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Abstract: Optimization of the structure of cathode catalyst layers (CCLs) for promoting the transfer
of reactants and products in polymer electrolyte fuel cells (PEFCs) is important for improving the
cell performance. In this study, using theoretical equations, we confirmed that the shortened proton
conduction path in the ionomer layer (IL) with a 3D-patterned structure, compared to that in the IL
with a flat-patterned structure, can improve the cell performance. We experimentally investigated
the effect of the IL with a 3D-patterned structure included in the CCLs on the cell performance.
Based on the combination of the flat- or 3D-pattern of the IL and the catalyst layer (CL), the samples
were categorized as Str. 1 (3D-patterned CL without IL), Str. 2 (flat-patterned IL and CL), Str. 3
(3D-patterned IL and flat-patterned CL), and Str. 4 (3D-patterned IL and CL). All of the samples had
different morphologies. According to the I–V curves and impedance spectra data acquired at 80 ◦C
and 40% relative humidity, Str. 4 showed superior cell performance relative to those of the other CCLs.
These results indicate that the structure of Str. 4 enhanced the proton conductivity at a low humidity
at which proton conduction is usually poor, thereby resulting in improved cell performance.

Keywords: polymer electrolyte fuel cells; catalyst layer; 3D pattern; inkjet printing; structure design

1. Introduction

Polymer electrolyte fuel cells (PEFCs) are a promising and environmentally friendly
alternative power source for achieving carbon neutrality. The current PEFC manufacturing
technology typically requires either the maximum utilization of Pt catalysts for reducing
the use of expensive Pt or the development of non-Pt catalysts. Moreover, PEFCs should
exhibit superior performance to ensure their widespread application. The cell performance
is related to the optimization of the membrane electrode assembly (MEA). The MEA consists
of an anode catalyst layer (ACL), a cathode catalyst layer (CCL), and a polymer electrolyte
membrane (PEM) that prevents the contact between the anode and the cathode as shown
in Figure 1. Because the oxygen reduction reaction (ORR) at the cathode is slower than the
hydrogen oxidation reaction at the anode, a large amount of Pt is wasted in the cathode.
Thus, to improve the performance of PEFCs, it is important to optimize the structure of
CCL in order to promote the transfer of reactants such as oxygen and proton and products
such as water.

The electrons traverse the carbon materials that support the Pt nanoparticles in the
CCLs, thereby helping to reduce the Pt usage by changing the morphology of the carbon.
In addition, the protons pass through the PEM from the ACL and move to Pt particles
through an ionomer included in the CCLs. Oxygen also reaches the Pt particles through
the void spaces in the CCLs. If each reactant can smoothly reach the Pt particles, the ORR
kinetics will be accelerated, resulting in improved cell performance. Thus, many studies
have investigated catalyst inks containing carbon-supported Pt catalysts, solvents, and
ionomers for influencing the ionomer distribution within the CCLs, which is expected to
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affect the cell performance [1–3]. Moreover, various methods, such as doctor blade coating,
brush painting, spraying, and inkjet printing, have been used to fabricate CCLs [4–7]. In
particular, inkjet printing is considered to be an economical and easily scalable technology
for microscale patterning and fabrication of a variety of applications because it allows
patterning with various inks. Additionally, it can reduce the processing time and lower
the manufacturing cost [8]. Inkjet technology is very easy to use to produce patterned
films, and as a result, unit cost and defect rate can be reduced, and there is flexibility in
manufacturing. However, in a small amount, it becomes uniform, but in a large amount,
there is a risk of ink aggregation in the nozzle head, so there is a limit to this. In addition,
inkjet technology is valuable because it has the greatest advantage that it can be applied to
various research regardless of fields. While other fuel cell technologies are applied in large
quantities, inkjet technology can reduce the cost even more because only the relevant part
is applied. Therefore, inkjet printing technology for producing 3D structures is used not
only in the field of electrochemistry, but also in various other fields.
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Figure 1. Schematic of the CCL.

Because 3D inkjet printing technologies can be utilized to control the structural prop-
erties, improve the electrochemical performance, and increase the ionic conductivity, active
area, and gas diffusion rate, they can be applied to various fields related to fuel cells during
the last decade, as shown Table 1 [9–23]. For example, 3D printing technology can improve
the characteristics of sintered ceramic molds [24]. For solid oxide fuel cells (SOFCs), 3D
printing technology can circumvent the exhausting and time-consuming procedure for
module production, render complex shapes more conveniently, and produce particles of
various sizes and viscosities. It was used to prevent cracks and increase the heat transfer
potential [25]. Due to its wide range of applications, 3D inkjet printing technology can be
used to fabricate CCLs for high-performance PEFCs.

