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ABSTRACT

In this study, we report the in-situ hydrothermal synthesis of mesoporous nanosheets of
cobalt oxyhydroxide (CoOOH) on nickel foam graphene (Ni-FG) substrate, obtained via
atmospheric pressure chemical vapour deposition (AP-CVD). The produced composite were
closely interlinked with Ni-FG, which enhances the synergistic effect between graphene and
the metal hydroxide, CoOOH. It is motivating that the synthesized CoOOH on the Ni-FG
substrate showed a homogenous coating of well-ordered intersected nanosheets with porous
structure. The electrochemical properties of the material as electrode showed a maximum
specific capacity of 199 mAh g * with a capacity retention of 98% after 1000 cycling in a

three electrode measurements.
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CoAl-LDH.



1. Introduction

Recently, research on electrode materials for supercapacitor applications has become one of
the most important research topics in energy storage materials. Supercapacitor has received
much attention due to its advantages of long cycle life, moderate specific energy density (~10
Wh kg?), high power density (>10 kW kg™) and short charging time [1-3]. These
characteristics meet the increasing demand for power tools, hybrid electric vehicles and time-
dependent electric power systems for portable electronics [4]. In the supercapacitor, the
electrode material plays a significant role in the electrochemical capacitive performance. In
the last decades, different types of electrode materials have been used in supercapacitor
including carbonaceous materials, transitional metal hydroxides/oxide and conducting
polymers [1,2,5,6]. Amongst these transitional metals, hydroxides/oxides have received much
attention for high-performance due to their high specific capacitances, low costs, low
toxicity, great flexibility in structure and morphology [7-14].

In addition, the cobalt oxyhdroxide is an improved charge storage material due to its
morphology control nature of micrometer/nanometer scale and reasonably lower material
costs[15,16]. However cobalt oxyhdroxide practical capacitance is less than 200 Fg™ due to
its low conductivity [17]. To improve the ionic transportation and electrical conductivity,
various metal nanostructures and composites combined with carbon materials such as
activated carbon, conducting polymers and graphene, with high surface area and high
conductivity have been studied [18-22]. Among these materials, a porous and light-weight,
graphene foam material (i.e. 3D structured graphene from nickel form templates) has been
studied extensively as an ideal matrix for the growth of metal nanostructures because of its
high conductivity [23-26]. Different kinds of nanostructured metal hydroxides/oxides have
been deposited on graphene foam (GF) electrodes for supercapacitor applications [27,28]. For

instance, Zhu et al. [9] considered Cobalt oxide (CoO) nanorods cluster on three-dimensional



graphene(Co0O-3DG) through a facile hydrothermal method followed by heat treatment which
improved electrochemical capacitive performance, Dong et al also produced 3D
graphene/CO30, nanowire composites which demonstrated remarkable performance in
supercapacitor [29], Zhao et al synthesized Co(OH)./graphene/Ni foam nano electrodes with
high cycling stability for supercapacitor [30], Nguyen et al also reported 3D
CO304/graphene/nickel foam with enhanced electrochemical performance for supercapacitor
[31] and Deng et al. [32] synthesized CoO composited with 3D GF through a combination of
hydrothermal method and thermal treatment which exhibited a high specific capacitance,
excellent rate capability, and cycling stability as electrode material.

In this study, mesoporous nanosheets of cobalt oxyhydroxide (CoOOH) were synthesized on
Ni foam graphene (Ni-FG) substrate by facile two-step processes, namely, hydrothermal
reaction to produce CoAl-LDH nanosheets on Ni-FG which were converted to CoOOH
nanosheets on Ni-FG by alkaline etching of the Al cations in CoAl-LDH using a NaOH
solution. The CoOOH/Ni-FG electrode showed the specific capacity of 95 mAh g*at 10.0 A

g ' with 98 % capacity retention after 1000 cycles.
2. Experimental details
2.1 Graphene growth on nickel foam using AP-CVD

