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ABSTRACT

The growth in the development of renewable energy sources has led to tremendous attention
to the research in energy storage systems. One of the electrochemical energy storage
systems that have shown great potential to be used on a large scale is vanadium redox
flow batteries (VRBs), as they possess flexible designs, long life cycles, and high energy
density. Carbon felts (CF), and graphite felts (GF) have commonly been used as electrodes
in VRBs. To improve market penetration using VRB technology, researchers have focused
on electrode modifications to increase the power density and rate capabilities of VRBs.
One of the carbon-based modifications which have shown significant improvements in
the performance of VRBs is the use of graphene, which has outstanding electrochemical
and physical characteristics as an electrocatalyst. In this review, electrochemical, physical,
and other methods which have been reported in the graphene functionalization of graphite
felt/carbon felt are discussed. The working principle and limiting methods were elaborated
on and discussed for each method. Finally, recommendations for future developments are
also highlighted.
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developed and implemented worldwide. However, their volatility and intermittent problems
pose a barrier to the large-scale application of clean energy. Hence, a reliable energy storage
system is required.

Electrical energy storage systems can be divided into geological energy storage
technologies, flywheels and supercapacitors, and battery storage technologies. Geological
energy storage technologies (compressed air and pumped hydro energy storage) are suited
for large-scale energy storage but are costly. At the same time, flywheels and supercapacitors
have high and low energy densities, which are more suitable for power management.
Lead acid, lithium-ion, and redox flow batteries (RFBs) are examples of battery storage
technologies that are potential candidates for large-scale energy storage. Compared to
other commercial batteries, RFBs have the advantage of design flexibility as the energy
and power density can be decoupled. It also merits high energy density, a long life cycle,
and rapid response.

The vanadium redox flow battery (VRB) is an electrochemical energy storage system
with the following components, electrolytes, a membrane, and electrodes. The electrolytes
(both anolyte and catholyte) are stored in tanks and circulated through the cell using pumps.
An example of the VRB setup is shown in Figure 1.

The VRB electrode reactions are as given in Equations 1 to 3:

Reaction on negative side: V2T S V3T + e~ [1]

Figure 1. Schematic of vanadium redox flow battery setup (Ding et al., 2013). Reprinted (adapted) with
permission from Ding et al., 2013. Copyright 2013 American Chemical Society
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Reaction on the positive side: VOF + 2H" + e~ 5 V0O** + H,0 2]
Overall cell reaction: VOF + V2t + 2HT S V0?T + V3t + H,0 [3]

The reaction shows that as VRB is discharged, V**is oxidized to V** on the negative
electrode while VO, is reduced to VO** on the positive electrode, and only one electron
is involved in this process. Apart from the one-electron transfer, water and two protons are
exchanged to maintain the charge balance. The analysis shows that the positive electrode
reaction is the one that is limiting the performance of VRB. Hence, researchers are focused
on developing materials with high electrochemical kinetics towards VO,”/VO?*" to enhance
the overall performance of VRB.

Carbon felts (CF) and graphite felts (GF) have been commonly used as the electrodes
in the VRBs due to their three-dimensional structure, their high conductivity as well as
their chemical stability (Gonzalez et al., 2017; Moghim et al., 2017). However, they are
hydrophobic, resulting in poor wettability and low electrochemical activity. This results in
severe polarization and low device efficiency which requires the development of catalyst
materials to enhance its performance.(Gonzalez et al., 2017; Moghim et al., 2017; Xia et
al., 2019).

Among the carbonaceous electrocatalyst, graphene has attracted wide interest due to
its outstanding properties, such as large specific surface area (~2600 m?/g), high electrical
conductivity (~200,000 cm?/V s), chemical stability and high thermal conductivity (~5000
W/m K). These properties are crucial to enhance the active reaction sites and electron
transportation. Due to the potentials demonstrated by graphene, researchers have worked
extensively on the fabrication process of graphene-modified carbon felt/graphite felt with
the aim of further enhancing the electrochemical activity of the electrode towards the
vanadium ion couples via two key aspects, which are (1) to maximize the effective surface
area of the electrodes by reducing the stacking of graphene layers and (2) by improving the
bond between the graphene coating and the carbon felt which will promote the electrode’s
stability. This article reviewed and summarized the literature on the fabrication of graphene-
functionalized graphite felt/carbon felt for vanadium redox flow batteries (VRBs).

