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Carbon nanofibers served as nanoreactors for the design and construction of PtCo alloy carbon core-shell nano-
structures with nitrogen doping (PtCo/NCNF) through a combination of electrospinning and nitrogen doping
treatments. The PtCo/NCNF hybrid consists of PtCo alloy nanoparticles surrounded by a few of N-doped carbon
layers, demonstrating a typical core-shell structures. The PtCo/NCNF hybrid can both served as electrode mate-
rials for electrocatalytic water splitting including hydrogen evolution reaction (HER) and oxygen evolution reac-
tion (OER). For the HER performance, the PtCo/NCNF exhibits very small onset potential of 20 mV, an
overpotential of 50 mV at a j (vs RHE) = 10 mA cm−2 and Tafel slope of 30 mV dec−1. The PtCo/NCNF hybrid
also exhibits high OER activity with an onset potential of 310 mV, an overpotential of 400 mV at a j of
10 mA cm−2 and a small Tafel slope of 76 mV dec−1. The high catalytic activities of PtCo alloy for HER and
OER originate from the 3D hierarchical structures, well-dispersed PtCo alloy, high conductivity of NCNF, protec-
tion from the carbon-encapsulated structure, and the introduction of nitrogen.

© 2016 Published by Elsevier Ltd.
Keywords:
PtCo alloy
Carbon nanofibers
Nanoreactors
Hydrogen evolution reaction
Oxygen evolution reaction
ngineering, College of Materials
018, PR China.
, zhuhanfj@163.com (H. Zhu).
1. Introduction

Water splitting has been hailed as a promising candidate tomeet the
increasingdemands for clean and sustainable energy on the global scale.
Electrocatalytic water splitting consists of the hydrogen evolution reac-
tion (HER) and the oxygen evolution reaction (OER) [1]. One of the
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important approaches is to develop highly efficient and durable
electrocatalysts that can substantially expedite the kinetics of HER and
OER process [2,3]. Therefore, to improve the energy efficiency, an
high-performance electrocatalyst is essential for reducing the
overpotentials of electrodes, promoting the reaction kinetics, and en-
hancing the specific activity. However, compared to the HER, the OER
process is harsh and kinetically sluggish because of its thermodynami-
cally and kinetically demanding process involving four sequential pro-
ton-coupled electron transfer steps and the oxygen-oxygen bonding
formation [3]. The four sequential proton-coupled electron transfer
steps for OER process leads to slower kinetics and relatively higher
overpotentials [2–5]. Co-based electrocatalysts, such as CoP, Co3O4 and
CoS2 have been known as active OER catalysts, and considerable efforts
has been made to develop advanced Co-based nanostructures for im-
proving the OER activity and stability [6–11].

Notwithstanding significant progress, there are only a few catalysts
that are able to catalyze both HER and OER process. Recently, a type of
precious-metal alloy with transition metal (Co, Mn, etc.) [12,13] and
nonmetal catalyst (graphitic carbon, N-doped graphitic carbons, etc.)
[14] have been employed as an effective co-electrocatalyst for HER or
OER. In this regard, it is of great interest to introduce a certain amount
of Pt into Co phase to generate PtCo alloy for the overall water splitting.
The PtCo alloy exhibits good catalytic activity alongwith good durability
due to the modification of the Pt electronic structure. Wang and co-
workers reported cobalt-embedded N-doped carbon nanotubes
(CNTs), exhibiting both high oxygen reduction reaction (ORR) and
OER activity [14]. The high catalytic activity of cobalt-embedded N-
doped CNTs is thought to be facilitated by the combination of the em-
bedded cobalt, the N-doped carbon, and the CNTs substrate. It is report-
ed that metal embedding has been found to be conducive to protecting
the metal nanoparticles from dissolution, migration, detachment and
coalescence by the electrolyte, resulting in high long-term stability [15].

