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A B S T R A C T   

Advanced graphene-based materials have been proficiently incorporated into next-generation 
solar cells and supercapacitors because of their high electrical conductivity, large surface area, 
excellent charge-transport ability, and exceptional optical properties. Herein, we report the 
synthesis of graphene nanosheets (GNs) from waste cardboard via pyrolysis, with ethyl alcohol as 
the growth initiator. Additionally, we demonstrated the use of GNs in energy conversion and 
storage applications. Using the GN electrode in perovskite solar cells resulted in an excellent 
power conversion efficiency of ~10.41 % for an active area of 1 cm2, indicating an enhancement 
of approximately 27 % compared to conventional electrodes. Furthermore, the GNs were used as 
active electrode materials in supercapacitors with excellent electrochemical performance and a 
high gravimetric specific capacitance of 167.5 F/g at a scan rate of 2 mV/s. The developed GNs 
can be efficiently used for energy storage, conversion, and electrochemical sensing applications.   

1. Introduction 

The global increase in energy consumption necessitates the development of environmentally friendly, efficient, low-cost, and 
sustainable methods for electrical energy storage and conversion [1]. Although conventional energy resources must be enhanced to 
sustain the existing energy consumption levels, several challenges exist in achieving this purpose, including poor performance, 
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environmental pollution, and the annihilation of resources [2,3]. Therefore, alternative renewable energy resources, such as solar, 
geothermal, and hydroelectric sources and fuel cells, have been explored for application in energy conversion systems. Among the 
available energy alternatives, solar energy is considered a clean, sustainable solution that complements conventional forms of energy. 
In conjunction with energy conversion systems, supercapacitors are promising energy storage components for application in electric 
vehicles, microgrids, and energy harvesting systems [4,5]. Supercapacitors’ excellent cycling stability and high power densities render 
them superior to conventional aluminium electrolytic capacitors for alternative line filtering applications [6,7]. However, the ma
terials used for manufacturing solar cells and electrodes affect their performance (D. [8]). Therefore, advanced graphene-based ma
terials with high electrical conductivity, large surface area, excellent charge-transport ability, and exceptional optical properties are 
considered promising for the development of next-generation solar cells and supercapacitor devices ([9–11,11–15]; K. [16,17]). 
However, the bulk production of these graphene-based materials still needs to be improved. 

Bulk-scale graphene production predominantly uses top-down approaches, wherein graphite is chemically exfoliated; this 
approach involves harsh chemical treatments and post-processing methods to reduce structural defects [18,19]. Although bottom-up 
approaches, such as chemical vapour deposition, can produce high-quality graphene, they are often restricted to small-scale graphene 
production and are helpful only for laboratory applications [20]. Thus far, considerable efforts have been devoted to producing 
bulk-scale graphene from low-cost or negative-monetary-value materials using thermal treatment technologies, such as gasification, 
oxidation, and pyrolysis [21]. The thermochemical transformation of organic waste materials into carbon materials and volatile matter 
using pyrolysis under inert environmental conditions (in the presence of N2 or Ar) has exhibited significant potential for the conversion 
of municipal solid waste (MSW) to value-added products; this transformation is considered a feasible solution for solid waste man
agement ([22]; X. [23]). In addition to thermochemical processes, a rapid and cost-effective method has been reported for converting 
waste materials into valuable graphene flakes in less than 1 s using a short electrical pulse, termed “flash graphene”[24]. Although this 
technology is relatively new, bulk quantities of graphene can be efficiently prepared using inexpensive carbon sources, such as coal, 
tyres, biochar, and plastic waste. 

MSW generated from urban areas primarily comprises organic waste, plastic, paper, cardboard, textiles, leather, rubber, glass, 
metals, and miscellaneous materials, containing a significant amount of carbon ([25]; Barbhuiya, Kumar, Singh, Munish K [24]). 
According to a World Bank report, the global waste composition includes 44 % of food and green products (biowastes) and 17 % of 
paper and cardboard, with a significant amount of plastic, leather, wood, glass, metals, and other materials [26]. Cardboard is a 

Scheme 1. Synthesis of graphene nanosheets (GNs) from waste cardboard.  
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commonly used packaging material, and its disposal in landfills leads to significant greenhouse gas emissions [27,28]. Therefore, 
transforming waste cardboard into high-quality graphene materials can facilitate waste management and yield a high-value product 
[28]. 

