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Abstract 

 Metal–organic frameworks (MOFs) have emerged as promising electrode materials 

for next-generation supercapacitors owing to their high density of redox-active sites and 

tunable architectures. Here, we report the hydrothermal synthesis of a bimetallic Ni–

Gd@BTC MOF and evaluate its electrochemical energy-storage performance. The resulting 

material exhibits a layered, sheet- like morphology that promotes rapid ion transport and 

efficient charge-transfer kinetics. When employed as an electrode in a three-electrode 

configuration, Ni–Gd@BTC delivers a high specific capacitance of 910.98 F g⁻¹ at 0.7 A g-1, 

underscoring its strong charge-storage capability. The electrode also demonstrates excellent 

long-term durability, retaining 88% of its initial capacitance with 98% Coulombic efficiency 

after 10,000 charge–discharge cycles at 5 A g-1. To assess device-level performance, we 

assembled a battery-type asymmetric supercapacitor (Ni–Gd@BTC MOF//AC). The device 

achieves an energy density of 43.11 Wh kg-1 and a power density of 3200 W kg-1 at 1 A g-1, 

along with 90 % capacitance retention after 10,000 cycles at 5 A g-1. Collectively, these 

results establish Ni–Gd@BTC MOF as a highly effective electrode material with substantial 

potential for high-performance electrochemical energy-storage systems. 
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1. Introduction 

 The accelerating global transition toward renewable energy has intensified the 

demand for efficient and high-performance energy-storage technologies. Supercapacitors 

have emerged as strong candidates for next-generation storage systems capable of 

complementing intermittent renewable power sources, owing to their high power density, 

long cycling life, and rapid charge–discharge characteristics[1,2].While supercapacitors excel 

at delivering high power density [3], conventional batteries offer superior energy density[4]. 

To combine the advantages of both technologies, considerable research has focused on 

developing hybrid or asymmetric supercapacitor configurations that bridge this performance 

gap[5].Central to this effort is the design of electrode materials that can achieve high energy 

density without compromising cycling stability or rate capability. 

Metal–organic frameworks (MOFs) have attracted significant attention as electrode 

materials for advanced supercapacitors due to their tunable architectures, diverse topologies, 

and abundance of redox-active metal centers that enhance charge-storage behavior. However, 

monometallic MOFs often exhibit limited electrochemical performance arising from their 

restricted number of active sites and inherently low electrical conductivity. These constraints 

lead to reduced capacitance, energy density, and power density, ultimately limiting their 

practical applicability in high-performance supercapacitors systems [6,7]. 

To address these challenges, several strategies have been developed to enhance the 

electrochemical performance of metal–organic frameworks (MOFs)[8,9].Recent efforts have 

focused on tailoring their structure, morphology, and composition to improve electrical 

conductivity, facilitate ion transport, and strengthen overall stability. Among these 

approaches, the construction of bimetallic MOFs by incorporating a secondary metal ion has 

emerged as particularly effective[10]. This strategy significantly enhances conductivity, 
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increases the density of redox-active sites, and reinforces structural integrity. The synergistic 

interaction between two metal centers enables multiple redox processes, thereby improving 

charge-transfer pathways and accelerating electrochemical kinetics. As a result, bimetallic 

MOFs often exhibit higher specific capacitance, energy density, and power density compared 

to their monometallic analogues[11].While transition-metal–based bimetallic MOFs provide 

improved activity, their conductivity and long-term cycling stability can still be limited. 

Introducing 4f rare-earth metals offers a promising solution to these issues[12,13].The unique 

electronic configurations of rare-earth ions can modulate the coordination environment and 

expand the pore structure, creating larger cavities and more accessible active sites for 

electrolyte ions[14]. Consequently, rare-earth incorporation effectively tunes the electronic 

structure of transition-metal MOFs, generates a greater number of electroactive centers, and 

markedly enhances their electrochemical performance[15].  

Among transition-metal-based frameworks, nickel metal–organic frameworks (Ni-

MOFs) have attracted substantial interest for supercapacitor applications due to their 

favorable electrochemical properties and structural tunability. Unlike purely electric double-

layer materials, Ni-based systems exhibit pronounced pseudocapacitive behavior arising from 

the highly reversible Ni²⁺/Ni³⁺ redox couple, which enables efficient faradaic charge storage. 

