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Abstract 

 The electrode material plays a crucial role in the performance of energy storage devices. 

Currently, the research focuses on enhancing the super-capacitive nature of the existing electrode 

materials in many ways. Herein, the influence of rare earth ions in the electrochemical 

characteristics of β-Bi2-xEuxMo2O9 and graphene-modified GrM-β-Bi2-xEuxMo2O9 is investigated. 

The gel matrix method is adopted for synthesizing the Bi2-xEuxMo2O9   (x = 1, 5 and 10%)  and 

GrM - Bi2-xEuxMo2O9 (x = 5,10%). The as-synthesized material's structural formation, phase purity 

and structural modifications are studied using XRD, Raman and SEM. The chemical composition 

with their oxidation state is verified using XPS analysis. The electrochemical behavior of the 

pristine materials is examined with various analyses such as CV, GCD and EIS techniques in both 

three-electrode and two-electrode systems. The specific capacitance of GrM-Bi1.8Eu0.2Mo2O9 is 

904 F g-1 at 1 A g-1 with excellent cyclic stability of about 82.14% at 5 A/g after 5000 cycles. An 

ASC device developed using GrM-Bi1.8Eu0.2Mo2O9 exhibits columbic efficiency of 96.5% with an 

extended cyclic life of 76.9% after 10000 cycles. The fabricated device possesses energy density 

and power density of 60.21 W h K g-1 and 750 W K g-1, respectively, at 1A g-1, acting as a favorable 

candidate for supercapacitor application. 
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1. Introduction 
 

The world echoes the appeal to save energy essential to our everyday existence. As our 

current nonrenewable energy sources continue to dwindle, scientists and engineers are working 

hard to create alternative energy sources, energy-storing materials, and efficiency 

enhancements.[1–3] In this way, several studies are being done to enhance the performance of 

energy-storing elements. From the findings of the vibrant researchers, high-efficiency energy 

storage technologies, including batteries and eco-friendly supercapacitors, can be employed to 

store and utilize the harvested energy wisely.[4] However, the energy market is currently 

dominated by batteries. Nevertheless, looking for an alternative energy system that is on par with 

or even better than batteries is dynamic.[5–7] This opens the way for a flurry of research into 

generally available, low-cost energy storage technologies with good electrochemical 

characteristics. In particular, supercapacitors have been a center of attraction over the modern 

decades since they have a superior power density, an extended cycle life, identical trustworthiness, 

and a fast rate of charge and discharging capability. Without a doubt, the invention of 

supercapacitors has helped the development of alternate ways to store energy.[8–10] 

The effectiveness of a supercapacitor is determined by its electrode material, electrolyte, 

and assembly configuration.[11] Among these, the material utilized for the electrodes is one of 

the most significant components of a supercapacitor.[12] Electric double-layer capacitance 

(EDLC) is a way that the double-layer effect is used to save energy. Although no charge is 

transferred, electrostatic induction induces charge at the electrode interface. They have greater 

power densities and a long lifespan. However, they do not have efficient specific capacitance and 

energy density to meet the needs of electric vehicles for peak power support.[13,14] By storing 

energy via interfacial reversible faradaic processes, pseudocapacitive materials significantly 



 

 

enhance supercapacitors' specific capacitance and energy density compared to carbon-based 

materials.[15] Combining electric double-layer capacitive materials with pseudocapacitive 

materials can further improve energy and power density in asymmetric supercapacitors.[16] 

Herein, nanostructured transition metal oxides (TMO) are preferable for high-performance 

supercapacitor electrodes. Because they are environmentally friendly, inexpensive, have high 

theoretical capacitance, and are widely available.[17,18] In recent years, TMOs have been the 

focus of research in preparation for their prospective application as electrodes in 

supercapacitors.[19–22] However, TMOs have a variety of limitations that make them less useful, 

such as slow ion diffusion, poor electrochemical stability, and low electrical conductivity. In 

contrast, binary metal oxides have been used as electrode materials to solve these problems 

because of their many oxidation states for redox processes that aid in the electrical conductivity 

and the specific capacitance.[23–25] 

As such, bismuth molybdate is an important family member of binary metal oxides because 

it has great electrical and optical properties. Bismuth molybdate has been employed in various 

sectors, such as catalysts, gas sensors, and energy storage devices. Since then, bismuth molybdate's 

exceptional supercapacitive behavior has garnered much attention in supercapacitors.[26–32] 

When applied to binary metal oxides, conducting polymers and carbon-active chemicals can 

improve their electrochemical performance and specific capacitance as they posses high electrical 

conductivity, large specific surface area, and extremely long cycling life.[33–35] Similarly, 

carbon-based materials and conducting polymers have done amazing things in supercapacitor 

applications.[36–39] At the same time, compared to polymers, carbon compounds are cheaper and 

occur more often in nature. As a result, researchers have concentrated on optimizing bismuth 



 

 

molybdate electrode materials by including carbon active material to improve specific capacitance 

and other electrochemical parameters for usage in supercapacitors.[40,41] We have previously 

reported the wasp nest M-Bi2Mo2O9 on this path, which has a specific capacitance of 831 Fg-1 at 

a scan rate of 1 A g-1.[42] In addition, we have made much progress with carbon-active binary 

metal oxides that have been enhanced with rare earth elements.  

