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Abstract: Gallium oxide (Ga2O3) powder was prepared by mixing hydrogen peroxide (30% H2O2) 
with pure gallium metal (99.999%) inside a hydrothermal cell. The resulting white powder was 
subjected to different characterization techniques. X-ray diffraction (XRD) revealed the presence of 
multiple crystalline phases of gallium oxide, including monoclinic β-Ga2O3, and rhombohedral α-Ga2O3, 
as well as gallium suboxide Ga2O. X-ray photoelectron spectroscopy (XPS) divulged Ga3+ as the 
dominant oxidation state of gallium in Ga2O3. However, a lower oxidation state, Ga1+, was also 
detected. Scanning electron microscopy (SEM) images showed a high degree of morphological 
diversity with a wide variety in shape and size of powder particles. Porosity measurements were 
performed to determine the total surface area, pore diameter, and pore volume of Ga2O3 powder. The 
values were found to be 50 m2 g1, 2.6 nm, and 0.07 cm3 g1, respectively. Fascinatingly, gallium oxide 
powder was directly used to fabricate a symmetrical supercapacitor without any binder. Cyclic 
voltammetry (CV) and galvanostatic charge/discharge (GCD) measurements were performed to 
examine the electrochemical energy storage capabilities of Ga2O3 powder using 1M KOH as electrolyte. 
The fabricated supercapacitor demonstrated a maximum specific capacitance of 1176 F g1, at a current 
density of 2 A g1, an energy density of 104.5 Wh kg1, and a high-power density of 1.6 kW kg1. 
Additionally, following 5000 charge-discharge cycles, the supercapacitor demonstrated outstanding 
capacitance retention stability of 91.18%. The obtained energy density of 104.5 Wh kg1 is among the 
highest reported for metal oxide-based supercapacitors. The presence of multiple crystalline phases in 
the gallium oxide powder likely contributed significantly to the remarkable results observed in this study.  
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1. Introduction 

Supercapacitors are attracting significant attention due to their ability to bridge the gap between 
conventional capacitors and batteries. Distinctive features of supercapacitors include high energy 
density, fast charge and discharge rates, as well as extended cycle life. They are widely viewed as a 
very promising solution for energy storage, despite their lower energy density compared to batteries. 
The issue of low energy density is a limitation to their extensive use in energy storage applications. 

The use of metal oxides, with their diverse electrochemical properties associated with faradaic 
processes, is a promising way to achieve high energy density [1,2]. There are two well-established 
oxides for supercapacitors, with ruthenium dioxide (RuO2) being the most extensively studied 
pseudocapacitive material. It features high specific capacitance, good cycle stability, and exceptional 
rate capability. Although ruthenium dioxide is widely recognized as the material of choice for 
supercapacitor devices due to its high theoretical specific capacitance value of (1400–2000 F g1), 
its high production cost and agglomeration effects pose significant obstacles to commercial 
deployment [3,4]. Reported specific capacitance values for RuO2 supercapacitors vary widely, ranging 
from about 80 F g1 to more than 700 F g1 [5–7]. Furthermore, the scarcity of ruthenium as a metal 
limits its widespread use in supercapacitors. 

Manganese dioxide (MnO2) is another commonly used pseudocapacitive material due to its low 
cost, environmental compatibility and accessibility. Likewise, while MnO2 shows a high theoretical 
specific capacitance of about 1370 F g1, achieving this theoretical capacity in practical is difficult [8–10]. 
MnO2 faces challenges such as low electrical conductivity, which hinders efficient charge transfer 
within the electrode, resulting in a decrease in overall capacitance. Furthermore, MnO2 may experience 
a decrease in capacitance during charge-discharge cycles. Therefore, the specific capacitances obtained 
for MnO2 electrodes are usually much lower than the theoretical value, ranging 250–400 F g1 [10,11]. 
Although MnO2 has not reached its theoretical peak in real-world applications, it remains a valuable 
material for supercapacitors due to its low cost, abundance, and potential for further improvements. 

