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A B S T R A C T   

In the present research, the performance of three commercial graphite felts (a 6 mm thick Rayon-based Sigra-
cell®, a 4.6 mm thick PAN-based Sigracell®, and a 6 mm thick PAN-based AvCarb®) used as electrodes in va-
nadium redox flow batteries (VRFBs) is analyzed before and after thermal activation. The thermal treatment of 
the electrodes at 500 ◦C for 1 h in a self-designed industrial furnace under a synthetic air atmosphere. XPS 
confirms that thermal activation provides with different C=O/C–O and sp2/sp3 ratios to the graphite electrodes 
depending on their carbon precursors, providing different catalitic behavior. T-GFD4.6-EA felt electrode was also 
oxidized by cycling in H2SO4 and in 0.4 M VOSO4 + 2 M H2SO4 solution. In the first case, the graphite electrode 
increased the current density 24.27 mA cm− 2 for the VO2+ electrooxidation, however the cathodic current 
density (VO2

+ reduction reaction) was decreased 36 mA cm− 2. In the second case, the increase was of 21.27 mA 
cm− 2, whereas the current density for the VO2

+ reduction hardly changed. Thermally treated GFD4.6-EA graphite 
felt chemical composition also changed differently when exposed to different laboratory experiments which 
mimic the electrode behavior in a VRFB. XPS analysis confirmed that the chemical modification of the graphite 
surfaces can either improve or decrease the electrocatalytic activity of the electrodes depending on their carbon 
precursors.   

1. Introduction 

Nowadays renewable energy sources are receiving a great boost due 
to climatic change and geopolitical strategies. Among them, solar and 
wind are the most promising resources to develop renewable energy 
systems to reach this goal in Spain. However, intermittency in the en-
ergy production due to seasonality and the, sometimes, low quality 
electrical signal due to fluctuations in both frequency and voltage, force 
the integration of different technologies to store the excess energy in 
order to increase the network stability with renewable energy systems. 
All-vanadium redox flow batteries (VRFBs) are a promising large-scale 
energy storage technology. These devices have a large cyclability that 
means a very long lifetime, and their power and capacity range can be 
sized independently, which is very relevant for stationary applications 
[1]. 

Although the stack in RFBs comprises membranes, current collectors 
and bipolar plates, the electrocatalytic reaction occurs at the electrodes. 
Thus, the appropriate selection of the electrode material is crucial for the 

overall battery performance because it has a great impact on the acti-
vation overpotentials, electrochemistry polarization as well as on the 
Ohmic and concentration polarization. Due to their high surface area, 
mechanical stability and catalytic sites availability, the most common 
electrodes used for VRFBs are the carbon felts, specifically, those formed 
by carbonized (CF) or graphitized (GF) Rayon (cellulose) and PAN 
(polyacrylonitrile) fibers [2]. These felts exhibit a relative low activity 
towards redox reactions in VRFBs and poor wettability. For these rea-
sons, it is necessary to improve their physicochemical properties. Such 
improvements may include surface modification by plasma treatment to 
increase the wettability by the formation of both, deep and surface ox-
ygen functional groups, thus improving the energy efficiency of the 
VRFB [3]. Other different techniques are aimed to increase the surface 
area by adding multiwalled carbon nanotubes (MWCNTs), carbon 
nanoparticle [4,5] and metallic modifications [6,7]. In some research 
works chemical and electrochemical oxidation treatments are used to 
improve the performance of the electrodes [2]. Conducting polymers 
such as polypirrole (PPy), polyaniline (PANI), and polyacetylene (Pac), 
among others, have also been used to modify CF electrodes in the energy 
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research area [8,9]. Li et al. [10] studied the performance of graphite felt 
electrodes (GF) modified with PPy conducting polymer. They found an 
optimal catalyst load at which the modified graphite felts, GC, exhibited 
higher discharge capacity and energy efficiency (EE) compared to air 
treated GF electrodes at 80 mA⋅cm− 2. Also, these modifications 
enhanced the electrochemical activity, reversibility and cycling stability 
of the GC when tested in a vanadium redox flow single cell. Eifert et al. 
[11] studied the effect that thermal treatment, soaking and electro-
chemical aging have on commercial PAN and Rayon-based carbon felt 
electrodes. They found that the different treatments used had different 
effects on the carbon felts depending on the precursor used to manu-
facture them and the pre-treatment (carbonization or graphitization) 
employed. For instance, it was shown that the thermal stability after 
thermal treatment was lower for carbonized felts compared to graphi-
tized felts and that the Rayon based felts were more stable than the 
PAN-based ones. Soaking was shown to have higher impact on the 
thermal stability of PAN-based carbon felts, and on the electrochemi-
cally aged Rayon ones. Thermal oxidation stands out as one of the more 
used and easier ways to generate high functionalized and enhanced 
active surface area in carbon felt electrodes by the incorporation of 
oxygen functional groups. However, the thermal treatment needs to be 
optimized in time duration and temperature. Kaur et al. [12] studied the 
stability of the CF electrodes after thermal treatment analyzing their 
mechanical properties when subjected to compression tests (from 0 to 
70 % compression). They found that longer thermal treatments modify 
the mechanical properties due to the release of CO2 from the surface and 
the consequent pore formation. Temperatures above 600 ◦C showed 
significant mass reduction at short time intervals. This reduction had a 
direct impact on the pressure needed to achieve the same compression 
ratios as those for the CF treated at lower temperatures. 

In this study, the influence of thermal treatment and electrochemical 
aging of commercial GF materials (PAN and Rayon-based) on their 
electrochemical properties is studied in order to properly select a reli-
able electrode for a particular VRFB system design. Surface chemistry of 
the GF electrodes was investigated by X-ray photoelectron spectroscopy 
(XPS). Porous grade was checked by mercury porosimetry and compared 
with the results obtained by Electrochemical Impedance Spectroscopy 

(EIS). Electrochemical characterization tests were carried out in a three- 
electrode configuration electrochemical reactor using cyclic voltam-
metry and EIS techniques. 

