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Vanadium flow batteries (VFBs) represent a prominent large-scale long-duration energy storage
technology, with vanadium electrolyte serving as a critical component that fundamentally governs
battery performance. In practical implementations, mixed-valence V3>* electrolyte is universally
employed as the initial active solution in both half-cells. The preparation methodology and raw material
selection for V3°* electrolyte substantially influence both the economic viability and environmental
sustainability of VFB systems. This review systematically examines established techniques for preparing
V33t electrolyte, including the chemical reduction method, electrolysis method, and chemical
reduction—electrolysis method, and further classifies them systematically, analyzes the basic principles,
process architecture, key equipment, technical advantages and existing problems of each process, and
discusses the potential of each method in sustainable application. In addition, this study also analyzed
the capacity attenuation mechanism of vanadium batteries, and summarized the capacity recovery
strategies. The reduction process of high valence vanadium ions involved in the capacity recovery
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DOI: 10.1039/d55u00532a innovations in electrolyte synthesis, emphasizing sustainable production routes and performance

rsc.li/rscsus optimization strategies for next-generation VFB applications.

“National Engineering Research Center of Green Recycling for Strategic Metal °Shenyang Hengjiu Antai Environmental Protection and Energy Conservation
Resources, Institute of Process Engineering, Chinese Academy of Sciences, No. 1, Technology Co., Ltd, No. 158, Puhe Road, Shenbei New District, Shenyang
North 2nd Street, Zhongguancun, Haidian District, Beijing 100190, China. E-mail: 110127, Liaoning Province, China. E-mail: qiny@h9at.com; Tel: +86-24-85635968

femeng@ipe.ac.cn; Tel: +86-10-82544848
School of Chemical Engineering, University of Chinese Academy of Sciences, Beijing
101408, China

Pai Wang received a bachelor's
degree in environmental engi-
neering from Yanshan Univer-
sity, China. She is now
a master’s student at the Insti-
tute of Process Engineering,
Chinese Academy of Sciences.
Her research focuses on the
preparation process (VFB) of
electrolyte for 3.5-valent vana-
dium flow batteries, aiming at
overcoming the technical bottle-
neck of the core material vana-

Yu Qin serves as the Deputy
General Manager and Director
of the Research Institute at She-
nyang Hengjiu Antai Environ-
mental Protection and Energy
Conservation Technology Co.,
Ltd. He has led his team in
developing new technologies in
vanadium flow batteries, solid
thermal energy storage, water-
based thermal energy storage/
cooling, phase change thermal
energy storage (PCMS), and

Pai Wang Yu Qin

dium electrolyte in terms of cost, high-voltage electrode boilers.

concentration and purity. His research covers core components in the vanadium flow battery
energy storage system, including membranes, stacks, electrolytes,
and system integration.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2025, 3, 5089-5108 | 5089


http://crossmark.crossref.org/dialog/?doi=10.1039/d5su00532a&domain=pdf&date_stamp=2025-10-29
http://orcid.org/0000-0001-5963-6802
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00532a
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU003011

Open Access Atrticle. Published on 26 zai 2025. Downloaded on 31.10.2025 8:37:18.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Sustainability

Sustainability spotlight

View Article Online

Tutorial Review

Vanadium flow batteries (VFBs) are vital for integrating renewable energy and enabling grid decarbonization. However, the economic and environmental costs of

preparing essential V> electrolytes pose significant barriers to sustainable VFB deployment. This review critically analyzes V> electrolyte synthesis methods,
highlighting pathways to reduce resource consumption, minimize waste, and lower production energy intensity. By advancing efficient, low-impact electrolyte
manufacturing and capacity restoration techniques, this work directly contributes to making large-scale, long-duration energy storage more affordable and
environmentally sound. These advancements align with key UN Sustainable Development Goals: SDG 7 (Affordable and Clean Energy) by enabling renewable

storage, SDG 9 (Industry, Innovation and Infrastructure) through cleaner production innovation, and SDG 12 (Responsible Consumption and Production) by

promoting resource efficiency and waste reduction in battery value chains.

1 Introduction

Renewable energy sources are receiving widespread attention
because the existing fossil fuel-based energy infrastructure
cannot meet the requirements of sustainable social develop-
ment.”” The VFB stands out as a mature large-scale energy
storage technology,>* which is recognized as one of the most
advanced energy storage technologies today; it offers advan-
tages such as long cycle life, flexible design, and safe system
operation.®® Pioneered by the University of New South Wales in
the 1980s,'® the VFB achieves mutual conversion between
chemical energy and electrical energy through reversible
changes in the valence states of vanadium ions in sulfuric acid
electrolyte: during charging, electrical energy is converted into
chemical energy for storage, while during discharging, chemical
energy is reconverted into electrical energy for output. Its energy
storage principle and energy conversion during the charge-
discharge process are shown in Fig. 1. This unique single-
element design eliminates cross-contamination through
membrane infiltration theoretically.'* When the battery is
charged, the anode undergoes an oxidation reaction, and V**
loses electrons and is oxidized to V°'. At the same time,
a reduction reaction occurs at the negative electrode, and V**
gains electrons and is reduced to V>*. These electrons flow
through an external circuit to charge the battery. During the
whole charging and discharging process, H' ions in the positive
and negative solutions migrate through the proton exchange
membrane to maintain the charge balance.” The reaction
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equations for the discharging process are shown by eqn
(1)-(3)**** while the charge process is the reverse of these
reactions:

Positive:
VO," +2H" + e~ - VO™ + H,0 Ey = 1.00 V (1)
Negative:
V* > V¥ +e Ep=-025V (2)
Net:

VO," +2H" + V¥ - VO + V" + HL,O Ep =125V (3)

As the energy carrier of VFBs, the vanadium electrolyte is one
of the key materials and its performance and quality are key to
the safe operation of VFBs over a long period of time.'® The V*°*
electrolyte refers to an electrolyte in which the average valence
state of vanadium ions is 3.5, meaning it is an equimolar
mixture of V** and V" ions as the initial valence states for the
positive and negative electrolytes.’” The V**>* electrolyte, as the
initial electrolyte, exhibits symmetric valence state changes, and
the transfer of electrons and ions during the reaction process is
mutually balanced, thus eliminating the need for additional
adjustments to the positive and negative electrode capacities.
The preparation of vanadium electrolyte involves the conver-
sion of different valence vanadium ions, and vanadium elec-
trolyte is usually prepared with high-purity V,05 (purity >
99.5%) as the raw material*** The amount of electrolyte can
even reach hundreds of tons in the megawatt VFB system, and
the cost of vanadium electrolyte generally accounts for more
than 50% of the total cost of VFB energy storage systems.™
Generally, the cost of vanadium electrolyte is determined by the
raw materials and preparation methods.?*** Besides, the long-
term operational challenges of VFBs primarily stem from elec-
trolyte concentration decay, volume changes and valence state
imbalances,*** which collectively contribute to capacity fading
over time.>” The adjustment of the valence state of vanadium
ions, the recovery of electrolyte capacity and recycling are key to
realizing the economy and sustainability of the VFB storage
system.

