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Abstract 

This study investigates the development of cellulose-bonded graphene nanoplatelet-coated 

electrodes for organic flow batteries (OFBs) utilizing 4-Hydroxy-2,2,6,6-

Tetramethylpiperidine 1-oxyl (TEMPOL) as the active material. Graphite felt electrodes were 

coated via an optimized dip-coating process, varying the number of dips (1, 5, and 10). Cyclic 

voltammetry (CV) showed a 150% increase in oxidation peak current and a 250% increase in 

reduction peak current for the 10-dipped electrodes compared to pristine ones. Electrochemical 

impedance spectroscopy (EIS) revealed a 35% reduction in charge transfer resistance (Rp) for 

the 5-dipped electrodes, indicating enhanced ion transfer efficiency. Surface characterization 

analyses, including SEM, XRD, and Raman spectroscopy, confirmed uniform graphene 

coatings and structural integrity, while contact angle measurements demonstrated a transition 

from hydrophobic (157°) to hydrophilic (0°) surfaces, improving wettability and electrolyte 

interaction. These findings establish cellulose as a sustainable, cost-effective binder, with 

potential scalability for large-scale energy storage applications.  
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Introduction 

Organic flow batteries (OFBs) are a promising technology for large-scale and long-duration 

energy storage [1–3]. They utilize organic compounds as the active material and are known for 

their high energy density, flexibility in design, and low cost. The unique characteristics of 

OFBs make them a highly promising technology for large-scale and long-duration energy 

storage, making them an area of active research and development. During the global energy 

transition, OFBs have emerged as an important storage alternative, offering versatile solutions 

to address the increasing challenges of energy storage and distribution. OFBs can be preferred 

in various sectors, such as renewable energy integration, grid stabilization, and off-grid 

applications, where the demand for reliable and efficient energy storage solutions continues to 

escalate [4,5]. 



Electrodes are important components of OFBs, and their performance affects the overall 

efficiency of the battery [6–8]. They act as the interface where the electrochemical reactions 

take place, facilitating the flow of electrons and ions during charge and discharge cycles. Also, 

they provide active sites for electrochemical reactions, and influence power performance and 

energy efficiency. In the OFBs, the electrodes are surrounded by electrolytes, enhancing their 

functionality. The most common electrode used for OFB applications are graphite felts due to 

their high porosity, high mechanical strength, and electrical conductivity properties. Various 

materials are currently under investigation to enhance the performance of graphite electrodes 

[9,10]. High aspect ratio carbon elements like carbon nanotubes and graphene flakes are 

utilized in electrode active layers to improve electrical conductivity and mechanical stability. 

These advancements in electrode design and materials contribute significantly to the efficiency 

and performance of flow batteries, making them essential components for various energy 

storage systems, including other flow battery types [11,12]. 

Despite significant advancements in OFBs, challenges persist in achieving cost-effective and 

environmentally sustainable solutions for large-scale applications. Current research 

predominantly focuses on improving electrolyte formulations, with less emphasis on the design 

and optimization of electrodes. Many studies investigate the use of popular organic active 

materials such as TEMPO [13,14], often paired with Nafion [10] as a binder due to its proven 

performance. However, high cost Nafion and environmental limitations hinder its scalability 

for industrial applications. 

Additionally, some research explores the use of alternative additives to modify electrode 

surfaces, such as nickel chloride [15], high-temperature etching method and then carbon 

nanoparticles [13], or heteroatom-doped graphite felt [14] materials, but these approaches often 

fail to balance performance with sustainability. In this context, graphene, a two-dimensional 

carbon material, has emerged as a highly promising candidate since it exhibits exceptional 

electrical conductivity, mechanical strength, and chemical stability [16]. Its unique structure 

and large surface area allow for efficient electron transfer and enhanced electrochemical 

reactions within the OFB system. Properties and applications of graphene has been extensively 

researched, particularly in electronics, flow batteries, fuel cells, supercapacitors, batteries, 

photovoltaic devices, and more, highlighting its potential to revolutionize various domains of 

life [17]. The preparation, tailoring, and modification techniques for graphene have been 

continuously developed to optimize its properties for diverse applications, emphasizing its 

versatility and adaptability in different fields especially for flow batteries [18–21]. 

