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HIGHLIGHTS

• N-Doped carbon-encased bimetallic selenide hybrid with strong synergistic effect is constructed.

• N-Doped carbon-encased bimetallic selenide hybrid exhibits an excellent catalytic activity and stability for oxygen evolution reaction 
(OER) in alkaline media.

• The superior OER activity is attributed to the highly active Co–OOH species and modified electron transfer process from Ni atoms.

ABSTRACT Demand of highly efficient earth-abundant transition metal-based 
electrocatalysts to replace noble metal materials for boosting oxygen evolution 
reaction (OER) is rapidly growing. Herein, an electrochemically exfoliated 
graphite (EG) foil supported bimetallic selenide encased in N-doped carbon 
(EG/(Co, Ni)Se2–NC) hybrid is developed and synthesized by a vapor-phase 
hydrothermal strategy and subsequent selenization process. The as-prepared EG/
(Co, Ni)Se2–NC hybrid exhibits a core–shell structure where the particle diam-
eter of (Co, Ni)Se2 core is about 70 nm and the thickness of N-doped carbon 
shell is approximately 5 nm. Benefitting from the synergistic effects between the 
combination of highly active Co species and improved electron transfer from Ni 
species, and N-doped carbon, the EG/(Co, Ni)Se2–NC hybrid shows remarkable 
electrocatalytic activity toward OER with a comparatively low overpotential 
of 258 mV at an current density of 10 mA cm−2 and a small Tafel slope of 
73.3 mV dec−1. The excellent OER catalysis performance of EG/(Co, Ni)Se2–NC hybrid is much better than that of commercial Ir/C 
(343 mV at 10 mA cm−2 and 98.1 mV dec−1), and even almost the best among all previously reported binary CoNi selenide-based OER 
electrocatalysts. Furthermore, in situ electrochemical Raman spectroscopy combined with ex situ X-ray photoelectron spectroscopy 
analysis indicates that the superb OER catalysis activity can be attributed to the highly active Co–OOH species and modified electron 
transfer process from Ni element.
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1 Introduction

Reliable and sustainable supply of clean energy has recently 
emerged as a critical socioeconomic megatrend [1–4]. 
Hydrogen, an ideal carbon-free energy source, with high 
heat value and environment-friendly characteristics, can 
be produced by electrochemical water splitting. In whole 
electrochemical reaction, hydrogen evolves from the proton 
reduction at the cathode by a facile two-electron transfer pro-
cedure. However, a much more sluggish oxygen evolution 
reaction (OER) with a four-electron transfer process from 
water oxidation dominates the reaction kinetics of water 
splitting and impedes the desired fast hydrogen evolution 
[5, 6]. Therefore, it is pivotal to design highly efficient elec-
trocatalysts suitable to boost the water oxidation process. 
Noble metal (e.g., Ir and Ru)-based anode electrocatalysts 
have proved their high activity in stimulating the OER per-
formance [5, 7]. However, the noble metals are scarce while 
their stability under harsh electrolysis conditions needs sub-
stantial improvement, which limits their widespread utiliza-
tion. This is why major efforts have been devoted worldwide 
to developing earth-abundant transition metal-based electro-
catalysts, such as transition metal hydroxides (Co hydroxide, 
Ni–Fe hydroxide) [8–11], oxides  (Co3O4,  MoO2) [12, 13], 
sulfides  (CoS2,  Ni3S2) [5, 14], selenides  (CoSe2,  NiSe2) [15, 
16], carbides  (Mo2C,  MoC2) [17, 18], and several others. 
However, single transition metal-based electrocatalysts suf-
fer from several issues such as moderate activity and poor 
stability, which prevent these materials from commercial 
electrolysis applications [4, 19].

In recent years, binary metal or multi-metal selenides 
have emerged as promising water splitting electrocatalysts 
[20, 21]. Different from single transition metal catalysts, 
the electronic structure of binary transition metal electro-
catalysts could be effectively improved via the introduction 
of secondary metal element with well-matched electronic 
configuration [22]. As a result, more exposed active sites 
and more facile electron transfer process can be achieved to 
enhance the electrocatalytic performance [23]. However, low 
electronic conductivity of current binary transition metals 
selenides still impedes the practical developments of bime-
tallic selenide-based energy materials [24, 25]. Previous 
research has indicated nitrogen doping into nanocarbon that 
can effectively modulate the electronic properties of hybrid 

catalysts involving N-doped carbon, eventually improving 
the overall water electrolysis performance [26].

Herein, we report a novel core–shell-structured binary 
metal selenide hybrid electrocatalyst consisting of penroseit 
(cobalt, nickel) selenide core and N-doped carbon shell sup-
ported on the electrochemically exfoliated graphite (EG) foil 
(EG/(Co, Ni)Se2–NC). The hybrid catalyst was fabricated 
by using a selenization treatment of CoNi-layered double 
hydroxide (CoNi–LDH)/zeolite imidazolate framework-67 
(ZIF-67) nanosheet array. The nanosheet array was pre-
pared by vapor-phase hydrothermal growth of ZIF-67 on 
the surface of CoNi–LDH nanosheets array. In this (Co, Ni)
Se2–NC hybrid, the shell was composed by N-doped carbon 
with thickness of ~ 5 nm from the pyrolysis of 2-methylimi-
dazole (2-MIm) in ZIF-67, while the core was composed 
by penroseit (Co, Ni)Se2 with particle diameter of ~ 70 nm, 
formed through the CoNi–LDH’s selenization. Owing to the 
synergistic effects of binary metal Co and Ni, as well as 
N-doped carbon, the EG/(Co, Ni)Se2–NC hybrid displayed 
a remarkable performance toward the OER electrocatalysis 
with a low overpotential of 258 mV at the current density 
of 10 mA cm−2, and a small Tafel slope of 73.3 mV dec−1, 
which was superior to commercial Ir/C and most reported 
binary CoNi selenide-based materials. In situ electrochemi-
cal Raman spectroscopy and ex situ X-ray photoelectron 
spectroscopy (XPS) results revealed the conversion of active 
species from Co–Se to Co–OOH species and confirmed the 
role of introduced Ni species in tuning its electronic struc-
ture by accelerating the electron transfer process.

