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Abstract

Electrocatalytic water splitting to acquire hydrogen has been recognized as one of the most promising routes to solve the
energy crisis and environmental issues. In this paper, we adopted the facile cocrystallization technique to synthesize the
ZIF-8/Z1F-67 and used it as support to prepare Ni/ZIF-8/ZIF-67. After being annealed at 800 °C, Ni/ZIF-8/ZIF-67 was suc-
cessfully transformed into Ni/Zn/Co/NC electrocatalyst (NC is the abbreviation of nitrogen-doped graphitic carbon). The
structures and properties of all as-synthesized samples were characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS), transmission electron microscope (TEM). The oxygen evolu-
tion reaction (OER) activity was evaluated in a standard three-electrode electrochemical cell in alkaline solution (1 M KOH
solution). The results show that the doping of Ni and Zn has great influence on the OER activity of Co/NC electrocatalyst.
Compared with Co/NC (1.63 V) and Zn/Co/NC (1.58 V), Ni/Zn/Co/NC exhibits the highest OER activity (1.53 V). Except
that, Ni/Zn/Co/NC has high stability. After 10 h of continuous operation at a static potential of 1.52 V for 10 h, it just shows

4.0% of decay.
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1 Introduction

With the development of modern society, fossil energy has
been widely used. The excessive consumption of the fos-
sil energy causes the serious environmental issues, such
as acid rain, global warming and ozone depletion [1-3].
Furthermore, the fossil energy is limited. The energy crisis
and environment issues makes it urgent to develop clean
and sustainable energy sources. Until now, there are many
clean and sustainable energy sources, such as wind, water
and solar power [4-6]. Among them. solar energy is a kind
of sustainable fuel, which can provide a nearly endless sup-
ply and can be utilized to split water, producing H, and O,
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[7, 8]. Splitting water to obtain H, not only can solve the
global warming issue but also decrease the demand for fos-
sil energy. Recent years, many effects have been made to
develop catalysts with efficient performances [9, 10]. Among
these catalysts, IrO, and RuO, show excellent OER proper-
ties [11, 12]. But IrO, and RuQ, are easy to be oxidized and
their high costs limit their practical applications [13]. Thus,
it is urgent to develop a kind of inexpensive catalysts which
are easy to be applied and have excellent properties.
Zeolitic imidazolate frameworks (ZIFs), as a kind of
MOFs, is constructed by metal ion(IT) and 2-methylimi-
dazole ligands. The most widely ZIFs is ZIF-67, which is
constructed by Co(Il) and 2-methylimidazole ligands [14].
Due to the high specific surface area, uniform channels, and
regular pores, it is widely used in various catalytic fields,
such as the hydrogenation of alkenes [15], knoevenagel
condensation reaction [16] and the semihydrogenation of
phenylacetylene [17]. Furthermore, ZIF-67 has been dem-
onstrated to be a promising precursor to prepare electrocata-
lysts with high performance. Liu et al. used carbon cloth
(CC) as support to load a lay of ZIF-67 and employed it to
prepare Co—P/NC/CC by annealing it at 900 °C for 3 h under
flowing argon [18]. They found that Co—P/NC/CC catalyst
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exhibited remarkable catalytic performance in 1 M KOH
with Tafel slopes of 52 and 61 mV/dec for HER and OER,
respectively. Li et al. adopted ZIF-67 as precursor to prepare
Co—NC@CoP-NC nanopolyhedra and found that Co-NC @
CoP-NC nanopolyhedra has excellent activity and satbil-
ity for both the OER and ORR [19]. Guan et al. used PS@
ZIF-67 as precursor to obtain Co/NC hollow particles by a
controlled pyrolysis [20]. The synthesized Co/NC manifest
superior electrocatalytic oxygen reduction performance with
high activity and excellent durability.

