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Abstract The major challenge of electrocatalytic water split-
ting for hydrogen production is the sluggish kinetics of oxy-
gen evolution reaction (OER). Herein, we report a facile syn-
thesis of CoNi alloy embedded carbon nanocages (CoNi-C)
through one-step annealing treatment of bimetallic organic
frameworks as the precursors for application as efficient and
economical electrocatalysts for OER. As a result, the opti-
mized CoNi-C-200 sample with a Co/Ni atomic ratio of 9:1
exhibits a lower overpotential of 408 mVat a current density
of 10 mA cm−2 and a smaller Tafel slope of 83 mV dec−1

compared to as-prepared CoNi-C-100 (410 mV,
93 mV dec−1), CoNi-C-400 (420 mV, 94 mV dec−1), and
Co-C (447 mV, 97 mV dec−1). Moreover, it shows an excel-
lent long-term stability during 5000 CV sweeps. Such im-
proved performance can be attributed to the unique morphol-
ogy and the synergistic effects of CoNi alloy nanoparticles
and conductive carbon matrix in the composite.

Keywords CoNi alloy .Metal organic framework .Water
splitting, electrocatalyst . Oxygen evolution reaction

Introduction

With ever-increasing energy demands and depletion of fossil
fuels, extensive efforts have been devoted to exploring new

sustainable and environment-friendly energy conversion and
storage systems [1, 2]. Hydrogen has attracted wide attention
as an efficient energy storage carrier, thanks to its abundant
and sustainable nature [3]. In the present, electrolysis of water
is considered as the most efficient ways to produce high-purity
hydrogen at low cost [4, 5]. The splitting of water involves
two half reactions [6, 7]. At the cathode, protons are reduced
to hydrogen in the alkaline solution 2H2O + 2e− → 2OH− +
H2 (hydrogen evolution reaction, HER). At the anode, four
hydroxyl groups are oxidized to oxygen in alkaline solution
4OH−→O2 + 2H2O + 4e− (oxygen evolution reaction, OER).
The major challenge of water splitting is the sluggish kinetics
of OER as compared to HER, which usually requires a large
overpotential for multi-step transfer of four electrons [8]. Up
to date, noble metal oxides such as ruthenium oxides (RuO2)
and iridium oxides (IrO2) are efficient electrocatalysts for
OER [9, 10]. Nevertheless, their large-scale applications are
severely hindered by the high cost and scarcity of the noble
metals. In addition, these noble metal oxides exhibit poor
chemical stability in alkaline solution.

To overcome the aforementioned challenges, it is always
desirable to explore new alternatives to replace noble metal
oxides as low cost and efficient electrocatalysts for OER. To
date, various noble metal-free electrocatalysts such as transi-
tion metal oxides [11], hydroxides [12], nitrides [13], sulfides
[14], and phosphides [15] have been widely reported.
Unfortunately, most of these materials are either limited by
their low-electrical conductivities or poor-electrocatalytic ac-
tivities, resulting in much higher overpotential at a current
density of 10 mA cm−2 compared to RuO2 (410 mV) [16].
Recently, transition metal alloys have attracted more and more
interest, owing to their low cost and environmental benignity.
So far, various transition metal alloys such as NiFe, NiCu,
NiCe, and their composites have been explored for OER
[17]. Despite much progress having been made in the
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development of transition metal alloy-based catalyst for OER,
the catalytic activity of OER is still not comparable to com-
mercial noble metal oxide catalyst. Such limited performance
is originated from the complex synthesis and much stricter
requirement for the transition metal alloy-based catalysts such
as chemical composition, particle size, and structural stability.
Therefore, more efforts are highly needed to optimize the
transition metal alloy-based catalysts for efficient OER.

