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Highlights

e Porous carbons from cross-linked polymers and reduced graphene oxide is prepared
via hydrothermal and activation

e A synergy of features is achieved by cross-linking of polyvinyl alcohol and polyvinyl
pyrrolidone

e AC-PVA/rGO/PVP displayed high electrochemical performance

e The device recorded specific energy and power of 19.5 W hkg! and 400 W kg™!
respectively in 2.5 M KNOs electrolyte

Abstract

In this study, hydrothermal and chemical vapor deposition (CVD) methods were used to
prepare cross-linked polymer-based porous carbonaceous materials designated as activated
carbon from polyvinyl alcohol (AC-PVA), activated carbon from polyvinyl alcohol/reduced
graphene (AC-PVA/rGO) and activated carbon from polyvinyl alcohol/reduced
graphene/polyvinyl pyrrolidone (AC-PVA/rGO/PVP). The structural properties of the as-
prepared samples indicated a higher degree amorphicity. The textural analysis revealed high
specific surface areas along with high void fractions for the samples. The electrochemical
analysis of the cross-linked polymer-based activated carbons conducted as three-electrodes
revealed the samples’ potential as electrode materials for supercapacitors’ applications.
Activated carbon from PVA/rGO/PVP exhibited a superior specific capacitance (223 F g'!), a
smaller charge transfer resistance ( Rcr= 1.0 Q) and equivalent series resistance ( ESR = 0.54
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Q) as compared to AC-PVA and AC-PVA/rGO. Remarkably, a fabricated symmetric device
based on the AC-PVA/rGO/PVP as electrode and designated as AC-PVA/rGO/PVP//AC-
PVA/rGO/PVP, delivered a high specific energy of 19.5 W h kg'! corresponding to a specific
power of 400 W kg at 0.5 A g''. Besides, the supercapacitor displayed a stable evolution of
capacitance, high coulombic efficiency of 99.8% and good related capacitance retention of
82.3% during a 10 000 galvanostatic charge/discharge cycles conducted for the device in an
extended cell potential of 1.6 V at 5.0 A g’ in 2.5 mol L' KNOs aqueous electrolyte. These
encouraging results demonstrate the versatile potential of the carbon materials for future
electrochemical energy storage devices.
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Introduction

The increasing pollution of the planet due to the long-term effects of greenhouse gas emissions
into the atmosphere and the finite supply of fossil fuels necessitate the implementation of
alternatives to existing energy sources such as coal, oil, and/or gas [1]. Batteries and
electrochemical capacitors (also known as supercapacitors) are the main technologies that can

be used to store renewable energy produced by solar, water and wind [2]. Because of their

2



flexible power, and energy characteristics, batteries have been widely used on different scales
and have been continuously studied among these electrochemical energy storage (EES)
technologies [3,4]. Supercapacitors (SCs) as an alternative energy storage device are at the
forefront of this research and are regarded as a specific type of device for future generation
energy storage [5,6]. SCs have been widely anticipated in the energy storage sector due to their
excellent cyclic stability and high specific power. As a result of the emergence of new
generations of electric and hybrid vehicles, SCs have attracted huge attention as an alternative
and/or complimentary device to rechargeable batteries. Therefore, it is necessary to put in more
effort to improve the energy capability of SCs [7]. The development of novel porous carbon-
based materials as electrodes for SCs applications can efficiently enhance the operating
potential of the devices and thus improve their overall specific energy or energy density since
this parameter is directly proportional to the capacitance and squared potential [8,9].
Supercapacitors are composed of two electrodes closely packed together and submerged in an
electrolyte, which serves as the conducting medium between the electrodes [10]. Based on the
energy storage mechanism, they are either electrochemical double-layer capacitors (EDLCs)
or pseudocapacitors (PCs) [11]. The PCs are oxide- and conductive polymers-based materials
owing to their high electrochemical redox reactions, which result in high values of capacity
[12]. The EDLCs possess charge separation at the electrode and electrolyte interface that is
responsible for the capacitance [13]. Owing to their high porosity, the EDLCs’ electrodes
possess a very large specific surface area and can hold even more energy per unit area, which
improves the surface for charge storage thus capable of enhancing the device’s electrochemical
performance. Carbon materials as SCs electrodes are known for excellent characteristics such
as light weight, high electrical conductivity, form, cost-effectiveness and stability [14,10]
Recently, polymer-based materials have been adopted as precursors to prepare carbons and

activated carbons with some of them being effectively utilized as electrodes for energy storage



