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An efficient oxygen evolution reaction (OER) catalyst is crucial in various electrochemical applications
including renewable energy, electrochemistry, and environmental science. Herein, we report the OER
performance and stability of a nonprecious metal electrocatalyst consisting of nickel and cobalt-layered
double hydroxides (NiCo-LDH) and reduced graphene oxide (rGO) using hydrothermal methods. The
prepared NiCo-LDH@rGO catalyst exhibits a homogeneous distribution of NiCo-LDH on the rGO
surface and an excellent OER performance. The OER potential of NiCo-LDH@rGO shows a value of
1.60 V at a current density () of 10 mA cm™2, which is 100 mV lower than that of iridium oxide (IrO,)
(7 = 10 mA cm™2 at 1.70 V). Interestingly, at the current density of 20 mA cm™2, the observed OER
potentials for NiCo-LDH@rGO and IrO; are 1.65 and 1.84 V, respectively, indicating that NiCo-LDH@rGO
has 190 mV lower overpotential compared to IrO,. The NiCo-LDH@rGO catalyst also shows a lower
value of Tafel slope (74 mV dec™) indicating faster reaction kinetics. The enhanced performance and
stability of the NiCo-LDH@rGO catalyst can be attributed to the exposed active sites and the faster
electron transfer, due to the synergistic effect of rGO in the NiCo-LDH, which promotes the OER

rsc.li/energy-advances oxidation process.

Introduction

The oxygen evolution reaction (OER) plays a key role in deter-
mining the efficiency and performance in various electroche-
mical applications, such as electrocatalysis, supercapacitors,
and battery technology. In particular, the OER is the key step
for the efficient and sustainable generation of hydrogen
through water splitting, and its use in fuel cells, energy storage,
and other applications. In addition, the OER is used in the
production of ozone, which is an important oxidant for water
purification and treatment of industrial waste. Therefore, the
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development of new OER catalysts can lead toward a clean and
sustainable energy future."” Unfortunately, the OER is a slug-
gish and energy-intensive process, and it requires a suitable
catalyst to enhance its efficiency. The OER catalysts tradition-
ally rely profoundly on the use of precious metals such as
iridium oxide (IrO,) or ruthenium oxide (Ru0O,), while the high
price, scarcity and limited electrocatalytic ability at high current
density limit their large-scale application.®® Therefore, there is
a need to develop inexpensive catalysts that can be mass-
produced and have optimum catalytic performance to over-
come high overpotential and slow kinetics.

Layered double hydroxides (LDHs) are a class of layered
materials of hydroxides composed of multiple metals. LDHs
possess a unique structure that consists of positively charged
layered sheets of hydroxide anions separated by interlayer
anions, which makes them promising for different applica-
tions, including catalysts for OER reactions.> LDHs possess a
combination of several factors, including a high surface area,
structural stability, and electronic structure which makes LDHs
a highly promising catalyst for energy conversion and storage
applications. Specifically, (i) the unique composition of
metal cations and hydroxyl anions provides active sites for
catalytic reactions, (ii) metal cations in LDHs can promote
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the adsorption of water molecules and oxygen ions, which are
crucial for the catalytic process, (iii) LDHs have a high surface
area, which provides more active sites for catalytic reactions
and enhances their catalytic efficiency and (iv) the structural
stability of the LDH as the layered structure of LDHs is stable
and provides a supportive environment for the catalytic reac-
tion to occur and allows the preservation of the active sites and
prevents the deactivation of the catalyst.> Therefore, non-
precious transition metal (such as Ni and Co)-based LDHs are
expected to be a promising candidate for replacing traditional
precious metal-based catalysts. However, two major factors
should be considered for their optimum performance, includ-
ing (a) hydrogen bonding interactions between the layered
structures resulting in the particle aggregation often responsi-
ble for a low specific surface area and (b) the poor intrinsic
electrical conductivity of LDHs, which is disadvantageous to the
electrochemical properties, and limits their performance when
used as a catalyst. The use of carbon materials as catalyst
supports overcomes these limitations, and is expected to
improve the LDH electrocatalytic performance toward design
for a specific application.

