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ABSTRACT: Polypropylene fiber, a cheap source of nitrogen-doped carbon,
is introduced to design robust nitrogen-doped carbon-encapsulated small Pt
nanocrystals with Pt and nitrogen−carbon double-active centers toward
oxygen reduction reaction (ORR). Ascribed to the separation effect of the
polypropylene fiber, even suffering from a high-temperature carbonization
treatment at 720 °C for 90 min, the polypropylene fiber-derived carbon-
encapsulated Pt nanocrystal maintains a small particle size (3 nm diameter on
average). As expected, its ORR mass activity is up to 116.5 mA/mg at 0.9 V.
After 8000 cycles, the half-wave potential of the prepared catalyst declines
only by 14 mV compared with 43 mV for the commercial Pt/C catalyst. The
significantly improved electrochemical properties of the as-prepared catalyst
are resulted from the nitrogen-doped carbon-encapsulated Pt nanocrystal structure, which is benefited to adsorption and
activation of oxygen due to the presence of nitrogen-doped carbon as the important active site for ORR besides Pt metal. In
addition, the migration, aggregation, and growth of Pt nanoparticles are prohibited in terms of the outer nitrogen-doped carbon
protection layer, greatly enhancing the stability of the catalyst.

1. INTRODUCTION

Facing increasing energy contradiction and environmental
issues, the development and utilization of clean energy is
imperative. Because of simple structures, fast start-up speed,
lower working temperatures, high energy conversion efficiency,
almost no emission, and silence properties, proton exchange
membrane fuel cells (PEMFCs) have been favored by
researchers.1,2 However, some factors such as high cost and
low longevity of PEMFCs, which can be substantially blamed
on the use of expensive and unstable platinum (Pt)-based
catalysts, still restrict their commercialization. Undoubtedly, as
an important component of PEMFCs, the electrochemical
activity and service life of Pt-based catalysts directly affect the
performance of fuel cells.
Compared to the hydrogen oxidation reaction at the anode,

the oxygen reduction reaction (ORR) occurring at the cathode
is a very slow kinetic process,3,4 which becomes the rate-
deciding step of the fuel cell reaction. The currently widely
used catalyst at the cathode is the Pt/C catalyst,5 wherein Pt
nanoparticles (NPs) are uniformly dispersed on carbon
nanospheres (such as nanosized carbon black). Although
such catalysts exhibit excellent electrochemical activity during
ORR, their inadequacies,6−11 such as the extremely poor
abundance as precious metal on earth and low operating
lifetime in harsh environments (high humidity, strong acid,
high potentials, etc.), severely weaken the performance of
PEMFCs. Thus, further increasing the stability of Pt-based
catalysts with maintained activity and reduced Pt dosage has
become an urgent research task.

Various methods have been proposed to keep the stability of
Pt-based catalysts with minimum activity loss mainly caused by
dissolution, detachment, or aggregation of Pt NPs on supports.
For instance, the strategies of using more stable support
materials1,12−14 and reinforcing the interaction of metal−
carrier15 have been reported. Also, Pt alloying with other
elements16−18 and structure or morphology designing19−21

(e.g., special nanocage22) have been probed. Our group
previously has done considerable research studies on polymer-
stabilized Pt-based catalysts.14,23−25 Pt NPs are encapsulated in
the ultrathin perfluorosulfonic acid (Nafion) or polyaniline
(PANI) layers, ensuring the enhanced metal−support
interaction. Recently, to further increase the stability of
catalysts, the polymer stabilizer can be further carbonized.26

However, to a certain extent the surface-active sites of Pt NPs
would be covered by the formed polymer layer or the carbon
protective layer. In addition, the high-temperature carbon-
ization process also accelerates the growth of Pt NPs, lowering
the active surface of Pt catalysts.
Recent studies have shown that heteroatoms (such as

nitrogen,4 phosphorus,27 sulfur,23 etc.) have a great influence
on the catalytic properties. Especially, the N-doped carbon
with pyridinium nitrogen can change the charge distribution of
carbon surfaces, favorable for the adsorption and activation of
oxygen, promoting the ORR process.2,12,28 At the same time,
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the Pt NPs can be stabilized by increasing the interaction
between the metal−support.24
In this work, based on the advantages of the above-