devices application such as supercapacitors and batteries [15-21]. For instance, Sihao Yan et
al. [22] synthesized a new cross-linked activated carbon nanofibers from polyacrilonitrile
(PAN)/dicyandiamide (DICY) composite with nitrogen functionality, using facile and
controllable way via electrospinning method for supercapacitors electrode, which exhibits a
specific energy of 14.3 W hkg™! corresponding to a specific power of 162.5 W kg! at a specific
current of 0.5 A g [22]. Wang et al. [23] considered a direct carbonization method to
synthesize a nitrogen-doped porous activated carbon from polypyrrole nanowires with an good
specific capacitance for supercapacitors’ applications, which displayed a specific energy and
specific power of 13.2 W hkg! and 257 W kg™!, respectively, at a specific current of 0.33 A g
1 [23]. Recently, Chuanyin et al. [24] designed a carbonized wood cell chamber-reduced
graphene oxide@PVA (CWCC-rGO@PVA) composite. Their prepared material displayed a
high specific capacitance of 288 F g~!, an energy density of 36 Wh kg™! and a power density
0f 3600 W kg ! at scan rates of 100 mV s™! [24]. They concluded that this good electrochemical
performance is correlated to the presence of rGO combining with polyvinyl alcohol (PVA).
Therefore, the integration of the rGO into porous carbon is important for good electrochemical

performance. This is associated to their chemical stability, good electrical conductivity,

thermal stability, large surface area and the capacity to facilitate the penetration of aqueous
electrolyte [25-28]. Polymer-based porous carbon materials are currently thought to be
important in development of SCs for a variety of applications with the possibility to form
polymer’s cross- linking [29-31]. Cross-linked porous polymers such as polyvinyl alcohol
(PVA), polyvinyl pyrrolidone (PVP), polyaniline (PANI) and polypyrrole (PPy) offer a great
opportunity to control porous structure, surface area and adsorption properties which are crucial
parameters for a good EDLC electrode [32—34]. Among the polymer-based porous carbon
materials, polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP) have the capacity to offer

a high crosslinked polymer hydrogel with dipole interaction, ionic bonds and hydrogen bonds



[35,36]. These are associated with the presence of the ldol-condensation reaction formed from
OH groups in the long molecular chain PVA and further created a blending of PVP onto PVA
matrix and stable -C-O-C- multi-faceted cross-linking. This cross-linking also has the potential
to minimise the swelling of the PVA and the creation of more irregular interconnected pores
which facilitate the diffusion of ions due to the high cross-linking density and denser packing
of polymer chain promoted by the PVP [29,34-38]. Additionally, PVA and PVP are non-toxic,
semi crystalline and water-soluble synthetic polymers [39,40].

In this study, we report the utilization of cross-linked PVA and PVP polymer-based precursor
to prepare activated carbons via a facile two-step synthesis technique. The prepared samples
characterized by using BET and SEM, reveal high specific surface areas along with high void
fractions. Electrochemical analysis of the cross-linked polymer-based activated carbons
conducted as three-electrodes showed the samples’ potential as electrode materials for
supercapacitors’ applications in 2.5 mol L' KNOs. Interestingly, the superior charge transport
dynamics was recorded with the AC-PVA/rGO/PVP electrode which provide the ideal pore
sizes for efficient ion transport and charge storage. The KNO3 (K*, NO3") aqueous electrolyte
has a high conductivity, non-corrosive, is environmentally friendly and cheap to synthesize
[41]. Thus, AC-PVA/rGO/PVP electrode was used to fabricate a symmetric device (AC-
PVA/rGO/PVP//AC-PVA/rfGO/PVP) in 2.5 mol L' KNOs. The full cell device exhibited a
high specific energy of 19.5 W h kg™! corresponding to a specific power of 400 W kg at a
specific current of 0.5 A g!. The device also displayed a stable evolution of capacitance, high
coulombic efficiency of 99.8% and good related capacitance retention of 82.3% during a 10
000 galvanostatic charge/discharge cycles cycling test conducted in an extended cell potential
of 1.6 V at 5.0 A g'!. These encouraging results demonstrate the versatile potential of the carbon

materials for future electrochemical energy storage devices.



2. Experimental

2.1 Synthesis of activated carbon from polyvinyl alcohol (AC-PVA)

2.1.1 Preparation of PVA powder

50 mg of PVA (molecular weight: 89000-98000, 0.1 wt%) was dispersed in 50mL of deionized
(DI) water and then stirred at 80 °C until viscous (whitish-thick fluid). The recovered mixture
was taken through a hydrothermal process using a Teflon-lined autoclave at 180 °C for a period
14 h as shown in scheme 1(a). The obtained solid sample (PVA powder) was washed with DI

water until neutral pH and dried overnight at 60 °C in an electric oven.