Here, we use a gel matrix approach to create a nano assembly of europium mixed with 

Bi2Mo2O9 and those materials modified with graphene. The Gel matrix method yields more 

homogeneous particles at lower temperatures than conventional hydrothermal and wet chemical 

synthesis techniques. This gel matrix technique helps achieve a single-phase nanoparticle 

formation.[43] Synthesized nanocomposites were used to create the working electrode. The 

electrochemical nature and cyclic stability of the designed electrode were analyzed to see if they 

could be used in a high-energy symmetric supercapacitor. Although it has potential as a 

supercapacitor material, Bi2Mo2O9 is rarely discussed. In response, europium-doped graphene-

modified Bi2Mo2O9 (GrM-Bi2-xEuxMo2O9) based asymmetric high-energy supercapacitors were 

developed. 

2. Experimental section 

2.1. Materials  

Europium (III) oxide (Eu2O3), bismuth(III) nitrate pentahydrate (Bi(NO3)3.5H2O), nitric 

acid (HNO3), citric acid monohydrate (C6H8O7.H2O), and ammonium heptamolybdate tetrahydrate 

((NH4)6Mo7O24) were all supplied by Merck. Ethylene glycol (C6H6O2) was procured from 

Himedia. All of the materials employed in this work were used any purification. 



 

 

2.2. Synthesis  

The gel matrix technique was used to generate the Bi2Mo2O9 nano self-assembly. The following 

procedures ensured that the synthesis would go off without a hitch. 1.75 mmol of bismuth (III) 

nitrate pentahydrate (Bi(NO3)3.5H2O), 0.0175 mmol of europium (III) nitrate hexahydrate 

(Eu(NO3)3.6H2O), 0.25 mmol of ammonium (NH4)6Mo7O24, and 2 mmol of citric acid 

monohydrate (C6H8O7.H2O) were employed in this route. (NH4)6Mo7O24 is stirred separately in 45 

mL of distilled water, and the Bi (NO3)3.5H2O in 5 mL of acetic acid. The prepared solution was 

mixed and stirred for an hour to ensure it was completely combined. The solution was then gelled 

by adding a measured amount of citric acid and a few drops of ethylene glycol.[44–47] On a 

temperature-controlled hotplate, the previously described gel solution was heated to 80 °C. 

Furthermore, the obtained gel was pre-heated at 300 °C to initiate the combustion reaction. 

Furthermore, recovered samples were reheated at 550 °C to remove organic compounds and 

achieve the Bi2-xEuxMo2O9 phase. The same synthesis protocol was used to create Bi2-xEuxMo2O9 

with varying concentrations of europium (x = 1, 5 and 10 %) and graphene-modified Eu doped 

Bi2Mo2O9 (GrM- Bi2-xEuxMo2O9) (x = 5,10%)  by adding rGO. The synthesized product was used 

for all subsequent characterizations.  

2.3. Electrode preparation 

In our three-electrode setup, the reference electrode (RE) was made of Ag/AgCl, the 

counter electrode (CE) was made of Pt wire, and the working electrode (WE) was made of the 

synthesized active material. For the working electrode, a homogenous mixture was made by 

blending PVDF (5%), activated carbon (10%), and active material (85%) in a solvent (NMP) N-

Methyl-2-pyrrolidinone. After coating a 1 cm2 (1x1 cm) square of Ni-foam with the produced 



 

 

slurry, the square was heated to 70 °C and kept there for 12 hours. For use with a two-electrode 

configuration, activated carbon (AC) was the negative electrode, whereas the positive electrode 

was composed of annealed Eu-doped Bi2Mo2O9 nanostructures. The cellulose membrane also 

serves as a separator between the electrodes, allowing ions to pass through. The results of CV, 

GCD, and EIS experiments were used to examine the electrochemical performance of the annealed 

Bi2-xEuxMo2O9   (x = 1, 5 and 10%)  and GrM - Bi2-xEuxMo2O9 (x = 5,10%) in the three-electrode 

configuration and the two-electrode device with 3M KOH electrolyte.   

