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Abstract

This work demonstrates the fabrication and processing steps required to produce high performance fuel
cell membrane electrode assemblies (MEAs) based on spray-coated gas-diffusion electrodes (GDEs). It is
demonstrated that coating the catalyst layer with a thin layer of ionomer and then hot pressing the GDEs
to the membrane is required to achieve comparable catalyst activity and air performance to catalyst-
coated-membrane MEAs. We show that there is a critical amount of ionomer required to achieve
maximized performance. Using electron microscopy, we show that the combination of the ionomer
overlayer and hot-pressing bonds the catalyst layer to the membrane, increasing the interfacial contact
area and quality of this interface. We also find that the ionomer overlayer smooths the surface of the GDE
and provides increased contact area between the GDE and the membrane. Additionally, we demonstrate
that much less ionomer is required for high-performance than has been previously reported. Through
model fitting of electrochemical impedance spectroscopy, we show that this improvement in the catalyst
layer — membrane interface reduces the effective catalyst layer resistance, which reduces Ohmic losses

and increases catalyst utilization.

1. Introduction
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In polymer electrolyte fuel cell power systems, the membrane electrode assembly (MEA) is the critical
component for power production as it is responsible for the electrochemical reactions that convert the fuel
to power. While high performance materials (catalysts, membranes, and ionomers) are critical to
achieving high-performance MEAs, the proper fabrication of these MEAs is also of great importance.
Thus, there are many papers exploring the influences of different fabrication conditions such as catalyst

ink formulation[1-6] and drying [2,7-12].

Another important consideration is how the MEA 1is constructed, as different MEA architectures have
been shown to greatly influence fuel cell performance.[10,13-20] Catalyst layers can be applied directly
to other MEA components or to a decal substrate that is used to transfer the catalyst layer. Direct coating
is advantageous for manufacturing as it reduces processing steps — decreasing time and material waste.
The two most common MEA architectures are the catalyst-coated membrane (CCM) and the gas-
diffusion electrode (GDE), also sometimes referred to as a catalyst-coated diffusion media (CCDM)
electrode. In a direct-coated CCM MEA, the catalyst layer is applied directly to the membrane. The gas
diffusion media (GDM) can be hot pressed to the CCM MEA prior to assembly of the cell hardware. Or,
without hot pressing, the cell hardware can be used to press the GDMs to the MEA, with both methods
resulting in good fuel cell performance. An advantage of CCMs is that coating the catalyst layer directly
onto the membrane results in low contact resistance between the membrane and the catalyst layer.[21,22].
In a GDE-based MEA the catalyst layer is applied to the microporous layer (MPL) of the GDM, which is
generally hot pressed to the membrane to form the MEA. [11,23,24] Prior to the use of MPLs, GDEs
suffered from low catalyst utilization because some catalyst was lost in the pores of the carbon paper and

not electrochemically accessible.[13]

GDEs are of interest for MEA fabrication because under some fabrication and/or operating conditions
GDE MEAs have shown improved performance over CCM MEAs.[14] Some of these performance may
be due to a better interface between the catalyst layer and MPL. [25] A poor interface between the MPL

2

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



and catalyst layer may lead to increased electronic resistances and water pooling, which will limit reactant
transport. [1,3] GDEs may also have advantages for roll-to-roll manufacturing due to more robust
mechanical properties of the diffusion media and avoidance of membrane swelling during catalyst layer

coating.

The challenge with GDE:s is that the catalyst layer — membrane interface is usually inferior to that of
CCMs, leading to lower performance. To overcome this, researchers have shown that coating a thin layer
of ionomer on the catalyst layer improves this interface and thus fuel cell performance. [2,8,10-12,26]
However, in a recent study focusing on the loading of this ionomer overlayer, the CCM MEAs out
performed all GDE MEAs with an ionomer overlayer.[10] An alternative strategy recently developed is
inkjet printing of a full membrane onto a GDEs to prepare MEAs, which have shown good performance.
[15-18] There are also additional strategies, such catalyst layers with graded ionomer content and
impregnated membranes, that have been employed to improve the catalyst layer/membrane interface and
improve performance. [27] What is clear from all of these results is that a good catalyst layer/membrane

interface is critical for high-performance fuel cells.

In this work we present a further comparative study of GDEs and CCMs and detail the fabrication
conditions needed to achieve equivalent performance between CCM and GDE MEAs. We show that both
an ionomer overlayer and hot pressing are required to achieve equivalent performance. Using electron and
atomic force microscopy, we provide additional details of the mechanisms of performance enhancement
due to the overlayer and show that it and hot pressing are required to achieve a good interface between the
catalyst layer and the membrane. Finally, using electrochemical impedance spectroscopy (EIS) we
analyze the effects of the overlayer and hot pressing on protonic resistance in the MEAs and show that the

improved interface leads to a reduction in the catalyst layer proton resistance.

2. Experimental
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2.1 Materials. — For all catalyst layers (anode and cathode) a 47 wt% Pt on high surface area carbon
(TKK TEC10ES0E) was used as the catalyst material. A 20 wt% dispersion of Nafion in water and 1-
propanol (Nafion D2020, 1000 EW, lon Power) was used in preparation of the catalyst ink and Nafion
overlayer ink. For all MEAs, the membrane was 25 um thick Nafion (NR-211, 1100 EW, Ion Power).
The diffusion media was Sigracet 29BC from SGL Carbon. Catalyst inks and Nafion overlayer inks were

prepared using deionized water and 1-propanol.