(a)

Hydrothermal process
(180 °C for 14 hours)

"7$

(b)
Dried PVA Activation
Potassium
-y 700 °C for 2h AC- PVA

hydroxide 5= et 8

Scheme 1. Schematic of the synthesis route of (a) the dried polyvinyl alcohol (PVA) and (b)

activated carbon from polyvinyl alcohol (AC-PVA) samples.

2.1.2 Preparation of activated carbon from polyvinyl alcohol (AC-PVA)
The activated carbon from polyvinyl alcohol (AC-PV A) was obtained by one step of activation
process. The dried PVA powder was activated at 700 “C (at a ramping rate of 5 °C min™) in

300 scem flow of argon gas for 2 h using KOH as the activating agent in ratio 1(PVA):2(KOH)



as depicted in scheme 1(b). The obtained product (AC-PVA) was severally washed with DI
water and then dried at 60 °C overnight.

2.2 Synthesis of activated carbon from polyvinyl alcohol and reduced graphene oxide
(AC-PVA/rGO) sample

2.2.1 Synthesis of rGO

The reduced graphene oxide (rGO) adopted in this study was synthesized at room temperature
using a modified Hummers method already reported [42]. In the synthesis process, 1.0 g of
graphite powder and 6.0 g of KMnO4 were put together in a beaker containing 120 mL of
concentrated sulphuric acid (H2S04) (95-99.9%). The mixture was stirred for 15 min to secure
a homogeneous dispersion of the solution. This was then transferred into a silicone oil bath and
further stirred at 50 °C for 180 min. The obtained thick dark-grey solution was left to cool
down to room temperature. A stoichiometric volume of 30% H20: and distilled water was
subsequently poured into the solution to subdue residual permanganate and manganese (IV)
oxide mixture to a colourless soluble manganese sulphate. The reacted solution was then stirred
for 1 min and then centrifuged for 10 min with the supernatant decanted away. The recovered
gelatinous solution was re-dispersed in distilled water by mechanical shaking (250
oscillations/minute) for 1 h to reduce the graphene oxide sample, with additional centrifugation
for 30 min. The recovered solid (reduced graphene oxide) was dried overnight in an electric

furnace under normal pressure at a temperature of 90 °C.

2.2.2 Preparation of polyvinyl alcohol and reduced graphene oxide (PVA/rGO)

50 mg of rGO was first dispersed in 50 ml of DI water and then added with 50 mL of PVA.
Thereafter, the procedure adopted in preparation of PVA (see section 2.1.1) was repeated to

obtain the dried PVA/rGO.



2.2.3 Preparation of activated carbon from polyvinyl alcohol/reduced graphene (AC-

PVA/rGO) sample

The obtained dried PVA/rGO sample was mixed with KOH in ratio 1(PVA/rGO):2(KOH) then
activated by following the procedure already stated in section 2.1.2 (scheme 1 (b)).

2.3 Synthesis of activated carbon from polyvinyl alcohol/reduced graphene/polyvinyl
pyrrolidone (AC-PVA/rGO/PVP) materials

2.3.1 Preparation of PVA/rGO sample

50 mg of rGO was first dispersed in 50 mL of DI water and then added with 50 mg of PVP
(molecular weight: 10 000). The mixture was stirred to obtain homogenous solution and was
later added into 50 mL of the viscous mixture of PV A/water. Thereafter, the procedure adopted

in section 2.1.1 was repeated to obtain the PVA/rGO powder material.

2.3.2. Preparation of AC-PVA/rGO/PVP prepared materials
The dried PVA/GO/PVP material was activated using KOH in a ratio

1(PVA/rGO/PVP):2(KOH) following the procedure already described in section 2.1.2 (scheme

1 (b)).