On the other hand, graphene oxide (GO) and reduced
graphene oxide (rGO) are well-studied in wide application areas
in material science due to their exclusive physical and electro-
chemical properties.®* In particular, rGO has potential as an
ideal catalyst support material along with several favorable
properties including (a) being a perfect platform for the hybri-
dization of other electroactive components including metal/
metal oxide NPs, and avoiding the aggregation of the nano-
particles; (b) greatly enhancing the electronic conductivity of
the composite hybrids and accelerating the charge-transfer
kinetics; (c) improving the dispersion of loaded catalysts, thus
providing more catalytic active sites and (d) modulating the
electronic structure of the active sites as a result of the
synergistic interaction between the graphene moiety and
loaded metals."®> As a result, the development of a homoge-
neous distribution and stable interface between LDHs and rGO
is expected to show unique electrochemical properties and is
considered in the current work for efficient OER electro-
catalysts (Scheme 1).

During the past few years, different LDH and LDH-based
materials have been reported as OER electrocatalysts."®™® How-
ever, to the best of our knowledge, the growth of NiCo-LDH on the
rGO sheets (NiCo-LDH®@rGO) has not been reported to date. In
this study, we develop a hybrid catalyst of NiCo-LDH and rGO

NiCo-LDH

Scheme 1 Distribution of NiCo-LDH on the rGO surface.

1376 | Energy Adv., 2023, 2,1375-1380

View Article Online

Energy Advances

Ni2+

120°C, 4h

=

Hydrothermal

_ NiCo-LDH
120°C, 10h

=

Hydrothermal

NiCo-LDH@rGO

Scheme 2 Schematic illustration for preparation of the NiCo-LDH@rGO
hybrid.

using a two-step hydrothermal route. In the first step, rGO is
prepared followed by the NiCo-LDH grown in the rGO during
the second hydrothermal step (Scheme 2). The OER perfor-
mance and stability of the NiCo-LDH®@rGO catalyst is mea-
sured and compared with the pure NiCo-LDH and IrO, catalyst.
The NiCo-LDH®@rGO hybrid exhibited superior OER activity
and lower overvoltage compared to pure NiCo-LDH and IrO,
catalysts.

Experimental

All reagents were of analytical grade and used without further
purification.

Preparation of GO

GO was prepared from graphite through a modified Hummers’
route using our previously reported work.” The GO dispersion
was maintained at 10 mg mL™" in H,0.

Fabrication of rGO

The GO dispersion (10 mg mL ™", 20 mL) was transferred to a
100 mL Teflon-lined autoclave. The autoclave was sealed and
heated at 160 °C for 10 hours, then allowed to cool naturally at
room temperature. It was then dried in an oven at 60 °C. In this
process, rGO is obtained as a large aggregated product. There-
fore, the ball milling of rGO was carried out for 6h at ambient
conditions to grind the rGO into smaller particles.

Fabrication of NiCo-LDH@rGO

In a typical synthesis process, Co(NO3),-6H,0 (0.291 g, 1 mmol),
Ni(NOs),-6H,0 (0.291 g, 1 mmol) and hexamethylenetetramine
(1.68 g) were dissolved in 20 mL of DI water to form a
homogenous solution. Another suspension was prepared by
dispersing 20 mL of rGO (10 mg mL ™). The mixture of the two

© 2023 The Author(s). Published by the Royal Society of Chemistry
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solutions was transferred to a 100 mL Teflon-lined autoclave.
The autoclave was sealed and heated at 120 °C for 10 hours,
then allowed to cool naturally at room temperature. It was then
dried in an oven at 60 °C.

Fabrication of NiCo-LDH

The NiCo-LDH sample was produced in a similar way as for
NiCo-LDH@rGO, except (i) rGO dispersion is not added and (ii)
using half the amount of hexamethylenetetramine (0.82 g) for
the synthesis process.

Characterization

The structure and morphology of the individual samples were
characterized by powder X-ray diffraction (XRD, RigakuDmax/
Ultima IV), field emission scanning electron microscopy with
EDX facility (FE-SEM, JSM-7600F, JEOL), X-ray photoelectron
spectroscopy (XPS, Theta Probe, Thermo Fisher Scientific) and
Raman spectroscopy (NRS-3100, JASCO).

