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A highly durable carbon-nanofiber-supported
Pt–C core–shell cathode catalyst for ultra-low
Pt loading proton exchange membrane fuel cells:
facile carbon encapsulation†

Mohanraju Karuppannan,‡a Youngkwang Kim, ‡b Sujin Gok,a Eunjik Lee,c

Jee Youn Hwang,c Ji-Hoon Jang,c Yong-Hun Cho,d Taeho Lim,*e Yung-
Eun Sung *bf and Oh Joong Kwon *a

The carbon encapsulation of nanosized Pt cathode catalysts for ultra-low Pt loading proton exchange

membrane fuel cells is an effective approach to enhance their stability and catalytic activity for the

oxygen reduction reaction (ORR). However, the synthesis procedures for such a catalyst are delicate and

cumbersome. Therefore, it is difficult to use such procedures for mass production. Here, we have

developed a facile strategy for synthesizing carbon-encapsulated Pt nanoparticles supported on carbon

nanofibers (CNFs) using a Pt–aniline complex. This strategy begins with applying a wet Pt–aniline

complex coating to CNFs. Heat-treating the coated CNFs produced 3–4 nm-sized Pt nanoparticles that

were uniformly coated with a layer of carbon on the CNF surface (Pt@CS/CNF). Compared to other

carbon-coated Pt catalysts, the stability and catalytic activity of Pt@CS/CNF for the ORR are high owing

to the robustness of the carbon shells that secure the Pt nanoparticles. In a unit cell test, the

performance of Pt@CS/CNF heat-treated at 900 1C was almost maintained for 30 000 accelerated

stability test cycles, showing a negligible voltage loss at an operating current density of 0.8 A cm�2.

Broader context
Encapsulating nanocatalysts in a porous and chemically-resistive layer is an effective approach to the design of stable cathode electrocatalysts for the oxygen
reduction reaction in proton exchange membrane fuel cells (PEMFCs). Among the various materials that can be used as protective layers, carbon layers that
contain N atoms have attracted great attention as they are porous and allow oxygen transport through the layer while inhibiting the transport of other species.
However, the methods for encapsulating nanocatalysts in a carbon layer generally require delicate handling. Here, we report a facile synthesis route to achieve
ultra-stable Pt–C core–shell cathode catalysts for PEMFCs that surpasses the US Department of Energy stability target (2020) with a very low loading of Pt
(0.125 mgPt cm�2). The synthesized Pt–C core–shell catalyst almost fully maintained the unit cell performance over 30 000 stability test cycles with negligible cell
voltage loss at 0.8 A cm�2. The synthetic strategy developed in this work may be readily applied to other metal–C core–shell catalysts for electrochemical
applications.

Introduction

Proton exchange membrane fuel cells (PEMFCs) have received
much attention as a next-generation clean energy system owing
to factors such as their high energy density, portability and
cleanliness.1,2 Despite the great interest they receive, there are
still some issues associated with PEMFCs to be addressed
before they enter wide use. The cathode-side electrocatalyst
determines the overall performance of PEMFCs as the cathodic
oxygen reduction reaction (ORR) is the most sluggish process in
the operation of the cell. Pt nanoparticles supported on carbon
materials (Pt/C) are still considered to be a robust electrocatalyst
for the ORR owing to their high electrochemical activity and easy
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production, although other electrocatalysts have been extensively
developed through various methods to improve their activity and
economic feasibility.3–12 However, the low stability of Pt as an
ORR electrocatalyst is a critical issue. Although Pt is relatively
more stable than other transition metals, the stability of such Pt
electrocatalysts is insufficient for maintaining the long-term
performance of PEMFCs. Under the typical operating conditions
of the cells, Pt is exposed to highly oxidizing environments, such
as highly positive operating potentials and an O2 atmosphere.
Long-term exposure results in the gradual loss of the electro-
chemical surface area (ECSA) of Pt due to the Ostwald ripening
and agglomeration of Pt nanoparticles, as well as the corrosion
of the carbon support.13–16 The permanent loss of ECSA has a
negative influence on the performance of a PEMFC, reducing
its life span.

