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Membrane electrode assembly (MEA) is a core component in polymer electrolyte membrane fuel cells (PEMFCs).
A well-constructed catalyst layer is essential for achieving high-performance and reliable fuel cells. Among MEA
fabrication processes, direct spray coating has advantages regarding cost-efficiency, processability, and
controllability compared to direct sputtering and decal transfer method. In the spray process, the morphology of
the catalyst layer depends on conditions in which ink droplets are sprayed and evaporated. Although quanti-
tatively optimizing the spray process is crucial, there is still a lack of well-defined research for optimized spray
process. Herein, we propose k-value that can indicate uniform coverage, expressed as a ratio of the area where
ink droplets spread compared to the sprayed area. The k-1.0 MEA is fabricated under k-value conditions of one by
adjusting nozzle moving speed, which is expected to have the most uniform coverage. Compared to k-0.3 MEA
and k-3.0 MEA, the power density improves by 22.3 % and 11.1 %, respectively. This is attributed to the reduced
ion transport resistance of the catalyst layer being reduced by 23.7 % and 8.5 % and the increased electro-
chemical active surface area by 16.1 % and 9.4 %, respectively. Furthermore, the morphology of catalyst layers

and substrate temperature effect are investigated.

Introduction

As eco friendly-energy policies continue to strengthen worldwide
and the demand for renewable energy rises, polymer electrolyte mem-
brane fuel cells (PEMFCs) are emerging as prominent next-generation
green energy power sources due to their zero-pollutant emission, low
operating temperature, and high energy conversion efficiency [1-5].
Among the key components in PEMFCs, membrane electrode assembly
(MEA) is a crucial component that serves as the site for both hydrogen
oxidation and oxygen reduction reactions. Thus, MEA plays a decisive
role in determining the overall performance of fuel cells [2,3,6]. Over
the past few decades, there has been significant progress in the devel-
opment of catalysts and electrolyte membranes [6-9], which has been
crucial in improving fuel cell performance and characteristics. Along
with selecting suitable materials, the construction of a catalyst layer
with appropriate composition and configuration onto the electrolyte
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membrane is crucial in achieving high-performance and reliable fuel
cells [10-12]. Diverse manufacturing processes, including direct sput-
tering, decal transfer, and direct spray coating, have been employed to
build a catalyst layer on an electrolyte membrane [8,13-15]. In the case
of direct sputtering, ultra-low loading 1D nanowhisker and tube struc-
ture have demonstrated outstanding characteristics [8]. However, large-
area process and mass production through direct sputtering are limited.
In the decal transfer process, a catalyst layer is initially coated on a decal
substrate and subsequently transferred to a polymer electrolyte mem-
brane under high pressure and high temperature above the glass tran-
sition temperature [16-18]. Although the decal transfer method appears
suitable for large-scale production, it’s important to note that the
transfer of the catalyst layer can lead to structural deformation [16].
Meanwhile, the direct spray coating process involves directly coating
the catalyst slurry onto the polymer electrolyte membrane using air-
brushing or automatic spray devices, offering the advantages of
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processability and controllability. Compared to direct spray coating,
decal transfer methods require a low surface energy substrate and a high
ionomer content (ionomer to carbon support ratio of 0.8 or more) to
achieve acceptable transfer yields [19,20]. However, a large amount of
ionomer in the electrode can result in porosity reduction, catalyst
poisoning, and an increase in oxygen transport resistance, which
significantly impacts MEA performance [21,22]. Considering these
points, it can be concluded that direct spray coating is desirable due to
cost-efficiency, processability and controllability. While high control-
lability offers an advantage, it entails controlling multiple process var-
iables such as substrate temperature, ink flow rate, nozzle speed, and
carrier gas velocity. To achieve the desired high-quality MEA, optimi-
zation of spray conditions is necessary by finely tuning each process
variable. In this study, we introduce a novel parameter, denoted as the k-
value, which quantifies uniform coverage by expressing the ratio of the
area where ink droplets spread to the total sprayed area. Specifically, the
k-value represents the ratio of the ink droplet spread area to the entire
sprayed region. The k-1.0 MEA was fabricated under conditions where
the k-value is set to 1, ensuring the most uniform coverage possible.
When compared to MEAs produced under k-value conditions of 0.3 and
3.0, the k-1.0 MEA exhibits a notable improvement in power density,
respectively. These enhancements can be attributed to a reduction in ion
transport resistance of the catalyst layer and an increased electro-
chemical active surface area. Furthermore, this study investigates
catalyst layer morphology and substrate temperature effect on the
MEAs.

