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ABSTRACT 

This study is conducted to explore the best electrodes materials for energy conversion devices. The two cathode materials (LiMn2O4 and 

nanofibers of LiMn2O4) and the anode material (graphene/polyaniline/carbon-nanotube) were synthesized by a wet chemical method which 

includes sol-gel and chemical polymerization techniques. The prepared materials were characterized by SEM, XRD FTIR, and cyclic 

voltammetry. The characterization results show that LiMn2O4 exhibits a porous and hollow structure, which improves the utilization of the 

active mass area, and allows the dual conduction of Li+ and electrons, which effectively relieves the structural strain and volume change. The 

cyclic voltammetry results record that LiMn2O4 and nanofibers of LiMn2O4 as a cathode material enhanced the cycling performance and possess 

excellent stability. Further, the conductivity of each sample was measured using the DC four-probe method, and the highest conductivity was 

observed for the LiMn2O4 nanofibers 1.43 SCm-1 at 650℃. 
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1. INTRODUCTION 

 

Population growth, increased industrial development, and 

advanced computing and digital wireless communication are 

alarming and could disrupt the energy balance in our eco-

environmental system [1-3]. A need for proper and clean 

energy resources that can be replenished is vital to overcome 

the energy-related issues. Electrochemical energy devices are 

the promising devices that fulfill the fast-growing energy 

needs [4, 5]. There are a variety of clean energy devices 

ranging from fuel cells to batteries and supercapacitors [6-8]. 

The fuel cell (FC) system is considered one of the essential 

candidates composed of high energy densities that are 

important to fill the demand and supply gap for mobile 

applications [9-11]. The solid oxide fuel cells (SOFCs) in 

energy conversion has earned much attention from researchers 

[12]. However, there are still meaningful efforts needed before 

full applications of SOFCs in the industry are realized. 

The primary limitation in the SOFC is the ionic conductivity 

of electrolyte and electrode kinetics [13]. Many cathodes and 

anode materials have been used to improve the energy and 

power density at a lower temperature [14-17]. The main 

obstacle to improve the performance is sluggish kinetics of 

oxygen reduction reactions (ORR), and this is the subject of 

significant research. Many oxygen-deficient perovskite-

structured manganites, ferrites, and cobaltites, have been 

studied. However, none have reached the conditions of leading 

catalytic activity for the ORR, high-enough electronic 

conductivity, and least reactivity with other cell components 

in the temperature area of interest [18-20]. La1-xSrxMnO3-δ 

perovskite also has been used as a cathode material because 

perovskite structure or composite materials are found to be the 

most effective cathode materials due to their high catalytic 

activity, However, as the temperature goes below the 800℃, 

its catalytic activity decreases, thus reducing the cell 

performance. A new cathode and anode materials are designed 

with relatively high energy densities and electrochemical 

performance to overcome this problem [17, 21, 22]. In order 

to improve the performance of SOFC at low temperatures, it is 

necessary to fabricate cathode material that possesses higher 

diffusion rates for oxygen with better kinetics for surface 

exchange [23, 24]. It has been studied that layered perovskite 

materials and alkali metals doping in perovskite possessed a 

fast rate of oxygen diffusion when used as an electrode 

material and record an improvement in the fuel cells [25-27]. 

It has numerous vital features like environmentally friendly 

and flexible design with three-dimensional intercalation 

capability [28]. The crystalline structure, shape, and grain size 

of perovskite materials are previously correlated with its 

electrochemical features [27, 28]. 

In this work, perovskite LiMn2O4, nanofibers of LiMn2O4, 

and graphene/polyaniline (PANI)/carbon-nanotube were 

investigated as electrode material in the fuel cell. These 

materials were synthesized and characterized by different 

characterization techniques. The surface and structural 

properties of the synthesized materials were determined using 
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a variety of methods, including scanning electron microscopy 

(SEM), X-ray diffraction (XRD), and Fourier-transform 

infrared spectroscopy (FTIR). The cyclic voltammetry and DC 

four-probe method used to evaluate the materials' performance 

based on electrochemical techniques and the properties of the 

materials were then compared to the electrochemical 

performance of the electrodes. 