2.4. Instrumentation: 

Using powder X-ray diffraction (PXRD, Rigaku, Japan) with a 2θ range of 10° to 90° and 

a scan rate of 2°/min, the phase purity of prepared nanoparticles can be determined. We evaluated 

the as-synthesized materials for Raman spectral analysis at 532 nm excitation with a Horiba Jobin 

Yvon HR 800 Raman spectrometer. For analyzing the optical absorption and reflection of the 

chemical components, diffuse reflectance imaging with Thermofisher UV-visible 

spectrophotometers was used. A ZEISS EVO 18 scanning electron microscope (SEM) examined 

the morphology and elemental distribution. Further, the detailed growth pattern and the 

morphology were confirmed using JEOL Japan, JEM 2100 Plus transmission electron microscope 

(TEM). The Thermo Scientific K-Alpha Surface Investigation with Al Source was used for X-ray 

Photoelectron Spectroscopy (XPS) analysis of each Eu: Bi2Mo2O9 phase. CV, GCD, and EIS's 

electrochemical properties were studied with the help of an electrochemical workstation. 

(BioLogic SP-150). 

3. Results and discussion 

3.1. Structural Studies  



 

 

 The schematic illustration of synthesized materials for supercapacitor application is shown 

in Figure 1. X-ray diffraction is the most reliable method for determining a material's structure, 

lattice parameters, and phase purity (XRD). Figure 2 depicts the diffraction patterns of (1, 5, 10%) 

Eu: Bi2Mo2O9 and (5, 10%) Eu: GrM - Bi2Mo2O9. The β-Bi2Mo2O9 exhibits a monoclinic structure 

with the space group of P21/n and lattice parameters a = 11.9720, b = 10.8130, c = 11.8990. The 

diffraction patterns of β- Bi2Mo2O9 correlate with the standard JCPDS data, confirming the 

formation of single phase β-Bi2Mo2O9 without impurities. The intense characteristic peak at 2θ = 

27.7 corresponds to the (320) plane and does not exhibit a noticeable difference in intensity on the 

addition of Eu3+ ions. The double-shouldered peak at 2θ = 28.11⁰ of β-Bi2Mo2O9 disappears with 

further incorporation of rare earth ions. The magnified spectrum of intense peak at  27.7 2θ  of 

pure Bi2Mo2O9 and 1, 5, and 10% Eu doped Bi2Mo2O9 is shown in Figure S1. The Eu doped 

Bi2Mo2O9 results in slight shift of peak towards higher angle. While, the 5 and 10% Eu doped 

Bi2Mo2O9 shifted back towards lower angle from 1% Eu doped Bi2Mo2O9. This may due to more 

availability of Eu3+ ions in Bi1.9Eu0.1Mo2O9 and Bi1.8Eu0.2Mo2O9 than Bi1.98Eu0.02Mo2O9, resulting 

in site adaption of Eu3+ in Bi2Mo2O9. 

3.2. Raman Spectral Analysis 

 Raman spectroscopy is utilized to ascertain materials' rotational, vibrational, and molecular 

states in their as-synthesized state. Figure 3 shows the Raman spectrum of prepared materials. The 

strong peak appeared at 888 cm-1
, attributed to the Mo–O stretching vibrations of orthorhombic 

distorted MoO6 octahedra. The Mo-O bonding modes, such as bending, twisting, and wagging, 

contribute to peaks below 600 cm-1, while Mo-O stretches account for peaks above 600 cm-1. 

Minor peaks at 146 cm-1, 287 cm-1, and 366 cm-1 also indicate the formation of Bi2Mo2O9.[48]. 

The modes below 205 cm-1 correspond to the conversion of Bi and Mo atoms.[49] The hump 



 

 

around 749 cm-1 for Bi2Mo2O9  gradually gets intense by doping Eu3+ ions and further becomes 

sharp peak for GrM- Bi1.8Eu0.2Mo2O9. Also, the doping of europium ions results in the shift of 

peak appearing at 197 cm-1 for Bi2Mo2O9 and becoming intense at 204 cm-1 for GrM- 

Bi1.8Eu0.2Mo2O9. The Raman spectrum of 825 to 950 cm-1 is given in Figure S2. The slight 

increasing shift of Raman spectrum is observed for Bi2-xEuxMo2O9 (x = 1, 5 and 10%). Also, the 

addition of graphene to 5 and 10% Eu doped Bi2Mo2O9 doesn’t show significant changes in their 

corresponding Raman spectrum as the graphene gets destructed at high annealing temperature.   

3.3 XPS Analysis 

The chemical constituents of the synthesized materials were analyzed using XPS analysis. 

