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Abstract: Hydrogen-bromine (H2-Br2) redox flow batteries (RFBs) have gained a lot of interest due 

to their advantages in mitigating the performance shortcomings of conventional zinc-bromine and 

vanadium flow batteries. Various carbon materials have been tested in H2-Br2 RFBs as bromine elec-

trodes. However, a comparative study among the different carbon materials has not been reported 

in the literature. This work reports, for the first time, an evaluation of carbon papers, felt and cloth 

in a three-electrode half-cell setup as potential bromine electrodes, in pristine and thermally treated 

state. A systematic evaluation was performed by comparing the surface morphologies, kinetic pa-

rameters, polarisation curves and stability tests of different carbon electrodes. Thermally treated 

graphite felt electrode demonstrated the best electrochemical performance as bromine electrode ow-

ing to its improved surface area, hydrophilicity and intrinsic activity. Further in-depth studies will 

shed important insights, which will help understand the electrode characteristics for future bromine 

battery design. The current study will assist in evaluating the performance of upcoming novel elec-

trode materials in a three-electrode assembly. 
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1. Introduction 

Industrial activities and population growth have resulted in a gigantic increase in the 

global energy demands and consumption. World energy production amounted to 617 EJ 

in 2019, and fossil fuels accounted for more than 81% of the production [1]. The combus-

tion of fossil fuels is known to cause serious damage to the environment and the ecosys-

tem due to the pollution. Over the past two decades, the contribution of renewables to the 

generation of electricity has increased, and the share of renewables in global electricity 

generation jumped to 29% in 2020 [2]. However, renewable energy sources, such as solar 

and wind, face some major challenges, such as high upfront cost, unpredictability, inter-

mittency, geographical limitations, etc. Thus, energy storage is essential to tackle the un-

controllable and variable nature of renewable energy. 

Redox flow batteries (RFBs) have been identified as one of the promising technolo-

gies for electrical energy storage (EES) because of their high efficiency, fast response, long 

cycle life, safe operation and environmental friendliness [3–5]. However, it is imperative 

that the electrolyte and the electrode materials used in an RFB are economical and abun-

dant to ensure the energy storage system is sustainable and economically feasible. The 

hydrogen-bromine (H2-Br2) RFB meets these criteria owing to the abundance of hydrogen, 

bromine [6] and the cheap, scalable, carbon-based electrode materials used for the bro-

mine electrode. H2-Br2 RFB is a promising candidate due to its advantages of: (a) high 

achievable energy density of the electrolyte; (b) good stability without significant degra-

dation; (c) fast electrochemical reaction kinetics of hydrogen and bromine electrodes; (d) 
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ability to undergo shallow discharges along with overcharge; and (e) high coulombic ef-

ficiency due to low self-discharge rate [7–9]. 

The corrosive nature of bromine restricts the choice of electrode materials to those 

that are corrosion resistant, durable and cheap, with high electrochemical performance 

for Br2/Br− redox reactions. Noble metal platinum shows excellent electrochemical activity 

for bromine redox reactions; however, it is expensive and unstable in HBr electrolytes, 

thereby hampering its use as an electrode material [10,11]. On the other hand, carbon ma-

terials have been reported as the most widely used electrode materials in bromine envi-

ronments due to their advantages of low cost, excellent electrical conductivity and high 

corrosion resistance [12,13]. A carbon electrode with flexible design, yielding high mass 

loading, has been developed for supercapacitors [14]. Carbon felt, graphite felt and carbon 

paper are the three most widely used carbon electrode materials in bromine-based batter-

ies [15–20]. Different 2D nanosheets (plates) on carbon cloth substrates have been demon-

strated as electrodes for energy storage devices, such as supercapacitors and pseudo-

capacitors with high energy density [21,22]. Three-dimensional (3D) graphite felt is made 

from two kinds of precursors, namely polyacrylonitrile (PAN) and rayon (regenerated 

cellulose), by the process of needle punching, subsequently followed by graphitisation at 

