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Abstract: Graphite felt is a widely used electrode material for vanadium redox flow batteries. 

Electrode activation leads to the functionalization of the graphite surface with epoxy, OH, C=O, 

and COOH oxygenic groups and changes the carbon surface morphology and electronic 

structure; thus, improving the electrode’s electroactivity relative to the untreated graphite. In this 

study, we conduct density functional theory (DFT) calculations to evaluate functionalization’s 

role towards the positive half-cell reaction of the vanadium redox flow battery. The DFT 

calculations show that oxygenic groups improve the graphite felt’s affinity towards the 

VO2+/VO2
+ redox couple in the following order: C=O > COOH > OH > basal plane. Projected 

density of states (PDOS) calculations show that these groups increase the electrode’s sp3 

hybridization in the same order. We conclude that the increase in the sp3 hybridization is 

responsible for the improved electroactivity, while the oxygenic groups’ presence is responsible 

for this sp3 increment. These insights can help in the better selection of activation processes and 

optimization of their parameters.  

Keywords: Vanadium redox flow battery, graphite electrode, electrode activation, density 

functional theory, carbon.  
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Kinetic activity of Vanadium redox flow battery electrode:  The positive half-cell reactions of 

vanadium redox flow battery is slow on the graphite-based electrodes. To enhance the reaction 

rate, the surface of the electrode is activated by introducing oxygenic functional groups. In this 

paper, we investigate the relationship between different functional groups and the electronic and 

structural changes on the electrode’s surface.  
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Introduction 

Due to the environmental challenges, the share of power production from renewable sources is 

increasing rapidly. There is a growing interest in redox flow batteries for better energy 

management of these resources' intermittent nature. The fundamental aspect of redox flow 

batteries is their detached power and energy density that distinguishes them from conventional 

batteries. Energy is stored in the electroactive material dissolved in the electrolyte and stored in 

tanks outside of the stack. The energy density is solely depending upon the amount of the 

electroactive material [1]. Therefore, flow batteries can be easily aligned with the energy demand 

by changing the electrolyte volume and the storage installation [2] . 

Vanadium redox flow batteries (VRFB) successfully made up to the commercial level, but they 

still suffer from relatively low power density. The power density of VRFBs depends upon the 

stack, and its optimization is essential to improve the overall efficiency and reduce the cost [3]. 

The system’s kinetic reversibility depends on the electrodes, as the positive and negative half-

cell reactions occur at the electrode-electrolyte interface. Besides, the available surface area of 

the electrode is also linked to energy and current efficiency. So, the selection of the electrode 

material is crucial for stack optimization. [4]. The graphite felts are a suitable choice for flow 

battery electrodes due to their fibrous structure and high available surface area. Moreover, these 

felts are inexpensive and stable in the acidic condition of the VRFBs (2 M-5 M acids); however, 

they show low kinetic reversibility against the vanadium redox couples and exhibit hydrophobic 

behavior. [5,6] 

The kinetics of the positive half-cell reaction is slow compared to the negative half-cell, so the 

rate limitation is coming from the former [7,8]. Chemical, thermal, and electrochemical oxidative 
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treatment is widely investigated to improve the graphite felts’ electroactivity [9–11]. These 

oxidative approaches fabricate different oxygenic groups (epoxy, OH, COOH, C=O) on the 

electrodes and increase the sp3 hybridization of the carbon atoms in the material. Their 

proportions depend on the nature and extent of the oxidative activation process [12]. Some 

activation procedures lead to the fabrication of higher OH concentration [10,13] while other 

inscribe more C=O and COOH groups [14]. The common aspect of all the activation procedures is 

inducing structural changes in the felt, which result in the increased sp3 carbon hybridization in 

the electrode. This activation is believed to provide more reaction sites for the redox processes in 

the vanadium flow battery.  

Because of the simultaneous presence of all these individual groups (epoxy, OH, COOH, C=O, 

sp3 hybridization) in the electrode, it is difficult to experimentally distinguish these components' 

individual roles in the catalysis of the vanadium redox reaction [15]. Consequently, there are many 

different experimental hypotheses about the role of oxygenic groups. Z. He et al. suggested that 

COOH groups are acting as catalytic sites [9]. Li et al. proposed that the COOH groups improve 

the reaction rate, while the C-OH and C=O impede the reactions [16]. Skyllas-Kazacos 

hypothesized that C-OH groups are the active sites for the reaction [17]. On the contrary, some 

other reports suggest the impeding role of oxygenic groups towards positive half-cell reaction 

and indicate that the electrode’s structure is the predominant factor. [15,18]. Lie et al. proposed that 

the oxygenic groups are the sole reason for the catalysis, and surface area is not playing any 

significant role [19]. Computational methods such as molecular dynamics and electronic structure 

calculations can provide theoretical insight into such experimentally complicated situations. [20–

