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The increasing global demand for sustainable energy storage solutions has driven advancements 

in vanadium redox flow batteries (VRFBs). However, the low power density of VRFBs remains 

a critical challenge due to the limited electrochemical performance of conventional graphite felt 

(GF) electrodes. In this study, polyaniline (PANI) doped with oxalic acid was synthesized via 

oxidative polymerization and used to modify GF electrodes to enhance their conductivity and 

electrochemical activity. Structural and morphological characterizations, including FTIR and 

FESEM-EDX, suggested the successful incorporation of PANI onto the GF surface, significantly 

improving the electrode's porosity and active surface area. The modified electrode demonstrated 

a fivefold reduction in charge transfer resistance (Rct) and a substantial increase in electrical 

conductivity (from 0.0043 S/cm to 0.0214 S/cm), when analysed by electrochemical impedance 

spectroscopy (EIS). Cyclic voltammetry (CV) results revealed enhanced redox kinetics and 

pseudocapacitive behavior, enabling superior charge storage capability and improved ion  

transport, with a specific capacitance of 125 F g -1 at 10 mV s-1. Additionally, the modified 

electrode delivered a power density of 178.5 W g -1, indicating excellent energy transfer 

capability. These findings highlight that oxalic acid-doped PANI is a cost-effective and scalable 

electrode modification approach, paving the way for high-performance VRFBs and other energy 

storage applications. 
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Despite global attempts to reach carbon peaking and 

carbon neutrality targets, the contemporary industry 

faces the dual constraints of fossil fuel: resource 

depletion and environmental degradation. The primary 

objective is to encourage the transition of energy 

composition worldwide, aiming to replace fossil fuels 

with renewable and environmentally friendly energy 

sources [1]. Conventional renewable energy sources, 

such as wind, solar, and tidal energy, are currently 

demonstrating significant promise. Nevertheless, the 

irregularity and unpredictability of their occurrence 

create difficulties for energy systems. Hence, the 

development of large-scale energy storage devices 

is necessary to achieve widespread implementation 

of renewable energy and facilitate the transition to 

sustainable energy sources [2]. 

 

The vanadium redox flow battery (VRFB) was 

initially proposed in 1985 by the Skyllas-Kazacos 

team. The researchers then did an in-depth investigation 

on altering VRFB electrode materials[3, 4]. Figure 1 

shows a schematic representation of VRFB. VRFB 

consists primarily of electrodes, an ion exchange 

membrane, and an electrolyte.  

 

The principal active ingredient in the system is 

the vanadium ion, which may exist in various valence 

states. After being energized, the current is imported 

and exported via the collector. The electrolyte solution 

performs a redox reaction on the electrode surface, 

which allows the battery to be charged and discharged. 

When the battery is charged, the negative electrolyte's 

V3+ concentration is lowered to V2+. The VO2+ in the 

positive electrolyte loses electrons and oxidizes into 

VO2
+. The oxidation and reduction reactions of the 

vanadium electrolyte are shown in equations 1-3 

below, with their respective potentials. 

 

Positive half-cell:  

 

VO2+ +  H2O ⇌ 𝑉𝑂2
+ + 2H+ + e−                                o= 1.00 V                        (1) 
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Figure 1. Illustration of a vanadium redox flow battery. 
 
 

 

Negative half-cell: 

 

𝑉𝑂3+ + 𝑒−  ⇌  𝑉2+                                                           o= -0.26 V             (2) 

 

Overall equation: 

 

𝑉𝑂2+ + 𝐻2𝑂 + 𝑉3+  ⇌  𝑉𝑂2
+ +  𝑉2+ + 2𝐻+                     o= 1.26 V            (3) 

 

 

 

The electrode, as a fundamental element of 

the battery, plays a pivotal role in influencing the 

performance of the VRFB as it not only offers active 

sites for redox reactions but also impacts mass and 

ion movement [5]. Currently, the carbon material 

graphite felt (GF) has been used as an electrode for 

VRFB due to its strength, high surface area, wide 

range operating potential, acid resistance, and high 

conductivity [6, 7]. Unfortunately, GF has poor 

hydrophilicity and low kinetic reversibility, and needs 

to be treated for better cyclability and wettability [7]. 

