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1. Introduction

The negative environmental impact of carbon dioxide emissions
from fossil fuels leads to a continuous expansion of renewable
energies. In 2018, the share of renewable energies in gross elec-
tricity consumption in Germany was 37.8%,[1] and this share is to
be increased to 80.0% by 2050.[2] However, renewable energy
sources, such as wind and solar energy, are subject to consider-
able fluctuations, so storage technologies are required. These
technologies must be able to store the energy during times of
overproduction and feed it back into the power grid during peak
loads, thus ensuring the stability of the grid, which is currently
achieved by flexibly operated thermal power plants and pump
storages.[3] With the rising share of renewable energy in electric-
ity generation, however, additional energy storage facilities are

necessary, especially for short-term stor-
age.[4] An interesting technology for energy
storage is the vanadium redox-flow battery
(VRFB), which uses four stable oxidation
stages of vanadium in the aqueous electro-
lyte (V2þ, V3þ, VO2þ, VO2

þ). This electro-
lyte is stored externally in two tanks and
continuously conveyed through the cell.[5]

However, commercialization is still inhib-
ited by the high price of the electrolyte,
which amounts to 31% of the total costs
for a 10 kW/120 kWh system[6] and 43% for
a 10MW/40MWh system.[7] During the
discharge process, the reaction listed in
Equation 1 takes place in the positive and
Equation 2 in the negative electrolyte.[8]

When charging, the two reactions take place
in the opposite direction.

VOþ
2 þ 2Hþ þ e� ⇌ VO2þ þH2O (1)

V2þ ⇌ V3þ þ e� (2)

The most frequently used electrolyte mainly consists of vana-
dium ions dissolved in diluted sulfuric acid. The solubility of the
vanadium ions strongly depends on the sulfuric acid concentra-
tion and the electrolyte temperature. For V2þ, V3þ, and VO2þ, an
increase of the sulfuric acid concentration leads to a reduction of
the solubility, but for VO2

þ the solubility increases with rising
H2SO4 concentrations.

[9,10] The temperature dependence follows
the opposite behavior. Here, the VO2

þ solubility decreases with
increasing electrolyte temperature, while the solubility of the
other vanadium ions is enhanced.[9,10] The overall best total
sulfuric acid concentration for a VRFB electrolyte is usually
set to 2–2.5mol L�1.[10] A VRFB electrolyte with a total vanadium
concentration of 1.6 mol L�1 and a total sulfate concentration
of 4mol L�1 is commercially available for instance from
Gesellschaft für Elektrometallurgie mbH (GfE).[11] The optimum
concentrations must be adapted to the ambient temperature of
the VRFB site. Moreover, additives such as phosphoric acid or
ammonium compounds are often added to the electrolyte.[12,13]

These components serve as stabilizing agents and thus ensure
that the VRFB can be operated in a broader temperature range.

Various vanadium-containing compounds can be used as
educts for the production of the electrolyte. In the literature,
mainly vanadium pentoxide V2O5, vanadyl sulfate VOSO4, and
partly also vanadium trioxide V2O3 are used. A summary of
the production methods with these educts is given in Table 1.
Interestingly, this is mainly patent literature; only very little infor-
mation is available in the scientific literature.[9,10,14,15,19,24,28,34,35]

V2O5 was selected for this study, as it is currently the only
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vanadium pentoxide (V2O5). In this study, the dissolution kinetics of V2O5 in
diluted sulfuric acid and commercial vanadium electrolyte (VE) is determined.
The low solubility of V2O5 in sulfuric acid can be overcome by partially using VE
with a state of charge of �50% as solvent. In this way, a complete dissolution of
V2O5 is possible within �10 min to achieve the desired vanadium concentration
of 1.6mol L�1. Moreover, the electrochemical reduction of an electrolyte contain-
ing VO2