2. Experimental 

2.1. Electrode material and activation 

Three commercial graphite felt electrode materials are used in this 
research: a Rayon-based Sigracell® GFA6-EA (6 mm thick) thermally 
treated (identified as T-GFA6), a PAN-based Sigracell® GFD4.6-EA (4.6 
mm thick) electrode, thermally (T-GFD4.6) and non-thermally treated 
(GFD4.6), and a PAN-based AvCarb® AVCARB6 (6 mm thick) thermally 
treated (T-AvCarb6). The 6 mm thick GF electrodes were manufactured 
bonding two 3 mm thick felts together. The maximum compression 
tolerance of the electrodes, according to the manufacturers is 50 % and 
30 % for the 6 mm and 4.6 mm thickness, respectively. 

Due to the fiber arrangement and the high porosity, the electrode 
material is soft and compressible, ideal to be used in redox flow batte-
ries. The T-GFA6, T-GFD4.6 and T-AvCarb6 felt electrodes were sub-
jected to a thermal treatment that consisted in keeping the electrodes at 
500 ◦C for 1 h in a self-designed industrial furnace under a synthetic air 
atmosphere to introduce active sites on the carbon surface and to 
enhance their wettability [13,14]. Activation of T-GFD4.6 surface 
electrodes was carried out by immersion in a beaker containing 2 M 
H2SO4 + 0.4 M VOSO4 electrolyte at 30 ◦C for 5 days and by means of 
cyclic voltammetry cycling the samples 100 times at 50 mV s− 1 for 
voltages ranging between 0 V and 1.4 V. 

2.2. Electrolyte preparation 

Two solutions have been prepared: one 2 M H2SO4, used for EIS 
characterization of the different electrodes previous to any polarization 
activation; and the vanadium electrolyte prepared dissolving 0.4 M 
VOSO4 ⋅5 H2O (chemically pure, Sigma Aldrich®) in 2 M H2SO4 (97 % 
purity, PanReac AppliChem®) to study the effect of the thermal pre- 
treatment, immersion effect and polarization aging on the activity of 

Nomenclature 

Latin letters 
A electrode area [cm2] 
C concentration [mol L− 1] 
CE counter electrode 
CF carbonized fiber 
CPE1 constant phase element 
CV cyclic voltammetry 
D diffusion coefficient [cm2 s− 1] 
EE energy efficiency 
EIS Electrochemical Impedance Spectroscopy 
F Faraday constant (96,485 C mol− 1) 
GF graphitized fiber 
AVCARB6 6 mm thick PAN-based AvCarb® graphite felt 
GFD4.6-EA 4.6 mm thick PAN-based Sigracell® graphite felt 
GFA6-EA 6 mm thick Rayon-based Sigracell® graphite felt 
Ip maximum current [A] 
j current density [A cm− 2] 
j0 exchange current density [A cm− 2] 
LSV Linear Sweep Voltammetry 
MIP mercury intrusion porosimetry 
n number of electrons 
NT nominal thickness [m] 
OCP open circuit potential [V] 

OP open porosity [m] 
T-AvCarb6 AVCARB6 graphite felt thermally treated 
T-GFD4.6 GFD4.6-EA graphite felt thermally treated 
T-GFA6 GFA6-EA graphite felt thermally treated 
PAN polyacrylonitrile fiber 
PD pore diameter [m] 
PPT potentiostatic polarization treatment 
PV pore volume [m3] 
R universal gas constant (8.3145 J K− 1 mol− 1) 
R1 contact resistance of the solution [mΩ⋅cm2] 
R2 transfer resistance at the electrode-electrolyte interface 

[mΩ⋅cm2] 
RE reference electrode 
SD skeletal or real density 
SSA specific surface area 
T absolute temperature [K] 
V scan rate [mV⋅s-1] 
VRFB all-vanadium redox flow battery 
WE working electrode 
Ws1 Warburg element 
XPS X-ray photoelectron spectroscopy 

Greek letters 
α symmetry factor 
η overpotential [V]  
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the graphite electrodes. 

2.3. Electrode characterization 

The electrochemical activity of the GF electrodes was characterized 
by Cyclic Voltammetry (CV), Linear Sweep Voltammetry (LSV) and 
Electrochemical Impedance Spectroscopy (EIS). The tests were per-
formed in a classical three electrode configuration in a 125 cm3 ther-
mostated (25 ◦C) reactor, Fig. S1. A platinum sheet was used as counter 
electrode (CE), and an Ag/AgCl, 3.5 M KCl (i.e., 0.209 V vs. NHE) 
electrode as the reference one (RE). This RE was immersed in the solu-
tion through a Lugging capillary, which defined a clear sensing point for 
the reference electrode kept at a constant distance of 1 mm from the 
working electrode (WE). The different graphite felts (5.71 cm2 geo-
metric surface area) were used as WE, and were electrically connected 
inserting a platinum wire. All the WEs were previously wetted with the 
different solutions using a syringe at very low pressure. This strategy 
avoided the formation of bubbles and eased the internal wetting of the 
electrodes when immersed into the solutions. 

All the electrochemical analyses were performed using an Autolab 
PGSTAT302N combined with a FRA32M module. Cyclic voltammetry 
experiments were performed in a 0.4 M VO2+ + 2 M H2SO4 unstirred 
solution at a scan rate of 10 mV s− 1 for a potential ranging from 0 to 1.4 
V vs Ag/AgCl 3.5 M KCl. A similar procedure was used to accomplish the 
linear sweep voltammetry tests, but using an output potential difference 
range from 0.3 to 0.9 V vs Ag/AgCl 3.5 M KCl. 

