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In this study, a simple approach was used to produce nonprecious, earth abundant, stable and

environmentally friendly NiCo2O4/CuO composites for the oxygen evolution reaction (OER) in

alkaline media. The nanocomposites were prepared by a low temperature aqueous chemical growth

method. The morphology of the nanostructures was changed from nanowires to porous structures

with the addition of CuO. The NiCo2O4/CuO composite was loaded onto a glassy carbon electrode

by the drop casting method. The addition of CuO into NiCo2O4 led to reduction in the onset

potential of the OER. Among the composites, 0.5 grams of CuO anchored with NiCo2O4 (sample 2)

demonstrated a low onset potential of 1.46 V vs. a reversible hydrogen electrode (RHE). A current

density of 10 mA cm�2 was achieved at an over-potential of 230 mV and sample 2 was found to be

durable for 35 hours in alkaline media. Electrochemical impedance spectroscopy (EIS) indicated

a small charge transfer resistance of 77.46 ohms for sample 2, which further strengthened the OER

polarization curves and indicates the favorable OER kinetics. All of the obtained results could

encourage the application of sample 2 in water splitting batteries and other energy related

applications.
1. Introduction

The high consumption of fossil fuels is increasing the energy
crisis and creating environment-related problems. This has
led to the realization of alternative energy conversion and
storage devices, including water catalysis, fuel cells and
metal–air batteries.1–5 Water catalysis has received signi-
cant attention in recent years as it can produce hydrogen and
oxygen gases.6 Hydrogen generation via solar or wind ener-
gies and its utilization result in zero carbon emissions into
the atmosphere. However, hydrogen is not naturally in excess
on earth, and the industrial production of hydrogen needs
a high amount of energy. Beside this, solar water dissocia-
tion for the generation of hydrogen only uses water and
sunlight, and thus it is considered as a unique technology for
hydrogen production. However, large over-potential required
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for the oxygen evolution reaction (OER) has impaired its
practical application for water dissociation.7 The greatest
challenge for the OER is to develop a cost-effective method-
ology, which would mean that it can be consequently
exploited for commercial applications. To date, noble metals
such as Ir and Ru have been found to be the most efficient
catalysts for the OER.8–10 However, their widespread use is
restricted due to their high cost and rare abundance. Hence,
it is a very challenging task to design nonprecious, highly
efficient and durable OER electrocatalysts. For this purpose,
a wide range of OER catalysts have been reported in the
recent past.11–14

Among the non-noble electrocatalysts, oxides of Mn, Fe,
Co, Ni and Cu have been produced and extensively investi-
gated for OER activity.15 In particular, cobalt-based oxides
are highly promising catalysts due to their rich occurrence,
facile synthesis and high stability.16 The doping strategy into
Co3O4 has been shown to enhance the OER activity compared
to pristine Co3O4.16 Furthermore, the nonprecious bimetallic
oxide NiCo2O4 has shown promising properties for the OER,
due to favorable properties such as high electronic and ionic
conductivities, low cost, stability etc.17,18 In the crystalline
structure of NiCo2O4, the Ni occupies octahedral positions
and cobalt lls both octahedral and tetrahedral positions. It
has been found that the redox chemistry of NiCo2O4 is highly
RSC Adv., 2019, 9, 42387–42394 | 42387

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra09351f&domain=pdf&date_stamp=2019-12-20
http://orcid.org/0000-0002-0918-4518
http://orcid.org/0000-0001-6439-6014
http://orcid.org/0000-0002-6756-9862
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra09351f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009072


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 3

/1
6/

20
26

 4
:5

3:
21

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
attractive due to the mutual contributions from nickel and
cobalt. In recent investigations, it has been shown that
NiCo2O4 exhibits better electrochemical activity and elec-
tronic conductivities compared to the single NiO and Co3O4

counterparts.19 A wide range of morphologies of NiCo2O4

have been prepared and their OER performance evaluated.
Zhou et al. prepared nanosheets of NiCo2O4 and used them
for the OER, in which a current density of 10 mA cm�2 was
obtained at the consumption of 1.63 V versus a reversible
hydrogen electrode (RHE) in 1.0 M KOH solution.20