Figure 4 (a) depicts the survey spectrum of Bi1.8Eu0.2Mo2O9 and GrM-Bi1.8Eu0.2Mo2O9  ranging 

from 1400 eV to 0 eV, assuring the presence of Bi, Mo, O, and Eu thereby confirming the effective 

formation of the material without any impurities present. The two definite peaks observed from 

the Bi 4f spectrum (Figure 4(b)) of Bi2Mo2O9 centered around 165 eV and 159 eV corresponds to 

Bi 4f5/2 and Bi 4f7/2, respectively. A small shift in the peak is observed in the Bi 4f spectrum of 

10% Eu: Bi2Mo2O9 and 10 % Eu: GrM- Bi2Mo2O9.[50] The binding energies for the intense peaks 

of Mo 3d3/2 and Mo 3d5/2 is located at 235 and 232.7 eV, respectively (Figure 4(c)). Due to Eu 

doping and graphene modification, Mo 3d3/2 and Mo 3d5/2 peaks shift to binding energy around 236 

and 233 eV. The findings from the Bi 4f spectrum and Mo 3d spectrum affirm the oxidation state 

of (Bi3+) and molybdenum (Mo 6+).  

The high-resolution O 1s spectrum (Figure 4(d)) indicates the characteristics peak at 530.8 

eV and 531.3 eV for Bi2Mo2O9 and GrM-Bi1.8Eu0.2Mo2O9 owing to Bi-O and Mo – O bonds. [51–

53] The Eu 3d spectrum (Figure 4(e)) comprises the peak at 1135.5 eV attributed to Eu 3d5/2, 

indicating the presence of Eu3+ ions.[47] The C 1s peak at 285 eV from Figure 3(f) shows the small 



 

 

amount of natural carbon in the prepared samples. Thereby, it confirms the absence of rGO in 

thermally treated synthesized materials. The UV–visible analysis was carried out, and the relevant 

discussions were provided in the supporting information (Figure S3). 

3.4 Morphological Analysis using FE SEM 

 The surface morphology and structural modifications by the effect of Eu3+ ions in 

Bi2Mo2O9 were corroborated using SEM. Figure 5 depicts the SEM micrographs of Bi2Mo2O9 (a-

d), Bi1.98Eu0.02Mo2O9 (e-h), Bi1.9Eu0.1Mo2O9(i-l), Bi1.8Eu0.2Mo2O9 (m-p), GrM-Bi1.9Eu0.1Mo2O9 

(q-t) and GrM-Bi1.8Eu0.2Mo2O9 (u-x). The SEM images of Bi2Mo2O9 reveal the nest-shaped 

formation of materials with thin-edged walls. The sphere shape and extended tube-like particles 

seem to be embedded together. The formation of the interconnected framework structures has been 

noticed for the as-synthesized samples. The surface of the particles appears to have several porous 

structures that developed perpendicular to it. The growth of layered inner microporous structures 

has been observed on further magnification. The SEM images of Bi2-xEuxMo2O9 show that the 

particles are broken spheres without adding rGO. The regulated growth of GrM-Bi2-xEuxMo2O9 

may be due to rGO, which acts as a template. The nest-like form increases surface area, thereby 

helping in improving electrochemical behavior. In addition, the thin walls and the particles' tightly 

stacked arrangement will enhance ionic transport. The elemental confirmation of the synthesized 

materials was confirmed using EDAX (Figure S4 ) and the elemental weight percentage of the 

synthesized samples are included in the supporting information (Table S1).  

3.5 TEM analysis 

 The electrochemical performance of a material can also be influenced by its morphology. 

Therefore, the detailed growth of as-synthesized electrode material is studied using TEM and 

shown in Figure 6. The visibility of the lattice fringes confirms the crystallinity nature of the 



 

 

synthesized materials. The TEM image of GrM-Bi1.8Eu0.2Mo2O9  shows the lattice fringe with an 

interplanar spacing of 3.33 Å that corresponds to the plane (-131). The smooth edges of GrM-

Bi1.8Eu0.2Mo2O9 indicate regulated growth development. From TEM analysis, it is evident that 

rGO acts as a template for the growth of Bi1.8Eu0.2Mo2O9, resulting in the formation of sheets-like 

structures.  

3.6 BET Analysis 

Brunauer-Emmett-Teller (BET) analysis was used to investigate the surface area and pore size 

distribution of the synthesized sample and it is shown in Figure 7. The resulting BET isotherm 

shows a characteristic type IV hysteresis loop, which suggests that the particles have a mesoporous 

structure. The surface area of Bi2Mo2O9, Bi1.8Eu0.2Mo2O9 and GrM-Bi1.8Eu0.2Mo2O9 are 15.087, 

20.961, and 26.128 m2/g, respectively. The comparision of surface area, pore size, and pore volume 

of Bi2Mo2O9, Bi1.8Eu0.2Mo2O9 and GrM-Bi1.8Eu0.2Mo2O9 was tabulated (Table 1). From BET 

analysis it is evident that graphene acts as template for the growth of the nanoparticles thereby 

enhancing the surface area.  