Physical Method

One of the general methods in preparing graphene-coated carbon felt is the dipping-
drying process. In this process, carbon felt (CF) is dipped into a suspension of graphene
or graphene oxide and allowed to dry before it is ready for use. This process is based on
the inherent solid-liquid interaction between the surface tension of the graphene oxide
solution and carbon felt/graphite felt substrate (Tang & Yan, 2017). Li et al. (2013) dipped
CF into a suspension of GO and dried it. Subsequently, the GO-coated CF was reduced
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electrochemically at different potentials in phosphate buffer solution (PBS) before using
it as the electrodes in the VRB (Li et al., 2013). It was found that the prepared graphene-
coated CF demonstrated lower electrochemical polarization, and its energy efficiency was
approximately 82%. Moghim et al. (2017) and Opar et al. (2020) prepared graphene-coated
carbon felt using this dipping-drying process using graphene ink and three-dimensional
graphene, respectively. By dipping CF into different concentrations of graphene ink (1-5
mg/mL) to load different amounts of graphene on the CF, Moghim et al. (2017) found that
2 mg/mL was the optimum concentration. Loading beyond 2 mg/mL did not significantly
improve peak current (Moghim et al., 2017). Meanwhile, Opar et al. (2020) coated CF
with three-dimensional graphene to reduce the restacking and agglomeration of graphene
layers due to the strong n-w interactions. The graphene layers were covalently bonded to
CF as the triblock polymer (P123) was used. After the dip and dry process, the CFs were
weighed to determine the amount of graphene loaded.

Meanwhile, Xia et al. (2019) dipped CF into graphene by adding a Nafion binder
to obtain graphene-coated CF. The study by Xia et al. (2019) focused on the correlation
between the number of dipping times and the electrochemical performance of the VRB.
As the dipping times increased, the amount of Nafion deposited also increased. The Nafion
has no contribution to the electrochemical activity; therefore, a higher amount deposited
is detrimental to the electrochemical performance. (Xia et al., 2019).

Preparing graphene-coated CF by dipping is relatively simple and requires no special
equipment. However, the authors did not report whether the graphene layers suffer from
peeling from the CF over long cycles. It is slightly trickier to determine the amount of
graphene loaded when a binder such as Nafion is used. The use of binders in this process
also increases the fabrication cost and reduces the surface area and conductivity of the
electrodes (Opar et al., 2020; Zhang et al., 2016).

Sankar et al. (2018) prepared graphene-coated CF using electrostatic assembly. In the
layer-by-layer assembly, a cationic polyelectrolyte is used as a binder between the two
graphene layers (Sankar et al., 2018). As the porosity and thickness can be obtained for
each layer, the total deposited layers can be tailored to the specific peak currents required.
Compared to the physical dipping method, electrostatic layer-by-layer assembly provided
better control over the electrode surface morphology and electrocatalytic activity. This
technique also demonstrated scale-up potential as the number of reaction active sites can
be systematically calculated.

With the aim of preparing an electrode that is suitable for practical implementation,
Bellani et al. (2021) incorporated graphene prepared from wet jet milling of graphite
onto CF, which was plasma treated using an infiltration method with the assistance of
polyvinylidene fluoride (PVDF) binder (Bellani et al., 2021). Electrodes prepared without
the PVDF binder were also tested, and the graphene flakes peeled off easily, resulting in
fast deterioration of the VRFB performance (Bellani et al., 2021).
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Electrochemical Method

Besides the physical methods of fabricating graphene-coated carbon felts discussed
earlier, researchers have also explored electrochemical methods as they are economical,
controllable, and scalable. Gonzalez et al. (2017) and Nia et al. (2018) demonstrated the
use of electrophoretic deposition (EPD) and electrodeposition to simultaneously deposit
and reduce graphene oxide (GO) produced by the Hummers’ method.

The EPD process is usually conducted in a two-electrode system where the electric
potential (direct or modulated mode) is applied to the graphene oxide solution. GO
produced by the Hummers’ method contained various oxygen functional groups (hydroxyl
and epoxide on the basal planes, carboxylate, and carbonyl on the edges). When the
electric field is applied, negatively charged GO moves to the oppositely charged electrode,
transferring it from the suspension and depositing it on the electrodes (Diba et al., 2016)
(Ma et al., 2018).

