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Abstract 
Vanadium Redox Flow Battery (VRFB) is one of the biggest candidates to solve this problem with its long life, scalability and large-

scale energy storage. VRFB mainly consists of electrolytes, membrane and electrodes. Carbon-structured felt electrodes are used as 

electrodes in vanadium redox flow batteries. Chemical, electrochemical and thermal treatments are performed to improve the 

electrochemical properties of the pristine electrodes. The aim of the study is to investigate the effects of thermal treatment on the 

electrolyte accessibility and fiber morphology of commercial electrodes of VRFB. To achieve this aim, four commercial electrodes in 

dimension 20x20 mm2 (Sigracell KFD 2.5, Sigracell GFD 2.5, Sigracell GFD 4.6 and Sigracell GFA 6) are treated thermally in three 

different temperatures (200 °C, 400 °C and 600 °C) for 12 hours and compared with pristine forms. The electrode with the most 

temperature resistant fiber structures is GFD 4.6 which no deformation was observed in the structure even at 600 °C. In the GFA 6 

electrode, deformations occurred in the sample at 400 °C, and it burned at 600 °C. The highest hydrophilicity (contact 

angle=111.38°) was observed in the thermally treated GFD 2.5 electrode at 200 °C. The lowest hydrophilicity was observed in the 

commercial GFD 4.6 electrode 153.63°. XRD peaks of the GFD 2.5 and GFD 4.6 are significantly higher than KFD 2.5 and GFA 6.  

 

 

1. Introduction 
Electricity produced from renewable energy gradually 

competes with conventional energy sources. However, 

renewable energy resources have challenges due to 

fluctuations and the need for storage of the produced 

electricity. Vanadium Redox Flow Battery (VRFB) is one of 

the biggest candidates to solve this problem with its long life, 

scalability and large-scale energy storage. VRFB mainly 

consists of electrolytes, membrane and electrodes. The redox 

reactions of vanadium species during charge and discharge of 

electrical energy occur at the electrode-electrolyte interface. 

Therefore, electrochemical properties, functional groups, 

electrolyte accessibility and electrochemical surface area of 

the electrode are important for the energy efficiency and 

capacity of the battery. 

Thermal, chemical and electrochemical treatments were 

performed to improve these properties of bare graphite and 

carbon felt electrodes[1-5]. Kabtamu et al indicated that 

applying the thermal treatment on the commercial electrode 

decreased contact angle from 136° to 110° and provided to 

obtain pure XRD peaks [6]. Also, this treatment reduced the 

overpotentials that occurred in the electrode. 

Wang et al. applied two different thermal treatments to the 

SGL group graphite felt electrode at 400 °C (2 days) and 500 

°C (3 hours) temperatures [7]. The hydrophilicity of the 

electrode was improved by thermal treatment compared to 

the bare form. Moreover, ohmic and mass polarizations of 

thermally treated electrode at 500°C were lower than the 

other graphite felts. Mazur et al. investigated the behavior of 

thermally treated electrodes (25 °C, 400 °C, 450 °C, 500 °C, 

550 °C and 600 °C) in charge and discharge [8]. As the 

temperature increased from 25 °C to 500 °C, the electrical 

and charge transfer resistance decreased, electrochemical 

activation and efficiency increased. When the temperature 

rises above 500 °C, the electrode performance decreases due 

to degradations in the electrode. Also, it was observed that 

when the treatment time was increased from 10 hours to 30 

hours, the cell resistance decreased [9]. But it increased 

between 30 and 50 hours. 

The aim of the study is to investigate the effects of thermal 

treatment on the electrolyte accessibility and fiber 

morphology of commercial electrodes of VRFB. To achieve 

this aim, four commercial electrodes in dimension 20x20 

mm2 (Sigracell KFD 2.5, Sigracell GFD 2.5, Sigracell GFD 

4.6 and Sigracell GFA 6) are treated thermally in three 

different temperatures (200 °C, 400 °C and 600 °C) for 12 

hours. The surface morphology of fibers is examined with 

SEM analysis. The changes in XRD peaks with thermal 

treatment are investigated. And also, contact angle 

measurements are analyzed to compare the electrolyte 

accessibility of pristine and treated electrodes. 

