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Abstract: This research explores the enhancement of supercapacitor performance through the incorporation of a 

new form of turbostratic graphene (Fractal Graphene, FGA-1) into activated carbon (AC) electrodes. By 

combining FGA-1 with AC, the electrodes exhibit improved electrical conductivity and enhanced electrolyte 

diffusion, leading to superior charge storage capability. Material characterization confirms that the FGA-1–AC 

composite forms a synergistic structure, facilitating better interaction with the electrolyte. The composite 

electrodes demonstrate significant improvements in specific capacitance compared to AC-only counterparts. 

Enhanced wettability and optimized diffusion rates were identified as key factors contributing to these 

improvements. The findings highlight the potential of FGA-1 as an additive for improving the efficiency of carbon-

based supercapacitors, providing a foundation for high-performance energy storage solutions suitable for a broad 

range of applications. 
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1. Introduction 

In recent decades, the depletion of fossil fuels and escalating environmental concerns have spurred significant 

interest in renewable energy. Researchers have been working on cost-effective, energy-efficient, and eco-friendly 

energy sources and storage devices to meet this growing demand [1]. This shift has also resonated in the business 

sector, where sustainability and environmental protection increasingly drive policy and investment decisions [2]. 

Several factors underscore the transformation of modern power systems, including the need for self-sufficient 

microgrids, reductions in CO2 emissions, and responsiveness to rapidly changing energy requirements. These 

trends highlight the necessity of fully sustainable energy storage solutions [3]. Solar, wind, hydro, and geothermal 

power all show great promise, but their intermittent generation profiles require robust storage to balance the grid. 

As the share of renewables approaches 80%, the demand for large-scale, flexible energy storage will inevitably 

increase [4,5].  

Electrochemical energy storage systems—such as lithium-ion (Li-ion) batteries, sodium-ion (Na-ion) 

batteries, and supercapacitors—are among the leading technologies under investigation. Li-ion batteries have 

found widespread use, from portable electronics to electric vehicles [6]. In parallel, supercapacitors (SCs), 

sometimes called ultracapacitors, have attracted attention because of their long cycle life, high power density, rapid 

charge–discharge capabilities, high Coulombic efficiency, and simplified estimation of the state of charge (SoC) 

[7–9].  

Supercapacitors can be classified into three categories—electric double-layer capacitors (EDLCs), 

pseudocapacitors, and hybrid capacitors—based on their respective energy storage mechanisms [10–12]. EDLCs, 

which store charge electrostatically, stand out for their long cycle life, low cost per cycle, and low internal 

resistance [13]. Pseudocapacitors, in contrast, rely on redox-active materials like metal oxides or conducting 

polymers [14–16]. Despite extensive research into advanced carbon materials such as carbon nanotubes or 
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graphene, the large-scale performance of EDLC-based devices has often fallen short, owing to lower-than-

expected specific capacitance and scalability challenges [17,18].  

In recent years, efforts to enhance supercapacitors have focused on graphene and its derivatives. For example, 

graphene–activated carbon electrodes have been shown to offer higher energy and power densities compared to 

activated carbon alone [1,19,20]. One promising strategy is improving the wettability of the electrode surface, 

which facilitates ion mobility and can boost specific capacitance by up to 17.8% [21–23]. Heteroatom doping is 

another pathway, introducing polar sites that enhance both wettability and conductivity [24,25].  

A novel form of graphene, known as Fractal Graphene, is manufactured by HydroGraph using a “Chamber 

Detonation” process—an adaptation of detonation synthesis—to produce pristine graphene powder (carbon 

content > 99%) on a commercial scale [26,27]. Originally developed by Prof. Christopher Sorensen at Kansas 

State University, this method involves detonating gaseous mixtures of oxygen and acetylene at varying oxygen-

to-carbon (O/C) molar ratios (0.25–0.75) using an electrical spark. The process generates transient pressures above 

190 psi and temperatures above 2430 K, creating nano-sized (20–50 nm) particles of few-layer graphene in a 

reproducible manner. The resulting graphene exhibits a turbostratic structure—where the individual layers are 

stacked randomly—and is free of metallic impurities due to the absence of catalysts [26,27].  

