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Experimental and computational 
investigation on the charge 
storage performance of a novel 
 Al2O3‑reduced graphene oxide 
hybrid electrode
Satyajit Ratha 1,5, Surjit Sahoo 1,5, Pratap Mane 2, Balaram Polai 1, Bijoy Sathpathy 1, 
Brahmananda Chakraborty 3,4* & Saroj Kumar Nayak 1*

The advancements in electrochemical capacitors have noticed a remarkable enhancement in the 
performance for smart electronic device applications, which has led to the invention of novel and 
low‑cost electroactive materials. Herein, we synthesized nanostructured  Al2O3 and  Al2O3‑reduced 
graphene oxide  (Al2O3‑rGO) hybrid through hydrothermal and post‑hydrothermal calcination 
processes. The synthesized materials were subject to standard characterisation processes to verify 
their morphological and structural details. The electrochemical performances of nanostructured 
 Al2O3 and  Al2O3‑ rGO hybrid were evaluated through computational and experimental analyses. Due 
to the superior electrical conductivity of reduced graphene oxide and the synergistic effect of both 
EDLC and pseudocapacitive behaviour, the  Al2O3‑ rGO hybrid shows much improved electrochemical 
performance (~ 15‑fold) as compared to bare  Al2O3. Further, a symmetric supercapacitor device (SSD) 
was designed using the  Al2O3‑ rGO hybrid electrodes, and detailed electrochemical performance was 
evaluated. The fabricated  Al2O3‑ rGO hybrid‑based SSD showed 98.56% capacity retention when 
subjected to ~ 10,000 charge–discharge cycles. Both the systems  (Al2O3 and its rGO hybrid) have been 
analysed extensively with the help of Density Functional Theory simulation technique to provide 
detailed structural and electronic properties. With the introduction of reduced graphene oxide, the 
available electronic states near the Fermi level are greatly enhanced, imparting a significant increment 
in the conductivity of the hybrid system. The lower diffusion energy barrier for electrolyte ions and 
higher quantum capacitance for the hybrid structure compared to pristine  Al2O3 justify improvement 
in charge storage performance for the hybrid structure, supporting our experimental findings.

The conventional resources utilized to provide the world’s energy requirements, such as coal, oil, natural gas, and 
petroleum products, are facing rapid exhaustion. On the other hand, the combustion of these fossil fuels creates 
severe environmental issues. Therefore, it is crucial to find alternative energy resources that are sustainable, clean, 
and abundant. In the current scenario, electrochemical energy storage devices are crucial in overcoming fossil fuel 
depletion and global  warming1–3. Among miscellaneous electrical energy storage devices, rechargeable batteries 
and electrochemical capacitors have drawn significant interest, due to their widespread application in industries 
and our daily lives, for the last few years, because of their impressive electrochemical profile, characterised by 
excellent cyclic stability, high rate of charge/discharge, balanced specific energy, and power density  values4,5. 
Supercapacitors (both electric double layer capacitors (EDLCs) and pseudocapacitors) have the advantage of 
releasing energy in a shorter time by using their fast surface or near surface electrochemical reactions (surface 
adsorption/diffusion processes)4,6. In the case of both EDLC and pseudocapacitive types of supercapacitors, 
the most frequently used materials (for electrode fabrication), for academia and industries, including both the 
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carbon-based (for EDLC) and transition-metal-based compounds (for pseudocapacitor)7,8. Among various tran-
sition metal compounds, transition metal oxides usually have lower electrical conductivity than carbon-based 
materials. Likewise, in the case of carbon-based materials, we often observe uneven morphologies and wide pore 
size distributions. Compared to materials mentioned earlier, oxides of transition group metals are a prominent 
group of materials for  supercapacitors6,9. Metal oxides have unique chemical, physical and electrochemical 
properties, such as mechanical, thermal stability, and high capacity. They can be easily synthesized and are quite 
cheaper than metal hydroxides, carbon-based active materials, and conducting  polymers10,11.

Aluminum (Al) has the highest abundance (amongst metals) in the earth’s crust and is used in various 
research fields or day-to-day lives due to its low cost and lightweight nature. Previously, Huang et al. used com-
mercial Al foil as the current collector for supercapacitor application. The laser-treated Al current collector shows 
better electrochemical performance (higher capacitance and cyclic stability) than the pristine-Al current collector 
due to lower internal  resistances12. Aluminum oxide  (Al2O3) has many distinctive and attractive behaviours, such 
as good thermal conductivity, inertness to most acids and alkalis, high mechanical strength, high adsorption 
capacity, good thermal stability, non-toxicity, and cost-effectiveness13–15. These fascinating properties compel 
 Al2O3 nanostructures to be a potential material for catalysis, sensors, batteries, and supercapacitors. To use  Al2O3 
nanostructures as electrode material for supercapacitors, Dia et al.16 synthesized an  Al2O3-ZnO composite using 
the solvent precipitation method for supercapacitor application. Even though the electrochemical behaviour 
of electroactive material  Al2O3 nanostructures has been found suitable for energy storage applications, elec-
trochemical performance in aspects of gravimetric capacitance, specific energy, and specific power, still needs 
further improvement. The combination of an EDLC material with a pseudocapacitive material can impart a 
balance between energy density and power density. The EDLC material typical has high power density with low 
energy density, while a pseudocapacitive material has high energy density with moderate power density. When 
integrated into composite or hybrids, EDLC and pseudocapacitive materials will provide significant improvement 
which is otherwise could not be obtained  individually17,18. Reduced graphene oxide can enhance the electrical 
conductivity, mechanical stability, and surface area of electrochemically active metal oxides for supercapacitor 
application, the use of reduced graphene oxide hybrid is one of the most effective  routes19,20.