Metal-organic frameworks (MOFs), built from metal
ions/clusters as nodes and organic linkers as struts, have
attracted more and more interest in recent years due to their
high-surface area, large-pore volume, and diverse structures
[18]. Inspired by these features, MOFs have been reported as
new templates and precursors for synthesis of various hierar-
chical nanostructured materials such as porous carbons [19],
metal oxides [20], metal/carbon composites [21], and metal
oxides/carbon composites [22]. These MOF-derived nano-
structures can offer many unique advantages: (i) the chemical
composition can be easily tuned by designing MOFs com-
bined with specific thermal treatment; (ii) MOF-derived nano-
structures provide controlled porosity and huge surface area,
which can effectively facilitate the access of electrolyte into
the electrode and ensure large electrolyte/electrode contact
area; (iii) the charge diffusion lengths can be largely shortened
and thus facilitate the charge transfer for OER activity; (iv) the
low cost and ease of synthesis allow MOF-derived nanostruc-
tures to be potentially scaled up for industrial applications. Up
to now, transition metal alloy nanoparticles have emerged as
new candidates for electrocatalyst for OER; however, the
preparation of metal alloy/carbon nanostructures by using bi-
metallicMOFs as the single precursor has rarely been reported
[23, 24]. Compared to other synthesis methods of alloy nano-
particles, one-step pyrolysis of bimetallicMOFs offers a facile
route to prepare well-dispersed alloy nanoparticles embedded
conductive carbon matrix without using any surfactants or
toxic reducing agent. The chemical composition and particle
size of alloy can also be optimized by simply varying the
mixed metal ions ratio during the synthesis.

To combine the merits of transition metal alloy and
MOF-derived nanostructures, we synthesized novel CoNi
alloy embedded carbon nanocages (CoNi-C), through one-
step pyrolysis of Co/Ni bimetallic metal organic frame-
work (MOF) in argon atmosphere. Within such MOF-
derived nanostructure, inner CoNi alloy nanoparticles can
offer numerous active sites to efficiently catalyze the redox
reactions, meanwhile the carbon nanocages serve as con-
ductive network supporting the CoNi catalysts, which can
effectively prevent CoNi nanoparticles from aggregation
and reduce corrosion by alkaline electrolyte during long-
term operation. As a result, CoNi-C-200 with a Co/Ni
atomic ratio of 9:1 demonstrates obviously enhanced cata-
lytic activity for OER in 1 M KOH aqueous solution com-
pared with cobalt nanoparticles embedded nanocages (Co-

C), showing a small overpotential of 408 mV for a current
density of 10 mA cm−2 and a smaller overpotential of
366 mV after 5000 CV sweeps. To the best of our knowl-
edge, this work is the first report on the application of
MOF-derived transition metal alloys as efficient and robust
catalysts for OER. We believe that the strategy presented
here opens up a new route to development of versatile
metal alloy/carbon nanocomposites for wide electrochem-
ical applications, such as dye-sensitized solar cells,
photocatalysts, and so forth.

Experimental

Preparation of Co-C and CoNi-C

The pure ZIF-67 powders were prepared according to previ-
ous reports with some modifications [25, 26]. In brief, 2 g
cobalt nitrate hexahydrate and 3.06 g 2-methylimidazole were
separately dissolved in 100 ml methanol, respectively.
Afterwards, the two solutions were mixed under stirring for
10 min and aged for 24 h at room temperature. The resultant
purple solid was collected from the solution by centrifugation
at 4000 rpm for 10 min and then washed with methanol at
least three times. After washing, the ZIF-67 powders were
dried overnight at 80 °C. Afterwards, cobalt nanoparticles
embedded within N-doped carbon nanocages (Co-C) were
prepared by a facile calcination of ZIF-67 nanocrystals at
900 °C for 2 h in Ar atmosphere.