In this review, we systematically present the classification
and critical evaluation of modern methodologies employed in
the preparation of V**" electrolyte. A comprehensive review of
the primary synthesis techniques such as the chemical reduc-
tion method, electrolysis method, chemical reduction-elec-
trolysis method is conducted. Special attention is given to the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 VFB energy storage schematic® (reprinted with permission from Springer Nature).

Table 1 Stability of V"* sulfate solutions?®

V™" species VY M Total sulfate, M T, °C Time
v 2.0 5.0 -5 Stable (>10 d)
2.0 5.0 25 Stable (>10 d)
2.0 5.0 40 Stable (>10 d)
v+ (vo*) 2.0 5.0 -5 18 h
2.0 5.0 25 95 h
2.0 5.0 40 Stable (>10 d)

selection of vanadium precursors and valence state manipula-
tion. Furthermore, this review addresses the capacity fading
issues while providing a comprehensive summary of capacity
restoration strategies for vanadium electrolytes.

2 Chemical properties of V>>*

electrolyte
2.1 V*** electrolyte composition and stability

In practical application, there are detailed requirements for the
concentration of vanadium ions and sulfuric acid in V3" elec-
trolyte, and the requirements for impurity elements are more
stringent. V>* ions are unstable and prone to oxidation

Table 2 Composition of vanadium electrolytes in different systems

V,M  Sulfate ions, M HCI,M H;PO,, M
H,SO, 1.5-2.0 4.0-5.0 - -
HCI*?3° 1.5-2.5 — 5.0-6.0 —
H,SO0, + HCI?*32 2.5-3.0 2.0-3.0 5.5-6.5 —
H,S0, + H;PO, (ref. 33) 1.5-2.0 3.0-3.5 — 0.1-1.0

© 2025 The Author(s). Published by the Royal Society of Chemistry

reactions, while V°* ions tend to form precipitates. In contrast,
V*" and V** ions are relatively stable, with stability data shown
in Table 1. This is one of the main reasons why vanadium
electrolyte is prepared, stored, transported and initially used in
the form of V*** electrolyte.

V3" electrolytes typically utilize sulfuric acid as the primary
supporting electrolyte, with sulfate ions acting as the coordi-
nating ligands. The common composition of the electrolyte
consists of vanadium ion concentrations ranging from 1.5 to
1.8 mol L' and sulfate ion concentrations between 4 and
5 mol L™" as shown in Table 2. The dual functionality of H,SO,
as both a proton donor and a coordinating medium enhances
the stability and ionic conductivity of the electrolyte. Chloride
and phosphate ions inhibit vanadium ion aggregation through
competitive coordination, thereby inhibiting aggregation and
enhancing colloidal stability and the reversibility of redox
reactions; thus HCI and mixed acids such as H,SO,~-HCI and
H,SO,-H3PO, are used as the supporting electrolytes with
typical compositions featuring 1.5-2 M vanadium ions in a total
acid concentration of 4-5 M. The introduction of HCI electrolyte
can improve the solubility of vanadium ions and the thermal
stability of electrolyte, but there is a great risk of chlorine
leakage and equipment corrosion in actual use. Optimizing the
electrolyte concentration within different acid systems can
significantly improve the temperature adaptability and energy
density of VFBs.

2.2 Solvation structures of vanadium ions in vV3-°*
electrolytes

Vanadium ions exhibit complex speciation in aqueous solu-
tions, with its oxidation states and stability highly dependent on
pH and electrode potential as shown in Fig. 2. Under acidic
conditions, vanadium can exist in four ionic forms, including

RSC Sustainability, 2025, 3, 5089-5108 | 5091
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Fig. 2 Eh—pH diagram for vanadium species at [V] = 1 M (ref. 34)
(reprinted with permission from American Chemical Society).

v**, v¥*, vO**, and VO,". The dominant ions at low potentials
are V** and VO®*, whereas when the potential exceeds approx-
imately 0.8 V, the dominant ions shift to VO*" and VO,".This
indicates that in strongly acidic solutions of V**** electrolyte,
vanadium ions primarily exist in the forms of VO*" and V*".
As for V> electrolyte, the most stable configurations
formed by V** and V** ions in different acid solutions are pre-
sented in Fig. 3. It shows that V*' ions form hexahydrate
structures with an octahedral geometry denoted as
[V(H,0)6]>*.** The VO** ion adopts a pentahydrate structure,
forming an octahedral geometry with one vanadyl oxygen and
five water molecules represented as [VO(H,0)s]*".**** These
structures highlight the influence of charge density and oxida-
tion state on the coordination chemistry of vanadium ions.

Fig. 3 Structures of (a) V3 and (b) V** ions and their first solvation
shell water molecules by DFT** (reprinted with permission from
Elsevier).

0.4
VO +2H ¢ ->V*HH,0 E*=0.34V
0.2

(CH;0H-6¢+H,0-CO,+6H" E°=(.02V

-0.2 HCOOH-2¢—»CO,#2H" E°=-0.199V

Potential / V vs. SHE
=
>

C,H,0,2¢ »>2CO,+2H" E°=-0.49V

Fig. 4 Redox potential of V**/V** (ref. 52) (reprinted with permission
from MDPI).
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2.3 Basic redox reactions of preparing V>** electrolyte

The preparation of V**** electrolyte from pentavalent vanadium is

essentially a step-by-step reduction process: first, V** is reduced to
v*, and then V*' is further reduced to V**. The conventional
method is to dissolve V,Os in sulfuric acid aqueous solution and
use oxalic acid,”™™ acetic acid,*® sulfur dioxide® or glycerol® as
reducing agents to prepare V>°' electrolyte.”* However, these
traditional reductants can only realize the transformation from v>*
into V** in the water phase environment, and cannot continue to
reduce V** to V** due to their reducing ability. Therefore, the
realization of efficient and deep reduction of V** to V** has become
the key to prepare V>** balanced electrolyte from pentavalent
vanadium compounds such as V,0s.

The redox behavior of vanadium ions in different oxidation
states is illustrated by reduction reactions as reflected by their
standard electrode potentials (E;). From the point of view of
standard electrode potential, whether the reduction reaction
from V** to V*" in eqn (4) can be carried out mainly depends on
whether the oxidation potential of the reducing agent is greater
than the reduction potential by 0.34 V.>* As shown in Fig. 4,
CH3;0H, HCOOH and C,H,0, show redox potentials lower than
those of V**/V** pairs and C,H,0, (0.83 V) > HCOOH (0.54 V) >
CH30H (0.32 V). Thermodynamically, oxalic acid can further
reduce V** to V37, but the reaction rate constant of V reduction
by oxalic acid is very low and the energy barrier is very high, so
the reaction is extremely slow; so it is difficult for the process of
converting V** to V** to occur. Compared with formic acid, its
oxidation potential provides sufficient thermodynamic driving
force, and its more direct oxidation path and faster reaction
kinetics enable it to effectively overcome the energy barrier and
realize the reduction from V** to V**.