In the current work, we describe a low-cost, environmentally benign, and easily scalable method to prepare 
an  Al2O3-reduced graphene oxide hybrid for supercapacitor application. We performed detailed electrochemical 
characterisation of pristine  Al2O3 and  Al2O3-reduced graphene oxide hybrid, along with computational analyses. 
Interestingly, the  Al2O3-reduced graphene oxide hybrid shows higher storage performance (~ 15-fold higher) than 
pristine  Al2O3, which can be attributed to the synergistic effect of both EDLC and pseudocapacitive behaviour. 
To support our experimental data as well as to get theoretical insights regarding interactions between  Al2O3 and 
reduced graphene oxide, we have done Density Functional Theory simulations for  Al2O3 and  Al2O3-reduced 
graphene oxide hybrid.

Experimental section
Materials. Aluminium nitrate nonahydrate [Al(NO3)3.9H2O], glucose anhydrous  [C6H12O6], ammonia 
 (NH3.H2O), and sodium sulfate  (Na2SO4) were purchased from Merck, India. Activated carbon (AC) and PVDF 
were bought from Alfa Aesar (India). The commercial grade stainless steel (grade-304, thickness: 1.0  mm) 
obtained from Amazon (India) was used as the substrate for the electrochemical study. All stainless-steel sub-
strates were thoroughly cleaned with ethanol and DI water many times by ultra-sonication process and polished 
using sandpapers. Then they were dried in an electric hot-air oven at 60 ℃ for one hour and afterward used as 
the substrate for electroactive material coating.

Preparation of  Al2O3 nanostructures. Nanostructured  Al2O3 was prepared through a standard hydro-
thermal reaction protocol, followed by a high-temperature calcination step. In a typical synthesis protocol, 3.75 g 
of Al(NO3)3.9H2O and 2.5 g of  C6H12O6 were mixed in 60 mL of Millipore water using an ultrasonication mixer. 
Afterward, 10 mL of  NH3·H2O solution was added to the above precursor solution, and the final mixture solu-
tion was subject to ultra-sonication for ~ 1.5  h. The mixture was then carefully transferred to a Teflon-lined 
stainless steel autoclave of 100 mL capacity and was kept for 24 h at 200 °C in a hot air oven. Precipitates were col-
lected once the hydrothermal reaction was complete, repeatedly washed via several centrifugation steps (using 
absolute ethanol), and dried at 70 °C overnight. After drying, the as-synthesized sample was thermally treated at 
1100 ºC for five hours to obtain the product.

Synthesis of  Al2O3‑reduced graphene oxide hybrid. The commercial grade graphene oxide (GO) 
powder (purity > 99%) was purchased from ULTRANANOTECH (India). In a typical approach, GO was dis-
persed in 50 mL of de-ionized water to form a homogeneous GO dispersion by ultra-sonication for about two 
hours. Then the prepared (aforementioned)  Al2O3 powder was added to the GO dispersion solution, which 
was subsequently kept under ultra-sonication for one hour. Finally, the mixture solution was transferred to a 
100 mL autoclave (Teflon lined stainless steel) and kept in a hot air oven at 180 °C for 15 h. The precipitated 
 Al2O3-reduced graphene oxide hybrid was centrifuged in absolute ethanol and kept inside a hot air oven to 
dry at 60 °C overnight. The details schematic representation of the synthesis process for both the  Al2O3 and 
 Al2O3-reduced graphene oxide hybrid has been provided in Fig. 1.

Physical characterization. The XRD analysis of the  Al2O3 and  Al2O3-reduced graphene oxide hybrid was 
obtained using a Bruker D8 Advance X-ray diffractometer instrument at 40 kV and 40 mA with Cu-Kα radia-
tion. The surface morphology of the as-prepared  Al2O3 and  Al2O3-reduced graphene oxide hybrid nanostructure 
was analyzed using field-emission scanning electron microscopy (FE-SEM; MERLIN Compact with Gemini-I 
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electron column) under different magnifications and energy dispersive X-ray spectroscopy (EDS) was carried 
out on Oxford instruments. The BET surface area analysis was done using Quanta chrome (Model: Quadra-
sorbevo 3), USA. The oxidation states of the constituent elements in the  Al2O3-reduced graphene oxide hybrid 
were confirmed with the help of X-ray Photoelectron Spectroscopy (ULVAC PHI (Physical Electronics), USA 
(Model: PHI 5000 VERSA PROBE III)). High-Resolution Transmission Electron Microscopy (HR-TEM- JEOL 
JEM 2100 PLUS) analyses were performed for the  Al2O3-reduced graphene oxide hybrid to find morphological, 
crystallographic, and compositional information.

Electrochemical characterization. As reported previously, the fabrication of the working electrode was 
done with the help of the slurry coating method on stainless-steel  substrates21. The process was carried out by 
preparing a slurry, where the electroactive material  (Al2O3 and  Al2O3-reduced graphene oxide hybrid), AC, and 
PVDF (mixture weight ratio 85:10:5) were mixed and ground together with a viable proportion of N-methyl 
pyrrolidone (NMP) as the dispersing medium, using an agate-mortar. In the next step, the prepared slurry was 
coated on the surface of a pre-cleaned stainless-steel substrate of an area of 1 × 1  cm2 and was kept for drying 
in an electric oven. The mass loading in the case of both  Al2O3 and  Al2O3-reduced graphene oxide hybrid elec-
trodes was ~ 1 mg each, which was calculated by noting the difference in the weights of the bare and the coated 
stainless-steel electrode, with the help of a precision weighing balance (AUW-220D, SHIMADZU).

