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ARTICLE INFO ABSTRACT

INDEX TERMSP: All-vanadium redox flow batteries (VRFB) have the advantages of high safety and long life, and
Vanadium redox flow battery have broad application prospects in the field of large-scale power energy storage. Low energy
Electrode

density is the main factor restricting its development. In this study, the carbon felt used as the
electrode was pretreated in various ways to improve the performance of the vanadium redox flow
battery. The pretreatment conditions of carbon felt were compared to the performance of carbon
felt after treatment at different temperatures and different times. The properties of the pretreated
carbon felt were investigated and their effect on cell performance was tested.Next, by introducing
a noble metal catalyst into the carbon felt, the characteristics of the carbon felt were studied and
the effect on the performance of the vanadium redox flow battery was investigated. It was found
that Carbon felt thermal-treated at 500 °C for 2 h showed the best characteristics and had the
longest charge/discharge time and the lowest resistance. The results also show that Carbon felt
with catalyst introduced without PTFE(Polytetrafluoroethylene) binder showed larger BET
(Brunauer-Emmett-Teller) surface area and electrical conductivity compared to PTFE mixed,
and cell performance was also excellent.

Carbon felt
Thermal-treat
Noble metal catalyst

1. Introduction

To realize a low-carbon society, fossil fuels are gradually being replaced by clean energy sources, however, the use of new energy
sources such as wind and solar power is constrained by environmental factors, making it impossible to steadily and continuously
output energy [1].Due to the capricious nature of renewable power, advanced large-scale energy storage devices are required to make
the best use of these renewable energy resources [2].Rechargeable batteries offer an efficient way to store energy. Available battery
technologies include lithium ion, nickel-metal hydride (Ni-MH), lead acid, redox flow and the sodium-sulfur (Na-S) system [3]. Among
them, the Vanadium Redox Flow Battery (VRFB) is considered a promising energy-storage solution, which is suitable for stationary
applications due to its modular design, good scalability, flexible operation and moderate maintenance cost [4].

The Vanadium Redox Flow Battery(VRFB) is a system that performs charging and discharging through the redox reaction of the
active material contained in the electrolyte [5-7]. Unlike traditional secondary batteries, which store electric energy in the electrode
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containing the active material, the VRFB uses an electrolyte stored in two separate tanks, allowing for a decoupling of power and
energy capacity [8]. This design enhances safety, scalability, and resource utilization, making VRFB a suitable choice for large-scale
energy storage applications [9,10].

As shown in Fig. 1, the redox flow battery consists of an electrolyte tank (determining the storage capacity of active materials in
different oxidation states), a pump (recycling active materials) and a stack responsible for output [5]. In particular, the structure where
the electrolyte tank and the stack are separated allows the power and capacity to be freely designed, the installation location is also less
restrictive [11]. In addition, no tail gas such as CO5 is produced, and the vanadium active material in the electrolyte is semi-permanent
and reusable, which can effectively use resources [9,12].

Despite its advantages, the VRFB faces challenges such as relatively high and volatile price of vanadium, the cost of raw materials
for electrolytes preparation, low energy density and high cost [13-16]. A significant factor influencing the performance of VRFB is the
electrode material. Electrodes in VRFB should provide sites for redox reactions, facilitate electron transport, and have low resistance
and high redox reaction efficiency [17]. Carbon materials, such as graphite felt, carbon cloth, and carbon fibers, are commonly used as
electrodes in VRFB due to their conductivity and chemical stability [13,18].

Recent research has focused on improving the electrochemical performance of VRFB electrodes through various treatment methods
and material modifications [19]. Thermal treatment of carbon felt electrodes have been shown to increase surface area, thereby
enhancing electrochemical activity [17,20]. Additionally, introducing catalysts, such as noble metals, can further enhance the reaction
kinetics and overall performance of the electrodes [21].

This study aims to investigate the effects of thermal treatment and catalyst introduction on the performance of carbon felt elec-
trodes in VRFB. By optimizing the thermal treatment conditions and exploring different catalyst incorporation methods, we aim to
enhance the electrochemical properties and overall efficiency of VRFB electrodes.

