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A Solid/Liquid High-Energy-Density Storage Concept for Redox
Flow Batteries and Its Demonstration in an H2-V System
Yuanchao Li and Trung Van Nguyen*,z

Department of Chemical and Petroleum Engineering, University of Kansas, Lawrence, Kansas 66045, United States of
America

Redox flow batteries (RFBs) are ideal for large-scale, long-duration energy storage applications. However, the limited solubility of
most ions and compounds in aqueous and non-aqueous solvents (1M–1.5 M) restricts their use in the days-energy storage scenario,
which necessitates a large volume of solution in the numerous tanks and the vast floorspace for these tanks, making the RFB
systems costly. To resolve the low energy storage density issue, this work presents a novel way in which the reactants and products
are stored in both solid and soluble forms and only the liquid with soluble ions is circulated through the batteries. Storing the active
ions in solid form can greatly increase the storage energy density of the system. With a solid to liquid storage ratio of 2:1, for
example, the energy density of the electrolyte of vanadium sulfate (VOSO4), an active compound used in the all-vanadium RFB,
can be increased from 40 Ah l−1 to 163 Ah l−1 (>4X), allowing an existing 6-h RFB system to become a 24-h system with minimal
modifications. To show how the concept works, an H2-V flow battery with a solid/liquid storage system is used, and its successful
demonstration validates the solid-liquid storage concept.
© 2022 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
1945-7111/ac97c6]
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Energy generated from fossil fuels is being replaced with
renewable/sustainable sources to combat global warming, and this
can have a huge beneficial environmental impact worldwide because
electricity accounts for more than a third of overall energy use.
Wind/solar-generated electricity is already cost-competitive with
carbon-based electricity in certain regions and markets.1 Deploying
these sustainable but intermittent energy sources beyond 20% is
either not possible or not cost-effective without the availability of
inexpensive energy storage solutions because (1) electricity dis-
tribution and usage networks cannot handle large variations and (2)
excess electricity capacity generated during times of low demand is
not utilized and does not bring economic benefit to the owners. For
the large-scale application of intermittent energies, the energy
storage capacity to handle the daily fluctuations is not sufficient.
To deal with the unpredictable long-term non-availability, a longer
duration storage capacity is needed.

Storage systems based on redox flow batteries (RFBs) made of
power generation units and separate external storage units enable
versatile power and energy designs, which are well suited for the
large-scale, long-duration energy storage application.2 The low
energy storage density of redox flow battery systems results from
the low solubility of most ions and molecules in both aqueous and
non-aqueous solvents (1M–1.5 M). An all-vanadium RFB commer-
cial system has an average energy density of 20 Wh kg−1, whereas a
lithium-ion battery system has a density of 100–265 Wh kg−1 or
greater. With the high volume of electrolyte in a large number of
tanks and large floorspace for the tanks required to store adequate
energy for 3–5 days, these RFB systems are not only prohibitively
expensive but also unsuitable for applications such as residential or
commercial energy storage.

Multiple methods have been explored to resolve the low energy storage
density issue. The methodologies of the three methods and their challenges
are discussed briefly below. (1) The first one is the addition of solid energy
boosters (SEBs, also known as redox-targeted solids).3,4 The SEBs are
stored in the electrolyte tanks and will release or re-store the soluble active
species via a chemical reaction. Researchers reported that the positive
electrolyte of VRB can be stored in the solid Prussian blue analogue (PBA,
VO Fe CN6

II
6 3( ) [ ( ) ] ). During the charge process, the VO2+ is oxidized to

VO2
+ on the positive electrode electrochemically, which is then circulated

back to the tank where it oxidizes the PBA via the following chemical
reaction, 3VO 3H2 ++ + + xVO Fe CN H O 3VO6

II
6 3 2

2( ) [ ( ) ] · ⇋ + + 3H ++

VO Fe CN OH6
III

6 3( ) [ ( ) ( )] · x 3 H O 3H .2 2( − ) + In this reaction, the
electrochemically generated VO2

+ is reduced by PBA in the storage tank
and release the new VO2+ for further reaction on the positive electrode.
The main challenges for this method are: (a) The kinetics of the chemical
reaction to release or re-store the active species may limit the overall
electrochemical performance. The charging/discharging current densities in
the SEBs-type RFB range from 0.05mA cm−2 to 30mA cm−2,3,5 which
are lower than the typical current densities of VRB (∼100mA cm−2). (b)
The lack of stable chemical compounds and reactions to release/re-store
the active species in the storage tank limits the application of the SEB
method. (c) If the added SEB has a solubility in the solvent of the
electrolyte, its soluble form may result in a parasitic reaction in the
electrode. Though Prussian blue is extremely insoluble, it tends to form
colloids.6 (2) The second method involves the use of a semi-solid or slurry
electrolyte directly in the battery to boost the energy density.7 The transport
and uniform distribution of non-Newtonian fluids like slurries within a cell
and among multiple cells in parallel in the fluid network is very difficult
and increases the energy consumption of the auxiliary system. Moreover,
high volume density of electrically conductive solid particles like iron may
result in a continuous electrically conductive network, which will short the
cells in a battery stack.8 (3) The third method employs a stabilizing agent
to allow the electroactive species to exist in an oversaturated condition in
the electrolyte.9 The additives like H3PO4 or (NH4)2SO4 were once added
to the vanadium electrolyte to boost the vanadium concentration to 3M.9

This method, however, has not shown to be able to stabilize the
oversaturated electrolyte in the long-term.