VO™ +2H " +e” —» V" + H,0 E, =034V (4)

2.4 Selection of vanadium raw materials

Vanadium is generally extracted from ores such as titano-
magnetite®® and stone coal mine through high-temperature
roasting techniques,** which results in the production of
V,0s, which is the main raw material for the preparation of
electrolytes for VFBs.>**” Vanadium ore is typically processed
through roasting followed by either acid or alkali leaching. The
dissolved vanadium is then enriched and precipitated to yield
crude ammonium metavanadate, and industrial ammonium
metavanadate (purity 90-95%) is purified to over 99.5% by
extraction, ion exchange resin or other processes to obtain high-
purity ammonium metavanadate.®® As a precursor of high-
purity V,0s, the cost core of high-purity ammonium meta-
vanadate lies in the grade of raw vanadium ore and waste and
the accuracy of impurity control.

The preparation of V**** electrolyte mostly uses high-purity
V,0s5 as the raw material to meet its purity and stability
requirements, and its supply chain is mature and widely used.
Using V,05 as the raw material, V** is first reduced to V** by the
chemical reduction-electrolysis method, and V** electrolyte is
electrolyzed to 3.5 valence, or V,0s5 slurry is directly electrolyzed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) CV; (b) impedance spectrum of V** electrolytes prepared with different raw materials® (reprinted with permission from MDPI).

to 3.5 valence. At present, this has turned out to be a diversified
raw material strategy. For instance, high-purity ammonium
metavanadate can be used as a direct raw material to prepare
V35" electrolyte by solid-phase reduction roasting and acid
dissolution and the solvent extraction-electrolysis method with
vanadium leaching solution or vanadium slag as raw materials.

As shown in Fig. 5(a), the cyclic voltammetry (CV) curves of
vanadium electrolytes prepared from high-purity V,05 and

impurity-containing VOSO, are basically the same,
New preparation method
of vanadium electrolyte
(a)
High purity ammonium
polyvanadate (99.9%)
X Reduce C

emissions by 30%

*

The process
is shortened

Gas-solid phase
precision reduction

% Valence is
easily regulated

% Ammonia-assisted

v
. . 35- .
Vanadium oxide(V3-57) reduction

v

. High purity V,05
Valence regulation | ¢

v
Vanadium electrolyte (V3-3%)

Fig. 6
permission from Springer Nature).

© 2025 The Author(s). Published by the Royal Society of Chemistry

indicating that they have similar electrochemical activities.
However, as can be seen from the impedance spectrum in
Fig. 5(b), the smaller impedance arc of the V,05 curve shows
that the resistance of the electrolyte at the electrode interface
is smaller and the reaction is faster, which is due to its
extremely low impurity content, thus ensuring the perfor-
mance of the electrolyte in long-term use.*® This difference is
mainly due to the extremely low impurity content of high-
purity V,05 raw materials, which significantly improves the

55
(b) o N;. CO: H,=80:0:0
;. CO: H,=80:20:0
= N;: CO: Hy=80:17:3
=] e yi CO: H,y=80:15:5
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? 40 . *
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(a) Process flow; the influence of (b) different reducing agent partial pressures; (c) temperature and reduction time®® (reprinted with
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interface performance and long-term operation stability of
electrolyte. In practical application, high-purity V,0s has
been widely used on the industrial scale because of its
mature process and industrial chain. At present, the indus-
trial supply of high-purity VOSO, is limited and the output is
small. The above results also reflect the influence of raw
material purity on the electrochemical performance of
vanadium electrolyte.

3 Preparation methods of V3%

electrolyte

The most direct preparation method of V" electrolyte is to use

high-purity VOSO, and V,(SO,); or V,03, V,05, VCl;, etc. as raw
materials,”” mix them by using a valence ratio of 3.5 and
dissolve them in sulfuric acid or hydrochloric acid.*>** However,
the requirement of high purity of vanadium raw materials and
poor solubility of vanadium oxides have made the acid disso-
lution method seldom used alone in practical applications. At
present, the methods of preparing V*** electrolyte can be
mainly divided into the chemical reduction method, electrolysis
method and chemical reduction-electrolysis method, among
which the chemical reduction-electrolysis method has become
the mainstream method of industrial production of V*-** elec-
trolyte. The following is a detailed overview of its basic
processes.

3.1 Chemical reduction method

3.1.1 Solid-phase reduction-acid dissolution method.
Solid-phase reduction-acid dissolution is a method for

View Article Online
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preparing vanadium oxides by solid-phase reduction and then
dissolving them in acid to obtain a V*>*°* electrolyte,*** in which
the vanadium raw material provides the active substance of
VFBs, and the reducing agent regulates the valence of the
vanadium electrolyte. To promote the reduction of vanadium
from V** to V** oxidation states, it usually requires the use of
strong reducing agents, such as hydrogen gas® and hydrazine
hydrate at elevated temperatures.

Wu et al.®® developed a short-process ammonium salt vapor
reduction method using ammonium metavanadate or poly-
vanadate as vanadium sources as presented in Fig. 6(a) and
using V,0s as the raw material, under the conditions of
areducing atmosphere of N, : CO:H, = 80:17 : 3 and reaction at
700 °C and 2 h as shown in Fig. 6(b) and eqn (5)-(7). It is carried
out by controlled reduction to generate mixed valence oxide
containing VO, and V,0;. The V**/V** ratio may not be exactly
1:1 due to process fluctuation; it is necessary to add high-purity
V,0s5 to adjust the valence state to 3.5. When V,05 reacts with
V3" in acidic solution, a redox reaction occurs as shown in eqn
(8). V** acts as a chemical reducing agent that significantly
accelerates the dissolution of V,0s, thereby mitigating its poor
solubility. Although its solubility is low, the redox reaction will
increase its solubility under the conditions of heating and
stirring, and the valence state can be fine-tuned and stabilized
by controlling its addition amount. Vanadium oxides have
a stable crystal structure, high lattice energy and generally poor
solubility; most dissolution processes control acid concentra-
tion and reaction conditions according to the valence state of
vanadium, such as temperature and pressure, or destroy the
crystal lattice through the synergistic effect of acid dissolution
and reduction.
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Fig. 7 Atdifferent temperatures: (a) XRD; (b) the average valence state and phase change; (c) the concentration of vanadium; (d) the variation of
total vanadium concentration and average valence state® (reprinted with permission from Springer Nature).
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Fig. 8 Schematic of V35* electrolyte preparation using hydrothermal reduction®® (reprinted with permission from American Chemical Society).