The stability of such Pt electrocatalysts can be improved by
adopting chemically-resistive supports, anchoring Pt nano-
particles to a support material or encapsulating individual
Pt nanoparticles in a chemically and electrochemically
stable protective layer. Chemically-resistive support materials,
such as TiO2, carbon nanotubes, nanostructured carbon and
graphene, are more tolerant to corrosion and oxidation than
the conventional carbon support (carbon black), which would
minimize the electrical disconnection and agglomeration of Pt
nanoparticles under continuous cell operation.17–22 The strong
anchoring of Pt nanoparticles to a support material mitigates
their agglomeration. Anchoring can normally be achieved
by the chemical modification of supports or introducing mate-
rials that aid the adhesion of Pt nanoparticles.17,21–26 Such
anchoring suppresses the migration of energetically unstable
Pt nanoparticles due to their high surface energy. Another
option is the encapsulation of Pt nanoparticles in a protective
layer that should be able to tolerate the oxidizing environment
and would be more desirable if it also improves the catalytic
activity. Inert materials that could be used in a protective
layer include porous SiO2 and graphitic carbon.27–30 These
materials can sufficiently protect Pt nanoparticles from
their degradation pathways, i.e., Ostwald ripening, agglomera-
tion and dissolution. The porous nature of the materials
allows the transport of reactants (e.g. O2) while selectively
inhibiting the dissolution of Pt. This method can effectively
improve the stability of Pt catalysts. However, the covering of
active sites by the inert material may decrease the catalytic
activity. Recently, the introduction of heterogeneous atoms to
graphitic carbon has been extensively investigated. The most
popular material for this is N-containing carbon.31–34 As the
N atom incorporated into the carbon matrix promotes the
activity towards the ORR, encapsulating Pt nanoparticles in
N-containing carbon reduces the ECSA loss of Pt and
achieves higher activity than that of bare Pt. The improved
activity originates from the electronic interactions between N
and Pt.31,32 During encapsulation, it is important to control the
thickness of the protective layer at the subnanometer scale as a
layer that is too thick would hinder the access of reactants
during electrocatalysis, and a layer that is too thin cannot
sufficiently protect the Pt. It has been reported that the

reactant transport is rarely hindered when the carbon layer is
thinner than 1 nm.34

Encapsulation is typically conducted in three steps: synthesis
of the Pt catalyst, deposition of the carbon precursors on the Pt
and subsequent carbonization (graphitization). Various carbon
precursors have been used as the source of the carbon layer,
such as glucose, dopamine or aniline.17,34–36 However, it is
difficult to control the thickness of the carbon layer in this
method as covering the individual Pt nanoparticles with a
carbon precursor is fortuitous. Herein, a Pt catalyst encapsu-
lated in a thin, uniform N-containing carbon layer was synthe-
sized on a carbon nanofiber (CNF) support in a simple manner.
The catalyst was synthesized through the simple thermal
reduction of Pt–aniline complex-coated CNFs. Pt ions (Pt4+)
and aniline form a complex at a fixed ratio, and the use of the
Pt–aniline complex as the source of the Pt and carbon shell
allowed the maintenance of the ratio of carbon to Pt. The simple
thermal reduction of the precisely-controlled Pt–aniline complex
yielded uniform Pt nanoparticles that were individually coated
with a N-containing carbon layer at the subnanometer scale.

Experimental
Catalyst synthesis

The Pt–aniline complex was synthesized by dissolving 0.12 g of
H2PtCl6�6H2O (Sigma Aldrich, USA) in 35 mL of distilled aniline
(Sigma-Aldrich, USA). The solution was stirred for 5 hours at
room temperature. The excess aniline that had not reacted with
the Pt precursor was then washed out using 0.2 M HCl.
Through this process, a dark purple Pt–aniline complex powder
was obtained. The Pt–aniline complex powder was filtered and
dried in a vacuum oven at 80 1C. CNFs (diameter: 100 nm,
length: 20–200 mm, Sigma Aldrich, USA) were then coated with
the dried Pt–aniline complex powder by mixing 60 mg of the
powder and 50 mg of the CNFs in 30 mL of ethanol under
ultrasonication. After evaporating the ethanol at 60 1C, CNFs
that were uniformly coated with the Pt–aniline complex were
obtained. The Pt–aniline complex-coated CNFs were then heat
treated in a tube furnace at 600, 700 and 900 1C under a N2

atmosphere for an hour, which produced CNFs with nano-
particles encapsulated in N-containing carbon layers (Pt@CS/CNF).
The synthesized materials were denoted as Pt@CS/CNF600,
Pt@CS/CNF700 and Pt@CS/CNF900 based on the heat treat-
ment temperature. Prior to coating, the CNFs were immersed in
1.0 M HNO3 for 24 hours followed by concentrated HNO3 (13 M)
for 48 hours to remove any metallic impurities and functiona-
lize their surface. The acid treatment temperature was 105 1C,
and the acid-treated CNFs were then washed with deionized
water until the pH of the washing water became neutral.

