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A titanium plate with carbon films (TPCF) prepared by electrodeposition in a LiCl-KCl-K2CO3 melt is 

used as the electrode for vanadium redox flow battery. The electrochemical behavior of V
2+

/V
3+

 and 

VO
2+

/VO2
+
 redox couples on TPCF electrode is investigated by cyclic voltammetry, potentiodynamic 

polarization and impedance techniques. The results show that the V
2+

/V
3+

 redox couple performs a 

quasi-reversible process on TPCF electrode. However, VO
2+

/VO2
+
 redox couple presents an 

irreversible process. The carbon atoms on surface of TPCF electrode can be oxidized when the 

potential reaches 1.5 V, which means that the TPCF electrode has lower corrosion resistance than 

graphite electrode. 
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1. INTRODUCTION 

Vanadium redox flow battery (VRB) is a new energy storage device which is developed 

quickly in recent years due to its advantages such as large capacity, deep discharge capability, high 

reliability, no cross contamination and environmental friendliness [1-6]. However, there are still 

several issues which are needed to improve eventually for the commercial application of VRB, such as 

electrolyte stability, membrane permeability and electroactivity of the electrode materials [7-9]. At 

present, the low cost carbon-polymer composite and graphite felt are widely used as the bipolar plate 

and the electrode for VRB, respectively [7]. Usually, the carbon-polymer composite electrode has 

relatively high bulk resistivity and can be easily corroded when the anodically polarized potential on 

them is more positive than that of oxygen evolution, and this kind of heterogeneous corrosion may lead 
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to battery failure due to electrolyte leakage [10-12]. Therefore, The electrode with high electrical 

conductivity, acid-resistance and electrochemical stability is still desirable for VRB. 

The carbon film coated Ti plate has a good electroconductibility and mechanical strength which 

are corresponding to the structure of carbon film and Ti substrate, respectively [13]. And most 

importantly, it also has good adhesion between carbon film and Ti substrate due to the Ti-O-C gradient 

in comparison with the carbon films obtained by some researchers [14-19]. In addition, it consists of 

amorphous and crystallized phases. Therefore, it will probably be a candidate for electrode in VRB. 

The aim of this study is to investigate the electrochemical behavior of TPCF electrode in the 

electrolyte of VRB by cyclic voltammetry, potentiodynamic polarization and impedance techniques. 

 

2. EXPERIMENTAL 

2.1 Chemicals 

The electrolyte used in this study was 2 mol dm
-3

 H2SO4 and 2 mol dm
-3

 vanadyl sulfate 

(VOSO4) aqueous solution, with the supporting electrolyte of 2 mol dm
-3

 H2SO4. All chemicals were 

of analytical grade and used as received without any purification, and de-ionized water was used for all 

experimental solutions. 

 

2.2 Electrochemical measurements 

All experiments were performed in a cell containing with about 0.3 dm
-3

 of 2 mol dm
-3

 

H2SO4+2 mol dm
-3

 VOSO4 electrolyte by a PARSTAT 2273-potentiostat/galvanostat/FRA at the room 

temperature. A three-electrode setup was utilized, in which the reference electrode was saturated 

calomel electrode (SCE), the counter electrode a graphite plate(4 cm5 cm), and the working electrode 

a TPCF electrode with working area of 0.785 cm
2
 exposed to the electrolyte, which was prepared by 

electro-deposition in a LiCl-KCl-K2CO3 molten salt in the previous study [20]. Electrochemical 

impedance spectroscopy (EIS) was conducted in a frequency range between 0.01 Hz and 100 kHz with 

the AC amplitude of 10 mV at different polarization potentials. 

 

2.3 Characterization TPCF electrode 

The surface morphology of TPCF electrode was examined by scanning electron microscopy 

(SEM; JSM-6360LV). X-ray photoelectron spectroscopy (XPS) was obtained with ESCALAB250 

XPS (Thermo VG, USA) at 5.5×10
-8

 mbar. Al-K(1486.6 eV) was used as X-ray source at 15 kV of 

anodic voltage. Spectra were analyzed using Spectrum software (XPSPEAK41). 