Furthermore, the deposition of NiCo2O4 onto carbon nano-
tubes increased the OER activity and resulted in higher OER
activity than that found for the pristine NiCo2O4.21 Zhu et al.
showed that an Fe dopant enhanced the electrocatalytic
activity of NiCo2O4 in 1.0 M KOH conditions and the pristine
NiCo2O4 needs 1.69 V vs. RHE to produce a current density of
10 mA cm�2.18 Xia et al. deposited Au–NiCo2O4 on a gra-
phene-like sheet and observed excellent OER activity22 and
NiCo2O4 nanosponges demonstrated superior OER perfor-
mance.23 The importance of NiCo2O4 can be seen from this
literature, and it conrms the unique OER activity of
NiCo2O4, which is attributed to its excellent electrical
conductivity, earth-abundant nature, low cost and signicant
stability in basic solutions. Moreover, the dual participation
of nickel and cobalt leads to the rich redox chemistry of
NiCo2O4, making it an emerging and potential material for
the OER.24,25 Beside this, extensive research has been carried
out on copper-based materials for water oxidation applica-
tions because of their rich occurrence, inexpensive nature
and high redox chemistry.26 These studies have indicated
that copper-based materials are active for water oxidation,
but they exhibit a slightly large onset overpotential in the
range of 320–450 mV.26 There is a scientic gap for more
investigations in order to lower the onset potential of copper-
based materials for water oxidation and to upli the redox
properties of NiCo2O4. Also, motivated by a recent study from
our group,27 in which we used NiO as a supporting material
for the growth of Co3O4 and found bifunctional water split-
ting activity in alkaline media, herein, we provide an efficient
OER electrocatalyst based on a NiCo2O4/CuO composite. In
this work, we propose that CuO has a poor conductivity, and
thus its OER activity is found at higher potential; however,
when it is combined with NiCo2O4, it exhibits superior
activity for the oxygen evolution reaction. The synergy of
more active sites from CuO and its rich redox chemistry when
coupled with a highly electrically conducting material such
as NiCo2O4, facilitates efficient OER activity in alkaline
media.

Herein, we used a simple strategy to produce a range of
nonprecious catalysts using a wet chemical method. The
coupling of NiCo2O4 with CuO resulted in superior OER activity
compared to pristine NiCo2O4 in alkaline media. A low onset
potential of 1.46 V versus RHE is found for the composite
sample and a favorable Tafel slope is estimated. Also, the
composite catalyst is highly durable for 35 hours and EIS has
shown low charge transfer resistance and high double layer
capacitance.
42388 | RSC Adv., 2019, 9, 42387–42394
2. Experimental section

Nickel nitrate hexahydrate, copper acetate monohydrate, cobalt
nitrate hexahydrate, potassium hydroxide, hexamethylenetet-
ramine, urea, ethanol, 5% Naon and alumina powder were
received from Sigma-Aldrich, Karachi, Pakistan. They were used
without further treatment.