A Ni foam graphene substrate was synthesized by growing graphene sheets on the
polycrystalline Ni foam (3D scaffold template with a macroporous structure) using
atmospheric pressure chemical vapour deposition (AP-CVD). Polycrystalline Ni foam (Ni-F)
(3D scaffold template with a macroporous structure) with an areal density of 420 g m 2 and
1.6 mm in thickness, was used as a substrate for graphene growth. A piece of Ni-F (2 cm x 3
cm) was treated with dilute hydrochloric acid, ethanol and distilled water to clean the surface

of the foam. A cleaned Ni-F was placed at a centre of a quartz tube for graphene growth and



was annealed at 1000 °C under Ar and H, gases for 60 min and graphene was synthesized
from a mixture of Ar: Hy: CH,4 (300: 200: 10 sccm respectively) gases at a temperature of
1000 C for 10 min. Immediately after 10 min, the CH, flow was stopped and samples were
rapidly cooled down (under Ar and H; gases) by pushing the quartz tube to the cooler region
of the furnace. At less than 80 °C, Ni-F graphene was off loaded from AP-CVD quartz tube.
A synthesized Ni foam graphene (Ni-FG) substrate was further used for growth of CoOOH

nanosheets.
2.2 CoOOH growth on Ni foam graphene (Ni-FG) using hydrothermal method

CoOOH nanosheets supported on nickel foam graphene were deduced from in-situ
hydrothermally prepared CoAl-LDH on Ni-FG substrate by alkaline etching in concentrated
NaOH solution as reported in ref [33]. A solution (pink in colour) for hydrothermal reaction
was prepared by adding Co (NO)s. 6H,0 (2 mmol), Al (NO3)3.6H,O (2 mmol), NH4F (8
mmol) and CO (NH), (10 mmol) in 36 mL of deionized water and stirred for 10 min, as
demonstrated in figure 1. Ni-FG substrate was immersed into the above solution and then
carefully transferred into a sealed Teflon-lined stainless-steel autoclave and kept at a
temperature of 100°C for 24 h (figure 1). After cooling of an autoclave to room temperature,
the obtained CoAIl-LDH coated on Ni-FG was cleaned with dionized water. Then, the CoAl-
LDH coated Ni-FG was immersed in 5 mol L™* NaOH for 48 h and subsequently rinsed with
deionized water, followed by ethanol for 5 min using ultrasonic bath, and dried at 60 °C for 6
h to obtain the final product CoOOH nanosheets (shown by micrograph image in the last step
of figure 1) on Ni-FG substrate. The weight of the CoOOH film on Ni-FG substrate was
measured by weighing the Ni-FG substrate before and after hydrothermal process, and a mass

loading of ~5 mg cm ™2 was obtained.
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Figure 1: A schematic view of the hydrothermal growth of CoAL-LDH on graphene synthesized on Ni foam
and alkaline etching in concentrated NaOH solution which produces a mesoporous structure of CoOOOH on Ni

foam graphene.

3. Materials characterizations

The as-prepared Ni-FG and CoOOH film on Ni-FG were characterized by X-ray diffraction
(XRD) using a XPERT-PRO diffractometer (PANalytical BV, Netherlands) with theta/2 theta
geometry, operating with a Co Ka radiation source (1 = 1.789 A). The XRD spectra were
acquired at a scanning rate of 0.2 s and 260 range of 15 to 70°. Raman spectroscopy
measurements were carried out using WITec Alpha 300 micro-Raman system with 532 nm
excitation laser. Raman spectra were measured at room temperature with the laser power set
below 5 mW in order to minimize heating effects. The SEM images were obtained on a Zeiss
Ultra Plus 55 field emission scanning electron microscope (FE-SEM) operated at 2 kV beam
and the working distance (WD) of 2.7 mm. The FE-SEM is equipped with an energy-

dispersive X-ray spectrometer (EDX).



4. Electrode preparation and electrochemical characterization

The performance of Ni-FG and CoOOH film on Ni-FG were investigated using a Bio-Logic
VMP300 potentiostat (Knoxville TN 37,930, USA) controlled by the EC-Lab® V10.40
software in a three-electrode configuration. The Ni-FG or CoOOH/Ni-FG (1 cm x 2 cm)
served as the working electrode in a 6 M potassium hydroxide (KOH) electrolyte; glassy
carbon plate was used as the counter electrode and Ag/AgCl (3 M KCI) as the reference
electrode. The cyclic voltammetry (CV) tests were carried out in the potential range of 0 to
0.45 V (vs. Ag/AgCl) at different scan rates ranging from 5 to 50 mV s *. The galvanostatic
charge-discharge (GCD) measurements were performed at various current densities from 0.5
to 10 A g ' and the electrochemical impedance spectroscopy (EIS) measurements were

performed in the frequency range of 10 mHz to 100 kHz.

