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Abstract

The current or voltage fluctuation in fuel cell operation is harmful to the fuel cell system and power application
equipment. Here, we report a technique to eliminate such a fluctuation by the aid of new type of catalysts, super-
lattice-like mesoporous PtCo catalysts. The current fluctuation in fuel cells catalyzed by two invented catalysts are
fixed at as low as 25 mA$cm�2 with a power of 0.75 W$cm�2 or 120 mA$cm�2 with a power of 1.01 W$cm�2, and no
noticeable current decay was detected over 100 h. By contrast, a cell catalyzed by conventional Pt/C catalysts with the
same Pt loading delivered a current fluctuation as large as 180 mA$cm�2 even at low power output of 0.30 W$cm�2,
which also showed 32% current decay rate in 50 h. The superlattices-like mesoporous structure not only enhances the
mass transfer and depresses the water flooding but also effectively increases the Pt utilization within its 3D carbon
frameworks. Its power output was as high as 11.69 W$mgPt

�1 (MEA), which is 46.1% higher than the 2025 target of
DOE, USA, 8.0 W$mgPt

�1 (MEA).
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1. Introduction

Proton exchange membrane fuel cell (PEMFC)
systems have wide application prospects,
including electric power stations, automotive
transportations, and aircraft applications [1e3].
The fuel cell, where the electrochemical reaction
occurs, is a strong coupling, complex nonlinear,
multi-input and multi-output energy transform
device. The outputting current and voltage of fuel
cells are liable to fluctuate with the O2 supply
content and the water draining situation, which not
only increases the cost of power generation system
but also decreases the lifetime of electric device
and the power quality [4,5]. Thus, it is necessary to
rectificate current/voltage fluctuation before load
access [6,7]. Many assistant electric devices,

including DCeDC converters, ultra-capacitors,
energy management systems and so on, are
needed to decrease the fluctuation of current/
voltage output to realize the demanded electricity
quality during the practical applications [8e10]. In
addition, the balance of mass transfer and activity
performance in catalyst layer also plays an
important role in the fluctuation of current/voltage
output, especially, the phenomenon of catalyst
layer flooding often occurs as a result of liquid
production and vapor condensation, and pore
filling or localized film formation, resulting in a
significant decrease in the diffusion of reactant
gases to the catalyst sites. Compared to extensive
efforts to understand the flooding mechanisms,
and improve the performance of anti-flooding in
catalyst layer, the common approaches to reduce
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the catalyst flooding are (1) to introduce hydro-
phobic additive to the catalyst layer and (2) to
design the structure of catalyst layer. However,
little attention has been received to balance the
fluctuation of current/voltage output and the
design of anti-flooding catalyst layer [11e15].
Ordering catalytic layers in the membrane elec-
trode assembly (MEA) to improve Pt utilization
and enhance mass transport has been regarded as
an effective strategy to improve the performance of
anti-flooding [16e18]. However, the ordered ul-
trathin catalyst layer always suffers from water
flooding due to lack of enough space for water
transportation [19,20], leading to vibratory power
output as the discontinuous dewatering. A super-
lattice (SL), where two or more different materials
are grown to a specific thickness, showed auto-
matically arranged and interparticle spaced struc-
ture [21e25]. The former could endow an
automatic connection among active sites, and the
later would allow full access to active constituents
with enhanced mass transport properties. There-
fore, the rational design, and introduce the SL
structure into the catalyst itself and catalyst layer
with enough space are supposed to realize high
performance of fuel cell.
Herein, we reported a template-assisted epitaxial

assembly strategy that produced a superlattice-like
nitrogen doped carbon framework with the
modulated space for water transport. As shown in
Fig. 1a, the home-made ultrathin Co-Al layered
double hydroxide nanosheets (CoAl-LDH) were
used as templates. After dehydration, the Co atoms
exposed on the surface were served as nucleation
seeds of zeolite imidazole framework-67 (ZIF-67).
Then, the PVP-capped Pt nanoparticles (PVP-Pt
NPs) were dispersed into the superlattice-like
structure during the in-situ growth of ZIF-67
crystals. After controlled pyrolysis in H2-N2 atmo-
sphere at 800 �C, the LDH-ZIF precursors were
transformed into ordered mesoporous carbon
polyhedron crystals with superlattice-like structure
and Pt3Co (Figure S1). The resulted catalysts were
denoted as Pt3Co@C-SLS-x, where SLS means
superlattice-like structure, and x denotes the mole
ratio of Co/Al. It was found that modulating the
ratio of Co to Al atoms on the surface of CoAl LDH
is key to control the surface density of ZIF-67
crystals. The lower ratio of Co/Al atoms led to the
lower surface density and the larger particle size of
ZIF-67 crystals, meaning that a larger space was
produced between ZIF-67 crystals. The experi-
mental results showed that the surface density of
ZIF crystals largely determined the anti-flooding
ability and quality of power output. A fuel cell
catalyzed by the invented catalysts could output a

power of 0.75 W$cm¡2 with a current fluctuation as
small as 25 mA$cm¡2 over 100 h. Besides, the
highest Pt utilization (11.69 W$mgPt

¡1 (MEA)) had
been achieved so far with the invented Pt3Co@C-
SLS-x catalysts.