3.7 CV Analysis 

The electrochemical behavior of  Bi2-xEuxMo2O9 (x = 1, 5 and 10%) and  GrM-Bi2-

xEuxMo2O9 (x = 5 and 10%) sample electrodes was investigated in comparison with pure 

Bi2Mo2O9 using three-electrode system and a 3M KOH electrolyte solution. As in Figure 8 (a-f), 

these samples were first tested using cyclic voltammetry (CV) in the potential range of 0–0.5 V at 

a scan rate of 5–100 mV/s. Redox features in all CV curves support the electrodes' 

pseudocapacitive behavior.[54] By sweeping the scan rate, the corresponding current densities of 

these electrodes increased, indicating that they were capacitive and stable in charge storage. 

Because the cathodic and anodic peaks have shifted to the lower and higher potential sides, doped 



 

 

samples have higher charge and discharge rates than pure samples.[55] The CV curves of any of 

the electrodes show no discernible distortion. The GrM-Bi2-xEuxMo2O9 nanocomposite electrode 

has a larger integral surface area than the Bi2-xEuxMo2O9-based electrode. This might arise from 

the formation of oxygen vacancies when Eu ions are exchanged for Bi2Mo2O9 sites, resulting in a 

narrower band gap with greater electrical conductivity.[56] Along with the benefits of fast ionic 

movement,  decreased ion transfer distance, and a smaller band gap, rapid transitions of Eu ions 

between the Eu2+ and Eu3+ states are noteworthy. Compared to the pure electrode, the GrM-Bi2-

xEuxMo2O9 nanocomposite electrodes' specific capacitance is increased. Furthermore, 

incorporating Eu ions at sites on Bi2Mo2O9 improves the composite's interfacial contact. Thus, the 

integral surface area of the GrM-Bi2-xEuxMo2O9 nanocomposite electrode is greater than that of 

other electrodes.[57]   

The Trasatti approach was also used to classify and study an electrode material's intrinsic 

charge storage properties. The method proposed by Trasatti et al. aids in estimating the 

contributions of the diffusion (inner) and surface controlled (outer surface) to the total charges 

approximately using cyclic voltammograms. The underlying concept is that the charged species 

on the inner surface adopts a diffusion-controlled method, wherein the electrode's outer surface 

follows a non – diffusion controlled route irrespective of scan rate.[58,59] Figure 9 shows the bar 

graph comparison displaying the faradic and capacitive contributions of the prepared electrode 

materials, and the linear plots are provided in the supporting information (Figure S5 and S6). It is 

evident from the graph that the GrM-Bi1.8Eu0.2Mo2O9 based electrode exhibits a charge of about 

78.16 % associated with faradaic effects and the rest 21.4 % by capacitive effects.  

3.8 EIS Analysis 



 

 

Electrochemical impedance spectroscopy (EIS) was investigated in a 3M KOH electrolyte solution 

over a frequency range of 0.01 to 100 kHz on the manufactured composite electrodes. The Nyquist 

plot of the manufactured electrodes is displayed in Figure 10. We used this fitted equivalent circuit 

C1/(R1+C2/R2+M3) to determine the ohmic drop, the displacement of charged ions across the 

electrode mass interface, and the constant phase components of the cell resistance. According to 

these equivalent circuit fitting results, the Bi2-xEuxMo2O9 composite electrodes and the GrM-Bi2-

xEuxMo2O9 composite electrodes had the lowest solution resistances (Rs). Moreover, the prepared 

electrodes' charge transfer resistances (Rct) are determined and listed in Table 1. Figure 10 shows 

that an equivalent circuit for the EIS has been constructed (C). Compared to other electrodes, the 

GrM-Bi2-xEuxMo2O9 electrode has a higher capacitance due to its small crystalline size, low band 

gap energy, and high electrical and ionic conductivities, as shown by the EIS results.[42,60,61] 

Analytically, the EIS findings are highly correlated with the CV findings. The GrM-Bi2-

xEuxMo2O9 electrode shows marked improvement in electrochemical performance, as shown by 

the results. The interfacial contact between the Bi and Mo was enhanced by adding Eu to the 

graphene-modified Bi2Mo2O9 matrix. The electrochemical reaction is consequently triggered by 

the decreased band gap and increased electrical conductivity of Bi2Mo2O9 brought about by Eu 

doping and graphene modification.[62–64] 

3.9 GCD Analysis 

 The prepared Bi2-xEuxMo2O9 and GrM-Bi2-xEuxMo2O9 electrodes were employed for a 

galvanostatic charge-discharge (GCD) study at a current density of 1 to 5 A g-1 and a potential 

range of 0 to 0.5 V. Figure 11 depicts the GCD curves of Bi2-xEuxMo2O9 (x = 1,5 and 10%) and  

GrM-Bi2-xEuxMo2O9 (x = 5 and 10%). The small iR drop and the nonlinearity curve in the 

discharge demonstrated that the prepared electrodes were battery-type. Discharge times are longer 



 

 

for low current densities compared to high current densities. Also, the charging and discharging 

times are longer and shorter at lower and higher current densities. The ion exchange process works 

well at low current densities. Because ion movement is slow at low currents, redox reactions can 

occur throughout the active material, resulting in a higher capacitance. However, the ions do not 

have enough time to undergo a redox reaction over the entire area of the active material when the 

current density is increased. As a result, the capacitance of the electrodes will be reduced.[65–67] 

The relation enumerates the specific capacitance (C) from the GCD curve. 