2. Experimental  
Commercial electrodes are hydrophobic and have low 

electrolyte accessibility. It also has high charge, mass transfer 

and ohmic overpotentials. For this reason, chemical, 

electrochemical and thermal treatments are applied to the 

electrodes to activate and improve these properties. Four 

electrodes are Sigracell KFD 2.5,  Sigracell GFD 2.5, 

Sigracell GFD 4.6 and Sigracell GFA 6 and the thickness of 

samples are 2.5 mm, 2.5 mm, 4.6 mm and 6 mm, 

respectively. Samples are prepared as square geometry (2x2 

cm2) and washed with DI water in the ultrasonic bath.  They 
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were thermally treated in the air atmosphere for 12 hours at 

three different temperatures (200 °C, 400 °C and 600 °C). 

The effects of these treatments on the fiber surface, contact 

angle and electrode characteristics were investigated. 

3- Results and Discussions 

SEM analysis was performed to examine the changes in fiber 

morphology of the prepared electrodes. SEM analysis was 

performed to examine the changes in fiber morphology of the 

prepared electrodes. In addition, contact angle and XRD 

analyzes were performed to examine the change of 

temperature, electrolyte accessibility and the crystal structure 

of the electrode with temperature. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. SEM analysis of non-treated and thermally treated 

KFD 2.5 felt electrode; (a) Non-treated, (b) 200 °C,               

(c) 400 °C. (Mag= 2000x) 

 

Fig 1, KFD 2.5 shows SEM images of the carbon cloth 

electrode thermally treated at different temperatures. The 

grooves on the fiber surfaces became smaller with increasing 

temperature. Fiber surfaces have become smoother. When the 

thermal treatment temperature reached 600 °C, the sample 

burned. 

 

 

 

 

 

 

 

 

 

 

Fig. 2. SEM analysis of non-treated and thermally treated 

GFD 2.5 felt electrode; (a) Non-treated, (b) 200 °C,              

(c) 400 °C, (d) 600 °C. (Mag= 2000x) 

 

SEM images of the GFD 2.5 electrode are demonstrated in 

Fig 2. Carbon particles are seen on the fiber surfaces in Fig 

2.a. In Fig 2.b, Fig. 2.c and Fig. 2.d, these particles decreased 

with washing and thermal treatment. The grooves in this 

electrode decreased by increasing from room temperature to 

400°C. When the temperature was increased to 600 °C, it was 

observed that deformations started on the fiber surface. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. SEM analysis of non-treated and thermally treated 

GFD 4.6 felt electrode; (a) Non-treated, (b) 200 °C,              

(c) 400°C, (d) 600 °C. (Mag= 2000x) 

 

As can be seen in Fig. 3, deformation was not noticed 

occurred on the fiber surfaces of the GFD 4.6 electrode, even 

though the temperature increased to 600 °C. Compared to 

other electrodes, the most durable fiber structure was 

observed in this electrode. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. SEM analysis of non-treated and thermally treated 

GFA 6 felt electrode; (a) Non-treated, (b) 200 °C,                 

(c) 400 °C. (Mag= 2000x) 

 