2.2 Material characterization

The structural analysis of the as-prepared nanomaterials was studied by using a Bruker BV 2D
PHASER Best Benchtop (PANalytical BV, Amsterdam, Netherland) equipment operating with
CuKa1 (A=0.15406 nm) source at 30 mA and 50 kV with 06/20 reflection geometry in the range
from 5-90 © and in a step size of 0.005 °. Raman spectroscopy analysis of the materials was
carried out with the aid of a WITec alpha 300 RAS+ Confocal micro-Raman microscope
(Focus Innovations, Ulm, Germany) with the laser wavelength set at 532 nm over a 180 s
spectral acquisition time and laser power of 5 mW 532 nm. A Zeiss Ultra plus 55 field emission

scanning electron microscope (FE-SEM) (Akishima, Japan) operated at a potential of 2.0 kV



and equipped with energy dispersive X-ray (EDX) device was used to investigate the samples’
morphology and elemental compositions. In order to analyse the porous structure of as prepared
materials, a Quantachrome (NOVA touch NT 2LX-1, Volts 220 USA) operated with the
Quantachrome TouchWin Software Version: 1.22 was used with a Brunauer—Emmett-Teller
(BET) technique. The N2-absorption/desorption isotherms and the specific surface area values
of the materials were obtained by using the adsorption branch in the relative pressure range
(P/Po) of 0.05 - 0.95. The specific surface area values were calculated in the relative pressure
range of 0.05 - 0.3. The pore size distribution (PSD) of the samples was determined by the
density functional theory (DFT) method. Before the measurements, the samples were degassed
at 150 °C for 12 h under vacuum.

2.3 Electrochemical characterization

For the fabrication of electrodes, 80 wt.% of active material, 10 wt.% of conductive carbon
acetylene black and 10 wt.% polyvinylidene difluoride (PVDF) as a binder were homogenized
and dispersed in 1-methyl-2- pyrrolidinone (NMP) to make a slurry using an agate
pestle/mortar. The resulting mixture was uniformly pasted on a 1 cm? nickel foam (NF) support
and dried overnight at 60 °C to ensure complete evaporation of the solvent. The loading mass
of active materials was determined to be ~ 2.5 mg ¢m™ for all the samples. Electrochemical
measurements of the electrodes performed by using a 16-channel Biologic VMP-300
potentiostat (Knoxville TN37,930, USA) controlled by the EC-Lab V11.33 software at room
temperature, were carried out in a three-electrode system using the 3 M KCl saturated Ag/AgCl
and glassy carbon as reference electrode (RE) and counter electrode (CE), respectively. The
three-electrode measurements were initially performed to understand the charge storage
mechanism of the materials in 2.5 M KNO3 aqueous solution in a reverse potential range of 0—
0.8 V and - 0.8-0 V vs Ag/AgCl, respectively, for both the cyclic voltammetry (CV)

galvanostatic charge/discharge (GCD) tests conducted on the samples. Different



electrochemical properties such as CV, GCD, electrochemical impedance spectroscopy (EIS)
and cycling stability tests were carried out on the as-prepared materials. The CV test was done
at different scan rates ranging from 10 mV s to 100 mV s! while the galvanostatic GCD
analysis was carried out at different current densities from 0.5 A g! to 10 A g''. The EIS was

conducted in an open circuit potential at a frequency range of 10 mHz - 100 kHz.

The specific capacitance Csp of the as-prepared single half-cell electrode was calculated by

using the formula stated in equation (1) [43]:

oo P (1)

Where 1 (mA) is the charge/discharge current, AV (V)corresponds to operating potential
window, At(s) is the discharge time, m (mg) represents the amount of active material

electrodes.
The specific capacitance CS for the symmetric device is given by the equation below using the

total mass my (mg) [44,45].

IAt

C “mav (Fgh 2)

The specific energy and specific power were evaluated through the discharge profiles by using

equations (3 and 4) [45].

2
E, - SAY (Whkg?) 3)
7.2
Eq -1
Py =3600-2 (Wkg™) @)

where Ed and Fﬁ are the specific energy and specific power, respectively.

The columbic efficiency, C. was assessed over the cell potential by using the following

equation (5) from the GCD curves [46].
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C.=2x100 ®)

C

Where t, and t. stand discharge and charge time, respectively.

3. Results and discussion

3.1 Structural, textural and morphological characterization

Fig. 1 shows the XRD patterns of the as-prepared carbon samples. The X-ray diffraction
analysis reveals comparable patterns for all the as-prepared samples, showing peaks associated

with graphite materials.
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Fig. 1. XRD patterns of AC-PVA, AC-PVA/rGO and AC-PVA/rGO/PVP composites.