 𝐶 =
𝐼 × ∆𝑡

𝑚 × ∆𝑉
  𝐹𝑔ିଵ                                                                              (1)     

Where ‘‘I’’ represents the current density (A),  

‘‘∆t’’ stands for the discharge time (s) from the Galvanostatic charge-discharge curve,  

‘‘m’’ is the mass of the active material (g) deposited on the electrode surface and  

‘‘∆V’’ is the applied voltage window (Volts)  

 Calculated specific capacitances at different current densities for the Bi2-xEuxMo2O9 (x = 

1,5 and 10%) and  GrM-Bi2-xEuxMo2O9 (x = 5 and 10%) composite electrodes are tabulated. The 

GCD result shows that doping GrM-Bi2-xEuxMo2O9 composite with Eu ions enhances its 

supercapacitance performance, leading to greater specific capacitance and superior cycle stability. 

Values for specific capacitance calculated for current densities up to 5 A g-1 are provided in the 

supporting information (Table S2). It has been found that the specific capacitances gradually 

decrease with increasing current density. The modified graphene and Eu ions boost electronic and 

ionic conductivities, making the OH- ions more accessible by creating more active sites. As a 

result, capacitance is increased in GrM-Bi1.8Eu0.2Mo2O9 electrode composites. Figure 12(a)  shows 

how the current density relates to the specific capacitance.[68,69] 



 

 

 Regarding CV, GCD, and EIS measurements, the GrM-Bi1.8Eu0.2Mo2O9 electrode 

performed better. Thus, we looked at the cycle stability of the same electrode in GCD for an 

additional 5000 cycles. At a current density of 5 A g-1 and a potential window of 0 – 0.5 V, the 

capacitance retention of the GrM-Bi1.8Eu0.2Mo2O9 composite electrode was 82.14%, as shown in 

Figure 12(b).  

3.10 Two Electrode Fabrication of ASC Device  

Figure 13 depicts the charge storage mechanism of fabricated asymmetric device. The 

working of an asymmetric supercapacitor (ASC) device made with synthesized GrM-

Bi1.8Eu0.2Mo2O9 as the positive electrode and activated carbon (AC) as the negative electrode was 

assessed in two electrode setups. Figure 14(a) illustrates the CV analysis of the 10% Eu: GrM-

Bi2Mo2O9 and AC electrodes in 3M KOH electrolyte solution. Cyclic voltammograms revealed 

the pseudocapacitive behavior of GrM-Bi1.8Eu0.2Mo2O9 and EDLC characteristics of activated 

carbon in the measured potential range of 0 to 0.5 eV and -1 to 0 eV, respectively. The potential 

window of the prepared asymmetric supercapacitor was maintained at 0 -1.5 V throughout the CV 

analysis. The mass balance of  positive and negative electrodes was determined using the equation 

𝑚ା

𝑚ି
=

(∆𝑉 )𝐶ି

(∆𝑉ା)𝐶ା
                                                                        (2) 

 

Where m+ and m− represent the mass of material coated on positive and negative electrodes, C+ 

and C− represent the specific capacitance of the positive and negative electrodes, and ΔV+ and ΔV− 

correspond to the potential difference of the positive and negative electrodes, respectively .[70,71] 

Herein, 2 mg of active material (GrM-Bi1.8Eu0.2Mo2O9) was loaded on the positive electrode and 



 

 

5 mg of activated carbon was employed on the negative electrode to analyse their electrochemical 

behaviour. Figure 14(b) presents the CV curves of GrM-Bi1.8Eu0.2Mo2O9 and the AC electrode, 

which are investigated with varying scan rates from 5 mVs-1 to 100 mVs-1 in  KOH electrolyte 

solution. As the scan rate increases, the CV graph displays a regular shape with quick charge 

transfer and less CV curve deformity, representing the super-capacitive behavior. Figure 14(c) 

depicts the GCD curves of the prepared ASC device observed at different current densities in a 

potential range of 0-1.5 V. The resultant specific capacitance of the fabricated device is 192.67 F 

g-1 at a current density of A g-1. The energy density and the power density are the  factors that 

determine the efficiency  of a supercapacitor device and can be calculated as follows[72] 

Energy density (E) =
𝐶 × ∆𝑉ଶ

7.2
 (W h kgିଵ)                                               (3) 