Electrochemical measurement

Electrochemical characterization was performed at room tempera-
ture using a conventional three-electrode cell equipped with a
Rotating (Ring) Disk Electrode and potentiostat (RRDE-3A). 5 mg
sample was ultrasonicated in 480 pl of ethanol and 20 pl of Nafion
solution (0.5 wt%) for 30 minutes. Then, 5 ul of the sample
dispersion was loaded on the disk electrode. All electrochemical
performances were investigated in 1 M KOH solution using a
Ag/AgCl electrode as the reference and a Pt wire as the counter
electrode. All potentials measured were adjusted to the reversible
hydrogen electrode (RHE) according to the Nernst equation:

Erug = £ + 0.0059 x pH + 0.199

Before the electrochemical measurement, the electrolyte was
degassed by bubbling oxygen for at least 30 min to ensure the
H,0/0, equilibrium at 1.23 V (versus the RHE).

Results and discussion

Fig. 1 shows the surface morphology and characterization of
the prepared NiCo-LDH and NiCo-LDH®@rGO electrocatalysts.
The FE-SEM image of rGO in Fig. S1 (ESIt) can be observed as a
typical large sheet-type structure. FE-SEM images of NiCo-LDH
and NiCo-LDH@rGO are shown in Fig. 1a and b, respec-
tively. The layered structure of LDH has been confirmed in
both NiCo-LDH and NiCo-LDH®@rGO. The EDX mapping of
NiCo-LDH and NiCo-LDH®@rGO were conducted to ensure the
homogeneity of the surface morphology of the prepared mate-
rials, which are shown in Fig. S2 and S3 (ESIY), respectively. In
EDX mapping, the presence of Ni and Co, and O are observed
for the pure NiCo-LDH structure (Fig. S2, ESIt). On the other
hand, in NiCo-LDH@rGO, a homogeneous distribution of C,
Ni, Co, and O, is observed, which indicates that LDH is well-
grown on the rGO sheets. Fig. 1c compares the BET surface area
of NiCo-LDH and NiCo-LDH@rGO. The surface area values are

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Surface morphology and characterization of the prepared electro-
catalyst. (a) SEM images of NiCo-LDH, (b) SEM image of NiCo-LDH@GO,
(c) BET surface area of NiCo-LDH and NiCo-LDH@GO, (d) PXRD pattern
for rGO, NiCo-LDH, and NiCo-LDH@GO. (e) Ni 2p XPS peak for NiCo-LDH
and NiCo-LDH@GO, and (f) Co 2p XPS peak for NiCo-LDH and
NiCo-LDH@GO.

28 and 46 m®> g ', for NiCo-LDH and NiCo-LDH®@rGO,
respectively.

The XRD patterns in Fig. 1d represent the peaks observed for
rGO, NiCo-LDH, and NiCo-LDH@rGO. The diffraction pattern
of GO exhibits a sharp peak centered at 20 = 10.3°, which
corresponds to the (001) reflection of graphite oxide.>® The
disappearance of the (001) peak and the emergence of a new
diffraction peak at 20 = 24° in the XRD pattern of rGO
demonstrates that graphite oxide has been well reduced.*®
The NiCo-LDH sample exhibits five characteristic diffraction
peaks at 26 values of 11.1°, 22.1°, 34.4°, 38.6°, and 60.7°, which
can be indexed to the (003), (006), (009), (015) and (110) planes
of hydrotalcite-like LDH phase in good agreement with pre-
vious reports.>?> The XRD pattern of the NiCo-LDH@rGO
catalyst retains the corresponding peaks of pure NiCo-LDH,
revealing the existence of NiCo-LDH in the composite without
affecting the crystalline phase of LDH. The co-existence of
NiCo-LDH and rGO in the NiCo-LDH@rGO has also been
ensured from the Raman spectra, which are shown in Fig. S4
(ESIT). The NiCo-LDH@rGO shows the characteristics of the
Raman peaks for both the NiCo-LDH phase and the rGO phase.

