions and that the corrected images were free
of unwanted movement, the corrected transmitted irradiance of the test
sample can be described in terms of liquid water (added to the system)
as

I I exp µ t µ t( ( · ) · ),Wet Ref w w0= (9)

where µw [cm−1] is the attenuation coefficient of water and tw [cm] is
thickness of water along the beam path.

Combining Eq. (7) and Eq. (9), and dividing by the GDL length
along the beam path (L cm0. 80z = ), we obtained an expression for the
normalized liquid water thickness in the test sample, t x y t( , , )w n, [cm/
cmGDL], for each pixel location as a function of x-, y-directions and time,
as

t x y t
µ L

ln I x y t
I x y

, , 1
·

( , , )
( , )

.w n
w z

Wet

Ref
, =

(10)

A sample image of the processed radiograph is shown in Fig. 2 (b),
where the value of each pixel corresponds to normalized liquid water
thickness, t x y( , )w n, [cm/cmGDL]. The MEA regions under the channels
and the ribs are shown with solid and dotted lined white boxes re-
spectively.

The normalized water thickness values were averaged along x-di-
rection and time to obtain y-axis profiles (at the constant current steps
tested), as

t y
N N

t x y t( ) 1
·

( , , ),w n
t x k

N

i

N

w n i k,
1 1

,

t x

=
= = (11)

where tw n, [cm/cmGDL] is the average normalized liquid water thickness
profile along the y-direction, Nt is the total number of frames averaged
over time, and Nx is the number of pixels averaged in the x-direction.
The GDL regions under the flow field channels and ribs were averaged
and presented separately, as shown in Fig. 2 (c) and (d), to capture the
inhomogeneity in the water distribution under the two regions [46,76].
Nx was 567 and 584 for the regions under 7 central ribs and 8 channels
respectively. At the end of each constant current test 100 frames,
equivalent to 5min, were averaged over time. The measurement un-
certainty was quantified with a coverage factor of 3, corresponding to a
confidence interval greater than 99%, as detailed by Chevalier et al.
[41].

Liquid water saturation profile in the y-direction, s y( )w , was calcu-
lated by dividing the normalized liquid water thickness profile within
the GDL by the GDL porosity profile, y( ), as

Fig. 2. a) Radiograph showing the components of the fuel cell assembled with the tri-layer GDL. The image is an average of 100 frames (equivalent to 5min) at the
end of the 2.0 A/cm2 current density step. The axes in red show the x- and y-(through-plane) directions (z-direction goes into the plane of the figure). The boundaries
of anode and cathode GDLs are shown in green solid lines. The boundaries of the catalyst coated membrane are shown in dotted red lines. b) Processed image
showing normalized liquid water thickness (see color bar). The MEA regions under the channels and the ribs are shown with solid and dotted lined white boxes,
respectively. Profile of normalized liquid water thickness along the through-plane direction (y-direction) for regions under c) the channels and d) the ribs. Liquid
water profiles were normalized by the length of the GDL in the z-direction. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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Liquid water saturation represents the fraction of GDL void space
that is occupied by liquid water. The liquid water saturation profile
along the y-direction was further averaged in regions of interest (as
defined in Section 3.3), as

s
N

s y1 ( ),w ave
y j

N

w j,
1

y

=
= (13)

where Ny is the number of pixels averaged in the region of interest, and
sw ave, is the liquid water saturation averaged along the x- and y-direc-
tions, and time. The uncertainty in the average was calculated as the
root mean square of the uncertainties in the liquid water saturation
profile values in the region of interest.

3. Results and discussion

We investigated the effect of applying hydrophilic MPL coatings on
commercial hydrophobic GDLs during fuel cell operation without anode
humidification. First, we established the need for reducing membrane

resistance at low anode inlet RH by examining the membrane resistance
at varied operating inlet RH conditions (for a fuel cell with a com-
mercial bi-layer GDL). Then, fuel cell performance monitoring and
synchrotron visualization were used to illustrate the benefits of hy-
drophilic MPL coatings during fuel cell operation in the absence of
anode humidification. Specifically, we studied the effect of the appli-
cation of hydrophilic MPL coatings on membrane resistance and liquid
water retention (at the catalyst layer-MPL interfaces). Finally, high
current density performance was analyzed using cathode GDL liquid
water accumulation and oxygen transport resistances.