Various binding agents or matrix materials are used for graphene-graphite binding in the 

literature [22]. Nafion, Polyvinyl alcohol (PVA), Polymethyl methacrylate (PMMA), and 

polymeric resins are some of the well-known binders used for this purpose [23]. Cellulose is a 

natural polymer that also serves as an effective binder for graphene and graphite materials. It  

has been extensively studied as a binding agent for graphene and graphite materials due to its 

exceptional compatibility [24]. The combination of cellulose with graphene has shown 

significant improvements in mechanical strength and stability of composite structures. The 

synergistic effects of cellulose and graphene contribute to the improved adhesion between 



graphene layers, leading to enhanced mechanical properties and stability in the resulting 

materials. Its remarkable compatibility with graphene and graphite makes it a commonly 

employed binding material [25]. The inclusion of cellulose-based binders enhances the 

adhesion between the layers of graphene and graphite, resulting in improved mechanical 

strength and overall stability. For the coating purposes, cellulose and graphite are used with 

dip coating processes. Although the use of Nafion has advantages such as chemical stability, 

mechanical strength, and good proton conductivity in fully humidified conditions, there are a 

number of important limitations and problems. Nafion® incurs high production costs, mainly 

attributed to the fluorination process of polyethylene to PTFE. The structural issue arises from 

a significant reduction in mechanical integrity attributed to its low glass transition temperature 

(120–140 ◦C). The elevated fluorine content in Nafion raises environmental concerns.  

Nafion® is classified as a per- and polyfluoroalkyl substance (PFAS), recognized for its 

significant environmental persistence.  The strength of the carbon-fluorine covalent bond 

hinders complete degradation, resulting in the bioaccumulation of these materials.  PFASs, 

owing to their water solubility and mobility, can contaminate soils and water upon release into 

the environment, thereby potentially threatening human health and ecosystems. Consequently, 

governments are increasingly establishing regulations that limit the use of specific PFAS 

compounds [26]. Cellulose is both biodegradable and biocompatible, and it can be derived from 

several renewable sources, such as agricultural waste and recycled paper pulp [27]. 

Cellulose is a recognized natural biopolymer that offers numerous benefits, including 

affordability, renewability, ease of processing, biodegradability, and favorable mechanical 

properties, dielectric characteristics, piezoelectricity, and convertibility. Cellulose is the most 

prevalent and recognized natural biopolymer, present in several plants and also biosynthesized 

by specific microorganisms. It has been extensively utilized in the production of printing paper, 

packaging, textiles, healthcare items, and medicines. Cellulosic materials are useful due to their 

chemical distinctiveness, shape adaptability, ease of production, mechanical strength, and 

biodegradability [28]. Cellulose is both biodegradable and biocompatible, and it can be derived 

from several renewable sources, such as agricultural waste and recycled paper pulp [27]. 

Dip coating plays a crucial role in enhancing the performance of graphene nanoplatelet-coated 

electrodes with cellulose binders for OFBs. The dip coating process significantly affects the 

electrochemical activity of electrodes [29]. Moreover, the utilization of cellulose as binders in 

conjunction with graphene flakes leads to the development of high-performance organic 

nanohybrid electrodes, ensuring superior cycle stability and areal capacity. Additionally, the 

unique ability of cellulose to disperse carbon-rich materials contributes to improved 

mechanical and electrochemical performance in battery applications. These findings highlight 

the importance of dip coating techniques and the synergistic effects of graphene and cellulose 

nanofibers in optimizing the performance of electrodes for OFBs. 

4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL) is a promising posolyte for OFB 

studies due to its high solubility, stability, and favorable electrochemical properties. However, 

literature on the use of TEMPOL in conjunction with graphene nanoplatelet-coated electrodes 

focused on thermal modifications [13,30].  



This study presents a novel approach to enhancing OFB electrodes by combining graphene 

nanoplatelets with cellulose, a sustainable and biodegradable binder. Unlike conventional 

methods that rely on costly and environmentally challenging materials like Nafion, this study 

explores the potential of cellulose to provide a scalable, cost-effective, and high-performance 

alternative. By utilizing a dip-coating process [31], we demonstrate significant improvements 

in electrochemical performance, wettability, and structural integrity. To our knowledge, this is 

the first study to investigate the integration of cellulose as a binder in graphene-coated 

electrodes for TEMPOL OFBs, bridging the gap between sustainability and scalability in 

advanced energy storage systems. 

