
Journal of
Materials Chemistry A

PAPER

Pu
bl

is
he

d 
on

 0
3 

Fe
br

ua
ry

 2
02

0.
 D

ow
nl

oa
de

d 
by

 J
ia

ng
na

n 
U

ni
ve

rs
ity

 o
n 

9/
11

/2
02

0 
10

:3
4:

11
 A

M
. 

View Article Online
View Journal  | View Issue
Atom-precise inc
aKey Laboratory of Synthetic and Biological

Chemical and Material Engineering, Jian

E-mail: lushuanglong@jiangnan.edu.cn; du@
bState Key Laboratory of Radiation Medic

Medicine and Protection, Collaborative Inn

Jiangsu Higher Education Institutions, Sooc
cInternational Collaborative Laboratory of

and Technology of Ministry of Education,

Shenzhen University, Shenzhen, 518060, Ch
dKey Laboratory of Organic Synthesis of

Chemical Engineering and Materials Scien

Suzhou Nano Science and Technology, Sooc

† Electronic supplementary information (E
Tafel plots, durability tests, XRD, EIS, C
images and comparison of the HER perfo
DOI: 10.1039/c9ta12613a

Cite this: J. Mater. Chem. A, 2020, 8,
4911

Received 17th November 2019
Accepted 3rd February 2020

DOI: 10.1039/c9ta12613a

rsc.li/materials-a

This journal is © The Royal Society o
orporation of platinum into
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Exploring highly efficient and stable electrocatalysts for the hydrogen evolution reaction (HER) has captured

widespread attention. Atomic engineering of material structures paves a powerful pathway to develop

advanced electrocatalysts by virtue of precisely modulating the reactivity and maximizing the atomic

efficiency, although it still stands as a big challenge. In this work, a new method of multiple molecular

level confinement is proposed to in situ incorporate atomic platinum (1.5 wt%) into ultrafine transition

metal carbides through electrospinning and pyrolysis. The hybrid catalyst exhibits superior

electrocatalytic performance towards the HER in acidic medium in terms of overpotential (38 mV at 10

mA cm�2), Tafel slope (27 mV dec�1), mass activity (3.49 A mg�1) and stability (10 mV decay after 5000

CV cycles). Detailed investigation reveals that the excellent performance is mainly attributed to the

electronic modulation of atomic Pt over a-MoC1�x and highly exposed active sites originating from

atomic and ultrafine properties. The generality of this method is further demonstrated with a Pt-doped

ultrafine WCx catalyst. This work elucidates a facile strategy to design efficient electrocatalysts via atomic

nanostructure and composition engineering, shedding light on the exploration and optimization of

hybrid catalysts.
Introduction

Hydrogen has been considered as one of the most promising
sources of clean energy to substitute traditional fossil fuels.1,2

To enable efficient and massive production of hydrogen, elec-
trochemical water splitting driven by highly active electrode
catalysts has drawn intensive attention due to its exibility and
convenience.3,4 Typically, platinum-based catalysts, having
excellent catalytic activity and corrosion resistance, are the most
extensively utilized electrode catalysts for the hydrogen evolu-
tion reaction (HER) at the cathode.5 However, the high cost and
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limited reserves of precious platinum present a huge barrier to
its widespread use, which severely limits the real practical
applications.6–8 Therefore, it is highly required to dramatically
decrease the use of platinum or develop low-cost alternatives
without compromising the catalytic activity and stability
towards hydrogen production.

In the past decade, transition metals9,10 and their
carbides,11,12 nitrides,13,14 chalcogenides,15,16 phosphides17,18

have gained broad research interest due to their high activity,
excellent stability and earth abundance. Particularly, transition
metal carbides (TMCs), which feature a noble-metal-like elec-
tronic conguration and high electronic conductivity, have
emerged as a promising catalyst candidate towards the HER.19

Since the rst paper discovering the HER activity of molyb-
denum carbide was published by Vrubel and Hu,20 remarkable
advances have been made through structural design or elec-
tronic modulation of TMCs.21 Accordingly, two methods are
typically used to enhance their catalytic performance. One of
the effective strategies is nanostructure engineering or carbon
immobilization to increase the number of active sites.22,23

Another method relies on heteroatom doping or hetero-
structure engineering to increase the intrinsic activity.24–26 In
this regard, developing a facile method, which not only modu-
lates the electronic structure,27,28 but also maximizes the active
sites,29,30 is desirable for further boosting the HER performance
of TMCs. However, the catalytic activity reported for these newly
J. Mater. Chem. A, 2020, 8, 4911–4919 | 4911
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discovered TMC-based HER alternatives is still far from that of
Pt-based materials. Considering the practical trials of Ni3N/Pt,31

CoS2/Pt,32 N–Mo2C/Pt,33 Co(OH)2/Pt34 and Pt/MoN,35 hybrid
catalysts, hybrid catalysts that combine low-cost, noble-metal-
like TMCs36 with low content of Pt, especially atomic Pt, are
proposed to provide highly efficient electrocatalytic perfor-
mance toward the HER. Single atoms or clusters anchored on
supports could show maximum atom efficiency and precise
electronic modulation,37,38 which have already been realized in
various supports aimed at different reactions. However, it still
remains a big challenge to achieve scalable production and
exert excellent control over the dispersity.