To address the challenges mentioned above, this work presents a
new idea for increasing the quantity of active materials that can be
stored in a given volume of storage (energy storage density) while
retaining the flow battery feature. The concept is to store these
reactants in a liquid-solid mixture of soluble ions in the liquid phase
and their undissolved solids and to circulate only the liquid through
the battery.10 As the battery consumes the aqueous reactants in the
circulated liquid, the solids in the storage tank dissolve and generate
additional reactants in the liquid. Similarly, as more products are
formed in the battery liquid, the extra product above the solubility
level precipitates in the storage tank thus allowing additional product
to be generated. The storage energy density of the active components
in the storage tank increases significantly as the ratio of solid to
liquid increases. For example, the operational concentration of
vanadyl sulfate (VOSO4), an active material in the all-vanadiumzE-mail: cptvn@ku.edu
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RFB system, is around 1.5 M, slightly lower than its saturated
concentration of ∼1.8M. (One does not operate at saturated concentra-
tion because it may result in solid precipitation on the electrode surface or
in the electrolyte if the concentration of the active materials temporarily
exceeds its solubility during discharge or charge.) At 1.5M, 1.5 moles of
vanadium ions per liter, or 40 Ah l−1, are present. In its completely
coordinated 5-ligand-water solid state (VOSO4 · 5H2O), which has a
density of 2060 g l−1,11 a liter of this substance contains 8.25 moles of
vanadium ions or 221 Ah of energy. This is a significant increase,
bringing the energy storage density of RFB systems closer to that of
solid-state systems such as the lithium-ion batteries. Since only a small
amount of liquid is required to transport the soluble active ions from the
storage tank to the battery and back, the solid to liquid storage ratio can
be high, allowing much higher energy storage capacity for the longer
duration operation. With a small solid to liquid ratio of 2:1, a 6-h RFB
system can easily be converted to a 24-h system with few adjustments.

To realize this concept, a temperature-swing method is created
for use with the hybrid solid/liquid storage system, as seen in
Fig. 1.10 The active materials in the storage tank will be stored at a
lower temperature (T1 or TL in Fig. 1) where their solubility levels
are lower, whereas the flow battery will operate at a higher
temperature (T2 or TH in Fig. 1) where the solubility levels are
higher. This strategy works for active materials with a positive
temperature-dependent solubility, which is common for most redox
compounds. During an operation, the low-temperature, low-solubi-
lity solution will be heated to a higher temperature on its way to the
battery to increase the solubility level of the active components. At a
higher temperature, the previously saturated solution becomes
undersaturated and can accept extra active ions or chemicals created
during discharge and charge of the batteries before reaching the high
solubility level. When the solution is returned to the colder storage
tank where the solubility of the solution decreases, the active
products created in the battery become oversaturated and precipita-
teas solids. To minimize the auxiliary energy requirement of the
temperature-swing method in this solid/liquid storage system, the
battery’s waste heat can be utilized to supply energy to the heating
stage, and the heating/cooling processes can be integrated together.
The excessive auxiliary energy (if required) can come from the

integrated solar or wind power, which is one of the possible synergic
strategies for the whole system. Note that the actual minimum
temperature difference has not been determined and could be smaller
than the condition selected in this study. Finally, except for the
potential role of the solar and wind power in supplying the auxiliary
energy for the temperature-swing process, the general synergy of the
intermittent energies and this hybrid energy storage system is similar
with the conventional system.

The solubility-based hybrid storage system can be applied to
most redox flow batteries. In considering the kinetics of electro-
chemical reaction, the solubility of the active species with a positive
temperature correlation is preferred, i.e., the RFB should operate at
the high temperature with the higher solubility, while the active
species are stored at the lower temperature with the lower solubility.
In addition to the V(V)/V(IV) redox couple investigated in this
study, other commonly used inorganic redox species such as like
Fe(III)/Fe(II),12 V(III)/V(II),13,14 and Cr(III)/Cr(II)12 fit this prefer-
able trend. The flexibility of redox organic molecules opens more
possibility in applying this concept. For instance, anthraquinone-2,6-
disulfonic acid (2,6-AQDS) and anthraquinone-2,7-disulfonic acid
(2,7-AQDS) used in the quinone-based RFB are positively
temperature-dependent.15 Besides the solubility and temperature trend,
the precipitation and dissolution processes and their rates are also the
critical processes and factors that enable this unique concept to be
employed in an RFB system. The metal salt VOSO4 is used as an
example to investigate the precipitation and dissolution mechanism
and demonstrate this concept. Later, an H2-V flow battery equipped
with a hybrid storage system for the positive terminal side was
constructed and tested to illustrate the concept’s practicality.

Methods

Preparation of supersaturated solution.—The oversaturated
solution was prepared by dissolving additional vanadyl sulfate solid
in DI water at 70 °C while stirring. Following the complete
dissolution of the solid, an appropriate amount of concentrated
H2SO4 was added to bring the acid concentration to the desired
value, and the solution was cooled to room temperature. The
precipitate from the oversaturated solution at room temperature
and without nucleation materials is referred to as naturally pre-
cipitated VOSO4. The precipitate that is triggered by the addition of
nucleation materials such as activated carbon, which itself may be
used as new nucleation materials, is referred to as low-crystallinity
VOSO4 because of its low crystallinity and gel-like characteristic.

Material characterization.—The crystal structure of VOSO4

solid was characterized using a powder X-ray diffraction technique
(PXRD) on a Bruker D2 Phaser XRD instrument with a Co Kα
(1.78897 Å) radiation source. The source voltage and current were
30 kV and 10 mA, respectively. The crystallinity percentage is
calculated as [(area under the crystalline peaks)/(area under all
peaks)]*100. Before the XRD characterization, the precipitates from
the solution were centrifuged at 6000 RPM for 4 × 5 min.