3.1. Need for reducing membrane resistance at low anode inlet RH

This sub-section demonstrates the need for reducing the membrane
resistance of the PEM fuel cell operating without anode humidification.
Fig. 3 depicts the ohmic resistances of a fuel cell containing the hy-
drophobic bi-layer GDL for a range of operating inlet RH and current
densities. It was observed that the ohmic resistance of this fuel cell
configuration was more sensitive to changes in the anode humidity than
changes in the cathode humidity. For example, at 1.0 A/cm2, the ohmic
resistance increased by 0.062Ω·cm2 (101%) when the anode was op-
erated without humidification compared to the test with humidification
(Fig. 3 (a)). In contrast, the ohmic resistance increased by only

Fig. 3. Ohmic resistance of a fuel cell with the bi-layer GDL for varied a) anode
and b) cathode inlet RH. Ohmic resistance of this fuel cell configuration was
more sensitive to changes in the anode humidity than changes in the cathode
humidity. Anode and cathode inlet RH are presented in the legend with A as
anode and C as cathode.

Fig. 4. a) Ohmic resistance, and b) cell voltage (solid markers) and power
density (hollow markers) for fuel cells with the bi-layer and tri-layer GDLs. The
application of the hydrophilic MPL coating led to a decrease in the membrane
resistance. The inlet relative humidity was maintained at 0% for the anode and
100% for the cathode.
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0.022 Ω·cm2 (35%) when the cathode was operated without humidifi-
cation, compared to the test with humidification (Fig. 3 (b)). This result
indicates that the membrane was more susceptible to dry-out when the
anode gas was not humidified, as compared to when the cathode gas
was not humidified. This occurs because water can only enter a non-
humidified anode compartment through diffusion or thermo-osmosis
across the membrane. In comparison, a non-humidified cathode com-
partment has two additional means to accumulate water, namely
electro-osmotic drag and water generation from the oxygen reduction
reaction. Hence, there is a need to reduce the elevated ohmic re-
sistances of the fuel cell operated without anode humidification. In the
following sections, we will investigate the effect of the application of a
hydrophilic MPL coating on membrane hydration and GDL liquid water

distribution. We will focus our discussion on tests conducted with an
inlet relative humidity of 0% for the anode and 100% for the cathode.

3.2. Hydrophilic coatings on GDLs reduce membrane resistance

We conducted electrochemical testing of fuel cells equipped with
the bi-layer GDL and the tri-layer GDL (Fig. 4). The fuel cells had
identical components (i.e., identical MEAs, PEN spacers, and fuel cell)
except for the GDL, so that any changes in the measured ohmic re-
sistance is dominated by the changes in the membrane resistance. For
both the bi-layer and the tri-layer GDLs, the ohmic resistance was
highest at the lowest current density and decreased with increasing
current density (Fig. 4 (a)). The high ohmic resistances at low current

Fig. 5. Through-plane liquid water thickness profiles (normalized by the distance within the GDL traversed by the beam) under a) channels and b) ribs for MEAs with
the bi-layer and tri-layer GDL. The inlet relative humidity was maintained at 0% for the anode and 100% for the cathode. Regions within the central CCM (dark grey)
and anode and cathode GDLs (with MPL in light grey) are shown. The catalyst layer-MPL interface region used in Fig. 6 is represented using dashed white lines.
Average liquid water thickness levels increased for the tri-layer GDL.
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density were attributed to poor membrane hydration as a result of dry
inlet anode gases. At higher current density conditions, the rate of
electrochemical water generation at the cathode increased, which fa-
cilitated the hydration of the membrane, leading to decreased mem-
brane resistance. The decrease in membrane resistance at high current
densities was significantly more prominent in the fuel cells equipped
with the tri-layer GDLs compared to those equipped with the bi-layer
GDLs. Specifically, at current densities greater than 0.25 A/cm2, ohmic
resistances for the fuel cell containing the tri-layer GDL was up to 19%
lower (or 0.020Ω·cm2 lower, at 1.5 A/cm2) relative to the fuel cell
containing the bi-layer GDL. The decrease in ohmic resistance was
caused by improved liquid water retention at the MPL-catalyst layer
interface and was investigated further in Section 3.3.