5. Results and discussion

5.1 Morphology and structure

Figure 2 (a) and (b) show the XRD patterns of the Ni-FG substrate and CoOOH on the Ni-FG
substrate and the corresponding JCPDS files. The XRD patterns show poor intensities
diffraction peaks (the intensities are embedded in the signal noise level) of CoOOH at
diffraction angles of 23.5 , 45.5 and 59.5 relative to the high intensities diffraction peaks of

the Ni-FG substrate marked with “*” (figure 2 (b)).
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Figure 2: (a) and (b) XRD patterns of the Ni-FG substrate and CoOOH on the Ni-FG substrate and the
corresponding JCPDS files.

The XRD patterns of the Ni-FG substrate and CoOOH on the Ni-FG substrate shown in
figure 2 (a) and (b) were indexed using the graphite JCPDS card: 75-1621 (Sys: hexagonal,
S.G.: P63mc (186), a: 2.470 A, c: 6.790 A), Ni JCPDS card: 04-0850 (Sys: cubic, S.G.:
Fm3m (225), a: 3.523 A) and CoOOH JCPDS card: 07-0169 (Sys: hexagonal, S.G.: R3m
(166), a: 2.855 A, c: 13.15 A). The XRD data suggest that COOOH synthesized on Ni-FG

substrate has a hexagonal crystal structure similar to that of graphene.

Figure 3 (a) shows the Raman spectra of the CoOOH/Ni-FG and Ni-FG and the peaks
observed at 1587 and 2701 cm ' corresponds to the G-band and 2D-band modes of graphene
and the other peaks to CoOOH compound. The absence (low-intensity) of the disorder-
induced D-band at ~1350 cm™' confirms the high-quality of graphene sheet [34-36]. The
synthesized graphene sheet has a non-uniform thickness (varying between 1 to few graphene
layers) over the entire Ni foam since polycrystalline Ni typically grows multilayer graphene
sheets with varying thickness due to non-uniform precipitation of carbon atoms from

different grains surfaces and grain boundaries [37—39]. Figure 3 (b) shows peaks of CoOOH



compound as shown in figure 3 (a) and the peaks were fitted with peaks at 506, 572, 632,
700, 1033, 1068 and 1165 cm ' assigned to the COOOH crystalline compound. These peaks
positions correspond to the values published by Yang et al. [40] and Pauporte et al. [41] for
Raman spectra of the CoOOH compound. Bands fittings were done using a Lorentz function
and the fittings were carried out until reproducible fitting was obtained with squared

correlation, r? of 0.99.
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Figure 3: (2) Raman spectra of the CoOOH synthesized on the Ni-FG substrate (CoOOH/Ni-FG) and that of the
graphene sheet on the Ni foam (Ni-FG). (b) Lorentz fittings of peaks at 506, 572, 632, 700, 1033, 1068 and

1165 cm™' assigned to the CoOOOH compound.

Figure 4 (a-c) show typical SEM images at different magnifications of graphene synthesized
on the Ni foam substrate showing a porous structure. The SEM images at a high
magnification show wrinkles and ripples of graphene sheets which could be attributed to
differences in thermal expansion coefficients between graphene and Ni substrate [42]. Figure
4 (d-f) show SEM images at different magnification of CoOOH synthesized on the Ni-FG
substrate (CoOOH/Ni-FG). The images at low and high magnifications show homogenous

coating of well-ordered intersected nanosheets forming a porous structure.



