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1. Introduction
Nowadays renewable energy sources are receiving a

great boost due to climatic change and geopolitic strategies. 
For instance, at the last Climate Summit in Madrid, it was 
predicted that renewable energies will generate 68% of 
Spain's energy demand in 2030, a considerable increase 
compared to the current 40%. Among them, solar photovol-
taic and wind technologies are the most promising renewa-
ble energy resources to reach this goal. However, intermit-
tency in the energy supply due to uncertain lulls and/or sta-
tionality, force the integration of different technologies to 
storage the excedent energy in order to increase the quality 
and stability of the renwable energy systems.  

A promising large-scale energy storage technology are 
the all-vanadium redox flow batteries (VRFBs). These de-
vices have a large cyclability that means a very long lifetime, 
and their power and capacity range can be sized inde-
pendently, which is very relevant for stationary applications. 
The last feature has a large relevance on  the stack design 
and the electrolyte concentration and tank sizes, respec-
tively.1 

Although the stack in a RFBs comprises membranes, cur-
rent colectors and bipolar plates, the electrocatalytic reac-
tion occurs at the electrodes. The appropriate selection of 
the electrode material is crucial for the overall battery per-
formance because it has great impact on the activation over-
potentials, electrochemistry polarization as well as ohmic 
and concentration polarization. The most common elec-
trodes used for VRFBs due to their high surface area, me-
chanical stability and catalityc sites are the carbon felt (CF) 
and, specifically, those formed by carbonized or graphitized 
Rayon (cellulose) and PAN (polyacrylonitrile) fibers2. Due to 
their relative low activity towards redox reaction in VRFBs 
and their poor wettability, it is necessary to improve their 
physico-chemical properties. Such improvements may in-
clude surface modification by plasma treatment to increase 
the wettability by the formation of both, deep and surface 
concentration of oxygen-containing functional groups, thus 
improving the energy efficiency of the VRFB3. Moreover, dif-
ferent techniques oriented to increase the surface area4,5, 
metallic modifications6,7, chemical and electrochemical oxi-
dation treatments2 are used to improve the performance of 
the electrodes. 

In this study, the influence of the thermal treatment and 
the electrochemical aging by polarization of industrial CF 
materials from Sigracell® made from different precursors on 

their electrochemical properties are studied. 

2. Experimental
2.1 Electrodes

Three carbon electrode materials are used in this research. 
On the one hand, graphitized Rayon-based carbon felts from 
SIGRACELL® (GFA 6-EA, GFA 4.6-EA) and PAN-based CF from 
Avcar® 6 mm thick. They were modified by a homemade 
thermal treatment consisted in keeping the electrodes at 
500°C for 1 h in an industrial furnace under an air 
atmosphere to introduce active sites8. Besides, PAN-based 
GFD 4.6 mm width commertially thermal treated from 
SIGRACELL® CARBON.  

All the electrodes tested were exposed to an aging 
procedure using a potentiostatic polarization treatment 
(PPT) at 1.6 V vs Ag/AgCl reference electrode in low-
concentrated (0.4 M) vanadium-acid electrolyte. With this 
potential value in such positive electrolyte it is ensured high 
stress on carbon materials9 so that results could be obtained 
in a shorter time. 

2.2 Preparation of electrolyte 
Electrolytes were prepared in order to study the 

electrochemical aging of the electrodes by electrochemical 
techniques as well as in a single cell vanadium redox flow 
battery. To this end, a commertial salt of VOSO4 (0.4 M) was 
dissolved in a 2 M H2SO4, 0.05 M H3PO4 solution and two 
flasks connected at different half-cells of a single cell battery 
with 9 cm2 electrode area where filled with 80 ml of this 
solution. A galvanostatic charge set at 0.9 A was applied in 
the cell up to a voltage cut off of 1.6 V. VO2+ electrolyte at 
the positive side and V3+ electrolyte at the negative side 
were obtained. In order to get V2+ electrolyte, another flask 
containing VO2+ electrolyte is placed at positive side and a 
0.9 A galvanostatic charge is again applied to the cell.  

2.3 Electrochemical characterization 
The electrochemical impedance spectroscopy (EIS) 

measurements were carried out in a three-electrode 
electrochemical reactor at 25oC. Bare and treated 
electrodes were used as working electrodes. The reference 
and counter electrodes were Ag/AgCl (+0.207 V vs SHE) and 
a platinum sheet, respectively. 

Potentiostatic polarization tests (PPTs) were carried out 
at 1.3 V. After the PPTs, the samples were settled for 15 
min to attain its stable open circuit potential (OCP) and, 
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then, EIS measurements were performed. Impedance data 
were collected for frequencies ranging from 10-2 to 106 Hz 
with an excitation amplitude of 5 mV, using an Autolab 
potentiostat/galvanostat combined with a FRA32M 
module. The impedance data were curve-fitted to 
equivalent circuits using the Nova 2.1 software by 
Metrohm®. 

