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1. Introduction

Vanadium redox flow batteries (VRFB) are one of the
most efficient technologies for large-scale energy storage 
due to their modular design that favours their scalability. 
Furthermore, the use of vanadium species as electrolytes 
has unique advantages such as: elimination of cross-con-
tamination through the membrane, short response time, 
and long shelf life [1]. 

One of the critical components of VRFBs are the elec-
trodes that contribute to the performance of the battery. On 
the electroactive surface of the electrodes, the electro-
chemical reactions responsible for the generation of elec-
tricity are carried out. However, improvements are still re-
quired to lower the costs of VRFBs and improve their specific 
power and energy [2,3].  

Redox flow batteries are based on redox reactions of 
different species of vanadium (Fig. 1). Being the species V2+ 
and VO2

+ in the negative and positive electrode respectively 
in a fully charged state of the battery and the species V3+ and 
VO2+ in a fully discharged VRFB. 

Fig. 1. Cathodic and anodic redox reactions in a VRFB. 

2. Objective

In this work we propose the modification of commercial
carbon felts with carbon nanofibers (CNFs) obtained by cat-
alytic decomposition of CH4 using a nickel-based catalyst.  

3. Experimental

To carry out the modification of carbon commercial felts
(GFD 4.6 IW1), supplied by Sigracell, we designed a method 
of modifying the surface of the felt with nickel oxide (NiOx) 
nanoparticles, followed by the growth of carbon nanofibers 
by catalytic decomposition of methane. 

3.1 Nickel deposition on the felt surface 

Firstly, nickel oxide (NiOx) nanoparticles were deposited on 
the carbon felts by wet impregnation using nickel nitrate. 
First a solution of 0.33 g of Ni(NO3)2·6H2O vas prepared in 32 
mL of MilliQ water. Then a 6x6 cm piece of carbon felt (GFD 
4.6 mm) (approx. 1.8 g) was immersed in the Ni solution,  

followed by ultrasonication for 30 min. Finally, the pH of the 
mixture was adjusted to 7 with a 1 M NaOH and sonicated 
for 1 hour. In another beaker we dissolved 23.4 mg of NaBH4 
in 1 mL of MilliQ water and added this solution to the 
mixture with the felt and Ni at a rate of 0.9 mL/min under 
sonication. Then the felt is washed with plenty of MilliQ 
water, and finally dried in an oven at 75 0C, to obtain a 
carbon felt with nickel oxide nanoparticles (GFD4.6-Ni) on its 
surface. 

3.2 Growth of carbon nanofibers 

The carbon felt with NiOx was treated under a H2 atmos-
phere at 550 0C in a horizontal reactor to reduce the NiOx to 
metallic Ni, which is the catalytically active form for decom-
position of CH4 into carbon, in the form of nanofibers and 
hydrogen. The catalytic decomposition of CH4 over the Ni-
modified graphite felt was carried out at 700 0C (labelled as 
GFD4.6-Ni-CNF). Finally, the modified carbon felt was 
washed with sulfuric acid to remove the traces of nickel on 
its surface (GFD4.6-CNF). 

3.3 Physical-chemical characterization 

The physical-chemical characterization of the materials 
was carried out by elemental analysis, inductive coupled 
plasma (ICP) and scanning electron microscopy (SEM). 

3.4 Electrochemical measurements 

The electrocatalytic activity of the felts was determined 
in a three-electrode cell, using the felt as a working elec-
trode, a Ag/AgCl (3 M KCl) reference electrode and a graph-
ite bar as counter electrode. The measurements were car-
ried out using an electrolyte with a concentration of 0.05 M 
of VOSO4 in 1M H2SO4 aqueous solution. 

4. Results

In the SEM images of the commercial felt, GFD 4.6 (Fig-
ure 2a) the fibers composing the electrode with a smooth 
surface are clearly seen. Figure 2b shows the felt with the Ni 
deposits on the surface of the felt compared to the pristine 
felt (GFD4.6, Fig. 2a). Figure 2c shows the presence of the 
carbon nanofibers on the surface of the fiber-felt.  The 
incorporation of CNFs leads therefore to an increase of the 
roughness compared to the original felt. 

Catholyte: VO2
+ + 2H+ + e- ⇌ VO2+ + H2O 

Anolyte: V3+ + e− ⇌ V2+ 
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Fig. 2. Scanning electron microscopy images of (a) GFD4.6, 
(b) GFD4.6-Ni and (c) GFD4.6-CNF.  
 

In the electrochemical measurements (Figure 3), cyclic 
voltammetry studies show an improvement in the electro-
catalytic behavior of the felt modified with nanofibers, since 
it presents a higher current for both the oxidation and re-
duction reactions for both the negative and positive elec-
trodes of a VRFB (Fig. 3a and 3b, respectively). In addition, 
in the Randles-Sevcik fit (Fig. 3c and 3d), the oxidation and 
reduction peaks of the positive electrode reaction show how 
they have an excellent linear fit, indicating that the reaction 
is controlled by diffusion.  

 

 
 
Fig. 3. (a) Cyclic voltammetry for negative (V2+/V3+) and (b) 
positive (VO2+/VO2

+) electrode redox couple reactions. (c) 
Cyclic voltammetry for positive electrode reactions at differ-
ent scan rates and (d) fitting of the oxidation and reduction 
peaks of the positive electrode to the Randles-Sevcik equa-
tion. 

5. Discussion 

In the modification of commercial felt with nanofibers, 
the deposition of Ni is of key importance since the growth of 
the nanofibers takes place in these active centers, where the 
Ni nanoparticles remain encapsulated in the tip of the nan-
ofibers where the catalytic decomposition of methane takes 

place, increasing the length of the filament with growing 
process. This justifies that after washing with sulfuric acid, 
most nickel residues that are not part of the nanofibers are 
removed, but the nanoparticles remain encapsulated in the 
head of the nanofibers. In addition, the acid wash allows to 
eliminate the remaining metal traces on the surface of the 
felt that, if not washed, could cause contamination of the 
acid electrolyte of the battery. 

The GFD4.6-CNF composite presents a greater electro-
catalytic behavior due to the increase of the surface of the 
felt thanks to the incorporation of carbon nanofibers. This 
better behavior is accentuated in the positive electrode re-
actions, possibly due to a greater affinity in the coordination 
of the oxocations involved in the positive electrode reac-
tions compared to the free cations involved in the negative 
electrode reactions of a VRFB. 

6. Conclusions 

A commercial carbon felt has been modified with car-
bon nanofibers grown in situ on its surface using Ni nano-
particles as a catalyst. 

This material significantly improves the behavior of both 
electrodes of a vanadium redox flow battery. This effect is 
especially accentuated for the positive electrode reactions.  
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