The CuO nanostructures were grown by a low temperature
aqueous chemical growth method. A solution of 0.1 M copper
acetate monohydrate and 0.1 M hexamethylenetetramine was
prepared in 100 mL of distilled water. The precursor solution
was covered with an aluminum sheet and kept in an electric
oven at 95 �C for 5 hours. The copper hydroxide nanostructures
were collected by common lter paper and further annealed at
400 �C in air for 4 hours in order to achieve CuO phase. Then,
the CuO nanostructures were functionalized with NiCo2O4 via
a wet chemical method. For the functionalization of NiCo2O4,
0.1 M cobalt nitrate hexahydrate and 0.1 M urea were used and
an impurity of 0.03 M nickel nitrate hexahydrate was also added
into 0.3 grams, 0.5 grams and 0.7 grams of CuO in separate
beakers containing 100 mL of distilled water, and they were
labeled as sample 1 (S1), 2 (S2) and 3 (S3), respectively. Aer-
wards, the beakers were tightly sealed with an aluminum sheet
and le in an electric oven at 95 �C for 5 hours. Aer the
completion of the growth time, the beakers were cooled at room
temperature and the nanostructured product was collected on
lter paper. Then, the obtained product was annealed at 400 �C
in air for 5 hours in order to get trimetallic composite oxide. The
structure and shape related features were studied by scanning
electron microscopy (SEM) at an accelerating voltage of 3.0 kV
and powder X-ray diffraction (XRD) patterns were measured
with a Bruker D8-Advance diffractometer using Cu Ka radiation.
Energy dispersive spectroscopy (EDS) was used to identify the
elements in the tri-metallic oxides.
2.1. Electrochemical measurements

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV)
were used to perform electrochemical characterization and the
instrument was a Versa Potentiostat, Netherlands, in a three
electrode conguration using platinum wire as a counter elec-
trode, a silver–silver chloride electrode as a reference electrode
and a polished glassy carbon electrode (GCE) as a working
electrode, modied with 10 mL of different catalysts using the
drop casting method. The polishing of the glassy carbon elec-
trode was performed with alumina powder and a silica sheet as
the rubbing surface. A 1.0 M KOH electrolytic solution was used
to carry out the electrochemical experiments. The catalyst ink
was made by dispersing 10 mg of each catalyst in 2.5 mL of
distilled water and 0.5 mL of 5% Naon solution. A well
dispersed catalyst ink was obtained via sonication for 20
minutes. Before the LSV experiments, CV was performed 5–10
times at the scan rate of 5 mV s�1 in 1.0 M KOH in order to
ensure the stability of the material on the GCE. LSV was used to
monitor the OER activity at a scan rate of 1 mV s�1 in 1.0 M
KOH. All the potentials are reported against a reversible
hydrogen electrode (RHE) throughout the manuscript.
This journal is © The Royal Society of Chemistry 2019
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Electrochemical impedance spectroscopy (EIS) was performed
at the onset potential of 1.46 V vs. RHE and the sweeping
frequency range from 100 kHz to 1 Hz at an amplitude of 5 mV.
Chronopotentiometry was used to evaluate the stability of the
catalyst for 35 hours in 1.0 M KOH solution. For the conrma-
tion of the repeatability of the OER activity, all of the experi-
ments were done 3–6 times. Z-view soware was used to
simulate the EIS results and the tted results are presented
here.

3. Results and discussion
3.1. The crystallography and morphology studies of various
nanostructured materials

Powder XRD was used to explore the existence of different
phases within the composite materials, as shown in Fig. 1.
The diffraction patterns are correlated to the spinal phase of
NiCo2O4 and well matched to JCPDS card no. 20-0781. Also,
some of the CuO reections are also detected by XRD as
shown in Fig. 1 and they are matched to JCPDS card no. 48-
1548, and CuO exhibits a monoclinic phase. The XRD study
reveals that we have a tri-metallic composite consisting of
NiCo2O4/CuO. However, a weak signal at 18 deg is found,
which corresponds to the Co3O4 phase.27 The microstructure
and shape orientation were studied for samples 1, 2 and 3 by
SEM, as shown in Fig. 2a–f. We found that the addition of
CuO caused an alternation in the morphology from nano-
wires to a particle structure with porous features. The porous
structure provided more active sites for the contact of elec-
trolyte, and as a result superior OER activity is observed.
Different amounts of CuO showed no signicant effect on the
change of morphology, so we see approximately similar
structures with successive addition of different contents of
CuO. The size of the composite materials is between 200–
500 nm, as shown in Fig. 2. The pristine CuO and NiCo2O4
Fig. 1 XRD diffraction patterns of the NiCo2O4/CuO composites S1,
S2 and S3.