(NH4)2V6016 - 6V02 + N2 + 4H20 (5)
(NHy4),V¢Oy6 + 3CO — 3V,05; + 3CO, + N, +4H,0  (6)
(NH4)2V6016 + 3H2 g 3V203 + N2 + 7H20 (7)

V5,05 + 2V** + 2H' — 4V0** + H,0 (8)

Du et al.”” provided an approach for preparing V> electro-
lyte with a short process. Using ammonia metavanadate as the
raw material and ammonia as the reducing agent, the temper-
ature is increased to 400-500 °C and when the temperature
reaches the reaction temperature, ammonia gas is introduced
for the reduction reaction and the obtained roasted reduction
product is acid-dissolved from a tube furnace to obtain vana-
dium electrolyte. The different valence states of vanadium in
the reduction process are shown in Fig. 7(a-c), and NH,VO; in
the raw material only contains V°*. With the increase in
reduction temperature, the concentration of V>* gradually
decreased and V** appeared and its concentration began to
increase. At 350-400 °C, the product began to transform from
V*" into V**. In the whole reduction process, the total average
valence state of vanadium decreased in turn, indicating that the
valence state of vanadium in the product was continuously
reduced. In the reduction process as shown in Fig. 7(d), V40,
can be obtained at 400-500 °C. V*-** electrolyte can be obtained
after acid dissolution, and it is found that increasing the reac-
tion temperature and ammonia flow rate and prolonging the
reaction time are conducive to the reduction process; this
method provides a short process to prepare a V> electrolyte.

© 2025 The Author(s). Published by the Royal Society of Chemistry

In summary, the solid-state reduction-acid dissolution
method is used to prepare low-valent vanadium oxide through
high-temperature reduction, and the acid dissolution of vana-
dium oxide is promoted through oxidation and reduction of V**
and V°'. The process flow is relatively simple, and the use of
gases such as hydrogen can avoid the problem of reducing
agent residue. However, it is necessary to accurately control the
high-temperature reducing atmosphere, which involves flam-
mable and explosive gases such as H,, and has high energy
consumption and high safety requirements for equipment.

3.1.2 Catalytic reduction method. The catalytic reduction
method is used for the preparation of V*** electrolyte by
chemical reduction under the action of catalysts, and the key to
its application lies in the selection of catalysts and reducing
agents. As the reducing agent of V** solution, methanol, formic
acid and oxalic acid are usually chosen, which have lower cost
and lower standard redox potential and the oxidation products
are H,0 and CO, which are cleaner. For the choice of catalyst,
the Pt/C catalyst is widely used in catalytic reduction due to its
high activity. The reactors used include the one-pot reactor,
column reactor, fixed-bed reactor and fuel cell type reactor.

3.1.2.1 One-pot reactor. A one-pot reactor is a relatively
simple reaction mode. At a temperature of 70 °C in a N,
atmosphere, V,05, formic acid and Pt/C are mixed for a hydro-
thermal reaction with formic acid as the reducing agent and Pt/
C as the catalyst.’ The process flow for the preparation of V*°*
electrolyte using V,05 as the feedstock is presented in Fig. 8,
and the reaction equation is in eqn (9):

V,0s + 3/2HCOOH + 5H' — 2V3¥H (V0> + Vv3Y)
+ 3/2C0O, + 4H,0 (9)
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Fig. 9 UV-vis spectra of the electrolyte with (a) oxalic acid; (b) oxalic acid in the presence of a Pt/C catalyst; (c) formic acid; (d) formic acid in the
presence of a Pt/C catalyst®® (reprinted with permission from American Chemical Society).
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Fig. 10 Design model diagram of the column reactor®® (reprinted with permission from Elsevier).

By analyzing the solution after catalytic reduction, the
reduction effect and reaction process can be investigated.
Potentiometric titration and UV-vis methods are often used to
determine the concentration of vanadium ions in acidic
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systems. If oxalic acid and formic acid are used as reducing
agents, as shown in Fig. 9(a and b), the UV-vis spectrum is
compared with that of the standard vanadium solution. It was
found that the UV-vis spectra of electrolyte solutions with excess
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Fig. 12 (a) Reactor with fixed-bed Pt/C catalysts; (b) UV-vis spectra of the reactant electrolyte at different reaction times at 50 °C; (c) conversion

diagram with and without Pt/C at 80 °C (ref. 17) (reprinted with permission from MDPI).

oxalic acid were almost the same as those of standard V**
solution, and there was no characteristic V** peak, regardless of
the presence of the Pt/C catalyst. As shown in Fig. 9(c and d), V>*
was partially reduced to V** in different excess formic acid
solutions. When the Pt/C catalyst was introduced, a character-
istic peak of V** appeared, and formic acid successfully reduced
V>" to V****. It was found that oxalic acid could not reduce V** to
V*3* even in the presence of the catalyst, but the use of formic
acid could convert V** to V3", The oxidation state of the elec-
trolyte was precisely controlled by adjusting the amount of
formic acid, enabling the successful synthesis of V*°*
electrolytes.

3.1.2.2 Fixed bed reactor. The application of a column-type
hydrothermal reactor is shown in Fig. 10, Xu et al.®® proposed
a method for the preparation of impurity-free V>->" electrolyte by

© 2025 The Author(s). Published by the Royal Society of Chemistry

catalytic reduction using clean hydrogen, using the hydro-
thermal hydrogen reduction technique, and designed a Pt/C-
modified graphite felt column-type catalytic reactor, with H,
and VOSO, solution passed at the bottom of the reactor, and the
V32" electrolyte obtained at the top. The reaction equation is in
eqn (10):

2VOSO4 + Hy + HySO4 — V,5(S04); + 2H,0 (10)

Comparing the electrochemical properties of V*->* electrolyte

prepared by electrolysis and catalytic hydrogen reduction, the
CE and EE curves in Fig. 11(a and b) are basically the same, and
the discharge capacity is 59.5% as shown in Fig. 11(c), showing
similar capacity attenuation. Fig. 11(d) further shows that the
charge and discharge curves of the two electrolytes are almost
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Fig. 14 Schematic diagram of the battery structure used in oxygen
evolution electrolysis’ (reprinted with permission from John Wiley and
Sons).

the same at the 1st, 50th and 100th cycles. These results confirm
that the electrochemical performance of electrolyte produced by
catalytic hydrogen reduction is consistent with that of conven-
tional electrolysis and meets the quality standards required for
application. The use of hydrogen as the reducing agent in this
catalytic reaction is cleaner and has no impurity residue, and
the use of a Pt-based catalyst promotes the reduction of V** to
V3", but this catalytic reactor requires a large amount of catalyst
and has a high cost, and the use of hydrogen as the reducing
agent also leads to transportation difficulties and safety
hazards.

Another typical example of a fixed-bed type reactor is shown
in Fig. 12(a). Heo et al."” constructed a fixed-bed flow catalyst
reactor by stacking Pt/C-modified carbon felt. After V** elec-
trolyte and formic acid pass through the catalytic reactor, they
are converted into V**" and generate CO, and H,O under the
catalysis of Pt/C on the reactor wall.*”* As shown in the UV-vis
spectrum in Fig. 12(b), the absorbance at the characteristic peak

5098 | RSC Sustainability, 2025, 3, 5089-5108
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(a) Schematic diagram and reaction mechanism of the fuel cell reactor; (b) UV-vis spectra of the electrolytes before and after the

of V** decreased at 760 nm, while the absorbance at the char-
acteristic peak of V** increased at 401 nm, indicating the
transformation from V** into V**. As shown in Fig. 12(c), the
reaction can hardly occur without the catalysis of Pt/C, and the
reaction conversion rate increases with the increase in
temperature at 50-80 °C, which shows that the presence of Pt/C
and certain temperature conditions are essential for the
chemical production of V3, It is very important to reduce the
activation energy of formic acid oxidation, which proves the
feasibility of continuous electrolyte production.