The robust redox activity of Ni ions supports rapid charge–discharge kinetics and contributes 

to the high energy density and cycling stability commonly observed in Ni-MOF electrodes 

[16–18].  Incorporating gadolinium—a rare-earth lanthanide with partially filled 4f orbitals—

further enhances the electrochemical response by introducing additional redox-active centers 

and improving electronic conductivity. Gd ions can increase the dielectric constant and 

induce lattice distortions or oxygen vacancies within the MOF framework, thereby 

facilitating ion diffusion and boosting overall charge-storage capability[19,20]. Moreover, the 
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synergistic interaction between Ni and Gd in a bimetallic structure strengthens the framework 

and mitigates structural degradation, ultimately improving long-term cycling durability. 

In this study, we synthesized a novel Ni–Gd@BTC metal–organic framework(MOF) 

and employed it as a high-performance electrode material for hybridsupercapacitor 

applications. The material was prepared via a simple and scalablehydrothermal route, 

offering a cost-effective strategy for fabricating advancedelectroactive frameworks. The 

synergistic integration of nickel (Ni²⁺/Ni³⁺) andgadolinium (Gd³⁺) metal centers with trimesic 

acid (H₃BTC) ligands markedlyimproves the electrochemical characteristics of the MOF by 

providing abundantand accessible redox-active sites. The incorporation of Gd³⁺ not only 

enhanceselectrical conductivity but also strengthens the structural stability of 

theframework.The resulting Ni–Gd@BTC exhibits a morphology that supports 

efficientelectrolyte-ion diffusion and rapid charge transfer—features essential forachieving 

high energy and power densities. When used as an electrode, thematerial delivers a 

remarkable specific capacitance of 910.98 F g⁻¹ at 0.7 A g⁻¹,demonstrating excellent charge-

storage capability. It also maintains 90.6%capacitance retention after 10,000 charge–

discharge cycles, underscoring itsoutstanding stability and reversibility. Collectively, these 

results highlightNi–Gd@BTC as a highly promising candidate for next-generation, high-

performance supercapacitor systems, combining superior electrochemicalactivity with 

exceptional durability. 
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2. Material and Methods  

2.1. Chemicals/Reagents  

Nickel(II) Chloride Hexahydrate (NiCl2.6H2O), Gadolinium(III) Chloride 

Hexahydrate (GdCl3.6H2O), TrimesicAcid (H3BTC) and Dimethyl Formamide (DMF) were  

purchased from Sigma Aldrich Co., Ltd. were used without any further purification. The 

Conductivity carbon (Super P), Polyvinylidene Fluoride (PVDF) N-Methyl Pyrrolidinone 

(NMP) were obtained from Research Supporters India., were used received. Deionized water 

is used as the source for performing all the experiments.  

2.2. Experimental procedure for the synthesis of Ni-Gd@BTC MOF  

 Ni-Gd@BTC MOF was synthesized by a typical hydrothermal reaction. 1mmol of 

GdCl3.6H2O, 2 mmol of NiCl2.6H2O and 4 mmol of Trimesic Acid were dissolved in 30 mL 

of Dimethyl Formamide and stirred vigorously for 2 hours. Then the mixed solution was 

transferred to a 50 mL Teflon-lined autoclave for the hydrothermal treatment at 120˚C for 20 

hours. After being cooled to room temperature, the resultant grey colored precipitate were 

separated from the reaction mixture, by centrifugation and washed thoroughly with DMF and 

ethanol mixture to un-reacted starting materials (as shown in scheme. 1). Finally obtained 

solid was dried at a vacuum oven at 60˚C for an entire night for further analysis. 

2.3. Measurements and general methods  

Powder X-ray diffraction measurements were carried out using D2 Phaser, Bruker 

AXS Inc) was utilized to determine the crystal structure of the Ni-Gd@BTC MOF. Raman 

spectra of synthesized Ni-Gd@BTC MOF material were obtained from a confocal Raman 

Spectroscopy with an incident monochromatic light as a lased source. The surface 

morphology of synthesized material was observed using FE-SEM (SEM, JSM-IT200, JEOL 
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Ltd), with elemental distribution usingEnergy Dispersive Spectroscopy (EDS, JSM-IT200, 

JEOL Ltd.).In order to further evaluate the material’s elemental composition X-ray 

Photoelectron Spectroscopy (XPS,PHI 5000 Versa Probe III, ULVAC-PHI, Inc.) were 

employed. Electrochemical measurements were performed with the aid of electrochemical 

workstation (OrigolysElectrochem equipped with Origo master 5 software).   

