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ndary and power density
enhancement in PEMFCs of a Pt/C electrode with
double catalyst layers†
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and Yeon-Tae Yu*a

Exploring efficient approaches to design electrodes for proton exchange membrane fuel cells (PEMFCs) is

of great advantage to overcome the current limitations of the standard platinum supported carbon (Pt/C)

catalyst. Herein, a Pt/C electrode consisting of double catalyst layers (DCL) with low Pt loading of around

0.130 mgPt cm�2 is prepared using spray and electrophoresis (EPD) methods. The DCL electrode

demonstrated a higher electrochemical surface area (ECSA-52.5 m2 gPt
�1) and smaller internal resistance

(133 U) as compared to single catalyst layer (SCL) sprayed (37.1 m2 gPt
�1 and 184 U) or EPD (42.4 m2

gPt
�1 and 170 U) electrodes. In addition, the corresponding DCL membrane electrode assembly (MEA),

which consists of a Pt/C DCL electrode at the anode side and a Pt/C sprayed electrode at the cathode

side, also showed improved PEMFC performance as compared to others. Specifically, the DCL MEA

generated the highest power density of 4.9 W mgPt
�1, whereas, the SCL MEAs only produced 3.1 and

3.8 W mgPt
�1, respectively. The superior utilization of the Pt catalysts into the DCL MEA can originate

from the enrichment of the triple phase boundary (TPB) presented on the Pt/C DCL electrode, which

can strongly promote the adsorbed hydrogen intermediates' removal from the anode side, thus

improving the overall PEMFC performance.
Introduction

Because of high energy conversion efficiency and low emission
advantages,1,2 proton exchange membrane fuel cells (PEMFCs),
which can convert chemical energy into electrical energy, are of
great potential for substituting batteries in the portable devices
and vehicles of the future. In the state-of-the-art PEMFCs,
platinum nanoparticle (NP: 2–5 nm) supported carbon black
(Pt/C) is considered as the current standard catalyst.3 The Pt/C
catalyst is of high surface areas (30 and 90) m2 gPt

�1,4 which
signicantly contributes to both high specic activity and high
mass activity.5 Furthermore, it provides sufficient porosity to
, Research Center for Advanced Materials

y, Jeonju 54896, South Korea. E-mail:

sity of Science and Education, Danang-

ineering, Korea University, Seoul 02841,

ESI) available: Additional experimental
ynthesized Pt colloid, and the obtained
f carbon cloth with the microporous
al images of the sprayed and EPD
SA durability testing; an electrical

plots; the structural simulation of MEA
anode and Pt/C sprayed electrode at

hemistry 2019
speed the transport of the reactants.6,7 Unfortunately, the Pt/C
catalyst shows deciencies, which can defer the commerciali-
zation of PEMFCs, such as the aggregation and detachment of
the Pt catalyst, and the corrosion of carbon supports during the
electrocatalytic reactions.8,9 In addition, the activity of the Pt/C
catalyst is further affected by the deposition methods on the
conductive substrates.10,11 Commonly, the PEMFC electrodes
were prepared bymixing the Pt/C catalyst and ionomer; then the
homogeneous slurry was loaded onto the surface of the gas
diffusion layer (GDL) by conventional methods, including spray
and decal, etc. However, these methods cannot situate all of the
Pt catalyst nanoparticles at the front of the membrane.12 It may
greatly reduce the Pt catalytic utilization since the generated
protons on the Pt catalyst immediately pass across the
membrane without any extinction.13 On the other hand, the
conventional methods could signicantly decrease the amount
of the triple phase boundary (TPB) because the Pt catalysts oen
localized in the thick conventional layer and a part of the Pt
catalysts supported on carbon were not contacted to ionomer,
thus it can be inactive and inaccessible to fuels.14 In the
PEMFCs performance, the electrochemical reactions (hydrogen
andmethanol oxidation reaction at anode and oxygen reduction
reaction (ORR) at cathode) mainly occurs at the TPB zones,
where the catalytic particles, electrolyte phase, and gases pores
intersect.15 These redox reactions necessitate fuels transport in
the electrode porous area, ionic transport in the electrolyte, and
RSC Adv., 2019, 9, 15635–15641 | 15635
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Fig. 1 (a) The schematic for the preparation of the Pt/C double
catalyst layers electrode for PEMFC. The HRTEM imageries of (b) Pt
colloidal and (c) Pt/C composite catalysts, the insets showing the
particle size distribution of Pt catalysts.
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charge transport in the electrodes. It means that the TPBs may
strongly inuence the activity and durability of the PEMFC
electrodes.16 Therefore, exploring efficient methods to deposit
the catalysts on the electrodes for enriching the TPBs and then
maximizing catalytic utilization are of great signicance.