Accordingly, other metal oxides have been studied as potential materials for supercapacitors such 
as: NiO [12,13], SnO2 [14,15], Bi2O3 [16], and CoMoO4 [17–21]. Although these metal oxides show 
good energy storage performances, unfortunately they suffer from unacceptable physical and chemical 
properties coupled with complex manufacturing process which prevent them from being well 
commercialized. Hence, it is highly desirable to find a suitable low-cost material with a robust and 
environmentally friendly preparation method to fabricate supercapacitor with high energy and 
power densities.  

Researchers are actively developing new and improved electrode materials to address the 
limitations of these metal oxides. The new materials focus on improving capacitance, cyclability, and 
cost-effectiveness. 

Gallium oxide is a versatile material and expected to show high theoretical capacitance owing to 
the occurrence of multiple oxidation states that enable efficient energy storage [22]. In addition, Ga2O3 
exhibits excellent chemical and thermal stability making it resistant to electrolytic degradation and 
corrosion resulting in longer cycle life and improved durability for supercapacitor applications. 
Gallium oxide can exist in several polymorphic forms: α, β, γ, δ, and ϵ [23,24]. β-Ga2O3 shows the 
highest stability comparing to the other four forms.  

Ga2O3 boasts unique advantages, including a very simple preparation method as the element 
gallium melts at very low temperatures. This low temperature was the main reason for the preparation 
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of gallium oxide by the method described in this research. This aligns well with the growing demand 
for sustainable energy storage solutions. Additionally, Ga2O3 exists in multiple crystalline forms, 
offering the possibility to tailor its chemical properties for enhanced supercapacitor performance.  

Although Ga2O3 research is limited in the context of supercapacitors, its low-cost and potentially 
expected high theoretical capacitance make it an attractive candidate for further investigation. Existing 
literature suggests limited inherent electrochemical activity in bulk Ga2O3. However, when employed 
in nanostructured forms, its properties may differ significantly. This research aims to explore the 
electrochemical properties of gallium oxide nanostructures and evaluate its potential as a promising 
material for high-performance supercapacitors. These are important instructions and explanations. 

2. Materials and methods 

Gallium oxide powder was prepared through a hydrothermal technique using a homemade 
stainless-steel cell [25]. 0.519 g of gallium (purity 99.999%) was added to 20 mL of hydrogen peroxide 
in the hydrothermal cell. The cell was moved to the programming furnace and kept at 250 ℃ for 24 h. 
The obtained white powder was then dried for 60 min at 60 ℃ and used without further treatment.  

Rigaku Ultima IV X-Ray diffractometer was used to account for crystal structure investigation. 
The ESCALAB Xi + X-ray photoelectron spectrometer (XPS) was used to record the XPS spectra.  

Porosity analysis was achieved using Nova 1200e (Quantachrome Ins). The physisorption 
isotherm was obtained through the use of N2 gas at 77 K. The Brunauer, Emmett, and Teller (BET) 
model was applied to calculate the total surface area. The Dubinin-Astakhov (DA) method was used 
to quantify the pore radius and pore volume.  

Before assembling the supercapacitor device, a few control experiments were performed. The 
first experiment aimed to test the suitability of a 316L stainless steel (SS) circular substrate (current 
collector) with a diameter of 0.9 cm for the current work. The blank 316L SS substrate was assembled 
into the working electrode as shown in Figure 1a. The working electrode was introduced into the 
electrochemical cell in a 3-electrode configuration. The electrolyte used was 1M KOH. Cyclic 
voltammetry (CV) was performed in the voltage range from 0 to 0.8 V at different scan rates of 50, 75 
and 100 mV/s by the use of electrochemical workstation model PGSTAT302N (Metrohm AG). The 
second control experiment aimed to verify the redox activity of the prepared gallium oxide powder. 
For this purpose, a working electrode was fabricated as follows: 0.05 g of prepared Ga2O3 powder was 
added to 0.003 g of polyvinylidene fluoride (PVDF) and 1 mL of N-Methyl-2-pyrrolidone (NMP) was 
added to the powder mixture. The powder solution was stirred in a magnetic stirrer for 6 h. The gel 
powder slurry was then coated on the 316L stainless steel circular substrate. The substrate was 
transferred to a programming oven for 7 h at 100 °C. After cooling, the circular substrate was 
assembled into the working electrode as shown in Figure 1b. Figure 1a,b show the actual working 
electrode before and after adding Ga2O3 powder. Using the assembled electrode, the CV experiment 
was performed in different electrolytes (1M KOH, 1M KCl and 1M H2SO4) at a scanning rate of 50 mV/s. 
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Figure 1. Actual images of: (a) working electrode components including 316L SS circular 
electrode, (b) working electrode with a loaded Ga2O3 powder, and (c) PFA Swagelok-type 
cell for supercapacitor measurements. 

