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HIGHLIGHTS

e Method to make high-performance roll-to-roll coated GDEs developed.
e Rapid drying of catalyst layer found to enrich ionomer at top surface.

o Jonomer-rich catalyst layer surface forms low-resistance interface with membrane.

© Roll-to-roll coated GDEs perform as well as spray-coated GDEs.
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This study focuses on determining fabrication conditions to create high-performance roll-to-roll-coated (R2R-
coated) gas-diffusion electrodes (GDEs) for proton-exchange-membrane fuel cells (PEMFCs). Here, we examine
how process conditions influence the distribution of ionomer in the electrode, which is shown to be critical for
high performance. Using a combination of Kelvin probe, X-ray photoelectron spectroscopy, and nano-scale X-ray
computed tomography we show that formation of an ionomer-rich surface is promoted by using a higher drying

rate. We show that R2R-coated GDEs have higher surface ionomer concentration than spray-coated GDEs, which
enables these R2R-coated GDEs to not need an additional ionomer overlayer, as is typically the case for spray-
coated GDEs. This will reduce the number of processing steps and lower material costs in a manufacturing
setting. This work shows that with the appropriate selection of materials, ink formulation, and processing
conditions, direct-coated GDEs are a viable pathway for fuel cell manufacturing.

1. Introduction

The challenge for any energy technology to advance from the labo-
ratory to a product is the ability to translate the high performance of
laboratory scale to mass production. Scale-up can present challenges for
both materials synthesis and device fabrication. For PEMFCs, fabrication
of the membrane-electrode assembly (MEA) presents challenges for
mass production. Specifically, to meet the production volumes needed
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for widespread use of fuel-cell electric vehicles, continuous roll-to-roll
(R2R) processes will be needed [1]. Therefore it is critical to deter-
mine pathways for high-performance MEAs fabricated using R2R
processes.

The catalyst layers of an MEA are typically fabricated through two
pathways: direct coating or decal transfer. In direct coating, the catalyst
layer is coated directly onto the membrane or gas diffusion media. In the
decal transfer process, the catalyst layer is coated to a decal substrate
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(sometimes referred to as a transfer liner) and then laminated to the
membrane in a hot-pressing transfer step. For mass production, direct
coating is advantageous as it reduces both process and materials costs.
Manufacturing cost analysis has shown that at a production volume of
500,000 light-duty vehicle stacks per year, the decal substrate and the
transfer process together cost approximately 1.67 times the cost of the
electrode coating process itself [2,3]. In addition, this analysis does not
account for the cost associated with incomplete transfer of the expensive
catalyst and ionomer materials to the membrane during the transfer
process. Thus, there is a need to develop coating processes and device
constructions that are amenable to high-volume direct coating, while
also achieving the high performance of laboratory-scale MEAs.

In direct coating, the catalyst layer can be applied directly to the
membrane to form a catalyst-coated membrane (CCM). CCMs generally
produce high-performance MEAs due to a low contact resistance at the
catalyst layer — membrane interface [4]. However, perfluorosulfonic
acid (PFSA) membranes are prone to swelling in the catalyst ink
dispersion media. For lab-scale processes this can be easily overcome by
mechanically stabilizing the membrane on a vacuum table during
coating of the catalyst layer. However, this approach is likely imprac-
tical in continuous R2R processes. Researchers have developed other
strategies for direct coating of membranes such as pre-swelling the
membrane [5,6] or choosing a solvent system to minimize membrane
swelling [7]. However, these approaches have not been adapted for R2R
processing, likely because they require additional process steps or use
dispersion media with very high boiling points. As a result, many
manufacturers use the decal transfer process to fabricate CCMs as
coating on a decal substrate and the transfer process do not present
logistical challenges for R2R processing [8,9].

Alternately, gas-diffusion electrodes (GDEs) can be fabricated by
coating the catalyst onto the microporous layer (MPL) of the gas diffu-
sion media. Relative to membranes, gas diffusion media (GDM) is a more
amenable substrate for direct coating, since it does not swell when in
contact with the catalyst ink. There may also be performance advantages
to GDEs. GDEs have lower thermal and electronic resistances than
CCMs, the latter of which reduces MEA high-frequency resistance [10,
11]. Also, water pooling at the catalyst layer — MPL interface has been
shown to limit reactant transport in CCMs [12,13]. Thus the more in-
tegral catalyst layer — MPL interface expected in GDEs is likely to
improve reactant transport.

Despite these advantages, the performance of GDE-based MEAs has
often lagged behind that of CCM-based MEAs due to a poor catalyst layer
— membrane interface [4]. Several researchers have sought to improve
GDE-based MEAs by coating a layer of ionomer on top of the catalyst
layer prior to interfacing it with the membrane. Despite the improve-
ments observed, the GDE-based MEAs still did not match the perfor-
mance of CCM-based MEAs [14-17]. Recently, we demonstrated that
spray-coated GDE-based MEAs could match the performance of
CCM-based MEAs by using a thin ionomer overlayer and subsequently
hot pressing the GDE to the membrane [18]. In a follow up study, we
showed that decreasing the MPL roughness reduced the required ion-
omer overlayer thickness for maximum performance, highlighting the
need to select materials appropriately for MEA construction [19].
However, for mass production this two-layer construction (catalyst layer
plus ionomer overlayer) does not present much of an advantage over a
R2R decal transfer process as both involve two process steps. Therefore,
it is desirable to develop a single-step R2R process, i.e., one coating step
only, to produce high performance GDEs.