In this respect, the electrophoresis deposition (EPD) is an
effective pathway to overcome the remained drawbacks of
conventional methods, which can be benecial to uniformly
disperse the Pt catalysts on the conductive substrates.17 The
colloidal EPD process is consisted of two main stages, in which
charged particles in colloidal solutionmove toward an electrode
with opposite charge under an applied electric eld, and then
deposit onto the surface of substrate. The EPD presents rela-
tively short processing times, good uniformity, and adequate
control of deposit thickness onto the surface of electrode,18,19 as
well as making sure that the catalysts are well attached to the
conductive substrates. Especially, the Pt catalysts can easily be
located near the surface of electrodes by using the EPD
method.20 Aer that, the obtained catalytic layer will directly be
contacted to the membrane during preparing the membrane
electrode assembly (MEA). It is of much importance to enhance
the TPB zones and expose more catalytic active sites to fuels,
whose factors greatly improve the electrocatalytic properties.
Unfortunately, the EPD process can produce the relative
agglomeration of the Pt catalyst when increasing the loading
amount,20 because of the agglomeration between neighboring
catalyst particles,21 it is a big disadvantage to reduce the TPBs
and mass-specic activity of the catalyst electrodes. On the
other hand, great efforts have been targeted for the develop-
ment of cathode catalysts for ORR activity, while less attention
has been aimed at design of anode catalysts for hydrogen
oxidation reaction (HOR).22 Furthermore, the HOR involves
dissociate adsorption of molecular dihydrogen on Pt catalysts
(Tafel step: 1/2H2 + M/M–Had) followed by direct oxidation to
protons (Volmer step: M–Had / M + H+ + e�).23 So, the kinetics
were primarily inuenced by M–Had surface energetics and the
adsorbed H species were considered as intermediates onto the
Pt catalyst. Accordingly, designing new electrocatalysis for
improving the TPBs and HOR activity, nally, promoting the
overall PEMFC performance is also of much signicance.

In this work, we propose an efficient approach to prepare the
Pt/C electrode with double catalyst layers (DCL) for enhancing
the TPB zones for the hydrogen oxidation reaction (HOR) at the
anode side in PEMFCs. The Pt catalyst loading is separated into
two layers: one is formed by the spray of the Pt/C (40%) slurry
(Pt-dispersed layer), and the other layer is formed by the EPD of
the synthesized Pt catalyst (Pt-concentrated layer). By that, the
Pt inactive catalysts in conventional layer (prepared by the
conventional methods) and the aggregation of Pt catalyst on the
surface electrodes (prepared by the EPD method) can be
reduced signicantly. This work is also aimed at maximizing
the Pt catalytic utilization efficiency while minimizing the usage
amount thereof. To the best of our knowledge, this new
designed catalyst electrode was applied for PEMFC evaluation
for the rst time. The Pt-dispersed and Pt-concentrated single
catalyst layer (SCL) electrodes (as called sprayed electrode and
EPD electrode) are prepared for comparison as well.
15636 | RSC Adv., 2019, 9, 15635–15641
Experimental
Preparation of working electrodes

