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Understanding ionomer distribution properties that facilitate proton conduction and oxygen transfer to Pt par-
ticles in the cathode catalyst layer (CCL) of the polymer electrolyte fuel cell (PEFC) is essential for optimized
design of CCL with high cell performance. In this study, the model structure of Ketjen black (KB) as porous
carbon was numerically simulated. After validating the model, the relationship between the weight ratio of
ionomer/carbon (I/C) and ionomer coverage was investigated. Moreover, relative proton conductivity of
simulated KB was compared with the reference data of Vulcan XC-72 (VB) as non-porous carbon. Under the same
1/C ratio conditions, ionomer coverage significantly differed depending on the carbon support. Moreover, under
the same carbon volume ratio conditions, simulated KB exhibited lower relative proton conductivity than VB
because simulated KB had the lower ionomer volume ratio than that of simulated VB. The relationship between
ionomer content and ionomer properties differ depending on the carbon support. The results of our study can

contribute to designing an optimal catalyst layer.

1. Introduction

As a potential power device, polymer electrolyte fuel cells (PEFCs)
have the advantages of high efficiency, no CO, and NOx emissions, fast
operating system, low operating temperature, and possibility of minia-
turization. The main application of PEFCs is in fuel cell systems in au-
tomobiles. Because the PEFCs operate at low temperatures, carbon-
supported Pt is generally used to catalyze the reactions at the anode
and cathode in the PEFCs. However, using Pt catalysts is expensive and
limits the popularization of PEFCs [1]. In PEFCs, the oxygen reduction
reaction (ORR) is dominant at the cathode. Thus, extensive studies on
the development of catalysts containing low or no Pt for the cathode and
optimization of the cathode catalyst layer (CCL) to enhance Pt utiliza-
tion have been reported [2-6]. To optimize the CCL, protons, electrons,
and oxygens should be quickly transferred through ionomer, carbon,
and pores, respectively, to the Pt surface on carbon. Moreover, the
design is needed to be able to optimize the transfer path of these ma-
terials in the CCL of PEFCs.

Studies have been conducted on the properties of ionomers, such as
distribution, coverage, thickness, and others [7-13]. These properties
can be pathways of proton and oxygen transfer to the Pt surface. In our
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previous studies, we demonstrated that the ionomer morphologies
affected the proton conductivity and were a dominant factor in the gas
diffusivity to reach the Pt surface [8]. Properties such as ionomer
coverage and thickness were numerically evaluated by simulating the
structure of Vulcan XC-72 (VB) as a non-porous carbon [14]. First, the
structural properties of the simulated VB, such as particle size distri-
bution, anisotropy, specific surface area per weight, and pore volume,
were verified by comparing with the experimental data. Then, the
relationship between the ionomer/carbon (I/C) weight ratio and ion-
omer coverage were examined using the VB structure. As a result, the
correlation equation for ionomer coverage could be estimated through
the comparison with the reference (experimental) data. Furthermore,
the effect of ionomer volume on relative proton conductivity was
investigated using a simulated catalyst layer structure. Knowledge of the
ionomer properties could contribute to designing the optimal catalyst
layer. However, this study is limited to the properties of ionomer coating
for non-porous carbon.

In this study, we performed numerical simulations to evaluate ion-
omer properties after coating Ketjen black (KB), which has a highly
porous structure. In the numerical simulations of KB, carbon density was
set as an input parameter to differentiate it from non-porous carbon
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during the catalyst-ink coating process. The carbon density value of VB
was obtained from the literature as 1.7 g/cm3 [15], whereas that of KB
was obtained experimentally. Then, the KB aggregate structure was
simulated and validated by comparison with the reference data.
Although Pt particles were not considered in this study, the effect of
porous carbon structure on ionomer coverage and distribution can be
evaluated. This can provide insights into different ionomer properties
that depend on the structural properties of support materials and
contribute to the design of an effective CCL that is appropriate for the
support conditions.