þ coupled with the oxygen evolution reaction at the anode is investigated.
For these consecutive steps, an electrical energy demand of 1.69 kWh kg�1 is
required to reach a state of charge of �50%. Finally, both processes are inte-
grated into a plant concept for continuous electrolyte production.
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starting material suitable for large-scale production with a price
of around €11 kg�1.[36,37] The price is mainly determined by the
steel industry, as V2O5 is a precursor of ferro-vanadium.[38,39]

A challenge with V2O5 is the significantly lower solubility, for
example in comparison with VOSO4. At the industrial conditions
of the electrolyte and a temperature of 20 �C, the solubility of
the corresponding VOþ

2 ions is only 0.5mol L�1.[40] Therefore,
a reduction of the pentavalent vanadium ions is necessary to
increase the total vanadium concentration to the required
1.6mol L�1. Two fundamentally different possibilities are avail-
able for this, namely, chemical and electrochemical reduction.
During chemical reduction, the tetra- or pentavalent vanadium
component is reduced with chemical reducing agents such as
sulfur dioxide SO2,

[25] oxalic acid C2H2O4,
[24] or hydrogenH2.

[24,25]

In electrochemical reduction, the vanadium ions are continuously
reduced with the aid of electric current. Various oxidation reac-
tions at the anodic half-cell can be applied, such as the oxygen evo-
lution reaction[14,16–18] or the oxidation of hydrogen.[23] The aim of
this work is to develop a process that continuously produces a
vanadium electrolyte (VE) with a composition identical to that
of commercially available electrolytes. For this purpose, the most
relevant steps, i.e., the dissolution of V2O5 in different solvents
and the consecutive electrochemical reduction, are investigated
separately. Finally, these two steps are combined into one concept
for a continuous process.

2. Experimental Section

2.1. Materials

The chemicals applied were V2O5 from GfE with two different
sieve fractions with nominal diameters d90 of 50 and 300 μm

and a purity of 99.6%. The particle size distribution of both mate-
rials is examined in the following section. H2SO4 from Carl Roth
and deionized water, which was produced with a MilliQ system
by Millipore, were used. Moreover commercial VE was acquired
from GfE with an equimolar ratio of V3þ and VO2þ. The electro-
lyte consists of 1.6 mol L�1 total vanadium and 4mol L�1 total
sulfate concentration. The total vanadium concentration and
the state of charge (SoC) of the electrolyte were measured with
redox titration by a Titrando 888 of Metrohm AG. Therefore the
positive electrolyte was reduced with an ammonium iron(II)
sulfate solution. Then, potassium permanganate was inserted
into the positive and negative electrolyte and the potential was
continuously recorded. Further details can be found in the
literature.[41,42]

2.2. Experiments

2.2.1. Particle Size Distribution

The particle size distribution measurements were conducted
with a QICPIC particle size analyzer of Sympatec GmbH. A size
range of 5–1700 μm was selected for the measurements.
The number of particles measured varied between 50 000 and
70 000. Three measurements were taken for eachmaterial, which
were then averaged. Prior to the analysis, the particles had
been dispersed with a RODOS/L dry dispersion unit, also of
Sympatec GmbH.

2.2.2. Dissolution Experiments

The solution kinetics were investigated for the two vanadium
pentoxide sieve fractions in different solvents. Solid (1.445 g)

Table 1. Comparison of published production processes for VRFB electrolyte.

Educt(s) Oxidation reaction Reduction reaction Solvent Source

Electrochemical reduction

V2O5 H2O ⇌ 0.5O2 þ 2Hþ þ 2e� 2VOþ
2 þ 3e� þ 6Hþ ⇌ VO2þ þ V3þ þ 3H2O H2SO4 [14-18]

VOSO4 VO2þ þH2O ⇌ VOþ
2 þ e� þ 2Hþ VO2þ þ 2e� þ 2Hþ ⇌ V2þ þH2O H2SO4 [10,19,20]

VOSO4 VO2þ þH2O ⇌ VOþ
2 þ e� þ 2Hþ VO2þ þ e� þ 2Hþ ⇌ V3þ þH2O H2SO4 [21,22]

