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In situ generation of exfoliated graphene layers on
recycled graphite rods for enhanced capacitive

performance of Ni—Co binary hydroxide
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A functionalized exfoliated graphite rod (FEGR), with a high surface area, is produced for use as a promising
substrate for supercapacitors, via controlled oxidative treatment of a recycled graphite rod of exhausted
zinc—carbon batteries. SEM, EDX, XPS, FT-IR, Raman, and contact angle measurements are carried out to

disclose the surface characteristics of the FEGR. The surface of the FEGR is characterized by in situ

generated grooves, together with graphene layers which are directly attached to the underlying graphite
base. The FEGR electrodes enhance the capacitive performance of Ni(OH), and binary Ni—Co(OH),. The
Ni—Co(OH),/FEGR electrode displays a superb specific capacity value (2552.6 C g1) at a current density

of 5 A g7t and this value is retained to 70.8% at a high current density of 50 A g~

! indicating the

outstanding rate performance of this electrode material. This enhanced behavior is attributed to the
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facile interaction of electrolyte species, even at high current density, with the active sites of the redox

catalyst layer (distributed over a larger fraction of the underlying substrate with enhanced hydrophilicity).
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1. Introduction

Nowadays, energy storage technology has attracted great
attention in research due to the increase of various renewable
energy sources in the world to cover the rapid decrease in fossil
fuels. Also, increasing the development in many applications
e.g., mobile phones, energy recovery systems, electric vehicles
and electric tramcar, energy harvesting, and uninterruptible
power supply requires efficient energy storage devices.”

Supercapacitors (SCs) are among the most efficient energy
storage devices. Recently, SCs have received considerable
attention for storing energy due to their unique advantages
such as high-power density, fast charge-discharge rate, long-
life cycles, and being eco-friendly.*”

SCs storage mechanisms can be classified into two main
types according to the main nature of the electrode material;
non-faradic and faradic electrodes. Also, they can be categorized
into four types (electrochemical double-layer capacitors
(EDLGCs), pseudocapacitive, battery, and recently intercalation
pseudocapacitive electrodes) according to the main nature of
the electrode material, potential evaluation profile during
charge and discharge, and the reversibility of the electrode
material.**® The EDLCs store energy through the accumulation
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Moreover, the excellent electrical conductivity of the in situ surface generated graphene layers is another

of the electrolyte ions on the accessible surface area of electrode
materials via electrostatic attraction. Unfortunately, this type of
electrode material has a low energy density which is used only
in the low energy applications.® So, the research is directed to
investigate the battery type electrode in SCs devices which stores
energy chemically via faradaic reactions that take place at the
electrode material at characteristic potentials giving higher
energy density than EDLCs electrode materials.®'***
Interestingly, Ni(OH), is one of the most investigated battery-
type materials in the SCs devices due to their inspired proper-
ties; high theoretical specific capacity (C) (1728 C g~ '), being
environmentally friendly, natural abundance, and low cost
which make it available for commercialization.”*™* It is worth
noting that Ni(OH), has two polymorphic crystal structures, o-
Ni(OH), phase with hydrotalcite-like structure and B-Ni(OH),
with brucite-like structure (see Scheme 1). The former has
a higher capacitive performance than the latter because of a-
Ni(OH), has a higher d-spacing value with the turbostratically
crystallized structure which facilitates the diffusion of electro-
lyte inside the hydroxide layers and utilize almost active mate-
rials with a higher rate than B-Ni(OH),. So, @-Ni(OH), has
a higher C value, rate capability, and power density.*>'® Besides,
the energy resulting from the conversion of «-Ni(OH), to vy-
NiOOH during the charging process is greater than that
resulting from the conversion of B-Ni(OH), to B-NiOOH. This is
due to the difference between the average oxidation state
between y-NiOOH (+3.67) and o-Ni(OH), (+2.25) compared with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of Ni(OH),/NiOOH phase transformation (Bode diagram).*?

the difference from B-NiOOH (+2.9) to B-Ni(OH), (+2.25).*>*7
Despite the high theoretical C and high capacitive properties of
Ni(OH),, these properties cannot be achieved practically due to
its low electrical conductivity (~107"” S em™") and low ionic
conductivity.'***'* Also, Ni(OH), has low structure stability in
alkaline media due to mechanical stresses during cycling.'”'®
So, researchers directed their efforts to discover strategies to
overcome these obstacles. One of these strategies is to develop
a bimetallic structure by substituting Ni with some metals such
as Al, Zn, Mn, and Co."* Importantly, Ni-Co bimetallic
hydroxides are among the well-known binary hydroxides in SCs
field. Ni and Co atoms have a very close ionic size which enables
their easy substitution during the synthesizing process of the
binary hydroxide.**">

The coexistence of cobalt in the crystal lattice of Ni(OH),
displayed many advantages. Firstly, the total electronic
conductivity of Ni-Co binary hydroxide is increased which in
turn increases the C and rate capability.****” Jian Wu et al.*®
demonstrated that the incorporation of Co into Ni lattice
decreases the band gap between valence and conduction band
by quantum calculations using density functional theory. The
four prepared samples Ni(OH),, Co0g33Nig77(OH),, C0q 5Ni 5
(OH),, and Coy.7,Nig33(OH), displayed band gap 3.43 eV,
3.13 eV, 3.06 eV, and 3.01 eV, respectively.”