Concerning the EIS analysis, all the experiments were performed 
using the FRA32M module of the PGSTAT302N workstation using the 
same electrolyte as in the CV, at a polarization potential of 1.009 V (vs. 
Ag/AgCl) and an amplitude of 10 mV over a frequency range from 10 Hz 
up to 100 kHz. Before the electrode aging procedure was started, the 
electrodes were characterized by EIS in a 2 M H2SO4 solution. For each 
sample, the open circuit potential (OCP) was recorded for 15 min in 
order reach steady conditions. Then, all the tested electrodes were 
exposed to an aging procedure using a potentiostatic polarization 
treatment (PPT) at 1.6 V vs Ag/AgCl 3.5 M KCl in low-concentrated 
vanadium-acid electrolyte (0.4 M VOSO4 + 2 M H2SO4). With this po-
tential value in such oxidative electrolyte, the high stress on graphite 
materials is ensured [6] so that results could be obtained in a shorter 
time. 

2.4. XPS characterization 

X-ray photoelectron spectroscopy (ESCAPlus Omicron System) in a 
test area of 1.75 × 1.75 mm2 has been used to study the elemental and 
chemical state of the samples and thus, to elucidate the effects that the 
aging treatment had on their graphitized surfaces. Measurements were 
performed using a monochromatic Al Kα anode radiation (300 W, 15 kV) 
with pass energies of 50 and 20 eV to the electron energy analyzer for 
both survey and high-resolution spectra, respectively. The detection 
angle was 45◦, and the samples were previously dried at 110 ◦C in a 
vacuum oven for 1.5 h. 

2.5. Mercury porosimetry 

Mercury intrusion porosimetry (MIP) has been used to evaluate the 
porosity, pore size distribution, and pore volume of the GF samples. 
Measurements have been performed in a MicroActive AutoPore V 9600 
Version mercury intrusion porosimeter from Micromeritics using a 
maximum pressure of 33 000 psia (2 275 bar). Prior to analysis, samples 
were vacuumed dried at 110 ◦C for 4 h to eliminate humidity and other 
gasses adsorbed in the porous structure. Cumulative specific volume 
measurements were collected in both intrusion and extrusion modes. To 
perform the measurements, a single piece of felt of approximate 1–1.5 
cm2 was used. The mercury parameters used in the analysis configura-
tion of the MicroActive software were: a surface tension of 480 erg cm− 2 

and a contact angle of 130◦. Porosity values were calculated for the bulk 
density of the sample at 1 psia (0.06874 bar), considering that the 
intraparticle filling starts at that point according to the Washburn 
formulation [15]. 

It is important to be noted that MIP requires specialized equipment 
and special safeties need to be taken to ensure the proper handling of 
mercury. Thus, if the physical and chemical characteristics of the porous 
material and the expected pore size distribution allows it, the non- 
adsorbable gas porosimetry could be an alternative experimental 
technique. 

3. Results and discussion 

The positive VO2+/VO2
+ reaction involves complex multistep pro-

cesses and has sluggish kinetics compared to the negative reaction. 
already observed by Gattrell et al. [16,17]. The effect of the thermal 
treatment on the GF has been widely studied. It is agreed that it in-
corporates surface-active oxygen functional groups which catalyze the 
VO2+/VO2

+ redox reactions. Nevertheless, these electrodes are also su-
perficially modified when they are used in real redox flow batteries. 
Actually, the performance of the thermally modified electrodes can be 
modified again by the cycling process, the oxidative character of the 
electrolyte, the temperature, and the potential limits of the operational 
battery. In this study all the used samples were thermally pre-treated 
using a self-designed industrial furnace under an air atmosphere. The 
different thermally treated electrodes are physical and electrochemi-
cally compared to the untreated ones. Also, the influence of cycling and 
immersion of the thermally pre-treated electrodes on the surface 
modification is studied trying to replicate the aging of such electrodes 
when performing in a real vanadium redox flow battery. 

3.1. Physical-chemical characterization 

Proper selection of the electrode material is crucial for the overall 
performance of the battery because it has a great impact on the activa-
tion overpotentials, electrochemical polarization, as well as in both 
ohmic and concentration polarization [18–21]. all three felt electrodes 
(T-AvCarb6, T-GFD4.6 EA, and T-GFA6 EA) have porous structures with 
interconnected carbon fibers. 

However, the way the interconnections of the carbon fibers are made 
appears to be one of the main differences between the Sigracell and the 
AvCarb electrodes. All Sigracell electrodes showed a clear interwoven of 
carbon fiber well oriented whereas the AvCarb shows a compaction-like 
interconnection of the carbon fibers with no interwoven and preferential 
orientation. Fig. 1 shows the photographs of the electrode samples used 
in this study where the yellow lines shows the fibers orientation 
observed in the Sigracell electrodes. Moreover, T-AvCarb6 electrode 
showed a softer morphology compared to the other Sigracell electrodes, 
without a clear interwoven of its fibers, which may cause rapid deteri-
oration. Moreover, high compression of this electrode resulted in a 
crumbling of its physical structure, which was not observed in the other 
electrodes. Table 1 summarizes the results of MIP measurements to 
determine the open porosity (OP), the pore volume (PV), the average 
pore diameter (PD), the specific surface area (SSA) and the skeletal or 
real density (SD), which represents the ratio of the mass of solid material 
to the sum of the volumes of the solid material and closed pores within 
the GF samples. In the table, the nominal thickness (NT) and the pre-
cursors of the GF according to the manufacturer specifications are also 
shown. 