mentioned encapsulated structure, combining the positive
influence of nonmetal heteroatom dopants on the activity and
stability of Pt catalysts,4,29 we design a N-doped carbon-
encapsulated Pt nanocrystalline structure catalyst fixed firmly
on the carbon support, greatly improving the stability of the Pt-
based catalyst. Herein, as the cheap polypropylene fiber
(PANF) can be converted into a hexagonal N-doped carbon
structure after preoxidation and carbonization,30−34 it is
selected as the precursor of the N-doped carbon. Importantly,
the fiber structure of PANF is feasible to construct the porous
carbon framework, promoting the mass transfer and reducing
the occupancy of surface-active sites on Pt NPs. To obtain
relatively uniform and ultrasmall Pt NPs, first, Pt colloids are
prepared in advance by an ethylene glycol (EG) reduction
method.24,26 As a result, the prepared catalyst (Pt@NC/C)
with Pt nanocrystals (3 nm diameter in average size) exhibits
higher stability than the commercial Pt/C catalyst (20 wt %,
Johnson Matthey Co.) as a control sample.

2. EXPERIMENTAL SECTION
2.1. Synthesis of the Pt@PANF/C Precursor. The synthesis

procedures of Pt@NC/C are illustrated in Figure 1. First, 1.5 mgPt
mL−1 H2PtCl6 EG solution and a certain amount of EG were fully
mixed in a three-necked flask. Then, the 0.1 M NaOH aqueous
solution was slowly poured into the mixture to adjust the pH to a
range of 10−14. The above homogeneous reaction system was heated
at 140 °C, and continuously stirred until the color changed from
bright yellow to brownish black (about 30 min). This change
indicated that a Pt colloidal dispersion was obtained. Subsequently,
the N,N-dimethylformamide solution of PANF was directly added
into the above colloidal dispersion and stirred for 1 h to ensure that
PANF was sufficiently wrapped on Pt colloids to form a Pt@PANF
colloidal dispersion. Simultaneously, 100 mg of Vulcan XC-72 was
mixed with 50 mL of EG, and then the suspension was evenly
dispersed under an ultrasonic condition. After a while, the above
mixture was introduced into the Pt@PANF colloidal dispersion with
continuous stirring at 140 °C for 4 h, and subsequently naturally
cooled to ambient temperature. As a result, the obtained black
suspension was filtered, washed, and the obtained solid powder was
completely dried in vacuum at 70 °C to obtain the Pt@PANF/C
precursor.
2.2. Preparation of Catalysts. For the sake of obtaining the N-

doped carbon structure, the precursor was preoxidized at 320 °C for
60 min, and then subjected to pyrolysis at 720 °C for 90 min. The
PANF coated on the Pt particle was then carbonized into a thin
porous N-containing carbon framework. The heat treatment process

was implemented in nitrogen atmosphere at a heating rate of 5 °C/
min, and the sample was cooled to room temperature to acquire the
desired Pt@NC/C catalyst powder.

In addition, as presented in Table S1, the exact contents of Pt for
Pt@NC/C and Pt/C (as a benchmark, Johnson Matthey Corp.) are
21.10 and 21.49%, respectively, measured by inductively coupled
plasma-optical emission spectrometry (ICP, Optima Prodigy 7).

2.3. Structural Characterizations. X-ray diffraction (XRD)
patterns were recorded on a rotation anode high-power X-ray
diffractometer (RU-200B/D/MAX-RB) with Cu Kα radiation (λ =
1.5418 Å) to obtain the lattice phases of catalysts. Fourier transform
infrared (FTIR) spectra were collected by FTIR spectroscopy
(Nicolet-6700, U.S.A.) to verify the existence of PANF in the sample.
The morphology of Pt/C, Pt@PANF/C, and Pt@NC/C was
characterized by a transmission electron microscope (TEM, JEM-
2100F) and high-resolution transmission electron microscope ;
meanwhile, an energy-dispersive spectrometer was used to visualize
the distribution of some elements (such as Pt, N, and C). X-ray
photoelectron spectroscopy (XPS), using Mg KR as radiation was
employed to determine the type and valence state of the elements in
the sample, as well as the interaction of the Pt NP and NC structure.