ZIF-8, as another ZIFs, is constructed by Zn(II) and
2-methylimidazole ligands [21]. It has the same structure
with ZIF-67 and can conjugate with ZIF-67 to synthesize
ZIF-8/ZIF-67 hybrid catalyst. Here, ZIF-8/ZIF-67 compos-
ites were firstly synthesized through the facile cocrystalliza-
tion technique. And it was used as support to load Ni ele-
ment. Ni/Zn/Co/NC, Ni, Zn, Co and N co-doped graphitic
carbon, was successfully fabricated through carbonization
of Ni/ZIF-8/ZIF-67. Ni, Zn, Co and N elements were well
dispersed on porous graphitic carbon. The as-synthesized
Ni/Zn/Co/NC was used as electrocatalyst to text its oxygen
evolution reaction (OER) activity in a standard three-elec-
trode electrochemical cell in alkaline solution (1 M KOH
solution). After evolution, it shows excellent electrocatalytic
activity with an overpotential of 285 mV at the current den-
sity of 10 mA/cm? and exhibits great durability during the
long-term stability test. The excellent properties of Ni/Zn/
Co/NC electrocatalyst makes it potential to be used in split-
ting water to obtain H,.

2 Experimental
2.1 Chemicals

Zinc nitrate hexahydrate [Zn(NO;),-6H,0], cobalt nitrate
hexahydrate [Co(NO3),-6H,0], nickel nitrate hexahydrate
[Ni(NO;), 6H,0], 2-methylimidazole [2-Hmim] and metha-
nol were all purchased from Sinopharm Chemical Reagent
Co. Ltd. All the chemical reagents used in this study are of
analytical grade and used directly without any further puri-
fication. Distilled water was used in this experiment.

2.2 Synthesis of Ni/Zn/Co/NC catalyst

In this experiment, Ni/Zn/Co/NC was synthesized by the fol-
lowing procedures. First, ZIF-8/ZIF-67 was synthesized by
mixing Co?* and Zn* with 2-methylimidazole, as reported
in the previous literature [21]. 8 mmol Zn(NO;), 6H,0
and 2 mmol Co(NO;), 6H,0 was dissolved into 100 mL
methanol together and kept stirring for 10 min, which was
labeled as (A) 40 mmol 2-methylimidazole (2-Hmim), was
dissolved 100 mL methanol, which was marked as (B) And
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B solution was poured into the A solution slowly and kept
stirring for 10 min. Then, the mixture was left to stand for
24 h at room temperature. And the mixture was centrifuged,
washed with methanol and dried at 70 °C to obtain ZIF-8/
ZIF-67 nanoparticles. After that, 0.5 g ZIF-8/ZIF-67 was
dispersed into 100 ml methanol solution, which contained
0.5 g Ni(NO;),-6H,0. The suspension kept stirring for
30 min and dried at 80 °C to get Ni-doped ZIF-8/ZIF-67.
Finally, the Ni-doped ZIF-8/ZIF-67 was annealed at 800 °C
in the Ar atmosphere for 6 h to obtain the Ni/Zn/Co/NC cata-
lyst. For comparison, Co/NC and Zn/Co/NC were prepared
by annealing ZIF-67 and ZIF-8/ZIF-67 at 800 °C in the Ar
atmosphere for 6 h. The formation mechanism of Ni/Zn/Co/
NC is shown in Fig. 1.

2.3 Characterization

The powder X-ray diffraction (XRD) patterns of all as-syn-
thesized samples were recorded no a Shimadzu X-ray dif-
fractometer (Model 6000) using Cu Ka radiation, operated
at 40 kV and 40 mA. The scanning electron microscope
(SEM) images were observed by field emission scanning
electron microscopy (SEM) on Hitachi SU-70. The energy
dispersive spectroscopy (EDS) mappings were obtained on
Hitachi SU-70 at 20 kV. The transmission electron micros-
copy (TEM) images were recorded on a Hitachi HT-7700
transmission electron microscopy at an accelerating voltage
of 200 kV.

2.4 Electrochemical measurements

The electrochemical tests of all samples were performed on
a standard three-electrode cell. Pt wire and Ag/AgClI were
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Fig. 1 Schematic illustration of the synthesis of Ni/Co/NC catalyst
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used as counter and reference electrodes, respectively. 8 mg
sample was dispersed in 600 pL. water/ethanol (14/1 v/v)
mixture containing 60 uL Nafion solution (5 wt%) to form
a homogeneous suspension. Then, the as formed suspen-
sion was dropped into the glassy-carbon disk and dried
for the oxygen evolution reaction measurement at room
temperature. In order to stabilize the signals, the working
electrode was scanned for 20-30 cycles of cyclic voltam-
metry (CV) before the OER measurement. The polariza-
tion curves were recorded at a slow scan rate of 10 mV/s.
During the measurement, a flow of O, was maintained
to ensure the O,/H,0O equilibrium at 1.23 V versus RHE.
In the 1 M KOH ageous solution, E versus RHE=E ver-
sus Ag/AgCl+0.0591 xpH+0.197 V. The overpotential
() for OER is n=E versus. RHE-1.23 V=E versus Ag/
AgCl+0.0591 xpH+0.197 V.