The observed reduction in membrane resistance led to increased
voltage and power output of the fuel cell (Fig. 4). Within the range of
current densities that we tested, the steady-state voltage output and
power density was higher for the fuel cell containing the tri-layer GDL
than the fuel cell containing the bi-layer GDL (Fig. 4 (b)). These dif-
ferences were largest at 1.5 A/cm2, where the increase in steady-state
voltage output and power density of the fuel cell containing the tri-layer
GDL was 0.07 V and 0.10W/cm2, which is equivalent to approximately
14% improvement in performance.

However, between the current densities of 1.5 and 2.0 A/cm2, a
relatively steep decrease in average cell potential was measured for the
fuel cell with the tri-layer GDL. The associated increase in over-
potential, i.e. concentration overpotential, was dominated by the in-
creased oxygen transport resistance, caused by increased water accu-
mulation within the cathode tri-layer GDL. This effect is further
investigated in Section 3.4. It should be noted that the large error bars
for cell potential (±0.05 V) and power density (±0.10W/cm2) in Fig. 4
(b), at a current density of 2.0 A/cm2, were attributed to the variation
in concentration overpotential (due to oxygen transport losses) between
Batches I and II of the tri-layer GDL. The current density of 2.0 A/cm2

was near the threshold that marked the onset of the high concentration
overpotential (caused by liquid water flooding at cathode tri-layer
GDL). This onset of notable concentration overpotential occurred be-
fore and after 2.0 A/cm2 for fuel cells with Batch I and II, respectively,
and caused the variation in performance observed at the 2.0 A/cm2

current density step (for the tri-layer GDL) and led to the high error
bars.

3.3. Interfacial liquid water retention

This sub-section presents liquid water results obtained from in-op-
erando synchrotron X-ray visualization (Test 1). The through-plane li-
quid water thickness profiles (normalized with respect to the GDL
thickness along the beam path) of the MEA region at current densities
1.0, 1.5, and 2.0 A/cm2 are presented in Fig. 5. The MEA region in-
cludes the anode GDL, the CCM, and the cathode GDL. Based on the
coated MPL thickness, the hydrophilic MPL coating is expected to be 1
pixel wide (Fig. 2). However, the location of the hydrophilic MPL
coating cannot be defined with a single data point since a) interfaces in
practical fuel cell assemblies are not perfectly smooth and flat [77], and
b) the layers within the tri-layer GDL at the interface may overlap in
view of the X-ray beam, since the layers may not be perfectly parallel to
the X-ray beam along the entire length of the materials.

Liquid water in the MEA regions under the flow-field channels and
ribs are shown in Fig. 5 (a) and (b), respectively. An increase in average
liquid water thickness levels was observed with increasing current
density. This was attributed to the increase in the rate of electro-
chemical water generation with increasing current density. At high
current densities ( 1.5 A/cm2), the measured liquid water under the
flow field ribs was higher than the water under the flow field channels.
This heterogeneity in the liquid water profiles was expected due to the
local condensation at the hydrophilic graphite ribs [46,76]. Comparing
the results between the two materials showed that the MEA with the tri-

layer GDL had higher average GDL water thickness levels than the MEA
with the bi-layer GDL. In addition, a higher liquid water thickness was
observed at the anode catalyst layer-MPL interface for the tri-layer GDL.
This measurement indicates the presence of higher liquid water sa-
turation at the interface and a more hydrated membrane (despite sup-
plying the anode gas without humidification). This observation is
consistent with the hypothesis (proposed by Kitahara et al. [3–6])
whereby a 5 μm-thick hydrophilic MPL helped preserve membrane
hydration, and the adjacent hydrophobic layer served as a barrier for
water removal via dry gas. The higher content of liquid water, speci-
fically at the catalyst layer-MPL interface, is investigated and discussed
further in this sub-section.