For device fabrication, Ga2O3 powder was mixed with 1M KOH to form a white paste. The 
obtained Ga2O3 paste was coated on two similar 316L SS substrates. The total mass on both substrates 
was estimated to be 10 mg. Cellulose membrane filters was used as a separator. The supercapacitor 
was assembled in PFA Swagelok-type cell for electrochemical measurements (Figure 1c). The filling 
electrolyte was 1M KOH. The electrochemical measurements were performed in a two-electrode cell. 
CV measurements were carried out at different scan rates, from 25 to 150 mV/s. Figure 2 shows 
schematic illustration of the work steps followed in this study. 

In 3-electrode arrangement, a PDVF binder is used because the powder may fall into the 
electrolyte. The relatively large surface area is in direct contact with the electrolyte solution. However, 
in the two-electrode experiment, the powder is enclosed in a closed volume. Therefore, a binder is not 
necessary. In fact, we prefer to use the powder without any additional materials that might affect device 
performance. Although Ga2O3 powder itself is a dielectric material with no conductivity, its nanosize 
effect combined with the presence of excess Ga atoms can exhibit conductive behavior (as discussed 
later). In this way, other conductive materials, such as carbon, can be omitted. The excess Ga atoms 
can act as impurities or defects within the crystal structure. If Ga atoms occupy interstitial sites or 
substitute for oxygen atoms, they can donate extra electrons to the material, creating n-type 
conductivity. Introducing excess Ga can potentially induce phase transitions in Ga2O3, altering its 
electrical properties. However, controlling this process to achieve desired conductivity levels can be 
challenging. Othe possibility is the formation of Ga metal. Under specific conditions, excess Ga atoms 
might aggregate and form metallic Ga inclusions. These inclusions can create conductive pathways 
within the material, but this is often unintentional and can lead to inconsistent properties. Precisely 
controlling the location and concentration of excess Ga atoms is crucial for achieving predictable 
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conductivity. Achieving controlled and reliable conductivity through this method is complex and 
requires further experimentation and characterization. 

 

Figure 2. Schematic illustration of the work steps followed in this study. 

The galvanostatic charge–discharge (GDC) measurements were achieved at different currents 
ranging from 2 to 15 A g1 under a cutoff potential of 0.8 V vs. Ag/AgCl electrode. The calculations 
of specific capacitance C (F g1), energy density E (Wh kg1), and power density P (W kg1) are 
performed by the following relations (Eqs 1–3) [26]: 

𝐶 = 2 ×
𝐼 × 𝑡

∆𝑉 × 𝑚
 (1) 

𝐸 =
1

2
𝐶 × ∆𝑉ଶ ×

1000

3600
 (2) 

𝑃 =
𝐸

𝑡
× 3600 =

𝐼 × ∆𝑉

𝑚
× 1000 (3) 

where I, t, ∆V and m are the discharge current (A), discharge time (s), the potential window (V), and 
the total mass of the active electrode material in both electrodes (g), respectively. 

Electrochemical impedance measurements (EIS) were performed with the frequency range     
of 0.01 to 100 kHz at open-circuit potential with the amplitude of 10 mV. All electrochemical 
measurements were performed using 1M KOH as the electrolyte. 