Recently, Du et al. group have reported the novel fabrication of car-
bon nanofibers (CNF) supported noblemetal nanoparticles, transitional
metal dichalcogenides nanoplates and core-shell nanostructures [15–
18]. The nanocrystal/carbon nanofibers systems exhibit superior elec-
trocatalytic activity for water splitting. Three-dimensional (3D)
nanomaterials with hierarchical structure have been widely designed
for the electrochemical reactions, such as HER, OER and ORR [19–22].
Compared with bulk solid structures, the complex hierarchical struc-
tures endowmaterials with high specific surface areas, which can facil-
itates diffusion of active species and accelerates subsequent surface
reactions [20–22]. The one-dimensional (1D) nanostructures of CNF
can provide more contact surfaces between supported catalysts and
electrolyte. The interconnected 3D architecture of CNF induces large in-
terfaces and interstices of the electrolyte and the nanocrystal surfaces,
which provide rapid electron transport and fast gas diffusion [20,22].
In addition, the 3D architecture of CNF also can promote the release of
evolved gas bubbles, which are benefit for the electrode kinetics and
catalytic performance [23]. Meanwhile, the introduction of nitrogen
into carbon material not only can promote electronic transfer but also
provide more active sites for both the OER and ORR [24–26]. It is of
great interest to fabricate hierarchical 3D structures integrated with
PtCo alloy and CNF, serving as promising materials for both HER and
OER in electrocatalytic water splitting.

Herein, inspired by the superiority of PtCo alloy, N-doped carbon and
enhanced durability of metal embedding, the CNF were used as a
nanoreactor to synthesize PtCo alloy carbon core-shell nanostructures
with nitrogen doping (PtCo/NCNF) through a combination of
electrospinning and nitrogen doping treatments. Small sized PtCo
alloy carbon core-shell nanoparticles were uniformly dispersed
throughout the whole CNF. The PtCo/NCNF hybrid consists of PtCo
alloy nanoparticles surrounded by a fewof N-doped carbon layers, dem-
onstrating a typical core-shell structures. The PtCo/NCNF hybrid can
both served as electrodematerials for HER and OER. For the HER perfor-
mance, the novel nanomaterials exhibit very small onset potential of
20 mV, overpotentials at a j (vs RHE) of 10 mA cm−2 of 50 mV and
Tafel slope of 30 mV dec−1, which are better than the commercial Pt/
C (20 wt%) catalysts (onset potential of 27 mV and overpotentials at a
j (vs RHE) of 10mA cm−2 of 59mV) and PtCo/NCNFwithout NH3 treat-
ment (onset potential of 34 mV and overpotentials at a j (vs RHE) of
10 mA cm−2 of 68mV). In addition, the PtCo/NCNF hybrid also exhibits
high OER activity with an onset potential of 310mV, an overpotential of
400 mV at a j (vs RHE) of 10 mA cm−2 and a small Tafel slope of
76 mV dec−1, which are also better than PtCo/CNF (onset potential of
340 mV, an overpotential of 520 mV at a j (vs RHE) of 10 mA cm−2

and Tafel slope of 83 mV dec−1). The PtCo/NCNF membrane can be di-
rectly used as electrodes for HER and OER, demonstrating superior sta-
bility in acid and alkaline conditions after continuous operation for 10 h.
The high catalytic activities of PtCo alloy for HER andOER originate from
the 3D hierarchical structures, well-dispersed PtCo alloy, high conduc-
tivity of CNF, protection from the carbon-encapsulated structure, and
the introduction of nitrogen.

2. Experimental

2.1. Materials

Chloroplatinic acid (H2PtCl6·6H2O, 99.9%) and dimethylformamide
(DMF, 99.5%) were procured from Shanghai Civi Chemical Technology
Co., Ltd. Cobalt chloride hexahydrate (CoCl2·6H2O) and potassium hy-
droxide (KOH) were supplied by Aladdin Co., Ltd. Polyacrylonitrile
(PAN, Mw ≈ 1.4 × 105, copolymerized with 10 wt% methyl acrylate)
was purchased by Sinopec Shanghai Petrochemical Co., Ltd. Ultrapure
water (Milli-Q) was used throughout the experiments. All were used
as received without further purification.