The analysis revealed all samples are amorphous in nature, showing diffraction peaks at around
20 = 22 ° and 45 ° that are ascribed to characteristic (0 0 2) and (1 0 1) planes of carbon,

respectively, with JCPDS number: 41-1487 [10].
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Fig. 2. (a) Raman spectra, (b-d) Raman spectra deconvolution for AC-PVA, AC-PVA/rGO and
AC-PVA/rGO/PVP composites, respectively, (e) plot of ratio of D to G, and (f) plot of ratio of
D” to G for AC-PVA, AC-PVA/rGO and AC-PVA/rGO/PVP composites, respectively.

For the study of textural defects in carbon materials, Raman Spectroscopy has remained one of
the most important procedures [47]. Fig. 2(a) is the representative Raman analysis of as-
synthesized polymer-based activated carbon materials, while Fig. 2(b-d) reveals the
deconvoluted Raman spectra analysis of the activated carbon samples. For all the prepared
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materials, the analysis shows two prominent peaks at 1337 cm™' (D band) and 1590 cm™ (G
band). The noticed peak at 1337 cm™! is a characteristic of disordered graphite structure and
corresponds to the C—C graphitic lattice vibration mode with Aig symmetry. In the presence of
defects, the D-peak could be due to the breathing modes of sp? rings being triggered by a dual
resonance effect [48]. The observed peak at 1590 cm! is a result of the in-plane stretching
phonon mode of C-C bond in the graphitized carbon materials [10]. A broad peak in their range
of 2400-3300 cm™! was observed in all prepared samples. The hump can be attributed to the

amalgamation for several overtone peaks; 2D*, 2D, D+G and 2D' [49,50].

The deconvoluted peaks (Fig. 2(b-d)) were done to examine the different vibrational modes of
the activated carbon material in greater details, using Lorentzian curve fittings of the various
combinations in accordance with previously published similar materials from the literature
[51]. In addition, the deconvolution was also used to obtain the integral areas of the D and G
peaks, which were then used to determine the D/G ratio of the disordered carbon (D) relative
to graphitic carbon [52]. The origin of D” band is linked to the amorphous carbon and the
lattice vibrations referred to as sp>-sp> bonds trigger the D* band [53,54]. Fig. 2(e) displays the
plot of (In/Ic) ratio as function of the carbon materials. The estimated In/Ig are 3.12, 2.60, and
3.37 for AC-PVA, AC-PVA-rGO, and AC-PVA/rGO/PVP samples, respectively, confirming
the high ratio disordered nature of the as-prepared samples [55]. AC-PVA/rGO/PVP composite
exhibits higher Ip/IG values compared to others samples. Analogously, Fig. 2(f) shows the plot
of the D”/G ratio as a function of AC-PVA, AC-PVA/rGO and AC-PVA/rGO/PVP composites
which revealed a higher ratio of amorphous carbon (D”) relative to the graphitic carbon (G).
The higher ratio of disorder (D) and amorphous carbon (D”) relative to the graphitic carbon
(G) attributed to AC-PVA/rGO/PVP as compared to the others materials (AC-PVA and AC-
PVA-rGO) might allow a good wettability and more active sites, resulting in good the

electrochemical performance [41,56].
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Nitrogen gas adsorption/desorption process was performed to analyze the textural properties
of the obtained materials. Fig. (3) shows N2 adsorption-desorption isotherms and the pore size
distribution of the AC-PVA, AC-PVA/rGO and AC-PVA/rGO/PVP samples. The isotherm
curves as observed in Fig. 3(a) depicted a type [ with an H4 hysteresis loop behaviour according
to IUPAC classification [31,57,58]. This indicates that all the synthesized porous carbon
materials are mainly composed of micropores with the presence of mesopores and can provide
continuous ion-transfer channels [59]. At a low relative pressure range, the appearance of the
knee indicated an abundant presence of micropores that are responsible for the charge storage
and ions adsorption [60—62]. Moreover, the slope at medium pressure and the weak hysteresis
loop at high pressure range, are reflecting the existence of mesopores which generate pathways
for ions throughout their movement from the electrolyte to the in electrode /electrolyte interface

[46].
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Fig. 3. (a) N2 adsorption/desorption and (b) pore-size distribution of the samples.