2000–2600 °C [23]. Carbon paper, composed of a cluster of crisscrossing carbon fibres with 

pores in the fibres [24], is typically much thinner (100–400 µm) than the graphite felt (2.5–

10 mm). On the other hand, carbon cloth is a highly conductive textile, with a 3D network, 

which is made by weaving the carbon fibre, and it has a relatively more ordered fibre 

arrangement pattern and a broad pore distribution from 5 to 100 µm [25]. Carbon paper 

is non-woven, while carbon cloth is woven fabric; thus, no binder is normally needed for 

carbon cloth. Biomass-derived carbon materials have garnered a lot of interest recently 

owing to the sustainability, environmental friendliness, low cost and easy processing 

methods [26,27]. However, their application to bromine-based flow batteries has still not 

been explored. 

While a comparison of carbon papers and felts has been previously reported in zinc-

bromine and polysulfide-bromine systems, many reports emphasise carbon electrode ma-

terials, membrane influence and design optimisation in a full-cell RFB configuration 

[16,17,20,28]. The three-electrode configuration is vital in understanding the behaviour of 

different carbon materials in bromine environments by studying their reaction kinetics 

and surface properties. In this work, we report electrochemical studies and evaluation of 

carbon materials as bromine electrodes in a three-electrode half-cell setup. The materials 

were thermally treated to improve their activity for Br2/Br− redox reactions. The surface 

morphologies of the pristine and the heat-treated electrode materials were characterised 

by scanning electron microscopy and X-ray photoelectron spectroscopy. Linear sweep 

voltammetry, polarisation measurements and cycling tests were conducted to gain in-

sights on the kinetic parameters, charge–discharge behaviour and stability of the different 

carbon electrode materials. This work provides a solid basis for designing future carbon-

based bromine batteries by not only understanding their morphological influence but also 

their intrinsic catalytic activity for bromine reactions. Our current study can help bench-

mark the upcoming electrode materials in a three-electrode setup before validating them 

in an actual redox flow cell. 

2. Experimental Section 

2.1. Electrolyte Chemicals 

Hydrobromic acid (ACS, 47–49%) and bromine (ACS reagent, >99.5%) were pur-

chased from Alfa Aesar (Haverhill, MA, USA) and Sigma Aldrich (St. Louis, MO, USA), 

respectively. To investigate the electrode performance, 25 mL of 3 M HBr/1 M Br2 was 

used as the standard electrolyte for electrochemical experimentation. For the determina-

tion of electrode capacitance using cyclic voltammetry, 40 mL of 1 M KCl solution was 

used (Sigma Aldrich, St. Louis, MO, USA, 99.5%). All chemicals were used as received. 
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2.2. Electrode Materials and Setup 

Six carbon materials were evaluated and reported as bromine electrodes in this work. 

Details of the materials are provided in Table 1. The carbon materials were used as re-

ceived, without any modification. The carbon papers SGL 22AA and SGL 36AA were ob-

tained from SGL Carbon (Wiesbaden, Germany), while the rest of the carbon materials 

(SGL 28AA, AvCarb MGL370, graphite felt (SGL, 2.5 mm) and ELAT Hydrophilic (carbon 

cloth)) were procured from Fuel Cell Store (College Station, TX, USA). The carbon mate-

rials were tested in a three-electrode half-cell setup consisting of the carbon material as 

the working electrode, Ag/AgCl reference electrode and graphite rod counter electrode 

(Figure 1). The electrochemical cell and the reference electrode were purchased from Pine 

Research instrumentation (USA), while the graphite rod (10 mm dia., 99.997%) was 

bought from Alfa Aesar. The carbon electrode substrate was prepared using a graphite-

polymer composite (Eisenhuth, Osterode am Harz, Germany, BMA5 graphite/PVDF). The 

carbon material was cut and masked on the substrate with a PTFE tape (0.10 mm, RS com-

ponents) to yield an effective exposed area of 0.1 cm2. The compression rate of the working 

electrode materials is essentially zero using this mounting technique. Each carbon mate-

rial was tested in two different conditions—pristine and thermally treated. The thermal 

treatment was undertaken in a furnace by annealing the sample in air at 550 °C for 5 h 

with a heating rate of 10 °C min−1 (named as AN550 hereafter). 

