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The preparation of highly efficient, stable, and low-cost electrocatalysts for the oxygen evolution reaction
(OER) and the hydrogen evolution reaction (HER) is still a challenge for the development of new energy
systems. In this work, a NiCo bimetal loaded on porous carbon (NiCo-C/NF) grown on nickel foam (NF)
was obtained via the pyrolysis of a NiCo bimetal MOF (NiCo-MOF/NF) under a nitrogen atmosphere at
500 °C. Compared with NiCo-MOF/NF, NiCo-C/NF had a larger specific surface and uniform
mesoporous structure. As an electrocatalyst in the OER, this new type of electrode operated with better
stability in an alkaline solution (1.0 mol L™t KOH), the overpotential when the current density reached 10

R 4 13th March 2021 mA cm~2 was only 260 mV, and the electrode also exhibited long-term durability in a stability test for

eceive th Marc| . . L " .

Accepted 19th April 2021 10 h without significant changes. The excellent activity and stability toward the OER can be attributed to
the synergistic effect of the NiCo bimetal and the abundant active sites exposed after the carbonization

DOI: 10.1039/d1ra01997] of NiCo-MOF, which compensated for the defect of the insufficient conductivity of the material and
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1. Introduction

Increasing energy demands have stimulated a great interest in
alternative energy conversion and storage systems. Environment
friendly characteristics and a high calorific value of hydrogen energy
is currently the primary choice for replacing traditional energy
sources.' The development of hydrogen energy, generally using
water electrolysis devices and fuel cells, is all related to the oxygen
evolution reaction (OER).> Among the oxygen electrocatalysts that
have been developed, platinum group metals (PGMs),*” such as
palladium, iridium and ruthenium (for OER), had considerable
catalytic activity, but a high cost and poor stability under continuous
working conditions restricted their use in industrial applications.®
Therefore, it is of great importance to develop low-cost electro-
catalysts with an electrocatalytic performance that is comparable to
PGMs. Recently, many new OER electrocatalysts had been designed
and reported, including heteroatom-doped carbon materials,”®
transition metal compounds,>® transition metal carbon material
composites,"™ metal-organic frameworks (MOF) materials,*
polymers and so on."
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promoted the evolution of oxygen in the catalytic process.

The MOFs are a new type of material formed by the coordi-
nation of metal central ions and organic ligands.*® Because of
the characteristics of high porosity, large surface area, uniform
and adjustable pore size, controllable microscopic morphology
and easy preparation, MOFs have been valued by more and
more scientific researchers.'”° However, there were some
shortcomings when MOFs were employed in a water electrolysis
catalyst.”* For example, the metal ions around the organic
framework may be masked, to restrain the OER performance of
the material, and the unique framework structure of the MOF
material gradually changes with the progress of catalysis, and
this gradually reduces the stability of the material.?>>*
Researchers have made various improvements to MOF to
promote catalytic performance, for example, Liu et al.>® ob-
tained Nis;S, nanoparticle materials supported on graphite
nanosheets by calcined sulfur-containing Ni-MOF. The research
showed that graphene and MOF had a catalytic synergy, and
good catalytic activity. At 10 mA cm ™2, the overpotential of OER
was 284.7 mV. Gao et al*® successfully prepared tungsten
carbide supported on cobalt. The carbon nanotube porous
material had an OER overpotential of 323 mV at 10 mA cm ™2,
and the material also had stable electrocatalytic activity. Once
the MOF material was treated by pyrolysis or other methods, the
original problem of insufficient conductivity of the MOF was
improved.”””* Due to the synergistic effect of the reduced metal
particles and the pyrolytic graphite carbon framework, the
number of active sites of the catalyst material was increased,*
and the carbon framework supported the catalyst, so that the
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catalyst morphology was improved, and there was no significant
change before and after catalysis.**

Based on this strategy, a solvothermal method shown in Scheme
1 was used to grow a NiCo bimetal containing MOF on the surface
of NF (NiCo-MOF/NF) as a precursor, and then this was used to
successfully synthesize a NiCo bimetallic carbon material (NiCo-C/
NF) using calcination and pyrolysis. The organic framework in the
MOF was decomposed i situ into the conductive carbon framework
and this maintained its intrinsic structure during high temperature
treatment. The support of the carbon framework improved the
stability of the catalyst, and the exposed metal particles provided
more catalytically active sites. At the same time, the synergy of the
carbon framework and the metal particles also improved the overall
catalytic effect of the catalyst. In addition, the pyrolysis method
increased the distance between the nanosheet material, and its
unique morphology also made it difficult for it to collapse during
the catalytic process. Hence, as an electrode catalyst used directly for
the electrolysis of water, NiCo-C/NF displayed excellent OER
performance and stability in alkaline solution.