Materials and Method 

Materials 

Cellulose, DMF (N,N-dimethylformamide) and NMP (N-methyl-2-pyrrolidone) were supplied 

by Sigma Aldrich and graphene powders were supplied by Nanografi company. Ouzheng brand 

OZ0130 model polyacrylonitrile (PAN) based carbon felts (thickness: 5 mm, carbon content 

>99%) were used as graphite felts.  

Coating Process 

Dip coating method was applied with a similar method previously done [31]. For this purpose, 

carbon felts were cut to size 25x20 mm. Then the solution was prepared. While preparing the 

solution, 100 mg cellulose was dissolved in 200 mL DMF. Then, 225 mg of graphene powder 

was added to the prepared mixture. Finally, this prepared mixture was dissolved in 450 mL 

NMP. After mixing in a magnetic stirrer for 24 hours and 600 steps/second, the coating process 

was started. Graphite felt electrodes were dip-coated by immersing them into the prepared 

solution for 5 seconds per dip, with the number of dips varying between samples. After coating, 

the electrodes were dried in an oven at 120 °C for 6 hours. The coating process is shown in 

Figure 1 (a). 

Electrochemical Studies 

Electrochemical tests were carried out with a CHI608E (CH Instruments, Inc., Austin, TX). 

CV and EIS techniques were used. Aftermath software (Pine Research, Durham, NC/USA) 

was used for EIS analyses. CV behaviors of the electrodes were studied in an aqueous solution 

of 1 mM TEMPOL with 1 M NaCl supporting solution throughout a potential range of 0 to 1 

V. The electrochemical impedance spectra of the electrodes were measured using a typical 

three-electrode system at an open circuit potential in the frequency range of 1 – 105 Hz. The 

working electrodes were platinum wire knitted graphite felts (surface area 7.25 cm2), whereas 

the reference and counter electrodes were Ag/AgCl (3 M KCl) and Pt electrodes. N2 gas was 

purged during the CV tests. All CV experiments were executed at room temperature. Figure 1 

(b) showed the 3-electrode cell and potentiostat system with electrodes. The knitted graphite 

felt also was shown as a small picture in this figure.



 

Figure 1. (a) The dip-coating process. (b) The 3-electrode system used for electrochemical 

tests in this study. Graphite felts were used as working electrodes. Felts were knitted with a 

platinum wire for conductivity. 1 mM TEMPOL solution was used as electrolyte. Tests were 

performed at room temperature and nitrogen atmosphere. (c) The molecular chemical structure 

of TEMPOL. 

Synthesis of TEMPOL 

To a 25 mL two-necked round bottom flask, 2,2,6,6-tetramethylpiperidin-1-oxyl, 1.563 g, 10 

mmol) in toluene (10 mL) was added. The reaction mixture was heated up to 40°C for 30 

minutes and then FeSO4.7H2O (210 mg, 750 μmol) as a Fenton reaction catalyst was added to 

the solution. After stirring for 15 minutes, 50% H2O2 (5 mL) was added dropwise. The mixture 

was stirred for additional 3 hours. Once the reaction is completed, the catalyst was filtered off. 

The solution was evaporated, and the crude was dissolved in a minimum amount of 20% v/v 

hexane in acetone) and left to stand in refrigerator at -20°C for 16 hours. The reddish-orange 

colored crystalline solid was filtered over Büchner funnel, washed with hexane, and dried under 

reduced pressure to give 1.120 g of 4-hydroxy-2,2,6,6- tetramethylpiperidin-1-oxyl (yield: 

~65%). The molecular chemical structure of TEMPOL is given in Figure 1 (c). The obtained 

solid was characterized by EPR, FTIR, and CV (CHI608E, CH Instruments, TX/USA) 

techniques. 