Table 1. Electrode materials under investigation. 

Electrode Material Manufacturer Type Porosity (%) Thickness 

22AA SGL Carbon Carbon paper 90 120 µm 

28AA SGL Carbon Carbon paper 82 190 µm 

36AA SGL Carbon Carbon paper 90 185 µm 

MGL370 AvCarb Moulded graphite laminate 78 370 µm 

ELAT Hydrophilic Cloth Nuvant Systems Woven carbon cloth 80 406 µm 

GFD Graphite Felt SGL Carbon Graphite felt 94 2.5 mm 

 

Figure 1. Schematic of the three-electrode half-cell setup. 

2.3. SEM and XPS Characterisation 

The surface morphologies of the samples were characterised using a FEI Quanta FEG 

650 scanning electron microscopy (SEM)(Wilsdorf, Germany) operated at an accelerating 
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voltage of 5 kV and a working distance of 14 mm. The X-ray photoelectron spectroscopy 

(XPS) was recorded using a Thermo VG Scientific Sigma Probe system (Waltham, MA, 

USA) with monochromated Al Kα X-ray source, and the binding energies were recorded 

with a 0.05 eV step. The binding energies were aligned with respect to the C1s peak (285.0 

eV), and the O1s and C1s peaks were deconvoluted and fitted using CasaXPS software 

(version 2.3.19)  with Shirley background. 

2.4. Electrochemical Measurements 

All electrochemical measurements were taken using a BioLogic SP-300 potentiostat 

and EC-Lab software. Cyclic voltammetry (CV) was conducted in 0.5 M HBr solution be-

tween 0 and 1.5 V vs. Ag/AgCl. The electrochemical performance of the electrodes was 

investigated using linear sweep voltammetry (LSV), polarisation and galvanostatic oxida-

tion/reduction cycling in 3 M HBr/1 M Br2 electrolytes. LSV measurements were per-

formed in the range of 0.2 to 0.95 V vs. Ag/AgCl at a scan rate of 1 mV s−1 to obtain the 

kinetic parameters for different carbon materials. Polarisation studies were completed 

with cut-off potentials (Vcutoff) of 1.2 V and 0.4 V vs. Ag/AgCl for oxidation and reduction, 

respectively. Finally, to test the stability of the carbon materials, cycling tests were con-

ducted over 50 cycles at 100 mA cm−2 for 10 min during oxidation, and at −100 mA cm−2 

for 10 min during reduction, with Vcutoff of 1.2 V for oxidation and 0.4 V for reduction. 

During the tests, the electrolyte was stirred throughout at 400 rpm using a Camlab MS-

H280-Pro magnetic stirrer (Cambridge, UK) and a PTFE stir bar in order to minimise dif-

fusion limitations. For capacitance measurements, CV was conducted at ± 50 mV vs. open 

circuit voltage (OCV) in 1 M KCl electrolyte, from 0.9 V to 1.0 V vs. Ag/AgCl. Eight po-

tential scan rates were used between 20 mV s−1 and 200 mV s−1. Anodic, iCa, and cathodic, 

iCc, charging currents were taken at 0.95 V vs. Ag/AgCl. All experimentation was con-

ducted at 25 °C. 