23] 
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In this study, the density functional theory (DFT) calculations are performed to evaluate the 

individual roles of epoxy, OH, C=O, COOH, and surface morphological changes in the 

VO2+/VO2+ redox reaction. The correlation between the surface morphology and oxygenic 

groups is also established using the projected density of state calculations (PDOS). The study 

shows that the increase in the sp3 hybridization during the activation process is directly related to 

the catalysis of the VO2+/VO2
+ reaction. The oxygenic groups are in turn responsible for the 

increase of the sp3 hybridization in the electrode.  

Methods  

We performed DFT calculations using the GPAW program [24]. All the calculations are based on 

the projector augmented wave (PAW) method [25,26]. The structures are built and visualized using 

the “Atomic Simulation Environment” (ASE) package [27]. A plane-wave cut-off energy of 400 

eV is used in the calculations, sufficient to converge the water splitting on the graphene layer 

reaction energy (supplementary data S. 1). A 5 x 5 x 1 mesh of k-points is chosen for all the 

calculations on the carbon felt model, as the system started converging from this point 

(supplementary data S. 1). Bayesian error estimation functional with van der Waals correlation 

(BEEF–vdW) is used as the exchange-correlation functional [28]. The 40 Å vacuum is provided in 

the z-axis direction, while the periodic boundary conditions are applied in the x and y directions.  

Results and discussion 

One layer of graphite (pristine- 0 0 0 1) is modelled as an initial reference structure. It is assumed 

computationally equivalent to the untreated graphite felt. The graphene layer is based on the 

relaxed C-C bond length of 1.4215 Å (supplementary data S. 2). To avoid any interactions in the 
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x and y directions due to periodicity, 50 carbon atoms are included in the surface model 

(supplementary data S. 3).  

All the oxidative activation processes described in the literature are carried out either at very 

high temperatures (400 oC- 1000 oC) or under intense chemical conditions for a long time (~ 10-

15 h), Such processing creates defects at the surfaces and edges [10,26,27], which are likely 

covered with functional groups upon further oxidation. [6,16,31]. At high temperature and longer 

duration, the defect of six-carbon (6C) ring is the most stable defect in the basal surface of 

graphite [32]. The purpose of this study is to investigate the interaction of the VO2+/VO2
+ with the 

epoxy, OH, C=O, and COOH groups; and to establish possible correlations between structural 

changes, sp2/sp3 hybridization, oxygenic groups, and the VO2+/VO2
+ affinity to the electrode. To 

this end, the following model structures are considered.  

a) Single layer of the basal surface of the graphite (BG) - Fig 1a  

b) Hydroxyl group on the basal surface (BG-OH)- Fig 1b 

c) Epoxy group on the basal surface (BG-O)- Fig 1c 

d) Basal surface with a 6C defect and all dangling bonds saturated with hydrogen atoms [33]. This 

model is used to study the C-H kinetics against the positive half-cell reaction. (BG-D-H) Fig 1d.  

e) Basal surface with a 6C defect and only five dangling bonds saturated with hydrogen atoms. 

This model is used to study the interactions between the basal defect with the vanadium ions. 

(BG-D) fig 1e. 
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f) Basal surface with a 6C defect with five dangling bonds saturated with hydrogens and one 

with a C=O, C-OH or -COOH group (BG-D-OH, BG-D=O, BG-D-COOH) - Fig 1f, g, h 

 

Fig 1 Relaxed structures of a) basal surface (BG) b) basal surface with a hydroxyl group (BG-

OH), c) basal surface with epoxy group (BG-O), d) basal defect saturated with hydrogen (BG-D-

H), e) basal defect (BG-D),  f) basal defect saturated with a hydroxyl group (BG-D-OH),  g) 

basal defect saturated with a carbonyl group(BG-D-O), h) basal defect saturated with a carboxyl 

group (BG-D-COOH). 

The affinity of the VO2+/VO2
+ redox couple to the electrode surface is studied in vacuum to 

avoid any solvent interference. As the solvent interactions are also important at the electrode-

electrolyte interface, the study of the water interactions with all the representative surfaces is 

done separately, although we expect trends in the interaction between the VO2+/VO2
+ redox 

couple and the electrode surfaces to be independent of the solvent. The adsorption energies can 
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provide insights into the reactant species' interactions with the electrode surface and can be 

related to the kinetics of the reaction [34–36]. So, in this study, adsorption energies of V(IV), V(V), 

and H2O are determined on the surfaces of graphite felt (GF) using the following equation. 

