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a b s t r a c t 

An all-vanadium redox flow battery with V(IV) as the sole parent active species is developed by accessing 

the VO 

2 + /V 

3 + redox couple. These batteries, referred to as V4RBs, possess a higher theoretical volumetric 

capacity than traditional VRBs. Copper ions were identified as an effective additive to boost the battery 

performance. 

© 2018 Published by Elsevier B.V. and Science Press on behalf of Science Press and Dalian Institute of 

Chemical Physics, Chinese Academy of Sciences 
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With increasing demands on renewable energy deployments

nd electric grid modernizations, redox flow batteries (RFBs) have

ecently attracted a great wealth of research interests [1–3] . All-

anadium redox flow batteries (VRBs), first invented by the Skyllas-

azacos group [4] , are perhaps the most well-developed and

romising RFB system, and have already been deployed at large

cale [5,6] . Tremendous research effort s have been invested to-

ards further developments of the system. For example, by op-

imizing the electrolyte solution chemistry, the energy density in

RBs can be improved by a 70% margin, together with a 80% in-

rease in temperature range of stable operation [7] . 

In VRBs, four different oxidation states of the same element are

mployed: V (V, IV, III, and II). As shown in Fig. 1 , in strong acids,

he corresponding species of these oxidation states constitute

hree redox couples with a single electron transfer: VO 2 
+ /VO 

2 + ,
O 

2 + /V 

3 + and V 

3 + /V 

2 + . Conventional VRBs utilize the VO 2 
+ /VO 

2 + 

nd V 

3 + /V 

2 + couples to undergo the following electrochemical re-

ctions, and have a theoretical cell voltage of 1.25 V: 

athode half − cell : VO 

+ 
2 + 2 H 

+ + e −
Discharge ←→ 

Charge 
H 2 O + V O 

2+ 

node half − cell : V 

2+ Discharge ←→ 

Charge 
V 

3+ + e −
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verall : VO 

+ 
2 + V 

2+ + 2 H 

+ Discharge ←→ 

Charge 
V 

3+ +V O 

2+ + H 2 O 

In traditional VRB systems, the VO 

2 + /V 

3 + redox couple is not

tilized as the energy-bearing active materials. Although it often

lays an important role in the balancing step of VRBs for bench-top

ow cell tests, the VO 

2 + /V 

3 + redox reaction is often considered a

elf-discharge reaction after crossover [8,9] . As shown in Fig. 1 , the

eaction between VO 2 
+ /VO 

2 + and VO 

2 + /V 

3 + couples is favourable

hermodynamically, with a theoretical cell voltage of 0.66 V. This

eaction can be coupled with the reaction in conventional VRBs

o produce a VRB, namely V4RB, which utilizes the same parent

ctive species (VO 

2 + ) on both sides of the flow battery. With a

atholyte:anolyte volume ratio of 2:1, VO 

2 + is converted to VO 2 
+ 

nd V 

2 + at positive and negative sides, respectively. Such designs

ill further expand the merits of VRBs by improving the utilization

f vanadium ions, and hence enhancing the theoretical volumetric

apacity. Furthermore, the employment of the same parent active

aterials (i.e. V(IV)) could alleviate the crossover concerns at the

ischarged state, and potentially simplify the rebalancing step as

ell [10] . 

The feasibility of V4RBs was first demonstrated with an elec-

rolyte composition of 2 M VOSO 4 in 5 M HCl solutions (denoted

s V225), and a catholyte:anolyte volume ratio of 2:1. At a current

ensity of 50 mA/cm 

2 , two major sets of charge/discharge plateaus

ere observed from voltage profiles of the flow cell ( Fig. 2 a). These

wo sets presumably correspond to the two-step reactions of the
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Fig. 1. Schematic figure for the design of all-vanadium (IV) flow batteries, or V4RB, 

with the same parent active species (VO 2 + ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Voltage profiles of the V4RB at a current density of 50 mA/cm 

2 before and 

after the addition of metal salts: a: before salt additions, b: after the addition of 

0.2 mmol BiCl 3 (apparent concentration: 10 mM) to the anolyte side, and c: after 

further addition of 0.2 mmol CuCl 2 (apparent concentration: 10 mM) to the anolyte 

side. 
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VO 2 
+ /VO 

2 + couple vs VO 

2 + /V 

3 + and V 

3 + /V 

2 + couples, as shown in

Fig. 1 . 

As for the cycling performance, the round-trip coulombic ef-

ficiency (CE) was around 97%, while the energy efficiency (EE)

was only around 35% at a current density of 50 mA/cm 

2 (Fig. S1

in the Supplementary Information). This low energy efficiency is

due to the high over-potentials during Step 1, as indicated by the

large gaps between charging and discharging plateaus in Fig. 2 (a).