2.2 Ink Preparation. — The catalyst layer inks were prepared by weighing the catalyst powder into a glass
jar. To this jar deionized water was added (0.133 mL/mg Pt/HSC). After this addition, the jar was gently
swirled to fully wet the catalyst powder. Next, 1-propanol was added (0.102 mL/mg Pt/HSC). Finally, the
ionomer dispersion was added (2.37 uL/mg Pt/HSC) to achieve a 0.9 ionomer/carbon ratio by mass. To
disperse the catalyst the jar was placed in a beaker filled with ice water. Next, the ink was tip sonicated
for 10 s (QSonica Misonix S-400, 20 kHz, Amplitude = 1). The jar was then transferred to a bath
sonicator, which was filled with ice water. The jar was sonicated for 20 minutes in four increments of 5

min each with gentle swirling between increments.

The ionomer dispersion for the overlayer was prepared by diluting the Nafion dispersion in water and 1-
propanol. The ratios were 56 mL water/mL D2020 and 43 mL 1-propanol/mL D2020. This concentration
of Nafion in this dispersion is the same as it was in the catalyst ink. The diluted dispersion was then

stirred overnight.

2.3 Spray Coating. — The cathodes were prepared by spraying the catalyst ink directly to the diffusion
media. Anodes were prepared by spraying the catalyst layer to the membrane. The inks were spray coated
using a 25 kHz Accumist nozzle on a SonoTek ultrasonic spray coating station. The movement of the
spray nozzle was controlled by Path Master software from SonoTek. The spray pattern was similar to that
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shown by Sassin et al. [21,28] with a full set of passes consisting of two horizontal and two vertical
passes. The line spacing of the passes was 1.5 mm. For both sets of passes (horizontal and vertical) the
second pass was offset from the first pass by 0.75 mm. The translational speed of the spray nozzle was 50
mm/s. There were no additional drying steps between passes as the catalyst layer was dry by the time
nozzle reset to the starting position. For the catalyst layers the volumetric flow rate was 0.3 mL/min. For
the ionomer overlayer the flow rate was 0.15 mL/min. The diffusion media and membranes were placed
on a heated platen at 80 °C for spray coating. For the CCM anodes, the membrane was held in place by
vacuum. During spray coating the catalyst and ionomer inks were continuously stirred to ensure a
homogenous dispersion. The target loading for both the cathode and anode catalyst layers was 0.1

mgp/cm?.

2.4 Loading Characterization. — The loadings of the Pt/HSC catalyst layer and ionomer were varied by
adjusting the number of spray coating passes. The Pt loadings of the GDEs were measured using energy
dispersive x-ray fluorescence spectroscopy (Fischerscope XDV-SDD, 50 kV, 50 W x-ray source). For
each GDE electrode the loading was measured at 5 locations to characterize the average loading. For all
electrodes the Pt loading varied by less than 5% within the electrode. At a loading of 0.1 mgp/cm? the
measurement uncertainty of the instrument is less than 2 %. Since the concentration of ionomer in the
overspray ink was the same as the catalyst ink, the ionomer loading was estimated based on the expected

Pt loading and defined I:C ratio.

2.5 MEA Assembly. — The MEAs were prepared by hot pressing the cathode GDE and anode diffusion
media to the anode-coated membrane. The electrode area for both anode and cathode were 50 cm?. The
GDE/membrane/DM stacks were placed between two 5 inch by 5 inch sheets of Kapton. These were
placed between two 4 inch by 4 inch sheets of 1/16 inch thick Gylon. These stacks were then placed
between two 1/8 inch thick sheets of aluminum. Finally, these stacks were placed in a hydraulic press
with heated plates (Carver) and pressed for 3 minutes at 125 °C. This temperature was selected based on
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previous studies which have shown that hot pressing at a temperature near Nafion’s glass transition yields
the best fuel cell performance. [11,23,24] The total applied force was 2500 kg. After pressing, the stacks
were allowed to cool to near room temperature before the MEAs were removed from the aluminum plates

and polymer sheets.