3.1.2.3 Fuel cell type reactor. As shown in Fig. 13(a), Sun
et al.*® constructed a bifunctional liquid fuel cell by using for-
mic acid as an anodic fuel and V** ions as a cathodic oxidant.
The anodic formic acid decomposed into CO, and H,O and the
cathodic V** was reduced to V***". The valence state of electro-
lyte before and after the reaction was measured by using the UV-
vis spectrum in Fig. 13(b), and there was only one characteristic
absorption peak of V** at 760 nm, while an additional absorp-
tion peak of V** appeared at 610 nm after the reaction, which
indicated that the fuel cell could achieve V*' reduction. The
reaction mode of the fuel cell opens a new pathway for the
preparation of V> electrolyte.

The selection of catalysts and reducing agents in catalytic
reduction methods is extremely crucial. In addition to formic
acid, ascorbic acid, oxalic acid and other available organic

FeSAINCNT IrO,

Fig. 15 Schematic of oxygen evolution electrolysis” (reprinted with
permission from John Wiley and Sons).
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reductants, the key is to find reductants with clean products,
strong reducing ability, low cost and more applicability. The use
of a platinum catalyst increases the production cost of the
electrolyte, and there has not yet appeared a product that can
replace the Pt/C catalyst, so it is necessary to develop new
catalysts that can both improve the catalytic reaction speed and
reduce the amount of platinum. Studies have been carried out
to improve the durability and high efficiency of catalytic mate-
rials by means of improving Pt/C catalysts, such as doping metal
elements, adjusting the electronic structure between materials,
etc. The performance of the improved catalysts has been
improved to a certain extent, and there are also some problems
in practical applications.

3.2 Electrolysis method

3.2.1 Oxygen evolution electrolysis. Oxygen evolution elec-
trolysis usually employs an electro-stack and its structure is”™
shown in Fig. 14. The electrolysis system is designed with
a continuous-flow electro-stack structure with a perfluoro-
sulfonic acid membrane as the separator, graphite plates as
cathodes, and titanium plates or titanium-based coated elec-
trodes as anodes; ruthenium-iridium (Ru-Ir) and iridium-
tantalum (Ta-Ir) coatings exhibit excellent electrocatalytic
activity and superior corrosion resistance. During the electrol-
ysis process, a V,0s sulfuric acid solution or VOSO, solution is
introduced into the cathode, and V°* or V** is reduced as shown
in eqn (11) and (12). A sulfuric acid aqueous solution is elec-
trolyzed with oxygen being generated at the anode as shown in
eqn (13).”* The electrochemical reaction and ion migration
occurred in the battery driven by external electric energy, and
finally the electric energy was converted into chemical energy
for storage, as shown in Fig. 15. The anode produces O, and H',
which drives the cathode to reduce V**/V** to V***/v**, and H"

I Product
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migrates through the membrane to complete the current loop.
The reaction of the whole process is shown in eqn (14) and (15).
Cathode:

VO,* +e +2H" - VO*' + H,0 (11)
VO* +e +2H" - V" + H,0 (12)

Anode:
2H,0 — 4e~ — 4H" + 0,1 (13)

Overall:
V5,05 + 3H,S04 — V5(SO4); + 3H,0 + 0,1 (14)
4V0SO0, + 2H,S04 — 2V,5(SO4); + 2H,0 + 0,1 (15)

As shown in Fig. 16, high-purity V,05 powder, 4 to 5 mol
per L sulfuric acid solution, and water are fed into the reaction
vessel in specific proportions, under stirring and heating
conditions to form an acidic slurry.”” This slurry is then passed
through a filtration unit to remove undissolved particles and
impurities, yielding a clear solution. This solution undergoes
a reduction reaction at the cathode of the electrolysis cell, and
the resulting V" ions are circulated back to the reaction vessel.
As indicated in eqn (8), V** acts as a chemical reducing agent
that significantly accelerates the dissolution of V,0s, thereby
mitigating its poor solubility. This method requires high-purity
raw materials, and impurities may contaminate the electrolyte.
Additionally, the highly acidic environment necessitates corro-
sion protection measures for the equipment.

The modular design of the stack structure by oxygen evolu-
tion electrolysis can highlight the integration advantages and
allow it to operate at relatively high voltage, which is conducive

o

V205

H2S04

Fig. 16 Process flow for production of vanadium electrolyte’ (reprinted with permission from John Wiley and Sons).

Table 3 Comparison of the oxygen evolution electrolysis and VFB electrolysis method

Oxygen evolution electrolysis

VFB electrolysis

Anode material
Voltage

Anode electrolyte
Cathode electrolyte
Anode reaction
Cathode reaction

About 5 V
H,S0, solution

H,0 — O,
V5+/V4+ — V3.5+

© 2025 The Author(s). Published by the Royal Society of Chemistry

Ti plate with Ru-Ir or Ir-Ta coatings

V**Iv** electrolyte

C-based substrates
1-1.6 V

V" electrolyte

V** electrolyte

V4+ — V4.5+

V4+ — V3.5+
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to shorten the reaction time, enhancing system adaptability and
realizing large-scale continuous production.” Although the
stack structure has brought the advantages of efficiency and
adaptability, with strict equipment requirements and technical
threshold, anode noble metal catalysts such as Ir and Ru are
expensive and scarce, and the cost of corrosion-resistant
materials and ion exchange membranes is also high. The
initial investment for the whole electrolysis system is high, and
the system needs to operate under the conditions of strong
acidity and high potential, which puts forward extremely high
requirements for the sealing, durability and daily maintenance
of the equipment.

3.2.2 VFB electrolysis. The VFB electrolysis method
involves injecting a V** electrolyte into the both the cathode and
anode electrodes of VFBs, with the cathode electrode obtaining
V*3* or V¥*, whereas the anode electrode portion requires the
addition of an additional reducing agent to lower the vanadium
valence.” The reactions involved in the electrolysis-chemical
reduction process are given in eqn (16)-(18), and the anode
electrolyte usually needs to add an oxalate reducing agent to get
v*" by using eqn (19):

Cathode:
VO™ +e¢ +2H" —» V*" + H,0 (16)
Anode:
VO** —e + H,0 —» VO, + 2H" (17)
Overall:
2VO* - VO," + V** (18)
Chemical reduction:
VO," + C,042” + 4H" — 2C0O, + VO** + 2H,0 (19)

During the above process, the cathode and anode electro-
catalytic electrodes are composed of one or more materials
selected from C-based substrates. The C-based materials
encompass graphitized/non-graphitized plates, porous carbon
felt, carbon paper, or porous carbon plates, with pore diameters
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ranging between 1 and 200 pm. The battery electro-stack
utilized in the VFB electrolysis method demonstrates signifi-
cant structural and operational variations compared to the
oxygen evolution electrolysis with detailed comparisons
provided in Table 3.