 

 

3. RESULTS AND DISCUSSION  

Figure 1 shows the potentiodynamic polarization curves of the bare Ti and the TPCF electrodes 

in 2 mol dm
-3

 H2SO4 at the scan rate of 10 mV s
-1

. This indicates that the free corrosion potential, Ecorr, 
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of the TPCF electrode is about 696 mV more positive than that of the bare Ti plate. It can be deduced 

that the carbon film may protect its substrate from anodic dissolution, and enhance its stability in 2 mol 

dm
-3

 H2SO4. 

 

 
 

Figure 1. Potentiodynamic polarization curves of bare Ti and TPCF electrodes in 2 mol dm
-3

 H2SO4 at 

the scan rate of 10 mV s
-1

 

 

Figure 2 displays the cyclic voltammograms of TPCF electrode in 2 mol dm
-3

 H2SO4 +2 mol 

dm
-3

 VOSO4 solution at the scan rate of 50 mV s
-1

. A couple of peaks A1 and C1 are observed, which 

corresponding to the oxidation and reduction of V
2+

/V
3+

, respectively. A2 and C2 are associated with 

the oxidation and reduction of VO
2+

/VO2
+
. The peak C2 can only be seen in the high resolution image 

shown in the insert, which means that the oxidation and reduction of VO
2+

/VO2
+
 presents an 

irreversible process on TPCE electrode. In addition, all of the peak value of current increases with 

scanning times. This may be because the surface of the carbon film was purged, which lead to an 

increasing in active area during the scanning process. The peak C0 at the potential of -0.9 V represents 

H2 evolution.  

The electrolyte of 2 mol dm
-3

 H2SO4+2 mol dm
-3

 V
3+

 was obtained by electro-reduction of 2 

mol dm
-3

 H2SO4 +2 mol dm
-3

 VOSO4 in the negative half-cell of a VRB. The cyclic voltammograms 

of TPCF electrode in 2 mol dm
-3

 H2SO4 +2 mol dm
-3

 V
3+

 under different scan rates are shown in 

Figure 3. It can be seen that the current peak for oxidation and reduction displays a high-degree of 

symmetry. As the scan rate increasing, the oxidation current peak (Ipa) and reduction current peak (Ipc) 

are also increases. The Ipa and Ipc are proportional to the scan rate (over the range of 25-75 mV s
-1

). 

app:ds:symmetrical
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Furthermore, the peak potential separation increases with the scan rate increasing. All of these indicate 

that the V
2+

/V
3+

 redox reaction is a quasi-reversible process on TPCF electrode. 

 

 
 

Figure 2. Cyclic voltammograms of TPCF electrode in 2 mol dm
-3

 H 2SO4 +2 mol dm
-3

 VOSO4 at the 

scan rate of 50 mV s
-1

. The inset shows the corresponding curve of peak C2 at high resolution. 

 

 
 

Figure 3. Cyclic voltammograms of TPCF electrode in 2 mol dm
-3

 H2SO4+2 mol dm
-3

 V
3+

 under 

different scan rates  
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Figure 4 shows the Nyquist plots of TPCF electrode in 2 mol dm
-3

 H2SO4+2 mol dm
-3

 V
3+

 

under different potentials. The results show that the experimental curves present the shape of a semi-

circle in the high frequency region, whereas it is a straight line with a slope of unity approximately in 

the low frequency region. The semi-circle is due to the combination of the double layer capacitance 

and the charge transfer reaction which is associated with reduction of V
3+

 ions [21]. This indicates that 

the reduction of V
3+

 on TPCF electrode is a mixed kinetic-diffusion controlled process in 2 mol dm
-3

 

H2SO4+2 mol dm
-3

 V
3+

 in the polarization potential range between -0.425 V and -0.500 V. 