Based on our studies of spray-coated GDEs and ionomer overlayers
we hypothesized that a R2R-coated GDE with a naturally-occurring high
concentration of ionomer at the top surface would remove the need for
an additional ionomer overlayer. To that end, it has been previously
established that in the drying of mixtures of colloidal particles, such as
fuel cell catalyst inks, the distribution of particles is impacted by factors
such as the drying rate, particle size, and concentration [20-25]. We
suspected that in R2R-coated catalyst layers, through appropriate
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selection of ionomer-to-carbon (I/C) ratio and drying parameters, a
catalyst layer with an ionomer-rich top (membrane-facing) surface
could be prepared in a single coating step. We expected that at high
ionomer concentrations, not all of the ionomer would be adsorbed on
the catalyst or support and therefore be free to segregate to the top
surface of the catalyst layer. This structure would mimic the bilayer
structure created by spraying an ionomer overlayer onto the catalyst
layer, and minimize the contact resistance between the catalyst layer
and the membrane, removing the need for an ionomer overlayer pro-
duced with an additional coating step.

From prior theoretical and experimental studies, a consistent un-
derstanding has been established for colloidal dispersions, which can be
applied to fuel cell catalyst inks. When a film consolidates, there are
three forces that dictate the distribution of materials — evaporation,
diffusion, and sedimentation [21]. The relative importance of these
forces can be assessed using the dimensionless Peclet (Pe) and sedi-
mentation (N;) numbers. Pe characterizes the importance of evaporation
relative to diffusion and is defined as,

 EH,

Pe= D, (@)

where E is the velocity of the free surface moving towards the substrate,
Hy is the initial thickness of the wet film, and Dy is the Stokes-Einstein
diffusion coefficient. A high Pe indicates the consolidation process is
evaporation dominated. In Equation (2), N; characterizes the impor-
tance of evaporation relative to sedimentation:
Uo

N, = E (2)
where Uy is the sedimentation velocity of the particles. For the majority
of conditions, Uy is small relative to E and Dy, thus N; is low, meaning
evaporation and diffusion are the primary competing forces [21,26].
Previous studies have found that for dispersions with two sizes of
colloidal particles, high Pe leads to stratification in the final dried film
with the surface rich in the smaller particles [20,22,23,27]. In these
conditions the larger particles are pinned at the rapidly descending
drying front. Capillary forces drive the smaller particles through the
interstitial voids between the large particles and displace them at the
surface creating a surface rich in the smaller particles. In the case of high
solids volume fraction and a small difference in size between the two
types of particles, the stratification is less pronounced and there tends to
be more of a gradual increase in small particles towards surface rather
than a fully stratified small particle layer [20]. At low Pe, Brownian
diffusion counteracts capillary forces and particles at the surface diffuse
back towards the bulk of the film resulting in a more homogenous dis-
tribution of materials. Based on this understanding we would expect that
increasing the drying temperature, thus increasing Pe, would promote
enrichment of ionomer at the top surface. However, ionomer adsorbs on
to the Pt/C surface, which may limit its ability segregate. Thus, an
exploration of how ink formulation and drying impact the ionomer
distribution throughout the of the catalyst layer is needed.

In this work, we investigated the impact of drying temperature and
ionomer concentration in the catalyst ink on the concentration of ion-
omer at the top surface of the GDE and the resulting impact on fuel cell
performance. Using a combination of Kelvin probe and X-ray photo-
electron spectroscopy (XPS) we show that by increasing the drying
temperature and ionomer concentration we are able to increase the
ionomer content at the top surface of the catalyst layer. This enables the
production of R2R-coated GDEs, coated in a single step with a single ink,
that have the same, if not slightly higher, performance than two-step
spray-coated GDEs with an overlayer. Overall, this work shows that
GDEs are a promising option for mass production of MEAs.
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2. Materials and methods

Materials — The catalyst used in this study was a 46 wt% Pt on high
surface area carbon (Pt/HSC, Tanaka TEC10E50E). The ionomer
dispersion was a 20 wt% dispersion of Nafion™ (1000 EW) in a mixture
of water and 1-propanol (D2020, Ion Power). For all MEAs, 25 pm thick
Nafion™ membranes (NR-211, Ion Power) were used. Two diffusion
media were used: Sigracet 29 BC (SGL Carbon) and H23C8
(Freudenberg).

Spray Coating — Spray-coated catalyst layers were prepared using
dilute catalyst inks and an ionomer dispersion. The catalyst ink and
ionomer dispersion were prepared with the same formulation and pro-
cedure as we have previously used to prepare GDEs [18,19]. Briefly the
catalyst powder was weighed into a glass jar followed by the addition of
deionized water, gentle swirling, 1-propanol, and the ionomer disper-
sion. The I/C of the catalyst ink was 0.9 I/C. The ink was mixed using a
combination of tip and bath ultrasonication.

Spray coating was used to prepare GDE and CCM catalyst layers, as
we have previously reported [18,19]. The inks were spray coated using a
25 kHz Accumist nozzle on a SonoTek ultrasonic spray coating station.
For the catalyst layers, the volumetric flow rate was 0.3 mL/min. The
catalyst layer loading was 0.1 mgp,/cm?. For the ionomer overlayer, the
flow rate was 0.15 mL/min. The loading of the ionomer overlayer was
0.045 mgagion/cm?, as detailed in our previous publication [18].

Mayer Rod and Roll-to-Roll Coating — Inks for Mayer rod and R2R
coating are more concentrated then those used for spray coating. The
inks were prepared by weighing the catalyst powder into a glass jar,
adding the required amounts of deionized water, followed by 1-propa-
nol, and then ionomer dispersion. The inks were mixed using a high-
shear disperser (T25 Ultra Turrax, IKA) for 15 min at 10,000 rpm. The
water/1-propanol ratio of the final inks was 75/25 by weight. The Pt/
HSC content in these inks was 3.2 wt%. The mass of ionomer dispersion
added to the ink was varied to achieve the desired I/C ratio.

Small-scale GDEs were prepared using Mayer rod coating. This
process simulates R2R coating as a single film is used to create the
catalyst layer. The rods were drawn by hand. After coating, these sam-
ples were dried in the air flotation oven of the R2R coating line.