Polarizations in VRBs are mostly attributed to Ohmic loss, mass

transfer resistance, and charge transfer barrier [11] . With similar

environments, Step 1 and 2 shared comparable Ohmic and con-

centration polarizations. Therefore, their substantial variations in

over-potentials originate from intrinsic differences in kinetics of

VO 

2 + /V 

3 + and V 

3 + /V 

2 + couples at electrode surfaces. In fact, pre-

vious voltammetry studies suggest that the VO 

2 + /V 

3 + couple de-

mands a large activation energy during electrochemical reactions

[8] . By decreasing the over-potential with a lower current density

(20 mA/cm 

2 ), EE can be promoted to around 50%. It is interesting

to notice that a third discharge plateau was observed in the voltage

profile at 20 mA/cm 

2 (Fig. S2 in the Supplementary Information),

indicating a possibly more complex process. 

To enhance the performance of this V4RB system demands im-

provements on the kinetics of charge transfer processes in Step 1,

especially the VO 

2 + /V 

3 + couple. Inspired by the fact that bismuth

[11] and copper [12] nanoparticles are effective catalysts in con-

ventional VRBs towards the V 

3 + /V 

2 + couple, two metal salts in the

form of BiCl 3 and CuCl 2 were sequentially added to the anolyte

side of the above flow cell system to test their effects on cell per-

formances. Voltage profiles after the addition of Bi and Cu ions are

illustrated in Fig. 2 (b, c). The introduction of these ions led to a

slight decline of CE, but nevertheless promoted VEs and EEs (Fig.

S1), although by a different margin. Specifically, compared with Bi

ions, Cu ions are more effective in boosting the performance of this

V4RB, and EEs rose to above 70% with their presence. Indeed, as

shown in Fig. 2 (b) and Fig. S3, the addition of Bi ions has minimal

effect on the voltage curves of Step 1 (i.e. conversions related to

the VO 

2 + /V 

3 + couple). The first charging plateau was lowered by a

small margin (around 0.04 to 0.05 V), while the second discharging

plateau almost overlapped with that of pristine electrolytes (V225).

This suggests that deposited Bi metals during charging, instead of

Bi ions, might be contributing. The mechanism might be by ei-

ther lowering Ohmic losses through better electrode conductivi-

ties, or suppressing charge transfer polarizations through possible

catalytic effects towards the VO 

2 + /V 

3 + couple. In comparison, Cu

ions drastically altered the voltage profiles of Step 1, and signifi-

cantly reduced the over-potentials. Two distinct charging plateaus

were observed for Step 1 ( Fig. 2 c and Fig. S3 in the Supporting In-
ormation), and compared with that before Cu addition, the first

lateau was about 0.5 to 0.6 V lower, while the second one was

n a similar voltage level. The two charging plateaus, however,

orrespond to only one discharging plateau, which was increased

y about 0.4 V after the addition of Cu. Such phenomena suggest

hat Cu ions or their derivative species during cycling only func-

ion within a certain SOC range during charging of Step 1. In the

lectrochemical processes during cycling, cyclic voltammetry (CV)

esults of the V225 electrolyte with 10 mM BiCl 3 and 10 mM CuCl 2 
eveal a pair of peaks near 0.3 V vs. AgCl/Ag ( Fig. 3 a). This pair

f peaks is around 0.6 to 0.7 V lower than that of the VO 

+ /VO 

2 + 

2 
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Fig. 3. (a) CV results of the 2 M VOSO 4 -5 M HCl electrolyte with the addition of 

10 mM BiCl 3 and 10 mM CuCl 2 . Inset: Comparison of CV results before and after 

addition of metal salts. (b) Impedance analysis of the 2 M VOSO 4 -5 M HCl electrolyte 

before and after the addition of 10 mM BiCl 3 and 10 mM CuCl 2 . The scan rate of CV 

was 10 mV/s, and the impedance analysis was conducted at 0.3 V vs. the AgCl/Ag 

reference electrode. 
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ouple. The value of such a potential gap correlates well with

hose of the first charging plateau and the discharging plateau for

tep 1, indicating that the process corresponding to these peaks

s responsible for the enhancement of battery performances. The

mpact of Cu species on this pair of peaks is cross-validated

y both CV and electrochemical impedance spectroscopy results

 Fig. 3 and Fig. S4). The exact process during cycling and mech-

nism for performance improvements are still under investigation.

ith high concentrations of chloride ions in the electrolytes, the

reliminary assumption is that Cu(I) species [13,14] are playing

n important role in the process. These species either catalyze

he electrochemical reactions of the VO 

2 + /V 

3 + couple, or work as

lectron-transfer mediators. At higher SOC range of Step 1, how-

ver, these species are further reduced to Cu metals, and lose their

unctions. As a result, the over-potential returned to the level ob-

erved in the absence of Cu ions, which explains the splitting of

harging plateaus for Step 1 discussed above. 

