Low temperature thermally reduced graphene oxide directly on Ni — Foam using
atmospheric pressure — chemical vapour deposition for high performance

supercapacitor application

Vusani M. Maphiri, Daba T. Bakhoum, Samba Sarr, Ndeye F. Sylla, Gift Rutavi, Ncholu
Manyala*

Department of Physics, Institute of Applied Materials, SARChI Chair in Carbon Technology and
Materials, University of Pretoria, Pretoria 0028, South Africa

*Corresponding author email: ncholu.manyala@up.ac.za, Tel.: +(27)12 420 3549 Fax: + (27)12 420
2516

Abstract.

A binder free approach was use to prepare thermally reduced graphene oxide (TRGO) at 200
°C directly on Ni — Foam (NF) (current collector) via atmospheric pressure — chemical vapour
deposition (AP — CVD) and used as a positive electrode for supercapacitor application. The
TRGO/NF electrode preparation method is simpler, quicker, cheaper and more effective
compared to other method. The half-cell electrochemical performances in 6 M KOH showed
a maximum specific capacity of 52.64 mA h g!' at 0.5 A g''. The device: TRGO/NF// PAC
showed a specific energy and power of 18.72 W h kg™! and 547.52 W kg! respectively at 1 A
g'; and 14.10 W h kg! and 2.5 kW kg respectively at 5 A g!. The high coulombic
efficiency (99.9 %) and capacitance retention (70 %) indicate outstanding stability. These
results represent a significant progress in the fabrication of binder and conductive

enhancement free positive electrode for electrochemical energy storage devices.
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1. Introduction

Recently researchers are paying a great attention in the development of alternative energy
storage and conversion devices such as supercapacitors (SCs) and batteries, to help in
combating energy related problems of environmental pollution, depletion of fossil fuels,
efficient mobile (potable) energy source and many more [1-12]. SCs devices are unique and
attractive due to their high power density, wide range of operation temperature, fast charge
and discharge rates and long cycle life [13—16]. These devices bridge the gap between high
power and low energy convention capacitors and low power and high energy batteries. SCs
can be classified according to the energy storage mechanism which either involves electric
double layer capacitors (EDLCs) or pseudocapacitors. EDLCs store their energy through
surface charge adsorption related to the electrical double layer formation. Thus, the electrode
materials are mainly characterized by large specific surface areas, being mostly carbon
materials such as activated carbon, carbon onions and reduced graphene oxide. Meanwhile,
pseudocapacitors store energy based on Faradaic processes which depends on the operational
voltage. Most pseudocapacitors material are from the transition metal compounds like oxides,
hydroxides or sulphides, and conductive polymers, such as polyaniline, polypyrrol, and poly
(3,4-ethylenedioxythiophene). Carbon materials such as graphene suffer from poor
electrochemical performance due to the undesirable ion diffusion inside its internal surface

and only electrical layer absorption mechanism occurs [17,18].

Recently, efforts have been devoted in developing thermally reduced graphene oxide (TRGO)
materials suitable for high-performance supercapacitor application. TRGO has been prepared
via a combinations of chemical oxidization of carbon material like graphite using Hummer’s
method and the thermal reduction process which is simple, quick, cheap, effective, safe and
easily scalable than other reduction methods such as bio reduction [19], chemical [20,21],
photoreduction [22,23] and mechanochemical [24], [16,25,26]. Zhao et al. [16] reported the
increased performance of graphene oxide thermally reduced at low temperature using a
horizontal tube furnace under nitrogen. The sample reduced at 200 °C had the highest
capacitance of 260.5 Fg'! due to the presence of functional groups on the external surface
serving as a passage for ions to the internal surface. These functional groups were also

reported to facilitate fast redox processes leading to pseudocapacitance behaviour and also



enhancing the charge storage capabilities [17,27-29]. Graphene has been coated on different
substrates via various method such as chemical vapour deposition, slurry paste, spin coating,
spray coating, dip coating and electrophoretic deposition [28,30,31]. Among them, slurry
paste is the simplest method to deposited GO nano sheets on Ni-Foam (NF). This method is
well developed, quick, cheap, environmentally friendly as it does not require any
sophisticated and expensive equipment. This method has been widely used to prepare
activated carbon and metal compounds on NF [14,16,32-34]. Ramadoss et al. [28] reported
TRGO coated fabric supercapacitor prepared via GO dip coating, followed by thermal
treatment at 160 °C in Ar for 2 hours. The fabricated symmetric supercapacitor yielded a
specific energy and power of 5.8 W h Kg'! and 27.7 kW kg, respectively, at a current
density of 0.1 mA c¢cm™. However, TRGO/NF as an electrode for supercapacitor applications

prepared by slurry paste followed by thermal treatment has never been reported.

