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1. Introduction

Although use of fossil fuels has allowed humankind to achieve
rapid economic and industrial developments over the past few
hundred years, it has brought serious global climate change
and environmental pollution problems. To resolve these issues,
governments over the world are tightening the regulation for

carbon emissions while implementing
eco-policy that urges use of renewable
energy such as marine, wind, solar, and
hydrogen energy.[1] Among diverse types
of renewable energy system, the polymer
electrolyte membrane fuel cell (PEMFC)
using hydrogen energy has been spotlight
for a wide range of fields, including
transportation vehicle, drone, and back-
up power because of its high-power
density, low operating temperature, zero
pollution (even purifying the polluted
atmospheric air), and long-term use.[2]

To achieve broad commercialization of
the PEMFC, several technological issues
should be overcome.[3] The major barrier
is the high cost associated with the use
of platinum (Pt) as an electrocatalyst.[3c]

To achieve economic viability of PEMFC,
the U.S. Department of Energy (DOE)
set the target of total Pt catalyst loading
to 0.125mgPt cm

�2 including both anode
and cathode sides.[4]

To meet the DOE target and reduce the Pt catalyst usage, there
have been many attempts including nanostructured thin film
(NSTF) electrode via sputtering or atomic layer deposition
(ALD) technique[5] and developing platinum group metal-free
electrocatalysts (PGM-free) with high catalytic activity.[6] 3M’s
NSTF electrode has shown high specific activity and specific
rated power with ultralow catalyst loading less than
0.15mgPt cm

�2; however, the PEMFCs with NSTF electrodes
have been suffered from water management problem due to
the ionomer-free electrodes, hydrophilic nature of Pt, and the
insufficient water retention capacity of the thinned electrode (less
than 1 μm).[5] When it comes to the PGM-free catalyst, even
though the power density of PGM-free catalysts in single cell
is approaching about half of commercial carbon-supported
platinum (Pt/C) electrodes, it has numerous challenges such
as catalyst instability and the severe mass transport issue from
the thick electrode thickness.[6d,6e] For these reasons, the state-
of-the-art PEMFCs have mostly utilized the Pt/C as a catalyst.
However, the amount of Pt loading commonly used
(>0.25mgPt cm

�2 for cathode) is much higher than that of
the DOE target.[5a] Furthermore, there have not been many stud-
ies dealing with the importance of the amount of catalyst used in
the anode side because the kinetics of hydrogen oxidation
reaction (HOR) at anode is much faster than that of the oxygen
reduction reaction (ORR) at cathode.[7] However, when lowering

J. Lee, C. Seol, Prof. S. M. Kim
Department of Mechanical Engineering
Incheon National University
Incheon 22012, Republic of Korea
E-mail: ksm7852@inu.ac.kr

Prof. J. Kim
Department of Electrical Engineering
Incheon National University
Incheon 22012, Republic of Korea

Prof. S. Jang
School of Mechanical Engineering
Kookmin University
Seoul 02707, Republic of Korea
E-mail: sjang@kookmin.ac.kr

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/ente.202100113.

DOI: 10.1002/ente.202100113

With increasing demand for high-efficiency and clean energy sources, the
polymer electrolyte membrane fuel cell (PEMFC) has received attention in a wide
range of fields including transportation and back-up power. For securing the
economic viability of PEMFC, the U.S. Department of Energy (DOE) provides the
target of the total Pt catalyst loading as 0.125 mgPt cm

�2 on both cathode and
anode, which is much less than that currently used (>0.25 mgPt cm

�2 for
cathode). An optimized ratio of catalyst loading between the anode and cathode
with a fixed Pt catalyst loading according to the DOE target is figured out by
conducting diverse electrochemical measurements with varying the catalyst
loading ratio in single-cells. Among the experimental set, the membrane elec-
trode assembly (MEA) with 70% catalyst loading on the cathode side shows the
highest performance with the maximum power density of 643 mW cm�2, while
the MEA with 90% catalyst loading on the cathode side exhibits inferior per-
formance. Experimental results are validated by suggesting the theoretical model,
which was established based on considering both the electrochemical kinetics of
hydrogen oxidation and oxygen reduction reaction.
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the Pt loading to less than 0.025mgPt cm
�2, the kinetics of the

HOR could be reduced due to insufficient catalytic active sites.[8]

Also, the ultrathin catalyst layer thickness could bring a severe
problem of the proton and the electric conductivities.[8]

Therefore, it is highly required to find out an optimized amount
of catalyst loading between anode and cathode with consideration
of not only ORR kinetics but also HOR kinetics while reducing
the amount of catalyst to suit the DOE target. Although there
have been previous studies using low catalyst loading near the
DOE target 0.125mgPt cm

�2 as shown in Table 1, there have
not been studies considering optimized catalyst distribution
on each side of anode and cathode. In this study, we fabricated
the five different types of membrane electrode assemblies
(MEAs) with varying the catalyst distribution ratio of Pt/C
between anode and cathode sides while keeping the total Pt
catalyst loading to 0.125mgPt cm

�2 as DOE target. With theses
MEAs, we constructed each single cell and performed
electrochemical measurements, including the current density
(J)–voltage (V ) curves, electrochemical impedance spectroscopy
(EIS), and cyclic voltammetry (CV). The morphological character-
izations of each MEA were also conducted by using scanning
electron microscope (SEM) measurement. Finally, we found
out an optimized ratio of catalyst loading between the anode
and cathode at DOE target condition and successfully validated
the experimental results by comparing the theoretical model
based on the Tafel analysis of the HOR and ORR.

