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The activation method is proposed to enhance the electroactivity of the graphite felt (GF), to be used as positive half-cell electrode for vanadium redox flow batteries (VRFBs). Two following activation approaches are used 1) functionalization of electrode surface by the chemical treatment with acidic solution of the KMnO 4 and 2) deposition of KMnO 4 derived particles on the surface of GF. The intrinsic heterogeneous electronic transfer constant (k 0 ) ofv <VJ ;v <rvJ system is enhanced by 2.6 and 6.1 times for the oxidation c v <1VJ -+ y CVJ ) and reduction c v cvJ -+ y OVJ ) reactions, respectively. The performed electrolysis in the half-cell shows the improved reversibility of the electrode. The treated electrode is also evaluated on the stack level by using 100 cm 2 GF in each elec trolytic section of the battery, by charge and discharge cycles. The results clearly indicate the lowering of anodic and cathodic overvoltage, i.e. the average charging voltage decreases from 1.86 V to 1.76 V, while the obtained voltage during discharge increases from the 0.59 V to 0.8 V. The proposed activation method is operationally simple; and activated electrode shows the promising performance as positive half-cell electrode in VRFBs.

Introduction

Renewable energy has been getting prime importance since few decades because of diminishing conventional power resources and en vironmental challenges. But the intermittent nature of these resources, limits their viability and raise the question of their sustainability on commercial scale. Effective energy storage systems are important to shear off the gap between the supply and demand; and to align it with the Joad requirements. Redox flow batteries (RFBs) can successfully overcome this practical limitation because of their underlying char acteristics of detached energy and power density. There is the ad vantage of flow batteries over conventional lead-acid batteries, that the energy is stored in the electrolyte, outside of stack. So, the capacity of flow batteries depends on concentration and the volume of electrolyte. Due to this, the scale up of battery is easy; as it requires just to alter the volume of electrolyte, without changing the stack.

Different redox couples (Fe/Cr, V /Br, Zn/Ce, bromine/poly sulphide) with wide potential gap, have been investigated for the flow batteries [1][START_REF] Zeng | A comparative study of ail-vanadium and iron-chromium redox flow batteries for large-scale energy storage[END_REF][START_REF] Zhou | A comparative study of carbon felt and activated carbon based electrodes for sodium polysulfide/bromine redox flow battery[END_REF][START_REF] Vafiadis | Evaluation of membranes for the nove! vanadium bromine redox flow cell[END_REF][START_REF] Park | Performance of the ail-vanadium redox flow battery stack[END_REF]. For large scale energy storage applications, the elec trolyte stability for long time is very importance; but using different redox couple in catholyte and anolyte leads to the cross contamination of the electrolyte. In addition to that, it also causes the self-discharge of the flow cell. This problem can be minimized by employing the same metal ions in both compartment of the flow battery, such as in the case
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of al! vanadium redox flow batteries (VRFBs) [START_REF] Cao | Membrane per meability rates of vanadium ions and their effects on temperature variation in va nadium redox batteries[END_REF][START_REF] Choi | A review of vanadium electrolytes for vanadium redox flow batteries[END_REF][START_REF] Skyllas-Kazacos | Vanadium Electrolyte Studies for the Vanadium Redox Battery-A Review[END_REF][START_REF] Joerissen | Possible use of vanadium redox-flow batteries for energy storage in small grids and stand-alone photovoltaic systems[END_REF] The vanadium element exits in four different valencies "v 00 , y c no, y c r v i, y cvJ ,,_ The idea of using vanadium in both half cells of flow battery was first floated by the Prof. Skyllas Kazacos [START_REF] Skyllas-Kazacos | All-Wanadium Redox Battery[END_REF]. The primary redox reactions in the positive and negative half-cell are represented by the eq. ( 1) and [START_REF] Zeng | A comparative study of ail-vanadium and iron-chromium redox flow batteries for large-scale energy storage[END_REF], respectively. The standard overall cell voltage is 1.26 V.

