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ABSTRACT Hetero-structure induced high performance catalyst for oxygen evolution 
reaction (OER) in the water splitting reaction has received increased attention. Herein, 
we demonstrated a novel catalyst system of NiSe2-CoSe2 consisting of nanorods and 
nanoparticles for the efficient OER in the alkaline electrolyte. This catalyst system can 
be easily fabricated via a low-temperature selenization of the solvothermal synthe-
sized NiCo(OH)x precursor and the unique morphology of hybrid nanorods and na-
noparticles was found by the electron microscopy analysis. The high valence state of 
the metal species was indicated by X-ray photoelectron spectroscopy study and a 
strong electronic effect was found in the NiSe2-CoSe2 catalyst system compared to 
their counterparts. As a result, NiSe2-CoSe2 exhibited high catalytic performance with 
a low overpotential of 250 mV to reach 10 mA·cm-2 for OER in the alkaline solution. 
Furthermore, high catalytic stability and catalytic kinetics were also observed. The 
superior performance can be attributed to the high valence states of Ni and Co and 
their strong synergetic coupling effect between the nanorods and nanoparticles, which could accelerate the charge transfer and offer abundant 
electrocatalytic active sites. The current work offers an efficient hetero-structure catalyst system for OER, and the results are helpful for the 
catalysis understanding. 
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n INTRODUNTION 
The rapid depletion of fossil fuels and their associated global 
climate change urgently require clean energies for energy stor-
age and conversion devices.[1-3] While the intermittent nature of 
the clean energy of solar energy and wind energy etc. is impos-
sible to realize the continuous application, transferring these 
energies to the chemical energy of hydrogen for storage via 
water splitting reaction is an attractive method to compensate for 
the intermittence character.[4-8] Oxygen evolution reaction (OER) 
is much more sluggish in kinetics as it requires a four-electron 
transfer process compared to the cathode hydrogen evolution 
reaction.[9,10] OER happens at a relatively high overpotential 
without the help of electrocatalysts, resulting in low efficiency and 
the waste of energy.[11-13] Therefore, efficient catalysts that could 
facilitate multiple electrons and proton coupling process under 
low over-potential are highly desired.[14,15] In light of the high cost 
and rareness of noble metal-based catalyst, the attention is di-
rected to earth-abundant first-row transition metal-based cata-
lysts.[16-18] 

Among various alternative materials, the transition metal 
chalcogenides have attracted a great deal of attention due to 
their unique d-orbital electron configuration and high corrosion 
resistance in alkaline electrolyte solutions.[19,20] The 3d orbital of 
Se can bond with metal atoms due to its close energy level to 
that of 3s and 3p orbitals for the transition metals.[21] Therefore, 
metal selenides possess greater metallicity compared to the 
transition metal oxides and sulfides that benefit the electron 
transfer for reactions.[22,23] Hence, transition metal selenides are 
regarded as one type of the most promising electrocatalysts for 
OER.[24,25] Note that most of the mono-metal selenides have 

modest catalytic performance due to the single active site and 
insufficient electronic structure synergism. The bimetallic 
selenides catalysts thus have been developed to overcome 
these problems, and largely improved catalytic ability is reported 
resulting from the increased active sites, efficient electronic effect 
and structural synergism. For example, a three-dimensional 
Ni-Co selenide (NiCoSe2) nanonetwork was prepared for the 
OER, and a low overpotential of 274 mV was required to reach 
10 mA·cm-2 with excellent stability.[26] Furthermore, the catalytic 
performance can be enhanced by the synergistic effect of het-
ero-atomic doping and interface engineering due to electronic 
interactions and ligand effects between the different active 
components.[5,27] The in situ formed NiSe/NiOx core/shell 
nanostructure from NiSe under electrocatalytic conditions 
showed a current density of 10 mA·cm−2 at a low overpotential of ∼243 mV.[28] A hybrid catalyst system of NiSe2 nanoparticle/NiO 
nanosheet demonstrated an efficient synergism for urea-assisted 
water electrolysis reactions.[29] The high performance was at-
tributed to the efficient coupling effect between NiSe2 and NiO, 
and the increased Ni3+ ions. The CoSe2@NiSe2 materials grown 
on nickel foam exhibited high efficiency of water splitting reaction 
due to high electro-chemically active surface area and synergis-
tic effect.[30] Ultrathin dual-phase CoSe2-NiSe2/CN nanosheets 
were reported highly efficient and stable for the HER resulting 
from the ultrathin nanostructure and biphasic synergy.[31] There-
fore, the catalytic performance of bimetallic selenides could be 
boosted by chemical composition adjustment and nanostructure 
engineering. 