For R2R-coated samples, catalyst layers were coated using slot die
coating on a Yasui Seki - MIRWEC Mini-Labo Deluxe coating station, as
shown in Fig. 1a. A slot die (Premier Dies) with a slot gap of 250 pm and
a coating width of 8 cm was used. The die was mounted horizontally,
and the coating was performed with a backing roller, as shown in
Fig. 1b. The web speed was 1 m/min. The gap between the die lip and
substrate was varied for each ink in order to obtain a stable coating bead.
The coatings were dried in the air flotation ovens of the coating line at
80 °C.

Loading Characterization — The Pt loadings of the GDE electrodes
were measured using X-ray fluorescence spectroscopy (XRF) (Fischer-
scope XDV-SDD, 50 kV, 50 W X-ray source). The instrument calculates
the Pt loading from the measured spectrum using a fundamental pa-
rameters approach. This is based on physical models for all the aspects of
the XRF experiment, such as absorption, enhancement, specimen ge-
ometry, fluorescence yield, and spectral output. For each GDE the
loading was measured at 5 locations to characterize the average loading.
For all electrodes the Pt loading varied by less than 5% across the
electrode. For electrodes of the same Pt loading the variation between
electrodes was also less than 5%.

MEA Assembly — The MEAs used GDEs as cathodes. Anodes with a
0.1 mgpy/cm? loading were prepared by direct spray coating onto the
membrane to create a half-CCM prior to full MEA assembly. The full
MEAs were assembled by hot pressing the GDE cathode to the anode-
half-CCM along with the anode gas diffusion layer (GDL), which was
the same as the cathode GDL. The MEAs were hot pressed for 3 min at
125 °C between Kapton and Gylon sheets and stainless steel plates, as
previously described [18]. The total applied force was 25 kg/cmZgyion.
The stacks were removed from the press and allowed to cool to near
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Fig. 1. Photographs of the (a) roll-to-roll coating station and (b) slot die
coating the catalyst layer on gas diffusion media.

room temperature. Then the MEAs were removed from the plates and
polymer sheets. The MEA active area was 50 cm?.

MEA Testing — The MEAs were tested in single-cell hardware with
graphite flow fields with double/triple serpentine (anode/cathode)
patterns. The MEAs were sealed between polytetrafluoroethylene
(PTFE) gaskets. The thicknesses of the gaskets were measured and
appropriate thicknesses were selected to compress the diffusion media to
82% of its original thickness, based on the manufacturer’s recommen-
dations. All MEAs were conditioned the same procedure. This procedure
consisted of a break-in procedure of voltage cycling. This was followed
by cycles of holding at 0.1 V followed by polarization curves [28,29].
The reported polarization curves were measured following the third
conditioning cycle. Our prior work has shown the mass activity plateaus
after three cycles for this catalyst/membrane system [29]. Polarization
curves were measured with an anodic sweep direction. The reported
current density/voltage is the average value measured in the minute
following a 3 min equilibration period. Oxygen polarization curves were
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measured using voltage-control mode. Air polarization curves were
measured using current-control mode. The anode and cathode stoichi-
ometries were 1.5 and 2, respectively. Polarization curves were
measured under conditions of 80 °C, 150 kPa absolute and 100% RH (O,
and air).

Cyclic voltammograms (CVs) were measured at 30 °C, 150 kPa total
cell pressure, 100% RH, with H; on the anode and N3 on the cathode at
flow rates of 0.50 and 0.05 slpm, respectively. The CVs were recorded
from 0.05 to 1.2 V at a sweep rate of 50 mV/s using an Autolab
PGSTAT302 N potentiostat (MetrOhm AG). The electrochemically-
active surface area (ECSA) was determined from the integrated area of
the hydrogen underpotential deposition (Hypp) region (~0.1-0.4 V) of
the CVs [30,31].

Electrochemical impedance spectra were measured at 80 °C, 150 kPa
absolute total cell pressure, 100% RH, and H; and N, flow rates of 0.2
slpm. The spectra consisted of 40 points from 1 Hz-10 kHz on a loga-
rithmic scale. The DC voltage was 0.2 V and the AC perturbation voltage
was 1 mV. The spectra were modeled using a physics-based modified-
transmission-line model in an open-source custom-programed complex-
valued non-linear least-squares fitting program [18,32,33].

Kelvin Probe — The contact potential difference (CPD) of the GDEs
was measured using an ambient Kelvin probe with a gold-alloy tip (KP
Technology, Ltd.), as previously described [34]. Proper function of the
system was ensured by measuring reference samples of gold and
aluminum with a native oxide. The measurement system was enclosed in
a Faraday cage to minimize electrical noise in the system. The position of
the tip was manually adjusted to set a gradient between the tip and
sample in the range of 290-310 mV. The probe amplitude was 50 and
the frequency was 78 Hz. The samples were grounded by contacting
them with a metal needle. The reported CPD values are the average of 20
measurements.

Nano-scale X-ray Computed Tomography (nano-CT) — Prior to
mounting the GDE samples on the tomography pins the GDE samples
were soaked for 72 h in a saturated cesium sulfate solution (with solu-
bility of 167 g/100 mL) to ion exchange the sulfonic acid groups of the
ionomer with Cs™ [35]. The ion-exchanged sample was rinsed with
copious amounts of deionized water to remove excess salt and then dried
at room temperature. As described below, Cs* exchange is necessary to
visualize the ionomer by nano-CT. The dried GDE samples were then cut
into ~0.5 mm x ~0.5 mm pieces using a scalpel and attached to the flat
end of a pin using silver-epoxy composite adhesive. The electrodes were
then laser-milled (QuickLaze 50ST2, ESI®) to form <50 pm diameter
circular pillars. Samples of this size are needed for the nano-CT mea-
surements such that the entire sample stays in the field of view of the
nano-CT instrument during rotation.