Material characterization

The crystalline structures of the synthesized catalysts were
characterized using an X-ray diffractometer (Smart Lab, Rigaku,
Japan) with Cu Ka radiation (1.5412 Å). The data were recorded
in a two-theta range of 201–801 at a scan rate of 31 s�1.
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The surface morphologies and elemental mapping images of
the catalysts were obtained using a field emission scanning
electron microscope (FE-SEM; EDS-7800F, JEOL, Japan) and a
high resolution transmission electron microscope (HR-TEM;
Talos F200X, FEI, USA) with energy dispersive X-ray spectro-
scopy (EDS). Thermogravimetric analysis (TGA; TGA N-1000/
1500, SCINCO, Republic of Korea) was conducted under an O2

atmosphere with a heating rate of 3 1C min�1. The Pt loading
on the CNFs was determined using an inductively coupled
plasma-optical emission spectrometer (ICP-OES; iCAP 7000
ICP-OES, Thermo Scientific, USA). The chemical states of Pt
were characterized using an X-ray photoelectron spectrometer
(XPS; PHI 5000 Versa Probe II, ULVAC-PHI, Japan).

Electrochemical analysis

The electrochemical measurements were performed in a
three-electrode system using a potentiostat (AUTOLAB M204,
Metrohm Autolab, Netherlands). The working electrode was a
glassy carbon rotating disk electrode (RDE). The reference and
counter electrodes were a single junction Ag/AgCl (3.5 M KCl)
electrode and a Pt coil, respectively. All measured potentials
were converted to the values obtained by referring to the
reversible hydrogen electrode (RHE). The catalyst ink was
prepared by mixing 5 mg of the catalyst with 760 and 60 mL
of ethanol and 5 wt% Nafion (Dupont, USA), respectively, under
ultrasonication for 30 minutes. A total of 30 mgPt cm�2 was loaded
on the mirror-polished glassy carbon RDE (area: 0.196 cm2) by
drop casting of the catalyst ink and then dried in air at room
temperature. The same amount of commercial Pt/C (20 wt%,
Johnson-Matthey, UK) was used for comparison. Cyclic voltam-
metry (CV) was conducted at a scan rate of 50 mV s�1 in
Ar-saturated 0.1 M HClO4 to evaluate the ECSAH-upd of the
catalysts using the oxidation charge of the underpotentially-
deposited hydrogen on the Pt surface (QH),

ECSAH-upd = QH/(G�mPt) (1)

where G is the charge associated with the monolayer adsorption
of hydrogen on the Pt (210 mC cmPt

�2) and mPt is the mass of
Pt.6,37,38 The electrochemical activity of the catalysts toward the
ORR was evaluated by linear sweep voltammetry (LSV); the
potential was cathodically scanned (negative-going sweep) at
a rate of 10 mV s�1 in O2-saturated 0.1 M HClO4. The stability of
the synthesized catalysts and commercial Pt/C was assessed
by applying repetitive square wave cycles of potential steps
between 0.6 V (3 s) and 0.95 V (3 s) with a rise time of 0.1 s at
25 1C in Ar-saturated 0.1 M HClO4. The maximum number of
cycles was 30 000 (30k). All electrochemical data were collected
at 25 1C.

Fabrication of the membrane electrode assembly

A membrane electrode assembly (MEA) was fabricated follow-
ing the catalyst-coated membrane method. The catalyst inks for
the anode and cathode were sprayed on a Nafion membrane
(NRE-212, Dupont, USA). The composition of the catalyst ink
for the cathode was the same as that used in the electroche-
mical analysis. The same catalyst ink containing Pt/C (20 wt%)

was applied for the anode. The target Pt loadings for the anode
and cathode were 0.025 and 0.1 mgPt cm�2, respectively, which
was confirmed using an X-ray fluorescence analyzer (MESA-50,
HORIBA, Japan) as shown in Table S1 (ESI†). The coated
membrane was then sandwiched between two gas diffusion
layers (GDL; Sigracet 35BC, SGL Carbon, Germany). After the
MEA was fabricated (area: 5 cm2), it was tested at 80 1C using a
fuel cell test station (CNL Energy, Seoul, Republic of Korea).
Prior to the test, the cell was activated in controlled voltage
mode with H2 (100 sccm) and N2 (30 sccm) fed to the anode and
cathode, respectively, i.e., the voltage was cycled in the range of
0.05–1.2 V for 100 cycles at a scan rate of 100 mV s�1, in which
the anode served as both the counter and reference electrodes.
The cell performance was then evaluated in controlled current
mode. During the cell evaluation, 150 sccm of H2 and 800 sccm
of air were fed to the anode and cathode, respectively. An
accelerated stress test (AST) was conducted at 80 1C using the
testing protocol suggested by the US Department of Energy
(DOE) in 2016.39 During the AST cycling, gaseous H2 (100 sccm)
and N2 (30 sccm) were fed to the anode and cathode, respec-
tively. The potential was cycled repetitively with potential steps
between 0.6 V (3 s) and 0.95 V (3 s) with a rise time of 0.1 s.
All reactant gases were fully humidified before feeding.