2.4. Electrochemical Characterizations. Electrochemical meas-
urements were conducted by a traditional three-electrode setup using
an AUTO LAB Electrochemical System (Eco Chemie Corp.). Ag/
AgCl with saturated KCl and a Pt wire electrode were used as
reference and counter electrodes, respectively. Catalyst powders (3
mg), 100 μL of deionized water (R = 18.2 MΩ), 900 μL of isopropyl
alcohol, and 20 of μL Nafion (5% DuPont Co., Ltd.) solution were
mixed and ultrasonicated for 30 min to obtain a homogeneous catalyst
ink. Then, the ink was coated on a glassy carbon rotating disk
electrode (0.196 cm2) as a working electrode. The Pt loading of each
working electrode surface was 20 μg cm−1. The electrolyte (0.1 M
HClO4 solution) was purged with pure O2 or N2 for at least 30 min.

The working electrodes were first electrochemically cleaned by
performing cyclic voltammetry (CV) between 0 and 1.2 V (vs RHE)
at a sweep rate of 100 mV s−1 in the N2-saturated 0.1 M HClO4

solution before the ORR measurements. Then, CV curves were
recorded at 50 mV s−1, which could be generally used to evaluate the
electrochemical surface area (ECSA) of Pt catalysts.23 The ORR
polarization curves were obtained in linear sweep voltammetry (LSV)
mode with a sweep rate of 5 mV s−1 in a potential range of 0−1.2 V
(vs RHE) and a rotating speed of 1600 rpm in an O2-saturated 0.1 M
HClO4 solution. The kinetic current at 0.9 V (vs RHE) was
determined based on the LSV curve. Furthermore, the mass activity23

can be calculated from the kinetic current.
An electrochemical accelerated durability test (ADT) was

employed to evaluate the long-term stability of catalysts.35 Eight
thousand potential cycles were performed over a potential range of
0.6−1.2 V (vs RHE) with a scan rate of 100 mV s−1. ORR
polarization curves of the catalysts were recorded after ADT to
investigate the decay of catalyst activity.

Figure 1. Schematic illustration of the preparation process of the Pt@NC/C catalyst.
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3. RESULTS AND DISCUSSION

As displayed in Figure 2a, FTIR spectra of Pt@PANF and
PANF confirm that the PANF is present in the as-prepared
Pt@PANF. The characteristic peaks of PANF at 2243 cm−1

correspond to the −CN stretching vibration peak.36 The
peaks at 1454 and 2940 cm−1 are the −CH2 out-of-plane
bending vibration peak and −CH asymmetrical stretching
vibration peak, respectively. The spectrum of Pt@PANF also
reveals similar absorption peaks at the same wavenumber
position, proving the presence of PANF wrapped on Pt NPs.
Figure 2b presents XRD patterns of Pt/C, Pt@PANF/C,

and Pt@NC/C. The broad peaks at about 24.5° are assigned
to the C(002) crystal plane. Three peaks at 2θ = 39.8°, 46.3°,
67.5°, which correspond to the Pt(111), (200), and (220)
facets (PDF#87−0646), respectively, reveal that the crystal
structure of Pt NPs in these samples is a face-centered cubic
structure. The more obvious Pt peaks of Pt@NC/C, compared
with the others, indicate that Pt NPs are better crystallized
with more regular lattices. This crystalline structure can also be
proved by TEM images.
Figure 3 shows the microstructure of Pt@PANF/C and Pt@

NC/C, whereas that of Pt/C is presented in Figure S1a. It can
be found that most Pt NPs in the three catalysts are highly
dispersed on carbon supports. Among them, the unheated Pt@
PANF/C presents unclear grain edges (Figures 3a,b and S1b)
because of inadequate crystallization and smaller particle size.
As for Pt@NC/C, the lattice stripes of Pt NPs are clearer and
distinguished, consistent with XRD analysis results, indicating
that such Pt particles possess a nanocrystalline structure. Next,
200 randomly selected NPs were counted to obtain an average
particle size. The diameter of Pt NPs in Pt@PANF/C, Pt@
NC/C, and Pt/C is around 1.3, 3.0, and 2.7 nm (Figure S2),
respectively. From the particle size distribution, it is found that
Pt@PANF/C possesses the smallest diameter and narrow
particle size distribution of Pt NPs. This result can be
attributed to the EG reduction method as well as the
protection of PANF, through which relatively uniform Pt
particles form in colloidal suspension. As shown in Figure 3c,d,
after the heat treatment, the size of Pt NPs grows slowly with a
crystalline process. A 0.22 nm adjacent lattice spacing of Pt
NPs is clearly exhibited in the inset of Figure 3d,
corresponding to the Pt(111) crystal planes, which agrees
with the XRD result. Then, the 0.34 nm lattice spacing is
related to C(200). As indicated in Figure S1c,d, it is proved
that PANF is wrapped around Pt NPs as a decoration layer. In
the meanwhile, after heat treatment, the carbonized layer of
PANF for Pt@NC/C (Figure 3e) indicates the presence of the
layered structure on the surface of the Pt NPs. Figure 3f is the