In this study, the GO was reduced directly on NF (current collector) at 200 °C eliminating the
need for binders such as poly(vinylidenedifluoride) (PVDF) and conductive additives like
carbon acetylene black (CAB) which tampers with the overall electrochemical performance
of the material under study. This fabrication was only possible due to the restacking ability of
reduced graphene oxide which occurs without the presences of binding agents, which formed
a macroscopic assemble structure .i.e. graphene film around three dimensional (3D) NF
structure [35,36]. This is not possible within other non-two dimensional carbon allotropes and
carbon based nanocomposite material such as carbon nanotube, activated carbon and iron
carbide [37—42]. Inorganic active material such as Nickel subsulfide (Ni3S2) and Zinc
sulphide have been successful deposited on NF without any additives [43,44]. Studies have
been under taken to illustrate the effects of the binders [33,34] and conductive additives [45].
Zhu et al. [33] reported the effects of binders; Nafion, Polytetrafluorethylene (PTFE) and
PVDF while using carbon nanotube as a conductive agent. The PTFE sample had higher
capacitance retention of 90.8 % while PVDF and Naflon had 79.7 and 87 %, respectively.
However, Liu et al. [45] reported the enhancement of the electrochemical performance of
NiCo-MOF nanosheets by the addition of acetylene black. The sample containing CAB had
an increased specific capacitance and a lower solution resistance as compared to the one
without CAB. Additive free electrodes have been mostly reported for free standing electrodes
[46—-48], but Moyseowicz et al. [49] reported a binder free poly(aniline-co-pyrrole)/thermally
reduced graphene oxide (PAP/TRGO) composite. The PAP/TRGO//PAP/TRGO device
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showed a high specific capacitance of 287 F g! and good rate capability of 205 F g'! at 20 A
g’!. However, this material had a low specific energy of 6.3 W h kg'! and specific power of
100 W kg! at specific current of 0.2 A g!. Our prepared device TRGO/NF//PAC showed a
better electrochemical performance with specific energy of 18.73 W h kg'! and specific
power of 547.52 W kg™! at specific current of 1 A g’!, signifying the readiness of additive free
electrode for supercapacitor application. Moreover directly reduced GO on NF without the
binder and conductive additives avoids inactive surfaces with conversational binder
electrodes and allows for more efficient charge transport. This allows the proper

measurement of the material without any influence from additive.

2. Experimental

2.1.Materials

Reagents utilized in this work were analytical grade and used without any further
purification. These include raw graphite, sulphuric acid [H2SO4 (98%)], potassium
permanganate [KMnOs], hydrogen peroxide [H202 (50%)], ethanol [C2HsOH], hydrogen
[Hz2], Argon [Ar] nickel foam [NF, thickness and areal density of 1.6 mm and 420 g m?],
potassium hydroxide [KOH] pallets and distilled water (DW) at 18.2 MQ.

2.2. Preparation of GO

The Hummer’s method was used to prepare GO in the same manner as reported in our
pervious study [30]. Briefly, 2 g of graphite powder was added into cooled 120 ml of H2SO4
and stirred using a magnetic stirrer until a homogenous black lump free solution is reached. 6
g of KMnO4 was also added slowly into the cooled homogeneous solution of graphite and
H2SO4. This mixture was stirred for 180 minutes at a constant heating temperature of 50 °C.
The brownish solution was allowed to cool to room temperature, and then further cooled in
an ice bath for an hour. 100 ml of H20 and 20 ml of H202 were then added to stop the
reaction. The mixture was stirred and left to settle. The suspended liquid was discarded; DW

was added to the settled GO mixture and left to re-settle then followed by discarding the DW.



This process was repeated several times to remove contaminants. The GO mixture was

centrifuged at 5000 rpm for 5 minutes and dried in an oven at 60 °C overnight.

2.3. Preparation of TRGO/NF electrode

Dried GO was mixed with ethanol, then sonicated (approximately, 30 minutes) together with
manual stirring until it reached a paste like. The GO paste was then pasted on NF and dried at
room temperature. The dimensions of the pasted area on rectangular and circular NF are 1.0
X 1.0 cm? and thickness-diameter of 0.2 — 16 mm. The GO/NFs were placed in the
atmospheric pressure-chemical vapour deposition (AP-CVD) for thermal reduction. The Ar
was allowed to flow at 300 standard cubic centimetres (sccm) throughout the entire reduction
process, to avoid oxidation. The following heat settings were used: Heating rate was set to
10 °C/min until the desired temperature of 200 °C was reached; the AP-CVD was kept at that
temperature for an hour. After an hour the CVD was moved away from the region with
TRGO/NF to allow the electrode to cool down to room temperature. The TRGO/NF electrode

preparation is displayed in Fig. 1.
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Fig. 1. Schematic of the synthesis route for TRGO/NF electrode