VOSO4 H2 ⇌ 2Hþ þ 2e� 2VO2þ þ e� þ 2Hþ ⇌ VO2þ þ V3þ þH2O H2SO4 [23]

VOCl3 H2O ⇌ 0.5O2 þ 2Hþ þ 2e� 2VOþ
2 þ 3e� þ 6Hþ ⇌ VO2þ þ V3þ þ 3H2O H2SO4 [24]

Chemical reduction

V2O5 SO2 þ 2H2O ⇌ H2SO4 þ 2e� þ 2Hþ VOþ
2 þ e� þ 2Hþ ⇌ VO2þ þH2O H2SO4 [25-27]

V2O5 C2H2O4 ⇌ 2CO2 þ 2e� þ 2Hþ VOþ
2 þ e� þ 2Hþ ⇌ VO2þ þH2O H2SO4 [15,25,26]

VOSO4 CH2O2 ⇌ CO2 þ 2e� þ 2Hþ VO2þ þ e� þ 2Hþ ⇌ V3þ þH2O H2SO4 [28]

V2O5 H2SO3 þH2O ⇌ H2SO4 þ 2e� þ 2Hþ VOþ
2 þ e� þ 2Hþ ⇌ VO2þ þH2O H2SO4 [29]

VOSO4 H2 ⇌ 2Hþ þ 2e� VO2þ þ e� þ 2Hþ ⇌ V3þ þH2O H2SO4 [25,26]

V2O3 V3þ þH2O ⇌ VO2þ þ e� þ 2Hþ VOþ
2 þ e� þ 2Hþ ⇌ VO2þ þH2O H2SO4 [30-32]

V2O5 Sþ 2H2O ⇌ SO2 þ 4e� þ 4Hþ VOþ
2 þ 2e� þ 4Hþ ⇌ V3þ þ 2H2O Solid mixing [9,25,33]

VOSO4 Sþ 2H2O ⇌ SO2 þ 4e� þ 4Hþ VO2þ þ e� þ 2Hþ ⇌ V3þ þH2O Solid mixing [9,25,33]

V2O5 0.5H2O2 ⇌ Hþ þ e� þ 0.5O2 VOþ
2 þ e� þ 2Hþ ⇌ VO2þ þH2O H2SO4 [34]

Dissolution of precursors

VCl3, VOSO4 VOSO4 ⇌ VO2þ þ SO2�
4 VCl3 ⇌ V3þ þ 3Cl� H2SO4 [24,35]

www.advancedsciencenews.com www.entechnol.de

Energy Technol. 2020, 8, 2000522 2000522 (2 of 10) © 2020 The Authors. Published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.entechnol.de


was mixed at room temperature, which was in the range of 20–
25 �C, with 10mL solvent under stirring by a magnetic stirrer at a
constant speed of 400min�1 for different periods of time in the
range from 2min up to 24 h. The ratio of solid and solvent was
adjusted in such a way that a total vanadium concentration
of 1.6mol L�1 was obtained after complete dissolution. After
the required dissolution time, the suspension was filtered using
a paper filter and the vanadium concentration and the SoC
were determined by redox titration. The SoC is defined as the
quotient of the concentration of the charged species VO2

þ

and the absolute concentration of vanadium ions in the positive
electrolyte, according to Equation (3).

SoCPE ¼ cVOþ
2

cVOþ
2
þ cVO2þ

(3)

The solution kinetics of both particle size distributions were
first examined in sulfuric acid with a concentration of 4mol L�1

as solvent. In addition, a mixture of different ratios of sulfuric
acid with the same concentration and commercial VE was used
as solvent. This represents the more realistic application for the
operation of a continuous plant. The two volumetric solvent
ratios examined were H2SO4/VE of 2/1 and 1/2. The dissolution
experiments with mixtures of sulfuric acid and VE were con-
ducted with a nominal particle diameter of 50 μm. When calcu-
lating the required V2O5 mass, it must be ensured that the total
vanadium concentration at complete dissolution is 1.6 mol L�1.
The dissolved fraction of V2O5 wSol can be calculated using
Equation (4).

wSol ¼
ðcV � cV.0Þ ⋅MV2O2

⋅ VS

2 ⋅ ρV2O5

(4)

Here the concentrations refer to the total concentration of
vanadium with all oxidation states, cV.0 is the vanadium concen-
tration at time 0, caused by the VE, while VS describes the volume
of the solvent applied.