All samples showed a unimodal pore distribution centered between 
50 and 60 μm, which corresponds to the macroscopic voids in the felts as 
depicted in Fig. 2. T-AvCarb6 appears to be the least porous material 
with a pore size range between 36 and 92 μm, representing 64 % of the 
total pore volume (4.2 mL g− 1 over 6.6 mL g− 1). 

The pore size distribution shows a low differential intrusion for the 
pore size range between 16 and 30 μm for all the samples. These values 
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Fig. 1. Photographs of the electrodes used: (a) GFD4.6 (PAN), (b) T-GFA6 (Rayon), (c) T-GFD4.6 (PAN) and (d) T-AvCarb6 (PAN). Yellow lines shows the visible 
vertical orientation of the interweaved graphite fibers, not appreciable for the T-AvCarb6 (PAN) electrode. Lower images shows the top surface of the felts. 

Table 1 
Summary of sample properties obtained by MIP.  

Carbon felt Precursor Pre-treatment NT 
[mm] 

PV 
[mL/g] 

SSA 
[m2/g] 

OP 
[%] 

PD 
[μm] 

SD 
[g/mL] 

T-GFA6 Rayon Graphitized 6.0 9.43 0.71 91.70 53.27 1.19 
GFD4.6-EA PAN Graphitized 4.6 8.07 0.53 91.90 61.44 1.41 
T-GFD4.6 PAN Graphitized 4.6 6.54 0.49 91.74 52.78 1.70 
T-AvCarb6 PAN Graphitized 6.1 6.61 0.56 91.90 47.27 1.72 

T-GFA6 and T-GFD4.6 show values of 71 % and 72 % of the total pore volume (between 36 and 92 μm per size for both electrodes) which corresponds to 6.6 mL g− 1 

over 9.4 mL g− 1, and 4.7 mL g− 1 over 6.5 mL g− 1, respectively. GFD4.6-EA presents the most porous structure, with 85 % of the total pore volume, which corresponds to 
6.8 mL g− 1 over 8 mL g− 1. 

Fig. 2. Pore size distribution of (a) T-GFA6, (b) GFD4.6-EA, (c) T-GFD4.6 and (d) T-AvCarb6 electrodes obtained by Mercury Intrusion Porosimetry.  
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could be associated to the existing voids of the bundled fibers. As shown 
in Fig. 1, except for the T-AvCarb6 where the fibers are chaotically ar-
ranged, the morphology of the other felts shows interweaved graphite 
fibers. The bulk part of the PV related to the interfiber voids are 0.13 mL 
g− 1, 0.14 mL g− 1, 0.24 mL g− 1 and 0.27 mL g− 1 for GFD4.6-EA, T- 
GFD4.6, T-AvCarb6 and T-GFA6, respectively. It is also remarkable the 
low SSA values measured, suggesting a low porosity of the fibers for all 
the samples. This can also demonstrate the existence of pore diameters 
below 3 μm (interfiber voids) that cannot be detected by the MIP 
technique. 

Concerning the heat treatment, it was not observed a great effect on 
the OP of the samples. However, the high bulk density value (0.14 g 
mL− 1) obtained for the T-GFD4.6 compared to the one for the GFD4.6- 
EA (0.11 g mL− 1) indicates that the thermal treatment may untangle 
the inter-fibers, or increase the fibers defects due to the CO2 evolution 
caused by the reaction of carbon and oxygen [12], creating new mi-
cropores in the graphite structure. This would explain the increase in the 
skeletal or real density while the measured pore volume and the pore 
diameter decreases. SSA values for the T-GFD4.6 are similar to the value 
for the GFD4.6-EA, which can be explained by the pore size detection 
limit of the MIP technique. 

The increase in the catalytic activity of the carbon felts for the 
electrochemical oxidation of VO2+ to VO2

+ is related to the concentration 
of oxygen functional groups in the surface of the samples. Thus, in order 
to obtain direct information of the elementary composition of the GF 
surface and to elucidate the effects of the treatment methods on the 
surface composition, the samples were characterized by XPS. The type of 
bonding and the functional groups in the samples were estimated by 
deconvolution of the C1s spectra, obtained from the high-resolution 
spectra, using a Gaussian–Lorentzian peak shape, after performing a 
Shirley background correction. To compare the effects of the different 
treatments on the electrode surface, C/O, sp3/sp2 and C=O/C-O ratios 
were also calculated. In this sense, the C/O ratio was obtained from the 
atomic composition of the survey XPS spectra, the sp3/sp2 ratio was 
calculated using the deconvoluted C1s spectra and the C=O/C-O ratio 
was obtained from the O1s deconvoluted spectra (Table 2). To perform 
the analysis, different components need to be defined. In relation to the 
C1s components, they can be assigned as follows [22,23]: graphite 
carbon C=C (284.1 eV), C–H or C–C (284.5 eV; 0.3 to 0.5 eV with 
respect to C=C), C–O-R (285.2 eV; 1.8 to 2.2 eV), C=O (288.2 eV; 3.3 to 
3.5 eV), HO–C=O (290.2 eV; 4.3 to 4.8 eV) as shown in Fig. 3. 

More relevant information about the nature of the surface compo-
sition was obtained by the O1s and N1s XPS fitted from the high- 
resolution spectra, which comprises the following chemical states: 
C=O (531.4 eV ± 0.3 eV), C–O (532.7 eV ± 0.3 eV), and -O- from 
hydroxyl or carboxyl groups (534.3 eV ± 0.3 eV), as can be observed in 
Fig. 4. For T-GFA6, when the graphite was modified the following O1s 
deconvolution for the chemical states [20] was reported: C–O (532.3 
eV), C=O (533.3 eV) and the -O- anhydride-pyrone. 