Fig. 1a presents the process of the Pt/C DCL electrodes
preparation via two steps. Firstly, carbon cloth substrate
(5 cm � 7 cm, W1S1005, Ce-Tech Co) was dried at 60 �C for
1 h in the oven. Next, 0.53 mL of as-prepared Pt/C catalyst
slurry (see ESI†) was uniformly sprayed onto the surface of
the microporous layer (MPL) of carbon cloth to form Pt-
dispersed layer, then dried at 60 �C for 1 h. Aer that, an
area of 2.5 cm � 2.5 cm of the Pt/C electrode, which was cut
from the Pt-dispersed electrode, was deposited with the as-
synthesized Pt catalyst (see ESI†) using the EPD method to
form the Pt-concentrated layer. To perform the EPD, a three-
electrode electrochemical setup (Gamry instruments, Refer-
ence 3000 Potentiostat/Galvanostat/ZRA) was used. The Pt-
dispersed electrode was immersed into an EPD bath con-
taining 500 mL of Pt colloidal. A platinum plate and a satu-
rated calomel electrode (SCE) were used as the counter and
reference electrodes. Notably, the pH value of Pt solution was
reduced to 2 prior to the experiments, which could support to
easily move the Pt catalyst nanoparticles towards the working
electrode. Furthermore, pulse current density, cycle time
(tcycle ¼ ton + toff), duty cycle {q ¼ ton/(ton + toff)}, and EPD bath
temperature were constantly kept at 30 mA cm�2, 1 s, 25%,
and 25 �C, respectively. Aer the completion of the EPD
process, the as-fabricated DCL electrode was dried at 60 �C
for overnight. The individual sprayed and EPD SCL electrodes
were also prepared for comparison (see ESI†). More detail
information of the prepared electrodes is provided in Table
S1.†
This journal is © The Royal Society of Chemistry 2019
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Preparation of MEAs

First, a Naon 212 membrane (DuPont, USA) was utilized as
a proton exchange membrane (PEM) electrolyte without any
pretreatment. Then, three kinds of the MEAs are prepared with
the difference of the designed electrodes on anode side such as
the sprayed, EPD and DCL electrodes, while the sprayed elec-
trodes is constantly used for cathodic side activity. Thereby, the
obtained devices are hereaer called as sprayed, EPD, and DCL
MEAs, respectively. To handle the MEAs, two prepared elec-
trodes were symmetrically attached to both sides of the Naon
212 membrane, and the active geometric areas of the prepared
MEAs were set to 5.0 cm2. Aer that, the platinum-catalysed
MEAs were hot-pressed at 100 �C with the pressure of 60 kg
cm�2 for 3 min. The obtained MEAs are placed between two
gasket layers, then centre between two graphite plates with the
fuel transfer channels. Finally, the stack fuel cell is carefully
tightened using the bolts.
Physical characterizations

The loading of the Pt catalyst was measured by inductively
coupled plasma (ICP) spectrometry (ICPS-7500, Shimadzu),
aer the as-prepared catalyst electrodes were completely treated
with aqua regia at 100 �C for 10 h. Then, the obtained solutions
were ltered carefully to clear solid components before the ICP
measurements. The size and shape of Pt/C and Pt catalyst were
observed by high-resolution transmission electron microscopy
(HRTEM, JEOL, JEM-2010), with an accelerating voltage of 200
kV. For HRTEM analysis, the samples were dropped onto
a carbon-coated copper grid, then dried at 80 �C for overnight.
The crystal structure of materials deposited on working elec-
trodes was analysed by X-ray diffractometry (XRD, D/Max 2005,
Rigaku), using CuKa radiation (l ¼ 1.54178 Å). The surface,
cross-sectional images, and energy dispersive spectroscopy
(EDS) of the working catalyst electrodes and MEAs were all
observed by eld emission scanning electron microscopy
(FESEM, S-4800, Hitachi).
Electrochemical measurements

Cyclic voltammetry (CV) curves were performed on a potentio-
stat (Gamry instruments, Reference 3000 Potentiostat/
Galvanostat/ZRA) for the electrochemical surface area (ECSA)
and electrochemical impedance spectroscopy (EIS) evaluations
of the prepared catalyst electrodes. An area of 1.0 cm � 1.0 cm
electrode (Fig. S1†), which is divided from the prepared elec-
trodes, was used as working electrode. The CV tests were per-
formed in a 500 mL glass beaker containing freshly prepared
0.5 M H2SO4 electrolyte with the sweep rate of 50 mV s�1 at
room temperature. Notably, the electrolyte solutions were
saturated with pure N2 by purging during the electrochemical
tests, to prevent attack from the oxygen. The ECSA value of each
catalyst electrode was quantitatively calculated by the following
equation;

ECSA ¼ QH/(0.21 � mPt)
This journal is © The Royal Society of Chemistry 2019
where, QH (mC cm�2) is determined by the integration of the
hydrogen desorption region, and then divided by the sweep
rate, and 0.21 (mC cm�2) is the required charge to oxidize
amonolayer of hydrogen on the Pt surface, andmPt (mg cm�2) is
the total Pt loading weight into the working catalyst electrode
measured by ICP spectrometry.
Single cell tests