 

 

2. EXPERIMENTAL PROCEDURE 

 

2.1 Sample preparation 
 

2.1.1 Synthesis of LiMn2O4 

The synthesis of LiMn2O4 has been carried out by using the 

traditional Sol-gel method. 0.4 grams of Lithium carbonate 

salt (Li2CO3) was dissolved in 250ml of deionized water and 

stirred the solution for 2h. Besides that, 18 grams of 

Manganese nitrate (MnNO3) was added in the solution, and 

after 1h of further stirring, the desired amount of citric acid 

(20% of MnNO3) was introduced into the solution to attain the 

light pink coloration. Later we placed the solution for the 

gelation process, which was then dried at 800℃ in a muffle 

furnace to carry out the sintering process. The sintered product 

obtained was ground in the powder form using the pestle and 

mortar. 
 

2.1.2 Synthesis of LiMn2O4 nanofibers 

The LiMn2O4 nanofibers were synthesized by the 

Electrospinning method. 0.4 grams of lithium acetate 

Li(CH3COO)2.4H2O and 2 gram of manganese acetate 

Mn(CH3COO)2.4H2O were added in 10ml of deionized water 

and stirred vigorously for 4h to attain the good dispersion. 

Then the 40ml of 10wt% aqueous polyvinyl alcohol (PVA) 

solution introduced slowly in the suspension under the 

continuous stirring to obtain the viscous solution of lithium 

acetate, manganese acetate, and PVA. Then electrospinning of 

viscous solution has been carried out by using an aluminum 

foil as a collector. A 20KV high voltage across the collector 

was applied to obtain the nanofibers, and metal needle distance 

was maintained at 20cm. Finally, the precursor collected at 

collector was dried at 70℃ for 4h and calcined at a different 

heating rate to get LiMn2O4 nanofibers. 
 

2.1.3 Synthesis of graphene polyaniline CNT 

Graphene polyaniline (PANI)/carbon nanotubes were 

prepared by chemical polymerization. The desired amount of 

the CNTs were stirred for 30 minutes in a mixture of 270ml of 

water and 30ml of HCl. Later two samples of ninety (90) ml 

solutions were withdrawn from the CNTs suspension, and 0.5g 

of graphene and 3ml of polyaniline were introduced in samples 

separately. Later, another batch of 120 ml suspension was 

prepared with the addition of 0.7g ammonium persulphate 

(NH4)2S2O8. All three different samples were stirred for 2h 

separately. After that, two 90ml solutions were mixed and 

placed on the ice bath under the constant stirring for 4h. Later 

the 120ml of ammonium persulphate solution was added as a 

dropwise until its color changes from green to blue. Finally, 

the suspension was filtered and dried at 60℃ for 3h, and the 

dried product was ground to obtain the graphene/ 

polyaniline/CNT. 

 

2.2 Sample characterization 

 

Surface and structural properties with varying compositions 

of the materials were characterized by different 

characterization techniques and correlated with the electrodes' 

electrochemical performance. The crystal structure of the 

materials was determined using an X-ray diffractometer with 

Cu-Kα radiation. Fourier Transform Infrared Spectroscopy 

(FTIR) was used to determine the presence of different 

functional groups. The samples' surface morphology was 

investigated on Scanning Electron Microscope (SEM), while 

Cyclic Voltammetry and impedance curves examined the 

electrochemical behavior of the materials. A DC 4-probe 

method was used to observe the conductivity in the prepared 

samples, and the Arrhenius curve plot computed the activation 

energy of the surfaces. 

 

 

3. RESULTS AND DISCUSSIONS 

 

3.1 Phase analysis/crystal structure  

 

Figure 1 shows the XRD pattern for LiMn2O4. All the 

central diffraction peaks for LiMn2O4 are indexed by the cubic 

structure corresponding to crystal planes of (111), (311), (222), 

(400), (331), (511), (440), (531), (533) and (622) respectively. 

The crystallite size for the synthesized material was calculated 

by using Scherer’s formula for the strongest diffraction peak 

corresponding to (111) at  

 

𝑫 =
𝟎. 𝟗𝟒𝝀

𝜷𝑪𝒐𝒔𝜽
  

 

where, θ is the diffraction angle, λ is X-rays wavelength, and 

β is FWHM of the peak. The average crystallite size calculated 

for the cubic structure of LiMn2O4 was approximately 42nm, 

which is in good agreement with the literature review. 

 

 
 

Figure 1. XRD pattern for LiMn2O4 

 

3.2 FTIR analysis 

 

FTIR analysis was carried out to study the attachment of 

different functional groups in the synthesized materials. Figure 

2(a), (b), and (c) shows the FTIR spectra for LiMn2O4 prepared 

by Sol-gel method, LiMn2O4 Nanofibers, and 

graphene/polyaniline (PANI)/carbon nanotubes respectively. 

