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Abstract 22 

 The modern energy crisis has recently prompted researchers to seek alternatives. In this 23 

context, using electrochemical energy resources for energy conversion and storage drew 24 

considerable interest. Herein, a new attempt at implementing a series of semiconducting rare 25 

earth gallium garnets (REGGs; RE= Eu, Gd, Dy, Er, and Yb)/RE3Ga5O12 is employed for 26 

energy storage application. Garnets, an active host for rare earth ions with significant physical 27 

and chemical features, are expected to be promising electrode materials for supercapacitors. 28 

REGGs are synthesized via the gel matrix method. The phase purity and morphology of 29 

synthesized garnets were confirmed using XRD, Raman, XPS, FESEM, and TEM analysis. All 30 

synthesized rare earth gallium garnets show a cubic structure and manifest coral reef-like 31 

structures with minor variations. The surface area of the material is calculated using BET 32 

analysis. The electrochemical performance of the material is evaluated with CV, GCD, and EIS 33 

analysis in 3M KOH. Eu3Ga5O12 exhibits a notable specific capacity of 303 C g-1 (84.1 mA h 34 

g-1) at 1 A g-1 compared to other rare earth gallium garnets with sustained cyclic stability of 35 

about 80.12 % even after 5000 cycles. The practical applicability of the synthesized Eu3Ga5O12 36 

material is investigated by analyzing its performance in asymmetric supercapacitor devices. 37 

The fabricated device exhibited a maximum energy and power density of 39.06 W h Kg-1 and 38 

1125 W kg-1 at 1 A g-1, respectively. The exquisite features of rare earth gallium garnets with 39 

extended electrochemical performance indicate their potential to be a promising electrode 40 

material for energy storage applications.  41 
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1. Introduction  46 

The enormous usage of natural energy resources ultimately leads to the search for new 47 

generation power systems. Alternative approaches for replacing conventional energy resources 48 

have sparked significant interest, creating new solutions for powering vehicles and other 49 

appliances.[1,2] Recent research has focussed on clean and biocompatible energy sources, such 50 

as solar, geothermal, biomass, tidal, and wind power generation. However, the above-51 

mentioned renewable power sources have an intermittent issue that creates a significant barrier 52 

between production and utilization, notably the need for continuous supply. This necessitates 53 

advanced power storage and conversion technology to utilize renewably produced power 54 

effectively.[3,4] Thus, research has focused on advances in effective storage systems to meet 55 

the current power need. Consequently, energy storage devices such as lithium-ion batteries and 56 

conventional capacitors[5] have become inevitable for renewable power generation. However, 57 

batteries have limited power density, shorter lifecycles, and overheating difficulties. In 58 

contrast, conventional capacitors have a low energy density, which provokes the development 59 

of a viable storage technology to address this concern. [6,7] 60 

Supercapacitors, the next-generation storage device, have been discovered to be the 61 

most promising contender to tackle the energy storage challenges. Supercapacitors are 62 

electrochemical capacitors with very high capacitance. A supercapacitor can swiftly release or 63 

absorb energy and be charged or drained completely, whereas batteries take hours to charge. 64 

Thus, supercapacitors with a vast temperature range of operation,[8] low cost, speedy charge-65 

discharge rates, and sustainable cyclic life can be used stand-alone or in conjunction with other 66 

components to amplify the power of batteries. [9,10] The electrochemical reaction on the 67 

electrode material surfaces is the basis for energy storage in a supercapacitor. Charges can be 68 

retained on its surface via the accumulation/separation (EDLC) and faradaic reaction processes 69 

(pseudo capacitor) that involve a fast reversible faradaic reaction to increase the energy density 70 



than observed in EDLC-type capacitors.[6,11] Supercapacitors are the potential candidates 71 

with wide applications in electric and hybrid vehicles, energy backup systems, implantable 72 

medical devices such as pacemakers, and portable electronic devices.[12–14] Carbon-based 73 

materials, conducting polymers, metal oxides, and TMDCs are the most often explored and 74 

used electrode materials.[15,16] By optimizing the electrode material and the electrolyte, 75 

supercapacitors' energy storage capacity can be enhanced. The preferred electrode material 76 

must have greater electroconductivity and a large active surface area to improve supercapacitor 77 

performance.[17]  78 

  New garnet exploration has been increasing recently due to its multifunctional 79 

applicability in the energy and environmental sectors. The optimal garnet structure with 80 

A3B2C3O12 denotes A-dodecahedral, B-octahedral, and C-tetrahedral sites. Each cation is 81 

located on the core of the deformed oxygen polyhedron, forming a cubic crystallographic 82 

structure.[18,19] By changing or substituting the A and B site elements, diverse garnet 83 

structures can be synthesized, which alters their physical characteristics while the crystal 84 

structure remains unchanged.[20] The garnet lattice can be occupied with a range of rare-earth 85 

and transition metal ions, and the numerous doping sites provide more tuning possibilities for 86 

local site modifications.[21] 87 

Garnets are one of the most significant classes of active hosts for the trivalent rare earth 88 

(RE3+) ions due to their exceptional features, which include good chemical and thermal 89 

stability, strong optical abilities, and high hardness.[22] Rare earth elements have yet to be 90 

studied in energy storage technologies despite their substantial usage in optoelectronics, 91 

displays, solid-state illumination, lasers, imaging, and sensors.[23,24] The attributes of 92 

trivalent RE 3+ ions exhibiting peculiar 4f configurations and containing unpaired 4f electrons 93 

that do not participate in chemical bonding aid in energy storage. RE elements are typically 94 

assumed to be chemically passive, yet most of them (Ce, Nd, Er, Dy, Pr, and Tm) possess either 95 