Results and discussion

CNFs that were uniformly coated with a Pt–aniline complex
were obtained by ultrasonic irradiation (Fig. S1b, ESI†) and the
Pt in the Pt–aniline complex was in an ionic state (Fig. S2b,
ESI†). The coated CNFs were then heat-treated above 600 1C
under a N2 atmosphere to thermally reduce the Pt ions and
simultaneously induce the graphitization of aniline. Fig. 1a–c
show the TEM images of the Pt–aniline complex coated CNFs

Fig. 1 TEM images of (a) Pt@CS/CNF600, (b) Pt@CS/CNF700, and
(c) Pt@CS/CNF900 and (d) high-magnification of Pt@CS/CNF900. (e)
HAADF-STEM image of Pt@CS/CNF900 and its elemental mapping of (f)
C, (g) Pt and (h) N. The insets in the TEM images (a–c) are the size
distributions of the Pt nanoparticles.
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after heat treatment at various temperatures for 1 h under a N2

atmosphere (Pt@CS/CNF). Pt nanoparticles were uniformly
distributed on the CNF surface at all heat treatment tempera-
tures and exhibited no aggregation. The average sizes of the Pt
nanoparticles in Pt@CS/CNF600, Pt@CS/CNF700 and Pt@CS/
CNF900 were 3.3 (� 0.7), 3.6 (� 0.7) and 4.0 (� 0.8) nm,
respectively. The average size of the Pt nanoparticles only
increased by 20% as the heat treatment temperature increased
from 600 1C to 900 1C. This is unusual when compared to the
commercial Pt/C, which exhibited a 176% increase in size (from
3.3 (� 0.8) to 5.8 (� 2.2) nm) after undergoing the same heat
treatment at 900 1C (Fig. S3, ESI†). We attribute this small
increase in size to the carbon shell covering the individual Pt
nanoparticles. The magnified image of Pt@CS/CNF900 in
Fig. 1d clearly shows a carbon layer with an approximate
thickness of B1 nm encapsulating the individual Pt nano-
particles. The Pt nanoparticles of Pt@CS/CNF600 and Pt@CS/
CNF700 were also encapsulated in a carbon layer, as shown in
Fig. S4 (ESI†). The carbon layer protects the Pt nanoparticles
from aggregation upon heat treatment at such a high tempera-
ture. Fig. 1e–h present high angle annular dark field (HAADF)
and elemental mapping images of Pt@CS/CNF900 obtained in
scanning transmission electron microscopy (STEM) mode.
The figures confirm that the Pt nanoparticles and N, both of
which originate from the Pt–aniline complex, were uniformly
distributed on the CNF surface. Fig. S5 (ESI†) presents high-
magnification HAADF-STEM and elemental mapping images of
Pt@CS/CNF900. The distribution of Pt on CNF coincides with
that of N, indicating that N, which originated from aniline, was
incorporated in the Pt matrix and/or carbon layers covering the
Pt nanoparticles. Fig. S6 (ESI†) presents TEM images of the Pt–
aniline complex (without CNFs) after heat treatment at 900 1C for
1 h under a N2 atmosphere. Pt nanoparticles were covered with
layers of carbon. Similar results were also observed by Deng et al.
during heat treatment with Co–Ni-ethylenediaminetetraacetic
acid complexes.40 These results support the concept that aniline,
which contains N, can be a source for a carbon layer. It is
assumed that N is rarely incorporated into the Pt matrix during
heat treatment. Pt nitrides are unlikely to form under such an
environment as the predicted precious metal–N bond strength is
low.41 Therefore, it is more plausible for N to be incorporated in
the carbon layer rather than in the Pt matrix.

The XRD patterns of Pt@CS/CNF after heat treatment are
shown in Fig. 2a. The diffraction peaks associated with Pt(111),
Pt(200), and Pt(220) were located at 39.71, 46.21 and 67.51,
respectively. These peaks correspond well with those of the
commercial Pt/C. The peak locations were not greatly affected
by the heat treatment temperature, indicating that the incor-
poration of N atoms in the Pt matrix is negligible. The crystal-
line sizes of Pt(111) calculated by the simple Scherrer equation
are listed in Table S2 (ESI†). These values are slightly larger
than the average sizes of the Pt nanoparticles measured from
Fig. 1. The degree of graphitization of the carbon shells in
Pt@CS/CNF could not be evaluated due to the large diffraction
peak of C(002) at 25.91, which originated from the CNFs.
Instead, the degree of graphitization was indirectly evaluated

by TGA. Fig. 2b shows the TGA profiles of the Pt@CS/CNF
recorded under an O2 atmosphere. Two distinct weight loss
stages were observed in temperature ranges of 225–325 and
425–550 1C for Pt@CS/CNF, while the bare CNF showed a single
weight loss step in the high-temperature region. It is assumed
that the first weight loss stage (225–325 1C) of Pt@CS/CNF was
attributed to the decomposition of low graphitized carbon,
which is mainly associated with the carbon shell. It is notable
that decomposition was delayed as the heat treatment tempera-
ture increased. This indicates that the degree of graphitization
of the carbon shell increased as the heat treatment temperature
increased.32,42 The second weight loss stage (425–550 1C) was
attributed to the decomposition of highly graphitized carbon,
which is the main constituent of the CNFs. The residual Pt@CS/
CNF after the carbon decomposition had completed was Pt. The
estimated Pt contents were 23.1, 24.6 and 24.3 wt% for Pt@CS/
CNF600, Pt@CS/CNF700 and Pt@CS/CNF900, respectively.
These values correspond well with those obtained by ICP-OES
(Table 1).