2.2.3. Electrochemical Reduction

For the investigation of the electrochemical reduction the same
commercially available electrolyte from GfE was applied. Before
the experiments, the electrolyte has to be charged to an SoC
of 100%. The cell for electrochemical reduction is shown in
Figure 1.

The cathode material used was a GFD 4.6 EA type carbon felt
from SGL Carbon SE that was thermally activated at 400 �C
for 6 h and was compressed to half its thickness through the
additional midframe. As anode material an IrO2-coated titanium
plate was applied, because IrO2 has the second highest electro-
chemical activity for oxygen evolution in acidic environments
and is more stable compared to ruthenium.[43] A Nafion117
membrane was used to separate the two half-cells. Prior to
the measurements, the membrane was immersed in 1 wt%
sulfuric acid for 12 h. Gold-plated nickel nets were used as
current conductors at both electrodes. The end-frames were
made of polymethylmethacrylate and had a total of six holes
through which the cell could be fixed using screws and nuts.
This ensures uniform compression of the cell. Two additional

frames in the middle of the cell limited the active electrode areas
to 10 cm2 each. Silicone seals were used between the individual
components to seal the cell; these are not shown in Figure 1 for
simplicity. The VE was continuously pumped through the cath-
ode with a volume flow rate of 3.5 mL s�1 using a type NF 1.25
membrane pump of KNF Neuberger GmbH. On the anode
side, sulfuric acid with a concentration of 4 mol L�1 was used
as electrolyte. Thus water was oxidized to oxygen at the anode;
the conductivity of the electrolyte was increased by the protons
in the solution, which reduced the ohmic losses. The use of
diluted sulfuric acid prevented the crossover of foreign ions
to the cathode side. Each reaction was conducted until an
SoC of �50% was reached. Therefore, the SoC was analyzed
with redox titration every 30 min. When all VO2

þ ions were con-
sumed due to the reduction, the SoC had to be determined
according to the method for the negative electrolyte. The cell
voltage was measured in a time interval of 5 s with an
Interface 1000 potentiostat from Gamry Instruments. The reac-
tion conditions considered are summarized in Table 2.

The temperature on the cathode side was controlled by a
thermostat and a water bath. Room temperature was used on
the anode side, which was in the range of 20–25 �C. The specific
electrical energy requirement E for the electrolyte production for
each experiment was then determined using Equation (5).

Figure 1. Schematic design of the applied electrolysis cell.

Table 2. Reaction conditions investigated for the characterization of the
electrochemical reduction.

No. Current density [mA cm�2] Catholyte temperature [�C]

1 100 20

2 50 20

3 50 30
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Thereby the measured values were added up over the measuring
interval of 5 s.

E ¼
PtR

t¼0 ðUC ⋅ IC ⋅ ΔtÞ
nVðtÞ ⋅MV

(5)

Here, UC is the measured cell voltage, IC the corresponding
current, nV the total amount of vanadium in the electrolyte at
the respective time, and MV the molar mass of the vanadium.
The volume reduction of 0.5 mL for the determination of the
SoC every 30min was also taken into account.

