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Abstract 35 

Current collectors and electrolyte pairs are frequently overlooked in the development of 36 

supercapacitors. For electrode design and sealed packaging, the mechanical and chemical 37 

properties of the electrolyte must be retained while maintaining the integrity of microelectrodes 38 

and current collectors of the microsupercapacitors. In this research, the physical and 39 

electrochemical response of copper (Cu) and 316 stainless steel current collector (SS) was 40 

studied, for lignin-derived laser scribed graphene (L-LSG) microsupercapacitor with K2SO4 41 

(K+) and H2SO4 (H
+) as an electrolyte medium. XPS results confirmed a passivation layer on 42 

a copper electrode both before and after the electrochemical reaction involving H2SO4 as the 43 

electrolyte medium of the highly porous L-LSG structure with six pairs of microelectrodes and 44 

graphene current collectors. Analysis of the CV and GCD curves shows that the SS/K+ pair is 45 

the most suited for an L-LSG microsupercapacitor, with an areal capacitance of 22.22 mFcm-2 46 

at 0.08 mAcm-2. 47 

 48 

 49 
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1.0 Introduction 53 

Almost all consumer applications in this twenty-first century require effective energy charging, 54 

discharging, and storage components. For instance, a mobile phone includes a rechargeable 55 

battery that allows it to charge and utilize the stored energy for a set amount of time. Recent 56 

studies have found that batteries struggle to keep up with the energy generated by renewable 57 

energy sources such as wind turbines and hydroelectric generators because their intensity and 58 

direction fluctuate over time [1]. Although these processes have been accomplished on a low-59 

power scale using batteries, new ways for increasing efficiency will require enormous 60 

quantities of power that can only be delivered by alternative energy storage technologies such 61 

as supercapacitors [1]. 62 

Supercapacitors have been described as the electrical component of the future that bridges the 63 

gap between batteries and capacitors due to their high energy and power density and long 64 

cycling stability [2]. Supercapacitors can be divided into two main categories: 65 

pseudocapacitors and electrochemical double-layer capacitors (EDLC). While a 66 

pseudocapacitor mainly utilizes a redox mechanism through metal and polymers, EDLC relies 67 

on ion exchange of porous carbon materials with larger surface areas [3]. Despite the high-68 

power density and extended life cycle of supercapacitors, they are limited by their low energy 69 

density [1]. Thus, to further increase the energy and power density, and cycle stability of 70 

supercapacitors, multiple studies have been undertaken combining EDLC with 71 

pseudocapacitive materials to create hybrid supercapacitors. A hybrid supercapacitor 72 

incorporates properties from both supercapacitor types, making it on par or even superior to 73 

batteries in terms of longevity, power output and rechargeability. 74 

Geim and Novaselov's remarkable discovery of mechanical exfoliation to produce graphene 75 

has revolutionized the use of graphene as an EDLC material for supercapacitor applications 76 

[4]. The exceptional characteristics of graphene, a single sheet of carbon atoms structured in a 77 

honeycomb lattice, make it valuable for various applications [5]. Laser lithography technology 78 

stands out as the most feasible graphene synthesis technique, as it is reasonably priced, and, 79 

most significantly, capable of generating continuous patterns of microelectrodes through 80 

addition, subtraction, and modification, creating several types of hybrid supercapacitors [6,7]. 81 