The liquid water saturation values were averaged (Eq. (13)) at the
catalyst layer-MPL interfaces (average of the anode and cathode inter-
faces) and are presented in Fig. 6. For this study, the catalyst layer-MPL
region was approximated as a 2 pixel-wide (or 13 μm-wide) region at
the microporous layer adjacent to the catalyst layer, since a sharp in-
finitesimally thin catalyst layer-MPL interface is not realized in prac-
tical fuel cell assemblies [77]. The 13 μm-wide region (marked by da-
shed lines in Fig. 5) includes regions of the hydrophilic MPL coating
(< 1 pixel) and the hydrophobic MPL. Average liquid water saturation
values were calculated as described earlier (in Section 2.4). The liquid
water saturation levels at the catalyst layer-MPL interfaces were higher
by up to 0.14 (i.e., 110% at 1.5 A/cm2) for the fuel cell containing the
tri-layer GDL than for the fuel cell containing the bi-layer GDL. The
application of a hydrophilic MPL coating led to an increase in liquid
water retention at the catalyst layer-MPL interfaces. This increase in
interfacial liquid water retention led to improved membrane hydration.
The improved membrane hydration led to decreased membrane re-
sistance, as shown in Fig. 4 a). This subsequently led to increased cell
voltage and power density, as shown in Fig. 4 b).

The increased liquid water retention at the catalyst layer-MPL in-
terfaces of the tri-layer GDL was likely due to increased liquid water
entry (via increased capillary condensation and liquid water percola-
tion) into the hydrophilic MPL coating and the presence of a capillary
barrier imposed by the hydrophobic MPL [78]. According to capillary
condensation theory, the equilibrium vapor pressure at which vapor
condenses within capillaries or small pores varies from the saturation
pressure of bulk vapor. The Kelvin equation states that this variation in

Fig. 6. Average liquid water saturation at the MPL-catalyst layer interfaces
(average of anode and cathode interfaces) of fuel cells with the bi-layer GDL
and the tri-layer GDL. These results correspond to fuel cell tests conducted
under relative humidity of 0% at the anode and 100% at the cathode. Liquid
water retention increased at the catalyst layer-MPL interfaces for the tri-layer
GDL.
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equilibrium vapor pressure is a function of the curvature of the liquid-
vapor interface and thus depends on the water contact angle within the
pore [79]. According to the Kelvin equation, capillary condensation is
more favorable within hydrophilic pores than within hydrophobic pores
[80]. In addition, hydrophilic pores exhibit a lower liquid water entry
pressure (i.e., pressure required for liquid water to invade the pore)
than hydrophobic pores. Hence, more liquid water is expected to enter
the pores and cracks of the hydrophilic MPL coating than the pores and
cracks of the hydrophobic MPL. This liquid water within the hydro-
philic MPL coating is expected to encounter a high capillary barrier (a
sharp increase in the capillary entry pressure) imposed by the adjacent
hydrophobic MPL [22,81]. Hence, the hydrophilic MPL coating acts as a
reservoir for liquid water accumulation. In addition, the ionomer within
the custom MPL coating increases adhesion to liquid water since the
ionomer has a higher contact angle hysteresis of 80° (compared to the
hydrophobic MPL) [65], and a higher contact angle hysteresis leads to

an increase in the adhesion to liquid water [82]. As a result, liquid
water accumulates within the hydrophilic MPL coating at the catalyst
layer-MPL interfaces.

3.4. Cathode GDL liquid water accumulation and oxygen transport
resistances

Liquid water saturation (left vertical axis) and porosity (right ver-
tical axis) profiles along the through-plane position (y-direction) within
the cathode bi-layer and tri-layer GDLs are shown in Fig. 7. Compared
to Fig. 5, Fig. 7 incorporates added information of saturation and por-
osity profiles, which is valuable for modeling and designing GDLs
[48–50]. A sharp interface between the MPL and substrate is typically
absent due to MPL intrusion into the pores of the substrate [69,76,77].
In this work, the substrate region (unshaded region in Fig. 7) was
marked as the GDL region where micron-scale void space (void space