Hence, we demonstrated a new hybrid catalyst of NiSe2-CoSe2 
in the form of nanoparticles/nanorods as an efficient and stable 
electrocatalyst for oxygen evolution reaction. Due to its fast 
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electron transfer rate, increased content of high-valence state 
metal species, the synergy between Ni/Co atoms and the hybrid 
structure of nanoparticles/nanorods connected, the NiSe2-CoSe2 
composite catalyst exhibited good catalytic activity and durability 
for OER. Specifically, a low overpotential of 250 mV was required 
to reach a current density of 10 mA·cm-2 for OER when sup-
ported over the inert glass carbon electrode. In addition, it also 
showed excellent long-term stability and efficient catalytic kinet-
ics. 

n RESULTS AND DISCUSSION  
The synthesis process of NiSe2-CoSe2 catalyst was systemati-
cally described in Scheme 1 including the solvothermal reaction 
for NiCo(OH)x precursor fabrication and the subsequent seleni-
zation process. Briefly, the nanorod-shaped NiCo(OH)x precursor 
with a small number of nanoparticles was prepared firstly, and 
then, the precursor was selenized using the selenium powder 
under N2 atmosphere at 350 oC to get the NiSe2-CoSe2 sample 
(details see the supporting information). The crystalline structure 
of the as-prepared catalyst was probed by the powder X-ray 
diffraction technique (XRD). No obvious diffraction peaks were 
observed for the precursors of NiCo(OH)x, while, after seleniza-
tion, very strong diffraction peaks were observed in the XRD 
patterns (Figure 1a). Interestingly, these characteristic peaks 
were located in the middle of the standard characteristic peaks of 
NiSe2 (PDF No. 41-1495) and CoSe2 (PDF No. 09-0234) due to 
the hybridization of Ni and Co in the system. These characteristic 
peaks indicated the successful preparation of NiSe2-CoSe2 cat-
alyst with the pyrite cubic phase. 

The surface chemical state of the NiSe2-CoSe2 was probed by 
X-ray photoelectron spectroscopy (XPS) measurements com-
pared to the NiSe2 and CoSe2 alone. The whole spectrum survey 
showed the presence of the concerned elements, and the bing-
ing energy was calibrated by the main peak of C 1s at 284.8 eV 
(Figure S1). The high-resolution spectrum of Ni 2p consists of 
two components, namely 2p1/2 and 2p3/2, respectively, and each 
component can be deconvoluted into Ni–Se (Ni2+), Ni–O (Ni3+) 
bond and the accompanied satellite peaks, respectively (Table 
S1).[29] Specifically, the peak position of Ni–Se locates at 853.8 
and 871.1 eV in the 2p1/2 and 2p3/2 for NiSe2-CoSe2; and these 
peaks are shifted to the high binding energy direction by 0.7 eV 
compared to that of the NiSe2 alone due to the chemical envi-
ronment change for the hybrid NiSe2-CoSe2. Note that the Ni3+ 
dominates the contents of Ni in the NiSe2-CoSe2 (55%), and the 