In a typical procedure, 0.15 g of CoCl2·6H2O and 0.15 g of
H2PtCl6·6H2O were co-dissolved in 22 mL of a PAN/DMF solution with
a mass fraction of 10% PAN. Thereafter, the homogeneity of the three-
component mixture was obtained by vigorously stirring of the mixture
at 80 °C for 3 h. Afterward, themixturewas transferred to a syringewith
a stainless copper needle at the tip. The needle was connected to a high
voltage power supply to get a voltage of 15 kV, the needle-to-collector
distance was about 12 cm, and the flow rate of the precursor solution
was 0.6 mL h−1.

Under these conditions, the homogeneous PtCo/PAN nanofibrous
membrane were obtained at room temperature. The direct growth of
the PtCo/NCNF hybrid was carried out in a home-built chemical vapor
deposition (CVD) furnace. The as-collected PtCo/PAN nanofibrous
mats were placed in a ceramic boat located at quartz tube in the center
of the heating zone of the furnace. Next, the PtCo/PAN nanofibrousmats
were heated in air from room temperature at a temperature ramp of
5 °C min−1 to 230 °C and maintained for 6 h. After the stabilization
process, the nanofiberous mats were continue to heat up with the
feeding of Ar (150 sccm) at ambient pressure. When the temperature
reached 400 °C, the NH3 (10 sccm) gas was introduced. After 2 h, the
NH3 gaswas then turned off, while the furnace temperaturewas heated
up to 1000 °C and the temperature was held constant for 8 h. The sam-
pleswere cooled to room temperature naturally under the protection of
flowing Ar. For reliable comparison, the PtCo/CNF, NCNF and CNF were
prepared similarly as a control.

2.2. Characterization
Field-emission scanning electronmicroscopy (FE-SEM) imageswere

recorded on the JSM-6700F (JEOL, Japan) at high vacuumwith an accel-
erating voltage of 3 kV. Transmission electron microscopy (TEM) im-
ages, high-resolution TEM (HRTEM) and selected-area electron
diffraction (SEAD) were taken using a JSM-2100 transmission electron
microscope (JEOL, Japan) at an acceleration voltage of 200 kV. The
high-angle annular dark field scanning TEM (HAADF-STEM), STEM
mapping, and line-scan energy dispersive X-ray spectroscopy (EDX)
were taken with a STEM (Tecnai G2 F30S-Twin, Philips-FEI) operating
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at 300 kV. The X-ray diffraction (XRD) analysis was carried out on a
Bruker AXS D8 DISCOVER X-ray diffractometer with Cu Kα radiation
(λ = 1.5406 A°) at a scanning rate of 0.02° 2θ s−1 in the 2θ range of
10–90°. X-ray photoelectron spectra (XPS) were performed on an X-
ray photoelectron spectrometer (Kratos Axis Ultra DLD) with an alumi-
num (mono) Kα source (1486.6 eV). The aluminum Kα source was op-
erated at 15 kV and 10 mA.

2.3. Electrochemical characterization
To prepare the working electrode, glassy carbon electrode (GCE,

3 mm diameter) was polished with 1.0, 0.3 and 0.05 μm alumina slurry,
and thoroughly washed before surface modification. 3 mg catalyst was
dispersed in 1 mL of 3:1 (volumetric ratio) water/isopropanol mixed
solvent with 20 μL of Nafion solution (5 wt%) under ultra-sonication
for 30 min until a homogeneous ink formed. The Nafion solution was
used as a proton conducting binder to ensure good adhesion onto the
electrode. Thereafter, 5 μL of catalyst ink was dropped onto a GC disk
electrode using a micropipette, and then drying at room temperature
(loading 212.3 μg cm−2). Moreover, the as-prepared catalyst film was
stored in a desiccator at room temperature before use. As a control,
bare GCE that has been polished and cleaned was also dried for electro-
chemical measurement.

