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The structure of the cathode catalyst layer (CCL) is critically important for improving the
performance, durability, and stability of polymer electrolyte fuel cells (PEFCs). In this
study, we designed CCLs with a three-dimensional (3D) structure that could increase the
surface area of the CCLs to decrease their oxygen transfer resistance. The CCLs were fabricated using an inkjet printing method, and the electrochemical performance of the CCLs
in a membrane electrode assembly was evaluated using an actual cell. The results showed
that at high Pt loadings, the performance of the CCL with the 3D structure was superior to
that of the ﬂat structure. In particular, at a high current density, which is related to mass
transport resistance, the two structures exhibited a signiﬁcant difference in performance.
At a Pt loading of 0.3 mg/cm2, the CCL with the 3D structure showed the highest
maximum power density among all the CCLs investigated in this study. This indicates
that the 3D structure decreases the oxygen transfer resistance of the CCL. Overall, the
3D structure provided improved morphological and microstructural characteristics to
the CCL for fuel cell applications. [DOI: 10.1115/1.4052629]
Keywords: electrochemical engineering, fuel cells

Gen Inoue1
Department of Chemical Engineering,
Faculty of Engineering,
Kyushu University,
Nishi-ku, Fukuoka 819-0395, Japan
e-mail: ginoue@chem-eng.kyushu-u.ac.jp

1 Introduction
Owing to their high energy efﬁciency, simplicity, low operation
temperature (20–100 °C), emission-free nature (CO, CO2, and
NOx), and quick start and shutdown features, polymer electrolyte
fuel cells (PEFCs) are considered as promising power sources for
next-generation transportation and electronic devices, such as fuel
cell vehicles, that operate on hydrogen energy. PEFCs have been
extensively investigated over the past few decades for their application as automotive power sources. However, the applications of
PEFCs remain limited because of their high cost, insufﬁcient performance, and durability [1,2]. As the oxygen reduction reaction
1
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(ORR) at the cathode is the dominant reaction in PEFCs, oxygen,
protons, and electrons must be transferred smoothly to the porous
cathode catalyst layer (CCL), as shown in Fig. 1(a). Protons are
delivered through an ionomer network, such as Naﬁon, and electrons move through a conductive material, such as carbon black.
In addition, oxygen passes through the CCL via gas pores, dissolves
into the ionomer, and moves through it to the Pt surface where the
ORR occurs. Oxygen transfer is the dominant factor affecting the
limiting current density because of the occurrence of resistance in
both the gas and ionomer phases; therefore, it is important to
increase the oxygen transfer from the gas channel to the Pt
surface through various porous media and components [3–6].
To investigate and optimize mass transport in CCLs, various
studies focusing on ionomer ﬁlms (where oxygen diffusion
occurs), CCL structures, Pt dispersity, porous carbon, and humidity,
which can affect the oxygen transfer resistance [7–13] of CCLs,
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Fig. 1 Schematic of (a) the cathode side and (b) the two CCL structural designs
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The LTDW-fabricated electrodes showed the best performance
with an optimal speciﬁc capacity at high solid contents. Owing to
its wide range of applications, 3D printing technology can be
used to fabricate CCLs for high-performance PEFCs.
In this study, we fabricated CCLs with 3D structures via an inkjet
printing method used in a previous study to improve the performance of PEFCs [24]. In addition, a CCL with a ﬂat structure
was fabricated for comparison. As shown in Fig. 1(b), the 3D structure of the CCL increased its surface area for contact with oxygen,
leading to a decrease in the oxygen diffusion resistance. We analyzed the morphologies and electrochemical performances of both
structures.

2 Theoretical Estimation
Simple theoretical equations were used in this study to understand the effect of the 3D structure on the CCL properties. 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 [7]:
rO2 =