Electrochemical characterization.—The electrochemical ac-
tivity of the VOSO4 solution, which is an indicator of the
dissociation level of the dissolved VOSO4, was measured using
linear chronoamperometry between the OCV and OCV + 30 mV.
The measurement was conducted in an N2-saturated three-electrode
setup with graphite rods serving as the working and counter
electrodes and a saturated calomel electrode (SCE) serving as the
reference electrode. Each voltage step (2 mV) lasted 3 min. The
concentration of the dissociated VO2+ ions in a VOSO4 solution was
determined by the OCV measured with a graphite rod as the working
electrode and an SCE as the reference electrode.

Theoretical calculation.—The vanadyl sulfate structural configurations
involved in this work were optimized by B3LYP-D3(BJ)16/def2-TZVP17

and then calculated by ωB97M-V18/def2-TZVP for the single point energy

Figure 1. An RFB with solid/liquid storage concept and temperature swing
method.
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by the software of ORCA.19,20 The molecular dynamics (MD) calculation
of the vanadium sulfate precipitation was performed by the tight-binding
DFT molecular dynamics process evaluation using XTB in the NVT
ensemble at 300 K, using a Berendsen thermostat, with selected bonds
restrained at their optimized lengths by means of the SHAKE algorithm.21

Multiwfn22 was applied for all the wavefunction analysis, which was
finally visualized by the VMD.23

Flow battery test.—The H2-V flow battery storage system was
assembled as shown in Fig. 2. It consists of an RFB, a heating
section, and a cooling/storage section. The storage tank comprises of
two compartments separated by a porous separator. The liquid was
stored on top, while the solid was kept in the bottom below the
porous separator. The hot electrolyte from the RFB was cooled in a
glass heat exchanger using the building tap water (17 °C) as the
cooling fluid and pumped to the bottom of the storage tank, where

the nucleation material is located. The liquid electrolyte collected at
the top was pumped to the pre-heater and then to the positive
terminal side of the RFB. Charge/discharge experiments were
conducted with a 3.2 M VOSO4 (total vanadium concentration
including aqueous and solid VOSO4) in 3 M H2SO4 supporting
electrolyte at 1.3 V/0.7 V with 10 mA cm−2 as the cut-off current
densities in a 16 cm2 RFB. The temperature-swing range was
between 40 °C (RFB) and 20 °C (storage). The molar ratio of the
aqueous and solid forms of V(IV) was 3:2 in this case. Note that
1.8 M is the solubility of VOSO4 in 3 M H2SO4 at 20 °C.24 As
shown in Fig. 2, the hydrogen gas is vented.

Results and Discussion

As shown in Table I, the precipitation rate is quite sluggish in the
absence of a nucleation material, taking up to ten days to precipitate

Figure 2. Schematic of the H2-V flow battery with the hybrid storage system on the positive side.

Table I. Precipitation rate of VOSO4 w/ and w/o nucleation materials in unstirred solutions.

Concentration (M) Test Temp.a) (°C) Oversaturation Levela) (M) Nucleation Centers Precipitation Time

3.2 20 1.4 N/Ab) 12–24 h
2.8 20 1.0 N/A 4 d
2.4 20 0.6 N/A 10 d
3.2 40 0.7 N/A 48 h
2.8 40 0.3 N/A >7 d
3.2 40 0.7 Activated carbon feltc) 4 h
3.2 40 0.7 4.21 mg cm−2 Zeolite-Y780-coated on PTFE sheet 2.5 h
3.0 40 0.5 Activated carbon felt 17 h
2.8 40 0.3 Activated carbon felt 52 h
2.6 40 0.1 Activated carbon felt 60 h
3.2 20 1.4 Activated carbon felt 90 min
3.2 20 1.4 Activated carbon felt w/ N2 functionalization

d) 90 min
3.2 20 1.4 Pure graphite foil 60 min
3.2 20 1.4 HNO3-treated XC72R (carbon powder) 45 min
2.8 20 1.0 10% Zeolite Y 2802e) 75 min
2.8 20 1.0 10% Zeolite Y 780 150 min
3.2 20 1.4 Gel-like VOSO4 salt

f) 5 min
2.8 20 1.0 Low-crystallinity VOSO4 salt 15 min
2.6 20 0.8 Low-crystallinity VOSO4 salt 25 min

a) Solubility of VOSO4 in 3 M H2SO4 at 20 °C and 40 °C are 1.8 M and 2.5 M, respectively.
24

b) N/A means no addition of nucleation materials. c) Zoltek
Tm Rx35 activated woven carbon material PW03. d) Nitrogen functionalization was accomplished by treating with NH3 gas at 600 °C. e) 10% is the weight
ratio of zeolite to VOSO4 weight. f) Gel-like VOSO4 salt is the solid precipitate from an oversaturated solution triggered by the activated carbon felt.
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at room temperature. With nucleation centers, the time required for
precipitation can be considerably reduced. Notable nucleation
materials are Zeolite Y and HNO3-treated XC72R carbon powders,
which reduce the precipitation time to 75 and 45 min, respectively,
despite the fact that these times are still too lengthy for this solid/
liquid storage strategy. The most significant finding is that when the
precipitated solid formed with these two nucleation materials was
used as the new nucleation material, the precipitation time was
dramatically reduced to 5 min, which is within the range of interest
for this application. It was expected that this precipitation time could
be lowered even further with stirring to minimize the concentration
gradient near the solid surface and a greater amount of nucleation
material or higher ratio of solid to aqueous active material. Another
major observation is that the precipitated solids created from the
oversaturated solutions with and without nucleation centers exhibit
distinct morphologies, as shown in Fig. 4a. When precipitation occurs
naturally (without the presence of precipitation materials), the pre-
cipitated solid has a highly crystalline structure that does not dissolve
readily. Meanwhile, the precipitated solid initiated by activated carbon
and zeolite has a more amorphous, low-crystalline, gel-like structure
and exhibits a very high dissolution rate when the temperature of the
solution is increased, or the concentration of its soluble form is diluted
below its saturation level. The precipitate formed when the gel-like
solids are used as nucleation materials have similar structure and
dissolution properties as the gel-like nucleation materials.

