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A B S T R A C T

Despite recent vigorous progress in synthesis of monofunctional electrocatalysts for hydrogen evolution reaction
(HER) or oxygen evolution reaction (OER), it remains challenging to develop bifunctional electrocatalysts for
efficient overall water splitting. Herein, we report the crafting of MoC2-doped NiFe alloy nanoparticles (NPs)
encapsulated within a-few-layer-thick N-doped graphene (denoted NG-NiFe@MoC2) via one-step calcination of
hybrid precursors containing polymer-encapsulating binary Prussian blue analogues NPs and Mo6+ cations. The
resulting NG-NiFe@MoC2 nanohybrids were exploited as electrocatalysts and exhibited excellent performance
on either HER or OER separately as a direct consequence of the synergistic effects of unique compositions (i.e.,
MoC2 dopants and NiFe alloy NPs; both exerted profound influence on HER and OER) and advantageous ar-
chitecture (i.e., a-few-layer-thick N-doped graphene encapsulating shell). Remarkably, an alkaline electrolyte
capitalizing on NG-NiFe@MoC2 nanohybrids as bifunctional electrocatalysts achieved overall water-splitting
(i.e., concurrent HER and OER) current density of 10mA cm−2 at a low potential of 1.53 V over a period of 10-h
operation, outperforming the precious Pt/C//RuO2 counterpart.

1. Introduction

Water splitting into hydrogen and oxygen is widely recognized as a
green and effective approach to transform and store renewable energy.
As such, it has garnered increasing interest for rendering a green energy
future. Unfortunately, two half reactions in water splitting, that is,
anodic oxygen evolution reaction (OER) and cathodic hydrogen evo-
lution reaction (HER), require electrocatalysts to reduce overpotentials
and achieve desirable reaction rate. [1] Recently, precious Pt-based and
Ir-, Ru-based catalysts have shown impressive performance for HER and
OER, respectively; [2] however, their high cost and scarcity prevent
them from further commercial applications. In this context, efficient
electrocatalysts based on earth-abundant elements, including transition
metal (TM)-based materials (i.e., carbide, oxides, sulfides, phosphides
and hydroxides) [3–9] and heteroatoms (i.e., N, P and S)-doped carbon
materials, have been developed for HER or OER [10]. Nevertheless,
despite significant advances in synthesis of monofunctional electro-
catalysts, effective methods to develop bifunctional electrocatalysts
possessing both excellent HER and OER performances for overall water

splitting are comparatively few and limited in scope because of dif-
ferent reaction centers required by HER and OER, respectively.

Recently, controlled incorporation of two different metal species
into one single nanostructure to accelerate the activation of reactants
has emerged as a powerful strategy for constructing superior electro-
catalysts. [11] For example, the bimetallic NiMo catalyst with moderate
metal-hydrogen (M-H) strength displayed a higher HER activity than
single Ni and Mo, because Mo alone has too strong M-H binding
strength while Ni alone has too weak M-H binding strength. [12]
However, the NiMo catalysts suffer from low activity for OER with an
overpotential of 368mV at 10mA cm−2. [13] On the other hand, it was
found that incorporation of Fe to Ni-based catalysts could dramatically
enhance the OER performance due to the stronger affinity of bimetallic
NiFe to OH- and the intermediates of OER. [14] In this context, it is
plausible that incorporation of Fe to bimetallic NiMo catalyst may im-
prove the performance of OER, and the resulting new catalyst could
serve as a bifunctional electrocatalyst for overall water splitting.
However, the investigation into the ternary metal electrocatalysts,
particularly the relationship between the ternary compositions and
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performance for overall water splitting, is still rare.
Because of the low conductivity and stability of TM materials, en-

capsulating TM nanoparticles (NPs) into graphene layers is crucial for
developing robust TM-based electrocatalysts. Moreover, optimizing the
compositions (i.e., N-doping) and structure (i.e., thickness) of graphene
layers would further improve the electrocatalytic performance of gra-
phene-encapsulated TM NPs. [15] For instance, Ni NPs encapsulated in
few-layer N-doped graphene exhibited desirable HER and OER perfor-
mance for overall water splitting. [16] On the other hand, Prussian blue
analogues (PBA), as a family of metal-organic frameworks (MOFs),
contain transition metals as metallic nods and CN- as linkers, re-
presenting attractive precursors in development of efficient electro-
catalysts with well-controlled nanostructure. [17,18]