Fig. 7. Liquid water saturation profiles along the through-plane position (y-direction or along the thickness of the GDL) under a) channels and b) ribs for cathode bi-
layer and tri-layer GDLs. The inlet relative humidity was maintained at 0% for the anode and 100% for the cathode. The porosity profiles of the GDLs are shown in the
secondary vertical axes using open symbols. Liquid water saturation at the cathode GDL increased at high current densities for the tri-layer GDL.
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identified by the micro-CT scan) occupied a volume fraction of at least
0.5 [76]. The porosity of the tri-layer GDL was measured to be 8.7%
lower than the porosity of the bi-layer GDL at the catalyst layer-GDL
interface (Fig. 7). This variation in porosity was attributed to the pre-
sence of the hydrophilic MPL coating. The two GDLs were compressed
to the same thickness and the effect of the hydrophilic MPL coating on
the resulting GDL pore structure was minor.

The liquid water saturation for the regions under the channels and
ribs were averaged and presented separately in Fig. 7 (a) and (b), re-
spectively. The application of the hydrophilic MPL coating led to an
increase in liquid water saturation at the cathode GDL, especially under
the channels with a relative increase in the average saturation values of
up to 0.15 (or 550% at 2.0 A/cm2). The highest recorded increase in
liquid water saturation was in the cathode GDL substrate region under
the channels (an increase of 0.32 at the through-plane position of
300 μm) at the current density of 2.0 A/cm2. The observed increase in
liquid water at the GDL substrate (adjacent to the MPL-substrate in-
terface) was attributed to changes in the inlet boundary conditions for
water percolation. Higher liquid water retention at the cathode catalyst
layer-MPL interface leads to a higher number of liquid water clusters at
the inlet of the GDL, which results in a higher liquid water saturation
within the GDL at the point of breakthrough [83]. The obtained liquid
water saturation profiles are in reasonable agreement to those pre-
sented in literature for SGL carbon paper GDLs [44,83,84]. The increase
in cathode liquid water saturation is expected to increase oxygen
transport resistance, as previous studies have reported [46,85].

Oxygen transport within the GDL was analyzed using the EIS
equivalent circuit model. Fig. 8 (a) and (b) show sample Nyquist plots
obtained from EIS for the bi-layer and tri-layer GDLs, at current den-
sities of 1.0, 1.5, and 2.0 A/cm2. The sample plots show the experi-
mental data and model fit for Test 1 of each material configuration. The
large arcs observed (at frequencies of ∼0.1 Hz–32 Hz) in Fig. 8 corre-
spond to the cathode impedance [51,52,58–60] and are composed of

charge transport and oxygen transport resistance arcs (mostly over-
lapped as seen in 1.0 A/cm2 and 1.5 A/cm2 curves for tri-layer GDL).
With increasing current density, the arc related to oxygen transport
resistance is significantly larger for the tri-layer GDL. To isolate the
effect of oxygen transport resistance, the Nyquist plots were fit using an
equivalent circuit model, as described previously in Section 2.3.2
[51,52,58–61,64]. The model fit parameters from the three tests (Tests
1, 2, and 3) were averaged and presented in Table B - 1 in Appendix B,
along with standard deviation among each test. Fig. 8 (c) and (d) show
the cathode mass transport resistance (Eq. (5)) and diffusive time (Eq.
(6)), respectively.

The oxygen transport resistance was observed to increase with
current density, as the rate of water generation increases with in-
creasing current density. The range of oxygen diffusive times in the bi-
layer GDL at all the current densities (Fig. 8) and in the tri-layer GDL at
1.0 and 1.5 A/cm2 are in agreement to those reported in literature
[52,86]. However, relatively steep increases in average oxygen trans-
port resistance and diffusive time were observed in the tri-layer GDL
configuration compared to the bi-layer GDL configuration when the
current density increased from 1.5 A/cm2 to 2.0 A/cm2. At 2.0 A/cm2,
the tri-layer GDL had a significantly higher mass transport resistance
(by 0.47 Ω·cm2 or 280%) and diffusive time for oxygen (by 0.044 s or
190%), compared to the bi-layer GDL configuration. In other words, the
application of a hydrophilic MPL coating led to an increase in oxygen
transport resistance at high current densities, particularly at 2.0 A/cm2.
As discussed previously in Section 3.2, the large error bars at 2.0 A/cm2

for the tri-layer GDL were attributed to the variation in the con-
centration overpotentials between Batches I and II.