For three electrode measurements,  Al2O3 and  Al2O3-reduced graphene oxide hybrid coated stainless 
steel served as the working electrode, while Ag/AgCl and platinum were used as the reference and counter 
electrodes, respectively. The  Al2O3-reduced graphene oxide hybrid based 2-electrode symmetric device (SSD) 
was assembled by using a Whatman filter paper, which electrically isolates the two  Al2O3-reduced graphene 
oxide hybrid electrodes. The electrochemical performances of the  Al2O3 electrode,  Al2O3-reduced graphene 
oxide hybrid electrode, and  Al2O3-reduced graphene oxide hybrid symmetric cell device (SSD) were evaluated 
through potentiodynamic cyclic voltammetry (CV), galvanostatic charge–discharge (CD), and electrochemical 
impedance spectroscopy (EIS) techniques, using a multichannel Biologic electrochemical workstation (model no: 
VSP-300), by taking 1 M aqueous solution of  Na2SO4 as the electrolyte. The gravimetric capacitance (Csp), specific 
energy (Es), and specific power (Ps) of the  Al2O3 electrode,  Al2O3-reduced graphene oxide hybrid electrode, and 
 Al2O3-reduced graphene oxide hybrid SSD were evaluated via the following Eqs.21:

Here, “Csp” denotes the gravimetric capacitance (F  g−1), “I” represents the applied current (A), “∆V” is the 
electrochemically stable potential range, “s” is the sweep rate (mV  s−1), “∆t” is the discharge duration (s), and 
“m” is the mass-loading in gram.

(1)Csp = [(∫ I dV)/2(s ×�V ×m)]

(2)Csp = [(I ×�t)/(�V ×m)]

(3)Es = (I ×�t ×�V)/(7.2×m)

(4)Ps = (3.6× Es)/�t

Figure 1.  Schematic illustration for preparation of nanostructured  Al2O3 and  Al2O3-reduced graphene oxide 
hybrid.
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Computational details. For electronic structure computations, we have implemented plane wave DFT 
package VASP(VIENNA ab  initio simulation package)  code22,23. The pseudopotentials employed for the pre-
sent system were based on the projector-augmented wave (PAW)  functional24. The GGA exchange-correlational 
functional was used to undertake ion–electron  interactions25,26. For optimization and electronic calculations, 
the convergence criteria were set as 0.01 eV/Å and  10–5 eV for force and energy, respectively. For a plane-wave 
basis, kinetic energy cut-off was taken at 500 eV. The Brillouin zones were sampled using a K points mesh with 
the Monkhorst–Pack grid of 5 × 5 × 3 and 5 × 5 × 1 for bulk and surface optimization while a 7 × 7 × 3 and 7 × 7 × 1 
for electronic energy calculations,  respectively27.

Results and discussion
Figure 2a represents the  Al2O3 and  Al2O3-reduced graphene oxide hybrid XRD comparison chart. The X-ray dif-
fraction pattern for reduced graphene oxide has been provided in Fig. S1. In the  Al2O3 XRD pattern, the peaks at 
25.77°, 35.36°, 38.06°, 43.65°, 52.75°, 57.64°, 61.54°, 66.73°, 68.33°, and 77.23°, are ascribed to (012), (104), (110), 
(113), (024), (116), (018), (214), (300), and (119) reflections of rhombohedral  Al2O3 (PDF:43-1484), respectively, 
demonstrating the successful formation of the  Al2O3  nanostructure28. In the case of the  Al2O3-reduced graphene 
oxide hybrid, all the peaks are well matched with rhombohedral  Al2O3 with an additional broad peak at 2θ = 23°. 
The peak at 2θ = 23° indicates the (002) plane of reduced graphene oxide sheets via the hydrothermal reduction 
method. The XRD pattern suggests the formation of high-purity and high-crystalline  Al2O3 and  Al2O3-reduced 
graphene oxide hybrid. X-ray photoelectron spectroscopy (XPS) was employed to examine the bonding situation 
and electronic states in the  Al2O3-reduced graphene oxide  hybrid29. Figure 2b represents the high-resolution 
XPS spectrum for Al 2p, showing a peak at 74.02 eV, which is ascribed to  Al3+ in  Al2O3. The peak observed (in 
Fig. 2c) at 531.5 eV is attributed to O 1 s, which is associated with bonds of different types, due to the presence 
of additional functional groups such as C=O (at ~ 531 eV), (CO*)OH (at ~ 532 eV), -OH (at ~ 533 eV)30. Like-
wise, the C 1 s high-resolution XPS spectrum (in Fig. 2d) is deconvoluted into two peaks corresponding to C–C 
(284.6 eV) and C–OH (286.5 eV). All these XPS spectra are in good agreement with previously reported  work31,32. 
The BET isotherms of bare  Al2O3 and  Al2O3-reduced graphene oxide hybrid are illustrated in Fig. 2e,f. The BET 
isotherms exhibit the typical type (IV) adsorption–desorption isotherms, which is characteristic of mesoporous 
 materials33,34. The BET surface areas of  Al2O3-reduced graphene oxide hybrid and pristine  Al2O3, respectively, are 
about 15.100  m2/g and 9.724  m2/g. The BET results indicate that the surface area of the  Al2O3-reduced graphene 
oxide hybrid is 1.5 times higher than that of pristine  Al2O3.