2. Electrode characteristics and performance improvement of redox flow battery
2.1. Introduction

In Vanadium Redox Flow Battery(VRFB), the electrode should serve to provide a site where a redox reaction can occur, a path for
generated electrons, and should have low resistance and good redox reaction efficiency [22]. During the charging process of the VRFB,
in the cathode, the V** is converted into V' by oxidation reaction, and in the anode, the V3" is converted into V2* by reduction
reaction [23]. The discharging process is the opposite of the charging process. Since the electrolyte does not deteriorated, it can be
reused semi-permanently. The battery voltage is basically 1.26V [24].

As key materials of vanadium batteries, Carbon materials are used as electrodes for vanadium redox flow batteries. Carbon ma-
terials are important parts on supporting the chemical reaction to attain good performance of the VRFB system [13]. In this study,
carbon felt used as an electrode was thermal treated in various ways to improve the performance of the vanadium redox flow battery
[25]. In addition, the characteristics of pre-treated carbon felt were studied and the effect on cell performance was investigated.
Furthermore, by introducing a noble metal catalyst to carbon felt, the characteristics of carbon felt were studied, and the effect on the
performance of vanadium redox flow battery was investigated [26].

2.2. Experimental

(1) Reagents and materials:Vanadium(V) oxide(V20s, 99.6 %) and Vanadium(IV) oxide sulfate hydrate (VOSO4-xH20, 99.99 %)
were obtained from Sigma-Aldrich. Sulfuric acid(H2SO4, 95 %) was purchased from Duksan, pure chemicals Co. Pt/C(20 wt%)
was obtained from the Fuel cell store, Pd/C(20 wt%) was purchased from Premetek Co. Carbon felt which is a PAN series, was
purchased from the SGL group.

(2) Thermogravimetric analysis and morphology observation: To check the thermal treatment conditions of carbon felt, a carbon
felt sample was placed in a Pressure Thermogravimetric Analyzer(ThermoElectron, TherMax 500) and the temperature was
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Fig. 1. Experimental apparatus of redox flow battery single cell.
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raised from 25 °C to 800 °C in an air atmosphere at a rate of 5 °C/min for thermogravimetric analysis (TGA). FE-SEM(JEOL,
JSM-6701F) was used for surface analysis, and EDS(Oxford, INCA M/X)was used for elemental analysis.

Electrical conductivity: The electrical conductivity was calculated by measuring the electrical resistance by a 4-terminal method
using a Conductivity Meter(Keithley, 2182A Nanovoltmeter/6220 Precision Current Source) [3]. For the connection method of
resistance measurement, both the 2-terminal method and 4-terminal method are generally used, but to accurately measure
low-level resistance, the 4-terminal method must be adopted. As shown in Fig. 2, 4 cables are used to connect the resistance (Rx)
and the measuring instrument. The measurement cable also has a resistance value (RL), which can cause measurement errors.
However, Since the internal resistance of the voltmeter is very high, the resistance value RL of the cable can be ignored.
Pore distribution and surface area: A MicroPore Physisorption Analyzer (Micrometrics, ASAP 2020) was used for the pore
distribution and surface area of the sample. The BET surface area measurement method is used to measure the specific surface
area of a material with small particles, such as clay particles using physical adsorption, desorption, and chemical adsorption and
desorption, regardless of the material of the sample. The surface area can be obtained by adsorbing nitrogen on the particle
surface, measuring the amount of adsorbed nitrogen gas, and calculating it using the bet formula. Adsorption is a phenomenon
where gas molecules attach to the surface of a solid to become stable, and the surface of a solid becomes unstable when gas
molecules are made to move in an irregular direction and speed [27]. Conversely, desorption means that the adsorbed mole-
cules are separated (evaporated) from the surface. At this time, the volume of the gas can be calculated by measuring the
pressure changed under certain conditions. The size of pores can be estimated by substituting the pressure change result from
the specific surface area measurement into Equation (5) using the Kelvin equation below.
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Where: y: surface tension r: radius of pore R:gas constant T: Kelvin temperature 6: contact angle

(5) Single cell experimental apparatus:The charge/discharge test is performed by composing the system shown in Fig. 1. The
electrolyte solution is composed of 1.6 M VOSO4 and 4 M H3SO4, which is used by electrolytic reduction and a 25 cm? RFB
battery was manufactured and used. The ion exchange membrane uses Nafion 212 from DuPont. In addition, in the tanks for
storing and supplying the electrolytes of the cathode and anode, pumps are used to press the electrolyte into the cells of the
cathode and anode respectively. The electrolyte solution enters the storage tank again after the cell is circulated. The flow rate is
15 mL/min, the current collector is a copper plate, and both ends are placed with graphite plates. For single cell analysis, use an
automatic battery cycler (WBCS3000, WonA Tech) to charge to 1.75V and dscharge to 0.8V [28].

