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Abstract 
The growing need for high-performance lithium-ion batteries (LIBs) has sparked research into novel 

anode materials, leading to the development of a hybrid composite material with improved 

electrochemical performance. This study presents a novel composite material consisting of nickel (Ni) 

and benzene-1, 4-dicarboxylic acid (BCA) incorporated into carbon fibers (CF), focusing on enhancing 

synergistic interactions. The intricate manufacturing process enables an even distribution of Ni-BCA 

nanoparticles on the CF substrate. SEM, XRD, and FTIR are used for evaluating structural and 

morphological characteristics. The interconnected network of nickel-borate coated aluminum nanoplates 

enables consistent charge distribution, leading to improved electrochemical performance. An 

electrochemical study of Ni-BCA/CF as a sole electrode material indicates a significant specific 

capacitance of 784 mAh g-1 with a current density of 0.1 A.g⁻¹. Trasatti investigation, using cyclic 

voltammetry to examine charge distribution, showed that including CF enhances the charge storage 

capacity of the hybrid composite. The findings unveil a distinctive hybrid composite for high-

performance LIBs and provide crucial insights for designing and synthesizing improved anode materials 

to address current energy storage challenges. 
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Introduction  

The increasing need for high-performance lithium-ion batteries (LIBs) has prompted extensive 

research into advanced anode materials in order to meet the growing energy storage demands 

of modern society. The current increase in research focused on porous organic coordination 

networks represents a fundamental change in the field of energy storage architecture. This 

evolutionary process, facilitated by the complex self-assembly of links (Ligands) and 

connectors (Metals), involves a network that is stabilized by the interactions between metals 

and ligands. It signifies a significant departure from the engineering of carefully crafted 

cavities within coordination networks. 

The foundation of this design paradigm can be identified in the landmark finding of the 

Hofmann complex by Hofmann and Kuspert in 1897. This discovery established the way for 

highly structured materials that have the capacity to bring about a paradigm shift in the field of 

energy storage. A turning point occurred in 1995 when Yaghi and his colleagues introduced 

Metal-Organic Frameworks (MOFs). With their unprecedented structural diversity and 

tunability, MOFs ushered in a new era of polynuclear metal carboxylate complexes by 

combining the advantageous properties of organic and inorganic components. MOFs have 

become a subject of significant interest in scientific research due to their extensive range of 

applications, which includes catalysis, gas separation, drug delivery, chemical sensing, and 

most notably, energy storage systems, with batteries being the most prominent example. 

Notwithstanding their extensive applicability and unique attributes, the inherent constraints of 

MOFs have instigated diligent endeavors to rectify these difficulties and fully exploit their 

capabilities. Our research is centered around the synthesis of Nickel (Ni) Metal-Organic 

Frameworks (MOFs) through the innovative utilization of Benzene-1, 4-dicarboxylic acid 

(BCA). This approach aims to overcome the limitations that are typically associated with 

traditional MOFs. The synthesis method places a high value on cost-effectiveness through the 

utilization of a room temperature mixing technique with solutions of organic linkers and metal 

salts in water [7-9].  
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This emphasizes our dedication to environmental 

sustainability as we avoid the use of hazardous organic 

solvents and reduce reliance on costly equipment.  

The resultant Ni-BCA demonstrates a distinctive morphology 

distinguished by nanoplates that are continuously 

interconnected, which has significant ramifications for its 

electrochemical capabilities. Detailed characterization 

investigations uncover the considerable pore size and surface 

area of Ni-BCA, which establish it as a formidable contender 

for anodes with enhanced performance in lithium-ion 

batteries. The objective of the development of a new 

composite material, Ni-BCA/CF, is to improve 

electrochemical performance by combining physical and 

chemical charge storage mechanisms in a synergistic manner 
[10-12]. This will ultimately enhance the anode material's 

capabilities. Through a thorough examination of the 

electrochemical characteristics of Ni-BCA/CF using a solitary 

electrode in a 6M KOH electrolyte, we have identified an 

exceptionally high specific capacitance and exceptional cycle 

stability. The implications of these results for novel 

approaches to energy storage are encouraging. 