The process of oxygen evolution electrolysis is short and it
can consumes less time, and is commonly used in industry.”®””
However, it requires high working voltage and high energy
consumption, and relies on Ir/Ru-based noble metal catalysts.
The acidic oxygen evolution reaction accelerates electrode
corrosion, which affects the durability of equipment and
increases the cost of long-term operation. The operating voltage
and energy consumption of VFB electrolysis are low, and the
electrolysis conditions are relatively mild. Carbon-based mate-
rials are mostly used, the system is simple and convenient to
maintain and the relatively mild operating environment is
conducive to long-term operation. However, the introduction of
a reducing agent is complicated, which easily leads to a residue
of impurities and affects the performance of electrolyte.

3.3 Chemical reduction-electrolysis method

The chemical reduction-electrolysis method is predominantly
employed in industry, wherein V*" electrolyte prepared from V°*
sources by chemical reduction necessitates supplementary
electrolysis for the preparation of V*-** electrolyte.?"”

3.3.1 Reduction of V,05 in H,SO, solution followed by
electrolysis. At present, the commonly used method in industry
is to reduce high-purity V,05 (purity greater than 99.5%) with
oxalic acid as the reducing agent to obtain sulfuric acid solution
of VOSO,. The resulting solution was incorporated into the VFB
and charged through oxygen evolution electrolysis or VFB
electrolysis to prepare V> electrolyte. The reaction of reducing
V,05 to V** by using oxalic acid has the advantage of low
temperature requirement and no need of high pressure. The
heat of exothermic and redox reactions can be provided by
diluting sulfuric acid to reach the temperature for a rapid and
complete reaction. Yadong et al.” reduced V,0s to prepare
electrolytes utilizing reducing agents like oxalic acid, ascorbic
acid, tartaric acid, citric acid, hydrogen peroxide, formic acid,
and acetic acid. The preparation conditions of oxalic acid

Leach liquor of sodium-roasted vanadium slag

I

| Acidification reduction I

Vanadium (IV) solution

| Extraction |

Raffinate Loaded organic phase

1
| Scrubbing I

Scrubbed organic phase
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Scrubbed water

VOSO, solution

| Degreasing |

L

Fig. 17 Flow diagram for preparing V>°*
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Fig. 18 (a) Dimer structure of the D2EHPA extractant in the organic phase; (b and c) VO?* ions coordinate with multiple D2EHPA monomers in
the loaded organic phase®* (reprinted with permission from Springer Nature).

reduction to prepare electrolyte are a reaction temperature of
90 °C and reaction time of 100 min; the conversion rate of V°* to
V*" reaches 94.8%.

The preparation of high-purity V,0s is a key link because
vanadium electrolyte has high requirements for impurity
elements. In addition to using V,Os, related investigations®
have adopted Naz;VO, solution as the raw material, the calcium
vanadate solid was prepared by chemical precipitation, and V>*
was reduced to V** by using oxalic acid under strong acidic
conditions to generate VOSO, solution. Calcium ions and
sulfate ions formed calcium sulfate precipitation to remove it,
and finally V**** electrolyte was obtained by electrolytic purifi-
cation. This method uses the precipitation method to remove
calcium ion impurities, which expands the selection range of
raw materials, but the operation steps are complicated.

3.3.2 Solvent extraction of V(iv) followed by electrolysis.
Due to the long preparation process, heavy pollution and low
vanadium yield of high-purity V,05 as the raw material,® the
preparation cost of electrolyte is high. Therefore, purifying the
intermediate or primary product of vanadium extraction in
a metallurgical process to prepare vanadium electrolyte can
shorten the process flow and reduce the production cost. The
Institute of Process Engineering, Chinese Academy of Sciences,
where the author is affiliated, put forward the method of
extracting and purifying V** solution by solvent extraction to

—
Vanadium Ton state Oxidated leaching
leaching solution modification solution

e vy
. Mo(VI) 4 ’
@®rn

AI(IIT)

Oco:

®vav) .
Extraction

Stripping

prepare VOSO, vanadium electrolyte®* followed by electrolysis to
prepare V>** electrolyte.

As shown in Fig. 17, the leach solution of sodium-roasted
vanadium slag is used as the raw material, and sulfuric acid
and a lower-priced reducing agent such as sodium sulfite are
added to obtain crude tetravalent vanadium solution.®® After
extraction with the acidic phosphine extractant and scrubbing,
V(iv) was selectively extracted, and impurities such as Cr, Al, Fe,
Si, Ca, Cl and Na in the solution were effectively separated. After
stripping with H,SO, solution, the high-purity VOSO, electro-
lyte was obtained, which was treated by electrolysis to obtain
V*3* electrolyte. One kind of structure of the fresh extractant
and vanadium-loaded extractant is shown in Fig. 18. The main
reactions that occurred during the extraction process are rep-
resented as eqn (20) and (21).

VO(ag)™" + 2(HA)zorg) = VOAHA (org) + 2H(ag) " + HA(org)
(20)

V0" + 2(HA)xorg) = VOA(HA)xory) + 2Hag"  (21)

The whole process of the method is based on a liquid-liquid
reaction separation system, which simplifies the production

Oxalic acid

H,SO, solution
J

Solvent Extraction

Loaded organic ghase
T

Reductive
Stripping

Vanadyl sulfate solution

Fig. 19 Flow diagram of a solvent extraction—complexation reduction—stripping method®” (reprinted with permission from Elsevier).
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process, omits solid-liquid conversion processes such as prep-
aration and dissolution of V,05 in the traditional process, can
get rid of dependence on high-purity vanadium raw materials,
reduces the production cost, and has the advantages of short-
ening time and saving energy, and the extraction operation can
realize continuous and automatic production with relatively
high efficiency. Besides, the complexation between SO,>~ and
Cr(m) at higher SO, concentrations in this system inhibits the
extraction of chromium, thus enhancing the separation of
vanadium and chromium, and high-purity vanadium electrolyte
with vanadium, chromium and sulfuric acid concentrations of
2.12mol L', 0.11 mg L™ " and 1.75 mol L™ " was prepared.* The
prepared high-purity VOSO, electrolyte was de-oiled by resin or
activated carbon, followed by further electrolysis to produce
high-purity V" electrolyte. At present, our research group has
expanded the raw materials of this process to the leaching
solution of stone coal, industrial crude ammonium meta-
vanadate and ammonium poly-vanadate.