The prepared fuel cell devices were tested using a fuel cell test
station (SMART-II, WonAtech Com.). The humidied hydrogen
and air fuels were supplied to the MEA through the serpentine
ow channels on the graphite plates with the ow rate of 100
and 260 cm3 min�1, respectively. Prior to the experiments, the
inside of the fuel cell devices was totally cleaned by the purge of
pure nitrogen for 30 min. The back pressure and temperature
were constantly controlled at 1.5 atm and 80 �C for both sides
during the PEMFC operation.
Results and discussion

The HRTEM imagery of the as-prepared Pt colloid is shown in
Fig. 1b, it is composed of the spherical particles without any
agglomeration. The inset provides the size distribution of the
synthesized Pt catalysts, with the mean size of 1.86 nm. Further,
Fig. 1c is the HRTEM imagery of the Pt/C catalyst, it is evident
that the Pt catalyst nanoparticles are uniformly loaded on the
surface of carbon black. The inset shows the size distribution of
Pt catalyst loaded on carbon, with the average diameter of
4.06 nm. The size of carbon supports is also determined in the
range (40 to 70) nm. Clearly, the Pt catalyst NPs have a very
narrow size distribution in both cases (synthesized Pt colloidal
and Pt/C composite catalyst), it is a great advantage to improve
the catalytic activity of the prepared catalyst electrodes.

Fig. 2a shows the XRD pattern of the Pt/C DCL electrode aer
the loading of the Pt-dispersed and -concentrated catalyst layers
on the MPL surface. The diffraction peaks located at 25.5, 43
and 53.5� (as marked in black) could belong to the (002), (101)
and (004) planes of carbon (JCPDS no. 75-1621). While the
diffraction peaks located at 39.8, 46.5 and 67.5� (as marked in
red) are responsible for the (111), (200) and (220) crystal planes
of Pt (JCPDS no. 04-0802). The XRD analysis conrms that the
Pt/C catalyst slurry and Pt catalyst nanoparticles were deposited
on the surface of carbon cloth substrate by the spray and EPD
processes. On the other hand, the surface morphology of the Pt/
C DCL electrode is observed by the FESEM analysis. Firstly, the
surface of the MPL is examined and shown in Fig. S2.† It is
composed of spherical nanoparticles of carbon black with the
average diameter of 50 nm. Then the Pt-dispersed catalyst layer
has been sprayed onto the surface of the MPL, while there is no
change of the particle size of the Pt catalyst (white dots) sup-
ported on carbon black (Fig. 2b). The Pt-concentrated catalyst
layer is next deposited by the EPD process on the surface of the
Pt-dispersed layer (Fig. 2c). Aer that, there is an increase of Pt
loading on the surface of electrode, leading to the appearance of
few agglomerated Pt nanoparticles. The surface images of the
sprayed and EPD SCL electrodes are also provided in Fig. S3a
RSC Adv., 2019, 9, 15635–15641 | 15637



