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2+
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+
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Selenium modified ruthenium/reduced graphene oxide 

(RuSe/rGO) is explored as an electrocatalyst towards 

VO2+/VO2
+ redox couples in vanadium redox flow batteries. 

Compared with rGO electrode, the RuSe/rGO can 

significantly alleviate the polarization and improve the 

reversibility of the redox reaction, by virtue of the excellent 

catalytic activity and electronic conductivity. 

As one of the rechargeable energy storage devices, vanadium redox 
flow batteries (VRFBs) employ vanadium ions in different oxidation 
states to store chemical potential energy. Since the invention by 
Maria Skyllas-Kazacos and colleagues in the 1980s, it has received 
considerable attention due to the almost unlimited capacity and long 
cycle life.1-3 However, one of the critical challenges of VRFBs is the 
relatively sluggish reaction kinetics of VO2+/VO2

+ redox couples.4 
Since highly active electrocatalysts can effectively improve the 
kinetics of the redox couples, numerous efforts have been made to 
explore high performance electrocatalysts for VRFBs.5-8  

It is reported that chalcogenide elements (S, Se and Te) can 
effectively modify the surface reactivity of some metal catalysts (Ru, 
Co, Fe, and Ni) and thus modulate their catalytic activity.9,10 
Recently, chalcogenide-modified metal MxXy (M= Ru, Co, Fe and 
Ni; X= S, Se and Te) become a very promising catalyst candidate 
towards some electrochemical reactions (e.g., oxygen reduction 
reaction, methanol oxidation reaction, etc.) because of their 
comparable catalytic activity, low cost, high abundance.11-13 
However, chalcogenide-modified metal electrocatalyst towards 
VO2+/VO2

+ couples for VRFBs has rarely been reported to the best 
of our knowledge.  

In this communication, selenium modified ruthenium/reduced 
graphene oxide (RuSe/rGO) nanocomposite was explored as an 
electrocatalyst in VRFBs (see EIS for experimental details). It is 
manifested that RuSe/rGO nanocomposite can significantly alleviate 
the polarization and improve the reversibility of VO2+/VO2

+ redox 
couples. This enhanced performance should be attributed to the 
intrinsically high catalytic activity of RuSe and the good electronic 
conductivity of the composite endowed by rGO.14,15 

As shown in Fig.1a, The X-ray diffraction (XRD) pattern of the 
prepared RuSe/rGO nanocomposite displays well-defined peaks, 
which are well accordance with the previous report, confirming the 

formation of selenium modified ruthenium material.13 From the X-
ray photoelectron spectroscopy (XPS) data (Fig.2b), the surface 
element atom contents of the RuSe/rGO nanocomposite are 
calculated to be 78.96% carbon, 18.89% oxygen, 0.88% Ru and 
0.36% Se, respectively. The transmission electron microscopy 
(TEM) and high resolution TEM images exhibit typical 
morphologies of the RuSe/rGO nanocomposite, showing that RuSe 
nanoparticles with an average diameter of 4 ± 0.5 nm are 
homogeneously anchored to the rGO surface (Fig. 1c, d), and this 
specific nanostructure may be beneficial to improve electrocatalytic 
activity. 

 
Fig.1 (a) XRD pattern, (b) XPS general spectrum, (c) TEM image 
and (d) high resolution TEM image of RuSe/rGO nanocomposite, 
some RuSe nanoparticles are circled by red. 
 

Fig. 2 depicts the elemental mappings of RuSe/rGO 
nanocomposite, it can be obviously seen that Se element 
incorporated with Ru element are homogeneously distributed 
throughout the RGO sheets. These results indicate that RuSe phase 
in RuSe/rGO nanocomposite is well dispersed. It could be expected 
that such a well-constructed texture may be favourable for the 
electrocatalytic redox reaction of VO2+/VO2

+ couples 13. 
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Fig. 2 Elemental mappings of RuSe/rGO nanocomposite. 
 

As shown in Fig. 3a, the anodic and cathodic peak potential 
separation of VO2+/VO2

+ redox couples at rGO modified electrode is 
0.29 V at the scan rate of 2 mV s-1 and reaches to 0.50 V at the scan 
rate of 20 mV s-1. In case of the RuSe/rGO modified electrode (Fig. 
3b), the peak potential separation is just 0.17 V even though the scan 
rate reaches to 20 mV s-1, demonstrating an alleviated polarization of 
VO2+/VO2

+ redox couples at RuSe/rGO modified electrode. In 
addition, the anodic and cathodic peak currents densities at 
RuSe/rGO modified electrode are much larger than that at rGO 
modified electrode. Another important factor related to redox 
reversibility is  the ratio of peak current densities of the oxidization 
peak to the reduction peak (|Ipa/ Ipc|).