Herein, we report the crafting of MoC2-doped NiFe alloy NPs en-
capsulated within a-few-layer-thick N-doped graphene (denoted NG-
NiFe@MoC2, where the atomic ratio of Ni:Fe is 0.36:0.64, that is,
Ni0.36Fe0.64) by one-step annealing of binary NiFe Prussian blue ana-
logues (denoted NiFe-PBA) and Mo6+-grafted polyvinylpyrrolidone
(PVP) hybrid precursors (denoted NiFe-PBA/PVP) at high temperature.
The unique hybrid precursors composed of PVP-encapsulating NiFe-
PBA NPs and grafted Mo6+ enabled the controlled and homogeneous
carbonization reaction, meanwhile the outer PVP overlayers avoided
the aggregation of the resulting NiFe alloy NPs and MoC2 dopants.
Consequently, the advantageous compositions (i.e., MoC2 dopants and
NiFe NPs, which synergistically played key role in HER and OER) and
unique architecture (i.e., a-few-layer-thick N-doped graphene-en-
capsulating shell) rendered the optimized NG-NiFe@MoC2 nanohybrids
highly active and stable electrocatalysts for either HER or OER in-
dividually. More importantly, they could also be exploited as both
anodic and cathodic electrocatalysts for overall water splitting to
achieve a current density of 10mA cm−2 at a voltage of 1.53 V with
impressive durability of 10 h. As such, they emerge as promising bi-
functional electrocatalysts to substitute precious metals for efficient
overall water splitting.

2. Experimental section

2.1. Electrocatalysts synthesis

The NiFe-PBA/PVP hybrid precursors were synthesized by a mod-
ified co-precipitation method. Solution A: 1.4928 g Ni
(CH3COOH)2·4H2O and 12 g PVP were dissolved in 100ml alcohol to
form a mixed solution. Solution B: 1.3270 g K3[Fe(CN)6] was dissolved
in 20ml deionized water to form another solution. Solution B was
added into solution A dropwise under vigorous stirring at ambient
temperature. The resulting aqueous solution was aged for 2 h, and the
precipitate was collected by centrifugation without washing. The pre-
cipitate denoted NiFe-PBA/PVP was dried at 80 °C for 24 h. Afterwards,
Mo7O24.6NH4·4H2O (0.4 g) was dissolved in 20ml deionized water, to
which NiFe-PBA/PVP (.2 g) was added. The resulting solution was aged
at ambient temperature for 6 h, and the precipitate was collected by
centrifugation and dried at 80 °C for 12 h. The obtained sample was
calcined at 800 °C under the atmosphere of Ar for 2 h, yielding NG-
NiFe@MoC2 − 2, where 2 refers to as the input mass ratio of
Mo7O24.6NH4·4H2O to NiFe-PBA/PVP. The other three samples, that is,
NG-NiFe@MoC2 − 0, NiFe@MoC2 − 1 and NG-NiFe@MoC2–3 were
also synthesized through the same process as that for NG-NiFe@MoC2

− 2 except that the input mass ratios of Mo7O24.6NH4·4H2O to NiFe-
PBA/PVP were 0:1, 1:1 and 3:1, respectively. For comparison, the NiFe-
PBA without PVP overlayers was also prepared using the same proce-
dure as NiFe-PBA/PVP but with no PVP added. Afterwards, the NiFe-
PBA was calcined as that for NG-NiFe@MoC2 − 2, and the resulting
sample denoted NiFe-PBA-C.

Moreover, the NG-MoC2 − 2 sample was prepared by selectively
etching NiFe alloys away from the NG-NiFe@MoC2 − 2 using 1M hy-
drochloric acid solution at 80 °C for 24 h. For the synthesis of NiFe@

MoC2 − 0 without N-doped graphene shell, the NiFe-PBA/PVP was
calcined in air at 500 °C for 6 h, and then reduced in hydrogen at 700 °C
for 2 h.

