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Metal organic frameworks (MOFs) are excellent materials for energy storage and conversion. This report

describes 2D metal–organic framework nanosheets as an electrocatalyst for the oxygen evolution

reaction (OER) under alkaline conditions. An ultrathin nanosheet array of a NiCo-metal–organic

framework was grown on nickel foam (NiCo-MOF/NF) by a one-step solvothermal method. The catalytic

OER of the NiCO-MOF/NF electrode was analysed by electrochemical methods. The resulting NiCO-

MOF/NF exhibited a high current density (50 mA cm�2) with an overpotential of 270 mV, a Tafel slope of

35.4 mV dec�1 and a high turnover frequency (TOF) of 0.68 s�1 (h ¼ 0.27 V) towards the OER. The

excellent catalytic activity of the MOF towards the OER was due to the two-dimensional nanosheet array

of NiCo-MOF with plentiful accessible molecular active sites and excellent mass transport properties.

Faster electron transport was also achieved due to the synergetic effect of Co and Ni present on the MOF.
Introduction

Metal–organic frameworks (MOFs) are crystalline porous mate-
rials constructed by the coordination of metal ions or clusters
and organic linkers. In recent years, MOFs received tremendous
attention in gas storage applications and active catalytic mate-
rials for energy-related applications due to their tunable porosity
and readily accessible active sites.1 Recent literature ndings
suggested that calcination at a high temperature may sacrice
MOF-derived electrocatalysts that possess intrinsic metal active
sites, while hybridization with secondary supports, such as gra-
phene, polyaniline and carbonaceous materials, may block their
intrinsic micropores.2 In addition, bulk MOFs have a limited
micro and mesoporosity for an effective mass transport during
electrocatalytic activity. 2D MOF nanosheets possess numerous
accessible active sites, meso/macroporosity and a faster electron
transfer, which are essential criteria to design high-performance
electrocatalysts.3 The merits of 2D-nanomaterials, such as plen-
tiful active centres to improve the high catalytic activity and large
surface area to volume ratio enable rapid mass transport and
charge transfer.4 Moreover, the strategy focusing on the water
splitting reaction using MOFs as the electrode materials sup-
ported on secondary phases, such as self-supported materials on
graphene,5 black phosphorous,6 Ni-foam7 and Mxenes,8 etc., is
rapidly growing. Energy conversion and storage technologies
(water splitting, metal–air batteries, and fuel cells) are totally
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tion (ESI) available. See DOI:
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dependent on highly active electrocatalysts.9–11 However, inher-
ently very sluggish reaction kinetics have been observed due to
the four-electron transfer steps and a large overpotential is
required for the reaction. Precious noble metal-based electro-
catalysts, such as RuO2 and IrO2, are the benchmark catalysts for
OER, but they hardly satisfy scale-up applications because of
their scarcity and high cost.3 Therefore, there is a critical need for
cost-effective alternatives with efficient OER catalysts based on
earth-abundant metals, such as transition metal oxides,12

hydroxides13 and carbonaceous materials.14 Among these, nickel-
based OER catalysts, including hydroxides,15 suldes16 and
phosphides,17 have demonstrated better OER catalytic perfor-
mances under alkaline conditions. In particular, bimetallic
cobalt and Ni-based compounds display enhanced catalytic
performances.18,19 Recent investigation suggests metal–organic
frameworks are highly suitable for OER applications. 2D nano-
sheet based electrodes received wide attention due to their
nanostructure with a high catalytic activity20,21 and emerged as
excellent alternatives for OER applications. NiFe based MOF
nanosheets directly supported on nickel foam acting as robust
electrodes for an electrochemical oxygen evolution reaction was
reported by Sun et al.21 Duan et al. demonstrated that the elec-
trocatalyst based on bimetallic MOF nanosheets have highly
exposed active molecular metal sites with an enhanced catalytic
performance for water splitting reactions.7 Herein, we describe
a simple method for the in situ growth of an ultrathin two-
dimensional Ni–Co-MOF nanosheet array on nickel foam
(NiCo-MOF/NF). The NiCo-MOF/NF electrode shows an OER with
a small overpotential of 270 mV at a current density 50 mA cm�2

and is stable for 30 000 seconds without any noticeable activity
decay.
Nanoscale Adv., 2020, 2, 2073–2079 | 2073
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Fig. 2 FE-SEM images of NiCo-MOF/NF at various scales: (a) 500 mm,
(b) 300 mm, (c) 10 mm, and (d) 5 mm.
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Results and discussion