The chemical and electronic states of Ni and Co in
NiCo-LDH and NiCo-LDH®@rGO were obtained from XPS ana-
lysis. The XPS survey spectra of NiCo-LDH and NiCo-LDH®@rGO
are shown in Fig. S5a and S5b (ESIY), respectively. The existence
of Ni, Co, C, and O elements in the NiCo-LDH@rGO is
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consistent with EDX analysis. Fig. 1le and f compare the
deconvoluted Ni 2p and Co 2p spectrum, respectively, for
NiCo-LDH and NiCo-LDH@rGO. In Fig. le, the co-existence
of two kinds of nickel species (Ni** and Ni*") is observed for
both samples.”®>* Besides two shakeup satellite peaks at
879.4 eV and 861.4 eV (indicated as ‘““Sat.”), there are two major
peaks at 855.5 and 873.1 eV, corresponding to Ni 2p;/, and Ni
2pqs2, respectively. In particular, the peaks at 872.7 and 855.5 eV
are consistent with Ni** and the peaks situated at 873.1 and
856.1 eV are attributed to Ni**, which indicates the presence of
Ni*" and Ni*" in NiCo-LDH@rGO. Similarly, the Co species was
confirmed to be mixed valence states of both Co*" and Co*"
(Fig. 1f). The Co 2p spectrum can be fitted with two spin-orbit
doublets and two shake-up satellites (identified as ““Sat.”) by
using a Gaussian fitting method. One pair of binding energies
centered at 780.2 and 795.6 eV corresponds to Co®>*, while the
other pair at the higher energies of 782.1 and 796.6 eV is
ascribed to Co>". These results confirmed that in both samples
there exist two kinds of cobalt oxidation states in the compo-
site: ie. Co®" and Co’". It is expected that the solid-state
redox couples of Ni**/Ni** and Co®"/Co®" in NiCo-LDH and
NiCo-LDH@rGO may provide an enhanced electrochemical
performance because Ni** and Co®" cations have been regarded
as the catalytically active centers for the OER. In addition, no
difference in the Ni**/Ni** and Co**/Co®" ratios in NiCo-LDH
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and NiCo-LDH®@rGO indicates that hybridization does not
affect the composition of LDH.

The electrocatalytic properties of the prepared NiCo-LDH®@
rGO electrocatalysts were investigated in a typical three-
electrode configuration in 1 M KOH aqueous solution. The
loading mass of NiCo-LDH@rGO is ~0.7 mg cm >. The
observed results are compared with NiCo-LDH and standard
IrO, with the same mass loading and are shown in Fig. 2. The
CV curves of NiCo-LDH, NiCo-LDH @rGO, and IrO, with
voltages ranging between 0 and 0.5 V and scan rates ranging
from 5 to 100 mV s~ are shown in Fig. 2a-c, respectively. In all
cases, the CV curve areas increased as the scan rate increased
from 5 to 100 mV s~ while maintaining its shape indicating the
rapid rates of ionic and electronic transfer. On the other hand,
the area of the CV curve at a particular scan rate of the three
materials shows the increasing order of NiCo-LDH < IrO, <
NiCo-LDH®@rGO. Compared to the CV curve areas of NiCo-LDH
and IrO,, the CV curve area of NiCo-LDH®@rGO increases at
each scan rate indicating the enhancement of the electrical
conductivity. Fig. 2d exhibits representative linear sweep vol-
tammetry (LSV) curves of NiCo-LDH, NiCo-LDH@rGO, and IrO,
catalysts at a scan rate of 5 mV s~ '. Clearly, the OER catalytic
activity of NiCo-LDH@rGO is much better than that of other
catalysts. The OER catalytic activity shows the increasing order
of r~GO « NiCo-LDH « IrO, < NiCo-LDH@rGO. In particular,
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Fig. 2 Electrocatalytic OER performance of the prepared electrocatalyst. CV curves conducted at voltages ranging between 0 and 0.5 V and scan rates
ranging from 5 to 100 mV s~ of (a) NiCo-LDH, (b) NiCo-LDH@rGO, and (c) IrOs. (d) Linear sweep voltammetry polarization curves of rGO, NiCo-LDH,
NiCo-LDH@rGO, and IrO, at 1 M KOH during OER testing. (e) Tafel plot of NiCo-LDH, NiCo-LDH@rGO, and IrO, towards the OER, and
(f) chronopotentiometry (time-dependence of the potential) for NiCo-LDH@rGO conducted under 1 M KOH at 5 mA cm~2 indicating the stability.
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Table 1 Reported OER performance for some LDH-based catalysts