2.2. Characterizations

The X-ray diffraction (XRD) measurements on various samples were
collected using a D8ADVANCE diffractometer with graphite-filtered
CuKα source (λ=0.15418 nm) over a 2θ range of 5–70°. The element
analysis was performed through inductively coupled plasma atomic
emission spectroscopy (ICP-AES) on a Shimadzu ICPS-7500 spectro-
meter. The samples for ICP-AES measurements were first calcined in air
at 500 °C for 6 h to remove the encapsulating N-doped graphene, fol-
lowed by the treatment with aqua regia at 100 °C for 6 h to ensure the
samples to be completely dissolved. Field emission scanning electron
microscopy (FESEM) images were obtained on a JEOL JSM-7800F.
Transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) were measured by a JEOL 2100 electron microscope at an
acceleration voltage of 200 kV. HAADF-STEM-EDS images were col-
lected on a JEM-2100F instrument with an EDS system. X-ray photo-
electron spectroscopy (XPS) analysis was performed using a Thermo VG
ESCALAB250 X-ray photoelectron spectrometer with AlKα X-ray ra-
diation. The binding energies of different elements were corrected
based on the graphitic C 1 s peak at 284.6 eV.

2.3. Electrochemical characterizations

The electrochemical performance of as-synthesized electrocatalysts
towards HER and OER was studied on an electrochemical workstation
(CHI 760 E) in 1M KOH electrolyte. All electrochemical measurements
were conducted on a three-electrode system with a carbon electrode as
counter electrode, saturated calomel as reference electrode and elec-
trocatalyst modified glassy carbon electrode (geometric surface area:
0.07 cm2) as working electrode, respectively. The electrocatalyst inks
were prepared by dispersing as-synthesized electrocatalysts and Nafion
(acting as adhesive) in absolute ethanol and sonicating for 0.5 h. The
resulting electrocatalyst inks were loaded on glassy carbon electrode
with the electrocatalyst loading of 0.2mg cm−2. The electrochemical
impedance spectroscopy (EIS) was tested from 1MHz to 1 Hz at po-
tentials of − 0.3 V for HER and 1.53 V for OER in 1M KOH solution.
Cyclic voltammogram (CV) was performed on NG-NiFe@MoC2 − 2
electrocatalyst at a scan rate of 100mV s−1 for 10,000 cycles in 1M
KOH to investigate the cycling durability for HER and OER, respec-
tively.

As for the two-electrode system in overall water splitting, the NG-
NiFe@MoC2 − 2 electrocatalyst was dispersed in the mixed solution of
ethanol and Nafion, the resulting solution was dropped on nickel foam
(1×1 cm) with electrocatalysts loading of 1mg cm−2. The stability of
NG-NiFe@MoC2 − 2 for overall water splitting was investigated by the
time-dependent current density curves in 1M KOH. As for the pre-
paration of precious Pt/C and RuO2 electrodes, the commercial Pt/C or
RuO2 catalyst was dispersed in the mixed solution of ethanol and
Nafion, the resulting solution was dropped on nickel foam (1×1 cm)
with catalysts loading of 1mg cm−2.

2.4. Electrical double layered capacitance measurement

It is well-known that the electrochemically active surface area
(ECSA) can be measured by double layer capacitance (Cdl). The Cdl was
determined by the cyclic voltammograms (CVs) of various catalysts at
different scan rates (0.04, 0.06, 0.08, 0.10, 0.12 and 0.14 V/s) in a non-
Faradic potential range of 1.23–1.33 V vs RHE. Afterwards, the corre-
sponding capacitive current was plotted at 1.28 V at different scan rates
of CV, and the slope of the fitted line was the twice Cdl. The ECSA can
then be calculated from the following equation:
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s

where the common specific capacitance of Cs = 0.04 mF/cm2 was

applied in our calculation. [19]

