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Highlights

e Use of solvothermal technique for production of nickel hydroxide/graphene oxide composite.
¢ Spherical nickel hydroxide composed of nanosheets.

e Excellent electrochemical properties of composite electrode material.

Abstract

Spherical composite of Ni(OH),/GO was produced via a surfactant free solvothermal technique
and tested as electrode materials for electrochemical capacitors. The structural and
morphological analysis confirmed that deposition of Ni(OH), onto GO does not change the
crystal structure of pure hexagonal a-Ni(OH),. Electrode fabricated from the Ni(OH),/GO
composite demonstrates a superior electrochemical performance when compared to that of
pure Ni(OH),, GO, and Mix-Ni(OH),/GO electrodes with Ni(OH),/GO electrode exhibiting a
specific capacity of ~420 mA h g™ which correspond to a specific capacitance of 3619 F g™ at 2.5

A g, as well as a corresponding rate capability of 78% at 10 A g™. The stability study of the



Ni(OH),/GO composite reveals a good capacity retention of ~95% at a current density of 10 A g’

! after 3000 charge-discharge cycles.
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Introduction

The growing need for energy coupled with the rise in global warming and air pollution due to
the burning and consumption of fossil fuels has led to an increase in alternative energy sources
to meet the exponential rise in energy demand [1-3]. These alternative energy sources often
require a storage device as the energy production is not constant throughout the days and
nights. Electrochemical capacitors (ECs) also known as supercapacitors (SCs) have attracted
great attention in electrochemical energy storage application owing to their outstanding work
rate, excellent cycle life and high power density [4,5]. In general, they are classified into two
classes based on the mechanism in which they store charges: Electrochemical double-layer
capacitors (EDLCs) which store energy based on ion adsorption, and faradaic capacitor which

store energy by the fast surface redox process [6,7].

Ni(OH),, among many faradaic electrode materials has being considered as a potential
electrode material due to its low cost, low toxicity, and high theoretical specific capacity (433
mA-hg'l)[6,8,9]. Nonetheless, Ni(OH), suffers from low electrical conductivity, low rate
capability and poor cycling stability, which affect its electrochemical performance and hence,

restrict its commercialization [10].



Carbon nanomaterials such as graphene oxide (GO), carbon nanotubes (CNT) have been
established to be effective in improving the electrochemical performance of Ni(OH),-based
electrode materials when used as a supporting material [8,11,12]. GO, known as an
intermediary product in the preparation of graphene, has been studied as a feasible electrode
material for SCs [13—15]. The ease at which GO can be prepared in a considerable amount via a
modified Hummer’s method, with a high specific surface area, and high oxygen-containing
functional groups are the main attractions of GO as an active material for electrochemical
applications [13,15,16]. Many Ni(OH), composite materials with GO have been reported, for
example, Ma et al. reported a B-Ni(OH),/GO/CNTs composite with a specific capacitance (Cs,) of
~1815 F g ' at 2 A g ! and capacitance retention of ~97% at 10 A g™ after 2000 cycles
[14].Wang et al. investigated the electrochemical performance of Ni(OH), nanoparticles
deposited on GO and reported a Cs, of ~ 440 F g'lat 2.8A g‘1[17]. Mao et al. used 3D nitrogen-
containing GO hydrogel substrate for the in-situ growth of Ni(OH), nanoplates via an
adsorption-hydrothermal strategy, the composite was reported to have a Cy, of 1748 F g_1 at 0.2
A g™ [18]. Chen et al. reported a Csp of ~1160 F gt at 5 A g’ for a Ni(OH),-GO hydrogel
prepared using hydrothermal procedure [19]. However, the above reported works on Ni(OH),
composite with GO have limitations in their electrochemical performances such as rate
capabilities and specific capacitance values which is far below the reported theoretical specific
capacitance of Ni(OH),. Hence, the need to exploit more synthesis techniques in order to

optimize the electrochemical performances of Ni(OH),/GO based composites is imperative.