3. Results and discussion
3.1. Thermogravimetric analysis of carbon felt

Fig. 3 shows the TGA results of unthermaled carbon felt. Judging from the TGA chart from 25 °C to 800 °C the quality is somewhat
degraded around 150-200 °C, this may be because the impurities and moisture contained in the carbon felt fall off or the evaporation
of a fiber binder or hydrophobizing agent. Obvious weight loss occurs near 600 °C, which may be a rapid oxidation reaction of carbon.
Thermal treatment above 600 °C shows that 600 °C is the temperature at which carbon felt officially begins to lose weight.

In order to improve the output power and energy efficiency of the redox flow battery, the reaction area (specific surface area) of the
carbon felt used in the positive and negative electrodes should be increased, and the hydrophilicity should be improved to make the
electrolyte flow well. For this, the oxidation method of thermaling in the air is used. In order to confirm the actual weight loss of the
carbon felt after thermal treatment in the air, the weight loss rate of the thermal treatment of the carbon felt was calculated. The carbon
felt was thermaled at temperatures of 300, 400, 500, 600, and 700 °C for 1, 2, and 3 h, and the weights before and after the thermal
treatment were compared. The results are shown in Table-1.
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Fig. 2. Schematic diagram of the 4-terminal method and the 2-terminal method.
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Fig. 3. TGA curve of untreated carbon felt (thermaling rate 5 °C/m.

Table 1
Weight loss of carbon felt by the thermal treatment at various temperature.
Temperature(°C) thermaling time(h) Weight loss(%)
300 1 0
2 0
3 0
400 1 0.05
2 0.12
3 0.24
500 1 0.26
2 0.37
3 0.55
600 1 2.85
2 4.96
3 8.21
700 1 11.5
2 13.6
3 17.3

3.2. The effect of thermal treatment on the structure of carbon felt

The results showed that Carbon felt thermal-treated at 300 °C shows negligible weight loss. At 400 °C, the weight loss for 1 h of
thermaling time is very small, weight loss increases slightly with longer thermaling durations. Significant weight loss begins at 500 °C,
with more substantial losses observed at 600 °C and 700 °C, indicating rapid oxidation at these higher temperatures. At 700 °C, the
weight will be reduced by more than 10 % regardless of the time, so it cannot be used as an electrode. The results of the thermal
treatment show that the weight of the carbon felt decreases sharply due to the rapid oxidation of carbon when the temperature is above
600 °C, so it can be inferred that the mechanical strength of the carbon felt will be weakened.

In order to study the effect of thermal treatment time on carbon felt based on the TGA results, the carbon felt was thermal treated at
300 °C, 400 °C, 500 °C, 600 °C and 700 °C for 2 h. After that, observe the surface by SEM. As shown in Fig. 4(a), the surface of the
carbon felt thermal treated at 300 °C for 2 h showed a very smooth surface. As shown in Fig. 4(b), the surface of the carbon felt thermal-
treated at 400°Cfor 2 h also showed a smooth and clean appearance. As shown in Fig. 4(c), compared with other images, very small
pores and a slightly rough surface can be seen in the carbon felt thermal-treated at 500 °C for 2 h. The SEM photos of Fig. 4(d) and (e)
show that after thermal treatment at 600 °C and 700 °C for 2 h, the thickness of the carbon felt is greatly reduced due to rapid
oxidation, and the surface will be severely deformed and damaged, showing that the mechanical strength is difficult to maintain. On
this basis, the thermal treatment temperature range of carbon felt was reduced to 300-500 °C, and the surface area was measured by
BET and compared.