2  Experimental Section

2.1  Synthesis of EG

Graphite foil was firstly rinsed by ultrapure water for three 
times and further dried at 60 °C for 1 h. Then, EG substrate 
was obtained with the method of electrochemical exfoliation 
in 0.05 M  (NH4)2SO4 solution at 10 V for 3 min [27].

2.2  Synthesis of EG/CoNi–LDH

0.4366 g of Co(NO3)2·6H2O and 0.2908 g of Ni(NO3)2·6H2O 
were dissolved in 50 mL ultrapure water. EG was set as the 
working electrode, carbon rod as counter electrode, and Ag/
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AgCl electrode as reference electrode, respectively. A typi-
cal three-electrode system was conducted to electrodeposit 
the CoNi–LDH on EG substrate at − 1.2 V (vs. Ag/AgCl) 
for 150 s. The final product of EG/CoNi–LDH was dried at 
60 °C for 1 h.

2.3  Synthesis of EG/CoNi–LDH/ZIF‑67

The EG/CoNi–LDH/ZIF-67 hybrid was synthesized by a 
convenient vapor-phase hydrothermal strategy following 
previous report [27]. In this process, the EG/CoNi–LDH was 
supported on a Teflon pillar in the Teflon-lined autoclave, 
while 2-methylimidazole ligand was placed in the bottom 
of autoclave surrounding the pillar. This system was main-
tained at 150 °C for 20 min to form the EG/CoNi–LDH/
ZIF-67.

2.4  Synthesis of EG/(Co, Ni)Se2–NC

The as-prepared EG/CoNi–LDH/ZIF-67 and Se powder 
were put into a quartz tube and sealed in vacuum. Then, the 
tube was heated to different reaction temperatures (400, 500, 
and 600 °C) for 2 h. The CoNi–LDH was reacted with Se 
powder and then converted into (Co, Ni)Se2, while the ligand 
of ZIF-67 was pyrolyzed to N-doped carbon simultaneously.

2.5  Synthesis of EG/CoSe‑NC

Co(OH)2 nanosheet array was electrochemically deposited 
on EG foil in 0.05 M Co(NO3)2 solution. EG was set as the 
working electrode, carbon rod as counter electrode, and Ag/
AgCl electrode as reference electrode, respectively. A typi-
cal three-electrode system was conducted to electrodeposit 
the Co(OH)2 on EG substrate at − 1.2 V (vs. Ag/AgCl) for 
150 s. The final product of EG/Co(OH)2 was dried at 60 °C 
for 1 h. After the selenization process, the EG/CoSe-NC 
was obtained.

2.6  Synthesis of EG/Ni3Se2

Ni(OH)2 nanosheet array was electrochemically deposited 
on EG foil in 0.05 M Ni(NO3)2 solution. EG was set as the 
working electrode, carbon rod as counter electrode, and Ag/
AgCl electrode as reference electrode, respectively. A typical 

three-electrode system was conducted to electrodeposit the 
Ni(OH)2 on prepared EG substrate at − 1.2 V (vs. Ag/AgCl) 
for 150 s. The final product of EG/Ni(OH)2 was dried at 
60 °C for 1 h. After the selenization process, the EG/Ni3Se2 
was obtained.

2.7  Characterization

Field-emission scanning electron microscope (FESEM, 
Hitachi SU-8010) and transmission electron microscope 
(TEM, JEM-2100F) were applied to observe the microscopic 
morphology of catalysts. X-ray diffraction (XRD, PANalyti-
cal) was tested to characterize the crystal structure of cata-
lysts. Energy-dispersive X-ray spectroscopy (EDX, Oxford 
X-max80) which is equipped on FESEM was employed to 
verify the actual composition of catalysts at different stage. 
X-ray photoelectron spectroscopy (XPS, Thermo Fisher Sci-
entific, Escalab 250Xi) was utilized to analyze the valence of 
major elements with Al Kα radiation. Raman spectroscopy 
(LabRAM HR Evolution) was measured in situ for explain-
ing the alteration of catalysts during the OER.

2.8  Electrochemical Measurements

All electrochemical measurements were evaluated at room 
temperature using the electrochemical analyzer (CHI 
760E) in a typical three-electrode configuration where the 
carbon rod worked as counter electrode and the Ag/AgCl 
electrode performed as reference electrode. Before test-
ing, the catalysts were cycled in the potential range from 
0 to 0.8 V versus Ag/AgCl until a steady CV curve was 
observed. Linear sweep voltammetry (LSV) was performed 
at the scan rate of 5 mV s−1 to estimate the electrocatalytic 
activities. Both chronoamperometric and chronopotentio-
metric treatments were performed to measure the durability 
of catalysts. The frequency of electrochemical impedance 
spectroscopy (EIS) was arranged from 100 K to 0.01 Hz. 
Electrochemically active surface area (ECSA) was meas-
ured from the electrochemical double-layer capacitance 
(Cd1) by analyzing CV curves at various scan rates (10, 20, 
30, 40, 60, 80, and 100 mV s−1). All measured potentials 
in 1.0 M KOH electrolyte were converted to the revers-
ible hydrogen electrode (RHE) via the Nernst equation 
(ERHE = EAg/Ag/Cl + 0.059 × pH + 0.197). All polarization 
curves were calibrated with iR-correction with the following 



 Nano-Micro Lett. (2019) 11:6767 Page 4 of 11

https://doi.org/10.1007/s40820-019-0299-4© The authors

equation: Efinal = E0 − (iR) V, in which E0 is the potential 
referenced to the polarization curves, i is the current at E0 
and R results from the EIS figures.