2. Results and Discussion

To obtain high-performance PEMFC while using a small amount
of catalyst suggested by DOE for economic viability, investigation
of the optimal catalyst distribution ratio between the anode and
cathode in MEA is highly required. In this study, we constructed
five different MEAs with different Pt loading ratio by keeping the
same amount of total Pt loading. Figure 1 shows the schematic
illustrations of different structural configuration of MEA with
varying Pt loading ratio compared with that of the reference
MEA with same Pt loading for both anode and cathode.
Catalyst distribution ratios between the anode and cathode were
set to five cases (cathode loading: anode loading¼ 5:5/6:4/7:3/
8:2/9:1) by considering the much faster kinetics of HOR

compared with that of sluggish ORR.[7c,9] Prior to incorporation
of the MEA into single cell, we carefully checked the amount of
loaded Pt catalyst by using different amount of catalyst ink with
air-spray method. Because Nafion membrane can easily absorb
moisture in the atmospheric environment and errors may occur,
to secure accuracy of weighing, the catalyst inks were sprayed
onto the PET film and the weight difference of the PET film
before and after the spraying process was measured. Figure 2
shows the amount of Pt loading with respect to the varying
the amount of catalyst ink by 100, 300, 600, 700, and 1100 μL.
It can be seen that the amount of catalyst ink and the amount
of Pt loading are linearly proportional and easily fitted with linear
equation. To determine the amount of Pt loading for five cases
(cathode loading:anode loading¼ 5:5/6:4/7:3/8:2/9:1), nine
cases for different ratios (R¼ 0.1, 0.2, …, and 0.9) to the total
catalyst loading amount are provided in Table 2 by using fitted
equation. From the cross-sectional SEM images of the cases for
R¼ 0.1, 0.2, 0.3, 0.4, and 0.5 (Figure 3a–e), it was confirmed that
the electrode thickness linearly increased as the Pt loading
increased, while the morphological characteristics of each cata-
lyst layer were comparable. Based on this result, we plotted
the electrode thickness versus Pt loading with fitted line in
Figure 3f. Also, it is worthwhile to mention that in case of
R¼ 0.1 (Figure 3a), the electrode thickness is even less
than �1 μm due to the extreme low Pt loading of
0.0125mgPt cm

�2. This can bring severe problems such as insuf-
ficient catalytic active sites and inappropriate electric wiring.

To figure out the optimum catalyst loading ratio between the
anode and cathode by using total Pt loading of DOE target, we
constructed single cells by incorporating five different MEAs
(cathode loading:anode loading¼ 5:5/6:4/7:3/8:2/9:1). Figure 4
shows the polarization curves at 70 �C with supplying fully
humidified H2 and air gases to the anode and cathode sides.
Depending on the catalyst loading ratio, there were noticeable
differences in performance between the MEAs. Among
those MEAs, the MEA with CLR@C of 0.7 (0.0875 and
0.0375mgPt cm

�2 for cathode and anode, respectively) exhibited
the highest performance about 643mW cm�2 and the MEA
with CLR@C of 0.9 (0.1125 and 0.0125mgPt cm

�2 for cathode
and anode, respectively) showed very poor performance
(�115mW cm�2) compared with other MEAs, which means that

Table 1. Summary of operating condition and fuel cell performance with low total catalyst loading in the previous studies.

Sl. No. Anode [mg cm�2] Cathode [mg cm�2] Total loading [mg cm�2] Power [W cm�2] Experiment conditions Ref.

1 0.05 0.05 0.1 0.714 H2/O2 with back pressure of 2.7 bar [15]

2 0.08 0.08 0.16 0.4 H2/O2 without back pressure [16]

3 0.05 0.1 0.15 0.72 H2/O2 without back pressure [17]

4 0.15 0.022 0.172 0.614 H2/Air with back pressure of 1.72 bar [18]

5 0.04 0.12 0.16 0.66 H2/Air with Back pressure 1.4 bar (anode/cathode) [19]

6 0.1 0.029 0.129 0.3 H2/Air without back pressure [20]

7 0.059 0.055 0.114 0.45 H2/Air without back pressure

8 0.025 0.1 0.125 1.09 H2/Air with back pressure 2.5 bar [21]

9 0.014 0.3 0.314 0.7 H2/O2 with back pressure of 2 bar [22]

10 0.16 0.16 0.32 0.38 H2/Air with back pressure 4 bar [23]
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there is a severe problem when applied ultralow Pt loading at
anode. By observing that the performances of the MEAs were
proportionally improved with increasing CLR@C from 0.5 to
0.7 and considering the sluggish ORR kinetics than that of fast
HOR kinetics, we confirmed the effectiveness of the more cata-
lyst loading on cathode than anode. Furthermore, it can be seen
that there is an optimal point of catalyst loading ratio from the
results of lower performance of MEA with CLR@C of 0.8

compared with that of 0.7. And there is also lower limit of catalyst
loading on the anode for enabling normal operation of PEMFC
by considering the poor performance of MEA with CLR@C of
0.9. These results are meaningful because many of the previous
studies ignored the anode overpotential losses (ηHORÞ by only
considering cathode overpotential losses (ηORRÞ.[10] Therefore,
in the condition of ultralow Pt loading of DOE target
(0.125mgpt cm