Table 2 shows the BET measurement results of unthermaled carbon felt and thermal treatment at 300 °C, 400 °C, and 500 °C for 2 h.
The carbon felt without thermal treatment is 0.59 m?/g, the carbon felt thermal-treated at 300 °C is 0.71 m?/g, thermal-treated at
400 °C is 1.92 m?/g, and thermal-treated at 500 °C is 4.38 m?/g. As the thermal treatment temperature increases, the specific surface
area of the carbon felt increases significantly. It can be seen from the SEM photo in Fig. 4 that small pores are formed on the surface of
the carbon felt, resulting in an increase in surface area.
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Fig. 4. SEM images of thermal treated carbon felt.(a)300 °C (b) 400 °C (c) 500 °C (d) 600 °C (e) 700 °C.

3.3. The effect of thermal treatment and pressure on the conductivity of carbon felt

One of the necessary conditions for carbon felt used in RFB is conductivity. Table 3 shows the electrical conductivity of the thermal-
treated carbon felt. The carbon felt without thermal treatment is 8.32S/cm. As the temperature rises to 300 °C, 400 °C, the conductivity
increases slightly, reaching to 9.15 S/cm, 9.23 S/cm, but thermal-treated at 500 °C the conductivity of the carbon felt reduced to 9.17
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Table 2

BET surface area of carbon felt according to thermal temperature.
thermal temp.(°C) BET surface area(m2/g)
- 0.59
300 0.71
400 1.92
500 4.38

Table 3

Electrical conductivity of carbon felt according to the thermal treatment at
various temperature.

thermal temp.(°C) Electrical conductivity(S/cm)
- 8.32
300 9.15
400 9.23
500 9.17

S/cm, But its degree is minimal, within the margin of error. The results show that there is no significant relationship between thermal
treatment temperature and conductivity.

In this experiment, when testing a single battery, pressure is applied up and down the device. In order to find the appropriate
pressure, the carbon felt is compressed and the conductivity is measured. The compressibility of the carbon felt thermal-treated at
500 °C is 0-60 %. In order to measure the electrical conductivity, the samples shown in Table 4 are prepared, and the measurement
results are shown in Fig. 5. It was found that the conductivity increased when the compression ratio reached 38 %, and the compression
ratio higher than 38 % had no effect on the increase in conductivity. In addition, according to the report of Ghimire et al. , the pressure
applied to the battery in the single-cell test is set to 25 kPa (compression rate 28 %). The report stated that the battery resistance
increases with the increase in the compressibility of carbon felt [29].

3.4. Single test of thermal-treated carbon felt

Next, a single cell was manufactured using carbon felt thermal-treated at 300 °C, 400 °C, and 500 °C, and then a total of 20 charge/
discharge cycles were performed. Among them, the last charge and discharge curve is shown in Fig. 6. Since the current in the charging
test is fixed, the voltage at the start of charging is a factor that confirms the instantaneous resistance of charging, and the starting point
of discharge is the voltage consumed as the transition to discharge occurs. That is, at the time of 0 s, where charging starts, the lower
the voltage, the less the amount of loss. After the vertical drop at the start of discharge, the greater the voltage of the conversion part,
the fewer the amount of loss when the charge is converted to discharge. It can be seen from the curve in this figure that the charging
and discharging time of the carbon felt thermal-treated at 300 °C is the shortest. The carbon felt thermal-treated at 400 °C has the
largest initial resistance, but the charging and discharging time is longer than that of the carbon felt thermal-treated at 300 °C. The
carbon felt electrode thermal-treated at 500 °C showed the lowest charging start time (Onset potential) and the highest discharging
start time (IRdrop). This means that since the resistance during charging and discharging is the lowest, the energy loss is the smallest,
and it can be confirmed that the charging and discharging takes for the longest time, so the loss is the smallest in 20 cycles.

3.4.1. E.The effect of different catalysts and their addition methods on the characteristics of carbon felt

When the catalyst was applied to the carbon felt of the RFB electrode, experiments were carried out to study the change of the
physical properties of the carbon felt and its influence on the electrode performance. Pt and Pd were selected as catalysts, and 20 wt%
Pt/C and 20 wt% Pd/C were used as a raw material [30]. Two methods are used to incorporate the catalyst into the carbon felt. The
carbon felt is first thermal-treated at 500 °C for 2 h. The first method is to use PTFE solution, Soak the carbon felt in a solution of 20 wt
% Pt/C, Pd/C powder and PTFE, isopropanol, and water respectively [31]. Dry slowly at 40 °C (sample name: CF-PtTF, CF-PdTF).The
second method is to use no PTFE solution, Soak the carbon felt in a solution of 20 wt% Pt/C,Pd/C powder and isopropanol and water