FT-IR analyses were performed to investigate the participation
of functional groups in the formation of MOFs. Fig. 1 shows two
peaks at 1680 and 1424 cm�1 which are characteristic peaks of
the ligand H2BDC (due to the asymmetric and symmetric
(–COO�) stretching vibrations). The peaks at 1680 and
1424 cm�1 are absent in the case of Ni-MOF and NiCo-MOF,
thereby conrming that the ligands are coordinated with
a metal centre. Further, NiCo-MOF (Fig. 1) shows peaks at 1579
and 1354 cm�1, corresponding to the asymmetric and
symmetric (–COO�) stretching vibrations of the ligand coordi-
nated to the metal centre. The peaks at 3424 and 1499 cm�1 are
ascribed to the stretching vibration of OH� and para-aromatic
CH groups, respectively. The appearance of peaks (Ni–O and
Co–O) at 474, 603 and 699 cm�1 corresponds to the formation of
the metal–oxo bond between the (Ni or Co) atoms and the
carboxylic group of the H2BDC ligand. The above results reveal
the formation of a metal centre (Ni2+, Co2+) coordinated with an
organic linker (BDC2�). The FT-IR spectra of Ni-MOF and Co-
MOF are shown in ESI Fig. 1.†

The Ni-foam substrate is highly exible and mechanically
robust with numerousmacropores with the pore sizes of 200–500
mm. The surface morphology of NiCo-MOF was characterized by
eld emission scanning electron microscopy (FE-SEM). The FE-
SEM images of NiCo-MOF (Fig. 2a and b) conrmed the forma-
tion of ultrathin nanosheets uniformly arranged on Ni-foam. Ni-
MOF/NF was synthesised in a similar solvothermal process
except for CoCl2$6H2O. The gure (ESI Fig. 2†) displays the
Fig. 1 FT-IR spectra of NiCo-MOF, Ni-MOF and the BDC ligand.

2074 | Nanoscale Adv., 2020, 2, 2073–2079
density of a 3D-parallelogram slice of Ni-MOF growing on Ni-
foam, which obviously differs from that of 2D-NiCO-MOF/NF.

HR-TEM images of NiCo-MOF indicate the 2D nanosheet
array formation with a well-dened ultrathin sheet-like struc-
ture (Fig. 3a). The 2D MOF nanosheets exhibit a crystalline
structure, as evidenced by the clear lattice fringes (0.75 nm
lattice space, Fig. 3b). The 2D-NiCoMOF nanosheet array
formation was conrmed by AFM. The thickness of the NiCo-
MOF sheet was found to be �2–5 nm (Fig. 3c) with only a few
molecular nanolayers stacked.

XRD of Ni-MOF and Ni–Co-MOF nanosheets was carried out
and the results are depicted in the Fig. 3. The XRD pattern of Ni-
Fig. 3 (a) and (b) HR-TEM images (scale bars: 100 nm and 5 nm,
respectively), (c) an AFM image, and (d) the P-XRD pattern of the NiCo-
MOF nanosheet array.

This journal is © The Royal Society of Chemistry 2020
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MOF revealed peaks at 2q values of 11.29�, 11.72�, 15.06�,
23.29�, 28.58�, and 34.51�. These peaks are well-matched with
crystalline data CCDC: 638866.22 The XRD pattern of the NiCo-
MOF exhibited peaks at 2q values of 15�, 23.7�, 28.9� and 51�

that belong to the (111), (220), (311) and (511) planes, respec-
tively. The diffraction results for NiCo-MOF were veried with
the reported JCPDS no: 73-1704 data.23 A similar pattern was
obtained for bimetallic NiCo-MOF. Co ion insertion altered the
triclinic crystal structure of Ni-MOF to a face-centred cubic
crystal structure. These results conrmed that the nickel and
cobalt ions are involved in the MOF formation.

X-ray photoelectron spectroscopy (XPS) analysis was carried
out to nd the surface composition and the surface electronic
states for NiCo-MOF and investigate the charge transfer
processes in the valence state of the nickel and cobalt ions of
NiCo-MOF, as well as synergetic effect of nickel and cobalt
species (Fig. 4a).