iPt
aeff
Pt

4F
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aeff
Pt
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0
η
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exp
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where iPt is the current density on the Pt surface, F is Faraday’s
ref
constant, iref
0 is the exchange current density, CO2 is the reference
eff
oxygen concentration, aPt 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 temperature, ηlocal is the local
is the oxygen conovervoltage, H is Henry’s coefﬁcient, and COpore
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where kO2 is the ﬁrst-order reaction coefﬁcient of oxygen.
In addition, the diffusion length and Thiele modulus were introduced to consider the effect of the CCL structure. The Thiele
modulus is the ratio of the kinetic reaction rate to the diffusion
rate of the reactant. When the Thiele modulus is small, diffusion
limitations are negligible, and the reaction rate is kinetically controlled. In contrast, when the Thiele modulus is large, kinetic limitations are negligible, and the reaction rate is controlled by diffusion
[14]. Herein, the Thiele modulus was used to estimate the effectiveness factor of the CCLs.
The reactant diffusion lengths of the CCLs, LD, were calculated
using the following equation:
LD =

ws
hCL
ws + hs

(3)

where ws is the gap width, hs is the gap height, and hCL is the thickness of the catalyst layer, as illustrated in Fig. 2(a). The Thiele
Transactions of the ASME

Downloaded from http://asmedigitalcollection.asme.org/electrochemical/article-pdf/19/1/010910/6775947/jeecs_19_1_010910.pdf by guest on 23 January 2022

have been conducted. For example, Inoue et al. [8] investigated the
relationship between the oxygen transfer resistance of porous components and their three-dimensional (3D) structures. They performed numerical simulations to model the properties of oxygen
transport. They found that the relative diffusion coefﬁcient of the
CCL, which is the ratio of its effective diffusion coefﬁcient to the
bulk molecular diffusion coefﬁcient, was an order of magnitude
lower than those of the gas diffusion layer (GDL) and microporous
layer. Moreover, an equation related to the relative diffusion coefﬁcient was obtained as a function of the porosity. In addition, various
methods have been used to investigate the oxygen mass transport
resistance in PEFCs. O’Neil et al. [14] suggested techniques to differentiate between the mass transport resistance within the CCL and
within the GDL for PEFCs. Oxygen gain is the difference in performance under oxygen-depleted and oxygen-rich cathode fuel
streams and represents the degree of oxygen mass transport resistance within the PEFC. For mass transfer resistance within the
CCL, the oxygen gain values were limited to a ﬁnite range of
values. In contrast, for the mass transfer resistance within the
GDL, the oxygen gain was not restricted to a ﬁnite range of
values. These studies identiﬁed the key factors that can reduce
oxygen transfer resistance of CCLs for PEFCs, thus improving
cell performance.
In order to optimize the CCLs considering their mass transport
properties, the fabrication process is important because the CCL
morphology depends on factors such as the composition of the catalyst ink and the fabrication method. Catalyst ink, which is composed of carbon-supported Pt catalysts, solvents, and an ionomer,
is used for the fabrication of CCLs, and the ink solvents can inﬂuence the ionomer distribution within the CCL, affecting the cell performance [15–17]. Moreover, various methods, such as doctor
blade, brush painting, spraying, and inkjet printing, have been
used to fabricate CCLs [18–22]. In particular, inkjet printing is considered as an economical and easy scale-up technology for microscale patterning and fabrication for a variety of applications
because it allows for the patterning of various inks. In addition, it
can reduce the processing time and cost during the manufacturing
process [23]. This method can also be readily applied to studies
on ink composition. In particular, for fuel cell applications, inkjet
printing resolves many of the problems associated with previously
reported catalyst deposition methods by allowing for uniform catalyst ink distribution on the surface of the Naﬁon membrane and by
loading a very small amount of the catalyst [24].
Furthermore, inkjet printing technologies have been widely used
in electrochemical energy applications for the fabrication of 3D
structures [25–27]. In particular, 3D printing technologies have
been utilized for manufacturing supercapacitors and lithium-ion
batteries. Zhu et al. [28] reported the fabrication of 3D periodic graphene composite aerogel microlattices for supercapacitor applications using the direct-ink writing process, a 3D printing
technique. The 3D-printed graphene composite aerogel electrodes
were light-weight and exhibited high conductivity and excellent
electrochemical properties. Liu et al. [29] fabricated electrodes for
lithium-ion batteries via low-temperature direct writing-based 3D
printing (LTDW) for comparison with the roller coating process.

modulus is a dimensionless quantity and can be expressed using kO2
and LD as follows:

k O2
∅ = LD
Deff
O2

Symbol

(4)

The effective oxygen diffusion coefﬁcient Deff
O2 was calculated
using the following relation:
6
Deff
O 2 = DO 2 ε