2.6 MEA Testing. — The MEAs were assembled into the testing hardware with graphite flow fields with
double/triple (anode/cathode) serpentine patterns. The MEAs were sealed between PTFE gaskets. When
fully assembled the diffusion media thickness was compressed to 75% of its original thickness assuming
no compression of the membrane or catalyst layers. The MEAs were pre-conditioned with an initial
voltage cycling break-in procedure and cycles of holding at 0.1 V followed by polarization curves.
[29,30] This break-in and conditioning procedure has been shown to maximize catalytic activity and fuel
cell performance. Polarization curves were measured at 80 °C , 100 %RH, 150 kPa absolute with an
anodic sweep direction. The polarization curves reported were measured following the third conditioning
cycle, based on prior work showing the mass activity plateaued after three cycles for this
catalyst/membrane system.[30] O, polarization curves were measured with voltage-control mode. Air
polarization curves were measured in current control mode with anode and cathode stoichiometries of 1.5
and 2, respectively. The cells were allowed to equilibrate at each potential/current density for 3 minutes.
The hydrogen-crossover current was measured 80 °C, 100% RH, 150 kPa with gas flows of 0.7 slpm/0.3
slpm H2/N>These values were used to for calculation of the oxygen-reduction reaction mass activity. The
measured current density/potential is the average value measured in the 1 minute following the
equilibration period. Cyclic voltammograms (CVs) were measured at 30 °C, 150 kPa total cell pressure,
100 %RH, and H»/N, respectively gas flows of at 0.50/0.05 slpm, respectively. The CVs were recorded
from 0.05 — 1.2 V at a sweep rate of 50 mV/s using an Autolab potentiostat (MetrOhm). Electrochemical
surface area (ECSA) was determined from the hydrogen underpotential deposition (Hupp) region (= 0.08
—0.4 V) of the CVs. EIS measurements were conducted at 80 °C, 150 kPa total cell pressure, 100 %RH,

H»/N> at 0.2/0.2 slpm, respectively. The spectra were measured at 40 points from 1 Hz— 10 kHz on a
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logarithmic scale. The DC offset voltage was 0.2 V and the AC perturbation voltage was 1 mV. Standard
deviations are reported based on measurements of multiple samples, which was three samples in most

cases. More details of the conditioning and testing protocol can be found in Ref. 30.

2.7 Electrochemical Impedance Spectroscopy Modeling. — The EIS spectra were modeled using a
custom programmed, open-source, complex-valued non-linear least-squares fitting program. [31] The
program was written in Python using the SciPy package. [32] The model uses a physics based modified

transmission line expression for the cell impedance developed by Setzler and Fuller, shown in Equation 1,

. R, -
Z(@)model = J0Lwire + Ra + [z coth (VR Qo (0)?), (1)

where Ly 1s cable inductance, Rois ohmic resistance which is a combination of the membrane protonic
resistance and cell (bulk and contact) electronic resistances[10,26], Rc; is the catalyst layer protonic sheet
resistance (as defined by Neyerlin et al. [33]), Opz is the double layer constant phase element (CPE)
parameter, and ¢ is the CPE exponent. The program fits the five parameters via the Levenberg—Marquardt

algorithm with unity weighting. [28]

The model can also be rewritten as in terms of a parameter array, 8.

Z(B, moer = j0bs + B2 + |z coth (VBssGa)Ps). @)

The cost function (Equation 3) to be minimized during the fitting process was chosen to be the L2 norm

(least squares) of the real and imaginary errors:

Fc(ﬁ:Z(w)datarw) = \/(Z’(ﬁ: w)model - Z’(w)data)z + (Z”(ﬁ: w)model - Z”(w)data)z (3)

where Z' (B, ) moder and Z'(w) g4tq represent the real parts of the model and measured impedances, and

Z" (B, ®)moder and Z"'(w) gatq represent the real coefficients of the imaginary parts of the model and
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measured impedances. Standard final parameter error estimates (Equation 4) were calculated as the square

root of the diagonal elements of a first order estimated covariance matrix.[28]

o(B) ~ JM TN @

n-p

Where i is the index of the desired parameter’s standard deviation, 8 is the set of final parameters
providing sufficiently minimal value for the cost function, (") is the array of the final residuals at the
input frequencies, J is the numerical Jacobian with respect to the parameters of the cost function evaluated

at %, n is the number of measurement points, and p is the number of parameters in the model.

2.8 Electron Microscopy. — In order to elucidate the cathode/membrane interfacial region for the various
MEAs compared in this study both scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were used. SEM cross-sectional views of the various MEAs were obtained by “freeze
cutting” a portion of the MEA. A brand-new feather razor blade was used to swiftly cut the MEA on a glass
slide after submerging the MEA in liquid nitrogen for approximately 30 seconds. The cross-sections were
placed in the center of a mini vise specimen holder and imaged. Secondary electron (SE) images and
backscattered electron (BSE) images were obtained with a JEOL 7000F FE-SEM operating at 10kV

accelerating voltage and 10 mm working distance.

Cross-sections for TEM analysis were obtained via ultramicrotomy. The samples were embedded in
Araldite 6005 epoxy resin mixture, that was cured at 60°C for 16 hours, followed by block trimming and
ultramicrotomy using a 36° clearance angle Diatome diamond knife. Bright field transmission electron
microscopy (TEM) images were obtained in using a FEI Talos F200X electron microscope operated at 200

keV. The cross-sections were approximately 70 nm thick making them electron transparent for TEM.
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2.9 AFM. — AFM measurements were carried out using a Veeco Dimension 5000 system in tapping
mode. Nanoscale surface roughness was imaged using Olympus AC160TS-R3 Si probes. Scan line
density was 256 lines with 1024 samples/line. Nanoscale roughness was isolated from raw AFM images
through second order polynomial flattening, thus reducing the tilt and bow associated with imaging of
three-dimensional materials. After flattening, root mean square (RMS), or Rq, roughness was calculated
to quantify datapoint height deviations from the mean height plane for the full images. Areas imaged in
AFM were selected by navigating along the surfaces with the AFM instrument optical microscope, then

imaging a representative region of the surface.