Recently, laser scribing of functionalized graphene from a mixture of flexible polymer and 82 

lignin as a carbon substrate has been achieved, with strong bonding established to anchor 83 

hybrid materials on top of the induced defects found on functionalized graphene, allowing for 84 



biowaste recycling and green electronics [8,9]. Moreover, the large surface area of the 85 

extremely porous graphene (meso and micro) created by the laser scribing method enhances 86 

ion exchange during the charge and discharge process [7,10]. 87 

However, the use of microsupercapacitors is severely hampered by electrolyte leakage and 88 

current collector corrosion in polyimide packaging [11]. A key element in maintaining the 89 

electrochemical performance involves suitable electrolyte selection. Additionally, the current 90 

collector should be considered as well, since damage from corrosion caused by electrolytes 91 

may alter the fabricated material and affect the system's overall performance [12]. For instance, 92 

metal corrosion by water-based or highly acidic electrolytes could dissolve impurities in the 93 

medium, which can alter the morphology of the hybrid device and influence the overall 94 

resistance [12,13]. The damage done to the current collector is irreversible and could reduce 95 

the microsupercapacitor lifespan. 96 

This study showcases the utilization of an affordable current collector that is highly resistant 97 

to corrosion (Stainless Steels), as well as a unique neutral electrolyte (PAAS/K2SO4), for the 98 

application of microsupercapacitors composed of laser-scribed graphene derived from oil palm 99 

lignin. This work serves as the foundation for our newly reported optimized oil palm lignin 100 

derived laser scribed graphene employing neutral electrolyte [14]. The selection of the current 101 

collector and electrolyte combination is a critical yet frequently overlooked aspect, which may 102 

lead to deterioration and self-discharge issues. The application of H2SO4 on a lignin electrode 103 

has been reported to cause protonation of the lignin functions and cleavage of the bonds present 104 

in lignin, hence hindering lignin's ability to operate at its highest capacity [15,16]. We take into 105 

account the selection of a suitable mix of electrolyte and current collector for the frequently 106 

used lignin-derived laser scribed graphene in literature. The study used six paired 107 

microelectrode supercapacitors using copper (Cu) or stainless steel (SS) as the current collector 108 

and PVA/H2SO4 (H+) or PAAS/ K2SO4 (K+) as the electrolyte pair. The SS/K+ pair has 109 

demonstrated an exceptional areal capacitance of 22.22 mFcm-2 at a current density of 0.08 110 

mAcm-2. The utilization of PAAS/K2SO4 as a gel electrolyte and SS as a current collector, in 111 

conjunction with biopolymer-derived graphene, is least reported in any literature study. 112 

 113 

2.0 Methods and Experiments 114 

 115 



2.1 Materials and chemicals  116 

Lignin was extracted from empty fruit bunches of oil palm [17]. Materials such as copper tape 117 

(Cu), 316 stainless steels (SS) were obtained from a local supplier. Chemicals such as 118 

Potassium Sulphate (K2SO4), Sulphuric acid (H2SO4), Polyvinyl alcohol (PVA) and Sodium 119 

polyacrylate (PAAS) were purchased from Sigma-Aldrich. Distilled water and 95% ethanol 120 

were used throughout the experiment for sterilization and dilution. All these chemicals were 121 

used as received without additional purification. 122 

 123 

2.2 Preparation of electrode drawing for laser writing  124 

CorelDRAW X6 software was utilized to construct an interdigitated electrode consisting of six 125 

pairs of electrodes. The electrode is 9.4 mm wide overall and has a maximum height of 6.8 126 

mm. The width and thickness of each microelectrode were kept constant at 3.0 mm and 0.25 127 

mm. The micro gap between the electrodes is maintained at 0.3 mm. A thicker current collector 128 

with a measurement of 3.0 mm is used to ensure maximum contact with conducting 129 

wires/tapes. 130 

 131 

2.3 Fabrication of lignin derived graphene 132 

Lignin powder was diluted in distilled water at a concentration of 20 % (v/v). Meanwhile, an 133 

ITO glass was overlaid with a flexible polyimide substrate for drop coating. Before starting the 134 

laser scribing, lignin solution was applied to the substrate and dried at 50 °C until the coating 135 

was completely dry. The substrate was laser scribed at the appropriate laser intensity (18 W) 136 

and speed (40%) using a CO2 laser (V-460, Universal Laser System, 30 W). The final product 137 

was cleaned using a water bath to eliminate untreated impurities and was labelled as L-LSG. 138 