3. Results and discussion

The crafting of NG-NiFe@Mo nanohybrids is illustrated in Scheme
1. First, spherical PVP-encasuplating NiFe-PBA NPs (NiFe-PBA/PVP)
(1st panel in Scheme 1) were synthesized via a facile co-precipitation
method. Then, the Mo6+ cations were grafted on as-prepared NiFe-
PBA/PVP by coordination interaction between pyridyl groups of PVP
and Mo6+ (2nd panel in Scheme 1). After calcination at 800 °C under Ar
atmosphere, the metal ions (Ni2+, Fe3+ and Mo6+) transformed into
MoC2-doped NiFe alloy NPs due to the inter-diffusion of those metal
ions at such a high temperature (3rd panel in Scheme 1). Meanwhile,
both CN- linkers from PBA and PVP overlayers acted as carbon and
nitrogen sources, forming in-situ a-few-layer-thick N-doped graphene
surrounding the alloy NPs. Moreover, the outer PVP layer could also
restrain the aggregation of alloy NPs and MoC2 dopants, thus uniformly
doping MoC2 onto the alloy NiFe NPs. Subsequently, in order to opti-
mize the structure and electrocatalytic performance, a series of NiFe

Scheme 1. One-step calcination of hybrid precursors containing binary NiFe
Prussian blue analogues (NiFe-PBA), polymers (polyvinylpyrrolidone; PVP) and
Mo6+ cations (second panel), yielding MoC2-doped NiFe alloy NPs en-
capsulated within N-doped graphene (denoted NG-NiFe@MoC2; where the
atomic ratio of Ni:Fe is 0.36:0.64 (i.e., Ni0.36Fe0.64) as revealed by XRD). The
PVP overlayers and CN- linkers from PBA were converted into N-doped gra-
phene.

Fig. 1. SEM images of (a) NiFe-PBA/PVP hybrid precursors (prior to coordination with Mo6+ cations and calcination) and (b) NG-NiFe@MoC2 − 2 (after calcination
of Mo6+-grafted NiFe-PBA/PVP). (c) TEM and (d, e, f) HRTEM images of NG-NiFe@MoC2 − 2. (g) HADDF-STEM image of NG-NiFe@MoC2 − 2 with (h) EDX
mapping and (i) EDX line mapping along the white line in image (g).
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alloy NPs encapsulated within N-doped graphene nanohybrids, here-
after referred to as NG-NiFe@MoC2 − 0, NG-NiFe@MoC2 − 1, NG-
NiFe@MoC2 − 2, and NG-NiFe@MoC2–3, respectively, where 0, 1, 2
and 3 denote the mass ratios of introduced dopant precursor of
Mo7O24.6NH4·4H2O to NiFe-PBA/PVP (see Experimental Section in
Supporting Information), were prepared.

The XRD pattern of NiFe-PBA/PVP hybrid precursors displayed a
series of diffractions and can be well indexed into (200), (220), (400),
(422), (440), (660) and (620) planes for PBAs (JCPDS no. 20–0915)
(Supporting Information, Fig. S1). After calcination at 800 °C, the NG-
NiFe@MoC2 − 0 sample (i.e., without the introduction of MoC2)
showed diffractions at 43.9°, 51.1° and 75.1°, corresponding to (111),
(200) and (220) planes for the Ni0.36Fe0.64 alloy phase at the Ni/Fe ratio
of 0.36/0.64 (JCPDS no. 47–1405) (Fig. S2). Notably, the atomic ratios
of Ni/Fe in alloys for all the four calcined samples noted above were
approximately 0.4/0.6 as measured by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) (Table S1), correlating well
with the XRD study (0.36/0.64). With the addition of
Mo7O24.6NH4·4H2O, the intensity of diffractions for the alloy phase
obtained after calcinations was markedly reduced, and new diffraction
peaks that can be assigned to MoC2 (JCPDS no. 35–0787) were clearly
evident on NG-NiFe@MoC2 − 2 and NG-NiFe@MoC2–3 samples. These
results indicated that MoC2 species was integrated into NiFe (i.e.,
Ni0.36Fe0.64) alloy phase, thus restraining the crystallization of the alloy
NPs. The NG-MoC2 − 2 (i.e., selectively dissolving Ni0.36Fe0.64 alloys)
and NiFe@MoC2 − 0 (i.e., without MoC2 dopants and N-doped gra-
phene shell) and MoC2 samples were also synthesized and used as
control (see Experimental Section, Figs. S3-S4).