OER catalyst Onset potential (V) Overpotential (10 mA cm™?) Tafel slope Ref.
ZnCo-LDH NS 1.55 385 108 16
MnNi-LDH 1.57 420 79.7 17
CoMn-LDH — 395 45 18
Co(OH),@rGONF 1.52 417 57 19
NiCo-LDH@rGO 1.46 376 74 This work

in the case of NiCo-LDH@rGO, the OER oxidation current was
observed (onset potential) at 1.46 V and reached 10 mA cm >
at 1.60 V. The current density was sharply increased to
20 mA cm 2 at 1.65 V. On the other hand, the current density
of 10 and 20 mA cm™> was observed at 1.65 and 1.84 V,
respectively for IrO,. The observed overpotentials are 376 mV
and 460 mV at a current density of 10 mA cm ™2 for NiCo-LDH®@
rGO and IrO,, respectively, while the respective overpotentials
are 420 and 610 mV at the current density of 20 mA cm ™. The
observed OER performance of NiCo-LDH is much less than that
of NiCo-LDH@rGO and IrO,. The corresponding Tafel slopes of
the catalysts are shown in Fig. le. The Tafel slope values are
calculated as 316, 95, and 74 mV dec™* for NiCo-LDH, IrO,, and
NiCo-LDH®@rGO, respectively, indicating a faster kinetics asso-
ciated with the NiCo-LDH@rGO compared to that of IrO, and
NiCo-LDH. Finally, the stability of the NiCo-LDH®@rGO catalyst
was conducted by performing the chronopotentiometry at a
current density of 5 mA cm™? (Fig. 1f). The catalyst maintained
an almost stable potential of about 1.6 V over 9 h.

The improvement in OER performance may be due to several
reasons including (i) higher surface area of NiCo-LDH@rGO and
the homogeneous dispersion of NiCo-LDH on the surface of rGO
(confirmed from N, adsorption-desorption and the EDX mapping
in Fig. 1c and Fig. S3, ESIf respectively) which can expose many
active sites enhancing the OER performance, (ii) rGO has a positive
effect on preventing the restacking of NiCo-LDH, and (iii) the
introduction of rGO improves the electrical conductivity of NiCo-
LDH and provide strong chemical and electronic coupling between
NiCo-LDH and rGO.*” Furthermore, the electrochemical active
surface areas (ECSAs) of NiCo-LDH and NiCo-LDH@rGO are
obtained based on the electrochemical double-layer capacitance
(Cq) through CV at different scan rates (5, 10, 30, 50, 80, and
100 mV s~ ') with voltages ranging between 1.025 and 1.120 V vs.
RHE, where there was no faradaic current. The obtained ECSA
values of NiCo-LDH and NiCo-LDH@rGO are 0.57 and 373, respec-
tively. This indicated that NiCo-LDH@rGO exposed more catalyti-
cally active electrolysis sites, exhibiting higher OER catalytic activity.
Table 1 compares the reported OER onset potential, overpotential,
and Tafel slope values for some reported LDH-based materials
and the results obtained from NiCo-LDH@rGO. Clearly, NiCo-
LDH@rGO shows an enhanced OER performance and stability
compared to some previously reported LDH-based OER catalysts
signifying the potential and possible use in practical applications.

Conclusions

In summary, NiCo-LDH@rGO was successfully prepared using
a hydrothermal route while NiCo-LDH was homogeneously

© 2023 The Author(s). Published by the Royal Society of Chemistry

distributed to the rGO surface. The electrochemical OER
measurement of NiCo-LDH@rGO suggests an excellent cataly-
tic property of the overpotential of only 376 mV at a current
density of 10 mA cm 2. Furthermore, a significant reduction in
overpotential at about 190 mV was observed compared to the
IrO, catalyst at the current density of 20 mA cm 2
The calculated Tafel slope of NiCo-LDH@rGO is 74 mV dec™ .
The superior OER electrochemical performance of the NiCo-
LDH®@rGO nanocomposite can be attributed to the merits of
the high electrochemical activity of NiCo-LDH together with the
high electronic conductivity of rGO and the synergistic effect of
NiCo-LDH and rGO components to prevent self-aggregation.
The hybridization method is also vital as LDH is grown on rGO
by hydrothermal synthesis to reduce the resistance at the LDH-
rGO interface and enable smooth electron transfer. Therefore,
the NiCo-LDH@rGO OER catalyst, synthesized from the eco-
nomic and earth-abundant elements, shows great potential as a
low-cost alternative to the noble IrO, or RuO, catalysts.
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