RE4+/RE3+ or RE3+/RE2+ redox couples. This implies that rare earth-associated electrochemical 96 

storage is thermodynamically feasible.[25] The implementation of RE-based elements as 97 

positive grid enhancers in alkaline batteries[26] and metal hydride batteries[27] was facilitated 98 

by the massive ionic radius and the complicated coordination of rare earth elements, inducing 99 

the electrode materials lattice to be greatly deformed. In recent decades, the most commonly 100 

investigated Lutetium Aluminium Garnets (LAG),[28] Yttrium Aluminium Garnets 101 

(YAG),[27] Yttrium Iron Garnets (YIG),[29] Terbium Aluminium Garnets (TAG)[30] find 102 

innumerable applications in plasma displays, lasers, solar cells, scintillators, bioimaging, and 103 

phosphors. Their overall performance shall be increased by replacing aluminium with gallium 104 

atoms, as these garnets possess large unit cell volumes and an extended refractive index.[22] 105 

The ionic radius of gallium (0.62Å) is closer to that of  Al 3+ (0.535Å).[31] The covalent 106 

bonding of Ga-O in garnets favors the occupancy of Ga in the tetrahedral site more than the 107 

octahedral site. The four stable states that make up the rare earth gallium oxide system are 108 

perovskite, monoclinic, orthorhombic, and garnet crystal structures, which rely on the ionic 109 

sizes of the REs.[32] Garnets are usually synthesized using traditional methods such as the 110 

Czocharlski method,[33] geothermal,[32] co-precipitation, glass crystallization, mechanical 111 

alloying, and self-combustion techniques.[29]  112 

There are quite a few reports in the literature about rare earth garnets used in energy storage. 113 

Torabian et al. reported the electrosynthesis of Poly-ortho aminophenol/Al5Y3O12 114 

nanocomposite as an efficient supercapacitor. Al5Y3O12 (YAG) was synthesized by the pulse 115 

electrochemical deposition method, claiming that YAG had improved the active sites of the 116 

composites for increased faradaic reactions. The specific capacitance of about 237 F g-1 with a 117 

capacitive retention rate of 83% after 3000 cycles was observed for the prepared 118 

composites.[34] Yan Ling Hu et al. fabricated a hybrid structure of GaN/Ga2O3 micro rods on 119 

carbon cloth as high-performing electrodes for supercapacitor applications. The GaN/Ga2O3 120 



hybrid structure is responsible for the exceptional electrochemical performance of the prepared 121 

electrode due to the absorb/redox active sites on the surface of Ga2O3. These active sites on the 122 

surface further enable faster electron transport.[35] 123 

With the available reports, rare earth gallium garnet-based materials have yet to be 124 

widely explored as a potential energy storage material for batteries and supercapacitors. 125 

Investigating this series of rare earth gallium garnets other than traditional metal oxides, etc., 126 

could improve advancements in energy storage applications. This work focuses on synthesizing 127 

rare earth gallium garnets RE3Ga5O12 (RE: Eu, Gd, Dy, Er, Tm &Yb) using the gel matrix 128 

method. Various studies thoroughly examined the garnet's phase formation and optical and 129 

chemical composition. The electrochemical performance of synthesized rare earth garnets has 130 

been investigated in the OrigaFlex-OGF500 workstation and explored their scope for 131 

supercapacitors.  132 

2. Experimental Section 133 

2.1 Synthesis of materials 134 

For the synthesis of REGG, all the reagents were used without any purification. 135 

Trichlorogallane of (98%) purity was purchased from Tokyo Chemicals. 2-Hydroxypropane-136 

1,2,3-tricarboxylic acid and ethane-1,2-diol were from SISCO and Merck Life Science. Rare 137 

earth nitrates were synthesized from rare earth oxides.  138 

An array of REGG (RE = Eu3+, Gd3+, Dy3+, Er3+, and Yb3+) particles were synthesized 139 

using the gel matrix method. A Prepared solution (50 ml) of 0.5mmole of rare earth (RE(No3)3. 140 

6H20 [RE = Eu3+, Gd3+, Dy3+, Er3+ and Yb3+)) mixed 0.83mmole of trichlorogallane (GaCl3) 141 

were stirred. Herein, 1.3mmole of 2-hydroxypropane-1,2,3-tricarboxylic acid (C6H8O7.H20) 142 

was added, and the clear solution was heated at 70⁰C. The binder, ethane-1,2-diol (C2H6O2), 143 

which stimulates the polymerization of the formed complex, was added in drops.[12,36,37] 144 



The resultant product is thermally treated at 950⁰C after the evaporation of liquid species. The 145 

synthesized powders were cooled and collected. [38,39] 146 

2.2 Characterization 147 

The phase formation and the purity of the prepared novel REGG particles were 148 

examined with Powder X-ray Diffraction (‘X’PERT PANalytical-PXRD) with Cu Kα radiation 149 

of wavelength 1.54 Å with 2θ ranging from 10⁰ to 90⁰. The vibrational and spectral analysis of 150 

the synthesized materials were studied using a Horiba Jobin Yuvon HR 800 Raman 151 

spectrometer. The elemental composition of REGG and their oxidation states were obtained 152 

using X–ray photoelectron spectroscopy (XPS) from Thermo Scientific K – Alpha Surface 153 

Analysis using an Al source. The surface topography of the synthesized garnets is studied via 154 

ZEISS Sigma Field Emission Scanning Electron Microscopy (FESEM) and JOEL JEM -2100 155 

Plus Transmission Electron Microscope (TEM) analysis. The material's surface area and pore 156 

size are analyzed using Quanta chrome Nova Station A Brunauer–Emmett–Teller (BET) 157 

analysis. Various analyses examined the electrochemical characteristics of rare earth gallium 158 

garnets in the Origa Flex – OGF500 electrochemical workstation. 159 

2.3 Electrochemical measurement 160 

For a three-electrode configuration, the active material, Ag/AgCl, and Pt wire act as 161 

working, reference, and counter electrodes, respectively. The active material, PVDF, and 162 

activated carbon (85, 5, and 10%) were added as additives to a solvent NMP for preparing a 163 

homogenous slurry. The active material used for the study is the as-synthesized RE3Ga5O12 164 