Positive electrode: VO{ + zH + + e-a= vo 2+ + H20E 0 (Vo 2+ /VOt) = l.00VvsSHE;

(1)

Negative electrode: V 3+ + e-a= v z+ E 0 (V 2+ /V 3+ ) = -0.26VvsSHE; [START_REF] Zeng | A comparative study of ail-vanadium and iron-chromium redox flow batteries for large-scale energy storage[END_REF] These redox reactions are taking place on electrodes; and hence, the power density of the flow cell depends on the active surface area of the electrodes and its electro-kinetic activity . So, the selection for the electrode material is critical in the optimization of the vanadium redox flow battery stack. It is also important, because the stack is contributing approximately 30% of the total cost of VRFBs [START_REF] Zhang | Capital Cost Sensitivity Analysis of an Ail-Vanadium Redox-Flow Battery[END_REF]. Many carbon electrode materials have been investigated so far, to be used as elec trode for the vanadium redox flow batteries i-e carbon paper, glassy carbon, graphene oxide, graphite fibers, graphite felt, carbon felt and multiwalled carbon nanotubes etc. [START_REF] Di Blasi | Investigation of several graphite-based electrodes for vanadium redox flow cell[END_REF][START_REF] Flox | Active nano-CuPt3 electrocatalyst supported on graphene for enhancing reactions at the cathode in ail-vanadium redox flow batteries[END_REF][START_REF] Bourke | Electrode Kinetics of Vanadium Flow Batteries: Contrasting Responses of V O -V rn and V , v -V v to Electrochemical Pretreatroent of Carbon[END_REF]. The PAN based graphite felt with 3D fibrous structure, is potential candidate as electrode ma terial for the VRFBs, because of its significant surface area [START_REF] Schweiss | Recent lnsights into Carbon Felt Electrodes for Redox[END_REF]; in https:/ /doi.org/10.1016/j.apsusc.2020.146808 addition to that, it is very stable in acidic conditions. However, it shows very poor kinetic reversibility against vanadium redox flow couples [START_REF] Kim | A new strategy for integrating abondant oxygen functional groups into carbon felt electrode for vanadium redox flow batteries[END_REF].Different strategies are reported in literature to enhance the electrocatalytic activity of the graphite felt by electrochemical, che mical and thermal activation methods, but most often they are com plicated, prolong and involved complicated experimental setups. The purpose of these methods is to increase the available surface area and fabricate different functional groups on surface. The increase in the active surface area helps the battery to achieve higher current operating currents; while the different functional groups of the oxygen and ni trogen act as catalyst, resulted into the lowering of the activation overpotential [START_REF] Hassan | Enhancement of the electrochemical activity of a com mercial graphite felt for vanadium redox flow battery (VRFB), by chemical treat ment with acidic solution of K2Cr2O7[END_REF][START_REF] Mazur | Performance evaluation of thermally treated graphite felt electrodes for vanadium redox flow battery and their four-point single cell characterization[END_REF][START_REF] Liu | Activated Carbon Fiber Paper Based Electrodes with High Electrocatalytic Activity for Vanadium Flow Batteries with Improved Power Density[END_REF][START_REF] He | Graphite felt elec trode modified by square wave potential pulse for vanadium redox flow battery, !nt[END_REF][START_REF] Chang | High efficiency of CO2-activated graphite felt as electrode for vanadium redox flow battery application[END_REF][START_REF] Kim | Effects of Doping Methods and Kinetic Relevance of N and O Atomic Co-Functionalization on Carbon Electrode for V(IV)/V(V) Redox Reactions in Vanadium Redox Flow Battery[END_REF][START_REF] He | HF/ H2O2treated graphite felt as the positive electrode for vanadium redox flow bat tery[END_REF][START_REF] Kim | High electrocatalytic perfor mance of N and O atomic co-functionalized carbon electrodes for vanadium redox flow battery[END_REF][START_REF] Kabtamu | Water-activated graphite felt as a high-performance electrode for vanadium redox flow batteries[END_REF][START_REF] Zhou | A high-performance dual-scale porous electrode for vanadium redox flow batteries[END_REF]. Different metals and their oxides (Pt, ZrO 2 , Nb 2 O 5 , CeO 2 , Pd, PbO 2 , Au etc.) also facilitate to overcome the kinetic limitation of the carbon electrodes towards the vanadium redox flow couples [START_REF] Sun | Chemical modification and electrochemical behaviour of graphite fibre in acidic vanadium solution[END_REF][START_REF] Zhou | ZrO2-Nanoparticle-Modified Graphite Felt: Bifunctional Effects on Vanadium Flow Batteries[END_REF][START_REF] Li | Nanorod niobium oxide as powerful catalysts for an ail vanadium redox flow battery[END_REF][START_REF] Zhou | CeO2 decorated graphite felt as a high-performance electrode for vanadium redox flow batteries[END_REF][START_REF] Wu | PbO2-modified graphite felt as the positive electrode for an ail-vanadium redox flow battery[END_REF]. But most often they are expensive; and their me chanical stability is also questionable in the flow conditions of acid electrolyte. Meta! oxides also accelerate the secondary reactions of the 0 2 and H 2 formation, which narrows down the operating voltage window of the battery [START_REF] Shah | Dynamic modelling of hydrogen evolution effects in the ail-vanadium redox flow battery[END_REF][START_REF] Al-Fetlawi | Modelling the effects of oxygen evolution in the ail-vanadium redox flow battery[END_REF]. The negative half-cell redox reaction is relatively faster and more reversible than positive half-cell reaction, as it involves one electron transfer step (V 2+ s=V 3+ ); while the positive half-cell reaction(Vot s= vo 2+ ) undertake one additional step of oxygen transfer [START_REF] Chakrabarti | Evaluation of electrolytes for redox flow battery applications[END_REF][START_REF] Gattrell | Study of the Mechanism of the Vanadium 4 + /5 + Redox Reaction in Acidic Solutions[END_REF][START_REF] Kim | A tech nology review of electrodes and reaction mechanisms in vanadium redox flow batteries[END_REF] Robert [37] discussed that the strong oxidizers like KMnO 4 can be used to activate the carbon-based electrode by thermal and electro chemical treatment for flow batteries. The patent content is very gen eral and qualitative; moreover, the expected effects, at the least in the positive electrode of vanadium redox flow battery, were not indicated. In this study, two different approaches were investigated to activate the GF, to use as positive half-cell electrode in VRFBs. In first approach, the GF was heated at 140 "C for 2 h in 0.01 M KMnO 4 acidic solution, under non-reflux conditions. The method modified the surface chemistry and morphology of GF successfully, by fabricating the oxygenal groups on its surface and incorporate more roughness on it. The activated GF showed enhanced electro-kinetic activity, as positive half-cell electrode. In another method, the KMnO 4 derived particles were fabricated on the GF, but it did not show any catalytic activity towards positive half-cell redox reaction. It is important to note, that Wang et al. [START_REF] Jiang | Electrocatalytic activity of MnO2 nanosheet array-decorated carbon paper as superior negative electrode for vanadium redox flow batteries[END_REF] fabricated the MnO 2 nanosheets array-decorated carbon paper by KMnO 4 and it showed improved electroactivity as negative half-cell electrode in VRFBs.