The EPR and FTIR spectra of TEMPOL are given in Figure 2Hata! Başvuru kaynağı 

bulunamadı. (a) and Hata! Başvuru kaynağı bulunamadı.(b) respectively. The FTIR peaks 

of TEMPOL is listed as Table 1Hata! Başvuru kaynağı bulunamadı.. In the EPR, it is 

observed that the TEMPOL radical molecule has a ‘three peak’ structure which is attributed to 

hyperfine splitting. In this case, it arises as a result of the unpaired electron in the oxygen of 



the TEMPO radical molecule and the neighboring nitrogen nucleus which can adopt a nuclear 

spin of (I = 1). From this interaction, there are three different and possible spin states for the 

nitrogen nucleus such as mI = +1, 0, -1 that causes the EPR signal to split into three peaks. The 

number of peaks observed is a reflection of the hyperfine coupling constant which describes 

the degree of interaction between nitrogen and the unpaired electron. The distance between the 

peaks on the EPR spectrum is a function of this coupling constant. Furthermore, the location 

and strength of these peaks could elucidate the local geometry and motion of the TEMPOL 

radical since a change in the spectrum may arise from a changed molecular environment or 

molecular interaction. TEMPOL is water-soluble and EPR spectrum was obtained in aqueous 

solution of TEMPOL. In FTIR spectrum, most importantly, around sharp 3400 cm-1, O-H 

stretch can be seen which is related to attached hydroxyl group into the non-aromatic ring 

system. Between 3000-2800 cm-1, multiple C-H stretch can be observed which indicates the 

ring system. Around 1360 cm-1 and 990 cm-1, the N-O stretching and bending can be observed 

respectively. Together with EPR spectrum this N-O stretching and bending can be understood 

as radical behavior for TEMPOL. All these observations are different from the starting material 

TEMPO, but the TEMPOL compound is water soluble. CV test of 5 mM TEMPOL in 1 M 

NaCl using glassy carbon electrode was done and given in  Figure 3Hata! Başvuru kaynağı 

bulunamadı. (a). The redox mechanism is given in  Figure 3Hata! Başvuru kaynağı 

bulunamadı. (b). This voltammogram shows a typical CV behavior of TEMPOL in neutral 

conditions. 

 

Figure 2. (a) EPR and (b) FTIR spectrum of TEMPOL. 

Table 1. The FTIR peaks, bond type and vibration type of TEMPOL molecule. 

peak bond type vibration type 

3404 (s) O-H stretch 

2949 (m) C-H (CH3, CH2, CH) stretch 

1472 (m) C-H (CH2) bending 

1421 (m) C-H (CH3) bending 

1362 (m) N-O stretch 

1292 (m) C-O stretch 

1240 (m) C-N stretch 

1067 (m) C-C bending 



991 (m) N-O bending 

962 (m) C-H (CH2) rocking 

677 (s) C-H (CH3) rocking 

571 (s) C-C bending 

536 (br) O-H bending 

492 (s) C-N bending 

428 (s) C-O rocking 

 

Figure 3. (a) The CV of TEMPOL (WE: 3 mm GC, CE: 0.5 mm Pt wire, RE: 3 M Ag/AgCl in 

3 M KCl solution). (b)The redox reaction of TEMPOL/TEMPOL+. 

Characterizations 

Surface characterizations were performed using scanning electron microscopy (SEM). For 

SEM tests, samples were gold coated with a Leica EM ACE600 (Leica Microsystems Inc., 

Germany) device. Gold-coated electrodes were examined with the secondary electron back 

reflection method at different magnifications using a Zeiss Gemini 300 (Zeiss Gruppe, 

Oberkochen, Germany) device. Graphene characterization was done using Raman 

spectroscopy with Renishaw inVia Raman Microscope (Renishaw Plc, Wootton-under-Edge, 

UK). X-ray diffraction (XRD) analysis was done see the effect of graphene coating. XRD tests 

were carried out using a Bruker D8 Advance (Bruker Inc., Germany) device between 10° and 

90° and a scanning rate of 3°/min. Contact angle tests was applied to see the effect of graphene 

on wettability properties of graphite felts. Attension Theta (Biolin Scientific Ltd., Sweden) 

device was used for contact angle tests. 