Some other important parameters are necessary to explore the full performance of the supercapacitor. 
These parameters include self-discharge current, coulomb efficiency (µ), and capacitance retention (CR). 
The coulombic efficiency, Eq 4 is defined as follows: 
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𝜇(%) =
𝑡஽

𝑡஼
× 100 (4) 

where tD and tC are the discharge and charge times, respectively. The relation between 𝜇, CR and 
number of cycles (n) is given by Eq 5 [27]: 

 Capacity retention (CR) (%) = [𝜇(%)]௡ (5) 

3. Results and discussion 

Figure 3 shows the XRD pattern of the prepared gallium oxide powder. The pattern exhibited a 
polycrystalline nature. To examine the crystalline phases present, the XRD data were successfully 
indexed to two different PDF reference files (00-041-1103) and (01-074-1610). These files indicated 
the coexistence of different polymorphic forms, monoclinic β-Ga2O3 and rhombohedral α-Ga2O3, 
respectively. While the monoclinic structure is stable and dominant, the other structure is produced as 
a result of high pressure inside the hydrothermal cell. The formation of rhombohedral (β-Ga2O3) is 
attributed to the phase transition of gallium hydroxide (GaOH) to gallium oxide under high pressure [28]. 

 

Figure 3. XRD pattern of gallium oxide powder produced by a hydrothermal method. 

The scanning electron microscopy (SEM) images revealed a material with a fascinatingly diverse 
morphology, composed of various nanostructures with different sizes and shapes, Figure 4a. Elongated 
rods with hexagonal cross-sections and relatively large diameters are observed (Figure 4a,b). 
Interconnecting rods are also observed (Figure 4c–f). The presence of these rods suggests a network-like 
structure, which could be beneficial for mechanical stability and potentially create pathways for 
electrical conduction. The interconnected rods and possibly some nanoparticles could form a conductive 
network, making the material useful as electrodes. Transmission electron microscopy (TEM) images 
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of gallium oxide powder are shown in (Figure 4g–i). It is clear that several structure phases are present, 
such as nanoparticles and nanosheets as shown in Figure 4g,h. Spherical nanoparticles are clearly 
shown in Figure 4i. While SEM revealed a diverse morphology with rods (various sizes) and     
large-area nanosheets. Its resolution is lower compared to TEM, making it difficult to distinguish very 
small nanoparticles or ultra-thin features. On other hand TEM images confirmed the presence of 
spherical nanoparticles and nanosheets. The presence of nanoparticles and nanosheets also suggests a 
high surface area, allows for more interaction with surrounding electrolytes. The combination of these 
nanostructures suggests a potentially multifunctional material. 

 

Figure 4. SEM images of the gallium oxide powder: (a) nanostructures with different sizes 
and shapes, (b) large rods, (c) rods with hexagonal cross-sections, (d) interconnecting rods, 
and (e,f) interconnecting rods with different magnifications. TEM images of the gallium 
oxide powder: (g) mixed nanostructure phases, such as nanoparticles and large area 
nanosheets (with different shapes), (h) small rods, and (i) spherical nanoparticles. 

Figure 5a shows the XPS survey spectrum of Ga2O3 powder. All characteristic peaks for Ga2O3 
are clearly visible in the spectrum [29,30]. High-resolution spectra of the O 1s and Ga 2p doublet core 
levels are presented in Figure 5b,c, respectively. XPS analysis of Ga2O3 typically does not show a 
significant chemical shift in the Ga binding energy, see Table 1. 
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Figure 5. XPS spectra of Ga2O3 powder: (a) survey spectrum, (b) high-resolution O 1s 
peak profile, and (c) high-resolution Ga 2p peak profile. 

Table 1. XPS core level peaks for Ga2O3 powder. 

Ga 3d Ga 3p Ga 3s Ga 2p3/2 Ga 2p1/2 Ga 2s O 1s Ref 

20.5 105.5 159.0 1116.0–1118.0 1144.0 1301.0 531.0 [29–32] 