Inspired by classical coordination chemistry and previous
research studies on molecular conned synthesis of single
atoms,39–42 we present here a novel molecular level engineering
method. Through combining the strategy of heteropoly acid
(HPA) connement with electrospinning, a hybrid catalyst
composed of carbon nanobers and single atom or cluster Pt
doped TMCs is fabricated (Fig. 1). HPAs are very stable
precursors for TMCs; they also provide plenty of coordination
sites with rich oxygen atoms exposed, which is favorable for the
introduction and stabilization of foreign components.43 To
further stabilize the connement and avoid sintering at high
temperature, electrospinning nanobers, which have been
proved in our previous studies as an efficient carbon support for
electrocatalysts,44–46 is introduced to generate highly dispersed
ultrane TMC nanoparticles (NPs) (usually the average size is
below 2 nm). Specically, a commonly used heteropoly acid
H3PMo12O40 (PMA) is selected as a model HPA to coordinate
with platinum ions.47 By tailoring the ratios of precursors and
the carbonization temperature, a series of carbon nanobers
(CNFs) decorated with an ultralow content of Pt doped a-
MoC1�x NPs (Pt/a-MoC1�x-CNFs) were obtained. These atomic
Pt doped a-MoC1�x NPs are highly uniform with a narrow size
distribution and the doping content of Pt is as low as 1.5 wt%.
According to previous research studies, a-MoC1�x exhibits
strong interaction with Pt and the similarities in the electronic
structures will lead to good adhesion and synergistic catalytic
performance.48 The electron transfer in our case from a-MoC1�x

to atomic Pt is also evidenced by EXAFS and XPS spectra. As
expected, the optimal hybrid catalyst shows excellent activity
and stability towards the HER. The overpotential at a current
density of 10 mA cm�2 (h10) equals 38 mV in acidic solution,
Fig. 1 Schematic illustration for the preparation of Pt/a-MoC1�x-CNFs.

4912 | J. Mater. Chem. A, 2020, 8, 4911–4919
which is close to that of benchmark Pt/C (h10 ¼ 30 mV), and the
Tafel slope is just 27 mV dec�1. Aer 5000 cyclic voltammetry
(CV) cycles, only 10 mV decay of h10 is observed. The greatly
enhanced catalytic performance of transition metal carbides
with ultra-low Pt doping is further demonstrated with tungsten
carbide catalysts, which shows the generality of this design and
synthetic method to construct novel hybrid HER catalysts.

Experimental
Chemicals and materials

Platinum bis(acetylacetonate) (Pt(acac)2) was provided by
Shanghai Civi Chemical Technology Co., Ltd. Phosphomolybdic
acid (PMA), N,N-dimethylformamide (DMF), ethanol and
sulfuric acid (H2SO4) were purchased from Sinopharm Chem-
ical Reagent Co., Ltd. Polyacrylonitrile (PAN, MW: 150 000 g
mol�1) and Naon solution (5 wt%) were purchased from
Sigma-Aldrich and Aladdin Industrial Co., Ltd respectively.
Commercial Pt/C (20 wt%) was obtained from Hesen Co., Ltd.
All chemicals were used without further purication. All solu-
tions used in experiments were prepared with deionized water
(18.2 MU cm).

Synthesis of Pt/a-MoC1�x-CNFs

Typically, 0.2 mmol platinum bis(acetylacetonate) (Pt(acac)2)
and phosphomolybdic acid (PMA) were dissolved in 7 mL DMF
under constant stirring. Then, 1.0 g polyacrylonitrile (PAN,
molecular weight: 150 000) was added at room temperature to
obtain a homogeneous solution, followed by the electro-
spinning process. The as-obtained sticky electrospinning solu-
tion was applied under high voltage between the spinneret and
the collector at room temperature to fabricate a uniform ber
membrane. The as-collected ber membrane was dried at 60 �C
overnight under vacuum and subsequently transferred into
a tube furnace. Then the pyrolysis process was divided into two
successive steps. First, a pre-oxidation step was performed at
200 �C in air for 1 h. Second, a carbonization step was per-
formed from 200 �C to over 700 �C under an Ar atmosphere for 3
h to produce carbon nanobers. The prepared product was
labeled Pt/a-MoC1�x-CNFs. Various molar ratios of Pt(acac)2
and PMA (0.2/0.05 to 0.2/0.2) were applied to obtain a series of
nanocomposite bers, denoted as Pt/a-MoC1�x-CNFs-(1 to 4)
respectively using the same procedure mentioned above.
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) SEM, (b) TEM, (c) HAADF-STEM and (d) HR-TEM images of
Pt/a-MoC1�x-CNFs; the inset in (d) shows the size distribution of a-
MoC1�x NPs in the CNF. (e) HR-TEM and (f) aberration-corrected
HAADF-STEM images of one single a-MoC1�x NP in the CNFs, with
single atoms of Pt marked in red circles and Pt clusters highlighted in
yellow. (g) The corresponding elemental mapping of C, N, O, Mo, and
Pt in Pt/a-MoC1�x-CNFs.
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Similarly, nanocomposite bers were also prepared at different
carbonization temperatures (800 �C to 1200 �C), denoted as Pt/
a-MoC1�x-CNFs-(800 to 1200) respectively. In order to investi-
gate the inuence of different doped amounts of Pt on the HER
performances, different molar concentrations of Pt(acac)2 (0.1–
0.3 mmol) were used with other conditions unchanged, and the
obtained products were denoted as Pt/a-MoC1�x-CNFs-(0.1–0.3)
respectively. Pt-CNFs and a-MoC1�x-CNFs were prepared under
the same conditions for comparison except for the absence of
PMA or Pt(acac)2.