The micro-scale surface investigation of the samples was done with the help of FE-SEM, which is depicted in 
Fig. 3. Figure 3a–c shows the FE-SEM micrograph of  Al2O3, which reveals the formation of nanoparticles with a 
typical size in the range of 30–40 nm, evident through their respective high and low magnification micrographs. 
The FE-SEM micrographs for the  Al2O3-reduced graphene oxide hybrid are provided in Fig. 3d–f and Fig. S2, 
indicating that  Al2O3 nanoparticles are well decorated on the surface of the reduced graphene oxide nanosheet. 
The hybridisation of  Al2O3, with reduced graphene oxide as a substrate, provides a highly conductive platform, 

Figure 2.  (a) Comparative XRD pattern of nanostructured  Al2O3 and  Al2O3-reduced graphene oxide hybrid. 
High-resolution XPS spectra for (b) Al 2p, (c) O 1 s, and (d) C 1 s in  Al2O3-reduced graphene oxide hybrid. The 
Brunauer–Emmett–Teller (BET) analysis of pristine  Al2O3 and  Al2O3-reduced graphene oxide hybrid. The BET 
isotherms of (e) bare  Al2O3 and (f)  Al2O3-reduced graphene oxide hybrid.
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enhancing the charge transfer kinetics during the electrochemical processes. The charge transfer occurs from 
highly conductive reduced graphene oxide to the  Al2O3 nanoparticles, enhancing their pseudocapacitive perfor-
mance, as evidenced by the obtained  results35. The energy dispersive X-ray spectroscopy (EDX) and elemental 
mapping of  Al2O3 and  Al2O3-reduced graphene oxide hybrid have been illustrated in Figs. S3 and S4, respectively. 
The EDX spectroscopy indicates the presence of elements such as Al, O, and Al, O, C in  Al2O3 and  Al2O3-reduced 
graphene oxide hybrid nanostructure. The elemental mapping reveals the homogeneous distribution of elements 
such as Al, O (Fig. S3b–d) and Al, O, C (Fig. S4b–e) in the  Al2O3 and  Al2O3-reduced graphene oxide hybrid. 
Figure 4a–f represents the high-resolution transmission electron microscopic (HR-TEM) images (at various 
magnifications) and the elemental mapping obtained during the acquisition of the HR-TEM measurement 
of the  Al2O3-reduced graphene oxide hybrid. The HR-TEM micrographs reveal that  Al2O3 nanoparticles are 
decorated on reduced graphene oxide sheets, which agrees with the FE-SEM micrograph of the  Al2O3-reduced 
graphene oxide hybrid. The inset of Fig. 4e shows the SAED pattern of the  Al2O3-reduced graphene oxide 
hybrid. The existence of rings in the SAED pattern acknowledges that the  Al2O3-reduced graphene oxide hybrid 
is  polycrystalline36. The elemental mapping (Fig. 4f) indicates the uniform distribution of aluminium, oxygen, 
and carbon elements in the  Al2O3-reduced graphene oxide hybrid.

Electrochemical characteristics of bare  Al2O3 and  Al2O3-reduced graphene oxide hybrid electrodes were 
compared in a standard three-electrode electrochemical set-up, using one molar aqueous solution of  Na2SO4 
as the electrolyte. Figure 5a represents the comparative CV profile of  Al2O3 and  Al2O3-reduced graphene oxide 
hybrid at a scan rate of 100 mV  s−1, within a potential range of − 0.8 to 0.4 V (vs. Ag/AgCl). It is intriguing to 
note that the  Al2O3-reduced graphene oxide hybrid electrode can work at a much higher current range than the 
 Al2O3 electrode, demonstrating the improved electrochemical performance of the  Al2O3-reduced graphene oxide 
hybrid electrode. The improvement in the electrochemical performance of the  Al2O3-reduced graphene oxide 
hybrid electrode compared to the bare  Al2O3 electrode is due to the additional charge adsorption that occurs in 
the presence of an EDLC component like reduced graphene oxide content besides the pseudocapacitive contribu-
tion from the  Al2O3. Also, the  Al2O3-reduced graphene oxide hybrid electrode possesses a better electrode and 
electrolyte  interface37,38. Figure 5b shows the CV profile of the  Al2O3-reduced graphene oxide hybrid electrode 
at various sweep rates (5–100 mV  s−1) in the potential range of − 0.8 to 0.4 V (vs. Ag/AgCl). The CV profile of 
the  Al2O3-reduced graphene oxide hybrid electrode takes a quasi-rectangular shape, indicating the effective 
intralayer charge transfer and a nearly capacitive  behaviour39. The effect of scan rate on the specific capacitance 
of the  Al2O3-reduced graphene oxide hybrid electrode is shown in Fig. 5c. The  Al2O3-reduced graphene oxide 
hybrid electrode exhibits the highest gravimetric capacitance, 157.29 F  g−1, at 5 mV  s−1, which is ~ 15-fold higher 
than the bare  Al2O3 electrode (11.06 F  g−1 at 5 mV  s−1). The specific capacitance of the  Al2O3-reduced graphene 
oxide hybrid electrode reduces at faster potential sweep rates, which can be attributed to the slower reaction 
kinetics and sluggish ion transportation inside the electrolytic  medium40,41. The  Al2O3-reduced graphene oxide 

Figure 3.  FE-SEM micrographs of  Al2O3 at various magnifications (a) 30.00 KX, (b) 50.00 KX and (c) 100.00 
KX. FE-SEM micrographs of  Al2O3-reduced graphene oxide hybrid at various magnifications (d) 30.00 KX, (e) 
50.00 KX and (f) 100.00 KX.
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hybrid retains about 62.76% of its initial capacitance, even when the potential sweep rate is increased 20-fold 
(100 mV  s−1), indicating better rate performance of the  Al2O3-reduced graphene oxide hybrid electrode.