 

Scheme.1 Synthesis of Ni-Gd@BTC MOF 

2.4. Electrode preparation and electrochemical evaluation 

 The synthesized Ni-Gd@BTC MOF (as active material), Activated carbon (as a 

conductivity carbon) and Polyvinylidene Fluoride (as binding agent) in stiochiometricat mass 

ratio 8:1:1 were grounded using a mortar and pestle for 30 minutes; N-Methyl Pyrrolidinone 
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(NMP) was added to this mixture and stirred vigorously to make a homogeneous slurry. Prior 

to the electrode fabrication, commercially available, Graphite Sheet (GS 1 × 2cm) substrate 

was ultrasonically cleaned with ethanol for 15 minute. Finally the homogeneous slurry was 

uniformly coated on 1 × 2 cm was evenly covered with the resultant slurry, which had an 

effective area of 1 cm² substrate and dried in a vacuum oven at 60˚C for overnight. The 

recorded mass of Ni-Gd@BTC MOF loaded is approximately 2 mg. All the electrochemical 

tests were performed at room temperature using, 1 M KOH electrolyte in a standard three 

electrode cell configuration. Thus, Ni-Gd@BTC MOF coated on GS, Ag/AgCl, Pt wire 

serves as working, reference and counter electrodes respectively. Cyclic Voltammetry and 

Galvanstatic Charge/Discharge (GCD) measurements were recorded to determine the 

capacitance of the active material. The stability tests of theNi-Gd@BTC MOF electrode 

material was performed over 10,000 cycles by applying constant current density of 5A/g. An 

Electrochemical Impedance Spectroscopy (EIS) study was carried out at a frequency ranges 

from 1 M Hz to 100m Hz. Furthermore an asymmetric supercapacitor (ASC) hybrid 

assembled by employing Ni-Gd@BTC MOF as positive electrode along with activated 

carbon as negative electrode in 1M KOH electrolytic solution. 

3. Results and Discussion 

3.1. FE-SEM and EDX analysis 

The surface morphology of the synthesized Ni–Gd@BTC MOF was examined using 

scanning electron microscopy at different magnifications as shown in Fig. (a–d),. Figure.1 (a) 

shows well-defined rod-like microcrystal with smooth surfaces, which show that the metal 

ions (Ni²⁺/3+ and Gd³⁺) and BTC organic linkers work together well and grow uniformly. 

Effective control over nucleation and growth during synthesis is suggested by the rods' 

uniform distribution and high aspect ratio [21]. Figure.1 (b) shows how the rod-like 
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components come together to form a rod-like arrangement that creates a three-dimensional 

network of connections. For supercapacitor applications, such a hierarchical shape is 

beneficial because it promotes electrolyte ion diffusion.  The rods show rough and porous 

surfaces with irregular edges, as shown in Figure.1 (c). These pores can significantly enhance 

ion transportation and provide active channels for charge storage. The presence of fine 

particles and surface roughness attributed to Gd3+ incorporation as shown in Figure.1 (d), 

which introduces structural distortion and surface defects. These modifications lead to an 

increased number of electro-active sites and improved electrical conductivity. To verify the 

elemental composition and chemical distribution, Energy Dispersive X-ray (EDX) analysis 

combined with elemental mapping was conducted, as shown in Figure.1 (e-j) The synthesized 

rod-like hierarchical porous morphology of Ni–Gd@BTC MOF offers an ideal structure for 

supercapacitor electrodes by providing high porosity, short ion diffusion paths, and abundant 

redox-active centers for enhanced peseudocapacitivecapacitive performance. 
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Figure.1 (a-d) FESEM images of synthesized Ni-Gd@BTC bimetallic MOF at different 

magnifications; (e-j) EDX images of Co-Gd@BTC MOF. 