This study used a cost-effective pyrolysis method to prepare graphene nanosheets (GNs) from waste cardboard. The fabricated GNs 
were then used for energy conversion and storage applications. We successfully demonstrated the utilisation of GNs as electrode 
materials for perovskite solar cells (PSCs), wherein the GNs enhanced the device parameters. Additionally, we fabricated a super
capacitor device using the GNs as the active electrode material and achieved a significantly high specific capacitance with adequate 
cyclic stability. The study findings confirm that carbon-containing waste is a valuable source for the low-cost production of GNs, 
demonstrating the concept of waste-to-energy conversion using an environmentally friendly and sustainable method. 

2. Material and methods 

2.1. Synthesis of GNs from waste cardboard 

Scheme 1 depicts the process of synthesising GNs from waste cardboard. The waste cardboard collected from a local market (about 
50 kg) was shredded using a shredder, washed in 5 % aqueous ethanol solution, and dipped in 10 % aqueous ethanol overnight to 
prepare a slurry paste inside the washing unit. 

Subsequently, the slurry paste was kneaded to yield a uniform slurry, which was crushed using a high-strength mechanical mixer 
inside the washing unit. This paste was dried inside the drying unit and transferred to a mixing unit, where the precursor material’s 
dried clusters were converted into fine powder-like materials. The dried mass was then placed inside a pyrolysis reactor comprising a 
vertically hollow stainless-steel cylindrical feeder unit with a capacity of 0.41 m3. Pyrolysis was performed in an N2 atmosphere at a 
temperature of 700 ◦C with a heating rate of 10 ◦C/min for 70 min, which resulted in a puffy black carbon material. This material was 
subjected to ball milling to obtain a fine black powder, which was subsequently characterised as GNs. 

2.2. Characterizations 

The GNs obtained from pyrolysis were characterised using spectroscopic and imaging techniques. A confocal micro-Raman 
spectrometer (AIRIX, STR 500) with an excitation beam length of 532 nm was used to confirm the graphitic skeleton and the qual
ity of the GNs. Fourier transform infrared (FT-IR) spectroscopy was performed to identify oxygen-containing functional groups within 
the GNs using an FT-IR spectrometer (Lambda-2, PerkinElmer). We performed X-ray photoelectron spectroscopy (XPS) using an 
ESCALAB 250 system (Thermo Fisher Scientific, USA) with an ultrahigh vacuum (10− 9 bar), which was installed using an Al Kα X-ray 
source (beam size of 500 μm) and a monochromator to analyse the elemental composition of the powdered samples. The X-ray 
diffraction (XRD) analysis was performed using a Rigaku MiniFlex-II instrument with the Cu-Kɑ radiation of wavelength k = 1.5418 Å. 
The thermal stabilities of the samples were explored via thermogravimetric analysis (TGA; Q500 V20.13 Build 39 Instruments). Each 
sample was placed on the sample holder and heated to 1000 ◦C at 10 ◦C/min in an N2 atmosphere (5 min purge, 90 mL/min). The 
surface morphologies of the prepared GNs were characterised based on field-emission scanning electron microscopy (FESEM), per
formed using NOVA FESEM 900 (NOVA) and JEM 2100 (JEOL, Japan) instruments. For SEM imaging, the samples were oven-dried at 
60 ◦C for 6 h and mounted on the SEM stub using a double-sided carbon tape. Subsequently, the samples were sputter-coated with Au/ 
Pd to collect the secondary electrons on their surfaces efficiently. High-resolution transmission electron microscopy (HRTEM) images 
of the GN samples were obtained using a T12 200 kV TEM instrument (FEI, TWIN Electron Optics) with an input voltage of 120 kV. 
Before the analysis, the powdered sample was dissolved in deionised water and sonicated for 30 min. The TEM grids were prepared by 
placing the 2 μL of diluted and sonicated sample solutions on a carbon-coated copper grid and evaporating them at room temperature. 