Secondly, the binary hydroxides had higher structural
stability than individual hydroxides due to Co metal preventing
mechanical failure of Ni(OH), during cycling by two
approaches. The first approach is enhancing the stability of -
Ni(OH), by arresting the formation of y-NiOOH from B-NiOOH
by lowering the oxidation potential which prevents the over-
charging of B-NiOOH to y-NiOOH.*** The second approach is

© 2021 The Author(s). Published by the Royal Society of Chemistry

improving the stability of «-Ni(OH), by inhibiting the trans-
formation of y-NiOOH to B-Ni(OH), during the discharge
process.*>*

On the other hand, the co-existence of Co into Ni(OH),
crystal lattice changes the morphology of electrode material
that results in reinforcing the kinetics of the electrode. Firstly,
by increasing the rate of diffusion of electrolyte ions inside the
active materials due to the unique nano-porous structure that
results by mixing two metals during the preparation process
such as nanosheets,* nanoarrays,* flower-like morphology.**
Secondly, by decreasing the charge transfer resistance of
Ni(OH),.* But, the kinetics of the binary hydroxide is still far
enough than EDLCs electrode materials. So, the research efforts
are directed to investigate the substrate materials which are
characterized by high electrical conductivity to overcome this
problem.**

Among various substrate materials, graphene is considered
as the pioneer support for the redox-active materials due to its
ultra-high electrical conductivity, very high charge carrier
mobility (~200 000 cm”® V' s7'), and huge gravimetric surface
area (~2600 m”> g ').**3 So by incorporation of the active
materials (e.g. metal hydroxide or oxide) on the graphene layers,
the kinetics and the capacitive performance of the electrode is
boosted largely due to: (i) the active materials become accessible
to interact with the electrolyte ions because of the uniform
distributions of the active materials on the huge surface area of
graphene, (i.e. decreasing of ionic diffusion pathways), and (ii)
decreasing the electronic pathways.*” Also, graphene can be
produced via many synthetic methods, e.g. micromechanical
exfoliation, thermal decomposition of SiC, chemical vapor
deposition (CVD), chemical exfoliation, and electrochemical
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exfoliation.*® Electrochemical partial exfoliation is considered
the best method due to the following characteristics: (a) it is an
available method that carried out in one simple step without
using harsh materials,®* (b) it is a controllable method
because the degree of oxidation can be controlled by oxidation
potential or current, time of oxidation, and type and concen-
tration of the electrolyte,* (c) it is a low cost and eco-friendly
method,* (d) it is a binder-free method due to the partially
exfoliated graphite is consisting of two layers. While the bottom
layer is composed of the electrically conductive graphite which
serves as a current collector, the upper layer is formed of the
functionalized graphene sheets as active material,® (e) the
resulting three dimensional (3D) highly conductive material
with a very high surface-functionalized area possesses a high
specific capacitance (Cs) due to ease interaction between the
electrolyte and active material,** and (f) the highly electrical 3D
conductive network can be used as a support to accommodate
the redox-active materials to enhance the electrical conductivity
of redox materials.*”

The objective of this study is to synthesize the graphene
layers as a support material for the Ni-Co(OH), from the low-
cost carbon source (exhausted zinc-carbon battery rods) with
simple, controllable, and eco-friendly methods. Graphene
layers are successfully produced from the recycled graphite rod
obtained from the exhausted zinc-carbon batteries with
a nominal voltage of 1.5 V using a simple oxidation step. The
developed binary Ni-Co(OH), supported on the functionalized
exfoliated graphite rods (FEGR) displays a higher capacitive
performance with an ultra-high C reaches to 2552.6 C g™ at
5 A g ' that retained to 70.8% at 50 A g~ .

2. Experimental

2.1. Chemicals and electrodes preparation

2.1.1. Chemicals. All the used chemicals were of analytical
grade (purchased from Sigma Aldrich and Merck) and were
used as received without any further purification. All solutions
were prepared using second distilled water.

2.1.2. Electrode preparation. (i) Preparation of the RGR and
FEGR electrodes

Recycled graphite rod (RGR) with 4 mm diameter is obtained
from the exhausted zinc-carbon batteries with nominal voltage
1.5 V. RGR is cleaned by the following procedure: removing the
large residual particles on the surface via mechanical polishing
using very smooth emery paper and then is immersed in the
boiling distilled water for 3 min with continuous stirring to
remove any fine residual particles on its surface.

The functionalized exfoliated graphite rod (FEGR) is
prepared in the three-electrode configuration cell [RGR served
as a working electrode (immersed length 1 c¢m), graphite rod
and saturated silver electrode (Ag/AgCl/KCl sat.) are used as the
counter and reference electrodes, respectively] by a simple
electrochemical anodic oxidation step via applying an oxidation
potential equal to +2 V and for 10 min in a solution containing
1 M H,SO0,.

(ii) Preparation of modified RGR and FEGR electrodes
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Two Ni(OH), films are prepared, i.e., RGR/Ni(OH),, and
FEGR/Ni(OH), by cathodic reduction at deposition potential of
—1 V with a controlled amount of charge equal to 200 mC to
pass in 20 mM NiSO, deposition bath using RGR or FEGR,
respectively, as a working electrode for the two films. While
graphite rod and (Ag/AgCl/KCl sat.) are used as the counter and
reference electrodes, respectively. FEGR/Ni-Co(OH), film is
prepared by using sequential deposition of 100 mC of Co(OH),
from deposition bath containing [20 mM CoSO, + 20 mM KIO;]
then depositing 100 mC of Ni(OH), from 20 mM NiSO, solution
with the same three-electrode configuration cell of the FEGR/
Ni(OH), film.*

2.2. Material characterization

Surface morphology and chemical composition of the various
modified electrodes are examined by field emission scanning
electron microscope (FE-SEM, QUANTA FEG 250) coupled with
an energy dispersive X-ray spectrometer (EDX) unit. X-ray
photoelectron spectroscopy (XPS), using monochromatic X-ray
Al K-alpha radiation, Thermo Fisher Scientific. Additionally,
the crystalline structures are characterized using X-ray diffrac-
tion (XRD) with Cu Ko radiation, STOE STADI. Moreover,
surface wettability is probed by contact angle measurements via
Attention Biolin Scientific (Version 2.7). While Raman spectra
are recorded by LabRAM HR Evolution and are used to follow
the degree of the crystallinity of the graphite material before
and after the electrochemical exfoliation process. Besides, the
Fourier transform infrared (FT-IR) spectra are recorded with an
FT-IR spectrometer (Nicolet series 670-FTIR) to investigate the
surface functional groups.