The N1s peaks appeared for the samples after different activation 
methods (Fig. S3 of the supplementary information). Pyrrolic-N with 
electronic state (399.98 eV) appeared for T-GFD4.6 activated after 100 

CV cycles in 2 M H2SO4, as well as nitrogen for the T-GFD4.6 electrode 
after being immersed in 2 M H2SO4 + 0.4 M VOSO4 electrolyte during 5 
days. This peak can be resolved into two species: pyrrolic-N (399.94 eV 
± 0.1 eV, 48.95%) and pyridinic-N (398.4 eV ± 0.1 eV, 8.28%) [24,25]. 
The rest of the C1s and O1s spectra together with the N1s are shown in 
the supplementary material (Figs. S2–S4) with the related peak values in 
Tables S1–S3. 

According to the obtained results, and looking at Table 2, the total 
oxygen content is increased when the GFD4.6-EA electrode is thermally 
treated. To elucidate which oxygenated species is mainly formed on the 
basal graphite plane Fig. 3 shows a 16 % increase in the C–O-R peak 
(285.2 eV) of the thermally treated Sigracell carbon felt (T- GFD4.6) 
compared to the untreated one (GFD4.6-EA). This is also shown in the 
supplementary information (Table S1). It can be seen that there is a 
small increase of the C–O-R concentration, and a notorious formation of 
the C=O carbon species. Moreover, although the sp2/sp3 ratio is reduced 
by 3.9 %, the C=O/C–O ratio increases by 204 %. This means that the 
thermal treatment for this electrode incorporates more oxygen which 
mainly bonds to sp2 carbons stimulating the formation of C=O, but 
hydroxyl carboxyl species are also formed. This can enhance the con-
ductivity of the electrode when oxidizing the vanadium ions. Thermal 
pre-treatment also reduces the concentration of C–H bonds, which do 
not take part in the redox reaction but enhance the number of defects on 
the graphite surfaces. 

Some differences in the thermal treatment effects on T-AvCarb6 
compared to T-GFD4.6 (both graphite electrodes with PAN precursor) 
were also found. As shown in Table 2, there is a slight decrease in the 
total oxygen content for the former GF. The C=O/C–O ratio clearly 
decrease compared to the latter GF electrode, which is attributed to the 
formation of hydroxyl or carboxyl compound. This behavior may ease 
the reversibility in the electro-oxidation of the VO2+/VO2

+ redox couple. 
Additionally, although the oxygen content is lowered, most of the oxy-
gen is bonded to sp3-carbon in the form of C–O compounds, as can be 
seen in Tables S1 and S2 of the supplementary material. The 6.50 % 
decrease in the C=O/C–O ratio for the T-AvCarb6 electrode with 
respect to the one found for the T-GFD4.6 electrode allows to ensure that 
the former electrode will have better conductivity and better revers-
ibility than the last one. The higher C–O, C=C and H–C=O functional 
group concentration supports such prediction. Moreover, as will be seen 
lines below, cyclic voltammetry experiments also corroborate this 
conclusion. 

Aging of the already thermally treated T-GFD4.6 electrodes after 100 
cycles using the cyclic voltammetry technique and by immersion, affects 
the electrode surface in a different way. When the electrode was 
immersed in the 2 M H2SO4+ 0.4 M VOSO4 electrolyte at 30 ◦C for 5 
days, the O/C ratio increased by 50 %, on the contrary, the O/C ratio 
decreased by 50 % when cycled in the same electrolyte. Such an increase 
is due to the higher oxygen content which clearly appears in the form of 
C=O functional groups, more precisely in the form of HO–C=O func-
tional group, increasing the sp2/sp3 ratio by 27 % and the C=O/C–O 
ratio by 67 %. Apparently, the reversibility of the sample should be 
reduced, according to the previous analysis, but another factor needs to 
be considered. As seen in Tables 2 and S3, the immersion process creates 
N1s compounds in the surface of the electrode, which favors catalytic 
activity for the graphite samples [26]. So, activation by immersion in the 
vanadium solution increases the number and type of functional groups 
in the electrode surface, helping the catalysis of the VO2+/VO2

+ oxida-
tion reaction. It is accepted that the COOH group provides H+ more 
easily than the C–OH [27]. Also, C=C functional groups are slightly 
increased, which is related to the double layer capacity enhancement, 
due to electrochemical oxidation and roughening when immersed in the 
electrolyte [11]. 

3.2. Electrochemical characterization 

In order to quantify the improvement of the electrochemical activity 

Table 2 
Total surface chemical composition of the samples from the survey spectra.  

Samples O% C% N% O/C 
ratio 

GFD4.6-EA 0.83 99.17  0.01 
T-GFD4.6 (immersion 2 M H2SO4 + 0.4 M 

VOSO4) 
5.92 92.11 1.97 0.06 

T-GFD4.6 3.76 96.24  0.04 
T-GFD4.6 (100 CV cycles 2 M H2SO4 + 0.4 M 

VOSO4) 
2.37 97.63  0.02 

T-AvCarb6 3.21 96.79  0.03 
T-GFA6 3.59 96.41  0.04 
T-GFD4.6 (100 CV cycles in 2 M H2SO4) 16.05 81.86 2.09 0.20  
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of the graphite felts after the thermal treatment, and to determine the 
corresponding kinetic parameters, linear sweep voltammetry and cyclic 
voltammetry are performed to the untreated electrodes (GFD4.6-EA and 
GFA6) and to the thermally treated ones (T-GFA6, T-GFD4.6 and T- 
AvCarb6). The potential window was set to 0.3–0.8 V vs Ag/AgCl, 3.5 M 
KCl as reference electrode in the 2 M H2SO4 + 0.4 M VOSO4 electrolyte. 
A 2 cm2 platinum foil was used as counter electrode and the scan rate 
was set to 10 mV s− 1. Fig. 5 clearly indicates, by the shift of the onset 
potential towards more negative values, that the thermal treatment has 

positive effects on the kinetics of the electro-oxidation reaction of the 
VO2+/VO2

+ species. 
The thermal treatment decreased the onset potential from which 

faradaic processes take place by 280 mV, 240 mV and 80 mV for T- 
GFD4.6, GFA6-EA and AvCarb6, respectively. It can, then, be inferred 
that the thermal treatment has a major impact on the GFD4.6 felt 
electrode when it is compared to the untreated samples. It is noteworthy, 
however, that the T-GFA6 electrode reached the higher current density 
at 0.8 V, compared to the other 6 mm thick electrode AvCarb6. 