Synthesis of Pt/WCx-CNFs

Pt/WCx-CNFs were synthesized using a similar method to that of
Pt/a-MoC1�x-CNFs by substituting H3PW12O40 (PTA) for
H3PMo12O40 (PMA). The samples with different ratios of
Pt(acac)2 and PTA (0.2/0.05 to 0.2/0.15) were denoted as Pt/WCx-
CNFs-(1 to 3), respectively.

Materials characterization

The size and morphology of the as-fabricated products were
studied using an S-4800 eld-emission scanning electron
microscope (FE-SEM) and a JEM-2100 transmission electron
microscope (TEM) operated at 3 kV and 200 kV, respectively.
High-angle annular dark eld scanning transmission electron
microscopy (HAADF-STEM) and line-scan energy dispersive X-
ray spectroscopy (EDX) were carried out using a STEM (Tecnai
G2 F30S-Twin, Philips-FEI) at an acceleration voltage of 300 kV.
Atomic Pt atoms were measured by AC HAADF-STEM (Titan3
Themis G2 FEI). X-ray diffraction (XRD) was performed using
a Bruker AXSD8 Advance X-ray diffractometer with Cu Ka radi-
ation (l ¼ 1.5406 Å) at a scanning rate of 0.02� s�1 in the 2q
range of 10–90�. X-ray photoelectron spectroscopy (XPS) was
recorded using a scanning X-ray microprobe (ESCALAB 250XI).
Binding energy values were referenced to the C 1s binding
energy which was taken as 284.8 eV. Raman spectra (LabRA-
MAramis, Horiba Scientic, 532 nm) were employed to inves-
tigate the existence of carbon. The contents of Mo and Pt in the
sample were determined by inductively coupled plasma (ICP)
analysis. The Pt L3-edge X-ray absorption ne structure (XAFS)
spectra were recorded at the BL14W1 beamline in the Shanghai
Synchrotron Radiation Facility (SSRF). The data were obtained
in uorescence mode. Pt foil as the reference sample was
applied for energy calibration. The raw data were processed
using IFEFFIT soware packages according to the standard
analysis procedures.

Electrochemical measurements

Electrochemical measurements for the HER were conducted with
a CHI660H workstation (Shanghai Chenhua, Shanghai). All
experiments were carried out using a conventional three-elec-
trode system in 0.5 M H2SO4, where a glassy carbon electrode
(GCE, 3 mm in diameter, 0.07065 cm2) with catalysts was used as
the working electrode, a standardHg/HgCl2 electrode was used as
the reference electrode, and a graphite rod was used as the
counter electrode for the HER. All potentials were converted to
the reversible hydrogen electrode (RHE) according to ERHE¼ ESCE
This journal is © The Royal Society of Chemistry 2020
+ 0.0592 � pH + 0.2438. Typically, 3 mg of the catalyst and 80 mL
of 5 wt%Naon solutionwere dispersed in 1mL of 3 : 1 v/v water/
ethanol by at least 1 h of sonication to form a homogeneous ink.
Then 5 mL of the catalyst ink was loaded onto a GCE and dried
under ambient conditions. In order to compare the performance
of catalysts, the commercial Pt/C modied electrode was
prepared in the same way. Linear sweep voltammetry (LSV) was
performed at a scan rate of 5 mV s�1. Electrochemical impedance
spectroscopy (EIS) spectra were recorded with the frequency
ranging from 0.01 to 105 Hz at an amplitude of 5 mV. The elec-
trochemical stability of catalysts was tested by sweeping cyclic
voltammetry (CV) between 0 and 0.54 V vs. the reversible
hydrogen electrode (RHE) at a scan rate of 50 mV s�1. The mass
activity is normalized to the Pt loading as follows:

Mass activity ¼ j � S
m

v
� v

0 � w%

where j is the current density at a certain overpotential, S is the
area of the working electrode, m is the mass of the catalyst, v
and v0 are the volume of catalyst solution and catalyst ink sup-
ported on the electrode, respectively, and w% is the content of
Pt in different catalysts by ICP-OES measurement.

Results and discussion

The typical synthesis of hybrid catalysts is schematically
illustrated in Fig. 1. Specically, Pt(acac)2 and PMA were co-
electrospun into PAN bers, following which the bers were
rst pre-oxidized under air and then annealed under an Ar
atmosphere. The morphology and structure of the as-obtained
Pt/a-MoC1�x-CNFs were analyzed and the results are shown in
Fig. 2.
J. Mater. Chem. A, 2020, 8, 4911–4919 | 4913

https://doi.org/10.1039/c9ta12613a


Fig. 3 (a) XRD spectra of Pt/a-MoC1�x-CNFs. (b) Low-resolution XPS
spectrum of Pt/a-MoC1�x-CNFs. High-resolution XPS spectra of Pt/a-
MoC1�x-CNFs: (c) C 1s, (d) N 1s, (e) Mo 3d and (f) Pt 4f.
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The uniform bers (100–150 nm) are evidenced by the low-
magnication SEM and TEM images in Fig. 2a and b. The one-
dimensional carbon nanobers are favourable for conductivity
and resistance to corrosion. Surprisingly, dense ultrane
nanoparticles (NPs) with a narrow size distribution are deco-
rated throughout the whole carbon nanober, as shown in the
higher magnication TEM image (Fig. 2d). The average size of
these NPs is only 1.65 nm from the statistical counting of 100
randomly picked NPs. The excellent dispersity is further
conrmed by HAADF-STEM (Fig. 2c). Such highly dispersed and
ultra-small NPs are possibly ascribed to the connement of
carbon bers, which could increase the exposed active sites,
thus helping to improve electrocatalytic performance. The high-
resolution TEM image in Fig. 2e identies a lattice fringe of 0.24
nm, which is assigned to the (111) facet of a-MoC1�x. Pt is
possibly doped in the a-MoC1�x NPs, because no lattice fringes
of Pt are found in the high-resolution TEM image. To gain deep
insight into the surface properties, the aberration-corrected
HAADF-STEM image of one single a-MoC1�x NP is shown in
Fig. 2f. Clearly, bright dots and domains with atomic size are
anchored on the surface of a-MoC1�x without any agglomera-
tion, suggesting that atomically isolated Pt sites were obtained.
Furthermore, the EDSmapping analysis in Fig. 2g conrms that
the main composition of C, N, O, Mo and Pt elements is well
dispersed on the nanobers, indicating the uniform elemental
distribution in the CNFs. The exact Pt and Mo contents in the
Pt/a-MoC1�x-CNFs were determined to be 1.50 wt% and 10 wt%,
respectively, by ICP-OES measurement.