(5)

where DO2 is bulk oxygen diffusion coefﬁcient. The sixth power of
porosity is a ﬁtting parameter that includes the combined effect of
tortuosity and the Knudsen diffusion effect and has been conﬁrmed
by conducting experiments on the CCLs [8].
As mentioned earlier, the Thiele modulus was used to estimate
the effectiveness factor of the CCLs. 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
amount of reactants that penetrate the CCL [14]. The effectiveness
factor is expressed as follows:
β=

tanh ∅
∅

(6)

and when the resistance to mass transport within a CCL is the ratelimiting factor (∅ is large) [14]:
β≈

1
∅

(7)

If diffusion is the rate-limiting step, the limiting current density
ilim, which is obtained from ﬂux to the CCL, can be derived as
follows:
ilim =


hCL
4FCchannel kDeff
O2
LD

Table 1 List of parameters for theoretical estimation

(8)

where Cchannel is the gas channel oxygen concentration.
Parameters used for theoretical estimations are listed in Table 1.
Figure 2 shows the diffusion lengths of the CCLs with various
structures and the relationship between the Thiele modulus and
the effectiveness factors of the CCLs. In the oxygen diffusionlimited range, the CCL with the 3D structure showed better performance than the CCL with ﬂat structure. Thus, the effect of the 3D
structure could be estimated using the theoretical method, and
experiments were conducted to verify this result.

Parameter

Value

Unit

8.6
0.3125
8.314
80
0.5
0–1.2

mol/m3
–
J/(K · mol)
°C
–
V

F
H
R
T
αc
ηlocal

Faraday’s constant
Henry’s coefﬁcient
Gas constant
Temperature
Charge-transfer coefﬁcient
Local overvoltage

COref2

Reference oxygen concentration

8.6

mol/m3

COpore
2

Oxygen concentration in the
local pore space

7.14

mol/m3

3 Experimental
3.1 Preparation of Cathode Catalyst Ink and Membrane
Electrode Assembly Fabrication. A carbon-supported Pt catalyst
(TEC10V50E; Pt loading: 46.8%), purchased from Tanaka
Kikinzoku Kogyo, was mixed with distilled water and 1-Propanol
(NPA). The ratio of water to NPA was 1:80. The slurry was dispersed using an ultrasonic homogenizer for 20 min after the addition of the ionomer (Naﬁon solution 20 mass%, Sigma-Aldrich).
The ionomer-to-carbon (I/C) mass ratio was adjusted to 0.25.
Cathode inks were used for CCL fabrication. First, a Naﬁon
ﬁlm (NR-211, Chemours) was assembled with an anode
CL (TEC10E30E, Tanaka Kikinzoku Kogyo, Tokyo, Japan) containing Pt (0.21 mg/cm2 and compressed using hot pressing at
413 K and 6 MPa for 4 min. The cathode ink was then printed
directly onto the Naﬁon ﬁlm using the inkjet printing method.
Figure 3(a) shows real inkjet printing images and Fig. 3(b) shows
patterning of the CCL structures. The ink dropped through the
head onto the Naﬁon membrane to form a CL. In this study,
CCLs with two surface structures were fabricated: ﬂat and 3D structures printed with varying ink patterns, as shown in Fig. 3(b). First,
to make the patterns of each structure, a drop of catalyst ink dried on
the Naﬁon membrane was observed to obtain information about the
diameter, radius, width, and thickness. Next, a pattern made with
the radius length intervals of a drop of ink was applied to fabricate
the ﬂat structure. The catalyst ink was dropped continuously until
the deposition of one layer was completed and then dried to
avoid shape formation on the surface of the CCL. On the other
hand, for the 3D structures, patterns were created by the overlapping
outer and inner diameters with varying thicknesses at equal intervals
based on information obtained from the ink drops. However,
because the continuous dropping of ink did not form a shape, it
was immediately dried after printing a drop, in order for the dried
ink droplets to overlap. The Pt loading of the CCLs with the two
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Fig. 2 Calculation of (a) the diffusion length and (b) the relationship between the effectiveness factor and the Thiele modulus
of the CCLs with the two structures

The thickness of a drop of ink dried on the Naﬁon ﬁlm was determined, and the morphologies of the CCLs with ﬂat and 3D structures were examined using a laser confocal microscope
(OLS-4500, Olympus, Japan).

