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ABSTRACT

Discovering of advanced electrocatalyst for water splitting is importance of the improvement of metal air
batteries, water electrolyzers. The approach have been developed to fabricate a novel electrocatalyst with
more active sites, high surface area and high porous structure for improve the electrocatalytic activity.
Metal organic frameworks have been emerging catalyst of higher crystalline, large surface area, has deliv-
ering greater potential for efficient OER electrocatalytic activity. Bimetallic metal organic framework
(MOFs) is an excellent catalyst for energy storage and energy conversion system. In this work, we report
the synthesis of bimetallic MOF by single step solvothermal method using Ni, Cu as metal sources and
BDC as a linker. FE-SEM images indicated NiCu-MOF a narrow crystal formation. The electrocatalyst study
of the synthesized catalyst was systematically investigated by linear sweep voltammetery, electrochem-
ical impedance spectroscopy and Chronoamprometry under OER condition. The result demonstrated that
NiCu-MOF exhibited better catalytic activity towards OER at onset potential and overpotential of 1.48 V
and 250 mV with lower tafel slope of 169 mV/dec, indicating that 25% lower energy required for OER.
Hence the proposed NiCu-MOF catalyst is an efficient catalyst for sustainable oxygen evolution reaction.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

perfect, manageable and sustainable power options in contrast to
non-renewable energy sources (Liang et al., 2020; Awodumi and

The production of oxygen and hydrogen from renewable energy
is the emerging technic of hydrogen based energy system. The best
method for producing hydrogen gas in a perfect and sustainable
way is the water electrolysis. (Yan et al., 2019; Tang et al., 2018;
Zhang et al., 2017; Sapountzi et al., 2017) However, the worldwide
energy emergency happens with remarkable population develop-
ment and petroleum products exhaustion. In addition, the ignition
of petroleum products has likewise caused a progression of ecolog-
ical issues. Therefore, it is of indispensable significance to grow
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Adewuyi, 2020). In past few years, various advancements have
been made in saving clean energies. In spite of the fact that there
are a few potential OER mechanism, all pathways include a few
proton and electron move steps, which offer ascent to huge
response boundaries and require the utilization of high overpoten-
tials to drive the response at sensible rates. Till now, the noble cat-
alyst such as Pt, RuO,, and IrO, is the benchmark catalyst for
efficient oxygen evaluation reaction. However, their scarcity on
the earth and significant expense make enormous scope use unfea-
sible (Suen et al., 2017; Jiang et al., 2019; Song et al., 2018). Conse-
quently, the development of alternative and nonprecious
electrocatalyst is highly need for the oxygen evaluation reaction.
In recent years, the porous materials like metal-organic frame-
works (MOFs) (Peng et al., 2014), porous organic polymers (POPs)
(Gopi et al., 2020a, 2020b, 2020c), covalent triazene frameworks
(CTFs) (Gopi and Kathiresan, 2017) has been received the great
attention towards the energy related application and oxygen eval-
uation reaction due to their high adsorption capacity, large specific
surface area, higher active sites and so on. Especially, MOF is the
hybrid material which composed of different metal nodes and
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organic linkers and provided the superior electron transfer and rapid
mass transport in various industries application (Rodenas et al.,
2015; Suriyakumar et al., 2018; Tran et al., 2020). Several kind of cat-
alyst have been reported to water oxidation (OER) under different
condition (Du and Eisenberg, 2012; Gopi et al, 2020a, 2020Db,
2020c). Among the porous materials, metal organic framework (Wei
et al., 2020) as a significant class of materials, have been widely uti-
lized as exceptionally proficient impetuses for OER (Shi et al., 2019;
Budnikova, 2020). However the reported single metal doped MOF
exhibited the poor the stability, low conductivity and activity in the
OER. Recently, bimetallic MOF and multimetallic MOF has received
great openings for the oxygen evaluation reaction due to the syner-
getic effect of high metallic active centers (Gopi et al., 2020b,c). The
bimetallic MOF and their compositions have shown enhanced proper-
ties compared with monometallic MOF. Besides, it can be used as tem-
plates for different types of nanostructured materials containing
carbon composite, metal doped MOF composites etc (Dang et al.,
2017; Sun and Xu, 2014). Bimetallic based MOFs possess multi metal
active centers, which enhance the higher stability, high surface
adsorption capacity, high electrical conductivity etc (Chen et al.,
2015). Resulting the better OER activity under harsh condition com-
pare to single metal based MOF (Wang et al., 2020). It has been widely
used in various field such as gas separation, water splitting, batteries,
waste water treatment and fuel cells (Theerthagiri et al., 2018). Above
mentioned different unique properties of bimetal based MOFs could
provide new opportunities to prepare Ni, Mn, Co, Fe, Cu, etc., their oxi-
des and nanocomposites electrocatalyst for water oxidation (Lu et al.,
2017; Zhang et al., 2020). Inspiring of this emerging catalytic activity
researchers focusing on bimetal based MOFs has better catalytic activ-
ity towards water oxidation reaction, compare to other single metal
based MOFs. In particularly, bimetallic nickel and cobalt based catalyst
displayed superior electrocatalytic activity (Li et al., 2016). The elec-
tronic structures of bimetallic MOF (NiCu-MOF) and their electrocat-
alytic activity towards OER still need to investigated.