Herein, we successfully prepared Ni(OH),/GO composite using surfactant-free solvothermal

technique and investigated its electrochemical properties. The choice of surfactant-free



synthesis is to avoid contamination caused by the use of the surfactant or templates often
observed in the products, affecting various applications of the synthesized materials. The
Ni(OH),/GO electrode displays superior electrochemical performance as compared with pure
Ni(OH), with a specific capacity of ~ 420 mAhg™ corresponding to specific capacitance of 3619

F g'1 at2.5A g'l, and good capacity retention of ~ 95 % after 3000 cycles at 10 A g'l.

Experimental

Synthesis of GO

GO was prepared by the modification of the established Hummer’s method from graphite
powder. Briefly, 5.0 g of graphite powder was poured into a round bottom flask containing 15
mL of concentrated H,SO,4 followed by stirring and the addition of fuming HNO; and
continuous stirring of the mixture at room temperature for 24 h. Subsequently, the mixture was
centrifuged four times, washed with deionized water and dried in an electric oven for 24 h at 60
°C to obtain a graphite intercalation compound powder (GICP). Thermal expansion of the GICP
to expanded graphite (EG) was achieved after heating the GICP at 1050 °C for 15 s. Finally, 1.0 g
of EG (a precursor for GO) was dissolved in a 200 mL of concentrated H,SO4 in a 500 mL three-
necked flask, followed by slow addition of 10 g KMnO,4 and transferring the mixture into an ice
bath, and slow addition of 200 mL of deionized water and 50 mL H,0,. The mixture was then
stirred for 30 min, resulting in a light brown suspension of GO. The obtained sample of GO was
washed with an aqueous HCl in a ratio 9:1 of water:HCI, followed by continuous centrifugation
and washing with deionized water until pH of about 7 was achieved, then dried at 80 °C for 12 h

[20,21].



Synthesis of a-Ni(OH),/GO

2.33 g of Ni(NO3).6H,0 was dissolved in 40 mL of N, N-dimethylformamide (DMF) at room
temperature under magnetic stirring, followed by the addition of 50 mg of GO and sonication
for 1 h to get a uniform dispersion of GO in the solution. The solution was transferred into a 60
mL Teflon-lined autoclave and sealed. The autoclave was then placed into an electrical oven
preheated at 180 °C and kept at that temperature for 18 h. Subsequently, the sample was
removed from the oven and allowed to cool down to room temperature naturally. The
obtained black powder was washed with deionized water until pH 7 was achieved and then
dried at 60 °C overnight. A ratio of 9:1 of Ni(OH), and GO in the composite is obtained based on
the approximated final mass of the composite (500 mg). For comparison, Pure Ni(OH), was
synthesized via the same procedure with no addition of GO. In order to investigate the effect of
solvothermal synthesis, 77.4 mg Ni(OH), and 2.6 mg GO were physically mixed in an agate

mortar using pestle to obtained Mix-Ni(OH),/GO.

Characterization and electrode fabrication

Powder X-ray diffraction technique (XRD) in a 6/26 pattern, with a cobalt tube at 50 mA and 35
kV (XPERT-PRO diffractometer, PANalytical BV, Netherlands) was employed to probe the
crystallinity of the materials. Raman spectroscopic technique was employed to examine the
vibrational mode of the samples utilizing a T64000 micro-Raman spectrometer, having a low
power of 12 mW and an excitation wavelength 514 nm. X-ray photoelectron spectroscopy (XPS)
measurements of the samples were conducted using a Physical Electronics VersaProbe 5000

spectrometer operating with a 100 um monochromatic Al-Ka exciting source. A Zeiss Ultra Plus