The FTIR-Spectrum of Lithium manganese oxide (LiMn2O4) 

synthesized by the sol-gel method at 6500C in Figure 2(a) was 

studied at different frequencies, 826.75, 994.88, 1118, and 

1631.68 cm-1, respectively the absorption bands in the FTIR 

spectra confirmed the metal-oxygen (Mn-O) vibrational 
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frequencies. The high-frequency bands are associated with 

asymmetric stretching modes of the MnO6 group. It is also 

estimated that vibrational frequencies of alkali metal cations 

in their octahedral sites lie in the frequency range from 200-

400cm-1 but, further study reveals that vibrational modes of 

transition metals lie in the frequency range from 400-1000cm-

1. 

 

 
(a) 

 
(b) 

 
(c) 

 

Figure 2. (a) FTIR spectra for LiMn2O4 (b) FTIR spectra for 

LiMn2O4 nanofibers (c) FTIR spectra for 

graphene/polyaniline (PANI)/carbon nanotubes 

 

Figure 2 (b) shows the Fourier transform infrared (FTIR) 

absorbance spectra in the region of 1000-4000 cm-1 for the 

LiMn2O4 nanofibers calcined at 70 ℃. As shown in the figure, 

peaks at 3299, 2918, 1716, 1558, 1418, 1244, 1098, and 843 

cm-1 correspond to vs.-H, vc-c, vc-o, vo-H, and vLi-CH3COO 

respectively. These peaks are generated due to the 

decomposition of PVA, Li(CH3COO).2H2O, and 

Mn(CH3COO).4H2O. Two major asymmetric stretching peaks 

are at 1098, and 1244 cm-1 corresponds to the MnO bonds 

present in MnO6. The stretching at 608 cm-1 relates to the O-

Mn4+-O, and stretching’s at 510 represents Mn3+-O; these 

two stretchings are possible in the LiMn2O4 spinel structure. 

However, Li-O vibrational motion, which is challenging to 

identify, is located in the frequency range of 900-500 cm-1.    

The FTIR spectrum from 800 cm-1 to 3500 cm-1 showed in 

Figure 2(c). represents graphene/polyaniline (PANI)/carbon 

nanotubes synthesized by chemical polymerization at 800℃. 

The peak at 1455 cm-1 indicate the stretching vibration of the 

COOH group, and the peak originated at 1692 cm-1 and 1226 

cm-1 related to the IR active phonon mode of CNTs and the C-

N stretching vibration of an aromatic conjugation respectively. 

The defect side of CNTs found very sensitive to atomic 

interactions. 

 

3.3 Microstructure/morphology 

 

Figure 3 (a), (b), and (c) indicates the morphological 

structure of LiMn2O4, LiMn2O4 Nanofibers, and 

graphene/polyaniline (PANI)/carbon nanotubes, respectively. 

SEM image of 500nm and 20µm LiMn2O4 particles are shown 

in Figure (a), and it is observed that all samples are distributed 

un-uniformly. Large particle surfaces are covered with smaller 

grains, which confirmed that the nucleation and growth 

process dominated the particle morphology and revealed that 

particles have different morphology with an average particle 

size of 10-20µm. The SEM micrographs also show that surface 

morphology is quasi-spherical, and there is also a little 

agglomeration of powder samples, which is due to citric acid. 

The properties mentioned above are very suitable to use the 

synthesized material as an electrode in the Fuel cell. 

 

 
(a) 
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(b) 

 
(c) 

 

Figure 3. (a) SEM image for LiMn2O4 particles (b) SEM 

image for LiMn2O4 nanofibers (c) SEM image for 

graphene/polyaniline (PANI)/carbon nanotubes 

 

The SEM images of LiMn2O4 fibers calcined at 70℃ are 

shown in Figure 3 (b). The surface of PVA, lithium acetate, 

and manganese acetate composite fibers are smooth due to 

their amorphous nature, as confirmed in Figure 3 (b). The 

nanofiber diameter range is from 2-100µm, which established 

a high aspect ratio. There is no visible bead formation in the 

as-spun fiber, which reveals that the fibrous precursor has been 

synthesized under optimized conditions. The prepared 

electrospun membranes have fully interconnected multifiber 

layers with porous structures because interlayer of multifiber 

layers generated a nano-/micro porous structure between the 

ultrafine in electrospun polymer and nanocomposite polymer 

blend that might be absorbed and retained more electrolytes 

effectively.  