Figure 4 (a) shows a secondary electron beam image showing area 1 and 2 from which the EDX data of the
CoOOH/Ni-FG was obtained as shown in figure 5(b). Figure 5(b) shows the presence of C, O, Al, Co and Ni in
the sample. Similar to the study of Xu et al. [43] and Abushrenta et al. [44], a ratio of Co to Al concentration is
high and that confirms a successful alkaline etching of the Al cations in CoAl-LDH nanosheets using a NaOH

solution for 48 h to give CoOOH nanosheets.
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Figure 5: (a) Secondary electron beam image showing area 1 and 2 from which the (b) EDX data of the
CoOOH synthesized on the Ni-FG substrate (CoOOH/Ni-FG) was obtained which shows the presence of C, O,
Al, Co and Ni in the sample.

5.2 Electrochemical characterization

Figure 6 (a) shows CV curves of Ni-F, Ni-FG, and CoOOOH/Ni-FG at a scan rate of 50 mV s *
in a potential range of 0.0 — 0.45 V. CV curves of these electrode materials showing existence
of reduction and oxidation peaks. For instance, CV curves of both Ni-F and Ni-FG show
peaks that corresponds to the transformation reaction between Ni(OH) , and NiOOH [45], CV
curve of a CoOOH/NI-FG electrode shows a distinct difference in the current response
(showing much higher current response which indicates high capacitance) compared to Ni-F
and Ni-FG electrodes at the same potential of 0.45 V, indicating a better electrochemical
response. Consequently, further investigation of the capacitive properties of COOOH/Ni-FG
electrode was made. Figure 6 (b) shows the CV curves of the COOOH/NI-FG electrode at
different scan rates between 5 mV s and 50 mV s, but in the same potential window.
These curves show the redox peaks which could be mainly due to electrochemical surface
reactions on the CoOOH material corresponding to cathodic and anodic peaks at ~ 0.1 and ~

0.37 V vs Ag/AgCI respectively. These redox peaks can be explained by the reversible
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electrochemical oxidation and reduction (redox reaction) between Co?* and Co*" expressed

as[15,46]
CoOOH+OH™ < Co0, +H,0+e" (1)

From this redox equation, a theoretical specific value of 1747.9 mAh g™ in 6M KOH
electrolyte is deduced. In figure 6 (b), it can be seen that as the scan rate increases, the anodic
peak shifts positively whereas the cathodic peak shifts negatively and this shift is attributed to
the polarization of the electrodes due to the electrolyte ions diffusion in the porous structure
of the electrode during redox reaction at the higher scan rates. The shapes of the curves
(showing reduction and oxidation peaks) indicate that the predominant mechanism of charge

storage in this material is based on Faradic characteristics [15].

Figure 6 (c) shows the charge-discharge (CD) curves of CoOOOH/Ni-FG electrode at current
densities of 0.5-10 A g * in the potential window range of 0.0 V-0.45 V. The curves clearly
show two voltage steps, specifically, a fast potential drop in the range of 0.41 V-0.24 V and a
slow potential drop in the range of 0.24 V-0.14 V. Similar to CV curves, these voltage drop
regions of charge-discharge curves (0.24 V-0.14 V) show Faradic behaviour of the electrode
resulting from the electrochemical redox reaction at an interface between electrode and
electrolyte[47]. From the CD curves, the specific capacity Qp of the electrode was calculated
using the following expression:

I xt
QD_ .

" mx3.6 @

where [ is the discharge current (A), t is the discharge time (s), mis the mass of the active
material (g), and Qpis the specific discharge capacity (mAh g ). The specific capacity of
CoOOH/Ni-FG as a function of the current density is shown in figure 6 (d). At a current
density of 0.5 A g%, the specific capacity of the COOOH/Ni-FG electrode was calculated as

11



199 mAh g *. This value is one order of magnitude smaller than the theoretical value and this
could be due to the poor crystallinity of the obtained CoOOH material after etching of Al
from the CoAl-LDH. Furthermore, poor conductivity of metal oxides and hydroxides, in

general can also impede the electrochemical performance of the electrode.
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Figure 6: (a) Cyclic voltammetry (CV) of Ni-F, Ni-FG and CoOOH /Ni-FG at a scan rate of 50 mV s . (b) CV
of CoOOH /Ni-FG at scan rates ranging from 5 to 30 mV s (c) Galvanostatic charge—discharge of CoOOH
INi-FG at current densities of 0.5 to 10 A g *. (d) Specific capacity of CoOOH /Ni-FG composite electrode

versus current densities.
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Figure 7: (a) Equivalent circuit (the inset to the figure) fitting to the EIS plot of CoOOH/Ni-FG electrode with
ZFIT software that applies the complex nonlinear least-squares (CNLS) method to the equivalent circuit. (b)
The dependence of the specific capacity and cycle number at current density of 10 A g™*. (c) Nyquist plots of the
CoOOH/Ni-FG electrode before and after 1000 charge—discharge cycles.