Moreover,  Al2O3 and  Al2O3-reduced graphene oxide hybrid electrodes’ electrochemical behaviour was also 
quantitatively determined from the CD curves. Figure 5d represents the comparative CD profiles of  Al2O3 
and  Al2O3-reduced graphene oxide hybrid electrodes, which indicate that  Al2O3-reduced graphene oxide 
hybrid electrodes need higher charge and discharge times than  Al2O3 electrodes, thus suggesting improved 
electrochemical performance. The CD characteristics of the  Al2O3-reduced graphene oxide hybrid electrode 
at various applied currents (1–10 mA) are recorded and shown in Fig. 5e. The CD curves exhibit nearly 
symmetric behaviour, signifying excellent reversibility. The charge storage phenomenon is a combination of 
EDLC and pseudocapacitive behaviour of the  Al2O3-reduced graphene oxide hybrid electrode, which agrees 
with the CV  profile42. Figure 5f represents the effect of different applied currents on the specific capacitance. 
The  Al2O3-reduced graphene oxide hybrid electrode obtained a maximum specific capacitance of about 159.28 
F  g−1 at an applied current of 1 mA, which is quite high compared to the bare  Al2O3 electrode (10.38 F  g−1). The 
electrochemical performance of the  Al2O3-reduced graphene oxide hybrid electrode is found to be higher than 
various electroactive materials listed in Table S1.

EIS measurements were performed using Nyquist and Bode plots in the frequency-dependent mode to verify 
the superior electrochemical behaviour of the  Al2O3-reduced graphene oxide hybrid electrode over the bare  Al2O3 
 electrode43. Figure 5g shows the Nyquist plots for  Al2O3 and  Al2O3-reduced graphene oxide hybrid electrodes, 
recorded in the frequency range of 0.01 Hz to 100 kHz. It is visible that the  Al2O3-reduced graphene oxide hybrid 
electrode has a lower Warburg region (the straight line at low frequency) compared to the bare  Al2O3 electrode, 
with solution resistance (Rs) and charge transfer resistance (Rct) values, 1.33 Ω and 16.67 Ω, respectively. The 
 Al2O3-reduced graphene oxide hybrid electrode obtained a short diffusion path length for ion transfer, which 
could be noticed from the low resistance of the capacitive part on the Nyquist  plot44. The Nyquist plot reveals 
that the  Al2O3-reduced graphene oxide hybrid electrode has a higher electrical conductivity than the bare  Al2O3 
electrode due to the inclusion of reduced graphene oxide, which greatly enhanced the overall electron transfer 
 rate45. The Bode phase angle plot of the  Al2O3-reduced graphene oxide hybrid electrode is shown in Fig. 5h. 
The Bode phase angle of the  Al2O3-reduced graphene oxide hybrid electrode tail at the low-frequency region 
is about − 72.29°, which suggests that the charge storage occurs in terms of both EDLC and pseudocapacitive 
activities in the  hybrid46. The electrode was then subject to continuous CD measurement for over 5000 cycles at 
a constant charge–discharge current of 7.5 mA, which is shown in Fig. 5i. The  Al2O3-reduced graphene oxide 
hybrid electrode retained ~ 89% of the initial specific capacitance after 5000 CD cycles. To investigate the specific 
capacitance decay in the  Al2O3-reduced graphene oxide hybrid electrode, we executed EIS measurement using 
the Nyquist plot before and after cyclic stability and presented in Fig. S5. There is a slight variation in the value 
of Rs (1.33 to 1.43) and Rct (16.67 to 23.07) values before and after the cyclic stability test, which may be the 

Figure 4.  HR-TEM micrographs of  Al2O3-reduced graphene oxide hybrid taken at various magnifications 
(500 nm (a), 200 nm (b), 100 nm (c), 50 nm (d) and 10 nm (e)). The inset in (e) contains the SAED pattern of 
 Al2O3-reduced graphene oxide hybrid. (f) Elemental mapping of  Al2O3-reduced graphene oxide hybrid during 
acquisition of the HR-TEM measurment (shows the presence of aluminium, oxygen and carbon element).
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reason behind the observed capacitance decay. Detailed CV and CD tests were carried out on the bare  Al2O3 
electrode at various scan rates and normalised current values, as shown in Fig. S6. The variation of specific 
capacity to the applied current of bare  Al2O3 electrode and  Al2O3-reduced graphene oxide hybrid electrode 
is provided in Fig. S747,48. To further identify the charge storage or capacitance contribution by EDLC and 
pseudocapacitance process, the Trasatti plot of the bare  Al2O3 electrode and  Al2O3-reduced graphene oxide 
hybrid electrode has been provided in Fig. S849,50. The overall capacitance of the electroactive material can be 
ascribed to the combined effect of the surface adsorbed electric double-layer process and the diffusion-controlled 
pseudocapacitive process. In Fig. S8a,b, the y-intercept of the linear fit of 1/Csp vs.  v1/2 at v = 0 indicates the total 
charge stored in the bare  Al2O3 electrode and  Al2O3-reduced graphene oxide hybrid electrode, respectively. 
Similarly, in Fig. S8c,d, the y-intercept of the linear fit of  Ccsp vs.  v-1/2 at v = ∞ illustrates the amount of charge 
stored due to the electric double-layer process in the bare  Al2O3 electrode and  Al2O3-reduced graphene oxide 
hybrid electrode, respectively. The pseudocapacitive contribution can be estimated by subtracting the electric 
double-layer capacitance from the overall capacitance. According to the Trasatti method (as shown in Fig. S8e), 
the pseudocapacitive contributions of the bare  Al2O3 electrode and  Al2O3-reduced graphene oxide hybrid 
electrode were found to be 80.25% and 50.74%.