Through the analysis of the XRD pattern, the phase of Mo in
the hybrid catalyst is ascertained as a-MoC1�x (JCPDS no. 89-
2868) (Fig. 3a). Four main characteristic diffraction peaks at
approximately 37.36�, 42.43�, 62.0� and 75.12� are identied,
corresponding to the (111), (200), (220) and (311) facets of the
face-centered-cubic (fcc) a-MoC1�x phase, respectively, which is
consistent with the HR-TEM image and that reported in ref. 49.
The diffraction peaks of a-MoC1�x are broad, proving the
ultrane property of the as-formed a-MoC1�x NPs, as also evi-
denced by the TEM characterization. No diffraction peaks of
metallic Pt can be found in the XRD pattern, illustrating that the
size of Pt is too small to be detected by the XRD measurement.
These results are in accordance with the HR-TEM, HAADF-
STEM and ICP results. All the evidence above further conrms
the assumption that Pt is atomically doped in a-MoC1�x NPs,
which originates from the effective connement of PMA
through the electrospinning and pyrolysis process.

The atomic Pt dopant is proposed to modulate the surface
electronic state of a-MoC1�x NPs. To conrm the modulation,
XPS of Pt/a-MoC1�x-CNFs was conducted. As depicted in the full
XPS spectrum (Fig. 3b), Pt/a-MoC1�x-CNFs are mainly consti-
tuted of C, N, O, Mo and Pt elements and a low atom content of
Pt is observed (0.28 at%). The high resolution XPS spectrum of C
1s (Fig. 3c) shows four pronounced peaks centered at 289.2,
285.7, 285.0 and 284.8 eV, which correspond to C]O, C–O, C–N
and C]C species, respectively. The peak of C 1s at around 284.8
eV reveals a high degree of graphitization, whichmay contribute
to providing excellent electron transfer properties. The N 1s
spectrum in Fig. 3d displays triple splits (graphitic N, 401.15 eV;
4914 | J. Mater. Chem. A, 2020, 8, 4911–4919
pyrrolic N, 399.35 eV; pyridinic N, 398.2 eV) and a slight overlap
with Mo 3p (observed at 395.15 eV),50,51 which is commonly
found in PAN derived carbon nanobers and Mo-containing
carbon materials. Three strong peaks of Mo 3d, centered at
235.9, 232.6, and 229 eV, are observed in Fig. 3e. The peak tting
of Mo 3d proles indicates that there are four electronic states
(+2, +3, +4, and +6) for Mo on the surface of Pt/a-MoC1�x NPs.
The Mo6+ (235.9 and 232.9 eV) and Mo4+ (233.5 and 229.8 eV)
species resulting from inactive MoO3 and MoO2 are commonly
considered as oxidized species when molybdenum carbides are
exposed to air. Mo2+ and Mo3+, commonly recognized as elec-
trocatalytically active centers in molybdenum carbides,28 are
located at 232.0/228.6 eV and 232.5/229.0 eV, respectively. These
results suggest that Mo in PMA is transformed into a-MoC1�x

species via pyrolysis. Two XPS peaks of Pt 4f (Fig. 3f) located at
75.7 and 72.4 eV correspond to Pt 4f5/2 and Pt 4f7/2, respectively.
The oxidation state of Pt is between +4 and +2 and close to +2,
indicating that Pt is oxidized aer being doped in a-MoC1�x

NPs. Such a phenomenon could be attributed to the possible
strong interaction between Pt atoms and a-MoC1�x.