3 Results and discussion

The synthesized ZIF-67, ZIF-8/Z1F-67 and Ni/ZIF-8/ZIF-67
was observed on Hitachi SU-70. The results are shown in
Fig. 2. From Fig. 2, all samples exhibit rhombic dodeca-
hedron morphology. The particles size of ZIF-67 is about
550 nm (Fig. 2a). When Co?* and Zn?* mix with 2-meth-
ylimidazole, they can coordinate with 2-methylimidazole
ligands to form ZIF-8/ZIF-67 [21]. The particle size of
ZIF-8/ZIF-67 is about 400 nm (Fig. 2b), which is smaller
than ZIF-8. This result is in accordance with Zargba’s reports
[22]. Figure 2c is the SEM image of Ni/ZIF-8/ZIF-67. The

Fig.2 SEM images of a ZIF-
67, b ZIF-8/ZIF-67, ¢ Ni/ZIF-8/
ZIF-67 and the XRD patterns

doping of Ni did not destroy the morphology of ZIF-8/ZIF-
67. Figure 2d shows the XRD patterns of ZIF-67, ZIF-8/ZIF-
67 and Ni/ZIF-8/ZIF-67. All samples exhibit the same peaks
at 7.38°, 10.48°, 12.76°, 14.75°, 16.49° and 18.06°, which
are ascribed to (011), (002), (112), (022), (013) and (222)
reflections of ZIF-67 (JCPDS: 89-3739) [23]. ZIF-8/ZIF-67
has the same structure with ZIF-67. There are no appearing
other new peaks in Ni/ZIF-8/ZIF-67. It reveals that the dop-
ing of Ni does not change the structure of ZIF-8/ZIF-67.

In order to remove the organic ligands, ZIF-67, ZIF-8/
ZIF-67 and Ni/ZIF-8/ZIF-67 were annealed at 800 °C in
the Ar atmosphere to prepare Co/NC, Zn/Co/NC and Ni/
Zn/Co/NC, respectively. The XRD patterns of Co/NC, Zn/
Co/NC, Ni/Co/NC are shown in Fig. 3a. All samples show
a weak peak at 26.1°, which is ascribed to the diffraction of
carbon. Except that, there are existing peaks at 44.3° and
51.7°, which are ascribed to (111) and (200) reflections of
Co [24]. The XRD patterns of Zn/Co/NC and Ni/Zn/Co/
NC are almost the same with the XRD patterns of Co/NC.
It indicates that the doped of Zn and Ni did not change the
structure of Co/NC. Figure 3b is the Raman spectrum of
Co/NC. The Raman spectrum of Co/NC shows the peaks at
1360/cm for the D band and at 1587/cm for the G band, in
which the high-intensity G peak reveals a high-graphitiza-
tion degree [25].

Figure 4 shows the SEM images of Co/NC, Zn/Co/NC,
Ni/Co/NC and TEM images of Ni/Co/NC. Figure 4a is
the SEM image of Co/NC. Parts of the structure is broke
down. The particle size of Co/NC is about 100 nm. When
ZIF-67 is doped with Zn (ZIF-8/ZIF-67) and annealed
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Fig.3 a XRD patterns of Co/NC, Zn/Co/NC, Ni/Zn/Co/NC and b Raman spectrum of Co/NC