X-ray radiographs were acquired using the Xradia nano XCT-S100
TXM at beam line 32-ID-C of the Advanced Photon Source (APS) at
Argonne National Laboratory (ANL). Employing a fly-scan technique,
1080 projection images were acquired over 180° of rotation. Images
were acquired in both absorption and Zernike phase contrast modes
without removing the sample from the tomography stage. The phase
contrast mode facilitates imaging low electron density materials and
resolves the secondary pore morphology and the structure of the solid
electrode (as a mixture of C, Pt, ionomer, and primary pores). The ab-
sorption contrast relies on differences in the electron density of the
electrodes’ constituents and shows the location of the electron-rich Cs™-
exchanged ionomer. Catalyst particles also contribute to the absorption-
contrast images; however, the volume of the catalyst particles is small
compared to the volume of the ionomer. The projection images were
reconstructed into 3D image sequence with ~20-nm voxel size using
Tomopy with Astra [36]. Nano-CT data was further quantified by seg-
menting the phase contrast image using open source Fiji software [37],
as discussed in detail in Cetinbas et al. [38] The volume fraction of
ionomer was determined based on the methods developed by Komini
Babu et al. [35].
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2.1. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed using a custom Scienta-Omicron HiPP-3 system equipped with a
R4000 hemispherical analyzer operating in swift acceleration mode
[39] calibrated to the Au 4f region of a sputter cleaned Au foil. An Al K,
X-ray source was operated with a 900 pm spot size at 300 W, and all core
level measurements were performed at a combination of a 200 eV pass
energy and a 0.8 mm x 30 mm slit size resulting in an estimated energy
resolution of 0.59 eV. Analysis chamber pressure was maintained at a
level below 5.0 x 108 mbar, while analyzer pressure remained below 1
x 1078 mbar. Samples were mounted on conducting carbon tape and
therefore no charge referencing was necessary. All C 1s spectra were
acquired within 20 min of initially exposing the samples to the X-ray
source to avoid any artifacts that may occur due to Nafion™ instability.

Spectral processing was performed using CasaXPS software, where a
Shirley background was applied to the C 1s. Curve-fitting was performed
using a least-squares method, featuring 8 components with a 30%
Gaussian, 70% Lorentzian line shape. The binding energy (BE) position
and full width at half-maximum (FWHM) values for each component
were constrained to a range of 0.2 eV and 0.1 eV, respectively. A table of
fitting parameters is supplied in Table S1 of the Supporting Information
for all curve-fits displayed. Assignment of spectral components to
chemical species is based upon both prior experience and relevant
literature [40,41].

3. Results and discussion

To understand the factors that control the distribution of ionomer we
started by preparing small-scale samples with different ink formulations
using Mayer rod coating. For brevity, these will henceforth be referred to
as “rod-coated”. Since this coating method creates a thick wet film, the
film consolidation is similar to what would occur in a continuous R2R
process. Inks with three I/C ratios (0.9, 1.2, and 1.6) were coated on SGL
29BC diffusion media and dried at different temperatures. An I/C of 0.9
is thought to be near optimum for the high-surface-area support used
here and is what we typically use for spray-coated GDEs [18,19,42]. We
hypothesized that higher amounts of ionomer in the ink could lead to an
increased surface concentration of ionomer, assuming the additional
ionomer remains freely dispersed in the ink and does not adsorb on the
catalyst or support. The catalyst layers were dried in the forced-air oven
of the R2R coating system. Forced air has been shown to lead to more
polymer at the surface than still air, thus these ovens should promote the
formation of an ionomer rich surface [22]. The oven temperatures tested
were 25, 60, and 80 °C.

Given that our ultimate goal was to determine if we could create an
ionomer-rich catalyst layer surface, we initially characterized these
samples using a Kelvin probe. A Kelvin probe measures the CPD between
a sample surface and a reference metal tip. The CPD is the difference
between the work function of the reference electrode tip and the surface
potential of the measured sample. A sample’s surface potential is
determined, in part, by the chemical composition of the surface. For a
surface containing multiple components, a Kelvin probe can provide
qualitative assessment of the surface composition, provided there is
significant contrast between the components [43]. We have previously
shown that this method is able to distinguish between catalyst layers
with different ionomer content [34].

Fig. 2 shows the measured CPDs for the rod-coated catalyst layers
described above. Because CPD is a relative measurement, the values in
the plot have been normalized by subtracting the measured CPD of a
spray-coated-GDE catalyst layer without an ionomer overlayer from the
measured CPD of the other samples. Therefore, CPD values greater than
zero indicate a higher surface ionomer content than the spray-coated
catalyst layer without an overlayer. Also included as a dashed line is
the CPD value for a spray-coated catalyst layer with an ionomer over-
layer. The top surface of the spray-coated GDE with ionomer overlayer



S.A. Mauger et al.

1.50
@ 091cC
125 -4 W 12IC Spray-coated GDE
A 16I1C with ionomer ovelayer
S 1.00 4
= A
2 A
o 0.75 4 2 - o
g -
= 0.50 A
g -
< 0.25
) Spray-coated GDE
without ionomer ovelayer
0.00 ~
T T T T
0 20 40 60 80 100

Drying Temperature [°C]

Fig. 2. Kelvin probe measurements of the relative contact potential difference
(CPD) of rod-coated GDEs. Measured CPD values are calculated relative to the
spray-coated GDE without an ionomer overlayer. Catalyst inks had I/C of 0.9
(black), 1.2 (red), or 1.6 (blue). (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

has a high ionomer concentration, and therefore a high CPD. These two
spray-coated samples provide a useful reference against which to qual-
itatively understand how I/C ratio and drying temperature influence the
surface ionomer concentration of rod-coated samples.