 

Results 

Cyclic voltammetry Analyses after coating 

 

CV analysis was performed to assess the electrochemical performance of pristine, 1-dipped, 5-

dipped, and 10-dipped electrodes in 1 mM TEMPOL with 1 M NaCl solution. As shown in 

Figure 4, oxidation peaks appeared between 0.6–0.9 V and reduction peaks between 0.3–0.6 V 

(vs. Ag/AgCl). The graphene-coated electrodes exhibited significantly enhanced oxidation and 

reduction peak currents compared to the pristine electrodes, indicating improved redox activity. 



The log (ip) vs log (v) graph is also shared in Figure 4 (c).  It is clearly shown that the most 

oxidation and reduction peak current values for all scan rates from 5 mV/s to 750 mV/s.   The 

electrodes with 10 dips exhibited the highest electrochemical activity, with distinct oxidation 

peaks observed. This indicates efficient electron transfer and redox reactions, attributed to the 

enhanced surface area and conductivity provided by the graphene coating.  Compared to the 

pristine electrodes, the graphene-coated electrodes demonstrated significantly higher current 

peak values. Specifically, the oxidation peak current increased by 10 times (from 0.31 mA to 

3.1 mA) and the reduction peak current by 6.6 (from -0.5 mA to 3.3 mA). In previous studies, 

increasing the amount of graphene has been shown to enhance the oxidation and reduction 

peaks observed in CV tests [19,23]

 

Figure 4. CV curves of pristine, 1-dipped, 5-dipped, and 10-dipped electrodes at scan rates of 

(a) 5 mV/s and (b) 50 mV/s in 1 mM TEMPOL with 1 M NaCl solution. (c) Log(ip) vs. log(v) 

graph highlighting the enhanced oxidation and reduction peak currents for the 10-dipped 

electrode, demonstrating optimal electron transfer and redox activity. 

Electrochemical Impedance Spectroscopy Analyses 

EIS measurements were performed to assess ion transfer properties of the coated electrodes. 

Pristine, 1-dipped, 5-dipped and 10-dipped coated graphite felt electrodes were applied EIS 

tests after CV tests. Nyquist plots comparison of EIS results and the equivalent circuit are given 



in Figure 5. Since this work focused only the effect of coating on electrodes, the comparison 

of their electrochemical behaviors observed by only the semi-circle part of the Nyquist graph. 

The differences of the semicircles between the specimens are remarkable. The element values 

of equivalent circuit are given in Table 2. CPE1 is the constant phase element (CPE), Rs is the 

solution resistance, and Rp is the polarization resistance which is the charge transfer resistance 

between electrodes and the electrolyte. Rp of 5-dipped electrodes have the lowest impedance 

value. Charge transfer resistance is related with the ion transfer between electrode surface and 

electrolyte, so it is affected from the electrode surface  morphology [32,33]. Hence, due to the 

impedance of 5-dipped coated graphite felts lower than the other felts, it affected positively to 

the electrochemical properties. It is also observed that Rp of 10-dipped felt higher than all the 

other felts, which means that ion transfer is harder. The 5-dipped electrode CPE1 value is the 

highest, and 10-dipped electrode’s is the second highest value in all electrodes. CPE is related 

to capacitance of electrodes and graphene coating improves the capacity of electrodes [34]. 

Error statistics and Kramers-Kronig  values validate the EIS tests [35].  Nyquist plots (Figure 

5) reveal that the 5-dipped electrodes achieved the lowest Rp value, indicating optimal ion 

transfer and surface morphology. While increasing dips to 5 improved electrode kinetics by 

enhancing the graphene-electrolyte interface, additional dips (10) slightly increased Rp, likely 

due to excessive coating thickness hindering ion transfer. [31]. Previous studies have shown 

that beyond a certain threshold, the addition of graphene negatively affects ion transfer. In this 

study, we found that the optimal threshold is 5- dips for EIS tests [19].  

 

 
Figure 5. (a) Nyquist plots comparing the electrochemical impedance of pristine, 1-dipped, 5-

dipped, and 10-dipped electrodes in a frequency range of 1 Hz to 10⁵ Hz. (b) The equivalent 



Randles circuit highlights the key elements influencing charge transfer and ion transport. 