It should be noted that these tests were conducted with dry hy-
drogen at the anode inlet. When the anode and cathode gases were fully
humidified (100% RH), a further increase in oxygen transport re-
sistance was observed at the high current density of 2.0 A/cm2 (not
shown in Fig. 8) for the fuel cell with the tri-layer GDL, compared to the

Fig. 8. Sample Nyquist plots obtained from electrochemical impedance spectroscopy (EIS) measurements of a fuel cell equipped with a) a bi-layer GDL (including a
scaled-up inset) and (b) a tri-layer GDL at current density steps of 1.0, 1.5, and 2.0 A/cm2. The frequencies of 0.1, 1, 10, 100, and 1000 Hz are marked in the Nyquist
plots for the fuel cell with the tri-layer GDL (2.0 A/cm2). The low frequency region, used to capture oxygen transport resistance, is indicated in all Nyquist plots using
the 10 Hz reference frequency. The inlet relative humidity was maintained at 0% for the anode and 100% for the cathode. The Nyquist plots were fit using an
equivalent circuit model (Fig. 1 c)). c) The mass transport resistance and d) the diffusive time for oxygen obtained from the EIS model fit. The error bars represent
standard deviation among the three tests. For the tri-layer GDL, oxygen transport resistance and diffusive time increased at high current densities, particularly at 2.0
A/cm2.

P. Shrestha et al. Journal of Power Sources 402 (2018) 468–482

478



fuel cell with the bi-layer GDL (commercial material). To ensure high
cell performance, it is important to consider the desired range of op-
erating conditions.

The increase in the cathode mass transport resistance and oxygen
diffusive time was attributed to the increase in liquid water saturation
in the cathode GDL due to the application of the hydrophilic MPL
coating. The higher liquid water saturation at the cathode GDL was
expected to reduce the effective porosity and increase the tortuosity of
open pore space within the GDL. This would impede the transport of
oxygen from the flow field to the reaction sites and decrease the ef-
fective diffusion coefficient of oxygen within the cathode GDL.

In this study, the performance benefits of improved membrane hy-
dration provided by the application of the hydrophilic MPL coating
exceeded the losses incurred due to the blockage of oxygen transport
pathways. In general, wettability should be considered in the design of
MPLs and GDLs to enhance fuel cell performance, especially during
operation without external humidification.

4. Conclusion

In this study, we investigated the impact of hydrophilic MPL coat-
ings on membrane hydration and GDL liquid water distribution during
fuel cell operation without external anode humidification. We mon-
itored the electrical output and impedances of the fuel cell while si-
multaneously visualizing the GDL liquid water distribution via syn-
chrotron X-ray radiography. The application of the hydrophilic MPL
coating led to a decrease in membrane resistance, an increase in cell
potential (up to 14% or 0.07 V), power output (up to 14% or 0.10W/
cm2), and liquid water retention at the catalyst layer-MPL interface (up
to 0.14 in average saturation). The decrease in membrane resistance
was attributed to the increase in membrane hydration. This improve-
ment in membrane hydration was caused by the increase in liquid water
retention at the catalyst layer-MPL interfaces. At high current densities
(particularly at 2.0 A/cm2), the hydrophilic MPL coating led to in-
creased liquid water accumulation at the cathode GDL, which led to
increased oxygen transport resistances (up to 0.47 Ω·cm2 or 280%).