ratio of the content for Ni3+/Ni2+ is 1.22, much higher than that of 
0.69 for the NiSe2 catalyst. Therefore, more content of high va-
lence state Ni3+ is formed in the sample of NiSe2-CoSe2, which 
can provide more active sites for the oxygen evolution reaction 
and accelerate the oxygen evolution reaction rate because the 
high valence state of Ni species is proposed as the real active 
phase.[32] The narrow spectrum of Co 2p has two spin orbitals of 
Co 2p1/2 and Co 2p3/2, respectively and each band can be de-
convoluted into different chemical states by four peaks, namely 
the metallic Co (Co–Se), Co3+, Co2+ and satellite peaks (Table 
S2). It is noticed the profiles of the Co 2p spectrum are different 
indicating the varied content of the different chemical states. 
Specifically, the peak position of Co–Se locates at 778.2 eV; and 
the surface oxidized Co is indicated by the peaks of Co3+ at 780.0 
eV and Co 2+ at 781.6 eV for 2p3/2, respectively.[33] These peak 
positions are shifted to the low binding energy direction by 0.4 eV 
compared to that of the pure CoSe2 catalyst, echoing with the 
positive shift of the binding energy observed for the Ni species. 
Furthermore, the metallic Co as Co–Se accounts for 42% of the 
content for CoSe2 catalyst alone, while the content is reduced in 
the NiSe2-CoSe2 sample (19.3%), where the oxidized state of Co 
dominates the surface content (Table S2). Moreover, the content 
of high valence state of Co3+ was also found much higher in the 
NiSe2-CoSe2 system (43.4%). For the spectrum of Se 3d, the 
peaks of Se–O and Se-metal bonds are observed (Figure 1d). 
The peak at 58.8 eV is assigned to SeOx species formed on the 
surface, and the other two peaks fitted at 54.1 and 55.0 eV are 
assigned to the chemical bonds of Se-metal. The formation of 
NiSe2-CoSe2 might be much easier for the high valence state of 
metal oxide species generation than their counterparts alone as 
indicated by the above XPS results. The more content of high 
valent metal species in the NiSe2-CoSe2 would contribute to the 
active phase formation and thereby promote the OER perfor-
mance.[32,34]    

The morphology of NiCo(OH)x precursor was probed by scan-
ning electron microscopy (SEM), and the hybrid morphology of 
nanoparticels and nanorods was observed (Figure S2a). After 
selenizaiton, the obtained NiSe2-CoSe2 showed similar mor-
phology with the nanoparticles anchored on the nanorods in-
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Scheme 1. Schematic illustration of the preparation of NiSe2-CoSe2. 

Figure 1. XRD pattern of NiSe2-CoSe2 (a). High-resolution XPS spectra 
of Ni 2p (b), Co 2p (c) and Se 3d (d) for NiSe2-CoSe2, NiSe2 and CoSe2. 
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creased (Figure 2a). The local morphology and microstructure of 
NiSe2-CoSe2 were further observed by transmission electron mi-
croscopy (TEM). The nanorods were cross-linked and some 
nanoparticles were anchored over the nanorods (Figure 2b–c). 
The local nanorods (Figure 2d) and particles (Figure 2e) were 
further observed by TEM and high-resolution TEM (HRTEM), and 
the crystalline interplanar spacings of 0.21 and 0.27 nm assigned 
to the (220) and (210) crystal faces were indicated for the cubic 
structures of NiSe2 and CoSe2 (Figure S2b). Some strong dif-
fraction spots were observed in the selected area electron dif-
fraction (SAED) pattern (Figure 2f). The contents of the con-
cerned elements of Ni, Co, Se and O in the nanorods and na-
noparticles were probed by energy dispersion X-ray spectros-
copy (EDX) (Figure 2g–h). Interestingly, the contents of elements 
were different in the nanorods and the nanoparticles (Table S3 
and S4). There was more Se in the nanoparticles than that in the 
nanorods probably because of the easy surface oxidation of the 
nanorods. This could be further confirmed by the element map-
ping images, where Ni and Co were uniformly distributed over 
nanorods and nanoparticles, and the distribution of O was ac-
companied with the metals but Se was mainly concentrated in 
the nanoparticles (Figure 2i–m); This result was in line with the 
results of EDX analysis. Therefore, NiSe2-CoSe2 with the hybrid 
structure of nanoparticles and nanorods was obtained by a sim-
ple selenization reaction for the NiCo(OH)x precursor. These 
interconnected nanorods and nanoparticles could expose more 
active sites and promote mass transfer, which would be benefi-
cial to the following electrochemical reactions. 