In our previous study [26], 3D-structural CCLs were fabricated using the inkjet printing
method to increase the surface area of CCLs in order to decrease the oxygen transport
resistance. Thus, the 3D-structural CCLs with improved performance at 100% relative
humidity (RH) over the flat-structured CCLs were fabricated. However, because a low
ionomer content was used (ionomer/carbon (I/C) ratio of 0.25), the cell performance was
expected to deteriorate at low humidity. The proton conductivity of the Nafion film is
strongly influenced by the amount of water present in the film, with the highest proton
conductivity obtained when the film is completely saturated with water at high RH [27,28].
When PEFC is operated at low RH, membrane dehydration occurs, and proton conductivity
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decreases significantly. Therefore, to achieve higher cell performance, it is important to
design effective ionomer structures that can facilitate high proton conduction even at a
low RH.

In this study, we designed CCL structures with short proton conduction paths and
supplemented them with sufficient ionomers by adding the ionomer layer (IL). First,
using theoretical equations, we confirmed that the shortened path of proton conduction
in the IL with a 3D-patterned structure compared to that in the IL with a flat-patterned
structure can improve the cell performance. We experimentally investigated the effect of
3D-patterned ILs included in CCLs on the cell performance. To fabricate this structure,
we coated the IL or catalyst layer (CL) with flat or 3D patterns using the inkjet printing
method. Various CCL structures obtained by combining the IL and CL were analyzed and
electrochemically evaluated at 80 ◦C and 100% and 40% RHs. Our study demonstrates that
different morphologies of the CCLs have different effects on the cell performance.

Table 1. Related works on inkjet printing in the last decade.

Year Material Result Ref

2011–2015

Ag/SPE/Pt atomic
Catalyst ink

MWCNT
Lithium

Nafion-Ultrathin film

Long cycle, stable,
increased cell performance [13–18]

2016–2021

Cellulose nano composite
Catalyst ink

Yttria-stabilized-
zirconiaSolvent

Low cost,
increased cell performance [19–23]

2. Theoretical Estimation

In a previous study [26], CLs with flat or 3D structures were theoretically analyzed. In
this study, the IL of the proton channel was structured, and a theoretical equation was used
to understand the effect of the 3D patterned structure. We converted the oxygen-related
equations into the proton-related equations. The Butler–Volmer equation rO2 was converted
into a first-order reaction with the assumption that the reaction was isothermal and limited
by the oxygen diffusion in the CCL as follows.

kO2 = aeff
Pt

1
4F

iref
0

Cref
O2

exp
(

nαcF
RT

ηlocal

)
RT
H

(1)

where iPt is the current density on the Pt surface, F is Faraday’s constant, iref
0 is the exchange

current density, Cref
O2

is the reference oxygen concentration, aeff
Pt is the effective Pt surface

area per local volume, n is the- number of electrons, αc is the charge transfer coefficient, R
is the gas constant, T is the temperature, η is the local overvoltage, H is Henry’s coefficient,
and Cpore

O2
is the oxygen concentration in the local pore space.

kO2 = aeff
Pt

1
4F

iref
0

Cref
O2

exp
(

nαcF
RT

η

)
RT
H

(2)

Here, kO2 is the first-order reaction coefficient of oxygen and introduced to the Thiele
modulus’s equation. Thiele modulus is the ratio of the rate of reaction to the rate of
diffusion of a reactant. When the coefficient is large, the reaction rate is controlled by
diffusion, and the kinetically controlled reaction becomes insignificant. When the coefficient
is small, the reaction rate is kinetically controlled, and the diffusion-controlled reaction is
insignificant [29]. Herein, the Thiele modulus was used to estimate the effectiveness factor
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of the CCLs. The Thiele modulus is a dimensionless quantity and can be expressed in terms
of kO2 and LD, as follows:

φ = LD

√
kO2

Deff
O2

(3)

Next, Thiele modulus and diffusion length were introduced to explain the effect of
CL on the cell performance. The diffusion lengths of the reactant on the CCLs (LD) were
calculated using the following equation:

LD =
ws

ws + hs
hCL (4)

Here, ws is the gap width, hs is the gap height, and hCL is the thickness of the catalyst
layer (Figure 2). The effective oxygen diffusion coefficient, Deff

O2
was calculated using the

following relation:
Deff

O2
= DO2 ε6 (5)
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Here, DO2 is the bulk oxygen diffusion coefficient [30]. As mentioned above, the Thiele
modulus was used to estimate the effectiveness factor of the CLs. An effectiveness factor in
the range of 0–1 for isothermal conditions indicates the importance of diffusion and kinetic
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limitations and can also be considered as the number of reactants that penetrate the CL [31].
The effectiveness factor (β) is expressed as follows:

β =
tan h φ

φ
(6)

Relating the Butler–Volmer equation to the proton, i was expressed by assuming that
the reaction was isothermal and limited by proton conductivity in the IL as follows [31]:

i = i0

[
exp

(
(1 − α)Fn

RT
η

)
− exp

(
−αFn

RT
η

)]
(7)

The purpose of this study is to coat the IL, which is the path for the proton, in order
to improve the proton conductivity. Thus, we consider the equations related to protons.
Expressing Equation (7) as the Taylor equation, exp (x)

Energies 2022, 15, x FOR PEER REVIEW 4 of 15 
 

Energies 2022, 15, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/energies 

of the CCLs. The Thiele modulus is a dimensionless quantity and can be expressed in 

terms of 
2Ok and 𝐿D, as follows:  

2

2

O

D eff

O

k
L

D
 =  (3) 

Next, Thiele modulus and diffusion length were introduced to explain the effect of 

CL on the cell performance. The diffusion lengths of the reactant on the CCLs (𝐿D) were 

calculated using the following equation:  

s
D CL

s s

   
  

w
L h

w h
=

+
 (4) 

Here, 𝑤s is the gap width, ℎs is the gap height, and ℎCL is the thickness of the catalyst layer 

(Figure 2). The effective oxygen diffusion coefficient, 
2

eff

OD was calculated using the follow-

ing relation:  

2 2

eff 6

O O D D =  (5) 

Here, 
2OD is the bulk oxygen diffusion coefficient [30]. As mentioned above, the Thiele 

modulus was used to estimate the effectiveness factor of the CLs. An effectiveness factor 

in the range of 0–1 for isothermal conditions indicates the importance of diffusion and 

kinetic limitations and can also be considered as the number of reactants that penetrate 

the CL [31]. The effectiveness factor (β) is expressed as follows:  

tanh?



=  (6) 

Relating the Butler–Volmer equation to the proton, i  was expressed by assuming 

that the reaction was isothermal and limited by proton conductivity in the IL as follows 

[31]: 

( )1
exp expo

Fn Fn
i i

RT RT

 
 

 −  − 
= −    

    

 (7) 

The purpose of this study is to coat the IL, which is the path for the proton, in order 

to improve the proton conductivity. Thus, we consider the equations related to protons. 

Expressing Equation (7) as the Taylor equation, exp (x) ≒ 1+x, we have, 

( )
0

1
1 ?

Fn Fn
i i

RT RT

 
 

 −  − 
= + − +    

    

 (8) 

0nFi
i?

RT
=  (9) 

H e
= E −+ −+   (10) 

where E  is the equilibrium potential, 
H+  is proton potential, and 

e−
  is electron 

potential. The Butler–Volmer equation (Equation (9)) was converted into a first-order re-

action 
H

r +  by introducing Equation (10) with the assumption that the reaction was iso-

thermal and limited by the oxygen diffusion in the CCL as follows:  

2

2

Oeff 0

O

Ci
( )

C

poreref

Pt rH He ef
r a n EF

H
+ + −= + −  (11) 

1 + x, we have,
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)
−
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−αFn

RT
η

)]
. (8)

i =
nFi0
RT

η (9)

η = E + ΦH+ − Φe− (10)

where E is the equilibrium potential, ΦH+ is proton potential, and Φe− is electron potential.
The Butler–Volmer equation (Equation (9)) was converted into a first-order reaction rH+

by introducing Equation (10) with the assumption that the reaction was isothermal and
limited by the oxygen diffusion in the CCL as follows:

rH+ = aeff
Pt Fn

ire f
0
H

Cpore
O2

Cre f
O2

(E + ΦH+ − Φe−) (11)