Detailed characterization by Raman spectroscopy, X-ray diffraction (XRD), Brunauer–Emmett–Teller (BET) 

surface area analysis, scanning electron microscopy (SEM), and transmission electron microscopy (TEM) in 

earlier references confirms that this detonation approach reliably yields high-purity, turbostratic graphene [26,27]. 

Because Fractal Graphene Aggregates (FGA-1) are electrically conductive, their branched network of primary 

graphene particles can enhance conductivity in composites. This characteristic is particularly advantageous in 

supercapacitor electrodes, where high purity is crucial to minimize side reactions during charging and discharging. 

Thus, Fractal Graphene shows strong potential as a conductive additive in activated carbon–based supercapacitor 

electrodes.  

In this study, we demonstrate a straightforward route to improve the performance of activated carbon–based 

supercapacitors by incorporating this new type of graphene. We investigate the influence of Fractal Graphene on 

electrolyte ion diffusion and assess its subsequent impact on the overall performance of supercapacitor devices. 

2. Experimental 

2.1. Materials 

Fractal Graphene (FGA-1) was obtained from HydroGraph Clean Power Inc., Toronto, ON, Canada) Other 

materials included tetraethylammonium tetrafluoroborate (TEABF4; Acros Organics, Maharashtra, India), 

activated carbon (AC; Haycarb, Colombo, Sri Lanka), polyvinylpyrrolidone (PVP; Sigma-Aldrich, MI, USA), 

isopropyl alcohol (IPA; Chem-Lab, Zedelgem, Belgium), acetonitrile (ACN; Research Lab Fine Chem Industries, 

Maharashtra, India), and a cellulose separator (NKK-4530, Nippon Kodoshi Corporation, Kochi, Japan). 

2.2. Instrumentation 

X-ray diffraction (XRD) measurements were performed using a Rigaku Ultima IV diffractometer equipped 

with a Cu anode and dual detectors. The specific surface area was determined by the BET method on a 

Quantachrome® ASiQwinTM instrument. The morphology and structure of the samples were examined with a 

Zeiss EVO 15 scanning electron microscope (SEM). Optical properties were investigated via UV-Vis spectroscopy 

using a Shimadzu 2450 spectrophotometer. The chemical structure, crystallinity, and molecular structure were 

analyzed by Raman spectroscopy on a Renishaw InVia system with a 514 nm laser. Cyclic voltammetry (CV) was 

carried out using a two-electrode setup on a VK-PA-300 electrochemical workstation. GCD (galvanostatic charge–

discharge) experiments were carried out using a Metrohm Autolab PGSTAT 128 N, and electrochemical 

impedance spectroscopy (EIS) was conducted with the same system using FRA (Frequency Response Analysis) 

software. 

2.3. Device Fabrication and Electrochemical Testing 

FGA-1 and AC powders were dried at 150 °C for 30 min to remove moisture. Next, 0.20 g FGA-1 (4% by 

mass) and 5.00 g AC were mixed in a disk mill for 5 min. Then, 0.20 g PVA was added, followed by stepwise 

addition of 25 mL IPA. The resulting slurry was stirred at 900 rpm for 20 min. Electrodes were prepared by spray-

pyrolyzing the slurry onto stainless steel substrates on a 150 °C hot plate, then sintered at 300 °C for 20 min. The 

final electrodes were composed of 96 wt% active material (AC + FGA-1) and 4 wt% binder (PVP), cut to 

dimensions of 5.00 cm × 4.00 cm. 
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For supercapacitor assembly, two electrodes were separated by an NKK separator. A 1 M TEABF4 solution 

in ACN was used as the electrolyte. The cell was gently pressed to ensure proper electrical connection.  

Capacitance values of the supercapacitors at various scan rates were determined by cyclic voltammetry (CV) 

in a two-electrode configuration using a VK-PA-300 electrochemical workstation. The specific capacitance (in F 

g−1) was calculated from CV data by integrating the charge–discharge curves (recorded on a Metrohm Autolab 

PGSTAT 128 N) over a potential range of 0–2.0 V. Electrochemical impedance spectroscopy (EIS) measurements 

were conducted on the same system with the FRA software, and the resulting Nyquist plots were fitted using the 

built-in NOVA software (Ver. 2.1.7). 