Several surface treatments have been developed to 

raise the electrochemical activity of the electrode to 

increase the number of oxygen functional groups or 

nitrogen functional groups. These include thermal 

treatment, salt treatment, acid treatment, ammonia 

treatment, or depositing catalysts onto the surface of 

the electrode[4, 8-14]. Recently, conducting materials 

have been used to enhance the properties of the 

electrode in energy storage applications such as 

supercapacitors, lithium-ion batteries, fuel cells, and 

redox flow batteries[15-17]. 

 

Polyaniline (PANI) is a versatile conducting 

material used in many applications such as  

supercapacitors, solar cells, sensors, organic light-

emitting diodes (OLEDs), anticorrosion, wound healing, 

nanomedicine, and tissue engineering. PANI was 

chosen as the conducting material due to its low price, 

ease of synthesis, low toxicity, and high electrical 

conductivity [18, 19]. A conducting polyaniline can be 

synthesised by reacting a Lewis base aniline monomer 

with a Bronsted acid. This reaction produces an  

anilinium salt, and with the aid of an oxidant, the salt 

may be converted from an emeraldine base to an 

emeraldine salt that is neutralized and partially oxidized. 

Polyaniline contains two aromatic backbones, a quinonoid 

and a benzenoid. The structure of the benzenoid and 

quinonoid rings in a polyaniline backbone is illustrated 

in Figure 2. 
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Figure 2. Structure of benzenoid and quinonoid rings in a polyaniline backbone. 
 

 

 

The PANI incorporated with nano-titanium 

carbide was coated on the GF and employed as an 

electrode in the VRFB, which produced 98.89 % 

Coulombic efficiency and good stability [18]. 

The negative half-cell limited the electrochemical 

performance of the VRFB because of the competitive 

hydrogen evolution reaction, leading to the slow 

reaction kinetics of V3+/V2+. A PANI/graphene oxide 

composite was used in another study to modify the GF 

via electrodeposition for bio-electrochemical systems, 

and this achieved a higher maximum power density 

[20]. In this work, PANI doped with oxalic acid was 

polymerized onto the surface of the GF via oxidative 

polymerization. The modified GF with oxalic acid-

doped PANI served as the VRFB electrode. The 

suitability of oxalic acid as a dopant for GF-PANI was 

investigated via the supercapacitor properties of the 

electrode in the energy storage system. 

 

EXPERIMENTAL 

 

Chemicals and Materials 

 

The reagents used were aniline (Sigma Aldrich), 

oxalic acid (Chemiz), ammonium persulfate (Chemiz), 

commercial graphite felt (PAN-based GF, 5mm 

thickness), methanol, and distilled water. 

 

Methods and Characterization 

 

The oxalic acid-doped polyaniline was embedded 

into the surface of GF by oxidative polymerization 

using ammonium persulfate as the oxidant. Aniline 

monomer was dissolved in 50 mL 0.1 M HCl and 

mixed with 450 mL oxalic acid, the dopant. The 

mixture was stirred for 6 hours in an ice bath and left 

aging overnight in a chiller. 

 

FT-IR spectra (4000-500 cm-1) of aniline 

and oxalic acid-doped PANI were obtained with a 

Bruker Alpha Platinum ATR-FTIR spectrometer. 

Field emission scanning electron microscopy (FESEM) 

and energy-dispersive X-ray (EDX) spectroscopy 

were used to observe the morphology and elemental 

analysis of oxalic acid-doped PANI, GF modified 

with polyaniline, and carbonized GF modified with 

polyaniline. 

 
The specific surface area and pore characteristics 

of the samples were analysed using nitrogen 

adsorption-desorption isotherms at 77 K with a surface 

area and porosity analyser. Prior to the measurements, 

all samples were degassed under vacuum at an  

elevated temperature to remove adsorbed gases or 

moisture. The Brunauer-Emmett-Teller (BET) method 

was employed to calculate the specific surface area 

based on the nitrogen adsorption data in the relative 

pressure range of P/Po = 0.05-0.30. 