2.10 Surface Profilometry. — Micrometer-scale surface roughness measurements were conducted using a
Veeco Dektak 8 Stylus Profilometer. The tip radius was 5 mm. The applied tip weight was 3 mg. The

surface profile was recorded over a 3 mm scan length.

3. Results and Discussion

In the following subsections we discuss the characteristics of the GDEs, the ionomer overlayer, and
MEAs, including their physical properties. Next, we use fuel cell performance data to understand the
impact of the ionomer overlayer on the catalytic activity and air performance. Finally, we use EIS and
modeling to better understand the function of the ionomer overlayer.

3.1 GDE and Ionomer Overlayer Properties. — As a first step, we examined the surface of the catalyst
layer and ionomer overlayer using several techniques to understand how varying the overlayer loading
changed the surface. First, scanning electron microscopy (SEM) was used to image the top surface of bare

and overcoated GDEs (Figure 1). The bare GDE in Figure la appears to have a rough surface. At an
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overlayer loading of 0.023 mg/cm? ionomer in Figure 1b, the surface is noticeably smoother. With 0.045

and 0.068 mg/cm? ionomer in Figures 2¢ and 2d, there appears to be additional smoothing of the surface.

Figure 1 Top-down scanning electron microscopy images of 0.1 mgp/cm’ CCMDs with different ionomer

overlayer loadings: (a) 0 mg/cn’, (b) 0.023 mg/cm?, (c) 0.045 mg/cm?, (d) 0.068 mg/cm’,

To further characterize the surface roughness, we used atomic force microscopy (AFM) and stylus
profilometry. These two techniques provide complimentary information at different scales. AFM provides
roughness information at the nanometer scale, whereas stylus profilometry provides information
roughness information at the micrometer scale. The AFM images of a bare GDE and those with and
ionomer overlayer are provided in Figure S1 of the supplementary information. The root-mean-square
(RMS) roughness (Rrus.4ry) of these images are reported in Table 1. The RMS roughness measured by

stylus profilometry (Rrussp) are also reported in Table 1.
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Table 1 RMS surface roughness measured by atomic force microscopy (AFM) and stylus profilometry of

0.1 mgp/cm’ GDEs with different Nafion overlayer loadings.

Ionomer Overlayer Loading AFM RMS Roughness (nm) Stylus Profilometer RMS
(mg/cm?) Roughness (um)

0 168 15.8

0.023 111 12.4

0.045 11 16.6

0.068 32 14.4

The AFM measurements confirm the visual observations of the SEM images in Figure 1. Without an
ionomer overlayer, Rrys.4rv was 168 nm. This roughness is likely due to the carbon black support primary
particle size, which TEM has shown to be 20-100 nm.[34] The primary aggregate size of a few hundred
nm is also likely a component of this roughness. With an ionomer overlayer loading of 0.023 mgnaf/cm?,
Rrus.aryr decreases to 111 nm. The SEM image in Figure 1b, indicated that at this loading the ionomer
overlayer is a continuous film, but the AFM measurements suggest that it is does not significantly smooth
the surface and there is a large influence from the underlying catalyst layer. With additional ionomer, at a
loading of 0.045 mgnag/cm?, Rrus,rv decreases significantly to 11.2 nm. Further addition of ionomer to
0.068 mgn./cm? leads to a modest increase in Rrus 4. These measurements show that at the nanoscale,

0.045 mgn./cm?is needed to significantly smooth the surface.

In contrast to AFM, stylus profilometry shows that the ionomer overlayer does not change the surface
roughness at the micrometer scale, when measured laterally over several millimeters. At this scale, the

roughness is due to variations in the thickness of the diffusion media, likely from the carbon fibers or
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variations in the MPL. Assuming a density of 2 g/cm?, the approximate ionomer overlayer thickness
should be between 115 — 340 nm (depending on the loading), which is not enough to smooth out the

roughness above 10 um.

We also used cross-sectional SEM of tested MEAs to visualize interactions between the GDE and
membrane. In these images the cathode GDE is located above the membrane. We were not able to cross-
section and image the MEAs lacking both an overlayer and hot pressing because the diffusion media
delaminated from the membrane after testing and disassembly of the test hardware. However, this is
valuable information as it indicates a very poor interface between the GDE and the membrane. The
images of the MEAs with 0.1 mgp/cm? catalyst loading are shown in Figure 2, where the catalyst layers
appear brighter than lighter elements in the backscattered electron images. The MEA without an overlayer
but with hot pressing is shown in Figure 2a. There are regions where the membrane has adhered to the
catalyst layer but there are also clearly large regions where the membrane does not contact the catalyst
layer. The MEA with 0.045 mgna/cm? overlayer without hot pressing, in Figure 2b, looks similar. Sung et
al. [10] suggested the role of the ionomer overlayer was to “glue” the catalyst layer to the membrane,
even in the absence of hot pressing, but this image indicates that the ionomer overlayer layer alone does
not provide this function, which likely explains why their GDE-based MEAs had lower performance than
their CCM-based MEAs. In contrast, all of the MEAs prepared with an overlayer and hot pressing, shown
in Figures 2c-e, show that the membrane is completely laminated to the cathode catalyst layer. This
indicates that both an ionomer overlayer and hot pressing are needed to adhere the catalyst layer to the
membrane and maximize the interfacial contact area. Interestingly, we observe large gaps between the
anode CCM catalyst layer and the anode MPL indicating hot pressing does not adhere the MPL to CCM-