              Power density (P) =  
3600 𝐸

∆𝑡
(W kgିଵ)                                                     (4)  

where ΔV is a potential window (V), Δt is the discharge time (s), and C is the specific capacitance 

(F g-1) of the devices. Table 2  provides the results for the fabricated GrM-Bi1.8Eu0.2Mo2O9  - based 

asymmetric devices, such as discharge time, specific capacitance, energy density, and power 

density. ASC device's extended energy density was 60.21 W h K g-1 with a power density of 750 

W kg-1 at a current density of 1 A g-1. The asymmetric supercapacitor should exhibit high cycle 

stability, which is important for practical uses, so a Swagelok-style device was used to measure 

the stability behavior of fabricated ASC.[73] The prepared ASC device's stability was evaluated 

and shown in Figure 14(d). The observation reveals that the rapid kinetics of the 

electrode/electrolyte interaction lowered the initial stability. After some more cycles, the reaction 

rate stabilized, which resulted in the following stability. The active electrode achieved a columbic 

efficiency of 96.5% after 10,000 cycles and maintained a capacity retention rate of 76.9% at 5 A 



 

 

g-1. The Ragone plot for the fabricated GrM-Bi1.8Eu0.2Mo2O9  - based ASC in comparision with 

other literatures were depicted in Figure 15 and Table 3 gives the comparision of the present work 

with previously reported data. The results of this work demonstrate that 10% doping of europium 

to graphene-modified Bi2Mo2O9 significantly improves the energy and power density and can be 

employed as an active electrode material for supercapacitor applications. 

4. Conclusion 

This work reports the effective gel matrix synthesis of pristine Bi2Mo2O9, β-Bi2-xEuxMo2O9 

and graphene-modified GrM-β-Bi2-xEuxMo2O9 as electrode materials for supercapacitor. The 

monoclinic structure and the formation of the synthesized materials were affirmed using XRD and 

Raman analysis. The elemental confirmation of as-synthesized samples was carried out using XPS 

analysis. The mesoporous structure of Bi2Mo2O9 aids in better performance in the presence of 

many active sites.   

The electrochemical characteristics of Bi2Mo2O9, β-Bi2-xEuxMo2O9 and graphene-modified 

GrM-β-Bi2-xEuxMo2O9 were analyzed using CV, GCD and EIS in three electrode configurations. 

Among the synthesized materials, GrM-Bi1.8Eu0.2Mo2O9 exhibits a maximum specific capacitance 

of about 904 F g-1 at 1 A g-1. The capacitive retention of 10% Eu: GrM-Bi1.8Eu0.2Mo2O9  is 82.14% 

at 5 A g-1  after consecutive 5000 charge – discharge cycles. An asymmetric supercapacitor device 

fabricated with GrM-Bi1.8Eu0.2Mo2O9, investigated in two electrode configurations, shows a 

specific capacitance of 192.67 F g-1 at 1 A g-1 with the cyclic stability of 76.9 % at 5 A g-1  after 

10000 cycles. The fabricated device's Energy and power density are 60.21 W h K g-1 and 750 W 

Kg-1, respectively, at a current density of 1 A g-1. In brief, the effect of Eu3+, along with the 

modifications of graphene, greatly influenced the electrochemical performance, making them a 

suitable electrode material for supercapacitor application. 
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Figure 1. Graphical representation of as-synthesized materials for asymmetric supercapacitor 

application 

 

 

 

 

  



 

 

 

Figure 2.  XRD patterns of as-synthesized Bi2Mo2O9, Bi2-xEuxMo2O9 and GrM -Bi2-

xEuxMo2O9 



 

 

 

Figure 3. Comparative Raman spectra of Bi2Mo2O9, Bi2-xEuxMo2O9 and GrM -Bi2-

xEuxMo2O9 



 

 

 

Figure 4. XPS survey spectrum (a), Bi 4f (b), Mo 3d (c), O 1s (d), Eu 3d (e) and C 1s (f) 

spectrum of Bi2Mo2O9 , Bi1.8Eu0.2Mo2O9  and GrM-Bi1.8Eu0.2Mo2O9. 

 



 

 

Figure 5. SEM micrographs of Bi2Mo2O9 (a-d), Bi1.98Eu0.02Mo2O9 (e-h), Bi1.9Eu0.1Mo2O9 

(i-l), Bi1.8Eu0.2Mo2O9 (m-p), GrM-Bi1.9Eu0.1Mo2O9 (q-t) and GrM-Bi1.8Eu0.2Mo2O9 (u-x). 

 



 

 

Figure 6. TEM analysis of GrM-Bi1.8Eu0.2Mo2O9 



 

 

 

Figure 7. BET analysis of Bi2Mo2O9, Bi1.8Eu0.2Mo2O9 and GrM-Bi1.8Eu0.2Mo2O9. 