�2), HOR kinetics should be considered as well
as ORR kinetics. To further investigate electrochemical
characteristics of the MEAs with different Pt loading ratio,
EIS and CV measurements for the MEAs were performed.
Figure 5a shows the EIS spectra and the results were fitted by
using typical equivalent circuit model (Figure 5b and Table 3).
In case of the MEA with CLR@C of 0.9, the ohmic resistance
(Rohm) (0.16500 Ω cm2Þ was more than two times larger and
the charge transfer resistance (Rct) (1.19740 Ω cm2Þ was even
more than four times larger than those of the other MEAs.
These results can be deduced that the thinned electrode of that
MEA with thickness less than 1 μm (see Figure 3a) and ultralow
Pt loading of 0.0125mgPt cm

�2 resulted poor HOR kinetics from
the insufficient active sites as well as interface contact problem
between the gas diffusion layer (GDL) and the electrode. When it
comes to other MEAs with CLR@C of 0.5, 0.6, 0.7, and 0.8, the
Rct was fitted to the value of 0.30245, 0.19533, 0.17746, and
0.20141Ω cm2, respectively, which are well agreed with the
performance trends of the MEAs. And from the CV results of
the MEAs in Figure 6, we compared the electrochemical active
surface areas (ECSAs) on the different Pt loading at anode side.
During CV measurements, the cathode was utilized for both
reference electrode (RE) and counter electrode (CE) by flowing
H2 gas, while the anode was set to working electrode (WE) by
supplying N2 gas. The ECSAs for anode electrode of each
MEA with CLR@C of 0.5, 0.6, 0.7, 0.8, and 0.9 were calculated
about 0.0406, 0.0228, 0.0162, 0.0095, and 0.0044m2, respec-
tively, which confirmed that the absolute ECSA is proportional
to catalyst loading.[11] From the results that MEA with
CLR@C of 0.9owed extremely low performance and large ohmic
and kinetic resistance, we can say that the ECSA on the anode
should be higher than 0.0044m2 as well as the amount of
loading should be larger than 0.0125mgPt cm

�2 for securing
the reasonable single-cell performance (Table 4).

For the theoretical analysis and validate the experimental
results, we propose a simple theoretical model here based on
the Tafel equation of the HOR and ORR.[12] Based on Tafel
approximation, the ηORR, ηHOR can be described as follows

Figure 1. Schematic illustration of composition of MEA with different catalyst loading ratio with a total catalyst loading fixed. a) MEA with the same
catalyst loading on both cathode and anode sides. b) MEA with different catalyst loading distribution on cathode and anode sides.

Figure 2. Quantification of Pt loading according to amount Pt/C
catalyst ink.

Table 2. Pt/C catalyst loading according to catalyst loading ratio.

Catalyst loading
ratio (R)

Catalyst loading
[mgPt cm�2]

Catalyst ink
loading [μL]

0.1 0.0125 56

0.2 0.025 112

0.3 0.0375 168

0.4 0.05 224

0.5 0.0625 280

0.6 0.075 336

0.7 0.0875 392

0.8 0.1 448

0.9 0.1125 504
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ηHOR ¼ � RT
αannanF

ln j0,an þ
RT

αannanF
ln jan ¼ RT

αannanF
ln

jan
j0,an

(1)

ηORR ¼ � RT
αcancaF

ln j0,ca þ
RT

αcancaF
ln jca ¼

RT
αannanF

ln
jca
j0,ca

(2)

The exchange current density ( j0) is the rate constant for the
electrochemical reaction and a function of catalyst loading, cata-
lyst specific surface area, temperature, pressure, and reference
exchange current density. By introducing j’0, which is exchange
current density per unit surface area (A cmpt

�2) at specific pres-
sure and temperature, the j0 can be simplified by the following
equation[13]

j0 ¼ AcLc jref0
P
Pref
r

� �
γ

� �
exp � Ec

RT
1� T

T ref

� �
¼ AcLc j00

�
(3)

By using Equation (3) and the Tafel slope (TS) from the Tafel
equation, Equation (1), (2), and ηact can be described as follows

ηHOR ¼ RT
αannanF

ln
jan

AcLc,an j00,an

¼ ðTSÞan ln
j

AcLc,an j00,an
j ¼ jan ¼ jcað Þ

(4)

ηORR ¼ RT
αcancaF

ln
jca

AcLc,ca j00,ca

¼ ðTSÞca ln
j

AcLc,ca j00,ca
ðj ¼ jan ¼ jcaÞ

(5)

ηact ¼ ηHOR þ ηORR ¼ ððTSÞan þ ðTSÞcaÞ ln j
� ððTSÞan ln j0,an þ ðTSÞca ln j0,caÞ ¼ aþ b ln j

(6)

In general, the j0,anhas the value of more than a million times
larger than j0,ca

[7]; therefore, the influence of the anode kinetics
has been neglected in most of the research in PEMFC. However,
in this study, the impact of the electrochemical reaction at anode
on overall PEMFC performance should be considered because a
very small amount of the Pt was loaded on the anode and it can
severely degrade the anode kinetics. And the actual operating
voltage of PEMFC can be expressed by considering the kinetic,
the ohmic, and the concentration losses as follows.