Using the EPD method at 10 V for 3 hours, Gonzalez et al. (2017) prepared reduced
graphene oxide (rGO) coated CF, while the study by Nia et al. (2018) used the cyclic
voltammetry method in the potential range of 0 to -1.5 V. A schematic diagram of the EPD
process is illustrated in Figure 2. Besides physical adsorption, chemical bonds formed
also helped the graphene layers formed to adhere to CF surfaces. Simultaneously, during
the EPD and electrodeposition process, the GO was reduced, which enabled the recovery
of n-m bonds (An et al., 2010; Gonzalez et al., 2017; Nia et al., 2018). The stability of
the graphene-coated CF prepared through the EPD process was tested over 20 cycles,
and a high energy efficiency of 95.8% remained, showing no graphene peeling was
evident. Like the electrodeposited graphene-coated CF, the energy efficiency remained
unchanged after 20 cycles. When the cycles were increased to 80, the energy efficiency
decreased slightly.

Apart from using GO from Hummers’ method as the source to deposit graphene on CF,
Giirsu et al. (2018) have also demonstrated a one-step procedure to coat CF using cyclic
voltammetry (CV) from pencil graphite in sulfuric acid solution (Giirsu et al., 2018). In
this one-step procedure, the pencil graphite was oxidized through electrochemical in-situ
oxidation, and it was then electrochemically reduced to rGO, which can be observed through
the cyclic voltammograms. The intensities of the anodic and cathodic peaks were found
to have increased proportionally with the number of cycles. The stability of the electrodes
was studied using cyclic voltammetry for 500 cycles, and it did not show any significant
changes in the cyclic voltammogram.

As the studies show, electrochemical procedures are simple, controllable, and scalable
to fabricate graphene-coated carbon felt. Despite the significant advantages, literature on
forming graphene-coated carbon felt/graphite felt through electrochemical procedures is
limited.
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Figure 2. A schematic diagram of the EPD process (An et al., 2010). Reprinted (adapted) with permission
from An et al., 2010. Copyright 2010 American Chemical Society

Other Methods

Besides the physical and electrochemical methods elaborated above, other methods such
as electrospinning, chemical vapor deposition (CVD), and microwave plasma-enhanced
CVD have been reported. Jing et al. (2019) proposed an electrospinning method to fabricate
graphene-coated CF. The electrospinning technique relies on the electrostatic repulsion
between the surface charges to continuously synthesize various scalable assemblies (Al-
Dhahebi et al., 2022). It is also known as a cost-effective, simple, and versatile technique.
The partially reduced GO-coated CF was successfully prepared by introducing GO into
the electrospinning solution, followed by a carbonization process (Jing et al., 2019).
The oxygen content in the partially reduced GO formed has significantly enhanced the
hydrophilicity of the CF and the electrochemical performance of the VRB (increased by
9.0% in energy efficiency).

An in-situ microwave plasma-enhanced chemical vapor deposition method synthesized
3D graphene nanowell decorated carbon felts (Li et al., 2016). The graphene sheets were
vertically grown and wrapped in the fibers in CF. It increases the electrode’s surface area,
promoting the vanadium ions’ electrocatalytic activity. The prepared electrodes showed
no morphological changes after 100 charge and discharge cycles.

Meanwhile, Long et al. (2021) studied the large-scale (20 cm x 20 cm) preparation of
graphene-modified carbon felt using the chemical vapor deposition method (CVD). The
electrodes enhanced electrical conductivity and redox catalytic performance. The prepared
electrodes endured over 500 cycles of charge-discharge with only slight decay observed
(Long et al., 2021). Both the microwave plasma-enhanced chemical vapor deposition and
chemical vapor deposition (CVD) methods have successfully demonstrated the preparation
of graphene-modified carbon felt. Long et al. (2021) was the first study on the large-scale
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preparation of graphene-modified carbon felt and is another step toward the practical use
of graphene-modified carbon felts as electrodes in VRBs. However, using CVD requires
a highly expensive instrument, and the reaction process emits by-products in the form of
toxic gases.