Up to now, solvent extraction of V(iv) with acidic phosphorus
extractants such as P204 and P507 followed by electrolysis to
prepare V*** electrolyte has become a research hotspot in this
field. In recent related research, the raw solutions used in the
extraction process involve vanadium slag calcified roasting
reduction acid leaching solution,® stone coal acid leaching
solution,*” vanadium-rich solution after stone coal extraction
and purification,®® high chlorine stone coal leaching solution,®
vanadium precipitation wastewater® and so on. Some improved
methods involve using EDTA to complex ferric iron to inhibit
iron extraction,” utilizing an H,0,-NaClO efficient selective
oxidative stripping system within the D2EHPA extraction
process, etc. Besides, the tri-octyl ammonium chloride (N263)
extractant is also used in the preparation of vanadium electro-
lyte. With vanadium slag as the raw material, sodium di-
ethyldithiocarbamate (DDTC) is used to complex V** ions in
vanadium solution, which is recovered in the form of calcium
salt CaV,0s, and then leached with carbonic acid and extracted
with N263,> VOSO, electrolyte similar to commercial high-
purity VOSO, is successfully prepared. Naseer, M. U. H. et al.*’
prepared vanadium sulfate electrolyte from the acid leaching
solution of stone coal using a solvent extraction-complexation
reduction-stripping method. As shown in Fig. 19, VO*" ions are
first oxidized by H,0, form pentavalent VO(O,),, followed by
solvent extraction of vanadium using N263; an H,SO, solution
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mixed with oxalic acid is used as the stripping solution, real-
izing the direct reduction and stripping of V°* back to V*',
ultimately yielding a VOSO, solution. The standard electrolyte
sample (SS) was synthesized using a high-purity VOSO, crystal
with both vanadium ion concentration and sulfuric acid
concentration specifically the same as those for the electrolyte
prepared through the solvent extraction methodology (ES).”® As
seen from the CV curve in Fig. 20(a) the anode peak current
density (jpa) obtained by SS is 84.18 mA cm ™~ while that of ES is
77.91 mA cm™?, and the Jpaljpe values are almost the same. The
voltage change in the first charge-discharge cycle is shown in
Fig. 20(b), the voltage efficiency (VE), energy efficiency (EE) and
CE of ES and SS are shown in Fig. 20(c), in which CE and EE of
ES are close to 90% of SS.

The above data show that the performance of electrolyte
prepared by solvent extraction, and the charging and di-
scharging characteristics are highly similar to those of the
standard vanadium electrolyte, indicating that solvent extrac-
tion is a promising process. During the extraction process, trace
amounts of oil at ppm levels inevitably contaminate the V**
electrolyte due to solvent-solution contact. While the opera-
tional impact of such oil residues on VFBs remains undeter-
mined, current purification techniques, utilizing resin or
activated carbon adsorption to reduce oil content below
0.1 ppm, thereby mitigate potential adverse effects on VFB
performance. How to improve the selectivity of the extractant
and unoil the stripping liquid to avoid impurities from entering
the product is a key problem that needs to be paid attention to
in this method.

Compared with the single chemical reduction method and
electrolysis method, chemical reduction-electrolysis technology
is mature, and the process is more widely used. The addition of
raw materials and reducing agents should be accurately
controlled to ensure the purity and quality of electrolyte. The
comprehensive application conditions of the two typical
processes are shown in the following Table 4.

3.4 Sustainability analysis of preparation technology

Table 5 shows a comprehensive evaluation of the sustainable
development ability of several typical methods, including the
selection of raw materials, energy consumption, production of
three wastes and economic principles. In the above process, the
process parameters in the industry are estimated by combining

010 18 100
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005 | A ~
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L —a— EE of EB
-0.05 |- ~a— CE of EB
08 |-
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Fig. 20 (a) CV curves; (b) voltage change; (c) the efficiency of SS and ES®® (reprinted with permission from Elsevier).
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Table 4 Comprehensive comparison of two chemical reduction—electrolysis methods

Reduction of V,05 in H,SO, solution

Solvent extraction of V(wv)

Raw material requirements
Technological process

High-purity V,05 (=98%)

electrolysis
Cost of production
high wastewater treatment cost
Product purity

Technical maturity Industrial application

Environmental impact
residue have high treatment cost

with the general database, and the estimated electrolyte energy
consumption of each comparative process is obtained for
comparative analysis.**

For example, to calculate the energy consumption of
preparing an electrolyte with a concentration of 1.6 mol per L
V35t by oxalic acid reduction of V,05; combined with electrol-
ysis, the quantities of V,0s;, H,C,0, and H,SO, needed to
produce 1 m® electrolyte are calculated according to the chem-
ical reaction equation, and the energy consumption of raw
material production is estimated by querying the database
(LCA). According to the reaction equation, reducing 1.6 kmol of
vanadium requires 0.8 kmol of oxalic acid, and the energy
consumption for producing oxalic acid is about 25 MJ kg, and
the implied energy consumption is 1.80 GJ. The reactants are
heated to the reaction temperature of 85 °C and maintained for
several hours. According to the reaction temperature and
holding time, the heat required for heating is calculated by
using the average specific heat capacity of materials and the
amount of materials used, and the total heat consumption is
estimated by considering the energy consumption of electrolyte
concentration and the heat loss efficiency of the reaction as
shown in eqn (22). Assuming that the total mass of the system is
about 1200 kg, mainly water and sulfuric acid, the average
specific heat capacity Cp is about 4.0 kJ (kg-K)™' and the
thermal efficiency 7 is about 80%, the calculated sensible heat
required for heating is about 7.5-9.0 G] m™". The power and
running time of the dasher, electrolytic equipment, etc. were
estimated, and the amount of charge required to produce unit

Dissolution — reduction — filtration —
Long process, high energy consumption and

Readily residual oxalic acid impurities

Acid-containing wastewater and oxalic acid

Vanadium leaching solution

Pre-impurity removal — extraction — stripping
— electrolysis

Short process and low energy consumption

The impurity content is low

Na=10mgL ,Cr=5mgL")

Extensive industrial application demonstration
stage

No ammonia nitrogen emission, recyclable
solvent and clean production

volume electrolyte was determined according to Faraday's law to
calculate energy consumption. The theoretical charge Q
required for reducing 0.8 kmol V** is calculated, the cell voltage
is 0.5V, the current efficiency is 90%, and the calculated power
consumption is 35.74 kWh, which is converted into 0.129 GJ.
The power consumption of pumps and control systems
accounts for about 20% of the main power consumption, the
total energy consumption of the electrolysis process is 0.155 GJ,
and the total energy consumption is 10.455 GJ] m>. The esti-
mated range is 9-11 GJ.

Eiotal = Eele + Egn + > _(m; x EEj) =3 Pt + 3 cmAt¢

+ > _(m; x EEy) (22)
Eal Tepresents the total energy consumption of the prepara-
tion process (G] m™*); E.. represents the total power
consumption in the preparation process (kWh); Ey, represents
the total heat consumption (GJ) during preparation; m; repre-
sents the consumption mass of the chemical i (kg); EE; repre-
sents the embodied energy (GJ kg ') of the chemical i.