 



 

 

 

Figure 8. Cyclic voltammograms of (a) Bi2Mo2O9, (b) Bi1.98Eu0.02Mo2O9, (c) 

Bi1.9Eu0.1Mo2O9, (d) Bi1.8Eu0.2Mo2O9, (e) GrM-Bi1.9Eu0.1Mo2O9  and (f) GrM-

Bi1.8Eu0.2Mo2O9. 



 

 

 

 

Figure 9. Diffusive and capacitive effect of Bi2Mo2O9, Bi1.98Eu0.02Mo2O9,  Bi1.9Eu0.1Mo2O9, 

Bi1.8Eu0.2Mo2O9, GrM-Bi1.9Eu0.1Mo2O9  and GrM-Bi1.8Eu0.2Mo2O9 using Trasatti method. 

 



 

 

         

Figure 10.  EIS spectra of synthesized materials. 



 

 

  

 

Figure 11. GCD curves of Bi2Mo2O9 (a), Bi1.98Eu0.02Mo2O9 (b), Bi1.9Eu0.1Mo2O9 

(c), Bi1.8Eu0.2Mo2O9 (d), GrM-Bi1.9Eu0.1Mo2O9 (e) and GrM-Bi1.8Eu0.2Mo2O9 (f). 



 

 

 

Figure 12. The comparison graph of specific capacitance with current density of the 

pristine materials (a) and the stability graph of GrM-Bi1.8Eu0.2Mo2O9 (b) 



 

 

 

Figure 13. Charge storage mechanism of an asymmetric supercapacitor. 



 

 

 

Figure 14. CV comparison of activated carbon and active material (a),  CV graph (b), GCD 

curves (c) and capacitive retention of fabricated ASC device (d) using GrM-

Bi1.8Eu0.2Mo2O9. 



 

 

Figure 15. Ragone plot for fabricated ASC device with other literature reports. 

 

 

 

 

 

Table 1: Series resistance (Rs) and charge transfer resistance (RCT) obtained from EIS 

analysis.  



 

 

Materials Rs (Ω) RCT (Ω) 
Peak current Density at 

100 mV.s-1 (A.cm-1) 

Bi2Mo2O9 0.03305 1.858 52.54 

Bi1.98Eu0.02Mo2O9 0.2519 1.544 53.28 

Bi1.9Eu0.1Mo2O9 0.2673 0.9141 73.7 

Bi1.8Eu0.2Mo2O9 0.6717 0.2424 83.3 

GrM-Bi1.9Eu0.1Mo2O9 0.2676 0.8968 82.85 

GrM-Bi1.8Eu0.2Mo2O9 0.3687 0.1358 92.1 

 

 

Table 2: Electrochemical performance of fabricated ASC device. 

Current 

Density 

(A.g-1) 

Discharge 

Time 

(s) 

Potential 

Window 

(V) 

Specific 

capacitance 

(F.g-1) 

Energy 

Density 

(W.h.Kg-1) 

Power Density 

(W.Kg-1) 

1 289 1.5 192.67 60.21 750 

2 141 1.5 188 58.75 1500 

3 69 1.5 138 43.12 2250 

4 34 1.5 90.67 28.33 3000 

5 16 1.5 53.33 16.67 3750 

 

Table 3: ASC device comparision with previous literature. 



 

 

Electrode 
Material 

Synthesis 
Route 

Electrolyte 
Energy 
Density 

Power 
Density 

Cyclic 
Stability 

Ref 

Bi2Mo3O12 Gel matrix 3M KOH 47.5 Wh kg-1 
750 W 

kg-1 

71.9% after 
10000 

cycles @ 5 
Ag-1 

[50] 

Bi2Fe2Mn2O10 

Solgel/ 
Ultrasonic 

assisted 
coprecipitation 

6M KOH 48 Wh kg-1 
480 W 

kg-1 

93.3% after 
5000 cycles 
@ 0.6 Ag-1 

[74] 

Bi2MoO6/PANI 
Chemical 

polymerization 
3M KOH 31.9 Wh kg-1 

400 W 
kg-1 

86.5% after 
6000 cycles 

[75] 

Graphene 
modified M-

Bi2Mo2O9 

Sol-gel auto 
combustion 

3M KOH 54.2 Wh kg-1 
750 W 

kg-1 

74.28% 
after 10000 
cycles @ 5 

Ag-1 

[42] 

Fe(III)/BiOCl Solvothermal 1M H2SO4 17 Wh kg-1 
500 W 

kg-1 

99% after 
5000 cycles 

@ 5 Ag-1 
[76] 

GrM-
Bi1.8Eu0.2Mo2O9 

Sol-gel auto 
combustion 

3M KOH 60.2 Wh kg-1 
750 W 

kg-1 

76.9% after 
10000 

cycles @ 5 
Ag-1 

This 
work 

 