16 The peak currents densities of 
VO2+/VO2

+ redox couples under different scan rates are listed in 
Table S1. It can be seen from Table S1 that the values of |Ipa/ Ipc| for 
RuSe/rGO modified electrode are much smaller than that of rGO, 
indicating that RuSe/rGO presents much reversible electrocatalytic 
activity towards VO2+/VO2

+ redox couples than rGO. Fig. S1 plots 
the Tafel polarization curve of rGO and RuSe/rGO. According to the 
Butler-Volmer equation, the calculated exchange current densities 
for rGO and RuSe/rGO are 5.62×10-5 and 1.12×10-3 A cm-2, 
respectively, further suggesting that RuSe/rGO modified electrode 
exhibits much better electrocatalytic performance. The alleviated 
potential separation, the enhanced peak current densities and 
exchange current density indicate more favorable electron transfer 
kinetics for VO2+/VO2

+ redox reaction at RuSe/rGO modified 
electrode.17-19 The CV profiles of VO2+/VO2

+ redox couples at 
RuSe/rGO modified electrode keep almost unchanged even after 300 
cycles, indicating very good chemical durability of RuSe/rGO 
nanocomposite in acid electrolyte (Fig.3c).  

 
Fig.3 CV curves of (a) rGO and (b) RuSe/rGO under different scan 
rates; (c) 300 cycles of RuSe/rGO; (d) charge-discharge curves at the 
current density of 20 mA cm-2 in the voltage range of 0.8-1.6 V (the 
inset in d is the CE, VE and EE of the cell). 

Fig. 3d presents the charge-discharge curves of the constructed 
VRFB cells. It can be seen that the anchoring of RuSe on rGO 
surface significantly improves the performance compared with the 
rGO, possibly attributing to the synergistic catalytic effect between 
the nanosized RuSe and rGO. The RuSe/rGO electrode presents an 
alleviated voltage drop of 0.05 V in comparison with that of 0.11 V 
for rGO electrode. The coulombic efficiency (CE), voltage 
efficiency (VE), and overall energy efficiency (EE) of the 
RuSe/rGO-based VRFB cell are 87.9%, 97.3% and 85.5%, 
respectively, which is correspondingly superior to that of rGO-based 
cell (76.8%, 93.2% and 71.6%, respectively), exhibiting a 
significantly improved electrocatalytic effect of RuSe/rGO 
nanocomposite. 

EIS was employed to further characterize the electrochemical 
processes of the samples. EIS data was recorded in 2 mol L-1 
VOSO4/2 mol L-1 (VO2)2SO4 solution at the apparent standard 
potential. Fig. 4a and b display a sequence of characteristic Nyquist 
plots, in which the semicircle is attributed to a parallel combination 
of the charge transfer resistance with the double layer capacitance, 
and the sloped line is related to mass transport effects.20,21 The inset 
in Fig. 4a shows the equivalent circuit used for fitting. In the 
equivalent circuit, R1 stands for the resistance composed of solution 
resistance, electrode resistance and the contact resistance. R2 
represents the charge transfer resistance across electrode/solution 
interface, Qm (CPE1) is the constant-phase element which 
represents the electric double-layer capacitance of electrode/solution 
interface, and Qt (CPE2) is the constant-phase element which 
represents the diffusion capacitance attributed by the diffusion 
process of VO2+ and VO2

+ ions. Table 1 shows the fitted values from 
the EIS data. With regard to RuSe/rGO electrode, R2 is only 5.3 Ω  

 

 
Fig.4 Nyquist plots of the electrodes at the apparent standard 
potential: (a) rGO and (b) RuSe/rGO; The inset in (a) is the 
equivalent circuit. 
 

for RuSe/rGO electrode, which is much smaller than that of 87.6 Ω 
for rGO electrode. From Table 1, it also can be seen that the values 
of Qm and Qt for RuSe/rGO electrode are higher than that of rGO 
electrode, indicating an enhancement of the electric double-layer 
capacitance of electrode/electrolyte interface and the diffusion 
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capacitance of ions. The former favors the charge transfer for the 
VO2+/VO2

+ redox reaction and the latter is beneficial for the 
diffusion of VO2+ and VO2

+ ions towards the composite electrode.22 
The RuSe/rGO nanocomposite is favorable to the ion and electron 
transport, so the polarization is dramatically alleviated and the 
reversibility is significantly improved. 

Table 1 Parameters resulted from fitting the Nyquist plots. 

Sample R1(Ω) Qm (CPE1)  R2(Ω) Qt (CPE2) ×10-2 

rGO 12.3± 0.2 3.5 ±0.04×10-6 87.6± 0.6 1.6 ±0.08×10-3 

RuSe/rGO 9.1± 0.1 1.4±0.02×10-4 5.3± 0.2 5.3±0.11×10-3 

 
In summary, the RuSe/rGO nanocomposite was prepared 

and explored as a novel electrocatalyst towards VO2+/VO2
+ 

redox couples in VRFBs. RuSe/rGO modified electrode can 
significantly alleviate the polarization and improve the 
reversibility of the redox couples in comparison with rGO 
electrode. The excellent electrocatalytic activity should be 
attributed to the excellent electrocatalytic performance of RuSe 
and the good electronic conductivity of rGO. Accordingly, the 
VRFB cell based on RuSe/rGO modified electrode exhibits 
enhanced cell performance. 
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