3.2. Powder X-ray diffraction and Raman measurements 

The X-ray diffraction (XRD) pattern of the produced Ni–Gd@BTC metal–organic 

framework (MOF) is shown in the Figure.2 (a). The diffraction peaks observed in the 2θ 

range of 5°–60° confirm that the material is crystalline. Previous research indicates that the 

characteristic reflections at 2θ ≈ 9°, 12°, 14°, 15°, 16°, 20°, and 25° correspond to the typical 

diffraction peaks of the parent Ni–BTC framework[22]. The successful synthesis of the 

bimetallic Ni–Gd@BTC MOF is validated by the retention of these peaks (2θ ≈ 31°, 35°, 40°, 

44°, and 52°) after incorporating gadolinium ions[23]. This suggests that the structure based 

on benzene-1,3,5-tricarboxylate (BTC) remains intact. Additionally, the absence of any 

additional peaks associated with gadolinium oxide or hydroxide phases indicates high phase 

purity and the full integration of Gd ions into the Ni–BTC lattice, rather than the formation of 

a separate crystalline phase. The substitution of Gd³⁺ ions, which have a larger ionic radius 

than Ni²⁺, may have induced some lattice strain or distortion. Consequently, this could result 

in slight changes in peak positions and minor broadening compared to the Ni–BTC pattern. 

Overall, the produced Ni–Gd@BTC MOF exhibits good crystallinity, as evidenced by the 

distinct and sharp peaks. 

The successful creation of the framework is indicated by the multiple distinct peaks in 

the range of 250 to 1250 cm-1 in the Raman spectra of the synthesized Ni–Gd@BTC MOF 

display seen in Figure 2 (b). The M–O stretching vibrations are responsible for the 

conspicuous bands at 580 cm-1 and 660 cm-1, which correspond to the coordinated Ni–O and 

Gd–O bonds.This demonstrates strong metal–ligand interactions within the MOF structure. 

The peak observed at 750 cm-1is associated with the O–C–O symmetric stretching vibration 
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of the carboxylate group, confirming the coordination of the organic linker to the metal 

centers.Additionally, the bands at 830 cm-1 and 890 cm-1 are linked to the C–H bending and 

aromatic ring deformation modes of the organic linker. The band at 1180 cm-1 arises from C–

C stretching vibrations within the aromatic ring.[24,25] The presence of these characteristic 

peaks confirms the retention of the organic framework and the successful incorporation of 

both Ni and Gd ions. The coexistence of dual metal centers enhances structural stability, 

electron density, and charge transfer efficiency, all of which are essential for improving the 

performance of electrochemical energy storage. 

 

Figure.2(a) XRD graph and (b) Raman shits of Ni-Gd@BTC MOF 

 

3.3. X-ray photoelectron spectroscopy  

 The X-ray Photoelectron Spectroscopy (XPS) analysis provides detailed insights into 

the elemental composition and chemical states present in the Ni-Gd@BTC MOF. The survey 

spectrum of Ni-Gd@BTC MOF as depicted in Figure.3 (a)reveals predominant peaks 

corresponding to Nickel, Gadolinium, Chlorine, Carbon and Oxygen verifying the 

incorporation of both metal ions within the organic framework. The high-resolution Ni2p 
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spectrum exhibits distinct Ni 2p3/2 and Ni 2p1/2 peaks along with characteristic satellite 

features as depicted Figure.3 (b) Which collectively indicate the coexistence of Ni²⁺ and Ni³⁺ 

species at the binding energy of 856 eV and 875 eV. This mixed-valence behavior is 

beneficial for supercapacitor electrodes because it enhances Faradic redox reactions, 

contributing to improved pseudocapacitive performance[26].Figure.3 (c) Shows the Gd 4d 

spectrum confirms the presence of Gadolinium ion in the structure, displaying distinct peaks 

for Gd 4d5/2 and Gd 4d3/2 at the binding energies 145.2 eV and 152 eV[27].The presence of 

Gadolinium ion enhances electron mobility, stabilize the framework and introduce additional 

redox-active sites. These factors collectively contribute to improved conductivity and long-

term cycling stability. The presence of residual chloride species, originating from the metal 

precursors, is evident from the distinctive Cl 2p3/2 and Cl 2p1/2 peaks observed at binding 

energies of 198 eV and 200 eV in the high-resolution Cl 2p spectra as depicted in Figure.3 (d) 