The following theory is presented to explain why the precipita-
tion products differ significantly with or without nucleation mate-
rials. We argue that two conditions must exist for precipitation to

occur. First, the surface of the nucleation material must contain sites
that attract active vanadium cations to the surface directly OR attract
the sulfate anions which drag the vanadium cations to the surface (
i.e., nucleation sites); and second, the nucleation sites must be
sufficiently close together and densely packed (i.e., high density) in
order to generate a high local concentration of active ions that
significantly exceeds their solubility level to cause them to pre-
cipitate. This initial stage is called the nucleation or initiation step
because it establishes the framework or template for subsequent
precipitation and growth. The hypothesized precipitation and dis-
solution process is illustrated in Fig. 3 below.

The #1 structure in Fig. 3 is a crystal structure imported from the
crystal database (ICSD #1043316). According to the Jahn-Teller
effect, the sulfate ligand is bound to the vanadium center in the
equatorial (horizontal) plane via one of its oxygen atoms, where the
ligand binding strength is stronger than in the axial positions.25

However, in a sulfuric acid solution, 1H and 17O NMR spectra
indicate that the dissociated V(IV) cation exists in the form of the
hydrated [VO(H2O)5]

2+ cation, which is stable at sulfuric acid
concentrations up to 3 M and temperatures ranging from ambient
temperature to 67 °C. Furthermore, the sulfate anion and the
hydrated vanadyl cation are found to exhibit little electrostatic
contact indicating that the sulfate ligand is located primarily outside
the first solvation shell.26 The literature proposes that the sulfate ligand
occupies the second solvation shell and is connected to the V(IV)
cation via one of the equatorial water ligands, as shown in molecule
#3.26 Consequently, according to the crystal database and molecule #3,
one could conclude that the undissociated VOSO4 crystal #1 dissolves

Figure 3. Possible mechanism of precipitation and dissolution process (magenta: vanadium; red: oxygen; yellow: sulfur; off-white: hydrogen).
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in an aqueous solution to form the undissociated VOSO4 molecule #2,
which could then dissociate to form molecule #3.

Two precipitation mechanisms for the dissociated vanadium salt
molecules are suggested based on the characteristics described in
Fig. 3. The first mechanism involves the process by which the
dissociated molecules (#3) are precipitated back to the undissociated
crystal (#1) through the route of the undissociated molecules (#2).
The second mechanism involves the precipitation of the dissociated
molecule #3 without direct recombination of the sulfate anion and
the VO2+ cation. In this process, the [VO(H2O)5]

2+ and the sulfate
anion in the second shell may precipitate as either the ordered
dissociated crystal #5 or the disordered dissociated solid #4 that has
no clearly defined form. While the undissociated crystal #1 is the
most thermodynamically stable form, the precipitation pathway from
#3 to #2 and then to #1 is not kinetically favorable due to the energy
required for the sulfate anion to displace the water ligand in the first
hydrate shell. With sufficient time, the meta-stable low-crystallinity
solids of dissociated molecules should ultimately form the stable
undissociated crystal #1, where one of the water ligands is replaced
by a sulfate anion. The results presented in Figs. 4 and 5 validate this
hypothesis.

To confirm the processes proposed in Fig. 3, the XRD spectrum
and electrochemical activity of various VOSO4 crystals were
examined. The as-received VOSO4 ·xH2O shown in Fig. 4-a1 is
the crystal powder that requires heating to completely dissolve and
dissociate in an aqueous solution at high concentrations that are still
below the solubility level. Without heating, the solid forms a
temporary soluble solution that quickly precipitates after a short
time. The flake-like compact crystalline solid shown in Fig. 4-a2 is
the VOSO4 solid precipitated naturally in an oversaturated 3.2 M
VOSO4/3 M H2SO4 solution without nucleation materials. Apart
from the naturally precipitated VOSO4, other precipitates can be
formed by introducing nucleation materials to the oversaturated
solution. Initially, it was observed that the activated carbon nuclea-
tion material produced a low-crystallinity gel-like slurry. The solid
extracted from this slurry was subsequently utilized as a nucleation
material and was found to significantly accelerate the formation of
the low-crystallinity precipitates (Fig. 4-a3) in a fresh oversaturated
solution. After one month of storage in a vial with the saturated
solution, this precipitate transformed into a more dehydrated solid

(Fig. 4-a4). Finally, after six months of storage, the previously
metastable low-crystalline solid transforms into a solid with an XRD
pattern similar to that of the commercial undissociated solid (See
Fig. 4b). Due to the length of the transformation process, we do not
anticipate that this aspect will have an effect on the use of the solid/
liquid storage method in an RFB where a discharge/charge cycle
occurs daily or at most every few days for long-term applications. It
is worth noting that the precipitates mentioned here are always
retained in the saturated aqueous electrolytes that they precipitated
from. The finding from this study indicates that some nucleation
materials generate a low-crystalline VOSO4 precipitate whose
structure is very efficient at promoting rapid precipitation from an
oversaturated solution and has a very high dissolution rate with
dilution.

