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1 Introduction

With a continuous decrease of the cost in the utilization of intermittent
renewable energy sources such as wind and solar power in the recent years,
low-cost and high-performance energy storage systems for peak-shaving and
load-leveling in smart grid networks are urgently needed. As one of the most
promising stationary energy storage systems, vanadium redox flow batteries
(RFBs) have been first developed in the 1980s by Skyllas-Kazacos and co-workers
[1-5]. Although current vanadium RFBs still have a relatively low volumetric
energy density (~30 Wh1™!), and a two to five times higher capital cost than
the US Department of Energy’s target cost of $100kWh™' for deep market
penetration, vanadium RFBs have been widely investigated and are recognized
as one of the most reliable systems among the known RFB electrolyte chemistries
[6-10]. The inevitable crossover issue for RFBs will contaminate the electrolytes.
However, this can be easily handled in the all-vanadium RFBs by a simple
rebalancing operation for the catholyte and anolyte. Studies mostly focus on the
optimization of the electrolyte formulation, electrode materials, ion exchange
membranes, flow field and stack design [11] and simulation [12-15].

Unlike some rechargeable batteries using flammable organic solvents as elec-
trolyte components (such as the lithium-ion batteries, which have a risk of fire
or explosion), the acidic aqueous vanadium electrolytes used in vanadium RFBs
appear to be much safer for practical operation. In addition, the unique charac-
ter of decoupled energy storage and power output for flow batteries enables a
safe and cost-effective upscaling to large energy storage systems (Figure 1). The
energy density (Wh) depends on the volume of electrolyte (i.e. tank size), and the
concentration of active vanadium species (i.e. the total capacity), and the number
of single cells of the stack (i.e. the total voltage), whereas the power (W) can be
tailored by controlling the size of the cell (i.e. the deliverable current). The cur-
rent commercial demonstrations for vanadium RFBs, ranging from a few kWh to
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800 MWh scale, have been reported [16]. Further optimization in the key compo-
nents of vanadium RFBs is required, including a decrease of the manufacturing
cost of vanadium electrolytes [17], a higher vanadium concentration, a decrease
in the electrochemical polarization and ohmic losses, and an improvement in the
transport properties and reaction kinetics, which can lead to a decrease of the
overall system cost, accelerating their industrialization [18].

Dissolved vanadium ions exist in four different oxidation states (VO,*, VO?*,
V3* and V) in acidic aqueous solutions. Each state has its own distinct color.
The reversible conversion between chemical and electrical energy is realized by
the following electrochemical reactions of vanadium species during charge (—)
and discharge («), as shown in Egs. (1)-(3).

Catholyte : VO** + H,0 < VO,* +2H" +e™,E° =1.0Vvs. SHE (1)
Anolyte : V3" + e~ & V> E° = —0.26V vs. SHE (2)

Overall : VO** + V3 + H,0 < VO,* + V* + 2H* 3)

V2% jons are easily oxidized in air. Thus, oxygen-free conditions need to be kept
for the anolyte during operation. Furthermore, the chemical and thermal sta-
bility of different vanadium ion solutions limits their optimal concentrations,
and accordingly the volumetric capacity. The membranes and electrodes play
a critical role for the species transport, and the reaction sites, respectively. In
the following, the features of the key components of vanadium RFBs, including
electrolytes, membranes and electrode materials, various measurement and char-
acterization methods and approaches for the optimization of the performance
will be discussed.

2 Vanadium Electrolytes

2.1 Synthesis of Vanadium Electrolytes

As one of the most important components of vanadium RFBs, the electrolyte has
a significant impact on the operating temperature range, energy density, and cap-
ital costs. To prevent possible generation of chlorine gas, electrolytes are prefer-
ably based on sulfuric acid, not on HCl. Vanadium solutions can be prepared
by using chemical or electrochemical methods with V,O; as starting materials
(Figure 2a) [19, 20]:

chemical reduction of V,0; : V,0, + (COOH), + 4H"
- 2VO** +2CO, + 3H,0 (4)

electrolysis reaction : V,0; + 8H" +3e”™ — V** + VO* +4H,0 (5)

VOSO, can also be used as starting material, which can be dissolved into
H,SO,, forming VO** (Figure 2a). Subsequent electrochemical formulation
steps are required to convert these initially obtained VO** and V3%* (i.e. V3*
and VO?* with 1 : 1 ratio) into the redox pairs of VO, /V? and VO2*/V3*,
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Figure 2 (a) Conventional chemical and electrochemical synthesis of vanadium electrolytes.
Source: Choi et al. [19]. Reproduced with permission of Springer Nature. (b) A new catalytic
production route of V3>* electrolyte. Source: Heo et al. [17]. Reproduced with permission of
Elsevier.

As an alternative to the costly electrolysis method, a chemical production
method has been recently developed in which the chemically produced VO?* is
further reduced by using formic acid in a continuous catalytic reactor with Pt/C
as catalyst (Figure 2b) [17].

2.2 Concentration and Chemical Stability of Vanadium Electrolytes

Since the specific energy density is proportional to the concentration of vana-
dium species, efforts have been made to maximize the vanadium concentration.
However, the four vanadium species (VO,*, VO?*, V3* and V?*) show different
solubility, chemical and temperature stability at various sulfuric acid concentra-
tions and at different temperatures [20]. Accordingly, the electrolyte tempera-
ture should be controlled and monitored during operation. These restrictions
result in a compromised concentration of 1.6 M vanadium in 2 M H,SO,, which
is often used currently as a bench-mark for commercial applications. During
charge/discharge operation, the depth of the charge also affects the stability of
the vanadium electrolytes, as will be discussed in Section 2.6.

Table 1 lists the thermal stability of the vanadium solutions at a broad tem-
perature range from —35 to 50 °C [21-24]. Between 10 and 35 °C, all vanadium
solutions exhibit excellent thermal stability, without the formation of any precipi-
tates over a long measure time. Nevertheless, with a decrease in the temperature,
the solutions become unstable. For instance, at —5 °C, VO?* forms a precipitate
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Table 1 Thermal stability of various vanadium containing solutions as a function of the
concentrations of the vanadium ions and sulfate.