Experimental section
Setup for automatic spray equipment

The cartesian-coordinated machine, gas-pressure controller, and
vacuum hot plate were custom-made and integrated (Spray system Co.
®, Republic of Korea). The gas pressure controller can adjust the air
pressure from O to 0.5 MPa. In this study, the air pressure was consis-
tently maintained at 0.05 MPa. The vacuum hot plate has a temperature
setting range of room temperature to 150 °C. A syringe pump (LSP02-
2A, LongerPump®, United Kingdom), syringe (KOVAX syringe 10 ml,
KOREAVACCINE Co.,Ltd, Republic of Korea), and two-fluid nozzle
(YM5JG4, Spray system Co.®, Republic of Korea) are installed to spray
fluid. The linear motor speed of the syringe pump can be precisely
adjusted within the range of 1 pm/min to 13 mm/min. In this study, 6 ml
of catalyst ink was loaded into a 10 ml syringe and mounted on a syringe
pump. The flow rate of the catalyst ink was set at 150 pm/min, which
was accurately maintained and supplied to the two-fluid nozzle via a
linear motor speed of 849 pm/min.

Preparation of the MEA

The catalyst ink solution sprayed on the cathode and anode was
prepared by mixing 0.094 g Pt/C catalyst (40 % Platinum on Vulcan XC-
72R, FC Catalyst, United States) and 5 wt.% Nafion ionomer solution
(Sigma-Aldrich, United States). The loading weight ratio of the Nafion
ionomer in the catalyst ink was set to 23 % of the total weight of the
dried mixture (Pt/C + Nafion). In this process, 645 pL water and 18.8 ml
isopropyl alcohol (IPA) were added to adjust the viscosity such that the
nozzle would not get clogged during spraying. Moreover, the catalyst
ink was homogenized by ultrasonication. An automatic spray machine
was used to spray the catalyst ink onto both sides of a Nafion® 212
membrane (Sigma-Aldrich, United States) with a thickness of ~50 pm.
The catalyst loading on both electrodes is of 0.2 mgpy/cm?. The process
was calibrated by comparing the weight of the polyethylene film before
and after spraying. The prepared MEA, in which the catalyst layer was
constructed, was dried for more than 12 h at room temperature before
being assembled in a single cell.
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Single cell assembly

The prepared MEA was placed between bipolar plates with a channel
depth of 1 mm with gas diffusion layers (SGL GDL 39BB, SGL Carbon,
Germany) and Teflon gaskets on both sides of the electrodes to prevent
gas and water leakage. During the fastening process, eight bolts and nuts
were tightened in a crisscross sequence with the sequential torque of 54,
81, and 108 Nem to prevent twisting the MEA.

Electrochemical measurements

We assembled MEAs with an active surface area of 5 cm? into a single
cell and measured its performance. The temperature of the single cell
was maintained at 70 °C under fully humidified conditions. Humidified
hydrogen was supplied to the anode at a flow rate of 150 sccm, and
humidified air was supplied to the cathode at a flow rate of 800 sccm.
The electrochemical impedance spectroscopy (EIS) spectra were ob-
tained using an impedance analyzer (HCP-803, BioLogic, France) under
the same operating conditions to measure the ohmic resistance (Rohmic)
and kinetic resistance at the cathode (Reathode) of PEMFC cells [23-26].
EIS was conducted at 0.5 V with an amplitude of 10 mV and frequency
range from 0.1 Hz to 15 kHz [25,26]. The acquired EIS data were fitted
through Z-VIEW s/w (Scribner Associates Inc., United States). Cyclic
voltammetry (CV) was conducted to determine the electrochemical
active surface area (ECSA) of the cathode [27,28]. The scanning rate was
50 mV/s under the range of 0.05 to 1.20 V. Measurement was carried out
after purging the single cell by supplying fully humidified nitrogen gas at
25 °C. The fully humidified hydrogen gas was injected into the anode at
a flow rate of 200 sccm and fully humidified nitrogen gas was injected
into the cathode at a flow rate of 200 sccm for the analysis. In addition,
EIS measurements were performed under the same conditions as the CV
test to evaluate the protonic resistance across the catalyst layer (R¢p)
[29,30]. The measurements were conducted at 0.2 V with an amplitude
of 5 mV and frequency range from 70 mHz to 100 kHz. Additionally, we
conducted acceleration stress test (AST) to evaluate durability of the
catalyst layer of the fabricated MEAs. The durability test was performed
in accordance with the U.S. Department of Energy protocol [31,32]. The
AST was conducted under the condition of a triangle sweep cycle
spanning from 1 V to 1.5 V, with a scan rate of 500 mV/s. This cycle was
repeated 5000 times. During the AST, 200 sccm of fully humidified
hydrogen and nitrogen into the anode and cathode electrodes were
injected, respectively. The temperature and pressure were maintained at
70 °C and ambient pressure.