In contrast, the electric double-layer contributions are 19.75% and 49.26%, respectively. The higher 
electrochemical performance of the  Al2O3-reduced graphene oxide hybrid electrode, compared to the bare  Al2O3 
electrode, can be attributed to the constructive synergistic effects caused by the attachment of  Al2O3 nanoparticles 
to the reduced graphene oxide nanosheets. In the  Al2O3-reduced graphene oxide hybrid electrode, the open 
space inside the reduced graphene oxide nanosheets for  Al2O3 nanoparticles offers an easy path for electrolyte 

Figure 5.  Electrochemical characterization of as synthesized  Al2O3 and  Al2O3-reduced graphene oxide hybrid. 
(a) Comparative cyclic voltammetric profiles of  Al2O3 and  Al2O3-reduced graphene oxide hybrid electrode 
recorded at a sweep rate of 100 mV  s−1, (b) CV plots of  Al2O3-reduced graphene oxide hybrid electrode recorded 
at different sweep rates, (c) effect of sweep rates on gravimetric capacitances of  Al2O3-reduced graphene oxide 
hybrid electrode, (d) comparative charge–discharge profile of  Al2O3 and  Al2O3-reduced graphene oxide hybrid 
electrode recorded at applied current of 1 mA, (e) CD profile of  Al2O3-reduced graphene oxide hybrid electrode 
recorded at various applied currents, (f) effect of applied currents on specific capacitances of  Al2O3-reduced 
graphene oxide hybrid electrode, (g) comparative Nyquist plot  Al2O3 and  Al2O3-reduced graphene oxide hybrid 
electrode with inset shows the enlarged portion of the Nyquist plot of the  Al2O3-reduced graphene oxide hybrid 
electrode, (h) Bode phase angle plot of  Al2O3-reduced graphene oxide hybrid electrode, and (i) the cyclic 
stability performance of  Al2O3-reduced graphene oxide hybrid electrode over 5000 cycles.
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diffusion during the electrochemical analysis, which leads to higher electronic and ionic conduction, resulting 
in higher electrochemical performance compared to bare  Al2O3  electrode51,52.

A supercapacitor device was fabricated (in symmetric configuration), using  Al2O3-reduced graphene oxide 
hybrid electrode as both the negative and positive electrodes to examine the potential of the  Al2O3-reduced 
graphene oxide hybrid electrode for real-world applications. The device was tested in 1 M aqueous  Na2SO4 elec-
trolyte within the potential range of 1 V. The detailed electrochemical performances of the assembled symmetric 
device have been illustrated in Fig. 6. Figure 6a,b illustrates the CV profiles of  Al2O3-reduced graphene oxide 
hybrid SSD, recorded at various sweep rates (5–500 mV  s−1) in the potential range of 0.0–1.0 V. The CV profiles 
of  Al2O3-reduced graphene oxide hybrid SSD demonstrate typical rectangular behaviour, which remains almost 
the same with the increase in the sweep rate from 5 to 500 mV  s−1, indicating the capacitive  characteristic53. 
The specific capacitance values of  Al2O3-reduced graphene oxide hybrid SSD at various scan rates are shown in 
Fig. 6c. The highest specific capacitance of  Al2O3-reduced graphene oxide hybrid SSD has been calculated to be 
about 9.34 F  g−1 at the scan rate of 5 mV  s−1. The CD curves of the  Al2O3-reduced graphene oxide hybrid SSD 
are shown in Fig. 6d,e. Figure 6d and e represent the CD profiles of  Al2O3-reduced graphene oxide hybrid SSD 
at a constant current of 1 mA and various applied currents from 0.25 to 2.50 mA. The CD profiles reveal that the 
charging and discharging profiles of CD curves possess good symmetry. The graph between gravimetric capaci-
tance and different applied current values for  Al2O3-reduced graphene oxide hybrid SSD is shown in Fig. 6f. It 
was observed that the highest specific capacitance of about 10.73 F  g−1 can be obtained at an applied current of 
0.25 mA. To further understand the charge transfer kinetics in the case of  Al2O3-reduced graphene oxide hybrid 
SSD, EIS measurement was performed in the frequency range of 0.01–100 kHz, using the Nyquist and Bode 
plot. Figure 6g represents the Nyquist plot for  Al2O3-reduced graphene oxide hybrid SSD, with an inset showing 