20.0 105.7 160.4 1117.6 1144.3 1301.2 530.9 This work 

The Ga 2p doublet peak is the most prominent feature in Ga2O3 XPS spectra [32]. In Ga2O3, the 
expected binding energy for Ga 2p3/2 is around 1117 eV, corresponding to the Ga3+ oxidation state. A 
significant deviation from this value could indicate the presence of Ga in other oxidation states or 
different chemical environments. Here, the obtained binding energy of the Ga 2p3/2 peak is typically 
around 1117.6 eV, indicating the Ga3+ oxidation state. The deconvolution of the Ga 2p1/2 peak into two 
peaks suggests the presence of two distinct chemical environments for gallium within the material. 
Surface gallium atoms can have slightly different chemical environments and binding energies 
compared to those in the bulk. Thus, these two peaks likely correspond to gallium existing in different 
oxidation states. The higher binding energy peak (1144.3 eV) is generally attributed to Ga3+, the typical 
oxidation state in Ga2O3. The lower binding energy peak (1136.5 eV) might be due to reduced gallium 
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species with a lower oxidation state, such as Ga1+, which is the characteristic oxidation state of gallium 
suboxide (Ga2O). Alternatively, the presence of the two peaks could also indicate non-stoichiometry 
in the Ga2O3. This means that the material deviates from its ideal Ga:O atomic ratio (40%:60%). This 
can lead to the formation of defects like gallium vacancies or oxygen vacancies, contributing to the 
lower binding energy peak. The obtained Ga:O atomic ratio from XPS analysis (47.23%:52.77%) 
confirms this possibility. The formation of gallium suboxide Ga2O is due to the presence of much Ga 
atoms during the preparation process. Gallium suboxide (Ga2O) can be produced by reacting Ga2O3 
with heated Ga in a hydrothermal cell under high pressure. The reaction can be represented by the Eq 6 
as follows: 

Ga2O3 + 4 Ga → 3 Ga2O (6) 

XRD analysis of Ga2O3 occasionally shows broad peaks, indicating a disordered or poorly defined 
crystal structure. This is clear in Figure 3 where, the peaks at 35.14o and 62.68o are broad and 
disordered. Therefore, unlike pure Ga2O3 phase with its well-defined crystal structure, Ga2O suboxide 
exhibits a more complex and less characterized non-crystalline structural arrangement. A previous 
study showed that significant oxygen deficiency in gallium oxide can lead to the formation of a 
composite material combining crystalline β-Ga2O3 and non-crystalline gallium suboxide Ga2O [33]. 

In Ga2O3, the expected binding energy for O 1s is around 531 eV, characteristic of the Ga–O bond. 
Here, the O 1s reveals broader peak due to multiple bonding environments in Ga2O3. The deconvolution 
of O 1s revealed three distinct peaks. The main peak at the lowest binding energy (around 530.8 eV) 
corresponds to the majority of oxygen atoms bound to gallium (Ga–O) within the Ga2O3 lattice [29,30]. 
The absence of a significant shift from the expected value of 531 eV generally indicates that the 
dominant chemical environment for oxygen in the sample is Ga2O3. The second peak at a slightly 
higher binding energy (around 531.2 eV) with lower intensity can be attributed to the presence of 
oxygen vacancies within the Ga2O3 lattice [34]. Oxygen vacancies can occur during the growth process 
of the powder. This peak can also be associated with hydroxyl groups (OH) adsorbed on the Ga2O3 
surface due to exposure to water vapor in the environment [35]. The broadest peak at the highest 
binding energy (around 532.4 eV) might be due to oxygen atoms in adsorbed species like water 
molecules on the Ga2O3 surface. This peak is rarely reported and might, in some cases, be attributed 
to a very small fraction of gallium in higher oxidation states (Ga2O5) on the surface [36]. Moreover, 
there is a minor shift (0.2 eV) in the Ga 3p binding energy is observed. This can be attributed to factors 
like differences in the Ga environment at the surface compared to the bulk. No other distinct peaks are 
observed indicating the high purity of the prepared powder. The peak observed at around 400 eV likely 
corresponds to the GaLMM Auger electron emission. 

Figure 6a shows the physisorption isotherm of gallium oxide powder. The shown isotherm 
exhibited IV(a)-type indicating that the size of the present pores is in the range of 1–100 nm. Multipoint 
BET method was utilized to deduce the total surface area of the powder, Figure 6b. The calculated 
value was 50.564 m2 g1. Figure 6c shows the surface area histogram. The pore diameter distribution 
was obtained by using Dubinin–Astakhov (DA) method. Figure 6d shows the pore-diameter 
distribution curve. The curve shows a peak located at 2.6 nm and the calculated nanopores volume was 
found to be around 0.07 cm3 g1. 
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Figure 6. Porosity analysis of gallium oxide powder. (a) Physisorption isotherm (type 
IV[a]), (b) BET plot for surface area calculation, (c) surface area distributions, and (d) pore 
diameter distribution. 