In this work, we have synthesized bimetallic MOF by solvother-
mal method using Ni, Cu metal ions and BDC organic linker. The
synthesized NiCu-MOF were characterized by different characteri-
zation FT-IR, SEM, PXRD and XPS etc. which confirmed the forma-
tion of metal complex. The synthesized bimetallic MOF catalyst
was systematically investigated OER under standard condition.
Among, NiCu-MOF catalyst displayed higher OER performance,
with lower onset potential of 1.48 V vs RHE and tafel slope of
169 mV dec™!. The synergetic effect between two metals centers
Ni and Cu enhanced the OER activity. In addition, the proposed
bimetallic MOF (NiCu-MOF) showed excellent stability over
30000 s. Furthermore, no significant change was observed in the
bimetallic MOF (NiCu-MOF) morphology properties after 30000 s
water electrolysis. From these results well evidenced for that the
NiCu-MOF is an excellent catalytic activity towards OER under
basic condition. Hence the proposed NiCu bimetallic MOF is an effi-
cient catalyst for sustainable oxygen evolution reaction.

2. Chemicals

All reagents and solvents were purchased from Sigma-Aldrich
and Alfa Aesar and used without further purification. Nickel nitrate
hexahydrate (Ni (NO3),-6H,0, purity > 98%), Copper nitrate pen-
tahydrate (Cu (NOs), 5H,0, purity > 98%), Benzenedicarboxylic
acid (BDC purity > 98%), ethanol and Potassium Hydroxide (KOH,
purity > 85%).

2.1. Characterization

The microstructures morphology of the MOF were determined
by Field Emission Microscopy JEOL at 15 KV acceleration and
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Energy Dispersion X-ray EDX. Functional group was analyzed by
TENSOR 27 with RT DLaTGS (Varian detector). The crystal structure
of MOF determined by powder X-ray diffraction PXRD using a
Rigaku (model: SmartLab) instrument using Cu metal and Ko radi-
ation with a wavelength of 1.5418 A. X-ray photoelectron spec-
troscopy was analyzed by thermos fisher (Teta probe AR-XPS)
UK. Cyclic voltammetry was carried out in Parstate, model 2273
with the three-electrode system, carbon paper as a working elec-
trode, Pt foil as a counter electrode, and Ag/AgCl in 3 M KCl as a ref-
erence electrode.

2.2. Synthesis of NiCu-MOF

Bimetal-MOF was synthesized by solvothermal method,
9.02 mmol of Metal Salt Ni(NOs3),. 6 H0 and Cu(NOs3), 5H,0 was
dissolved in a mixture of solvent (water: ethanol), stirring for
15 min at room temperature. Separately, 12.1 mmol of NaOH solu-
tion was added in BDC (6.01 mmol) solution and mixed until
become clear solution. Both the solution was mixed and transfer
in to oil bath heated at 150 °C for 10 h. After completion, reaction
mixture was cooled, formed precipitate filtered and washed with
water, ethanol for removing unreacted starting materials and fil-
tered. Filtered materials (Ni-MOF, Cu-MOF and NiCu-MOF) were
dried at 60°C for overnight.