2.3. Dissolution Kinetics

2.3.1. Nernst–Brunner Dissolution Model

The Nernst–Brunner equation as a simple diffusion layer
model was used to describe the dissolution kinetics.[44] The
model assumes that a stagnant boundary film of constant
thickness exists around the particle. Within that film mass
transport is only achieved by means of Fickian diffusion.[45]

Directly at the particle surface, the saturation concentration
cSol is present. For V2O5 dissolved in sulfuric acid with a
concentration of 4 mol L�1 at standard temperature, the solubil-
ity is approximately 0.5 mol L�1.[40] The boundary film is in con-
tact with the ideally mixed liquid bulk. The Nernst–Brunner
equation, resulting from this model conception, is listed in
Equation (6).[46]

dcV
dt

¼ DVOþ
2
⋅
P

i ðΔQ3,i ⋅ SP,i ⋅ NP,iÞ
δ ⋅ VS

⋅ ðcsol � cVÞ (6)

The particle size distribution was included with different
particle size fractions, which is described with the distribution
ΔQ3,i. The model considered that the particles are spherical,
the amount of particles NP,i in every size class remained
constant, and the diffusion coefficient DVOþ

2
is independent of

the film thickness. Moreover, the model assumed that the parti-
cle surface area SP,i of each size class did not change during the
solution process. However, this was a simplification that deviates
greatly from reality and is only valid if the solid is present in
excess. As in this work the V2O5 should be dissolved completely,
the Nernst–Brunner equation was extended in the following
taking the surface reduction into account. Therefore, the surface
area SP,i was expressed as a function of the particle diameter as
shown in Equation (7).

SP,i ¼ π ⋅
�
d20,i � d2i

�
(7)

Furthermore the particle diameter di can be expressed
in dependence of the bulk concentration c as shown in
Equation (8).

di ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6 ⋅MV2O5

⋅ VS ⋅ c
ρV2O5

⋅ π ⋅ NP,i

3

s

(8)

With these equations, the Nernst–Brunner equation including
the changing particle surface area can be expressed as shown
in Equation (9).

dcV
dt

¼
DVOþ

2
⋅ π ⋅

P
i

�

ΔQ3,i ⋅ NP,i

�

d20,i �
�
6MV2O5

VScV
ρV2O5 πNP,i

�2
3

��

δ ⋅ VS

⋅ ðcsol � cVÞ
(9)

Both equations can be adapted to the measurement results
of the dissolution kinetics by adjusting the film thickness δ.

2.3.2. Empirical Estimation of Film Thickness

For comparison, the film thickness δ was additionally calculated
with a state-of-the-art Sherwood correlation; see Equation (10).[47]

The film thickness was then derived from the quotient of the
diffusion coefficient and the mass transfer coefficient.

Sh ¼ β ⋅ dP
DVOþ

2

¼ 2þ 0.5 ⋅

 
ε
1
3 � d

4
3
P

νSus

!0.62

Sc
1
3 (10)

In this equation, ε describes the energy dissipation rate, which
can be determined with Equation (11).[48]

ε ¼ Ne� n3 � d5Stir
VV2O5

þ VS
(11)

Furthermore, the Newton number Ne was required, which
takes the dimensionless mechanical energy input of the stirrer
into account. For a blade stirrer, the relationship given in
Equation (12) was developed.[49] The cylindrical magnetic stirrer
used in the experiments can be compared in good approximation
with a blade stirrer.

Ne ¼ 1
Re0.1

(12)

The stirrer blade to tank ratio of 0.33 in the experimental
set-up was in good agreement with the value of 0.4 applied in
the correlation. To describe the density and viscosity of the sus-
pension, the following expressions were used in Equation (13)
and (14).[50]

ρSus ¼ φ� ρV2O5
þ ð1� φÞρH2SO4

(13)

ηSus ¼ ηH2SO4

0

B
@1þ 2.5 φ

2
�
1� φ

φmax

�

1

C
A

2

(14)

The factor φ describes the fraction of the solid matter and can
be taken from Equation (15).