2.3. Fabrication and characterisation of PSCs 

After synthesising the GNs from waste cardboard, PSCs were fabricated per our previously reported methodology [29]. Herein, 
monolithic carbon electrodes (Solaronix) were used as the substrates, which were heated at 450 ◦C inside a muffle furnace for 30 min 
and cooled to room temperature. A methyl ammonium lead iodide (MAPbI3) perovskite ink was prepared by mixing methyl ammo
nium iodide (MAI) and PbI2, with a molar ratio of 1:1, in 1 ml of dimethylformamide under ambient conditions. The two devices were 
fabricated using two different configurations. One device (D1) was fabricated by simply depositing perovskite ink via a single-step 
drop-casting method, whereas the other device (D2) was fabricated using a two-step procedure. Device D2 was fabricated by 
drop-casting the perovskite ink and dispersing the GNs in chlorobenzene (1 mg in 2 ml). Subsequently, both devices D1 and D2 were 
annealed for 10 min at 70 ◦C and subjected to current density–voltage (J–V) measurements using a solar simulator (AM 1.5 G, class 
AAA, Photo Emission Tech Inc.) and a Keithley 2400 source measure system. 

2.4. Preparation of electrodes and electrochemical analysis 

The synthesised GNs were used as electrode materials to fabricate the supercapacitor device. The electrode was fabricated by 
preparing a sticky paste of GNs in a magnetic stirrer, using 10 wt% polyvinylidene fluoride in acetone, which served as a binder for the 
system. The prepared sticky GN paste was coated on two separate graphite sheets with 1 cm × 1 cm dimensions and dried in a vacuum 
oven for 24 h. The weights of non-coated and coated substrates were separately measured to calculate the mass loading of each 
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electrode substrate. Finally, a symmetrical supercapacitor device architecture was fabricated, wherein individually coated and dried 
electrodes were sandwiched by inserting a Millipore filter paper immersed in a 1 M H3PO4 electrolyte. The electrochemical behaviour 
of the device was then measured using cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), galvanostatic char
ge–discharge (GCD), and cyclic stability tests. The entire testing was performed using the two-electrode system of the Metrohm 
Autolab electrochemical workstation. 

3. Results and discussion 

The physicochemical properties of the fine black powder prepared via the pyrolysis of cardboard were characterised using different 
spectroscopic and digital imaging techniques. Raman spectra were recorded to characterise the graphitic nature of the as-prepared 
powders (Fig. 1(a)). Two dominant peaks were observed in the spectra at approximately 1345.77 and 1598.38 cm− 1, correspond
ing to D and G bands, respectively. The conversion of waste cardboard into GNs during pyrolysis at high temperatures resulted in the 
appearance of the D peak, which indicated the formation of defects and the presence of sp3 carbon atoms in the GN samples. The 
presence of the G band in the spectra of GN samples confirmed the conversion of cardboard into sp2 hybridised carbon atoms, indi
cating the first-order scattering and electron transfer within the GNs. The increase in the heating rate during pyrolysis was responsible 
for the higher intensity of the G band compared with that of the D band in the GN sample spectra, resulting in a D-to-G band intensity 
ratio (ID/IG) of 0.85; this validated the presence of high domains in sp2 carbon atoms. Furthermore, the hump-like shape at 
approximately 2900 cm− 1 suggested the presence of a D + G band, confirming the disorder within the GN surfaces. The FT-IR 
spectroscopic analysis confirmed the presence of various functional groups within the GNs (Fig. 1(b)). The recorded FT-IR spectra 
exhibited different peaks at approximately 3412 cm− 1, weak peaks at 2920 and 2862 cm− 1, a medium peak at 1612 cm− 1, a medium 
peak at 1410 cm− 1, and a sharp peak at 1058 cm− 1, corresponding to –OH stretching, –CH stretching, –C––C– stretching, –C––O 
stretching, –C–OH stretching, and –C–O stretching, respectively. The oxygen-containing groups indicated defects or impurities in the 
GNs, which were also observed in the Raman analysis. We performed the XRD analysis to characterise further the GN samples’ 
graphitic nature (Fig. 1(c)). A sharp peak at 2θ = 26.40◦ and a small peak at 42.41◦ confirmed the graphitic characteristics of the GNs 
[30]. Fig. 1(d) illustrates the TGA results of the GNs, confirming the consecutive degradation of the material. The first stage of 