There are several noteworthy observations from the CPD results for
the rod-coated samples. First, all of the rod-coated catalyst layers have a
higher CPD, and thus a higher surface ionomer content, than the spray-
coated catalyst layer without an ionomer overlayer. This is even the case
at 0.9 I/C, which is the same I/C as the spray-coated catalyst layers,
indicating that there was likely ionomer migration to the surface during
drying of the rod-coated samples. This also suggests that forming the
catalyst layer from a thick wet film — as opposed to many sequential very
thin layers, as is the case in spray coating — may provide an advantage
for preparing GDEs. With increasing I/C from 0.9 to 1.2 and 1.6 there is
an increase in CPD regardless of drying temperature, which is expected
due to the increased ionomer content of the catalyst layer. There is also
an increase in CPD with increasing drying temperature. Increasing the
drying temperature increases the evaporation rate and thus Pe. Previous
studies have shown that high Pe favors the segregation of small particles
to the top surface of the wet film as it dries [20-22]. In catalyst inks, the
ionomer should be the smaller particle as its size has been shown to be in
range of 10s—~200 nm [44-51], whereas the primary catalyst aggregate
is several hundred nanometers with secondary agglomerates over a
micron [52]. Thus it is consistent with prior work that higher Pe (higher
temperature) favors an increase in the ionomer surface concentration.

To confirm the results of the Kelvin probe measurements we also
measured selected GDEs using XPS. Like Kelvin probe, XPS is a surface-
specific measurement, but is more quantitative because the ratios of
different elements and/or specific species can be compared, either from
comparison of the peaks arising from different elements, or from curve-
fitting the peak corresponding to a given element. For these GDEs,
quantitative information about the relative abundance of ionomer and
catalyst at the surface of the catalyst layer was estimated from C 1s
spectra, by comparing the contributions from carbon associated with
ionomer and carbon present in the catalyst support [40]. The area for the
ionomer is the sum of the area of the CFy and O-CF; peaks (denoted as
Cp. The area corresponding to species present in the Pt/HSC catalyst is
the sum of the area of the C—=C and C-C-/C-H peaks (denoted as C¢).
Because these peaks are separated by such a large value (approximately
6 eV) we are able to clearly resolve the peaks for both components in a
consistent manner.
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Fig. 3 shows the C 1s spectra for the rod-coated GDEs dried at 80 °C
as well as spray-coated GDEs with and without an ionomer overlayer.
The ratio of ionomer peak area (C;) to Pt/HSC peak area (C¢) are re-
ported in Table 1. The ratios are calculated such that higher values
indicate an increase in surface ionomer content. With increasing I/C
ratio we see an increase in the C;/C¢ ratio corresponding to an increase
in surface ionomer content, consistent with the Kelvin probe measure-
ments. We observe that all rod-coated GDEs have a larger peak area ratio
than the spray-coated GDE without overlayer, which is also consistent
with Kelvin probe. When we add the ionomer overlayer to spray-coated
GDE we observe an increase in the surface ionomer content. However,
the increase is smaller than expected when compared to the rod-coated
GDEs. From the Kelvin probe data, the spray-coated GDE with an
overlayer has a CPD that is over 100 mV higher than the rod-coated GDE
with 1.6 I/C dried at 80 °C. In contrast, the XPS peak area ratio of the
spray-coated GDE with an overlayer is less than half of the rod-coated
GDE with 1.6 I/C dried at 80 °C. We do not fully understand the
source of this inconsistency. It may come from the difference in the two
measurement techniques. XPS measures the top 5-10 nm of a sample.
Kelvin probe, in theory, should measure only the surface. Thus, we may
be seeing a difference due to XPS probing to a deeper depth than Kelvin
probe. Despite this relative inconsistency in the two measurements, as a
whole the XPS and Kelvin probe Results both indicate that increasing
drying temperature and I/C lead to an increase in surface ionomer
concentration for the rod-coated GDEs.

From these Results it is clear that drying was influencing the distri-
bution of ionomer in the catalyst layers. However, Kelvin probe and XPS
are surface sensitive techniques, and thus do not provide information
about the ionomer distribution through the thickness of the catalyst
layer. Therefore, we have also examined a select set of rod-coated
electrodes using nano-CT to gain more information about the 3D
microstructure of the catalyst layers. Nano-CT is a powerful tool to
characterize the three-dimensional secondary pore structure in the
catalyst layers. Additionally, by exchanging sulfonic groups in the PFSA
ionomer with Cs*, the ionomer distribution throughout the catalyst
layer sample can be estimated by correlating X-ray absorption intensity
with ionomer volume fraction. Thus it provides a more complete picture
of catalyst layer morphology [38,53-55].

Shown in Fig. 4a is the absorption contrast image of the 0.9 I/C rod-
coated GDE dried at 80 °C. The absorption contrast data highlights X-ray
attenuation from Cs* in the sample and shows the distribution of ion-
omer with blue indicating a lower amount of ionomer and green/yellow
indicating a high ionomer concentration. Looking at this image one can
see the catalyst layer is mostly blue near the bottom (near the GDM) and
becomes much greener moving towards the top. This shows that the
ionomer concentration is increasing towards the top of the catalyst
layer.

To more clearly characterize the distribution of ionomer, the ion-
omer volume fraction is presented along the electrode thickness in
Fig. 4b. Here the thickness has been normalized by the total layer
thickness with 0 corresponding to the top (air) surface and 1 corre-
sponding to the interface with the GDM. Overall, the trends are
consistent with the Results of Kelvin probe and XPS. Comparing the 1.6
1/C inks dried at 25 and 80 °C, focusing on the air surface (left side) of
the profile, we do see that the catalyst layer dried at 80 °C has a higher
ionomer content. This is consistent with what was measured with the
Kelvin probe. Also compared is the effect of I/C. Consistent with the
Kelvin probe and XPS, increasing I/C leads to an increase the surface
concentration of ionomer.

If we look at the whole thickness profile, we can see that none of the
catalyst layers show complete stratification of ionomer and Pt/HSC into
a bilayer structure that has been observed for some particle systems and
conditions [20,21]. Rather the profiles are gradients with ionomer
content gradually increasing towards the surface. These profiles look
similar to the results of Makepeace et al. for concentrated dispersions
with a small size ratio between large and small particles, suggesting the
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Summary of XPS measurements of rod-coated and spray-coated GDEs dried at
80 °C. The Cy/Cc ratio is the peak area ratio of peaks unique to the ionomer (Cp)
and Pt/HSC catalyst (Cc). Also included are the relative CPD difference between
the samples and the spray-coated GDE without an overlayer.