type catalyst layers.
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Figure 2 Scanning electron micrographs of cross sections of tested MEAs with varying ionomer overlayer

loadings and with and without hot pressing. (a) No overlayer, hot pressed; (b) 0.045 mgy./cm?’, with hot

pressing; (c) 0.023 mgya/cm?’, with hot pressing; (d) 0.045 mgy./cm?’, without hot pressing, (e) 0.068
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mgna/cm® with hot pressing. (f) TEM image of a GDE with 0.045 mgna/cm’. The MEAs in (a-e) are

oriented with the cathode above the membrane and the anode on the bottom.

Figure 2f shows a transmission electron microscope (TEM) image of a GDE with 0.045 mgn.¢/cm?
overlayer. Clearly visible are the catalyst layer and the ionomer overlayer. It can be seen that the ionomer
overlayer is a distinct layer on top of the catalyst layer. That said, it is in full contact with the underlying
catalyst layer. This should provide direct pathway for protons from the membrane to the catalyst sites
when this overlayer bonds the membrane to the GDE as is indicated in the SEM images in Figure 2.

3.2 Fuel Cell Testing. — To better understand how the overlayer impacts MEA performance, we tested
MEAs containing cathodes different ionomer overlayer loadings (0, 0.023, 0.045, and 0.068 mgn./cm?).
For cathodes overlayer loadings of 0 and 0.045 mgn./cm?, MEAs were tested with and without hot
pressing. For all other MEAs, the GDE was hot pressed to the membrane prior to testing. Hot-pressed
CCM MEAs were prepared as a control. All of the data reported here was measured following a voltage
cycling break-in procedure and three cycles of holding the MEA at 0.1 V for two hours followed by
oxygen and air polarization curves. The results reported are from the polarization curves measured

following the third voltage hold. [30]

The measurements of catalytic performance are shown in Figure 3. The average electrochemical surface
area (ECSA) with standard deviation for the MEAs is reported in Figure 3a. Only without both an
overlayer and hot pressing was there an impact on ECSA. Otherwise, for all other combinations of Pt
loading, overlayer loading, and hot pressing the ECSA was statistically the same. It was also equal to that
of a hot-pressed CCM control. We believe the low ECSA of the GDE without both an ionomer overlayer
hot pressing is due to a very poor interface between the catalyst layer and the membrane. When this MEA
was removed from the cell hardware following testing the GDE did not stick to the membrane like it did

for all other samples.
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Figure 3 Catalytic properties of MEAs with varying cathode Pt loading and ionomer overlayer loading.
(a) Average electrochemical surface area (ECSA) calculated from hydrogen underpotential deposition.
(b) Average cathode ORR mass activity at 0.9 V in oxygen at 80 °C, 100 %RH, 150 kPa. Current was H»-

crossover corrected. Cell potential was high-frequency resistance corrected. The polarization curve was

recorded in an anodic sweep direction.

The average oxygen-reduction reaction mass activities measured at 0.9 V (i,"*", HFR-free, H, crossover
corrected) are shown in Figure 3b. To aid in understanding the statistical significance of our results, this
chart also includes the average with standard deviation of i,”*” (grey solid and dashed lines, respectively)

for a larger set of CCM MEAs prepared and tested at NREL in a separate study, where i,,””" = 427 + 36
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mA/mgp.. [30] The CCM MEAs prepared for this study resulted in i,,”*” “**" with those from the
previous study. Consistent with the ECSA measurements, the MEAs without an overspray and hot
pressing had very low i,,”*”. The addition of hot pressing the GDEs (without the ionomer overlayer) to the
membrane increases i, but it is still significantly lower than the CCM average or control CCMs tested

in this study.

The addition of the ionomer overlayer significantly improved i,,”*”, both with and without hot pressing.
With 0.023 mgna/cm? and hot pressing the average i,,"°" is 358 + 33 mA/mgp, which is just below the
in"’" range for CCMs. With a Nafion overlayer loading of 0.045 mgn.¢/cm? and no hot pressing, i,"*" =
349 + 16 mA/mgp.. This result is consistent with the results of Sung et al. [10], which showed that
ionomer overlayer GDEs without hot pressing are inferior to CCMs. With hot pressing, the average i,"""
increases to 372 + 13 mA/mgp,, which is just below error bars of the i,"*” range for CCMs. This
demonstrated the necessity of including a hot-pressing step in the preparation of GDE-type MEAs in
addition to adding the ionomer overlayer. Increasing the overlayer loading to 0.068 mgna¢/cm? resulted in
in""" =396 + 30 mA/mgp, which is now within the range variation for CCMs_Thus, from a catalyst
activity perspective, there does seem to be small advantage to increasing the Nafion overlayer loading
beyond 0.045 mgna/cm? to 0.068 mgn./cm?. However, from the previous larger study of CCMs the

standard deviation was 36 mA/mgp so the difference in i,”*" between 0.045 mgnag/cm?®and 0.068

mgnag/cm” may not be significant.