Fig. 1. (a) Raman spectra of graphene nanosheets (GNs) obtained from waste cardboard. (b) Fourier transform infrared (FT-IR) spectra of the dried 
GNs. (c) X-ray diffraction (XRD) analysis of GNs. (d) Thermogravimetric analysis (TGA) graph of the GNs. 
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degradation was identified in the range of 24.76–200 ◦C, indicating the presence of moisture in the GNs. The second- and third-stage 
degradations were observed between approximately 200 and 700 ◦C and 700 and 1000 ◦C, respectively. These were attributed to 
eliminating oxygen functionalities and the degradation of the carbon backbone in the GNs. An approximate weight loss of 52.18 % 
(approximately 100–200 ◦C) was caused by removing the excess water content in the structure of GNs. However, in the range of 
200–1000 ◦C, approximately 8.15 % of the total weight loss indicated high thermal stability, confirming the pure graphitic compo
sition of the GNs. 

The atomic chemical composition of the fabricated GNs was further analysed using XPS. Fig. 2(a) depicts the wide-scan XPS spectra 
of the GNs, indicating two significant peaks for O 1s and C 1s at 532.78 and 284.81 eV, respectively, corresponding to carbon and 
oxygen as the major chemical components, respectively. However, the minimal amounts of <1 % nitrogen and iron were attributed to 
the impurities associated with the raw cardboard samples. In Fig. 2(b), a slight shift of C 1s peaks from 284.8 to ~284.7 eV indicates 
the presence of sp2 and sp3 hybrid carbon atoms in the GN samples [11]. The presence of >10 % carbon in the form of C––O and 
O–C––O confirms that the prepared GNs contain a distorted or non-uniform graphene structure, which can be attributed to the high 
temperature and long duration of the pyrolysis process. Additionally, the deconvoluted O 1s spectra indicate the presence of C––O, 
C–OH, and C–O–C bonds in the GN samples at 531.7, ~532.66, and 533.64 eV, respectively (Fig. 2(d)). 

We performed HRTEM further to investigate the internal morphology and structure of the GNs. The HRTEM images indicated that 
the size of GNs was in the micrometre range (Fig. 3(a)). Additionally, the presence of wrinkled and rippled structures confirmed the 
formation of multilayered GNs, resulting in a large surface area; this renders the material suitable for fabricating electrodes of third- 
generation solar cells and supercapacitors, as reported previously [24]. The rippled structure of the GNs was attributed to the thermal 
expansion of the cardboard during pyrolysis (Fig. 3(b)) [31]. Furthermore, the surface morphology of the GN powder verified the 
nanometer scale of the graphene sheets. 

We also observed grain boundaries and corrugated edges in the HRTEM images, which render the GN material suitable for 
fabricating electrodes of third-generation solar cells and supercapacitors, as reported previously [32]. The FESEM images of the GNs 
indicate the porous and rough surface morphologies of the synthesised GNs, which are known to endow the GNs with metallic 
behaviour [30]. The hill stack plot derived from the FESEM image of the GNs confirmed the surface roughness and porosity of the GNs 
and the presence of corrugated edges, which further validated the suitability of GNs for supercapacitor applications (Fig. 3(c)). 
Furthermore, the three-dimensional (3D) surface morphology observed in the FESEM images of the GNs was analysed based on the 

Fig. 2. (a) X-ray photoelectron spectroscopy (XPS) spectra of the fabricated graphene nanosheets (GNs). (b) Elemental composition of GNs. 
Deconvoluted XPS spectra: (c) C 1s (d) and O 1s peaks. 
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topology of the GNs, which indicated the interconnected networks of the few-layer stacks of the GNs. Fig. 3(d) suggests that each stack 
of the GNs is well connected to the other stacks. The 3D surface morphology of the GNs further confirmed the presence of corrugated 
edges, which can be beneficial for supercapacitor applications [10]. Therefore, the synthesised GNs can be used as a universal material 
for energy conversion and storage applications. 