3  Results and Discussion

Figure 1a illustrates the synthesis procedure to obtain EG/
(Co, Ni)Se2–NC hybrid. First, the CoNi–LDH nanosheet 
array was electrochemically deposited on the EG foil in 
Co(NO3)2 and Ni(NO3)2 mixed electrolyte. The obtained 
EG/CoNi–LDH was further converted into EG/CoNi–LDH/
ZIF-67 nanosheet arrays by a vapor-phase hydrothermal 
treatment. In the hydrothermal vessel, solid 2-MIm powder 
was evaporated, leading to the formation of vapor-phase 
2-MIm; then, the coordination reaction between the vapor-
ized 2-MIm ligand and Co coordination center occurred, 
thus resulting in the formation of EG/CoNi–LDH/ZIF-67. 
Followed by further selenization treatment at 500 °C, pen-
roseit (Co, Ni)Se2 core was obtained from the selenization 

of CoNi–LDH, and N-doped carbon shell was formed from 
the pyrolysis of 2-MIm ligand.

A simulation describing the concentration change of 
2-MIm vapor was carried out to provide further under-
standing to the vapor-phase hydrothermal reaction process 
(Fig. 1b). Coupling the heat transfer model and diffusion 
model in COMSOL Multiphysics, we simulated the vapor-
phase hydrothermal reaction process by analyzing the partial 
pressure (%) of 2-MIm vapor in this hydrothermal vessel. 
It was observed that at the beginning of heating (0 min), 
no 2-MIm vapor was found on the top of EG/CoNi–LDH. 
However, when the hydrothermal vessel was continuously 
heated, solid 2-MIm powder was evaporated and diffused to 
everywhere of this vessel (10 and 20 min). The coordina-
tion reaction between 2-MIm vapor and Co atoms in EG/
CoNi–LDH contributed to the growth of ZIF-67, thus lead-
ing to the formation of EG/CoNi–LDH/ZIF-67 nanosheet 
arrays.

The microstructure of as-prepared EG/(Co, Ni)Se2–NC 
hybrid was analyzed by a field-emission scanning electron 
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Fig. 1  a Synthetic scheme of EG/(Co, Ni)Se2–NC hybrid and b simulation of 2-MIm evaporation and diffusion process
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microscopy (FESEM). Figure 2a, b shows the contrast of 
EG/CoNi–LDH/ZIF-67 and EG/(Co, Ni)Se2–NC’s mor-
phology. The vertically flower-shaped layered structure of 
CoNi–LDH/ZIF-67 nanosheet arrays is clearly observed 
in Fig. 2a, which was similar to that of CoNi–LDH (Fig. 
S1, S2). After selenization treatment of EG/CoNi–LDH/
ZIF-67, the EG/(Co, Ni)Se2–NC hybrid was obtained 
with particle size of about 80 nm piling on the surface of 
EG. Figure 2c showed the inner construction of EG/(Co, 
Ni)Se2–NC via transmission electron microscopy (TEM), 
where a core–shell structure composed of N-doped car-
bon shell with ~ 5 nm thickness and inner (Co, Ni)Se2 core 
with ~ 70 nm diameter was displayed. The N-doped carbon 
shell was derived from the pyrolysis of 2-MIm, while inside 
CoNi–LDH was reacted with Se source to form (Co, Ni)Se2 
core. The high-resolution TEM (HRTEM) image of EG/(Co, 
Ni)Se2–NC hybrid revealed the lattice fringes of 0.263 and 

0.296 nm (Fig. 2d), which could be well indexed to the (210) 
and (200) planes of (Co, Ni)Se2. It is notable that the angle 
measured between (210) and (200) planes was 63.5°, which 
was exactly the geometric angle between the two planes, 
indicating the existence of penroseit (Co, Ni)Se2 in EG/(Co, 
Ni)Se2–NC [2, 20, 28]. The selected area electron diffraction 
(SAED) pattern revealed the (210) and (200) planes of (Co, 
Ni)Se2 and the (110) plane of carbon (Fig. 2e), further con-
firming the co-existence of N-doped carbon shell and (Co, 
Ni)Se2 core in EG/(Co, Ni)Se2–NC hybrid. Energy-disper-
sive X-ray spectrum (EDX) and elemental mapping images 
showed that all the C, N, Co, Ni, and Se elements were well 
distributed in the EG/(Co, Ni)Se2–NC (Fig. 2f), revealing 
the existence of detected elements in this core–shell-struc-
tured (Co, Ni)Se2–NC.