As we observed in the cross-sectional SEM images in Figure 2, the ionomer overlayer and hot pressing
results in a better interface between the catalyst layer and the membrane, which gives rise to the
improvement in i,,”*”. The smaller variations in i,,”*" between the hot pressed GDEs with different
amounts of ionomer overlayer may be related to the difference in nanoscale roughness measured by AFM.

Even though all overlayer loadings resulted in complete adhesion between the membrane and the catalyst
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layer that does not necessarily mean there is complete contact between the membrane and catalyst layer.
Decreasing the nanoscale roughness could result in a modest increase in the contact area and be

0.9V

responsible for the slight increases in 7, that were measured with increasing ionomer overlayer

loading.

Measurements of fuel cell performance in air for MEAs (Figure 4a) show similar trends to the kinetic
results and more clearly illustrate the effects of the overlayer and hot pressing. It is seen that not including
an overlayer results in poor performance, as expected. Comparing the polarization curves for the GDEs
with an overlayer and hot pressing we observed that they begin to diverge around 0.5 A/cm?. Since these
catalyst layers have the same catalyst, ionomer content, and were coated using the same method, we
would not expect there to be any morphological differences that would lead to any differences in
electrode oxygen transport. The electrode roughness factor at this loading and ECSA is also high enough
that we would not expect non-Fickian transport losses to be significant. [35] Thus these differences in the
polarization curves are likely due to differences in Ohmic losses. From the SEM images in Figure 2, it
was observed that the ionomer overlayer and hot pressing increases the interfacial contact area between
the catalyst layer and the membrane. This suggests that a poor catalyst layer-membrane interface creates

an interfacial resistance that increases the Ohmic losses in the MEA.
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Figure 4. Fuel cell air performance data of the MEAs with 0.1 mgp/cm’loading and differing loading of
ionomer overlayer. (a) Air polarization curves recorded in current-control mode at 80 °C, 100 % RH, 150
kPaups. Polarization curves were measured with an anodic sweep direction. (b) Bar chart of the measured
cell potential at 1.5 A/cm’. IL indicates ionomer overlayer loading in mgn./cm’ and HP denotes whether

or not the MEA was hot pressed.

Focusing on the high-current-density region of the polarization curves most clearly demonstrates the
benefit of the hot-pressing step. Figure 4b shows the cell potential at 1.5 A/cm? (E"*™?) for the GDE
MEAs and the hot pressed CCM controls. The GDE MEAs without an overlayer and hot pressing are not
included in this chart because the cells did not function at such high current densities. The hot-pressed

CCM controls resulted in E/***" =406 + 8 mV. An overlayer loading of 0.023 mgy.¢/cm’resulted in a
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lower E'Yem2 (348 + 1 mV). Comparing the MEAs with 0.045 mgn.g/cm?® with and without hot pressing,
we found that hot pressing increased E/***"?by 135 mV from 287 + 15 mV to 422 + 16 mV. This very
clearly demonstrates the importance of hot pressing. An overlayer loading 0.068 mgn.¢/cm? resulted in
E!54em2 = 456 + 36 mV, which, like i,"°”, is marginally larger than for 0.045 mg./cm?. We also observe
that 0.045 mgna/cm?® and 0.068 mgn./cm?® with hot pressing produced a slightly higher E/°¥“"? than the
hot-pressed CCM MEAs (E"**"?= 406 + 8 mV). This is consistent to what was observed by Fultz and

Chuang. [14]

The air polarization curve results lead to similar conclusions as the kinetic data. Clearly, the ionomer
overlayer improves cell performance. We also observe an additional benefit from hot pressing the GDEs
to the membrane. As was observed from comparing i,,”*”, 0.023 mgnag/cm? was insufficient for maximum
fuel cell performance. An ionomer loading of 0.068 mgnag/cm? resulted in a minor improvement in high-
current density performance compared to 0.045 mgnaf/cm? but given the overlapping error bars of the
means we cannot conclusively say there is a benefit to additional ionomer beyond 0.045 mgna¢/cm?.
Interestingly, these ionomer overlayer loadings are much lower than has been reported previously. Sung
et al. [10] found their GDE-based MEAs achieved maximum power production at an overlayer loading of
0.3 mgna/cm? with inferior performance at higher and lower overlayer loadings. In that study the authors
did not hot press their GDEs to the membrane, which our results show is critical for maximum
performance. We hypothesize, that much higher ionomer loadings may have been needed in their MEAs
to compensate for the sub-optimal catalyst layer — membrane interface that exists without hot pressing, as

shown in Figure 2b.

The cross-sectional SEM images of the GDE MEAs with ionomer overlayers and hot pressing show that
all ionomer overlayer loadings result in the GDE adhering to the membrane and thus cannot explain the

differences in performance between the MEAs with different ionomer overlayer loadings. Instead the
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difference seems to be explained by the nanoscale roughness of the ionomer-overcoated GDE surface. As
reported in Table 1, AFM showed that an overlayer loading of 0.023 mgnar/cm? reduced Rrus 4 from 168
nm without an overlayer to 111 nm. Overlayer loadings of 0.045 and 0.068 mgna.¢/cm? further reduced the
roughness to 11.2 and 32.5 nm, respectively. This difference appears to be significant enough to impact
the performance. While an overlayer loading of 0.023 mgna.¢/cm? effectively adheres the GDE to the
membrane, due to the nanoscale roughness of the GDE there may be areas on the nanoscale where the
GDE does not contact the membrane, resulting in less than 100% contact area between the GDE and
membrane. When the ionomer overlayer loading is increased, causing Rrus.4rito decrease, the contact
area between the GDE and the membrane is also increased. The decreased contact area for 0.023
mgnar/cm? overlayer loading would likely manifest itself as an increased interfacial resistance because the

protons would be conducted through a restricted area.