𝐸(𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛) =  𝐸(𝑠𝑢𝑟𝑓𝑎𝑐𝑒+𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒)    − 𝐸(𝑠𝑢𝑟𝑓𝑎𝑐𝑒) − 𝐸(𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒)  ,   (1) 

where 𝐸(𝑎𝑑𝑠𝑜𝑝𝑡𝑖𝑜𝑛)  is the adsorption energy, 𝐸(𝑠𝑢𝑟𝑓𝑎𝑐𝑒+𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒) and 𝐸(𝑠𝑢𝑟𝑓𝑎𝑐𝑒) are the energies 

of surfaces with and without adsorbate respectively, and  𝐸(𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒)  is the total energy of the 

adsorbate molecule. To find the adsorbate's optimal binding to the surface, different initial 

orientations of VO2+, VO2
+, and H2O are considered for further optimization (fig. 2).   

 

Fig 2 Different initial orientations of the VO2+, VO2
+, and H2O adsorbates relative to the graphite plane 

located at the bottom (xy plane).  

Interaction of the V(IV) with activated electrode surfaces 

The interaction of the VO2+ with modified electrode surfaces (fig. 1) is studied in this section. 

For that, the VO2+ ion is initially placed 2.5 Å above the modified surfaces Adsorption energies 

are calculated by equation 1 for each of the six initial orientations of the adsorbate. The structure 

with the maximum adsorption energy is the most thermodynamically stable  
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Table 1 Adsorption energies (eV) of the VO2+ at different representative geometries. The 

uncertainties of the BEEF-vdW functional are given in parentheses for the most stable 

configurations. 

All the most stable relaxed structures of adsorbed VO2+  are shown in fig. 3. 

  

Fig. 3 Relaxed structures of VO2+ adsorbed on  a) basal surface (BG) b) basal surface with a 

hydroxyl group (BG-OH), c) basal surface with epoxy group (BG-O), d) basal defect saturated 

with hydrogen (BG-D-H), e) basal defect (BG-D),  f) basal defect saturated with a hydroxyl 

group (BG-D-OH),  g) basal defect saturated with a carbonyl group(BG-D-O), h) basal defect 

saturated with a carboxyl group (BG-D-COOH). 
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For the BG-O and BG-OH systems, the epoxy and OH groups on the basal surface strip away 

when the VO2+ approaches the surface (fig. 3 b, c). It indicates that the epoxy group and OH 

group on the basal surface is unstable, while the O, OH, and COOH formed on the basal plane’s 

defects are stable and show enhanced interaction with the VO2+ molecule. This observation is 

consistent with experimental observation and will be discussed in the next sections [37]. The 

COOH and C=O groups in the basal plane defects showed maximum interaction with the 

graphite. The adsorption energies of VO2+ on different oxygenic groups are in the following 

order: 

 

Interaction of the V(V) with activated electrode surfaces 

The adsorption of the VO2
+ on modified surfaces is investigated in a similar way as in the case of 

VO2+. For every reference geometry, three calculations are performed, starting with three 

different orientations of VO2
+ (fig 2). The adsorption energies are summarised in table 2, and the 

most stable structures are shown in fig. 4 

 

 

 

 

Table 2 Adsorption energies (eV) of VO2
+ at different representative geometries. The 

uncertainties of the BEEF-vdW functional are given in parentheses for the most stable 

configurations. 

BG-D (-3.273 eV) > C=O (-2.696 eV) > -COOH (-2.538 eV) >  C-H (-1.758) > -OH  (-1.35 eV)  > BG (-1.317 eV) 
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Fig. 4 Relaxed structures of VO2
+ adsorbed on  a) basal surface (BG) b) basal surface with a 

hydroxyl group (BG-OH), c) basal surface with epoxy group (BG-O), d) basal defect saturated 

with hydrogen (BG-D-H), e) basal defect (BG-D),  f) basal defect saturated with a hydroxyl 

group (BG-D-OH),  g) basal defect saturated with a carbonyl group(BG-D-O), h) basal defect 

saturated with a carboxyl group (BG-D-COOH). 

The adsorption energy trends of VO2
+ on different functional surfaces are quite similar as in the 

case of VO2+. The adsorption energies in Table 2 show that VO2
+ adsorbs stronger on surfaces 

containing functional groups on their basal plane defects. Among those, the COOH and C=O 

groups show the maximum affinity towards the VO2
+, and their respective adsorption energies 

are 2.13 eV and 2.3 eV. The descending order of adsorption energies of the VO2
+ on all the 

surfaces follows: 

 

The order of adsorption energies of the VO2
+ against different functional groups has a similar 

trend as for VO2+. We conclude that a basal plane defect covered with functional groups has 

more affinity than the bare surface. 