2. Methods
2.1. Experimental section

The value of carbon density including pores is essential in simulating
the KB structure; however, it has not been reported in the literature. The
values of carbon density can be estimated by the values of Pt loading,
porosity, and thickness of the CCL. Therefore, a CCL containing KB-
supported Pt catalysts (TEC10E50E, TKK, Tokyo, Japan) was fabri-
cated using the doctor-blade method to estimate the carbon density of
KB. First, catalyst ink was prepared by mixing and dispersing Pt/C,
water, 1-propanol, and ionomer (5 mass% Nafion, Sigma-Aldrich) using
ultrasonic homogenizer for 40 min. The values of solid fraction and I/C
were 6% and 0.4, respectively. The catalyst ink was coated onto a pol-
ytetrafluoroethylene sheet using a coater and dried. The width, height,
thickness, Pt/C weight ratio, Pt loading, catalyst weight, and porosity of
the CCLs were obtained.

The necessary parameters for estimating the values of carbon density
are summarized in Table 1. The porosity was measured using a pyc-
nometer (AccuPyc II 1340, Micromeritics). The value of carbon density
was estimated to approximately 0.6 g/cm®. To verify this value, we
compared the amount of dibutylphthalate (DBP) absorbed per 100 g of
carbon when DBP was added to KB. The amount of DBP absorbed was
estimated to be 334 cc/100 g, which is close to the value reported in the
literature (360 cc/100g) [16]. Thus, the KB carbon density of 0.6 g/cm3
was used as an input parameter for the KB aggregate simulations.

2.2. Numerical simulations

2.2.1. Simulation of KB aggregates

The KB aggregates were reconstructed as a basic structural element
using in in-house developed numerical model of the structure [17-20].
The KB aggregates were reconstructed using the probability density
distribution, which is a function of the distance between the particles,
based on the attraction and repulsion between the particles. As input
parameters, the primary particle size, number of particles, and types of
carbon structure were set to 30 nm, 50 particles, and branch structure,
respectively. The space resolution was 2 nm, and the structural prop-
erties of the KB aggregates were obtained after the simulations.

2.2.2. Simulation of an ionomer coating
For the ionomer coating simulation for KB, a non-uniform model was
applied to account for the non-uniform adhesion of the actual ionomer

Table 1
Structural information of the fabricated CCLs.

Parameters Measured values
Width 1.5cm

Height 1.5cm
Thickness 12.6 mm
Weight 1.27 mg

Pt/C weight ratio 46.5 wt%
Carbon weight ratio (Pt/C) 53.5 wt%

Pt loading 0.21 mg/cm?
Porosity 0.62
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[21-23]. The curvature of the ionomer interface to the void space is
constant, and the ionomer adheres to the curvature when the ionomer
concentration is higher than the critical concentration for adhesion. This
curvature value was automatically determined by the amount of ion-
omer, which depends on the I/C weight ratio. Because the space reso-
lution was 2 nm, the minimum pore size was set to 2 nm. The
assumptions for the simulations were as follows. The effect of solvent on
ionomer structure change and adsorption, and the effect of carbon sur-
face functionalizers on chemisorption were ignored. The surface area of
carbon was significantly larger than that of Pt; hence, the effect of Pt
particles on ionomer adsorption was negligible. In addition, the carbon
and ionomer were well mixed in the solvent to avoid independent
migration of the ionomer. Using the ionomer coating simulations, ion-
omer coverage and thickness were calculated. Moreover,
ionomer-coated KB was visualized using MATLAB program. Finally, the
relative proton conductivity (a,‘f,. ) of ionomer-coated KB was calculated
using the following equation:

e ®
H+ __ Wionomer (l)

ulk —
6[;]+ Tionomer

o -

where aff{ is effective transport property in porous media, aﬁ’{”‘”‘ is

effective transport property in bulk, @;,,ome- is the volume ratio of the
ionomer, and Tipnomer i the tortuosity of the ionomer. We used the
random work method to calculate the tortuosity and the ionomer
connection.