Here, kH+ is the first-order reaction coefficient of the proton.

kH+ = aeff
Pt n

ire f
0
H

Cpore
O2

Cre f
O2

(E + ΦH+ − Φe−) (12)

In the case of the IL being related to proton, the Thiele modulus could also be used
to estimate the effectiveness factor of the CCLs. The Thiele modulus is a dimensionless
quantity and can be expressed in terms of kH+ and LC, as follows:

φ = LC

√
kH+

σeff
H+

(13)

Next, Thiele modulus and diffusion length were introduced to explain the effect of
CL on the cell performance. The diffusion lengths of the reactant on the CCLs (Lc) were
calculated using the following equation:

Lc =
ws

ws + hs
hCL (14)

σR
H+ is the relative proton conductivity, expressed as the following equation [32]:

σR
H+ = σionomer

H+ (RI/C)
1.8(VCB)

2 (15)

where σionomer
H+ is the proton conductivity of the ionomer, RI/C is the ionomer and carbon

weight ratio and VCB is the volume ratio of the carbon black.
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In Figure 2a, the CL with a 3D structure has a larger contact surface area with oxygen
than that of a flat structure. When these structures were calculated based on the diffusion
length of the reactants expressed in Equation (4), the diffusion length at the CL with the 3D
structure is shorter than that of the flat structure. When calculated by applying the diffusion
length of these structures to the Thiele modulus of Equation (3), the value of Thiele modulus
is higher as the diffusion length is longer. Thus, the value of the CL with a 3D structure is
smaller than that of the flat structure. As a result, in the graph of the relationship between
the effectiveness factor and Thiele modulus shown in Figure 2c, it can be seen that the
effectiveness factor of CL with 3D structure is higher than that of CL with the flat structure.
This indicates that the 3D structure can lead to an improvement in the cell performance.
On the other hand, IL with the 3D structure for shortening the proton conduction path
and improving proton conductivity can be calculated as the Thiele modulus expressed in
Equation (11). In Figure 2b, CL also has a 3D structure in the boundary structure between
CL and IL with the 3D structure. Even if IL exists, the effectiveness factor depends on the
3D structure of CL because the reaction does not occur at IL. Thus, as the structure of CL
changes, it corresponds to the effect of CL with the 3D structure on the cell performance
shown in Figure 2c. In this study, we theoretically estimated the enhancement of proton
conduction by the addition of IL with flat or 3D, and performed experiments to confirm
the structural influence on the cell performance.

3. Experimental Section
3.1. Preparation of MEA

Catalyst ink for CCLs and carbon-supported Pt catalyst (TEC10V50E; Pt loading:
46.8%, 0.3 mg/cm2), purchased from Tanaka Kikinzoku Kogyo, were mixed with distilled
water and 1-propanol (NPA). The slurry was dispersed using an ultrasonic homogenizer
(Branson Digital sonicator 250 DA Branson ultrasonics corporation Danbury, CT, USA) for
20 min after the addition of the ionomer (5 mass% Nafion solution, Sigma-Aldrich Tokyo,
Japan). The I/C mass ratio was adjusted to 0.25. In addition, the ionomer solution for
the IL was prepared by ultrasonically mixing the ionomer and NPA (ionomer: NPA = 1:4)
for 5 min. This catalyst ink and ionomer solution were used for the fabrication of CCLs.
The CCLs were fabricated using the inkjet printing (LaboJet-600STDK, Microjet) method
employed in our previous study [26]. Prior to coating the catalyst ink and ionomer solution
on the CCLs, a Nafion membrane (NR-211, Chemours Wilmington, DE, USA) as a PEM and
an ACL were hot-pressed at 413 K and 6 MPa for 4 min. Then, the ionomer solution was
printed directly onto the Nafion membrane by the inkjet printing method. Subsequently,
the catalyst ink was also coated using the same method. Figure 3 shows the procedure for
the design and fabrication of the CCL structures with flat and 3D structures. First, a drop
of the ionomer dried on the Nafion membrane was examined using a digital microscope to
gather information regarding its external and internal diameters and height. Additionally,
the information on the characteristics of the drop of catalyst ink is available in our previous
report [26]. For a drop of the ionomer solution shown in Figure 3a, the ink concentration at
the edge is higher than that in the interior because of the coffee ring effect, in which the
liquid evaporating from the edge is replenished by the liquid from the interior [33]. In other
words, the thickness at the edge is higher than that in the interior. This phenomenon could
also be confirmed in a drop of the catalyst ink. Based on the information obtained from the
ink or ionomer drops, we designed a 3D pattern by overlapping the edge, where the outer
and inner diameters are different, at regular intervals. These 3D patterns were employed
to fabricate the IL and CL constituting the CCL by the inkjet printing method. The ink
droplets were ejected through the head of the inkjet printer, and for the 3D pattern, the
droplets were overlapped as designed after drying the ionomer droplet solution or catalyst
inks to maintain their shape. On the other hand, a flat pattern was formed by dropping
the catalyst ink or ionomer solution until one layer was coated and then by drying them
to prevent the shape formation. Samples were prepared to confirm the structure of each
pattern in the IL or CL prepared using the ionomer solution or catalyst ink. After examining
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each patterned structure in the IL and CL, CCLs with four structures were fabricated using
two patterns by inkjet printing. The Pt loading of the CCLs was 0.3 mg/cm2, while the I/C
mass ratio was adjusted to 0.26, except for Str. 1 which consisted of only the 3D-patterned
CL (I/C = 0.25). MEAs with an active area of 1 cm2 and composed of the ACL and CCL on
either side of the Nafion film were fabricated. Gas diffusion layers (GDLs; Sigracet25BC,
SGL Carbon) containing 5% PTFE and with a thickness of 235 µm were used at both the
anode and cathode sides.
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3.2. Characterization and Electrochemical Measurements of CCLs