The electrochemical measurements were performed on a CHI660E
workstation (Shanghai Chenhua, Shanghai) in a standard three-elec-
trode cell. A modified GCE, a Pt wire and a saturated calomel electrode
(SCE) were served as the working electrode, counter electrode and
Fig. 1. (a, b) FESEM, (c) TEM, (d) HRTEM and (e) HAADF-STEM images of PtCo/NCNF hybri
reference electrode in 0.5 M H2SO4 and 1 M KOH electrolytes, respec-
tively. All the potentials were referenced to a reversible hydrogen elec-
trode (RHE) by adding a value of (0.218 + 0.059 × pH) V. Prior to the
electrochemical testing, a flow of N2 was maintained for at least
15 min to remove the dissolved oxygen. The catalyst was first subject
to cyclic voltammetry (CV) scans between 0 and 1.20 V vs the RHE at
a scan rate of 100 mV s−1 with a continuous N2 flow until a stable CV
was obtained. Then, linear sweep voltammetry (LSV) polarization
curves were performed at scan rate of 1 mV s−1 and all the polarization
curves were iR-compensation. The accelerated stability test was per-
formed by potential cycling between −0.2 and 1.0 V vs RHE at a
sweep rate of 100 mV s−1 for 1000 cycles. At the end of the cycles, the
resulting electrodes were used for polarization curves at a scan rate of
1 mV s−1. The stability test of the PtCo/NCNF were also used a typical
three electrode system. The PtCo/NCNF membrane was tailored into a
neat square (1 × 1 cm) and directly utilized as the working electrode,
and the current-time response was monitored by chronoamperometric
measurements in 0.5 M and 1 M KOH electrolyte for 10 h. All measure-
ments were performed at room temperature.

3. Results and discussion

After reducing Pt and Co precursor with carbon species in Ar/NH3 at-
mosphere at high temperature, the former PtCo/PANnanofibers convert
into PtCo alloy carbon core-shell structures in NCNF. Fig. 1a and b show
that the as-synthesized small sized PtCo alloy nanoparticles (NPs) are
d nanostructure; (f) corresponding STEM-EDS element mapping images of PtCo/NCNF.
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uniformly dispersed in N-doped CNF. The PtCo alloy NPs with an aver-
age diameter of 8.9 nm are uniformly embedded in the carbon matrix,
as shown in Fig. 1c. It is reported that the CoNPs tend to growup to larg-
er size under thermal reduction [27]. As control, the Co/CNF were also
prepared and as shown in Fig. 2a and b, the size of Co NP embedded
in CNF is about 20 nm, demonstrating the well control in size by CNF.
For the PtCo/CNFwithout NH3 treatment, the PtCo alloy exhibit average
diameter of 10.9 nm, as shown in Fig. 2c and d. After the NH3 treatment
during the growth process of PtCo alloy in NCNF, the PtCo alloy NP only
exhibit an average diameter of 8.9 nm, indicating that the reduction at-
mosphere would help the NCNF to restrict the growth of PtCo alloy to
larger sizes.

The TEM image in Fig. 1c also shows the well-dispersed PtCo alloy
NP in NCNF. The HRTEM image in Fig. 1d clearly exhibits the core-
shell nanostructures with PtCo NPs as the cores and graphitic carbon
as the shells. The PtCo alloy NP displays continuous lattice fringes with
a spacing of 0.23 nm, corresponding to the (111) plane of face-cen-
tered-cubic crystalline PtCo [27]. Notably, the PtCo alloy NPs were
surrounded by a few graphitic carbon layers, where the inter-spacing
of the carbon layers was 0.32 nm, attributing to the (002) planes of car-
bon (Fig. 1d). The formed PtCo alloy in NCNF could act as catalyst for the
graphitization of the surrounded carbon, leading to the formation of
PtCo alloy carbon core-shell structures. This structure would be advan-
tageous for the stability of catalysts because the graphitic carbon layer is
expected to keep the PtCo alloy NPs from aggregating or peeling off
upon electrochemical cycling [1].