Fig. 3. Deconvoluted XPS spectra of the C1s for (a) GFD4.6-EA, (b) T-GFD4.6, (c) T-GFA6 and (d) T-AvCarb6.  

Fig. 4. Deconvoluted XPS spectra of the O1s for (a) GFD4.6, (b) T-GFD4.6, (c) T-GFA6 and (d) T-AvCarb6.  
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Analysis of the logarithms of the current density against over-
potential in the electronic transfer limited region, Fig. S5a-b, allows to 
determine some important kinetic parameters. 

Using the Tafel equation: 

Ln|j| = Ln|j0| −
αFη
RT

(1)  

where j, j0, α, F, η, R and T are the current density, the exchange current 
density, the symmetry factor, the Faraday constant, the overpotential, 
the universal gas constant and the absolute temperature, respectively. 
From the j0 values we can see that most oxidation processes are favored 
for the thermally treated electrodes compared to the untreated ones, as 
can be observed in Table 3. Moreover, the higher exchange current 
densities values (from 1 up to 2 orders of magnitude in the case of 
AvCarb6), together with the values of the symmetry factors, close to 0.5 
for the thermally treated samples, also indicate that the thermal treat-
ment has positive effects on the kinetics of the VO2+/VO2

+ electro- 
oxidation reaction and that the current has a symmetrical contribution 
from both, the reductive and oxidative reactions. 

Cyclic voltammetry is another electrochemical technique used to 
characterize the electrodes. In Fig. 6a, voltammograms for the com-
mercial T-GDF4.6 electrode before and after 100 CV activation cycles at 
50 mV s− 1 between 0 V and 1.4 V in the 2 M H2SO4 + 0.4 M VOSO4 
electrolyte are shown. It can be observed that the potential difference, 
ΔE, between the anodic and cathodic peaks obtained for the cycled 
electrode is 0.8 V, about 26 % of reduction if compared to the one not 
cycling activated. Moreover, it can be observed that the anodic current 
density increases up to 129.4 mA cm− 2 (at 1.29 V) after the cycling 
activation, whereas the cathodic one decreases to − 60 mA cm− 2 current 
density value (at 0.49 V). This decrease means a current density dif-
ference of 35 mA cm− 2 compared to the T-GDF4.6 electrode before the 
cycling activation. This behavior can be explained looking at Tables 2 
and S1. While the total oxygen content decreases by 58.6 %, the sp2/sp3 

and C=O/C–O ratios decrease because the oxygen at the surface after 
cycling mainly appears as C–O, and also, C=H increases. The result is 

an electrode that shows higher reversibility in the oxidation of the 
VO2+/VO2

+ species and a higher conductivity. To elucidate if this 
behavior was caused by the highly oxidative electrolyte in which the 
electrode was activated, and that contained 0.4 M VOSO4, the 100 CV 
activation cycles were also accomplished in a 2 M H2SO4 solution (free 
of vanadyl salts), as depicted in Fig. 6b. Activating the T-GFD4.6 elec-
trode in sulfuric acid causes a reduction of the cathodic current in the CV 
at vanadyl electrolyte, which decreases the Ipa/Ipc ratio compared to the 
one obtained for the sample before been cycled. With this treatment a 
more reversible and conductive electrode is also achieved, corroborating 
the increase of the C=C. 

The diffusion coefficient of the VO2+ ions was calculated from the 
Randles-Sevcik equation: 

Ip = 2.69⋅105. A .D1/2. n3/2. V1/2. C (2)  

where Ip, n, A, D, C, and V, are the maximum current, the number of 
electrons transferred in the redox reaction, the electrode area, the 
diffusion coefficient, the concentration, and the scan rate. Fig. 7, shows 
the cyclic voltammetry at different scan rates for the T-GFD4.6 and T- 
AvCarb6 electrodes in 0.4 M VOSO4 + H2SO4 solution. 

There is a deviation from unity in the anodic to cathodic peak current 
ratios at lower scan rates for the T-GFD4.6 electrode, as depicted in 
Fig. 7a, until unity is reached at 10 mV s-1. However, the higher the scan 
rate, the higher the potential range. These two behaviors imply that the 
electro-oxidation reaction of the VO2+/VO2

+ species showed quasi- 
reversible electrochemical kinetics, but the conductivity capacity of 
the electrode is decreasing, probably due to limitation of the vanadium 
ion diffusion into the felt pores at high scan rates. 