 
The conductivity of these samples was assessed 

through electrochemical impedance spectroscopy 

(EIS) utilizing the Gamry EIS 620 Potentiostat. To 

ascertain the electrical properties of PANI, impedance 

measurements were conducted by placing the sample 

between two stainless steel electrodes with an area 

of 1 cm2. Impedance measurements were conducted 

across a frequency range from 100 MHz to 0.1 Hz, 

utilizing a sinusoidal wave of 10 mV at ambient 

temperature. The electrode's conductivity was 

determined using the bulk resistance (Rb) value 

obtained from the Nyquist plot. The proton conductivity 

was calculated using Equation (4): 

 

𝜎 =  
𝐿(𝑐𝑚)

𝐴(𝑅𝑏)
  (4) 

 
Where Rb (Ω) is the resistance of the sample and 

L(cm) and A (cm2) are the thickness and area of the 

electrode, respectively. 

 
Cyclic voltammetry from a three-electrode 

system was used to collect redox potential and 

electrochemical reversibility data. The system utilized 

a graphite rod as a counter electrode, Ag/AgCl as the 

reference electrode, and GF-PANI as the working 

electrode. The working electrode (1 cm x 1 cm) was 

attached to a crocodile clip and immersed in 1 M H2SO4. 
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Figure 3. FTIR spectra of aniline monomer, oxalic acid, and polyaniline doped with oxalic acid (0.08 M). 
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Figure 4. FTIR spectrum of polyaniline with 0.08 M oxalic acid, enlarged at the 450 cm-1 – 900 cm-1 region. 
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The peaks observed in a cyclic voltammogram 

are a result of the Nernst equation, which connects the 

potential of the electrochemical cell to the standard 

potential of the electroactive species and the relative 

concentrations of its oxidized and reduced components 

at equilibrium. During a cyclic voltammetry experiment, 

the potential scan leads to variations in species 

concentration at the electrode surface, following the 

principles outlined in the Nernst Equation below. 

 

𝐸 = 𝐸𝑜 −
𝑅𝑇

𝑧𝐹
ln 𝑄  (5) 

 

E represents the reduction potential, E0 denotes 

the standard potential, R signifies the universal gas 

constant, T indicates the temperature in Kelvin, z refers 

to the ion charge (moles of electrons), F stands for the 

Faraday constant, and Q is the reaction quotient. 

 
RESULTS AND DISCUSSION 

 

The conversion of aniline to polyaniline was analyzed 

by FTIR. Figure 3 depicts the infrared spectra of the 

aniline monomer, oxalic acid, and polyaniline-doped 

oxalic acid samples. The FTIR spectra indicate that 

on oxidation of aniline to polyaniline, utilizing oxalic 

acid as a dopant, the polyaniline backbone was 

an emeraldine salt. The spectrum of polymerised 

polyaniline (PANI) demonstrated notable absorption 

peaks for C=N, such as the imine peak at 1625.32 cm-1. 

It also revealed peaks at 3046.71 and 3275.11 cm-1 for 

N-H stretching and C-H stretching of the aliphatic 

chain. A band at 1152.20 cm−1 was attributed to the 

vibration mode of –NH+=, linked to the vibrations 

of the charged polymer quinonoid structure. This 

suggests that positive charges were present on the 

polymer chain [21]. The absorption band at 1303.11 cm−1 

in the polyaniline spectrum is associated with π-

electron delocalization in the polymer, induced by 

C–H out-of-plane bending vibrations, corresponding 

to a peak at 813 cm−1. In Figure 4, the quinonoid 

ring peak appeared at 513.90 and 532.26 cm -1 for 

aromatic C-H out-of-plane bending, while para-C-

H out-of-plane bending was observed at 813.69 cm-1. 

The aromatic C-H peak of the benzenoid ring was 

present at 503.71 cm-1. 

 

 

 

 
 

Figure 5. FTIR spectra of polyaniline doped with 0.06 M, 0.08 M, and 0.1 M oxalic acid. 
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Table 1. Analysis of the FTIR spectrum for polyaniline. 