3. Results and Discussion 

3.1. SEM Characterisation 

The effect of thermal oxidation on the surface morphology of the carbon materials 

was examined by SEM, as shown in Figure 2. The SGL 22AA carbon paper displays a 

perceptible increase in surface roughness after thermal oxidation (Figure 2b) when com-

pared to the pristine sample (Figure 2a) caused by the introduction of small defects on the 

surface of the carbon fibres. This leads to an increase in surface area and the number of 

active sites for the Br2/Br− reaction, facilitating improved electrochemical performance fol-

lowing thermal oxidation [17,29,30]. As shown in Figure 3, a similar modification of sur-

face morphology is observed in the SGL 28AA carbon paper, while little or no change is 

seen in the case of the SGL 36AA carbon paper. 
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Figure 2. SEM images of materials before (a,c,e,g) and after (b,d,f,h) thermal oxidation at 550 °C for 

5 h: (a,b) 22AA, (c,d) MGL370, (e,f) carbon cloth, (g,h) GF. Magnification 20,000Accelerating voltage 

5 kV. Working distance 14 mm. 

 

Figure 3. SEM images of materials before (a,c) and after (b,d) thermal oxidation at 550 °C for 5 h: 

(a,b) 28AA, (c,d) 36AA. Magnification 20 k. Accelerating voltage 5 kV. Working distance 14 mm. 

The change in surface morphology is particularly pronounced for the MGL370 

moulded graphite laminate, which exhibits surface defects in the as-received condition 
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(Figure 2c). Thermal oxidation results in the coalescence of small surface defects to pro-

duce larger surface cavities on the graphite fibres (Figure 2d), as previously observed by 

Wu et al. [17]. The difference between pristine and thermally treated samples is less dis-

tinct in the case of the carbon cloth (Figure 2e,f) and graphite felt (Figure 2g,h), although 

some increase in the number of defects and surface roughness is observable. In the case of 

graphite felt, fibre diameter appears reduced from around 8 µm for the pristine sample 

(Figure 2g) to around 6 µm after heat treatment (Figure 2h). As discussed in Section 3.3, 

the increase in surface roughness, development of surface cavities, subsequent reduction 

in fibre diameter and associated mass loss (Table S1) following thermal treatment are due 

to the oxidation of O–C=O to CO2, which escapes as gas from the sample [19,31]. 

3.2. Electrochemical Characterisation 

Cyclic voltammograms obtained on the 22AA carbon paper at varying potential scan 

rates are provided in Figure 4. The bromine electrode proceeds according to Equation (1) 

[32]. Anodic current density peaks are observed for the oxidation of bromide to bromine, 

with the peak potentials becoming more positive with increasing scan rates. 

 

Figure 4. Cyclic voltammograms obtained at varying potential scan rates on an SGL 22AA carbon 

paper working electrode. Inset: plots of peak current density vs. square root of scan rate. 1 M HBr 

electrolyte, working electrode area 0.1 cm2. Temperature 25 °C. 

Br2  +  2𝑒−  ⇄  2Br− 1.09 V vs. SHE (1) 

During reduction, the cathodic current peaks are seen to become more negative with 

increasing scan rates. In addition, two reduction peaks are observed for all the scan rates 

employed, these being particularly clear at low scan rates of 10 and 20 mV s−1, due to the 

formation of tribromide ions [33–35], leading to reaction (2) [32]. The dependency of both 

anodic and cathodic peak potentials on scan rate, ν, and the proportionality of peak cur-

rent densities to ν1/2 (inset, Figure 4) confirm the quasi-reversible nature of the bromine 

electrode reaction [36,37]. 

Br3
− +  2e− →  3Br− 1.05 V vs. SHE (2) 

The kinetic parameters for the Br2/Br− reactions on the carbon materials under inves-

tigation were obtained by LSV (Figure 5). The steady state polarisation theory predicts 
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that the relationship between overpotential and current density is linear at low overpo-

tentials (η < 25 mV) [38–40]. Charge transfer resistances, Rct, exchange current densities, i0, 

and reaction rate constants, k0, were calculated for each of the materials before and after 

thermal treatment according to Equations (3)–(5). Here, η is the overpotential, calculated 

by subtraction of the observed equilibrium potential from the working electrode potential 

[41]; j is the current density; R is the universal gas constant; T is the temperature in Kelvin; 

n is the number of electrons transferred per mole of reactant; F is the Faraday constant; 

and C0 is the reactant concentration [39,40]. The results are listed in Table 2. Here, the 

apparent charge transfer resistance, exchange current density and reaction rate constant 

values are defined by the combined effects of electrode geometry and catalytic capability. 