2.3. Electrochemical measurements

The electrochemical measurements were investigated under
a three-electrode cell configuration at room temperature (25 °C
+ 1) in 1 M H,SO, for RGR and FEGR electrodes and 0.5 M
NaOH for modified RGR and FEGR electrodes. The cyclic vol-
tammetry (CV), galvanostatic charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS) (at open circuit
potential (OCP) from 100 kHz to 10 mHz) measurements are
performed using Biologic potentiostat (model VSP-300).

The C was calculated from the CV and GCD curves using eqn
(1) and (2), respectively and C was calculated using eqn (3):

_ f1de  [1dv n
*TOSAV T SvAV
A
ST SAV 2)
IA?
=% 3)

where C; is the specific capacitance in F g~ " when the S is the
mass of the active material in the electrode in g (which is esti-
mated from Faraday's law assuming 100% efficiency) or in the
unit of F cm ™ when § is the area of the electrode in cm?, [IdV is
the integrated oxidation or reduction current-potential area, v
is the scan rate (V s~ '), I(A) is the discharge current, A¢(s) is the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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discharge time, AV(V) is the operating potential window, C is
specific capacity in unit C g ' or C cm™ 2,012

3. Results and discussion

3.1. Modification of the substrate

3.1.1. Mechanism of graphene synthesis by using partially
electrochemical exfoliation method. Synthesis of functionalized
graphene layers was done by using a simple electrochemical
oxidation step done on RGR (grey rod with smooth surface) with
an oxidation potential of 2 V for 10 min as shown in Scheme 2.
Firstly, the applied potential is larger than the water oxidation
potential which stimulates the large evolution of oxygen
bubbles (eqn (4)) which in turn makes defects in the entire
external surface of RGR that simplify the insertion of water and
sulfate anions (SO,>7) inside the RGR layers.*** The inserted
water molecules and SO,>” anions produce the O, and SO,
gases inside the graphite layers due to the H,O molecules’ self-
oxidation and SO4>~ anions reduction, respectively. These gases
force the graphite layers to overcome the van der Waals forces
and expand away from each other to yield the exfoliated gra-
phene layers.** Also, the inserted H,0O molecules and SO4>~
anions are modifying the graphene layers during the expansion
by functionalizing its surface with hydroxyl (*C-OH), carbonyl
(*C=0), and carboxylic (*COOH) groups as shown in eqn (5)-
(7).44,47

H,O — 2H" + 2™ + 120,71 (4)
*C+ H,0 —» *C-OH + H" + e~ (5)
*C-OH — *C=0 + H* + ¢~ (6)
*C=0 + H,0 — *COOH + H* + ¢~ 7)

3.1.2. Physical characterization of the RGR and FEGR. The
surface morphology of RGR and FEGR was inspected using SEM

H20 electrolysis
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analysis. The surface of the RGR displayed two different regions.
The first one consists of a smooth surface with the presence of
small wrinkles as clear from Fig. 1A. While the second region
indicates the presence of some defects in the surface which is
composed of densely stacked graphite layers as shown in
Fig. 1B. On the other hand, the entire external surface of FEGR
is fully oxidized and defected with the formation of inter-
connected graphene layers on the top surface of RGR that is
supported by the internal surface of RGR as displayed in Fig. 1C.
The synthesized graphene sheets with the open porous struc-
ture facilitate the insertion of electrolyte ions by lowering the
diffusion pathways indicating the better electrochemical
performance of this electrode in comparison with RGR, see
Fig. 4(A-F). Not only the characteristic morphology is the main
reason behind enhancing the electrochemical performance, but
also the intensely inserted oxygen functional groups in the
FEGR play an important role.

The EDX analysis was performed (see Fig. 1(D and E)) to
show the chemical composition of the prepared FEGR and to
display the change of oxygen content between RGR and FEGR
electrodes due to the inserted functional groups during the
electrooxidation. As displayed in Fig. 1D, the chemical compo-
sition of RGR is composed mainly of pure graphitic carbon. EDX
analysis of FEGR displays a presence of small oxygen peaks
(mass percent 14.5%) which indicate the successful insertion of
oxygen functional groups on its surface. Also, the presence of
the small sulfur peak in the EDX analysis of FEGR is evidence of
the intercalation of SO,>~ anions during the exfoliation of gra-
phene layers.**

Also, XPS was done to investigate the accurate oxygen
content and the type of inserted functional groups after the
modification. From the XPS survey spectra, as shown in Fig. 24,
there are two main peaks centered around 285 and 532 eV
corresponding to carbon and oxygen elements which indicate
that the two electrodes are composed only of carbon and
oxygen.***® By comparing the enlarged view of C 1s peaks of
RGR and FEGR that depicted in Fig. 2B, the presence of the

=

Defect points

* 50,2

Scheme 2 Schematic illustration of the partial electrochemical exfoliation of RGR.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1
region (D) and FEGR (E) electrodes, respectively.