The representative SEM image of NiFe-PBA/PVP hybrid precursors
showed spherical NiFe-PBA NPs with a diameter around 20 nm en-
capsulated by several PVP layers (Fig. 1a). The encapsulating PVP
overlayers can also be seen in the TEM and HRTEM images of NiFe-
PBA/PVP (Fig. S5). After grafting Mo6+ and calcination, the irregular
particle-like morphology was yielded (Fig. 1b), and the corresponding
TEM image indicated that it was composed of small NPs with an
average diameter of 30 ± 5 nm (Fig. 1c). A further scrutiny by high-
resolution TEM revealed that most of NPs were encapsulated within
3–11 layers of graphene shell (Fig. 1d-e). Fig. 1f displayed clear lattice
fringes with a spacing of 0.21, 0.23 and 0.34 nm, corresponding to
(111) plane of Ni0.36Fe0.64 alloy, (101) plane of MoC2 and (002) plane
of graphitic carbon, respectively. It is worth noting that the interface
between Ni0.36Fe0.64 alloy and MoC2 species was difficult to be identi-
fied, signifying that MoC2 was in close contact with Ni0.36Fe0.64 alloy.
Moreover, both EDS element mapping (Fig. 1h) and line curves of a
random NP (Fig. 1g) revealed that Ni, Fe and Mo elements were uni-
formly distributed and intimately contacted with each other at nano-
scopic level (Fig. 1h–i), suggesting that MoC2 was homogeneously
doped onto Ni0.36Fe0.64 alloy. For comparison, the morphology of NiFe-
PBA (control sample; see Experimental Section) without the addition of
PVP and the resulting calcined product (i.e., NiFe-PBA-C) were also
investigated by SEM (Fig. S6). The NiFe-PBA displayed uniform PBA
NPs with an average size of 20 nm (Fig. S6a). In contrast, after calci-
nation at 800 °C, the resulting calcined sample (i.e., NiFe-PBA-C)
showed an agglomerated morphology with the presence of some large
particles of 200 nm (Fig. S6b). These observations suggested that the
PVP overlayers could effectively prevent the agglomeration of the re-
sulting Ni0.36Fe0.64 alloy NPs during high-temperature pyrolysis.

The XPS studies were conducted on NG-NiFe@MoC2 − 0 (i.e.,
without the incorporation of MoC2) and NG-NiFe@MoC2 − 2 (i.e., with
MoC2) to scrutinize the electronic interaction (Fig. S7). The Ni 2p and
Fe 2p spectra for the NG-NiFe@MoC2 − 0 sample indicated the pre-
sence of metallic Ni° (852.9, 870.1 eV) and Fe° (706.8, 720.1 eV), as
well as surface oxidized Ni2+ (855.9, 873.4 eV) and Fe2+(711.4,
724.5 eV) (Figs. S7a–S7b). [20] Interestingly, for the NG-NiFe@MoC2

− 2 sample, with the introduction of MoC2, the binding energies of Ni°
shifted to 853.4 and 870.6 eV, and the binding energies of Fe° shifted to

707.2 and 720.5 eV. The shift to higher binding energies signified the
charge transfer from Ni0.36Fe0.64 alloys to MoC2 dopants. [13,21]
Moreover, the Mo 3d spectrum for NG-NiFe@MoC2 − 2 revealed the
presence of Mo° (227.0, 230.3 eV), Mo3+ (227.9, 231.0 eV) and Mo4+

(228.5, 231.6 eV) species (Fig. S7c). Notably, the binding energies of
Mo° were lower than that reported in literature (228.2, 231.8 eV), [22]
offering further evidence of the charge transfer from Ni0.36Fe0.64 alloys
to MoC2 dopants. The high-resolution of N 1 s spectrum for NG-NiFe@
MoC2 − 2 electrocatalysts can be deconvoluted into two different N
species: pyridinic-N (398.4 eV) and pyrrolic-N (399.8, 401.1 eV) (Fig.
S7d). Intriguingly, there were two different binding energies of pyr-
rolic-N species. The higher binding energy (401.1 eV) is owing to the
interaction between the part of pyrrolic-N and metal atoms, thus in-
ducing charge transfer between them. [23] Moreover, the C 1 s peak of
NG-NiFe@MoC2 − 2 electrocatalyst can be divided into two peaks
centered at 284.6 and 285.5 eV, corresponding to C-C and C-N bonds,
respectively (Fig. S8). The presence of C-N bonds suggested the N-
doping into the carbon matrix.