BG-D (-3.29 eV) > C=O (-2.321 eV) > -COOH (-2.13 eV) >  C-H (-1.408) > -OH  (-1.144 eV) >  BG (- 1.112 eV) 
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Interaction of H2O with activated electrode surfaces. 

In the previous sections, the adsorptions energies of VO2+ and VO2
+ are calculated on the 

graphite surface in vacuum. In real conditions, vanadium species are present in a solvent, mostly 

3 M- 5 M H2SO4 solution in water. Therefore, it is important to investigate the interaction of 

H2O with the graphite surface. Intrinsically, GF is hydrophobic and it requires activation to have 

stronger interactions with solvent [38]. In this section, the affinity of water is calculated for 

several representative geometries. The adsorption energies are larger when the functional groups 

are present on the basal defects. Among all, the -COOH group is showing maximum adsorption 

energy i-e -0.375 eV (table 3). The final structures are shown in fig. 5  

 

Fig. 5 Relaxed structures of H2O adsorbed on a) basal surface (BG) b) basal surface with a 

hydroxyl group (BG-OH), c) basal surface with epoxy group (BG-O), d) basal defect saturated 

with hydrogen (BG-D-H), e) basal defect (BG-D), f) basal defect saturated with a hydroxyl 

group (BG-D-OH), g) basal defect saturated with a carbonyl group (BG-D-O), h) basal defect 

saturated with a carboxyl group (BG-D-COOH). 
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Table 3 Adsorption energies (eV) of H2O at different representative geometries 

Adsorption energies of V(IV) and V(V) on electrode surfaces in solvation state 

To verify the effect of solvation of vanadium ions, we recalculated the adsorption energies of the 

most stable configurations of VO2+ and VO2
+ using the continuum solvent model (CSM) 

parametrized for water [39]. The calculations were done using the grid-based mode of GPAW 

with spacing h = 0.18, and with the same 5, 5, 1 k-points that are used in the vacuum 

calculations. The adsorption energies are summarized in table 4. The functionalized surfaces 

clearly have higher adsorption energies than the basal surface. Among all, the C=O has the 

highest energy followed by the -COOH and C-H respectively. The hydroxyl group is almost not 

altering the affinity of the vanadium compounds with the electrodes surface.  

Table 4 Adsorption energies (eV) of solvated VO2+ and VO2
+. 

 

Correlation between sp3 hybridization and adsorption strength on activated surfaces.  

As discussed above, all the oxidative activation procedures for the carbon-based electrodes 

simultaneously increase the number of sp3 carbon atoms and oxygenic groups. Therefore, it is 
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experimentally difficult to establish their individual contribution in the positive half-cell 

reaction’s kinetics. The projected density of state (PDOS) calculations is performed for the 

carbon atom on which functional groups are attached, and their spectra compared in fig. 6 to 

establish the interrelation between different oxygenic groups, surface morphology, and their 

affinity with the electrode.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Projected density of state (PDOS) graphs  of a) basal surface (BG) b) basal surface with a 

hydroxyl group (BG-OH), c) basal surface with epoxy group (BG-O), d) basal defect saturated 

with hydrogen (BG-D-H), e) basal defect (BG-D),  f) basal defect saturated with a hydroxyl 

group (BG-D-OH),  g) basal defect saturated with a carbonyl group(BG-D-O), h) basal defect 

saturated with a carboxyl group (BG-D-COOH). 
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In the calculations, the densities of states projected on the s and p orbitals are calculated. The 

projected density of states measures the relative probability of an electron to be present in the 

different atomic orbitals at each energy. It means that the extent of the overlapping of s-orbital 

and p-orbital spectra in the PDOS graph shows the hybridization of s and p orbitals. Therefore, 

the increase of the overlap can be directly linked to the increase in sp3 hybridization. [40].  

In previous sections, it is discussed that the adsorption energies of VO2+/VO2
+ are greater on 

electrodes having oxygenic groups than on the unmodified electrode surface. The PDOS spectra 

of the electrode can give insights into the stronger adsorption of vanadium ions. Qualitative 

analysis of the PDOS spectra of BG-D-COOH (fig. 6h) and BG-D-O (fig. 6g) indicates that s and 

p spectra are overlapping with each other in the energy range of -20 eV to -10 eV, but there is 

not any overlapping observed in the case of unmodified electrode BG (fig 6a).   