broad peak in the FRGR of C 1s is evidence for the successful
oxidation and the insertion of more functional groups on the
graphite surface which is obviously clear from the deconvolu-
tion of FEGR C 1s peak into four peaks which are corresponding
to C=C, *C-OH, *C=O0 and *COOH.***® Also, the enlarged view
of O 1s of both electrodes shown in Fig. 2C displays that the
FEGR peak has a higher intensity compared to that of RGR
indicating the higher oxygen content on the FEGR electrode
surface (7.48%) compared to the RGR surface (4.94%). Also, the
deconvolution of O 1s of FEGR indicates the formation of
surface functional groups which is consistent with the decon-
volution of its C 1s.%%7%°

Further investigation was done to confirm the presence of
the functional groups and defects that are introduced to the
surface of the FEGR during the electrochemical partial exfolia-
tion using the FT-IR spectra, Raman spectroscopy, and contact
angle measurements. Fig. 3A displays the FTIR spectra of the
FEGR electrode to further ensure the presence of the functional
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(A—C) SEM images of (A) RGR’ smooth region, (B) RGR’ rough region, and (C) FEGR electrodes. (D and E) EDX analysis of RGR’ smooth

groups on the surface as depicted from the XPS analysis. While
the presence of the peak around 1700 cm ' indicates the
presence of carbonyl group (-C=O0), the presence of an
unsmooth broad peak started from ~3370 to 3750 cm ™' refers
to the presence of both hydroxyl group (-OH) and carboxylic
group (-COOH). Also, (-C=C) group stretching was observed at
wave number around 1600 cm ™ *.** It is clear that FT-IR spectra
agree with the deconvoluted peaks in the XPS analysis.
Moreover, Raman spectra are presented in Fig. 3B for RGR
and FEGR electrodes to investigate the change in the crystal-
linity that happened during the electrochemical exfoliation by
comparing the characteristic vibrational mode of carbon
materials before and after the oxidation step. Generally, there
are three characteristic bands G, 2D, and D bands are observed
in Raman spectra at wavenumbers 1586 cm™ ', 2696 cm ™, and
1348 cm ™' respectively which are corresponding to the carbo-
naceous materials. While the G and 2D band are arising due to
E,q vibrational mode of the sp” hybrid graphitic carbon and the
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Fig. 2 XPS analysis of RGR (black line), and FEGR (red line) electrodes: (A) survey, (B) enlarged view of C 1s, and (C) enlarged view of O 1s.
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Fig. 3 (A) FT-IR spectrum of FEGR electrode. (B) Raman spectra of RGR (black line) and FEGR electrode (red line). (C) Contact angle test for RGR

and FEGR electrode.

double resonance scattering within the crystal lattice of carbon
materials, respectively, the D band is related to the presence of
the oxygenated, defective, and edged carbon atoms of carbon
materials.*®%5>%%  Also, the degree of disorder of carbon
materials can be noticed from three important factors; band
intensity, band shape, and band position. By increasing the
intensity ratio In/I and decreasing the intensity ratio I,p/Ig, the
degree of crystallinity is decreased, and the degree of disorder is
increased. While the calculated Ip/I; value is increased from
0.5454 to 0.8535 corresponding to RGR and FGER electrodes,
respectively, the I,p/I; value is decreased from 0.2713 (RGR) to
0.1797 (FEGR). 1t is clearly obvious from these results that there
is an increase in the degree of disorder (roughness) of FEGR
electrode due to the inserted functional groups and defects that
are generated during the production of graphene on the surface
of bulk graphite by electrochemical exfoliation.*"**¢4953-5% Also,
the more broadening and increase in the wavenumber of G
band in FEGR electrode compared to the RGR electrode
confirms the more defects formed at the surface of FEGR elec-
trode.* The decrease of full width at half a maximum of the 2D
band of FEGR electrode compared to RGR is a good indication
of the successful exfoliation of graphite into graphene layers as
obtained from the SEM analysis, see Fig. 1(A-C).>

Finally, the water droplet method was used to investigate the
contact and accessibility of electrolyte ions into the surface of
FEGR and RGR electrodes. It is clear that FEGR electrode
displays good wetting properties than RGR electrode as
a consequence of the electrochemical exfoliation step which
increases: (i) the roughness of the electrode surface, (ii) the
functional groups on the electrode’ surface, (iii) the number of
graphene layers, and also (iv) the porosity of the electrode
material as evidenced from the previous analysis. So, all these
factors enhance the contact between electrolyte and the surface
of the electrode and also increase the diffusion behavior of

© 2021 The Author(s). Published by the Royal Society of Chemistry

electrolyte.’”** The contact angle of FEGR electrode is smaller
than that of RGR electrode as shown in Fig. 3C which indicates
the higher hydrophilicity nature of FEGR electrode compared to
RGR electrode.

3.1.3. Electrochemical performance of RGR and FEGR
electrodes. As predicted from the physical analysis of both
FEGR and RGR electrodes, FEGR electrode has unique proper-
ties. Consequently, these properties are reflected in the elec-
trochemical performance. FEGR electrode has a superior
electrochemical performance than RGR electrode and this is
observed firstly from the integrated surface area obtained from
CVs of both electrodes as displayed in Fig. 4A. FEGR electrode
has a much larger surface area than the RGR electrode, which
indicates that the FEGR electrode has higher Cs than the RGR
electrode. The larger C; of FEGR electrode is attributed to, the
large activated surface of this electrode to ingest a large number
of electrolyte ions on its surface by supplying a rough surface,
the large number of the holes on the surface which make the
adsorption of electrolyte species available for the internal part
of the electrode, and finally the large produced number of
expanded graphene sheets. All these factors contribute to
increasing the Cg of FEGR electrode by increasing the electro-
static attraction site of the electrolyte ions. Also, the inserted
functional groups are another important factor that contributes
to the enhancement of the Cs; of the FEGR electrode by
increasing the redox sites on its surface as observed by the
presence of redox peaks between 0.35 and 0.45 V which is
attributed to the hydroquinone or phenol sites.**5*>¢-