55, field emission scanning electron microscopy (FESEM) operating at 2.0 kV was employed to
examine the morphology of the samples. Electron micrograph and selected area diffraction
patterns of the composite were collected using high-resolution transmission electron
microscopy (HR-TEM) JEOL 2100 (from Tokyo Japan) equipped with LaB6 filament, a Gartan
U1000 camera of 2028 x 2028 pixels and operated at 200 kV. The HR-TEM is equipped with an
integrated scanning transmission electron microscopy along with energy dispersive X-ray
(STEM-EDX). A Micromeritics TriStar 1l 3020 (version 2.00) analyzer was employed for the
specific surface area (SSA) analysis of the samples using Brunauer—-Emmett—Teller (BET) method
from the adsorption branch in the relative pressure range (P/Pg) of 0.01 — 1. Thermogravimetric
analysis (TGA) was carried out using a thermogravimetric analyzer (Hitachi TGA) from 20 °C to
1000 °C in air. A Bio-Logic VMP300 workstation (Knoxville TN 37,930, USA) in a three-electrode
configuration was used to probe the electrochemical performance of the samples. This
configuration consists of a working electrode (electrode material), reference electrode (Ag/AgCl
(3 M KCl )) and counter electrode (glassy carbon) in a 6.0 M KOH aqueous electrolyte. The
electrodes were prepared by mixing 80 wt% of the samples with 10 wt.% carbon black (to
increase the conductivity of the electrode materials) and 10 wt.% polyvinylidene difluoride
(PVdF) as a binder in an agate mortar. This was followed by dissolving the mixture in the 1-
methyl-2-pyrrolidinone (NMP) to form a homogenous paste. The paste was then smeared on a
Ni foam current collector and dried in an electrical oven for 8 h at 60 °C to ensure complete
evaporation of the NMP. The mass of the electrode materials ranged from 2.1 - 2.3 mg.
Subsequently, Cyclic voltammetry (CV) probed at a potential window of 0 - 0.5 V (vs. Ag/AgCl, 3

M KCl) potential window was carried out at different scan rates from 5 to 50 mV s™. The



galvanostatic charge—discharge (CD) measurement was performed at current densities from 2.5
to10 A g'1 and an open circuit with a frequency range of 10 mHz-100 kHz were employed for

the electrochemical impedance spectroscopy (EIS) measurement.

Results

Structural and morphological properties

The cobalt source (Co-K,) with a wavelength of 0.17890 nm was used for the XRD analysis of
the samples. The diffraction patterns of the samples are illustrated in Fig. 1a. Four peaks
relating to the crystallographic planes of (003), (006), (101), (111) and (110) are observed in
Ni(OH), (Fig. 1a). This describes a hexagonal configuration of single phase a-Ni(OH), (JCPD NO.
38-0715). Moreover, in addition to the a-Ni(OH), diffraction patterns, a weak peak at 12.1°
corresponding to the (001) plane of GO appears in the Ni(OH),/GO sample, corroborating the
existence of GO in the sample. The observed small shift in the 26 value positions of the
crystallographic planes of both Ni(OH), and GO is as a result of the difference in wavelength of

Co and Cu excitation sources. Co has longer wavelength, therefore it will result to

crystallographic plane at higher 26 value position [4].

Fig. 1b presents the Raman spectra of GO, Ni(OH), and Ni(OH),/GO. The Raman spectrum of GO
reveals a D-band at ~1352 cm™ ascribed to the disorder-induced vibration as a result of
structural defects. An intensive G-band at ~1584 cm™ is attributed to the first-order scattering
of the E,g vibrational mode and 2D-band at ~2705 cm™* corresponding to the second-order two-
phonon vibration of D [22].The intensity ratio of G/D is found to be 1.4 which confirms the good

quality of our GO. In the Raman spectrum of Ni(OH), peaks at ~355 cm™ could be related to the



Eu(T) vibrational mode, 512 cm™ corresponds to the 2" order acoustic mode resulting from
harmonic overtone of an acoustic vibration at ~250-270 cm™, 686 cm™ corresponds to 2E,
transition due to the harmonic overtone at 306-318 cm™, 724 cm™ could be ascribed to 2E, O-
H bend and 1050 cm™ could be assigned to v, 2" order lattice mode [23,24]. Moreover, the
Raman spectrum of Ni(OH),/GO composite revealed the D-band (~1352 cm™), the G-band
(1585 cm™) and the 2D-band (~2705 cm™) of graphene oxide, in addition to the 350, 512, 686,
724 and 1049 cm™ of Ni(OH),. Hence, the Raman peaks coming from GO are still maintained in

the composite.
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Fig. 1. (a) XRD spectra of Ni(OH), and Ni(OH),/GO composite (inset to the figure is a (001) plane of GO), (b) Raman
spectra of GO, Ni(OH), and Ni(OH),/GO composite.