Ecell ¼ ErevðP,TÞ � ηORR � ηHOR � ηohmic � ηconc (7)

The ηconc, concentration overpotential, is negligible for pure
reactants and j< 1.0 A cm�2, and then Equation (7) can be
reduced as

Ecell ¼ Erev � ηORR � ηHOR � ηohmic (8)

and by introducing ohmic-resistance-corrected cell potential
(EiR–freeÞ

Figure 3. a–e) Cross-sectional SEM images of Pt/C layer with a variation of catalyst loading and f ) fitting graph of Pt loading versus thickness of the
electrode.

Figure 4. Polarization curves of MEAs with a different distribution of
catalyst loading with supplying fully humidified H2/air gas at 70 �C.
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Ecell þ ηohmic ¼ Erev � ηORR � ηHOR ¼ EiR–free (9)

we can effectively figure out the solely effect of the reaction kinet-
ics (HOR and ORR) on the operating voltage. By inserting
Equation (3) and (4) to Equation (9), theEiR–free can be

Figure 5. a) EIS measurements of MEAs at 0.6 V in the condition of 70 �C, RH 100%. b) Equivalent circuit of the PEMFC (CPEanode (cathode)¼ constant
phase element of the anode (cathode), Ranode (cathode)¼ kinetic resistance of the reaction of the anode (cathode), Zw¼Warburg impedance, and
Rohm¼ internal membrane resistance).

Table 3. Representative performance data from I–V curve and EIS fitted
data.

H2/Air, 70 �C,
RH 100%

Max. power
density

[mW cm�2]

Rohm (at 0.6 V)
[Ω cm2]

Rct (at 0.6 V)
[Ω cm2]

Zw (at 0.6 V)
[Ω cm2]

CLR@C 0.5 491 0.07866 0.30245 0.02541

CLR@C 0.6 557 0.06800 0.19533 0.10506

CLR@C 0.7 643 0.06698 0.17746 0.07662

CLR@C 0.8 609 0.06838 0.20141 0.07100

CLR@C 0.9 115 0.16500 1.19740 0.43915

Figure 6. CVs measurements of the MEAs at the anode side (RHE¼ reversible hydrogen electrode).

Table 4. Calculated ECSA data.

Catalyst loading
(total loading 0.125 mg cm�2)

50 wt% 40 wt% 30 wt% 20 wt% 10 wt%

ECSA [m�2] 0.041 0.023 0.016 0.009 0.004
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represented as function of Lc,ca, the amount of the Pt loading at
cathode.

EiR�f ree ¼ Erev � ðTSÞan ln
jgross

AcLc,an j00,an
� ðTSÞca ln

jgross
AcLc,ca j00,ca

¼ Erev þ ðTSÞan ln
AcLc,an j00,an

jgross
þ ðTSÞca ln

AcLc,ca j00,ca
jgross

¼ Erev þ ðTSÞan ln
Ac j00,an
jgross

þ ðTSÞca ln
Ac j00,ca
jgross

ð6¼ f ðLc,caÞÞ

þ ðTSÞan lnðLc,t � Lc,caÞ þ ðTSÞca ln ðLc,caÞ ¼ f Lc,ca
� �� �

(10)
where the jgross, hydrogen-crossover-corrected current density
(jgross ¼ j þ jleak; jleak ≒ 2.5 mA cm�2 from linear sweep voltam-
metry (LSV) measurement; Figure 7), is used for proper analysis
of the reaction kinetics at low current density where the hydrogen
crossover current density can have largely influence on the mea-
sured current density.[10b] Also, the Lc,an (the amount of the Pt
loading at anode) was replaced by the relation with the
Lc,t (total Pt loading, 0.125mgPt cm

�2 in this study) and the
Lc,ca. Next, to find out how EiR–free varies when Lc,cais changed,
the partial derivative of Equation (10) with respect to Lc,ca is done.

δðEiR–freeÞ
δðLc,caÞ

¼ ðTSÞan
δðlnðLc,t � Lc,caÞÞ

δðLc,caÞ
þ ðTSÞca

1
Lc,ca

¼ ðTSÞan
�1

Lc,t � Lc,ca
þ ðTSÞca

1
Lc,ca

¼ ðTSÞan
Lc,ca � Lc,t

þ ðTSÞca
Lc,ca

¼ K
b

x � a
þ c
x
, x ¼ Lc,ca

� �
(11)

where the K represents for the indicator of optimized catalyst
loading; for better understanding, it is shown as graph with
the x-axis as Lc,ca and the y-axis as K in Figure 8. By considering
the range of the Lc,ca (0< Lc,ca < Lc,t) and the point where the
sign convention of the K changes from positive (þ) to negative
(–), the maximum value of EiR–free with respect to Lc,ca can be
extracted at the point of P, where K becomes zero.

K ¼ 0 ¼ ðTSÞan
Lc,ca � Lc,t

þ ðTSÞca
Lc,ca

¼ ðTSÞanLc,ca
þ ðTSÞcaðLc,ca � Lc,tÞ ¼ ððTSÞan þ ðTSÞcaÞLc,ca
� ðTSÞcaLc,t, where ðTSÞan ¼ RT

αannanF

(12)

The equation for optimum catalyst loading at cathode, Lc,ca,opt,
can be described as follows

Lc,ca,opt ¼
ðTSÞca

ðTSÞan þ ðTSÞca
Lc,t
� � ¼

RT
αcanF

RT
αannF

þ RT
αcanF

Lc,t
� �

¼ αan
αca þ αan

Lc,t
� � (13)

If we know the exact value of αan, αca (transfer coefficient for
HOR and ORR), we can define optimized Pt loading distribution
at cathode and anode with fixed amount of Pt loading. As the
overall reaction must be considered in the single-cell I–V perfor-
mance, Equation (13) can be expressed differently by introducing
the effective charge transfer coefficient (αeff ) considered both
the anode and cathode charge transfer coefficient at once and
the TS.