The BET specific surface area (SSA), porosity data of the AC-PVA, AC-PVA/rGO and AC-
PVA/rGO/PVP composites are summarized in Table 1. The SSA of AC-PVA sample (1180 m?
g") increased with the addition of rGO (1709 m? g'!). However, a decrease of the AC-
PVA/rGO/PVP surface area (1215 m? g'!) is noticed with the addition of PVP in the AC-

PVA/rGO composite. The same trend is observed for the total pore volume and micropore
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volume in the activated carbon samples. The diminution of the SSA and porosity of the AC-
PVA/rGO/PVP composite could be due to the interaction of PVP with the surface sites that
might block or clog some pores of the carbon matrix [63—66]. Recently, Tie et al.[66] have
demonstrated that the SSA of the porous carbon could be reduced depending on the content of
PVP. This is related to the low utilization of pore space [66]. The pore size distribution plots
obtained by Density Functional Theory (DFT) method is shown in Fig. 3(b) and confirms the
existence of both micropores (below 2 nm) and the mesopores (above 2 nm) [67]. The presence
of hierarchically porous structures can significantly improve the diffusion and mobility of
electrolyte ions, leading to an increase in specific capacitance and rate capability of carbon
based-electrodes for supercapacitors [68]. Due to physical charge accumulation at the
electrolyte/porous carbon interface, electrical double layers usually form, so a large surface

arca becomes essential [62].

Table 1. BET analysis of as-synthesized carbon samples.

Textural properties
Samples .
BET SSA Total pore volume Micropore

2 -1 3 -1 3 -1

(mg) (ecm g ) volume (cm™ g )
AC-PVA 1180 0.50 0.46
AC-PVA/rGO 1709 0.72 0.66
AC-PVA/rGO/PVP 1215 0.51 0.47
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Fig. 4. SEM micrographs at low and high magnification of (a-b) AC-PVA, (c-d) AC-PVA/rGO

and (e-f) AC-PVA/rGO/PVP composites.

Scanning electron microscope (SEM) is a very important technique to analyze and examine the
morphological features of as-prepared materials. Fig. 4 shows SEM images of AC-PVA, AC-

PVA/rGO and AC-PVA/rGO/PVP samples at low and high magnification scales. All activated
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carbons exhibited similar porous framework morphology with irregular interconnecting
channels. It can be observed that the AC-PVA/rGO/PVP presents greater interconnected
porous network than the other samples due to the crosslinking process which creates channels
for the transport of charge carriers and could improve the electrochemical properties of the

polymer activated carbon [32,36,69].

The creation of a highly porous network on the structure of the as-prepared carbon materials
can be correlated to the potassium hydroxide (KOH) activation which releases carbon
monoxide (CO) and carbon dioxide (COz) gases upon the reaction of KOH and carbon [67].

The activation process is described as following: [70]

6 KOH+2C —> 2K +3H, +2K,CO5 (1)

The decomposition of the KOH generates potassium bicarbonate, metallic potassium and
hydrogen gas. At elevated temperatures (>700 °C) the decomposition of the potassium
bicarbonate produces CO: and CO gases which promotes further pores through carbon

gasification [71].

The production of the pores increases the surface area and pore volume of the activated carbon,
optimizing the electrochemical properties for better energy storage. The carbon framework has
varying porosity, which might help on the ion-accessible surfaces for rapid ion transport in

high performing supercapacitors [72,73].

Fig. 5(a-c) shows the EDX elemental composition of the samples with their respective
elemental wt. %, indicating the expected carbon and oxygen. All the carbon materials display
an elevated amount of carbon in the range of 85-92 wt. % and oxygen content (7 to 15 wt. %).
The addition of rtGO and PVP into AC-PVA results to the increase of carbon content but reduce
the oxygen content into the AC-PVA/rGO and AC-PVA/rGO/PVP composites. The activated

carbon from PVA/rGO/PVP exhibits the highest carbon content than the other prepared
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samples. Fig. 6 represents the elemental mapping of the various activated carbon materials
analyzed by using energy dispersive X-ray (EDX) mappings. Fig. 6(a-c) shows the mutual
elemental map of the samples with respective individual elemental map of C and O,

respectively. The revealed maps indicated a homogeneous distribution of the elements within

sample.
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Fig. 5. EDS spectra of (a) AC-PVA, (b) AC-PVA/rGO and (¢) AC-PVA/rGO/PVP composites.
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Fig. 6. EDS mapping of AC-PVA, AC-PVA/1GO and AC-PVA/rGO/PVP composites,

respectively.
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2.3.2. Three-electrode electrochemical evaluations of AC-PVA, AC-PVA/rGO and AC-
PVA/rGO/PVP