Furthermore, the alloy structure of PtCoNPswas verified viaHAADF-
STEM (Fig. 1e). The HAADF-STEM image of PtCo/NCNF displays the car-
bon, nitrogen, platinum, cobalt and oxygen elements. The complete
overlapping of Pt and Co elements in the individual NPs implies an
atomic mixture of Pt and Co without obvious phase segregation,
which is in accordance with the mapping area of the PtCo alloy NPs in
Fig. 1f. In addition, the nitrogen element was evenly distributed with
the carbon element, demonstrating that the nitrogen element was uni-
formly doped into the carbon matrix. Fig. 3a and b represents the line
scan STEM-EDX spectra across two PtCo alloy NPs. The resulting profile
reveals that the consistent relative intensity of both Pt and Co in the two
NPs, confirming the formation of a PtCo alloy structure. The EDS spectra
of the PtCo/CNF and PtCo/NCNF hybridmembranes display the element
atomic ratio of C, N, O, Pt and Co, as shown in Fig. 3d and c. The PtCo/
Fig. 2. FESEM and TEM images of the (a, b) Co/CN
NCNF possess higher N atomic ration about 2.59% than that of PtCo/
CNF (0.78%), indicating the more N contents and doping in carbon ma-
trix after NH3 treatment.

The crystalline structure of the PtCo/NCNF hybrid was investigated
by XRD analysis. The XRD patterns of CNF and NCNF both exhibit two
major peaks at ca. 26° (002) and 43° (100), corresponding to the
(002) and (100) planes of crystalline carbon (Fig. 4a) [28–30]. Notably,
the carbon reflections of the NCNF ((002) plane) are slightly shifted to
smaller 2θ values because of lattice distortion caused by the incorpora-
tion of nitrogen atoms [20]. Meanwhile, the relative intensity of the car-
bon reflections ((100) plane) become weaker upon incorporation of
nitrogen atoms, indicating a decrease in the structural order or the for-
mation of defects. As shown in Fig. 4b, the XRDpatterns of PtCo/CNF and
PtCo/NCNF both display two diffraction peaks at 41.6°and 47.5°, corre-
sponding to the (111) and (200) planes of PtCo alloy nanocrystals, dem-
onstrating the alloy formation between Pt and Co atoms [31–33]. In
addition, the PtCo/NCNF treated by NH3 exhibits relative weaker inten-
sity of (111) and (200) planes of PtCo alloy, demonstrating the smaller
sizes of PtCo alloy NP in NCNF than that in CNF. Therefore, the NH3 can
help the CNF to synthesize small sized PtCo alloy during the thermal re-
duction process, which can also verified by the TEM results in Fig. 1.

To further explore the chemical states and composition, the XPS
spectra of PtCo/NCNF are illustrated in Fig. 5. As shown in Fig. 5a, the
C 1s spectrum PtCo/NCNF exhibits four fitted peaks with binding ener-
gies (BEs) at 284.5, 285.2, 286.3 and 287.8 eV, which are attributed to
-C-C, -C-N, -C-OHand -O=C-Ngroups, respectively [34–36,38]. The ex-
istence of -C-N and –O=C-N groups confirms the nitrogen doping into
the carbonmatrix and, in addition, there are someoxygen groups on the
surfaces of the carbon. The high-resolution N 1s XPS spectrum can be
fitted to three types of nitrogen species, corresponding to overlapping
pyridinic-N (398.7 eV), pyrrolic-N (400.8 eV) and graphitic-N
(401.6 eV) [37,39–42], indicating the successful incorporation of nitro-
gen into the carbon matrix, as shown in Fig. 4c [2,43]. It is well known
that both pyridinic-N and graphitic-N are considered potential active
sites in the ORR [43]. Fig. 5c displays the Co 2p XPS spectra and the spec-
tra exhibit four peaks at 778.1, 781.7, 793.8 and 802.7 eV, corresponding
to the 2p3/2, 2p1/2 and their satellite peaks. The peak position of Co 2p3/2
further corroborate the metallic form of Co. As manifested in Fig. 5d, a
doublet in the Pt 4f spectrum of PtCo/NCNF can be identified at approx-
imately 71.8 and 75.1 eV [9,44]. Compared with the BEs of bulk Pt [45],
F and (c, d) PtCo/CNF hybrid nanostructure.



Fig. 3. (a) HAADF-STEM image of PtCo alloy NP in NCNF. (b) Line scan STEM-EDX spectra of PtCo alloy nanocrystal. Inset in (b) is the investigated PtCo alloy NPs. The EDX spectra of (c)
PtCo/CNF and (d) PtCo/NCNF hybrid nanostructures.