Basic information on a drop of ionomer solution dried on the Nafion film was obtained
using a digital microscope (KEYENCE, VHX-7000, Osaka, Japan). In addition, the surface
morphology of the CCLs and their cross-sectional images were observed by FIB-SEM
(Helios G4 UX, Thermo Fisher Scientific, Tokyo, Japan). After cutting out the center of
the sample, it was fixed on the sample table, and the surface SEM was observed after the
conductive treatment. Then, the cross section was prepared by cooling FIB processing,
and the cross-section SEM was carried out with the acceleration voltage of 1 and 2 kV,
observation image of secondary electron image and backscattered electron image, and a
processing and observation temperature of −160 ◦C. Electrochemical measurements were
carried out using a single cell (JARI, serpentine: 1 mm width, 1 mm depth) and evaluated
measurements (compact type FC evaluation tester S160025, CHINO, Tokyo, Japan). For
aging, pure H2 gas and 21% O2 with pure N2 were humidified and supplied to the anode
and cathode, respectively. The aging was allowed to proceed while cycling the potential
between the OCV and 0.3 V for 30 s until the current reached a constant value at 0.3 V. The
polarization curves of the CCLs were obtained over the potential range of 0.9–0.2 V at a
potential drop of 0.1 V. Each potential was maintained for 5 min until the current stabilized,
and electrochemical impedance spectroscopy (EIS) was performed in the frequency range
of 100 kHz–0.2 Hz. The measurement temperature was 80 ◦C and the relative humidity
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(RH) was 100% and 40%. The gas flow rates were 250 and 500 mL/min at the anode and
cathode, respectively. The experiment requires approximately 11 h.