2. Results and discussion

The procedure for the synthesis of superlattice-
like catalyst is illustrated in Fig. 1a, and monitored
by using X-Ray Diffraction (XRD). All XRD peak
intensities of LDH dramatically decreased after the
growth of ZIF crystals (Figure S1a), indicating the
collapse of the layered LDH structure. This was
due to the attachment of ZIF crystals on each LDH
layer, where the surficial hydroxyl groups were
removed and Co atoms were exposed in the sur-
face modification. The layered structure collapsed
more seriously as the increased Co content of
LDH, evidenced by the decreased XRD peaks in-
tensity of LDH (Figure S1b and c, Figure S2). These
results indicated that the interaction between ZIF-
67 crystals and LDH layers could be further
enhanced with the increased anchor sites for ZIF
crystal seed formation. The scanning electron
microscopic (SEM) and high-resolution trans-
mission electron microscopic (HR-TEM) images
confirmed that the ZIF crystals were uniformly
grown on the surface of LDH to form the ZIF and
LDH cross distributed superlattice-like structure
(Fig. 1beh). After controlled pyrolysis, ZIF-67
crystals were transformed into porous carbon
framework and the PVP-Pt NPs were alloyed with
Co due to the thermal diffusion of Co atoms from
LDH or ZIF-67 to Pt NPs (Fig. 1 and S1a). The
particle size of PtCo alloy was kept at ~3 nm ac-
cording to the XRD results and TEM images even
after high temperature pyrolysis at 800 �C (Fig. 1e).
The HR-TEM observation showed that the LDH
templates were totally removed, and the produced
carbon-based catalyst perfectly remained the
original superlattice-like structure (Fig. 1f). The
elemental mappings displayed that the Co and Pt
were uniformly distributed within the super-
lattices-like structure. Such superlattice-like struc-
ture would endow large and well-connected space
for mass transfer which might promote the Pt
utilization and antiflooding capability. Fig. 1g and
h showed that the hollow PtCo NPs were anchored
by the graphitic carbon shell, and a few Co single
atoms dispersed on the surface. The STEM-elec-
tron energy loss spectroscopic (STEM-EELS) line
scans confirmed the hollow structure with the Pt-
rich surface for PtCo NPs (Fig. 1i).
The Co content had a tiny impact on the layered

structure of Co-Al LDH, however, it dramatically
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changed the ZIF growth as well as the meso-scale
property of the final catalyst (Fig. 1b and S3). As
shown in Fig. 2, the density of ZIF-67 on the LDH
surface increased as the Co content increased, and
the particle size of ZIF-67 crystals decreased
accordingly. Eventually, the density of derived
carbon framework increased with the increase of
Co content. The mesoporous structure was even

transformed into a packing flat structure when the
Co/Al ratio increased to 6/1 (Fig. 2h). The Bru-
nauer-Emmet-Teller (BET) specific surface area of
catalysts, obtained by nitrogen isotherm adsorp-
tion, increased from 566 to 704 m2$g�1 when the
Co/Al ratio increased from 1 to 2. Further
increased the Co/Al ratio, however, led to
dramatically decrease of BET surface area

Fig. 1. (a) Schematic illustration of the synthetic procedure of Pt3Co@SLs-MCPTx catalyst, (b) SEM image of CoAl-LDH-2. (c) SEM image of
Pt@SLs-ZIF-67-LDH-2. (d) SEM image of the Pt3Co@SLs-MCPT2 after the controlled pyrolysis process of Pt@SLs-ZIF-67-LDH-2. (e) TEM
image of the Pt3Co@SLs-MCPT2. (f) Atomic resolution HAADF-STEM image of Pt3Co@SLs-MCPT2 and elemental mappings, (g) Atomic res-
olution HAADF-STEM image of PtCo nanoparticle. (h) Dark-field STEM image of Pt3Co@SLs-MCPT2, (i) STEM-EELS line scan of Pt3Co
nanoparticle.
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(Figure S4a). The pore analysis was carried out for
these catalysts. As shown in Figure S4b, all the
catalysts showed similar micropores centered at
3.7 nm, which indicated that the micropore was
determined by ZIF crystal structure rather than the
crystal density on the LDH surface. However, the
mesoporous volumes of these catalysts showed a
volcano-relationship with the content of Co in
LDH, that was, it increased at a relatively low Co/
Al ratio, and then decreased at high with Co con-
tent. These results meant that the meso-scale
property could be modulated by Co content
without changing other features, such as micro-
pores, framework structures.
Figures S5a and S5b show that the largest double