The XRD spectra (Fig. 4b) of the four VOSO4 solids classify
them into three groups: (1) as-received VOSO4 (black curve) and 6-
month-stored VOSO4 (purple curve), (2) fresh and 1-month-stored
low-crystallinity precipitates from oversaturated solutions with
nucleation materials (red and blue curves), and (3) naturally
precipitated VOSO4 (green curve). The blue and red vertical dashed
lines marking the characteristic peaks of the spectra are used to link
the two groups 1 and 2 above. In comparison to the as-received and
6-month-stored VOSO4, the fresh and 1-month-stored precipitates
lack the peaks shown by the dashed blue vertical lines and have
additional peaks denoted by the dashed red vertical lines. We neglect
those shared peaks and summarize the distinct ones in Table II. The
distinction between the first two groups resides in the ratio of the
dissociated solids vs the total solids. This point will be explained by
the results in Fig. 5. Our hypothesis indicates that the undissociated
crystal, shown in Fig. 3, is the most thermodynamically stable but
also the least favored kinetically. In Fig. 4b, the distinctive peaks
remain unchanged after one month of storage. The main change was
an increase in crystallinity that is attributed to the loss of free water
molecules. However, even in a saturated solution, six months of
storage allows the solid to completely convert into a solid with an
XRD pattern very similar to the as-received solid, demonstrating that
solid #1 in Fig. 3 is the final product of precipitation and that the
process is quite slow. The gel-like precipitate has the lowest
crystallinity, which agrees with the visual observation in Fig. 4a.
Finally, because the naturally precipitated VOSO4 (green curve)

Figure 4. (a) Photos of different VOSO4 solids; (b) XRD spectra.
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solid has all of the typical peaks of the other two groups, we
conclude that it must be a mixture of both solid groups.

While XRD can be used to investigate the crystal structure and
determine the crystallinity, it cannot determine if the solid is made of
dissociated ions or undissociated molecules. The linear polarization
curves in Fig. 5 are used for this purpose. It can help verify and
quantify the amount of the dissociated ions in these solids. The
presence of more dissociated VO2+ cations correlates with increased
electroactivity. As a result, a greater measured activity for the same
total concentration of active vanadium (IV) salt implies a higher
dissociation level. As shown in Fig. 5, the activity (slope of the
polarization curve) of the as-received VOSO4 at RT/1- h stirring
after being heated to 50°C for 10 min (red curve) is 40% greater than
that at RT/1- h stirring without heating, indicating that the as-
received VOSO4 contains a significant amount of undissociated
molecules and cannot be completely dissociated by stirring at RT. In
comparison, the low-crystallinity gel-like precipitate exhibits a 2X
increase in activity when compared to the as-received VOSO4 at RT/
1- h stirring, clearly indicating that the low-crystallinity precipitate
contains more dissociated molecules in its solid.

Apart from the activity, the open-circuit voltage or OCV (crossover
point on the x-axis) may give further evidence for the dissociation
level, as the electrode potential correlates only with the dissociated
vanadium ions in the solution. In all three V(IV) solutions, a fixed
amount of V(V) sulfate (0.1 ml 0.2 MV(V) in 10 ml 1 MV(IV)
solution) was added to fix the V(V) ion concentration in the solution,
such that the electrode potential of the solution varies only by the V
(IV) ion concentration as defined by the Nernst equation for this redox
couple: E E RT nF ln V V H V IV .OCV = + /( ) ([ ( )][ ] /[ ( )])θ + So, a larger
dissociated V(IV) ion concentration leads to a lower OCV. The order
of the OCVs in Fig. 5 matches the order of the activity of the solutions
determined by the slope of the polarization curves. The activity aspect
mentioned here is critical for an RFB since it has an effect on the
RFB’s performance. If the breakdown of the solid results in the

formation of mostly undissociated salt molecules, the RFB’s perfor-
mance would be adversely impacted.

The XRD results in Fig. 4b demonstrate that the crystal structures
of the fresh and one-month-stored precipitates from the over-
saturated solution are distinct from those of the as-received
VOSO4 and long-term-stored precipitates. The electrochemical
activity and OCV from the linear polarization curves confirm that
the crystal structure of the precipitates from oversaturated solutions
is composed of dissociated VO2+, i.e., with the sulfate anion present
only in the second solvation shell, while the as-received VOSO4

solid may be composed primarily of undissociated molecules that
require additional thermal energy to break the vanadyl-sulfate
equatorial bond. Thus, the #3→#2→#1 pathway in Fig. 3 is the
most thermodynamically stable but kinetically unpreferable precipi-
tation pathway, whereas the route #3↔#4 and #3↔#5 in Fig. 3
correspond to the desired precipitation/dissolution pathway of the
dissociated precipitate from the oversaturated solution during a
typical RFB operation. From the combination of the two pathways,
the natural precipitate is believed to be a mixture of dissociated (#3)
and undissociated (#2) salts. The low crystallinity (53%) of the
precipitate induced by the dissociated salt molecules may reflect a
mixture of the orderly and disorderly #4 and #5 precipitate
structures.

After the proposed mechanism of dissociation/precipitation of
VOSO4 was validated, the effects from the nucleation type,
nucleation concentration, oversaturation level, and total concentra-
tion are explored. Although Table I provides some precipitation data,
they were from visual observation of the solid formation. A more
quantitative approach that can yield accurate results is needed. The
OCV method to quantify the concentration of the dissociated V(IV)
ion described earlier can be used to measure the rate of the change in
the V(IV) ion concentration in the oversaturated solution during the
precipitation process and to obtain the precipitation rate. Similar to
the linear polarization curve measurement, a fixed starting ratio of V

Figure 5. Linear polarization curves of 1 M VOSO4 (total concentration)/3 M H2SO4 solution prepared from the different solids.