2.4.Characterization

The structural, morphology and compositional characterization were performed using the
following: Bruker BV 2D PHASER Best Benchtop X-ray diffraction (XRD) with reflection
geometry at 26 values (15 — 90 °) in a step size of 0.005° using Cu K« radiation source (A =
0.15406 nm) at 50 kV and 30 mA; Bruker Alpha platinum-ATR Fourier transform infrared



spectroscopy (FTIR) at 32 scans in the range of 400 — 4000 cm™. WITec Raman 300 RAS+
operated using Zeiss objective 10X, 20X, 50X and 100X at a laser of 532 nm and a power of
< 0.5 mW (to avoid further GO reduction due to sample heating or damage by the laser
generated heat) at a grating of 600 g/mm BLZ = 500 nm. The Raman mapping was
performed on a 25 X 25 um? area and 300 by 300 lines per image and point per line at an
integration time of 1 second. The optical image of the measured area is displayed on Fig. S1
in the supplementary information. The WITec Project five (Build 5.0.3043, plus version)
software was used for data analysis and achieving the Raman mapping images. The
morphology and elemental composition was obtained using Zeiss Ultra Plus 55 field emission
scanning electron microscope (SEM) operated at 2.0 kV coupled with energy-dispersive X-
ray spectroscopy (EDS) at 20 kV. The two and three electrode configurations measurements
(cyclic voltammeter (CV), galvanostatic charge-discharge (GCD) and electrochemical
impendence spectroscopy (EIS)) were performed using the Bio — Logic VMP-300 (Knoxville
TN 37,930, USA) potentiostat monitored by the EC-Lab V11.33 software.

3. Results

3.1.Structural, morphological and compositional characterization

The normalized XRD pattern of graphite, GO, NF and TRGO/NF were measured and
displayed in Fig. 2 (a). The obtained XRD pattern were indexed to the Joint Committee on
Powder Diffraction Standards (JCPDS) 75 2078, JCPDS 41 1487 and JCPDS 04 0850 for
graphite, GO and NF, respectively [50,51]. The precursor (graphite) showed a dominant peak
around 26 = 25 ° corresponding to the (002) plane due to the sp?> —bonded sheets. The GO
show a reflection plane at 26 = 20 ° corresponding to the (001) indices, a hump labelled peak
IT has been attributed to amorphous-like carbon comprising of impurities, defects or folding
wrinkles [52] and the peak around 26 = 43 ° is indexed to (100) plane [53]. The interplanar
spacing calculated using the Bragg’s equation showed 80% increase in the graphite sheet
spacing. The interplanar spacing is small in comparison to those reported within Ref [16].
This is due to the 60 °C drying temperature which has mostly removed the intercalated H2O,

resulting in a reduction of the interplanar spacing. The pattern of NF showed the diffraction



plane corresponding to the (111), (200) and (220). Similar diffraction peaks were reported on
Refs [54-57]. The pattern from TRGO/NF only show peaks from pure NF because the TRGO
reduced at 200 °C is not highly crystalline and it is of low amount with respect to NF. The
FTIR spectra of graphite and GO are displayed in Fig. 2 (b). Note that TRGO/NF sample was
not measured due to its form. The graphite shows the absence of notches (i.e. showed a linear
spectra) due to the absence of surface functional groups on the graphene sheets, indicating
chemical inertness of bulk graphite [58]. On the other hand GO showed the presence of many
notches at various wavenumbers such as 3170, 1728, 1606, 1205, and 1044 cm™'. The notch
at around 3170 cm™! is due to the stretching of hydroxyl (-OH) group. The dip at 1728 cm! is
attributed to the stretching of carbonyl (-C=O) functional group and the 1606 cm!
corresponds to the stretching vibrations of the un-oxidized graphitic domain, while the 1205
cm! is due to the epoxy (C-O) group. The alkoxy (C-O) group stretching vibration was
attributed to the notch at 1044 cm!. These results are in line with those reported in literature
[32,58,59] and also verifies the increased interplanar distance seen on the XRD in Fig. 2 (a)
due to the functional groups on the surface of graphene sheets. The EDS spectra are displayed
in Fig. 3 (c) and the inset to the figure shows the zoomed (in the 0 — 1 keV region) spectra of
graphite, GO, NF and TRGO/NF, respectively. The EDS spectra show the expected elements;
carbon (C), oxygen (O), nickel (Ni) and a traces of sulphur (S) and potassium (K) from the
oxidation solution. Graphite is predominately a pure carbon material having a higher carbon
content (calculated from peak intensity of carbon to oxygen) of 110. The GO powder has
carbon from graphite and oxygen from the functional groups. The calculated carbon content
of GO is 2. The TRGO/NF has Ni peaks in addition to those of GO. This is because GO was
reduced on NF current collector and has a carbon content of 5. The carbon content increased
because of removal of oxygen functional groups due to the thermal reduction. Similar, carbon
content has been reported for low temperature TRGO [16,60]. The scanning electron
microscopy image of the TRGO/NF is displayed in Fig. 3 (a); while the corresponding EDS