Table 4
Compression experiment of carbon felt.
Displacement (mm) Sample thickness (mm) Percentage compression(%) Compressive pressure(kPa)
0 4.3 0 0
0.4 3.9 9.15 10.5
0.8 3.5 18.2 13.6
1.2 3.1 28 25.1
1.6 2.6 38 32.9
2.0 2.2 48 88.4
2.6 1.6 62 267.6
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Fig. 6. Charge-discharge potential of single cell with thermaled carbon felt electrode according to time(a)300 °C,(b)400 °C,(c)500 °C.

respectively, Dry slowly at 40 °C (sample name: CF-Pt, CF-Pd).Both methods make the final amount of Pt and Pd reach 5 wt% (vs.
carbon felt). In each process, an ultrasonic homogenizer is used to ensure uniform dispersion. Table 5 shows the composition of carbon
felt samples including Pt and Pd.

Fig. 7 shows the SEM images and EDS analysis of CF-PtTF and CF-PdTF, They contain catalysts using PTFE, It can be seen from the
SEM photo that the PTFE contained and the carbon of the catalyst aggregate together. It is expected that the PTFE contained around the

Table 5

Sample preparation of carbon felt with catalyst.
Sample name PTFE Pt/C Pd/C
CF-PtTF o 20 wt% X
CF-PdTF o X 20 wt%
CF-Pt X 20 wt% X
CF-Pd X X 20 wt%
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carbon felt and the carbon in the catalyst will condense together too much, which will hinder the electrode reaction. Fig. 8 shows the
SEM images and EDS analysis of CF-Pt and CF-Pd, When it contains catalyst without using PTFE, The SEM picture shows that the
catalyst-supported carbon is uniformly dispersed and adhered. From the SEM photos of Figs. 7 and 8, it is expected that when the
catalyst is contained in the carbon felt, not using PTFE as a binder will not interfere with the electrode reaction.

Fig. 9 shows the electrical conductivity measurement results of CF-PtTF, CF-PdTF, CF-Pt, and CF-Pd to study the influence of the
introduction of noble metal catalysts on the conductivity of carbon felt. Using a mixed solution of PTFE and catalyst carbon, the
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Fig. 8. SEM images and EDS analysis of carbon felt with catalyst.(a) CF-Pt (b) CF-Pd (c) CF-Pt (d) CF-Pd

conductivity of CF-PTTF and CF-PDTF is lower than that of carbon felt thermal-treated at 500 °C, this may be because PTFE hinders the
conductivity of the carbon felt [32]. On the contrary, without using PTFE, the conductivity of CF-Pt and CF-Pd with catalyst is slightly
higher than that of carbon felt thermaled at 500 °C. But from the structural point of view, adding Pt/C or Pd/C to carbon felt will not
have much effect on its conductivity, it is because the physical structure of the carbon felt itself, such as its porosity and arrangement of
carbon fibers, is the primary factor determining its conductivity. The addition of Pt/C or Pd/C, despite being conductive materials
themselves, does not significantly alter the structure of the carbon felt in a way that would noticeably enhance or diminish its
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conductivity. Therefore, any changes in conductivity resulting from the addition of Pt/C or Pd/C would likely be minimal or negligible.
Therefore the addition of Pt/C or Pd/C will not have much effect on the conductivity.

Table 6 shows the measurement results of the BET surface area of carbon felt and CF-PtTF, CF-PdTF, CF-Pt, CF-Pd thermal-treated at
500 °C. In the case of CF-PtTF and CF-PdTF containing catalysts using PTFE, the surface area of the carbon felt thermal-treated at
500 °Cis reduced, As shown in the SEM photo, this is because the addition of PTFE caused the excessively aggregated paste to block the
pores of the carbon felt. Without using PTFE, the CF-Pt and CF-Pd containing the catalyst have an increased surface area than the
carbon felt thermal-treated at 500 °C, this is because the Pt/C and Pd/C attached to the surface of the carbon felt provide the reaction
surface area respectively.