166 X. Liu et al. / Materials and Design 109 (2016) 162–170
the BEs of the Pt in PtCo/NCNF shift to relatively higher energy due to
the charge transfer from Co to Pt, suggesting the formation of the PtCo
alloy structure [2]. All of the above results demonstrate the successful
synthesis of the PtCo alloy structure embedded in N-doped CNFs.

The electrocatalytic activity of PtCo/NCNF toward HER and OER on a
GCE in anoxygen-free 0.5MH2SO4 and 1MKOH solutionwas evaluated
using a standard three-electrode system. As a control, similar measure-
ments for CNF, NCNF, Co/CNF, Pt/CNF and PtCo/CNF were also investi-
gated. To minimize the capacitive current, a slow scan rate (1 mV s−1)
was applied during the linear sweep voltammetry (LSV) [46]. The elec-
trocatalytic performance of various electrocatalysts for HERwere evalu-
ated with a three electrode electrochemical cell in 0.5 M H2SO4, as
shown in Fig. 6. The NCNF exhibit poor HER activity and the Co/CNF
also exhibit weaker HER activity. The Pt/CNF and PtCo/CNF both display
lower onset potentials about 52 and 34 mV, and overpotentials at j =
10 mA cm−2 of 127 and 68 mV, respectively. Compared with signal
phase of Pt/CNF, the PtCo alloy indicate enhanced electrocatalytic activ-
ity. The PtCo/NCNF hybrid treated by NH3 exhibit a low onset potential
(20 mV) and a rapidly rising current density with applied potential. It is
Fig. 4. XRD patterns of (a) CNF and NCNF. XRD
only required the overpotentials of 50mV to reach the j=10mA cm−2.
The superiorHER performances are better than the commercial Pt/C cat-
alyst (20 wt%) (onset potential of 27 mV and overpotential at j =
10 mA cm−2 of 59 mV). The excellent electrocatalytic activity of PtCo/
NCNF hybrid is further confirmed by the Tafel slope. As shown in
Fig. 6b, the corresponding Tafel slopes for NCNF, Co/CNF, Pt/CNF, PtCo/
CNF, PtCo/NCNF and Pt/C catalyst are 193, 169, 55, 30, 30 and
30 mV dec−1, respectively. The PtCo/NCNF exhibit the same Tafel
slope of commercial Pt/C catalysts, suggesting the fast electrode kinetics.
The very small onset potential and Tafel slope of PtCo/NCNF are better
than most of recently reported HER electrocatalysts [46–50].

Stability is another important parameter to evaluate the quality of
the HER catalyst. Furthermore, the PtCo alloy NPs might dissolve in
the strong acid electrolyte during the potential cycling. As shown in
Fig. 6c, after 1000 continuous cyclic voltammetry scans at a scan rate
of 100 mV s−1 between 0 and 1.2 V vs RHE, the polarization curve of
PtCo/NCNF only displays negligible decrease in the onset potentials
and current density and remains nearly identical as the initial one.
Therefore, the PtCo/NCNF has a long-term stability under the operating
patterns of (b) PtCo/CNF and PtCo/NCNF.



Fig. 5. The high-resolution (a) C 1s, (b) N 1s, (c) Co 2p and (d) Pt 4f XPS spectra of PtCo/NCNF.

Fig. 6. (a) Polarization curves of NCNF, Co/CNF, Pt/CNF, PtCo/CNF, PtCo/NCNF and commercial Pt/C catalyst (20wt%) in 0.5MH2SO4 at a potential sweep rate of 1mV s−1. Inset in (a) is the
current density ranged from 0 to 10mA cm−2. (b) The corresponding Tafel plots of the various electrocatalysts in in 0.5MH2SO4. (c) Polarization curves of the PtCo/NCNF electrode before
and after 1000 cycles. Inset in (c) is the CV curves of PtCo/NCNFs before and after 1000 cycles. (d) Chronoamperometric response (j-t) recordedon a PtCo/NCNF and Pt/C catalysts electrode
at a constant applied potential of−0.3 V vs RHE. The PtCo/NCNFmembranewasdirectly used as theworking electrode. Inset in (d) is the optical image of PtCo/NCNFsmembrane electrode
operating at−0.3 V with generated H2 bubbles on the surface.
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conditions medium to withstand accelerated degradation, mainly due
to the unique core-shell of PtCo and carbon and protection of carbon
layers from corrosion.