Experimental

Materials

Ali the chemicals were of analytical grade and not required further processing. Vanadium (IV) oxide sulfate hydrate VOSO 4 •xH 2 O and po tassium permanganate KMnO 4 were provided by the VWR interna tional, France. The nafion membrane (N-424) was purchased from the Ion power Inc. USA. The Sulphuric acid (95-97%) was purchased from the Sigma-Aldrich Co. France. Poly acrylonitrile (PAN) based graphite felt (GF) of 3 mm thickness, and platinum wire of 0.125 mm thickness (99.95%) were provided by Goodfellow Cambridge Ltd. France.

Electrode preparation

In this study, GF was activated by adopting two different ap proaches. First approach is concerned to change the surface chemistry and roughness of the GF, by heating it in the KMnO 4 acidic solution and named as class-1 for further reference. Second approach is concerned to fabricate residuals potassium permanganate particles on the surface of the GF, to analyze their effect against vo 2 + /VO 2 + reaction and de scribed as Class -2 in further text. Both are discussed in detail, as following.

Glass -1 approach

The purpose of this treatment is to functionalize the surface of the GF by harnessing the oxidizing power of acidic KMnO 4 solution. For this, the commercial GF was thoroughly rinsed with the distilled water and used as reference (untreated-GF). After, it was pretreated at 400 "C for 2 h in muffle furnace to had better solution interaction while che mical activation ( 400 "C -2h-GF). The annealed GF was heated at 140 "C for 2 h in 0.01 M KMnO 4 + 3 M H 2 SO 4 solution, under non reflux conditions (KMnO 4 -140 "C-2 h-GF). Tuen the GF was washed with hot and cold distilled water several times to remove any kind of the acidic and KMnO 4 residues.