These Cl⁻ ions may remain loosely associated with the metal centers, which can affect 

electrical conductivity and enhance charge transfer.The high-resolution C 1s spectra show 

distinct peaks at the binding energies of 284.6 eV, 286 eV and 288.5 eVcorresponding to 

aromatic C-C bonds, C-OH groupand carboxylate HO-C=O species as shown in Figure.3 (e) 

These functional groups indicate that the MOF framework possesses a high surface area and 

structural stability, confirming the effective coordination of the organic ligand with Nickel 

and Gadolinium metalions. The O 1s spectra confirm the presence of coordinated metal–

oxygen bonds and organic oxygen functionalities as depicted in Figure.3 (f) The spectra 

display peaks corresponding to O–H, Ni/Gd–O and C–O–C bonds which show the distinctive 

peaks at 530.5 eV, 531.7 eV and 532.3 eV respectively[28]. The strong coordination of 

Ni/Gd–O establishes redox-active centers that are essential for improved pseudocapacitive 

behavior in supercapacitor applications 
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Figure. 3XPS spectrum of Ni-Gd@BTC MOF (a) Full range survey; (b) Ni 2p; (C) Gd 

4d; (d) Cl 2p; (e) C 1s; (f) O 1s. 

3.4. Electrochemical Measurements 

The electrochemical performance of the Ni-Gd@BTC MOF electrode materials was 

evaluated using cyclic voltammetry, galvanostatic charge/discharge, and electrochemical 

impedance spectroscopy techniques. The voltammetric curves show how well the electrode 

works at different scan rates in a voltage range of 0 to 0.5 V. Figure.4(a) shows the results of 

cyclic voltammetry (CV) measurements at scan rates of 3, 5, 10, 20, 30, 40, and 50 mV/s, 

from 0 to 0.5 V.The current responses and the area under the CV curve of Ni-Gd@BTC 

reveal redox peaks, indicating the redox reactions occurring on the electrode surface. The CV 

scans should be symmetrical since non-faradic capacitance is not affected by scan rate or 

potential. But the asymmetrical shape and rate-dependent behavior of the CV scans point to 

faradic reactions, which are the typical characteristics of pseudo-capacitive type material 

[29,30]. The possible electrochemical reactions at the interface between the electrode and 

electrolyte are as follows; 
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 ܱܰ݅ + −ܪܱ + ܱ 2ܪ   ↔  2(ܪܱ)݅ܰ    

2(ܪܱ)݅ܰ   + −ܪܱ ↔ ܪܱܱ݅ܰ  −݁  + ܱ 2ܪ +

+3݀ܩ  + −ܪ3ܱ ↔  3(ܪܱ)݀ܩ    

 In alkaline medium the faradic behavior of Ni-Gd@BTC MOF is mainly governed by 

the reversibility of Ni2+/3+ redox transition while Gd enhances the structural stability and ionic 

conductivity, improved ionic diffusion and stabilization of MOF lattice, The synergistic 

interactions between Ni2+/3+ or Gd3+ centers thus enhance electrochemical activity, structural 

robustness and cycling stability[19,31,32]. The most significant redox peaks in a slow scan 

rate were found at an anodic potential of 0.43 V and a cathodic potential of 0.36 V. As a 

result, the current value of the peaks increased as the scan rate increased.This signifies that at 

high scan rates, in a less time interval gives ionic intercalation at the electrode surface. 

 To better understand the charge storage process, a power law was utilized to 

determine if the storage happens through diffusive or capacitive mechanisms in order to have 

a better understanding of the charge storage process. This is represented as,   

ܑ =                              (૚)                                                                ܊ܞ܉
(ܑ)܏ܗܔ = (܉)܏ܗܔ +  (૛)                           (ܞ)܏ܗܔ ܊

Wherei was a peak current, v was the scan rate, a and b were adjustable parameters.A 

typical b value of 1 suggests capacitive-controlled charge storage mechanism, while below 

0.5 suggests complete diffusive-controlled charge storage mechanism as depicted in Figure.4 

(b), the calculated b-value for Ni-Gd@BTC MOF electrode are 0.54 for the redox process. 