Vanadium Sulfate Time for
concentration (M) concentration (M) T(°Q) precipitation Reference
v 15 3.875 -35 <lh [21]
1.5 3.875 -20 >2d [21]
2.0 5.0 -5 >10d [22]
V3 1.5 3.875 -35 <lh [21]
1.5 3.875 -20 >2d [21]
2.0 5.0 -5 >10d [22]
VO* 2.0 5.0 -5 18h [22]
2.0 5.0 25 95h [22]
2.0 5.0 40 >33d [23]
VO,* 2.0 5.0 -5 >10d [22]
2.0 5.0 25 >33d [23]
1.5 4.3 40 >30d [24]
2.0 5.0 40 <48h [24]
3.4 6.0 40 >30d [24]
5.4 7.0 40 >60d [24]
2.0 5.0 50 <18h [23]

after 18 hours. On the other hand, by increasing the temperature above 40 °C,
VO,* catholytes may form V,0,. For 2M VO,* in 5 M sulfate solution, precipi-
tates were observed after only two days at 40 °C [24]. At 50 °C, the precipitation
time further shortened to less than seven hours [21, 23].

As studied by Skyllas-Kazacos and co-workers [25], the VO,* species exists
as [VO,(H,0),]" cations in the sulfuric acid solution. The hydrated ions suffer
from a deprotonation process and produce a neutral species of VO(OH)j; at ele-
vated temperatures, which will irreversibly convert into insoluble V,0, [24-27],
as described in Egs. (6)—(8):

[VO,(H,0),]* = VO(OH), + H;O* (6)
2VO(OH), — V,0; + 3H,0 7)
Overall : 2VO," (aq) + H,O — V,0; (s) + 2H" (aq) (8)

By increasing the temperature from 10 to 60 °C, as illustrated in Figure 3, the
solubility of VSO,, V,(SO,); and VOSO, increases largely [28]. At 60°C, the
solubility of those vanadium ions can reach up to 3 M. Nevertheless, the concen-
tration of vanadium electrolyte is limited due to the aforementioned precipitation
phenomenon of VO,* catholyte at temperatures above 40 °C, since the anolyte
and catholyte are operated at the same temperature.

Rahman and Skyllas-Kazacos [29] evidenced that the thermal stability of VO,*
can be enhanced by increasing the sulfuric acid concentration. An increase in
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Figure 3 Solubility of VSO,, V,(SO,),, and VOSO, salts as a function of temperature and initial
sulfuric acid concentration. Source: Cao et al. [28]. Reproduced with permission of
Multidisciplinary Digital Publishing Institute.

the proton concentration will shift the equilibrium reaction of Eq. (6) toward the
left side. This will prevent the process of de-protonation or dimerization reac-
tions. VO,* concentrations as high as 5.4 M can be obtained at 40 °C when the
concentration of sulfuric acid is above 5M, as compared to a maximum VO,*
concentration of 2 M when the concentration of sulfuric acid is below 5 M [24,
29]. In addition, a high sulfuric acid concentration may lead to a high ionic con-
ductivity of the electrolytes. However, the solubility of V2*, V3* and VO?** ions
decreases at higher acid concentrations, because an increase in the sulfate ion
concentration will shift the equilibrium reactions to the left side, as shown in
Eqgs. (9)-(11), and reduce the degree of dissociation of vanadium sulfates.

VOSO, < VO** +S0,* )
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V,(SO,); < 2V** +350,%" (10)

VSO, < V** +50,* (11)

For instance, at 20 °C, the solubility of VOSO, decreases significantly to 0.26 M
in 9M H,SO,, in contrast to a solubility of 1.79M in 3 M H,SO, [30]. A simi-
lar decreasing tendency of V3* ions was also observed at 30 °C [31]. With the
medium concentration of 1.5M vanadium ions (V**, V3*, VO?* and VO,") in
3-3.5 M H,SO,, the optimal vanadium electrolyte composition is reached for the
vanadium RFBs [32].

2.3 lonic Conductivity and Viscosity of Electrolyte

The electrolyte conductivity plays a significant role in the mass transport and
the ohmic resistance. It was found that the ionic conductivity of vanadium elec-
trolytes is related to the state-of-charge (SOC) and the temperature [21, 33]. The
ionic conductivity for V2*, V3* and V** jons showed an obvious increase with
rising temperature. Moreover, the conductivity of the electrolyte increases with
the concentration of sulfate and chlorine ions, but decreases with the concentra-
tion of vanadium ions [21, 29, 34]. At a given concentration of sulfate electrolyte,
an increase in the VO,* concentration will lower the free H,SO, concentration
in the solution, resulting in a decrease in the conductivity [35, 36]. For instance,
in concentrated sulfuric acid solutions (5-7 M), the conductivity decreases by
about 70% when the VO,* ion concentration increases from 2 to 5 M, as shown
in Figure 4a [29].

The viscosity of the electrolytes affects the distribution of the redox electrolyte
in the reaction area and the energy consumption of the pump. An increase
in the vanadium concentration will lead to an increase in viscosity because of
the increased intermolecular interactions, and dimerization of some vanadium
ions. At elevated temperatures, the decrease in the molecular interactions facili-
tates the transport of species. As shown in Figure 4b, the viscosity drops rapidly
when the temperature increases from —20 to 50°C [21]. The V3* electrolyte
exhibits the highest viscosity due to its lowest diffusion coefficient, according to
the Stokes—Einstein equation, Eq. (12):

D= k‘;T (12)
n
where D is the diffusion coefficient, ky is the Boltzmann constant, 7 is the tem-
perature and 7 is the viscosity.

2.4 Mixed-Acid Vanadium Electrolytes

Noticeably, it is an effective strategy to improve the thermal stability and sol-
ubility of vanadium ions by simply tailoring the composition of the supporting
electrolytes. Skyllas-Kazacos [37] has reported that 4 M V2* and V3* solutions
can be prepared in pure hydrochloric acid supporting electrolytes. A 3M VO,*
solution showed a superior stability in the chloride solution in comparison to

7
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Figure 4 (a) lonic conductivity of VO,* in sulfuric acid of different concentrations. Source:
Rahman and Skyllas-Kazacos [29]. Reproduced with permission of Elsevier. (b) Viscosity of
different vanadium ion solutions as a function of temperature. Source: Xiao et al. [21].