2.3. Electrode preparation

1 x 1 cm? carbon paper used as working electrode. 2 mg of syn-
thesized catalyst to prepare the slurry by adding 1:1:1 mol ratio of
prepared water: IPA: Nafion solution. The catalyst ink was manual
grind for 10 min and coated on the carbon paper by brush coating.
Modified electrode was dried at room temperature overnight.

3. Results and discussions

The surface morphology of the as-prepared catalyst was charac-
terized by FE-SEM. The FE-SEM (Fig. 1) images shows different
shape of morphology for different metal (Ni, Cu) with narrow crys-
tal size distribution. Ni-MOF (Fig. 1a) and Cu-MOF (Fig. 1b) exhibits
a layered pillar structure with size distributed from 0.2 to 0.5 pm.
(Gao et al., 2018; Mollabagher et al., 2020) NiCu-MOF (Fig. 1c)
shows homogenous size distribution over 2 mm and thickness
around 20 nm. Elemental mapping (Fig. 1d) and EDX (Figs. S1-
S3) of NiCu-MOF shows Ni and Cu metals are homogeneously dis-
tributed. Furthermore, detailed of crystallite nature and phase pur-
ity of the synthesized catalyst is determined by XRD (Fig. 2) the
major diffraction peaks of Ni-MOF and Cu-MOF are good agree-
ment with reported XRD pattern. (Shete et al, 2018; Saitou,
2014) XRD peaks of NiCu-MOF containing (111) and (200) planes
at 45.2, 46.7° and 50.3, 51° indicate that the Ni and Cu has a poly-
crystalline structure. Which confirmed the interaction of the bime-
tal centers. In addition, FTIR was used to analyze the functional
groups and metal bonding in NiCu-MOF. In bimetal-MOF, CH
stretching band appears at 2892 and 1384 cm™! (Fig. 3). The C-O
band appears at 1672, 1570 and 1060 cm™! indicating that the
dicarboxylic acid coordinated with Ni and Cu. There is no peak
absorbed at 3400 cm~! indicating that carboxylic group completely
react with metal. And then 928 cm ™' indicating that the presence
of C-O-C stretching. And peak at 490 cm ™! indicating the formation
metal complex with carboxylic group. The obtained XRD and FTIR
results of NiCu-MOF are well correlated with each other.

The more detailed elemental composition of as-synthesized
sample NiCu-MOF were analyzed by XPS measurement. The ele-
mental distribution of the sample shows in Fig. 4, core level indi-
cates the presents of different elements Cl1s, O1s, Ni2p and Cu2p



S. Gopi, A.M. Al-Mohaimeed, W.A. Al-onazi et al.

15.0kV 12 8mm x25.0k

¢
1o AR R

15.0kV.11 Smm x 100k

‘e

Journal of King Saud University - Science 33 (2021) 101379

Fig 1. FE-SEM images of Ni and Cu single metal MOF and NiCu bimetal-MOF a) NiMOF, b) Cu-MOF, c) NiCu-MOF and d) elemental mapping of NiCu-MOF.

spectrum of NiCu-MOF (survey spectrum in Fig. S2). As shown in
Fig. 4a the Ni2p spectrum two major peaks corresponding to the
Ni 2p3/2 and Ni 2p1/2 located at 857.5 and 875.34 eV, then corre-
sponding satellite peaks located at 863.18 and 881.19 eV (Zhu
et al., 2017). (Fig. 4b) The Cu2p are present in two oxidation state
Cu?* and Cu* in cupric oxide (CuO) and cuprous oxide (Cu,0). The
peak at 935.1 and 955.15 eV corresponding to Cu 2p3/2 and Cu
2p1/2 in CuO. The peak at 945.45 and 964.5 eV corresponding to
Cu 2p3/2 and Cu 2p1/2 in Cu,0 (Arellano et al., 2015). The decon-
voluted Fig. 4c C1s spectrum for MOF could be observed four dif-
ferent peaks at 282.9, 284.1, 285.14 and 288.7 eV associated with
C = C, C-C, C-0 and O-C = O as reported (Rabchinskii et al.,
2018). Fig. 4d O1s spectrum demonstrated two main peaks at
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Fig 2. X-ray diffraction pattern of bimetallic NiCu-MOF.