 139 

2.4 Development of microsupercapacitor packaging  140 

After being laser scribed, the microelectrodes were packed using two distinct current collectors, 141 

namely copper tape and 316 stainless steels. Silver paste and polyimide tape were used to 142 

adhere the metal conductors to the current collector, and they were allowed to dry for a few 143 

hours before applying the electrolyte. Two gel-like electrolytes, PVA/H2SO4 and PAAS/K2SO4, 144 

were developed for this experiment. The 1 M PVA/H2SO4 electrolyte was created by mixing 1 145 



g of PVA with 10 ml of water and 1 ml of H2SO4 at 1000 rpm at 85 °C for 4 hours. Meanwhile, 146 

0.5 M K2SO4 solution was mixed with Sodium polyacrylate at room temperature to obtain 147 

PAAS/K2SO4 electrolyte.  148 

 149 

2.5 Characterization 150 

Field Emission Scanning Electron Microscopy (VP-FESEM) (TESCAN CLARA, UHR SEM) 151 

was used to analyze the surface morphology of the material. X-ray Photoelectron Spectroscopy 152 

(XPS) by Thermo Scientific K-Alpha was used to obtain the chemical composition of the 153 

material. All Cyclic Voltammetry (CV) and Galvanostatic Charge-Discharge (GCD) (Metrohm 154 

Multi Autolab M204 Potentiostat/Galvanostat) were carried out at a voltage window - 0.4 V to 155 

0.4 V to determine the electrical performance of the developed microsupercapacitors. The GCD 156 

curves were performed at a current density of 0.08 to 1.0 mAcm-2, while the CV curves were 157 

assessed at a scan rate of 10 to 200 mVs-1. All the physical and electrochemical 158 

characterizations were carried out at room temperature. 159 

 160 

3.0 Result and Discussion 161 

 162 

This work demonstrates the use of a novel neutral electrolyte and a low-cost, highly corrosion-163 

resistant current collector for microsupercapacitors constructed from laser-scribed graphene 164 

derived from oil palm lignin. Figure 1 depicts the fabrication and packaging of L-LSG into the 165 

microsupercapacitor. An oil palm lignin solution is initially applied to the polyimide sheet and 166 

allowed to dry. Functionalized microelectrodes composed specifically of 167 

hydroquinone/quinone group for redox activity were laser scribed on the thin film. Graphene 168 

microelectrodes linked to two different current collector materials (copper and stainless steel), 169 

and two electrolytes (PVA/H2SO4 and PAAS/K2SO4) will be applied to each. Following a 4-170 

hour soak up at room temperature, the synthesized microsupercapacitors packed with gel 171 

electrolytes were electrochemically characterized. The procedure and other key elements are 172 

described in the method and experiment section. 173 



  174 

Fig.1 Schematic illustration of the fabrication and packaging of L-LSG microsupercapacitor 175 

 176 

3.1 Field Emission Scanning Electron Microscopy (FESEM) 177 

Figure 2 shows the FESEM image of the L-LSG electrode constructed using the laser scribing 178 

technique. The microelectrode pattern is shown in Fig. 2a with no overlapping connections 179 

between the anode and cathode to prevent a short circuit. Fig. 2b shows the laser writing tool's 180 

micrometer accuracy and the consistency of electrode thickness (312 µm) and gap 181 

measurements (241 µm). As a result of continuous laser scribing from left to right, a wave-like 182 

pattern with a 3D hierarchical structure is created (Fig. 2c). The magnified image of L-LSG in 183 