Reproduced with permission of Royal Society of Chemistry.

that in sulfate solution over a wide temperature range, owing to the formation of

dinuclear vanadium species like V,0;*" or [V,0,Cl]** [38].

Li et al. [22] have further explored a mixed sulfate-chloride electrolyte to sta-
bilize the vanadium species. In the mixed-acid electrolyte, concentrated vana-
dium solutions exhibited excellent thermal stability in a wide temperature range
between —5 and 50 °C [22, 39]. The improved electrolytes stability was then stud-
ied by means of 3*Cl nuclear magnetic resonance (NMR) and °'V NMR. It is
considered that a soluble intermediate product of VO,CI(H,0), forms in the

presence of the Cl~ ions in the catholyte [22], as shown in Eqgs. (13)—(16):

Catholyte : VO** + H,0 < VO," + 2H" + e~

VO,* + CI” & VO,Cl

(13)

(14)
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Anolyte : V?* + e « V2 (15)

Overall : VO** + V3* + CI” + H,O « VO,Cl + V2* + 2H* (16)

This complexation with chloride and water slows down the formation of
insoluble V,0;. A flow cell, using 2.5M vanadium in mixed sulfate-chloride
system (2.5M SO,%~ and 6 M Cl7) [22], realized a 70% improvement in the vol-
umetric energy density compared to that in the sulfate solution under ambient
environment.

Subsequently, Vijayakumar et al. [40] further elucidated that the high ther-
mal stability of VO,* cations in the mixed-acid system can also be attributed to
the formation of the chlorine bonded compound [V,0,Cl,(H,0).]*", which also
inhibits the de-protonation and subsequent precipitation reactions.

Note that evaporation of hydrochloric acid and chlorine evolution
side-reactions are inevitable at a high SOC or over long-term operation of
the flow cell in the mixed-acid electrolyte [22], leading to corrosion issues.
Concerning the thermal stability and safety issues, for the electrolyte with
vanadium concentration between 1.6 and 2.4 M, the suggested concentration of
hydrochloric acid and sulfuric acid is in the range of 6-6.4 M and 2—3 M, respec-
tively [36, 41]. In addition, it was also found that in 2M VO,* + 2.5 M H,SO,
solution, the ionic conductivity increases from 410 to 480 mScm™! when the
chloride ion concentration increases from 5.6 to 6.4 M [36].

Although a high H,SO, concentration can help to improve the ionic con-
ductivity and the thermal stability of VO,*, the diffusivities of vanadium ions
decrease due to an increased viscosity. This causes a larger polarization in
the electrode reactions, and accordingly a decrease in the voltage efficiency.
Furthermore, the power loss, from electrolyte pumping, results in a reduction of
the total energy efficiency of the system. In contrast to the increased viscosity
with high H,SO, concentrations, hydrochloric acid solutions of the same
concentration can have about 30-40% lower viscosity. Therefore, it is expected
that hydrochloride acid-based electrolytes could reduce the pumping energy
consumption.

Other acids such as phosphoric acid and ethylenediaminetetraacetic acid
(EDTA) were also tested [42], but they were not as effective as HCl. Mixed-acid
solutions using methanesulfonic acid (MSA) (CH;SO,;H) were found to be
helpful for improving the solubility and stability, however, with a penalty of
an increased ohmic resistance [43]. Moreover, the H,SO,—CH;SO;H mixture
showed improved redox kinetics for the VO,"/VO?** couple reaction and
reduced mass transport resistance. A flow cell with 2 M VO?* was able to deliver
an initial energy density of 40 Wh1! at a high current density of 120 mA cm™2,
with a capacity loss of 20% after 30 charge/discharge cycles [43].

2.5 Additives for Vanadium Electrolytes

To improve the stability of concentrated vanadium solutions and to increase the
energy density of vanadium RFBs, some additives have been employed.

9
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Table 2 The influence of additives on the thermal stability of vanadium ions.

Vanadium Sulfate Time for
concentration  concentration T precipitation
(M) (M) (°Q) Additives (d) Reference

V2 2 5 -5 0.2wt% PA >90 [23]
2 5 5 16h [42]

v+ 2 5 -5 26 [23]
2 5 -5 3wt% Na,;PO, 30 [23]

2 5 -5 0.3wt% PA 108 [23]

2 6.5 5 4 [42]

2 6.5 5 (NH,),PO, 40 [42]

VOt 2 5 -5 <18h [23]
2 5 -5 3wtk K,SO, >11 [23]

2 5 -5 3wt% Na,PO, >30 [23]

2.3 5 -5 1.0wt% PA 9 [23]

4 3 <22 [44]

4 3 3wt% SHMP >90 [44]

4 3 4 2wt% K,SO, >90 [44]

VO,* 2 5 -5 >33 [23]
2 5 =5 0.2wt% PA >90 [23]

3 5 30  1wt% H,PO, 47 [45]

5 1.8 40  7wt% CH,SO,H 36 [23]