OUTLOOK

A suitable electrode for VRBs requires high electrical conductivity, specific surface area,
and inertness to strong acids. Carbon felt/graphite felt met all the requirements, which makes
it, thus far, the best material to be used. However, its low chemical activity towards the
vanadium ion couple results in severe polarization and low device efficiency. Modifications
with noble metals (Ru, Pt & Au) are not cost-effective at a large scale. Intrinsic control
of morphologies is required when low-cost metals are used to guarantee high VRB
performance and metal oxides (PbO,, NiO & CeO,) decompose in strong acids, which
are used as VRBs electrolytes. As graphene-based materials have a high specific surface
area, high conductivity, and abundant active groups, graphene-modified CF/GF has shown
superior performance to pristine CF/GF. However, several interesting challenges need to
be overcome for the large-scale application of graphene-coated CF/GF in VRBs. Firstly,
control over the graphene loading is crucial as it provides the electroactive sites which
enhance the electrochemical performance of the VRB. Controlling the graphene loaded on
CF/GF, the amount required can be tailored to the desired VRB performance. Secondly,
the cycling life of the graphene coating is also key to applying graphene-modified CF
practically. Peeling of the graphene layers is detrimental to the energy efficiency of the VRB.
The number of cycles tested in the literature is limited and is insufficient to conclude the
performance of graphene-modified CF/GF over long cycles. Thirdly, large-scale preparation
of the graphene-modified CF is important as it is necessary to ensure that the procedure
can be applied at the industrial scale. To our knowledge, limited large-scale preparation of
graphene-modified CF was reported. We are convinced that with more research, graphene-
modified carbon felt can be applied in a large-scale use of vanadium redox flow battery.

CONCLUSION

This study has reviewed various methods to prepare graphene-modified carbon felt/graphite
felt (CF/GF) as the electrode material for vanadium redox flow batteries and discussed the
advantageous and disadvantageous of each method reported. The methods have successfully
prepared graphene-modified CF/GF, which performed superiorly compared to pristine
CF/GF, demonstrating its potential to be integrated into large-scale vanadium redox flow
battery deployment. The challenges which need to be overcome are also discussed. Further
research conducted can overcome these barriers and realize the full potential of graphene-
coated CF/GF in large-scale VRBs applications.

Pertanika J. Sci. & Technol. 31 (4): 1685 - 1693 (2023) 1691



Ellie Yi Lih Teo, Omar Faruqi Marzuki and Kwok Feng Chong

ACKNOWLEDGEMENTS

The authors thank the Ministry of Higher Education for Fundamental Research Grant
Scheme (FRGS) (FRGS/1/2020/STG05/UPM/02/3), Universiti Putra Malaysia for Geran
Inisiatif Putra Muda (GP-IPM) (9683600) and UPM-Kyutech International Symposium
on Applied Engineering and Sciences 2021 (SAES 2021) and Universiti Putra Malaysia
for supporting the publication fee.

REFERENCES

Al-Dhahebi, A. M., Ling, J., Krishnan, S. G., Yousefzadeh, M., Elumalai, N. K., Saheed, M. S. M., Ramakrishna,
S., & Jose, R. (2022). Electrospinning research and products: The road and the way forward. Applied
Physics Reviews, 9(1), Article 011319. https://doi.org/10.1063/5.0077959

An, S.J., Zhu, Y., Lee, S. H., Stoller, M. D., Emilsson, T., Park, S., Velamakanni, A., An, J., & Ruoff, R. S.
(2010). Thin film fabrication and simultaneous anodic reduction of deposited graphene oxide platelets
by electrophoretic deposition. The Journal of Physical Chemistry Letters, 1(8), 1259-1263. https://doi.
org/10.1021/jz100080c

Bellani, S., Najafi, L., Prato, M., Oropesa-Nuilez, R., Martin-Garcia, B., Gagliani, L., Mantero, E., Marasco,
L., Bianca, G., Zappia, M. L., Demirci, C., Olivotto, S., Mariucci, G., Pellegrini, V., Schiavetti, M., &
Bonaccorso, F. (2021). Graphene-based electrodes in a vanadium redox flow battery produced by rapid
low-pressure combined gas plasma treatments. Chemistry of Materials, 33(11), 4106-4121. https://doi.
org/10.1021/acs.chemmater.1c00763

Diba, M., Fam, D. W. H., Boccaccini, A. R., & Shaffer, M. S. P. (2016). Electrophoretic deposition of graphene-
related materials: A review of the fundamentals. Progress in Materials Science, 82, 83-117. https://doi.
org/10.1016/j.pmatsci.2016.03.002

Ding, C., Zhang, H., Li, X., Liu, T., & Xing, F. (2013). Vanadium flow battery for energy storage: Prospects and
challenges. The Journal of Physical Chemistry Letters, 4(8), 1281-1294. https://doi.org/10.1021/jz4001032

Gonzalez, Z., Flox, C., Blanco, C., Granda, M., Morante, J. R., Menéndez, R., & Santamaria, R. (2017).
Outstanding electrochemical performance of a graphene-modified graphite felt for vanadium
redox flow battery application. Journal of Power Sources, 338, 155-162. https://doi.org/10.1016/j.
jpowsour.2016.10.069