The XPS spectrum of NiCo-MOF/NF shows the presence of C,
O, Ni and Co elements. The high-resolution XPS (HR-XPS)
spectrum of C 1s is deconvoluted into the three surface
components corresponding to the benzene rings of the BDC
ligand (285.6 eV), the carboxylate rings of the (O]C–O–) groups
of the organic ligand (288.8 eV), and –C–O (287.2 eV).21 Fig. 4c is
the XPS spectrum of O 1s tted by two peaks at binding energies
532.9 and 534.3 eV, which can be attributed to the presence of
oxygen atoms on the Ni and Co–O bonds and the carboxylate
moiety of the organic ligand, respectively. HR-XPS of Ni 2p and
Co 2p spectra both show 2p1/2 and 2p3/2 components due to
Fig. 4 (a) XPS survey spectra of NiCo-MOF/NF, and (b–e) C 1s, O 1s, Ni
2p and Co 2p high resolution spectra, respectively.

This journal is © The Royal Society of Chemistry 2020
spin–orbit coupling. The high-resolution Ni 2p spectra of the
NiCo-MOF/NF show characteristic peaks of the Ni2+ oxidation
state. The binding energy of 857.4 eV (2p3/2) was assigned to the
Ni–O corresponding to the MOF structure, while the binding
energy peak around 875.5 eV (2p1/2) was assigned to Ni–OH.

The binding energy peaks around 862.6 (2p3/2) and 882.4 eV
were ascribed to the satellite peak of Ni 2p. The high-resolution
Co 2p spectrum of NiCo-MOF/NF (Fig. 4e) displays two peaks
corresponding to Co 2p3/2 and Co 2p1/2 at 782.0 eV and 798.3 eV,
respectively. The binding energy values of 804.4 eV and 787.9 eV
were assigned to –Co–OH and the satellite peak of Co 2p. From
the XPS data (Fig. 4a), the chemical composition of the NiCo-
MOF material exhibited that carbon (43.78 at%), oxygen
(45.42 at%), nickel (6.60 at%) and cobalt (4.19 at%) are present.

Fig. 5 shows that NiCo-MOF nanosheets have type IV
nitrogen adsorption/desorption isotherms, which indicates that
the nanosheets are rich in mesoporous. The prepared 2D-
nanosheets showed the higher surface area of 380 m2 g�1 and
the Brunauer–Emmett–Teller (BET) surface area shows meso-
porosity and the average diameter of pore size is 12 nm. The
high surface area and abundant mesoporous nature of NiCo-
MOF nanosheets provide benets for the access of the electro-
lyte with OER active sites.

The electrocatalytic performance of the NiCo-MOF/NF
nanosheet array towards the oxygen evolution reaction was
investigated using a standard three-electrode cell containing
1.0 M KOH. In prior OER experiments, all the prepared samples
were subjected to cyclic voltammetry (10 cycles) at a sweep rate
of 50 mV s�1 to initiate the pre-activation process. For
comparison, electrochemical studies of the Ni-MOF/NF, Co-
MOF/NF, BDC/NF, and Ni/CO-MOF/NF nanosheets, of Ni-
MOF, Co-MOF, and Ni/Co-MOF synthesized by an in situ route
and coated on the Ni-foam and of the benchmark catalyst IrO2

on Ni foam were performed under the same conditions. Fig. 6a
shows the linear sweep voltammetric results (LSV) of the as-
prepared above-mentioned catalysts. The Ni/Co-MOF/NF
nanosheet array exhibited an overpotential of 270 mV at
a current density 50 mA cm�2 which is extremely smaller than
that of Ni-MOF/NF (380 mV), BDC/NF (395 mV), Ni/CO-MOF
coated on the Ni-foam (370 mV, bulk), calcined NiCo-MOF (at
400 C for 4 h in N2 gas, 454 mV) and IrO2 (320 mV). The low
overpotential of the NiCo-MOF/NF nanosheet array conrms its
excellent OER activity due to the results from the exible
Fig. 5 (a) N2 adsorption–desorption isotherms of the NiCo-MOF
nanosheet array, and (b) the corresponding pore size determination of
the NiCo-MOF nanosheet array.

Nanoscale Adv., 2020, 2, 2073–2079 | 2075
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Fig. 7 Electrochemically active surface area (ECSA) evaluation.
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electron transfer across the ne sheet arrangement with sheets
that are vertically arranged on the nickel foam.