4. Results and Discussion
4.1. Structural Characterization

Figure 4 shows the SEM images of the flat- and 3D-patterned structures in each IL and
CL at the 500 µm (a,b,g,h) and 50 µm (c,d,i,j) scales and the cross-sectional image (e,f,k,l).
For the flat-patterned IL (Figure 4a,c), no pattern was observed on the surface (a), while the
IL surface near the protect film (white color), seen in the upper part of the cross-sectional
image (e), had a flat structure. However, it was difficult to distinguish between the Nafion
film and the IL surface at the bottom because both of these have the same components. By
contrast, for the 3D-patterned IL (shown in Figure 4b,d), a rough structural surface was
observed in the cross-sectional image (f); the width and height of IL surfaces were about
33 µm and 2.8 µm per each. CLs with two types of patterns coated on the Nafion film are
shown in Figure 4g–l. The flat pattern of the CL was observed (g,i), and the width and
height of the surfaces was 32.12 µm and 3.76 µm, respectively. This indicates that even if
the droplets are continuously printed without drying, the coffee ring effect is still present
when a pattern is printed using an inkjet printer. Finally, for the 3D-patterned CL, uniform
and distinct patterns were observed in the surface images (h,j). The width and height of
surfaces was 27.12 µm and 13.63 µm, respectively, indicating a rough structure, as is evident
from the cross-sectional image (l). Although the same flat or 3D patterns were coated on the
Nafion film, their heights and shapes varied depending on the components of the solution.
In this study, we fabricated CCL structures by combining flat- or 3D-patterned IL or CL.
The four types of patterned CCLs investigated in this study are summarized in Table 2.
Str. 1 consists only of 3D-patterned CL without IL and was fabricated for comparison
because it showed excellent performance in our previous study [26]. Str. 2 includes the
flat-patterned IL and CL, Str. 3 is composed of 3D-patterned IL and flat-patterned CL, and
Str. 4 is composed of 3D-patterned IL and CL. Figure 5 shows the SEM images of the CCLs
with various patterned structures. Str. 1 is the same as that shown in Figure 4h,j,l because
only the 3D-patterned CL is included. Str. 2 exhibited a slightly uneven surface, which
can be attributed to the 3D-patterned CL, as mentioned in Figure 4. The SEM image of Str.
3 showed amorphous heterogeneously agglomerated structures on the flat surface of the
CCL. While coating the CL on the IL with the rough surface, particles agglomerated toward
the IL surface with the lower height because the catalyst ink droplets are continuously
printed without being dried. The height of the amorphous agglomerates, estimated using a
digital microscope (VHX-7000), was approximately 9 µm higher than that of the flat surface.
Hence, the coat of the flat surface was very thin while that of the amorphous agglomerate
was very thick. The pattern of Str. 4 was different from those of Str. 2 and Str. 3. Str. 4
showed a wider rough pattern than Str. 1 due to the different morphologies of the surfaces
of the IL and CL used for fabricating this structure. Thus, CCLs with various structures
were successfully fabricated.

Table 2. CCLs with flat and 3D patterns at the CL and IL.

Pattern IL CL

Str.1 (IL W/O + CL 3D) - 3D
Str.2 (IL Flat + CL Flat) Flat Flat
Str.3 (IL 3D + CL Flat) 3D Flat
Str.4 (IL 3D + CL 3D) 3D 3D
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Figure 5. SEM images of the four types of 3D-patterned and flat-patterned structures fabricated using
ionomer solution and catalyst ink.

4.2. Electrochemical Analysis of the Two Structures

The electrochemical characterization of the CCLs with four types of structures was
performed at 80 ◦C and 100% RH of Str. 3 was lower that than of the other structures. This
indicates that the addition of the IL to the CCLs does not contribute to the improvement
of cell performance at 100% and 40% RH. Figure 6 shows the polarization curves and
power densities of the CCLs at 100% RH. Str. 1, Str. 2, and Str. 4 exhibited similar cell
performance, while the performance RH with sufficient proton conduction. In particular,
the cell performance of Str. 3 was rather lower than that of Str. 1 after the addition of the
3D-patterned IL. This could be attributed to the amorphous agglomerates distributed on
the flat surface of Str. 3 (Figure 6). Due to the thick amorphous agglomerates, the mass
transport resistance increases, resulting in a decrease in the cell performance. The power
densities of the CCLs showed the same trend. The cell performance and maximum power
density of the CCLs are summarized in Figure 7. Figure 7a shows a comparison of the
cell performance of the CCLs at 0.6 V. The cell performance at 0.6 V, related to the ohmic
resistance, increased in the order Str. 1 > Str. 2 > Str. 4 > Str. 3. On the other hand, the cell
performance at 0.2 V, related to the mass transport such as oxygen transport, was almost
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same for Str. 1 and Str. 4 and decreased from Str. 2 to Str. 3. In addition, the maximum
power density showed the same trend as the cell performance at 0.2 V.
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Figure 7. Performance of the four CCLs at (a) 0.6 V and (b) 0.2 V and the (c) maximum power density
at 100% RH.