X-ray diffraction (XRD) pattern of EG/(Co,Ni)Se2–NC 
is displayed in Fig. 3a. At 26.6°, a strong peak was indexed 
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to the (002) plane of carbon. The other peaks located at 
30.3°, 34.0°, 37.4°, 42.7°, 50.6°, 55.3°, 57.6°, and 62.0° rep-
resented the (200), (210), (211), (220), (311), (230), (321), 
and (400) planes of penroseit (Co, Ni)Se2, respectively 
(JCPDS No. 29-1417) [21], confirming that the cobalt pre-
cursor was thermally selenized into penroseit (Co, Ni)Se2. 
The full-range XPS spectrum evidenced the presence of C, 
N, O, Co, Ni, and Se elements in EG/(Co, Ni)Se2–NC hybrid 
(Fig. S3). In high-solution Co 2p XPS spectra (Fig. 3b), the 
Co with different chemical valances could be found, where 
the  Co3+ 2p3/2 and  Co3+ 2p1/2 were located at 777.6 and 
792.7 eV, while the location of  Co2+ 2p3/2 and  Co3+ 2p1/2 
were at 779.5 and 795.8 eV, respectively, in accordance 
with previously reported penroseit (Co, Ni)Se2 [2]. In high-
solution Ni 2p XPS spectra (Fig. 3c), the situation of Ni was 
similar to that of Co, in addition to the different locations 
of each peak being at 854.7 eV for  Ni3+ 2p3/2, 852.4 eV 
for  Ni2+ 2p3/2, 872.3 eV for  Ni3+ 2p1/2, and 869.4 eV for 
 Ni2+ 2p1/2 [24, 29]. Deconvolution into high-resolution N 1s 
XPS spectra (Fig. 3d) gave the information of N species in 
N-doped carbon of EG/(Co, Ni)Se2–NC. Four different kinds 
of N species were analyzed as pyridinic N at 398.1 eV, pyr-
rolic N at 400.2 eV, graphitic N at 403.1 eV, and oxidized N 

at 405.0 eV, respectively. The existence of C–N bonds could 
be further evidenced in high-resolution C 1s XPS spectra 
(Fig. 3e). Except for C–C peak at 284.8 eV and O–C=O 
peak at 292.9 eV, the carbon atoms in the form of C–N and 
C=N bonds could be found at 286.3 and 285.2 eV, respec-
tively. These results indicated the formation of N-doped car-
bon in the EG/(Co,Ni)Se2–NC. One doublet located at 55.1 
and 56.1 eV could be found in high-resolution Se 3d XPS 
spectra and well indexed to correspondent characteristic 
peaks of Se 3d5/2 and Se 3d3/2 in the peronseit (Co, Ni)Se2. 
Besides, the  SeOx that resulted from the account of oxygen 
absorption is observed in Fig. 3f [20, 30].

The electrocatalytic activity of EG/(Co,Ni)Se2–NC for 
OER was performed in 1.0 M KOH solution within a clas-
sic three-electrode system. The polarization curve (Fig. 4a) 
showed that the EG/(Co, Ni)Se2–NC hybrid owned the most 
powerful effect to catalyze OER with the lowest overpoten-
tial of 258 mV at the current density of 10 mA cm−2, while 
the overpotentials at the same current density were 285 mV 
for EG/(Co, Ni)Se2, 310 mV for EG/CoSe-NC, 394 mV for 
EG/Ni3Se2, and 343 mV for commercial Ir/C, respectively 
(Fig. 4b). Contrasting EG/(Co, Ni)Se2–NC hybrid and EG/
(Co, Ni)Se2, the lower overpotential in EG/(Co, Ni)Se2–NC 
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hybrid implied that the N-doped carbon could efficiently 
improve the OER electrocatalysis by the synergistic effect. 
Moreover, the benefit from binary metals could be obviously 
evidenced by comparing bimetal selenide of EG/(Co, Ni)
Se2–NC hybrid to single metal selenides of EG/Ni3Se2 and 
EG/CoSe-NC. Due to the synergy between binary metals Co 
and Ni, the OER performance of EG/(Co, Ni)Se2–NC hybrid 
was superior to that of single metal EG/CoSe-NC and EG/
Ni3Se2, respectively, indicating that the EG/(Co, Ni)Se2–NC 
hybrid performed excellently for boosting OER. Moreo-
ver, the current density of EG/(Co, Ni)Se2–NC hybrid was 
62.1 mA cm−2 at 1.55 V, which was 35.5 and 49.1 mA cm−2 
higher than that of EG/(Co, Ni)Se2 and EG/CoSe-NC, and 
even tenfold that of EG/Ni3Se2 and commercial Ir/C’s cur-
rent densities (6.32 and 6.15 mA cm−2) at the same poten-
tial. Notably, such a high OER performance of EG/(Co, Ni)
Se2–NC hybrid overwhelmed that of commercial Ir/C and 
even most reported binary CoNi selenide-based OER elec-
trocatalysts (Table S3).

The Tafel plot of EG/(Co, Ni)Se2–NC hybrid was further 
measured (Fig. 4c), where the EG/(Co, Ni)Se2–NC hybrid 
exhibited the most facile kinetics with the smallest Tafel 