This journal is © The Royal Society of Chemistry 2019
have a petal and nanowire-like morphology, respectively, as
depicted in S1A and B. Elemental mapping was carried out on
the composite samples S1, S2 and S3, and a uniform distri-
bution of Co, Ni, Cu and O within the samples was found, as
shown in S2. The EDS spectra are also shown in S2 for
samples S1, S2 and S3 and the presence of Co, Ni, and O was
predominant. The OER performance of the as obtained
samples was investigated in a 1.0 M KOH solution (pH ¼ 14)
via a three electrode conguration as shown in Fig. 3. From
Fig. 3, RuO2 displays an onset potential of 1.42 V vs. RHE,
whereas the NiCo2O4/CuO composite has a lower onset
potential of 1.46 V vs. RHE than the pristine NiCo2O4 and
CuO, and they exhibit superior OER activity. The perfor-
mance of sample 2 is better than that of sample 1 and 3 in
terms of current density and onset potential. The pristine
NiCo2O4 shows a higher onset potential of 1.61 V vs. RHE,
which is higher than that of sample 2, and this further
indicates that the addition of CuO resulting in superior OER
activity by providing more active sites and conductivity
features from NiCo2O4 contribute equally towards the excel-
lent OER activity, as shown in Fig. 3. Importantly, the over-
potential of sample 2 is only 230 mV to achieve a 10 mA
cm�2 current density, which is lower than that of the pristine
NiCo2O4 (380 mV). The over-potential of sample 2 at 10 mA
cm�2 is lower or comparable to those of already reported Co-
based OER catalysts28–52 Fig. 3b shows the Tafel plots ob-
tained from the linear region of the LSV polarization curves
and the Tafel plots are in good agreement with the Tafel
equation. As seen in Fig. 3b, the Tafel slope of sample 2 is
94 mV dec�1, comparable to that of pristine NiCo2O4 (95 mV
dec�1), suggesting that the rate determining step is governed
by the Volmer mechanism; however, the addition of CuO has
lowered the onset potential and over-potential for the OER as
demonstrated by sample 2. In a previous study,53 oxygen
vacancies contributed signicantly to the superior OER.
These vacancies cause a distortion in the structure of catalyst,
which can facilitate the adsorption of H2O onto the surface of
the materials and speed up the OER process.54–57 A high
density of oxygen vacancies results in a low Tafel slope
value.47 The ndings show that the Tafel slope of sample 2 is
slightly lower than that of pristine NiCo2O4, which is in good
agreement with the LSV polarization curves.

It is a very challenging task to describe the OER mecha-
nism; however, the most widely-accepted mechanism of the
OER in alkaline media on transition metal oxides is a multi-
proton-coupled four electron transfer reaction, as formulated
below:

M* + OH� / e� + M*OH (a)

M*OH + OH� / e� + H2O + M*O (b)

M*O + OH� / e� + M*OOH (c)

M*OOH + OH� / H2O + e� + M*OO (d)

M*OO / O2 + M* (e)
RSC Adv., 2019, 9, 42387–42394 | 42389
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where M* shows the availability of active sites in the
electrode.58–61

From the Tafel slope values, we can take a guideline to
illustrate the rate determining step. In our case, the most
governing rate-determining steps for the OER in basic
conditions are OH� adsorption (a), O–H bond splitting (b)
and O2 desorption (e), which are assigned to the theoretical
Tafel slopes values of 120, 30, and 20 mV dec�1 respec-
tively.62 The Tafel values are found to be between 30 and
120 mV dec�1 for pristine NiCo2O4, RuO2 and the composite
samples, revealing that the rate-determining steps are
completely mixed and they involve OH� adsorption (a) and
O–H bond splitting (b).63 Aer the exploration of the OER
activity, it is very vital to investigate the durability for the
realization of practical applications of OER electrocatalysts.
Fig. 2 Low and high resolution SEM images of different NiCo2O4/CuO