elemental mapping recorded by high angle annular dark field-
scanning transmission electron-energy dispersive spectrometer
(HAADF−STEM−EDS). It demonstrates the existence of
elemental N derived from carbonized PANF along with Pt, and
confirms the encapsulation of N-doped carbon with the layer
structure on Pt NP surfaces (Figure 3e).
The surface elemental composition and chemical status of

catalysts were obtained by XPS (Figure 4). As clearly indicated
in Figure 4a, the C 1s signal at 284.2 eV and the Pt 4f, Pt 4d, Pt

Figure 2. (a) FTIR spectra of PANF and Pt@PANF. (b) XRD patterns of Pt@PANF/C, Pt@NC/C, and Pt/C.

Figure 3. TEM images of Pt@PANF/C (a,b) and Pt@NC/C (c−f).
The inset in (d) is the lattice of Pt NPs and the outer carbon
structure. (e) Layer structure of Pt@NC/C. TEM images
corresponding to EDX patterns of Pt@NC/C (f).
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Figure 4. (a) XPS spectra of Pt/C, Pt@PANF/C, and Pt@NC/C; (b) Pt 4f spectra of Pt@NC/C and Pt/C; (c) N 1s spectra of Pt@NC/C.

Figure 5. (a) CV and (b) LSV curves of Pt/C, Pt@PANF/C, and Pt@NC/C. The inset of (b) is the change of E1/2. Comparison of (c,d) ORR
polarization curves, the ECSA and MA loss (e,f) for Pt@NC/C and Pt/C before and after ADT tests. The ORR was tested at a rotating speed of
1600 rpm in an O2-saturated 0.1 mol L−1 HClO4 solution with a sweep rate of 5 mV s−1.
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4p, and O 1s signals appear in all three samples. In addition,
the peak at 400 eV is from the N 1s signal, which occurs in
PANF and N-doped carbon structures. The inset in Figure 4a
is the enlarged N signal, which can be deconvoluted into four
peaks at 397.7, 398.9, 399.9, and 402.8 eV (Figure 4c),
corresponding to pyridinic N, pyrrolic N, graphitic N, and
oxidized N,37,38 respectively. According to recently reported
literature,39,40 the presence of pyridinic-N and graphitic-N in
the catalyst is beneficial to improve the ORR performance, as
both have lone pairs that can be donated to Pt atoms or can
change the distribution of electrons in adjacent atoms. The Pt
4f peak (Figure 4b) can be fitted into 4f7/2 and 4f5/2 because of
the spin−orbit interaction, which are located at 71.77 and
75.07, 72.92 and 76.24 eV, corresponding to Pt0 and Pt ion
(Pt2+ and Pt4+), respectively. Apparently, the Pt0 binding
energy (71.77 eV) of Pt@NC/C is almost same as that of Pt/
C (71.44 eV).
The CV curves were recorded in N2-saturated 0.1 M HClO4