Figure 8 shows the polarization curve and power densities of the CCLs at 40% RH.
The cell performance and maximum power density of Str. 4 were considerably higher
compared to those of the other CCLs at 40% RH, for which proton conduction is usually
poor. The cell performance at 0.6 and 0.2 V and the maximum power density of the CCLs
were compared in detail (Figure 9). The cell performance at 0.6 V improved two-fold after
the addition the 3D-patterned IL to Str. 1. Additionally, at 0.2 V, the cell performance of
Str. 4 improved by approximately a factor of 1.3 compared to that of Str. 1. In addition, the
maximum power density of Str. 4 also increased by a factor of at least 1.5 compared to those
of the other CCLs. These results suggest that the proton path in the CL of Str. 4 is shortened
because the surface of the uneven IL and the surface of the CL are alternately curved.
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at 40% RH.

To quantitatively analyze the relationship between the patterned structures and the
resistance of the CCLs, EIS was performed. Figure 10 shows the impedance spectra of the
four CCLs. Two semicircles are observed in the Nyquist plots of the CCLs. The semicircle
to the left is attributed to the resistance related to the electrolyte membrane. Generally, the
ohmic resistance is approximately 0.02 at 100% RH, but is higher at 40% RH [34]. Thus,
the ohmic resistance varies with RH [35]. In particular, at low RH, the ohmic resistance
becomes very high. Compared to other structures, Str. 4 exhibits a very small resistance
related to the electrolyte membrane, possibly indicating increased proton conduction in
this structure. The semicircle to the right in the Nyquist plots of the CCLs represents the
charge-transfer resistance at the cathode. A smaller diameter of the semicircle corresponds
to a lower resistance of the CCL. The charge-transfer resistance at 0.6 V was the lowest
for Str. 4 among all of the CCLs. In particular, the charge-transfer resistance of Str. 4 is
0.6 times that of Str. 1 (without IL). This is consistent with the performance of the CCLs.
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To confirm the effect of the patterned structures included in the CCLs on the mass
transport of oxygen, the limiting current densities were measured at 80 °C and 95% RH
using 1% oxygen gas. Figure 11 shows the limiting current densities of the four CCLs. The
oxygen-limiting current density was used to quantify the accessibility of oxygen to the
catalyst. The limiting current densities of Str. 1 and Str. 4 were almost the same and higher
than those of the other CCLs. This suggested that the CLs with 3D-patterned structures
included in these two CCLs affected the oxygen diffusivity. The 3D-CL and 3D-IL affected
performance. First, in the case of 3D-patterned CL without IL, it was confirmed that the
oxygen diffusivity was improved compared to that of the flat-patterned CL based on the
results for the limiting current density (shown in Figure 11). For the 3D-patterned IL,
the IL shortened the proton path to the CL. However, the effect of 3D-IL depends on the
pattern of CL. In the case of the CCL obtained by combining the 3D-IL and flat-CL, the
cell performance decreased because the presence of agglomerates on the CL led to longer
mass transport paths. By contrast, for both 3D-patterned IL and CL, the cell performance
increased because of the shortened proton path to CL from IL due to the larger surface
area in contact with protons obtained by the combination of the curves of 3D-IL and CL.
Based on the above results, it can be concluded that Str. 4 exhibited excellent performance
at a low humidity. Thus, an optimized structure with excellent proton conductivity and
oxygen diffusivity, attributed to the curvature between the 3D surfaces of the IL and CL,
was designed.
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5. Conclusions

In this study, using theoretical equations, we confirmed that the shorter proton con-
duction path in an IL with a 3D-patterned structure, compared to that in the IL with a
flat-patterned structure, can improve the cell performance. We experimentally investigated
the effect of the IL with a 3D-patterned structure included in the CCLs on the cell perfor-
mance. Str. 4 (IL 3D + CL 3D) showed excellent properties under 100% RH conditions.
It was confirmed that the addition of IL to CCLs did not contribute to cell performance
improvement under 100% RH conditions where sufficient proton conduction was possi-
ble. The cell performance of Str. 4 was superior to those of the others at 40% RH. These
results indicated that the structure of Str. 4 enhanced the proton conductivity at a low
humidity at which proton conduction is usually poor, thereby resulting in improved cell
performance. Str. 4 exhibits a very small resistance related to the electrolyte membrane
compared to the other structures, which can be correlated to its increased proton conduc-
tion. Thus, an optimized structure with excellent proton conductivity and excellent oxygen
diffusivity, attributed to the curvature between the 3D surfaces of the IL and CL, was
designed. In the future, we plan to numerically analyze these results and structures using
our simulation techniques.
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