Fig. 2d shows multiple macros and mesopores, due to the instant evaporation of gas molecules 184 

during laser writing process [6]. The blend of graphene's porous and fibrous structures assisted 185 

in the diffusion of ions during electrochemical processes [8]. Wide gaps between the nearby 186 

fiber offer an excellent basis for the development of composite materials, which further boost 187 

the energy storage properties of graphene.  188 

 189 



Fig.2 FESEM images of L-LSG electrode. (a) Top view. (b) Gap and microelectrode thickness 190 

measurement. (c,d) Magnified images corresponding to the microelectrode. 191 

 192 

3.2 Energy Dispersive X-ray Spectrometry (EDS) and Elemental Mapping  193 

The L-LSG Energy Dispersive X-ray Spectrum in Fig. 3a shows 4 distinct peaks of C, O, Na, 194 

and Au. Since it is assumed to be a byproduct of sample processing, the non-labelled gold 195 

particle (Au) peak at around 2.2 keV has been disregarded [18]. It is apparent that the resultant 196 

L-LSG is rich in carbon, and the presence of oxygen suggests the existence of functional groups 197 

originating from oil palm lignin. The presence of contaminants from the lignin extraction by 198 

soda pulping procedure resulted in the detection of Na and S peak with a rather low intensity 199 

[19,20]. The elemental mapping depicted in Fig. 3b-e revealed that the carbon and oxygen 200 

functionality groups were spread equally across the L-LSG.  201 



 202 

Fig. 3. (a) EDS and (b-e) Elemental Mapping of L-LSG. 203 

3.3 Raman Spectroscopy 204 

In the Figure 4, the first peak D, (~1352 cm-1) formed to due defects and bent of sp2 bonds 205 

found on the produced L-LSG [10]. The defects might have occurred due to irregular laser 206 

power and speed during the laser scribing process. Moreover, different lignin oxygen 207 

functionalities may be present inside the graphene sheet, occupying the vacancies of the sp2 208 

bonded carbon, which might be another defect for the creation of the D peak [21]. The second 209 

peak G forms at a Raman shift of ~1579 cm-1 and confirms the presence of first order sp2 210 

hybridized carbon [9,10]. In addition, the peak is also related to the ordered graphite in-plane 211 

vibrations with E2g symmetry (phonons of sp2 atoms) [22]. The intensity of the G peak will 212 

also increase when high-quality graphene is produced at the optimum laser power and speed. 213 

The third peak 2D (~2690 cm-1) is responsible for the formation of multiple layers of graphene 214 

to form graphite [23]. The effective thickness of the graphene layer formed was calculated by 215 

the ratio (IG/I2D). The lower the value of (IG/I2D), the lower the number of graphene layers were 216 

formed [22]. The calculated value of (IG/I2D) is 2.31. In addition, the lower ratio of (ID/IG) can 217 

be used to evaluate high-quality graphene where it can be used to calculate crystalline structure, 218 



La [22]. The calculated value of (ID/IG) is 0.86. On other hand, La has been calculated and it 219 

has a value of 22.34 nm 220 

Fig.4. Raman Spectrum of L-LSG 221 

 222 

3.4 X-ray Photoelectron Spectroscopy (XPS)  223 

Fig. 5a depicts a fabricated L-LSG microsupercapacitor constructed of two different types of 224 

current collector, the 316 SS wire and copper tape. The complete polyimide encapsulation has 225 

prevented electrolyte leakage and short circuit. Two primary peaks identified as C and O at 226 

285.08 eV and 532.11 eV, respectively, are apparent in the XPS survey spectra on the outer 227 

layer of 316 SS wire [24] (Fig. 5b). The metal surface of stainless steel is hardly exposed, 228 

making it resistant to corrosive substances. On the other hand, the copper tape's 935.14 eV XPS 229 

survey peak is indicative of copper exposure on top of carbon and oxygen before and after 230 

electrochemical performance [25] (Fig. 5c and d). The passive layer on top of copper tape has 231 

been identified as CuO (before) and Cu2O (after), which resulted from redox reactions with 232 

atmospheric moisture and sulfuric acid, respectively. Fig. 5e and f show a comparison of Cu 233 

2p and O 1s spectra of both samples. The CuO possesses 4 distinguishable peaks of Cu 2p 3/2 234 