Fig. 10 shows the BET poresize distribution of untreated carbon felt (Notreated), CF-Pt and CF-Pd carbon felt. Compared with the
untreated carbon felt, the pore area of the carbon felt containing Pt and Pd is significantly increased, Compared with Pd, Pt has a size
distribution that is more conducive to active reactions.

Fig. 11 shows the charge/discharge diagram of a single cell using carbon felt thermal-treated at 500 °C, CF-Pt and CF-Pd as
electrodes. Out of a total of 20 charge/discharge cycles, only the last cycle is shown. Compared with the carbon felt electrode thermal-
treated at 500 °C, the initial resistance of CF-Pt and CF-Pd are both reduced, and the charging time and discharging time are also
significantly increased. Carbon felt containing Pt has the lowest initial resistance, and shows slightly superior characteristics than
carbon felt containing Pd in terms of initial resistance and charging/discharging time. Like the charge/discharge curves of carbon felts
with different pretreatment temperatures, carbon felt electrodes containing Pt exhibited the lowest charging initiation voltage (initial
potential) and the highest discharge initiation voltage (IR drop), this is the result of promoting the reaction by including Pt. Although it
is not much different from the carbon felt using Pd, it can be seen that the platinum catalyst is more effective in terms of reactivity or
resistance.

When comparing the size of the IR drop, the carbon felt electrode thermal treated at 500 °C showed 0.47V, CF-Pd showed 0.43V,
and CF-Pt showed 0.41V. This is a result of accelerating the reaction by including catalysts. And the difference of performance with
carbon felt using Pt and Pd catalyst is not very large, but carbon felt using Pt shows that it is more effective in reaction or resistance
than carbon felt using Pd. The electrode containing Pt and Pd catalyst after thermal treated at 500 °C, 2h showed a smaller overvoltage
and faster reaction rate compared to the electrode only thermal treated at 500 °C. When the overvoltage is low, the charge voltage is
also low and the discharge voltage appears high, which determines the voltage efficiency.

4. Conclusion

(1) The carbon felt used as the electrode of the vanadium redox flow battery can increase the surface area by thermal treatment.
Compared with the carbon felt without any treatment, the BET surface area of the carbon felt after 2 h of thermal treatment at
500 °C increased sharply from 0.59 m?/g To 4.38 m?/g. As the thermal treatment temperature of carbon felt increases, the BET
surface area increases, but when the temperature exceeds 600 °C, due to rapid oxidation the thickness of the carbon felt is
greatly reduced, which lead to the mechanical strength decrease.

(2) By understanding the relationship between the thermal treatment temperature of the Carbon felt and the conductivity, it can be
found that the conductivity of the Carbon felt without thermal treatment is 8.32S/cm, the thermal treatment at 300 °C is 9.15S/
cm, the thermal treatment at 400 °C is 9.23S/cm, and the thermal treatment at 500 °C is 9.17S/cm, which has no significant
relationship with temperature.

10
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Table 6
BET surface area of various carbon felt.
Carbon felt BET surface area(m2/g)
no treated 0.59
500 °C thermal treated 4.38
CF-PtTF 2.15
CF-PdATF 1.96
CF-Pt 6.84
CF-Pd 6.53
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Fig. 10. BET pore size distribution of carbon felts according to pore diameter (a) Invremental pore area (b) Cumulative pore area.

(3) Asaresult of a single cell test with thermal-treated carbon felt as an electrode, when a carbon felt thermal-treated at 500 °C for
2 his used as an electrode, the charge and discharge time is the longest and the resistance is the smallest. This may be because as
the electrode surface area increases, the resistance decreases, and the reaction area increases.

(4) 5 wt% of precious metals Pt and Pd are introduced into Carbon felt to improve electrode performance. When carbon containing
precious metals is mixed with Carbon felt, without mixing the binder PTFE obtained a uniform and clean shape. In addition, the
side where the binder PTFE is not mixed has excellent conductivity and BET surface area, and the cell performance is also
excellent.

(5) The addition of precious metals to Carbon can effectively improve the surface area and cell performance. Compared with Pd, the
electrode resistance on the Pt side is lower, the charging and discharging time is longer, and the improvement effect on cell
performance is greater. The electrode containing Pt and Pd catalyst after thermal treated at 500 °C, 2h showed a smaller
overvoltage and faster reaction rate compared to the electrode only thermal treated at 500 °C.

11
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