Table II. Summary of distinct characteristic peaks of XRD spectra.

Sample 17°/18° 20.5° 23°/24° 26.5° 34.5° 36° 40° 46° 52°

As-received VOSO
4

✓ ✓ ✓ ✓ ✓
Fresh low-crystallinity VOSO

4
✓ ✓ ✓ ✓ ✓

1-month-stored low-crystallinity VOSO
4

✓ ✓ ✓ ✓ ✓
6-month-stored low-crystallinity VOSO

4
✓ ✓ ✓ ✓ ✓

Naturally precipitated VOSO
4

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Journal of The Electrochemical Society, 2022 169 110509



(V) to V(IV) was used in all solutions. In Fig. 6a, the concentration
of V(IV), which was calculated from the measured OCVs, for the
three cases considered decreases rapidly after the addition of the
nucleation centers and finally stabilizes at the level that corresponds
to the solubility of VOSO4 at the tested temperature and acid
concentration.

The slopes of the concentration curves in Fig. 6a averaged over a
certain duration, shown in Fig. 6b vs time, describe the precipitation
rate of V(IV) in the solution. Taking the black solid curve
(precipitation of 3.2 M VOSO4/3 M H2SO4 initiated by the low-
crystallinity dissociated salt) as an example, the general trend of the
curve consists of a short initiation time followed by “V” shape
response that includes a rapidly increasing precipitation rate that
peaks (lowest point with the highest negative value) at some time
later. The initiation time could be due to the low amount of the
nucleation centers present initially. The precipitation rate accelerates
once more solids are formed that provide more nucleation sites for
precipitation and peaks when the decrease in the oversaturation level
(i.e., the driving force for the process) in the solution becomes more
dominant. The rate finally drops to nearly zero when the driving
force approaches zero.

The dashed black curve, which is for the case where the as-
received/undissociated VOSO4 is used as the nucleation material,
shows a much longer initiation time, about 900 s. However, once
sufficient nucleation sites are created, it shows a similar peak
precipitation rate and decaying behavior. The precipitate appearance
is also similar to the low-crystallinity type, as shown in Fig. 4-a2.
This response conveys that the as-received material can also promote
the creation of similar and suitable nucleation sites. It just takes a
longer time to do this. The vanadyl complexes in the solution can be
attracted to the adsorption sites of undissociated solid where the
affinity between the undissociated nucleation centers and the
dissociated cations may be lower, creating a longer adsorption or
initiation phase. We postulate that once a layer of the dissociated salt
is created over the surface of the undissociated nucleation material, it
accelerates the precipitation of the dissociated ions. Combining this
with the fact that the undissociated precipitate has the most
thermodynamically stable structure but extremely slow precipitation
and dissolution kinetics, one can hypothesize that any nucleation
material that promotes fast precipitation will result in the formation
of the metastable dissociated low-crystallinity solid.

The red curves in Figs. 6a and 6b are from the oversaturated
solution with the same oversaturation VOSO4 level and dissociated
nucleation material amount but in 1 M H2SO4 solution, i.e.,
3.82 M V(IV) concentration in 1 M H2SO4 vs 3.2 M V(IV) concen-
tration in 3 M H2SO4, of which the oversaturation levels are both

1.42 M.
24

Since the solubility of VOSO4 increases with lower
sulfuric acid concentration, we hypothesize that while the over-
saturation level (defined as the difference between the ion concen-
tration and the soluble concentration) is the same, the faster
precipitation rate of V(IV) in 1 M H2SO4 with the same over-
saturation level, nucleation material concentration, and nucleation
material type indicates that the V(IV) ion concentration itself can
also affect the precipitation rate, which may be caused by the higher
collision possibility in the solution of higher concentration. The
commercial all-vanadium RFB employs 3 M H2SO4 as the sup-
porting electrolyte to maintain high proton selectivity in the
membrane (low permeability of vanadium species).27 The proton
conductivity of Nafion® membrane will increase with the acid
concentration up to around 2.7 M and then decrease, which is a
trade-off between proton concentration increase and water content
loss caused by acid presence in the solution.28 With this observation,
the benefit of having a higher vanadium solubility and precipitation
rate over the disadvantage of a higher vanadium ion crossover rate
from the usage of a less ion-selective membrane separator deserves
careful consideration when this hybrid solid/liquid storage is
employed.

Since the types of nucleation centers in Table I and Fig. 6
demonstrate major effects on the morphology of the precipitates, the
knowledge of the interaction between the vanadyl cations and the
adsorbate is essential for the comprehension of the precipitation
process. The graphene oxide (GO) is selected as the adsorbate in the
current research because the activated graphitic carbon was found to
be a suitable nucleation material to initiate the low-crystallinity
dissociated precipitate, and the adsorption sites of GO, oxygen
function groups, are easy to tune. Thus, the adsorption of VO2+ on
the GO surface can be viewed as a simplified model of the
precipitation process. The noncovalent interactions (NCI) are
analyzed in this adsorption model. Figure 7a demonstrates the type
of weak interactions among the vanadyl complexes and the
adsorbate by showing the isosurfaces of sign g2

interλ δ( ) where 2λ is
the 2nd eigenvalue of the electron-density Hessian (second deriva-
tive) matrix identifying the types of interactions ( 02λ < for the
strong attractive interaction, 02λ ≈ for the dispersion force, and

02λ > for the nonbonding region) and ginterδ is the real space
electron density gradient between the defined fragments calculated
by Independent Gradient Model (IGM).29