Figure 7a shows the CV curves of the bare 316L SS substrate. The absence of any redox peaks 
indicates that the substrate exhibits no redox activity. Repeated measurements did not reveal any 
visible signs of corrosion. These results suggest the suitability of the 316L SS substrate as a current 
collector for fabricating and characterizing Ga2O3-based supercapacitors. In the alkaline electrolyte 
the CV curve exhibits sharp and well-defined redox peaks (Figure 7b). These peaks correspond to 
reversible redox reactions of the metal oxide. This behaviour confirms that Ga2O3 exhibits 
pseudocapacitive characteristics, suggesting a different energy storage mechanism compared to ideal 
supercapacitors. Ideal supercapacitors exhibit rectangular CV curves and store energy through 
electrostatic double-layer capacitance (EDLC). EDLC involves the separation of charges at the 
electrode-electrolyte interface without electron transfer into the electrode bulk. This mechanism 
provides high power density, fast charge/discharge rates, and long cycle life. Materials with redox 
peaks store energy through a combination of EDLC and Faradaic processes. Faradaic processes 
involve electron transfer between the electrode material and the electrolyte ions. This combination can 
achieve higher energy density compared to pure EDLC materials. Therefore, Ga2O3, which shows 
redox peaks in its CV curve, is a promising candidate for supercapacitors due to its potential for higher 
energy density. The CV curve measured in neutral electrolytes shows no redox peaks compared to 
alkaline electrolyte. In acidic electrolytes CV curve is complex with multiple broad peaks due to 
various possible redox reactions and side reactions. The acidity can also lead to dissolution of the metal 
oxide, affecting the overall shape of the curve. Accordingly, a 1 M KOH solution was used for device 
characterization. 
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Figure 7. CV curves of: (a) bare 316L SS substrate at different scanning rates and (b) 
Ga2O3 electrode in different electrolytes. 

Figure 8a shows the galvanostatic charge/discharge (GCD) curves of the fabricated supercapacitor 
at different constant currents. The GCD curves all maintain a relatively good triangular shape.     
The fabricated supercapacitor provides a maximum capacitance of 1176 F g1, an energy density    
of 104.5 Wh kg1 and an equivalent high-power density of 1.6 kW kg1 at a specific current of 2 A g1. 
The maximum specific capacitance obtained at 2 A g1 has higher value than most of the reported 
materials [37–45]. As the current density increased, the specific capacitance decreased significantly. 
This can be attributed to the reduction of electrolyte ions due to their absorption by the double layer 
formed at the electrode/electrolyte interface.  

Figure 8b illustrates the behavior of specific capacitance as a function of the number of charge-
discharge cycles (capacitance retention) of a Ga2O3-based supercapacitor at a charging-discharging 
current of 10 A g1. The coulombic efficiency as well as energy efficiency are also presented. It is 
concluded that, the capacitance endured at nearly 92% after 5000 cycles which disclosed no weighty 
capacity loss, indicating outstanding cycle stability. This indicates that the Ga2O3-based supercapacitor 
possesses superior electrochemical reversibility and good device performance. Moreover, a high 
coulombic efficiency of nearly 100% signifies that almost all the charge stored during the charging 
cycle is delivered back during the discharging cycle. While achieving an energy efficiency of 93% 
confirms its exceptional ability to store and deliver charge with minimal losses, demonstrating    
long-term reliability and high energy efficiency. 

To study self-discharging, the supercapacitor is fully charged with a certain voltage and then the 
steady decrease in voltage is monitored as a function of time. The observed self-discharge behavior 
cannot be solely explained by the ohmic leakage mechanism concept because the self-discharge curves 
in Figure 8c deviate from a purely exponential decay. Since self-discharge in a supercapacitor is 
unavoidable, various strategies have been explored to reduce it, including fine-tuning the electrode 
materials, adding additives into the electrolyte, and utilizing ion-exchange membranes as separators.  