 

 
 

Figure 4. Nyquist plots of TPCF electrode in 2 mol dm
-3

 H2SO4+2 mol dm
-3

 V
3+

 under different 

polarization potentials  

 

The battery-charging process is simulated by using potentiostatic polarization at 1.2 V and 1.5 

V vs. SCE to investigate the electrochemical stability of TPCF electrode. The SEM images and digital 

picture of the surface on TPCF electrode before and after simulation of charging process are shown in 

Figure 5. The results show that there is no obvious change on surface morphology of TPCF electrode 

when the potential lower than 1.2 V by comparison of Figure 5a and Figure 5b. However, when the 

potential reaches 1.5 V, the TPCF electrode can be degraded severely as shown in Figure 5c, which 

may be due to the carbon atoms oxidized by high activity oxygen-atom. Figure 5d-f shows the SEM 

images with different magnifications of TPCF electrode after charging at 1.5 V for 3 h. This means 

that the TPCF electrode has lower corrosion resistance than graphite electrode at the same potential 

[10], which may be due to the prepared carbon film consists of amorphous and crystallized phases and 

the amorphous phase of carbon has higher electrochemical activity and can be easily oxidized to CO2 

than graphite electrode[20]. 
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Figure 5. The SEM images and picture of TPCF electrodes before and after simulation of charging 

process a: before charging process; b: after charging at 1.2 V for 3 h; c: the picture for TPCF 

electrode after charging at 1.5 V for 3 h; d, e, f: SEM images with different magnifications of 

TPCF electrode after charging at 1.5 V for 3 h 
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Figure 6 shows the XPS spectra at different position of TPCF electrodes before and after 

simulation for charging process at 1.5 V for 3 h. The results show that after charging, the intensity of 

the O1s peak at the binding energy of 532 eV increases. In addition, the O content and the O/C ratio 

reach up to 27.8% and 0.38, compared to 22.2% and 0.28 of the TPCF electrode, respectively. This 

indicates that the carbon atoms on surface of TPCF electrode were oxidized during charging process 

and this is in agreement with SEM images as shown in Figure 5. Spectrum 3 corresponding to position 

3 shown in Figure 5c, there appears a Ti2p peak at the binding energy of 456 eV besides the O1s and 

C1s peaks at the binding energy of 532 and 284 eV.  

 

 
 

Figure 6. XPS spectra of TPCF electrode before and after simulation for charging process at 1.5 V for 

3 h. Curves 1, 2 and 3 were corresponding to the XPS spectra of position 1, 2 and 3 shown in 

Figure 5(c). 

 

The representative XPS C1s and Ti2p spectra of TPCF electrodes before and after simulation 

for charging process at 1.5 V for 3 h are fitted, and the results are shown in Figure 7. It can be seen that 

the intensity of functional group of C-O increases during charging process at 1.5 V by comparison of 

Figure 7a and 7b, which indicates that the carbon atoms on surface of carbon film are oxidized during 

charging process at 1.5 V and this is in agreement with SEM images shown in Figure 5. In addition, by 

combination of Figure 7c and 7d, a layer of TiC can be deduced to exist between the carbon film and 

the substrate, which may play a key role to prevent titanium from corrosion.  
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Figure 7. C1s and Ti2p high resolution XPS spectra of TPCF electrode at different positions in Figure 

5(c). a: position 1; b: position 2; c and d: position 3 

 

 

 

4. CONCLUSIONS 

The electrochemical behavior of V
2+

/V
3+

 and VO
2+

/VO2
+
 redox couple on the TPCF electrode, 

which was prepared by the electro-deposition in a LiCl-KCl-K2CO3 molten salt, is studied. The results 

show that the V
2+

/V
3+

 redox couple performs a quasi-reversible process on TPCF electrode. However, 

VO
2+

/VO2
+
 redox couple presents an irreversible process. The carbon atoms on surface of TPCF 

electrode can be oxidized when the potential reaches 1.5 V, which lead to carbon film discontinuous. 

However, there is no obvious change at 1.2 V. In conclusion, the TPCF electrode still has some 

shortages to be used as the electrode for VRB. However, it can be used as the electro-bipolar plate 

when the applied potential difference is strictly controlled in VRB. 
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