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ABSTRACT: Water electrolysis is a promising approach for green and large-scale hydrogen production; however, there are still
challenges for developing efficient and stable bifunctional electrocatalysts toward the hydrogen and oxygen evolution reactions.
Herein, zeolitic imidazolate framework-67 was used as the precursor for the construction of CoSe, nanoparticles trapped in N-
doped carbon (NC) polyhedra. Among as-obtained CoSe,-NC hybrid, highly active CoSe, nanoparticles in sizes of 10—20 nm
are encapsulated in N-doped few-layer carbon shell, avoiding their easy aggregations of CoSe, nanoparticles as well as enhancing
the long-term stability. The unique nanostructured CoSe,-NC hybrid with a hierarchical porosity and 3D conductive framework
thus fully exerts outstanding bifunctional catalytic activity of CoSe, centers. As a result, the CoSe,-NC hybrid as bifunctional
catalysts for overall water splitting delivers a high current density of S0 mA cm™ with an applied voltage of ~1.73 V in an
alkaline electrolyte, with a promising stability over 50 000 s.

KEYWORDS: ZIF67, selenide reaction, carbon polyhedra, bifunctional electrocatalyst, overall water splitting

1. INTRODUCTION metal-based materials have greatly limited their practical and
large-scale applications.®

Great efforts have been made toward the development of
low-cost, high-performance, and long-durability HER and OER
electrocatalysts. Varieties of transition-metal compounds are
utilized as the promising electrocatalysts for HER (metal
oxides, metal sulfides, phosphides, carbides/nitrides, etc.)lz_24
and OER (metal oxides, hydroxides, perovskite, nitrides,
chalcogenides, etc.). 7% Among these transition-metal

Developing clean and renewable alternatives to fossil fuels is a
1-3 . .
matter of great urgency. ~ Among various of alternatives,
hydrogen is regarded as most promising clean energy carriers
because of its high energy density and environmentally friendly
features."”"> Water electrolysis is the most efficient and large-
scale strategy for the simultaneous production of hydrogen and
oxygen.”” The water electrolysis is composed of two basic

reactions, namely, the hydrogen evolution reaction (HER) and

oxygen evolution reaction (OER).? The sluggish kinetics of the compounds, cobaltous selenide (.C.oSe.Z) is exp ec.ted top erfo.rm
two reactions greatly hinder energy conversion efficiency for a remarkabl;IiER and OER activity in ‘bOth acid and alkaline
overall water splitting.””~"" Therefore, the development of electrolytes. ™ However, the CoSe, in the form of nano-

efficient and durable bifunctional HER/OER catalysts is the particles suffers from severe problems of easy aggregation and
key to achieve high energy efficiency for an electrolyzer. An oxidation, which greatly impede efficient exposures of active
ideal electrocatalyst for overall water splitting demands to centers a3r£37thus lead to the performance far below
generate high and stable electrocatalytic current at a low exception.™ For example, the Xie group obtained an
overpotential for long-term operation. Up to now, Pt-group
metals and Ir-/Ru-based compounds are the efficient HER and Received: November 16, 2018
OER electrocatalysts, respectively, for commercial uses. The Accepted: December 26, 2018
shortcomings of low reserves and high costs of these precious Published: December 26, 2018
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outstanding OER performance by reducing the thickness of the
CoSe, nanosheets into atomic scale, boosting the intrinsic high
OER activity of CoSe,.** Recently, encapsulations of active
metal-based nanoparticles into carbon nanotubes or graphitic
carbon shells have been developed as an efficient way to
improve their electrochemical performance.”>*”~* For in-
stances, through encapsulating the iron, cobalt, and their alloys
into N-doped carbon (NC) nanotubes via chemical vapor
deposition, Deng et al. realized long-term highly active non-
precious-metal catalysts in acid.** However, the uniform
dispersion of the nanoparticle catalysts in interconnected
carbon matrix via a simple and green strategy is still a great
challenge.