+0.4wt% PA

Skyllas-Kazacos et al. [44] introduced precipitation inhibitors to stabilize
concentrated vanadium electrolytes at low temperatures. The influence of
several different additives on the thermal stability of vanadium ion solutions
is summarized in Table 2. While 4 M VOSO, solutions show precipitation
after 22 days in 3M H,SO, at 4°C, solutions containing 2wt% K,SO,, 3 wt%
sodium hexametaphosphate (SHMP), or 5wt% urea show an induction time for
precipitation of over 90 days [44]. It is believed that the additive species NH,™,
PO,3~, HPO,?, and H,PO,~ decrease the rate of crystal growth of V,O;, by
absorbing onto the surface of the nucleation sites. For instance, at 30 °C the
induction time of a 3MVO,*/5M SO, electrolyte was extended to 47 days
by addition of 1 wt% H;PO,, but just a few days at 50 °C [45, 46]. Although the
thermal stability of VO,* could be promoted with suitable inorganic additives,
chemicals containing K* cations, phosphate and polyphosphate anions are not
suitable because of the formation of KVSO, or VOPO, precipitates during flow
cell operation [23]. Some inorganic additives could even allow vanadium ion
concentrations up to 4 M using SHMP, K,SO,, and Li, SO, species. Nevertheless,
most of those additives suffer from long-term stability because of the occurrence
of gas evolution or precipitation during the flow cell operation. So far, only a
3MVO,* electrolyte demonstrated stable capacity retention over 90 cycles at
30 °C with the employment of a 1 wt% H;PO, + 2.5 wt% (NH,),SO, [45].
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Alternatively, organic additives, containing —COOH, —CO—, —OH, —SH
or —NH, groups, can also suppress the crystal growth of V,0O; [44, 47]. Var-
ious stabilizing agents, including L-glutamic acid, MSA, aminomethyl sulfonic
acid (AMSA), glucose, glycerol, thiols, poly(ethyleneimine)-based dendrimer and
hexadecyl trimethyl ammonium bromide (CTAB), have been applied to enhance
the thermal stability and electrochemical reversibility [23, 48, 49]. Meanwhile,
some organic additives such as D-sorbitol, inositol, phytic acid, and trishydrox-
ymethyl aminomethane can effectively promote the dispersion of [VO,(H,0),]*
ions due to Columbic repulsion and steric hindrance. However, changes in solu-
tion color and presence of unwanted precipitates have been observed during the
stability test [49]. Most of the low-molecular-weight organic additives, such as
glycerol, fructose, oxalates, EDTA, and formic acid, with functional groups of
C=C, OH, CHO, and C=0, are not stable in VO,* solutions [23]. Recently, the
large organic cation group of 1-butyl-3-methylimidazolium (BMIm™*) has been
used to inhibit the aggregation of vanadium ions into V,0O; in the catholyte by
Coulombic repulsion and steric hindrance [50]. 1V NMR showed a change in the
local coordination environment of vanadium species. In addition, improved ther-
mal stability has been observed for the charged vanadium catholyte with BMIm*
as additive.

Mousa and Skyllas-Kazacos [42] further investigated the effect of additives
on the stability of 2M V2* and 2M V3t anolyte at low temperatures. In
2MV?*/5M SO,* solutions containing tungstic acid and sodium tungstate, no
precipitation was observed over a long testing period. Nevertheless, formation
of dark precipitates by oxidation of V>* was observed. In flow cell tests, a 2 M
vanadium electrolyte with 2wt% (NH,);PO, exhibited no precipitation over
250 cycles at a low temperature of 5°C. Meanwhile, the low-molecular-weight
organics, such as glucose, glycine, urea, maleic anhydride, and acrylic acid
derivatives, only showed a negligible effect on the stability of concentrated V**
solutions. In addition, polyacrylic acid (PAA) has been used as a suitable candi-
date for the anolyte at low temperatures. The 2 M V2*/5M SO,2~ solution in the
presence of 0.2 wt% PAA showed excellent stability over 90 days at —5 °C [23].

Note that the content of additives must be optimized because a large amount of
additives will damage the hydrated layer of VO, ions, affecting the mass trans-
port and increasing the ohmic polarization of the battery.

2.6 State-of-Charge (SOC)

Over charge/discharge cycling, vanadium ions, protons, sulfates and water
transfer through the ion exchange membrane, and parasitic side-reactions may
occur (as will be discussed in Section 3). This causes continuous changes in the
volume, composition and concentration of the catholyte and the anolyte, and
leads to a decrease in the cycling efficiencies and continuous capacity fading.
Therefore, the battery management system requires sensors and control units
to obtain real-time information about the oxidation states of vanadium ions,
concentration of vanadium species, imbalance in the catholyte and anolyte,
cell voltage, open circuit voltage (OCV) and pH value. After a certain number
of cycles, rebalancing of the electrolytes is needed to return them to their

11
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initial states. Accordingly, measurements and predictions of the SOC of the
vanadium electrolytes are important for maintaining a long-term service life of
the electrolytes, and for avoiding overcharging. The SOC is defined as below:

Anolyte : SOC,, e = [V*1/(IV] + [V3]) (17)

anolyte

Catholyte : SOC = [VO,*1/(IVO* 1+ [VO,*]) (18)

As can be seen from Egs. (17) and (18), a 100% SOC indicates a complete oxi-
dation of [VO**] to [VO,*] in the catholyte, and a complete reduction of [V3*]
to [V?*] in the anolyte. At this stage, the cell is fully charged. In contrast, at the
fully discharged state, only [VO?*] and [V3*] exist in the catholyte and anolyte,
respectively.

Typically, the SOC can be assessed by using a separate OCV cell [51]. The OCV
cell is the same as the redox flow cell but without an electronic current. The OCV
values reflect the potential difference of the two half-cells, and are associated with
the concentrations of vanadium ions through the Nernst equation. Thus, from the
measured OCV values, the ratio of vanadium species can be estimated. However,
the cross-mixing of vanadium species and the transfer of water result in unknown
concentrations in the Nernst equation. The electrode degradation also causes a
drift of the OCV values over long-term operation. Thus, an accurate calculation
is impossible.

In addition, due to the imbalance of electrolytes, the SOC for the anolyte and
catholyte need to be determined individually. To tackle these issues, the open
circuit potentials (OCP) of the two half-cells have been measured separately by
using additional working and reference electrodes [52]. These electrodes, how-
ever, can be attacked or contaminated by the vanadium electrolytes. Alternatively,
in situ measurements of the electrolyte conductivity have been performed to esti-
mate the SOC [34]. The change in the electrolyte conductivity is mainly from the
variation of the proton concentration during the flow cell cycling.

Changes of the vanadium valence states are associated with an alteration of the
coordination environment of the different vanadium ions. These distortions in
the coordination shapes together with the energy level change will trigger a shift
in their absorption wavelength [53]. This allows to monitor the SOC also by in
situ ultraviolet—visible (UV-VIS) spectroscopy, as has been recently studied by
Hempelmann and co-workers [54, 55].

catholyte

3 Membranes and Transport of Species

3.1 Function of the Membranes

Besides the redox electrolyte, membranes are one of the most critical compo-
nents in vanadium flow batteries. They separate the anolyte and catholyte, and
hinder the crossover of the redox-active species by having a low vanadium ion
permeability. At the same time, they should show a high ionic conductivity for the
charge-balancing ions (protons and/or sulfate ions) (Figure 5 [56]). In addition,
they should have no electronic conductivity and help to seal the cells together
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Figure 5 lllustration of the transport of ionic species and water through the membrane for the
vanadium electrolytes. Source: Sun et al. [56]. Reproduced with permission of Elsevier.

with the gaskets. Further requirements are a high stability against the sulfuric
acid in the anolyte and catholyte, and a high chemical stability against oxidative
reagents (e.g. against VO, *).