capacitance and highest electrochemical surface
area (ECSA) were obtained on the Pt3Co@SLs-
MCPT2 catalyst modified electrode among the as-
produced catalysts. The values of double

capacitance and ECSA of these catalysts exhibited a
similar trend to BET surface area as a function of Co
content. This meant that the surface density of
carbon framework did affect the electrochemical
properties. The electrocatalytic activities of the cat-
alysts for ORR tests were examined in 0.1 mol$L�1

HClO4 using the typical three-electrode setup. The
Pt3Co@SLs-MCPT2 catalyst modified electrode
showed the most positive half-wave potential (E1/2,
0.92 V vs reference hydrogen electrode, RHE)
among the produced catalysts, which was higher
than that of commercial Pt/C by 40 mV. The specific
activity (SA) and mass activity (MA) of these cata-
lysts reached the highest values for Pt3Co@SLs-
MCPT2 (SA: 0.52 mA$cm�2; MA: 402 mA$mgPt

�1)
with the Co/Al ratio of 2. Further increased or
decreased Co/Al ratio led to the decreased ORR
activity (Fig. 3a and Figure S6), which was similar to
the trend of ECSA and BET surface area values of

Fig. 2. SEM images of Pt@SLs-ZIF-67-LDH-x with different Co: AI molar ratios of a) 1:1, b) 2:1, c) 4:1, d) 6:1; SEM images of Pt3Co@SLs-
MCPTx with different Co: AI molar ratios of e) 1:1, f) 2:1, g) 4:1, h) 6:1.
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Fig. 3. (a) ORR polarization curves of Pt3Co@SLs-MCPTx and commercial Pt/C recorded in O2-saturated 0.1 mol·L�1 HClO4 solution at room
temperature; after iR-compensation (b) the voltages and power densities of the H2/O2 fuel cell employing Pt3Co@SLs-MCPTx and commercial Pt/
C, as the cathode; PtRu/C was used as the anode; the membrane used was Nafion-HP; data obtained at 80 �C. (c) Comparison of the fuel cell
lifetime at 0.60 V over 100 h for the MEAs employing Pt3Co@SLs-MCPTx and commercial Pt/C as the cathode, respectively, (d) comparison of the
fuel cell lifetime at 0.60 V over first 10 h and (e) comparison of the fuel cell lifetime at 0.60 V over final 10 h are enlarged based on Fig. 3c.

Journal of Electrochemistry, 2023, 29(1), 2215003 5



these catalysts. These results indicated that the
exposure of active sites and ORR activity are
strongly related to the meso-scale property, i.e., the
surface density of carbon frameworks.
We also analyzed the ORR activities of meso-

porous carbon derived from the ZIF-67 alone
(MCP), superlattice-like carbon frameworks
without Pt NPs (SLs-MCPT) and PtCo alloy cata-
lyst without superlattice structure (Pt3Co@MCP)
for comparison. As shown in Figure S7, none of
them showed comparable activity to Pt3Co@SLs-
MCPT2 in terms of half-wave potential, indicating
the excellent ORR activity originated from both
unique superlattice-like meso-structure and Pt-
rich hollow alloy nano-structure.
Furthermore, the performances of these pro-

duced catalysts in PEMFC were evaluated as the
function of carbon framework density. The MEAs
with 5 cm2 active areas were fabricated by using
Pt3Co@SLs-MCPTX or commercial Pt/C as the
cathode catalyst and commercial PtRu/C as the
anode at a low Pt loading of 60 mg$cm�2 (each side).
The exact Pt loading was measured after the test
by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) (Table S1). As shown in
Fig. 3b, the peak power density and Pt utilization of
cathodes fabricated by Pt3Co@SLs-MCPTx cata-
lysts increased when the Co/Al ratio increased
from 1 to 2, and then decreased dramatically with a
further increase of Co content. The highest specific
power density (11.69 W$mgPt