4 Results and Discussion

different structures varied from 0.2 to 0.5 mg/cm2. The structures
and Pt loadings of the samples are listed in Table 2. The fabricated
membrane electrode assemblies (MEAs) with an active area of
1 cm2 were composed of the anode and cathode CLs on either
side of the Naﬁon ﬁlm. Gas diffusion layers (Sigracet25BC, SGL
Carbon) containing 5% PTFE with a thickness of 235 µm were
used on both the anode and cathode sides.
3.2 Electrochemical Measurements and Characterization.
Electrochemical measurements were performed using a single cell
(JARI, serpentine: 1 mm width, 1 mm depth). The following
aging conditions were used: pure H2 gas and 21% O2 with pure
N2 were humidiﬁed and supplied to the anode and cathode, respectively. The aging step was performed while cycling the potential
between the open circuit voltage 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 measured over the potential range of 0.9–0.2 V
at a potential drop rate of 0.1 V. Each potential was maintained
for 5 min until the current stabilized, and electrochemical impedance spectroscopy (EIS) measurements were conducted over a frequency range of 100 kHz–0.2 Hz. The measurement temperature
was 80 °C and the relative humidity was 100%. The gas ﬂow
rates were 250 and 500 ml/min at the anode and cathode,
respectively.
Table 2 Sample information

Sample
Flat_Pt0.2
Flat_Pt0.3
Flat_Pt0.5
3D_Pt0.2
3D_Pt0.3
3D_Pt0.5

Structure

Pt loading
(mgPt/cm2)

hCL (μm)

hs (μm)

ws (μm)

Flat
Flat
Flat
3D
3D
3D

0.2
0.3
0.5
0.2
0.3
0.5

4.8
7.6
11.8
5.8
9.0
14.8

–
–
–
2.0
2.8
6.0

–
–
–
16
16
16
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Fig. 4 The images of the (a) ﬁrst and (b) ﬁfth printed layers on
the Naﬁon ﬁlm. (c) The thickness of the CCL as a function of
the number of layers. Images of the (d) ﬂat and (e) 3D structures.
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Fig. 3 Real images of (a) inkjet printing and (b) patterning of the
CCL structures

4.1 Structural Characterization. To obtain basic information regarding the patterning of the 3D structures, the morphologies
and lengths of the ink droplet layers printed on the Naﬁon ﬁlm were
measured using a laser microscope. Figures 4(a) and 4(b) show the
images of the ﬁrst and ﬁfth printed layers on the Naﬁon ﬁlm,
respectively. The edges of the ﬁrst layer were darker than the interior. The liquid that evaporated from the edges was replenished by
the liquid from the interior, resulting in a coffee ring effect, which
led to a drop in coffee dry [30,31]. As the number of layers
increased, the concentration of the interior section increased, and
that of the edge remained almost the same. This difference in the
concentration was caused by the difference in the thickness of
the droplet (Fig. 4(c)). It was found that with an increase in the
number of layers, the thickness of the edge section increased significantly compared with that of the interior part. On the other hand,
the ring-like shape of the droplet remained unchanged regardless of
the number of layers. Generally, researchers avoid the coffee ring
effect in the fabrication of fuel cell catalyst structures because it
leads to an uneven surface. In this study, we utilized surface roughness to increase the surface area of the CCLs. For the ﬂat structure,
the catalyst ink was dropped continuously until the entire catalyst
layer was deposited. In contrast, the ink for the 3D structure was
dried immediately after printing each droplet. Owing to the
coffee ring effect, a 3D structure with a rough surface was developed. Images of the as-fabricated CCL structures are shown in
Figs. 4(d ) and 4(e). The ﬂat structure showed an even surface
with a uniform thickness, whereas the 3D structure showed a
rough surface, as expected. The structural parameters of the
CCLs with the two structures and different Pt loadings are summarized in Table 1. The thickness of the ﬂat structures (Flat_Pt0.2,
Flat_Pt0.3, and Flat_Pt0.5) increased with increasing Pt loading.
In the case of the 3D structures, the heights and widths of the
droplet layers were divided into hCL, hs, and ws, as shown in
Fig. 4(e). With an increase in Pt loading, hCL increased linearly,
while ws remained nearly constant. This conﬁrms the successful
fabrication of 3D_Pt0.2, 3D_Pt0.3, and 3D_Pt0.5 3D structures
via inkjet patterning.