42390 | RSC Adv., 2019, 9, 42387–42394
Chronopotentiometry was used to conrm the durability of
sample 2 for a time period of 35 hours, as shown in Fig. 3c. In
the durability experiment, sample 2 retains a potential of 20
mA cm�2 for the OER and this further gives a deeper insight
into the long-term use of sample 2 in practical water split-
ting battery applications. The performance of sample 2 in
terms of over-potential is better or comparable to that of
many of the recently designed electrocatalysts, as shown in
Table S4.†69–76

The charge transfer resistance between the electrode and
electrolyte gives a deeper understanding of the electro-
chemical reaction to be performed. Thus, electrochemical
impedance spectroscopy was used to obtain insightful infor-
mation about the charge transfer rate of various catalysts, as
shown in Fig. 4. The Nyquist plots are shown in Fig. 4a at the
composites: (a and b) S1, (c and d) S2, and (e and f) S3.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) LSV polarization curves of RuO2, pristine NiCo2O4, CuO, S1, S2, and S3 at the scan rate of 1 mV s�1 in 1.0 M KOH. (b) Tafel plots of the
various materials. (c) The chronopotentiometry experiment showing the durability of S2 for 35 hours at a current density of 20 mA cm�2.
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onset potential of 1.46 V vs. RHE. The Bode plots are also
obtained from the same impedance data as represented in
Fig. 4b and c. The raw data were tted through the equivalent
circuit model as shown in S3. Different circuit elements were
used, such as Rs, related to the solution resistance, which is
nearly the same for the different materials. The arc of the curve
indicates the magnitude of the charge transfer resistance (Rct).
A small charge transfer resistance suggests a faster charge
transfer between the electrode and electrolyte. The simulated
charge transfer resistance values for pristine NiCo2O4, CuO
and samples 1, 2 and 3 are 403.4, 259590, 217.6, 77.46, and
197.3 ohms, respectively, as given in Table 1. The low value of
the charge transfer resistance for sample 2 reveals swi OER
This journal is © The Royal Society of Chemistry 2019
kinetics. The single peak in the Bode plot is attributed to the
relaxation, which is correlated to the charge transfer
phenomenon. The information that we get from the Bode plots
indicates the gain and phase angles of different catalysts with
variation in the frequency. Furthermore, the optimum oscil-
lation frequency of the impedance semicircle of sample 2 is
low in value compared to the other presented materials, which
indicates that sample 2 has a higher electron recombination
lifetime (sn ¼ 1/2pfmax).64–68 The EIS study demonstrates that
sample 2 is associated with a small charge transfer resistance
and a higher double layer capacitance of 755.33 mF, which
strongly supports the obtained LSV OER polarization curves,
as shown in Fig. 3a.
RSC Adv., 2019, 9, 42387–42394 | 42391
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Table 1 The simulated values of the equivalent circuit elements

Sample Rs Rct Cdl

Sample 1 12.5 217.6 224.96
Sample 2 12.58 77.46 755.33
Sample 3 12.67 197.3 323.86
NiCo2O4 12.6 403.4 173.18
CuO 12.7 259590 9.81

Fig. 4 Electrochemical impedance spectroscopy (EIS) was performed at the onset potential of 1.46 V vs. RHE and a sweeping frequency range
from 100 kHz to 1 Hz at an amplitude of 5 mV. (a) EIS Nyquist spectra for pristine NiCo2O4, CuO, S1, S2, and S3, and (b and c) their corresponding
Bode plots.
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4. Conclusions

In summary, we present a facile approach for the development
of an active NiCo2O4/CuO composite for the oxygen evolution
reaction by a low temperature aqueous chemical method. The
coupling of CuO with NiCo2O4 has shown variation in
morphology from nanowires to porous structures. The porous
structure of the composite materials, especially sample 2, has
several advantageous features, such as high activity, faster OER
42392 | RSC Adv., 2019, 9, 42387–42394
kinetics, small over-potential of 230 mV, a small charge transfer
resistance of 77.46 ohms and excellent durability for 35 hours.
The superior performance comes from the synergy of the rich
active sites of CuO and the high conductivity of NiCo2O4, which
facilitates the OER activity. Based on the obtained results, it is
safe to say that sample 2 can be regarded as a potential and
promising material for an extended range of environment and
energy-related applications.
Conflicts of interest