(RE = Eu, Gd, Dy, Er, and Yb). The slurry prepared is for the active electrode and of about 2 165 

mg is coated on the nickel foam and kept under heat treatment at 70 ⁰C for 12 hrs. A Whatman 166 

filter paper separated the positive electrode (rare earth gallium garnets) and the negative 167 

electrode (AC) to permit the conductive ions to pass through. The electrochemical performance 168 



of the prepared RE3Ga5O12 (RE = Eu, Gd, Dy, Er, and Yb) was examined using three and two–169 

electrode configurations in a 3M KOH electrolyte.  170 

3. Results and discussion 171 

Incorporating gallium and rare earth ions in the garnet structure provokes 172 

semiconducting behavior and shows energy-storing behavior. The search for effective energy 173 

storage materials and the synthesis procedure are schematically illustrated in Figure 1. Initially, 174 

the rare earth gallium garnet (REGG: RE = Eu, Gd, Dy, Er, and Yb) is synthesized using the 175 

gel matrix method. The solvents and the precursors are mixed well with citric acid, and ethylene 176 

glycol is added for gel formation. The cost-effective gel matrix method is adopted to prepare 177 

garnets to ensure the proper formation of single-phase RE3Ga5O12 without any unwanted mixed 178 

phases. Thermally treated powders were characterized using various analytical techniques and 179 

employed for the energy storage device. The formation and crystal structure of the pristine rare 180 

earth gallium garnets are examined using XRD. 181 

The X–ray diffraction pattern of the novel RE3Ga5O12 (RE = Eu, Gd, Dy, Er, and Yb) 182 

with 2θ ranging from 20⁰ to 90⁰ is shown in Figure 2(a & b). All the prepared high-crystalline 183 

materials of the RE3Ga5O12 family exhibit distinct diffraction peaks and correlate well with the 184 

standard observation. The pristine RE3Ga5O12 (RE= Eu, Gd, Dy, Er, and Yb) garnets are of 185 

cubic structure in the Ia3d space group, resembling the similarities of rare earth elements. The 186 

lattice parameters of each RE garnet structure will be equal, i.e., (a = b = c), as they index the 187 

cubic crystallographic structure. The planes corresponding to the characteristic diffraction 188 

reflections of RE3Ga5O12 (RE = Eu, Gd, Dy, Er, and Yb) are indexed in Figure 2(a & b). The 189 

intense high peak for all RE3Ga5O12 garnets is centered at 2θ = 32⁰ with little deviation. The 190 

observed satellite peak in three samples, such as RE3Ga5O12 garnets (RE = Eu, Gd, Dy), were 191 



identified as a slight amount of Ga2O3 and the same has not appeared in other rare-earth based 192 

gallium oxides (Er and Yb).[40]  193 

The intense diffraction peaks of RE3Ga5O12 garnets (RE = Eu, Gd, Dy, Er, and Yb) are 194 

compared and depicted in Figure 3. The intense peak at the (420) plane of rare earth gallium 195 

garnets significantly shifts towards a higher diffraction angle. The shift may be due to the 196 

change in ionic radii of the RE 3+ ions in gallium garnets. The peak shift tends to move towards 197 

the higher end for the decrease in ionic radii. Yb3Ga5O12 exhibits a higher shift than other 198 

RE3Ga5O12, as Yb3+ ions possess a lower ionic radius. 199 

In addition, the vibrational properties of the pristine samples were analyzed using the 200 

Raman spectrum to identify the chemical structure. REGG's Raman spectrum ranges from 100 201 

to 1100 cm-1, separated into two regions: a lower frequency zone (150 -600 cm-1) and a higher 202 

frequency zone (600 – 1070 cm-1), accords with the results of YGG depicted in Figure 4. 203 

Comparatively, the spectrum of YAG contains three regions, as the volume of a unit cell of the 204 

gallium is larger than aluminium, ensuring the heavier gallium atom. The garnet lattice’s unit 205 

cell holds four formula units of 80 atoms, and a factor group theory discloses 25 Raman active 206 

modes, which may be categorized into three A1g, Eg, and T2g modes.  207 

The inner stretching vibration of the Ga atoms that is tetrahedrally coordinated is 208 

accountable for the bands in the area of high frequencies (800-1100 cm-1) of the REGG 209 

spectrum. Ga atoms, trivalent cations with octahedral and dodecahedral coordination, and their 210 

translational and rotations are involved in the lattice modes in the frequencies area (150 - 415 211 

cm-1). GaO6 octahedra and GaO4 tetrahedra bonded at the corners form a network making up 212 

the REGG garnet structure. The RE3+ ions are accommodated in the dodecahedral cavities 213 

created by these polyhedra stacked in chains via the three crystallographic orientations. As the 214 

vibrations of the various polyhedra are closely related to each other, it is also feasible to 215 



interpret the Raman spectra of garnets using the modes of vibrations of the tetrahedral (GaO4), 216 

dodecahedral (REO8) and octahedral (GaO6) units. 217 

The symmetric stretching vibration of the GaO4 tetrahedron, in conjunction with the 218 

rotational mode encompassing the entire tetrahedron, is accountable for the band found at 338 219 

cm-1 for Eu3Ga5O12 and a minor shift for RE3Ga5O12 (RE = Gd, Dy, Er and Yb) towards higher 220 

frequency. The translation of REO8 (RE = Gd, Dy) units substantially influences the lattice 221 

constants and the mass of RE3+ ions, resulting in the lowest energy Eg phonons of Gd3Ga5O12 222 

at 162 and 292 cm-1 of Dy3Ga5O12. The bending of the octahedron and dodecahedron molecular 223 

modes leads to the T2g modes at 180 and 272 cm-1, corresponding to Yb and Dy gallium garnets. 224 

Lower frequency Eg and T2g vibrational modes can potentially study RE3+ ion occupancy of 225 

the dodecahedron site. The lattice and polyhedral O-Ga-O bending modes are liable to bands 226 

below 380 cm-1. From the REGG spectrum, the observed Eg mode at a frequency of 415 is 460 227 

and 515 cm-1 of T2g mode due to symmetric bending vibrations of the GaO4 and GaO6 units. 228 