slope of 73.3 mV  dec−1, compared to the EG/(Co, Ni)Se2 
(87.2 mV dec−1), EG/CoSe-NC (90.7 mV dec−1), EG/Ni3Se2 
(230 mV dec−1), and commercial Ir/C (98.1 mV  dec−1), sug-
gesting a favorite reaction kinetic of EG/(Co, Ni)Se2–NC 
hybrid. Clearly, the EG/(Co, Ni)Se2–NC hybrid displayed 
a faster reaction rate than the EG/CoSe-NC, revealing that 
the incorporation of Ni species apparently boosted the OER 
electrocatalysis. Electrochemical impedance spectroscopy 
(EIS) offered an explanation to the facile kinetics and fast 
electron transfer process of EG/(Co, Ni)Se2–NC hybrid 
(Fig. 4d). The charge transfer resistance could be evaluated 
from the radius of each curve, in which a smaller radius 
indicated a less charge transfer resistance. The charge trans-
fer resistance of EG/(Co, Ni)Se2–NC hybrid was the lowest 
among all the investigated samples, suggesting the facile 
electron transfer in the EG/(Co, Ni)Se2–NC. Especially, the 
semi-circle of EG/(Co, Ni)Se2–NC hybrid was evidently 
smaller than that of EG/CoSe2–NC, manifesting that the 
presence of Ni species in this hybrid could make the elec-
tron transfer process more quick and therefore contribute to a 
higher electro-catalyzing performance [1, 31]. Furthermore, 
the durability of EG/(Co, Ni)Se2–NC hybrid was examined 
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via a chronoamperometric method at a constant current den-
sity of 20 mA cm−2 (inset of Fig. 4e). The potential of EG/
(Co, Ni)Se2–NC hybrid only increased from 1.53 to 1.54 V 
after 10 h reaction, and the merely 0.65% increase in the 
potential indicated the excellent stability of EG/(Co, Ni)
Se2–NC. Meanwhile, the polarization curves of EG/(Co, Ni)
Se2–NC before and after 1000 CV cycles were compared, 
and little difference in both overpotential at 10 mA cm−2 
(258 mV before OER and 249 mV after OER) and onset 
potential (1.491 V before OER and 1.505 V after OER) was 
observed, demonstrating its outstanding stability (Fig. 4e). 
Importantly, the EG/(Co, Ni)Se2–NC hybrid could be also 
coupled with solar energy for catalyzing water splitting (Fig. 
S4, S5), demonstrating the practical usefulness of EG/(Co, 
Ni)Se2–NC hybrid to convert sustainable solar energy to 
hydrogen power.

The electrochemically active surface area (ECSA) was 
further estimated by comparing the double-layer capaci-
ties (Cdl) of selenized samples [22, 26]. A larger Cdl usually 
represents a larger ECSA with more exposed active sites. 
In Fig. 4f, the EG/(Co, Ni)Se2–NC hybrid exhibited the 
largest Cdl of 53.8 mF  cm−2, which was greater than the 
53.1 mF cm−2 for EG/(Co, Ni)Se2, 48.5 mF cm−2 for EG/
CoSe-NC, and 45.5 mF cm−2 for EG/Ni3Se2, respectively. 
The highly exposed active sites could strongly accelerate 
the OER electrocatalysis and make the EG/(Co, Ni)Se2–NC 
the best electrocatalyst benefiting from the synergy between 
(Co, Ni)Se2 and N-doped carbon, as well as the modified 
electronic structure with quick electron transfer process pro-
vided by Ni species [5, 27, 32].

In situ electrochemical Raman spectroscopy was 
employed to further study the mechanism of EG/(Co, Ni)
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Se2–NC hybrid in catalyzing OER. In Fig. 5a, at the poten-
tial of 0 V, the Raman spectrum of EG/(Co, Ni)Se2–NC 
exhibited the peaks of Co–Se bonds and Ni-Se bonds located 
at 196 and 228 cm−1 in each instance [25, 28]. The peaks 
located at 1345 and 1600 cm−1 could be assigned to D and 
G bands of carbon with a ratio of ID/IG being 0.95. At the 
potential of 1.2 V, the peak of Co–Se bonds was located at 
202 cm−1. The increase in potential could lead to the shift 
of Raman peak from 202 to 206 cm−1 at the potential of 
1.4 V; meanwhile, at this potential, another peak located at 
210 cm−1 was also observed, which was well indexed to the 
Co–OOH species [5]. However, the intensity of this peak 
diminished severely after the potential of 1.5 V, on account 
for the generation of extremely active species,  CoO2, under 
high voltages [27]. The ex situ XPS spectroscopy of EG/(Co, 
Ni)Se2–NC hybrid after electrochemical OER tests (Fig. 5c, 
d) revealed that the content of  Co3+ species increased, while 
the content of  Ni3+ species decreased. The rise of  Co3+ spe-
cies was a result of oxidation during catalyzing OER, indi-
cating the Co species in the EG/(Co, Ni)Se2–NC participated 
in boosting OER as active sites. Notably, the diminishing of 
 Ni3+ species and increasing of  Ni2+ species in tested EG/
(Co, Ni)Se2–NC hybrid presented the key role of intro-
duced Ni species for tuning electronic structure [33], as the 
result of the electron binding energy of Ni decreasing inte-
grally after OER test. Combining the in situ electrochemi-
cal Raman spectroscopy and ex situ XPS results, one can 
conclude that during the OER process, the original Co–Se 
bonds were oxidized to Co–OOH and  CoO2 species, which 
are highly efficient active phases for electro-catalyzing OER, 
and the Ni species was participating in smoothing the elec-
tron transfer process [2, 8].

4  Conclusions

In conclusion, a highly efficient hybrid OER electrocatalyst 
composed of core–shell-structured penroseit (Co, Ni)Se2 
with N-doped carbon supported on EG was developed, of 
which the particle diameter of (Co, Ni)Se2 core was ~ 70 nm 
while the thickness of N-doped carbon shell was ~ 5 nm. Due 
to the synergistic effect between binary metals-based pen-
roseit (Co, Ni)Se2 core and N-doped carbon shell, the EG/
(Co, Ni)Se2–NC hybrid exhibited the superb electrocataly-
sis performance toward OER, with a low overpotential of 
258 mV at the current density of 10 mA cm−2 and a small 

Tafel slope of 73.3 mV  dec−1, which was superior to that 
of commercial Ir/C and most previously published binary 
CoNi selenide-based OER electrocatalysts. The combination 
of in situ electrochemical Raman spectroscopy and ex situ 
XPS measurement revealed that the high OER activity was 
attributed to the transformation from Co–Se to Co–OOH 
species during oxidation process with the help of facile elec-
tron transfer process from the reinforced electronic struc-
ture of introduced Ni species. It is believed that this unique 
core–shell-structured EG/(Co, Ni)Se2–NC hybrid could be 
an inspiration for proper design of binary transition metal 
selenides with N-doped carbon hybrid in energy-related 
applications such as lithium-ion battery, electrochemical 
urea oxidation, and supercapacitor.