Frequency range is from 1 Hz to 105 Hz, solution is 1 mM TEMPOL in 1 M NaCl. The 5-

dipped electrode demonstrates the lowest polarization resistance, indicating optimal ion 

transfer due to improved electrode surface morphology. 

Table 2. Equivalent circuit parameters derived from Nyquist plots, including Rs, Rp, and CPE1. 

The 5-dipped electrode exhibits the lowest Rp, indicating enhanced charge transfer efficiency 

compared to pristine and other dipped electrodes. 

Element Pristine 1-dipped 5-dipped 10-dipped 

Rs (Ω) 0.4225 0.4209 0.3348 0.2077 

Rp (Ω) 2.2200 2.3920 1.4480 2.9190 

CPE1 (μsα/ꭥ) 8.1440 15.7700 79.8300 24.9800 

α 0.8669 0.8181 0.7364 0.7752 

Error Statistics (X2) 0.0184 0.0266 0.0291 0.0322 

Kramers-Kronig (X2) 4.32x10-4 6.09x10-4 3.37x10-5 5.36x10-4 

XRD and Raman Analyses 

 

Raman spectroscopy used to identify the characteristic bands of graphene, pristine and coated 

graphite felt and given Figure 6. The D-band indicates structural defects in carbon-based 

materials caused by impurity-induced lattice distortions. The doping effect, defects, number of 

graphene layers and stress are all indicated by the position and shape of the G band. The 2D 

band is the characteristic band of graphene, and the number of layers affects its shape. The 

LD/LG ratio is used to assess the purity of graphene, while the LG/L2D ratio is derived from the 

results of Raman spectroscopy to measure the total number of graphene layers. The research 

states that the LD/LG ratio should be between 0 and 1. The LG/L2D ratio for a single graphene 

was reported to be 0.25 in a recent work [36–38]. According to Raman spectroscopy results, 

D, G and 2D band are located at 1353 cm-1, 1580 cm-1 and 2721 cm-1, respectively for graphene. 

When LD/LG and LG/L2D ratios were calculated, it was determined that the graphene used in 

our study was of high purity and 6-7 layers.   

Pristine and coated graphite felt’s Raman spectroscopy results are given in Figure 6 (b). 

According to the results, all samples exhibit characteristic peaks for carbonaceous material, 

which is consistent with previous studies [39]. When the LD/LG ratios of the samples were 

examined, it was found that the highest ratio was in the pristine sample. This ratio decreased 

with the dipping process and the lowest ratio was obtained in the 10-dipped sample with 1.24. 

It is thought that as the number of dipping increases, more graphene is covered in the structure 

of the felt, resulting in this reduction. Furthermore, a peak attributed to C-H and C-H2 

stretching and asymmetric stretching vibrations of the C-O-C glyco-sidic linkage of cellulose 

was found at the 1096 cm-1 location in the 5-dip sample [40,41]. 

Pristine, 5-dipped and 10-dipped graphite felt’s XRD spectra are shown in Figure 6 (c). Two 

C peaks (Reference Code: ICDD 96-901-2231, hexagonal, a=b= 2.47 and c=6,7080) at 25.16o 

and 42.8o corresponding to the (100) and (104) crystal planes can be found from the XRD 

patterns of all specimens. The presence of any different phase in the coated samples was not 



found due to the limitations of XRD identification. The XRD results obtained on the graphite 

felt compatible with the literature [18,42].

 
Figure 6. Raman spectroscopy results (a) graphene and (b) pristine, 5-dipped and 10 dipped 

graphite felt and (c) XRD result for all specimens. 

Contact Angle Results 

The effect of graphene coating on wettability properties of graphite felts observed with contact 

angle tests, which is shown in Figure 7 for pristine, 5-dipped and 10-dipped specimens. 

Distilled water dropped on the felts and contact angles were measured.  

Pristine felt specimens have contact angles of approximately 155° on the left side and 159° on 

the right side, with an average contact angle of 157°. Since OFB applications need liquid 

electrolyte flowing in the cell, the electrodes of it should let liquid flowing. Graphene coating 

made the felt from hydrophobic to hydrophilic, which shows that coating affected positively to 

wettability.  