3. Results and discussion

Fig. 1 compares the structural properties of KB obtained from
simulation. KB aggreages is generally composed of strongly bound pri-
mary carbon particles. Fig. 1(a) shows the branch structure of the
simulated KB aggregate. This aggregate structure was similar to that of
actual KB observed through transmission electron microscopy (TEM)
shown in Fig. 1(b). This means that the KB aggregate can be recon-
structed using simulation. Fig. 1(c) showed the simulated KB aggregate
size. The size of the simulated KB aggregate was approximately 325 nm,
which is within the range (100-500 nm) of the actual KB aggregate size
measured by TEM of Neffati et al. [24]. As shown in Fig. 1(d), the peak
value for the specific surface area per weight of simulated KB was
approximately 850 m?2/g, which is close to the experimental value. In
addition, the pore volumes of micropores (<2 nm) and mesopores (>2
nm) of simulated KB were 0.21 cc/g and 1.22 cc/g, respectively (Fig. 1
(e)). These reference values [25] obtained from gas adsorption mea-
surements such as Ny adsorption were similar within the error range to
the experimental values. With the development of the gas adsorption
measurement method, recently a wide range of micropore evaluation
can be detected by density functional theory (DFT) method. Among the
various DFT methods, the non-local density functional theory (NL-DFT)
technology has been reported as the most accurate technique for
determining pore size distribution when the pore size distribution was
different. This technology can be applied from 0.4 nm to 62 nm [24,26].
As show in Fig. 1(e), the mesopores of the simulated KB also had a very
large pore volume compared to that of VB which is obtained by simu-
lation [14].

Simulated KB structural properties such as aggregate size, surface
weight, and pore volume were similar to the actual KB’s experimental
values, so they were verified as a support material to evaluate the
properties of ionomer coating. In addition, the properties of the ionomer
coating were evaluated on the basis of the simulated KB structure.

Fig. 2 shows ionomer distribution on the simulated KB surface with
different I/C ratios. It can be seen that the ionomer was non-uniformly
attached, and the amount of attached ionomer decreased with
decreasing I/C.

In the case of ionomer distribution of simulated VB [14], the
coverage was 0.87 at I/C 0.32 which is higher than the coverage of I/C
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Fig. 1. Comparing the structural properties of simulated KB with those obtained from experiments. (a) Simulated KB structure, (b) TEM image of KB, (c) aggregate

size distribution, (d) specific surface area per weight, and (e) pore volumes.

0.98 at KB. In other words, the ionomer coverage of VB and KB was
significantly different.

Fig. 3 shows the changes in ionomer thickness and coverage with
respect to the I/C ratio for simulated KB. The ionomer thickness and
coverage of simulated VB with respect to the I/C ratio [14] are used as
reference. The average thickness of the ionomer of KB was approxi-
mately 4 nm (Fig. 3(a)), while that of VB in the reference data was
approximately 7 nm. The ionomer film of KB was approximately 1.8
times thinner than that of VB, which is consistent with the results of a
previous study [27]. The reason for the thinner KB ionomer film than
that of VB is the larger surface area of KB (approximately four times)
than that of VB. Moreover, some ionomer could have been possibly
absorbed into the nanopores of KB in the actual experiment. However,
we did not consider the internal pores of KB in this study; thus, the
possibility of ionomer absorption in nanopores was not examined.

Fig. 3(b) shows the comparison of the ionomer coverage of simulated
KB at different I/C ratios with the reference data that was estimated
through double-layer capacitance of catalyst [28]. The ionomer
coverage values of the simulated KB were calculated for the I/C range of
0.2-1.0. This is because the ionomer volume ratio has a very low value
below the I/C ratio of 0.2, resulting in no ionomer coverage due to space
resolution of 2 nm. The ionomer coverage of the simulated KB decreased
with decreasing I/C (particularly sharply below the I/C ratio of 0.4), and
it is significantly off from the reference data value. In this simulation, it
was assumed that all the ionomers covered the carbon support. It is
reported that in the actual catalyst-ink coating process, ionomer does
not coat all the carbon support; however, some ionomer is deposited and
agglomerated. Harada et al. distinguished adsorbed ionomer from
deposited ionomer using neutron scattering. The ratio of such ionomer
was 50% each [9]; therefore, the ionomer content covering KB was

converted to 50% and compared in Fig. 3(c). The ionomer covering of
the simulated KB is in close agreement with the reference data at I/C =
0.42. Owing to the space resolution of 2 nm, ionomer coverage could not
be seen at I/C less than 0.36. Thus, to predict the KB ionomer coverage at
low I/C, the correlation between the 1/C weight ratio and ionomer
coverage was calculated as follows:

Oronomer = 0.18 In(Ryc) + 0.74(0.05 < Ryyc <4.2) )