These results demonstrate that the diffusive mechanism and partial capacitive mechanism 

were the main factors influencing the electrochemical storage kinetics of electrode material. 
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Additionally, the percentage contribution of electrode material at different scan speeds is 

shown in the equation below, 

(ܞ)ܑ = ܞ૚ܓ +                        ૚/૛                                      (૜)ܞ૛ܓ
Thus, k1v and k2v

1/2 reflect the capacitive and diffusive contributions, where v is the 

scan rate, k1 and k2 were constants, and i is the peak current. [33,34].At a scan rate of 3 mV/s, 

the capacitive contribution was 23.2% (Figure 4(c)). This percentage increased to 55.2% 

when the scan rate was raised to 10 mV/s (refer to Figure 4(d)). However, as the scan rate 

increased from 5 to 50 mV/s, the proportion of both diffusive and capacitive contributions 

during the oxidation and reduction process at the working electrode in a 1 M KOH electrolyte 

as illustrated in Figure 4(e). 

Figure. 4 (a) Cyclic voltammetry(CV) curves of Ni-Gd@BTCat different scan rates; 

(b)The plot between the log of scan rate and log of peak current density; (c,d) 

Capacitive and diffusive contribution of Ni-Gd@BTC MOF at scan rate of 3 mV/s and 

10 mV/s ; (e) Bar graph  Capacitive and Diffusive contribution at different scan rates in 

1M KOH electrolyte with increasing scan rate.  
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Furthermore, Figure 5(a) displays the Ni-Gd@BTC MOF's charging and discharging 

curves at various current densities within a constant potential window of 0 to 0.5 V.The MOF 

electrode exhibits galvanostatic charge-discharge (GCD) profiles that align well with their 

cyclic voltammetry (CV) profiles. To calculate the specific capacitance the following formula 

was utilized, 

࢙࡯ = ࡵ × × ࢓ ࢚ࢤ  (૝)                                                                    ࢂࢤ

Here “I” represents the applied current, “Δt” denotes the discharge time, “m” refers to 

the mass loading of active material in grams against the graphite sheet electrode, and “V” 

signifies the potential window. The variables “Cs” and “ΔV” indicate specific capacitance 

and voltage window, measured in farads per gram (Fg⁻¹) and volts (V), respectively. 

Additionally, “Δt” stands for discharge time in seconds, while “tD” and “tC” represent the 

discharge and charge times obtained from the galvanostatic charge-discharge (GCD) curve. 

The GCD curves display non-linear characteristics with a clear plateau region that signifies 

the pseudocapacitive-type behavior. The specific capacitance of the MOF electrode material 

was calculated to be 910.98 F g-1 (at 0.7 A g-1), 793.44 F g-1 (at 0.9 A g-1),681.43 F g-1 (at 1 A 

g-1), 594.82F g-1 (at 2 A g-1), 473.40 F g-1 (at 3 A g-1), 378.45F g-1 (at 4 A g-1), 272.02 F g-1 

(at 5 A g-1) as shown in Figure.5 (b). Thus, on increasing the current density, the specific 

capacitance of the electrode material decreases due to the attribution of slower 

electrochemical activities caused by limited ion penetration into the inner pores at higher 

current densities [35]. The specific capacitance of higher than other reported works that are 

compared in Table.1 

An EIS analysis was conducted in order to assess the charge transfer phenomenon 

using the frequency concept. The Rs and Rct values were found to be 2.35 Ω and 0.78 Ω, 

respectively, when the Ni-Gd@BTC MOF was taken into consideration, as can be seen in 
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Figure 5 (c).These indicates that the material has good ionic conductivity and minimal ohmic 

resistance. The warburg impedance (79.13 mS)in the form of extended lines with angles 40˚ 

to 50˚ as inserted in Figure.6(c)) indicating that the fabricated Ni-Gd@BTC MOF electrode 

material has low charge transfer resistance, which makes the fabricated electrode is more 

conductive. The combined interfacial capacitance (CdI) was noted to be 89.40 mF. This 

reveals the fabricated material has lower solution resistance and quicker ionic diffusion 

mechanism to store charge more than others. The cyclic capabilities were examined through 