Authors declare no conict of interest.
References

1 M. Yu, Z. Wang, C. Hou, Z. Wang, C. Liang, C. Zhao, Y. Tong,
X. Lu and S. Yang, Adv. Mater., 2017, 29, 1602868.

2 B. Weng, F. Xu, C. Wang, W. Meng, C. R. Grice and Y. Yan,
Energy Environ. Sci., 2017, 10, 121–128.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra09351f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 3

/1
6/

20
26

 4
:5

3:
21

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3 W. Yang, K.-Y. Kim, P. E. Saikaly and B. E. Logan, Energy
Environ. Sci., 2017, 10, 1025–1033.

4 J. Feng, M. Gong, M. J. Kenney, J. Z. Wu, B. Zhang, Y. Li and
H. Dai, Nano Res., 2015, 8, 1577–1583.

5 B. Hua, M. Li, Y.-F. Sun, Y.-Q. Zhang, N. Yan, J. Chen,
T. Thundat, J. Li and J. L. Luo,Nano Energy, 2017, 32, 247–254.

6 A. Fujishima and K. Honda, Nature, 1972, 238, 37–38.
7 T. Liu, Q. Liu, A. M. Asiri, Y. Luo and X. Sun, Chem. Commun.,
2015, 51, 16683.

8 Z. W. Seh, J. Kibsgaard, C. F. Dickens, I. Chorkendorff,
J. K. Norskov and T. F. Jaramillo, Science, 2017, 355, 4998.

9 Y. Lee, J. Suntivich, K. J. May, E. E. Perry and Y. S. Horn, J.
Phys. Chem. Lett., 2012, 3, 399–404.

10 S. Dou, C.-L. Dong, Z. Hu, Y.-C. Huang, J.-L. Chen, L. Tao,
D. Yan, D. Chen, S. Shen, S. Chou and S. Wang, Adv. Funct.
Mater., 2017, 27, 1702546.

11 X. Wang, L. Chai, J. Ding, L. Zhong, Y. Du, T. Li, Y. Hu,
J. Qian and S. Huang, Nano Energy, 2019, 62, 745–753.

12 X. Wang, Z. Ma, L. Chai, L. Xu, Z. Zhu, Y. Hu, J. Qian and
S. Huan, Carbon, 2019, 141, 643–651.

13 X. Jia, Y. Meng, J. Zhang and Y. Song, Inorg. Chem. Commun.,
2019, 107, 107482.

14 X. Jia, Y. Zhang, L. Zhang, L. Wang and L. Zhou, Inorg. Chem.
Commun., 2019, 108, 107524.

15 C. W. Tung, Y. Y. Hsu, Y. P. Shen, Y. Zheng, T. S. Chan,
Y. C. Sheu, Y. C. Cheng and H. M. Chen, Nat. Commun.,
2015, 6, 8106.

16 Y. Liang, Y. Li, H. Wang, J. Zhou, J. Wang, T. Regier and
H. Dai, Nat. Mater., 2011, 10, 780–786.

17 X. X. Zou, J. Su, R. Silva, A. Goswami, B. R. Sathe and T. Asefa,
Chem. Commun., 2013, 49, 7522–7524.

18 C. Zhu, S. Fu, D. Du and Y. L. Facilely, Chem.–Eur. J., 2016,
22, 4000–4007.

19 H. Cheng, Y. Z. Su, P. Y. Kuang, G. F. Chen and Z. Q. Liu, J.
Mater. Chem. A, 2015, 3, 19314–19321.

20 J. Zhou, Y. Huang, X. Cao, B. Ouyang, W. Sun, C. Tan,
Y. Zhang, Q. Ma, S. Liang, Q. Yan and H. Zhang,
Nanoscale, 2015, 7, 7035.