3. Results and Discussion 

3.1. Optical, Structural, and Morphological Studies 

3.1.1. Optical Characterization 

Figure 1 shows the UV-Vis absorption spectra of AC, FGA-1, and their composite. AC exhibits a peak at 

199.4 nm with an absorbance of 0.205, FGA-1 peaks at 202.2 nm with an absorbance of 0.397, and AC:FGA-1 

composite peaks at 190.4 nm, showing an absorbance of 0.593. Notably, the composite’s absorbance (0.593) nearly 

matches the sum of the individual absorbances (0.602), suggesting that the composite behaves as an independent 

material [28]. 

 

Figure 1. UV-Vis spectra of AC, FGA-1, and the AC:FGA-1 composite. 

3.1.2. Morphological Characterization 

SEM images of AC, FGA-1, and AC:FGA-1 (Figure 2) reveal that AC has irregular, jagged particles, while 

FGA-1 appears as agglomerates. In the composite (Figure 2c–f), FGA-1 nanoparticles seem to bridge AC particles, 

covering pores and edges. This bridging likely improves both the wettability and the electrical conductivity of the 

electrode. 
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Figure 2. SEM images of (a) AC, (b) FGA-1, and (c–f) AC:FGA-1 composite. 

3.1.3. Structural Characterization 

XRD patterns for AC, FGA-1, and the AC:FGA-1 composite appear in Figure 3. Each pattern shows two 

broad peaks near 19° and 43°, corresponding to the (002) and (100) planes of graphite (JCPDS 00-056-0159). 

Table 1 summarizes the crystallite parameters. The shift observed in the (002) peak of the composite appears to 

result from the overlapping of the broad, amorphous peak from AC with the sharper FGA-1 peak. Because the 

mixture process is relatively benign, major structural changes to FGA-1 are unlikely [29]. 

Table 1. XRD microcrystalline parameters of the materials. 

Materials  2θ002 (°) 2θ100(°) d002 (nm) d100 (nm) 

AC 19.16 43.82 0.46 0.21 

FGA-1 25.35 43.11 0.35 0.21 

AC:FGA-1 22.6 43.56 0.39 0.21 

 

Figure 3. XRD patterns of AC, FGA-1, and the AC:FGA-1 composite. 
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Figure 4 and Table 2 present the Raman spectra and D/G band fitting parameters. The D band (~1330–1340 

cm−1) indicates disorder, while the G band (~1570–1600 cm−1) is characteristic of graphitic sp²-hybridized carbon 

[30]. The ratio of intensities (ID/IG) provides a measure of structural disorder. AC shows ID/IG = 0.86, whereas 

FGA-1′s 1.19 indicates a higher defect concentration, likely due to its turbostratic, nano-sized nature [31–33]. The 

composite’s ID/IG = 0.93 lies between those of its constituents. 

Table 2. Raman band positions and intensities for AC, FGA-1, and the composite. 

Material D (cm−1) G (cm−1) IG ID ID/IG 

AC 1340 1599 901.47 776.73 0.86 

FGA-1 1340 1570 944.23 1130.64 1.19 

AC:FGA-1 1330 1596 2264.59 2102.96 0.93 

 

Figure 4. Raman spectra of AC, FGA-1, and AC:FGA-1, showing D and G bands. 

3.2. Study of Effective Diffusion Rates of Electrolytes in Activated Carbon with FGA-1 

To investigate how FGA-1 affects electrolyte diffusion, we measured the distance traveled by the electrolyte 

in a fixed time (120 s) when placed in pure AC and in an AC:FGA-1 mixture as follows. 

Two test tubes were marked in millimeters for the measurement (Figure 5). One test tube was filled with 

activated carbon (AC), while the other was filled with a composite of FGA-1 and AC, after ensuring a thorough 

blending beforehand. A pipette was used to dispense exactly 20 drops of electrolyte solution into each test tube. 