The surface chemistry of the samples was analyzed by XPS. Fig. 2a shows the wide scan XPS
spectrum of the as-received (i.e., without sputter cleaning) Ni(OH),/GO composite, which
displays the main elements (12.01 at% Ni2p, 46.71 at% O 1s and 41.29 at% C 1s) of the
composition of the sample. The core level spectrum of Ni 2p of a composite sample reveals the

binding energy peaks at 853.2, 857.5, 862.8, 870.7, 875.2 and 880.4 eV which agree with Ni



2ps3;; and Ni2p;/,, assigned to the characteristic of NO, Ni** and Ni** and the two shakeup
satellite [25,26], as shown in Fig. 2b. The core level spectrum of Ni 2p suggests that the
composite sample has a noticeable amount of metallic nickel (Ni°at 853.2 eV), usually reported
around 852.6 eV [27]. The Ni2p components at high binding energies are assigned to Ni%*
bound to O and OH groups in Ni(OH), and NiO, and Ni*" in NiOOH [27]. Fig. 2c shows the core
level spectrum of C 1s of a composite sample which reveals the binding energy peaks at 282.2,
284.5, 285.5, 287.6 and 290.3 eV corresponding to —COOH, sp® C=C/C-C (graphene/graphite
component), C-0, C=0 and O-C=0 (oxide components/functional groups), respectively [28-30].
The Ni(OH),/GO composite sample shows much higher composition of hydroxyl and epoxy,
carbonyl and carboxyl functional groups. Fig. 2d shows the core level spectrum of O 1s with
fitted peaks at 528.5, 530.2 and 533.1 eV which could be ascribed to metal—oxygen bonds,
oxygen in OH groups and GO [31]. Furthermore, Fig. 1e shows the wide scan XPS spectrum of
the as-received GO sample, which displays 54.86 at% O 1s and 45.14 at% C 1s. This wide scan
spectrum clearly shows that GO used for composite synthesis has high purity as it shows no
traces of impurities. The GO sample shows atomic percentage ratio of 0.82 for C 1s/0 1s, while
Ni(OH),/GO composite sample shows a ratio of 0.88, as obtained from the wide scan spectra of
both samples. The C 1s/0 1s ratio values obtained from both samples are equivalent suggesting
no loss in materials; GO in particular, during solvothermal synthesis. Fig. 2f shows the core level
spectrum of C 1s of a GO sample. The fitted binding energy peaks 284.2, 286.5 and 288.3 eV
correspond to sp? C=C/C-C, C-O and C=0, respectively [28,29]. The GO sample and the
Ni(OH),/GO composite sample show equivalent percentage of hydroxyl and epoxy (C-0), and

carbonyl (C=0) groups. However, the GO sample shows higher carbon content (C=C/C-C) which
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Fig 2. XPS data : (a) The wide scan spectra of the as-received (i.e. without sputter cleaning) Ni(OH),/GO composite,

the core level spectrum of (b) Ni 2p, (c) C 1s and (d) O 1s of a composite sample, (e) The wide scan spectra of the

GO and (f) the core level spectrum of C 1s.
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mostly reacted with oxygen from Ni(OH), to yield additional oxide components as seen in Fig.
2c for Ni(OH)2/GO composite sample. It is noted that a Ni(OH),/GO composite sample does not
reveal obvious solvothermal reduction of GO in the composite as it shows high percentage of
functional groups, in fact, a reduced GO would show a much higher percentage of carbon and

much lower percentage of functional groups [30].

Fig. 3a and 3b illustrate low and high magnification micrographs of Ni(OH),. Spherical
nanosheets were observed for the pure Ni(OH),. The formation of the spheres could be
elucidated from the dissolution of the Ni(NOs).6H,0 to form Ni** ion in the solution, the water
molecules from hydrate Ni(NO3).6H,O become free and supply OH  ions for the growth of thin
Ni(OH), nanosheets. As the reaction proceed, thin nanosheets of Ni(OH), self-assembled
through the process of Ostwald ripening to form spheres in order to minimize the surface
energy of the thin Ni(OH),nanosheets[32,33].Coalescence mechanism, an oriented attachment
mechanism, plays a vital role in the Oswald-ripening process [32,34]. Fig. 3c and 3d represent
the low and high magnifications micrographs of GO. The figures showed that GO was well
exfoliated to develop broken thin sheets and wrinkles to establish the GO structures. Ni(OH),
grown on the surface of the GO sheets are revealed at low magnification (Fig. 3e). Whereas the
high magnification of Ni(OH),/GO confirmed the composite maintained the structure of pure

Ni(OH), (Fig 3f).
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Fig. 3. SEM micrographs: (a) and (b) low and high magnification of the Ni(OH),, (c) and (d) low and high

magnification of the GO, (e) and (f) low and high magnification of the Ni(OH),/GO.