Rct = η/j (3) 

i0 = RT/nFRct (4) 

k0 = i0/nFC0 (5) 

Table 2. Kinetic parameters of the bromine reduction reaction and capacitances for different carbon 

materials (pristine and annealed). 

Electrode Material Rct (Ω cm2) i0 (mA cm−2) k0 × 10−5 (cm s−1) Cdl (µF) 

22AA pristine 1.78 7.26 3.76 59.5 

28AA pristine 1.32 9.79 5.07 85.0 

36AA pristine 1.28 10.09 5.23 86.5 

MGL370 pristine 1.33 9.71 5.03 68.0 

GF pristine 0.80 16.19 8.39 117.8 

Carbon cloth pristine 1.32 9.79 5.07 99.1 

22AA AN550 1.12 11.52 5.97 662.2 

28AA AN550 1.19 10.86 5.63 756.6 

36AA AN550 1.26 10.24 5.31 845.1 

MGL370 AN550 1.25 10.33 5.35 608.2 

GF AN550 0.68 18.97 9.83 2440.0 

Carbon cloth AN550 1.14 11.31 5.86 1395.0 

In all cases, the thermally oxidised carbon materials show superior kinetic parame-

ters when compared to the as-received samples. The formation of oxygen-containing func-

tional groups on the surface of carbon materials during thermal treatment in air has been 

reported previously [17,19,29–31]. This improves the activity for the Br2/Br− reactions in 

two ways. Firstly, the presence of hydroxyl and carboxyl groups in particular increase the 

polarity and hydrophilicity of the material [19,30,31,42]. Secondly, the evolution of carbon 

monoxide/dioxide increases the surface roughness of the material, and therefore, the 

availability of the active reaction sites [17,19,29,30], as shown by the results of SEM pro-

vided in Figure 2. 

Graphite felt exhibits the lowest charge transfer resistance, highest exchange current 

density and highest reaction rate constant of all the materials tested in both pristine and 

thermally oxidised conditions. Following thermal oxidation, the graphite felt sample, GF 

AN550, displays a low charge transfer resistance (Rct) of 0.68 Ω cm2 and high exchange 

current density (i0) and reaction rate constant (k0) of 18.97 mA cm−2 and 9.83 x 10−5 cm s−1, 

respectively. The Rct value of GF AN550 is the lowest reported in the literature among 

bromine electrode materials, such as acetylene black, carbon nanotube, expanded graphite 

and BP2000 [12], while the i0 and k0 values are comparable to the state-of-the-art bromine 

carbon electrodes [4,11–13]. The other materials investigated demonstrate similar perfor-

mance after thermal oxidation, with charge transfer resistances ranging from 1.12 to 1.26 

Ω cm2, exchange current densities between 10.24 and 11.52 mA cm−2 and reaction rate 
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constants from 5.31 × 10−5 to 5.97 × 10−5 cm s−1. While the MGL370 and carbon cloth may be 

expected to provide improved performance when compared to the SGL carbon papers 

due to their larger thicknesses, the porosity of these materials is reduced in comparison, 

at 78% and 80%, respectively (Table 1). This may reduce the electrolyte penetration into 

these materials, reducing the surface area available for the Br2/Br− reactions, thus restrict-

ing the current densities observed in Figure 5. The LSV results clearly indicate that ther-

mal oxidation is beneficial to the electrocatalytic performance of the materials investigated 

for the Br2/Br− reactions. Hence, only these samples are studied further. 

 

Figure 5. (a) LSV curves for pristine samples, (b) LSV curves for annealed samples at scan rate of 1 

mV/s. 3 M HBr/1 M Br2 electrolyte, working electrode area 0.1 cm2. Temperature 298 K. 