ðTSÞ ¼ ðTSÞan þ ðTSÞca ¼
RT

αannanF
þ RT
αcancaF

¼ RT
nF

1
αan

þ 1
αca

� �
¼ RT

αeffnF
,

αeff ¼
αanαca

αca þ αan
, αca ¼

αeffαan
αan � αeff

� �
(14)

Figure 7. Measurement of hydrogen crossover current for CLR@C 0.7
MEA through LSV.

Figure 8. Graph of optimized catalyst loading indicator (K ) depending on

the change of Lc,ca (green line). Blue one indicates ðTSÞan
Lc,ca�Lc,t

versus Lc,ca; red

one indicates ðTSÞca
Lc,ca

versus Lc,ca.
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By using Equation (14), Equation (13) can be described as the
term of the αeff and the αan (charge transfer coefficient at anode)
without the αca (charge transfer coefficient at cathode).

Lc,ca,opt ¼
αan

αeff αan
αan�αeff

� �
þ αan

(15)

To determine the Lc,ca,opt, the value of αeff was extracted from
the TS from the I–V curves in Figure 4 in a low current density
region, and the value of the αanwas assumed to be 0.5 as used in
the previous studies.[14] Figure 9 shows the polarization curves
for EiR–free versus current density and concomitant to the TSs.
Except for the case of the MEA with CLR@C of 0.9
(Figure 9a), the other cases show the comparableαeff in single-cell
measurements (Figure 9b–e) with average value of 0.158. The
detailed calculation values of the αeff are shown in Figure 9f.
With these values of the αeff and the αan, the Lc,ca,opt was turned

out to have the value of 0.684 and this result is well agreed with
our experimental results, where the MEA with CLR@C of 0.7
showed the highest PEMFC performance. In other words, in
the case of the PEMFC with ultralow Pt loading of
0.125mgPt cm

�2 (DOE target), the optimal Pt/C catalyst distribu-
tion ratio is 31.6% on the anode and 68.4% on the cathode when
mass transport resistance is not considered. In addition, we have
conducted additional experiments to validate whether our
proposed optimal loading ratio can be applied to the cases of dif-
ferent total catalyst loading or not. We have set two additional
cases of the total Pt loading as 0.2 and 0.4 mgPt cm

�2 and the
polarization curves for each were measured in the same
operating condition as in the previous experiment (Figure 10).
Interestingly, the proposed optimized catalyst loading ratio
(CLR@C of 0.7) can be applied even with the different total
catalyst loading. As same with the previous experimental result,
the MEA with CLR@C of 0.7 shows the highest performance
regardless of current density region even with different catalyst

Figure 9. Tafel plot for iR corrected voltage and hydrogen crossover corrected current density in natural logarithm form for a) CLR@0.5, b) CLR@0.6,
c) CLR@0.7, d) CLR@0.8, and e) CLR@0.9.

Figure 10. Polarization curves of MEAs with variations of catalyst loading ratio and the total catalyst loading of a) 0.125mgPt cm
�2, b) 0.2mgPt cm

�2, and
c) 0.4 mgPt cm

�2.
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loading. Also, it is worthwhile to note that the performance of
MEA with CLR@C of 0.9 rapidly increased as the total loading
increased, which indicates that ionic and electronic networking
problem at the membrane/anode electrode and anode electrode/
GDL because of insufficient interfacial contact were effectively
alleviated as the absolute catalyst loading increased at the anode.
And when we compare the I–V curves for the case of relatively
high total catalyst loading of 0.4mgPt cm

�2 (Figure 10c) and low
total catalyst loading of 0.125mgPt cm

�2 (Figure 10a), the perfor-
mance difference between the CLC@C of 0.9 (denoted as yellow)
and CLC@C of 0.7 (denoted as blue) gets larger as the total cata-
lyst loading decreases. This signifies that our approach would be
more meaningful in the trend of using less catalyst loading into
the device. However, in current PEMFC system with much more
Pt loading than this study, the enhanced reaction kinetics, both
the anode and cathode, cause the increase in each charge transfer
coefficient and the amount of Pt loading at the cathode can be
further increased than this study. For example, if αan ¼ 0.9,
αca ¼ 0.25, and αeff ¼ 0.195, then the optimal total Pt/C catalyst
distribution ratio would be 21.7% and 78.3% on the anode and
cathode, respectively. Therefore, it is worthwhile to mention that
finding out the αeff is the pivotal factor for determining the opti-
mum catalyst loading ratio between the cathode and the anode.