21 Y. Xiao, L. Feng, C. Hu, V. Fateev, C. Liu and W. Xing, RSC
Adv., 2015, 5, 61900–61905.

22 K. L. Yan, X. Shang, Z. Li, B. Dong, X. Li, W. K. Gao, J. Q. Chi,
Y. M. Chai and C. G. Liu, Appl. Surf. Sci., 2017, 416, 371–378.

23 W. Y. Xia, N. Li, Q. Y. Li, K. H. Ye and C. W. Xu, Sci. Rep.,
2016, 6, 23398.

24 C. Zhu, D. Wen, S. Leubner, M. Oschatz, W. Liu,
M. Holzschuh, F. Simon, S. Kaskel and A. Eychmüller,
Chem. Commun., 2015, 51, 7851.

25 C. Mahala and M. Basu, ACS Omega, 2017, 2, 7559–7567.
26 X. Liu, S. Cui, Z. Sun, Y. Ren, X. Zhang and P. Du, J. Phys.

Chem. C, 2016, 120, 831.
27 A. Q. Mugheri, A. Tahira, U. Aab, M. I. Abro, S. R. Chaudhry,

L. Amaral and Z. H. Ibupoto, Electrochim. Acta, 2019, 306(20),
9–17.

28 Y. C. Lu, Z. Xu, H. A. Gasteiger, S. Chen, K. Hamad-Schifferli
and Y. S. Horn, J. Am. Chem. Soc., 2010, 132, 12170–12171.
This journal is © The Royal Society of Chemistry 2019
29 R. D. Smith, M. S. Prevot, R. D. Fagan, Z. Zhang, P. A. Sedach,
M. K. Siu, S. Trudel and C. P. Berlinguette, Science, 2013, 340,
60–63.

30 H. Wang and H. Dai, Chem. Soc. Rev., 2013, 42, 3088–3113.
31 S. W. Lee, C. Carlton, M. Risch, Y. Surendranath, S. Chen,

S. Furutsuki, A. Yamada, D. G. Nocera and Y. S. Horn, J.
Am. Chem. Soc., 2012, 134, 16959–16962.

32 T. A. Betley, Q. Wu, T. Van Voorhis and D. G. Nocera, Inorg.
Chem., 2008, 47, 1849–1861.

33 R. I. Cukier and D. G. Nocera, Annu. Rev. Phys. Chem., 1998,
49, 337–369.

34 S. H. Schiffer, J. Chem. Res., 2009, 42, 1881–1889.
35 A. D. Handoko, S. Deng, Y. Deng, A. W. F. Cheng,

K. W. Chan, H. R. Tan, Y. Pan, E. S. Tok, C. H. Sow and
B. S. Yeo, Catal. Sci. Technol., 2016, 6, 269.

36 P. Li, Z. Jin and D. Xiao, J. Mater. Chem. A, 2014, 2, 18420–
18427.

37 H. Pan, Sci. Rep., 2014, 4, 5348–5353.
38 S. Chen, J. J. Duan, W. Han and S. Z. Qiao, Chem. Commun.,

2014, 50(2), 207–209.
39 C. W. Sun, F. Li, C. Ma, Y. Wang, Y. J. Ren, W. Yang, Z. H. Ma,

J. Q. Li, Y. J. Chen, Y. Kim and L. Q. Chen, J. Mater. Chem. A,
2014, 2(20), 7188–7196.

40 H. Hu, B. Y. Guan, B. Y. Xia and X. W. Lou, J. Electrochem.
Soc., 2015, 137(16), 5590–5595.

41 A. Aijaz, J. Masa, C. Rösler, W. Xia, P. Weide, R. A. Fischer,
W. Schuhmann and M. Muhler, J. Electro Chem., 2017, 4(1),
188–193.

42 H. F. Liang, A. N. Gandi, D. H. Anjum, X. B. Wang,
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