Graphene is widely known for its rapid charge-transport ability, which helps improve photovoltaic device characteristics. 
Therefore, we fabricated PSCs to analyse the applicability of GNs in photoconversion applications. Incorporating GNs into the carbon 
electrodes of PSCs enhanced the charge transportation and reduced recombination losses. The high conductivity and large surface area 
of the GNs facilitated the transportation of electrons from the perovskite layer to the carbon electrode, thereby reducing the charge 
recombination losses. Moreover, incorporating GNs enhanced the stability and durability of PSCs by preventing carbon electrode 
degradation under harsh operating conditions. One of the perovskite solar cell devices (D1) was fabricated on the printed monolithic 
carbon electrode with the configuration of glass/FTO/TiO2/ZrO2/conducting carbon (Fig. 4(a)). Herein, the MAPbI3 perovskite layer 
was deposited via the drop-casting method. The other PSC device (D2) was fabricated on the same monolithic carbon electrode by 
drop-casting the same MAPbI3 perovskite ink, followed by the drop-casting of the dispersion of GNs in carbon black. Both devices were 
then annealed at 70 ◦C for 10 min (Scheme 2). 

However, the GN-treated device D2 absorbed the perovskite ink, and a dense dispersion of GNs was added to the upper layer of the 
electrode. Owing to the large surface area of GNs, the GN particles failed to cross the microchannels of the porous carbon layer, thereby 
uniformly spreading on the carbon layer surface. Additionally, the dispersion of GNs in chlorobenzene served as a dual performer to 
improve the device performance by increasing the current density and Voc, which was reflected in the device’s power conversion 
efficiency (PCE). This improvement was primarily because of the smooth transportation of charges at the upper interface, which 
improved the device’s fill factor (FF). Fig. 4(b) depicts the J–V characteristics of the untreated (D1) and treated (D2) devices, where the 
red and black lines represent the untreated device (reference device) and the treated device, respectively. Table 1 lists the comparative 
parameters of the two devices. 

As indicated in Table 1, the short-circuit current (Jsc), Voc, and FF of the GN-treated device (D2) improved compared with those of 
the untreated device (D1). Consequently, the overall PCE increased from 13.98 to 15.80 % for a large active area of 1 cm2. This increase 
in the PCE validates that incorporating GNs decelerates the recombination process and improves the interface properties between the 
carbon electrode and perovskite layer. Further, we also investigated the photocurrent (Jph), which can be estimated by subtracting the 
dark current (JD) from the light current (JL), i.e. Jph = JL-JD, and simultaneously plotted with the effective applied bias voltage, i.e. Veff 
= Vo-V, where Vo is referred to the compensation voltage at which light current is equal to the dark current, i.e. JL = JD. Fig. 4 (c) 
showed an apparent change in the effective bias voltage in the control and graphene-added device. Jph is linearly proportional to Vo -V 
up to 0.3 V for untreated devices, as shown in Fig. 4(c). By comparing the Jph vs Vo -V graph of untreated and treated devices, it has 

Fig. 3. (a) High-resolution transmission electron microscopy (HRTEM) images of the graphene nanosheets (GNs) obtained from waste cardboard. 
(b) Field-emission scanning electron microscopy (FESEM) image of the fabricated GNs. (c) Hill stack plot of the FESEM image of the GNs. (d) Three- 
dimensional (3D) surface morphology obtained from the FESEM image of the GNs. 
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been observed from Fig. 4(c) that the treated device has a high value of diffusion current as compared to an unexposed device. The 
photocurrent analysis also shows that current improvement is due to better charge transport and improved interface contact between 
carbon electrode and perovskite active layer. The higher value of photocurrent saturation in graphene-added devices suggested a 
larger diffusion current and told the reason for the excellent performance in the graphene-added PSCs. The enhanced parameters of the 
PSCs are also associated with the high capacitance of the GNs because of their large surface area. A previous study has demonstrated 
that a higher capacitance of the carbon electrode results in a higher charge storage capacity and a lower charge recombination rate, 
increasing the efficiency and stability of PSCs [33]. The higher capacitance also improves the overall photovoltaic performance of the 
device by enabling more efficient charge separation and transportation. Therefore, to understand the capacitance properties, the 
energy storage capability of GNs was analysed by fabricating symmetrical supercapacitor devices using graphite electrodes. The GNs 
synthesised from waste cardboard were used as active electrode materials for graphite-based electrodes. Furthermore, 1 M H3PO4 was 
used as the electrolyte. The CV curves of the fabricated device exhibited a leaf-like shape, which deviated slightly from the standard 
rectangular curves (Fig. 5). The specific capacitance (Cs) was calculated from the CV curve using the following equation: 