galavnostatic charge/discharge test was performed at a current density of 5 A/g with the 

potential range of 0 to 0.5 V. Notably, after 10,000 cycles the retention capacitance of 88% 

with a 12 % loss from its initial retention. Whenever there is a loss of active material causes 

decreases in capacitance as the number of cycles raised in a KOH solution. Additionally, a 

columbic efficiency of 98% was attained, indicating minimal internal resistance and good ion 

reversibility throughout each cycle of electrochemical reactions as shown in Figure 5 (d).The 

obtained better electrochemical performance suggests that the Ni-Gd@BTC MOF can work 

as suitable candidate for supercapacitor application and their measurements were compared 

with previously reported data as given in Table.1.   
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Figure. 5 (a) The Charge Discharge curves of Ni-Gd@BTCMOFat various current 

densities;(b) Specific capacitance Vs current density for Ni-Gd@BTCMOF (c) EIS 

spectrum of Ni-Gd@BTCMOF(inserted equivalent circuit); (d) cycling stability of the 

Ni-Gd@BTCMOF supercapacitor 
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Table 1. Comparison of prepared Ni-Gd@BTC MOF electrode with various previously 

reported data for Charge Discharge measurements 

Material Morphology Electrolyte Specific 

Capacitance 

Capacitance 

Retention 

Reference 

Ni MOF Flower like spheres 

at nanosheets 

6 M KOH 920 F g-1  at 1 

A g-1 

61 % after 

3,000 cycles 

[36] 

Ni 

MOF/MWCNTs 

Aggregated 

nanosheets 

6 M KOH 900 F g-1  at 

0.5 A g-1 

82 % after 

1,000 cycles 

[37] 

Ni-Mn MOF  Nanosheets 

 

2 M KOH 447.5 F g-1  at 

0.5 A g-1 

65.3 % after 

10,000 cycles 

[38] 

V2O5/Ni MOF Petal like 

nanosheets 

3 M KOH 546 F g-1  at 1 

A g-1 

10,000 cycles [39] 

La doped Ni 

MOF 

Flower like cross-

linked nanosheets  

2 M KOH 159.9 mA h/g - [40] 

Cr doped Ni 

MOF 

3D nanosheets 3 M KOH 853 F g-1  at 1 

A g-1 

64.48 % after 

5,000 cycles 

[41] 

Ni-Co MOF 

@rGO 

Spherical particles 6 M KOH 860 F g-1  at 1 

A g-1 

- [42] 

LONH 

composites 

Triangle 

nanosheets 

3 M KOH  783 F g-1  at 1 

A g-1 

78.7%  at 5 A 

g-1 

[43] 
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3.5. Asymmetric Battery type Supercapacitor cell assembly  

 An Asymmetric Supercapacitor (ASC) assembly (see Figure 6(a)) was developed to 

showcase the practical application of the Ni-Gd@BTC Metal-Organic Framework (MOF). In 

this setup, activated carbon serves as the negative electrode, while the Ni-Gd@BTC MOF 

functions as the positive electrode. The two electrodes are then separated by filter paper, 

which acts as a separator to maintain physical distance between them during ionic 

conduction, thereby preventing short circuits. Before testing the ASC device, both positive 

and negative electrodes were electrochemically activated separately in a three electrode cell 

assembly, using different potential window; 0-0.5 V for Ni-Gd@BTC MOF and -0.1 – 0 V 

for Activated Carbon (AC) as illustrated in Figure.6 (b).  

 Furthermore, to ensure a balanced mass loading between the positive and negative 

electrodes, the following equation is utilized; 

−࢓−࢓   = −ࢉ × +ࢉ−࢜∆ × ∆࢜+ (૟) 

Here “m” stands for mass, c means specific capacitance and “v” potential window of 

positive and negative electrodes, respectively. The cyclic voltammograms of Ni-Gd@BTC 

MOF//AC ASC hybrid battery type device were recorded at the potential window of 0-1.6 V 

by increasing the scan rates (5, 10, 20,30,40,50 mV/s) indicates the charge storage 

reversibility of ASC device which shows the hybrid nature of the electrode material as shown 

in Figure.6 (c) 

 