A thin membrane would reduce material costs and ohmic resistance of the
cell. However, diffusion of vanadium ions through the membrane increases with
decreasing thickness. Consequently, a good compromise between vanadium
crossover and membrane resistance must be studied experimentally. In order
to achieve a long lifetime, perfluorinated polymer membranes with excellent
chemical stability are preferred. However, synthesis of perfluorinated ion con-
ducting polymers such as Nafion requires the handling of gaseous monomers,
resulting in high fabrication costs [57]. Furthermore, fluorinated materials are
less easy to recycle, e.g. burning wastes to regain all traces of vanadium would
liberate highly corrosive hydrogen fluoride (HF).

3.2 Characterization Methods of Membranes

3.2.1 Swelling Behavior and Acid Absorption

The ionic groups in polymer electrolyte membranes strongly interact with water.
In contact with vanadium anolyte and catholyte, membranes absorb significant
amounts of sulfuric acid and water and swell (with changes in membrane thick-
ness and area). This enlarges the hydrophilic domains and increases their connec-
tivity, and consequently increases the conductivity and vanadium permeability.
For practical reasons, it is important to know the swelling properties of the mem-
branes in order to reduce membrane losses during cell assembly and to estimate
the right thickness. While the measurements of the swelling behavior are simple,
care needs to be taken that measurements should be performed within a short
duration since water-swollen membranes lose about half of their water contents
within about only two minutes. In addition, it needs to be considered that mem-
branes are sometimes cast from aprotic polar solvents like dimethylacetamide
(DMACc), which have a high boiling point and are difficult to be fully removed.
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Their residues can easily constitute up to 50% of the membrane weight. There-
fore, the weight and dimensions of wet membrane should be measured first, and
the dry membrane subsequently, assuming that all solvents leach out into the
solution in this step:

(Dwet - Ddry)

Sx,y,z (%) = Ddry (19)
(Mo = Myyy)
weight gain (%) = L (20)

where S is the swelling ratio, and D and m are the dimensions and mass of the
membrane in the indexed states of “wet” or “dry.”

3.2.2 Permeability and Crossover

Diffusion of vanadium ions through membranes can be easily measured
and is commonly used to evaluate the suitability of the membranes. These
tests ignore that crossover in the operating system not only depends on
concentration-driven diffusion, but also on migration in the electric field, as
described by the Nernst—Planck equation (Eq. (21)), in which the first term
describes the flux of ions through a membrane by diffusion (Fick’s law), and the
second one by migration:

J =—=DVc—zuFcVe (21)

J is the flux of ions, D is the diffusion coefficient, c is the concentration of species
in the membrane, z is the charge of the ion, u is the ion mobility, F is the Faraday
constant, and ¢ is the potential [58].

As a consequence, thinner membranes usually show a lower Coulombic effi-
ciency in operating vanadium RFBs than thicker ones, due to a high diffusion
level. In some cases, however, the opposite may be observed, e.g. when a mem-
brane shows both very low permeability and low conductivity. In this case, by
decreasing the thickness, crossover of vanadium species increases only slightly.
Due to a high membrane resistance, however, the reduced thickness has a notice-
able effect on the average charging voltage, resulting in less migration. The overall
effect is an increased Coulombic efficiency, even though the membrane thickness
decreases [59].

Diffusion-driven vanadium ion permeability of the membranes can be mea-
sured through separating a vanadium-rich solution (“A”) and a vanadium-lean
solution (“B”) by a membrane. Slowly, vanadium ions cross over into the receiv-
ing solution by diffusion, and a quasi-linear increase of the concentration can be
observed, which can be mathematically described by the equation, Eq. (22):

Cy(t) = ég Cu(t—t)) (22)
B

in which C, and Cj are the concentration of solution “A” and “B,” A is the active
area of the membrane, V75 is the volume of the vanadium-lean solution, L is the
thickness of the membrane, ¢ is the time, and P is the permeability coefficient.
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The latter can be obtained by transformation into:

AC v
p=t (220 (2 (23)
Ca \ A¢ A

Here, the second term in Eq. (23) is the slope of the quasi-linear trend line, when
the concentration of permeated vanadium is plotted against time. Since P is nor-
malized by the membrane thickness, the permeability coefficient is a material
property and should be the same for membranes of different thickness. Divid-
ing P by the membrane thickness gives the permeation flux of ions per time and
membrane area. This allows to compare two distinct membranes.

For the studied Nafion 212 membranes, reported values for P(VO, ") are in the
range of 10712-1071! m? s7! [60-62]. Differences originate from the use of dif-
ferent acid electrolytes (higher acid and vanadium concentrations are expected
to reduce the water absorption and thus swelling), different thickness values (e.g.
thickness of the membrane was measured before or after the test) and differ-
ent hygro-thermal histories of the membrane processing (e.g. how long was it
equilibrated, and in which solutions). Another important parameter is the tem-
perature. Most groups report the diffusion values at “room temperature,” and do
not control this further. Also the geometry of the glass ware and stirring speed
of the solutions play a role. If the solutions are not effectively stirred, the con-
centration of the solutions close to the membrane will differ from that of the
bulk solutions, reducing the concentration gradient over the membrane. Finally,
there could be a difference in how the vanadium ion concentration was deter-
mined. Typically, UV-VIS spectra are used for such purpose. Depending on the
concentration of the vanadium ion containing solutions, different peaks or peak
positions may be chosen for the analysis. An overview can be found in the litera-
ture [63, 64]. For example, V2* has peaks at 283, 373, 567, and 800 nm. The peak
at 283 nm is the most intensive peak and even dilution of the sample solution may
be required. But only the peak at 800 nm has no overlapping with the signals of
V3t

While all vanadium species have a different permeability, most work focuses
on VO,*, because the composition of ions depends on the SOC and therefore is
not well defined, and VOSO, is commercially available and has a lower risk to be
oxidized or reduced than V** or VO,™.