Similar to synthesis of ZIF-67, Co/Ni bimetallic MOFs
were prepared by using 2 g cobalt nitrate hexahydrate,
3.06 g 2-methylimidazole, and different amounts of nickel
nitrate hexahydrate (100, 200, 400 mg, respectively).
Afterwards, Co/Ni-based MOFs were transformed to CoNi-
C by a direct pyrolysis at 900 °C for 2 h in Ar atmosphere. For
convenience, the as-prepared CoNi-C samples were labeled as
CoNi-C-100, CoNi-C-200, and CoNi-C-400, respectively.

Characterizations

The crystalline structures of as-obtained products were iden-
tified by using X-ray diffraction (XRD) technique, and the
data were recorded at a constant scanning rate of 2o/min on
a Rigaku MiniFlex X-ray diffractometer (Cu Kα radiation).
The microstructures and morphologies of samples were char-
acterized by using scanning electron microscope (SEM) and
high-resolution transmission electron microscope (HRTEM).
The SEM imaging was carried out on a FEI Quanta 3D FEG
FIB/SEM, which is equipped with energy-dispersive X-ray
spectroscopy (EDS). TEM and HRTEM imaging was per-
formed on a JEOL JEM-2010 microscope at 200 kV.
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Electrochemical measurements

The electrochemical measurements were performed by using
a CHI 760D electrochemical workstation (CH Instruments,
Inc.) and a rotating disk electrode controller (AFMSRCE,
Pine Instrument Co.). A platinumwire and Ag/AgCl electrode
were used as counter electrode and reference electrode, re-
spectively. The measured potentials vs. Ag/AgCl were con-
verted to reversible hydrogen electrode (RHE).

To prepare catalyst film-coated glassy carbon working
electrode, 8-mg powders were dispersed in 2 mL freshly pre-
pared dispersion solution (Ethanol/Nafion = 100:1 (V/V)), fol-
lowing by sonication for 1 h. Afterwards, 10-μL fresh catalyst
ink was deposited on a rotating disk electrode with geometric
area of 0.196 cm2 by a house-built spinning coating device
under a gentle airflow.

The oxygen evolution reaction (OER) properties of the
CoNi-C-100, CoNi-C-200 and CoNi-C-400, and Co-C cata-
lysts were studied using linear sweep voltammetry (LSV). The
potential was swept at a scan rate of 5 mV s−1 and an electrode
rotation rate of 1600 rpm in N2-saturated 1 M KOH aqueous
solution. The electrochemical impedance spectroscopy (EIS)
measurements were carried out in the frequency range from
105 to 0.01 Hz using an electrochemical workstation (CHI
6504C). To study the electrochemical stability of as-prepared
electrocatalysts, the cyclic voltammetry (CV) was carried out
at a scan rate of 100 mV s−1 for up to 5000 cycles.

Results and discussion

The overall synthesis of MOF-derived CoNi-C nanostructures
involves two steps. In the first step, the Co/Ni bimetallic metal

organic frameworks (MOFs) are synthesized using various ra-
tio of Co2+/Ni2+ and 2-methylimidazole at room temperature.
During the following pyrolysis process at 900 °C for 2 h, Co2+

and Ni2+ are simultaneously reduced intometallic Co andNi by
the resultant carbon from the decomposition of organic linkers
at high temperature, and meanwhile, metallic Co and Ni under-
go the alloying reaction process to form CoNi alloy nanoparti-
cles, which can subsequently function as catalyst to promote
the formation of onion-like carbon around them.

To identify the crystalline structures and phases of the
MOF-derived CoNi-C samples, the powder X-ray diffraction
(XRD) measurements are first performed. The XRD results
show that all the CoNi-C samples are composed of graphitic
carbon and face-centered cubic (fcc) CoNi alloy (Fig. 1a). It is
clearly observed that the strongest (111) reflection peak posi-
tions of all samples lie between the peak position of pure Co
(JCPDS# 15-0806) and pure Ni (JCPDS# 04-0850) (Fig. 1b),
which is well consistent with previously reported CoNi alloys
[27, 28]. The main (111) peaks of CoNi-C samples obviously
shift to higher angles with the increase of Ni2+ amounts during
the synthesis, further confirming the formation of CoNi alloys.
No other impurities or phases are observed, implying a com-
plete transformation of Ni2+ incorporated ZIF-67 to CoNi-C.
In addition, the sharp peaks in the XRD spectra of the CoNi
alloy indicate that the samples are highly crystalline.