Figure 7(a) shows Nyquist plot in the frequency range of 10 mHz to 100 kHz of the
CoOOH/NI-FG electrode obtained from EIS measurements using open circuit potentials (the
inset to the figure is the magnified high frequency region of the plot). There are two distinct
parts, the high-frequency and low-frequency regions suggesting different electrochemical
occurrences during the electrochemical process. EIS measurements were fitted with ZFIT
software that applies the complex nonlinear least-squares (CNLS) method to the equivalent

circuit (the inset to the figure) as shown in figure 7 (a). Interestingly, the circuit parameters
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designate different electrochemical process occurring at the electrode/electrolyte interface. At
the high-frequency region, the circuit represents the combined resistance (ionic resistance,
intrinsic resistance, and contact resistance) as a result of electrolyte, active material/current
collector interactions referred to as solution resistance or equivalent series resistance (Rs).
This resistance is estimated from the Nyquist plot by reading the intercept on the x-axis of the
high frequency region and is found to be 0.94Q. At low-frequency region, the circuit
represents the Warburg impedance, W, due to the diffusion/transport of OH™ ions within the
porous structure of the electrode during the redox reactions and indicate the capacitive

behavior of the electrode [48]. In addition, the Warburg impedance, W, can be expressed as

[49]: W = where A is the Warburg coefficient, o is the angular frequency. In the

- 0.5 )
Jo

equivalent circuit (the inset to the figure 7 (a)), the solution resistance, Rs, is connected in
series to the constant phase element Q and the charge transfer resistance Rct. However, Ret
and Q are connected in parallel to each other forming a circuit which models high-frequency

to mid-frequency region of the Nyquist plot and this is attributed to the ideal capacitance of

the electrode. The constant phase element Q, can be expressed as[50]: Q = ;, where T

T(jo)'
is the frequency-independent constant with dimensions of (F cm™)" related to the roughness
and pseudocapacitive kinetics of the electrode surface, the values for n range from -1 to 1
and can be calculated from the slope of the log Z versus log f. For values of n =0, Q acts as a
pure resistor and for n = 1, Q acts as a pure capacitor and for n = —1, Q acts as an inductor
[51]. Furthermore, at the low frequency region, an ideal electrode yields a vertical line
parallel to the imaginary axis with a mass capacitance given by Q. The deviation from this
ideal behaviour is attributed to the leakage resistance R which is connected in parallel to the
CL in the equivalent circuit. C_ denotes the pseudocapacitance which arises due to the

Faradaic charge transfer process [49]. The n-value obtained from the fitting of the Nyquist
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plot for the CoOOH/Ni-FG electrode was 0.91. Therefore, the fitting results for n show a
capacitive behaviour of the electrode. A summary of the CNLS fitting parameters from the

experimental impedance spectra (Figure 7 (a)) is presented in Table 1.

Tablel: A summary of the CNLS fitting parameters from the experimental impedance spectra, as shown in
Figure 8(b).

Rs () Rer () CL(F) n Q

0.94 1.21 1 0.91 1

The cycling stability of the CoOOH/Ni-FG electrode was investigated at a current density of
10 A g* for 1000 cycles, as shown in figure 7 (b). The CoOOH/Ni-FG electrode shows the
specific capacity of 95 mAh g at 10.0 A g * with 98 % capacity retention after 1000 cycles.
Nyquist plots (Figure 7 (c)) of the CoOOH/NI-FG electrode before and after 1000 charge—
discharge cycles shows similar curves, suggesting good electrochemical stability of the active

material.