Fig. 2 (a) The XRD pattern of the Pt/C DCL catalyst electrode. The FESEM surface image of the DCL electrode after (b) the spray of Pt/C slurry,
and (c) the EPD of Pt colloidal on the MPL surface of carbon cloth. (d) An overview of FESEM cross-sectional observation of the Pt/C DCL
electrode. (e) The EDS cross-sectional compositional line profile of the Pt/C DCL electrode. (f) The gradient distribution of the porosity and Pt
loading into the anodic catalyst structure. (g) The distribution of the Pt catalyst thickness in the Pt/C sprayed, Pt/C EPD, and Pt/C DCL electrodes.
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and b.† Actually, the particle sizes of Pt catalyst aer loading on
the surface of electrodes have not changed as compared to the
precursors. That is, the size of Pt into Pt-dispersed layer
(sprayed electrode) is still 4.06 nm. In cases of EPD and DCL
electrodes, the size of Pt in Pt-concentrated layer is still 1.86 nm.
However, the agglomeration of Pt catalyst can strongly occur on
the surface of EPD electrode, leading to a heavy backlog of Pt
agglomerated particles on its surface as compared to that of
DCL electrode. Fig. 2d gives the FESEM cross-sectional image of
the Pt/C DCL electrode, in which the DCL area is highlighted by
the red arrows. The EDS compositional line prole of the Pt/C
DCL electrode is provided in Fig. 2e, and the presence of Pt
catalyst and carbon support is mapped in green and red,
respectively. The inset of Fig. 2e shows the thickness distribu-
tion of Pt catalysts, namely, the thickness of Pt-concentrated
and Pt-dispersed layers is determined to be 0.1 mm and 4 mm.
The total thickness of DCL area is 4.1 mm. Further, the Pt-
dispersed catalytic thickness of sprayed electrode and Pt-
concentrated catalytic layer of EPD electrode are also
measured to be 8 and 2 mm, respectively (Fig. S3c and d†). The
distribution of Pt loading and porosity onto the surface of Pt/C
DCL electrode is simulated in Fig. 2f. Thereby, the side of the
catalytic layer heading to the PEM electrolyte contains a higher
Pt loading amount, it means that Pt catalyst is mainly localized
in front of the PEM, which can improve remarkably the elec-
trocatalytic reactions. While, the side heading to the gas diffu-
sion layer (GDL) has a larger pore size to easily promote the
transport of the fuels. Fig. 2g indicates the distribution of the Pt
catalytic layer thicknesses in all of the prepared catalyst elec-
trodes. In these, the Pt-dispersed thickness of the Pt/C DCL (4.0
15638 | RSC Adv., 2019, 9, 15635–15641
mm) is smaller than that of the sprayed electrode (8 mm). It is
greatly advantageous to reduce the Pt inactive catalysts in the
conventional layer. Additionally, the Pt-concentrated thickness
of the Pt/C DCL (0.1 mm) is also lower than that of the EPD
electrode (1.0 mm). It contributes to remarkably reduce the
number of Pt agglomerated particles on the surface of electrode
as seen in FESEM surface analysis above. These results are
benecial to improve the TPB contents and catalytic active sites
of MEA prepared by the DCL electrodes.

To evaluate the ECSA of the prepared catalyst electrodes, the
cyclic voltammetry was performed in N2-saturated 0.5 M H2SO4

electrolyte solution. As shown in Fig. 3a, Pt/C DCL electrode
indicates larger hydrogen desorption peak areas from �0.2 to
+0.1 V (vs. SCE) than those of the sprayed and EPD SCL elec-
trodes. By using the equation given in the experimental section,
the ECSA of the sprayed, EPD, and DCL working catalyst elec-
trodes was calculated to be 37.1, 42.4, and 52.5 m2 gPt

�1,
respectively (Fig. 3b). The highest ECSA of Pt/C DCL electrode
can be attributed to the integrated advantage of EPD and Spray
manners, which is effective for oxidizing the adsorbed hydrogen
ðH�

adsÞ; as an intermediate onto the surface of Pt catalyst,
generated during the HOR performance to improve the ECSA
thereof. In case of EPD electrode, the particle size of Pt catalyst
is smaller than that of sprayed electrode, and the Pt catalyst is
electrophoretically deposited near the surface of electrode,
making it more convenient for promoting the HOR. Whereas,
the bigger Pt particles loaded on carbon black, in case of
sprayed electrode, were buried in ionomer, making it inacces-
sible to fuels. Thus, its ECSA value is inferior to EPD electrode.
The ECSA durability is considered as another important
This journal is © The Royal Society of Chemistry 2019



Fig. 3 (a) Cyclic voltammetry curves of the sprayed, EPD, and DCL
catalyst electrodes performed in N2-saturated 0.5 MH2SO4 electrolyte
at a sweep rate of 50 mV s�1 at room temperature, (b) the corre-
sponding ECSA value, and (c) the ECSA durability test of the prepared
catalyst electrodes after 500 sequential cycles. (d) EIS Nyquist plots
measured in N2-saturated solution of 0.5 M H2SO4 electrolyte at 25 �C
recording from 100 kHz to 0.05 Hz for the prepared electrodes.