Glass -2 approach

During this operation, two different GF samples were prepared to investigate the following two possibilities:

1) To fabricate the thermally cracked KMnO 4 particles on the GF and check their electroactivity against VO 2 + /VO 2 + redox system (KMnO 4 -600 "C-N 2 -GF).

2) To deposit the KMnO 4 particles (without chemical decomposi tion) on the GF and investigate their catalytic effect against the VO 2 + / VO 2 + redox system (KMnO 4 -400 "C-air-GF).

First sample was prepared by dipping the GF in the beaker, con taining 0.01 M KMnO 4 + 3 M H 2 SO 4 solution , and then put this beaker in the oven at 80 "C until ail the solution was evaporated. The obtained dry GF, covered with residual permanganate was heated at 600 "C in the nitrogenous environment for 90 min, to thermally decompose the KMnO 4 compounds and to have GF surface covered with cracked KMnO 4 particles (KMnO 4 -600 "C-N 2 -GF).

Second sample was prepared by adopting the similar procedure as above, except 1) the operating temperature was fixed for oven at 400 "C and 2) the presence of the air in the oven. The purpose of heating at 400 "C was to attach the residual permanganate on the GF surface. As the objective here, was not to thermally crack the KMnO 4 , so the temperature chosen was lower ( 400 'C) than the previous one (600 'C). Both samples were washed thoroughly with the distilled water con taining few drops of H 2 SO 4

Electrode characterization

Electrocatalytic evaluations

The electrode electrocatalytic activity was evaluated at transient state by cyclic voltammetry (CV) in classical three electrode cell. The 1 cm 2 piece of the GF was precisely eut and subject to CV at the fol lowing experimental parameters; scan rate: 10 mV s-1 ; in 0.05 M vo 2 + + 2 M H 2 SO 4 electrolyte; between the potential ratio of O V to 1.6 V in unstirred conditions. The platinum foi! of 3 cm 2 and saturated calomel electrode (SCE) were used as counter and reference electrode, respec tively.

Linear sweep voltammetry (LSV) curves were plotted with the precisely eut graphite felt of 1.5 x 1.5 cm 2 at the scan rate of 1 mV s-1 with stirring rate of 350 rpm. To study the kinetics of the of v crvJ to v M reaction on GF, the experiment was started from open circuit potential (OCP) towards the anodic direction, in solution of 0.5 M vo 2 + + 3 M H 2 SO 4 . The anodic scan was stopped, when system approached 1.2 V.

The reverse scan was performed towards cathodic direction, in the electrolyte of 0.47 < VO 2 cto < 0.49 + 3 M H 2 SO 4 , to evaluate the performance of GF for v M to v ovJ reaction. The VO 2 + solution used for the reverse scan was obtained by the electrolysis of the 0.5 M vo 2 + + 3 M H 2 SO 4 solution, in the half cell.

Electrode surface characterization

The changes occurred in the surface chemistry of the GF were analyzed by the Fourier transform infrared spectroscopy (FTIR) on thermo Nicolet 6700 (Thermo Fisher Scientific, USA). The untreated and treated GF was grinded to prepare samples for the FTIR analysis. 2.5 mg of the grinded powder was mixed with the 250 mg of KBr and subjected to the 10 ton of pressure to fonn a disk of 13 mm diameter. The modification of surface morphology and roughness of the electrode was analyzed at the acceleration voltage of the 10 KV, by the scanning electron microscopy (SEM) on the Phenom XL (Thenno Fisher scien tific, USA).
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Half-cell and full stack evaluation

The H-shaped divided lab scale reactor (shown in the inset of Fig. 8), was used to perform the charge discharge cycles. Initially po sitive half-cell was constituted by 0.5 M vo 2 + + 3 M H 2 S0 4 , while the negative half-cell contained the 3 M H 2 S0 4 • The GF (2.25 cm 2 ) and platinum foil (3 cm 2 ) were used as the positive and negative electrodes, respectively. The saturated calomel electrode (SCE), placed in a lugging capillary, was introduced to follow the potential of the positive elec trode. The full battery scale charge-discharge cycles of VRFBs were performed in filter press reactor, having 100 cm 2 of GF electrode in positive and negative electrolytic section, as shown in Fig. 1. Two storage tanks containing the anolyte and catholyte, each having the capacity of 1 L, were coupled to the electrochemical plug flow reactor. The constant flow of electrolyte was maintained through the reactor during charge and discharge process. To avoid the re-oxidation of V 2 + by oxygen, the supply of Argon was continuously provided in the ne gative storage tank. The individual components of the electrochemical reactor are shown in Fig. l,b. As current collector, the grid of platinized titanium is inserted into the part of the GF that is outside of the elec trolytic section.