Coating Method 1/C C/Cc ACPD [mV]
Spray-coated without overlayer 0.9 0.21 -
Spray-coated with overlayer 0.9 0.38 1104
Mayer Rod 0.9 0.49 605

1.2 0.58 726

1.6 0.86 933

same conditions may exist here for the ink formulations used [20]. From
our previous DLS measurements of particles sizes we have measured
Pt/HSC primary aggregates to be 298 nm and ionomer aggregates to be
around 200 nm [56,57]. This gives an estimated size ratio of 1.5,
consistent with the low size ratio studied by Makepeace et al. Based on
small angle neutron measurements of carbon blacks [58], we estimate
that the effective volume fraction of HSC in the inks used here is around
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Fig. 3. C 1s XPS spectra for GDEs coated on 29BC
diffusion media. (a) Rod-coated GDEs as a function

— Cm of catalyst ink 1/C, increasing from top to bottom.
c .c ,c H (b) Spray-coated GDEs without (top) and with
(bottom) an ionomer overlayer. Ionomer signal area
— ‘CF;' is calculated as the sum of the areas for the -CF2- (pink)
o 'CF and -O-CF»- (cyan) peaks (Cp. The total catalyst area

P 2

is calculated as the sum of the areas for the C = C (red)
and C-C/C-H (dark blue) peaks (Cc). (For interpre-
tation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)
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295 292 289 286 283
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0.15. With the additional volume fraction of the ionomer this is close to
the 0.2 vol fraction considered as concentrated by Makepeace et al.
Ultimately these results and analysis confirm that our observations of
the stratification during consolidation for this ink is consistent with
general studies of drying in colloidal mixtures.

From Kelvin probe, XPS, and nano-CT it is clear that increasing
drying temperature increases the surface ionomer content. This would
indicate that the drying of these catalyst layers at high temperatures is
dominated by evaporative forces. A rough estimate of Pe confirms this.
At 80 °C the films were dry in less than 1 min. The wet film thickness
(Hp) for a 0.1 mgp,/cm? loading is approximately 60 pm. This Results in
an evaporation rate (E) of 1 pm/s. Assuming a particle diameter of 300
nm and a viscosity of 100 mPa-s, Dy is on the order of 10~'* m?/s. From
Eqn. (1), we estimate that Pe is on the order of 103, indicating that film
consolidation is evaporation dominated at 80 °C.

In addition to characterizing the ionomer volume fraction, the nano-
CT measurements can be used to estimate the local ion conductivity and
oxygen diffusivity, as shown in Fig. 4c and d, respectively. The calcu-
lations of local ion conductivity and oxygen diffusivity are consistent
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with what would be expected with increases in I/C. The effective proton
conductivity increases with increasing I/C, which would be expected
based on the increased volume fraction of ionomer in the catalyst layer
[59]. Similarly, increasing I/C decreases the effective oxygen diffusivity.
From the pore size distributions of the phase contrast images, increasing
I/C decreases the average porosity, which leads to lower diffusivity. We
also found that decreasing the drying temperature decreases the average
porosity. At lower drying temperatures, thus lower Pe, greater diffu-
sional motion should allow the Pt/HSC aggregates to pack more closely,
reducing the secondary pore diameter.

Based on the Results from the Kelvin probe, XPS, and nano-CT
measurements, we concluded that there could be advantages to pre-
paring GDEs from thick wet films as compared to spray coating due to
the higher surface ionomer concentration. Therefore, we prepared R2R
slot-die-coated GDEs using the same ink formulations that were used for
the rod-coated samples. Slot-die coating is a pre-metered liquid coating
technique suitable for continuous R2R coating [60,61]. Line speeds of
over 100 m/min are possible, which is well above the estimated requi-
site line speeds for industrial fuel cell manufacturing [1,61]. Previous
researchers have demonstrated the capability of slot-die coating to
fabricate highly uniform fuel cell catalyst layers [62,63]. In slot-die
coating, the coating liquid is fed to the die body and extruded through
a thin slot directly onto the substrate. Because slot-die coating is a
non-contact coating method it enables uniform liquid film coatings on
rough or irregular surfaces, such as GDM [64]. The drying temperature
for these fabrications was set at 80 °C, as we observed higher drying
temperature to increase the ionomer content of the top surface.

In our previous work on spray-coated GDEs we found that MPL
surface roughness influenced the thickness of the ionomer overlayer
needed to achieve best performance [19]. In that work it was shown
that, of the two gas diffusion media studied, Freudenberg H23C8 had a
relatively smooth MPL surface. And given that our goal in this work was

to prepare high-performance GDEs without an overlayer, we presumed
that this smooth MPL would be advantageous. Therefore, we R2R coated
the catalyst layers on Freudenberg H23C8 GDM in addition to the SGL
29BC GDM. These GDEs were assembled into MEAs by hot pressing the
GDEs to anode half-CCMs. The 29BC-based R2R-coated GDEs showed
very poor fuel cell performance, likely due to the rough MPL surface, and
were not analyzed further.

As was done with the rod-coated catalyst layers, we characterized the
surface ionomer content of the R2R-coated H23C8-GDM-based GDEs
using XPS. These Results are shown in Fig. 5 and summarized in Table 2.
We observe the same trend in the R2R-coated GDEs as was observed for
the rod-coated GDEs. The R2R-coated GDEs show an increased peak area
ratio compared to the spray-coated GDEs, indicating a higher surface
ionomer concentration. Additionally, the peak area ratio increases with
increasing I/C ratio. R2R-coated GDEs on H23C8 GDM have a much
higher C;/C¢ ratio than the rod-coated GDEs on 29BC GDM. At this point
we are unsure of the cause of these differences. It is possible that the
difference in surface roughness effects the measured signal. It may also
be that the substrate or coating method may additionally be affecting the
distribution of ionomer. Further investigation is needed to determine the
cause(s). Regardless, the results are qualitatively consistent and confirm
that drying from a thick liquid film leads to an enrichment of ionomer on
the top surface of the catalyst layer.