To obtain information on the thickness of the GO HRTEM was used as shown in Fig. 4. Fig. 4a

shows the HRTEM micrograph of GO with the folded area showing fringes (see inset to the

12



figure) corresponding to four layers of graphene which display a distinctively selected area
electron diffraction pattern (SAED) of a few-layer graphene, as shown in Fig. 4b. In addition,
Fig. 4c shows the diffraction intensity profile of a SAED pattern in Fig. 4b which suggest that the
evaluated GO area has four stacked layers of graphene with an interlayer spacing of about

0.43 nm. This suggests that a GO used in this study has few layers of functionalized graphene.
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Fig 4. (a) HRTEM micrograph of GO (inset to the figure display higher magnification HRTEM micrograph of GO
taken from a region shown with a circle), (b) selected area electron diffraction pattern (SAED) taken from a region

shown by inset to figure in (a), and (c) the corresponding SAED diffraction intensity profile.

To get information on the homogeneity or rather dispersion of Ni(OH), on the GO in the

composite material, the morphology of a composite was investigated using HRTEM and the
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micrographs are displayed in Fig. 5. It can be seen from Fig. 5a and 5b that Ni(OH), is mostly
homogeneously dispersed in the GO matrix to form composite material. This was further
compared to a Mix-Ni(OH),/GO sample which shows a poor or non-uniform dispersion of

Ni(OH), on the GO matrix, as shown in Fig. 5c.

Fig 5. (a) and (b) HRTEM micrographs of Ni(OH),/GO composite sample at low and high magnification respectively.

(c) An HRTEM micrograph of Mix-Ni(OH),/GO.
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Fig 6. (a) A scanning transmission electron microscopy image and (b - d) the corresponding energy dispersive X-ray
maps of C, O and Ni respectively of the Ni(OH),/GO sample. (e) A scanning transmission electron microscopy image
and (f - h) the corresponding energy dispersive X-ray maps of C, O and Ni respectively of the Mix-Ni(OH),/GO

sample.
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To further evaluate the dispersion of Ni(OH), on the GO in the composite material, the
elemental mapping of a composite was obtained using a scanning transmission electron
microscopy along with energy dispersive X-ray (STEM-EDX) and the maps are displayed in Fig. 6.
Fig. 6a shows a scanning transmission electron microscopy image and Fig. 6b - d show the
corresponding energy dispersive X-ray maps of C, O and Ni which are main elements of the
composition of Ni(OH),/GO sample. These maps clearly reveal a homogeneous distribution of
the evaluated main elements of the Ni(OH),/GO sample suggesting that the dispersion of
Ni(OH), on the GO matrix in the composite material is uniform, in accordance with the HRTEM
micrographs of Ni(OH),/GO composite. In contrast to Ni(OH),/GO sample, a Mix-Ni(OH),/GO
sample shows a non-homogeneous distribution of the evaluated main elements suggesting that
the dispersion of Ni(OH), on the GO matrix in the sample is non-uniform (Fig. 6e-h), also in

accordance with the HRTEM micrographs of Mix-Ni(OH),/GO sample.

The BET SSA is a vital parameter used to evaluate the suitability of the material for SCs
application. Hence, this parameter was investigated using Nitrogen physisorption and the result
is displayed in Fig. 7a. The adsorption-desorption isotherm plots for both samples presented in
the figure exhibited a type Ill isotherms with H4 hysteresis revealing complex materials
containing mesopores. The BET SSA measured based on the BET method are 51.2 m?/g and 71.0
m?/g for Ni(OH), and Ni(OH),/GO, respectively. Fig. 7b shows the pore size distribution (PSD)
curves of the samples, the samples are observed to have similar average pore size of ~3 nm,
signifying that they consist of a mesoporous structures. Compared with the SSA value of
Ni(OH),, the higher surface area of Ni(OH),/GO composite could be credited to the addition of

GO into spherical Ni(OH), nanosheets.
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Fig. 7. (a) N, adsorption-desorption isotherm linear plots of Ni(OH), and Ni(OH),/GO and (b) Pore size distribution

curves obtained from BJH method.