Cs= ʃ
ΔI

2 mkΔV
dV (1)  

Where ΔI (Ia − Ic) is half the integration value of the CV curve, and Ia and Ic denote the anodic and cathodic currents, respectively. 
Further, k represents the scan rate (mV/s), m represents the active material’s mass (g), and the potential window is denoted by ΔV (V). 

The GCD measurements were obtained based on the current densities of 0.5, 1, 2, and 5 A/g in the voltage range of 0–1 V. Fig. 6(a) 
illustrates the GCD curves of the GN-based supercapacitor device, which are nearly triangular. Therefore, the devices exhibit the 
fundamental characteristics of supercapacitors, whereas their reversible charging and discharging properties confirm the ideal 
characteristics of the electric double-layer capacitor (EDLC). The value of Cs can be obtained from the GCD curves as follows: 

Cs =
I × Δt

m × ΔV
(2)  

Where I represent the current (A); Δt denotes the discharging time (s); m indicates the mass loaded on the electrodes (g); and ΔV V 
represents the potential window used for testing. The value of Cs obtained from the CV analysis (Table 2) was approximately equal to 

Fig. 4. (a) Device geometry of the graphene nanosheet (GN)-doped perovskite solar cell (PSC). (b) Current density–voltage (J–V) characteristics of 
PSC devices D1 (untreated; red line) and D2 (treated, carbon + GNs; black line). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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that measured using the GCD curve. However, the value of Cs tended to decrease at high current densities owing to the low diffusion 
rate and migration of ions between the interface of the electrode and separator. Table 3 lists the values of Cs at different current 
densities, including 0.5, 1, 2, and 5 A/g; the highest value is indicated in bold. 

We performed EIS to investigate the material’s internal resistance and analyse the GNs’ capacitance. The EIS measurements were 
obtained using a sinusoidal signal of 10 mV in the frequency range of 10 mHz–1 MHz. Fig. 6(b) depicts the Nyquist plot obtained from 
the EIS data considering the actual impedance (Z) and imaginary impedance (Z") of the fabricated device. An ideal Nyquist plot should 
depict a semicircle with a straight line at an angle of 90◦, where the semicircle represents the charge-transfer resistance (Rct) between 
the electrode and electrolyte. However, the Nyquist plot obtained in this study exhibited a significant deviation from the standard 
Nyquist plot for EDLC because only a curved line was observed in the low-frequency region; this may be attributed to the low faradaic 
resistance within the electrolyte. All the components were fitted into a circuit using Autolab NOVA 2.0 software, shown in Fig. 6(c), 
where W denotes the Warburg resistance that arose due to the straight line at 45◦ to the real axis. The circuit fitting reflects the value of 
Rs equivalent to 0.9 Ω, indicating less resistance in the electrolytic solution. The capacitance was determined using Equation (3) from 
the EIS data as follows: 

Cs = −
1

2πfZ″ (3)  

Where f represents the lowest frequency, and Z" denotes the imaginary impedance. Notable depression in the capacitance values 

Scheme 2. Fabrication process of the graphene nanosheets (GNs) doped with carbon perovskite solar cells (PSCs).  

Table 1 
Various device parameters of standard PSCs and GN-based PSCs.  

Device Jsc (mA/cm2) Voc (V) Fill factor (%) PCE (%) 

Untreated 21.05 1.02 60.04 13.98 
Treated 22.51 1.09 64.28 15.80  
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Fig. 5. Cyclic voltammetry (CV) plots of the supercapacitor devices fabricated using graphene nanosheets (GNs) at numerous scan rates.  