Acknowledgements Y. Hou expresses appreciation of the assis-
tance of the NSFC 51702284 and 21878270, Zhejiang Provincial 
Natural Science Foundation of China (LR19B060002), and the 
Startup Foundation for Hundred-Talent Program of Zhejiang Uni-
versity (112100-193820101/001/022).

Open Access This article is distributed under the terms of the 
Creative Commons Attribution 4.0 International License (http://
creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted 
use, distribution, and reproduction in any medium, provided you 
give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons license, and indicate if 
changes were made.

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s4082 0-019-0299-4) contains 
supplementary material, which is available to authorized users.

References

 1. X. Cheng, Z. Pan, C. Lei, Y. Jin, B. Yang et al., A strongly cou-
pled 3D ternary  Fe2O3@Ni2P/Ni(PO3)2 hybrid for enhanced 
electrocatalytic oxygen evolution at ultra-high current den-
sities. J. Mater. Chem. A 7(3), 965–971 (2019). https ://doi.
org/10.1039/c8ta1 1223a 

 2. J.G. Li, H. Sun, L. Lv, Z. Li, X. Ao, C. Xu, Y. Li, C. Wang, 
Metal-organic framework-derived hierarchical (Co, Ni)
Se2@NiFe LDH hollow nanocages for enhanced oxygen 
evolution. ACS Appl. Mater. Interfaces 11(8), 8106–8114 
(2019). https ://doi.org/10.1021/acsam i.8b221 33

 3. C. Hu, L. Dai, Multifunctional carbon-based metal-free elec-
trocatalysts for simultaneous oxygen reduction, oxygen evo-
lution, and hydrogen evolution. Adv. Mater. 29(9), 1604942 
(2017). https ://doi.org/10.1002/adma.20160 4942

 4. W. Zhang, W. Lai, R. Cao, Energy-related small molecule 
activation reactions: oxygen reduction and hydrogen and 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-019-0299-4
https://doi.org/10.1039/c8ta11223a
https://doi.org/10.1039/c8ta11223a
https://doi.org/10.1021/acsami.8b22133
https://doi.org/10.1002/adma.201604942


 Nano-Micro Lett. (2019) 11:6767 Page 10 of 11

https://doi.org/10.1007/s40820-019-0299-4© The authors

oxygen evolution reactions catalyzed by porphyrin- and cor-
role-based systems. Chem. Rev. 117(4), 3717–3797 (2017). 
https ://doi.org/10.1021/acs.chemr ev.6b002 99

 5. J. Cao, C. Lei, B. Yang, Z. Li, L. Lei, Y. Hou, X. Feng, 
Zeolitic imidazolate framework-derived core-shell-struc-
tured  CoS2/CoS2-NC supported on electrochemically exfo-
liated graphene foil for efficient oxygen evolution. Batter 
Supercaps 2(4), 348–354 (2018). https ://doi.org/10.1002/
batt.20180 0098

 6. Y. Hou, M. Qiu, M.G. Kim, P. Liu et al., Atomically dispersed 
nickel-nitrogen-sulfur species anchored on porous carbon 
nanosheets for efficient water oxidation. Nat. Commun. 10(1), 
1392 (2019). https ://doi.org/10.1038/s4146 7-019-09394 -5

 7. S. Hao, L. Chen, C. Yu, B. Yang, Z. Li, Y. Hou, L. Lei, X. 
Zhang, Nicomo hydroxide nanosheet arrays synthesized via 
chloride corrosion for overall water splitting. ACS Energy 
Lett. 4(4), 952–959 (2019). https ://doi.org/10.1021/acsen ergyl 
ett.9b003 33

 8. Y. Jia, L. Zhang, G. Gao, H. Chen, B. Wang et al., A hetero-
structure coupling of exfoliated Ni–Fe hydroxide nanosheet 
and defective graphene as a bifunctional electrocatalyst for 
overall water splitting. Adv. Mater. 29(17), 1700017 (2017). 
https ://doi.org/10.1002/adma.20170 0017

 9. X. Xu, Z. Zhong, X. Yan, L. Kang, J. Yao, Cobalt layered dou-
ble hydroxide nanosheets synthesized in water-methanol solu-
tion as oxygen evolution electrocatalysts. J. Mater. Chem. A 
6(14), 5999–6006 (2018). https ://doi.org/10.1039/c7ta1 0351d 

 10. C. Wang, H. Yang, Y. Zhang, Q. Wang, NiFe alloy nanoparti-
cles with hcp crystal structure stimulate superior oxygen evo-
lution reaction electrocatalytic activity. Angew. Chem. Int. Ed. 
58(18), 6099–6103 (2019). https ://doi.org/10.1002/anie.20190 
2446

 11. H. Yang, C. Wang, Y. Zhang, Q. Wang, Green synthesis 
of NiFe LDH/Ni foam at room temperature for highly effi-
cient electrocatalytic oxygen evolution reaction. Sci. China 
Mater. 62(5), 681–689 (2018). https ://doi.org/10.1007/s4084 
3-018-9356-1

 12. Y.P. Zhu, T.Y. Ma, M. Jaroniec, S.Z. Qiao, Self-templating 
synthesis of hollow  Co3O4 microtube arrays for highly efficient 
water electrolysis. Angew. Chem. Int. Ed. 56(5), 1324–1328 
(2017). https ://doi.org/10.1002/anie.20161 0413