The blue, green, and red colors on the isosurface indicate the
strong electrostatic attractions like hydrogen bond, van der Waals
force, and the nonbonded overlap (repulsion), respectively. Figure 7a
shows that the electrostatic attraction exists between the anchoring
points (O-sites of GO) and vanadyl complexes for the case of four

Figure 6. (a) V(IV) concentration response with same nucleation center concentration and oversaturation level but with different types of nucleation centers and
different initial sulfuric acid concentration; (b) precipitation rate averaged over every 5 min (black axis: the precipitation rate in 3 M H2SO4; red axis: the
precipitation rate in 1 M H2SO4).
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vanadyl complexes on a GO surface. At the same time, the vanadyl
complexes attracted by the adjacent adsorption sites also demon-
strate inter-complex attraction. The electron density difference,

,GO VO GO VO2 2ρ ρ ρ ρΔ = − −− + + is calculated for this case in
Fig. 7b. The electrons are transferred from the GO (green isosurface)
via the oxygen functional groups, including −COOH, −OH, and
C=O groups (green isosurface), to the vanadyl cations and their
water ligands (violet isosurface) thus increasing the electron density
of the complex. The higher electron density on the vanadyl
complexes results in a higher affinity to the electron-deficient cations
in the neighboring solution layer and may slightly reduce the
attraction effect to the electron-abundant sulfate anion ligand to
maintain the dissociated configuration in the formation of low-
crystallinity dissociated sediment.

On the basis of Fig. 7 for four adsorbed [VO(H2O)5]
2+ on the GO

surface, two free [VO(H2O)5]
2+ complexes, namely Free #1 and

Free #2 in Fig. 8a, and some free water molecules are added to the
system for the tight-binding DFT molecular dynamics process
evaluation using XTB. The decreasing distances of free VO2+

cation/adsorbed VO2+ cation (red curve in Fig. 8b) and free VO2+

cation/COOH of GO (blue curve in Fig. 8b) suggest that the free V
(IV) complex is attracted to the adsorbate by the adsorbed cation and
the anchoring points simultaneously. Meanwhile, the distance
between the adsorbed V(IV) cations and their anchoring point
remains stable during the whole MD process (green curve in
Fig. 8b), indicating a steady electrostatic attraction. Initially, the
adsorbed V(IV) cations #2 and #3 are attracted to the two carboxylic
groups of the same benzene ring, respectively. The distance between
these two V(IV) cations (purple curve in Fig. 8b) becomes even closer
during the MD process which indicates that a high density of
adsorption sites on the adsorbate may result in a more compact or
crystalline precipitate (template effect). Figure 8c describes the
precipitate formation process that the free V(IV) cations are gradually
adsorbed on the adsorbate surface and the impact of the density
(number and proximity) of the active sites on the surface could have
on the formation of a compact adsorption layer and the resulting
structure of the precipitate solid and the precipitation rate of the ions.

The driving force of the adsorption in the precipitation process is
further investigated in Fig. 9. Initially, the free vanadium complex
cluster only shows interaction with the surrounding free water
molecules instead of the adsorbed vanadyl cations and the GO’s
functional groups in Fig. 9a. Later, the strong electrostatic attraction
appears between the free VO2+ complexes and the adsorbed vanadyl

cations/functional groups. Complexes #1 and #3 in Fig. 9b are the
examples of the attraction between the free cations and the adsorbed
ones, while complex #2 describes the attraction between the free
cation and the carboxylic group of GO. The blue (strong electrostatic
attraction) isosurface diluted by the green (weak van der Waals
force) coating in Fig. 9b shows that the interaction between the free
V(IV) complexes is weakened compared to that of the initial free
vanadium cluster (circled in Fig. 9a) due to the re-adjustment of the
electron density after the adsorption of the free vanadium complex.

The precipitation mechanism study so far was performed with
GO adsorbate as a simplified model, and the effect of the anion-like
sulfate ligand was neglected. In the future, the precipitation process
with dissociated salt as the adsorbate, the explicit sulfate anion
ligand, and the existence of the counter cation (V(IV)/V(V) redox
couple) in a larger solvation box will be carried out. Besides the
understanding of the nature of the precipitation process shown
above, it may reveal a harsh reality: attempts to increase the
vanadium concentration above the solubility limit through the use
of stabilizing agents may eventually fail in the long run due to the
widespread presence of oxygen functional groups on all types of
carbon electrodes that attract the vanadium cations.30 Due to the
inherent nature of activated carbon electrodes as nucleation sites, the
temperature-swing concept is an appealing method of increasing the
energy storage density and operating concentration of RFBs.

With a newly learned knowledge of the mechanism of vanadium
salt precipitation and dissolution, an H2-V flow battery was
constructed as shown in Fig. 2 to demonstrate the viability of the
solid-liquid storage idea. Charge and discharge cycles were con-
ducted using the constant-voltage mode to determine the maximum
steady-state current density that can be achieved in this hybrid
system. The results are presented in Fig. 10. The most noticeable
feature in the RFB with the hybrid storage system is the presence of
a constant current plateau during the charge/discharge early stage,
showing that the fast-enough in-time solid dissolution process
stabilizes the electrolyte concentration prior to the complete con-
sumption of the solid phase. After the consumption of the added
solid, the discharge current exhibits the normal behavior of an RFB,
basically, the overpotential increases gradually with decreasing V(V)
reactant concentration or increasing charge capacity and then more
rapidly at the end of charge/discharge owing to mass-transport
limitation. The variability in the current density vs time graphs is due
to the delayed response of the temperature-controlled hot water bath,
which results in the vanadium electrolyte and flow batteries

Figure 7. (a) sign g2
interδ(λ ) (electrostatic attraction) isosurfaces (s = 0.01a.u.) of [VO(H2O)5]

2+ on the graphene oxide (GO); (b) electron density difference
isosurfaces of adsorbed [VO(H2O)5]

2+ on GO (s = 0.006 a.u.; violet: electron increase; green: electron decrease) (Note: All the structures are optimized by the
analytical linearized Poisson-Boltzmann (ALPB, water) and GFN2-XTB and then calculated by B3LYP-D3(BJ)/def2-TZVP for the single point energy).
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temperature variation of 37 °C–42 °C. Additionally, the electrodes
must be activated and the membrane needs to be humidified,
resulting in the first cycle’s somewhat worse performance than the
subsequent two cycles, which exhibit repeatable patterns regardless
of the current density or specific capacity vs time.