The GO content of the Ni(OH)2/GO sample can be determined from the TGA analysis. Figure 8
presents TGA curves of Ni(OH), and Ni(OH),/GO samples. From the curves, the weight loss
under 100 °C corresponds to the loss of any interfacial-adsorbed water molecules in both
Ni(OH), and Ni(OH),/GO samples. Below 230 °C, the two samples exhibit a slight weight loss
due to the evaporation of adsorbed water molecules [5]. Moreover, Ni(OH), displays a
substantial weight loss between 240-300 °C, coming from the transformation of Ni(OH), to NiO
[5]. Whereas, the considerable weight loss from 240 °C to 400 °C in the Ni(OH),/GO sample is
related to both decomposition of Ni(OH), to NiO and combustion of the GO [5]. The GO content

was calculated to be 3.29% based on the residual weights of the two samples at 100 °C.
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Fig. 8 TG curves of Ni(OH), and Ni(OH),/GO samples

Electrochemical properties

Fig. 9a showed the CV curves of pure Ni(OH),, GO, Ni(OH),/GO and Mix-Ni(OH)2/GO electrodes
at a scan rate of 10 mV s within the potential range of 0 - 0.5 V (vs. Ag/AgCl). The curves
revealed a pair of redox peaks, implying their predictable faradaic-capacity characteristics. The
presence of redox peaks in GO electrode CV curve could be attributed to the ongoing
electrochemical redox reactions arising from the high presence of oxygen functionalities that
have high redox reactivity characteristics in the positive potential window [35,36]. Whereas, the
anodic and cathodic peaks present in Ni(OH),-based electrodes emanated from the oxidation

and reduction reactions of Ni(OH), to NiOOH, respectively as shown [4,37]:

Ni(OH), + OH" «—> NiOOH + H,O + e (1)

18



The larger current density observed in the CV of the Ni(OH),/GO electrode compared to that of
Ni(OH),, GO, and Mix-Ni(OH)2/GO electrodes in Fig. 9a, signifies an enhanced specific capacity
[38]. This could be attributed to the synergy between spherical Ni(OH), and GO, which inhibits
the restacking of the GO sheet, therefore affording larger surface area for better accessibility of
electrolyte ion (OH’), as well as abundant oxygen-containing groups (epoxy, alkoxy) in the
composite providing additional capacity and increased in wettability [39]. Fig 9b-e displayed
cyclic voltammograms of pure Ni(OH),, GO, Ni(OH),/GO and Mix-Ni(OH)2/GO electrodes at scan
rates from 5 to 50 mV s™. The figures indicated that with increasing scan rate, the anodic and
cathodic peaks potentials shift in the positive and negative direction, arising from the
inadequacy of the rate of ion diffusion to gratify electronic neutralization in the redox process
[40]. This also corroborates that the electrochemical reaction is diffusion controlled as for

faradaic mechanism.
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Fig. 9 CV curves of (a) pure Ni(OH),, GO, Ni(OH),/GO and Mix-Ni(OH)2/GO electrodes at 10 mVs ', (b-e) pure
Ni(OH),, GO, Ni(OH),/GO and Mix-Ni(OH)2/GO electrodes at different scan rates respectively; CD curves of (f-i)
pure Ni(OH),, GO, Ni(OH),/GO and Mix-Ni(OH)2/GO electrodes at different current densities respectively.

Fig. 9f shows CD curves comparing Ni(OH),, GO, Ni(OH),/GO, and Mix-Ni(OH),/GO electrodes at
a current density of 2.5 A g*. The discharge time of the Ni(OH),/GO electrode is considerably
longer than the other electrodes signifying a better discharge rate and subsequently an

improved specific capacity/capacitance. This is in agreement with the CV curves in Fig. 9a.