 

Wavenumber range (cm-1) Expected vibration 

513.90, 532.26 Aromatic C-H out of plane bending (quinoid) 

503.71 Aromatic C-H (benzenoid) 

691.50 Aromatic C-H out-of-plane bending 

813.69 Para C-H out-of-plane bending (quinoid) 

1152.20 N-H vibration 

1303.07 C-N stretching of secondary aromatic ring 

1488.69, 1507.04 C=C stretch in aromatic ring 

1625.32 C=N from imine 

3046.71, 3275.11 N-H stretching vibrations of 2nd amine 

 

 

 

The increase in the oxalic acid dopant  

concentration can be seen from the FTIR spectra in 

Figure 5. Four peaks are associated with aromatic 

C-H out-of-plane bending at 691.50 cm-1, the -NH+= 

vibrations at 1152.20 cm-1, and C=N from imine 

vibrations at 1625.32 cm -1. These peaks can be 

differentiated from each other. The intensity of the 

C-H out-of-plane bending peak decreased with the 

increase in oxalic acid concentration from 0.06 M to 

0.1 M. This information provides us with the ring’s 

substitution patterns. A strong peak is associated 

with mono-substitution of the aromatic ring. A similar 

result was found in the formation of a PANI 

nanocomposite for chronic diseases [22]. From this 

experiment, it was suggested that 0.06 M oxalic acid 

did not fully attach oxalic acid to the backbone as a 

dopant. This might be due to fewer oxalate anions 

being available to protonate the PANI, which lead to 

incomplete or weaker attachment of the dopant to 

the backbone. A study by Ahmad Tarmizi et al. 

investigated the effect of varying oxalic acid  

concentrations on the electrical properties of PANI. 

They found that doping PANI with 0.1 M oxalic 

acid resulted in the highest conductivity, while both 

lower and higher concentrations led to decreased 

conductivity [23]. This suggests that an optimal 

concentration of oxalic acid is necessary to achieve 

effective integration with the PANI backbone. The 

ideal structure for polyaniline and the dopant was 

para-substitution of partially oxidized quinonoid rings 

and benzenoid rings, as can be seen in Figure 2. At 

0.08 M and 0.1 M concentrations of oxalic acid, the -

NH+= peak appeared to be strong. The C=N imine 

peak also appeared with 0.08 M oxalic acid. Table 1 

lists the functional groups present based on the FTIR 

spectra of the samples. 

 

The surface morphology of the polymers and 

the elemental composition of the prepared PANI and 

GF-PANI were analyzed by FESEM-EDX. Figure 6 

shows the FESEM and EDX images of PANI. The 

weight percentages are shown in Table 2. The FESEM 

image of the PANI nanocomposite showed spherical 

and ‘cauliflower-like’ shapes. This structure can 

increase light absorption and utilization while also 

shortening the transfer distance for photogenerated 

electrons, resulting in strong photocatalytic activity 

for the hydrogen evolution cycle[24]. The presence 

of oxygen at 12 wt % in the EDX analysis proved that 

the PANI backbone contained oxalic acid.  

 

 

 

Table 2. Elemental composition of PANI. 

 

Element Wt% At% 

C 65.70 71.09 

N 19.58 18.17 

O 12.00 9.75 

Cl 2.73 1.00 

 

******************** 
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Figure 6. FESEM image (a) and EDX spectrum (b) of PANI with 0.08 M oxalic acid. 
 

 

 

Figure 7 demonstrates the micrographs of 

the graphite felt samples (unmodified, modified , 

and carbonized modified GF). The unmodified GF 

exhibited fibres with a smooth surface, while the 

modified GF with PANI showed that PANI was  

uniformly coated on the GF fibres. The carbonized 

modified GF showed a porosity in the fibres after 

being carbonized in the furnace for 2 hours at 400 C. 