The HER performance of as-synthesized NG-NiFe@MoC2 nanohy-
brids and commercial RuO2 catalysts was then evaluated using a typical
three-electrode cell in 1M KOH aqueous electrolyte. Among all the
electrocatalysts, the NG-NiFe@MoC2 − 2 nanohybrid displayed the
highest inherent HER activity with the highest current density (j) across
the whole potential windows (Fig. 2a). The HER performance of dif-
ferent electrocatalysts was further assessed by overpotential (η) at j of
10mA cm−2, which is the j expected for solar water-splitting device. As
shown in Table S2, the η for NG-NiFe@MoC2 − 2 electrocatalyst to
achieve j of 10mA cm−2 was only 150mV, which is much lower than
that of NG-NiFe@MoC2 − 0 (413mV) and NG-NiFe@MoC2 − 1
(317mV), suggesting the significance of the incorporated MoC2 as ac-
tive sites. However, with further increasing the amount of MoC2, the η
to reach j of 10mA cm−2 inversely increased to 199mV for the NG-
NiFe@MoC2–3 electrocatalyst. Furthermore, the NG-NiFe@MoC2 − 2
electrocatalyst yielded a high j of 104.4 mA cm−2 at η of 300mV, which
was 73.6-fold higher than that of NG-NiFe@MoC2 − 0. Among all the
four electrocatalysts (i.e. NG-NiFe@Mo-0, NG-NiFe@Mo-1, and NG-
NiFe@Mo-3), NG-NiFe@MoC2 − 2 displayed the smallest Tafel slope
(92mV/dec) (Fig. 2b) and charge transfer resistance (22Ω) (Fig. 2c; see
Fig. S10 for the calculation details), in accordance with the highest HER
activity demonstrated in the polarization curves (Fig. 2a). It is notable
that the polarization curve of NG-NiFe@MoC2 − 2 after cycling 10000
times was almost the same as that at the initial test, only with increased
overpotential of 1 mV at 100mA cm−2 (Fig. 2d). Interestingly, the a-
few-layer-thick graphene-encapsulating shell was well-retained after
cycling 10000 times (Figs. S11a-S11b) as revealed by TEM, further
substantiating the outstanding stability of NG-NiFe@MoC2 − 2.
Clearly, NG-NiFe@MoC2 − 2 stands out as an excellent HER electro-
catalyst with a small Tafel slope, a small charge transfer resistance and
a high stability.

The electrochemically active surface area (ECSA) of various NG-
NiFe@MoC2 electrocatalysts was assessed on the basis of double-layer
capacitance (Cdl) (see Experimental Section, Fig. S12 and Fig. S13a).
Clearly, with the addition of MoC2, the ESCA improved from 43.5 cm2

on NG-NiFe@MoC2 − 0–143.3 cm2 on NG-NiFe@MoC2 − 2. (Table S2)
However, with a further increase in MoC2, the ECSA of NG-NiFe@
MoC2–3 decreased to 97.5 cm2. This may be due to the part of active
centers on the Ni0.36Fe0.64 alloy NPs blocked by excess MoC2 dopants.
Typically, the ECSAs of electrocatalysts directly determined their cat-
alytic performance. [24] Thus, with higher ESCA, the NG-NiFe@MoC2

− 2 exhibited a higher HER activity than the other three electro-
catalysts. Moreover, the ECSAs of different electrocatalysts were also
applied to yield the current density per ECSA (jECSA), and the corre-
sponding polarization curves were depicted in Fig. S13b. Clearly,
among all the electrocatalysts, the NG-NiFe@MoC2 − 2 displayed the
highest jECSA at each overpotential, suggesting a higher HER activity per
active area. It has been reported that bimetallic NiMo and FeMo
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electrocatalysts with moderate M-H strength displayed the higher HER
activity than single Mo. [12,25] In our study, the EDS element mapping
and XPS results suggested that there was a strong interaction between
closely contacted Ni0.36Fe0.64 alloy NPs and MoC2 dopants. On the basis
of the higher activity per active area for the NG-NiFe@MoC2 − 2
sample, a possible synergy between Ni0.36Fe0.64 alloy NPs and MoC2