Metal—organic framework (MOF) and its derived materials,
possessing orderly structure, large surface area, high porosity,
and controllable morphology, have attracted great atten-
tions.”* MOF-derived materials can be easily tailored by
tuning the metal species within the MOF precursor or
introducing additive components during post treatments.** >’
The MOF-derived materials with hierarchical porous structure
and controllable morphology guarantee exposures of more
electrochemically active sites, beneficial for shorten ion
diffusions of electrolytes.’'>* Herein, we put forward a
selenide reaction packaging strategy for preparation of CoSe,
nanoparticles trapped in NC polyhedra using the zeolitic
imidazolate framework-67 (ZIF67) as the precursor. Among
the as-obtained CoSe,-NC hybrid, CoSe, nanoparticles,
wrapped by few-layer NC shells, are tightly anchored within
the NC framework. The closely wrapped NC shells largely
enhance long-term stability of the CoSe, core in alkaline
electrolyte, and the NC framework with high graphitization
degree and unique polyhedral morphology shows an integrated
conductive network facilitating fast electron transfer during
electrocatalysis. Simultaneously, the hierarchical porous
structure of the NC framework ensures fully exposures of
catalytic active centers in electrolytes. As a result, the as-
obtained CoSe,-NC hybrid performs outstanding bifunctional
catalytic performance toward HER and OER in alkaline,
delivering high water electrolytic current under low over-
potential, with small Tafel slope and impressive long-term

stability.

2. EXPERIMENTAL SECTION

2.1. Preparation of the ZIF67. The synthesis of ZIF67 was based
on a previous method with a slight modification.”>*® Basically, 4
mmol Co(NOj;), was dissolved in 100 mL methanol and 16 mmol 2-
methylimidazole was dissolved in another 100 mL of methanol. The
above two solutions were mixed and maintained for 24 h below 5 °C.
The sample was obtained by centrifugation, washing with methanol
and drying at 80 °C overnight in a vacuum oven.

2.2. Preparation of the Co-NC Hybrid. The Co-NC hybrid was
prepared by direct pyrolysis of ZIF67 in inert gas followed by acid
leaching. Typically, the ZIF67 powder was put into a covered crucible
and then heated to a certain temperature at a heating rate of 2 °C
min~" under 50 sccm Ar and kept for another 2 h before cooling
down. The obtained sample was washed with a 0.5 M H,SO, solution
for 6 h, collected by centrifugation, and washed with water/ethanol
before drying at 80 °C. The products obtained under 700, 800, and
900 °C were labeled as Co-NC-700, Co-NC-800, and Co-NC-900,
respectively. The products prepared by the same method without acid
leaching were labeled as Co-NC-700-W, Co-NC-800-W, and Co-NC-
900-W.

2.3. Preparation of the CoSe,-NC Hybrid. The CoSe,-NC
hybrid was prepared by gas-phase selenization reaction. Typically, the
Co-NC-800 hybrid powder was first mixed with Se powder (mass
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ratio: Co-NC/Se = 2/1) by gridding. Then, the mixture powder was
put into a covered crucible and then heated to a certain temperature
for 2 h under 100 sccm Ar. The as-obtained black powder is the
CoSe,-NC hybrid. CoSe,-NC-800 obtained under 350, 400, and 450
°C were labeled as CoSe,**”-NC-800, CoSe,**”-NC-800, and
CoSe,*-NC-800, respectively (for instance, “***” indicates that the
selenization reaction temperature is 350 °C). The CoSe,-NC-700 and
CoSe,-NC-900 hybrid were prepared by the same procedure by using
the Co-NC-700 and Co-NC-900 as the precursor, respectively.

3. RESULTS AND DISCUSSION

The ZIF67 precursor was first prepared as the precursor for the
synthesis of the CoSe,-NC hybrid. Figure S1 exhibits the SEM
images of the as-prepared ZIF67, which have a rhombic
dodecahedral morphology with a smooth surface and uniform
size of ~500 nm. The X-ray diffraction (XRD) pattern
confirms good crystallinity of the as-obtained ZIF67 (Figure
S2). The schematic of the synthesis of the CoSe,-NC hybrid is
illustrated in Figure 1. In the first step, the Co nanoparticles

O
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Pores infiltrated
by electrolyte

Gas phase reaction
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Figure 1. Schematic of the preparation of the CoSe, nanoparticles
trapped in NC polyhedra (CoSe,-NC) hybrid.