Results and discussion

Cyclic voltammetry analysis

The CV curves were plotted to evaluate the improvement in the electrode after activations, in the 0.05 M vo 2 + + 2 M H 2 SO 4 elec trolyte; between the potential ratio of O V to 1.6 V, at the scan rate of 10 mV s-1 • The scan started in the anodic direction from the open circuit potential (OCP) until 1.6 V, then it revered back towards cathodic direction until O V, as shown in Fig. 2.

In the analysis of the CV curves, the following performance para meters are compared; 1-anodic peak current (la), 2-cathodic peak current (le) 3-anodic to cathodic peak current ratio (la / le), 4-dif ference between the anodic and cathodic peak potentials (J.E a/c = E a -EJ. The individual peak currents correspond to the available surface area for the reactions, so any increment of the current observed, could be linked to the increase of available surface area of the electrode. The reversibility of the reactions on the electrode improves with the de crease of la / le and J.E a/c , and vice versa [START_REF] Gonzâlez | Outstanding electrochemical performance of a graphene-modified graphite felt for vanadium redox flow battery application[END_REF].

Fig. 2,a shows the comparison of the voltammograms of the class -1 treated electrodes i-e untreated-GF, 400 °C -2h-GF and KMnO 4 - 140 °C-2 h-GF. The peak observed around 1.1 V-1.3 V shows the oxi dation of the VO 2 + to VO 2 + , while peak in the reverse scan shows the reduction of the VO 2 + to VO 2 +. In the case of untreated electrode, the reverse scan does not have the well-defined peak, indicating the poor reversibility of the electrode. All the performance parameters (la, le, la/ Ie, 11E a ; c ) are improved due to the prescribed activation procedure, as summarized in the table 1. The increment of -35% is observed in the magnitude of peak currents and peak potential difference is minimized by 300 mV. The improvement of the electrochemical activity of the GF is due to the oxygenal functional groups and roughness, that is fabri cated on surface because of the chemical treatment. The oxygenal groups act as the catalytic sites for the vo 2 + /VO 2 + redox reaction. The surface roughness increases the available surface area for positive half cell reaction and reflected in the increase of the anodic (IJ and cathodic Uc ) currents.

Fig. 2,b shows the voltammograms of the class-2 treaded electrodes, in which the KMnO 4 particle are adsorbed on the electrode surface. Four peaks are observed in the CV, two in anodic directions and two in cathodic section. Peaks at 1.1 V/1.4 V and 0.4 V/0.6 V are the signais of the oxidations of VO 2 + and reduction of VO 2 +, respectively. The ad ditional peaks at 0.8 V /1.3 V and 1.5 V /1.6 V is due to the reduction and oxidation of KMnO 4 derived species, respectively. Following con clusions could be drawn from these CV observations of class-2 elec trodes; 1) The residual KMnO 4 and ail the compounds resulting from its reduction are strongly adsorbed on the surface, as the 10th cycle of the CV has the huge signal of their reduction and oxidation 2) The residual KMnO 4 does not exhibit any catalytic behavior against the vo 2 + /VO 2 + redox couple; and in addition to that, these particles are getting addi tional power to oxidize and reduce back on the surface. 3) There is still little increase in the peak current of vo 2 + /VO 2 + reaction in compar ison with the untreated electrode, certainly because of the increase in Comparative results of the performance parameters of class-1 electrodes. The results are extracted from Fig. 2,a voltammograms. the surface area of the GF .

So, the CV analysis concluded that the class-1 GF electrode, che mically activated by an acidic KMnO 4 solution (KMnO 4 -140 °C-2 h-GF) exhibits enhanced electrocatalytic activity against VO 2 + /VO 2 + redox reaction. On the other end, the class-2 GF electrodes having residual KMnO 4 particles (and derived adducts) on their surfaces, do not show any improvement against positive half-cell reaction, and will not be discussed further in the text, except in the SEM images section.