Finally, we prepared MEAs from the R2R-coated GDEs as well as
spray-coated GDEs using the same H23C8 GDM. The oxygen polariza-
tion curves are presented in Fig. 6. The ECSA (measured from cyclic
voltammetry) and oxygen-reduction reaction (ORR) mass activity
(measured at 0.9 V HFR-free) are reported for all MEAs in Table 3. All of
the MEAs show very similar ECSA, consistent with our previous Results
that showed ECSA was not significantly impacted by the catalyst layer-
membrane interface so long as the GDEs were hot pressed to the mem-
brane [18]. The R2R-coated GDEs display very similar mass activity to
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Fig. 5. C 1s XPS spectra for GDEs coated on H23C8
diffusion media. (a) Slot-die-coated GDEs as a

— C= function of catalyst ink I/C, increasing from top to
bottom. (b) Spray coated GDEs without (top) and

C'CI c'" with (bottom) an ionomer overlayer. Ionomer signal

J— 'CF)' area is calculated at the sum of the areas for the -CF2-
(magenta) and -O-CFz- (cyan) peaks. The total cata-

o-C Fz lyst area is calculated as the sum of the areas for the C

= C (red) and C-C/C-H (dark blue) peaks. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)

(‘n"e) Aysuayuj

a)
2os Data
- Fit
~— Background
- C-0O/C-OH
- C=0
-~ 0O-CF/O-C=0
— «CF,
3
S
2 li:c=1.2
(7]
c
8
=
1:C=1.6
295 292 289 286 283
Binding Energy (eV)
Table 2

XPS analysis of R2R-coated GDEs coated on H23C8 diffusion media. The peak
areas are reported for the C 1s peaks associated with carbon in ionomer (C;) and
catalyst support (Cg). Higher values of C;/Cs indicate a greater surface ionomer
concentration.

Coating Method 1/C Cy/Cs
Spray — no overlayer 0.9 0.21
Spray — overlayer 0.9 0.38
R2R slot die 0.9 0.63
1.2 1.4
1.6 3.6

the spray-coated GDEs with an overlayer indicating similar Pt utilization
and ORR kinetics.

Fig. 7a shows the Hy/air polarization curves at 100 %RH for the R2R
MEAs. Additional polarization curve details are reported in Table S2. It
can be seen that the spray-coated GDE without an overlayer performs
poorly compared to the spray-coated GDE with an overlayer, as we have

""""'l"l
295 292 289 286 283

Binding Energy (eV)

demonstrated previously [18,19]. The spray-coated GDE with the
overlayer was also shown to perform better than CCMs with this diffu-
sion media [19]. The one-step (without an overlayer) R2R GDE with a
0.9 I/C performs slightly better than the spray-coated GDE with an
ionomer overlayer, e.g., at 1.5 A/cm? the cell voltage of the R2R-coated
GDE is 23 mV higher than that of the spray-coated GDE with overlayer.
This difference in cell voltage is greater than the standard deviation
measured for multiple MEAs indicating that this difference is real and
not a result of experimental variance.

As we observed in the Kelvin probe, XPS, and nano-CT measure-
ments, the GDEs coated from thick liquid films (rod and slot die) resulted
in higher surface ionomer content than spray coating. We suspected that
this behavior could lead to the formation of an interface with the
membrane upon hot pressing sufficient to eliminate the need for an
ionomer overlayer. The similar ECSA, mass activity, and air perfor-
mance of the R2R-coated GDEs (without a sprayed overlayer) compared
to the spray-coated GDEs with an overlayer confirm this hypothesis.

Interestingly, the higher measured surface ionomer content of the
1.2 and 1.6 I/C GDEs does not result in any improvement in performance
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Fig. 6. Oxygen polarization curves for MEAs with R2R-coated and spray-coated
cathode GDEs. (a) Current density vs. cell voltage. (b) Current density vs. HFR-
free cell voltage.

Table 3
Electrochemical surface area (ECSA) and ORR mass activity (i%°") for MEAs
prepared with R2R-coated and spray-coated GDEs.

Coating Method 1/C ECSA [m?/g] i%%V [mA/mgp]
Roll-to-Roll 0.9 61.5 + 2.0 392 +£ 12

1.2 60.9 + 3.1 387 £ 10

1.6 58.5 + 4.2 367 £ 15
Spray — without ionomer overlayer® 0.9 59.8 317+ 8
Spray — with ionomer overlayer” 0.9 62.9 + 3.5 427 + 16

 Data previously published in Reference [19].

over the GDEs at 0.9 I/C. In fact, these samples show slightly decreased
performance compared to 0.9 I/C. There is also a slight decrease in
performance at high current density as well as small decreases in both
ECSA and mass activity (Table S2) with increasing I/C, but all of these
deviations are small and may be within experimental error. These
findings indicate that the additional surface ionomer in the 1.2 and 1.6
I/C R2R GDEs beyond what is present in the 0.9 I/C R2R GDE is not
necessary to form a good interface with the membrane and may be
leading to electrically-isolated catalyst aggregates. Also, the lower
effective oxygen diffusivities shown in Fig. 4d indicate the additional
ionomer could be limiting transport within these catalyst layers and
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Fig. 7. (a) Air polarization curves for MEAs with R2R-coated and spray-coated
cathode GDEs. The spray-coated GDEs were prepared with an 0.023 mgy,¢/cm?
ionomer overlayer (w/OL) or without an overlayer (w/o OL) (These data were
previously reported in Ref. [19].) (b) Comparison of R2R-coated GDEs with 0.9
1/C prepared with 0.023 mgNaf/cm2 ionomer overlayer (w/OL) or without an
overlayer (w/o OL). Polarization curves were measured at 80 °C, 100 %RH, and
150 kPaabS,

diminishing the performance.