Fig. 5 Polarization curves of the (a) ﬂat- and (b) 3D-structured
CCLs at Pt loadings of 0.2, 0.3, and 0.5 mg/cm2

Fig. 6 Polarization curves and power densities of the 3D- and ﬂat-structured CCLs at Pt loadings of (a) 0.2, (b) 0.3, and
(c) 0.5 mg/cm2

Fig. 7 Performances of the ﬂat and 3D CCLs at (a) 0.8 V and (b) 0.2 V; and (c) maximum power
densities of the two structures at various Pt loadings
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4.2 Electrochemical Analysis of the Two Structures.
Figure 5 shows the polarization curves of the MEAs with ﬂat and
3D structures and varying Pt loadings. In the case of the ﬂat structures (Fig. 5(a)), the performance of Flat_Pt0.3 was slightly better
than that of Flat_Pt0.2. However, the performance of Flat_Pt0.5
began to deteriorate at 0.6 A/cm2 and dropped sharply at high
current densities. This indicates that at high current densities, the
oxygen diffusion resistance of the CCLs, which was attributed to
their mass transport, increased with an increase in Pt loading. On
the other hand, the performance of the 3D_Pt0.3 CCL was better
than that of 3D_Pt0.2, and the high performance was maintained
in 3D_Pt0.5 despite its higher thickness. In other words, with an
increase in Pt loading, the 3D structures inhibited the increase in
the oxygen diffusion resistance of the CCL. Thus, at a Pt loading
of 0.5 mg/cm2, the CCL with the 3D structure showed a lower
reduction rate than that with the ﬂat structure. These results indicate
that the surface structure of the CCLs signiﬁcantly affects their mass
transfer.
Figure 6 shows the polarization curves and power densities of the
CCLs with various surface structures and Pt loadings. The
Flat_Pt0.2 and 3D_Pt0.2 CCLs showed comparable polarization
curves and power densities, as shown in Fig. 6(a). This indicates

that at low Pt loadings, the surface structure did not affect the performance of the CCLs because the thickness of the CCLs was too
small; thus, mass transport occurred smoothly on the surface,
implying that diffusion becomes less signiﬁcant. The performance
of 3D_Pt0.3 was slightly better than that of Flat_Pt0.3 (Fig. 6(b)).
The power densities of 3D_Pt0.3 were also higher than those of
Flat_Pt0.3 at current densities lower than 1.33 A/cm2. The effect
of the surface structure on the mass transport of the CCLs was
observed at Pt loading of 0.3 mg/cm2. As shown in Fig. 6(c), the
difference in the performances of the ﬂat- and 3D-structured
CCLs was signiﬁcant at a Pt loading of 0.5 mg/cm2. In particular,
in the higher current density region, the two structures exhibited
appreciable differences in performance. In addition, the power densities of both structures exhibited the same tendency. The performances and maximum power densities of the CCLs with the two
different structures at varying Pt loadings were analyzed in detail,
as shown in Fig. 7. During the oxygen reduction reaction, at a
cell voltage of 0.8 (Fig. 7(a)), the performances of the CCLs with
ﬂat and 3D improved with an increase in Pt loading due to the
increase in the number of Pt active sites. This is consistent with previously reported results [32,33]. The reaction of the 3D structure
was superior to that of the ﬂat structure. When the cell voltage
was 0.2 V for the mass transport region (Fig. 7(b)), with an increase
in the Pt loading from 0.2 to 0.3 mg/cm2, the performances of the
ﬂat- and 3D-structured CCLs increased by 1.8% and 13%, respectively. However, with an increase in the Pt loading from 0.3 to
0.5 mg/cm2, the performances of the ﬂat- and 3D-structured
CCLs decreased by 21% and 5%, respectively. As mentioned
earlier, at a Pt loading of 0.5 mg/cm2, the CCL performance deteriorated because of the increase in mass transport resistance.
However, it should be noted that the degree of deterioration was
lower in the case of the 3D structure than for the ﬂat structure. Furthermore, the performance of the 3D structure at a Pt loading of
0.5 mg/cm2 was comparable with that of the ﬂat structure at a Pt
loading of 0.3 mg/cm2. In other words, unlike the ﬂat structure,
the 3D structure enabled effective oxygen transport on the
surface, reducing the mass transport resistance of the CCL.