Fig.4 SEM images of a Co/NC,
b Zn/Co/NC, ¢ Ni/Co/NC and d
TEM image of Ni/Co/NC

at 800 °C in the Ar atmosphere to form Zn/Co/NC, the
structure is broke down and its surface is surrounded by
carbon nanowires (Fig. 3b). Figure 3c is the SEM image
of Ni/Zn/Co/NC. It can be seen that Ni/Zn/Co/NC nano-
particles show more dodecahedral than Co/NC and Zn/
Co/NC. From the previous research, we can know that Ni
element, adhering on the surface and/or in the pore canals
of ZIF-67, can act as support to protect its morphology.
Figure 3d is the the high-resolution transmission elec-
tron microscopy (HRTEM) of Ni/Zn/Co/NC. Ni/Zn/Co/
NC nanoparticles exist a porous structure, in which many
black dots, with the lattice fringe of 0.206 nm, are embed-
ded. The lattice fringe of 0.206 nm is corresponding to the
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(111) planes of Co. Except that, there is also existing the
distinct lattice fringe of 0.34 nm, which is corresponded to
the (002) lattice plane of carbon. The bent graphitic layers
can also be directly observed, indicating the graphitization
of carbon.

From the XRD patterns and the TEM image of Ni/Co/
NC (Figs. 3c, 4d), we can know that Ni/Co/NC exists porous
carbon and Co. In order to investigate the doping of Zn and
Ni element, Ni/Zn/Co/NC were analyzed by EDS maps. The
results are shown in Fig. 5. It can be seen that Ni/Zn/Co/
NC is constituted by Co, Ni, C, N, O and Zn elements. Zn
and Ni are well loaded and dispersed in the Ni/Zn/Co/NC
nanoparticles.
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Fig. 5 EDS images of Ni/Zn/Co/NC nanoparticles

The OER activity of the as-synthesized Ni/Zn/Co/NC
was evaluated in a standard three-electrode electrochemi-
cal cell in alkaline solution (1 M KOH solution). For com-
parison, Co/NC and Zn/Co/NC were also examined. The
results are shown in Fig. 6. Figure 6a is the polarization
curves of Co/NC, Zn/Co/NC and Ni/Zn/Co/NC, which are
obtained from the linear sweep voltammetry (LSV) curves.
The onset potentials of Co/NC and Zn/Co/NC are 1.63 V
and 1.58 V, respectively, which are higher than Ni/Zn/
Co/NC (1.53 V). Ni/Zn/Co/NC exhibits the lowest onset
potential. The superior OER catalytic performance of Ni/
Zn/Co/NC may be ascribed to the synergistic effects of Ni,
Zn and Co with its porous structure [26—28]. Figure 6b
is the Tafel plots of all as-synthesized samples, which

C

100nm  Ni

100 nm

(C

are used to investigate the OER kinetics. The Tafel slope
of Co/NC, Zn/Co/NC and Ni/Zn/Co/NC is 174, 148 and
112 mV/dec, respectively. It indicates that Ni/Zn/Co/NC
shows that fastest kinetics. The results implied that Ni/
Zn/Co/NC shows outstanding catalytic performance and
possesses the potential to realize the practical applications.
In order to assess the stability of catalyst, Ni/Zn/Co/NC
was conducted at a static potential of 1.52 V for 10 h. The
result is shown in Fig. 7. As shown in Fig. 7, the required
potential of Ni/Zn/Co/NC decreases during the early stage
of OER process and then stabilizes. After 10 h of continu-
ous operation, it just shows 4.0% of decay. Ni/Zn/Co/NC
exhibits excellent durability for OER in alkaline solution.
The excellent durability of Ni/Zn/Co/NC for OER in alka-
line solution may be attributed to the structural stability.
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4 Conclusion

In conclusion, Ni/Zn/Co/NC electrocatalyst was successfully
synthesized by using self-templated MOFs. Firstly, ZIF-8/
ZIF-67 was synthesized by the facile cocrystallization tech-
nique. Then, ZIF-8/ZIF-67 was used as support to prepare
Ni doped ZIF-8/Z1F-67 (Ni/ZIF-8/Z1F-67). The thermal
annealing treatment was carried out to obtain Ni/Zn/Co/NC
electrocatalyst. Benefit from the porous structure and high
electroactive sites, the onset potentials of Ni/Zn/Co/NC is
1.53 V, which is lower than the the onset potentials of Co/
NC (1.63 V) and Zn/Co/NC (1.58 V). Except that, Ni/Zn/
Co/NC has high stability. After 10 h of continuous operation
at a static potential of 1.52 V for 10 h, it just shows 4.0% of
decay. The excellent OER activity and high stability of Ni/
Zn/Co/NC electrocatalyst makes its potential to be used on
renewable energy storage and conversion devices.
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