The deoxidation of oxygen-containing functional 

groups during carbonization of the modified 

GF-PANI composite led to the format ion of a 

mesoporous structure, as confirmed by the BET 

analysis shown in Figure 8(a) and (b). The mesoporous 

structure has the advantage that it may interact 

with molecules, atoms, ions, and nanoparticles on 

the surface, as well as with the material itself, 

making it ideal for accelerated adsorption reactions 

[25]. Mesoporous structures have higher pore volumes 

and active sites, which lead to higher adsorption. 

The porosity of electrode materials for energy 

devices is important due to the demand for high 

electronic conductivity for better performance.  

The high porosity provides a more active site for  

the reaction. 

(b

) 

(a) 
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Figure 7. FESEM images of unmodified GF (a-b), modified GF-PANI (c-d), and carbonized modified 

GF-PANI (e-f). 
 

 

 

Figure 8(a) and (b) demonstrated the results of a BET 

analysis of GF materials across modification and 

carbonization.  

 

The nitrogen adsorption–desorption and pore size 

distribution data (Figure 8(a)) offer a clear view 

of the progressive structural transformation of 

graphene fibre (GF) materials through polyaniline 

(PANI) modification and subsequent carbonization. 

Three distinct samples were analysed: unmodified 

GF, modified GF-PANI (before carbonization), 

and carbonized modified GF-PANI. The BET surface 

area provides crucial insights into the availability of 

surface-active sites, which are particularly relevant 

for applications involving electrochemical reactions 

or adsorption processes. To evaluate the pore size 

(b) 

(c) (d) 

(e) (f) 

(a) 
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distribution and average pore diameter values, the 

Barret-Joyner-Halenda (BJH) method was used, which 

derives information from the desorption branch 

of the isotherm. This method is especially suited 

for analysing mesoporous structures (2-50 nm) by 

applying the Kelvin equation, which relates the 

relative pressure of gas adsorption to the radius of 

curvature of the liquid meniscus in the pores. The 

resulting data include total pore volume, average pore 

diameter and a pore size distribution curve, all of 

which are essential in determining how effectively the 

material can allow ion transport or host active species. 

 

 

 
 

Figure 8(a). The nitrogen adsorption-desorption isotherm of unmodified GF, modified GF-PANI and carbonized 

modified GF-PANI. 

 

 

 
 

Figure 8(b). BET surface area and total area from pore analysis of unmodified GF, modified GF-PANI and 

carbonized modified GF-PANI. 
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Table 3. BET surface area, total pore volume, BJH pore size and DFT surface area data for unmodified GF, 

modified GF-PANI and carbonized modified GF-PANI. 
 

Sample BET Surface Area 

(m2/g) 

Total Pore Volume 

(cm3/g)_ 

BJH  Pore Size 

(nm) 

DFT Surface 

Area(m2/g) 

Unmodified GF 27.46 0.022 3.75 13.55 

Modified GF-PANI 2.13 0.0019 17.26 0.064 

Carbonized Modified 

GF-PANI 
234.19 0.115 2.84 97.72 

 

 

 

To obtain a more accurate pore size distribution, 

particularly in the micro and mesopore range, Density 

Functional Theory (DFT) analysis was performed. 

Unlike classical methods, DFT is based on statistical 

thermodynamics and simulates the adsorption behaviour 

of nitrogen gas in model pores of varying geometries. 

This method provides high-resolution data on pore 

volume, surface area and distribution, especially 

for samples with pore sizes less than 2 nm that 

are not reliably resolved by BJH analysis. DFT is 

used for a comprehensive understanding of the 

material’s porosity. 

 

The unmodified GF sample exhibited a 

moderate BET surface area of 27.46 m²/g, with a total 

pore volume of 0.02195 cm³/g, and an average BJH 

pore diameter of 3.75 nm (Table 3). These values 

indicate some intrinsic mesoporosity, but the overall 

surface area and pore connectivity were limited, 

restricting potential electrochemical performance. 

After PANI modification (prior to carbonization), a 

dramatic decrease in surface area was observed: the 

BET surface area dropped to just 2.13 m²/g, and 

the total pore volume fell to 0.00193 cm³/g. The 

BJH pore size distribution shifted drastically, with 

very large average diameters (17.26 nm adsorption, 

94.97 nm desorption) indicating the presence of less 

efficient or collapsed pores likely due to PANI 

coating the GF surface and filling preexisting pores. 