SEM images (Fig. S1) show that ZIF-67 samples are com-
posed of polyhedron-like particles with smooth surfaces. After
one-step pyrolysis process in inert gas atmosphere, the low-
magnification SEM images in Fig. 2a and c show that the as-
synthesized CoNi@-C-100 and CoNi-C-200 samples consist
of polyhedron-like carbon nanocages (200 ~ 500 nm) with
CoNi alloy nanoparticles well-embedded. By comparison of
high-magnification SEM images in Fig. 2b and d, it is

Fig. 1 aXRD patterns and b selected enlarged portion of CoNi-C-100, CoNi-C-200, and CoNi-C-400 samples in comparison with standard XRD peaks
of pure Co and Ni
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observed that larger particles are embedded within the carbon
nanocages in the CoNi-C-200 sample than CoNi-C-100. On
the contrary, some of the carbon nanocages in CoNi-C-400
sample are broken and one can notice that relatively larger
CoNi alloy particles are located outside the carbon nanocages
(Fig. 2e–f). This observation indicates that the Ni amount
plays a crucial role in control of the particle size of CoNi alloy.

Experiments presented further in the work show that the
catalyst based on the CoNi-C-200 demonstrates the highest
catalytic activity for OER, and therefore, we perform

detailed transmission electron microscopy (TEM) and
high-resolution (HR) TEM characterizations for better vi-
sualization of its nanostructure, as displayed in Fig. 3a–d.
It can be clearly observed that CoNi alloy nanoparticles
with the size of 20 ~ 100 nm (dark dots) are well embedded
in carbon nanocages (gray framework) in CoNi-C-200
sample. Interestingly, one can observe that CoNi nanopar-
ticles are encapsulated by onion-like carbon (marked by
blue arrows in Fig. 3d). As we can see from the inset in
Fig. 3d, the distinct lattice fringe with the measured d-

Fig. 2 SEM images of a, b
CoNi-C-100, c, d CoNi-C-200,
and e, f CoNi-C-400
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spacing of 0.21 nm can be assigned to the (111) plane of
CoNi alloy, which further confirms successful formation of
MOF-derived CoNi alloy through a facile one-step pyrol-
ysis process in inert gas atmosphere. Thus, the SEM and
TEM observations above indicate that we have successful-
ly obtained the CoNi-C sample with a unique nanostruc-
ture, whereas CoNi alloy nanoparticles are well encapsu-
lated into the onion-like carbon, meanwhile they are
completely embedded into carbon nanocages.

The corresponding energy-dispersive X-ray (EDS) map-
ping results further confirm the coexistence of C, Co, and Ni
elements within the sample, and both Co and Ni elements
show homogeneous distribution for the inner nanoparticles
within the carbon nanocages (Fig. S2), confirming the CoNi
alloy phase which are well consistent with previous XRD and
TEM results. It is also worth noting that chemical composition
of the as-prepared CoNi alloy in our work can be easily tuned
by varying the atomic ratio of cobalt and nickel ions during the

Fig. 3 a, b TEM images and c, d HRTEM images of CoNi-C-200 (optimal sample)

Fig. 4 a Comparison of OER polarization curves of CoNi-C-100, CoNi-C-200, CoNi-C-400, and Co-C, measured in 1 M KOH aqueous solutions at a
scan rate of 5 mV s−1. b The overpotentials needed to reach a current density of 10 mA cm−2 for the above four catalysts

Ionics



synthesis of Ni2+-incorporated ZIF-67 nanocrystals. The
atomic ratio of Co/Ni in the optimal sample CoNi-C-200 is
found to be 9:1 through EDS mapping results, indicating a
certain amount of Ni ions can be encapsulated within ZIF-67
nanocrystals during the synthesis process in methanol at room
temperature. Thanks to such a unique hierarchical nanostruc-
ture composed of CoNi embedded carbon nanocages, the as-
prepared CoNi-C composites are explored as catalysts for
OER for the first time.