The electronic structure of Pt in Pt/a-MoC1�x was further
investigated by X-ray absorption near-edge spectroscopy
This journal is © The Royal Society of Chemistry 2020
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(XANES), as displayed in Fig. 4a. The comparison of the Pt L3-
edge XANES spectra with those of Pt foil and PtO2 indicates
that the white line intensity of Pt in Pt/a-MoC1�x is between
those of Pt foil and PtO2, which suggests the positive charge
oxidation state of Pt.52 This observation is consistent with XPS
results. To elucidate the Pt local chemical environment in Pt/
a-MoC1�x, extended X-ray absorption ne structure (EXAFS)
was carried out. The k3-weighted Fourier transform of Pt L3-
edge of EXAFS spectra (Fig. 4b) for Pt in Pt/a-MoC1�x displays
a dominant peak located at 1.60 Å, lower than the Pt–O
distance (1.66 Å) in PtO2, which is possibly ascribed to the
contribution of Pt–C bonding. Moreover, the weak Pt–Pt peak
(2.61 Å) is detected, the intensity of which is much lower than
the peak of Pt foil. The above results are consistent with
structural characterization that Pt single atoms or clusters
were atomically doped in the a-MoC1�x NPs. The electron
transfer between Pt and Mo was further evidenced by XPS
comparisons. Meanwhile, a-MoC1�x-CNFs and Pt-CNFs were
obtained under the same conditions except for the addition of
a Mo precursor or Pt precursor. As shown in Fig. 4c, the Mo 3d
spectrum of Pt/a-MoC1�x-CNFs was also deconvoluted into
four doublets for Mo2+, Mo3+, Mo4+ and Mo6+, respectively.
Carefully checking the peak area reveals a noticeable increase
of Mo6+ species and a decrease of Mo2+, Mo3+ and Mo4+ species
in Pt/a-MoC1�x-CNFs in comparison with bare a-MoC1�x-
CNFs. This phenomenon is consistent with the positively
charged Pt as shown in Fig. 3f. These results demonstrate
more oxidized Mo and reduced Pt states in Pt/a-MoC1�x-
CNFs,49,53 which originate from the electron transfer from Mo
to Pt in Pt/a-MoC1�x-CNFs. These results match well with the
morphology characterization. Interestingly, nanoparticles in
a-MoC1�x-CNFs and Pt/a-MoC1�x-CNFs show similar dis-
persity and size distribution (Fig. S1e and f†). The electro-
spinning ber provides an ideal connement for the Mo phase
transformation from PMA precursor into the MoOx interme-
diate and nally ultrane a-MoC1�x NPs. More importantly,
the introduction of Pt does not change the uniform distribu-
tion property of a-MoC1�x NPs. When the PMA is absent,
bigger and uneven sized Pt NPs are observed on the CNFs
(Fig. S1d†), revealing the effective stabilization of PMA over Pt
ions through the electrospinning and pyrolysis process.

Further investigation of the ability of PMA in conning Pt
ions was conducted under similar synthetic conditions by
Fig. 4 (a) Normalized XANES spectra at the Pt L3-edge of Pt foil, PtO2

and Pt/a-MoC1�x-CNFs. (b) The k3-weighted Fourier transform of
EXAFS spectra derived from XANES of Pt foil, PtO2 and Pt/a-MoC1�x-
CNFs. R is the interatomic distance. (c) Mo 3d spectra of Pt/a-MoC1�x-
CNFs and a-MoC1�x-CNFs.

This journal is © The Royal Society of Chemistry 2020
varying the molar ratios of Pt(acac)2 and PMA (Fig. S2 and S4†).
As shown in Fig. S2a,† when 0.05 mmol PMA was introduced
into the electrospinning precursor, large sized Pt NPs almost
disappeared during the identical fabrication process, while
ultrane but sparse NPs emerged instead. With further increase
of PMA, the NPs have a trend to become denser and denser
(Fig. S2a–d†), until an obvious aggregation was observed when
the amount of PMA reached 0.2 mmol (Fig. S2d†). Screening all
trials, no big sized Pt NPs were detected in the TEM images.
Among them, Pt/a-MoC1�x-CNFs-2 (0.1 mmol PMA) shows
optimal dispersion of highly dense ultrane MoC1�x NPs. The
dense catalytic sites without aggregation are conducive to
maximize the catalytic activity. In addition to the number of
catalytic sites, the phase of Mo also changed during the input
variation of PMA. In the XRD spectra (Fig. S3†), all diffraction
peaks become stronger and sharper as the content of PMA
increased, indicating the increased amount of nanostructural a-
MoC1�x. Aerwards, the characteristic peak of metallic Mo at
40.53� (ref. 54) is detected in the XRD pattern along with the
continuous increase of PMA. Excessive PMA precursor led to the
appearance of metallic Mo mainly caused by the non-abundant
carbon in the carbon bers. Compared with bare a-MoC1�x

synthesized under the same conditions, four characteristic
peaks, ascribed to (111), (200), (220) and (311) of a-MoC1�x with
Pt doping, show a slight shi to a higher diffraction angle,
which suggests that the lattice parameters of a-MoC1�x decrease
aer doping Pt into the lattice. The insertion of Pt atoms in the
a-MoC1�x lattice is proposed to modulate the electronic state,
which has been proved in the XPS analysis.

With the optimal molar ratios of Pt(acac)2 and PMA in hand,
the carbonization temperature is expected to exert a great
inuence on the quality of CNFs and crystallinity of NPs. With
the increase of carbonization temperature, there is a distinct
trend for a-MoC1�x, changing from clusters with low crystal-
linity to NPs with a concrete grain boundary, which is also
accompanied by a slight increase in the size of a-MoC1�x NPs
(Fig. S5a–e†). The crystallinity evolution is further proved by the
XRD pattern (Fig. S6†). The metastable fcc a-MoC1�x phase
emerged when the carbonization temperature was increased to
1000 �C, evidenced by the intensity increase of typical peaks.
The metastable property and moderate crystallinity of the a-
MoC1�x phase at 1000 �C are proposed to immobilize Pt atoms
more easily. Raman measurements were then conducted to
investigate the degree of graphitization of the CNFs at different
carbonization temperatures. In Fig. S7,† two peaks at around
1360 cm�1 and 1602 cm�1 are detected, which are ascribed to
the D band and G band, respectively. The sharp D and G peaks
indicated a high graphitization degree of carbon, which could
improve the conductivity of catalyst materials. As evaluated
from the intensity ratios, the ID/IG value of Pt/a-MoC1�x-CNFs-2
is decreased slightly with increasing temperature, indicating
that the carbonization temperature here has a slight inuence
on the graphitization degree of CNFs.