Fig. 4. exhibits that the SEM results of thermally treated GFA 

6 electrode. The increase in temperature did not affect 

significantly grooves on the fiber surfaces. However, with the 

increase in temperature, especially at 400 °C, carbon particles 

detached from the fiber and in bulk form are seen. Since 

these bulks cover the surface of the fiber which performing 

redox reactions, they reduce the reaction performance. In 

addition, it is possible to create pollution by mixing with the 

electrolyte. The GFA 6 sample burned when thermal 

treatment was conducted at 600 °C.  
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As can be seen in Fig.5, although the thermal treatment 

affected the fiber structure of the KFD 2.5 electrode, it did 

not significantly affect the contact angle behavior. Angle 

values vary between 133.8 °  and 136.1 °. 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Contact angle analysis of non-treated and thermally 

treated KFD 2.5 felt electrode; (a) Non-treated, (b) 200 °C, 

(c) 400 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Contact angle analysis of non-treated and thermally 

treated GFD 2.5 felt electrode; (a) Non-treated, (b) 200 °C, 

(c) 400 °C, (d) 600 °C. 

 

Contact angle analysis of the GFD 2.5 electrode which is 

treated at different temperatures is demonstrated in Fig. 6. 

The hydrophilicity of the GFD 2.5 electrode showed a 

fluctuating behavior. The contact angles are lower than KFD 

2.5 in untreated, 200 °C and 400 °C treatment conditions 

even though the electrodes are the same thickness. When the 

contact angle decreases, the electrolyte accessibility increase, 

therefore the electrode performance is positively affected by 

thermal treatments.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Contact angle analysis of non-treated and thermally 

treated GFD 4.6 felt electrode; (a) Non-treated, (b) 200 °C, 

(c) 400 °C, (d) 600 °C. 

Contact angle behavior of the GFD 4.6 electrode is displayed 

in Fig. 7. The highest contact angle value among all samples 

was observed as 153.63 ° in the commercial electrode sample 

of GFD 4.6. Although the contact angle decreased to 137.64 ° 

with the thermal treatment at 200 °C, the angle increased as 

the temperature increased. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Contact angle analysis of non-treated and thermally 

treated GFA 6 felt electrode; (a) Non-treated, (b) 200 °C, (c) 

400 °C, (d) 600 °C. 

 

Contact angle analyzes of the GFA 6 electrode are presented 

in Fig 8. The contact angle decreased from 134.1 ° to 129 ° 

with thermal application at 200 °C. However, with the 

increase in temperature to 400 °C, deformations developed in 

fiber structures as shown in Fig. 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. XRD analysis of non-treated and thermally treated 

GFA 6 felt electrode; (a) KFD 2.5, (b) GFD 2.5, (c) GFD 4.6, 

(d) GFA 6. 

 

XRD analysis results of different electrodes are shown in 

Fig.9. Cu electrode was used as anode in XRD analysis. 

Since the electrode forms change with the increase in 
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temperature, the peak intensities of GFD 2.5 and GFD 4.6 are 

considerably higher than the peak intensity of KFD 2.5 and 

GFA 6.  

4. Conclusions 
 
Carbon-structured felt electrodes are used as electrodes in 

vanadium redox flow batteries. Chemical, electrochemical 

and thermal treatments are performed to improve the 

electrochemical properties of the pristine electrodes. In this 

study, four electrodes with different characteristics and 

thicknesses, which are used in VRFB systems, were 

thermally treated at 200 °C, 400 °C and 600 °C. The results 

obtained by SEM, XRD and contact angle analyzes of the 

samples are compared with pristine forms of these electrodes. 

The electrode with the most temperature resistant fiber 

structures is GFD 4.6. In this sample, no deformation was 

observed in the structure even at 600 °C. In the GFA 6 

electrode, deformations occurred in the sample at 400 °C, and 

it burned at 600 °C. Contact angle analysis is used to 

determine the hydrophilic properties of the electrode. As the 

hydrophilicity of the electrode increases, the electrolyte 

accesibility increases and the electrolyte consumption rate 

increases. The highest hydrophilic property (contact 

angle=111.38 °) was observed in the thermally treated GFD 

2.5 electrode at 200 °C. The lowest hydrophilicity was 

observed in the commercial GFD 4.6 electrode with an angle 

of 153.63. As seen from the XRD results, the highest peak 

values were seen in GFD 2.5 and GFD 4.6. 
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