dopants could thus be proposed, that is, MoC2 dopants facilitated the
optimization of the M-H strength of Ni0.36Fe0.64 alloy NPs. It is well-
known that MoC2 possesses a strong M-H strength. [12,26] As both Ni
and Fe have the weak M-H strength, their alloy may likely exhibit a
weak M-H strength as well. Thus, the incorporation of MoC2 dopants
enhanced the M-H strength of Ni0.36Fe0.64 alloy NPs, thereby favoring
the adsorption of hydrogen.

The very low HER activity of NG-NiFe@MoC2 − 0 electrocatalyst
reflected that the a-few-layer-thick N-doped graphene shell (denoted
NG) may not be active for HER. However, the high conductivity and
anti-corrosion capacity of NG are noteworthy. The pure NiFe@MoC2

− 0 electrocatalyst without a NG shell exhibited a larger Rct (404Ω)
than that of NG-NiFe@MoC2 − 0 with a NG shell (Fig. S14a), indicating
that the intrinsic high-conductivity of NG could promote the fast charge
transfer during HER. This was further substantiated by the low Rct of
NG-NiFe@MoC2 − 2 electrocatalyst (22Ω). Moreover, the cycling test
for 10,000 times showed that the NG-NiFe@MoC2 − 2 possessed an
outstanding stability for HER, which may be resulted from the good
stability of NG shell-encapsulating nanostructure. Therefore, taken to-
gether, the excellent HER performance of NG-NiFe@MoC2 − 2 may be
a direct consequence of the presence of highly conductive NG, the
electrocatalytic synergy between Ni0.36Fe0.64 alloy NPs and MoC2 do-
pants, and the stabilizing effect of NG shell.

We now turn our attention to evaluate the OER performance of NG-
NiFe@MoC2 nanohybrids and commercial RuO2 electrocatalysts via a
typical three-electrode cell in 1M KOH aqueous electrolyte. As shown
in Fig. 3a, the NG-NiFe@MoC2 − 2 electrocatalyst exhibited a lower
onset potential and a higher current density (j) at each overpotential (η)
than other three electrocatalysts, suggesting a higher inherent OER
activity. It is not surprising that a small η of 320mV was required for

NG-NiFe@MoC2 − 2 electrocatalyst to achieve j of 10mA cm−2, which
was lower than that of NG-NiFe@MoC2 − 1 (350mV) and NG-NiFe@
MoC2–3 (330mV). However, without the introduction of MoC2, a large
η of 360mV was needed for NG-NiFe@MoC2 − 0 to reach j of 10mA
cm−2, corroborating that MoC2 dopants are crucial for OER. Moreover,
the Tafel slope of NG-NiFe@MoC2 − 2 (31mV/dec) was much smaller
than that of NG-NiFe@MoC2 − 0 (47mV/dec), NG-NiFe@MoC2 − 1
(51mV/dec) and NG-NiFe@MoC2–3 (78mV/dec) (Fig. 3b), which was
in good agreement with the higher OER activity displayed in the po-
larization curves (Fig. 3a). It is important to note that the small η at
10mA cm−2 and Tafel slope for NG-NiFe@MoC2 − 2 were markedly
smaller than those of commercial RuO2.

In sharp contrast, the NG-MoC2 − 2 where Ni0.36Fe0.64 alloys were
selectively etched from NG-NiFe@MoC2 − 2 displayed almost negli-
gible OER responses (Fig. S9b), indicating that Ni0.36Fe0.64 alloys were
the primary active sites for OER while MoC2 dopants were indifferent.
However, on the basis of the XPS results noted above, because of the
interaction with MoC2, the metallic Ni° and Fe° were positively charged
on the Ni0.36Fe0.64 alloy NPs (Fig. S7). According to the previous re-
ports, positively charged metal species (i.e., NiOx, CoOx) would easily
adsorb OH-, thus facilitating the electrons withdrawing from OH- and
promoting OER in the alkaline electrolyte. [27,28] Thus, the high OER
activity of NG-NiFe@MoC2 − 2 eletrocatalyst may be ascribed to the
positively charged Ni and Fe species, resulting from electron transfer
Ni0.36Fe0.64 alloy NPs to MoC2 dopants. Similarly, the small charge
transfer resistance (Rct) (24Ω) (Fig. S15a) and outstanding stability of
NG-NiFe@MoC2 − 2 electrocatalyst for OER (Fig. S15b) signified that
the N-doped graphene can not only accelerate the charge transfer but
only improve the stability during OER.