The electric current density plateau region of the charging
process in Fig. 10 is integrated to around 41% of the total vanadium
charging capacity, which very closely corresponds to the theoreti-
cally estimated 44% of the capacity as the extra dissociated solid
added to the system. As a comparison, the current density plateau

integration of the discharging process is shorter than that of the
charging stage, ∼34% vs ∼41%. Initially, we suspected that the
current density plateau of V(V) to V(IV) during discharge might be
attributed to the dissolution process of the precipitated V(V) sulfate
salt, since V(V) sulfate has a similar solvation structure with that of
V(IV) sulfate.31,32 At the end of the complete charging process
(∼100% SOC, not shown in Fig. 10), we observed that the
electrolyte became highly viscous; however, there was no solid V
(V) sulfate found on the bottom of the storage container. The 30-min
centrifuge at 6000 RPM did not create a separation between the solid

Figure 8. (a) Adsorption/precipitation configuration (green: hydrogen); (b) bond distance variations (each frame represents 50 fs); (c) geometry change (blue
represents the free vanadium atoms).

Figure 9. (a) sign g2
interλ δ( ) (electrostatic attraction) isosurfaces (s = 0.01a.u.) of the 1st frame of MD; (b) sign g2

interλ δ( ) (electrostatic attraction) isosurfaces (s
= 0.01a.u.) of the last frame of MD. (The same color scale as in Fig. 7a is used here).
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and liquid. One can infer that either the possible precipitate consists
of nano-scale particles which cannot be separated from the solution
by the centrifuge OR there is no solid salt generated in the charging
process. Skyllas-Kazacos et al. found that the high sulfuric acid
concentration can significantly enhance the upper limit of V(V)
concentration.33 The sulfuric acid concentration of the fully charged
electrolyte, in this case, reaches 6.2 M, which stabilizes V(V) product
and avoids possible precipitation. The literature also points out that the
higher V(V) concentration decreases the cathodic peak current height
in the CV scan, implying the possible formation of new electro-
chemically inactive species at the increased concentration.33 During
the discharge operation, the conversion from the inactive V(V) sulfate
to the active species may result in the electric current density plateau
from a relatively constant concentration of the active V(V) reactant.
Additionally, because the electrochemically inactive V(V) species is
soluble, this conversion can occur even at the electrode surface, which
may explain why the discharge performance is superior to the
charging performance, which requires the dissolution of the solid V
(IV) salt in the storage tank and the mass transport of V(IV) ions from
the solid section across the separator to the liquid section. Additional
studies will be conducted in the future to further explore the unique
mechanism of V(V).

Conclusions

A solid-liquid storage approach that stores both solid and liquid
phases of the active materials in the electrolyte tank and pumps only
the liquid electrolyte to the flow battery was proposed to address the
lower energy storage density issue of redox flow battery systems.
This approach was applied and investigated for the V(IV)/V(V)
sulfate electrolyte. The investigation revealed the following findings:
1) the possible precipitation and dissolution routes of V(IV) sulfate
involve dissociated and undissociated VOSO4 molecules; 2) the V

(IV) electrolyte prepared with the dissociated precipitate exhibits
greater electrochemical activity than the electrolyte prepared with
the undissociated salt; 3) the highest precipitation rate of V(IV)
sulfate is triggered by the low-crystallinity dissociated solid VOSO4;
4) the precipitate V(IV) will be of the low-crystallinity form if the
precipitation is rapid enough to prevent the sluggish kinetics of re-
bonding of the vanadium cation and the sulfate anion in the
secondary solvation shell; 5) the electrostatic interaction among
the vanadium cations and the charged sites on the adsorbates is the
primary driving force for the V(IV) sulfate precipitation; 6) attempts
to boost the vanadium concentration over the solubility limit by
using additives may ultimately fail due to the extensive presence of
oxygen functional groups that attract the vanadium cations on all
types of carbon electrodes; 7) the dissolution rate of the dissociated
V(IV) sulfate solid is fast enough to stabilize the electrolyte
concentration and increases capacity when this approach was
demonstrated in a H2-V flow battery; 8) there is no V(V) solid
precipitate in the fully charged vanadium electrolyte due to the high
solubility of V(V) sulfate salt in the high H2SO4 concentration; 9)
the conversion from the soluble electrochemically-inactive V(V) salt
to the active V(V) salt instead of the dissolution of solid stabilizes
the aqueous V(V) concentration during the discharge. In summary,
the effectiveness of the hybrid storage concept has been demon-
strated in an operational RFB. Meanwhile, other fundamental
scientific concerns have arisen that will need to be addressed in
the future, such as the chemical composition of a high-concentration
V(V) sulfate electrolyte and the comprehensive mechanism of the
low-crystallinity V(IV) precipitation/dissolution process.
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Figure 10. Cycling test of charging and discharging performances at 1.3 V and 0.7 V with 10 mA cm−2 as the cut-off current density, respectively (left y-axis:
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