3. Conclusion

In this article, we figured out an optimized ratio of catalyst
loading between the anode and cathode with a fixed Pt catalyst
loading according to the DOE target of Pt loading
(0.125mgPt cm

�2) by fabricating the five different types of
MEAs and performing electrochemical measurements with
those MEAs. In the case of the MEA with CLR@C of 0.9
(0.1125 and 0.0125mgPt cm

�2 for cathode and anode, respec-
tively), it showed very low performance due to the poor HOR
kinetics from the insufficient catalytic active sites in the anode
electrode as well as interface contact problem between the GDL
and the electrode. This indicates that in the condition of ultralow
Pt loading at anode, HOR kinetics should not be neglected and
consider lower limit of catalyst loading for enabling normal oper-
ation of PEMFC. Among the five experimental sets, the MEA
with CLR@C of 0.7 (0.0875 and 0.0375mgPt cm

�2 for cathode
and anode, respectively) showed highest performance about
643mW cm�2; this was 30.96% higher than that of theMEA with
the same amount Pt loading both at anode and cathode
(CLR@C). For the theoretical analysis and validation of the
experimental results, we proposed a simple theoretical model
here based on the Tafel analysis of both HOR and ORR.
Through the mathematical derivation, the optimal catalyst distri-
bution ratio was expressed as the function of the charge transfer
coefficients. In addition, the optimal catalyst loading ratio on
cathode side from the derivation formula was determined by
the value of 0.7, which is in good agreement with the experimen-
tal result. The suggested model for maximizing the performance
by finding out the optimal distributing catalyst ratio under the
specified total catalyst loading can be used in a wide range of
electrochemical devices. And the experimental results in this
study can be referenced to achieve economic viability of PEMFC
by satisfying the DOE requirements of ultralow Pt loading.

4. Experimental Section

Preparation of MEA with Varying Pt Loading Ratios: The MEAs used in
this study were fabricated through the following procedures. First, catalyst
inks were prepared by mixing 2-propanol (Sigma-Aldrich, USA), Nafion
ionomer solution (5 wt%, Sigma-Aldrich, USA), deionized water, and the
carbon-supported platinum catalyst (Pt: 40 wt%, Johnson Matthey, UK) by
sonicating for 30 min. Then, a Nafion 212 membrane (�50 μm thickness,
Dupont, USA) was placed on a hot-plate machine fitted with a vacuum
pump. The vacuum pressure was utilized to alleviate the swelling behavior
of the Nafion membrane during catalyst ink deposition process and the
relatively high temperature about 60 �C was applied to effectively remove
the residual solvent in the deposited catalyst layer. Then, the prepared
catalyst inks were sprayed on the Nafion membrane with a fixed total
Pt loading according to DOE target (0.125mgPt cm

�2) onto the cathode
and anode side by varying the loading ratios. Bipolar plates with a serpen-
tine graphite channel (width and depth: �1mm, area: 2.23� 2.23 cm2)
were utilized for each cathode and anode side by keeping an active area
of the MEA as 5 cm2. The variations of Pt loading ratios were set to 50%,
60%, 70%, 80%, and 90% based on the amount of loaded Pt on the cath-
ode compared with the total Pt usage. For example, catalyst loading ratio
at the cathode (CLR@C) of 50%; it means the MEA had the Pt loadings
on the cathode of (0.125� 0.5)¼ 0.0625mgPt cm

�2 and anode of
(0.125–0.0625)mgPt cm

�2. Therefore, the MEAs with different CLR@C
of 60%, 70%, 80%, and 90% were fabricated by calculating the Pt loadings
on the cathode of 0.075, 0.0875, 0.1, and 0.1125mgPt cm

�2 and anode of
0.05, 0.0375, 0.025, and 0.0125mgPt cm

�2, respectively.
Single Cell Preparation: The preparedMEAs were placed on the center of

a single cell and two GDLs (JNTG-30-A3 300–320 μm thickness, JNTG,
Korea), Teflon gaskets (250 μm thickness, CNL Energy, Korea), and bipolar
plates with serpentine graphite channel with width of 1mm were inserted
to both anode and cathode sides of the end plates. Then, the prepared
single cells were tightly assembled by fastening eight bolts with a torque
of 80 ft lbs without hot-pressing process.

Electrochemical Characterization: The polarization curves (the cell volt-
age and power density versus current density plot) were measured by
using the PEMFC test system (CNL Energy, Korea) with supplying fully
humidified H2 (150mLmin�1) and air (800mLmin�1) gases under ambi-
ent outlet pressure without applying additional back pressure at 70 �C. The
EIS spectra were measured using a high current potentiostat (HCP-803,
BioLogic, France) at 0.6 V with an amplitude of 10 mV over a frequency
range of 0.1 Hz to 100 kHz under the same conditions as those for the
single-cell operation. To analyze the hydrogen crossover current density,
LSV was conducted at 70 �C by supplying fully humidified H2 and N2 gases
to the anode and the cathode with flow rates of 200mL, respectively, with a
scan rate of 2 mV s�1 from 0 to 0.5 V. Finally, to figure out the effect of
ECSA depending on the different Pt loading for anode kinetics, CV meas-
urements were performed in the voltage sweep range of 0.05–1.20 V at a
scan rate of 100mV s�1 by supplying fully humidified H2 (50mLmin�1)
and N2 (200mLmin�1) gases at room temperature into the cathode and
anode, respectively. During CV measurements, the cathode with hydrogen
flowing around it could be considered as both the RE and the CE, while the
anode as the WE. From CV curves, ECSA can be calculated as follows

ECSA ¼ Integrated Area½VC s�1�
Scan rate ½V s�1� � Specific charge of Pt ½Cm�2� (16)

where Integrated Area
Scan rate represents the charge of the Pt–H desorption peaks by

excluding the double layer.
Physical Characterization: Cross-sectional SEM (AURIGA, Carl Zeiss,