 

3.4 Conductivity measurements 

 

Figure 4 shows the conductivity measurements of LiMn2O4, 

LiMn2O4 Nanofibers, and graphene/polyaniline 

(PANI)/carbon nanotubes by DC four-probe method from 

250℃ to 650℃. The measurements were plotted between 

temperature (T) and conductivity (σ), and it is observed that 

the conductivity of all the synthesized samples increased with 

the rise in temperature. The highest conductivity values are 

found for LiMn2O4 nanofibers, which is 1.43 SCm-1 at 650℃. 

Similarly, LiMn2O4 and graphene/polyaniline (PANI)/carbon 

nanotubes showed a conductivity of 1.26 SCm-1 and 1.23 

SCm-1, respectively, at 650℃. 

 

 
 

Figure 4. Conductivity measurements for synthesized 

materials 

 

3.4.1 Electrical bandgap analysis 

In Figure 5 (a), (b) and (c) Arrhenius plots are shown to 

calculate the electrical bandgap for all synthesized materials. 

The bandgaps are calculated by the Arrhenius equation using 

conductivity measurements as follows. 

 
(a) 

 
(b) 
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(c) 

 

Figure 5. Arrhenius plot for all synthesized materials 

 

σ = σo exp (-Ea/RT) 

 

where,  

 

Slope= -Ea/R 

 

Ea is the activation energy, and electrical bandgap is two 

times of activation energy  

 

Electrical bandgap = 2Ea 

 

The bandgaps of LiMn2O4 particles, LiMn2O4 nanofibers, 

and graphene/polyaniline (PANI)/carbon nanotubes were 

0.44ev, 0.68ev, and 1ev, respectively. These bandgaps show 

that all the materials have good potential to be used in energy 

conversion devices. The electrical bandgap and activation 

energy for all synthesized materials were calculated in electron 

volt (eV).  

 

3.5 Cyclic voltammetry 

 

Cyclic voltammetry (CV) was performed to observe the 

performance of the working electrode (LiMn2O4 thin film) and 

the reference electrode (graphene/polyaniline (PANI)/carbon 

nanotubes). 

Figure 6 shows the capacitance behavior of electrode films 

deposited on the graphite substrate with a potential range of -

0.5 to 1.5 V at different scans of 5, 25, 50, and 100 mvs-1. The 

CV curves exhibited a hysteresis loop shape with no apparent 

peaks. It has been noticed that current density was 

continuously increasing with the rise in the scan rate, and the 

highest current peak was recorded at 100 mv/s. 

The electrode's specific capacitances are measured and 

shown in Table 1 at different scan rates using the following 

equation.  

 

C=I/S (m1+m2) 

 

where, I is the specific current, S is the scan rate, and m1, m2 

are the masses of two electrodes.  

Table 1 concludes that specific capacitance and scan rates 

are inversely proportional to each other. At the lower scan rate, 

many electrolyte ions travelled to the electrode's surface, 

which eventually increased the capacitance. In contrast, at a 

high scan rate, electrolyte ions do not effectively access the 

electrode materials and faced a high resistance, which 

ultimately decreased the capacitance. 

 

 
 

Figure 6. Cyclic voltammetry at different scan rates 

 

Table 1. Specific capacitance of cycle at different scan rates 

 
Scan rate (mv/s) Specific capacitance F/g 

5 0.0536 

25 0.0107 

50 0.0053 

100 0.0026 

 

 

4. CONCLUSION 

 

In this work, two different cathode materials (LiMn2O4 and 

nanofibers of LiMn2O4) and one anode material 

(graphene/PANI/carbon nanotubes) were synthesized. The 

graphene/PANI/carbon nanotubes based anode showed high 

conductivity, tailored the electron transport within the 

electrode material, and enhanced the lifetime with high rate 

capability, which leads to suitable specific capacitance at 

lower scan values. The graphene nanosheets and carbon 

nanotubes assembly in graphene/PANI/carbon nanotubes 

behave as molecular wire to transport the electrons with high 

standards of electrochemical behavior and good current 

density as confirmed by the Cyclic voltammetry (CV). 

Similarly, LiMn2O4, as a cathode, the material exhibits good 

cycle life and high capacity. The porous and hollow structure 

of LiMn2O4 improves the utilization of active mass, allows 

dual conduction of Li+ and electrons, and effectively relieves 

the structural strain and volume change, which ultimately 

enhanced the cycling performance and rate stability. DC four-

probe method showed the highest conductivity of 1.43 SCm-1 

for LiMn2O4 nanofibers at 650℃. 
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