mapping are displayed in Fig. 3 (b) — (d) which show a uniform distribution of elements.
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Fig. 2. (a) XRD pattern, (b) FTIR spectra and (c) EDS spectra of Graphite, GO, NF and TRGO/NF.
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Fig. 3. (a) Scanning electron microscopy image and (b) — (d) the corresponding energy dispersive X-

ray maps of C, O and Ni obtained from the TRGO sample.

Raman spectra of graphite, GO and TRGO/NF are displayed in Fig. 4 (a). The graphite
sample only shows three peaks at ~ 1337, 1590 and 2694 cm™! corresponding to the D, G and
2D peak, respectively, while the GO and TRGO/NF shows additional second order peaks at
around 2964 and 3199 cm™! corresponding to the D + G and 2D' [52,61-63]. The D (defect-
induced) peak is related to the Aig breathing mode [64,65], while the G and 2D peaks are
attributed to the first and second-order allowed Raman Ezg mode, respectively [63].
Furthermore, the D + G and 2D' are attributed to the combination of the G and D modes
characteristic for the disturbed graphitic structure and the overtone of the D', respectively
[31,52,62]. The de-convoluted one phonon region (800 — 2000 cm!) of graphite, GO and
TRGO/NF are displaced in Fig. 4 (b), (c) and (d), respectively. Only two peaks (D and G)
were observed for the graphite and five (D*, D, D", G and D') for the GO and TRGO/NF. The
D* peak is due to the sp? - sp? bonds at the edges of the network, while this peak has been
also attributed to the ionic impurities [66,67]. The D" peak has been attributed to the
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amorphous carbon [66] and D' has been attributed to the disorder — induced phonon mode due
to crystal defects i.e. the vacancy corresponding to pentagonal and octagonal rings
[62,63,68,69]. The full width at half maximum (FWHM) of the D peak increased due to the
high concentration of defects related to the oxidation and the alteration of the basal plane
structure of graphene during the thermal reduction [52,62]. The integrated ratio of the D peak
over the integrated ratio of the G peak (In/lg) of graphite, GO and TRGO/NF were calculated
to be 0.14, 2.63 and 3.09, respectively. Thus, graphite is highly ordered than GO and
TRGO/NF due to the destruction of the sp? cluster during the oxidation process. Tuinstra —
Koenig model [64,70] shows the relationship between Ip/Ig and the average crystallite size L,
(or the average sp? cluster) via the Knight equation 1 below [14,52,62,70]:

L, = <% mm] (D)

Ip/lg

where C(A) is the wavelength-dependent pre-factor estimated using C(1) = C, + AC,, for
400 <A1 <700 nm and C(A) = 4.96 nm for A = 532 nm, where C, and C; were estimated to
be —12.6 nm and 0.033, respectively [64]. The Ip/Ic is the ratio of the intergraded area of the
D and G peak from the spectra in Fig. 4 (b) — (d). The L, for graphite, GO and TRGO/NF
were calculated to be 35.43, 1.89 and 1.61 nm, respectively. More like In/Is, the L, decrease
from graphite to GO due to the disruption of the sp? cluster during oxidation [62] and the
thermal reduction. The degree of amorphous carbon was estimated by the intergraded area of
D" and G peaks ratio (Ip/Ig). The Inv/Ic of GO is 0.40 and TRGO/NF is 0.82, and has
increased due to the removal of the carbon atom together with the oxygen-functional groups
upon reduction. Our previous results [14,71] showed the influence of the amorphous carbon

on the electrochemical performance.
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Fig. 4. (a) Raman spectra of graphite, GO and TRGO/NF and the deconvolution of (b) graphite, (c)

GO and (d) TRGO/NF at the 800-2000 cm™' region.