This is the rst time such ultrane and highly dispersed a-
MoC1�x NPs with atomic Pt doping have been demonstrated.
The present synthetic strategy enables us to fabricate novel
hybrid catalysts. For one thing, compared with previously
J. Mater. Chem. A, 2020, 8, 4911–4919 | 4915
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Fig. 5 Electrocatalytic performance of Pt/a-MoC1�x-CNFs and
reference HER catalysts. (a) HER polarization curves of a-MoC1�x-
CNFs, Pt-CNFs, Pt/C (20 wt%), Pt/a-MoC1�x-CNFs-1, Pt/a-MoC1�x-
CNFs-2, Pt/a-MoC1�x-CNFs-3 and Pt/a-MoC1�x-CNFs-4, acquired
using a graphite rod as the counter electrode in 0.5 M H2SO4 solution.
(b) Corresponding Tafel slopes derived from (a). (c) Themass activity of
commercial Pt/C and produced Pt/a-MoC1�x-CNFs-2. (d) Compar-
ison of the Tafel slope and overpotential (10 mA cm�2) for various
transition metal or Pt-based HER catalysts in 0.5 M H2SO4 solution.
Values were plotted from references (Table S2†). (e) EIS Nyquist plots
of a-MoC1�x-CNFs, Pt/a-MoC1�x-CNFs-2 and Pt/C (all the samples
were tested at open circuit voltage). (f) Stability test of Pt/a-MoC1�x-
CNFs-2 through potential cycling, before and after 5000 cycles.
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reported research studies for the preparation of TMCs, the
electrospinning method provides an ideal platform to conne
the growth of TMCs, which is favorable to control the size of
NPs. A facile in situ hybridization of TMCs with conductive CNFs
is achieved through the process. For another, HPA, providing
plenty of coordination sites for Pt ions with rich oxygen atoms
exposed, is chosen as the precursor for TMCs. The Pt atoms are
separated and localized by HPA, leading to the effective atomic
doping of Pt in TMCs aer the pyrolysis. The facile and efficient
in situ synthesis, as well as the structural superiority of atomic
Pt doped ultrane a-MoC1�x NPs on carbon nanobers, has
great advantages over recently reported two-step synthesis of a-
MoC1�x supported Pt NPs.49,55

Due to the morphology and electronic properties, the as-
obtained catalyst is supposed to have superior HER perfor-
mance. The electrocatalytic activity of Pt/a-MoC1�x-CNFs, a-
MoC1�x-CNFs, Pt-CNFs and commercial Pt/C (Alfa, 20 wt%)
was explored in an acidic electrolyte. Fig. 5a presents LSV
curves of all samples with IR-drop corrections. Although the a-
MoC1�x NPs are highly dispersed with ultrane diameters, the
bare a-MoC1�x-CNFs delivered inferior hydrogen evolution
activity. Impressively, the atomic Pt dopant exerts great
inuence on activity and Pt/a-MoC1�x-CNFs show a notable
decrease in the overpotential to achieve a current density of 10
mA cm�2 (h10). Among all the electrospun samples, Pt/a-
MoC1�x-CNFs-2 shows the best performance with a low h10 ¼
38 mV, which is comparable to that of state-of-the-art
commercial Pt/C (h10 ¼ 30 mV), signicantly better than that
of Pt-CNFs (h10 ¼ 348 mV), a-MoC1�x-CNFs (h10 ¼ 318 mV), Pt/
a-MoC1�x-CNFs-1 (h10 ¼ 104 mV), Pt/a-MoC1�x-CNFs-3 (h10 ¼
59 mV) and Pt/a-MoC1�x-CNFs-4 (h10 ¼ 73 mV). The differ-
ences in polarization curves clearly highlight the benecial
effects of atomic Pt doping and the optimal amount of PMA
precursors used. The amount of Pt doping is assumed to exert
an inuence on the HER performance. Different molar
concentrations of Pt(acac)2 were then applied in the starting
materials and the corresponding polarization curves of the
derived catalysts are shown in Fig. S8.† Apparently, when
Pt(acac)2 is decreased to 0.1 mmol, an obvious performance
decay is observed. If Pt(acac)2 is increased to 0.3 mmol, its
catalytic activity at higher current density outperforms that of
the optimal Pt/a-MoC1�x-CNFs. To gain a deep insight into the
mechanism, the corresponding Tafel slopes (h ¼ b log j + a, in
which b is the Tafel slope and j is the current density) are
calculated and the curves are shown in Fig. 5b. Pt/a-MoC1�x-
CNFs-2 presents Pt-like kinetics with a Tafel slope of 27 mV
dec�1, which is close to that of commercial Pt/C, proving faster
HER kinetics following the Tafel slope determined from the
Volmer–Tafel mechanism. The double-layer capacitance (Cdl),
which is relative to the electrochemically active surface area
(ECSA), has been evaluated from the CVs with various scan
rates (Fig. S9a–e†). As shown in Fig. S9f,† the Cdl of Pt/a-
MoC1�x-CNFs-2 is 1.07 mF cm�2, larger than that of other
catalysts, indicating its larger ECSA. As the carbonization
temperature is proved to make a great difference to the degree
of graphitization of CNFs and crystallinity of molybdenum
carbide NPs, the HER activity of Pt/a-MoC1�x-CNFs
4916 | J. Mater. Chem. A, 2020, 8, 4911–4919
synthesized at different carbonization temperatures is also
evaluated (Fig. S10a†). The h10 of all control samples exhibit
a volcano curve with respect to the carbonization temperature:
Pt/a-MoC1�x-CNFs-800 (h10 ¼ 133 mV), Pt/a-MoC1�x-CNFs-900
(h10 ¼ 73 mV), Pt/a-MoC1�x-CNFs-1000 (h10 ¼ 38 mV), Pt/a-
MoC1�x-CNFs-1100 (h10 ¼ 50 mV), and Pt/a-MoC1�x-CNFs-
1200 (h10¼ 68 mV). Higher carbonization temperature leads to
inevitable agglomeration of NPs, thus the loss of active sites,
while a low carbonization temperature is insufficient to
generate qualied molybdenum carbide NPs. The optimal
temperature (1000 �C) is feasible for the metastable property
and moderate crystallinity of the a-MoC1�x phase, generating
a strong coupling and interaction with atomic Pt, thus
a higher catalytic activity, which was proved by the XRD and
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) SEM image of Pt/WCx-CNFs. (b) TEM image of Pt/WCx-
CNFs; the inset picture shows the SAED pattern of Pt/WCx-CNFs. (c)
HR-TEM image of Pt/WCx-CNFs; the inset in (c) shows the size
distribution of WCx NPs. (d) HER polarization curves of bare WCx-
CNFs, Pt/C (20 wt%), Pt/WCx-CNFs-1, Pt/WCx-CNFs-2 and Pt/WCx-
CNFs-3 in 0.5 M H2SO4 solution. (e) Corresponding Tafel slopes
derived from (d). (f) Comparison of the Tafel slope and overpotential
(10 mA cm�2) for catalysts in this paper in 0.5 M H2SO4 solution.
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XPS analysis. Notably, with an even lower Tafel slope (21 mV
dec�1) shown in Fig. S10b,† Pt/a-MoC1�x-CNFs-1100 presents
a smaller overpotential compared with commercial Pt/C
accompanied by large-current-density H2 evolution (j $ 80 mA
cm�2), indicating the outstanding inert reaction kinetics and
continuous hydrogen evolution. To further evaluate the
activity, the mass activity of Pt/a-MoC1�x-CNFs-2 (1.5 wt% Pt)
at an overpotential of 38 mV is normalized to be 3.49 A mg�1