Remarkably, the ideal capacitor is characterized by very fast
adsorption-desorption at the electrode surface and this can be
demonstrated electrochemically by using eqn (8) which
describes the relationship between current (I) at a characteristic
potential with potential scan rate (v).
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Fig. 4 (A) CVs of RGR (black line), and FEGR (red line) electrodes at a potential scan rate of 100 mV s~ The variation of (log /) with (log ») at
different potentials (0.6, 0.7, and 0.8 V) for (B) RGR electrode, and (C) FEGR electrode. (D) The variation of (log /,,) with (log ») of FEGR electrode.
(E) The variation Cs with v of RGR (black line) and FEGR (red line) electrodes. (F) Nyquist plots of RGR (black line) and FEGR (red line) electrodes at
OCP and its inset at high-frequency region.
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Table 1 The values of b of RGR and FEGR electrodes at different
potentials

b-Value
Potential
(\%] FEGR electrode RGR electrode
0.6 0.92 0.69
0.7 0.85 0.76
0.8 0.79 0.74
I=a’ (8)

If the b value is equal to 1, the kinetics of the electrode will have
ideally EDLC behavior.>**

Fig. 4(B and C) describes the electrode kinetics of RGR, and
FEGR RGR electrodes, respectively, at three characteristic
potentials 0.6, 0.7, and 0.8 V. The b-values of FEGR electrode as
observed from Table 1 is higher than that of RGR electrode at
any potential which indicates that FEGR electrode has higher
kinetics behavior than RGR electrode. This can be attributed to
the following reasons: (i) the fast diffusion of the electrolyte ions
inside the holes which provide a good channel for insertion and
desertion without any hindrance,** (ii) the presence of the
functional groups which facilitates the adsorption-desorption
by making the contact between electrode and electrolyte be very
fast as revealed by contact angle measurements,*”* and (iii) the
presence of a large number of the graphene sheets which has

RGR/Ni(OH),

z
g
=
=
(]
B

FEGR/Ni-Co[OH),
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a very high electrical conductivity due to the low HOMO-LUMO
gap, and also the graphene sheets are away from each other
which make the diffusion of the electrolyte within the sheets is
very fast.*>*

Moreover, the b-value of the redox reaction due to the pres-
ence of the functional groups can be obtained using the same
equation (eqn (8)) by plotting (log I,,) vs. (log ») as displayed in
Fig. 4D. The b-value of the redox reaction equals 0.89 which
indicates the fast redox surface reactions. As a result, the
kinetics of FEGR is faster than that over RGR electrode due to
the enhancement of the ionic and electronic pathways.

Also, FEGR electrode exhibited a higher rate performance
than RGR electrode as shown in Fig. 4E. Obviously, the calcu-
lated C, of FEGR electrode at 50 mV s~ ' using eqn (1) is equal to
49.33 mF cm™ > and this value can be retained to 63.27% at
a very high scan rate of 500 mV s~ '. On the other hand, the RGR
electrode displayed a retention value equal to 57.59% at scan
rate from 50 to 500 mV s~ ' and this is due to the poor kinetics of
this electrode compared to FEGR electrode.

To further ensure the favorable kinetics and capacitive
behavior of FEGR electrode over RGR electrode, EIS measure-
ments were carried out at OCP on both electrodes. According to
the ideal theoretical capacitive behavior, the electrode must
possess a vertical line that makes an angle equal to 90° with the
real impedance axis in the Nyquist impedance plot.** As
observed from the Nyquist impedance plot of the two electrodes
shown in Fig. 4F and its inset, the FEGR electrode exhibited the
steepest line which indicates that it has a higher capacitive
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Fig. 5 SEM images with different magnifications and EDX analysis of RGR/Ni(OH),, FEGR/Ni(OH),, and FEGR/Ni—Co(OH), film electrodes.
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behavior than RGR electrode due to the facilitation of the ions
transportation on the surface of the electrode which is in
agreement with the kinetic study.*”*>*® Also, the electronic
conductivity of the electrode is enhanced, and this is obvious
from the value of ESR that can be determined by the intersec-
tion of the impedance curve with x-axis at a higher frequency
region from the Nyquist plot as clear in the inset of Fig. 4F.
FEGR electrode has a lower ESR value and this is reflecting the
successful exfoliation of the graphite rod to the graphene
sheets, 13>

As a result of the higher electrochemical performance of
FEGR electrode due to its 3D porous structure with the presence
of the graphene sheets in the external surface and the presence

View Article Online

Paper

of more functional groups, this electrode can be used as
a promising substrate to enhance redox activity of the redox-
active materials as will be discussed in the next Section 3.2.

3.2. Effect of modified substrate on electrochemical
performance of Ni(OH), and Ni-Co(OH),

3.2.1. Physical characterization of the modified RGR and
FEGR electrodes. The as-prepared films, RGR/Ni(OH),, FEGR/
Ni(OH),, and FEGR/Ni-Co(OH),, were inspected morphologi-
cally using SEM analysis. As clear from Fig. 5, the active particles
of Ni(OH), were electrodeposited on the different spots of RGR
surface with aggregations, and this reflecting the smooth
surface properties and the hydrophobicity nature of RGR

Fig. 6 Elemental mapping EDX analysis of FEGR/Ni—Co(OH); film.
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substrate which makes the distribution of the active materials is
very poor and this suggests that the electrochemical perfor-
mance of this electrode is not good that will be discussed later
and is shown in Fig. 7 and 8.