Physical analysis

We used a field-emission scanning electron microscope (FE-SEM;
JSM-7001F, JEOL, Japan) with an acceleration voltage of 10.0 kV and
an optical microscope (Olympus BX53MTRF-S, Japan) to observe the
morphological characteristics of the MEAs fabricated in this study.
Additionally, the pore size distribution of samples was characterized by
using Brunauer-Emmett-Teller (BET) analyzer (TriStar II Plus, micro-
meritics, United States). Prior to BET analysis, the specimen was dehy-
drated and activated in a vacuum furnace at 120 °C for overnight
condition. Nitrogen was used when measuring the adsorption (ADS) and
desorption (DES) isotherms at ~196 °C. The BET relative pressure range
(P/Py) was 0 ~ 1. Pore size distributions (PSDs) were derived from the
desorption branch using Barrett-Joyer-Halenda (BJH) method [33,34].
Also, we used a digital contact thermometer (GM1312, BENETECH,
China) to measure the temperature of the polymer electrolyte membrane
surface.
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Results and discussion
Spray process setup

The custom-built spray equipment in this study comprises several
components: a syringe pump, gas-pressure controller, two-fluid nozzle,
and vacuum hot plate (Fig. 1a and Fig. S1). This system was designed to
precisely deposit a liquid catalyst ink onto a target substrate, which is an
electrolyte membrane. The syringe pump controls the flow rate of the
liquid catalyst ink. The linear motor within the syringe pump was
adjusted to finely regulate the flow rate, ensuring a controlled and
consistent flow of the catalyst ink. The gas-pressure controller regulates
the spray injection speed by adjusting the carrier gas-pressure. The two-
fluid nozzle is a key component responsible for the atomization process.
In particular, the liquid catalyst ink and carrier gas are injected into
separate nozzle paths. The pressurized air flows through the air path in
the nozzle, reducing the pressure at the front end of the liquid nozzle.
High-speed gas atomizes the catalyst ink by breaking the liquid droplets,
which are then directed toward the target substrate (Fig. 1b). The vac-
uum hot plate serves as a platform for holding the electrolyte membrane
in place and promoting solvent evaporation in the deposited catalyst
ink. After spraying, the catalyst ink is evaporated on the electrolyte
membrane surface, preventing swelling and allowing for the formation
of a catalyst-coated membrane (CCM).

In the spray process, atomized liquid droplets with a diameter of Dy
are initially emitted from the nozzle, while the carrier gas propels these
droplets toward the substrate at the carrier gas velocity (Vo). Spherical
droplets spread out and undergo deformation upon impact, forming
circular two-dimensional thin sheets with a diameter of Dy, on the
substrate surface. The optimal spray process condition is achieved when
a single spray spot area is completely covered with a diameter Dj
without any overlap between the sprayed and impacted droplets on the
substrate. In other words, it is crucial to ensure that there are neither
excessive nor insufficient droplets on the substrate during the spray
process. The formation of a uniform and well-distributed catalyst layer
can be attained by carefully controlling the process parameters, thereby
obtaining the optimal spray conditions.