5.3. Morphology and structure after electrochemical analysis

The structure of the electrode material after electrochemical measurement is presented to
elucidate any structural change or degradation that might have occurred during the cycling
process. Figure 8 (a) and (b) show the SEM images (low and high magnifications) of the
CoOOH/Ni-FG after electrochemical analysis. These images show a porous structure of
nanosheets as seen before electrochemical analysis (Figure 4 (e) and (f)), however, with an
effect of electrolyte and this suggest a good stability in the morphology of CoOOH electrode
material. It is worth mentioning that these SEM images were acquired using 1 kV beam and
the working distance (WD)of 2.5 mm compare to those in figure 4 which were acquired using
2 kV beam and the WD of 2.7 mm. As a result, SEM images in figure 8 (a) and (b) appear

larger than those in figure 4 (e) and (f).
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Figure 8: (a) and (b) SEM images (low and high magnifications) of the CoOOH on Ni foam graphene
(CoOOH/Ni-FG) after electrochemical analysis showing CoOOH intersected nanosheets covered with dried
electrolyte which also filled the space between sheets (porous structure). These SEM images were acquired

using 1 kV beam and the working distance of WD = 2.5 mm.
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Figure 9: (a) and (b) SEM images (low and high magnifications) of the CoOOH on Ni foam graphene
(CoOOH/NI-FG) after electrochemical analysis showing CoOOH intersected nanosheets covered with dried
electrolyte which also filled the space between sheets (porous structure). These SEM images were acquired

using 1 kV beam and the working distance of WD = 2.5 mm.

Figure 9 (a) shows a secondary electron beam image showing area from which the EDX data
of the CoOOH/Ni-FG after electrochemical analysis was obtained ( see figure 9(b)).Figure 9
(b) shows the presence of C, O, Al, Co and Ni in the sample and additional elements due to
electrochemical analysis. A high concentration of K confirms the presence or the effect of
electrolyte (i.e. KOH) as seen in figure 9(b) after electrochemical analysis. A ratio of Co to

Al concentration is still high (as observed before electrochemical analysis in figure 5 and that
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confirms structural stability of CoOOH compound. This is further supported by Raman
spectra obtained before and after electrochemical analysis which shows similar spectra
confirming a good stability in the structure of the CoOOH electrode material and the
underlying graphene sheet (see figure 10 (a)). In order to compare our results with other
cobalt-based faradic materials, we recalculated the specific capacity from the estimated
discharge time and current density from the articles that are being referred to in figure 10 (b)
in order to report the realistic values as suggested by Lahedar et al [52]. Figure 10 (b)
presents a comparison of specific capacity at a current densities of 0.5 to 2.0 A g * obtained
in this work and other previous published reports by Deng et al. [32], Zhu et al. [9], Nguyen
et al. [10], Zhao et al. [30], Ghosh et al. [53] and SengadTan et al. [12]. Our results are

superior to the previously published Co-based electrode materials for supercapacitor

applications.
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Figure 10: (a) Raman spectra of the CoOOH synthesized on the Ni-FG substrate (CoOOH/Ni-FG) before and
after electrochemical analysis. (b) A comparison of specific capacity at a current density of 0.5, 1.0 and 2.0 A
g " obtained in this work and other previous published reports by Deng et al. [32], Zhu et al. [9], Nguyen et al.
[10], Zhao et al. [30], Ghosh et al. [52] and SengadTan et al. [12].
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6. Conclusion

The morphology of the synthesized CoOOH on the Ni-FG substrate showed a homogenous
coating of well-ordered intersected nanosheets showing porous structure. The morphology of
synthesized graphene sheet on the Ni foam showed wrinkles and ripples of graphene which
retained the advantages of homogeneous adsorption and distribution of CoOOH intersected
nanosheets on Ni-FG substrate. The morphology and structural analysis confirmed elemental
composition and crystalline structure of the CoOOH compound before and after
electrochemical analysis of the electrode. The electrochemical behavior indicated that the
CoOOH/NI-FG electrode is a good Faradic electrode material exhibiting a high specific
discharge capacity of 199 mAh g™ at a current density of 0.5 A g *. In addition ,the
supercapacitor also exhibit good cycle stability with a 98 % capacity retention after 1000
cycles. These results suggest that the CooOH/Ni-FG electrode material has great potential as
a high capacitiy device and is further expected to contribute significantly to the ongoing

scientific reports on Faradaic electrode materials for electrochemical applications.
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