On the other hand, the distribution of the electrodeposited
Ni(OH),, and Ni-Co(OH), binary hydroxide, see Fig. 5, on the
FEGR is very well which is distributed uniformly inside the
pores and within the graphene layers of the external surface of
FEGR electrode that makes almost the active material acts as
outer active surface and is available to interact with the elec-
trolyte ions very easily resulting in higher energy produced
during the charging and discharging process. Additionally, the
enhanced distribution behavior of the FEGR/Ni-Co(OH), film
as results of synthesis graphene layers, high surface area, and
inserted O functions groups is observed by the successful
distribution of elemental O, Ni, and Co over FEGR substrate
from mapping EDX analysis (cf Fig. 6).

Also, EDX analysis was performed to investigate the surface
chemical composition of the as-prepared three films. From
Fig. 5, recognized peaks of Ni and O appear in all three prepared
films which confirm the successful electrodeposition of Ni in all
films. Additionally, Fig. 5 has an extra peak for the presence of
Co which confirms the successful formation of Co in the binary
hydroxide film (FEGR/Ni-Co(OH),). Generally, the presence of
sulfur peak in all prepared films is due to the incorporation of
S0, from the deposition bath between the layers' structure of
the metal hydroxide which suggests the appearance of some
facets corresponding to the alpha metal hydroxide phase in the
XRD patterns of all films as will be shown in Fig. 7. Specifically
for the FEGR/Ni(OH), and FEGR/Ni-Co(OH), films, there is
another contribution of the appearance of the sulfur peak in
their EDX analysis that comes from the incorporation of SO,*~
between the graphite layers during the expansion to produce
the expanded graphene layers during the electrochemical
exfoliation of the RGR to produce the FEGR electrode.** Inter-
estingly, the mass percent of the oxygen atoms in all films is
7.61%, 23.29%, and 21.67% for the RGR/Ni(OH),, FEGR/
Ni(OH),, and FEGR/Ni-Co(OH), films, respectively. The higher
oxygen content in the FEGR/Ni(OH), and FEGR/Ni-Co(OH),
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x (o o

. o _
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Intensity(a.u.)
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Fig. 7 XRD patterns for RGR/Ni(OH), (black line), FEGR/Ni(OH), (red
line), and FEGR/Ni—Co(OH); (blue line) films.
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films is due to the insertion of more oxygen functional groups
during the preparation of the FEGR substrate.

XRD patterns of the as-prepared films, i.e., RGR/Ni(OH),,
FEGR/Ni(OH),, and FEGR/Ni-Co(OH), are depicted in Fig. 7. As
described elsewhere,®*® the similarity of the crystalline struc-
ture of Ni(OH), and Co(OH), make the diffraction peaks very
close to each other and one can't distinguish between them as
seen from the XRD patterns of the proposed films. While the
four peaks observed in XRD patterns around 21°, 36°, 37°, and
63° indicate the formation of B-Ni(OH), and B-Co(OH),, then
the two peaks around 12° and 23° are corresponding to o-
Ni(OH), and a-Co(OH), due to the incorporation of SO,*>~ inside
the crystalline structure as predicted from the EDX analysis.®”
Also, the presence of peaks around 25°, 42°, 43°,77°, and 83° are
due to the hexagonal graphitic structure of RGR and FEGR
substrate.**®* So, one can conclude from the similarity of the
patterns of all films that the enhancement of capacitive
behavior of the active materials on the FEGR substrate over the
RGR substrate (cf Fig. 8, and 9) is attributed to a better distri-
bution of active materials on the surface of the substrate as
evident from SEM images of all films which means that the
phase difference has no role in this regard because all films
have the same crystalline structure (i.e. same phases and facets).

3.2.2. Electrochemical performance of the three prepared
films. As indicated in Fig. 8A, the integrated surface area of both
RGR and FEGR substrate is very small compared to that
produced from prepared films (RGR/Ni(OH), and FEGR/
Ni(OH),, and FEGR/Ni-Co(OH),) which confirm that substrates
have insignificant contribution in the total capacity of the
prepared films. Additionally, CVs of the prepared films show
characteristic redox peaks within the selected potential window
resulting from the transformation of the «- and B-M-OH to B-
and y-M-OOH. This is due to the intercalation and dein-
tercalation of the H' within the crystal structure of metal
hydroxide according to the following eqn (9) and (10).**

Co(OH); + OH™ < Co(OOH) + H,O + e~ 9)

Ni(OH), + OH™ < Ni(OOH) + H,O + e~ (10)
where the M represents Ni for the RGR/Ni(OH), and FEGR/
Ni(OH), films and the Ni and Co for prepared binary hydroxide
film FEGR/Ni-Co(OH),, indicating that all films have the battery
type behavior. This behavior is confirmed by fitting the linear
relation between log I;,, and log I, with log v according to eqn
(8) where the b-value is equal to 0.5.*° As observed from Fig. 8B,
log(Z,a) and log(Ip,c) for all as-prepared films have a linear rela-
tion with log » where b-value equal 0.5 with R* value equal 0.999
which confirms the kinetics of the battery type like-electrode for
all films.