Proposed mechanisms for the NiCo-MOF catalysed OER
activity:

L(Co)NiOOH + OH� 4 L(Co)NiO(OH)2 + e� (1)

L(Co)NiO(OH)2 + 2OH� 4 L(Co)NiOO2 + 2H2O + 2e� (2)

L(Co)NiOO2 + OH� / L(Co)NiOOH + O2 + e� (3)

Overall: 4OH� 4 2H2O + O2 + 4e� (4)

Steps (1) and (2) may involve reversible process. Step (3) is
fast, irreversible and also the rate determining step of the entire
process. Presumably, NiCo-MOF is faster because of the reac-
tion kinetics relating to step (3). In the event of anodic OER,
LCo(NiO4) inside MOF was oxidised into L(Co)NiOOH species
which promotes the oxidation of OH� into O2.9 The outstanding
electrocatalytic activity of the NiCo-MOF nanosheet is also evi-
denced through the turnover frequency (TOF) of 0.68 s�1, with
the current density at a low overpotential of 270 mV, which is
twice that of Ni-MOF (0.35 s�1, with the current density at a low
overpotential of 380 mV) and IrO2/NF (0.58 s�1, with the current
density at an overpotential of 320 mV).

The NiCo-MOF/NF nanosheet array exhibited a better cata-
lytic activity than that of other electrodes towards OER with
a Tafel slope of 35.4 mV dec�1 (Fig. 6). This slope value is much
lower than those of other compositions samples, such as NiCo-
MOF bulk (57 mV dec�1), Ni-MOF/NF (64.4 mV dec�1), BDC/NF
(71 mV dec�1) and IrO2 (43.5 mV dec�1). These results conrm
that the NiCo-MOF/NF nanosheet array exhibited an excellent
catalytic activity compared to other existing catalysts owing to
the intrinsically highly active sites and hierarchical porous
structure, which permit a high surface area and easy to trans-
port gaseous products.

Another possible reason for the enhanced electrocatalytic
activity aer the addition of Co, the electrochemically active
surface area (ECSA), was evaluated and is proportional to the
double layer capacitances (Cdl). Different scan rates of cyclic
voltammograms were performed in the potential range of 0.9 to
1.2 V (vs. the reversible hydrogen electrode (RHE)) without
a redox process in various electrodes, such as NiCo-MOF/NF, Ni-
MOF/NF, Co-MOF/NF and bulk NiCo-MOF. The Cdl was
Fig. 6 (a) Polarization curves and (b) the corresponding Tafel slopes of
NiCo-MOF/NF, Ni-MOF, bulk NiCo-MOF and the BDC ligand.

2076 | Nanoscale Adv., 2020, 2, 2073–2079
calculated as i ¼ nCdl, where i is the double layer current
measured by cyclic voltammograms at different scan rates from
10 mV to 100 mV.24 From the results, the best electrocatalytic
OER activity of NiCo-MOF/NF could be related to a major ECSA,
which is benecial for the contact area of the electrode and
electrolyte (Fig. 7).

Electrochemical impedance spectroscopy (EIS) consists of
two frequency regions: a semicircle at a higher frequency and
linear at low frequencies. The semicircle corresponds to fara-
daic resistance and is caused by interfacial charge transport in
the electrode interface. EIS of the NiCO-MOF/NF, Ni-MOF/NF,
Co-MOF/NF, BDC/NF, and Ni-foam were measured in a solu-
tion of 1 M KOH. As shown in Fig. 8, the semicircle diameter of
the NiCo-MOF/NF nanosheet array is much smaller than those
of other catalysts such as Ni-MOF/NF, Co-MOF/NF, BDC/NF,
and Ni-foam, which demonstrates that the NiCo-MOF/NF elec-
trode has a smaller electronic resistance other than the other
electrodes. These results support that the incorporation of Co
atoms into the Ni-MOF/NF structure can enhance the electron
transport properties of the electrode–electrolyte interface,
which enhances the electrocatalytic process.
Fig. 8 EIS results at 1.5 V versus RHE for NiCo-MOF/NF, Ni-MOF, bulk
NiCo-MOF, BDC/NF.

This journal is © The Royal Society of Chemistry 2020
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Table 1 A comparison of the OER activity of the 2D NiCo-MOF/NF nanosheet array and recently reported electrocatalysts

Sample
Eonset
potential (V) Overpotential

Tafel slope
(mV dec�1) Substrate Electrolyte Reference

2D NiCo-MOF/NF nanosheet 1.39 270 mV @ 50 mA cm�2 35.4 Ni-foam 1 M KOH This work
Bulk NiCo-MOF 1.44 370 mV @ 50 mA cm�2 57 Ni-foam 1 M KOH This work
IrO2 1.42 320 mV @ 50 mA cm�2 43.5 Ni-foam 1 M KOH This work
2D Co-MOF nanosheet 1.41 263 mV at 10 mA cm�2 74 GCE 1 M KOH 25
2D Ni-MOF@Fe-MOF nanosheet — 275 mV at 10 mA cm�2 54 GCE 1 M KOH 20
Ultrathin CoMn-LDH 1.5 350 mV @ 10 mA cm�2 43 GCE 1 M KOH 26
Ultrathin Co(OH)2 (D-U-Co(OH)2)
nanoarrays