The band recorded at about 730 cm-1 of Eu3Ga5O12 is primarily caused by the symmetric 229 

stretching mode of the GaO4 tetrahedron, although there may be a weaker influence from the 230 

anti-symmetric stretching mode.[41–45] This significantly strong band for RE3Ga5O12 (RE = 231 

Gd, Dy, Er, and Yb) tends to shift towards a higher frequency zone. Consequently, the 232 

frequency drops as the mass of the RE3+ ions increase in RE3Ga5O12, and thus, the observed 233 

REGG Raman spectrum is in accordance with the literature. The optical analysis and the 234 

bandgap calculation of RE3Ga5O12 using the Tauc plot are provided in supporting information.  235 

XPS analysis was carried out to examine the oxidation state and the chemical 236 

composition of the elements integrated into the gel matrix-derived rare earth gallium garnet. 237 

The survey spectrum of rare earth gallium garnets is shown in S3. The individual XPS spectra 238 

of RE 3+ ions (RE= Eu, Gd, Dy, Er, and Yb), Ga, and O of garnets are shown in Figure 5(a-o). 239 

The XPS spectrum of Eu3+, depicted in Figure 5(a), exhibits a strong peak centered around 240 



1135.3 eV attributed to Eu 3d5/2 and an intense peak at 1145. 2eV is deconvoluted into two 241 

peaks, affirming the presence of Eu in the trivalent oxidation state of Eu3Ga5O12.[46] Spectra 242 

of Gd 4d (Figure 5(d)) disclose a characteristic peak at 142.5 eV and a shoulder peak around 243 

148.9 eV corresponding to Gd 4d5/2 and Gd 4d3/2 that are in accordance with the reports. The 244 

core level splitting in the Gd 4d spectrum is induced by spin-orbit coupling and sturdy 4d-4f 245 

exchange and interactions. The major peak is deconvoluted into two Gaussian curves. The 246 

characteristic peak at 142.5 eV of Gd 4d spectra may be attributed to the high-spin factor 4d9 247 

4f7 of parallel spin coupling, and the peak around 148.9 eV is of low spin factor arising from 248 

the anti-parallel spin coupling. Another small intense peak is observed at 161.6 eV, which 249 

might be attributed to the satellite peak.[47,48] Two intense distinct peaks of Dy 3d spectra 250 

shown in Figure 5(g) at binding energy 1296.9 and 1335.1 eV corresponds to Dy 3d5/2 and Dy 251 

3d3/2, also deconvoluted into two peaks by curve fitting.[49] The XPS spectrum of Er 4d shown 252 

in Figure 5(j) comprises a Gaussian peak centered around 170.52 eV, confirming that Er exists 253 

in the trivalent state and is deconvoluted into two peaks.[50]  Figure 5(m) depicts the XPS 254 

spectrum of Yb 4d with an intense characteristic peak at 186.3 eV attributed to Yb 4d5/2. A 255 

small satellite peak is observed around 189.6 eV.[51] 256 

The Ga 3d spectrum shows a peak with different binding energies of RE3Ga5O12 257 

depicted in Figure 5(b, e, h, k and n). The Ga 3d5/2 peaks recorded at 20.9 and 20.7 eV of 258 

RE3Ga5O12 (RE = Eu, Gd, Dy, Er and Yb) attributed to Ga – O bonds where Ga exists in the 259 

trivalent oxidation state, i.e., Ga 3+. Binding energies of Ga 3d peak around 21.2 – 21.8 eV is 260 

accountable to gallium nitride, oxide, or hydroxide. The peak with BE located at 18. 8 eV 261 

corresponds to Ga – Ga bonding. A characteristic little hump at 27, 25.4, 25.9, 27.2 and 27.8 262 

eV could attribute to RE - Ga – O bonding (RE = Eu, Gd, Dy, Er and Yb). Consequently, this 263 

peak grows periodically, intense with a shift for other rare earth gallium garnets. Distortion in 264 

binding energies of Ga-O peaks was observed when comparing all Rare-earth Gallium Garnets 265 



materials, which reveals there is no periodic effect while introducing different ionic radii rare 266 

earth ions in the garnet structure. The deconvoluted peak at binding energy 23.5 eV, owing to 267 

the O 2s core level contribution and the shift in the peak, can be observed for different 268 

RE3Ga5O12.[52–55] Figure 5(c, f, i, l, and o) depicts the O 1s spectrum of REGG, exhibiting a 269 

characteristic peak whose binding energies range from 530.9 – 533.1 eV, may correspond to 270 

metal oxides, metal carbonates, and metal hydroxides. The O1s peak at 530.9 eV is attributed 271 

to the presence of Ga in the highest oxidation state Ga3+ of Ga2O3. The peak at 531.9 eV rises 272 

due to surface oxygen vacancies, and another one at 533.1 eV might be ascribed to C-O bonds. 273 

This further indicates the presence of trace amounts in the synthesized nanomaterials.[56] 274 

The surface morphology may also affect the performance of the synthesized material. 275 

Therefore, the structural characteristics of RE3Ga5O12 (RE = Eu, Gd, Dy, Er, and Yb) are 276 

examined using FE-SEM. Figure 6 depicts the FE-SEM images of Eu3Ga5O12 (a-c), Gd3Ga5O12 277 

(d-f), Dy3Ga5O12 (g-i), Er3Ga5O12 (j-l), and Yb3Ga5O12 (m-o). The FE-SEM micrographs of 278 

Eu3Ga5O12 depict that the particles are stacked together, forming a puzzle-like structure. Upon 279 

magnification, it is evident that particles with different shapes are interlinked, and the pattern 280 

exists throughout the sample area, exhibiting the sample's homogeneity. For Gd3Ga5O12, the 281 

elongated particles are interconnected, with a little difference in the shape obtained by 282 