As the indication of the large integrated surface area of the
charging or discharging branch of the FEGR/Ni(OH), and FEGR/
Ni-Co(OH), compared with RGR/Ni(OH),, the C value of the
active materials on modified FEGR electrode is greatly
enhanced. This firstly is due to FEGR electrode provides
homogeneous and uniform distribution of the active materials
on its surface due to its high surface area. Secondly, the more
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(A) CVs obtained at (1) bare RGR, (2) bare FEGR substrates and (3) RGR/Ni(OH),, (4) FEGR/Ni(OH),, and (5) FEGR/Ni—Co(OH); films

measured in 0.5 M NaOH solution at a potential scan rate of 25 mV s~2. (B) The variation of anodic and cathodic peak current with the square root
of potential scan rate (»°-°) for RGR/Ni(OH),, FEGR/Ni(OH),, and FEGR/Ni—Co(OH), films. (C) The variation of g with reciprocal of the square root
of the potential scan rate (v~°*). (D) GCD curves of RGR/Ni(OH),, FEGR/Ni(OH),, and FEGR/Ni—Co(OH), films at a current density of 5 A gfl. (E)
The rate capability curves of RGR/Ni(OH),, FEGR/Ni(OH),, and FEGR/Ni—Co(OH), films at various current densities.
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(A) Nyquist plots of RGR/Ni(OH),, FEGR/Ni(OH),, and FEGR/Ni—Co(OH), films at OCP and their insets at high frequencies. (B) Admittance

plots of RGR/Ni(OH),, FEGR/Ni(OH),, and FEGR/Ni—Co(OH); films. (C) Stability curves of RGR/Ni(OH),, FEGR/Ni(OH),, and FEGR/Ni—Co(OH),

films at a current density of 50 A gL,

inserted and distributed functional groups on FEGR surface
makes almost the active materials act as outer active surface,
more accessible area, and this can be demonstrated easily by
determining the amount of the outer active site which can be
estimated from the intercept value of the following simple
empirical relation of eqn (11).5%*7*

q4=qu+av"’ (11)

where the g is the charge (Coulomb) at different potential scan
rates obtained by integrating CVs, g is the maximum amount
of the charge related to the “outer” surface of active material,
a is a constant, and » is the potential scan rate (mV s~ *). The
value of the intercept of all films is obtained from Fig. 8C is
0.057, 1.14, and 1.49 C for RGR/Ni(OH),, FEGR/Ni(OH),, and
FEGR/Ni-Co(OH), films, respectively. The values are consistent
with SEM images that displayed homogeneous distribution of
the active materials on the FEGR electrode’ surface compared
with RGR electrode. Moreover, the FEGR also increases the
diffusion efficiency of the electrolyte ions to reach an active site
by very high speed due to its hydrophilic nature and unique 3D

© 2021 The Author(s). Published by the Royal Society of Chemistry

porous structure.*®**>”* In addition, the FEGR increases electron
transportation to the active materials via the developed gra-
phene layers during the exfoliation process which is charac-
terized by excellent electronic properties.*>”*

Fig. 8D shows the GCD curves of all as-prepared films at
current density equal to 5 A g~ *. The maximum C of each film
can be calculated from the discharge time at current density of
5A g 'using eqn (3) and it is estimated to be 612.5, 2318.4, and
2552.6 C g ' corresponding to RGR/Ni(OH),, FEGR/Ni(OH),,
and FEGR/Ni-Co(OH), films, respectively. Note that the values
of C for the FEGR-based electrodes is much improved compared
to the similar RGR-based electrodes. Moreover, these values
exceed the theoretically-calculated C values (ca. 1730 C g )
based on the redox phenomenon of the metal hydroxide (C =
nF/M,,)."*** This could be possibly attributed to (i) the enhanced
redox behavior of the metal hydroxide to higher oxidation states
with average number of electron transfer (n) approaching 1.7,**
(ii) better distribution of the metal hydroxide in the case of
FEGR-substrate (see SEM images in Fig. 5 and the correspond-
ing mapping EDAX in Fig. 6), thus leading to a higher electro-
chemical active surface area, and (iii) a considerable

RSC Adv, 2021, 11, 26258-26272 | 26269
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Table 2 Comparison between the capacitive performance of Ni-Co(OH),/FEGR electrode with other reported binary Ni—Co hydroxide in SCs

applications

Method Electrolyte ccg™h Rate performance Cyclic performance Ref.
Precipitation 1 M KOH 309.6 ~55.6% (0.5t0 5 A g™ ") 75% (500 cycle at 1 A g™ ) 75
Precipitation 6 M KOH 1307 85.9% (1to 10 Ag™ ") 86.4% (1000 cycle at 5 A g™ ") 76
Hydrothermal 3 M KOH 1194.7 48% (1t0 10 A g™ ) 77% (1500 cycle at 10 A g™ ") 77
Hydrothermal 6 M KOH 794.8 59.5% (2 to 40 A g ') 40% (3000 cycle at 30 A g™ ) 78
Solvothermal 3 M KOH 860 76.9% (1t0 20 A g™ ") 74% (1000 cycle at 20 A g™ ') 79
Solvothermal 1 M KOH 1084.1 ~22% (9.1to 31.8 A g ") 67.8% (2000 cycle at 31.8 Ag™) 80
Microwave 6 M KOH 849.4 62.9% (1to 10 A g™ ") 99.7% (3000 cycle at 8 A g™ ) 81
CBD 2 M KOH 923.5 47% (5 to 80 A g7Y) 64% (1000 cycle at 80 A g~ %) 82
Reflux 6 M KOH 693 88% (1to 10 A g™ ") 80% (1000 cycle at 10 A g ) 83
Electrodeposition 1 M KOH 1052.5 56.6% (2 to 20 A g™ ") 89.5% (2000 cycle at 10 A g™ ) 84
Electrodeposition 6 M KOH 541.8 91.8% (1to 10A g 1) 80.1% (1000 cycle at 10 A g™ ) 22
Electrodeposition 3 M NaOH 959.9 37.7% (4 to 24 A g™ 1) 91% (1000 cycle at 12 A g77) 33
Electrodeposition 1 M KOH 1665.4 73.5% (2to 50 Ag™") 94% (2000 cycle at 20 A g™ ") 34
Electrodeposition 0.5 M NaOH 2552.6 70.8% (5t0 50 A g™ ) 70.3% (1000 cycle at 50 A g~ ) This work