Our study demonstrates that the wettability of the transport layers
in a fuel cell can be tailored to balance membrane hydration and
oxygen transport, and thus enhance fuel cell performance for desired
operating conditions. In this study, the performance benefits of im-
proved membrane hydration provided by the applied hydrophilic MPL
coating exceeded the losses incurred due to blockage of oxygen trans-
port pathways. In general, wettability should be considered while de-
signing MPLs and GDLs to enhance fuel cell performance, especially
during operation without external humidification.
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Appendix A. Sulphur elemental maps

We confirmed the presence and stability of Nafion® in the hydrophilic MPL coating after the 1-h sintering process using wavelength dispersive
spectroscopy (WDS). According to Samms et al. [87], Nafion® decomposition occurs in three stages, i.e., a) loss of residual water, b) loss of sulphonic
acid chains, and c) decomposition of Nafion® backbone. Each subsequent stage of decomposition occurs at an increasingly higher temperature range.
To confirm the stability and presence of Nafion® within the hydrophilic MPL coating after the complete MPL fabrication process, we verified the
presence of sulphonic acid side chains on the surface of the hydrophilic MPL. Sulphonic acid side chains were identified using sulphur elemental
maps since sulphur was present in the sulphonic acid side chains of Nafion® while absent in the remaining GDL. The elemental maps were quantified
using wavelength dispersive spectroscopy (WDS). The WDS scans were obtained using an electron probe microanalyzer (EPMA) (JXA8230 Su-
perProbe, JEOL USA Inc.) at a magnification of 40x, pixel size of 5 μm × 5 μm, and exposure time of 5m s.

The sulphur elemental maps of the surface of the hydrophobic MPL (bi-layer GDL) and the hydrophilic MPL coating (tri-layer GDL) are shown in
Figure A - 1 a) and b), respectively. The color bar represents measured sulphur intensity in counts per second. Sulphur was evenly distributed within
the hydrophilic MPL coating (tri-layer GDL) while it was negligible within the hydrophobic MPL (bi-layer GDL). Since sulphur was used to identify
the presence of sulphonic acid groups in Nafion, the sulphur maps helped verify the presence of Nafion (evenly distributed) within the surface of the
hydrophilic MPL coating.
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Fig. A1. Sulphur elemental map of the surface of a a) bi-layer GDL hydrophobic MPL and b) tri-layer GDL hydrophilic MPL coating obtained using wavelength
dispersive X-ray spectroscopy and showing the distribution of sulphur. The color bar represents measured sulphur intensity in counts per second.

Appendix B. Model fit parameters for EIS equivalent circuit

Supplementary information for Section 3 of this paper is presented in this appendix. Table B - 1 presents the model fit parameters that were
averaged over three tests and obtained from fitting Nyquist plots in Fig. 8 of Section 3.4, along with the standard deviation among the three tests.

Table B1
Model parameters (averaged over three tests) for equivalent circuit used to fit Nyquist plots in Fig. 8, along with standard deviation among the three
tests.

Current Density [A/cm2] GDL Average values

RA[Ω.cm2] CA[F/cm2] R [Ω.cm2] CC[F/cm2] Rp [Ω.cm2] Rmt [Ω.cm2] [s]

1.0 Bi-layer 0.115 0.0103 0.124 0.0038 0.032 0.048 0.022
Tri-layer 0.084 0.0176 0.103 0.0039 0.035 0.075 0.028

1.5 Bi-layer 0.095 0.0143 0.105 0.0044 0.025 0.073 0.021
Tri-layer 0.057 0.0389 0.085 0.0043 0.027 0.162 0.033

2.0 Bi-layer 0.079 0.0211 0.098 0.0045 0.022 0.116 0.024
Tri-layer 0.124 0.0389 0.082 0.0075 0.019 0.439 0.068

Standard deviation values

RA[Ω.cm2] CA[F/cm2] R [Ω.cm2] CC[F/cm2] Rp [Ω.cm2] Rmt [Ω.cm2] [s]

1.0 Bi-layer 0.018 0.0012 0.002 0.0006 0.009 0.010 0.005
Tri-layer 0.019 0.0046 0.001 0.0005 0.005 0.003 0.001

1.5 Bi-layer 0.023 0.0020 0.002 0.0006 0.006 0.007 0.002
Tri-layer 0.018 0.0173 0.002 0.0004 0.005 0.041 0.003

2.0 Bi-layer 0.022 0.0038 0.002 0.0006 0.005 0.009 0.003
Tri-layer 0.153 0.0321 0.005 0.0054 0.012 0.267 0.033
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