Eu3Ga5O12. The FE-SEM micrograph of Dy3Ga5O12 showed that the garnets' pattern collapsed 283 

and the particles agglomerated. The bubble-like nanoparticles are composed of numerous tiny 284 

nanoparticles. The smaller-sized bubbles occupy the gap between the larger ones, making the 285 

agglomeration denser. The distorted pattern begins to be retrieved, which is apparent from 286 

images of Er3Ga5O12. The nanostructured particles are combined and lined up, forming a 287 

lengthy stack of particles. There are no different patterns observed, yet they are oriented 288 

similarly. The morphology of Yb3Ga5O12 seems similar to that of Eu3Ga5O12, but many 289 

nanostructured particles merged, forming a uniform pattern. The coral reef-like structure 290 



combines numerous nanostructures exhibited throughout the synthesized rare earth gallium 291 

garnets. As all the rare earth gallium garnets exhibited similar morphology, Eu3Ga5O12 is 292 

subjected to studying its precise growth and development using TEM. Figure 7(a-d) depicts the 293 

TEM images of as-synthesized Eu3Ga5O12. The Eu3Ga5O12 nanoparticles are continuous in 294 

distribution. The self-assembled nature of Eu3Ga5O12 is retained and is consistent with the 295 

surface morphology analysis. The HRTEM (Figure 7(e-h)) images resemble the formation of 296 

non-uniform stacked layers of sheet-like nanostructures. The alignment and growth of 297 

nanoparticles are oriented in random directions. The Eu3Ga5O12 exhibits the lattice spacing of 298 

about 0.285 Å and 0.307 Å, corresponding to (420) and (400) planes. The SAED pattern 299 

confirms the development of multiple-layer nanostructures. 300 

The obtained REGG nanoparticles were subjected to electrochemical analysis to 301 

validate their performance towards supercapacitor application. The CV, GCD, and EIS analysis 302 

were performed in the Origa Flex – OGF500 workstation. The cyclic voltammetry analysis is 303 

performed for the prepared REGG (RE = Eu, Gd, Dy, Er and Yb) in a three-electrode system 304 

in 3M of KOH. The cyclic voltammograms of REGGs can be seen in Figure 8: Eu3Ga5O12 (a), 305 

Gd3Ga5O12 (b), Dy3Ga5O12 (c), Er3Ga5O12 (d), and Yb3Ga5O12 (e) with the potential window 306 

range of 0–0.5 V.  307 

The cyclic voltammetry of REGGs was performed at the scan rate ranging from 5 – 100 308 

mV/s. The cyclic voltammograms exhibit well-defined oxidation and reduction peaks, 309 

indicating the occurrence of faradaic reactions throughout the process.[57] Capacitance was 310 

attributable to the electro-sorption and migration of K+ and OH ̄  in the electrode and electrolyte 311 

interface, represented by the surface redox peaks. The homogeneity of the CV curves with 312 

discrete oxidation and reduction peaks indicates greater reversibility and shape sustainment 313 

even at higher scan rates. The shift of oxidation and reduction peaks towards positive and 314 

negative potential as the scan rate rises due to the resistive influence of the electrode, 315 



polarization, and rapid ion movements. The current responsiveness of the CV curve improves 316 

with the rise in scan rate, revealing a rapid charge transfer of the electrodes. The peaks in redox 317 

potential unveil the linear relation with current and scan rate owing to the diffusion-controlled 318 

process during scanning. The increase in the surface area of the CV curve and the scan rate 319 

affect the specific capacitance of the material.[58,59]. The cyclic voltammograms of 320 

RE3Ga5O12 exhibit battery-type behavior; it is essential to determine the specific capacity (Cs) 321 

of electrodes in terms of C g-1 and mA h g-1, which can be computed using CV and GCD curves.  322 

GCD analysis examines the specific capacity of the synthesized RE3Ga5O12 (RE = Eu, 323 

Gd, Dy, Er, and Yb) electrode material. Figure 9 shows the GCD curves of Eu3Ga5O12 (a), 324 

Gd3Ga5O12 (b), Dy3Ga5O12 (c), Er3Ga5O12 (d), and Yb3Ga5O12 (e) with the potential range of 325 

0.0–0.5 V at different current densities ranging from 1 Ag-1 to 5 A g-1. The GCD curves retain 326 

their shapes even at high current density, ascertaining the excellent reversible redox reactions 327 

among the electrolyte and electrode.[60,61] The GCD curves show that the Eu3Ga5O12 328 

electrode leads to a higher discharge time than other RE3Ga5O12 electrodes (RE = Gd, Dy, Er, 329 

and Yb). The discharge time tends to drop linearly with a rise in current density. The specific 330 

capacity of the corresponding Eu3Ga5O12, Gd3Ga5O12, Dy3Ga5O12, Er3Ga5O12, and Yb3Ga5O12 331 

is found to be 303 C g-1 (84.1 mA h g-1), 180 C g-1 (50 mA h g-1), 256 C g-1 (71.1 mA h g-1), 332 

216 C g-1 (60 mA h g-1) and 261 C g-1 (72.5 mA h g-1). The current density and the specific 333 

capacity are negatively correlated. Polarisation, reduced diffusion of ions in the electrolyte at 334 

increased current density, internal resistance, and the partial insertion reaction at possible active 335 

sites lead to the fall of specific capacitance.[59,62–64]  Smaller IR drops appeared at the 336 

emerging discharge curves, indicating the faster diffusion of ions.[65]  Figure 10(a) compares 337 

the specific capacity of REGGs with various current densities. Table 1 compares the specific 338 

capacity obtained for RE3Ga5O12 (RE = Eu, Gd, Dy, Er, and Yb) over various ranges in current 339 

density.  340 



Specific Capacity from GCD, 341 

𝐶௦ =  
𝐼 Δ𝑡

𝑚 
                      (𝐶. 𝑔ିଵ)                                                         (1) 342 

𝐶௦ =  
𝐼 Δ𝑡

𝑚 × 3.6 
              (𝑚𝐴ℎ. 𝑔ିଵ)                                                   (2) 343 

                                                                                         344 

Where I signifies the current (mA), v is the scan rate (mV s-1), Δt signifies the discharge 345 

time (s), Δv denotes the potential window (V), and the mass of the working material (mg) is 346 

represented by 'm'.[66]   347 

For better insights into the durability of the supercapacitor, cyclic stability analysis was 348 

carried out, and the well-performed Eu3Ga5O12 electrode was subjected to investigation. Figure 349 