3.2.3 Conductivity and Resistance

Conductivity is used to describe a membrane material, while area specific resis-
tance (ASR) describes a membrane of a certain thickness. For the vanadium RFB
application, the ASR with a unit of Q cm? of the membranes is the parameter
which defines their performance. It is linked to the through-plane conductivity
(o) of the membranes by:

membrane thickness
ASR
Therefore, a poor conductivity can be compensated in the vanadium RFB by
preparing a thinner membrane, if the mechanical properties and vanadium per-
meability of the polymers allow it.

o(Scm™) = (24)
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For the conductivity measurement, a membrane sample is immersed in the
electrolyte solution and two electrodes (e.g. gold coated metal discs) are arranged
on both sides of the membrane in a known distance [65]. If the membrane resis-
tance is high enough, a single measurement may give a correct value. However,
in most cases it is necessary to repeat the measurement with membrane sam-
ples of different thickness. Assuming that the interfacial resistance between two
membrane samples is negligible, different thicknesses can also be obtained by
stacking membrane samples. A plot of the resistance (measured typically by elec-
trochemical impedance spectroscopy (ELS)) versus the membrane thickness or
thickness of different membrane stacks then gives a linear trend. The y-axis inter-
cept is the sum of the ionic resistance of the electrolyte, the electronic resis-
tance of the cables and the interfacial resistances of electrode/electrolyte and
electrolyte/membrane. The conductivity is then calculated from the slope of the
curve by:

6(Scm™) = 1

= 25
(slope - membrane area) (25)

Usually, researchers do not report the conductivity in vanadium containing
electrolytes, but that in sulfuric acid, because the composition of the vanadium
ions in the electrolytes changes during charging and discharging, and is therefore
not well defined. This leads to an overestimation of the conductivity: (i) The
increased concentration of ions in the electrolyte is expected to reduce the
water uptake of the membrane by increasing the osmotic pressure. (ii) In cation
exchange membranes, some of the protons will be exchanged for vanadium ions;
the extent to which this will happen depends on the membranes’ selectivity
and the concentrations of metal ion and acid. For example, it was shown that
Nafion 112 membranes equilibrated in metal ion containing solutions showed
a conductivity of ca. 95 mS cm™ at 80 °C, 100% relative humidity up to an iron
concentration of ca. 0.2ngml~!. Above that concentration, the conductivity
started to decrease down to about 40mScm™ at 0.5ng,, ml™ [66]. This
indicates that metal ion impurities need to be absolutely prevented (e.g. no metal
tweezers should be used for handling membranes after equilibration in acidic
solutions). Changing the electrolyte solution from 2.6 M sulfuric acid to 2.6 M
sulfuric acid containing 1.5 M VOSO, reduced the conductivity of Nafion 212
from 45 to 23 mS cm™?, and that of a sulfonated para-polybenzimidazole (PBI)
membrane from 593 to 242 mS cm™! [67].

3.2.4 Chemical Stability of Membranes

Most membrane materials, which are considered for use in vanadium RFBs,
are known to be stable against water and acids. Thus, chemical stability is
mainly discussed for stability against VO,* ions. These tests are straightfor-
ward, membrane samples are immersed in solutions containing VO,* ions
in sulfuric acid, e.g. fully charged electrolyte, for a time of several days or
weeks. Degradation is then monitored from the appearance of the membrane
(e.g. sulfonated polysulfones will disintegrate into pieces in this test [68]),
the weight loss of the membrane, and by using UV-VIS spectroscopy for the
formation of VO?* (which is formed when VO,* reacts with the membrane)
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[65]. For poly(arylene ether) membranes, the attack of VO,* is believed to
occur at the ether bonds [69]. The following chain scission leads to reduced
molecular weight of the polymer, and therefore loss of mechanical strength
and disintegration. A blind test of the VO,* solution without membrane
sample gives access to the initial VO?* concentration and formation of VO**
by reaction with impurities, which may be present in the solution or the vial
and lid.

3.3 Membrane Types

Membranes for vanadium RFB can be categorized into five general groups
[15]: perfluorinated and non—fluorinated cation exchange membranes, anion
exchange membranes (AEM), nanofiltration membranes, and acid doped PBI
membranes (Table 3).

Perfluorinated membranes (e.g. Nafion) are the most commonly employed
membranes. They are most stable against the oxidative VO,* ions, and have a
high proton conductivity. However, they also show a high vanadium permeability
and therefore a poor proton/vanadium selectivity. Accordingly, thick Nafion
membranes, such as Nafion 115 with a thickness of 125 pm, are often used to
alleviate the cross-mixing [70-72]. Nevertheless, the thick membrane leads to
an increase in the ASR, which is relevant to the voltage efficiency. By changing
the density of ionic groups (e.g. reducing the ion exchange capacity) of Nafion
membranes, vanadium ion permeability can be decreased, but only together with
the conductivity. Unfortunately, such modified membranes are not commercially
available yet and cannot be easily synthesized [73].

In order to reduce the costs, to alleviate the use of fluorinated materials,
and to reduce the vanadium crossover, hydrocarbon based cation exchange
membranes have been developed. In these membranes, the phase separation
between sulfonated groups and polymer backbone is less pronounced. In

Table 3 Membrane types and their general properties.

Vanadium ion Chemical

Type Example Conductivity permeability stability
Perfluorinated cation Nafion High High High
exchange membranes
Hydrocarbon based cation ~ Sulfonated High Average Poor
exchange membranes polysulfone
AEM Polysulfone with Average Low Poor

quaternary

ammonium groups

Nanofiltration membranes PIMI, polysulfone,  Average-high Average-high Average

etc. (expected)
Acid doped membranes PBI Low Low High
Sulfonated, High High High

pre-swollen PBI
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addition, the aromatic sulfonic acid groups are less acidic than the sulfonic acids
groups in Nafion, which have a lower pK, value due to the electron-withdrawing
effect of the fluorinated side chains [74]. This leads to narrower, less connected
hydrophilic domains and thus a more tortuous pathway for the diffusion of
vanadium ions. This further results in an increase in the Coulombic efficiency
in comparison to Nafion-based vanadium RFBs. The major drawback for hydro-
carbon based cation exchange membranes is their susceptibility to degradation
by the oxidative VO,* ions [61, 75].