Figure 8d shows CV curves of the fabricated supercapacitor at different scan rates. All CV curves 
exhibit rectangular shapes, with their areas increasing as the scan rate increases. This suggests that the 
Ga2O3 powder has excellent capacitive behavior. The absence of pseudocapacitance behavior suggests 
that the energy storage mechanism in the supercapacitor is primarily based on the formation of an 
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electrical double layer capacitance rather than redox reactions. This non-faradaic process involves the 
accumulation of charges at the electrode-electrolyte interface. The specific capacitance can be also 
obtained from CV data, using Eq 7 as follows: 

     𝐶 =
1

𝑚𝜃(𝑉௕ − 𝑉௔)
න 𝐼 𝑑𝑉

௏మ

௏భ

 (7) 

where, m is the total mass of active materials loaded on two electrodes, θ (V s1) is the scan rate, and 
V1 and V2 are potential boundaries of the CV curves. The factor ∫I dV is the integrated area of CV 
curve. The accuracy of the obtained capacitance depends on the shape of CV curves. A rectangular 
shape with no peaks is the typical shape for a supercapacitor. In the case of non-rectangular or    
peak-shaped the calculation for capacitance should be avoided. Although Figure 8d shows CV curves 
with no peaks but still exhibits flattened and not exactly rectangular shape. Just for completeness, the 
maximum obtained capacitance from CV curves is found to be 561 F g1 at 25 mV/s. Figure 8e shows 
the obtained capacitances vs scan rates. 

 

Figure 8. (a) Charge-discharge curves, (b) capacitance retention and coulombic efficiency, 
(c) self-discharge, (d) CV curves, (e) capacitances vs scanning rate, (f) a graph of log i vs 
log θ, (g) Nyquist plot, (h) the corresponding equivalent circuit, and (i) Ragone plot. 
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To explore the types of storage mechanism involved, Eq 8 will be employed for the analysis of 
CV data [46]: 

  𝑖 = 𝑎𝜃௕ (8) 

where a and b are constants and i represents the anodic (or cathodic) peak current (A). Accordingly, a 
graph of log i vs log θ is established, see Figure 8f. The slope of the obtained straight line is the value 
of b in Eq 8. This value was found to be 0.8 which is neither 0.5 nor 1, indicating that the storage 
mechanism is a surface charge coupled with solid-state (bulk) diffusion-limited process This 
conclusion is consistent with EIS study where semicircle and an incline straight line are obtained in a 
Nyquist plot, Figure 8g. The figure exhibits a non-ideal semicircle shape and a straight line inclined 
with the x-axis by about 50o indicating the formation of a non-ideal capacitance at the 
electrode/electrolyte interface. The equivalent circuit of the supercapacitor is also shown in the Figure 8h. 
This Nyquist plot displays a distorted, flattened and depressed semicircle instead of an ideal semicircle 
in the high frequency domain and an inclined vertical line in the low-frequency domain indicating the 
capacitive act of the Ga2O3. The most common circuit element for modeling this non-ideal behavior is 
the constant phase element (CPE). CPE is usually observed when solid electrodes come into contact 
with an electrolyte, resulting in the formation of a double-layer capacitor [29]. The mathematical 
definition of CPE impedance, Eq 9, is frequently used to describe this phenomenon [47]: 

𝑍஼௉ா =
1

𝑄(𝑗𝜔)௡
 (9) 

where n is a number between 0 and 1. If n = 1, it is pure capacitance; if n = 0, it is pure resistance. If 
CPE is used alone, its Nyquist plot is a straight line with a certain angle relative to the real axis. The 
phase angle of the CPE element is independent of the frequency and has a value of (90 × n)o. The Q 
parameter has units of F s(n1)m2, which have no real physical meaning. When a parallel combination 
of resistance R (charge transfer resistance) and CPE is proposed, it is possible to determine the actual 
double layer capacitance behind the CPE by Eq 10 [48]: 

𝐶ௗ௟ =
(𝑅 × 𝑄)

ଵ
௡

𝑅
 (10) 

The obtained value for double layer capacitance is 0.9 µF. The obtained double layer resistance 
is 122 Ω which is much higher than the electrolyte resistance (11 Ω) which reduces the access of more 
electrolyte ions to the electrodes. 