trapped in the NC (Co-NC) were obtained by direct pyrolysis
of ZIF67 followed by acid leaching. Compared with traditional
methods for preparation of metal/carbon hybrids, the
approach using the ZIF67 as the precursor has many
advantages such as convenience, easy to obtain uniformly
distributed metal nanoparticles, and so on.””*® SEM images of
pyrolyzed products obtained at 800 °C (Co-NC-800-W) are
shown in Figure S3. The Co-NC-800-W sample inherits a
polyhedron structure but shows a rough surface and slightly
reduced size. The Co-NC-800 hybrid obtained by washing the
Co-NC-800-W in acid possesses a similar polyhedron structure
of the Co-NC-800-W (Figure 2ab). Transmission electron
microscopy (TEM) image of the Co-NC-800 (Figure 2c)
reveals that Co nanoparticles are uniformly encapsulated in 3D
porous carbon framework with small sizes. The Co nano-
particles are surrounded with few-layer carbon shells, which are
in situ grown during pyrolysis because of a catalytic
carbonization property of in situ formed metallic Co.””*
The acid-leaching treatment efliciently created more pores
inside the NC framework by removing unstable Co nano-
particles, thus achieving high surface area and excellent
electrochemical performance (Figures S4 and SS). The acid-
leaching condition is optimized to be a 0.5 M H,SO, solution
(related discussions in Figures S6 and S$7). Upon acid-leaching,
most of remained Co nanoparticles were closely wrapped by in
situ formed few-layer carbon shells, protecting Co cores from
acid leaching,
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Figure 2. (a,b) SEM and (c) TEM images of the Co-NC-800, (d,e) SEM, (f) TEM, (g) high-resolution TEM, (h) STEM images of the CoSe,*00).
NC-800 with the EDXS mappings of (i) overlapped, (j) Se, (k) Co, (1) C, and (m) N elements.

In the second step, a selenization reaction packaging strategy
was utilized for the conversion of the Co-NC hybrid into the
CoSe, nanoparticles trapped in the NC (CoSe,-NC). Upon
selenization reaction at 400 °C, the CoSe,“*?-NC-800 (Figure
2d—f) shows a rough and porous structure, and uniform
distributions of CoSe, nanoparticles are well maintained. The
detailed microstructure of the hybrid was further characterized
by high-resolution TEM (Figure 2g). The CoSe, nanoparticles
are closely wrapped by few-layer carbon shells. Besides, the
lattice spacing of the graphitic shells and CoSe, cores are
~0.34 and 0.26 nm, respectively, which are corresponding to
the (002) crystalline plane of graphitic carbon and (210)
crystalline plane of CoSe,, respectively, confirming the
successful conversion of metallic Co into CoSe,. During the
selenization, in situ formed CoSe, nanoparticles are confined
in few-layer carbon shells, thus avoiding self-agglomerations. A
series of the CoSe,-NC hybrids are obtained by tailoring the
preparation parameters, thus realizing an optimization. The
scanning TEM (STEM) and energy-dispersive X-ray spectros-
copy (EDXS) mappings of the CoSe,*”-NC-800 reveal the
uniform distributions of the C, N, Co, and Se elements within
the hybrids (Figure 2h—m).

XRD characterizations were conducted to investigate the
chemical components and crystalline structures in the Co-NC-
800 and CoSe,*-NC-800 (Figure 3a). For the Co-NC-800,
two diffraction patterns at 44.3 and 51.6° correspond to (111)
and (200) crystalline planes of metallic Co (JCPDS no. 15-
0806), and the broad XRD pattern at 25.8° is assigned to the
(002) facet of graphitic carbon. The CoSe2(4OO)—NC—800
sample shows characteristic diffraction patterns of CoSe,
(JCPDS no. 53-0449), confirming the successful formation
of CoSe,. The diffraction pattern at 44.3° in the CoSe,#00).
NC-800 indicates that the metallic Co form is maintained in
some nanoparticles. These “nonconvertible” Co nanoparticles
are totally inactive and can be ignored in the CoSe,™)_NC-
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800 hybrid because they are densely covered by thick carbon
shell and could not react with Se gas as well as electrolytic ions
for further reactions. X-ray spectroscopy (XPS) measurements
reveal that the CoSe2(4OO) -NC-800 mainly consists of C, O, Co,
N, and Se elements. The presence of N 1s region indicates the
nitrogen doping of the carbon matrix, which could enhance the
electrochemical performance of the hybrid materials.”’ High-
resolution Se 3d and Co 2p spectra in Figure 3¢,d confirm the
formation of CoSe, within the hybrid.°”®® Nitrogen
adsorption/desorption tests were applied to investigate the
pore structure evolutions before and after the selenization
reaction. From Figure 3e, the isotherm curves of the Co-NC-
800 and CoSe,**)-NC-800 belong to typical type-IV
isotherms, demonstrating the existence of mesopores in these
two samples. The Brunauer—Emmet—Teller-specific surface
areas of the Co-NC-800 and CoSe,**”-NC-800 are 279 and
295 m?* g7', respectively. The pore size distributions of these
samples are plotted by a Barrett—Joyner—Halenda method.
For Figure 3f, the Co-NC-800 and CoSe,**”-NC-800 show
similar pore size distributions, indicating the coexistences of
micropores and mesopores in the samples. These results imply
that the gas-phase selenization reaction causes no obvious
changes of pore structures, indicating that the hierarchical
porous structure of the Co-NC is well maintained during the
selenization.