�1 (MEA)) had been
obtained in a PEMFC catalyzed by Pt3Co@C-SLS-
2, which was 2.09 times of that by commercial Pt/C,
ranked among the best catalysts published so far
[26e29]. Notably, the Pt3Co@SLs-MCPT4 and
Pt3Co@SLs-MCPT6 catalysts, which showed
higher activity than those of Pt3Co@SLs-MCPT1
and Pt/C catalysts in the RDE test, exhibited much
worse performance in fuel cell. This result indi-
cated that the meso-scale structure had a domi-
nated impaction in the real fuel cell environment.
The higher surface density of carbon frameworks
would hinder the penetration of ionomer to form
proton conductive network, leading to a low Pt
utilization in fuel cell [26e28].
Then in order to evaluate the quality of power

output, we analyzed the mass transfer capability of
the prepared catalysts by using chro-
noamperometry. As the performance was domi-
nated largely by mass transfer at a voltage around
0.6 V, we conducted the chronoamperometric tests
under the voltage of 0.6 V [26,29,30]. As shown in
Fig. 3c, no obvious decay of power output was
observed during 100 h test for Pt3Co@C-SLS-1
(0.75 W$cm�2) and Pt3Co@C-SLS-2 (1.01 W$cm�2)
fabricated MEAs, and the TEM image of Pt3Co@C-

SLS-2 after the stability test showed the average
size of nanoparticles increased from 3.33 nm to
3.63 nm (Figure S8), demonstrating remarkable
mass transfer capability, durability of the porous
carbon framework catalysts, and restrained ability
of the size growth. By contrast, a cell catalyzed by
conventional Pt/C catalysts with the same Pt
loading showed a power of 0.30 W$cm�2 with 32%
current decay after 50 h test.
More importantly, the current density values of

Pt3Co@C-SLS-1 and Pt3Co@C-SLS-2 catalyzed
MEAs maintained at a relatively stable state with a
fluctuation amplitude less than 25 mA$cm�2 at the
beginning of operation (Fig. 3d). In sharp contrast,
the MEAs fabricated by commercial Pt/C and
Pt3Co@C-SLS-4 catalysts outputted current un-
steadily. Serious water flooding occurred at the
beginning of operation in these two MEAs ac-
cording to the high fluctuation amplitude. The
fluctuation amplitudes of MEAs catalyzed by
Pt3Co@C-SLS-4 (250 mA$cm�2) and Pt/C catalysts
(170 mA$cm�2) were one order higher than those of
Pt3Co@C-SLS-1 and Pt3Co@C-SLS-2 catalyzed
MEAs. These results signified that the meso-scale
property of catalyst dominated the quality of power
output in our case. In addition, the fluctuation
amplitude seemed to be positively correlated with
the surface density of carbon frameworks. As
shown in Fig. 3e, the fluctuation amplitude
increased with the increased of Co content. Spe-
cifically, the MEA fabricated by using Pt3Co@C-
SLS-1 catalyst could retain stable current output in
100 h with a small amplitude of 25 mA$cm�2. As for
the Pt3Co@C-SLS-2 catalyzed MEA, however, a
sudden increase of fluctuation amplitude occurred
after 30 h operation. When the Co/AI ratio
increased to 4, the MEA fabricated by Pt3Co@C-
SLS-4 suffered from flooding with an amplitude of
280 mA$cm�2, which was similar to that of MEAs
catalyzed by commercial Pt/C catalysts
(180 mA$cm�2). Considering together with their
similar micropores but different meso-scale struc-
tures, we could conclude that the meso-scale
property had a high impact on the performance
and lifetime of fuel cells. Just as shown in Fig. 4, the
surface density of carbon frameworks, and the
meso-scale property largely determined the chan-
nels for gas transfer and dewatering. The lower
density meant larger channels and efficient mass
transfer. After hours of operation, such carbon-
based channels would be filled with some water,
leading to the different abilities for continuous
dewatering. The superlattice-like structure catalysts
with adjustable density crystals showed powerful
modulation on mass transport and antiflooding
capability, then on the quality of fuel cell output.
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3. Conclusions

In summary, we reported a template-assisted
epitaxial assembly way to fabricate bridged carbon
nanotubes confined Pt3Co alloy catalysts with
superlattices-like structure. The favorable super-
lattices-like structure modulated by the Co content
could lead to different mass transports and anti-
flooding capabilities, which largely determined the
quality of fuel cell during the continuous opera-
tion. Benefiting from the efficient mass transport
capability of superlattices-like structure and highly
efficient linkages of various species-transport
channels, the higher quality power output with a
current fluctuation less than 25 mA$cm�2 was
achieved over 100 h. Also, the superlattices-like
catalyst showed a high Pt utilization of
11.69 W$mgPt

�1 (MEA) and durability in fuel cell.
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