— 228 mV @ 10 mA cm�2 57 Ni-foam 1 M KOH 27

CoNi (20 : 1)-P-NS@NF — 273 mV @ 10 mA cm�2 52 Ni-foam 1 M KOH 28
Co–Ni–Se/C on Ni foam — 300 mV @ 50 mA cm�2 63 Ni-foam 1 M KOH 29
NiIIFeIII@NC — 360 mV @ 10 mA cm�2 — Graphite

carbon surface
0.1 M KOH 30

NiCoLDH/CP 1.53 367 mV @ 10 mA cm�2 40 Carbon paper 1 M KOH 31
NixCo3�xO4 nanowire array/Ti foil — 370 mV @ 10 mA cm�2 120 Ti foil 1 M NaOH 32

Fig. 9 (a) Polarization curves of NiCo-MOF/NF before and after 3000
cycles in 1.0 M KOH. (b) The chronoamperometric curve of NiCo-
MOF/NF at 1.5 V.
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Literature results were compared with those for NiCo-MOF/
NF developed in this work and are listed in Table 1. The
NiCo-MOF/NF nanosheet array shows a lower over potential,
lower Tafel slope and higher stability than those reported in the
literature.

The major highlight of this work is that the NiCo-MOF
nanosheets (�2–5 nm Fig. 3) possess highly active sites on
Scheme 1 A schematic illustration of the synthesis of the NiCo-MOF/N

This journal is © The Royal Society of Chemistry 2020
their surface which could be enhanced by catalytic activity.
NiCo-MOF was directly grown on Ni-foam, which is a combina-
tion of macropores, mesoporous and intrinsic microporosity.
The macropores of nickel foam facilitated the mass transport of
electrolytes and dissipated the gaseous products. The meso-
pores of the NiCo-MOF nanosheet array provide plentiful
accessible active sites and easy ion diffusion pathways (inward
OH� ion and outward O2 bubbles).

XPS analysis investigated the charge transfer processes in the
valence state of nickel and cobalt ions of NiCo-MOF. XPS
conrmed that the valence electronic conguration of Co2+ is
3d7 with a high spin state and therefore Co2+ has unpaired
electrons in a pi-symmetry (t2g). The d-orbital of Co2+ interacts
with the bridging O through p-donation. Ni2+ ions have more
electrons in p-symmetry (t2g) d-orbitals relative to those in Co2+.
This property will increase the electron-donating ability of the
p-symmetry lone pairs of the bridging oxygen atoms by repul-
sion. Aer hybridization, the charge is transferred from cobalt
to nickel through organic ligands. These lattices offer a more
stable environment for metal ions. A supplementary reason
F nanosheet array.

Nanoscale Adv., 2020, 2, 2073–2079 | 2077
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explains the increase in the Ni2+/3+ redox potential when Co2+

ions are incorporated into Ni-MOF (ESI Fig. 5†). Aer the
incorporation of cobalt ions in the MOF structure they enhance
the OER performance due to the synergistic coupling between
Ni and Co. Finally, the binder-free NiCo-MOF/NF nanosheet
array electrode minimises the resistance of the catalyst and
overpotential due to the interaction of the catalysts and
conductive NF.
Stability and durability

The stability of the NiCo-MOF/NF nanosheet array was evalu-
ated by continuous CV for 3000 cycles at a scan rate of 50 mV
s�1. Aer 3000 cycles, no signicant change (h¼ 50mV increase
at a current density of 50 mA cm�2) in the current density was
noticed at the NiCo-MOF/NF nanosheet array electrode (Fig. 9a).
The long-term durability of the NiCo-MOF/NF nanosheet array
was also tested by the chronoamperometric test at 1.5 V for
30 000 s (Fig. 9b). These results indicated that the developed
electrode is stable and suitable for OER. Additionally, the
morphology and crystal structure of the NiCo-MOF nanosheets
are completely maintained aer the chronoamperometric
measurements (ESI Fig. 3 and 4†), proving the excellent
stability.
Conclusions