 
2.4 Charge-Discharge tests 

All charge and discharge cycles were performed in the 
single cell. The VRFB single cell consisted of two Sigracell® 
graphite composite bipolar plates as well as an anion 
exchange fumasep® FAP-330-PE membrane, and two 
electrodes. Bare and treated CF electrodes of a 9  cm2 area 
of different widths were used. The electrolytes for both 
positive and negative electrodes were the same, 0.4 M 
VOSO4 in 2 M H2SO4 and 0.05 M H3PO4 with volumes of 80 ml 
each. The cell was charged and discharged at a current 
density of 100 mA/cm2 with upper and lower voltage limits 
of 1.8 V and 0.2 V, respectively. 

 

 
Figure 1. a) Nyquits plot for PAN-based carbon felts GFD 4.6 mm 
thichness. Samples after different cycles of PPT. VOSO4 0.4 M, 
H2SO4 2M. Ag/AgCl reference electrode, b) equivalent circuit of the 
4th cycle sample 

3. Discussion 
Figure 1a) shows a representative Nyquist plots of the 

PAN-based carbon felts GFD 4.6 mm thichness during 5 cy-
cles of PPT aging. As can be observed, all of the Nyquist plots 
shows similar responses with an initial semicircle at high 
frecuencies, characteristic of a charge transfer mechanism 
and a straight line at low frecuencies, which is characteristic 
of a mass transport mechanism (diffusion step). Thus, this 
behaviour indicates that the VO2+/VO2+ redox reaction on 
this carbon felt electrode is governed by two different 
mechanisms. 

The equivalent circuit of Fig. 1b), which fits the EIS data, 
includes the solution contact resistance (SCR) R1, and R2 and 

CPE, which stands for the charge transfer resistance (CTR) at 
the electrode-electrolyte interface R2 and the double layer 
capacitance (Cdl) of the faradic arc in the medium frecuency 
region. Finally, the Warburg element Ws1 describes the mass 
transport limited diffusion effect in the low fraquency re-
gion. 

As can be observed in Fig. 1a), as the polarization tests 
evolve the CTR increases from 82.4 mΩcm2 to 142 mΩcm2 
which may be attributed to a decrease in C=O and C-OH 
functional groups8 of the thermal activated carbon felts wich 
is related to the wettability capacity of the high porous car-
bon felts. 

 
Figure 2. Nyquits plot for PAN-based carbon felts GFD 4.6 mm 
thichness activated and non-activated electrodes Samples at end 
cycles of PPT. VOSO4 0.4 M, H2SO4 2M. Ag/AgCl reference elec-
trode. 

The Nyquits plots for activated and non-activated PAN-
based carbon felts GFD 4.6 mm thick electrodes are shown 
in Fig. 2. The different semicircle sizes point to the fact that 
the thermal treatment influences the performance of the 
electrodes mainly due to modifications on their phisical 
properties (wettability and active surface area) and 
chemical composition. The solution contact resistance (SCR) 
for both electrodes are nearly the same, 20.5 mΩcm2 and 
22.2 mΩcm2, respectivelly. However, the responses to the 
charge transfer resistance of the faradaic processes appear 
markedly modified showing a better performance to PPT of 
the activated carbon felt electrode with CTR of 141 mΩcm2 
versus 174.9 mΩcm2 for the non-thermally treated one. At 
low frequencies, both electrodes exhibited diffusion-limited 
behaviour typical of highly porous media. 

Taking into account the good performance of the 
thermally treated electrode of SGC 4.6 mm thick 
commercially available, a study of the behavior in the VRFB 
single cell (3x3 cm2 electrode area) with vanadium 0.4 M, 
H2SO4 2 M and H3PO4 0.005 M electrolyte were carried out. 
The most characteristic parameters defining the VRFB 
efficiency were also meassured. 

Figure 3. shows the effect of compression ratios (CR) on 
the voltage, coulombic and energy efficiencies (VE, CE, EE), 
respectively, as well as the discharge capacity (DC) of the 
VRBFR at 70 ml/min flow rate and different current 
densities. It is very relevant how the VE is affected by the 
compression rate. Firstly, an increase in VE is observed at all 
densities values up to a CR of 42.6 % due to a decrease in 
the interfacial contact resistance betwen the electrode and 
bipolar plates. Then, a sudden decrease of the values of this 
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parameter occurs because at such large CR, their is a drastic 
reduction in the electrodes porosity that is more critical than 
the achieved reduction of the interfacial contact resistance. 
Impedance studies (not shown here due to space limitation) 
in such VRFB single cells, shows how the charge transfer 
resistance is increased at high compression ratios. 

 

 
 
Figure 3. VRFB efficiencies at different compression ratios and 
current densities of 150 (top), 100 (medium) and 80 mA/cm2 
(bottom). 
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4. Conclusions 
In this study the aging of the treated electrodes has been 

demonstrated. Although soaking the carbon felt electrodes 
in sulfuric acid is a known method to activate these 
elements, when this happens in a vanadium electrolyte, the 
charge transfer resistance is increased and the DLC is 
decreased probably due to changes in the chemical 
composition and wettability of the cabon felts. 

Studies performed in single cell have revealed that 
voltage efficiency has a higher weight than the coulombic 
efficiency in the globar VRFB energy efficiency. Thus, 
porosity, which affect the VE, plays an important role in the 
energy efficiency of the VRFC when using high compression 
ratios.  
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