The overlap is quantified by integrating the s and p spectra separately over the energy range of     

-20 eV to -10 eV to obtain the area under curve of s and p spectra, and subsequently dividing the 

area of p-spectra by the area of s-spectra. The evolution of the s-p hybridization and 

corresponding interaction with the VO2+/VO2
+ is summarized in Table 5. It is evident from the 

table that the adsorption energies of VO2+ and VO2
+ increased with the increase of the s-p 

hybridization. For instance, VO2+/VO2
+ showed almost double adsorption energy on the 

electrode with the carboxylic group (BG-D-COOH) compared to the BG-D-OH. The following 

difference is present in s-p hybridization of both electrodes: BG-D-COOH s = 57 % p = 43 % vs 

BG-D-OH s = 70.6 % p = 29.4 %. Similarly, the s-p hybridization of the BG-D-O (s = 55.4 %, 

p= 44.6 %) is more pronounced than that of BG-D-COOH; consequently, the increase in the 

adsorption energy on the BG-D-O is more pronounced 
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BG BG-D-OH BG-D-COOH BG-D-O 

s-p spectra proportions s = 74.5 % 

p = 25.5 % 

s = 70.6 % 

p = 29.4 % 

s = 57 % 

p = 43 % 

s = 55.4 % 

p = 44.6 % 

VO2+ adsorption energy (eV) -1.31 -1.35 -2.53 -2.69 

VO2
+ adsorption energy(eV) -1.11 -1.14 -2.13 -2.32 

Table 5. The percentage s and p contributions for BG, BG-D-OH, BG-D-COOH, BG-D-O, and 

respective VO2+/VO2
+ adsorption energies.  

It is important to note that the adsorption energies of VO2+ and VO2
+ are maximum on the BG-D. 

Its PDOS spectrum (fig 6e) shows a large peak around 0 eV, revealing the dangling and unstable 

bond nature. This bond is very reactive, and hence showing the maximum adsorption energy 

towards vanadium species. In reality, these dangling bonds are most likely covered with other 

oxygenic groups when they are introduced into the acidic electrolyte [21]. Even then, to study the 

interaction between the defect and vanadium ions is of theoretical interest because under 

VRFB’s operating conditions, especially at a higher state of charge, excessive oxidation could 

happen, leading to the formation of CO or CO2 and leaving defects behind [41,42].  

To summarize the discussion, it is evident that the extent of the s-p mixing caused by the basal 

defects covered by the oxygenic groups follows the sequence: C=O > -COOH> -C-OH > basal 

surface. The binding of vanadium redox couples to the oxygenic groups follows exactly the same 

order. The conclusion could be drawn that the sp2/sp3 hybridization is directly linked with the 

affinity of the positive half-cell redox couple (VO2+/VO2
+) with the graphite electrode, which 

results in higher currents and lower overpotential.[36] The fabrication of the oxygenic groups 

(OH, C=O, COOH) is responsible for the sp3 hybridization of the carbon atoms in graphite felts. 

Based on these observations, it is evident that the electrode structure is the predominant factor in 

the kinetics of positive half-cell reaction, which is an indirect effect of the presence of oxygenic 

groups. This observation is also in line with the experimental studies [16]. This insight could be 
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very useful for materials modelling and engineering of the electrodes for the positive half-cell 

electrode 

Conclusion 

In this study, the individual roles of the different oxygenic groups and sp3 hybridization in the 

positive half-cell reaction of vanadium redox flow couple (VO2+/VO2
+) are assessed via DFT 

calculations. Different oxygenic groups show the catalyzing effect for the VO2+/VO2
+ redox 

couple on the graphite surface in the following order: C=O > COOH, > OH > basal surface. 

Projected density of states calculations show that these groups are responsible for the increase in 

the sp3 hybridization, and their contribution toward the increment of  the sp3 hybridization is also 

in the same following order (C=O > COOH > OH).  The conclusion could be drawn that the 

increase in the sp3 hybridization is responsible for accelerating the VO2+/VO2
+ reaction. 

Oxygenic groups are responsible for this increase. Based on this observation, some principles for 

the design of carbon-based VRFB electrodes can be deduced. 

• The electrodes with higher sp3 hybridization should be used for the vanadium flow 

battery. 

• The non-oxidative activation procedures should also be explored to maximize the sp2/sp3 

surface morphological changes along with more common oxidative electrode activation 

approaches. 

• If an oxidative activation approach is used, the method’s parameters should be designed 

to fabricate more COOH and C=O groups on the surface because they maximize the 

hybridization on the surface.  
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