The chemical states of Pt and N on Pt@CS/CNF were
characterized using XPS. Fig. 3 shows the XPS spectra of Pt 4f
and N 1s. Pt 4f5/2 and Pt 4f7/2 peaks were located at 75.1 and
71.8 eV, respectively, as shown in Fig. 3a. There was no change
in the chemical state of the Pt in Pt@CS/CNF, which also
indicates that the incorporation of N into the Pt matrix was
negligible. However, N was detected in Pt@CS/CNF, though the

Fig. 2 (a) XRD patterns and (b) TGA profiles of Pt@CS/CNF.
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deconvolution of the N 1s peak was difficult owing to its low
intensity. This indicates that most of the N atoms originating
from the aniline are located in the carbon matrix, which is the
carbon shell. The N contents of Pt@CS/CNF were similar,
regardless of the heat treatment temperature (Table 2). It has
been reported that the N atoms in a carbon shell may affect the
electronic state of Pt by shifting Pt 4f to a high-binding energy
region.32,33,36,43 However, the positive shift of Pt 4f by N atoms
was not observed in our work. It is presumed that the number
of N atoms in a carbon shell was relatively small, and thus did
not significantly affect the binding energy of Pt 4f.3

Fig. 4a–d show the ORR polarization curves of commercial
Pt/C and Pt@CS/CNF according to the number of AST cycles.
The half-wave potential (E1/2) of each catalyst is listed in
Table 3. The E1/2 of Pt/C was decreased by 10 mV after 10k
cycles, and the value was approximately maintained for up to
30k cycles. This is the typical degradation behavior of Pt/C in
the ORR. Consecutive AST cycling caused the Ostwald ripening
and agglomeration of the Pt nanoparticles in Pt/C, resulting in
the degradation of the catalytic activity. Intensive degradation
occurred in the initial stages of the AST cycles due to the high
initial surface area of the small Pt nanoparticles. However, in

the case of Pt@CS/CNF, E1/2 increased with the number of
AST cycles, regardless of the heat treatment temperature. The
increase in E1/2 indicates that the catalytic activity towards
the ORR increased with repetitive AST cycling. Fig. 4e and f
compare the ORR polarization curves of Pt@CS/CNF before and
after the 30k AST cycles. Before AST cycling, the difference
between Pt@CS/CNF and Pt/C was negligible, excluding that
with Pt@CS/CNF900. The E1/2 of Pt@CS/CNF900 was 10 mV
higher than that of Pt/C. However, all of the polarization curves
of Pt@CS/CNF were located in a higher potential region than
that of Pt/C after 30k AST cycles (Fig. 4f). In particular, the E1/2

Table 1 Pt contentsa of Pt@CS/CNF

Pt@CS/CNF600 Pt@CS/CNF700 Pt@CS/CNF900

23.1 25.1 25.1

a Unit: wt%, measured by ICP-OES.

Fig. 3 XPS spectra of (a) Pt 4f and (b) N 1s on Pt@CS/CNF.

Table 2 XPS quantification dataa for all elements in Pt/C and Pt@CS/CNF

Pt/C Pt@CS/CNF600 Pt@CS/CNF700 Pt@CS/CNF900

Pt 5.15 4.42 3.73 4.52
N — 2.81 2.49 2.75
C 87.93 84.78 83.47 84.4
O 6.92 7.99 10.31 8.32

a Unit: at%.

Fig. 4 ORR polarization curves of (a) commercial Pt/C, (b) Pt@CS/
CNF600, (c) Pt@CS/CNF700 and (d) Pt@CS/CNF900 according to the
number of AST cycles. (e and f) Comparison of the ORR curves before
and after 30k AST cycles, respectively. The curves were obtained in
O2-saturated 0.1 M HClO4 at a scan rate of 10 mV s�1.

Table 3 E1/2
a of Pt/C and Pt@CS/CNF according to the number of AST

cycles

Initial 10k cycles 20k cycles 30k cycles

Pt/C 878 868 867 866
Pt@CS/CNF600 875 889 895 900
Pt@CS/CNF700 880 885 891 897
Pt@CS/CNF900 889 893 900 909

a Unit: mV.
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of Pt@CS/CNF900 was 909 mV, which was 43 mV higher than
that of Pt/C.