The images of the Raman mapping of integrated area (In/Ig) of the TRGO/NF is displayed in
Fig. 5 (a). The image (Fig. 5(a)) shows a minimum and maximum value of 2.47 and 3.20
(average In/lg is 2.77) indicating that the prepared TRGO/NF is indeed highly defective.
Unlike, the images of graphene/NF displayed on Ref [72] which show a subtle Ip/Ig within
the range of 0.0 — 0.5. The corresponding crystallite size (La) image estimated from the
knight formula (1) is displayed in Fig. 5 (b). Emphasizing that indeed I/l is inversely
proportional to the La as suggest by the Tuinstra — koenig model [70]. The intensity ratio of
the defect — induced (Ip) peak relative to the defect-activated mode (Ip)) (In/Ip) image is
displayed in Fig. 5 (c). The red area is due to the sp® defects while the green area is due to the
hopping defect like vacancy defects [62,73,74]. The image of the Ip/Ig+Ip (%) (Cuesta model
[67]) in Fig. 5 (d) shows that the TRGO/NF is composed of highly defected reduced GO with
a minimum and maximum of 71.21 and 76.2 (%). The In/lc+Ipb (%) and I/l in Fig 5 (a)

show the same trend of defects.
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Fig. 5. Raman mapping of (a) Ip/ Ig, crystallite size (L,), (¢) In/ I and (d) In/ Ip + I together with

their colour scale.

The scanning electron microscopy image of graphite, GO, NF and TRGO/NF are displayed in
Fig. 6. Graphite morphology in Fig. 6 (a) shows micro-particles similar to that of a pine tree
(Pinus pinaster) bark with various dimensions. The high magnification inset to Fig. 6 (a)
shows that the micro-particles are made of horizontally stacked planes. Fig. 6 (b) shows
morphology of the dried GO showing the presence of randomly disordered stacked graphene
sheets. The morphology of NF in Fig. 6 (c¢) showed a smooth surface and complex
interconnected Ni-fibres. Morphology of TRGO\NF is displayed in Fig. 6 (d) which shows
that the TRGO have adhered to the surface of NF. The TRGO is wrinkled as can be seen on
Fig. 3 (a), resulted in a higher surface area contributing in a higher electrochemical

performance.
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Fig. 6. SEM micrographs of (a) graphite, (b) GO, (c) NF and (d) TRGO/NF

3.2.Electrochemistry characterization

3.2.1. Three electrode configuration

The electrochemical performance of the TRGO/NF was evaluated in the three — electrode
configuration in the positive potential window using three different electrolytes at a scan rate
of 20 mV s! as shown in Fig. S2 (a). The 6 M KOH electrolyte showed a better performance
(higher current response) compared to 1 M Na2SOs and 1 M NaOH electrolytes due to the
higher concentration and ionic conductivity of OH™ anions within the 6 M KOH electrolyte
[55,75]. The GCD curve in Fig. S2 (b) also shows that the 6 M KOH shows the best
electrochemical performance amongst other electrolytes. Fig. S2 (c) compares the CV at 20
mVs! of TRGO/NF to that of pure NF, the TRGO/NF has a higher current response than
pure NF due to the TRGO embedded on the NF. The 6 M KOH electrolyte was used for
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electrochemical evaluation throughout this study because it has shown much better
electrochemical results as compared to other electrolytes for this electrode material. The
electrochemical result that shows that the TRGO/NF reduced at 200 °C has a better
performance than those reduced at higher temperature (400 and 800°C) are displayed in Fig.
S3. This is due to the presence of residual functional groups such as carbonyl and quinone
which provide passage for ions into the internal surface, pseudocapacitive behaviour
enhancing the charge storage capability [16,27-29] and high wettability between the
electrolyte and active material yielding better electrochemical performance [14,76]. These
results are in line with those reported by Zhao et al. [16] where the GO reduced at 200 °C has
the highest specific capacitance of 260.5 F g'! at a discharge specific current of 0.4 A g and
the lowest capacitance was attainted from GO reduced at the highest temperature of 900 °C.
The capacitance of the TRGO micro-supercapacitor also decreased with increase in reducing
temperature and the FTIR with that study indicated the removal of oxygen content [30]. The
CV curves displayed in Fig. 7 (a) are showing some Faradic behaviour due to the interaction
between the high concentration 6 M KOH electrolyte and the functional groups on the
TRGO/NF [16,27]. This Faradic behaviour can also be seen on the GCD curve displayed in
Fig. 7 (b). The specific capacity (Qs) of the TRGO/NF was calculated from the GCD curve in
Fig. 7 (b) using equation 2 below [32,72]