The as-prepared powder catalysts of NiSe2-CoSe2, NiSe2 and 
CoSe2 were compared for the oxygen evolution in a conventional 
three-electrode system loaded on a glassy carbon electrode in 
N2-saturated 1 M KOH solution with a scan rate of 5 mV·s-1. The 
benchmark current density of 10 mA·cm−2 on the inert electrode 

was employed to evaluate the catalytic performance and all po-
larization curves were shown with IR-correction by the positive 
feedback of compensating 80% of the uncompensated solution 
resistance. As anticipated, NiSe2-CoSe2 exhibits much higher 
OER activity than NiSe2 and CoSe2. Specifically, NiSe2-CoSe2 
requires an overpotential of 250 mV to afford 10 mA·cm−2, while 
to reach the same current density, NiSe2 and CoSe2 need the 
overpotential of 339 and 338 mV, respectively (Figure 3a). This 
performance is also much better than that of a commercial IrO2 
catalyst (ca. 310 mV) and some similar work recently reported 
(Table S5). The Tafel slope was analyzed to probe the catalytic 
kinetics based on the catalytic mechanism in the kinetic range. 
The Tafel slope was measured to be 49.3 mV·dec-1, which is 
much smaller than that of NiSe2 (66.7 mV·dec-1) and CoSe2 (56.1 
mV·dec-1). The Tafel slope with a value around 60 mV·dec-1 
indicates the rate-determining step of M–O generation from the 
M–OH.[35] Here, NiSe2-CoSe2 has a much smaller value, indicat-
ing the much faster catalytic kinetics. This can be further verified 
by the charge transfer ability as revealed by the electrochemical 
impedance spectroscopy shown in Figure 3c. The semi-circle or 
arc of NiSe2-CoSe2 is much smaller than that of NiSe2 and CoSe2, 
signifying the greatly improved charge transfer ability and cata-
lytic kinetics in the OER process (Figure 3c). To be specific, the 
charge transfer resistance (Rct) value can be obtained by fitting 
the Nyquist plots using an equivalent circuit (Figure S3 and Table 
S6). The value was fitted to be 44.4 Ω for NiSe2-CoSe2 catalyst, 
remarkably smaller than that of NiSe2 (362.6 Ω) and CoSe2 
(284.1 Ω). The largely improved catalytic kinetics should be due 
to the synergistic effect of Ni and Co as indicated by the above 
analysis.[36]  

In order to investigate the catalytic efficiency of the catalyst for 
OER, the electrochemical surface area (ECSA) of the catalyst 
was calculated by the electrochemical double-layer capacitance 

Figure 2. SEM (a), TEM (b–c), HRTEM image of nanorod and inset of local TEM image (d), HRTEM image of nanoparticle and inset of local TEM image 
(e), SAED pattern (f), corresponding EDX spectrum for nanorod (g) and nanoparticle (h), the corresponding STEM and elemental mapping images of 
NiSe2-CoSe2 (i–m). 
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(Cdl) approach. The value of Cdl for NiSe2-CoSe2 is 8.22 mF·cm-2, 
which is much larger than that of 3.56 mF·cm-2 for NiSe2 and 3.57 
mF·cm-2 for CoSe2 (Figure 3d and Figure S4). The ECSA was 
calculated by normalizing the Cdl (in mF) to a standard specific 
capacitance for a flat surface of 0.040 mF·cm-2 according to 
previous literature.[37,38] The ECSA of NiSe2-CoSe2 was calcu-
lated to be 14.39 cm-2, which was approximately 2.31 times that 
of NiSe2 and CoSe2 (Table S7). The surface roughness factor (Rf) 
was calculated by normalizing the ECSA to the geometric surface 
area of the electrode, and the largest Rf value of 205.5 was found 
on NiSe2-CoSe2 catalyst, indicating the largely increased surface 
roughness for the hybrid NiSe2-CoSe2 catalyst.  