In Pt@CS/CNF, the carbon shell that covers the individual Pt
nanoparticles effectively protects them from dissolution and
agglomeration, increasing the catalyst’s stability. However, this
physical protection method causes a decrease in the catalytic
activity as the carbon shell also blocks the active sites on the Pt
surface. This phenomenon could be compensated by incorpor-
ating N atoms into the carbon shell. Although the N contents of
Pt@CS/CNF were small (Table 2), the incorporated N atoms
might interact with the Pt atoms, altering the electronic state of
Pt to favor the ORR. The coordination of a N atom with the
adjacent C atoms in a carbon shell also serves as a secondary
active site.42–47 However, this is insufficient to support the
enhancement of the catalytic activity after AST cycling. We
suggest that the slow corrosion of the carbon shell during
AST cycling contributes to this increase in activity. A similar
phenomenon was also reported by Tong et al.32 The corrosion
of the carbon shell gradually exposes the active sites of Pt
nanoparticles, increasing the catalytic activity. The catalytic
activity would then decrease again as the protection layer
continues to corrode upon continuous AST cycling. In our
study, no degradation of the catalytic activity of Pt@CS/CNF
was observed up to 30k AST cycles, indicating the robustness of
the carbon shell for protecting the Pt nanoparticles against
aggregation and dissolution.

The exposure of active sites on the Pt surface by the
corrosion of the carbon shell was confirmed by measuring
ECSAH-upd. The CVs used for the measurement are shown in
Fig. S7 (ESI†). Clear adsorption/desorption of hydrogen on Pt
(between 0.05 and 0.4 V) can be seen in the graphs of all
samples. The hydrogen adsorption/desorption charge of Pt/C
decreased as the number of AST cycles increased (Fig. S7a,
ESI†), while it increased for Pt@CS/CNF (Fig. S7b–d, ESI†). For
example, for Pt@CS/CNF900, the two peaks associated with
hydrogen adsorption/desorption on different crystallographic
planes also became clear as the number of AST cycles increased,
indicating the gradual exposure of active sites on Pt due to the
corrosion of the carbon shells and surface roughening of Pt.32,48,49

Fig. 5a shows the change in ECSAH-upd with the number of
AST cycles. The initial ECSAH-upds was 95.6 (� 8), 100.5 (� 5)
and 99.6 (� 9) m2 gPt

�1 for Pt@CS/CNF600, Pt@CS/CNF700 and
Pt@CS/CNF900, respectively. The higher initial ECSAH-upd of
Pt@CS/CNF than Pt/C (69.0 (� 1) m2 gPt

�1) may be attributed to
the greater number of active sites available compared to Pt/C.
The reason for this is not yet clear, but the presence of a carbon
shell, containing N and C atoms derived from aniline, was one
of the causes of the high initial ECSAH-upd of Pt@CS/CNF. This
was confirmed by removing the carbon shell from Pt@CS/
CNF900 while minimizing the size change of the Pt nano-
particles (Fig. S8a and b, ESI†). The average particle size of
the Pt nanoparticles was about 4.1 nm, which was not signifi-
cantly different from that (4.0 nm) before the carbon shell was
removed. As shown in Fig. S8c (ESI†), there was a dramatic
decrease in the initial ECSAH-upd from 99.6 (� 9) m2 g�1 to
64.7 (� 1) m2 g�1 after removal of the carbon shells from

Pt@CS/CNF900 in spite of the similar average particle sizes.
This is evidence that carbon shells containing N and C atoms
contributed the increase in the ECSA.

The ECSAH-upds of Pt@CS/CNF increased with the number of
AST cycles, indicating that the number of active sites on the
Pt surface increased during the AST cycling. The highest incre-
ment in ECSAH-upd after the 30k AST cycles was that of Pt@CS/
CNF900 (79%), followed by Pt@CS/CNF600 (31%) and Pt@CS/
CNF700 (27%). This result strongly indicates that a carbon shell
originating from aniline is sufficiently solid to maintain or even
increase the catalytic activity of Pt nanoparticles for over 30k AST
cycles. On the contrary, the ECSAH-upd of the commercial Pt/C
continuously decreased from 69.0 (� 1) to 28.8 (� 4) m2 gPt

�1,
which is a decrease of 58%. A 44% decrease in ECSAH-upd

occurred in the initial 10k AST cycles, corresponding well with
Fig. 4a. We do not believe that the large increase in ECSAH-upd of
Pt@CS/CNF by AST cycling is only attributed to the exposure of
active sites on the Pt surface. The other causes of this phenom-
enon are not yet clear. However, hydrogen spillover is one of the
causes. Hydrogen spillover renews the active sites of Pt, resulting
in higher hydrogen adsorption/desorption charges than the
charge required for the monolayer adsorption of hydrogen on
Pt (210 mC cmPt