Ionomer coverage does not exceed 1 and can be applied in the I/C
range of 0.05-4.2. The ionomer coverage of the predicted lines of
simulated KB using Equation (2) was in close agreement with the
reference data at I/C = 0.05. At I/C = 1.0, the simulated and experi-
mental values differed significantly; however, the experimental values
of ionomer coverage for KB also exhibited differences depending on the
measurement method. Thus, accurate estimation is difficult [25,29,30].
When KB and VB were compared, simulated KB exhibited lower ionomer
coverage than that of the simulated VB under the same ionomer volume
ratio conditions. This is due to the larger specific surface area per weight
and lower carbon density of KB than those of VB. This indicates that the
coverage property of ionomer depends on the types of carbon support
with different I/C, and VB and KB cannot be compared on the same line.
This result also shows that the amount of ionomer required for the
optimization of the CCL varies with the types of carbon support.

Fig. 4 shows the relative proton conductivity of simulated KB and VB
(reference values) [14] at different I/C ratios. The relative proton con-
ductivity of both supports increases with increasing the carbon volume
ratio. With the increase in the carbon volume ratio, the porosity
decreased. The amount of ionomers coated increases and the distance
between carbon aggregates also decreases with the increase in carbon
volume ratio; thus, a proton conduction network is easily formed,
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Fig. 2. Ionomer distribution on the surface of the simulated KB with different I/C ratio.
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Fig. 3. Change of ionomer (a) thickness, (b) coverage of simulated KB with various I/C ratios. (c) conversion of Fig. 3(b) with various I/C ratios in the catalyst ink

process. All data were compared with reference data.

resulting in an increase in proton conductivity.

In addition, it was found that there was a significant difference in
relative proton conductivity between KB and VB. Under the same carbon
volume ratio condition, the carbon density of KB (0.6 g/cms) showed
lower than that of VB (1.7 g/cm®), and thus the thickness of the catalyst
layer of KB was higher than that of VB, which means an increase in the

total volume of the CCL. This CCL’s volume is used to calculate the
ionomer volume ratio. The ionomer volume ratio is determined by the
ratio of ionomer volume calculated from the I/C ratio, and CCL’s vol-
ume. Because the KB and VB have the same ionomer volume, the KB
with higher CCL’s volume showed a lower ionomer volume ratio than
that of VB. In other words, since KB had a lower ionomer volume ratio
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Fig. 4. Relationship between I/C ratios and relative proton conductivity in the CCLs with different carbon volume ratios of 0.3, 0.4, and 0.5.

than VB under the same carbon volume ratio condition, the relative
proton conductivity of KB was significantly lower than that of VB. The
effect of carbon support on proton conductivity has been investigated in
experimental studies, and the results show that the proton conductivity
of KB is lower than that of VB under the same I/C ratio conditions. This
was due to the fact that the tortuosity of KB was higher than that of VB.
Moreover, the ionomer adsorption inside the pores (4 nm) of KB did not
affect the proton conductivity. Therefore, the amount of ionomer
affecting the proton conductivity of KB was noticeably smaller than that
of VB [31]. In this simulation, we did not consider the adhesion of the
ionomer to the inner pore with pore sizes below 2 nm. However, it was
confirmed that the ionomer volume ratio of KB was lower than that of
VB under the same conditions, even if only the KB carbon density is
considered. Considering these facts, the structural change of the carbon
support by the carbon density and mesopore (>2 nm) affects the change
of ionomer coverage and relative proton conductivity from the simula-
tion technique. In our future work, we plan to perform detailed simu-
lations of the ionomer considering the KB including nanopores.

4. Conclusions

The model structure of the porous material KB was numerically
simulated, and the result of the simulations was compared with the
experimental reference data to confirm the validity of the structure. The
relationship between the I/C weight ratio and ionomer properties were
investigated using KB, and the result was compared to the reference data
of non-porous VB [14]. Owing to the large specific surface area of KB,
the thickness and coverage of KB with different I/C ratios were found to
be lower than those of VB, and the properties of ionomer varied with
each carbon support. The relative proton conductivity was also exam-
ined using the simulated CCL structures at different I/C ratios. Under the
same carbon volume ratio conditions, KB has a lower relative proton

conductivity than that of VB. This is because the ionomer volume ratio of
KB is lower than that of VB. Therefore, it is necessary to find the optimal
amount of ionomer for each carbon support with different carbon den-
sity and mesopores to design an optimal catalyst layer.
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