Giirsu, H., Gengten, M., & Sahin, Y. (2018). Cyclic voltammetric preparation of graphene-coated electrodes
for positive electrode materials of vanadium redox flow battery. lonics, 24(11), 3641-3654. https://doi.
org/10.1007/s11581-018-2547-x

Jing, M., Xu, Z., Fang, D., Fan, X., Liu, J., & Yan, C. (2019). Anchoring effect of the partially reduced graphene
oxide doped electrospun carbon nanofibers on their electrochemical performances in vanadium flow
battery. Journal of Power Sources, 425, 94-102. https://doi.org/10.1016/j.jpowsour.2019.04.003

Li, W, Liu, J., & Yan, C. (2013). Reduced graphene oxide with tunable C/O ratio and its activity towards
vanadium redox pairs for an all vanadium redox flow battery. Carbon, 55, 313-320. https://doi.
org/10.1016/j.carbon.2012.12.069

1692 Pertanika J. Sci. & Technol. 31 (4): 1685 - 1693 (2023)



Fabrication of Graphene Modified Electrodes for VRBs

Li, W, Zhang, Z., Tang, Y., Bian, H., Ng, T. W., Zhang, W., & Lee, C. S. (2016). Graphene-nanowall-decorated
carbon felt with excellent electrochemical activity toward VO,”/VO?* couple for all vanadium redox flow
battery. Advanced Science, 3(4), 1-7. https://doi.org/10.1002/advs.201500276

Long, T., Long, Y., Ding, M., Xu, Z., Xu, J., Zhang, Y., Bai, M., Sun, Q., Chen, G., & Jia, C. (2021). Large
scale preparation of 20 cm x 20 cm graphene modified carbon felt for high performance vanadium redox
flow battery. Nano Research, 14(10), 3538-3544. https://doi.org/10.1007/s12274-021-3564-z

Ma, Y., Han, J., Wang, M., Chen, X., & Jia, S. (2018). Electrophoretic deposition of graphene-based materials: A
review of materials and their applications. Journal of Materiomics, 4(2), 108-120. https://doi.org/10.1016/j.
jmat.2018.02.004

Moghim, M. H., Eqra, R., Babaiee, M., Zarei-Jelyani, M., & Loghavi, M. M. (2017). Role of reduced
graphene oxide as nano-electrocatalyst in carbon felt electrode of vanadium redox flow battery. Journal
of Electroanalytical Chemistry, 789, 67-75. https://doi.org/10.1016/j.jelechem.2017.02.031

Nia, P. M., Abouzari-lotf, E., Woi, P. M., Alias, Y., Ting, T. M., Ahmad, A., & Jusoh, N. W. C. (2018).
Electrodeposited reduced graphene oxide as a highly efficient and low-cost electrocatalyst for vanadium
redox flow batteries. Electrochimica Acta, 297, 31-39 https://doi.org/10.1016/j.electacta.2018.11.109

Opar, D. O., Nankya, R., Lee, J., & Jung, H. (2020). Three-dimensional mesoporous graphene-modified carbon
felt for high-performance vanadium redox flow batteries. Electrochimica Acta, 330, Article 135276. https://
doi.org/10.1016/j.electacta.2019.135276

Sankar, A., Michos, 1., Dutta, I., Dong, J., & Angelopoulos, A. P. (2018). Enhanced vanadium redox flow battery
performance using graphene nanoplatelets to decorate carbon electrodes. Journal of Power Sources, 387,
91-100. https://doi.org/10.1016/j.jpowsour.2018.03.045

Tang, X., & Yan, X. (2017). Dip-coating for fibrous materials: mechanism, methods and applications. Journal
of Sol-Gel Science and Technology, 81(2), 378-404. https://doi.org/10.1007/s10971-016-4197-7

Xia, L., Zhang, Q., Wu, C,, Liu, Y., Ding, M., Ye, J., Cheng, Y., & Jia, C. (2019). Graphene coated carbon felt
as a high-performance electrode for all vanadium redox flow batteries. Surface and Coatings Technology,
358, 153-158. https://doi.org/10.1016/j.surfcoat.2018.11.024

Zhang, C., Liang, P., Yang, X., Jiang, Y., Bian, Y., Chen, C., Zhang, X., & Huang, X. (2016). Biosensors
and bioelectronics binder-free graphene and manganese oxide coated carbon felt anode for high-
performance microbial fuel cell CF GO / CF rGO / CF. Biosensors and Bioelectronic, 81, 32-38. https://
doi.org/10.1016/j.b10s.2016.02.051

Pertanika J. Sci. & Technol. 31 (4): 1685 - 1693 (2023) 1693