 

Figure 7. The contact angle images of (a) pristine (b) 5-dipped (c) 10-dipped graphene coated 

felts. Dropped liquid is distilled water. 



 

Figure 8. SEM images showing the surface morphologies of (a-d) pristine, (e-h) 5-dipped, and 

(i-l) 10-dipped graphite felts at magnifications of 100X, 500X, 5000X, and 20000X. The 5-

dipped sample exhibits homogeneous graphene distribution, enhancing conductivity and 

electrochemical performance, while the 10-dipped sample shows stacked graphene layers, 

potentially reducing ion transfer efficiency due to increased thickness. 



SEM Images 

SEM analyses were done to observe the effect of coating on surface morphologies to electrodes, 

and images of pristine and 5- and 10-dipped coated graphite felts are given in Hata! Başvuru 

kaynağı bulunamadı.. Pristine graphite felt has a clean surface without any precipitation, 

which is shown in Hata! Başvuru kaynağı bulunamadı. Figure 8 (a) to (d). Graphene 

particles on the surface of 5-dipped graphite felt distributed homogeneously in Hata! Başvuru 

kaynağı bulunamadı. Figure 8 (e) to (h). In Hata! Başvuru kaynağı bulunamadı. Figure 8 

(g), the graphene particle binds to the surface of a fiber of graphite felt clearly. In 10-dipped 

coated felt SEM images at Hata! Başvuru kaynağı bulunamadı. Figure 8 (i) to (l), graphene 

particles homogenously stacked onto the graphite felt fibers. 

The pristine electrode exhibits a rough and irregular surface, characteristic of untreated graphite 

felt. At higher magnifications, the surface appears smooth but lacks any additional coating or 

modifications. This uncoated structure contributes to the hydrophobic nature of the pristine 

electrodes, as observed in the contact angle measurements. In contrast, the 5-dipped electrode 

shows a thin, uniform layer of graphene coating, effectively covering the surface while 

preserving the porosity of the felt. This uniformity enhances ion accessibility, contributing to 

the observed improvements in electrochemical performance. For the 10-dipped electrode, a 

thicker graphene layer is observed, with slight agglomeration in certain regions. While the 

increased graphene coverage provides more active sites for redox reactions, the reduced 

porosity may hinder ion transport, as indicated by the higher charge transfer resistance in EIS. 

Redox Mechanism 

The redox mechanism of the system is given in Figure 9. Dipping time effects the 

TEMPOL/TEMPOL+ redox couple and increase the reduction and oxidation peaks. The 

improvement in electrochemical performance observed in this study can be attributed to the 

effects of graphene nanoplates followed by cellulose binders. The high electrical conductivity 

and large surface area of graphene facilitate efficient electron transfer and provide a large 

number of active sites for redox reactions of TEMPOL (Role of reduced graphene oxide as 

nano-electrocatalyst in carbon felt electrode of vanadium redox flow battery). As a binder, 

cellulose plays a role in maintaining electrode integrity and improving ion transport. 

Electrochemical parameters from the literature are listed in Table 3. Since a scan rate of 50 

mV/s and an electroactive material concentration of 1 mM were used in this study, the data 

have been normalized to these conditions. Most of the studies reviewed used vanadium as the 

electroactive material. Based on the peak current values, the results obtained in this study 

demonstrate comparable performance with other studies. Furthermore, consistent with a 

previous study [26], the dipping time has a positive effect on the peak current. 



 

Figure 9. Mechanism of the electron transfer at the coated graphite felt.

Table 3. Comparison of electrochemical parameters derived from the CV curves of different 

studies. Peak currents are normalized to a scan rate of 50 mV/s and an electroactive material 

concentration of 1 mM. Differences in solvent molarity are not considered, assuming negligible 

impact on the electrochemical parameters. 