 

2. Experimental 

2.1 Synthesis of Ni-BPDC/CF 

All chemicals utilized in the present study were of analytical 

reagent (AR) grade and employed as received without further 

purification. The synthesis of Nickel Metal-Organic 

Frameworks (Ni MOFs) was conducted using the ligand 

Benzene-1, 4-dicarboxylic acid (BCA) following a previously 

reported method [23]. In a typical synthesis, an aqueous 

solution of the organic ligand was prepared by dissolving 4.75 

x 10-3 mol of BPDC in 100 mL distilled water (DW). The pH 

of this solution was adjusted to 7 using 1 M NaOH. 

Simultaneously, the metal ion solution was prepared by 

dissolving 3.72 x 10-3 mol of Nickel chloride in 100 mL DW. 

The freshly prepared metal ion solution was then slowly 

added dropwise into the organic ligand solution, and the 

resulting mixture was stirred at room temperature for 12 

hours. A green-colored precipitate formed over time, 

indicating the successful formation of Ni MOFs. The 

synthesized Ni MOFs were subsequently filtered, washed 

successively with DW and ethanol, and then dried at 60 °C 

for 24 hours. Subsequently, in the synthesis of the composite 

material, 50 mg of Carbon Nanofibers (CNF) were introduced 

to the Ni MOF solution, and the mixture was sonicated for 

approximately 30 minutes to ensure thorough and uniform 

mixing [14]. 

 

2.2. Material Characterization 

X-ray Diffraction (XRD) patterns of the synthesized materials 

were recorded using a Shimadzu 7000S X-ray diffractometer 

equipped with CuKα radiation (λ=0.154 nm). The 

measurements were conducted in the range of 5 to 70° to 

ascertain the crystallographic structure. 

Fourier Transform Infrared (FTIR) spectra were acquired 

using a Shimadzu-8400S spectrometer, covering the 

frequency range of 4000 cm⁻¹ to 400 cm⁻¹. This analysis 

provided insights into the molecular vibrations and functional 

groups present in the synthesized materials. Thermo 

Gravimetric Analysis (TGA) was performed utilizing a 

Perkin-Elmer thermal analyzer. The analysis covered a 

temperature range from room temperature to 1000 °C, 

employing an alumina reference crucible. The heating rate 

was maintained at 10 °C/min, offering valuable information 

on the thermal stability and decomposition characteristics. 

The Brunauer-Emmett-Teller (BET) specific surface area and 

pore dimensions of Ni MOFs were determined through N₂ 

adsorption-desorption measurements at 77 K. This analysis 

provided crucial information about the material's porosity and 

surface characteristics. Surface morphology analysis was 

conducted using Field Emission Scanning Electron 

Microscopy (FESEM) on an FEI INSPECT F50 instrument. 

Additionally, Energy-Dispersive X-ray Spectroscopy (EDX) 

was employed to analyze the elemental composition of the 

materials. These techniques collectively provided a 

comprehensive understanding of the structural, thermal, and 

morphological attributes of the synthesized material. 

 

2.3 Electrochemical characterization in three electrode 

system 

The cyclic voltammetry (CV) experiments were conducted 

within a voltage window of 0 to 3.0 V at various scan rates, 

while galvanostatic charge-discharge (GCD) studies were 

carried out in a similar voltage range but at different current 

densities. Electrochemical Impedance Spectroscopy (EIS) 