531.6 and 532.67 eV indicates that the presence of CuO and Cu,0
(Gao et al., 2019).

3.1. Oxygen evolution reaction

The synthesized NiCu-MOF assessed their electrochemical
activity were studied in 1 M KOH solution and catalyst were coated
on carbon paper electrode and used as working electrode. The lin-
ear sweep voltammograms were conducted at scan rate of 5mV s~ .
The current density of NiCu-MOF is higher as compared to other
solo metal MOF (Ni-MOF, Cu-MOF). The peak around 1.39 V vs.

RHE due to the nickel oxidation Ni(OH),, which spontaneously for-

_\'W—
—Ni-MOF
Cu-MOF
——NiCu-MOF

Transmittance / T %

4000 3500 3000 2500 2000 1500 1000 500
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Fig 3. FT-IR spectrum of Ni and Cu single metal MOF and NiCu bimetal-MOF Ni-
MOF (black), Cu-MOF (red), and NiCu-MOF (blue).
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Fig 4. High resolution X-ray photoelectron spectra of NiCu-MOF a) Ni 2p, b) Cu 2p, c) Cls and d) O1s.

mation of NiOOH on the working electrode (Hoang and Gewirth,
2016). The peak intensity of the Ni oxidation peak was reduced
due to the formation Ni-Cu nanoclusters. The activity of the bime-
tal MOF depends on the ratio of the Ni and Cu metal present in the
MOF and synergetic effect between both metal exhibited the better
electrocatalytic reactivity towards oxygen radical intermediate.
These radical also contribute to improve the formation of oxygen
defects on the surface of the catalyst.

From the result (Fig. 5a) NiCu-MOF exhibits better OER activity
compared with other catalyst, i.e., NiCu-MOF demonstrate lower
onset potential 1.48 V and overpotential of 250 mV. The OER activ-
ity of other catalyst, 1.52 and 1.63 V with overpotential of 290 and
400 mV for Ni-MOF and Cu-MOF respectively. For comparison,
RuO, benchmark catalyst was done and showed in Fig. S3. Further-
more, the kinetic of the OER was calculated from LSV, i.e., plotting
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the logarithm of current density (log j) and overpotential (1). From
Fig. 5b NiCu-MOF exhibits lower tafel slope of 169 mV dec™! com-
pare with other catalyst, 210 and 340 mV dec™! for Ni-MOF and
Cu-MOF respectively. From the tafel slope, evident that NiCu-
MOF shows better catalytic activity towards among the other cat-
alyst. Besides, electrochemical impedance spectroscopy (EIS) were
carried out in the same electrolyte (1 M KOH), and it shows semi-
circle like Nyquist plot was obtained. From (Fig. S4) the result,
bimetallic NiCu-MOF catalyst showed remarkably high electrical
conductivity and lower charge transfer resistance (R.) about
47 Q, whereas the Ni-MOF and Cu-MOF displayed slightly higher
Rct values about 73.2 and 88.8 Q respectively. Finally, the stability
of the catalyst was evaluated by fixed onset overpotential
M = 250 mV for 30000 s (Fig. S5). After the Chronoamprometry
study FE-SEM analysis was performed and showed in Fig. S6.
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Fig 5. Electrochemical study a) LSV and b) tafel slope.
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4. Conclusion

In summary, we have synthesized bimetallic MOF by solvother-
mal synthesis using Ni, Cu metal ions and BDC organic linker. The
synthesized NiCu-MOF were characterized by FT-IR, SEM, PXRD and
XPS etc. which confirmed the formation of metal complex. Among
the synthesized catalyst was investigated OER under standard basic
condition. NiCu-MOF catalyst displayed higher OER performance,
with lower onset potential of 1.48 V vs RHE and tafel slope of
169 mV dec . The synergetic effect between two metals centers Ni
and Cu enhanced the OER activity. In addition, the proposed bimetal-
lic MOF (NiCu-MOF) showed excellent stability over 30000 s. Further-
more, no significant change was observed in the bimetallic MOF
(NiCu-MOF) morphology properties after 30000 s water electrolysis.
From these results well evidenced for that the NiCu-MOF is an excel-
lent catalytic activity towards OER under basic condition.
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