�2).50 This was confirmed by a CO stripping

Fig. 5 Changes in the (a) ECSAH-upd and (b) mass activity of Pt/C and
Pt@CS/CNF according to the number of AST cycles. Each data point is the
average ECSAH-upd or mass activity obtained from three independent
experiments.
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experiment where hydrogen spillover could be avoided (Fig. S9,
ESI†).51–55 Table 4 lists the ECSAs measured by CO stripping
(ECSACO-strip). For Pt/C, ECSACO-strips was 82.3 (� 1) and
36.5 (� 1) m2 gPt

�1 before and after 30k AST cycles, respectively.
These values are about 10%–20% greater than those obtained
from hydrogen adsorption/desorption (ECSAH-upd), as reported
in other studies.51–55 ECSACO-strips of Pt@CS/CNF before 30k AST
cycles was also about 20% greater than ECSAH-upds. However,
ECSACO-strip showed values similar to or lower than ECSAH-upd

after 30k AST cycles for all Pt@CS/CNF samples. This phenom-
enon appears to be more prominent as the heat treatment
temperature of Pt@CS/CNF is increased. For Pt@CS/CNF900,
ECSACO-strip was even 12% lower than ECSAH-upd. ECSACO-strip

being lower than expected indicates that there was hydrogen
spillover. Although hydrogen spillover contributed to the
increase in ECSAH-upd, the increase of ECSACO-strip for Pt@CS/
CNF still supports the gradual exposure of active sites by carbon
corrosion during AST cycling. Fig. 5b shows the changes in the
mass activities (at 0.9 V) of Pt@CS/CNF according to the number
of AST cycles, which increased with the number of AST cycles,
while that of Pt/C decreased. The mass activity of Pt@CS/CNF900
was highest as it exhibited the largest ECSAH-upd. The mass
activities after 30k AST cycles were 97.8 (� 1), 90.8 (� 1) and
116.7 (� 1) mA mgPt

�1 for Pt@CS/CNF600, Pt@CS/CNF700 and
Pt@CS/CNF900, respectively. The reasonable activity and high
stability of Pt@CS/CNF were due to the high ECSA and carbon
shells protecting the Pt nanoparticles from dissolution and
agglomeration. The N atom in the carbon shell may also
contribute to an improvement in the catalytic activity.

The high stability of Pt@CS/CNF was then tested in a unit
cell. Fig. S10 (ESI†) shows the polarization curves between
0 and 2 A cm�2 of the samples when gaseous H2 and O2 were
fed to the anode (0.1 mgPt cm�2) and cathode (0.125 mgPt cm�2),
respectively (high Pt loading, see details in Fig. S10, ESI†). The
performance of the cells with Pt/C, Pt@CS/CNF600, and Pt@CS/
CNF700 degraded as the number of AST cycles increased. How-
ever, that of Pt@CS/CNF900 was almost maintained for 100k AST

Table 4 ECSAa values of Pt/C and Pt@CS/CNF before and after 30k AST
cycles

ECSAH-upd ECSACO-strip

Initial 30k cycles Initial 30k cycles

Pt/C 69.0 (� 1) 28.8 (� 4) 82.3 (� 1) 36.5 (� 1)
Pt@CS/CNF600 95.6 (� 8) 125.1 (� 4) 117.5 (� 7) 128.8 (� 3)
Pt@CS/CNF700 100.5 (� 5) 127.5 (� 11) 118.1 (� 3) 131.8 (� 1)
Pt@CS/CNF900 99.6 (� 9) 178.0 (� 13) 130.0 (� 3) 151.4 (� 1)

a Unit: m2 gPt
�1.

Fig. 6 Polarization curves of (a) Pt/C, (b) Pt@CS/CNF600, (c) Pt@CS/CNF700 and (d) Pt@CS/CNF900 before and after 30k AST cycles. Solid and open
symbols represent the cell voltage and power density, respectively.
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cycles. Fig. S11 (ESI†) shows the TEM images of Pt@CS/CNF
before and after the 100k AST cycling. The average size of the Pt
nanoparticles in Pt/C was increased to 290% after cycling, while
those of Pt in Pt@CS/CNF increased to a lesser extent. For
example, the increase in the size of Pt in Pt@CS/CNF900 was
only 3%. This indicates that the carbon shell for protecting the
Pt nanoparticles is highly effective for maintaining the cell
performance. The stability of Pt@CS/CNF900 was also excellent
at ultra-low Pt loadings (0.025 and 0.1 mgPt cm�2 for the anode
and cathode, respectively (Table S1, ESI†)). Fig. 6 shows the
polarization curves of Pt@CS/CNF before and after 30k AST
cycles, which exactly followed the testing protocol suggested by
the DOE in 2016 (low Pt loading). The performance of Pt/C
significantly degraded after 30k AST cycles; the current density at
0.6 V decreased from 0.819 to 0.460 A cm�2 (Fig. 6a). Meanwhile,
the performance degradation of Pt@CS/CNF900 was negligible
at 0.6 V (Fig. 6d). The current density of Pt@CS/CNF900 at 0.6 V
even increased slightly from 0.834 to 0.853 A cm�2. It is also
notable that the current density measured at 0.6 V was main-
tained above 0.8 A cm�2, regardless of the AST cycling.