Q= (5)=[mAhg"] . (2)

where I,mand t are current (mA), mass (mg) and discharge time (s), respectively. The
specific capacity as a function of specific current is displayed in Fig. 7 (c) showing a specific
capacity of 52.64 mA h g'! at 0.5 A g! and a small reduction at 5 A g'! which can be allotted
to the limited time that ions have to access the surface of the electrode [16,72]. Ramadoss et
al. [28] attributed the decrease of the capacitance as a function of specific current of the
TRGO — coated fabric to the interruption of the charge diffusions of graphene for the time
constraint for fast charge/discharge. This led to the activation of the outer surface resulting in

decreased capacitance at high scan rate.
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Fig. 7. (a) CV curves at various scan rates; (b) GCD curves at different specific currents and (c)

specific capacity as a function of specific current for TRGO/NF sample

Based on the above discussed results, we have illustrated the preparation and advantage of
the TRGO as a positive electrode in Fig. 8. Fig. 8 (a) — (c¢) shows the schematic of the
transformation from graphite to TRGO. The schematic in Fig. 8 (a) shows of particles of
graphite composed of sheets of graphene (see Fig. 6 (a) and its inset) and the small interspace
distance determined from XRD on Fig. 2 (a), while the schematic of GO is presented on Fig.
8 (b). It is apparent that the spacing from the sheets has increased due to the attachment of the
oxygen functional and intercalation of water (see Fig. 2). The XRD showed the increase of
the interspace distance while the FTIR show the presence of oxygen functional groups,
confirmed by the EDS showing the type of element constituting of those oxygen functional
groups. Fig. 8 (¢) shows the schematic of TRGO elucidating the decrease of oxygen
functional groups together with the extermination of intercalated water and a slight decrease
of the interplanar spacing. Fig. 8 (d) shows the schematic of graphite as a positive electrode

and it is clear that the anion adhered on the surface of the graphite sheet. This behaviour is
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responsible for the decrease of the electrochemical at high reducing temperature, since the
oxygen content has been exterminated [16,30]. While on TRGO (Fig. 8 (e)) electrolyte anions
have travelled into the bulk surface with the aid of the graphene oxygen surface functionality
increasing the capacitance due to pseudocapacitive activity. Thus, the oxygen functional
groups increase the wettability and also prevent the m - m interaction from restacking of
graphene sheets. Our previous work [30] and that of Zhao et al. [16] also indicate the
importance of the oxygen functional groups. Thus, oxygen content associated with reducing
temperature of 200 °C leads to high energy and slightly low power. Moreover, unreduced GO
and reduced GO with temperature below 200 °C leads to low energy and low power because
of low electrical conductivity caused by high oxygen. GO reduced at above 200 °C, have
increasing high power (depending on the reducing temperature) and low energy due to
dominance of EDLC behaviour. Thus, Low temperature TRGO has a better electrochemical

due to the adequate residual oxygen functional groups.
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3.2.2. Two electrode configuration

Fig. 9 (a) shows an asymmetric supercapacitor device in a form of a coin cell with the
TRGO/NF as a positive electrode and peanut shell activated carbon (PAC) as a negative
material. The PAC electrode material was effectively analysed and reported by Sylla et al.
[14]. The three electrode CV curve measurement of TRGO/NF and PAC in 6 M KOH
electrolyte at 20 mV s’! is displayed in Fig. 9 (b). TRGO/NF and PAC have positive and
negative potential windows of 0 to 0.4 V and 0 to -0.9 V vs. Ag/AgCl, respectively. The
charge balance was done using equations (S1) - (S3). The CV curves of the asymmetric
device in Fig. 9 (c) were able to reach a maximum potential of 1.4 V which is greater than the
combined potential windows of TRGO/NF and PAC in three electrode configurations. The
CV curves of the device are asymmetric in shape, slightly distorted rectangular-like shape
indicating electric double layer capacitor (EDLC) behaviour which is constant throughout the
various scan rates, suggesting a good charge propagation and fast ionic transport [49]. The
GCD curve obtained at various specific current displayed in Fig. 9 (d) also shows an EDLC
behaviour throughout the different specific currents agreeing with the CV curves in Fig. 9 (c)
confirming the good capacitive behaviour of the device. The absences of ohmic drops on the
GCD curves indicate a low internal resistance [35,77]. The specific capacitance (C;) was

calculated using equation (3) below [14] due to its EDLC behaviour.

IsAt

C. =
S AV

[Fg'] - (3)

where I , At and AV are the specific current (A g™'), discharge time (s) and cell potential (V),
respectively. The device specific capacitance was calculated to be 78.78 F gl at 1 A g! and
displayed in Fig. 9 (e) showing rate capability of 80 % at 5 A g!. The specific capacitance
drop at higher specific current is attributed to the limited time that ions have to access the
surface of the electrode at a higher specific current [28,72]. The Ragone plot showing specific
energy (E) as a function of specific power (F;) is displayed in Fig. 9 (f) calculated from the
GCD curve displayed in Fig. 9 (d) using equation (4) and (5), respectively.