The extremely low DFT surface area (0.064 m²/g) 

suggested a loss of accessible porosity at this stage. 

This drop is common when non-carbonized polymer 

coatings block diffusion pathways. 

 

However, upon carbonization and activation, 

the material transformed significantly. The BET 

surface area rose steeply to 234.19 m²/g, the Langmuir 

surface area to 304.63 m²/g, and the total pore volume 

increased over 60 times compared to the PANI-coated 

sample. Additionally, the average mesopore diameter 

narrowed to ~2.27–2.84 nm, with a well-defined 

pore structure ideal for electrolyte infiltration 

and ion diffusion. These findings demonstrate that 

carbonization not only restored but substantially 

enhanced the porosity of the GF-PANI system. 

This is likely due to the thermal decomposition 

of PANI, which introduced new mesopores and 

exposed previously blocked sites, while the graphene 

fibre backbone retained structural integrity and  

conductivity [26]. The result was a highly porous, 

high-surface-area material with a stable framework, 

optimal for electrochemical energy applications such 

as supercapacitors or batteries. 

 

Electrochemical Impedance Spectroscopy (EIS) 

is used to analyse the properties of materials and 

electrode reactions.  More impedance values that 

demonstrate the impact of mass transport and 

response mechanics are highlighted by the Nyquist 

representation. When the resistor received most of the 

current, electrochemical impedance spectroscopy 

was used to produce the Nyquist plot semicircle. As 

the real resistor, Zreal, increases, the total imaginary 

component, ZImaginary, will decrease. In this scenario, a 

semicircle is guided by an ideal capacitor in parallel 

with a resistor. Simultaneously, the resistor functions 

as a charge transfer resistance, which prevents the 

electron from shifting its phase from the electrode 

into the membrane. Figure 9 below shows an equivalent 

circuit to fit the electrochemical impedance  

spectroscopy (EIS) data. 

 

The electrochemical impedance spectra of the 

unmodified GF, modified GF-PANI, and carbonized 

modified-PANI electrodes were fitted using the 

equivalent circuit model comprising an electrolyte 

resistance (Rs) in series with two parallel branches: 

one branch containing the double-layer capacitance 

(Cdl) and another containing the charge transfer 

resistance (Rct) and Warburg impedance (W) 

elements. Based on the fitting results shown in Table 

4, modification of GF with PANI reduced the Rs 

value, indicating improved ionic conductivity of the 

electrolyte at the electrode interface. The dramatic 

decrease in Rct after carbonization reflects enhanced 

electron transfer kinetics across the electrode surface, 

consistent with the increase in electrical conductivity 

from 0.0043 S cm⁻¹ to 0.0214 S cm⁻¹. The Warburg 

element (W) also showed lower impedance after 

modification, suggesting faster ion diffusion processes. 

These results confirm that the fitted circuit parameters 

(lower Rs, Rct, and W) aligned with the improved 

electrochemical properties of the PANI-modified and 

carbonized GF electrodes. Similar findings have been 

reported in previous studies, where PANI-based 

modifications significantly reduced charge transfer 
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resistance (Rct) and solution resistance (Rs), leading 

to enhanced ion transport and conductivity at the 

electrode-electrolyte interface [27-29]. As summarized 

in Table 5, the PANI-based surface modification 

achieved superior charge transfer characteristics 

compared to other treatment methods, validating 

the effectiveness of this approach based on the 

fitted circuit model. 
 

 

 

 
 

Figure 9. Equivalent circuit fit in electrochemical impedance spectroscopy.  
 

 

 

 
 

Figure 10. The electrochemical impedance spectroscopy results for unmodified GF, modified GF-PANI and 

carbonized GF-PANI. 
 

 

 

Table 4. Rs, Rct and conductivity values for unmodified GF, modified GF-PANI and carbonized GF-PANI. 
 