To confirm that the 0.9 I/C GDE has sufficient surface ionomer for
maximized performance, we sprayed an ionomer overlayer onto a 0.9 1/
C R2R GDE and assembled it into an MEA. The air polarization curves for
0.9 I/C R2R GDEs with and without an ionomer overlayer are shown in
Fig. 7b. It is clearly seen that the overlayer does not improve the fuel cell
performance. This offers further confirmation that the surface ionomer
concentration of the 0.9 I/C R2R GDE does not need further enrichment
to achieve good performance.

To further understand the influence of the surface ionomer concen-
tration of the R2R-coated GDEs on MEA performance, we compared
these MEAs using Hy/N> electrochemical impedance spectroscopy (EIS).
The impedance spectra were fit using a physics-based impedance model
[18,32,33]. The Bode plots of the impedance magnitude (|Z|) with the
model fits for the entire frequency are shown in Figure S1 of the sup-
porting information to show the quality of the fit. The model fit
parameter values are also reported in Table S3. The Nyquist plots of
measured impedance spectra with the model fits are shown in Fig. 8a. .
The fitted values of the catalyst layer protonic sheet resistance [59] (R¢r)
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of the physics-based model of the measured data. The inset figure shows a
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where Rgy, (b) Values of R¢, obtained from fitting of the physics-based model to
measured spectra. All spectra were measured at 80 °C, 100 %RH, 150 kPa,ps.
Values for spray-coated GDEs from Ref. [19].

Table 4
Summary of R values obtained from fitting of Hy/N, impedance spectra.
Values for spray-coated GDEs from Ref. [19].

Coating Method I/C R¢r [mQ-cm?)
Roll-to-Roll 0.9 92 + 10

1.2 88 £ 10

1.6 81 + 10
Spray — without ionomer overlayer 0.9 222 +10
Spray — with ionomer overlayer 0.9 108 +£ 10

10
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are reported in Table 4 and shown in Fig. 8b, with a comparison to
spray-coated GDEs from our previous work [19]. The inset plot in Fig. 8a
shows smaller portion of the spectra to more clearly show the region
where R¢; predominates. We previously found that for GDE-based
MEAs, R¢g is comprised of both the bulk catalyst layer resistance and
the catalyst layer — membrane interfacial resistance [18]. We also
observed that spray-coated GDEs without an ionomer overlayer had a
significantly higher R¢y than those with an overlayer due to a poor
interface between the membrane and the catalyst layer.

For all the R2R-coated GDEs, the measured R¢j, values are similar,
though there is a slight decrease with increasing I/C. Also, all are slightly
lower than those measured for the spray-coated GDEs with an ionomer
overlayer. Overall, this is consistent with the similarity of the polari-
zation curves for the spray-coated GDE with an overlayer and the R2R-
coated GDEs and offers further confirmation that the higher surface
ionomer content of the R2R-coated GDEs is sufficient to form a good
interface with the membrane. Interestingly, even though increasing I/C
in the R2R-coated GDEs leads to a slight decrease in the mean Ry, it does
not lead to an increase in electrochemical performance. Since the 0.9 I/C
R2R-coated GDE has a lower R¢p than the spray-coated GDE with an
overlayer it indicates the 0.9 I/C R2R-coated GDE has sufficient surface
ionomer concentration to form a good interface with the membrane,
thus adding additional ionomer by increasing I/C offers no measurable
benefit to MEA performance as it does not further improve the catalyst
layer — membrane interface. Instead of decreasing the interfacial resis-
tance, it is likely that the small decrease in R¢;, with increasing I/C is due
to the increase in effective proton conductivity shown in Fig. 4c leading
to a decrease in the bulk proton resistance of the catalyst layer. As was
discussed previously, the additional ionomer above 0.9 I/C is overall
negatively impacting cell performance, which is likely due to the addi-
tional ionomer altering other properties of the catalyst layer. As shown
in Fig. 4d, the additional I/C Results in lower oxygen diffusivity due to it
filling more of the catalyst layer pore space, which likely explains the
decreased cell voltage at high current density (see cell voltage data 1.5
A/cm? in Table S2). It seems that this effect outweighs any potential
benefits from the decreased Rcj.

4. Conclusions

In this study we have demonstrated a one-step coating process for the
fabrication of high performance R2R-coated GDEs. The Results show the
importance of understanding the distribution of ionomer and catalyst in
R2R-coated catalyst layers as they are critical for maximizing fuel cell
performance. These results also highlight the importance of under-
standing how the coating and drying parameters influence the distri-
bution of materials in a catalyst layer, which, as we have shown here,
can have significant impacts on performance. Using spray coating, the
total thickness of the catalyst layer is formed by coating many thin
layers. Such a methodology does not allow for designed segregation of
ionomer. In contrast, when the catalyst layer is coated as a thick liquid
film (e.g., by rod or slot die) with high Pe drying, the high evaporation
rate leads to an enrichment of ionomer at the top surface of the dry film,
as shown by Kelvin probe, XPS, and nano-CT. This enrichment is
beneficial for creating higher performance GDE-based MEAs by enabling
the formation of a low-resistance interface between the catalyst layer
and membrane. Furthermore, due to this enrichment we are able to
fabricate high-performance GDE-based MEAs without the ionomer
overlayer that is needed for spray-coated GDEs. This is a significant
advantage for large-scale manufacturing of fuel cells because it elimi-
nates a process step, simplifying manufacturing and reducing process
costs. This also shows that when designing fuel cell components, the
manufacturing process needs to be considered as it may impact the
properties and performance of the component. Thus, various processing
parameters such as ink formulation, drying temperature, air flow rate,
etc. must be considered in parallel with materials selection to obtain a
fuel cells that meet the required specifications.
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