Each drop was confirmed to have a volume of 0.0285 mL. A stopwatch was started simultaneously for both test 

tubes, and the test proceeded for two minutes (120 s). During this time, the distance traveled by the electrolyte was 

monitored and recorded. This procedure was repeated with different number of drops of electrolyte.  

Table 3 summarizes the distances observed in each mixture over the 120 s for different volumes.  

The data is plotted (the distance travelled as a function of number of droplets) to check if there is an effect of 

the volume of added electrolyte (Figure 6).  

We note that the FGA-1:AC mixture displayed a higher diffusion rate compared to AC alone. As illustrated 

in Figure 6 and Table 3, the electrolyte penetrates the composite roughly twice as far compared to AC alone, 

indicating faster diffusion.  
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Figure 5. Experimental setup for observing diffusion rates of electrolyte in electrode materials. 

This observation is consistent with the Washburn equation [34], which shows that the wettability 

(characterized by contact angle and pore structure) plays a critical role in liquid infiltration. We propose that the 

enhanced wettability in the AC:FGA-1 composite leads to improved capillary penetration, explaining the nearly 

doubled diffusion distance.  

Table 3. Distance traveled by the electrolyte in 120 s in AC vs. AC:FGA-1 composite. 

Number of Drops (0.0285 

mL/drop) 

Distance Travelled (AC only) 

L1 (cm) 

Distance Travelled (Hydrograph+ 

AC) L2 (cm) 
L1/L2 

20 0.7 1.5 2.1 

40 1.1 2.1 1.9 

60 1.6 2.8 1.8 

80 2 3.8 1.9 

100 2.5 5 2.0 

  Average ± std. deviation 1.9 ± 0.1 

 

Figure 6. Distance traveled by the electrolyte in AC vs. AC:FGA-1 over 120 s. 
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We define an effective diffusion constant, D = L2/t, to quantify this effect (Equation (1)), where L represents 

the average distance traveled by the electrolyte in our experiment, and t is the fixed time duration of 2 min. The 

effective diffusion constants of activated carbon with and without the addition of Fractal Graphene was then 

compared. This comparison was achieved using the ratio D1/D2, where D1 represents the effective diffusion 

constant with Fractal Graphene (enhanced) and D2 represents the diffusion constant without Fractal Graphene 

(base case). 

𝐷1

𝐷2
  = (

𝐿1

𝐿2
)

2

 (1) 

Our data indicate that the ratio of the diffusion constants, D1/D2, (with FGA-1 and without FGA-1) is ~4, 

implying a fourfold increase in effective diffusion when FGA-1 is added. This improvement in electrolyte 

penetration suggests that more of the active surface area is accessible, potentially leading to higher capacitance in 

supercapacitor applications [35,36]. 

These findings offer significant potential for developing improved supercapacitor materials. The basic 

mechanism of supercapacitors—forming an electrical double layer (EDL)—depends on adequately wetting the 

conductive surface of the electrode’s active material, which ensures efficient electrolyte penetration and charge 

storage. Poor wettability limits the effective use of the available surface area, resulting in lower specific 

capacitance. Consequently, enhancing wettability increases the specific capacitance and thereby raises the energy 

density, even when the material and structure remain the same [35]. For large-scale manufacturing, the slow 

electrolyte filling process during supercapacitor fabrication can also pose challenges [36]. In our experiments, we 

have demonstrated evidence of faster electrolyte penetration in the FGA-1 mixed AC electrode. 

For comparison, the literature reported specific capacitance of an activated carbon-based supercapacitor falls 

between 50 and 200 F g−1, and the value strongly depends on the kind of activation and structural properties of the 

carbon used [37]. 

3.3. Electrical Characterization 

The electrochemical characterization of the supercapacitors was conducted using a two-electrode 

configuration as detailed in the experimental section. The specific capacitance of the system was calculated using 

Equation (2) [38]. 

𝐶 =
1 ∫ 𝐼𝑑𝑣

2𝑚𝛥𝑉
𝑑𝑣

𝑑𝑡

  (2) 

where m is the mass of the activated carbon layer on the electrode surface, I is current, ΔV is the potential range 

used and dv/dt is the potential scan rate used for the CV experiment. 