Fig. 4 (a) The FESEM cross-sectional image of the prepared MEA
containing the Pt/C DCL electrode on anode and Pt/C sprayed elec-
trode on cathode, inset showing the photograph of preparedMEAs. (b)
The thickness distribution of Pt catalysts on anode and cathode sides
observed by the EDS mapping.
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parameter to the practical application of catalyst electrodes.
Fig. S4† provides the CVs of the ECSA durability testing aer 500
sequential cycles for the sprayed, EPD, and DCL electrodes.
Obviously, the Pt/C DCL electrode demonstrates good stability
with the activity drop of 24.5% only, whereas, the sprayed and
EPD SCL electrodes big lose 43.6 and 37.5% activity (Fig. 3c).
Furthermore, the EIS all of the as-prepared electrodes is also
tested in N2-saturated 0.5 M H2SO4 electrolyte in order to verify
the internal resistance. The EIS spectra include a semicircle
portion and are analysed using Nyquist plots as shown in
Fig. 3d. Based on an equivalent circuit as represented in
Fig. S5,†where, Rs indicates the solution resistance, Rct presents
the charge transfer resistance, and CPE is a constant phase
element, the Rct value is calculated to be 133, 170, and 184 U for
Pt/C DCL, EPD, and sprayed electrodes, respectively. The Pt/C
DCL electrode owns the smallest internal resistance, which
can promote the charge transfer as compared to others. This is
believed to be due to the fact that the thickness of the Pt catalyst
layer of DCL electrode is less thick than that of sprayed elec-
trode and the agglomeration of the Pt catalyst particles is less
severe than that of EPD electrode. As a result, the combination
between the sprayed and EPD methods can produce efficient
and stable catalyst electrode for the PEMFC application.

The structure of the MEA containing the Pt/C DCL electrode
at anode side and Pt/C sprayed electrode at cathode side is
illustrated in Fig. S6,† in which, the multi-stacked layers of the
prepared MEA is clearly simulated. The oxidation of hydrogen
and the reduction of oxygen are taken place at anode and
cathode in the PEMFC at the same temperature of 80 �C,
respectively. The real overview structure of the prepared MEA is
detected by the FESEM cross-sectional analysis as illustrated in
Fig. 4a, with the PEM located at the centre of MEA. The inset
This journal is © The Royal Society of Chemistry 2019
shows the photograph of MEA aer preparing with the active
catalytic area of each side is 5 cm2. In addition, the localization
of the Pt catalysts in green on both sides of MEA also observed
by the EDS cross-sectional mapping (Fig. 4b). Thereby, the
catalytic thickness of each electrode is not changed much aer
theMEA preparation. It still maintains at around 4 mmon anode
side and 8 mm on cathode side, respectively. While, the thick-
ness of the PEM electrolyte, which is the pathway of hydrogen
ions conduction, is around 40 mm.

The PEMFC performances of the sprayed, EPD, and DCL
MEAs are provided in Fig. 5. Fig. 5a shows current–voltage
polarization curves for three different MEAs with the same of
the cathodic catalytic side. In which, the DCL MEA demon-
strates higher open circuit potential of 0.911 V than those of
the sprayed MEA (0.862 V) and EPD MEA (0.900 V). Clearly, at
low current density, there is a little difference in the PEMFC
performance for the various MEAs. At high current density,
however, the DCL MEA shows superior achievement as
compared to others. This phenomenon can be due to at low
current density region where the activation polarization
prevails, the intrinsic property of the catalyst is an important
factor, whereas, the ionic conductivity of the PEM electrolyte
is more essential in the ohmic polarization region at high
current density.24 In addition, the output power densities of
the sprayed and EPD MEAs are 0.452 W (at 0.855 A cm�2) and
0.490 W (at 0.930 A cm�2), it is largely inferior to the DCL
MEA performance, being 0.636 W (at 1.108 A cm�2) as shown
in Fig. 5b. By normalizing the output power and current
density to the Pt loading, the mass power and current density
are obtained as provided in Fig. 5c. Thereby, the DCL MEA
displays the highest mass power density of 4.9 W mgPt

�1,
whereas, those of the sprayed and EPD MEAs are determined
to be 3.2 and 3.7 W mgPt

�1, respectively. Furthermore, the
DCL MEA produces the mass current density of 10.7 A mgPt

�1

(at 0.3 V), which is higher than those of the sprayed and EPD
MEAs (7.8 and 8.9 A mgPt

�1 at 0.3 V). There is no doubt that
the DCL MEA shows superior PEMFC performance as
compared to the sprayed and EPD MEAs.
RSC Adv., 2019, 9, 15635–15641 | 15639