%4

IS -
E, = Efvi"Valt[Wthl] (4
P, = %x 3600 [W kg''] .. (5

where [, f;/ TV dt and At are the specific current (A g'), integral under the area of the

discharge time (V s) and discharge time (s), respectively. The device has a specific energy of
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18.73 W h kg at corresponding specific power of 547.52 W kg! at 1 A g!' and a higher
specific power of 2.5 kW kg! at a corresponding specific energy of 14.10 W hkg'at 5 A g'.
These indicate stable device producing higher energy at a wide specific current. The obtained
specific energy and power are higher and comparable to those previously reported TRGO and
TRGO composites on conductive fabric and other metallic current collectors [28,29,35,49,77]
(see Fig. 9 (f)). The previously reported studies displayed on the Ragone plot are also
displayed in table 1. The table compares the steps, sample preparation, cell potential (Cp),
capacitance retention (CR), electrolyte, specific energy (E;) and specific power (E;). The
preparation of TRGO/NF requires one step from GO to electrochemical measureable
electrode, whiles other requires 2 or more steps. This emphasis the simplicity of the
preparation method, which is very safe since it does not requires any health threatening
chemical such as hydrazine (NH.NH,*H,O). The table further shows that this method is not
only simple but also produced a high performance supercapaitor device. The device showed a
columbic efficiency (Cy) determined from equation (S4) (Fig. 9 (g)) of 99.9% indicating
good reversibility and a capacitance retention (Fig. 9 (h)) of 70% after 16 000 cycles.
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Fig. 9. TRGO/NF//PAC asymmetric (a) device schematic, (b) CV of positive and negative electrodes,
(¢) CV curves at different scan rates, (d) GCD curves at different specific currents, (e) specific

capacitance versus specific current, (f) Ragone plot, (g) columbic efficiency and (h) capacitance



Device steps Preparation conditions Cp  Electrolyte CR @ C;@ E;@P, @Cy Ref.
configuration V) Cn(o@Ag (Whkg'@W
' @ cycles) ke'@Agh)
TRGO/Ni- 1 GO was slurry pasted on Ni-Foam then thermally reduced at 200°C for an 14 6 MKOH 70 @ 5@ 16 18.73 @ 547.52  This work
Foam//PAC hour at heating rate of 10 °C min™! under Ar 000 @1 Ag!
PAP/TRGO20 3 Graphite oxide was thermal treated at 700 °C under N, flow at heating rate 1.0 1MH,SO;, 103@1 @10 6.3 @ 100 @ [49]
i of 5 °C min’!. Then used with pyrrole and aniline to create PAP/TRGO 000 0.2
TRGO-coated 1 GO was repeated dip-coated onto a conductive fabric and dried at 60 °C for 1.0 PVA/ NB@25mA 58@27.7k@ [28]
FSSSf 30 min. Then thermal treated at 160 °C in Ar for 2 h H;PO4 cm? @1 000 S 0.1 mA cm™
N- 3 HGO was chemical etched from GO using H,O» and heating at 100 °C for 1.0 6 MKOH 893@2@5 14.0 @ 500 @ [35]
HRGO/1.5/30 1.5 h, then centrifuge and washed. HGO was mixed with PPD and stirred 000 0.5
of for 2 h, and then vacuum filtrated. Membrane was freeze-dried for 12 h and
lastly annealed at 300 °C at 5 °C min-1 under Ar.
rGO//rGO_An 2 rGO was obtained from mixing aqueous GO with NH3; and NH>NH»*H-O, 1.0 PVA -2 911@2@1 9.26 @ 8.8k [77]
the heat at 95°C under string for 45 min. Then thermal annealed at 280 °C M KOH 000 @0.5
under Ar atmosphere for 1 h
prGOf 3 ZnO powder was dispersed into GO aqueous solution, stirred overnight and 1.0 1 M H,SO4 - 15.0 @ 250 @ 1 [29]

sonicated for 1 h in ice bath. Then filtered and dried at 40 °C. The obtained
GO/ZnO powders was dispersed in EG and HC1 and microwave irradiated

for 6 min at 180 °C then filtered and washed to obtain prGO.

Abbreviations: Cp — cell potential, C — specific current, Cn — cycle number, CR — capacitance retention, PAC — peanut shell activated carbon, PAP — poly(aniline-co-pyrrole,