Figure 7 shows how total capacitance varies with different loadings of FGA-1 in AC. An optimum 

performance occurs at 4 wt% FGA-1 (0.20 g), yielding the highest capacitance.  

 

Figure 7. Variation in measured capacitance with increasing FGA-1 content. 

Figure 8 compares the cyclic voltammograms of supercapacitor cells made from AC alone versus AC:FGA-

1 (at 4% FGA-1). The AC:FGA-1 cell shows significantly higher capacitance (2.935 F, or 172.6 F g−1) compared 

to the AC-only device (0.735 F, or 45.95 F g−1). Ten devices with the optimal loading of FGA-1 gave an average 
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capacitance of 4.190 ± 0.866 F, confirming repeatability. The surface resistance of the electrodes in these ten 

devices are plotted in Figure 9. These surface resistance measurements reveal a decrease from 184 ± 2 mΩ (AC 

only) to 52 ± 2 mΩ (AC:FGA-1), reflecting improved conductivity and synergy between FGA-1 and AC. 

 

Figure 8. CV curves at 5 mV/s for AC-only and AC:FGA-1 composite supercapacitors. 

 

Figure 9. Surface resistance vs. capacitance for AC:FGA-1-based supercapacitors (4 wt% FGA-1). 

Although FGA-1 has a modest surface area (~165 m² g−1) relative to AC (~1750–1980 m² g−1), the 

performance improvement likely originates from enhanced electrode wettability and conductivity. This increased 

wettability ensures better electrolyte penetration and thus more accessible surface area for charge storage in the 

electric double layer. 

Figure 10a compares Nyquist plots of AC-only vs. AC:FGA-1 supercapacitors. The classic semi-circle 

followed by a 45°-line shape of the Nyquist plot is observed. This plot is related to a capacitor in parallel with a 

resistor and where the semi-circle touches the real value of impedance (Z’) axis yields the d.c. resistance of the 

device. Figure 10a, thus, shows the composite has a lower impedance than the AC-only electrode. This is in line 

with the superior conductivity of graphene-based materials [39–42]. Figure 10b shows the Bode phase, where the 

AC:FGA-1 device has a higher phase angle, indicating a more pronounced capacitive behavior compared to AC-

only. 
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Galvanostatic charge-discharge (GCD) curves at 1.5 A g−1 (Figure 10c,d) show that the AC:FGA-1 device 

reaches higher voltages (2.5 V) than AC-only (0.7 V), consistent with enhanced stability, lower internal resistance, 

and greater conductivity in the composite [43–49]. From GCD and CV analyses, the composite’s specific 

capacitance is ~189.41 F g−1 (GCD) and ~172.6 F g−1 (CV), while AC-only yields ~52.26 F g−1 (GCD) and ~45.95 

F g−1 (CV).  

 

  

Figure 10. (a) Nyquist plot, (b) Bode phase, (c) GCD curve for AC:FGA-1 at 1.5 A g−1, (d) GCD curve for AC-

only at 1.5 A g−1. 

4. Conclusions 

The experimental results presented here demonstrate that incorporating a small fraction (4 wt%) of Fractal 

Graphene (FGA-1) into activated carbon electrodes substantially enhances supercapacitor performance. Notably, 

the composite’s lower electrical resistance and faster electrolyte diffusion both contribute to significant increases 

in specific capacitance—from 45.95 F g−1 (AC only) to 172.6 F g−1 (AC:FGA-1).  

Characterization using UV-Vis, SEM, XRD, and Raman spectroscopy confirms that FGA-1 and AC form a 

physical mixture without major alterations in crystal structure. The synergy arises primarily from improved 

wettability and conductivity rather than a simple increase in surface area. Enhanced electrode wettability allows 

electrolyte penetration into pores, thereby accessing more active sites for charge storage.  

Overall, these findings suggest that even a small amount of FGA-1 can enhance the energy density and rate 

capability of carbon-based supercapacitors, offering a promising pathway for high-performance energy storage 

devices in applications ranging from consumer electronics to renewable energy systems. 
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