The catalytic activities of CoNi-C-100, CoNi-C-200,
CoNi-C-400, and Co-C for OER are measured using a typical
three-electrode system in 1 M KOH aqueous solutions. The
potentials reported in this paper are all versus reversible hy-
drogen electrode (RHE). Figure 4a shows the linear sweep
voltammetry (LSV) curves of all the electrodes at a scan rate
of 5 mV s−1. The polarization curve from the CoNi-C-200
catalyst exhibits the smallest onset potential of ~ 1.638 V
and highest current density. As shown in Fig. 4b, the
overpotential of CoNi-C-200 catalyst is 408 mVat the current
density of 10 mA cm−2, which is slightly lower than CoNi-C-
100 (410 mV) and CoNi-C-400 (420 mV). These results in-
dicate that the intrinsic OER activities for these three CoNi-
based catalysts are similar. The difference in OER current
densities could be attributed to the different number of active
sites and surface area needed for electron transfer and ion
transport in the catalysts. The ion transport refers to the OH−

adsorption and transfer to the active sites in the
electrocatalysts. In contrast, the Co-C catalyst has much
higher overpotential of 447 mV, showing the worst catalytic
activity for OER. Therefore, it can be concluded that the CoNi
alloy-based catalysts exhibit significantly enhanced OER ac-
tivity compared to Co-C catalyst. This result can be attributed
to the synergistic effects of Co and Ni in the alloy. Specifically,
the incorporation of a secondary transition metal Ni results in
the OH− adsorption energies alteration via tuning the lattice
and bond length of the crystal, favoring the OER catalytic
activities [29, 30]. Comparing our optimal sample with other
previously reported electrocatalysts for OER, it is found that
CoNi-C-200 demonstrates a lower overpotential than IrO2

(450 mV) [31], Mn3O4/CoSe2 (450 mV) [32], and N-
graphene/CNT (420 mV) [33]. In addition, its electrocatalytic
performance is even comparable to commercial noble Ir/C
(390 mV) [34]. Instead of using expensive noble metal or
metal oxides as electrocatalysts, our work shows that the
CoNi-C-200 holds great potential as an efficient and econom-
ical electrocatalyst for OER.

To better understand the OER electrochemical kinetics, we
fit the polarization curves to the Tafel equation η = b*log (j),
where η is the overpotential, b is the Tafel slope, and j is the
current density [35, 36]. A smaller Tafel slope value represents
a smaller increase in overpotential, corresponding to a more
efficient OER activity [37, 38]. The Tafel slope plots, along
with the slope values, are shown in Fig. 5. The Tafel slopes of

CoNi-C-100, CoNi-C-200, CoNi-C-400, and Co-C are 93, 83,
94, and 97 mV dec−1, respectively. The CoNi-C-200 catalyst
displays the smallest Tafel slope in 1 M KOH aqueous solu-
tions, indicating the best catalytic activity for OER.

In addition to high-catalytic activity, durability is another
critical parameter that determines the practical application of
catalysts for OER. Thus, in this study, we perform an acceler-
ated degradation test for evaluation of OER stability. As
shown in Fig. 6, the polarization curves of CoNi-C-200 (the
optimal sample) are recorded after 0, 100, 200, 300, 400, 500,
1000, and 5000 CV sweeps at a scan rate of 100 mV s−1. It is
interesting to notice a current density increase and reduction of
overpotential during the initial 300 CV sweeps. The polariza-
tion curves of CoNi-C-200 show a negligible change from
300 to 5000 CV sweeps, indicating its superior long-term
stability as a robust catalyst for OER. It is worth mentioning
that CoNi-C-200 exhibits a smaller overpotential of 366 mV
after 5000 CV sweeps.