studies were also performed to comprehensively analyze the 

electrochemical behavior. For the assessment of Ni-BCA/CF 

as anode materials for lithium-ion batteries (LIBs), coin cells 

were employed to measure battery performance. The 

preparation involved mixing as-prepared powders of Ni-

BCA/CF (80 wt%), acetylene carbon black (10 wt%), and 

polyvinylidene fluoride (PVDF) binder (10 wt%) in N-

methyl-2-pyrrolidone (NMP) to form a slurry [15-17]. This 

slurry was then coated onto a copper current collector, dried 

at 80 °C under vacuum overnight, roll-pressed, and cut into 

disks with a diameter of 10 mm. The force exerted on the foil 

during roll-pressing was approximately 10 MPa for two 

minutes, resulting in an active material loading content of 

about 1.7 mg/cm². The coin cells were assembled in an argon-

filled glove box with oxygen and water content maintained 

below 1 ppm. Lithium foil served as the counter and reference 

electrode, and a 1.0 M LiPF6 electrolyte dissolved in ethylene 

carbonate (EC) and diethyl carbonate (DEC) (in a volume 

ratio of 1:1) was utilized. Celgard 2400 film served as the 

separator. After assembly, the cells were left undisturbed for 

12 hours before electrochemical tests were performed. 

Subsequently, the cells were disassembled in the argon-filled 

glove box, and the electrodes were washed with DEC. The 

pole piece was then sent for testing in a vacuum box [18-20]. 

 

 
 

Fig 1: Schematic illustration for Ni- BCA /CF hybrid composite 

Anode material and lithium foil as a cathode in 1M LiPF6 electrolyte. 

 

3. Results and Discussions 

Structural characterization of synthesized materials 

The XRD patterns of Ni-BCA/CF are illustrated in Fig. 2 (D), 

where CF exhibits its characteristic high-intensity peak at 27° 

associated with the (002) crystal plane [27]. In the case of Ni-

BCA displays peaks at 5.5°, 11.1°, 13.1°, 15.2°, 18.6°, and 

20.4°. These peaks observed in the case of Ni-BCA are also 

https://www.physicsjournal.in/
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present in the XRD pattern of Ni-BCA/CF but with lesser 

intensity. This suggests that the introduction of CNF does not 

disrupt the linkages between the metal centre and organic 

ligand. However, due to weak electrostatic interaction 

between Ni-BPDC and CNF, the intensity of diffraction peaks 

assigned to Ni-BPDC is slightly reduced in the composite. 

Furthermore, the peak observed in the CNF aligns with the 

peak at around 26° in the Ni-BPDC, confirming the 

crystalline nature of the Ni MOFs and verifying the successful 

formation of the Ni-BPDC/CNF composite [22-26]. 

 

 
 

Fig 2: XRD patterns of as synthesized materials 
 

The confirmation of Ni-BCA/CF composite formation was 

further substantiated through FTIR spectroscopy. In Fig. 3, 

the FTIR spectra of Ni-BPDC reveal two intense bands at 681 

cm-1and 705 cm-1, indicating the presence of the C-H 

antiplane bending mode of the aromatic ring [28]. The band at 

1600 cm-1signifies the C=C stretching mode, confirming the 

presence of the aromatic ring [29]. Four bands at 852 cm-1, 

1393 cm-1, 1539 cm-1, and 1587 cm-1correspond to the 

stretching mode of carboxylate groups (COO-) coordinated to 

the metal center [26]. Specifically, the bands at 1393 cm-1and 

1587 cm-1are attributed to the symmetric and asymmetric 

stretching modes of COO- groups, suggesting coordination 

through a bidentate mode [30, 31]. Additionally, bands at 3300 

cm-1and 3600 cm-1 indicate –OH vibrations from water 

molecules present in the MOF structure [26]. The FTIR spectra 

of Ni-BCA/CF (Fig. 3, B) show additional peaks in the higher 

frequency region compared to pristine Ni-BCA. The peak at 

2980 cm-1 is assigned to the stretching mode of the methylene 

(–CH2) group, and the broad peak around 3430 cm-

1corresponds to –OH stretching mode due to the presence of 

functional groups on the CF surface [32]. The FTIR analysis 

for structure elucidation confirms the successful formation of 

Ni-BCA/CF. 