In summary, this work demonstrates a simple one step strategy
to synthesise a 2D NiCo-MOF nanosheet array on the surface of
Ni-foam. The structural morphology was examined via FT-IR,
PXRD, FE-SEM, HR-TEM, BET, and XPS. The electrocatalytic
properties of the NiCo-MOF/NF nanosheet array towards the
OER under alkaline conditions were tested. The NiCo-MOF/NF
nanosheet array electrode exhibited a higher OER perfor-
mance, with a current density of 50 mA cm�2, a low over-
potential of 270mV and a Tafel slope of 35.4 mV dec�1. The OER
electrocatalytic activity observed in this work is due to the high
accessible surface area and the synergetic effect between Co and
Ni. In addition, excellent electrode stability is observed due to
the in situ growth of an ultrathin lm MOF on the nickel foam.
These results revealed that the MOF nanosheet array is an
excellent electrocatalyst for the OER under alkaline conditions.
Experimental details
Synthesis of the NiCo-MOF/NF electrode

The bimetallic Ni–Co-MOF material was synthesised by mixing
solutions of Ni2+, Co2+ salts together with benzene 1,4-dicar-
boxylic acid (BDC) via a one-step solvothermal method. Briey,
a piece of the nickel foam (1 cm � 1 cm) was washed succes-
sively with dilute HCl solution and acetone in an ultrasonic bath
for 20 minutes respectively to remove the surface oxide layer
and organic residue. Aer cleaning with Millipore water, it was
then dried at 60 �C for 30 minutes. Nickel chloride (NiCl2$H2O,
7 mg), cobaltous chloride (CoCl2, 3 mg) and 1,4-benzene
dicarboxylic acid (BDC, 10 mg) were dissolved in a 10 mL
mixture solution of DMF/ethanol/water (5 : 3 : 2). Aer
2078 | Nanoscale Adv., 2020, 2, 2073–2079
continuous ultrasonication for 30 minutes to obtain a clear
solution, the mixture solution was transferred into a 25 mL
Teon-lined stainless steel vessel and the dried NF was placed
in an autoclave. Then, the autoclave was sealed and maintained
at 120 �C for 12 h in an oven. Aer attaining room temperature,
the nickel foam was taken out from the Teon container and
ultra-sonicated for 5 min and then rinsed with deionised (DI)
water to get the 2D NiCO-MOF nanosheet array (Scheme 1).

Synthesis of Ni-MOF/NF and Co-MOF/NF electrodes

The Ni-MOF/NF and Co-MOF/NF materials were prepared with
the same protocol as used for CoCl2 or NiCl2$H2O.

Synthesis of the BDC/NF electrode

The BDC/NF material was synthesised by following the same
protocol but without CoCl2 and NiCl2$H2O.

Instrumentation

The phases of the materials were analysed by Powder X-ray
diffraction patterns (PXRD, X'PERT-PRO model with Cu Ka
radiation sources (l ¼ 0.15406)). The morphologies of the
samples were examined on a eld emission scanning electron
microscope (FE-SEM, FEI-quanta FEG 250). High-resolution
transmission electron microscopy (HR-TEM) analyses were
performed by a transmission electron microscope (JEOL/JEM
2100). X-ray photoelectron spectroscopy (XPS, k-alpha surface
analysis, Thermo Fisher scientic, UK) was used to characterise
the chemical composition of the electrode material. The XPS
analysis was carried out at the binding energy of 0 to 1350 eV. A
Fourier-transform infrared spectrometer (FT-IR, SHIMADZU,
using KBr pellets) was used to nd the functional groups. BET
analysis was performed to analyse the surface area and porosity
using N2 adsorption–desorption isotherms (Micromeritics
Tristar 3000 instrument at 77 K).

Electrochemical measurements were carried out using an
AUTOLAB PGSTAT32 electrochemical workstation in a three-
electrode system in 1.0 M KOH. The NiCo-MOF/NF electrode
was utilised as a working electrode, platinum rod as a counter
electrode, and Ag/AgCl/KCl (3.0 M) as a reference electrode. All
the measured potentials were converted into a reversible
hydrogen electrode (RHE) according to eqn (5):

E(RHE) ¼ EAg/AgCl + 0.197 V + 0.059 pH. (5)

Linear sweep voltammetry (LSV) and cyclic voltammetry (CV)
were recorded by sweeping the potential from �0.2 to 0.8 (vs.
Ag/AgCl) at a scan rate of 10 mV s�1. Electrochemical imped-
ance spectroscopy (EIS) was recorded in the frequency range
from 105 Hz to 0.1 Hz. All the solutions were prepared using
Millipore 18 MOhm water. All the electrochemical experiments
were done under a high-purit N2 blanket.