To optimize the temperatures for the selenization reaction,
the CoSe,-NC-800 samples obtained under different seleniza-
tion temperatures of 350 and 450 °C were also synthesized.
The morphological results indicate that both CoSe,?-NC-
800 and CoSe,®-NC-800 (Figure 4) maintain regular
porous structure of the Co-NC-800. However, the sizes of
imbedded CoSe, nanoparticles increase with the increase of
selenization temperatures, and the particle sizes of the CoSe,
within the CoSe,**”-NC-800, CoSe,**”-NC-800, and
CoSe2(450)—NC—8OO are in the ranges of 12—17, 14—28, and
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Figure 3. (a) XRD patterns of the Co-NC-800 and CoSe,**?-NC-800. (b) XPS survey, (c) Se 3d, and (d) Co 2p spectra of the CoSe,**”-NC-
800. (e) Nitrogen adsorption/desorption isotherms and (f) pore size distributions of the Co-NC-800 and CoSe,“)_NC-800.

Figure 4. SEM and TEM images of (a—c) CoSe2(350)—NC-800 and (d—f) CoSe2(450)—NC-800.

47—57 nm, respectively. The sizes of the CoSe, nanoparticles
would greatly affect exposed active site number of the CoSe,-
NC hybrid, which would in turn affect the electrochemical
performance of the catalyst.

The electrocatalytic HER performance of different samples
was evaluated by recording their linear sweep voltammetry
(LSV) curves at a scan rate of 2 mV s~ in a N,-saturated 0.5

3375

M H,SO,. Figure Sa shows the LSV curves of different samples
without iR compensations. The commercial Pt/C catalyst
shows the highest onset potential as well as lowest Tafel slope,
as expected. All the CoSe,-NC-800 catalysts show improved
HER performance compared with the Co-NC-800, indicating
their much higher activities of embedded CoSe, than that of
Co nanoparticles. Among the CoSe,-NC-800 catalysts
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Figure S. (a) LSV curves and (b) Tafel plots of the CoSe,-NC-800 at different selenization temperatures, Co-NC-800, and Pt/C in 0.5 M H,SO,.
(c) Cq of the CoSe,-NC-800 obtained at different selenization temperatures.

obtained by different selenization temperatures, the CoSe,***)-
NC-800 sample exhibits the lowest onset potential (—84 mV)
and the potential reaching a current density of 10 mA cm™
(=156 mV), revealing its better HER performance than the
CoSe,*”.NC-800 (—181 mV at 10 mA cm™2) and CoSe,**)-
NC-800 (—175 mV at 10 mA cm™>). The Tafel slopes of the
CoSe,-NC-800 catalysts vary from 58 to 65 mV dec™’,
suggesting that the HER processes of the CoSe,-NC hybrid
undergoes a Volmer—Heyrovesky pathway. As discussed in the
Experimental Section, the selenization temperature would
affect the CoSe, particle sizes among the hybrid, which would
definitely cause effects on the electrochemical active surface
area (ECSA) of the catalysts. Therefore, the Cy of different
CoSe,-NC-800 samples were determined by collecting their
cyclic voltammetry (CV) curves under scan rates from 10 to
100 mV s™' in non-Faradaic regions to reflect their ECSA
(Figure $8). From Figure Sc, the CoSe,**Y-NC-800 catalyst
possesses a higher Cg of 15.4 mF cm™ than that of CoSe, 3.
NC-800 (12 mF cm™2) and CoSe,*”-NC-800 (10.2 mF
cm™?), indicating that the CoSe,-NC-800 obtained at a
selenization temperature of 400 °C has the largest ECSA.
Larger ECSA means more active sites at solid—liquid interfaces
during electrocatalysis, thus helping to achieve better catalytic
performance.

Furthermore, the carbonization temperature of the ZIF67
precursor was also optimized. Figure 6 shows the CoSe,*0)-

200 nm

Figure 6. SEM and TEM images of (ab) CoSe,**).NC-700 and
(c,d) CoSe,*-NC-900.