Linear sweep voltammetry (LSV) for k 0 calculations

Linear sweep voltammetry was used to investigate the electro-ki netic parameters of vo 2 + a=VO 2 + reaction on 'untreated-GF' and 'KMnO 4 -140 °C-2 h-GF', as shown in Fig. 3. A fresh solution containing 0.5 M vo 2 + + 3 M H 2 SO 4 was used to plot the anodic curves, while the solution obtained after electrooxidation of initial solution, was used to register the cathodic curves. The curves clearly show that the kinetics of the vo 2 + /VO 2 + reaction is improved by the activation procedure. The electronic transfer limited region ofLSV curve (0.7 < Eoe;nv;scE < 1.17) is considered for the calculations of the kinetic parameters (k 0 , a and fJ), by using simple form of the Butler Valmer Law (Eq. ( 3)) and the results are summarized in the table 2. The k 0 value of the anodic reaction in creases almost three folds (1.7-+ 4.14 µm s-1 ) , while for the cathodic reaction, this enhancement is 6 times (0.9 --> 5.6 µm s-1 ) .
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Comparative data of kinetic parameters concerning redox system VO 2 + /VO 2 + on untreated-GF and KMnOr140 °C-2 h-GF, calculated by logarithmic analysis of the LSV curves in Fig. 3. 

GF electrodes Reaction involved

FITR and SEM analysis

The surface of the electrode was characterized by FTIR analysis, before and after treatment. The obtained spectra is compared in Fig. 4. The peak at the 3443 cm -l corresponds to the stretching vibration of -OH group [START_REF] Wu | Microwave-treated graphite felt as the positive electrode for ail-vanadium redox flow battery[END_REF], while the peak at the 1628 cm -l is assigned to the hydroxyl group in enol -C = C-OH [START_REF] Gao | Influence of Fenton's reagent treatment on electrochemical properties of graphite felt for ail vanadium redox flow battery[END_REF]. The intensity of both peaks increased after activation of the GF, thus indieating the increase in the concentration of oxygenal groups on the surface of electrode. These groups are supposed to act as catalytic sites towards the positive half cell reaction, as the vo 2 + s= V0 2 + reaction involves the oxygen transfer; and presence of the oxygen groups on the GF could possibly assist this transfer.

The changes occurred in the surface morphology of the GF were also characterized by the SEM analysis. Fig. 5 show the comparative images of Untreated-GF (a,b,c) and KMnO 4 -140 °C-2 h-GF (d,e,D, at different magnifications. Activation method did not cause any physieal damage in the overall fibrous structure, as no fragments of broken fibers are visible in Fig. 5,d. The surface of the untreated GF is relatively smooth with some scratches; these scratches becomes sharper after activation. sharp scratches and higher roughness provide more available surface area for the positive half-cell reactions. This observation is also consistent with the CV results, in whieh peak current enhanced on the KMnO 4 -140 °C-2 h-GF and it is directly linked with increase of active surface area.

The SEM images of the class-2 treated electrode is shown in Fig. 6 (a,b,c). It is evident that KMn0 4 particles are successfully adsorbed on the GF surface. It was discussed with detail in the cyclie voltammetry section 4.1, that these particles are practically not contributing towards the vanadium reactions.

Swface free energy quantification of electrode

The better electrode-electrolyte interaction is one of the important parameters towards the kineties of the redox reactions. The surface of the graphite felt is intrinsieally hydrophobie and requires activation for the improvement of its wettability. The proposed chemieal activation successfully enhanced the wettability of the electrode. To observe this electrode-electrolyte interaction, 5 µL droplet of the 0.5 M vo 2 + + 3 M H 2 SO 4 was placed on untreated-GF and KMnO 4 -140 °C-2 h-GF. The droplet retained on the surface of the untreated GF, while it penetrates immediately in the 3D fibrous structure of treated GF, as shown in Fig. 7 a,d. This observation clearly indieates, that the activation successfully increases the surface energy of the electrode that resulted into the improvement of its wettability.

Improvement in the wettability can be quantified by surface energy calculations. For this, the semi quantitative approach is used, men tioned somewhere else [START_REF] Papadakis | Estimation of Estimation of[END_REF]. Eq. ( 4) and ( 5 

where; Y aF , YbF yf} F represents the total, polar and dispersive surface free energy of electrode, respectively; And Y v Y i , yf:, indieates the total, polar and dispersive surface free energy of liquid. e represents the electrode-electrolyte contact angle.