Electrochemical properties of the as-synthesized electrode materials were investigated via a
three-electrode configuration using 2.5 M KNOs solution as the electrolyte. Fig. 7(a-b) shows
the comparative cyclic voltammogram (CV) plots of as-prepared nanomaterials at a scan rate
of 50 mV s’! in the negative (-0.80 to 0 V) and positive (0 to 0.80 V) potential, respectively.
All the CV curves present the quasi-rectangular behaviour, which is typical of EDLC materials.
The AC-PVA/rGO/PVP composite is observed to exhibit a higher current response compared
to others. Fig. Sl(a-b) in the supporting information represents the galvanostatic charge-
discharge (GCD) curve of the samples in a reverse potential at a specific current of 1 A g,
respectively. However, the AC-PVA/rGO/PVP composite shows a longer discharge time
compared to AC-PVA and AC-PVA/rGO samples. The indicated values of specific capacitance
in Fig. 7(c-d) were estimated via the full GCD curves of all samples as shown in Fig. S2, Fig.
S3 (see supporting information) and Fig. 8(c-d) for AC-PVA, AC-PVA/rGO and AC-
PVA/rGO/PVP samples, respectively.

The AC-PVA/rGO/PVP electrode shows a better performance compared to the other samples
according to Fig. 7(a-b) and S1 (see the supporting information). The AC-PVA/rGO/PVP
composite is observed to exhibit a higher specific capacitance as shown in Fig. 7(c-d), resulting
from the significant impact of the rGO and PVP incorporated in the AC-PVA material. This
may be explained by the fact that micropore feature created by crosslinking makes easier for
electrolytes to make contact with the internal polymer backbone and promote the redox reaction
[35].

Electrochemical results of the AC-PVA/rGO/PVP show that the unique cross-linked structures
aid to increase electron transport as well as conductivity and wettability, resulting in a lower

internal resistance and an apparent promotion of rate capability [22,35].
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Fig. 7. (a- b) CV curves, (c-d) specific capacitance against specific current in the reverse

potential and (¢) Nyquist impedance plots of all the AC electrodes.

Fig. 7(e) depicted a Nyquist plot with the inset showing equivalent series resistance (ESR) and
resistance charge transfer (Rcr) for different as-prepared electrodes. The AC-PVA/rGO/PVP
electrode has the lowest ESR (0.54 Q) and the smallest Rct (1.0 Q) as compared to AC-PVA

(ESR = 0.95 Q, Rer = 1.25 Q) and AC-PVA/XGO (ESR = 0.65 Q, Rer = 1.10 Q). The AC-
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PVA/rGO/PVP electrode displays as well a shorter diffusion length, and is closer to the ideal
vertical line (Z”-axis). These low ESR and Rcr values for AC-PVA/rGO/PVP is attributed to
excellent ion diffusion at the electrode—electrolyte interface alongside less resistance between
the electrode material and current collector [67].

Based on the superior capacitive response of the AC-PVA/rGO/PVP material a complete
electrochemical evaluation was performed. Fig. S4 in the supporting information displays the
GCD cycling test analysis of the as-prepared samples electrodes conducted at a specific current
of 10 A g'! for up to 5000 cycles. From the Fig. S4(c), the AC-PVA/rGO/PVP electrode showed
a better stability in terms of both capacitance retention of 99.3% and coulombic efficiency
(100%) as compared to AC-PVA and AC-PVA/rGO electrodes. It is associated to a high
electronic conductivity owing to its low ESR and Rcr values (0.51 Q and 1.0 Q) as seen in Fig.
7(e). Besides, the incorporation of carbon nanomaterials induces surface dependent capacitance
dominated process, which is dependent on the carbon surface area and electronic conductivity
[10].

Fig. 8(a-b) depicted the full CV curves of AC-PVA/tGO/PVP electrode in the reverse
potentials with its corresponding GCD curves as displayed in Fig. 8(c-d) at distinct scan rates

and specific currents ranging from 5 to 100 mV s and 1 to 10 A g'!, respectively.
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Fig. 8. (a-b) complete CV curves and (c- d) GCD curves of AC-PVA/rGO/PVP in both negative

and positive potentials.