Germany) images captured at an acceleration voltage of 10.0 kV for each
MEA. The samples were prepared by freeze-fracturing with liquid nitrogen
and investigated to compare the thickness difference according to the Pt
loading.
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Appendix

R gas constant, 8.314 J mol�1 K�1

P pressure, kPa
Pref
r reference pressure, kPa

T temperature, K
T ref reference temperature, 298.15 K
F faraday constant, 96485 Cmol�1

γ pressure coefficient
Ec activation energy, 66 kJ mol�1 for oxygen

reduction on Pt[12]

ηHOR overpotential of hydrogen oxidation reac-
tion, V

ηORR overpotential of oxygen reduction reaction,
V

ηact overpotential of activation losses, V
ηohmic overpotential of ohmic losses, V
ηconc overpotential of concentration losses, V
αan and αca anodic and cathodic charge transfer

coefficient
nan and nca anodic and cathodic number of electrons

involved in the electrode reaction
Ac catalyst specific area, mPt

2 gPt
�1

Lc catalyst loading, mgPt cm
�2

J current density, A cm�2

Jan and Jca anode and cathode current density, A cm�2

jgross gross current density, A cm�2

jleak leakage current density, A cm�2

j0 exchange current density, A cm�2

jo,an and jo,ca anode and cathode exchange current density
jrefo reference exchange current density (25 �C

and 101.25 kPa) per unit catalyst surface
area, A cmpt

�2

j0o exchange current density per unit surface
area, A cmpt

�2

j0o,an and j0o,ca anode and cathode Current density per unit
mass and area

TS Tafel slope RT
αnF

� �
from the Tafel equation

(TS)an and (TS)ca anode and cathode Tafel slope
Eo Standard state reversible potential, V
Ecell actual cell potential, V
ErevðP,TÞ thermodynamic reversible cell potential, V
EiR– free ohmic-resistance-corrected cell potential, V
Lc,an and Lc,ca anode and cathode catalyst loading,

mgPt cmpt
�2

Lc,t total catalyst loading, mgPt cmpt
�2

Lc,ca, opt optimized cathode catalyst loading,
mgPt cmpt

�2

K optimized catalyst loading indicator

Acknowledgements
This work was supported by Korea Electric Power Corporation (grant no.:
R19XO01-29) and Incheon National University Research Grant in 2018.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
Research data are not shared.

Keywords
catalyst loading, department of energy target, fuel cells, membranes,
optimized ratio

Received: February 15, 2021
Revised: April 28, 2021

Published online:

[1] a) H. E. Murdock, R. Adib, C. Lins, F. Guerra, A. Misra, L. Vickery,
U. Collier, P. Le Feuvre, E. Bianco, S. Mueller, “Renewable Energy
Policies in a Time of Transition”, IRENA, OECD/IEA and REN21,
https://www.irena.org/publications/2018/apr/renewable-energy-
policies-in-a-time-of-transition (accessed: May 2021); b) F. Beck,
E. Martinot, “Renewable Energy Policies and Barriers”: F. Beck in
Renewable Energy Policy Project, E. Martinot in Global
Environment Facility, https://biblioteca.cejamericas.org/bitstream/
handle/2015/3308/Renewable_Energy_Policies_and_Barriers.pdf?
sequence=1&isAllowed=y (accessed: May 2021).

[2] a) W. Niu, K. Song, Q. Xiao, M. Behrendt, A. Albers, T. Zhang,
Energies 2018, 11, 2411; b) S. Elitzur, V. Rosenband, A. Gany, Int.
J. Hydrogen Energy 2017, 42, 14003; c) T. Wilberforce, A. Alaswad,
A. Palumbo, M. Dassisti, A.-G. Olabi, Int. J. Hydrogen Energy 2016,
41, 16509.

[3] a) J. Baschuk, X. Li, Int. J. Energy Res. 2001, 25, 695; b) J. T. Gostick,
M. A. Ioannidis, M. W. Fowler, M. D. Pritzker, Electrochem. Commun.
2009, 11, 576; c) A. de Frank Bruijn, G. J. Janssen, in Fuel Cells,
Springer, Berlin 2013, pp. 249–303.

[4] US Drive, Fuel Cell Technical Team Roadmap, US Drive Partnership,
https://www.energy.gov/sites/default/files/2017/11/f46/FCTT_
Roadmap_Nov_2017_FINAL.pdf (accessed: May 2021).

[5] a) D. C. Sabarirajan, T. Y. George, J. Vlahakis, R. D. White,
I. V. Zenyuk, J. Electrochem. Soc. 2019, 166, F3081; b) M. K. Debe,
Nature 2012, 486, 43; c) M. K. Debe, J. Electrochem. Soc. 2011,
159, B53; d) M. K. Debe, J. Electrochem. Soc. 2013, 160, F522.

[6] a) H. Zhang, H. T. Chung, D. A. Cullen, S. Wagner, U. I. Kramm,
K. L. More, P. Zelenay, G. Wu, Energy Environ. Sci. 2019, 12,
2548; b) U. Martinez, S. K. Babu, E. F. Holby, P. Zelenay, Curr.
Opin. Electrochem. 2018, 9, 224; c) W. Wang, Q. Jia, S. Mukerjee,
S. Chen, ACS Catal. 2019, 9, 10126; d) U. Martinez, S. Komini
Babu, E. F. Holby, H. T. Chung, X. Yin, P. Zelenay, Adv. Mater.
2019, 31, 1806545; e) Y. Shao, J. P. Dodelet, G. Wu, P. Zelenay,
Adv. Mater. 2019, 31, 1807615.