10(b) shows the capacitive retention graph of Eu3Ga5O12. At a constant current density of 5 350 

Ag-1, the cyclic stability of the Eu3Ga5O12 electrode is about 80.12% over 5000 cycles. The first 351 

few cycles of the 5000 charge-discharge cycles are inserted in Figure 10(b) to attain better 352 

knowledge. These studies show that among the synthesized rare earth gallium garnets, 353 

Eu3Ga5O12 is affirmed as an excellent active material for electrodes with superior specific 354 

capacity and stability.  355 

Materials with lower resistance are preferred for the practical application of 356 

supercapacitors that provoke rapid transportation of electrons and ions, enhancing the rate 357 

capability. The charge transport properties and the dynamics of the electrode process are 358 

characterized using EIS analysis. The EIS analysis was executed with a frequency range of 100 359 

kHz to 0.01 Hz in a 3M KOH electrolyte. The comparative Nyquist plot (Imaginary part (-Z) 360 

vs. Real part (Z)) of the impedance of RE3Ga5O12 (RE = Eu, Gd, Dy, Er, and Yb) is depicted 361 

in Figure 11(a) with an inserted equivalent fitted circuit. The three components of the Nyquist 362 

plots are: (i) the intersection point of the X-axis at the higher frequency is attributed to the 363 



internal resistance of the electrode (Rs); (ii) the semi-circle part at a higher frequency area is 364 

accountable to the charge-transfer resistance (RCT) at the interface of the electrode and 365 

electrolyte and (iii) the slope of the line at low-frequency zone indicates the Warburg's 366 

impedance which is the dissipation of ions in the electrolyte and thereby denoting the typical 367 

capacitive behavior.[67–69]  The obtained RCT values of Eu3Ga5O12, Gd3Ga5O12, Dy3Ga5O12, 368 

Er3Ga5O12, and Yb3Ga5O12  are 5.398 Ω, 6.880 Ω, 6.343 Ω, 6.538 Ω and 6.198Ω respectively. 369 

The equivalent circuit converted using the EIS spectrum aids in identifying the physical 370 

changes of the electrode materials and helps determine the ohmic drop and the cell resistance. 371 

The prepared Eu3Ga5O12 electrode exhibits lower Rs and Rct values than other REGG (RE = 372 

Gd, Dy, Er, and Yb)-based electrodes, symbolizing their efficient charge-transfer properties 373 

and capacitive behavior confirming their suitability for supercapacitor devices. Specific 374 

capacity increases with a drop in resistance values with improved bias potential.[15,70]  CV 375 

and GCD results of Eu3Ga5O12 electrode material correlate with the above EIS results. The 376 

electrodes were analyzed to assess their efficacy in the delivery of charges. Figure 11(b) shows 377 

the bode plot of synthesized materials. The system's efficiency heavily relies on the relaxation 378 

time constants obtained by analyzing the impedance spectra at a phase angle of 45°, specifically 379 

at the characteristic frequency "ƒ0". The relaxation time constant τ0 has been determined using 380 

the equation (3),  381 

𝜏଴ =
1

𝑓଴
                                                                           (3) 382 

In this context, the terms "Relaxation time (τ0)" and "Relaxation frequency (ƒ0)" are being 383 

discussed. The analysis of Bode plots for Eu3Ga5O12, Gd3Ga5O12, Dy3Ga5O12, Er3Ga5O12 and 384 

Yb3Ga5O12 has provided valuable insights into the efficient charge delivery and degradation 385 

potential. These findings hold great promise for driving significant advancements in energy 386 

storage.[71,72]  387 



Eu3Ga5O12 exhibited excellent electrochemical behavior compared to other RE3Ga5O12 388 

(RE = Gd, Dy, Er and Yb). Further, the size and surface area of the synthesized Eu3Ga5O12 is 389 

analyzed using the N2 adsorption-desorption isotherm and pore size distribution depicted in 390 

Figure 12. According to the IUPAC classification, the resultant BET isotherm exhibits a typical 391 

type IV hysteresis loop, indicating the mesoporous structure of the particles. The phenomenon 392 

of capillary condensation in type IV isotherms combines hysteresis.[73] The surface area and 393 

the pore diameter of Eu3Ga5O12 obtained from BET analysis are 35.73 m2/g and 2.240 nm, 394 

respectively. The BJH analysis graph (inset of Figure 12) shows the pore size distribution of 395 

about 2 to 14nm of Eu3Ga5O12. Surface area is not the only parameter that affects the capacitive 396 

behavior of the material but has an influence in increasing the specific capacitance.[74] Table 397 

2 compares the electrochemical performance of synthesized material with that of the existing 398 

literature.  399 

An asymmetric supercapacitor (ASC) device is fabricated to examine the 400 

electrochemical potential of the well-performing, synthesized Eu3Ga5O12 material for practical 401 

usage in energy storage devices. In a two-electrode system, their electrochemical performance 402 

was analyzed with Eu3Ga5O12 as a positive electrode and activated carbon (AC) as the negative 403 

electrode in 3M KOH. A Whatman filter paper acts as a separator between the electrodes. The 404 

schematic illustration of the charge storage mechanism of an asymmetric supercapacitor (ASC) 405 

device is shown in Figure 13. The stability of the voltage window for the ASC device can be 406 

assessed by performing CV for both the positive and negative electrodes. Owing to the 407 

principle of charge balance, the ratio of the mass of the electrodes was balanced using the 408 

equation (4): 409 

𝑚ା

𝑚ି
=  

𝐶ି  × ∆𝑣ି

  𝐶ା × ∆𝑣ା
                                                                        (4) 410 



Where the mass, specific capacity, and potential window of positive and negative electrodes 411 

are represented by m±, C± and Δv±,  correspondingly.[75] 412 

The comparative CV profile of active material (Eu3Ga5O12) and activated carbon at a 413 

scan rate of 20 mV/s is shown in Figure 14(a) of two electrode configurations. Figure 14(b) 414 

exhibits the CV voltammograms of Eu3Ga5O12 and an AC-based asymmetric device in 3M 415 