In this study, water and glycerol were used for the quantification of the surface energy of the GF. The untreated and treated GF was crushed and spread over the hydrophobie tape. After, the contact angles of the glycerol and water droplets (10 µL each) were precisely measured on this approximate fiat surface. The contact angle of the water droplet decreased from 98.5 ° to 44.9 ° (Fig. 7 b,e), while the glycerol angle was changed from 93.5 ° to 34.3 ° (Fig. 7 c,D. The results of the surface free energy calculations are summarized in table 3 Due to activation of electrode, the surface free energy is increased from 13.9 mN/m to 53.29 mN/m. This increment is responsible for the better wettability and electrode-electrolyte interaction.

Charge-Discharge cycles

To evaluate the performance of activated GF against vo 2 + :;::t V0 2 + reaction, charge-discharge cycles were performed in following two different reactors, 1) H shaped divided electrochemical cell and 2) filter press divided electrochemical reactor. The electrolysis was carried out under galvanostatic conditions at constant current density.

5.1. H shaped divided electrochemical cell

The electrolysis was initially performed in H type divided cell, as shown in the inset of Fig. 8. The posolyte was constituted by 0.5 M vo 2 + + 3 M H 2 S0 4 , while the negolyte was an aqueous solution of 3 M sulfuric acid. Operating in a half-cell enables to check the perfor mance of the positive electrode without having any interference from the reactions involved at the negative electrode. The posolyte was mechanically stirred at 350 rpm, while the stirring conditions in ne golyte was indigenously established by the H 2 bubbles, produced during protons electro-reduction.

The electrolysis was performed in anodic direction at constant current density of 667 Am -2 , enabling the oxidation of y OVJ to V (V) . The electrolysis was carried out until the working electrode voltage overvoltage translates to the increase in energy and voltage efficiency. Three consecutive charge-discharge cycles were performed to check the durability of electrode performance; and the electrode maintained the performance during these cycles.

Filter press divided electrochemical reactor

The filter press electrochemical reactor was used to perform the charge-<lischarge cycles under galvanostatic mode, to evaluate the performance of electrode on the full-scale redox flow battery. Both, posolyte and the negolyte were initially constituted by 0.5 M vo 2 + + 3 M H 2 S0 4 . The initial volume of the posolyte (500 ml) was double than the negolyte to compensate the difference in the electrolysis duration, induced by the electron's ratio cv rv -vo v )l(V IV -V II ) = 1/2. The electrolysis was carried out under a constant current of 0.5 A (S GF = 100 cm 2 ), until the cell voltage reached 2 V; then the applied current decreased to 0.35 A, and the electrolysis pursued again until the cell voltage approached 2 V. This sequence was repeated in two addi tional stages at 0.2 A and 0.1 A respectively, until the 80% state of charge (SOC) of battery was achieved. After it, half volume of the po solyte was removed, and subsequently charge-discharge cycle was performed under galvanostatic conditions by using untreated-GF and KMnO 4 -140 °C-2 h-GF electrodes. The constant current density of 50 A m -2 was applied during charge discharge cycles. 2 V was set as the upper voltage limit, because the solvent tends to oxidize at higher voltages and can be observable in the form of 0 2 evolution. On the other end, the release of H 2 is also possible in the negative electrode compartment if the applied current is higher than the total limiting current of the successive reduction of vo 2+ to v 2+ .

The cell voltage evolution during electrolysis for electrolyte pre paration, is shown in the Fig. 9, a. Only the first and last voltage point is plotted at each current. The cell voltage is lower in the case of treated electrode than the untreated electrode, during ail the operation. The observation indicates the enhanced electrocatalytic behavior of the activated electrode.

Cell voltage curves during charge-discharge cycle are shown in Fig. 9, b. Due to activation of electrode, the average charging voltage decreased from 1.86 V (untreated) to 1.76 V (treated) and average discharging voltage increased from 0.59 V (untreated) to 0.80 V (treated) . At a current density of 50 A m-2 , there is an improvement of 20% and 13% in energy and voltage efficiency (VE), respectively. This observation reveals that, in comparison with untreated electrode, the • activated electrode requires lower power for charging; and obtained power during discharge is higher. Also, the duration of the charging and discharging is prolonged, resulted in the higher conversions.