2. Experimental section

2.1 Fabrication of NF-based electrodes

Nickel foam (NF) was washed with dilute hydrochloric acid
(HCl, 1 M) solution and acetone for 15 min with an ultrasonic
cleaner to remove the oxide layer and organics on the surface.
Then after washing with water, the NF was dried in a vacuum
drying oven at 60 °C for 1 h, and finally cut into a 10 mm x
50 mm x 1 mm for use later.

Nickel nitrate hexahydrate (Ni(NO;),-6H,0, 0.96 mM),
cobalt nitrate hexahydrate (Co(NOj),-6H,0, 0.96 mM), and
terephthalic acid (TPA, CgHeO,4, 0.96) mM) were dissolved in
25 ml of a mixed solution of N,N-dimethyl formamide (DMF),
ethanol and water with a volume ratio of 23 : 1 : 1, and a magnetic
rotor was used to thoroughly stir the mixture for 30 min, and then
the completely mixed solution was transferred to a 50 ml Teflon
lined high pressure autoclave. Next the cleaned, dry NF was
immersed into the mixture in the Teflon lined, high pressure
autoclave and annealed in a muffle furnace at 125 °C for 12 h. After
cooling down the furnace to room temperature, the NiCo-MOF/NF
was taken out and washed three times with pure water and
anhydrous ethanol alternately, and then placed in a 60 °C oven to
dry overnight before further processing. The dried NiCo-MOF/NF
sample was put into a tube furnace and then calcined at 500 °C
for 5 h at a heating rate of 5 °C min~" in a nitrogen atmosphere,
and labeled as NiCo-C/NF.
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The same synthesis process and dosage as those used for Ni-
MOF/C, were then used to obtain Co-MOF/C which was used for
comparison.

2.2 Electrochemical measurements

The electrochemical measurements were carried out a CHI 660E
electrochemical station (Shanghai Chenhua, China), using
a three-electrode system for testing, and the electrolyte was
1.0 mol L™! KOH solution. In all the electrochemical tests, the
counter electrode and reference electrode were platinum
(10 mm x 10 mm) and Hg/HgO electrodes, respectively, and the
working electrode was the processed NF electrode, cut to 10 mm
x 10 mm x 1 mm and used directly in the OER test without
further processing. The parameter set during the cyclic vol-
tammetry (CV) activation was the non-Faraday region of the
electrode material. After the activation was completed, the
electrochemical tests were carried out. The current density was
normalized by the geometric area. In order to ensure the
accuracy of the experiment, all the data used were 90% iR
compensated, and the potential was calibrated to the reversible
hydrogen electrode (RHE) using the formula Erpp = Epgmgo +
0.059pH + 0.098. Before the linear sweep voltammetry (LSV)
tests, 20 CV scan cycles were made in advance to reach a steady
state. The tested rate of CV and LSV was 1 mV s~ ' at room
temperature and the OER test potential ranged from 0 Vto 1.2V
(vs. Hg/HgO). Electrochemical impedance spectroscopy (EIS)
was carried out from 100 kHz to 0.01 Hz with an AC voltage
amplitude of 5 mV. The formula for obtaining the overpotential
was 1 = Eggg — 1.23. The electrochemical active surface area
(ECSA) was determined by measuring the double-layer capaci-
tance (Cq) on the catalyst surface. The Cq; was determined by
measuring the CV in the area of a non-faradaic potential. The
voltage range of the CV curve for different sweep speeds was
—0.1-0 V (vs. Hg/HgO), and the sweep speeds were 10-120 mV
s~'. The electric double-layer capacitance of the electrode could
be obtained from the relationship between current and sweep
speed: dj = Cq)/dv. This assumes that both Ni and Co ions are
active substances. The turnover frequency (TOF) was obtained
by formula: TOF = jA/(4Fn), where j is the current density at
a given potential (A cm™?), A is the geometric area of the elec-
trode (cm?), the number 4 is the transfer of 4 electrons in the
OER, F is the Faraday constant (96 485 C mol™'), and 7 is the
total number of moles (mol) of the Co and Ni sites in the active
material. The Tafel slope was calculated by the Tafel equation: n
= blogj + a, and the LSV curve data was used. In the Tafel
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Scheme 1 A schematic illustration of the fabrication procedure of NiCo-C/NF.
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Fig. 1 (a) Experimental and simulated XRD patterns of MOFs. (b) The XRD patterns of MOFs calcined at high temperatures.

equation, 7 represents the overpotential, j represents the
current density, b is the Tafel slope, and a is the Tafel constant.
The it curve was tested at a voltage of 1.70 V (vs. RHE) for 10 h.