The average Dpax, which is the ink droplet size impacted on the
surface, was measured by optical microscopy, as shown in Fig. 2a, to
determine Dy during the spray process. Dy can be estimated through the
following hydrodynamic relationship between Dy and Dp,ax With equi-
librium contact angle, Reynolds number and Weber number in the
previously published paper [35]:

D, _ We + 12
Dy \/3(1 — cost) + 4(We/v/Re)
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where 0 is the equilibrium contact angle of a liquid droplet on the
substrate, ¢ is the surface tension of the liquid solution,  is the viscosity
of the liquid solution, and p is the density of the liquid solution. In the
previous study, the authors experimentally investigated the effect of
microdroplets on a smooth solid surface, and the above regime covers
the transition between viscosity and surface tension dominated
spreading of the droplets. To apply the equation, a droplet diameter(Dg)
should satisfy a condition of 12 ~ 100 pm and a velocity (V,) should
satisfy the condition of 1 ~ 100 m/s [35]. Since the measured V,, and Dg
conform to the assumptions of previous studies, the use of that equation
can be considered valid (Table 1). Dy is determined by measuring the
width of the spray path when the nozzle sprays along a straight trajec-
tory. It is essential to consider the movement of the spray nozzle to
quantify the optimal spray process conditions because the MEA active
surface area to be coated is larger than the cover of a single spray.
Therefore, the spray nozzle needs to move periodically along a specific
path to ensure uniform coverage. Considering the movement of the
spray nozzle, we can determine the overall number of sprayed droplets
(n) from the nozzle with a volume U. The duration (t) with the required
spray nozzle speed (Vy,) for spraying on a unit spot area can be expressed
as:
Dy

T=—

v, (2D

By determining t, U is depicted using the relationship between ink
flow rate(Q) and t:
4 3
U=Qer = ngatDo’ 2-2)
Under the assumption of uniformly sized and evenly distributed
droplets over space, n is obtained as follows:

_ Qert

n = (2-3)
47Dy’

If the catalyst ink droplets can fully cover a single spray spot area
without overlap, an optimal spray process is achieved. This is quantified
by expressing the spray coefficient (k) as follows:

n(gDmmz) _

k=
N 2
iDs

> 2-4)

k provides a quantitative measure of the effectiveness of the spray
process in achieving uniform coverage on the desired surface. A k value
of 1 indicates that the substrate surface would be fully covered by the
impacted droplet solution without overlapping regions, assuming a

©

Liquid inlet

A S

Fig. 1. (a) Schematic of the spray process of the catalyst ink onto the polymer electrolyte membrane. (b) Working principle of the two-fluid nozzle. Catalyst ink is
pulled and sprayed out as pressurized air flows through the air path in the nozzle. (c) Schematic of the optimized spray process.
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Fig. 2. (a) Digital camera image of the CCM after spraying the catalyst ink while the nozzle traversed the membrane in a straight line. The diameter of the single
spray coverage area (D) is marked. The magnified region with an optical microscope image after a single spray in a straight line shows the diameters of a droplet
impacting a surface (Dpax). (b) Calculated spray constant depending on the moving speed of the spray nozzle. (c—e) SEM images of the surface morphology of the

fabricated CCMs with k values of 0.3 (c), 1.0 (d), and 3.0 (e).

Table 1
Specific values of the experimental variables.
Q [m®/s] Vo [m/ Do [m] Ds [m] Dinax [m] (0]
s] ]
~3.33 x ~12 ~3.467 x 3.678 x ~6.43 x 0
10°° 10°° 1073 10°°

uniform distribution of the droplets. A k value greater than 1 suggests
that excessive droplets are spread on the substrate with overlap, which
can lead to flooding. In contrast, a k value below 1 indicates that the
amount of ink droplets cannot sufficiently cover a single spray spot area,
which can result in incomplete coverage.

CCMs were fabricated with different k values of 0.3, 1.0, and 3.0 to
verify the optimal spray process conditions. The process variables
include the catalyst ink flow rate (Q), Vi, Vo, Do, Dmax, and Ds. Among
these process variables, V,,, which has a wide adjustment range and al-
lows accurate value setting, was set as the control variable. The
remaining process variables were set as shown in Table 1, to ensure that
the variables are within a reasonable range, considering the equipment
setup. Considering the set variables, the k values were plotted as a
function of Vy, as displayed in Fig. 2b. The graph reveals the V, values of
0.9, 2.5, and 0.09 cm/s for k values of 0.3, 1.0, and 3.0, respectively.