Concerning the performance of the T-AvCarb6 electrode, from the 
values of the peak current ratios and the potential range it can be seen 
that, as the potential rate increases, this electrode shows a reversible 
behavior towards the electrochemical oxidation of the VO2+/VO2

+ spe-
cies. Moreover, the electrode tends to be activated by the cycling pro-
cedure in the vanadyl solution, which enhances its electrochemical 
activity. Also, as shown in Table S2 of the supplementary material, ox-
ygen content in the form of C–O and hydroxyl species is high compared 
to the T-GFD4.6 electrode, which enhances the VO2+/VO2

+ oxidation 
reaction. As can be observed in Fig. 8, for the T-GFA6 electrode the 
current ratio values barely change as the scan rate is increased. How-
ever, the higher the scan rate the higher the potential range. This per-
formance is typical of a diffusion-controlled process. In order to clarify 
this point, the representation of the logarithm of the cathodic peak 
current against the logarithm of the square of the scan rate is performed 
for all the thermal treated electrodes in Fig. S6. The diffusion coefficients 
values for the VO2+ ions obtained from the Randles-Sevcik equation are 

Fig. 5. Linear Sweep Voltammetry of (a) GFD4.6-EA, (b) GFA6 and (c) Avcarb6. Untreated electrodes (blue) and the thermally treated ones (red).  

Table 3 
Kinetic parameters of the thermally treated and untreated samples.  

Sample α j0 (A cm¡2)/ 10¡4 

T-GFD4.6 0.59 16.6 
GFD4.6-EA 0.8 0.85 
T-AvCarb6 0.59 7.1 
AvCarb6 0.79 2.3 
T-GFA6 0.73 165 
GFA6-EA 0.27 0.08  
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Fig. 6. Voltammograms for the commercial T-GFD4.6 electrode in 0.4 M VOSO4 + 2 M H2SO4 electrolyte at 50 mV s− 1 between 0 and 1.4 V (vs Ag/AgCl, 3.5 M KCl), 
before and after 100 cycles activation in (a) 0.4 M VOSO4 + 2 M H2SO4, (b) H2SO4. 

Fig. 7. Cyclic voltammetry of (a) T-GFD4.6 and (b) T-AvCarb6 electrodes at different scan rates against Ag/AgCl, 3.5 M KCl counter electrode. (c) and (d) are the 
fittings of Ia and Ic against the square root of the scan rate. 
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3.2 × 10− 6 cm2 s− 1, 4.5 × 10− 6 cm2 s-1 and 5.8 × 10− 6 cm2 s− 1, for T- 
GFD4.6, T-AvCarb6, and T-GFA6, respectively, in good agreement with 
the results reported in the literature [28,29]. Moreover, as shown in 
Fig. S6 for the linear relationship between the logarithm of the redox 
peak current and the logarithm of the scan rate for the thermal 
pre-treated electrodes, the slope is close to 0.5 for T-AvCarb6 which 
means that the behavior of this particular electrode is mainly controlled 
by a diffusion process [30,31]. 

However, the T-GFD4.6 and T-GFA6 electrodes, show slope values 
greater than 0.5, thus suggesting a coupled diffusion and adsorption 
control. The main difference of these electrodes with T-AvCarb6 may be 
attributed to the less packed structures of the T-AvCarb6 fibers 
compared to the Sigracell ones. The greater slope values also confirm a 
pseudo-reversible redox reaction which is also observed by the slight 
deviation of ΔE from the 0.5 V value as the scan rates increase in the CV. 
The coupled diffusion and adsorption processes can shift the cathodic 
peaks towards more positive potential values as the scan rates increase. 
Further studies by EIS will confirm whether the irreversibility of the 
electrode reaction is due to a slow heterogeneous electron transfer or to 

a coupled homogeneous reaction. 
To further evaluate the electrochemical response of the electrodes to 

the electron transfer effects, EIS tests were carried out to the T-GFD4.6, 
T-GFA6 and T-AvCarb6 electrodes. Fig. 9 shows the Nyquist plots ob-
tained for the T-GFD4.6, T-AvCarb6 and T-GFA6 electrodes in 0.4 M 
VOSO4 + 2 M H2SO4 electrolyte at 1.009 V vs Ag/AgCl. As can be 
observed, the Nyquist plots show similar responses for all the electrodes 
with an initial semicircle at high to medium frequencies, characteristic 
of a charge transfer mechanism. The T-GFD4.6 electrode showed the 
bigger semicircle, with a charge transfer resistance of 745 mΩ cm2 

which implies a high resistance to the charge transfer mechanism. The T- 
GFA6 and T-AvCarb6 electrodes showed lower charge transfer re-
sistances, 18.9 mΩ cm2 and 137 mΩ cm2, respectively. The different 
semicircle size points to the fact that the thermal treatment influences 
the performance of the electrodes (wettability and active surface area) 
differently. The different nature of the graphite precursors, and the 
chemical composition after thermal treatment, affects the electrode 
performance. Thus, concerning the electrode performance in EIS ex-
periments, it can be inferred that the Rayon-based electrode T-GFA6 is 
kinetically more reactive to the oxidation of VO2+/VO2

+ once the va-
nadium ions reach the graphite surface, followed by the T-AvCarb6 and 
the T-GFD4.6 electrodes. Tables S1 and S2 from the supporting infor-
mation, show that the T-GFA6 electrode is the one that presents the 
lowest C=O/C–O ratio. So, the surface of this electrode is enriched in 
C–O compound which enhances the electrooxidation of the vanadium 
ions. This feature is also corroborated in the cyclic voltammograms of 
the electrode, with the highest current density values. Comparing the 
two electrodes with similar thicknesses, T-GFA and T-AvCarb6, the most 
striking aspect is the large semicircle developed by the T-AvCarb6 
electrode at medium frequency. This corresponds, not only to the 
different precursor material of graphite, but also to an enriched surface 
chemistry and enhanced specific surface areas of T-GFA6. In this sense, 
the Nyquist plots for the T-GFD4.6 electrode shows an electrode with 
very high charge transfer resistance, which is consistent with the low 
specific surface area, compared to the T-GFA and T-AvCarb6 electrodes. 