The plots displayed in Figure 5 do not represent the intrinsic activity of the carbon 

materials and are influenced by the contributions from their respective surface areas. The 

electrochemical surface areas (ECSA) of the carbon materials were estimated by determin-

ing the value of double layer capacitance (Cdl). High Cdl values are indicative of superior 

ECSA, thereby implying a higher number of available active sites for the bromine reaction. 

Figures S1 and S2 demonstrate the CV curves for the carbon materials (pristine and ther-

mally treated at 550 °C) at various scan rates. From these graphs, the cathodic and anodic 

current densities were plotted against the respective scan rates to determine the value of 

Cdl. As seen in Table 2 (derived from Figures 6, S1 and S2), the value of Cdl (2440 μF) is the 

highest for GF AN550. The increase in Cdl for GF is 21× upon thermal treatment, whereas 

the other carbon materials have an increase in the range of 9–14×. Hence, the capacitance 

measurements show that upon thermal treatment, the GF provides the maximum number 

of active sites for the Br2/Br− reactions among the carbon materials tested. The enhanced 

ECSA can thus be confirmed as one of the reasons for the superior performance of GF 

AN550, as seen in LSV measurements. Figure 7 provides the polarisation curves for the 

thermally treated electrode materials in order to ascertain the achievable oxidation and 

reduction current densities. Cut-off potentials, Vcutoff, of 1.2 V vs. Ag/AgCl for oxidation 

and 0.4 V vs. Ag/AgCl for reduction were applied to mimic the conditions in an H2-Br2 

flow cell. At low current densities, the charge and discharge polarisation curves are linear. 

As expected, following the results of LSV, the best performance is achieved with thermally 

oxidised graphite felt, GF AN550, which displays the capacity for oxidation and reduction 

with current densities of 640 mA cm−2 and 430 mA cm−2, respectively, within the applied 

potential limits. The other electrode materials exhibit oxidation and reduction current 

densities in the range of 350–400 mA cm−2 and 290–300 mA cm−2, respectively, within the 

same potential limits. The significant performance of GF AN550 in achieving such high 

current densities makes it a promising bromine electrode candidate. 
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Figure 6. Plots of iCa and iCc vs. v on (a) as-received electrode materials (b) materials thermally 

oxidised at 550 °C for 5 h. 1 M KCl electrolyte. Working electrode area 0.1 cm2. Temperature 25 °C. 

 

Figure 7. Polarisation curves for the annealed carbon materials. 3 M HBr/1 M Br2 electrolyte, work-

ing electrode area 0.1 cm2. Temperature 25 °C. 

Bromine electrode oxidation/reduction cycling was conducted in a stirred electrolyte 

solution of 3 M HBr/1 M Br2 to evaluate the performance and stability of the thermally 

oxidised carbon materials. Each cycle comprised oxidation for 10 min at 100 mA cm−2 fol-

lowed by reduction for 10 min at −100 mA cm−2 with potential limits, Vcutoff, of 1.2 V and 

0.4 V vs. Ag/AgCl for oxidation and reduction, respectively. The potential responses are 

reported in Figure 8, and their corresponding reduction/oxidation potential ratios are 

listed in Table 3. As shown in Figure 8b,d, all the materials provide stable performance 

over the period of 50 cycles. The highest reduction/oxidation potential ratios are achieved 

on the GF AN550 electrode, indicating the lowest reaction overpotentials and possibility 

of improved voltaic efficiencies in the H2-Br2 flow cell. This is commensurate with the 

improved kinetic parameters obtained from the LSV results and the higher current densi-

ties observed in Figure 7, reflecting the combined effect of high ECSA and hydrophilicity 

achieved by thermal oxidation and the intrinsic catalytic activity of GF. As shown in Table 

3, the MGL370 AN550 electrode displays the lowest reduction/oxidation potential ratios, 

which, again, corresponds to the lowest current densities in Figure 7, plus the lowest ex-

change current density and reaction rate constant and highest charge transfer resistance 

from the LSV results. 
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Figure 8. Potential responses during bromine oxidation/reduction at ± 100 mA cm−2 for 10 min on 

annealed carbon electrode materials; (a,c) the first 5 cycles, (b,d) 50 cycles. 3 M HBr/1 M Br2 electro-

lyte, working electrode area 0.1 cm2. Temperature 25 °C. 