Calculations

The turnover frequency (TOF) was calculated from eqn (6):

TOF ¼ J � A/4 � F � m (6)
This journal is © The Royal Society of Chemistry 2020
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Here, J is the current density (A cm�2) at an overpotential of
0.27 V. ‘A’ and ‘m’ are the area of the electrode and the number
of moles of the active materials on the electrode, respectively,
and ‘F’ is the Faraday constant (96 485 C mol�1).
Author contributions

Ponmuthuselvi Thangasamy and Viswanathan Subramanian
contributed by designing the methodology, data analysis and
writing the manuscript. All authors contributed to the data
analysis, manuscript preparation and editing.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

The authors thank Dr Subbiah Alwarappan, CECRI, India, for
his helpful discussion. We are grateful to the Department of
Science and Technology for providing nancial assistance from
a DST-PURSE Phase II/10815/2017 fellowship. Dr Sar-
avanakumar is thankful to SERB, New Delhi for generous
research funding through the Young Scientist Scheme (Sb/FT/
CS-83/2014). The authors gratefully acknowledge nancial
support given by RUSA-Phase 2.0 [Lr.No.F.24-51/2014 U, Policy
(TN Multi-Gen), Department of Education, MHRD, Government
of India, dated 9.10.2018].
References

1 W.Wang, X. M. Xu, W. Zhou and Z. P. Shao, Adv. Sci., 2017, 4,
1600371.

2 J. Tang, R. R. Salunkhe, H. B. Zhang, V. Malgras, T. Ahamad,
S. M. Alshehri, N. Kobayashi, S. Tominaka, Y. Ide, J. H. Kim
and Y. Yamauchi, Sci. Rep., 2016, 6, 30295.

3 M. T. Zhao, Y. X. Wang, Q. L. Ma, Y. Huang, X. Zhang,
J. F. Ping, Z. C. Zhang, Q. P. Lu, Y. F. Yu, H. Xu, Y. L. Zhao
and H. Zhang, Adv. Mater., 2015, 27, 7372–7378.

4 Y. Peng, Y. S. Li, Y. J. Ban, H. Jin, W. M. Jiao, X. L. Liu and
W. S. Yang, Science, 2014, 346, 1356–1359.

5 U. M. Patil, J. S. Sohn, S. B. Kulkarni, S. C. Lee, H. G. Park,
K. V. Gurav, J. H. Kim and S. C. Jun, ACS Appl. Mater.
Interfaces, 2014, 6, 2450–2458.

6 X. H. Ren, J. Zhou, X. Qi, Y. D. Liu, Z. Y. Huang, Z. J. Li,
Y. Q. Ge, S. C. Dhanabalan, J. S. Ponraj, S. Y. Wang,
J. X. Zhong and H. Zhang, Adv. Energy Mater., 2017, 7,
1700396.

7 J. J. Duan, S. Chen and C. Zhao, Nat. Commun., 2017, 8,
15341.

8 H. Y. Zou, B. W. He, P. Y. Kuang, J. G. Yu and K. Fan, ACS
Appl. Mater. Interfaces, 2018, 10, 22311–22319.

9 Q. R. Shi, S. F. Fu, C. Z. Zhu, J. H. Song, D. Du and Y. Lin,
Mater. Horiz., 2019, 6, 684–702.
This journal is © The Royal Society of Chemistry 2020
10 C. G. Morales-Guio, L. A. Stern and X. L. Hu, Chem. Soc. Rev.,
2014, 43, 6555–6569.

11 L. H. Jin, Z. Meng, Y. Q. Zhang, S. J. Cai, Z. J. Zhang, C. Li,
L. Shang and Y. H. Shen, ACS Appl. Mater. Interfaces, 2017,
9, 10027–10033.

12 L. Han, S. J. Dong and E. K. Wang, Adv. Mater., 2016, 28,
9266–9291.

13 S. Anantharaj, P. E. Karthik and S. Kundu, Catal. Sci.
Technol., 2017, 7, 882–893.

14 W. Xia, A. Mahmood, R. Q. Zou and Q. Xu, Energy Environ.
Sci., 2015, 8, 1837–1866.

15 X. M. Zhou, Z. M. Xia, Z. Y. Zhang, Y. Y. Ma and Y. Q. Qu, J.
Mater. Chem. A, 2014, 2, 11799–11806.

16 W. X. Zhu, X. Y. Yue, W. T. Zhang, S. X. Yu, Y. H. Zhang,
J. Wang and J. L. Wang, Chem. Commun., 2016, 52, 1486–
1489.

17 X. Y. Yu, Y. Feng, B. Y. Guan, X. W. Lou and U. Paik, Energy
Environ. Sci., 2016, 9, 1246–1250.

18 S. W. Li, Y. C. Wang, S. J. Peng, L. J. Zhang, A. M. Al-Enizi,
H. Zhang, X. H. Sun and G. F. Zheng, Adv. Energy Mater.,
2016, 6, 1501661.