By definition, AEM should not transfer metal cations. But since the Donnan
exclusion of cations for the membranes is most effective in diluted solutions [76],
transfer of metal ions through an AEM cannot be completely avoided. At the
high concentrations used in vanadium RFB electrolytes, it is expected that a sig-
nificant amount of co-ions is dissolved in the membrane. Therefore, also AEM
possess a measurable vanadium permeability, which, however, is lower than that
of cation exchange membranes [61, 77]. Since hydroxide ions have a 1.8 times
lower molar conductivity than protons [78], AEM often have a higher ASR than
Nafion membranes. Similar to hydrocarbon-based cation exchange membranes,
AEM are easily attacked by VO,*, unless the polymer backbone is fluorinated
and free of ether bonds [69].

Nanofiltration membranes have so small pores that particles or molecules
with a hydrodynamic radius larger than 2 nm cannot pass [79]. While a pore
size of 2 nm would not be sufficient to separate between charge-balancing ions
(<3.01A) and hydrated multivalent vanadium ions (>3.78 A), nanofiltration
membranes with very narrow pore dimensions should be able to block the
transfer of vanadium ions by size-exclusion effect. Cation exchange membranes
with pore sizes in the range of 3.98-7.56 A and AEM with pores sizes of
6.02-7.56 A are suggested to selectively transport charge-balancing ions [80].
For comparison, the dimensions of the hydrophilic domains in Nafion are in
the range of 4 nm, and connections between the domains have a dimension of
about 1 nm [81]. This indicates that cation exchange membranes or AEM need
to have very low ion exchange capacities (low density of ionic groups) to prevent
absorption of water and swelling of the hydrophilic domains. In fact, ionic
groups do not seem to be necessary, and a high selectivity of protons over VO**
was achieved by using PIM-1, a polymer of intrinsic microporosity as selective
layer on a porous polyacrylonitrile membrane [82]. Also poly(ether sulfone) [83]
and polyacrylonitrile-based asymmetric porous membranes with a thin selective
layer [84] were found to have a high selectivity. An anticipated problem could be
the expected reactivity of these polymers against VO?*, which could limit their
lifetime.

PBI membranes are the latest addition to the group of membranes used in vana-
dium RFB [85], and show a high potential to substitute the bench-mark Nafion
membranes. A vanadium RFB using a porous O-PBI membrane showed a sta-
ble cycling behavior of over 13500 cycles at a current density of 80 mA cm™2
[86]. PBI is a high-performance polymer with two amine and two imine nitrogen
groups per repeat unit (Figure 6). Pristine PBI is practically insulating for con-
ducting ions, but in contact with sulfuric acid (e.g. the vanadium RFB electrolyte),
the nitrogen functionalities are protonated. This introduces two positive charges
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Figure 6 Chemical structure of PBl and its structure after doping with sulfuric acid.

per repeat unit and about 2 mol of free, mobile HSO,~ [59]. This increases the
conductivity to about 5mS cm™!, which is low in comparison to that of Nafion
(40-80 mS cm™!). However, the high ASR of PBI membranes can be partially
compensated by using thin membranes. A thin PBI membrane with a thickness of
15 pm can be operated well in a vanadium RFB [59]. Moreover, a 4 pm PBI block-
ing layer on porous supports showed a good performance [87]. The use of very
thin PBI layers is enabled by the high tensile strength (67 MPa), Young’s modulus
(1.4 GPa) and high elongation at break (39%) of sulfuric acid doped PBI [65], and
the very low vanadium permeability. The combination of a high positive charge
density on the polymer chain and a dense morphology (e.g. no phase separation
into large, well connected hydrophilic domains) effectively hinders diffusion of
vanadium species. In one ex-situ test, diffusion of VO?* was so slow that it could
not be observed even after 10 days [88].

Because of the positively charged polymer backbone, PBI membranes effec-
tively repel vanadium cations. Aromatic ether groups can be easily avoided. In
a simple explanation, when oxidizing VO,* degrades a polymer, electrons are
transferred from the polymer to VO,*. This seems to be more difficult when the
backbone has a low electron density (as in protonated PBI).

Commercial PBI membranes cast from organic solvents have a rather low
uptake of sulfuric acid and narrow channel structures. Pre-swelling in phospho-
ric acid increases the conductivity [89]. An extreme case is sulfonated para-PBI
membranes cast from a polyphosphoric acid solution. These membranes have
such an open structure that the conductivity of sulfuric acid doped membranes
was reported to reach above 500 mScm™. A drawback is the increased per-
meability. However, at a high current density of 500 mA cm~2, a Coulombic
efficiency over 95% and an energy efficiency over 70% was obtained [67]. In con-
clusion, by rationally selecting the polymer chemistry [62, 67, 90] and membrane
fabrication process [67, 89], key performance parameters of conductivity, ASR
and permeability of the PBI-based membranes can be freely adjusted to a large
extent.
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Several engineering strategies are feasible to develop better-performing
vanadium RFB membranes, including (i) mechanical reinforcement by porous
supports, which potentially also lowers the overall material costs [91], (ii)
preparation of polymer blends [65, 92], and (iii) nanocomposite membranes [93,
94] to increase stability and to decrease vanadium permeability. Furthermore,
layered membranes, consisting of a highly conductive/permeable layer and
a vanadium blocking layer of lower conductivity like PBI [58, 87, 88, 95], are
interesting to be applied in the near future.

4 Electrode Materials

Metal-based electrodes, such as lead, platinum, gold, titanium, and metal oxide
coated dimensionally stable electrodes (dimensionally stable anodes, which are
widely used in chlor-alkali electrolysis [96]), have been previously investigated
for vanadium RFBs [12]. Although they exhibited electroactivity for the redox
reactions of vanadium species, their widespread applications are restricted by
either a high cost, or passivation. Alternatively, various carbon electrode materi-
als, such as carbon felt, graphite felt, carbon cloth and carbon paper (as shown
in Figure 7), with low cost, but high electrical conductivity, porosity, good acid
resistance and acceptable electrochemical stability have been practically used for
vanadium RFBs [97, 98]. The electrode surface provides the reactions sites, and
the pores and the three-dimensional network structures allow the circulation of
the vanadium redox fluids. Meanwhile, the pressure drop and the pumping power
are associated with the electrode porosity and the compression ratio upon assem-
bling them into the cell.