(933.72 eV), Cu 2p 1/2 (953.5 eV) and Cu2+ satellite peaks (942.58 and 962.6 eV), while Cu2O 235 

possesses only 2 clear peaks of Cu 2p 3/2 (932.6 eV) and Cu 2p 1/2 (952.4 eV) [26–28]. The 236 

sample primarily included Cu (I) oxidation, as demonstrated by the lack of Cu2+ satellite peaks 237 

for Cu2O [29]. The slight variation in the peak of O 1s from 531.48 eV to 532.15 eV further 238 

proves the shift in oxidation states of copper ion [27,28].  239 



 240 

Fig. 5. (a) L-LSG microsupercapacitor comprised of 316 SS wire (left) and copper tape 241 

(right). XPS survey spectra of 316 SS (b), Cu tape before electrochemical studies (c) and Cu 242 

tape after electrochemical studies (d). Cu 2p (e) and O 1s (f) spectra of Cu tape before and 243 

after electrochemical studies. 244 

 245 



3.4 Cyclic Voltammetry (CV)  246 

The cyclic voltammetry diagram of various current collectors and electrolytes measured at 50 247 

mVs-1 is shown in Fig. 6a and b. Cu/H+ has the largest CV area of any of the other couples, 248 

primarily due to its significant redox activity with H2SO4, resulting in the formation of Cu2O 249 

based on the equation (1) below [30].  250 

 251 

Equation: Cu (s) + H2SO4 (l) →  Cu2O (s) + SO2 (g) +H2O  (1) 252 

 253 

SS/K+ and Cu/K+ exhibit redox peaks due to the presence of aromatic lignin-derived 254 

compounds called hydroquinone [31,32]. Furthermore, no redox peaks were identified in the 255 

SS/ H+ peaks due to the development of cleavage and protonation between aromatic 256 

compounds prevalent in lignin, lowering its redox reactivity [15,16]. At a potential window of 257 

0.8 V, combining the neutral electrolyte K2SO4 with the non-corrosive metal stainless steel 258 

yielded highly stable CV curves with balanced OER and HER activity [33]. Cu/H+, SS/K+ 259 

possess the highest areal capacitance of 2.75 mFcm-2 followed by Cu/K+ (2.19 mFcm-2) and 260 

SS/H+ (1.97 mFcm-2), respectively. The further analysis of SS/K+ at various scan rates is shown 261 

in Fig. 6c. Fig. 6d indicates that among all the current collectors and electrolytes tested, the SS 262 

and K+ electrolyte's synergistic effect delivered the most stable areal capacitance throughout 263 

scan rates of 0 to 200 mVs-1. 264 

 265 

3.5 Galvanostatic Charge Discharge (GCD) 266 

 267 

Fig. 6e illustrates the GCD curves for the various current collectors and electrolytes recorded 268 

at 0.1 mAcm-2. Due to the pseudocapacitive qualities of the lignin compound obtained during 269 

the laser scribing process, SS/K+ and Cu/K+ exhibit an irregular triangle shaped GCD [31,32]. 270 

As per CV results, corrosion in the case of Cu/H+ led to significantly increased reactivity in 271 

GCD curves. SS/H+ or Cu/K+ is a promising electrode since an acidic or water-based 272 

environment could cause SS and Cu to corrode and form a passivation layer [12,13]. SS/K+ 273 

exhibits the second greatest areal capacitance of 21.28 mFcm-2 at 0.1 mAcm-2 due to the 274 

absence of a passivation layer, consistent with past CV findings. Moreover, the GCD of SS/K+ 275 



performed well at varied current densities and showed a substantially greater areal capacitance 276 

of 22.22 mFcm-2 at 0.08 mAcm-2 (Fig. 6f). The energy and power density of the fabricated 277 

microsupercapacitor reaches a maximum of 0.00153 mWhcm-2 at a power density of 0.25 278 