contribution of the double layer of the underlying FEGR
substrate. The active materials on FEGR electrodes' surface
exhibit ultra-high C compared to RGR substrate and it is also
one of the highest reported C for Ni(OH), and binary Ni-
Co(OH), active materials as reported in Table 2. Interestingly,
this value is higher than other active materials loaded on the
exfoliated carbon materials such as FEG/MnO, (1061 F g '),
WO,/Ex-GF (495.8 F g~ '),” and PANI-WO,/Ex-GF (408 F g~ ').”

Fig. 8E illustrates the variation of C with different discharge
current densities for the investigated films from 5 to 50 A g~ .
Capacitive retention for each film at the current density of
50 A g ' is 44.6%, 64.9%, and 70.8% which is corresponding to
RGR/Ni(OH),, FEGR/Ni(OH),, and FEGR/Ni-Co(OH), films,
respectively. Generally, the active materials loaded on the FEGR
electrode have better rate performance than that loaded on
RGR, and this is due to the enhancement of the electronic and
ionic diffusion pathways and the homogeneous distribution of
active materials as mentioned above.

More specifically the binary hydroxide FEGR/Ni-Co(OH),
film has a higher retention value than single hydroxide FEGR/
Ni(OH), film. This can be explained by the increment of the
total electronic conductivity of Ni(OH), in the presence of
Co(OH), because the charging and discharging of Co(OH),
leads to the formation of highly conductive Co(OOH) which
speeds up the transportation of the electrons which make the
utilization of the active materials at high scan speed is more
efficient. Also, the energy gap between the valence and
conduction bands of Ni(OH), can be decreased by the presence
of the Co ions inside its crystal structure.>**”*

For furthermore confirmation of the above-mentioned
conclusion, EIS measurements were carried out on the
proposed films. Fig. 9A displayed the impedance spectra of the
films showing firstly both films FEGR/Ni-Co(OH), and FEGR/
Ni(OH), exhibited the excellent capacitive behavior more than
RGR/Ni(OH), due to they have the steep line in the high-
frequency region compared to the inclined line of RGR/
Ni(OH),.*”** Secondly, from the low-frequency region, see inset
of Fig. 9A, the loaded active materials on FEGR film has a lower

26270 | RSC Adv, 2021, N, 26258-26272

ESR value than that loaded on RGR film and this can be
attributed to the improved conductivity due to the synthesized
graphene layers.*”*® Interestingly, the ESR value of FEGR/Ni-
Co(OH), film is smaller than that of RGR/Ni(OH), film and this
demonstrates the role of the Co(OH), in increasing the total
electronic conductivity of the electrode. Also, the admittance
plot, see Fig. 9B, displayed the similar behavior of ESR value
that is in the order that RGR/Ni(OH), > FEGR/Ni(OH), > FEGR/
Ni-Co(OH), film accompanied with the increment of the
conductivity value in the order of RGR/Ni(OH), < FEGR/Ni(OH),
< FEGR/Ni-Co(OH), because the admittance, as known, is the
inverse of the impedance.

Moreover, the stability test of the assigned films was also
examined by GCD test for 1000 cycles at 50 A g~ current
density, see Fig. 9C. Capacitive retention for each film is 60.7%,
52%, and 70.3% for RGR/Ni(OH),, FEGR/Ni(OH),, and FEGR/
Ni-Co(OH), films, respectively. It is clearly obvious from the
capacitive retention values that the stability of binary metallic
hydroxide film is better than that of the individual Ni hydroxide
film. This is due to the incorporation of Co ions into Ni
hydroxide layers preventing the mechanical failure that can be
happen during the charging process due to the transformation
of B-NiOOH to y-NiOOH.>***

4. Conclusion

In summary, the electrochemical partial exfoliation was done
on the RGR that obtained from exhausted zinc-carbon batteries
to produce FEGR electrode that is characterized by high func-
tionalized surface area with the presence of holes and exfoliated
graphene layers. The inserted functional groups on the defected
surface of the FEGR electrode are confirmed by the EDX, XPS,
FT-IR, and contact angle measurements. Also, the presence of
the graphene layers on the top surface is observed from the SEM
images. This leads to providing a higher degree of distribution
(homogeneous deposition) of the Ni(OH),, and Ni/Co binary
hydroxide and also shortening the diffusion pathway for elec-
trolyte ions to efficiently contact more electroactive sites for

© 2021 The Author(s). Published by the Royal Society of Chemistry
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faradaic energy storage, even at high current densities, leading
to enhanced electrochemical properties. Also, the observed
decrease in the equivalent series resistance of the active mate-
rials on the FEGR substrate is due to the presence of the gra-
phene layers that can transport the electrons very fast due to its
excellent electronic conductivity which is considered another
enhancement of the electrochemical performance of the
modified FEGR over the modified RGR electrode. Interestingly,
FEGR\Ni-Co(OH), film displayed an ultra-high specific capacity
(more than 2500 C g~ " at 5 A g~ ') which is considered one of the
highest reported values based on the binary Ni/Co hydroxide
and the value is retained to 70.8% at a high current density of
50 A g ' indicating the superb rate performance of this elec-
trode material.
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