(Fig. 5c), which is 8.11 times greater than that of commercial
Pt/C (20 wt% Pt) at the same applied potential (0.43 A mg�1).
Considering the outstanding HER performance of Pt/a-
MoC1�x-CNFs, its overpotential and Tafel slop are bench-
marked against recently reported research studies (Fig. 5d).
Obviously, the impressive activity of Pt/a-MoC1�x-CNFs-2
outperforms that of most transition metal based HER cata-
lysts, such as Ni/WC56 (h10 ¼ 53 mV), MoC@graphite29 (h10 ¼
124 mV), and Co/Mo2C27 (h10 ¼ 140 mV). Meanwhile, the
performance is also comparable or even superior to most
atomic Pt based HER catalysts, such as Pt@Fe–N–C53 (h10 ¼ 60
mV, 2.1 wt% Pt), Mo2TiC2Tx-PtSA57 (h10 ¼ 30 mV, 1.2 wt% Pt),
and ALD Pt@N-GO58 (h10 ¼ 38 mV, 2.1 wt% Pt). These values
indicate that the ultrane property of a-MoC1�x NPs and
highly efficient interaction between atomically doped Pt and a-
MoC1�x NPs undoubtedly maximize the catalytic sites and
synergistic effect, thus boosting the HER activity as a result. To
gain further insight into the electron transfer capability of Pt/
a-MoC1�x-CNFs, electrochemical impedance spectroscopy
(EIS) has been performed and the results are shown in Fig. 5e
and S11.† Compared to a-MoC1�x-CNFs, Pt/a-MoC1�x-CNFs-2
shows a much lower charge transfer resistance (Rct), suggest-
ing lower resistance and faster electron-transfer rate between
the catalyst interface and electrolyte.

Long-term stability is another important criterion to assess
the electrocatalytic performance. An accelerated test was con-
ducted in an acid electrolyte by performing cyclic voltammetry
(CV) between 0 and 0.54 V at a scan rate of 50 mV s�1. As shown
in the polarization curves of Pt/a-MoC1�x-CNFs-2 before and
aer 5000 cycles (Fig. 5f), only 10 mV decay of the overpotential
at 10 mA cm�2 is observed, indicating the excellent electro-
catalytic durability. Moreover, aer the continuous CV cycles,
the one-dimensional nanostructure of CNF changes slightly
(Fig. S12a and c†), while the NPs aer the HER are well-main-
tained (Fig. S12b and d†), demonstrating that the active sites
during the catalysis well survived even aer the long-term test.
The outstanding stability and durability can be attributed to the
protection of CNFs over ultrane Pt/a-MoC1�x NPs and the
intrinsic strong corrosion resistance of a-MoC1�x.

Generally, the aforementioned method combining electro-
spinning with molecular interaction connement has been
used to fabricate Pt/a-MoC1�x-CNF hybrid electrocatalysts. The
conductive carbon nanober provides an ideal platform for
electron/ion transport and acts as a protector over a-MoC1�x

NPs. The ultrane a-MoC1�x NPs not only offer abundant sites
for coupling with atomic Pt, but also maximize the number of
active sites. Moreover, the strong interaction between atomic Pt
and a-MoC1�x NPs is proved to greatly improve the intrinsic
activity through electronic modulation. Adding the structure
This journal is © The Royal Society of Chemistry 2020
and electronic superiority together, the hybrid catalyst exhibits
Pt-like catalytic kinetics towards the HER in acidic solution and
the catalytic activity is superior to most advanced HER catalysts.