4 Capacity recovery strategy of
vanadium electrolyte
4.1 Capacity fading

During the long-term operation of VFBs, with the charge and
discharge process, H' ions migrate at the anode and cathode.
Due to the limited vanadium resistance of the ion exchange

Table 5 Evaluation of sustainable development ability of typical preparation methods of V35" electrolyte®

Reduction roasting-acid

Chemical reduction-

Acid dissolution dissolution Electrolysis Catalytic reduction electrolysis

Raw material  V,05/V,0; V,0s/vanadate V,05/VOSO, V,05/VOSO, Leaching solution/
wastewater

Energy 14-17 GJ m ™ 15-18 GJ m > 9-12 G m™* 10-13 G m™> 9-11 GJm™>
consumption
Three-wastes  Acid waste water Ammonia-nitrogen Low hazardous waste Catalyst residue CO, waste gas and
discharge wastewater treatment needed solid waste
Economic High-purity raw materials ~ Safety equipment for Depends on the Catalyst cost is high The cost is relatively
viability are difficult to obtain investment is high electricity price low

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 Schematic of the full and partial rebalancing techniques®® (reprinted with permission from Elsevier).

membrane, vanadium ions and water molecules will also
migrate through the membrane under the action of an electric
field and osmotic pressure.”*®® For example, driven by the
concentration gradient, V** jon migration occurs from the
negative electrode through the ion exchange membrane to the
positive electrode, resulting in a decrease in the volume of the
negative electrode electrolyte and the total amount of vanadium
ions, and the accumulation of vanadium ions in the positive
electrode electrolyte, resulting in concentration imbalance.
When V** migrates to the positive electrode, it will have a self-
discharge reaction with high valence vanadium ions in the
positive electrode, consuming electrons that can be used for
normal charging and discharging, and making the average
valence state of the electrolyte of the positive and negative
electrodes deviate from 3.5 valence, and the valence state of the
electrolyte is further unbalanced.®”

In view of this capacity decay process, a related study®
actively improves the initial average valence state of electrolyte
and generates excessive VO, in the first charge-discharge cycle

to inhibit the accumulation and migration of V> in the cycle
process; however, this strategy will lead to a decrease in the
actual available capacity in the first dozens of cycles, which
really improves the stability and cumulative output capacity of
the battery during the whole life cycle. The contact of oxygen in
air with the negative electrolyte leads to an increase in the
valence state of the electrolyte, and the occurrence of side
reactions such as hydrogen evolution and oxygen evolution,
which leads to the vanadium ions in the positive and negative
electrolyte being mainly V> and V**, and the battery with
unbalanced valence states between the positive and negative
electrodes cannot be charged and discharged.”*'** Most of the
capacity loss can be recovered by mixing two kinds of half-cell
electrolytes periodically, but the capacity loss caused by the
hydrogen evolution reaction and air oxidation needs electro-
chemical or chemical rebalancing.'® In addition to the above
means of volume and valence recovery, there are also more
studies on electrochemical system equipment, membrane
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=
+
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| |
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Fig. 23 (a) The photo capacity recovery system (b) in the normal mode

improvement, etc., dedicated to alleviating the decline in battery
capacity from multiple perspectives.'*®*%

4.2 Capacity recovery

4.2.1 Positive and negative electrolyte mixing. The mixing
of electrolytes can significantly extend the cycle life by restoring
part of the capacity loss caused by the asymmetric transfer of
various charged vanadium ions.'*® As shown in Fig. 21, when
the volume deviation between the cathode and anode electro-
lytes reaches a certain extent, the electrolyte at the higher level is
pumped by means of a transfer pump, an overflow pipe or
a connecting pipe, to the electrolyte at the lower level to balance
the concentration of vanadium ions in each electrolyte.*'**

4.2.2 Chemical reduction recovery. The chemical reduction
recovery method of electrolyte includes the method of restoring
battery capacity in situ by adding different reducing agents'®” as
shown in Fig. 22(a), such as adding ammonium ferrous
sulfate,'®® ascorbic acid, oxalic acid, formic acid and ethylene
glycol to reduce anode V** electrolyte.**'® The equation when
adding oxalic acid as then reducing agent is shown in eqn (23):

(V0,),80, + H,C,04 + H,SO4 — 2VOSO, + 2H,0 + 2CO,
(23)

After the restoration with oxalic acid,*** as can be seen from
the discharge specific capacity curve in Fig. 22(b and c), the
capacity decay of the battery significantly slows down after
electrode exchange and restoration. After 130 cycles, the
capacity retention rate is 81.8%, which is significantly higher
than the retention rate of 64.2% after 100 cycles of the original
pristine electrolyte. Meanwhile, the coulombic efficiency and
energy efficiency of the battery significantly increase after elec-
trode exchange and restoration, indicating a remarkable
improvement in the electrochemical performance of the
electrodes.

The addition of a chemical reducing agent to restore the
valence state of the positive electrolyte mainly has the problems
of imprecise control of the additive amount resulting in

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

optical
detector

peristaltic c
flow -
controller
-
" .

reservoirs

and (c) in the recovery mode™** (reprinted with permission from Elsevier).

residuals, the introduction of impurities, and the need to avoid
excessive reduction.

4.2.3 Electrolytic recovery. The electrolytic method
employs an electrolytic cell structurally similarly to the battery
configuration. Anodic water oxidation produces O,, and the
cathode reduces V>* in the high-valence vanadium electrolyte
with unbalanced valence state after long-term operation to
lower oxidation states, thus restoring the average valence state
of the electrolyte.”>'** The VFB capacity recovery system is
mainly composed of a VFB module and an electrolysis module
connected by a pipeline and a flow controller as shown in
Fig. 23(a). The positive electrolyte flows from the positive
accumulator of the VFB through the positive cell, and then
returns to the positive accumulator, and the same is true for the
negative electrode in Fig. 23(b). The electrolyte flows through
the negative storage tank, negative cell, positive storage tank
and positive cell of the VFB, then flows through the negative cell
of the electrolytic cell, and finally returns to the negative storage
tank of the VFB, where the positive and negative electrode
electrolytes are combined for in-line electrolysis to extend the
cycle life of the VFB as shown in Fig. 23(c) This method reduces
the average valence state of the mixed electrolyte through elec-
trolysis, while incorporating real-time monitoring of valence
state changes to ensure that the process reaches the optimal 3.5
valence endpoint. The use of electrolytic restoration can effec-
tively restore the valence state without introducing impurities,
but there is a problem that the electrolytic cell set is easily
damaged due to untimely gas discharge and excessive pressure
difference between the anode and cathode in high-power
electrolysis.

5 Conclusions

This review provides a focused analysis of advanced method-
ologies for preparing V**°* electrolytes. Comprehensive analysis
including the chemical reduction method, electrolysis method,
and chemical reduction-electrolysis method has been con-
ducted. Their chemical principles, processes, advantages and
limitations have been evaluated, while the preparation of high-
purity V>°** electrolyte still faces significant challenges.
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Compared with high-purity VOSO, and V,Os, the selection of
vanadium raw materials may have more possibilities. For
example, extracting vanadium from vanadium-containing waste
to prepare vanadium electrolyte has greater economic benefits
and environmental value, and is also of great significance for
the sustainable recycling of resources. At present, there is an
urgent need for an efficient, stable and low-cost preparation
route of V**°" electrolyte, which can avoid introducing impuri-
ties to replace the conventional electrolysis method with high
energy consumption and slow Kkinetics, and the reduction
method with possible impurities and the high-cost noble metal
catalysts. At the same time, no matter what kind of vanadium
raw materials and preparation methods are used, VO," and
VO®" can be converted into V> while ensuring the high purity
of products, and the cycle life and cost of VFBs need to be
considered to support their large-scale application in the
production of industrial V*->* electrolyte. The ideal preparation
technology of vanadium electrolyte needs three dimensions:
environmental friendliness, economic feasibility and the need
of social sustainable development.
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