Following the process conditions, MEAs with a catalyst loading of
0.2 mg/cm? were fabricated through the catalyst ink spray process. Each
MEA was denoted as k-0.3 MEA, k-1.0 MEA, and k-3.0 MEA, following
the corresponding k values. The surface of each MEA was observed by
SEM, as shown in Fig. 2c—e, to confirm the surface morphology of the
catalyst layer constructed on the membrane. For k-0.3 MEA and k-3.0
MEA, nonuniform, empty, and bumpy spaces, such as craters, were
observed on the surface. For k-1.0 MEA, the surface was smooth and
relatively uniform without a notable bump shape. The results suggest
that the spray process condition for fabricating k-1.0 MEA inhibits
flooding due to excessive droplets and surface irregularities by insuffi-
cient droplets to cover the sprayed area.

Polarization curves were obtained after constructing a single cell
with MEAs to verify the electrochemical performances of the MEAs
depending on the k values. The single cell performance was measured at
70 °C by supplying fully humidified Hy/Air. Fig. 3a indicates that k-1.0
MEA exhibits the highest performance with the maximum power density
of 722 mW/cem?, which is 22.4 % and 11.1 % higher than that of k-0.3
MEA (590 mW/cm?) and k-3.0 MEA (650 mW/cm?), respectively.

We conducted an EIS analysis at 0.5 V for each MEA under the same
operating conditions for the performance measurements to elucidate the
improved performance of k-1.0 MEA (Fig. 3b). Fig. S2 shows the
equivalent circuit of the PEMFC cathode electrode [24]. Each cell has an
inherent resistance that causes voltage loss in charge flow. This is called
Rohmic, Which is caused by the electrical resistance of fuel cell compo-
nents and is expressed by the following equation [36]:

Rohmic = ch +Rc +Rc (3-1)

Ry, stands for uncompensated wire and contact resistance, Ry rep-
resents the resistance of cell components, and R, signifies the contact
resistance between cell components. The intercept of the high-frequency
impedance loop with the real axis indicates a Ropmic, representing ohmic
losses within the fuel cell [37-39]. Also, in the equivalent circuit of the
cathode, it is composed of CPE,thode, Which represents the positive
phase element of the cathode, and R¢ahode, Which stands for reaction
kinetics resistance of the electrochemical interface [39-41]. The
measured EIS data were fitted using Z-View s/w. The analysis revealed
that k-1.0 MEA exhibited a reduction in the Rohmic by ~3.7 % and ~1.3
% and decrease in the Reathode by ~41 % and ~27 %, compared to k-0.3
MEA and k-3.0 MEA, respectively. These results suggest that the per-
formance improvement is primarily attributed to a well-constructed
catalyst layer with lower kinetic resistance, rather than the significant
changes at the interface between the electrolyte membrane and catalyst
layer.

We compared the ion-conduction characteristic through the catalyst
layer using the transmission line model analysis (TLM). According to the
model, a Warburg-like impedance at high frequencies corresponds to ion
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Fig. 3. (a) Polarization curves of k-0.3 MEA, k-1.0 MEA, and k-3.0 MEA at 70 °C with supplying fully humidified Hy/Air. (b) EIS measurements for the MEAs at 0.5 V
under the same operating condition. (c) EIS measurements of a k-0.3 MEA, k-1.0 MEA, and k-3.0 MEA at 0.2 V under the operating conditions of 25 °C and RH100%.

(Hy/N5). (d) CV measurements for the MEAs.

migration through the catalyst layer, and a subsequent vertical spike at
low frequencies to the total capacitance and resistance of the CL. The
value for R¢y, also can be calculated from the length of the Warburg-like
region (Rcr/3) projected onto Ry [29,30]. The TLM analysis is usually
conducted in non-faradaic conditions at 0.2 V by supplying Ha/N3 to the
anode and cathode, respectively. This a different condition compared to
EIS measurement under real fuel cell operating conditions under Hy/Air
for calculating reaction kinetics resistance. Fig. 3c shows that the R¢g, of
k-1.0 MEA are ~24 % and ~8.5 % lower than that of k-0.3 MEA and k-
3.0 MEA, respectively. This indicates that k-1.0 MEA enables a more
efficient proton conduction due to the adequately dispersed catalyst
particles and well-distributed ionomer network inside the catalyst layer.