Table 3. Reduction to oxidation potential ratios of bromine electrode reaction obtained from the 

annealed carbon samples. 

Electrode Material 
Reduction/Oxidation Poten-

tial Ratio (1st Cycle) 

Reduction/Oxidation Potential 

Ratio (50th Cycle) 

22AA AN550 0.73 0.72 

28AA AN550 0.72 0.73 

36AA AN550 0.70 0.73 

MGL370 AN550 0.67 0.69 

GF AN550 0.83 0.80 

Carbon cloth AN550 0.72 0.70 

Thermally oxidised graphite felt clearly exhibits the best performance as a bromine 

electrode among the carbon materials tested in this work. However, previous literature 

reports the use of carbon papers as bromine electrodes in H2-Br2 systems [10,18,43,44]. 

Tucker et al. have previously made a direct comparison of carbon paper, foam and cloth 

in an H2-Br2 flow cell, reporting increased area-specific resistances (ASR) in the case of 

foam and cloth, with the latter causing high resistance to electrolyte flow due to its lower 

porosity [43]. While no previous report of direct comparison between the felts and papers 

in H2-Br2 flow cells is known, graphite felts have been utilised successfully as bromine 

electrodes in the Zn-Br system [16,28]. Nevertheless, it is prudent to highlight the need for 

further study and modified cell design to enable optimal utilisation of graphite felts as 

bromine electrodes in H2-Br2 flow cells. 

3.3. XPS Analysis 
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XPS was conducted on the best performing graphite felt electrodes, both in the as-

received condition and after thermal oxidation at 550 °C for 5 h. Figure 9 provides the 

wide survey spectra showing the C1s and O1s peaks. The relative intensity and FWHM 

of these peaks were used to calculate the atomic percentage of oxygen present in the sam-

ples, with the results presented in Table 4. Figure 10a,b display the high-resolution C1s 

peaks, deconvoluted to components at 284.5 eV corresponding to graphitic carbon (C=C), 

285.5 eV assigned to aliphatic hydrocarbons (C–C), phenolic (C–O) at 286.5 eV, carbonyl 

and carboxyl (C=O) at 287.5 eV and O–C=O at 289.5 eV [29,42,45,46]. In addition, for the 

thermally oxidised graphite felt (Figure 10b), a small peak is observed at 291 eV, attributed 

to the π–π interaction of graphite [29]. The high-resolution O1s peaks at 533 eV in Figure 

10c,d are deconvoluted into three components: carbonyl and carboxyl (C=O) at 531.5 eV, 

phenolic (C–O) at 532.5 eV and O–C=O at around 534 eV [29,30,42], and the resultant dis-

tribution of these species is given in Table 4. 

 

Figure 9. XPS survey spectra of graphite felt in as-received condition and after thermal oxidation at 

550 °C for 5 h. 

Table 4. Oxygen functional group content and distribution on GF samples. 

Sample 
Oxygen Functional 

Group Content (%) 

Oxygen Functional Group Distribution from O1s 

Spectra (%) 

C=O C–O O–C=O 

GF 16.56 4.73 33.59 61.69 

GF AN550 16.86 10.90 62.34 26.76 
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Figure 10. Deconvoluted spectra of graphite felt before (a,c) and after (b,d) thermal oxidation at 550 

°C for 5 h: (a,b) C1s spectra, (c,d) O1s spectra. 