In order to compare the catalytic efficiency of the active sites, 
the specific activity was compared for these catalysts by nor-
malizing the current to the ECSA (Figure 4a). Obviously, the 
specific activity of NiSe2-CoSe2 catalyst was much higher than 
that of the other two catalysts. For example, the specific current 
density of NiSe2-CoSe2 at the overpotential of 350 mV was 0.49 
mA·cm-2, ca. 5.4 times of NiSe2 and 3.1 times of CoSe2. A similar 
order to that of the specific activity was found on turnover fre-
quency (TOF) polarization curves, which can be relatively fair to 
evaluate the intrinsic activity (Figure 4b). The TOF value of 
NiSe2-CoSe2 reaches 0.131 s-1 at the overpotential of 350 mV, 
which is 8.73 and 8.12 times higher than those of NiSe2 (0.015 
s-1) and CoSe2 (0.016 s-1), respectively. The higher TOF values 
indicate the formation of the hybrid structure of NiSe-CoSe could 
largely increase the intrinsic activity for OER. Finally, the elec-
trochemical stability was evaluated on the NiSe2-CoSe2 catalyst 
to probe the stability for long-term operation. The consecutive 
cyclic voltammetry (CV) and chronoamperometry techniques 
were performed to investigate the catalytic stability of NiSe2- 
CoSe2 for OER. The chronoamperometry was conducted for 20 
hours at the potential of 1.48 V vs. RHE, and good catalytic sta-
bility was observed during the operation for 20 hours (Figure 4c). 
The consecutive CV was measured for 1 000 CV cycles at an 
accelerated stability test and the polarization curves before and 
after the test were compared (Figure 4d). These polarization 
curves were very close and the overpotential of only ca. 10 mV 

was incurred to reach the current of 10 mA·cm-2 for OER, indi-
cating good catalytic stability for the dynamic measurement 
(Figure 4d). Moreover, the morphology of the catalyst after the 
stability was well maintained indicates a good physical stability 
during the catalysis (Figure S5). 

From the above results, it can be concluded that the 
as-prepared NiSe2-CoSe2 catalyst exhibited high catalytic per-
formance for OER. Though the transition metal selenide was 
reported to have good catalytic performance for OER, the single 
metal-based catalyst showed much lower performance due to 
the insufficient active site and low intrinsic activity. By forming the 
hybrid structure of NiSe2-CoSe2, due to the synergistic effect of 
the different components, the strong electronic effect and the 
high amount of high valence state metal species generated, and 
the catalytic performance can be largely improved as seen in the 
above electrochemical measurements. The high oxidation states 
of Ni and Co are both active substances in the catalyst, which 
can effectively help accelerate multi-electron transfer and pro-
mote OH- adsorption and reaction.[39] As reported in the literature, 
Ni species as the active sites for OER can promote the formation 
of M=O with the help of high valence state Co3+ species as con-
firmed by the Tafel slope value, and the subsequent O2 genera-
tion from the M-O-O intermediates.[40] Therefore, an accelerated 
OER kinetics was observed. Besides, the increased catalytic 
efficiency of the active sites was also confirmed by the specific 
activity and the TOF values, indicating the intrinsic activity 
boosting by forming the synergistic NiSe2-CoSe2 catalyst, though 
the hybrid nanostructure possessed a large surface area and 
high active site exposure. 

n CONCLUSION  
In summary, a novel catalyst system of hybrid NiSe2-CoSe2 was 
demonstrated as a high-performing catalyst for OER in the water 
splitting reaction. An interconnected hybrid structure of nano-
rods/nanoparticles was demonstrated by spectral study and 
microscopic analysis. In light of the increased amount of high 
valence state metal species, the coupling effect between nano-
rods and nanoparticles, and the strong electronic effect of Ni and 
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Co elements, outstanding catalytic performances of high catalytic 
activity, stability and fast reaction kinetics were observed on 
NiSe2-CoSe2 for water oxidation compared to their counterparts. 
Specifically, NiSe2-CoSe2 catalyst exhibited the catalytic perfor- 
mance of 10 mA·cm-2 with a low overpotential of 250 mV when 
loaded on the glassy carbon electrode, outperforming the indi-
vidual component of NiSe2 and CoSe2 catalysts as well as the 
similar catalysts. The current results are helpful for the efficient 
heterostructured catalyst design and fabrication as well as their 
understanding of the catalysis reaction.  
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