FSSS — fabric solid state supercapacitor, N-HRGO/1.5/300 — N-rich holey reduced graphene oxide, prGO — porous reduced graphene oxide, T — symmetric device, s — single

electrode and k — kilo

Table 1. Supercapacitor preparation conditions and electrochemical performance comparison between various thermally reduced GO materials reported in the
literature and TRGO/NF in this work.
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The electrical properties of the TRGO/NF//PAC device was analysed using EIS, as shown by
Nyquist plot displayed in Fig. 10 (a). The EIS also determines the nature of the active
material on the electrode/electrolyte interface. This Nyquist plot lacks a higher region
frequency semi — circle suggesting a low electrode/electrolyte interface charge transfer
resistance suggesting a better capacitive behaviour [15]. The reported Nyquist is similar to
the ideal supercapacitive behaviour, with a short 45° line starting from the equivalent series
resistance (ESR) transitioning into the fast increase close to being parallel to the imaginary
impedance (-Im Z) axis [15,78]. The Nyquist plot line being near parallel to the imaginary
impedance (-Im Z) axis, is indication of the device being highly capacitive. The real
impedance (Re Z) axis intercept in the high frequency region indicates the ESR of 1.6 Q
describing the interfacial contact resistance between the active materials and NF current
collector, electrode/electrolyte interface and the internal resistance of the active material
[14,15]. The low ESR agrees with the absence of ohmic drop in Fig 9 (d). Thus, The EIS
confirms the device CV and GCD. The maximum power, P, of the device was estimated

from equation (6) below to be 306.25 kW kg'!

Pruax = oo [W ke - (6)
4m(ESR)
where AV, m and ESR are the cell potential (V), mass (of 4 x 107° kg) and ESR of 1.6 Q
determined from the Nyquist plot in Fig. 10 (a), respectively. The Nyquist plot was fitted
using the equivalent circuit diagram shown in Fig. 10 (b) and the chi-square (y?) was 2.404
indicating a very good fitness. The equivalent circuit diagram shows the presence of the ESR
connected in series to capacitor (C) and Warburg impedance (W). A deviation of the Nyquist
plot from the imaginary axis is attributed to the leakage resistance RL which is quite
minimum in this case because the deviation from y — axis is not that much. The good
capacitive behaviour seen on the CV (Fig. 9 (¢)), GCD (Fig. 9 (d)) curves and Nyquist plot
(Fig .10 (a)) is confirmed by the phase angle of — 86° displayed in Fig. 10 (c) of which is very
close to the ideal phase angel of — 90 ° [79]. The frequency dependent real (C'(w)) and
imaginary (C"(w)) capacitances are displayed in Fig. 10 (d) calculated from equation (7) —

(10) where the impedance Z(w) with w = 2rf is expressed as

1

Z(w) = T XC@) (D
I _ Zn(w)
C'(w) = DlZ (@) ... (8)
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C"(w) = ) ... 9)

w|Z(w)[?
1Z(w)]|? = Z'(w)? + Z"(w)? ... (10)

Fig. 10 (d) also shows that the real (C'(w)) accessible capacitance of 1.0 F and the imaginary
C"(w) gives a relaxation time (t = 1/2nf, where f'is the peak of the frequency) of 0.39 s
suggesting that the prepared device can be quickly charged. All of the aforementioned results
confirm the outstanding electrochemical performance of TRGO/Ni-Foam as a suitable
positive electrode for SC due to the following factors: (1) nano — graphene sheets are directly
deposited on Ni Foam forming an integrated binder — free electrode improving the electrical
conductivity between TRGO active material and Ni-Foam current collector, reducing
resistance and facilitating a fast electrochemical reaction rate; (2) TRGO loosely stacked
provides a large accessible surface area and allows access of ions during
adsorption/desorption leading to more efficient transport; (3) surface oxygen functional
groups serve as a passage to the bulker material and provide some pseudocapacitance and
increase the charge caring capabilities and (4) the high conducting TRGO provided an
effective pathway for charge transport. These suggest that TRGO/Ni-Foam hold great

promise for supercapacitor devices.
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Fig. 10. (a) Nyquist plot of the device (the inset shows the enlarged high-frequency region of the
plot), (b) equivalent circuit diagram used to fit the Nyquist plot in (c) (i.e. a red solid-line), (c) phase

angle versus frequency and (d) real and imaginary plot of capacitance as a function of frequency.

4. Conclusion

In summary, additive (binder and conducive enhances) free TRGO/NF electrode was
successfully prepared using a low temperature one step AP-CVD at 200 °C for an hour. The
SEM showed the adhesion of graphene sheets on the surface of NF. Raman images show the
dispersion of graphitization, also emphasized that Tuinsta — Koenig and Cuesta models show
a similar defect distribution. Absence of conductive enhance and binder allowed the
determination of the real electrochemical performance. The presence of oxygen content
significantly increased electrochemical performance of the positive TRGO electrode. The two
electrode (device) showed a high specific capacitance of 78.78 F g at 1 A g! with the
corresponding specific energy and power of 18.73 W h kg'! and 547.52 W kg™!, respectively.
The specific energy and power at 5 A g'! was estimated to be 14.10 W h kg and 2.5 kW kg

!, respectively. The maximum power from the device was estimated to be 306.25 kW kg
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The EIS showed that the device is highly capacitive due to lack of a semi-circle and high
phase angle of — 86 °
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