3. Results and discussion
3.1 Morphology and structure characterization

The crystallography structure and phase information of the as-
prepared MOF samples were investigated using X-ray diffraction

(XRD) and the results are shown in Fig. 1a. The XRD data
revealed the typical diffraction peaks for the (200), (001), (201),
and (400) planes of the MOFs, which confirmed the successful
synthesis of the Ni-MOF precursor templates (CCDC No.
985792).%2 After high temperature treatment (Fig. 1b), a broad
peak appeared at 20°-40°, which was determined as a diffrac-
tion signal of amorphous carbon. This showed that the MOFs
were carbonized to form a carbon framework after calcination.
Simultaneously, standard peaks of Ni (PDF#04-0850) and Co

Fig. 2 SEM images of (a) Ni-MOF/NF, (b) Ni-C/NF, (c) Co-MOF/NF, (d) CoC/NF, (e) NiCo-MOF/NF, and (f) NiCo-C/NF.
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(PDF#15-0806) metals appeared, and this showed that the MOFs
produced Ni and Co metals after high temperature treatment.
The weak and broad peak suggested that the Ni and Co metals
were distributed on the as-formed products as a small sized
feature, and a low crystallization property, respectively. The
thermogravimetric (TG) results in Fig. S5 (ESIT) showed that the
organic framework in the MOF began to decompose into carbon
materials at about 400 °C, and the results of the TG also proved
that the organic framework had been pyrolyzed into a carbon
framework.

The SEM comparison of NiCo-MOF/NF before and after high
temperature treatment is shown in Fig. 2. After the Ni-MOF/NF
underwent high temperature treatment, the original nano
flakes all collapsed and agglomerated due to the loose flake
structure. However, this phenomenon did not occur after Co-
MOF/NF and NiCo-MOF/NF were calcined. The tighter
morphology and structure of Co-MOF and NiCo-MOF supported
each other and suppressed the occurrence of the agglomeration
process, during the calcination process, so that their original
morphology was almost maintained. At the same time, due to
the overflow of organic ligands, the material had a porous
structure, which was more favorable to the adsorption of cata-
lyzed substrate water molecules and the escape of the generated
oxygen. The distance between the layers of the nanosheets was
significantly increased, and small particles appeared between
the layers. Edges of NiCo-MOF/NF calcined at high temperature
also had different degrees of curling, and there were curled
small pieces and small particles on the flakes. It was obvious
from the EDS results shown in Fig. 3 that the C, Ni, and Co
elements were uniformly distributed. Combining these results
with the results of XRD analysis, it could be inferred that after

View Article Online

Paper

high temperature calcination, the NiCo metal ions, as the main
structure, combined to form the crystal structure of the MOFs
with terephthalic acid (TPA) organic ligands. Because of the
calcination, the organic framework was pyrolyzed into
a carbon-carbon framework, and the metal ions were reduced
to metal particles supported by the carbon framework, and the
organic components in the MOF were decomposed in situ to
form a stable carbon framework, whereas the metal ions were
transformed into metal particles embedded in the conductive
carbon framework, and the gap between the layers was enlarged
to facilitate gas escape.

Moreover, the nitrogen adsorption-desorption tests were
carried out to investigate the porosity of the samples. The NiCo-
MOF/NF material displayed a BET surface area of 40.0982 m>
g " and is shown in Fig. 4, and the BET surface area of NiCo-C/
NF after high temperature treatment was 93.0493 m> g~ ', which
showed that the specific surface area had increased signifi-
cantly. The pore size had also been increased from 3.78 nm to
16.22 nm (Fig. 4b). The increase in specific surface area and
larger pore-size provided a good environment for an OER with
a good adsorption solution and desorption gas, which was
conducted to effect mass transfer between the electrocatalyst
and the electrolyte.

3.2 Electrochemical characterization

A three-electrode system was used for the electrocatalysis
testing which was carried out in 1.0 mol L™' KOH electrolyte.
For comparison, in addition to NiCo-C/NF, the OER perfor-
mance of Ni-C/NF, Co-C/NF and MOFs without high tempera-
ture carbonization were also tested and the results are shown in