The performance of a unit cell is generally determined by
the measured cell voltage at a specific current density and,
among other factors, is impacted by ECSAH-upd. Fig. 7a shows
the cell voltages measured at 0.1 A cm�2 (low current density)
where the performance is kinetically controlled. The cell voltage
loss after the 30k AST cycles decreased as the heat treatment
temperature of Pt@CS/CNF increased. For example, the cell
voltage of Pt@CS/CNF600 decreased from 0.799 V to 0.754 V,
while that of Pt@CS/CNF900 decreased from 0.796 V to 0.794 V.
This indicates the carbon shells prepared at higher heat treat-
ment temperatures better protected the Pt nanoparticles from
aggregation and dissolution, as also observed in Fig. 5. Fig. 7b
depicts the cell voltages recorded at 0.8 A cm�2 before and after
30k AST cycles. In Fig. 7b, the cell voltages of Pt/C and Pt@CS/
CNF600 decreased considerably, a loss of 0.154 and 0.064 V,
respectively. The voltage loss of Pt@CS/CNF700 after 30k AST
cycles was 0.016 V, and that of Pt@CS/CNF900 even increased
by 5 mV. The change in ECSAH-upd with the number of AST
cycles is shown in Fig. 7c. For Pt/C, the ECSA decreased by 67%
from its initial value after 30k AST cycles due to the severe
dissolution and agglomeration of Pt nanoparticles. A slight
increase in ECSAH-upd was observed for Pt@CS/CNF during
the initial stage of AST cycling. This may be attributed to the
exposure of more active sites resulting from the corrosion of the
carbon shell. However, the overall ECSAH-upds of Pt@CS/CNF
decreased with the number of AST cycles, which is inconsistent
with the ECSAH-upds measured in the half cell (Fig. 5a). This
difference may be due to the different environments employed
for evaluating the catalysts. In the half cell test, 0.1 M HClO4

was used as an electrolyte. However, a Nafion membrane was
used in the unit cell test. Furthermore, there are more issues
that need to be considered when conducting a unit cell test than
there are when conducting a half cell test, such as the adhesion of
the catalyst to the GDL or membrane degradation.56 The for-
mation of three-phase boundaries is also one of them.57 These
issues may result in the additional ECSAH-upd loss (Table S2, ESI†).

Nevertheless, the stability of Pt@CS/CNF900 in the unit cell
test was excellent. After 30k AST cycles, the ECSAH-upds of
Pt@CS/CNF600, Pt@CS/CNF700 and Pt@CS/CNF900 decreased
by 57%, 36% and 15% from the initial values, respectively. The
lower ECSAH-upd loss with the higher heat treatment tempera-
ture is attributed to the degree of graphitization, as shown in
Fig. 2b. The DOE has set stability targets (2020) for PEMFC
cathode catalysts in a unit cell: the loss of cell voltage (at 0.8 A cm�2)
and ECSAH-upd should be lower than 30 mV and 40% after 30k

Fig. 7 Cell voltages measured at (a) 0.1 A cm�2 and (b) 0.8 A cm�2 of Pt/C
and Pt@CS/CNF before and after the 30k AST cycles and (c) changes in
their ECSAH-upds according to the number of AST cycles. Each data point is
the average cell potential or ECSAH-upd obtained from three independent
experiments.
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AST cycles, respectively.39 In terms of its cell voltage and ECSA
losses, Pt@CS/CNF900 well exceeded the 2020 DOE target.
Table S3 (ESI†) shows the voltage losses at 0.8 A cm�2 and
ECSAH-upd losses of the reported catalysts. To the best of our
knowledge, Pt@CS/CNF900 is the most stable cathode catalyst
for PEMFCs that has been reported.

Conclusions

In this study, we developed a facile synthesis method for the
most stable carbon-shell-coated Pt electrocatalysts. Simple heat
treatment of CNFs coated with Pt–aniline complexes that have a
fixed ratio of Pt to aniline yields CNFs coated with uniform Pt
core–carbon shell catalysts. During the heat treatment, Pt ions
were reduced to Pt and aniline formed a carbon shell contain-
ing N atoms. The stability of the catalysts depended on the heat
treatment temperature, which determined the degree of carbon
shell graphitization. The synthesized catalysts exhibited super-
ior activity and stability to those of commercial Pt/C, regardless
of the heat treatment temperature. In particular, the catalyst
heat-treated at 900 1C exhibited excellent stability, far exceeding
the 2020 DOE stability target, though its activity still needs to be
further improved.
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