It can be observed in Fig. 9g-j that CD curves for pure Ni(OH),, GO, Ni(OH),/GO and Mix-
Ni(OH),/GO electrodes are not an ideal straight lines as a function of time as would be expected

for EDLC. This signifies that a faradaic charge storage mechanism is occurring and this confirms
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the redox activities observed in the CV curves. In addition high discharge time observed in the
CD curve of Ni(OH),/GO at 2.5 A g resulted to a higher specific capacity of ~ 420 mA h g* and
specific capacitance of ~ 3619 F g1 compared to that of the pure Ni(OH),, GO, and Mix-

Ni(OH)2/GO electrodes calculated using equations 2 and 3 respectively [41,42]:

Qzltm*3.6 (2)

Where Q is the discharge specific capacity (mA h g™), tis the discharge time (s), | is a current

(mA), and m is the mass of active material (g).
_2Ip
G =27Vt (3)

Where C;is the discharge specific capacitance (F g*), tis the discharge time (s), I is a current

density (A g?), and V is the applied potential (V).

The higher specific capacity and capacitance recorded for the Ni(OH),/GO electrode could be
due to: (a) The increased in the specific surface area in Ni(OH),/GO composite due to the
presence of GO which leads to providing more contact area with the electrolyte; (b) the extra
specific capacity coming from the enriched oxygen-containing functional group of GO present in
the composite, as well as increased wettability [13,39]; and (c) the good synergy between GO

and Ni(OH), which does not exist in the case of the Mix-Ni(OH),/GO.
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Fig. 10 Specific capacity/specific capacitance as a function of current density of (a) pure Ni(OH),, (b) GO, (c)
Ni(OH),/GO (d) Mix-Ni(OH)2/GO.

Fig. 10a-d present plots of specific capacity/specific capacitance as a function of current density
for Ni(OH),, GO, Ni(OH),/GO and Mix-Ni(OH)2/GO electrodes. High specific
capacities/capacitances were recorded at low current densities, attributing to the higher
accessibility of the electrolyte ions to the outer surface of the electrode material for the redox
process. Whereas, the decrease in specific capacities for the pure Ni(OH), and Mix-Ni(OH)2/GO
with the increase in the current densities is as a result of the slow redox reaction, which is
partly due to the low accessibility of the electrolyte ions to the outer surface of the active
materials [4,43]. The rate capability of the electrodes is a vital characteristic for supercapacitor

application. From Fig. 10b and 10c, the specific capacities/ capacitances of GO and Ni(OH),/GO
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electrodes decrease very slowly as compared to that of the pure Ni(OH), and Mix-Ni(OH),/GO

(Fig. 10a and 10d). Furthermore, a good rate capability of ~78 % was demonstrated for

Ni(OH),/GO at a high current density of 10 A g™ (Fig. 10c). Moreover, compared with the

previous literatures on supercapacitors from Ni(OH),-carbons based materials, our materials

display higher specific capacitance and excellent rate capability as illustrated in Table 1.

Table 1. Electrochemical performance comparison of Ni(OH),-carbon based electrodes

Materials Synthesis technique Specific capacitance Rate capability References
hGN Hydrothermal 1160F g at5Ag" 54% (5-40Ag") [19]
PGHS-Ni(OH), Electrochemical 1100F g at4Ag™ 72% (2-20A g™ [44]
deposition
NG/Ni(OH), Hydrothermal 1748 F g at0.5Ag"' | 80% (0.2-20Ag") [18]
B-Ni(OH)2/GO/CNTs Phase transformation 1815Fg 'at10Ag" 47% (2-20Ag™) [14]
GNiF Extended filtration 573Fg'at0.2Ag" 72% (0.2-50 Ag™) [45]
assisted
RGO- 55% (5]
Ni(OH), Two-step approach 1717Fgtat05Ag" | (0.5-10Ag™)
hydrothermal
(4]
Ni(OH),/GF Hydrothermal 2420Fgtat1Ag’ 21% (1-20Ag™)
(8]
Ni(OH),/GNs Hydrothermal 2260Fgrat1Ag" 62% (1-10Ag™)
[46]
Ag/Ni(OH),/3DG Hydrothermal 2167Fglat10Ag" 65% (10-80 Ag™)
Ni(OH), Solvothermal 1619Fg'at2.5Ag" | 54% (2.5-10Ag") This work
Ni(OH),/GO Solvothermal 3619Fgtat25Ag" | 78% (2.5-10Ag") This work