Intrigued by the outstanding HER and OER performance of NG-
NiFe@MoC2 − 2, we capitalized on the NG-NiFe@MoC2 − 2 as bi-
functional cathodic and anodic electrocatalysts for overall water split-
ting in 1M KOH electrolyte (concurrent HER and OER; see
Experimental Section; Fig. 4). The water-splitting current density of
10mA cm−2 can readily be achieved by applying a cell voltage of
1.53 V (Fig. 4a), which was smaller than that of other non-precious

Fig. 2. (a) Steady-state polarization curves,
and (b) the corresponding Tafel plots of NG-
NiFe@MoC2 − 0, NG-NiFe@MoC2 − 1, NG-
NiFe@MoC2 − 2, NG-NiFe@MoC2–3 and Pt/C
electrocatalysts for HER. (c) Electrochemical
impedance spectroscopy (EIS) measurements
on these samples noted above. (d) HER polar-
ization of NG-NiFe@MoC2 − 2 before and
after cycling for 10000 times.
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metal-based electrocatalysts (Table S3) and even smaller than that of
precious Pt/C//RuO2 electrolyser (1.61 V). The H2 and O2 bubbles were
clearly observed on both electrodes at 1.53 V (Fig. 4b), unambiguously
suggesting the presence of HER and OER at the same time. The long-
time durability of the overall water splitting was further explored by
continuous operation at 1.53 V for 10 h. As demonstrated in the inset of
Fig. 4a, the NG-NiFe@MoC2 − 2 electrocatalyst exhibited an out-
standing durability with a small current density loss of 0.5 mA cm−2

over a 10-h operation. Subsequently, XPS spectra were performed to
examine NG-NiFe@MoC2 − 2 electrocatalyst after the stability tests of
HER and OER. As shown in Fig. S16, after the stability test of HER for

10 h, the electronic states of Ni, Fe, Mo and N elements remained nearly
unchanged compared to those in as-prepared NG-NiFe@MoC2 − 2
sample (Fig. S7). However, the stability test of OER led to the surface
oxidation of Ni0.36Fe0.64 alloys and MoC2 species in NG-NiFe@MoC2

− 2 (Fig. S17). It has been demonstrated that the in-situ formed oxi-
dized species (i.e., Ni2+, Fe2+ and Mo3+) can also serve as active sites
for OER [16] Such excellent performance and durability render NG-
NiFe@MoC2 − 2 electrocatalyst a promising alternative to precious
electrocatalysts for water splitting in real applications.

4. Conclusions

In summary, we have demonstrated a facile and cost-effective route
to judiciously crafting MoC2-doped Ni0.36Fe0.64 alloy NPs encapsulated
within a-few-layer-thick N-doped graphene. The resulting NG-NiFe@
MoC2 − 2 electrocatalyst exhibited remarkable performance for either
HER or OER as well as concurrent HER and OER. Such excellent per-
formance can be attributed collectively to the high conductivity of N-
doped graphene, the electrocatalytic synergy of MoC2 dopants and
Ni0.36Fe0.64 alloy NPs, and the good stability of N-doped graphene-en-
capsulating nanostructures. Impressively, when the NG-NiFe@MoC2

− 2 electrocatalyst was employed as bifunctional electrocatalysts for
overall water splitting, only a low voltage of 1.53 V was required to
reach a current density of 10mA cm−2, greatly outperforming most
non-precious metal-based electrolysers and precious Pt/C//RuO2 elec-
trolyser (1.61 V). By extension, this viable yet effective strategy may
render the development of a rich variety of robust TM-based electro-
catalysts for highly efficient and low-cost water splitting.
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