KOH, with the potential range corresponding to 0 to 0.5V and -1.0 to 0 V. The range of the 416 

potential window results from the sum of the potential ranges of both electrodes. The voltage 417 

window range is fixed at 0 – 1.5V for different scan rates throughout the CV analysis. The 418 

cyclic voltammograms with a pair of oxidation and reduction peaks infer the combined EDLC 419 

and battery-like behavior. The shape of CV curves sustained even at increased scan rates, 420 

exhibiting their reversibility and extended rate capability of the fabricated ASC device. [15,76]. 421 

The GCD curves of the REGG-based ASC are shown in Figure 14(c) with varying current 422 

densities. GCD analysis aids in determining the specific capacity of the fabricated asymmetric 423 

supercapacitor device. The current density varied from 1 Ag-1 to 5 Ag-1
, and the homogeneity 424 

of the shape of GCD curves was retained throughout the analysis. The appearance of a plateau 425 

in the discharge curve suggests incorporating a redox-active nature.[77] The Eu3Ga5O12||AC 426 

asymmetric supercapacitor exhibits a specific capacity of about 125 C g-1 (34.72 mA h. g-1) at 427 

a current density of 1 Ag-1. The maximum energy density and the power density of the ASC 428 

device at a current density of 1 Ag-1 are about 39.06 W h Kg-1 and 1125 W Kg-1, respectively. 429 

A swage-lock type device is used for investigating the cyclic stability of the fabricated device 430 

by eliminating the barriers, and the depletion of initial stability arises from the fast kinetics at 431 

the electrode interface and the electrolyte.[59] Eu3Ga5O12-based ASC device shows a cyclic 432 

stability of about 60.45 % after 10,000  cycles, and the device exhibited extended coulombic 433 

efficiency of about 91.76 % at 5 Ag-1 depicted in Figure 14(d). The prolonged cyclic stability 434 

with extended energy and power density makes the supercapacitor device prompt for practical 435 



application. Table 3 shows the electrochemical performance and the obtained parameters of the 436 

fabricated Eu3Ga5O12||AC ASC device. The coulombic efficiency was calculated using [78]: 437 

𝜂 =  
𝑡஽

𝑡஼
                                                                                               (5) 438 

Where tD and tC represent the corresponding discharging and charging time. The energy density 439 

(E) and the power density (P) of the device can be calculated from: 440 

𝐸 =
𝐶 × ∆𝑣ଶ

7.2
  (𝑊ℎ 𝐾𝑔ିଵ)                                                             (6) 441 

𝑃 =  
3600 × 𝐸

∆𝑡
 (𝑊 𝐾𝑔ିଵ)                                                            (7) 442 

Where Δt and Δv are the discharge time(s) and potential window (V), and C is the specific 443 

capacity (C g-1).[79] Table 4 shows the electrochemical performance comparison of fabricated 444 

asymmetric devices with the reports. 445 

Figure 15 depicts the XRD pattern of Eu3Ga5O12 after the stability experiment. The 446 

obtained diffraction patterns of Eu3Ga5O12 are in accordance with standard data. The intense 447 

peak at (111) planes corresponds to the nickel substrate. The surface morphology of fabricated 448 

Eu3Ga5O12 on nickel foam after 10,000 charge-discharge cyclic experiments is shown in Figure 449 

16. The SEM micrographs confirm the presence of Eu3Ga5O12 on the nickel foam's surface, and 450 

the particles are bound to its surface. After the experiment, the SEM images of Eu3Ga5O12 451 

revealed the hexagonal, thin sheet-like structures than TEM analysis which are randomly piled 452 

together. As far as we are aware, single-phase stable rare earth gallium garnets have yet to be 453 

used as an electrode material for a supercapacitor. These findings open the door for further 454 

investigating rare earth gallium garnets in various applications. 455 

4. Conclusion 456 



In brief, a series of rare earth gallium garnets for supercapacitor application were 457 

synthesized using the gel matrix method. Various analysis, including XRD, FESEM, TEM, 458 

Raman, and XPS, was performed to examine the formation of particles and their properties. 459 

The morphological analysis confirmed that the synthesized rare earth gallium garnets exhibited 460 

similar coral reef structures. The surface area of the synthesized material is calculated using 461 

BET analysis. The performance and suitability of REGGs (RE = Eu3+, Gd3+, Dy3+, Er3+, and 462 

Yb3+) for sustainable energy storage applications were investigated using CV, GCD, and EIS. 463 

Eu3Ga5O12 exposes a superior specific capacity of about 303 C g-1 among other REGGs at a 464 

current density of 1 A g-1. The semiconducting garnets display a cyclic stability of 80.12% over 465 

5000 cycles. The asymmetric supercapacitor device was fabricated from the better performance 466 

obtained by Eu3Ga5O12 compared to others. The fabricated ASC device using Eu3Ga5O12 467 

exhibited an enhanced energy density of 39.06 W h Kg-1 and a maximum power density of 468 

about 1125 W kg-1 at 1 A g-1. The cyclic stability is about 60.45% after 10,000 cycles at 5 Ag-469 

1. Rare earth gallium garnets exhibit excellent electrochemical performance, confirming their 470 

potential as an electrode material for future energy conservation.  471 
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 794 

Figure 1: Schematic illustration of search of best rare-earth gallium Garnets electrode 795 

materials for asymmetric supercapacitor device fabrication 796 

 797 



 798 

Figure 2 (a): Comparative XRD pattern of RE3Ga5O12 (RE = Eu, Gd and Dy) 799 



800 

Figure 2(b): Comparative XRD pattern of RE3Ga5O12 (RE = Er and Yb) 801 



 802 

Figure 3: Peak shift observed in the XRD reflections. 803 



 804 

Figure 4: Comparative Raman spectrum of RE3Ga5O12 (RE = Eu, Gd, Dy, Er and Yb) 805 