Fig. 11a presents Nyquist plots of the pure Ni(OH),, GO, Ni(OH),/GO and Mix-Ni(OH),/GO

electrodes. The Nyquist plots of Ni(OH),/GO and GO electrodes are found to have smaller

partial semi-circular arcs at the high-frequency region, indicating lower charge transfer
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resistance (R¢) value in comparison to the one observed in Ni(OH), and Mix-Ni(OH),/GO. R is
the resistance due to the transfer of charges between active materials and electrolyte ions. In
addition, almost an ideal vertical line observed in the low-frequency region of GO and
Ni(OH),/GO electrodes reveal an ideal capacitive behavior [43]. Solution resistance (Rs) also
known as an equivalent series resistance, is defined as the sum of the resistance at electrolyte
/electrode/current collector interfaces and can be deduced from the intercept of the Nyquist
plot to the real axis. Ni(OH),/GO electrode is found to have smaller Rs of 0.69 Q than Ni(OH),,

GO and Mix-Ni(OH),/GO electrode with Rs values of 1.82 Q, 0.96 Q, and 0.71 Q, respectively.

Cycling stability is very important to evaluate the electrochemical performance of the electrode
material. Fig. 11b shows the capacity retention of Ni(OH),/GO electrode as a function of cycle
number at 10 A g'l, for 3000 cycles, with capacity retention of ~ 95% , this represents only 5%

of capacity loss after 3000 cycles.

Fig. 11c and 11d display the Nyquist plots before and after cycling for the Ni(OH),/GO
electrode. A slight change in Rs values is observed after 3000 charge-discharge cycles at 10 A g
! Nevertheless, more deviation from the vertical line is observed, indicating more leakage
resistance after cycling. The partial semicircle at high frequency region slightly increased after
cycling, resulting to an increase in R value from 0.47 Q to 1.26 Q. Insets to Fig. 11c and 11d are
the equivalent circuits after modeling with a (ZFIT) software. L is the inductance, R is the
charge transfer resistance, R; is the solution resistance, R is the leakage resistance due to the
Faradaic reaction, W is the Warburg which responsible for the ion diffusion within the active
materials, Q; and Q, are the constant phase elements (CPEs) elements which are non-intuitive

circuit elements that are used in place of a capacitance in the series circuit with the resistance.
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Fig. 11. EIS spectra of (a) Pure Ni(OH),, GO, Ni(OH),/GO and Mix-Ni(OH)2/GO electrodes, (b) Capacity retention of
Ni(OH),/GO electrode after 3000 cycles at 10 A g7, (c-d) EIS spectra of Ni(OH),/GO electrode before and after
cycling.

In Fig. 11c, the circuit consists of L connected in series with Rs, and Q; which is in parallel Ry,
and Q; in parallel R.. Fig 11d contains L connected in series with R, Q; which is in parallel with
the series connection of R and W, and Q,which is in parallel to R.. The Rs and R values of
Ni(OH),/GO electrodes measured from (ZFIT) software before and after cycling are 0.686 Q and
0.725 Q, and 0.567 Q and 1.24 Q respectively, thus, implying that the models used for the

fitting are within acceptable values with slight error margin.
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Conclusion

In summary, spherical Ni(OH),/GO was synthesized using a surfactant free solvothermal
procedure. The GO provides an ideal substrate for the growth of Ni(OH),, which results in the
spherical Ni(OH), serving as a barrier between GO sheets to successfully reduce the restacking
of the GO sheets. Consequently, the Ni(OH),/GO electrode displays better electrochemical
performance as compared with pure Ni(OH), electrode with a specific capacity of ~ 420 mAhg'1
which is close to the value of the theoretical capacity of Ni(OH),. In addition an excellent rate
capability of ~78 % at current density of 10 A g'l, with capacity retention of ~95 % after 3000 at
10 Ag'1 were observed. Hence, Ni(OH),/GO electrode has a potential as an electrode material

for ECs application.
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