 13. Y. Jin, H. Wang, J. Li, X. Yue, Y. Han, P.K. Shen, Y. Cui, 
Porous  MoO2 nanosheets as non-noble bifunctional elec-
trocatalysts for overall water splitting. Adv. Mater. 28(19), 
3785–3790 (2016). https ://doi.org/10.1002/adma.20150 6314

 14. Q. Liu, L. Xie, Z. Liu, G. Du, A.M. Asiri, X. Sun, A Zn-doped 
 Ni3S2 nanosheet array as a high-performance electrochemical 
water oxidation catalyst in alkaline solution. Chem. Commun. 
53(92), 12446–12449 (2017). https ://doi.org/10.1039/c7cc0 
6668f 

 15. Y. Du, G. Cheng, W. Luo, Colloidal synthesis of urchin-like Fe 
doped  Ni3S2 for efficient oxygen evolution. Nanoscale 9(20), 
6821–6825 (2017). https ://doi.org/10.1039/c7nr0 1413a 

 16. Q. Dong, Q. Wang, Z. Dai, H. Qiu, X. Dong, MOF-derived 
Zn-doped  CoS2 as an efficient and stable free-standing catalyst 
for oxygen evolution reaction. ACS Appl. Mater. Interfaces 

8(40), 26902–26907 (2016). https ://doi.org/10.1021/acsam 
i.6b101 60

 17. M. Li, Y. Zhu, H. Wang, C. Wang, N. Pinna, X. Lu, Ni strongly 
coupled with  Mo2C encapsulated in nitrogen-doped carbon 
nanofibers as robust bifunctional catalyst for overall water 
splitting. Adv. Energy Mater. 9(10), 1803185 (2019). https ://
doi.org/10.1002/aenm.20180 3185

 18. Z.Y. Yu, Y. Duan, M.R. Gao, C.C. Lang, Y.R. Zheng, S.H. 
Yu, A one-dimensional porous carbon-supported Ni/Mo2C 
dual catalyst for efficient water splitting. Chem. Sci. 8(2), 
968–973 (2017). https ://doi.org/10.1039/c6sc0 3356c 

 19. J. Ke, M.A. Younis, Y. Kong, H. Zhou, J. Liu, L. Lei, Y. 
Hou, Nanostructured ternary metal tungstate-based pho-
tocatalysts for environmental purification and solar water 
splitting: a review. Nano-Micro Lett. 10(4), 69 (2018). https 
://doi.org/10.1007/s4082 0-018-0222-4

 20. K. Xiao, L. Zhou, M. Shao, M. Wei, Fabrication of (Ni, Co)
Se nanosheet arrays derived from layered double hydroxides 
toward largely enhanced overall water splitting. J. Mater. 
Chem. A 6(17), 7585–7591 (2018). https ://doi.org/10.1039/
c8ta0 1067f 

 21. X. Xu, H. Liang, F. Ming, Z. Qi, Y. Xie, Z. Wang, Prussian 
blue analogues derived penroseite (Ni, Co)Se2 nanocages 
anchored on 3d graphene aerogel for efficient water splitting. 
ACS Catal. 7(9), 6394–6399 (2017). https ://doi.org/10.1021/
acsca tal.7b020 79

 22. T. Tang, W.J. Jiang, S. Niu, N. Liu, H. Luo et al., Electronic 
and morphological dual modulation of cobalt carbonate 
hydroxides by Mn doping toward highly efficient and stable 
bifunctional electrocatalysts for overall water splitting. J. 
Am. Chem. Soc. 139(24), 8320–8328 (2017). https ://doi.
org/10.1021/jacs.7b035 07

 23. K. Ao, J. Dong, C. Fan, D. Wang, Y. Cai, D. Li, F. Huang, 
Q. Wei, Formation of yolk-shelled nickel-cobalt selenide 
dodecahedral nanocages from metal-organic frameworks 
for efficient hydrogen and oxygen evolution. ACS Sus-
tain. Chem. Eng. 6(8), 10952–10959 (2018). https ://doi.
org/10.1021/acssu schem eng.8b023 43

 24. Y. Hou, M.R. Lohe, J. Zhang, S. Liu, X. Zhuang, X. Feng, 
Vertically oriented cobalt selenide/NiFe layered-double-
hydroxide nanosheets supported on exfoliated graphene foil: 
an efficient 3d electrode for overall water splitting. Energ. 
Environ. Sci. 9(2), 478–483 (2016). https ://doi.org/10.1039/
c5ee0 3440j 

 25. Y. Hou, M. Qiu, G. Nam, M.G. Kim, T. Zhang et al., Inte-
grated hierarchical cobalt sulfide/nickel selenide hybrid 
nanosheets as an efficient three-dimensional electrode for 
electrochemical and photoelectrochemical water split-
ting. Nano Lett. 17(7), 4202–4209 (2017). https ://doi.
org/10.1021/acs.nanol ett.7b010 30