[7] a) R. O’hayre, S.-W. Cha, W. Colella, F. B. Prinz, Fuel Cell
Fundamentals, John Wiley & Sons, Hoboken, NJ 2016; b) M. Shao,
Electrocatalysis in Fuel Cells: A Non- and Low-Platinum Approach,
Vol. 9, Springer Science & Business Media, London 2013; c) C. Song,
J. Zhang, in PEM Fuel Cell Electrocatalysts and Catalyst Layers,
Springer, London 2008, pp. 89-134; d) K. Neyerlin, W. Gu,
J. Jorne, H. A. Gasteiger, J. Electrochem. Soc. 2006, 153, A1955.

[8] Z. Song, M. Norouzi Banis, H. Liu, L. Zhang, Y. Zhao, J. Li,
K. Doyle-Davis, R. Li, S. Knights, S. Ye, ACS Catal. 2019, 9, 5365.

[9] R. M. Mello, E. A. Ticianelli, Electrochim. Acta 1997, 42, 1031.
[10] a) J. X. Wang, F. A. Uribe, T. E. Springer, J. Zhang, R. R. Adzic, Faraday

Discuss. 2009, 140, 347; b) H. Gasteiger, S. Yan, J. Power Sources 2004,
127, 162.

www.advancedsciencenews.com www.entechnol.de

Energy Technol. 2021, 2100113 2100113 (9 of 10) © 2021 Wiley-VCH GmbH

https://www.irena.org/publications/2018/apr/renewable-energy-policies-in-a-time-of-transition
https://www.irena.org/publications/2018/apr/renewable-energy-policies-in-a-time-of-transition
https://biblioteca.cejamericas.org/bitstream/handle/2015/3308/Renewable_Energy_Policies_and_Barriers.pdf?sequence=1&isAllowed=y
https://biblioteca.cejamericas.org/bitstream/handle/2015/3308/Renewable_Energy_Policies_and_Barriers.pdf?sequence=1&isAllowed=y
https://biblioteca.cejamericas.org/bitstream/handle/2015/3308/Renewable_Energy_Policies_and_Barriers.pdf?sequence=1&isAllowed=y
https://www.energy.gov/sites/default/files/2017/11/f46/FCTT_Roadmap_Nov_2017_FINAL.pdf
https://www.energy.gov/sites/default/files/2017/11/f46/FCTT_Roadmap_Nov_2017_FINAL.pdf
http://www.advancedsciencenews.com
http://www.entechnol.de


[11] Á. Kriston, T. Xie, D. Gamliel, P. Ganesan, B. N. Popov, J. Power
Sources 2013, 243, 958.

[12] F. Barbir, PEM Fuel Cells: Theory and Practice, Academic Press,
Boston, MA 2012.

[13] F. Barbir, PEM Fuel Cells, 2nd ed., Academic Press, Boston, MA
2013.

[14] a) B. Abderezzak, B. Khelidj, M. T. Abbes, Int. J. Hydrogen Energy 2014,
39, 1593; b) C. Biaku, N. Dale, M. Mann, H. Salehfar, A. Peters,
T. Han, Int. J. Hydrogen Energy 2008, 33, 4247; c) M. M. Mench,
Fuel Cell Engines, John Wiley & Sons, Hoboken, NJ 2008.

[15] L. Xiong, A. Manthiram, Electrochim. Acta 2005, 50, 3200.
[16] P. Brault, A. Caillard, A. Thomann, J. Mathias, C. Charles, R. Boswell,

S. Escribano, J. Durand, T. Sauvage, J. Phy. D: Appl. Phys. 2004,
37, 3419.

[17] H. Yu, A. Baricci, J. Roller, Y. Wang, A. Casalegno, W. E. Mustain,
R. Maric, ECS Trans. 2015, 69, 487.

[18] X. Wang, F. W. Richey, K. H. Wujcik, Y. A. Elabd, J. Power Sources 2014,
264, 42.

[19] H.-N. Su, Q. Zeng, S.-J. Liao, Y.-N. Wu, Int. J. Hydrogen Energy 2010,
35, 10430.

[20] M. Brodt, R. Wycisk, P. N. Pintauro, J. Electrochem. Soc. 2013, 160,
F744.

[21] S. T. Thompson, B. D. James, J. M. Huya-Kouadio, C. Houchins,
D. A. DeSantis, R. Ahluwalia, A. R. Wilson, G. Kleen,
D. Papageorgopoulos, J. Power Sources 2018, 399, 304.

[22] S. Chen, Z. Wei, H. Li, L. Li, Chem. Commun. 2010, 46, 8782.
[23] M. S. Saha, A. F. Gullá, R. J. Allen, S. Mukerjee, Electrochim. Acta

2006, 51, 4680.

www.advancedsciencenews.com www.entechnol.de

Energy Technol. 2021, 2100113 2100113 (10 of 10) © 2021 Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.entechnol.de

	Optimizing Catalyst Loading Ratio between the Anode and Cathode for Ultralow Catalyst Usage in Polymer Electrolyte Membrane Fuel Cell
	1. Introduction
	2. Results and Discussion
	3. Conclusion
	4. Experimental Section
	Appendix