Fig. 5 (a) PEMFC polarization and (b) power density curves of MEAs consisting of spray, EPD, and DCL electrodes for anode sides, and cathode
side is constantly spray electrodes, at working temperature of 80 �C, and (c) the corresponding mass power density and mass current density.
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Here, we also propose the reaction mechanism at the anode
sides in order to thoroughly understand the PEMFC activity of
all of the prepared MEAs. The limited performance of the
sprayed electrode in PEMFC is due to (1) the Pt catalysts are
uniformly dispersed in a thick layer (Fig. S3c†), are not localized
in front of the PEM electrolyte; (2) the some Pt catalysts are not
contacted to ionomer or/and totally buried in ionomer (see Pt-
dispersed layer in Fig. 6a), so these particles can be inacces-
sible to fuels. These drawbacks can narrow the pathways of the
reactants in the preparedMEA and greatly reduce the number of
the TPB zones, where is the convergence of the Pt catalysts,
electrolyte, and fuels (Fig. 6b), thus, weakening the PEMFC
achievement thereof. In case of the EPD electrode, the Pt cata-
lysts are mostly located near the PEM electrolyte, thus its elec-
trocatalytic properties are improved as compared to the sprayed
MEA, but is still limited. The reason for this phenomenon is the
catalytic agglomeration during the deposition (Fig. S3b†). As
can be seen the Pt-concentrated layer in Fig. 6a, when
increasing the EPD times, the agglomeration of the Pt catalysts
can be strongly occurred on the surface of electrode. It can
remarkably be decreased the TPB zones as exposed to the PEM
electrolyte. The poor achievements of the sprayed and EPD
Fig. 6 (a) The advantages of DCL electrode for enhancing the pathway
structure in the DCL MEA. (b) Triple phase boundary simulation, where H

15640 | RSC Adv., 2019, 9, 15635–15641
electrodes toward PEMFC can be foreseen from the cyclic vol-
tammetry and EIS analysis above. Whereas, the DCLMEA shows
better PEMFC achievement as compared to others. This is due
to the enrichment of the TPB zones presented on the DCL
electrodes of anode side. Note that, the Pt loading onto the
sprayed, EPD and DCL electrodes is almost the same. Therefore,
the separation of the Pt catalysts in dispersed and concentrated
layers is greatly advantageous to improve the PEMFC activity.
First, the signicant reduction of the Pt-dispersed catalytic
thickness of the DCL electrode compared to the sprayed elec-
trode can lower the content of Pt inactive sites in the conven-
tional layer. Concurrently, this can supply more pathways for
the H2 fuel transfer from the GDL side. On the other hand, the
rest of the Pt catalyst on this electrode (ultra-thin Pt-
concentrated layer �0.1 mm, Fig. 2e) is uniformly localized in
front of the PEM electrolyte, which can greatly increase the
number of the TPB zones at the interfacial contacts between the
Pt-concentrated catalysts and the PEM electrolyte. As known,
the oxidation of the H2 fuel in anode is mainly taken place at the
TPB zone, thus, the enhancement of the TPB is of signicant
distribution to support more catalytic active sites to fuels and
then totally oxidize H2 to 2H+. Thus, a great number of electrons
s of H2, electron, and proton; and TPB zones into the anodic catalyst

2 (gas), Pt catalyst (solid), and Nafion (liquid) intersect.

This journal is © The Royal Society of Chemistry 2019
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could be produced from anode side, which are then reached
into the cathode side to reduce oxygen. As a result, the overall
PEMFC performance of the DCL MEA is improved remarkably.
Of course, the enhanced catalytic activity of the DCL electrode
can also be expected from the ECSA and EIS results, it shows
higher ECSA value and smaller internal resistance. The DCL
electrode further proves good ECSA durability as compared to
the sprayed and EPD electrodes.

Conclusions

In this work, we demonstrated a useful pathway to fabricate the
Pt/C electrode for PEMFC applications, which is composed of
double catalyst layers including Pt-dispersed and -concentrated
layers with low Pt content (�0.130 mg cm�2). It presented the
improved electrocatalytic properties with higher ECSA (52.5 m2

gPt
�1) and smaller internal resistance (133 U) as compared to

the SCL electrodes. Furthermore, the corresponding DCL MEA
exhibited an exceptional achievement toward the PEMFC
activity. The DCL MEA owned the greatest power density
generation (4.9 W mgPt

�1) than those of the sprayed and EPD
MEAs. The improvement of the DCL MEA can be attributed to
the enhancement of the TPB amount on DCL electrode, which is
signicant to promote the oxidation of hydrogen at anode.
Therefore, it is expected that this work can open new aspect to
design effective electrode using for PEMFC applications
towards hydrogen oxidation reaction.
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