mWcm-2. The areal capacitance of fabricated microsupercapacitor was compared with existing 279 

laser scribed graphene-based supercapacitors or similar microsupercapacitors found in 280 

literature (Table 1). The L-LSG SS/K+ microsupercapacitor exhibited similar performance to 281 

the Co3O4/LIG -80 [34], Ph-ddm/LIG [35], and LSG-P24-Au [8]  equivalents, without the need 282 

for copper current collector or other commonly employed acidic electrolytes. The areal 283 

capacitance of laser scribed graphene derived from oil palm lignin has been enhanced by 284 

roughly 40% by further optimization [14]. 285 



 286 

Fig. 6. Cyclic Voltammetry of L-LSG from Cu (a) and SS (b) current collector under different 287 

electrolytes at 50 mVs-1. Cyclic Voltammetry of SS/K+ at multiple scan rates (c). Areal 288 

capacitance of fabricated samples at multiple scan rates (d). Galvanostatic Charge 289 

Discharge curves of L-LSG comprising Cu/K+, SS/K+, Cu/H+ and SS/H+ at 0.1 mAcm-2 (e). 290 

Galvanostatic Charge Discharge of SS/K+ at multiple current densities (f) 291 



Table 1 Comparison of the electrochemical performance of L-LSG (SS/K+) with other reported 292 

laser scribed graphene microsupercapacitor. 293 

Type of 

electrode  

Current 

Density 

(mAcm-2) 

Areal 

Capacitance 

(mFcm-2) 

Highest 

Energy 

Density 

(mWhcm-2) 

Current 

Collector 

Electrolyte Ref 

L-LSG 

(SS/K+) 

0.08 22.22 0.00153 SS K2SO4/PAAS This 

work 

OPL-

LSG 

7030 

0.08 30.77 0.00176 SS K2SO4/PAAS Previous 

Work 

[14] 

Co3O4/LI

G -80 

0.05 22.3 - Cu H3PO4/PVA [34] 

Ph-

ddm/LIG 

0.2 22.2 ~0.004 Cu BMIM-BF4 [35] 

M-PBV-

RGO 

0.1 17.9 0.00249 Cu H2SO4/PVA [36] 

5B-LIG 0.05 16.5 ~0.002 Cu H2SO4/PVA [37] 

KOH-

LIG 

0.05 32 0.00427 Cu H3PO4/PVA [38] 

PA-PBI-

LIG 

0.05 14.55 0.00196 Cu H2SO4 [39] 

SN-

LrGO 

0.125 11.35 - Cu H3PO4/PVA [40] 

LSG-

P24-Au 

0.02 25.1 0.0036 Cu H2SO4/PVA [8] 

LSG-P24 0.05 17.0 0.0026 Cu H2SO4/PVA [8] 

LIG 0.2 3.9 ~0.0004 Cu H2SO4 [10] 



Conclusion 294 

In conclusion, due to the neutral and non-corrosive qualities, stainless steel and K2SO4 is an 295 

effective electrode/electrolyte combination. Microelectrode and current collector material 296 

degradation has been avoided using environmentally friendly K2SO4, rather than an alternate 297 

acid or base electrolyte. Using stainless steel as the primary electrode material has improved 298 

the supercapacitor, since it inhibits corrosion induced by the electrolyte leaking through porous 299 

graphene. The lifespan of the microsupercapacitor can be prolonged further by optimizing the 300 

current collector and electrolyte and reducing self-discharge over time. According to FESEM 301 

data, laser scribing the biowaste generated a perfect microelectrode with ample space to attach 302 

current collectors. The XPS findings have provided us with further details on how the 303 

electrochemical process generates passive layers, affecting the overall charge and discharge 304 

parameters of L-LSG, as evidenced in CV and GCD measurements. Future studies need to 305 

enhance the microsupercapacitor's encapsulation to prevent electrolyte leakage and external 306 

contamination. 307 

 308 
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