 

 
 

Fig 3: FTIR spectra of as synthesized materials 
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TGA studies were conducted to assess the thermal stability of 

the Ni-BCA/CF composite, and the TGA curve is depicted in 

Fig. 4. The initial weight loss observed in all four samples up 

to 300 °C is attributed to the removal of solvated water 

molecules from the MOF structure. Subsequently, the weight 

loss between 350 °C to 600 °C indicates the decomposition of 

Ni MOF into Nickel oxide [29, 33]. The % residues at 1000 °C 

were found to be 30.2% in the case of Ni-BCA/CF, further 

confirming the higher thermal stability of the composite. 

 

 
 

Fig 4: TGA studies to assess the thermal stability of the Ni-BCA/CF composite 

 

The FESEM image of Ni-BCA/CF, as depicted in Fig. 5, 

provides a detailed view showcasing the presence of 

nanoplates of Ni-BPDC intricately linked to the surface of 

CNF (Fig-5 A). This visual evidence solidifies the 

confirmation of the successful formation of the composite, 

demonstrating a well-integrated structure where the Ni-BPDC 

nanoplates are effectively connected to the CNF framework. 

Further insight into the elemental composition was obtained 

through the EDX spectra of Ni-BCA/CF, as illustrated in Fig. 

5 B. The spectra exhibit prominent peaks corresponding to the 

elements Ni, C, and O, verifying the formation of pristine Ni 

MOF and its retention in the composite structure. Notably, the 

weight percentage of carbon (C) in Ni-BPDC is measured at 

36.3%, while in Ni-BCA/CF, this percentage increases to 

49.2%. This substantial increase in the carbon content 

confirms the successful incorporation of carbon nanofibers 

(CF) into the framework of Ni-BCA, highlighting the 

enhanced structural complexity achieved in the composite 

material. 

 

 
 

Fig 5: SEM and EDS to assess the morphology of Ni-BCA/CF composite 

 

The introduction of carbon fibers (CF) has played a pivotal 

role in enhancing both the electrical conductivity and cyclic 

performance of Ni-BCA. To validate the impact of this 

modification by CF on the properties of Ni-BCA, a 

comprehensive set of electrochemical studies including cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD), 

and electrochemical impedance spectroscopy (EIS) were 

conducted using a three-electrode system [34-36]. 

In Fig. 7 (A), the CV curves of Ni-BCA/CF at a scan rate of 

50 mV.s⁻¹ and In Fig. 5, the galvanostatic charge-discharge 

profile for Ni-BCA/CF is presented within the voltage range 

of 0.0 to 3.0 V (vs. Li/Li+) at a current density of 0.1 A g⁻¹. 

The specific capacity values for the charging and discharging 

cycles are recorded as 784 mA g⁻¹ and 761 mA g⁻¹, 

respectively. However, these values decrease to 520 mA g⁻¹ 

for charging and 563 mA g⁻¹ for discharging after 20 cycles. 

It is noted that the capacity contribution above 0.5 V mainly 

arises from Li adsorption at the defect sites and pores present 

in Ni-BCA. Despite the good electrical conductivity of CF 

sheets, the junction resistance between neighbouring sheets 

remains substantial, especially for randomly and loosely 

stacked sheets. The electrochemical performance of Ni-

BCA/CF is further evaluated at higher current density values, 

reaching up to 2.0 A g⁻¹, as depicted in Fig. 5. The specific 

capacity values for charging and discharging cycles at this 

elevated current density are measured as 320 mA g⁻¹ and 329 

mA g⁻¹, respectively. The experimental results highlight a 

trend where reversible capacity is higher at lower current 

density values and vice versa. To assess the cyclic stability of 

Ni-BCA/CF, initial charging/discharging is conducted at 0.1 

A g⁻¹ for 20 cycles. Subsequently, the current rate is 

incrementally increased up to 2.0 A g⁻¹, maintaining 20 cycles 

at each rate (Fig. 5)[37-38]. Notably, the observed results 

demonstrate the material's remarkable capacity retention and 

stability even at high current rates, emphasizing its potential 

for robust performance in practical applications. In Figure 5d, 

electrochemical impedance spectroscopy (EIS) studies were 

undertaken at ambient temperature to gain deeper insights into 

the factors contributing to the improved electrochemical 

performance and stability of the Ni-BCA/CF composite. The 

https://www.physicsjournal.in/
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impedance spectra reveal distinctive features that elucidate 