To gain insight on the effect of polarization cycles on electrode aging, 
the Nyquist plots of the Sigracell PAN electrode (GFD4.6-EA) after being 
polarized at 1.4 V vs Ag/AgCl are depicted in Fig. 10. As can be 
observed, all the plots show similar responses with an initial semicircle 
at high frequencies, characteristic of the charge transfer mechanism and 

Fig. 8. Cyclic voltammetry of T-GFA6 electrode at different scan rates against 
Ag/AgCl, 3.5 M KCl counter electrode. 

Fig. 9. Nyquist plots recorded for the T-GFD4.6, T-AvCarb6 and T-GFA electrodes in 0.4 M VOSO4 + 2 M H2SO4 electrolyte at 1.009 V vs Ag/AgCl.  
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a straight line at low frequencies that characterizes a mass transport 
mechanism (diffusion). Thus, this behavior indicates that the redox re-
action of the VO2+/VO2

+ pair on this electrode is governed by two 
different mechanisms. The equivalent circuit of Fig. 10c), which fits the 
EIS data for the Nyquist plots of the T-GFD4.6 electrode (Fig. 10a), in-
cludes the contact resistance of the solution R1, a constant phase 
element, CPE1, which stands for the charge transfer resistance at the 
electrode-electrolyte interface R2, and the double layer capacitance (Cdl) 
of the faradic arc in the medium frequency region. Finally, the Warburg 
element Ws1 describes the mass transport limited diffusion effect in the 
low frequency region. 

As can be observed in Fig. 10b as the polarization tests evolve 
(counted as cycles of polarizations at 1.4 V and open circuit potential 
stabilization) the charge transfer resistance, R2, increases from 82.4 mΩ 
cm2 to 142 mΩ cm2, which might be attributed to a decrease in C=O 
functional groups of the thermally activated carbon felt T-GFD4.6 
probably due to an oxidation process to CO2. This implies a decrease of 
the wettability of the high porous carbon felt and less available oxygen 
compounds for the vanadium electrooxidation. 

The Nyquist plots for the untreated electrode GFD4.6 before and 
after aging by polarization cycles in the vanadium solution are presented 
in Fig. 10a. The different semicircle sizes indicate that the thermal 
treatment influences the performance of the electrodes mainly due to 
modifications on their physical properties (wettability and active sur-
face area) and chemical composition. The contact resistances of the 
solution R1 for both electrodes are nearly the same, 20.5 mΩ cm2 and 
22.2 mΩ cm2, respectively. However, the response to the charge transfer 
resistance of the faradic processes appears markedly modified. The 
activated carbon felt electrode shows a better performance to the 
potentiostatic polarization test than the untreated one. The treated 
electrode presents a charge transfer resistance, R2, of 141 mΩ cm2 

against 174.9 mΩ cm2 for the untreated one. At low frequencies, both 
electrodes exhibit diffusion-limited behavior, typical of highly porous 
media. 

4. Conclusions 

In the present research, it has been demonstrated that thermal 

treatment of carbon felts can enhance their electrochemical perfor-
mance towards oxidation of the VO2+/VO2

+ redox pair by the thermal 
modification of the graphite surface. Specifically, there is a gain in 
oxigenate compounds that enhances the electrode wettability and its 
performance. The surface modification of graphite felts can also be 
achieved electrochemically, which can also lead to improved oxidation 
processes from VO2+ to VO2

+. 
Different activation methods for the T-GFD4.6-EA thermally acti-

vated electrode have been developed in order reproduce an environment 
of cycling and continuous immersion in an oxidizing electrolyte, of a 
vanadium redox flow battery. Thus, despite having a catalytically active 
surface for vanadium oxidation, the chemical composition of the elec-
trode surface changed differently depending on the test to which it was 
exposed. So, when exposed to the immersion in 2 M H2SO4 + 0.4 M 
VOSO4 electrolyte the VO2+/VO2

+ oxidation reaction is favored, whereas 
aging after 100 cycles using the cyclic voltammetry technique increased 
it conductivity and the reversibility of the VO2+/VO2

+ redox reaction. 
This behavior can lead to suppose that when starting up an all-vanadium 
redox flow battery, GFD-type electrodes can chemically modify their 
surface until the electrode stabilizes, regardless of the prior thermal 
activation. There is still a lot of research to be developed, but it is ex-
pected that important results can be published in the future in this 
regard. 

EIS analysis confirmed that the nature of the graphite precursors and 
the chemical composition after thermal treatment, affects the electrode 
wettability and performance. Accessibility of the electrolyte to the inner 
pores is crucial in order to avoid capacitive behavior, as observed for the 
T-GFD4.6 electrode compared to T-GFA6 and T-AvCarb6, at the high- 
medium frequency ranges. The thermal pretreatment was intended to 
stabilize the surface of the electrodes and prevent changes in their 
electrochemical behavior. However, the polarization of the electrodes in 
the acidic solution caused the modification of surface species, which led 
to the observed changes in electrochemical behavior towards VO2+/ 
VO2

+ oxidation. 
The results of this study suggest that thermally activated carbon felts 

may experience changes in their electrochemical performance during 
cycling in redox flow batteries. However, the stability of these electrodes 
is dependent on the precursor material and the thermal pretreatment to 

Fig. 10. (a) Nyquist plots of thermal treated and untreated GFD4.6-EA electrode, (b) T-GFD4.6 after a series of polarization cycles and (c) equivalent circuit.  
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which it has been subjected. Therefore, it is not possible to generalize 
these results to all electrodes. Further research is needed to determine 
the optimal electrode pretreatment for improving long-term electro-
chemical performance in corrosive media. 

Despite all these results, different electrode treatments can have 
different results for different electrodes. It cannot be generalized, and a 
deep research should be performed to enhance long lasting electro-
chemical performance of these graphite felts in such corrosive media 
without any structural or surface chemistry modifications. 
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