Fig. 8 (a) Impedance spectra at 0.6 V of the ﬂat and 3D CCLs and (b) charge-transfer resistances of the CCLs at varying Pt loadings. (c) Enlarged impedance spectra of the CCLs over
an impedance range of 0–0.1

As shown in Fig. 7(c), the maximum power density of the CCLs
decreased in the following order: 3D_Pt0.3 > 3D_Pt0.5 > Flat_
Pt0.3 > Flat_Pt0.2 > 3D_Pt0.2 > Flat_Pt0.5. The 3D_Pt0.3 and
3D_Pt0.5 CCLs outperformed the ﬂat-structured CCLs in terms
of the maximum power density, with the highest maximum power
density being 0.61 W/cm2.
Electrochemical impedance spectroscopy was used to quantitatively analyze the relationship between the structure and resistance
of the CCLs. Figure 8 shows the impedance spectra of the CCLs
with the ﬂat and 3D structures at a range of Pt loadings. The semicircle (on the right) in the Nyquist plots of the CCLs represents the
charge-transfer resistance at the cathode. The smaller the diameter
of the semicircle was, the lower the CCL resistance was. It was
found that the charge-transfer resistance at 0.6 V was the highest
for Flat_Pt0.5 and the lowest for 3D_Pt0.3, as shown in Fig. 8(a).
The charge-transfer resistances of the CCLs changed with the variation in their Pt loading (Fig. 8(b)). At a Pt loading of 0.2 mg/cm2,
the charge-transfer resistances of both structures were comparable,
resulting in similar cell performances. This indicates that there was
no effect of decreasing the oxygen diffusion path, resulting in a
reduction in oxygen diffusion resistance because the CCLs were
very thin for both the structures at a Pt loading of 0.2 mg/cm2. At
Pt loadings of 0.3 and 0.5 mg/cm2, the resistances of the
3D-structured CCLs were lower than those of the ﬂat-structured
CCLs. Therefore, the higher cell performance of the 3D-structured
CCLs can be attributed to their lower charge-transfer resistance. To
investigate the effects of other factors, such as proton conductivity,
the ohmic resistances of the CCLs were obtained from the highfrequency X-intercepts of their Nyquist plots, and Fig. 8(c) shows
the real impedance (Z’) region of the CCLs over the 0–0.1 range.
The ohmic resistance of a material represents its resistance to the
ionic ﬂow in the electrolyte and to the electronic ﬂow of electronically conductive materials [34]. As shown in Fig. 8(c), the ohmic
resistances of the samples were dependent on the Pt loading, irrespective of the structure. These results suggest that the conduction
in the CCLs was smooth, regardless of their structure because the
electrolyte was well-connected. Thus, only the CCL structure
affected the performance of the cell.
010910-6 / Vol. 19, FEBRUARY 2022

Figure 9 shows the limiting current densities of the CCLs with the
two structures. The limiting current density was measured using 1%
oxygen gas. The oxygen-limiting current density was used to quantify the accessibility of oxygen to the catalyst. At a Pt loading of
0.2 mg/cm2, the CCL with the ﬂat structure showed a slightly
lower limiting current density than its 3D-structured counterpart.
On the other hand, at higher Pt loadings of 0.3 and 0.5 mg/cm2,
the CCLs with the 3D structure showed higher limiting current densities than those with the ﬂat structure. This result indicates that in
the 3D structure, oxygen diffused smoothly to the membrane
because of the expansion of the surface area, resulting in increased
accessibility to oxygen. In addition, the ratio of the limiting current
densities of the ﬂat and 3D structures was evaluated experimentally
and theoretically to conﬁrm the effect of the structure. At a Pt
loading of 0.5 mg/cm2, the 3D-structured CCL showed a higher
current density (0.154 A/cm2) than the ﬂat-structured CCL
(0.112 A/cm2). As a result, the ratio of the limiting current
density of the 3D structure to that of the ﬂat structure was approximately 1.38. Moreover, theoretical calculations were performed
using Eqs. (3) and (8). In Eq. (8), all the variables are constant
except for ilim and LD, resulting in the modiﬁed equation for the
comparison of the ﬂat and 3D structures, as shown below:
i3D
LFlat
lim
= D3D
Flat
ilim LD