3.3 Electrochemical Impedance Spectroscopy. — Based on the air polarization curves we suspected that
the improved catalyst layer-membrane interface, due to the ionomer overlayer and hot pressing, improved
proton conduction and reduced resistive losses in the MEAs. To better understand the resistances in the
MEAs we utilized Ho/N» EIS and modeling to quantify the different cell resistances, specifically the HFR
and the cathode bulk catalyst layer protonic resistance of (Rc;). Initially, we attempted a simple analysis
of estimating the HFR by interpolating the value of the real impedance (Z°) where the imaginary
impedance (Z’’) was zero and estimated (Rcz) by measuring the length of the 45° region of the Nyquist
plot, as described by Thompson and Baker.[36] We found that the latter part of this method did not

produce reasonable results due to difficulty defining the length of 45° region.

We then fit these data using a one-dimensional physics-based impedance model developed by Setzler and

Fuller[37], which produced much more consistent results.
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A plot of one measured impedance spectrum with the modeled fit is shown in Figure 5. For this spectrum
the model clearly represents the data well. The values of the fit parameters and residual error for all of the
MEAs are reported in Table S1 of the supplementary information with plots of selected fit parameters
shown in Figure 6. L. 1s consistent across all samples, as expected, because the same hardware and test
equipment were used for all measurements. For the CCM MEAs it can be seen that the standard errors
were less than 15% of the fitted value indicating good agreement between the measured data and the
model. The values for Ro are shown in Figure 6a. For a 25 um Nafion membrane used here, the average
fitted value of 36 mQ-cm? is close to the expected value (approx. 40 mQ-cm?) based on membrane
protonic and cell electronic resistances reported by Makharia et al, further validating the applicability of
the model. [26]These MEAs also had an average ¢ of 0.94 (shown in Figure 6b), which also indicates
consistency between the measured data and the model. While ¢ in this model, 0 < ¢ < 1, has many
interpretations in the literature, it is commonly accepted that a value of less than one is a result of a
distribution of resistive-capacitive (RC) time constants on or in the electrode. [38] It has been shown that
a distribution of current density can give rise to ¢ < 1. [39] A distribution in current density across an
otherwise ideal catalyst layer and membrane could be the result from uneven contact between them. That
is to say, lower values of ¢ indicate non-ideal MEA behavior likely due to a distribution of current density
and RC time constants across the catalyst layer — membrane interface. For the CCMs, which have a good
catalyst layer — membrane interface, the current distribution should be homogenous due to the close to

100% contact between the catalyst layer and the membrane.
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Figure 5. Exemplary measured H»/N; EIS spectrum (red) with model fit (blue).

In contrast to the CCM MEAs, for the GDE MEAs without an overlayer or hot pressing the fit parameters
for these had larger standard errors than hot pressed MEAs with an overlayer and in some cases, values
that are non-physical, specifically Ro of only a 2.3 mQ-cm? for the MEAs without an overlayer or hot
pressing. These MEAs also had ¢ < 0.9 indicating a non-uniform current distribution, likely due to the
poor catalyst layer — membrane interface. Based on what was observed in Figure 2 this makes physical
sense. Looking at Figure 2a and b there are areas where the catalyst layer does not contact the membrane
and other areas where it does. Therefore, all of the protons entering the catalyst layer from the membrane
would be required to pass through the catalyst layer — membrane contact points, resulting in very high
local current density, whereas the locations of catalyst layer disconnected would have very low local
current density. This would give rise to the non-uniform current distribution indicated by low ¢. We do
see some dependence of ¢ on GDE assembly conditions. Adding an ionomer overlayer (without hot
pressing) or hot pressing (without an ionomer layer) increased ¢ compared to the MEA without both an
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ionomer overlayer and hot pressing, indicating an increase in uniformity of the current density due to
increased contact area between the catalyst layer and membrane, which is consistent the observed

increase in fuel cell performance with the addition of an ionomer overlayer or hot pressing.

(a)o.07

Ry [Q-em?]
o o
oo W

e
i

o
=]

Figure 6. Bar charts of several fit parameters from the model fit of the EIS measurements. (a) Membrane
resistance (Ro), (b) constant phase element exponent (¢ ), and (c) catalyst layer resistance (Rcr). IL
indicates ionomer overlayer loading in mgy./cm’ and HP denotes whether or not the MEA was hot

pressed.
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For all of the MEAs with both an ionomer overlayer and hot pressing, the agreement between the model
and the measured spectra was good and ¢ > 0.9 indicating close to ideal behavior. Consistent with the
fuel cell performance data in Figure 4. Referring back to Figure 2, the MEAs with an ionomer overlayer
and hot pressing were bonded to the membrane which would result in a close to homogenous current
distribution and result in ¢ close to 1, similar to what was observed in the CCM MEAs. With an
overlayer and hot pressing we do not observe a dependence of the ionomer overlayer loading on Ro. We
would not expect to see differences in Ro between samples because all of the MEAs used the same

membrane material and cell hardware.