Sample Rs () Rct () 
Conductivity  

(Scm-1) 

GF 9.54 116.18 0.0043 

Modified GF-PANI 8.39 34.02 0.0147 

Carbonized GF-PANI 8.79 23.36 0.0214 
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Table 5. Comparison with other modification methods. 
 

Modification method Rct() Conductivity  

(Scm-1) 

Key Benefits 

Unmodified GF 116.18 0.0043 Poor electron transport 

Thermally Treated GF ~40-60 [4] ~0.01 [4] 
Moderate charge transfer 

improvement 

Acid-treated GF ~30-50 [14] ~0.015 [14] Increased surface functional groups 

N-doped GF ~25-35 [10] ~0.018 [10] Enhanced electrochemical activity 

GF-PANI (this study) 23.36 0.0214 
High conductivity & excellent 

charge transfer 
 

 

 

This suggests that modification of GF 

with oxalic acid-doped PANI enhances electronic 

conductivity and facilitates ion diffusion at the 

electrode-electrolyte interface. The influence of 

a lower Rct will directly improve the electrical  

conductivity of the modified GF with PANI from 

0.0043 S cm-1 to 0.0214 S cm-1, as evaluated by EIS. 

The presence of conducting PANI chains with 

quinonoid and benzenoid structures facilitates  

efficient electron delocalization, improving the  

electrode’s electrical properties [30]. 

 

Cyclic voltammetry (CV) is a technique to 

analyse electron transfer mechanisms in the electrode 

by measuring the resulting current. Figure 11 

illustrates the CV curve for unmodified GF and 

carbonized modified GF-PANI at 10 mV s-1 in 1 M 

H2SO4 electrolyte. The unmodified GF showed an 

oxidative peak at 1.22 V and a reductive peak at 

0.404 V. The carbonized modified GF-PANI showed 

a pseudocapacitive curve with a wide voltage range 

from -0.19 V to a maximum of 1.5 V. The well-

defined redox peaks suggest efficient electron transfer 

and improved electrochemical reversibility, which are 

attributed to the conducting PANI layer.  The area in 

the CV curve shows the conductivity of the electrode. 

A bigger area can be observed in the carbonized 

modified GF-PANI electrode, thus its conductivity is 

higher than that of the unmodified GF. This indicates 

enhanced charge storage capability, a result of improved 

electrode conductivity and higher surface area. The 

pseudocapacitive behaviour is electrochemically 

reversible over an extended time, with no mass 

transfer limitation [31]. 

 

Figure 12 shows the CV curve at multiple scan 

rates from 5 mV s-1 to 100 mV s-1. By increasing the 

scan rate, the current flow increased in the system. As 

the scan rate increased, the oxidation and reduction 

peak currents increased, demonstrating fast charge 

transfer kinetics and good reversibility. The peak 

separation remained relatively small, indicating low 

internal resistance and a more stable redox reaction. 

The linear relationship between the peak current and 

the square root of the scan rate suggests a diffusion-

controlled electrochemical process, further confirming 

the excellent ion transport capability of the modified 

electrode [32]. 

 

The specific capacitance of the carbonized 

modified GF-PANI electrode was determined through 

cyclic voltammetry (CV) at a scan rate of 10 mV s⁻¹ 

in 1 M H₂SO₄. With an active material mass of 

2 mg cm⁻², the calculated specific capacitance was 

approximately 125 F g⁻¹. This value is indicative of 

the pseudocapacitive behaviour arising from the redox 

activity of polyaniline, as well as the enhanced ion 

transport facilitated by the mesoporous structure formed 

during carbonization. The improved electrochemical 

performance of the oxalic acid-doped PANI GF 

electrode is comparable to other conductive polymer-

modified electrodes [14, 18, 33]. Research has 

suggested that the specific capacitance of a material 

must be in the range of 100- 300 F g⁻¹ to perform as 

a good supercapacitor [34]. 

 

The cyclic voltammetry (CV) analysis revealed 

clear redox peaks for the carbonized GF-PANI 

electrode, indicative of its pseudocapacitive behaviour 

and efficient charge transfer kinetics. The enhanced 

current response compared to unmodified GF 

highlights the improved electrochemical activity 

facilitated by the conductive PANI network and the 

increased surface area achieved through carbonization. 