19 J. W. Wan, W. X. Chen, C. Chen, Q. Peng, D. S. Wang and
Y. D. Li, Chem. Commun., 2017, 53, 12177–12180.

20 K. Rui, G. Q. Zhao, Y. P. Chen, Y. Lin, Q. Zhou, J. Y. Chen,
J. X. Zhu, W. P. Sun, W. Huang and S. X. Dou, Adv. Funct.
Mater., 2018, 28, 1801554.

21 F. Z. Sun, G. Wang, Y. Q. Ding, C. Wang, B. B. Yuan and
Y. Q. Lin, Adv. Energy Mater., 2018, 8, 1800584.

22 A. Carton, A. Mesbah, T. Mazet, F. Porcher and M. Francois,
Solid State Sci., 2007, 9, 465–471.

23 M. Wang, P. Wang, C. Li, H. Li and Y. Jin, ACS Appl. Mater.
Interfaces, 2018, 10, 37095–37102.

24 S. Oh, H. Kim, Y. Kwon, M. Kim, E. Cho and H. Kwon, J.
Mater. Chem. A, 2016, 4, 18272–18277.

25 Y. X. Xu, B. Li, S. S. Zheng, P. Wu, J. Y. Zhan, H. G. Xue, Q. Xu
and H. Pang, J. Mater. Chem. A, 2018, 6, 22070–22076.

26 F. Song and X. L. Hu, J. Am. Chem. Soc., 2014, 136, 16481–
16484.

27 B. W. Zhang, Z. Y. Qi, Z. S. Wu, Y. H. Lui, T. H. Kim,
X. H. Tang, L. Zhou, W. Y. Huang and S. Hu, ACS Energy
Lett., 2019, 4, 328–336.

28 X. F. Xiao, C. T. He, S. L. Zhao, J. Li, W. S. Lin, Z. K. Yuan,
Q. Zhang, S. Y. Wang, L. M. Dai and D. S. Yu, Energy
Environ. Sci., 2017, 10, 893–899.

29 F. W. Ming, H. F. Liang, H. H. Shi, X. Xu, G. Mei and
Z. C. Wang, J. Mater. Chem. A, 2016, 4, 15148–15155.

30 L. Du, L. L. Luo, Z. X. Feng, M. Engelhard, X. H. Xie,
B. H. Han, J. M. Sun, J. H. Zhang, G. P. Yin, C. M. Wang,
Y. Wang and Y. Y. Shao, Nano Energy, 2017, 39, 245–252.

31 H. F. Liang, F. Meng, M. Caban-Acevedo, L. S. Li,
A. Forticaux, L. C. Xiu, Z. C. Wang and S. Jin, Nano Lett.,
2015, 15, 1421–1427.

32 Y. G. Li, P. Hasin and Y. Y. Wu, Adv. Mater., 2010, 22, 1926–
1929.
Nanoscale Adv., 2020, 2, 2073–2079 | 2079

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0na00112k

	A NiCo-MOF nanosheet array based electrocatalyst for the oxygen evolution reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00112k
	A NiCo-MOF nanosheet array based electrocatalyst for the oxygen evolution reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00112k
	A NiCo-MOF nanosheet array based electrocatalyst for the oxygen evolution reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00112k
	A NiCo-MOF nanosheet array based electrocatalyst for the oxygen evolution reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00112k

	A NiCo-MOF nanosheet array based electrocatalyst for the oxygen evolution reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00112k
	A NiCo-MOF nanosheet array based electrocatalyst for the oxygen evolution reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00112k
	A NiCo-MOF nanosheet array based electrocatalyst for the oxygen evolution reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00112k
	A NiCo-MOF nanosheet array based electrocatalyst for the oxygen evolution reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00112k
	A NiCo-MOF nanosheet array based electrocatalyst for the oxygen evolution reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00112k
	A NiCo-MOF nanosheet array based electrocatalyst for the oxygen evolution reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00112k
	A NiCo-MOF nanosheet array based electrocatalyst for the oxygen evolution reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00112k

	A NiCo-MOF nanosheet array based electrocatalyst for the oxygen evolution reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00112k
	A NiCo-MOF nanosheet array based electrocatalyst for the oxygen evolution reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00112k
	A NiCo-MOF nanosheet array based electrocatalyst for the oxygen evolution reactionElectronic supplementary information (ESI) available. See DOI: 10.1039/d0na00112k