φ ¼ VV2O5

VV2O5
þ VS

(15)

The maximum volume fraction of a packed bed of spheres
φmax can be calculated to 0.74.
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3. Results and Discussion

3.1. Particle Size Distribution

The particle size distributions for both applied vanadium
pentoxide powders are shown in Figure 2. The left diagram of
Figure 2 contains the particle size distribution of the V2O5

powder with a nominal diameter d90 of 300 μm. A broad distri-
bution in the range between 50 and 400 μm can be observed. The
measured d90 value of 350 μm deviates �15% from the nominal
value. The right diagram of Figure 2 shows a more narrow dis-
tribution for the nominal 50 μm particles. The measured d90
value for this size fraction is 60 μm. Both particle size distribu-
tions are slightly larger than declared. In the following sections,
the particle size distributions are nevertheless still referred to
as 50 and 300 μm for clarification.

3.2. Dissolution Kinetics

3.2.1. Influence of Particle Diameter

The concentrations for the dissolution of V2O5 with the two
different particle diameters in diluted sulfuric acid as solvent
as a function of time are shown in Figure 3. As VOþ

2 ions cannot
be reduced in sulfuric acid, the resulting SoC of the solution is
constantly maintained at 100%; therefore, the VOþ

2 concentration
is shown.

For both particle sizes, the concentration in the solution
increases rapidly in the first 30min, as there is a large concen-
tration difference between the particle and the bulk solution.
As these concentrations approach, the curves continue to flatten
until after about 3 h the saturation concentration of 0.5 mol L�1 is
reached for both fractions, which is also plotted with a dashed
line in the diagram.[40] In the right area of Figure 3, the first
30min is shown in detail. It can be observed that the concentra-
tion of the VOþ

2 ions for the smaller particles is slightly higher
at any time and that they are thus better suited for electrolyte
production. This can be explained with the higher total surface
area of these particles, which is available for dissolution.
However, after a dissolution time of approximately 1 h, the con-
centrations are almost identical. The influence of the particle size

on the dissolution kinetics can be no longer detected. This can be
explained with the shrinking driving force for dissolution.
Furthermore, the error bars of the measurements can be seen
in Figure 3. These are the standard deviations of the three tests
performed for each time interval. A good reproducibility of the
measurements is achieved; the standard deviation of the mea-
sured concentration is on average only 0.01mol L�1 and thus
in the error range of the concentration measurement. Overall,
it can be derived from the experiments that a higher surface area
accelerates the dissolution kinetics until a VO2

þ concentration in
the solution of roughly 0.4mol L�1 is reached. The concentration
profiles obtained are in good agreement with recent findings by
El Hage et al.[51] In this work, V2O5 was dissolved in 3 M sulfuric
acid. At 25 �C, a VO2

þ concentration of�0.42mol L�1 was reached
after 1 h, while the saturation concentration of 0.5 mol L�1 was
reached after 3 h.

Figure 2. Cumulative particle size distribution (red) and density particle size distribution (black) of the applied V2O5 materials. Left nominal diameter
d90¼ 300 μm, right nominal diameter d90¼ 50 μm.

Figure 3. Influence of particle size of vanadium pentoxide on the solution
kinetics with diluted sulfuric acid as solvent at 20 �C; the insert shows
magnification for the first 30 min.
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3.2.2. Adaptation of the Nernst–Brunner Equation

The concentration profiles calculated with the Nernst–Brunner
equation are shown in Figure 4. The values of all material data
used for the calculation are listed in Table 3. It can be recognized
from the diagrams that both models can precisely predict the
concentration of the solution in the first 20min. In the following
time, only the consideration of the shrinking surface area
ensures a correct prediction of the film thickness, whereas the
solution kinetics are predicted too fast without this effect. At
the end of the investigated time, the concentrations approach
again.

3.2.3. Evaluation of the Film Thickness

Table 4 compares the film thicknesses, on the one hand adjusted
with the Nernst–Brunner equations and on the other hand cal-
culated with the Sherwood correlation discussed in Section 2.3.
Values for the material data and dimensions applied, which
are required for the theoretical determination, are listed in
Table 5.