To confirm the role of Cu additives on the cell performance

olely for Step 1, a symmetric V4RB system was designed with

(IV) as the only parent active material, and a volume ratio of 1:1

or the catholyte and anolyte ( Fig. 4 a). In this cell, VO 

2 + is con-

erted to VO 2 
+ and V 

3 + at positive and negative sides, respec-

ively. Without Cu additives, significant over-potentials were ob-
erved at various current densities from 50 – 100 mA/cm 

2 (Fig. S5).

he addition of Cu ions, however, significantly lowered the over-

otentials, and with a voltage cut-off at 0.9 V ( Fig. 4 b), the sym-

etric V4RB cell had an average CE of 98%, VE of 79% and EE of

7% at a current density of 50 mA/cm 

2 . The highest volumetric ca-

acity was around 18 Ah/L, ( Fig. 4 c). Higher current densities led to

 slight increase of CEs by suppressing crossover and self-discharge

 Fig. 4 c), but resulted in a significant decline in EEs with enlarged

ver-potentials, as indicated from the change of voltage profiles in

ig. 4 b. It is noteworthy that VEs kept increasing in the initial cy-

les, which correlates with the fact that over-potentials were de-

reasing over initial cycles (Fig. S6), suggesting the existence of

n activation period. The activation process is probably associated

ith the formation and enrichment of Cu (I) species near electrode

urfaces. 

After confirming the effect of Cu additives on the reaction in

tep 1, performances of V4RB cells (catholyte:anolyte volume be-

ng 2:1) were then evaluated with CuCl 2 as the sole additive to

nolyte sides, and results are as shown in Fig. 5 . With a volt-

ge cut-off at 1.6 V ( Fig. 5 a), the peak volumetric discharge ca-

acity was around 28.0 Ah/L at a current density of 50 mA/cm 

2 .

uch a capacity output is only ∼80% of the theoretical value (35.6

h/L) due to the limited voltage cut-off, but is nonetheless higher

han the theoretical value (26.8 Ah/L) of conventional VRBs with

he same concentration of vanadium species. Mean values of CE,

E and EE were 96%, 81% and 78% at the current density of

0 mA/cm 

2 , respectively ( Fig. 5 b). During cell cycling, an activation

eriod also existed in the initial cycles (Fig. S7a) with VE increas-

ng over time, while a slight decline of VE was observed in later

ycles. The decline of VE correlates with the change of capacity

atios between Step 1 and Step 2. As shown in Fig. S7b, the capac-

ty percentile contributed by Step 1, which corresponds to lower

Es than Step 2, was increasing over cycles. These changes prob-

bly originated from a combination of crossover related concen-

ration shift and side reactions such as gas evolutions, which also

ed to capacity decay. Capacity remediation techniques [9,15] such

s remixing and periodic volume transfer are currently under in-

estigation. The prerequisite of these techniques is that the pres-

nce of Cu ions in the catholyte side cannot be detrimental to

he cell performance. Indeed, as shown in Fig. S8, the performance

f a V4RB cell with 10 mM CuCl 2 on both catholyte and anolyte

ides is comparable to that with 10 mM CuCl 2 only on the anolyte

ide. 

To conclude, by accessing the VO 

2 + /V 

3 + couple, herein we pre-

ented the design of a VRB system that utilizes the same par-

nt active species (VO 

2 + ) on both sides of the flow battery. Cu

ons were identified as an effective additive to boost the per-

ormance of this V4RB system, and higher volumetric capacity

utputs were achieved with better vanadium utilizations. The ex-

ct mechanism for the enhancements with Cu additives is cur-

ently under investigation, but Cu(I) species were likely involved

n the charge transfer process of VO 

2 + /V 

3 + redox reaction. Be-

ides employing electrolyte additives, electrode modifications with

atalysts such as Ir [16] or carbon nanotubes [17] might also be

iable to facilitate the kinetics of the VO 

2 + /V 

3 + couple, as in-

icated in previous cyclic voltammetry studies. Such possibilities

re being explored to further boost performances of the new VRB

esign. 
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Fig. 4. Schematic figure (a) and cycling performances of the symmetric V4RB cell with 10 mM CuCl 2 at the anolyte side: (b) voltage profiles at different current densities and 

(c) cell efficiencies and specific discharge capacities. Numbers above each voltage or efficiency plot indicate corresponding current densities with units of mA/cm 

2 . Voltage 

curves in (b) are from Cycle 10, 20, 30, 40 and 50. The theoretical volumetric capacity is 26.8 Ah/L. 

Fig. 5. Cycling performances of the V4RB cell (catholyte:anolyte volume being 2:1) with 10 mM CuCl 2 at the anolyte side: (a) voltage profiles at different current densities 

and (b) cell efficiencies and specific discharge capacities. Numbers above each voltage plot or underneath efficiency/capacity plot indicate corresponding current densities 

with units of mA/cm 

2 . Voltage curves in (a) are from Cycle 10, 30, 40, 50 and 60. The theoretical volumetric capacity is 35.6 Ah/L. 
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