All the CV curves showed similar shapes, with the current response found to rise as the scan
rate increased from 5 to 100 mV s’!, indicating that the fast charge-discharge process is
reversible. Both the CV profiles and GCD curves display the EDLCs materials’ signature. The
sample's less distorted CV and GCD curves indicate quick ion diffusion kinetics as well as
current response on potential reversal [10]. The specific capacitance of the AC-PVA/rGO/PVP
estimated the GCD curves (as shown in figure 7 (c- d) ) in both positive and negative potential
windows at different specific currents ranging from 1 to 10 A g! via the 3-electrode
measurements were found to be 100 and 223 F g! in both positive and negative potential
windows, respectively, compared to (50 and 123) and (93 and 187) F g'! for AC-PVA and AC-

PVA/rGO electrodes at the same specific current of 1 A g'!, respectively.
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2.3.3. Electrochemical evaluations of symmetric AC-PVA/rGO/PVP//AC-PVA/rGO/PVP
device

Based on electrochemical performance of the AC-PVA/rGO/PVP electrode, a symmetric
device designated as AC-PVA/rGO/PVP//AC-PVA/rGO/PVP was fabricated to further explore
the performance of the material using the same 2.5 M KNOs electrolyte. Fig. 9(a) and (b) depict
the CV and GCD profiles of the symmetric cell recorded at a scan rate and a specific current

ranging from 10 to 100 mV s'and 0.5 to 10 A g’!, respectively, in a wider working potential

of 1.6 V.
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Fig. 9. (a) CV curves at different scan rates, (b) GCD curves at different specific currents, (c)
specific capacitance against specific currents and (d) Ragone plot of the AC-PVA/rGO/PVP
//AC-PVA/rGO/PVP symmetric device, respectively.
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The symmetric device’s specific capacitances estimated at distinct specific currents according
to Eq. (2) are plotted as a function of specific current in Fig. 9(c). The device gave a maximum
specific capacitance of about 54.8 F g! at 0.5 A g!, corresponding to a satisfying specific
energy and specific power of 19.5 W h kg™! and 400 W kg™!, respectively, as shown in Fig.
9(d). Furthermore, the specific energy remained at 13.3 W h kg™! with a specific power of 8
kW kg'!, even at high specific current of 10 A g''. These values of the specific energy and
specific power for the AC-PVA/rGO/PVP//AC-PVA/rGO/PVP device outperform those
recently reported values in the literature on activated carbon derived from polymers as shown
in Fig. 9(d) such us AC-PPY-6//AC-PPY-6 [74], PVA + PVP + graphene-base// PVA + PVP
+ graphene-base [34], PHCNF30// PHCNF30 [43], ALG-C// ALG-C [16].

Fig. 10(a) is a plot showing both capacitance retention and coulombic efficiency for the device
against cycle numbers. The symmetric supercapacitor revealed an excellent coulombic
efficiency of ~ 100% for over 10,000 GCD cycles and a capacitance retention of about 82.3 %
at a specific current of 10 A g”!', which indicates the device did not experience any remarkable
structural defect throughout the long cycling test. This unique behavior is attributed to the
remarkable nanopores and irregular interconnecting channels of the AC-PVA/rGO/PVP
electrode, which can accelerate a swift charge transport mechanism [42,75]. The good stability
of the electrode materials is due to the influence of the unique cross-linked structures between

the two polymers [22,76].
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Fig. 10. (a) Columbic efficiency and specific capacitance retention against cycle number and
(b) Nyquist plots before and after cycling test for the AC-PVA/rGO/PVP //AC-PVA/rGO/PVP

symmetric device.

Fig. 10(b) exhibits the Nyquist plots of the symmetric device before and after 10,000 cycling
test which present in low frequency a quasi-linear vertical paralleled to -Z” axis. At high
frequency (inset of the Fig. 10(b)), the ESR and Rcr values of the AC-PVA/rGO/PVP//AC-
PVA/rGO/PVP device slightly increased from 0.42 Q before cycling to 0.54 Q and from 1 Q

to 1.3 Q after 10,000 cycling test, respectively.

Conclusion

Cross-linked polymer-based activated carbon electrode materials were successfully
synthesized via a simple and efficient hydrothermal and chemical vapour deposition (CVD)
techniques. Electrochemical evaluations of the cross-linked polymer-based activated carbon
materials conducted as three-electrode showed the samples’ potential as electrode for
supercapacitors’ applications. A fabricated symmetric supercapacitor designated as AC-
PVA/tGO/PVP//AC-PVA/rGO/PVP, based on the AC-PVA/rGO/PVP as both positive and
negative electrodes could deliver a high specific energy of 19.5 W h kg! corresponding to a

specific power of 400 W kg! at a specific current of 0.5 A g!.
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The device also displayed a stable evolution of capacitance, high coulombic efficiency and
good related capacitance retention energy during a 10,000 GCD cycles cycling test conducted
in an extended cell potential of 1.6 V at 10 A g!' in 2.5 mol L' KNOs3 solution. These
encouraging results demonstrate the versatile potential of the polymer derived activated carbon

for future electrochemical energy storage devices.
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