Coating 
Electroactive 

Material 

Adhesion 

Material 

Peak 

Potential 

(V) 

Peak 

Current 

(mA/cm2) 

Study 

Pristine 

TEMPO 
Ethylenediamine 

(EDA) 

0.47 

(0.68) 

-1.399 

(1.650) 

[30] 

GF-A 

(drying) 

0.45  

(0.71) 

-5.948 

(7.160) 

GF-B 

(microwave 

treatment) 

0.38  

(0.67) 

-9.119 

(9.817) 

Pristine 

Vanadium - 

0.60 

(1.2) 

-1.900 

(2.371) 

[43] 

Heat Treated 
0.60 

(1.21) 

-2.060 

(3.322) 

Vertical 

graphene 

0.54 

(1.22) 

-4.667 

(4.900) 

Nitrogen-

functionalized 

vertical 

graphene 

0.585  

(1.19) 

-4.590 

(4.820) 

Pristine 

Vanadium Nafion 

0.326 

(0.470) 

-2.370 

(2.792) 
[26] 

5-dipped 

Graphene 

0.345 

(0.442) 

-2.570 

(2.664) 



10-dipped 

Graphene 

0.339 

(0.449) 

-2.627 

(2.827) 

Pristine 

TEMPOL Cellulose 

0.74  

(0.50) 

-0.552 

(0.828) 

This 

Work 

5-dipped 

Graphene 

0.73  

(0.50) 

-0.828 

(1.103) 

10-dipped 

Graphene 

0.75  

(0.50) 

-1.379 

(1.655) 
 

The comparative summary of the study is given in Table 4. According to EIS results, 5-dip 

electrode has higher ion transfer properties due to lower Rp. However, according to CV results, 

10-dip electrode has higher oxidation and reduction peak currents and improved redox activity. 

This discrepancy is due to the interaction between ion transport efficiency and active site 

availability, as similarly discussed in studies comparing the complementary nature of EIS and 

CV techniques for analyzing electrochemical systems [44,45]. The thinner graphene coating 

on 5-dip electrode optimizes ion accessibility, while the thicker coating on 10-dip electrode 

maximizes the number of active sites for electron transfer. These findings indicate that 

electrode selection depends on specific application requirements that balance ion transport and 

electron transfer. 

 

Table 4. Comparative summary of key electrochemical and surface performance 

measurements for pristine, 5-dip and 10-dip electrodes. The table includes oxidation and 

reduction peak currents from CV, polarization resistance from EIS, and contact angle 

measurements to assess wettability.  

Parameter Pristine 5-Dipped 10-Dipped 

Oxidation Peak Current (mA) 0.828 1.103 1.655 

Reduction Peak Current (mA) -0.552 -0.828 -1.379 

Rp (Ω) 2.2200 1.4480 2.9190 

Contact Angle (°) 157° 0° 0° 

 

Conclusion 

 

This study presents the development of cellulose-bonded graphene nanoplatelet-coated 

electrodes with promising applications in renewable energy storage and grid-level systems. 

These electrodes demonstrate high electrochemical performance, combining the sustainability 

and cost-effectiveness of cellulose with the conductivity and structural benefits of graphene. 

The results highlight their potential as an alternative to costly materials like Nafion, particularly 

in TEMPOL-based organic flow batteries. 

 

Key findings from this study include the significant enhancement in wettability and ion 

transport due to the graphene-cellulose composite, transforming the electrode surface from 

hydrophobic to hydrophilic. Surface characterization analyses—such as SEM imaging, Raman 

spectroscopy, and contact angle measurements—confirm these structural improvements. 

Furthermore, the electrochemical performance, as evaluated through CV and EIS, underlines 



the importance of optimizing the dip-coating process. While the 5-dip coating demonstrated 

optimal ion transfer efficiency and lower charge transfer resistance, the 10-dip coating 

exhibited higher redox activity and oxidation-reduction peak currents.  

 

Despite these advancements, certain limitations must be addressed to advance this technology 

toward commercialization. The scalability of the dip-coating method, particularly in achieving 

uniform coatings on large-scale electrodes, remains a challenge. Additionally, the long-term 

stability of cellulose as a binder under varied environmental and cycling conditions requires 

further investigation. The dip-coating method employed in this study provides a practical and 

adaptable approach to mass production, making these electrodes a viable candidate for 

industrial energy storage applications. By addressing the remaining challenges, this technology 

can contribute significantly to the global transition toward clean and sustainable energy 

systems, demonstrating the transformative potential of cellulose-bonded graphene electrodes 

in the energy storage. 
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