solution between 0 and 1.2 V (vs RHE) at a sweep rate of 50
mV s−1. Figure 5a illustrates that the CV curve of Pt@NC/C is
similar to that of Pt/C and has a larger double-layer thickness
owing to the N-doped carbon structure derived from
carbonized PANF.40,41 According to the integral area of the
hydrogen desorption region, the calculated ECSA of catalysts is
98.3 m2/gPt for Pt@NC/C and 84.2 m2/gPt for Pt/C. Because
of the ultrasmall Pt particle size (less than 1.8 nm)42 and the
presence of outside PANF, the electrochemical properties of
Pt@PANF/C are poor (no clear oxidation peak and reduction
peak in Figure 5a). Therefore, Pt@PANF/C was excluded
from the electrocatalytic analysis below. The ORR polarization
curves of Pt/C and Pt@NC/C are displayed in Figure 5b, the
inset of which shows the half-wave potential (E1/2) for Pt@
NC/C is 0.882 V, presenting a 5 mV positive shift compared
with Pt/C (0.877 V). The mass activity of the homemade
catalyst at 0.9 V calculated from the LSV curve is 116.5 mA/
mg (Table S2), higher than that of commercial Pt/C (109.6
mA/mg). Furthermore, a set of LSV curves at different rotating
speeds was recorded to investigate the mechanism of the
electron transfer process of Pt@NC/C (Figure S3). The
calculated average electron transfer number (n) is 3.84
according to K−L plots of Pt@NC/C37,40 shown in the inset
of Figure S3.
An ADT protocol was used to evaluate stabilities of the

catalysts. As shown in Figure 5c,d, after 8000 cycles, the half-
wave potential for Pt@NC/C only reduces by 14 mV, whereas
it is 43 mV for Pt/C. Figure 5e,f corresponds to the decrease of
ECSA and mass activity (MA) before and after ADT for Pt@
NC/C and Pt/C, respectively. The ECSA loss of Pt@NC/C
over 8000 cycles is 27.4%, much lower than that of Pt/C
(49.3%). Moreover, the MA loss for the prepared catalyst
calculated by LSV curves before and after ADT decreases by
35.2% and by 63.5% for Pt/C. It is obvious that the stability of
Pt@NC/C is significantly higher than that of commercial Pt/
C. Generally, the decline of the ECSA can be attributed to
agglomeration and detachment of Pt NPs.6 As presented in
Figure 6, after ADT, the average diameter of Pt NPs for Pt@
NC/C only increases from 3.0 to 5.6 nm, whereas Pt/C has a
faster growth rate from 2.7 to 7.2 nm. Also, TEM images show
a lesser agglomeration of Pt NPs for Pt@NC/C.
From electrochemical tests, the larger ECSA of Pt@NC/C

suggests that the N-doped carbon-encapsulated structure on Pt
NPs has no obvious effect on the active sites and mass transfer
of reaction species probably owing to the porous and ultrathin

properties of the NC framework structure and the ultrasmall
crystalline structure with more exposed Pt(111) facets, which
ameliorate H absorption on Pt surfaces. Although some
surface-active sites of Pt catalysts are possibly covered by C−N
layers, the present N-C structure surved as another active
site is beneficial to adsorption and activation of oxygen.
Thus, its catalytic ORR activity does not decrease. It is worth
noting that the introduced N-doped modified layer as a
protective layer can effectively prevent Pt NPs from migration,
agglomeration, or detachment. The result proves that the N-
doped carbon layer-encapsulated Pt NPs facilitate the stability
of Pt catalysts.

4. CONCLUSIONS
A new N-doped carbon-encapsulated Pt nanocrystalline
catalyst (Pt@NC/C) is designed and successfully synthesized
by a simple EG reduction method using PANF as the
nitrogen−carbon source. The obtained catalyst possesses
robust durability and high ORR activity compared with the
commercial Pt/C catalysts. The porous N-doped carbon
framework structure wrapped Pt NPs not only inhibits the
movement of Pt NPs, but also increase the interaction between
Pt nanocrystals and supports. Besides, the N−C, as an active
site, can improve the electrochemical activity because of
synergistic oxygen reduction with Pt NPs. As a result, Pt@NC/
C as a unique Pt-based catalyst owns outstanding long-term
stability in the case of high ORR activity.
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TEM image of Pt@PANF/C; more TEM images and
the size distribution of Pt NPs for Pt/C, Pt@PANF/C,
and Pt@NC/C; and a group of CV curves after 2000 of
potential cycling by ADT in 0.1 M HClO4 at a scan rate
of 50 mV s−1 (PDF)

Figure 6. TEM images of Pt/C and Pt@NC/C after ADT. (c,d) Size
distribution of Pt NPs for Pt/C and Pt@NC/C after ADT.
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