Fig. 6. (a) Galvanostatic charge–discharge (GCD) plots at different current densities of the graphene nanosheet (GN)-based supercapacitor device. 
(b) Electrochemical impedance spectroscopy (EIS) spectra of the GN-based supercapacitor device in the frequency range of 1 MHz–1 mHz. (c) Fitted 
Equivalent Circuit corresponding to the EIS data. 

Table 2 
Specific capacitance values of the supercapacitors at various scan rates based on the CV curve.  

Scan rate (mV/s) 2 5 10 20 50 100 200 

Cs (F/g) 167.5 107.0 72.0 48.3 28.3 18.8 12.6  

Table 3 
The specific capacitance of the supercapacitor device at various current densities is calculated using the GCD curves.  

Current density (A/g) 0.5 1 2 5 

Cs (F/g) 166 106 31 16  
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obtained using the EIS data was observed after the 5000 charge-discharge cycles. Table 4 lists the values of Cs at a frequency of 1 mHz 
before and after 5000 charge–discharge cycles. 

The energy density (ED) and power density (PD) were also calculated based on the obtained capacitance of the GN-based device, as 
follows: 

ED =
1
2

C(ΔV)2 (4)  

PD =
3600 × ED

Δt
(5)  

Where C denotes the specific capacitance; ΔV indicates the potential window of the GCD measurements; ED represents the energy 
density of the GN-based SC device (Wh/kg); and Δt denotes the discharging time of the GCD curves. The GN-based SC devices exhibited 
an adequate ED of 23.05 Wh/kg and a promising PD of 256.36 W/kg. 

The supercapacitors were further subjected to cyclic stability tests. Fig. 7(a) depicts the cycle life in terms of percentage capacitance 
retention, which indicates the high stability of the device at a high current density of 5 A/g. We observed a capacitance retention of 
91.6 % after 5000 cycles of charge-discharge. Fig. 7(b) illustrates the charge–discharge cycle life at a high current density of 5 A/g, 
revealing a capacitance of 20 F/g, which decreases to 15.5 F/g after 5000 charge–discharge cycles. 

4. Cost-benefit analysis 

The cost of graphene production at the industrial level depends on several aspects such as (1) raw materials cost, (2) equipment and 
processing cost, (3) energy consumption, (4) environmental considerations, (5) scale of production, (7) research and development cost, 
and (8) market demand and competition. Among these, the cost of raw materials is one of the major factors that affect the cost of 
production and, hence, directly affects the economic aspects of graphene production. Thus, in this study we are addressing all the 
factors ang trying to estimate the graphene cost at pilot scale. At the pilot scale, the cost of the 10 g of the graphene nanosheets through 
the present method is estimated to be 1 USD to 5 USD, depending upon the industrial symbiosis for the availability of the waste 
cardboard. This cost may further decrease depending upon the plant capacity and availability of the automation processes within the 
graphene manufacturing plant. On the other hand, the same amount of graphene nanosheets available within the market ranges from 
100 USD to 200 USD, which shows that our strategy to synthesise graphene can dramatically reduce the price of graphene and hence 
can be beneficial for large-scale energy conversion and storage applications. 

5. Conclusions 

In this study, we successfully synthesised high-quality GNs using waste cardboard and demonstrated their application in PSCs and 
supercapacitors. The synthesised GNs were 4–5 nm thick and exhibited suitable surface morphologies to be applied as electrode 
materials in supercapacitors and PSCs. Introducing GNs into the PSC electrode enhanced the charge transport properties and the device 
characteristics, thereby improving the short-circuit current and PCE. Similarly, when GNs were used as the material for an active layer 
in supercapacitors, an excellent mass-specific capacitance of 167.5 F/g was realised at a scan rate of 2 mV/s. A similar capacitance 
value was obtained from the GCD analysis, confirming the synthesised GNs’ efficacy for supercapacitor applications. The proposed 
method for synthesising GNs is cost-effective, sustainable, and eco-friendly, and the study findings confirm their application in PSCs 
and supercapacitors. The developed process can be a promising method for upcycling waste cardboard, paving the way for waste 
utilisation in energy applications. 
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