The PtCo/NCNFwere directly used as the electrode to investigate the
durability at a constant potential of−0.3 V vs RHE in 0.5 M H2SO4 solu-
tion by chronoamperometric measurements (Fig. 6d). The PtCo/NCNF
membrane show a good level of stability with small current density de-
crease during 10 h continuous constant-potential electrolysis. In com-
parison, after 10 h operation, the current density of Pt/C catalyst
exhibit 30% decrease, which are larger than that of PtCo/NCNF. It is
seen that large amounts of H2 bubbles were generated on the surfaces
of PtCo/NCNF membrane during the continuous electrolysis, as shown
in inset in Fig. 6d. The H2 bubble accumulation and bubble release pro-
cess on the surfaces of PtCo/NCNFsmembrane was also given in inset in
Fig. 6d. The durable HER performance indicated that the PtCo/NCNF
membrane are stable and practical electrocatalysts for HER.

The electrocatalytic performances of various catalysts for OER are
shown in Fig. 7. As expected, the PtCo/NCNF and PtCo/CNF both show
relatively high OER activity, whereas NCNF and CNF show negligible
OER performance. A potential of 1.64 V for the PtCo/NCNF catalyst is re-
quired to achieve a j (vs RHE) of 10 mA cm−2, which is a smaller value
than that of PtCo/CNF catalyst (1.74V). As control, the Pt/C (20wt%) cat-
alysts need a potential of 1.76 V to achieve a j (vs RHE) of 10 mA cm−2,
which is larger than that of PtCo/NCNF catalysts, indicating the better
OER activity of PtCo/NCNFs. The PtCo/NCNF possess high nitrogen con-
tents (2.59 wt%) than that of PtCo/CNF (0.78 wt%). It is noted that the
PtCo/NCNF shows higher OER activity than PtCo/CNF, highlighting the
critical role of the type of N-doping on OER activity. However, the
pure NCNF and CNF could not reach a j of 10 mA cm−2, implying poor
OER performances. The Tafel slopes of PtCo/NCNF, PtCo/CNF and Pt/C
(20 wt%) were 76, 83 and 155 mV dec−1, respectively, as shown in
Fig. 7b. The interaction between encapsulated PtCo alloy NPs and the
surrounding N-doped carbon layer are beneficial for OER activity [51].
Fig. 7. (a) Polarization curves of CNF, NCNF, PtCo/CNF and PtCo/NCNF, Pt/C catalyst (20 wt%) at
solution. (c) Chronoamperometric response (j-t) recorded on PtCo/NCNF and Pt/C catalyst (20
catalyst was directly used as the working electrode. Inset in (c) is the optical image of PtCo/NCN
Polarization curves of the PtCo/NCNF membrane electrode before and after 1000 potential cyc
In addition to good catalytic activity, durability is another significant
criterion for evaluating practical applications. Moreover, particle aggre-
gation is prone to occur during the potential cycling under a strong alka-
line electrolyte. As shown in Fig. 7d, after 1000 continuous cyclic
voltammetry scans at a scan rate of 100 mV s−1 between 0 and 1.2 V
vs RHE, the polarization curve of PtCo/NCNF remains nearly identical
as the initial one. Moreover, only a negligible current density loss was
observed during the potential cycling. The PtCo/NCNF electrode has
long-term viability under the operating conditions medium to with-
stand accelerated degradation, mainly as a result of the encapsulation
structure protection of PtCo alloy NPs from corrosion.