These characteristics contribute directly to its specific 

capacitance, which was calculated to be 125 F g⁻¹ at 

a scan rate of 10 mV s⁻¹. This capacitance value 

aligns well with typical PANI-modified graphite felt 

electrodes, demonstrating its competitive performance 

while also offering significant advantages in terms 

of mechanical stability and ionic conductivity. The 

carbonization process not only preserved the 

electrode's electrochemical properties but also 

enhanced its robustness, addressing common 

limitations such as polymer swelling and structural 

degradation. Consequently, the carbonized GF-

PANI electrode is poised to deliver reliable and 

stable performance in vanadium redox flow battery 

(VRFB) applications, where long-term cycling and 

durability are critical. 
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Figure 11. CV curves for unmodified GF and carbonized modified GF-PANI at 10 mVs-1. 
 

 

 

 
 

Figure 12. CV curves for unmodified GF (a) and carbonized GF-PANI (b) at various scan rates.  
 

 

 

From the CV curve, the power density was 

calculated based on the average power density (P) 

equation below: 
 

𝑃 =
𝐸2

4𝑅
 (6) 

 

Applying specific capacitance and assuming 

ideal behaviour: 
 

𝑃 =
1

2
𝐶𝑠𝑉2  (7) 

 

where P is the power density (W g-1), Cs is specific 

capacitance (F g-1), and V is the potential window (V). 

Hence, the approximate power density of the 

carbonized modified GF-PANI electrode, calculated 

from the cyclic voltammetry data, was 178.5 W g-1. 

This high value reflects the excellent capability of the 

electrode to deliver rapid energy output, attributable to 

the combination of enhanced electrical conductivity 

(0.0214 S cm-1) and the highly porous mesostructure 

developed during carbonization. In comparison, a 

modified graphite felt electrode for an MV/4-HO-

TEMPO flow battery, reported by Li, X. & Huang, C. 

(2020), achieved a power density of approximately 

110 mW cm-2, highlighting the effectiveness of 

electrode surface modification [35]. Another study 
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demonstrated that graphite felt electrodes modified 

with binary NiCoO2 exhibited enhanced electrochemical 

performance in vanadium redox flow batteries, 

with improved voltage efficiency and discharge 

capacity [33]. The power density value of the 

carbonized modified GF-PANI electrode obtained 

in the current study suggests comparable or even 

superior performance, particularly considering the 

benefits of enhanced conductivity, high surface area, 

and pseudocapacitive behaviour tailored for aqueous 

vanadium redox flow systems.  

 

CONCLUSION 

 

This study effectively created a high-performance 

GF electrode by modifying it with oxalic acid-doped 

polyaniline via oxidative polymerization. The addition 

of oxalic acid markedly improved the conductivity 

and electrochemical activity of the electrode, as  

demonstrated by FTIR analysis, which verified the 

existence of the essential functional groups responsible 

for charge transport. 

 

The FESEM images showed GF fibres with a 

well-coated, porous structure, which enhanced the 

active surface area and promoted improved electrolyte 

interaction. EDX results confirmed the presence of 

oxygen due to oxalic acid doping, hence validating 

the structural alterations. The carbonization procedure 

enhanced porosity, essential for effective ion diffusion 

and electrochemical processes. 

 

Electrochemical analysis revealed that the 

modified GF-PANI electrode had reduced charge 

transfer resistance (Rct), increased conductivity, and 

improved pseudocapacitive behaviour, with a specific 

capacitance of 125 F g-1 and a high power density 

value of 178.5 W g-1, rendering it extremely suitable 

for VRFB applications. The notable enhancement in 

ion transport kinetics and reaction efficiency indicated 

that this modified electrode may aid in the development 

of more efficient and reliable energy storage devices. 

The findings underscore the promise of oxalic acid-

doped PANI as an economical and scalable approach 

for electrode modification in advanced energy storage 

technologies. 
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