 26. J. Li, G. Liu, B. Liu, Z. Min, D. Qian, J. Jiang, J. Li, Fe-
doped  CoSe2 nanoparticles encapsulated in N-doped bam-
boo-like carbon nanotubes as an efficient electrocatalyst for 
oxygen evolution reaction. Electrochim. Acta 265, 577–585 
(2018). https ://doi.org/10.1016/j.elect acta.2018.01.211

https://doi.org/10.1021/acs.chemrev.6b00299
https://doi.org/10.1002/batt.201800098
https://doi.org/10.1002/batt.201800098
https://doi.org/10.1038/s41467-019-09394-5
https://doi.org/10.1021/acsenergylett.9b00333
https://doi.org/10.1021/acsenergylett.9b00333
https://doi.org/10.1002/adma.201700017
https://doi.org/10.1039/c7ta10351d
https://doi.org/10.1002/anie.201902446
https://doi.org/10.1002/anie.201902446
https://doi.org/10.1007/s40843-018-9356-1
https://doi.org/10.1007/s40843-018-9356-1
https://doi.org/10.1002/anie.201610413
https://doi.org/10.1002/adma.201506314
https://doi.org/10.1039/c7cc06668f
https://doi.org/10.1039/c7cc06668f
https://doi.org/10.1039/c7nr01413a
https://doi.org/10.1021/acsami.6b10160
https://doi.org/10.1021/acsami.6b10160
https://doi.org/10.1002/aenm.201803185
https://doi.org/10.1002/aenm.201803185
https://doi.org/10.1039/c6sc03356c
https://doi.org/10.1007/s40820-018-0222-4
https://doi.org/10.1007/s40820-018-0222-4
https://doi.org/10.1039/c8ta01067f
https://doi.org/10.1039/c8ta01067f
https://doi.org/10.1021/acscatal.7b02079
https://doi.org/10.1021/acscatal.7b02079
https://doi.org/10.1021/jacs.7b03507
https://doi.org/10.1021/jacs.7b03507
https://doi.org/10.1021/acssuschemeng.8b02343
https://doi.org/10.1021/acssuschemeng.8b02343
https://doi.org/10.1039/c5ee03440j
https://doi.org/10.1039/c5ee03440j
https://doi.org/10.1021/acs.nanolett.7b01030
https://doi.org/10.1021/acs.nanolett.7b01030
https://doi.org/10.1016/j.electacta.2018.01.211


Nano-Micro Lett. (2019) 11:67 Page 11 of 11 67

1 3

 27. J. Cao, C. Lei, J. Yang, X. Cheng, Z. Li, B. Yang, X. Zhang, 
L. Lei, Y. Hou, K. Ostrikov, An ultrathin cobalt-based 
zeolitic imidazolate framework nanosheet array with a 
strong synergistic effect towards the efficient oxygen evo-
lution reaction. J. Mater. Chem. A. 6(39), 18877–18883 
(2018). https ://doi.org/10.1039/c8ta0 8337a 

 28. W. Li, X. Gao, D. Xiong, F. Wei, W.-G. Song, J. Xu, L. 
Liu, Hydrothermal synthesis of monolithic  Co3Se4 nanowire 
electrodes for oxygen evolution and overall water splitting 
with high efficiency and extraordinary catalytic stability. 
Adv. Energy Mater. 7(17), 1602579 (2017). https ://doi.
org/10.1002/aenm.20160 2579

 29. Y. Hou, M. Qiu, T. Zhang, X. Zhuang, C.S. Kim, C. Yuan, X. 
Feng, Ternary porous cobalt phosphoselenide nanosheets: an 
efficient electrocatalyst for electrocatalytic and photoelectro-
chemical water splitting. Adv. Mater. 29(35), 1701589 (2017). 
https ://doi.org/10.1002/adma.20170 1589

 30. F. Ming, H. Liang, H. Shi, G. Mei, X. Xu, Z. Wang, Hierarchi-
cal (Ni, Co)Se2/carbon hollow rhombic dodecahedra derived 

from metal-organic frameworks for efficient water-splitting 
electrocatalysis. Electrochim. Acta 250, 167–173 (2017). https 
://doi.org/10.1016/j.elect acta.2017.08.047

 31. Q. He, S. Li, S. Huang, L. Xiao, L. Hou, Construction of uni-
form Co–Sn–x (x = S, Se, Te) nanocages with enhanced pho-
tovoltaic and oxygen evolution properties via anion exchange 
reaction. Nanoscale 10(46), 22012–22024 (2018). https ://doi.
org/10.1039/c8nr0 7719c 

 32. C. Wang, Y. Wang, H. Yang, Y. Zhang, H. Zhao, Q. Wang, 
Revealing the role of electrocatalyst crystal structure on 
oxygen evolution reaction with nickel as an example. Small 
14(40), e1802895 (2018). https ://doi.org/10.1002/smll.20180 
2895

 33. Z. Kang, H. Guo, J. Wu, X. Sun, Z. Zhang et al., Engineering 
an earth-abundant element-based bifunctional electrocatalyst 
for highly efficient and durable overall water splitting. Adv. 
Funct. Mater. 29(9), 1807031 (2019). https ://doi.org/10.1002/
adfm.20180 7031

https://doi.org/10.1039/c8ta08337a
https://doi.org/10.1002/aenm.201602579
https://doi.org/10.1002/aenm.201602579
https://doi.org/10.1002/adma.201701589
https://doi.org/10.1016/j.electacta.2017.08.047
https://doi.org/10.1016/j.electacta.2017.08.047
https://doi.org/10.1039/c8nr07719c
https://doi.org/10.1039/c8nr07719c
https://doi.org/10.1002/smll.201802895
https://doi.org/10.1002/smll.201802895
https://doi.org/10.1002/adfm.201807031
https://doi.org/10.1002/adfm.201807031

	Nitrogen-Doped Carbon-Encased Bimetallic Selenide for High-Performance Water Electrolysis
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Synthesis of EG
	2.2 Synthesis of EGCoNi–LDH
	2.3 Synthesis of EGCoNi–LDHZIF-67
	2.4 Synthesis of EG(Co, Ni)Se2–NC
	2.5 Synthesis of EGCoSe-NC
	2.6 Synthesis of EGNi3Se2
	2.7 Characterization
	2.8 Electrochemical Measurements

	3 Results and Discussion
	4 Conclusions
	Acknowledgements 
	References