Conclusion

The proposed chemical method successfully activated the GF, to be used as positive electrode in the VRFBs. In the CV analysis , -35% enhancement was observed in the peak current of V0 2 + .= V0 2 + redox reaction. The electronic transfer kinetic constant (k. 0 ) of charge and discharge reactions in positive half-cell, were enhanced by 2.6 and 6.1 times, respectively. The surface free energy calculations by contact angle measurements reveals that the electrode-electrolyte affinity was improved after activation that plays an important role in the surface catalysis. The surface oxygenal groups, integrated during activation process was expectedly catalyzing the positive half-cell reactions. Moreover, the available surface area for the reactions was enhanced because the activation made the surface rough and grooved. The acti vated GF showed the promising results during charge-discharge cycles, conducted at the following two different reactors 1) H-shaped divided electrochemical ceU and 2) filter press divided electrochemical reactor. The prescribed activation process is operationally very easy, as it does not require any procedures .
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Fig. 1

 1 Fig. 1. a) The vanadium redox flow battery having electrochemical reactor with 10 cm x 10 cm electrodes (1), accompanied by posolyte (2 + ) and negolyte storage tanks (2-) of 1 L capacity; with two pumps (3) for continuons flow of the electrolyte; b) The individual components of electrochemical reactor of VRFBs, comprising of steel plate, teflon plate, gaskets, membrane, positive and negative half-cell electrolytic sections.

40 ;

 40 ,-400' -Air-CF 5 KMnO 4 -<iOO 'C-

Fig. 2 .

 2 Fig. 2. a) The CV of the class-1 and b) class -2 electrodes; in 0.05 M VO 2 + + 2 M H 2 SO 4 ; at scan rate of 10 m V s -1 , with precisely eut 1 cm 2 of GF as working electrode, 3 cm 2 platinum foi! as counter electrode and saturated calomel electrode (SCE) as reference electrode.

Fig. 3 . 2

 32 Fig. 3. LSV curves of the untreated-GF and KMnO 4 -140 °C-2 h-GF with 2.25 cm 2 geometrical area; at r = 1 mV s-1 , with stirring rate 350 rpm; counter electrode = Pt 3 cm 2 ; Reference electrode = SCE; anolyte initial solution: 0.5 M vo 2 + + 3 M H 2 SO 4 ; catholyte initial solution = 0.47 < VO 2 dv! J < 0.49 + 3 M H 2 SO 4 .

Fi g . 4 .

 4 FTIR spectra of the untreated-GF and the KMnO 4 -140 °C-2 h-GF. F = faradie constant; S = surface area; k 0 = intrinsie heterogeneous electronie transfer constant; a and f3 = anodie and cathodie electronie transfer coefficients, respectively.

  ) are representative equa tions for these calculations. The electrode-electrolyte contact angles of two different liquids of known dispersive and polar components are required. The yJF o.s (slope) and y!J F 0 • 5 (intercept) are obtained by the plot of(YL(l + cose))/ (2(yf:} °5) vs (ri/ rf:) 05 •

Fi g . 5 .

 5 The surface morphology characterization of the untreated GF (a,b,c) and KMnO 4 -140 °C-2 h-GF (d,e,f), at different magnifications.

Fig. 6 .

 6 Fig. 6. SEM images of the KMn0 4 -600 °C-N 2 -GF at different magnifications (class 2 electrode).

Fig 7 .

 7 Fig 7. Wettability evaluation by placing 5 µL droplet of 0.5 M vo 2 + + 3 M H 2 S0 4 on untreated GF(a) and KMn0 4 -140 °C-2 h-GF(d); The 10 µL droplet of water on untreated GF (b) and KMn0 4 -140 °C-2 h-GF (e); 10 µL droplet of glycerol on untreated GF (c) and KMn0 4 -140 °C-2 h-GF (f).

Fig. 8 . 2 3

 823 Fig. 8. Evolution of the working electrode potential of untreated-GF and KMnO 4 -140 °C-2 h-GF, during charge-discharge electrolysis, performed in a H shaped divided electrochemical cell (inset). Nafion membrane is used for se paration of electrolytic compartrnents. posolyte: 0.5 M vo 2 + + 3 M H 2 SO 4 ; negolyte: 3 M H 2 SO 4 ; S GF : 2.25 cm 2

Fig. 9 .

 9 Fig. 9. a) cell evolution during the electrolyte preparation by using untreated GF and KMnO 4 -140 °C-2 h-GF; b) charge discharge cycles of untreated GF and KMnO 4 -140 °C-2 h-GF in the stack with positive and negative electrode of geometrical area of 100 cm 2
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