Ni-Gd@BTC 

MOF  

rod-likestructure 1 M KOH 910.98 F g-1 at 

0.7 A g-1 

88% after 

10,000 cycles 

This work 
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Figure. 6 (a) Ni-Gd@BTC MOF//AC assembly; (b) Cyclic Voltammetry(CV) curves of 

Activated carbon and Ni-Gd@BTC MOF//AC at 100 mV/s; (c) CV curves of Ni-

Gd@BTCat different scan rates; (d) GCD curves of Ni-Gd@BTC MOF//ACat various 

current densities; 

The GCD curves of Ni-Gd@BTC MOF//AC were formed with an operating potential 

window of 0-1.6 V demonstrating the non-linear behavior of GCD Curves with different 

current densities (1, 2, 3, 4 and 5 A/g) and affirmed the hybrid characteristics of the device as 

shown at in Figure.6 (d). The energy density (ED), power density (PD) and columbic 

efficiency calculations[44] are calculated from specific capacitance (Cs), potential (V), 

Charging (tC) and discharging time (tD) using the following formulas, 
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ࡰࡱ   = ૚ૠ. ૛  ૛                                                         (ૠ)(ࢂࢤ)࡯ࡿ࡭࡯

ࡰࡼ = × ࡰࡱ  ૜૟૙૙࢚ࢤ                                                            (ૡ) 

࢚ࣁ  = ࡯࢚ࡰ࢚  × ૚૙૙                                                                 (ૢ) 

The value of the specific capacitance also calculated as 121.25 F/g at 1 A/g which 

decreased with increasing the current densities as depicted in Figure.7 (a). The maximum 

energy density and power density of 43.11 Wh/kg and 3200 w/kg was given by the device at 

current density of 1 A/g was as shown in Figure.7 (b). EIS was also performed to test the 

conductivity of the hybrid assembly as depicted in Figure.7 (c). The value of Rs was 0.132 

indicating the good ionic conductance and electron-transfer at the electrode-electrolytic 

interfaces, the Warburg and combined interfacial capacitance (CdI) exhibited as 72.36 mS and 

143.267 mF. After 10,000 cycles of charging and discharging in a 1M KOH solution at a 

current density of 5 A/g, the ASC Ni-Gd@BTC MOF//AC device demonstrated a capacitance 

retention of 90% and a coulombic efficiency of 99.1%. As illustrated in Figure 7(d), this high 

level of stability highlights the impressive endurance of the active electrode material under 

prolonged cycling conditions. The ASC  Ni-Gd@BTC MOF//AC cell assembly shows, very 

low resistance, excellent retention capability and holds good for high-rate capacitive behavior 

with a notable pseudo-capacitive component. 
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Figure. 7 (a) Specific capacitance Vs current density for Ni-Gd@BTC MOF//AC(b) Plot 

of Specific Energy and Specific Power as a function of current density for Ni-Gd@BTC 

MOF//AC;(c) cycling stability of the Ni-Gd@BTC MOF//AC cell ;(d) EIS spectrum of 

cell (inserted equivalent circuit) 

4. Conclusion 

 In summary, we have developed a simple and convenient hydrothermal route to 

synthesize a highly efficient Ni-Gd@BTC MOF electrode material for energy‐storage 

applications. The morphological analyses clearly confirmed the successful formation of the 

Ni-Gd@BTC MOF with a uniform structure beneficial for charge storage. Electrochemical 

studies in a three-electrode configuration revealed that the as-prepared Ni-Gd@BTC MOF 

delivers excellent specific capacitance as well as remarkable cyclic stability, indicating its 

suitability as a high-performance electrode material. To evaluate its practical application, we 
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assembled the material into a two-electrode system. Consequently, we fabricated a battery-

type asymmetric supercapacitor device (Ni-Gd@BTC MOF//AC). This device shows an 

impressive energy density of 43.11 Wh kg-1 and a power density of 3200 W kg-1 at a current 

density of 1 A g-1. Furthermore, it maintains 90% capacitance retention even after 10,000 

charge–discharge cycles at 5 A g-1, demonstrating excellent long-term durability.This study 

reveals s that the synthesized Ni-Gd@BTC MOF is a highly promising candidate for next-

generation supercapacitor applications due to its superior electrochemical properties and 

stable structural performance. 
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