The GF AN550 sample displays an oxygen functional group content of 16.86%, only 

a marginal increase compared to the 16.56% observed for the as-received GF sample (Ta-

ble 4, Figure 9). However, the distribution of oxygen-containing functional groups is sig-

nificantly shifted by the thermal oxidation treatment, as shown by the deconvoluted O1s 

spectra in Figure 10c,d. The O–C=O content reduces dramatically from 61.69% prior to 

thermal oxidation to 26.76% for the GF AN550 sample (Table 4), this being due to the 

further oxidation of O–C=O to carbon dioxide [46], leading to loss of mass from the graph-

ite felt and the reduced fibre diameter observed in the SEM images in Figure 2g,h. Con-

versely, the proportion of both C–O and C=O increases after thermal treatment, from 

33.59% to 62.34% in the case of phenolic (C–O) groups, and from 4.73% to 10.90% for car-

boxyl and carbonyl (C=O) groups. C–O groups are formed by the breakage of C=C bonds, 

indicated by the reduction in the graphitic C=C peak in the C1s spectra following oxida-

tion (Figure 10a,b), and C=O groups result from further oxidation of C–O [19]. 

The improved performance of graphite felt following thermal oxidation is therefore 

attributed not only to the increased ECSA but also to the increased presence of carboxyl, 

carbonyl and phenolic functional groups on the fibre surface. These increase the polarity 

of the graphite felt surface, improving the hydrophilicity and adsorption ability of the 

material [19,30,31], thus providing active sites for the bromine electrode reaction. The lim-

itation of the current study includes electrode–electrolyte interfacial studies and the effect 

of material treatment during manufacturing. These studies will deepen our understand-

ing about the key electrode characteristics that dictate the performance of a given material 

in a flow cell. 
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4. Conclusions 

Thermally oxidised carbon electrodes exhibit superior electrocatalytic performance 

for Br2/Br− redox reactions compared to the as-received materials, a feature attributed to 

the formation of carboxyl, carbonyl and phenolic oxygen-containing functional groups 

under heating in air, causing an increase in surface area and hydrophilicity of the elec-

trodes. The study of kinetic parameters by linear sweep voltammetry along with polari-

sation studies provide conclusive evidence in determining the enhancement of catalytic 

activity over pristine carbon materials. A graphite felt electrode oxidised at 550 °C for 5 h 

significantly outperformed the other carbon paper and cloth materials investigated. A low 

charge transfer resistance of 0.68 Ω cm2 was observed for this material, along with high 

exchange current density and reaction rate constant of 18.97 mA cm−2 and 9.83 × 10−5 cm 

s−1, respectively. Bromine electrode half-cell cycling tests demonstrate the stability of the 

thermally treated carbon materials over 50 oxidation/reduction cycles with the highest 

reduction/oxidation potential ratios in excess of 0.8 observed for the thermally oxidised 

graphite felt electrode. Further work will include investigating the effect of preparatory 

treatments on the performance of the graphite felt as a bromine electrode; verifying the 

performance in an H2-Br2 flow cell with flow through bromine electrode configuration; 

and evaluating the effect of electrolyte temperature on the reaction kinetics of graphite 

felt. This work is currently in progress and will be reported in subsequent publications. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/article/10.3390/batteries8100166/s1, Figure S1: Cyclic voltammograms obtained on 

as received electrode materials at varying potential sweep rates between 0.9 V and 1.0 V vs. Ag/AgCl 

in 1M KCl solution (a) 22AA (b) 28AA (c) 36AA (d) MGL370 (e) ELAT (f) GFD. Working electrode 

area 0.1 cm2. Temperature 25 oC; Figure S2: Cyclic voltammograms obtained on electrode materials 

after thermal oxidation at 550 oC for 5 hours at varying potential sweep rates between 0.9 V and 1.0 

V vs. Ag/AgCl in 1M KCl solution (a) 22AA (b) 28AA (c) 36AA (d) MGL370 (e) ELAT (f) GFD. Work-

ing electrode area 0.1 cm2. Temperature 25 oC; Table S1: Mass of electrode materials before and after 

thermal oxidation at 550 oC and percentage mass loss. 
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