(9)

Flat
where i3D
lim and ilim are the limiting current densities of the 3D and
Flat
ﬂat structures, respectively. In addition, L3D
D and LD are the diffusion lengths, which are calculated using the following relations:

LFlat
D = hCL
L3D
D =

hCL wS
ws + h s

(10)
(11)

As a result, the ratio of these values is approximately 1.38. In
other words, the theoretical and experimental limiting current
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Fig. 9 Limiting current densities of the two structures at Pt loadings of (a) 0.2, (b) 0.3, and
(c) 0.5 mg/cm2

density ratios were the same. Thus, the effect of the 3D structure on
the performance of the CCL was investigated experimentally and
theoretically. The data obtained from the limiting current measurements support the superior performance of the 3D-structured CCLs
compared with that of the ﬂat-structured CCLs, as indicated by the
I-V curves.
In conclusion, the 3D-structured CCLs exhibited enhanced performances with increasing Pt loading by mitigating the mass transport resistance compared with the ﬂat-structured CCLs. In addition,
the 3D-structured CCLs showed a higher mass activity (7.6 A/gPt)
than the ﬂat-structured CCLs (6.3 A/gPt), calculated at 0.9 V of
the polarization curves (Fig. 6), indicating that the 3D structure contributes to Pt utilization. 3D-structured CCLs can be extensively
applied not only to Pt, but also to the optimization of CCLs for nonprecious metal catalysts with high metal loading.

2
3
aeff
Pt = effective Pt surface area per local volume (m /m )
2
i3D
lim = limiting current densities of the 3D structures (A/cm )

5 Conclusions
• In this study, we designed CCLs with a 3D structure, thereby,
increasing their surface area of the CCLs to decrease their
oxygen transfer resistance. CCLs with a ﬂat structure were
also designed for comparison. Theoretical calculations predicted that the 3D structure would perform better than
the ﬂat structure by comparing the effectiveness factor in the
case of limited oxygen diffusion. Thus, these CCLs with the
two structures were experimentally fabricated and electrochemically evaluated to validate the prediction. Two types of
CCL structures were fabricated using an inkjet printing
method using different types of patterning. As a result, ﬂat
and 3D CCLs were successfully fabricated, and it was found
that the surface of the 3D structure was rough, whereas that
of the ﬂat structure was smooth.
• The electrochemical performances of the CCLs with the two
structures and varying Pt loadings were analyzed. At Pt loadings of 0.3 and 0.5 mg/cm2, the performances of the 3D structures were superior to those of the ﬂat structures. The
maximum power densities of 3D structures with Pt loadings
of 0.3 and 0.5 mg/cm2 were also higher than their ﬂatstructured counterparts, and the highest maximum power
density was 0.61 W/cm2. The 3D structure increased the
surface area of the CCL, leading to a decrease in its oxygen
transport resistance. The impedance and limiting current
density results also support the conclusion that the structure
of the CCL affects its performance. Finally, the ratio of the
limiting current densities of the two structures was evaluated
experimentally and theoretically, and the ratio of these
values was the same (approximately 1.38). These results conﬁrmed that the CCL with the 3D-structured CCL was superior
to a ﬂat-structured CCL. In the future, we will use computational methods to investigate the effect of the 3D structure
on the performance of CCLs under various conditions.
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Nomenclature
n = the number of electrons (dimensionless)
F = Faraday’s constant (C/mol)

iFlat
lim
iref
0
COpore
2
COref2

=
=
=
=

limiting current densities of the ﬂat structures (A/cm2)
exchange current density (A/m2)
oxygen concentration in the local pore space (mol/m3)
reference oxygen concentration (mol/m3)

Deff
O2
L3D
D
LFlat
D
αc
β
ɛ
ηlocal
∅

=
=
=
=
=
=
=
=

effective oxygen diffusion coefﬁcient (m2/s)
diffusion lengths of 3D structures (μm)
diffusion lengths of ﬂat structures (μm)
charge-transfer coefﬁcient (dimensionless)
effectiveness factor (dimensionless)
porosity (dimensionless)
local overvoltage (V)
Thiele modulus (dimensionless)
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