We quantified the ECSA through CV measurements to corroborate
our findings. The ECSA of the electrode can be calculated by applying
the following equation:

ECSA = FQ%L (m*/g) (4-1)
where Qr is the integrated charge density (C/cm?), L is the catalyst
loading of the electrode (g/m?), T is the specific charge required to
oxidation/reduction (210 pC/cm2 for platinum) [27,28]. Fig. 3d reveals
that the ECSA value of k-1.0 MEA is ~16 % and ~9.4 % higher than that
of k-0.3 MEA and k-3.0 MEA, respectively. This further confirms a well-
distributed ionomer network within the catalyst layer in the MEA
fabricated using the optimal spray process with the k of 1.0, thereby
increasing the triple phase boundary. The representative values from the
polarization curves, EIS, and CV measurement are summarized in

Table 2. To further investigate the durability of the CL, the durability

test was performed in accordance with the U.S. Department of Energy
protocol [31,32,42]. Fig. S3 shows that despite a performance reduction
of approximately 15 % for all MEAs after AST, the k-1.0 MEA still ex-
hibits the highest performance.

To quantify the morphology and characteristics of the catalyst layer,
we obtained cross-sectional SEM images of the fabricated k-0.3, k-1.0,
and k-3.0 MEAs. The measured thicknesses of CL for each MEA were 5.5,
6.4, and 7.1 pm for k-0.3, k-1.0, and k-3.0 MEAs (See Fig. 4).

And the calculated effective porosity of CL (¢,;) using the following
equation [43].

ta — 1o

) 1
£ Py (5-1)

where t; (pm) is the height of CL, and t, (pm) is the estimated CL
thickness when porosity is 0. And t, can be calculated using the
following equation.

_ mNz//Ion mpy + Mcarbon (Cm)

fo (5-2)

Pnafion PPt Pcarbon

where m; (g/cmz) is mass per unit area for i material and p; (g/cms) is
density for i material. Table S1 shows the variables for calculating to.
The effective porosity of CL can be calculated using the equation above,
and the results are shown in Table 3. A comparison with k-3.0 CL reveals
that the effective porosity increased by 18 % and 5 % for k-0.3 CL and k-
1.0 CL, respectively. In the case of k-3.0, where the excess liquid sprayed
on the surface does not evaporate sufficiently, the effective porosity is
the highest in the experimental samples. This phenomenon can be
attributed to the broader spread of excess liquid in comparison to other

Table 2
Representative values from the polarization curves, EIS, and CV measurement.
MEA I-V curve EIS EIS CV Spectra
(Hy/N, at 0.2 V) (H2/Air at 0.6 V)
“MPD Ro(Qecm?) Rer (Qeem?) Ronmic (Qecm?) Reathode (Qecm?) ECSA
(n?/gp,)
(mW/cm?)
k-0.3 MEA 590(—18.3 %) 0.1033(+4.1 %) 0.0426(+23.5 %) 0.1069(+3.9 %) 0.2410(+69.7 %) 25.04
(—13.8 %)
k-1.0 MEA 722(—) 0.0992(—) 0.0325(—) 0.1029(—) 0.1420(—) 29.06(-)
k-3.0 MEA 650(—9.9 %) 0.1016(+2.4 %) 0.0355(+9.2 %) 0.1043(+1.4 %) 0.1957(+37.8 %) 26.56
(—8.6 %)

* MPD: Maximum Power Density.
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k-0.3 MEA k-1.0 MEA
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k-3.0 MEA

Fig. 4. SEM images of the cross-section morphology and CL height of the fabricated CCMs with k values of 0.3 (a), 1.0 (b), and 3.0 (c).

Table 3
Measured cathode electrode height of k-0.3, 1.0 and 3.0 MEA by SEM image and
calculated effective porosity.