To prove the generality of this design and synthetic method
to construct novel electrocatalysts, different materials such as
Pt/(Fe-Cx)-CNFs, Ni/(W-Cx)-CNFs and Pt/W-Cx-CNFs (Fig. S13
and S14†) were also fabricated. Pt/W-Cx-CNFs were then taken
as another example for further discussion. WCx was investi-
gated in previous research studies as a promising candidate to
substitute noble metal as an efficient HER catalyst.59,60 The way
to prepare Pt/WCx-CNFs is similar to that of Pt/a-MoC1�x-CNFs
except that PMA was replaced by PTA. Fig. 6a and b represent
the typical SEM and TEM images of the as-obtained long-range
uniform carbon nanobers. As expected, no aggregation or big-
sized NPs are observed. The selected-area electron diffraction
(SAED) pattern shown in the inset in Fig. 6b conrms the
relatively poor crystallinity of NPs, which may be benecial to Pt
atom embedding and stabilization in NPs. Further careful
analysis reveals that densely ultrane NPs with a mean size of
1.88 nm are well-dispersed on the surface of carbon nanobers
(Fig. 6c).

The properties of being highly dispersed and ultrane are
quite similar to Pt/a-MoC1�x, which could increase the exposed
active sites and help improve electrocatalytic performance. The
HR-TEM image (Fig. S14†) shows that the lattice fringes of NPs
are consistent with those of the W2C structure, with a (101)
lattice fringe spacing of 0.227 nm, while no lattice fringes of Pt
are found. By comparing the HR-TEM of Pt/WCx-CNFs andWCx-
CNFs (Fig. S15†), we found that the introduction of Pt did not
transform the self-morphology of WCx NPs. According to the
information obtained above, it is highly possible to dope Pt into
the WCx NPs. The corresponding EDX mapping results reveal
the uniform distribution of C, N, O, W and Pt in the as-
synthesized Pt/WCx-CNFs (Fig. S16†). The ICP result shows the
J. Mater. Chem. A, 2020, 8, 4911–4919 | 4917
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low content of Pt (2.4 wt%) in the hybrid catalyst. Through the
XRD measurement (Fig. S17†), the main phase of W is
conrmed. As for Pt/WCx-CNFs, the characteristic diffraction
peaks of W2C and W are observed, which were commonly
observed in WCx catalysts.61 No diffraction peaks of Pt can be
found, indicating that Pt is doped in WCx NPs, which is in
accordance with the HR-TEM results.

The electrocatalytic HER activities of Pt/WCx-CNFs with
different molar ratios of Pt(acac)2 and PTA were evaluated in 0.5
M H2SO4 solution. As shown in Fig. 6d, Pt/WCx-CNFs-3 exhibits
the lowest overpotential (h10 ¼ 42 mV), slightly higher than that
of Pt/a-MoC1�x-CNFs-2 (h10 ¼ 38 mV), while much better than
that of WCx-CNFs (h10 > 500 mV). The trend of catalytic activity
again highlights the benecial effects of Pt atom doping in WCx

NPs and synergistic reaction in boosting electrocatalytic
activity. The corresponding Tafel plots of the as-prepared cata-
lysts are presented in Fig. 6e. The Tafel slope of Pt/WCx-CNFs-3
is 25 mV dec�1, which is much smaller than that of WCx-CNFs
(274 mV dec�1), suggesting faster HER kinetics. The superior
HER kinetics of Pt/WCx-CNFs-3 may originate from the strong
synergistic effect between Pt atoms and WCx NPs, which has
been discussed in the mechanism of Pt/a-MoC1�x-CNFs. The
typical catalysts mentioned in this article are outlined in Table
S1† and summarized in Fig. 6f in terms of the Tafel slope and
h10. It visually presents the enhanced activity of Pt-doped tran-
sition metal carbides, demonstrating the promotion between Pt
and transition metal carbides simultaneously. The electron
transfer capability of Pt/WCx-CNFs was further probed by EIS
(Fig. S18a†). By comparing the semicircles of Pt/WCx-CNFs-3
and WCx-CNFs, we found that the Rct value of Pt/WCx-CNFs-3 is
much lower, implying quick electron transfer and advantageous
HER kinetics towards the electrolyte interface. Notably, Pt/WCx-
CNFs-3 also presents excellent durability and stability
(Fig. S18b†), with only 19 mV decay (h10) aer 5000 cycles shown
in the polarization curves.

Conclusion

In summary, we have successfully produced ultrane TMC NPs
in situ formed on CNFs with atomic Pt via combining novel
heteropoly acidmediation with an electrospinning strategy. The
optimized electrocatalyst Pt/TMCs-CNFs presents excellent
activity and durability towards the HER, which is mainly
attributed to the following merits: (1) through connement
engineering of the nanostructure, both the ultrane property of
TMC NPs and atomic Pt doping contribute to the maximization
of available active sites; (2) by means of heteroatom doping, the
electron transfer between Pt and TMCs is illustrated, providing
a synergetic effect towards the absorption ability, thus signi-
cantly increasing the intrinsic activity; (3) the conductive carbon
nanober provides an ideal platform for electron/ion transport
and also provides stable protection over the active sites. Such
a synergistic structure simultaneously endows these hybrid
catalysts with efficient and stable capability towards hydrogen
evolution in acidic medium. The strategy in this paper not only
improved the synthesis method of metal carbides, but also
opened up a new engineering strategy for regulating the
4918 | J. Mater. Chem. A, 2020, 8, 4911–4919
composition and nanostructure via molecular level conne-
ment. Further studies of this synthetic strategy are currently
underway in our group to investigate its wider applications.
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