NC hybrid prepared from the Co-NC-700 and Co-NC-900.
Both CoSez(‘m0 -NC-700 and CoSez(400)—NC—9OO show the
similar polyhedron-like morphology and small particle sizes of
the CoSe, like the CoSe,**”-NC-800, expect that some
macropores appear in the carbon framework of the CoSe,*0).
NC-900. These macropores were created by acid leaching of
large-sized Co nanoparticles formed under high calcination
temperature (Figures S9 and S10). TEM images (Figures 2c
and S10e) show that the contents of Co nanoparticles in the
Co-NC-900 are significantly less than that of the Co-NC-800.
This is because higher calcination temperature would increase
the contents of large-sized Co nanoparticles that are easier to
be removed upon acid treatment, thus leaving only a small
quantity of small-sized Co particles within leached products.
Lower Co contents in the Co-NC samples consequently cause
lower CoSe, contents within the CoSe,-NC, proved by
thermogravimetric analysis (TGA) results in Figure S11. The
weight contents of the CoSe, nanoparticles in the CoSe, 0.
NC-700, CoSe,**”-NC-800, and CoSe,***-NC-900 are 68.7,
47.9, and 10.2%, respectively. Raman measurements were used
to reveal the differences of the grezphitic degrees and electrical
conductivities of related samples.”* In Figure S12, the Ip/Ig
ratios of Raman spectra decrease when increasing the pyrolytic
temperatures, indicating that higher graphitic degrees as well as
higher electrical conductivity are obtained under higher
pyrolytic temperature.

Figure 7a indicates the LSV curves of different CoSe, 0.
NC hybrids in 0.5 M H,SO,,. The optimized HER performance
was obtained at the pyrolysis temperature of 800 °C. The
carbonization temperature of the ZIF67 precursor is strongly
related to the electrical conductivity of the carbon framework
and the content of Co nanoparticles. When the carbonization
temperature increases, the conductivity of the CoSe,*)-NC
hybrids gradually increases (reflected by decreased semicircle
diameters in Figures 7c and S12), but the active site density
decreases in the same time. An optimal balance of the amounts
of active sites and electrical conductivities was realized at 800
°C, where an optimized electrochemical activity was obtained.
TEM images of the CoSe,*)-NC-800 catalysts after cycling
for 50000 s in 0.5 M H,SO, show that the CoSe,**”-NC-800
sample remains in the initial polyhedron shape after long-time
cycling, and no obvious changes of the CoSe, nanoparticle in
the carbon species can be observed, indicating the high
stability of the CoSe, in acidic electrolytes for cycling (Figure
S13).

The HER and OER performance of the CoSe,*)-NC
hybrid was then investigated in 1 M KOH electrolyte, and the
commercial HER catalyst (Pt/C) and OER catalyst (IrO,)
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Figure 7. (a) LSV curves, (b) Tafel plots, and (c) Nyquist plots of the CoSe,*-NC hybrid obtained at different carbonization temperatures in

0.5 M H,SO,.
a
(,..)o | ——Cose,“”-NC-700
£ ——Cose,“”-NC-800
o
L0 ——CoSe,“""-NC-900
< | —pPuC
2
2
S-201
T
-
c
g-so-
o
_40 1 1 1 1 1 1 1
06 05 -04 -03 -02 -01 00 0.1

Potential (V vs RHE)

0
C
(cf ——Cose,"""-NC-700
% 40f ——Cose,“"-Nc-800
< ——Cose,"""-NC-900
E 30 —1ro,
2
[}
& 20}
T
-
g
£ 10}
3
o
0
13 14 1.5 1.6 1.7

Potential (V vs RHE)

Overpotential (V)

( )0.40
0.35 | ——Cose,“”-NC-700
0.30 [ ——Cose,“”-NC-800
0.25 | —cosez“"“’_Nc_goo 96 mV/dec
0201 _Pﬂ%mo mVidec
o1sE 95 mV/dec
0.10 |-
0.05
0.00 - """ 49 mV/dec
-0.05 |
-0.10 1 X

(d)0.50

Overpotential (V)

0.2 0.0 0.2 04 06 0.8 1.0
log[lj (mA cm™)]|]

——Cose,""-NC-700
045 ——CoSe,“"-NC-800

——Cose,*"-NC-900
040 —Ir0,

80 mV/dec
99 mV/dec

0.30 79 mVidec
0.25 1 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0

log[lj (mA cm™)]]