The fit parameter that showed the most dependence on fabrication conditions was the catalyst layer
proton resistance, Rcz, shown in Figure 6¢c. Here we observed a clear trend with ionomer overlayer
loading and hot pressing. The MEAs with highest R¢z (without an overlayer or hot pressing) had regions
where the catalyst layer did not contact the membrane. In these cases, protons would have to enter the
catalyst layer in one of the regions where the membrane contacts the catalyst layer and then travel
laterally to reach the regions catalyst layer not in contact the membrane. This more tortuous path results in
results in a higher measured resistance. Comparing the MEAs without an overlayer, hot pressing
decreases Rcr. Adding an ionomer overlayer further decreases Rc;. Comparing only the MEAs with the
ionomer overlayer, we observe that additional ionomer results in a slight decrease in Rcz. With an
overlayer loading of 0.023 mgnaf/cm? it is observed that the value of Rc; is slightly higher than that of the
CCM MEAs. Increasing the loading to 0.045 mgnag/cm? with hot pressing further decreases Rcy, to a value
close to that of the CCM MEAs. This is consistent with the observed air fuel cell performance, where an
overlayer loading of 0.023 mgn.¢/cm? appeared to have higher Ohmic losses than 0.045 mgyar/cm?.
Increasing the ionomer overlayer loading to 0.068 mgn.¢/cm?results in an additional, but small, decrease
in Rcy. It is also found that for ionomer overlayer loadings of 0.045 mgn./cm? and 0.068 mgnai/cm?® with

hot pressing Rc; is similar to that of the hot-pressed CCM control MEAs. This is consistent with MEA
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performance as at these ionomer loadings the GDE MEAs had similar i,,”*" and E"**"? to the hot-pressed
CCM MEAs. The lowest Rc; was for the MEAs with 0.045 mgnar/cm? without hot pressing. However, for
these MEAs ¢ is relatively low and parameter standard errors are relatively high, so the model may not be

accurately representing the physics here, resulting in an inaccurate value of Rc;.

To validate our hypothesis that variations in air performance were a function of proton conductivity, we
compared measured fuel cell parameters with model-determined values of R¢;. Figure 7a compares the
cell potential at 1.0 A/cm? (E"%“"?) to Rc;. We see a clear correlation that E/%“"? increases as Rc.
decreases. As was discussed in the previous section, it was observed that the polarization curves diverged
around 0.5 A/cm? which we attributed to differences in Ohmic resistance losses. These results confirm
this attribution, as we clearly see that a sub-optimal catalyst layer — membrane interface leads to increased

Rcir, which would increase Ohmic losses and decrease fuel cell performance.
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Figure 7. Correlation between Rcy, and fuel cell performance metrics. (a) Cell potential at 1.0 A/cm’
measured in Hy/air and (b) ORR mass activity at 0.9 V. Color indicates catalyst layer loading and marker
shape indicates ionomer overlayer loading. Filled symbols — hot pressed MEAs. Unfilled symbols — not

hot pressed MEASs.

Additionally, Figure 7b shows the dependence of i,,**" on Rc;. Previous analysis of catalyst layer
resistance has shown that a high R¢; leads to protons reacting closer to the membrane.[25,33] If this
resistance is large enough it would lead to only a fraction of the catalyst layer being utilized, which would
result in a reduced i,*°". This is exactly what we observe withi,”*" increasing with decreasing Rcz. As
shown in the cross-sectional SEM images in Figure 2, the MEAs with highest R¢z (without an overlayer

or hot pressing) had regions where the catalyst layer did not contact the membrane. In these cases, protons

26
Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



would have to enter the catalyst layer in one of the regions where the membrane contacts the catalyst
layer and then travel laterally to reach the regions catalyst layer not in contact the membrane. This more
tortuous path results in the protons reacting closer to the membrane instead of through the full thickness
of the catalyst layer. In contrast, when the catalyst layer — membrane interface is complete, protons have a
low tortuosity pathway and do not have to travel laterally to reach catalyst sites, which results in high

catalyst utilization as indicated by the high i,,”*” values.

4. Conclusion

This work presents a parametric study of the influence of an ionomer overlayer and hot pressing on fuel
cell performance in spray-coated GDE-based MEAs. We have shown that both an ionomer overlayer and
hot pressing of the GDE to the membrane are required for best fuel cell performance. We observed that
the overlayer provides two functions: adhering the GDE to the membrane and smoothing the GDE surface
to provide more contact area between the catalyst layer and the membrane. These two functions reduce
the Ohmic losses, which leads to improved catalyst utilization and fuel cell performance. Through our
modeling of EIS data, we observed that there is a critical ionomer overlayer loading needed to obtain
similar catalyst layer resistance to CCM-based MEAs. The results presented also provide insights that are

likely relevant for the optimization of GDEs prepared using roll-to-roll or other coating methods.
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