The fabricated supercapacitor demonstrates high energy density, 104.5 W kg1, (battery-like) 
coupled with high power density, 1.6 kWh g1 (supercapacitor-like) behaviors, as shown in the Ragone 
plot (Figure 8i). The obtained high values of energy and power densities can be attributed to the 
coexistence of multiple phases of the Ga2O3. The non-stochiometric composition creates more rooms 
for charge storage and enhances the capacitive properties of the fabricated supercapacitor. The multiple 
phases of the Ga2O3 result in a material with a unique crystal structure that allows for the coexistence 
of different crystal orientations within a single crystal. This ‘multidirectional’ arrangement 
configuration holds substantial significance for the electronic properties and, consequently, its energy 
storage capabilities. Multidirectional Ga2O3 often exhibits a reduced number of grain boundaries, 
which are regions where charge carriers may experience scattering, consequently diminishing their 
mobility. This variety of arrangement leads to enhanced charge transport and increased conductivity. 
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The coexistence of different crystal orientations may also create pathways for charge carriers to move 
efficiently in various directions, thereby enhancing mobility. Additionally, the diversity of crystal 
orientations and surface terminations can generate an array of active sites for electrochemical reactions. 
Such assortment can significantly improve the overall electrochemical performance of the material. 
The interplay between different crystal orientations and surface terminations may yield synergistic 
effects, that enhancing the overall performance of the material. These factors collectively contribute 
to the high energy and power density that observed in multiple phases Ga2O3. 

Table 2. Supercapacitors comparison on the basis of energy and power densities. 

Supercapacitors Specific capacitance  

(F g1) 

Energy density  

(Wh Kg1) 

Power density 

(kW kg1) 

Ref 

RGO@ZnO-SnO2 - 26.00 9.870 [49] 

ZnO doped SnO2  392 31.60 5.200 [38] 

Nanostructured Bi2O3 - 86.40 0.498 [39] 

Porous NiCoP@rGO 146 49.80 1.246 [40] 

Ternary Ni-Mn-Zn  - 23.64 6.499 [50] 

Ni-MOF & NiO/Ni/r-GO - 39.59 4.136 [41] 

MnS@Ni(OH)2l 169 60.00 0.800 [42] 

Ni-Co-S nanosheet - 27.00 8.115 [43] 

Flower-like Bi2O3 36 18.24 1.008 [44] 

Nanostructure Co3O4 - 35.30 0.789 [45] 

Nanostructure Ga2O3 1176 104.50 1.600 This work 

4. Conclusions 

In this study, gallium oxide powder was successfully prepared by a simple hydrothermal method. 
XRD results indicated the coexistence of three different phases, monoclinic (β-Ga2O3), 
rhombohedral (α-Ga2O3) and gallium suboxide Ga2O. XPS analysis confirmed Ga3+ as the dominant 
oxidation state of gallium within the material. However, the presence of a lower oxidation state, Ga1+, 
was also detected. The porosity analysis was carried out and the obtained values of the total surface 
area, pore diameter, and pore volume of the gallium oxide powder were 50 m2 g1, 2.6 nm,        
and 0.07 cm3 g1, respectively. The fabricated supercapacitor delivered a maximum capacitance     
of 1176 F g1, an energy density of 104.5 Wh kg1 and an equivalent high-power density of 1.6 kW kg1 
at a specific current of 2 A g1. This supercapacitor demonstrates remarkable characteristics, achieving 
both high energy density and high-power density, in addition to the ecofriendly and easy fabrication 
method. These exceptional values can be attributed to the presence of multiple Ga2O3 phases in the 
electrode material. The non-stochiometric composition creates more rooms for charge storage and 
enhances the capacitive properties of the fabricated device. Overall, Ga2O3 holds a great potential for 
supercapacitors due to its exceptional theoretical capacitance, fast kinetics, remarkable stability, and 
environmental friendliness. By addressing surface area and processing challenges, Ga2O3 could pave 
the way for the next generation of high-performance supercapacitors, enabling efficient and sustainable 
energy storage solutions for a wide range of applications. 
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