4.1 Electrode Reactions

During charge/discharge, the efficiency loss arising from the activation polariza-
tion mainly originates from the kinetics of the electrode reactions (Egs. (1) and
(2)). Therefore, the types of electrode materials [99] and their precursors [100],
morphologies, porosities play a key role for improving the voltage efficiency of
the vanadium RFBs (Figure 7). Sun and Skyllas-Kazacos [101, 102] and Qiu and

Figure 7 Carbon-based electrodes for vanadium RFBs. (a) carbon cloth, (b) carbon paper, and
(c) carbon felt. Source: Kim et al. [97]. Reproduced with permission of Royal Society of
Chemistry.
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co-workers [103] proposed that the surface oxygen functional groups (C—OH as
shown in Figures 8a,b, C—OOH as shown in Figure 8c) on the surface of carbon
electrodes function as active sites for the redox reactions of vanadium species.
For charging, these reactions proceed through bulk diffusion of reactants, ion
exchange (VO?* with H* of the phenolic groups in catholyte, V3* with H* in
anolyte), oxygen atom transfer (from C—O of the functional groups to VO?,
forming VO,*), electron transfer, and back diffusion of products. During the dis-
charge, the reverse processes occur. Two-dimensional graphene oxide electrodes
(Figure 8d) that can provide high surface area have been applied with similar reac-
tion mechanism [97, 105].

With the involvement of oxygen atom transfer in electrode reactions, the elec-
trode surface is therefore generally processed by chemical methods, such as acidic
and thermal treatment of carbon materials [101, 102, 106], to increase the content
of the oxygen functional groups. Through the surface treatment, chemical dop-
ing [107, 108] and the application of catalysts on the surface of carbon electrodes
(Figure 8e) [104], the power performance has been largely improved [109, 110].
Such performance enhancement allows significant decrease in the stack costs per
kilowatt.

4.2 Carbon Paper Electrodes and “Zero-Gap” Concept of Cell
Configuration

By reducing the electrode thickness from the ~mm scale of graphite felt
electrodes down to ~micrometer scale, thin carbon paper electrodes have
been applied in a “zero-gap” cell architecture for vanadium RFBs [111], which
exhibited an improved limiting current density and a high peak power density.
Accordingly, specific flow field and channel configurations have been designed to
enhance the contact between the electrolyte and electrode, and the penetration
of vanadium electrolytes into the porous electrode [112]. The electrodes and
membrane can form a membrane-electrode assembly (MEA) structure, which
is structurally similar to that used in proton exchange membrane (PEM) fuel
cells. Such thin carbon paper electrodes enabled by flow field design result in a
smaller ohmic loss, compared to that of the thick felt electrodes [11].

Flow channels should be designed to maximize the utilization of vanadium
electrolytes and the reaction turnover rates, and meanwhile to minimize
the pressure drops and pump losses. Optimization of cell and stack per-
formance should also consider the properties of the employed vanadium
electrolytes such as concentration and viscosity. The serpentine flow field
(SFF) (left column in Figure 9) allows a fast flow of electrolytes and a low
pressure drop, but only a small fraction of the vanadium electrolytes pene-
trates into the carbon electrodes [11]. For the interdigitated flow field (IFF),
all electrolytes are forced to flow through the porous electrodes, leading to
however a large pressure drop and energy consumption for the pumping.
Furthermore, the flow behavior depends on the channel width and depth,
and the landing width. Further new flow field designs have been reviewed
elsewhere [11].
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Figure 9 (A) Comparison of two different flow fields: serpentine flow field (SFF, on the left) and
interdigitated flow field (IFF, on the right). (B) Pictures of flow field designs with different
channel width and depth, landing width. Source: Ke et al. [11]. Reproduced with permission of
Royal Society of Chemistry.

It is difficult to optimize the performance exclusively by experimental methods
[113]. Simulation approaches have been developed to estimate the flow distri-
bution, pressure distribution and local current density, in order to improve the
overall operating efficiencies of the system and the power output [114-118].

4.3 Degradation Study of Carbon Electrodes

The performance loss arising from carbon electrode degradation in vanadium
RFBs has been recently studied by electrochemical and spectroscopic techniques
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[119]. The loss of electroactive surface area of carbon electrodes after prolonged
electrochemical cycling has been recognized from EIS with a decrease in the
double layer capacitance, and from cyclic voltammetry measurements with a
decrease in the peak current [120, 121]. Moreover, it was found that electrode
degradation is related to the applied cutoff voltages for the charge/discharge
cycling of vanadium RFBs [122]. With the involvement of hydrogen evolution at
the negative half-cell, or the CO, evolution at the positive half-cell at the high
cutoff voltage of 1.8V, a high rate of degradation of the electrode was observed
[122]. This occurs together with an imbalance of the vanadium electrolytes.
These experiments were performed for the diagnostics and optimization of
vanadium RFB systems in order to maximize the system’s output without causing
significant parasitic reactions and degradation.

5 Conclusions

Green and sustainable energy sources will successively replace traditional energy
resources. Vanadium RFBs, as promising stationary energy storage systems that
can be integrated with the wind and solar power, have been extensively studied,
including the detailed evaluation of the electrolyte properties (such as the syn-
thesis methods of vanadium electrolytes, the possible maximum concentration
of vanadium ions, influence of the supporting acidic electrolytes, thermal and
chemical stability, application of additives and methods for the determination
of the SOC), selection and tests of different types of membranes (ion selective
membranes, and porous, size-exclusion membranes), design and optimization
of the electrode materials (such as the improvement of the reaction kinetics by
surface processing, and by using catalysts). The overall performance for the flow
battery operation is governed by these parameters. Future work to reduce the
costs for the vanadium extraction, membrane, cell components and their pro-
cessing is needed. Except for the laboratory-scale single cell tests, commercial
applications need rational design of the stacks to maximize the energy efficiency
and the power output as well.

Utility-scale energy storage applications require safer, more scalable,
longer-lasting batteries. For this, vanadium RFBs, using nonflammable aqueous
systems, with decoupled energy storage and power generation and an expected
service-life up to ~decades, may outperform the traditional Li-ion batteries.
Furthermore, lithium is more expensive than vanadium, and Li-ion batteries have
a relatively short service life of ~years. Fast and widespread market penetration
of vanadium RFBs is thus expected in the foreseeable future.
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