MEA Pt loading CL thickness effective
[mg/cm?] [pm] porosity
k-0.3 MEA 0.2 5.5 0.55
k-1.0 MEA 0.2 6.4 0.62
k-3.0 MEA 0.2 7.1 0.65

samples caused by the applied force of air from the moving nozzle.
Consequently, this leads to increased porosity and a thicker catalyst
layer. Typically, higher porosity in the catalyst layer can lead to
improved performance due to reduced mass transfer resistance. How-
ever, it’s crucial to consider the potential impact of increased mass
transfer resistance resulting from a more extended mass transfer
pathway. As indicated in the transmission line model, an optimized pore
structure within the catalyst layer is expected for efficient ion transport.
Taking these factors into account, among the MEAs constructed in this
experiment, the pore structure of the k-1.0 MEA is judged to be superior
in terms of ion and mass transfer. Additional BET measurements were
conducted to assess the pore structure of CL manufactured through the
spray process. The pore size distribution of samples was characterized by
BET analysis [33,34]. As depicted in Fig. S4a, the BET isotherm curves
of all CLs exhibited typical mesoporous pore distribution characteristics
[44]. Consequently, pore size distribution analysis was conducted using
the BJH method. As shown in Fig. S4b, the pore diameter was measured
to be in the range of 2-16 nm, and many relatively large pores of 4-12
nm were distributed in the order of k-3.0, k-1.0, and k-0.3. This is
consistent with the results of the effective porosity previously observed
and calculated. It’s worth noting that the optimal condition does not
necessarily mean having many or few large pores. Upon analysis, the k-
1.0 MEA pore size distribution can be considered excellent in terms of
ion transfer and mass transfer.

The effect of substrate temperature on the MEA morphology and fuel
cell performance was investigated to further explore the optimized spray
process conditions. When a spray droplet impacts the surface and
immediately evaporates without flooding the membrane surface, the
ideal temperature is achieved. This requires the heat transfer through
the substrate to be greater than the heat required to instantly vaporize
the spray droplets on the membrane surface. The heat transfer rate (q)
from the substrate to the membrane is obtained as [45]:

qg= —xA,— (W) (6-1)

where « is the thermal conductivity coefficient of the membrane, A, is
the single spray spot area, Ax is the thickness of the membrane, and AT
is the temperature difference between the top and bottom surface of the
membrane. To measure the temperature at the bottom of the membrane,
the temperature at the top of the parchment paper where the bottom
surface of membrane contact together was measured. Next, to measure
the temperature at the top of the membrane, the surface temperature
was measured during the spray process. The substrate temperature was
fixed at 50 °C, and the bottom and top surface temperatures of the

membrane were measured to be 47 °C and 22 °C, respectively. During
spray process, the sprayed solvent is absorbed through the electrolyte
membrane surface, and additional heat energy is required to vaporize
the liquid within the membrane, leading to a notable temperature dif-
ference between the area beneath and above the membrane. The
detailed properties for the analysis are provided in Table S2.

Considering the thermal conductivity coefficient of Nafion, which is
~0.22 W/m-K [46], the calculated q is ~5.5 W. To calculate the critical
flow rate (Q.), the evaporation enthalpy of IPA (6.y) sprayed on the
membrane surface was used. The g represents the heat energy transfer
rate needed to evaporate the liquid from the membrane surface when
catalyst ink is sprayed at a consistent flow rate at a substrate tempera-
ture of 50 °C. We can determine the Q. (m3/s) considering the Oy of ~
39500 J/mol, IPA density (pp,) of ~786000 g/m?, the IPA molar mass
(Mppa) of ~60.1 g/mol and mass flow rate m (g/s), as follows:

0, k,
o) e () i) = Q.0 (62
IPA s
- %(Wp/s) 6-3)
OLvA-ppy

The properties for IPA are provided in Table S3. Q. is estimated to
be ~150 pL/min when the temperature of the substrate is 50 °C. The
results indicate that flooding can occur when the catalyst ink flow rate
(Q) of 150 pL/min is higher than Q. of ~45 pL/min during the spray
process when the temperature of the substrate is 25 °C. In the previous
experiment with different k values, MEAs were fabricated under a Q of
150 pL/min. The catalyst layer was well formed without flooding issues.
We set the substrate temperatures to 25 °C and 80 °C while keeping a
fixed Q at 150 pL/min to further investigate the impact of the substrate
temperature. As the estimated Q. at the substrate temperature of 80 °C is
higher than 150 pL/min, the catalyst layer is expected to be well formed
compared to that formed at a substrate temperature of 50 °C. However,
at a substrate temperature of 25 °C, the Q. value is less than 150 pL/min,
suggesting an increased possibility of flooding. Fig. S5 demonstrates the
surface characteristics of the MEA fabricated at 80 °C, revealing a uni-
formly formed catalyst layer without noticeable surface inhomogeneity.
In contrast, the MEA fabricated at 25 °Cdisplayed wrinkles on the entire
surface (Fig. 5b), confirming the flooding and nonuniform expansion of
the membrane. This occurs because the droplets sprayed on the surface
do not evaporate immediately during the spray process. After confirm-
ing the morphological feature of the constructed catalyst layer on the
membrane with varying substrate temperatures, the performance com-
parison of the fuel cells with three types of MEA samples (T-25 °C MEA,
T-50 °C MEA, and T-80 °C MEA) was conducted. As shown in Fig. 5¢, the
T-50 °C MEA samples exhibited higher performances than the T-25 °C
MEA which showed solvent flooding issues while showing similar per-
formances with the T-80 °C MEA. But, the performance of the three types
of samples did not show a significant difference. A minimal performance
reduction of the T-25 °C MEA sample with severe electrode wrinkles is
ascribed to the small active area of 5 cm? in this study. By considering
the practical applications of PEMFCs, such as electric vehicles, that
require a large active area of >250 cm? to secure high power output, the
wrinkles in the electrode in large-area MEA samples can cause
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Fig. 5. (a) Scheme of the heat transfer phenomenon from the hot plate to the membrane surface and solvent evaporation of catalyst ink during the MEA spray
fabrication process. (b) Camera images of the surface morphology of the MEA depending on the hot plate temperature at room temperature (25 °C) and 50 °C. (c)
Polarization curves of T-25 °C MEA, T-50 °C MEA, and T-80 °C MEA at 70 °C with supplying fully humidified Hy/Air.

catastrophic failure in terms of durability and mass transport limitations
[28,47]. Therefore, when manufacturing an MEA using a spray process,
the Q. corresponding to the substrate temperature should be considered
together with the spraying condition, including the spreading charac-
teristics of the spray droplet.

Conclusion

This study suggested the optimal conditions for constructing a
catalyst layer on the membrane through the direct spray coating
method. Based on a simple droplet spreading model, we introduced k as
an indicator for achieving a uniformly deposited catalyst layer. k is
defined as the ratio between covered area by the droplets and spray spot
area. membrane electrode assemblies were manufactured under process
conditions where k values were 0.3, 1.0, and 3.0. The MEAs were
assembled into single cells and evaluated by measuring the polarization
curve. The maximum power density of k-1.0 MEA increased by 22.4 %
and 11.1 %, respectively, compared to k-0.3 and k-3.0 MEA. And the k-
1.0 MEA exhibited lower reaction kinetic resistance at the cathode by
~41 % and ~27 % and lower ion transport resistance by ~24 % and
~8.5 %, compared to k-0.3 MEA and k-3.0 MEA through Faradaic and
non-Faradaic EIS analysis, respectively. Furthermore, the ECSA value of
k-1.0 MEA is ~16 % and ~9.4 % higher than that of k-0.3 MEA and k-3.0
MEA. The results indicate well-distributed ionomer network in CL of k-
1.0 MEA was adequately formed, contributing to increasing the triple
phase boundary and facilitating ion conduction through the catalyst
layer. Moreover, through BET analysis and effective porosity measure-
ments for each MEA, appropriate pore morphology was also investi-
gated. Furthermore, the effect of the substrate temperature on the
morphology of the MEA and fuel cell performance was investigated in
terms of heat transfer. The Q. corresponding to the substrate tempera-
ture was quantified. The calculated Q. can serve as a standard for
determining process temperature conditions, especially in situations
where the solvent is excessively absorbed into the electrolyte mem-
brane, leading to issues of flooding and wrinkles on the MEA. We believe
our research can provide valuable insights into the fabrication of high-
quality MEAs by optimizing the spray processing parameters, which
further be adapted for other polymer electrolyte membrane-based
electrochemical energy conversion devices, including water electrol-
ysis and CO; reduction systems.
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