The PtCo/NCNF membrane was directly used as the working elec-
trode for the OER catalyst and the durability at a constant potential of
1.64 V vs RHE in 1 M KOH solution was tested by chronoamperometric
measurements (Fig. 7c). The current density of PtCo/NCNF exhibits neg-
ligible degradation after continuous operation for 10 h, indicating that
the PtCo/NCNFmembrane can be directly used as an electrode for prac-
tical applications under alkaline conditions. Meanwhile, the Pt/C cata-
lysts exhibit much degrease in the current density after the
continuous operation for 10 h. The morphologies of PtCo/NCNF mem-
brane after stability test for 10 h in 0.5 M H2SO4 and in 1 M KOH were
shown in Fig. 8. No matter what the PtCo/NCNF membrane used in
acid or alkaline solution for long time, the size and well dispersion of
PtCo alloy inNCNF did not dissolve or growup to larger sizes, suggesting
the strong protection from the acid and alkaline solution. Based on the
above results, the PtCo/NCNF is expected to be a promisingOER catalyst.

The superior catalytic performance of PtCo/NCNF in overall water
splitting are ascribed to the synergistic effects of the small andwell-dis-
persed PtCo alloy carbon core-shell structures, high conductivity of
NCNF and N-doped carbon. The interconnected 3D NCNF architecture
acted as an interconnected conducting network and afforded the
growth of highly dispersed PtCo alloy NPs. Benefiting from the unique
3D membrane structures, the reaction kinetics of both the HER and
a potential sweep rate of 1 mV s−1. (b) Tafel plots of PtCo/CNF and PtCo/NCNF in 1M KOH
wt%) membrane electrode at a constant applied potential of 1.64 V vs RHE. The PtCo/NCNF
Fsmembrane electrode operating at 1.64 V with generated O2 bubbles on the surface. (d)
les (scan rate: 100 mV s−1).



Fig. 8. The FE-SEM and TEM images of the morphology of the PtCo/NCNF membrane after stability test for 10 h in (a, c) 0.5 M H2SO4 and (b, d) in 1 M KOH.
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OER are significantly promoted. The 3D structure constructed by the
well-defined and interwoven 1D NCNF provide smooth pathways to fa-
cilitate penetration of the electrolyte and enlarge the contact surface be-
tween reactants and active sites [52–54]. Furthermore, the 3D
hierarchical structures also enables facile release of evolved gas bubbles
to further improve the reaction interface. The introduction of Co into
PtCo alloy NPs changed the electronic structure of Pt to maintain more
free and Pt active sites for electrocatalytic activity [55,56]. Small sizes
and well-dispersed PtCo alloy provide a large active surface area,
which facilitates diffusion of active species and accelerates subsequent
surface electrochemical reactions. The PtCo alloy NPs encapsulated in
N-doped carbon shells enabled rapid electron transport from the NPs
to the electrodes and also impeded the metal NPs dissolution in acid
and alkaline electrolyte [57]. The dopant atom in carbon not only pro-
moted electron transfer but also provided more active sites for OER, es-
pecially the pyridinic and quaternary N atoms.
4. Conclusions

In summary, carbon nanofibers served as nanoreactors for the de-
sign and construction of PtCo alloy NPs encapsulated in N-doped car-
bon shells through a combination of electrospinning and nitrogen
doping treatments. Small sized PtCo alloy carbon core-shell nano-
particles were uniformly dispersed throughout the whole CNF. The
PtCo/NCNF hybrid consists of PtCo alloy nanoparticles surrounded
by a few of N-doped carbon layers, demonstrating a typical core-
shell structures. The PtCo/NCNF hybrid can both served as electrode
materials for HER and OER. For the HER performance, the PtCo/NCNF
exhibit very small onset potential of 20 mV, overpotentials at a j (vs
RHE) of 10mA cm−2 of 50 mV and Tafel slope of 30mV dec−1, which
are better than the commercial Pt/C (20wt%) and PtCo/CNF catalysts.
In addition, the PtCo/NCNF hybrid also exhibits high OER activity
with an onset potential of 310 mV, an overpotential of 410 mV at a
j of 10mA cm−2 and a small Tafel slope of 76mV dec−1. The high cat-
alytic activities of PtCo alloy for HER and OER originate from the 3D
hierarchical structures, well-dispersed PtCo alloy, high conductivity
of CNF, protection from the carbon-encapsulated structure, and the
introduction of nitrogen.
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