Co Ka1

Fig. 3 EDS images of NiCo-C/NF.
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Fig. 5a. The overpotential of NiCo-C/NF at 10 mA cm > was
260 mV, which showed there was excellent OER activity, and its
performance was better than those of Ni-C/NF (320 mV, 10 mA
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cm™?), Co-C/NF (340 mV, 10 mA cm ™) and NF (523 mV, 10 mA
cm™?). When compared with the OER performance before
carbonization (Fig. S2a, ESIt), the OER performances of the
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Fig.5 The electrochemical OER activities of NiCo-C/NF, Ni-C/NF, and Co-C/NF: (a) LSV curves, (b) Tafel plots, (c) double layer capacitance (Cy)

curves, and (d—f) CV curves measured in the voltage range of 0.82-0.92 V vs. RHE with a scan rate of 10-120 mV s 1.
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specimens were improved overall after high-temperature calci-
nation and carbonization, and in particular, the OER over-
potential of NiCo-C/NF increased by 110 mV. The Tafel slope of
NiCo-C/NF shown in Fig. 5b was 58.70 mV dec™ ', which was
lower than that of other prepared catalyst materials. The lower
Tafel slope indicated that the NiCoC/NF had a higher charge
transfer ability. The Cq4 was obtained by measuring CVs at
different scan rates to obtain ECSA (Fig. 5c), and Fig. 5e and f
show the NiCo-C/NF, Ni-C/NF and Co-C/NF CVs measured at
different scan rates (10-120 mV s~ *). As shown in Fig. 5¢, the Cq
of NiCo-C/NF was 6.36 mF cm ™2, which was larger than the Cyq
of the other catalysts, indicating that NiCo-C/NF had the highest
ECSA. The TOF was also one of the important indicators used
for comparing the intrinsic activity of the catalyst. The TOFs of
the catalysts were measured and calculated using an over-
potential of 400 mV. As shown in Fig. 6a, the TOF of NiCo-C/NF
was 0.225 s~ ', which was significantly higher than those of Ni-C/
NF (0.102 s~ '), Co-C/NF (0.127 s~ ') and other MOFs (shown in
Fig. S3, ESIt) NiCo-MOF/NF was 0.052 s~ ', Ni-MOFs/NF was
0.015 s~ and Co-MOFs/NF was 0.010 s~ '. Fig. 6¢ shows the
stability testing results for the catalyst, which passed the 10 h i-¢
test to evaluate the practicability of using the catalyst. At
a constant voltage, E = 1.7 V (vs. RHE), the current density had
no obvious downward trend. In addition, compared with the
first LSV curve (Fig. 6b), there was no significant difference in
the LSV after 1000 CV cycles. Fig. 6d shows that the morphology
of the catalyst still almost maintained its original structural
morphology after the carbonization treatment. The untreated
MOFs (Fig. S4, ESIt) had various degrees of collapse and
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agglomeration after testing. The results showed that it was
difficult to disintegrate the unique porous carbon material,
produced by the MOF after high temperature calcination in the
absence of air, during the catalytic process. At the same time,
the uniform mesopores facilitated the adsorption of water
molecules and this avoided the collapse of the morphology
during the desorption process from the catalyst electrode when
oxygen was generated. To investigate the kinetics of the inter-
face between the electrode material and the electrolyte at the
OER process, EIS measurements was carried out in a 1 M KOH
solution at the overpotential corresponding to the current
density of 20 mA cm ™2, The charge transfer resistance (R.;) was
mainly determined by measuring the diameter of the semicircle
in the Nyquist plots. It could be seen intuitively from Fig. S6
(ESIt) that the R, of the catalyst after high-temperature pyrol-
ysis and carbonization was smaller than that of the catalyst
before pyrolysis and carbonization, and NiCo-C/NF had the
smallest R... This showed that the prepared NiCo-C/NF had fast
electron transfer.

The great improvement of the OER electrocatalytic perfor-
mance of NiCo-MOF/NF after carbonization treatment may be
attributed to the unique morphology and effective bimetal
modification after high temperature treatment. In particular,
the highly dispersed architecture exposed more active sites,
promoted the charge transfer, and increased contact with the
electrolyte. Moreover, the high specific surface area and
porosity may be more beneficial to the release of gas, because
the gas will not damage the overall structure of the material if
the gas escapes under the support of the carbon skeleton. The in
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situ growth on the NF also enhanced the conductivity of the
material and the active sites will not be covered by the binder,
and more active centers can be provided.*® In addition, the in
situ growth of the NiCo-C/NF can further increase charge
transfer and conductivity.**** The synergy between the amor-
phous carbon and the NiCo alloy particles in NiCo-C/NF suffi-
ciently improved the catalytic performance.

4. Conclusions

Using a simple solvothermal method and high-temperature
pyrolysis method, an efficient and durable NiCo bimetal
carbon material OER electrocatalyst was grown in situ on nickel
foam. The catalyst had an ultra-low overpotential of 260 mV at
a current density of 10 mA cm ™2, and the Tafel slope was very
small (58.70 mV dec ). The i-¢ curve showed excellent long-
term durability at 1.70 V, and the structure showed no signifi-
cant aggregation after 1000 CV cycles. This simple method can
be further extended to synthesize other electrocatalyst materials
with excellent electrical properties.
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