Figure 6.  Electrochemical characterization of  Al2O3-reduced graphene oxide hybrid symmetric cell SSD. Cyclic 
voltammetric profiles  Al2O3-reduced graphene oxide hybrid symmetric cell SSD at different sweep rates (a) 150–
500 mV  s−1, (b) 5–100 mV  s−1, (c) effect of sweep rates on gravimetric capacitances of  Al2O3-reduced graphene 
oxide hybrid symmetric cell SSD of  Al2O3-reduced graphene oxide hybrid symmetric cell SSD, (d) charge–
discharge profile of  Al2O3-reduced graphene oxide hybrid symmetric cell SSD recorded at applied current of 
1 mA, (e) CD plots of  Al2O3-reduced graphene oxide hybrid symmetric cell SSD recorded at various currents, 
(f) effect of applied currents on specific capacitances of  Al2O3-reduced graphene oxide hybrid symmetric cell 
SSD, (g) Nyquist plot of  Al2O3-reduced graphene oxide hybrid symmetric cell SSD with inset shows the enlarged 
view, (h) Ragone plot of  Al2O3-reduced graphene oxide hybrid symmetric cell SSD with other reported SSD, and 
(i) cyclic stability performance of  Al2O3-reduced graphene oxide hybrid symmetric cell SSD over 10,000 cycles.
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the Nyquist plot’s enlarged view at the low-frequency region. The Nyquist analysis shows that the values of Rs 
and Rct are about 0.81 Ω and 23.55 Ω, respectively, indicating good electrical conductivity of the  Al2O3-reduced 
graphene oxide hybrid SSD. The Bode plot (phase angle as a function of frequency) of  Al2O3-reduced graphene 
oxide hybrid SSD is shown in Fig. S9. The Bode plot reveals that the phase angle of  Al2O3-reduced graphene 
oxide hybrid SSD is about -67.90°, which signifies both EDLC and pseudocapacitive  contributions46. To describe 
the specific energy and specific power characteristics of the  Al2O3-reduced graphene oxide hybrid SSD, Fig. 6h 
represents the Ragone plot for the as-fabricated SSD. The  Al2O3-reduced graphene oxide hybrid SSD obtained 
a maximum energy density of about 1.49 Wh  kg−1 with a corresponding power density of 78.125 W  kg−1. The 
power density of SSD increases up to 1.562 kW  kg−1 with an increased applied current of 5 mA. The Ragone plot 
clearly indicates higher specific energy of  Al2O3-reduced graphene oxide hybrid SSD compared to  Ni2P (0.24 Wh 
 kg−1)54,  Cu3SbS4 (0.64 Wh  kg−1),  Cu3SbS3 (0.7 Wh  kg−1),  Cu12Sb4S13 (0.85 Wh  kg−1)55, Mxene (0.089 Wh  kg−1)56. 
Figure 6i represents the cyclic stability plot for  Al2O3-reduced graphene oxide hybrid SSD, obtained at a constant 
current of 1 mA for over 10,000 cycles. The  Al2O3-reduced graphene oxide hybrid SSD demonstrates excellent 
cyclic stability with a retention of 98.56%. The obtained capacitance retention (98.56%) of  Al2O3-reduced gra-
phene oxide hybrid SSD is higher compared to the previously reported SSD such as rGO-PMo12 (89–95%)57, 
 Co3O4-VAGN (86.3%)58, MXene-reduced graphene oxide (90%)59, cobalt hexacyanoferrate-reduced graphene 
oxide (83%)60 and famatinite-reduced graphene oxide (95.5%)61. To support the excellent cyclic stability of 
 Al2O3-reduced graphene oxide hybrid SSD, we performed EIS analyses before and after 10,000 cycles and found 
no such variation in Rs and Rct values after the cyclic stability test, as shown in Fig. S10. To further clarify the 
excellent cyclic stability, we have provided the first and last ten cycles of 10,000 cycles (as shown in Fig. S11), 
which reveals no such changes in the time duration of charging and discharging profiles of  Al2O3-reduced gra-
phene oxide hybrid SSD. To demonstrate the real-time application of the  Al2O3-reduced graphene oxide hybrid, 
we have fabricated  Al2O3-reduced graphene oxide hybrid based coin cell SSD and successfully powered a red 
LED by series connection (as shown in Fig. S12).

Structure and electronic properties. We have considered  Al2O3 having space group R-3C with the 
hexagonal unit cell containing 12 six-coordinated Al atoms and 18 four-coordinated O atoms. The relaxed 
bulk structure is displayed in Fig. 7a,b. DFT optimized lattice parameters are a = b = 4.80304 Ẳ, c = 13.11089 Ẳ, 
α = β = 90, γ = 120 degree. Computed lattice parameters are in good agreement with the experimental data from 
the literature, a = b = 4.77 Ẳ, c = 13.01 Ẳ62. Figure 7c presents the density of states for bulk  Al2O3. The symmetry 
between up-spin and down-spin channels indicates a non-magnetic signature where a large gap at the Fermi 
level indicates that  Al2O3 is a wide band gap insulator. The computed band gap employing GGA exchange–corre-
lation functional is 5.95 eV, matching well with PBE-based theoretical data of 6.045 eV from  literature63. But, it is 
lower than the experimental value of 8.8 eV as DFT underestimates the band gap and more sophisticated meth-
ods like hybrid functional calculations are needed to match experimental  data64. Using the relaxed structure of 
bulk  Al2O3, we have generated (113) surface of  Al2O3 since it has the most intense XRD peak. Further, we allowed 
the (113) surface of  Al2O3 to relax for minimum energy configuration, and Fig. 8a depicts the relaxed surface 
of  Al2O3. From the relaxed (113) surface of the  Al2O3 and reduced graphene oxide layer, we have generated a 
hybrid layer of  Al2O3-reduced graphene oxide so that the lattice mismatch is negligible. The geometry-optimized 
hybrid layer of  Al2O3-reduced graphene oxide is displayed in Fig. 8b. We have plotted the total electronic density 
of states for (113) plane  Al2O3 and the hybrid layer of  Al2O3-reduced graphene oxide in Fig. 8c. We can observe 
that the hybrid layer becomes metallic, and there is an enhancement in electronic states near the Fermi level, 
which indicates enhanced conductivity of the system.