Figure 8. (a,b) HER and (c,d) OER performance of the CoSe,*).NC hybrid and corresponding commercial catalysts in 1 M KOH.

were also measured for comparison (Figure 8). The CoSe2(400) -

NC-800 catalyst shows the best HER performance, exhibiting
low onset potential of —125 mV, small Tafel slope of 95 mV
dec™’, and current density of 10 mA cm™> at an overpotential
of 234 mV. For the OER process, the onset potential of the
CoSe,*)_NC-800 is 1.535 V and a low potential of 1.59 V is
needed to provide the current density of 10 mA cm™2. The
Tafel slope of the CoSe,**?-NC-800, which is even lower than
commercial IrO, catalyst, once again confirms its superior
activity.

Cycling stability is an important property to judge a catalyst
in its practical use. We characterized the cycling stability of the
CoSe,*)_NC-800 catalyst by recording the current—time
curves at a fixed voltage. As shown in Figure 9a,b, the current
density of the CoSe,*)-NC-800 catalyst shows no obvious
decreases after continuous operations for 50 000 s for the HER
and OER, respectively, indicating its excellent cycling stability
in basic electrolytes. The excellent cycling stability of the
CoSe,*™).NC-800 catalyst is derived from the unique
structure of 3D carbon framework tethered CoSe, nano-
particles with a NC layer protection. In this hybrid, the CoSe,
active centers are firmly encapsulated in few-layer NC shells,
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acting as protective layers alleviating damages of the CoSe,
cores in strong alkali environments, thereby ensuring the long-
term durability. The TEM—EDXS results of the CoSe,*-
NC-800 catalyst after HER and OER cycling in 1 M KOH are
shown in Figures S14 and S15. After cycling, the Se/Co atom
ratio decreased and the new O elements appeared. This is
because the surface of CoSe, nanoparticles may be slightly
oxidized in alkaline electrolytes.”” The above performance
results show great potentials of the CoSe,™)_-NC-800 as a
bifunctional catalyst for overall water splitting. As a
demonstration, an alkaline electrolyzer using the CoSe,*)-
NC-800 as both cathode and anode catalysts was then
constructed to assess its practical water splitting performance
(digital image in Figure S16). As shown in Figure 9c, the
CoSez(4OO)—NC—800/ / CoSez(4°°)—NC-800 electrolyzer exhibits
outstanding water splitting performance, achieving the current
density at S0 mA cm™ with an applied voltage of only 1.73 V.
The electrolyzer maintains extremely stable for more than 50
000 s with the current density larger than 40 mA cm™>
However, as a control sample, neat Ni foam shows almost no
water splitting current density even as high as 2.0 V. These
results indicate that the CoSe,**”-NC-800 can be used as a
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highly efficient and durable bifunctional catalyst in the overall
water splitting, and its performance is highly competitive with
the carbon hybrid catalysts in the literature (Table S1).

The outstanding performance of the CoSe,*)_NC-800 is
derived from its unique composition and nanostructure. First,
the CoSe, nanoparticles obtained by in situ selenization from
metallic Co nanoparticles have excellent catalytic activity and
serve as catalytic active centers for the HER and OER. Second,
the hierarchical porous carbon framework with large surface
areas and plenty micro-/mesopores greatly enhance the
interplay interfaces between the electrolytes and the active
centers, ensuring full exposures of active CoSe,. Third, highly
conductive NC shells around the CoSe, core are not only
beneficial for rapid electron transfer on catalytic active centers
but also guarantee the electrochemical stability of the catalyst.
All these factors working together therefore promote the
catalytic performance of the CoSe,*-NC-800 as a bifunc-
tional catalyst for overall water splitting.

4. CONCLUSION

In summary, we proposed a simple and efficient selenide
reaction packaging strategy for the synthesis of the CoSe,
nanoparticles trapped in NC polyhedra using ZIF67 as the
precursor. The as-obtained CoSe,-NC hybrid exhibits an
outstanding bifunctional catalytic activity for the HER and
OER. Beneficial from integrated porous structures and closely
wrapped carbon shells on CoSe, active centers, the electrolyzer
using the CoSe,-NC hybrid as the anode and cathode shows
an outstanding performance, delivering high current density of
S0 mA cm™ at a low potential of 1.73 V with a superior
durability. We believe that this synthetic strategy can be
extended for preparation of various carbon-based hybrid
materials for future energy applications.
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