 806 

Figure 5: XPS spectrum of Eu3Ga5O12 (a-c), Gd3Ga5O12 (d-f), Dy3Ga5O12 (g-i), 807 

Er3Ga5O12 (j-l) and Yb3Ga5O12 (m-o) 808 



 809 

 810 

Figure 6: SEM micrographs of Eu3Ga5O12 (a-c), Gd3Ga5O12 (d-f), Dy3Ga5O12 (g-i), 811 

Er3Ga5O12 (j-l) and Yb3Ga5O12 (m-o). 812 



 813 

 814 

Figure 7: TEM and HRTEM images of Eu3Ga5O12 (a-h). 815 



 816 

 817 

Figure 8: CV voltammograms of Eu3Ga5O12 (a), Gd3Ga5O12 (b), Dy3Ga5O12 (c), 818 

Er3Ga5O12 (d) and Yb3Ga5O12 (e) 819 

 820 



 821 

 822 

 823 

Figure 9: Comparative GCD curves of Eu3Ga5O12(a), Gd3Ga5O12(b), Dy3Ga5O12(c), 824 

Er3Ga5O12 (d) and Yb3Ga5O12 (e) 825 



 826 

Figure 10: (a) Specific capacity comparison of REGG (RE = Eu, Gd, Dy, Er and Yb) 827 

and (b) stability graph of Eu3Ga5O12 for 5000 cycles. 828 



 829 

 830 

Figure 11:  Comparative EIS analysis (a) and Bode plot (b) of RE3Ga5O12 (RE= Eu, Gd, 831 

Dy, Er and Yb) 832 



 833 

 834 

Figure 12:  N2 adsorption-desorption and BJH pore size distribution (inset) curves of 835 

Eu3Ga5O12. 836 
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 838 

 839 

 840 

 841 
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 843 

Figure 13: Charge storage mechanism of fabricated Eu3Ga5O12 based asymmetric 844 

supercapacitor device. 845 

 846 



 847 

 848 

Figure 14: (a) Comparative CV graph of activated carbon and active material 849 

(Eu3Ga5O12) at a scan rate of 20 mV/s, (b) CV profile, (C) GCD graph and (d) Stability 850 

curve of Eu3Ga5O12 based asymmetric device. 851 



 852 

Figure 15: XRD pattern of Eu3Ga5O12 after stability analysis. 853 



 854 

Figure 16: SEM micrographs of Eu3Ga5O12 after 10,000 charge-discharge cycles. 855 
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Table 1:  Comparison of specific capacity of REGG calculated from GCD analysis. 866 

Rare Earth 

Gallium 

garnets 

                Specific capacity (C g-1) at different current density (A g-1)  

1 A g-1 2 A g-1 3 A g-1 4 A g-1 5 A g-1 

Eu3Ga5O12 303 300 228 152 95 

Gd3Ga5O12 180 174 132 92 60 

Dy3Ga5O12 256 250 180 120 75 

Er3Ga5O12 216 210 162 104 65 

Yb3Ga5O12 261 256 195 132 85 
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 876 



Table 2: Electrochemical performance comparison of RE3Ga5O12 with literatures.  877 

 878 

Electrode 

Material 

Synthesis 

Route 
Electrolyte 

Specific 

Capacity 

Capacitive 

Retention 
Reference 

GdCrO3 
Solid State 

reaction 
2 M KOH 

227 C g-1 @ 

0.5 mV/s 

85% after 10000 

cycles @ 1.5 A g-

1 

[80] 

LaNiO3 Coprecipitation 3 M KOH 
199 C g-1 @ 

1 A g-1 
-- [81] 

MnCo3/Mn3O4 Hydrothermal -- 
229.2 C g-1 

@ 1 A g-1 

97.08% after 

3000 cycles @ 

1.5 A g-1 

[82] 

Co3O4@Mo-

Co3O4 
Hydrothermal 2 M KOH 

814 Cg-1@1 

A g−1 

90% after 4000 

cycles 
[83] 

Sm3GaO6 Gel matrix 3 M KOH 
374 Cg-1@1 

A g−1 

82.65 % after 

5000 cycles 
[84] 

Eu3Ga5O12 Gel matrix 3 M KOH 
303 Cg-1@ 1 

A g−1 

80.12% over 

5000 cycles 
This work 
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Table 3:  Performance of Asymmetric device fabricated using Eu3Ga5O12 887 

 888 

 

Potential 

Window (V) 

 

Current 

Density 

(A g-1) 

 

Discharging 

Time (s) 

 

Specific 

Capacity 

(C g-1) 

 

Energy 

Density 

(Wh Kg-1) 

 

Power 

Density 

(W Kg-1) 

 

 

1.5 

1 125 125 39.06 1125 

2 58 116 36.25 2250 

3 29 87 27.18 3375 

4 15 60 18.75 4500 

5 8 40 12.5 5625 
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Table 4: Comparison of fabricated Eu3Ga5O12 based asymmetric supercapacitor device 900 

with previous reports 901 

 902 

Electrode 
Material 

Synthesis 
Route 

Energy 
Density 

Power 
Density 

Capacitive 
retention 

Reference 

Tb and Y 
doped 

SnO2@CuS 
Hydrothermal 16.2 Wh Kg-1 740 W Kg-1 

80.9% after 
5000 cycles 

[85] 

Dy added 
spinel 

ZnSm2O4 
Hydrothermal 1.85 Wh Kg-1 -- 

95% after 
2000 cycles 

[86] 

Gd2NiMnO6 
Wet chemical 

route 
20.23 Wh Kg-1 421.75 W Kg-1 -- [87] 

Ga doped 
ZnO 

Composite 
hydroxide 
mediated 
approach 

10.8 Wh Kg-1 200 W Kg-1 
80% after 

3000 cycles 
[88] 

Sm3GaO6 Gel matrix 11.72 Wh Kg-1 312.5 W Kg-1 
67.46% after 
5000 cycles 

@ 5Ag-1 

[84] 

Eu3Ga5O12 Gel matrix 39.06 Wh Kg-1 1125 W Kg-1 
60.45 % after 
10000 cycles 

@5Ag-1 

This work 
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