Orbital interaction and charge transfer. To find the orbital interactions between  Al2O3 and reduced 
graphene oxide, in Fig. 9a–c, we have presented the partial density of states for the O 2p orbital of  Al2O3 and C 2p 

Figure 7.  (a, b) DFT optimized structure for bulk  Al2O3. (c) Total Density of States for bulk  Al2O3. Fermi level 
is at 0 eV and indicated by dotted line.
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Figure 8.  (a) DFT optimized structure for generated (113) surface of  Al2O3, (b) DFT optimized structure for 
hybrid layer  Al2O3-reduced graphene oxide, (c) Total Density of States for (113) surface of  Al2O3(upper panel) 
and for hybrid layer  Al2O3-reduced graphene oxide (lower panel). Fermi level is at 0 eV and indicated by dotted 
line.

Figure 9.  (a) Partial Density of States for O 2p orbital of  Al2O3 for bare  Al2O3 and hybrid  Al2O3-reduced 
graphene oxide, (b) Partial Density of States for C 2p orbital of reduced graphene oxide for pristine reduced 
graphene oxide and hybrid  Al2O3-reduced graphene oxide; Fermi level is at 0 eV and indicated by dotted line, 
(c) charge density plot for the charge density difference between  Al2O3-reduced graphene oxide and  Al2O3, (d) 
diffusion energy barrier of electrolytic ions in bare  Al2O3 and hybrid  Al2O3-reduced graphene oxide, (e) The 
change in the quantum capacitance with the variation in the electrode potential for in bare  Al2O3 and  Al2O3-
reduced graphene oxide hybrid.
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orbital of reduced graphene oxide for the hybrid system and corresponding pristine cases. We can notice that for 
the O 2p orbital of  Al2O3, there is an enhancement in the electronic states in the hybrid system compared to pure 
 Al2O3. Similarly, for the C 2p orbital of reduced graphene oxide, there is a reduction in the electronic states near 
the Fermi level in the hybrid system compared to pristine reduced graphene oxide. This enhancement in states 
for O 2p orbital and reduction in states for C 2p orbital of reduced graphene oxide indicate that the interaction 
is due to charge transfer from reduced graphene oxide to  Al2O3. To find the quantitative charge transfer, we have 
performed Bader charge analysis. According to Bader charge partitioning,  Al2O3 has a gain of 0.38e charge in 
the supercell. The difference in the charge density between  Al2O3-reduced graphene oxide and  Al2O3 has been 
plotted in Fig. 9c to visualize the spatial variation of electronic charge. The charge-gaining region corresponds 
to  Al2O3 and is denoted by red colour.

Diffusion energy barrier of electrolytic ions. We have also computed the diffusion energy barrier of 
the electrolytic ion  Na+ in  Al2O3 and in hybrid  Al2O3-reduced graphene oxide. The lower the diffusion energy 
barrier, the higher the mobility and the better the charge transfer capability. We can see from Fig. 9d that the 
diffusion energy barrier for  Na+ ions is lower for the hybrid  Al2O3-reduced graphene oxide system, justifying the 
superior charge storage performance in the hybrid system compared to  Al2O3.

Computation of quantum capacitance. Employing the electronic Density of States, we have calculated 
the quantum capacitance using the following  relationship65.

In the above equation, D(E) denotes the density of states, φG indicates electrode potential and the function, 
FT (E), is the thermal broadening which can be written as;

Figure 9e describes the variation between electrode potential and quantum capacitance. We can observe 
that for most of the electrode potential, the quantum capacitance is higher for the hybrid system  Al2O3-reduced 
graphene oxide. Quantum capacitance is dominant for low dimensional systems, and the total capacitance is 
related to quantum capacitance through the  relation66:

CEDL indicates electric double-layer capacitance, which depends on the electrode–electrolyte interfacial 
interaction. The increased quantum capacitance value in the hybrid material suggests higher charge storage 
performance for the  Al2O3-reduced graphene oxide system than bare  Al2O3.

Conclusions
In summary, nanostructured  Al2O3 and  Al2O3-reduced graphene oxide hybrid were successfully synthesized 
through a two-step method comprising hydrothermal and post-hydrothermal calcination processes.  Al2O3 
and  Al2O3-reduced graphene oxide hybrid electrodes’ supercapacitor performances were evaluated through 
both theoretical and experimental methods for the first time. Due to the synergistic effects of both EDLC and 
pseudocapacitance, the  Al2O3-reduced graphene oxide hybrid obtained higher electrochemical performance than 
the bare  Al2O3 electrode. Remarkably, the  Al2O3-reduced graphene oxide hybrid electrodes-based SSD manifests 
state-of-the-art capacitance retention of 98.56%, even after 10,000 cycles. Furthermore, we have presented the 
electronic properties, diffusion energy barrier, and quantum capacitance for  Al2O3 and  Al2O3-reduced graphene 
oxide hybrid using Density Functional Theory simulations. The interaction between  Al2O3 and reduced graphene 
oxide is due to the charge transfer from reduced graphene oxide to  Al2O3. The hybrid structure exhibits higher 
quantum capacitance and lower diffusion energy barrier for the electrolytic ions, which contribute to improved 
charge storage performance for the hybrid  Al2O3-reduced graphene oxide system supporting our experimental 
observation. Therefore, this research might give some insights into exploring low-cost advanced electroactive 
materials for promising applications in energy storage devices with state-of-the-art performance metrics.

Data availability
The datasets generated and/or analysed during the current study are available from the corresponding author 
on reasonable request.
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