the underlying electrochemical processes. At high 

frequencies, the intercept at the real axis (Z') is influenced by 

ohmic resistance, encompassing electrical connections, 

separator, and electrolyte resistance (Rs). The high-frequency 

semicircle is associated with Li+ ion transport through the 

solid-electrolyte interface (SEI) layer [39]. Meanwhile, the 

low-frequency semicircle arises from the constant phase 

element and charge transfer resistance (Rct) of the 

electrode/electrolyte interface. The subsequent nearly linear 

region in the graph signifies the diffusion of Li-ions into the 

electrode, represented as Warburg impedance. From the 

Nyquist plot, it is evident that the values of Rs and Rct for Ni-

BCA/CF are determined to be 3.01 Ω and 35.11 Ω, 

respectively. These findings contribute to a comprehensive 

understanding of the impedance characteristics and highlight 

the improved electrical properties of the Ni-BCA/CF 

composite, showcasing its potential for advanced 

electrochemical applications. 

 

 
 

Fig 6: Electrochemical performance of Ni-BCA/CF composite anode material against lithium cathode in 1M Lipf6 electrolyte. 

 

Conclusions 

In conclusion, this study has explored the synthesis and 

characterization of Ni metal organic frameworks (Ni MOFs) 

with benzene-1, 4-dicarboxylic acid (BPDC) as the organic 

ligand, with the aim of addressing the growing demand for 

high-performance lithium-ion batteries (LIBs). The synthesis 

methodology employed a cost-effective approach, involving 

room-temperature mixing of metal salt and organic linker 

solutions in water, bypassing the use of hazardous organic 

solvents and expensive instruments. The resulting Ni-BPDC 

exhibited a distinct morphology of continuously 

interconnected nanoplates, showcasing remarkable attributes 

of large pore dimensions and surface area, translating to 

superior electrochemical performance. To further augment the 

electrochemical capabilities, a composite material, Ni-

BPDC/CNF, was introduced by incorporating carbon 

nanofibers (CNF). This composite demonstrated a synergistic 

combination of physical and chemical charge storage 

mechanisms, enhancing the overall performance of the anode 

material. Electrochemical characterization studies, including 

cyclic voltammetry (CV), galvanostatic charge-discharge 

(GCD) and electrochemical impedance spectroscopy (EIS), 

were conducted to evaluate specific capacitance, cyclic 

stability, and impedance characteristics. Specific charging and 

discharging capacities for Ni-BPDC/CNF were found to be 

784 mAh g-1 and 761 mAh g-1, respectively. Up to 100 cycles, 

the material demonstrated a specific capacity of 568 mAh g-1 

at 0.1 A g-1. Furthermore, despite the high current density of 

2 A g-1, a reversible capacity of 355 mAh g-1 was maintained 

after 65 cycles. These results highlight the robust cyclic 

stability and superior performance of Ni-BPDC/CNF, 

indicating its potential for practical applications in high-

performance lithium-ion batteries. The study not only 

contributes a novel Ni-based MOF with nanoplate 

morphology but also underscores the broader implications of 

MOF-based composites in advancing the field of energy 

storage, particularly in the realm of high-performance lithium-

ion battery anodes. The tailor-made synthesis approach and 

the insights gained from electrochemical studies pave the way 

for future research in the development of efficient and 

sustainable energy storage materials. 
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