Fig. 5 a Tafel plots of CoNi-C-100, CoNi-C-200, CoNi-C-400, and Co-
C, measured in 1 M KOH aqueous solutions

Fig. 6 OER stability test (5000 CV sweeps) of CoNi-C-200 (the optimal
sample) in 1 M KOH aqueous solution at a scan rate of 100 mV s−1
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Electrochemical impedance spectroscopy (EIS) measure-
ments are conducted to provide further insight into the kinetics
of catalytic reactions of as-prepared catalysts. Figure 7 dis-
plays typical Nyquist plots of CoNi-C-100, CoNi-C-200,
CoNi-C-400, and Co-C electrodes when tested at
E = 1.638 V in the 1 M KOH electrolyte. As we can see that
all Nyquist plots are composed of depressed semicircles cor-
responding to the charge-transfer process for the OER. The
Nyquist plots are fitted and can be represented by one capac-
itive loop, cell resistance (RΩ) and the charge-transfer resis-
tance (Rct) for the OER. The depressed semicircle corresponds
to the Rct. According to previous reports [35, 36], smaller Rct
usually indicates higher catalytic activity for OER. As we can
see from Fig. 6 that the four catalysts exhibit similar RΩ, how-
ever, it is clearly observed that CoNi-C-200 shows a smaller
semicircle than other catalysts, indicating the best catalytic
activity among all the catalysts. These results are in good
accordance with the LSVobservations.

All the electrochemical measurements above indicate that
CoNi-C catalysts exhibit high-catalytic activity and good du-
rability for OER. For practical application in a real industrial
water-splitting cell, the cost of electrocatalysts is another cru-
cial factor that has to be taken into account. Unlike the scarcity
and high cost of noble metal or their metal oxides as commer-
cial OER electrocatalysts, the elements of CoNi-C catalysts
are earth abundant and less expensive. Thus, the CoNi-C cat-
alysts can be produced at low cost on a large scale.
Furthermore, the whole synthesis procedure of CoNi-C cata-
lysts is facile and economical due to the use of cheap precur-
sors and simple one-step annealing treatment, which offers
great potential in large-scale production of catalysts for
water-splitting application. Considering both excellent OER
performance and low cost of catalysts, we believe the CoNi-C
catalysts hold great promise in water-splitting applications. In
the future, we plan to fabricate a massive electrode by coating

the as-prepared catalysts onto a large-sized substrate and in-
vestigate its OER performance for a real industrial water-
splitting cell.

Conclusions

In summary, for the first time, we report a facile synthesis of
CoNi-embedded carbon nanocages by direct pyrolysis of bime-
tallic metal organic frameworks in inert gas atmosphere and
study their electrocatalytic performance in OER. It is found that
CoNi-C-200 shows a small overpotential of 408mVat a current
density of 10 mA cm−2 and a small Tafel slope of 83 mV dec−1,
demonstrating the best catalytic activity for OER compared to
CoNi-C-100, CoNi-C-400, and Co-C catalysts. In addition,
CoNi-C-200 exhibits a smaller overpotential of 366 mV after
5000 CV sweeps, indicating a superior long-term stability. The
enhancement in catalytic activity and long-term electrochemi-
cal stability can be attributed to the unique morphology and the
synergistic effects of CoNi alloy and carbon component in the
composite. Considering the facile synthesis of catalysts and
their excellent catalytic activities in alkaline medium, the
CoNi-C-200 shows great potential as an economic catalyst for
OER applications. In addition, this work may open up a new
route for further study of various metal organic frameworks as
templates in design and development of low cost and efficient
catalysts for OER. Due to its unique structure and superior
properties, the as-prepared CoNi-C-200 may also find wide
applications in other fields such as dye-sensitized solar cells,
photocatalysts, and so forth.
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