For the 300 μm particles, a relatively good agreement between
the different values can be recognized; the values deviate only
slightly from the empirical value. However, for the smaller
particles the deviations increase significantly. When considering
the reduced surface area while dissolving, the determined film
thickness reduces to 60.7 μm. Nevertheless, this value is still
larger by a factor of 6 compared to the empirical film thickness
determined with the Sherwood correlation. These deviations
might be explained with either agglomeration of the V2O5

particles or adhesions on the wall. Both effects drastically reduce
the total surface area, which directly decreases the dissolution
rate. The theoretically estimated film thicknesses can be con-
firmed with values from the literature for dissolving under stir-
ring; these are often assumed to be in the range of 5–20 μm.[53,54]

Furthermore, the fact that the film thickness decreases with
shrinking particle sizes can be found in the literature as well.[53]

This behavior cannot be described with the Nernst–Brunner
equations, because the film thickness increases for the 50 μm
particles.

3.2.4. Influence of Solvent Ratio

Three different solvent ratios are examined, while the results
for diluted sulfuric acid are already provided in Section 3.2.1.
The development of the concentrations as a function of time
is shown in Figure 5. The dissolution in diluted sulfuric acid
shown in blue reaches equilibrium after �1 h. Only a quarter

Figure 4. Model adaptation of the Nernst–Brunner equation to the dissolution kinetics of the 50 μm particles (left) and the 300 μm particles (right).

Table 3. Parameters for the Nernst–Brunner equation.

Parameter Value Unit

DVO2þ 3.9� 10�10[52] m2 s�1

cS 0.5 mol L�1

VS 10 mL

ρV2O5
3360 kgm�3

MV2O5
181.88 gmol�1

Table 4. Comparison between film thicknesses calculated with the
Nernst–Brunner equation and empirically determined with the
Sherwood correlation.

Diameter [μm] Const. surface [μm] Shrinking surface [μm] Sh correlation [μm]

300 30.7 11.7 17.8

50 151.9 60.7 9.8

Table 5. Parameters for the film thickness determination.

Parameter Value Unit

mV2O5
1.445 g

VV2O5
4.33� 10�4 L

ρH2SO4
1235 kg m�3

ηH2SO4
0.005 Pa s

dStir 20 mm

dTank 50 mm

n 400 min�1

φmax 0.74 –
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of the vanadium pentoxide can be dissolved due to the limited
solubility. The SoC maintains a constant value of 100%, as only
VOþ

2 ions dissolve. The H2SO4/VE mixtures have an SoC of
�50% at the start of the reaction, as this is determined by the
added proportion of the VE. Commercial VE contains an equi-
molar ratio of V3þ and VO2þ, which corresponds to an SoC
of �50%. The contained V3þ ions accelerate the dissolution
by chemical reduction of the VOþ

2 , as shown in Equation (16).

VOþ
2 þ V3þ ⇌ 2VO2þ (16)

Therefore, a high driving force for the dissolution is main-
tained, because the dissolved VOþ

2 ions are reduced to VO2þ

by the V3þ ions of the VE. This also explains why the initial
gradients are maintained for longer in experiments with solvent
mixtures. The use of one-third VE as solvent causes about 70%
of the deployed V2O5 to be dissolved. The final SoC of �45%
indicates that all V3þ ions are oxidized and solubility in regard
to the VO2

þ ions is reached, as its concentration in the solution
is �0.5mol L�1. Almost no further increase of the dissolved
fraction can be detected after 1 h of dissolution time. When
using two-thirds of VE as solvent, the complete V2O5 fraction
is dissolved in �10min. Obviously, the dissolution rate is signif-
icantly higher than in the other experiments. The final SoC of
about 5% indicates that mainly VO2þ ions are present in the
solution. In conclusion, the target concentration of 1.6mol L�1

can only be achieved if VE is added in excess.

3.3. Electrochemical Reduction

Figure 6 shows the cell voltage as a function of the dimensionless
time in dependence of the current density in the top left diagram
and for different catholyte temperatures in the bottom left
diagram. The dimensionless time is the current reduction time
normalized to the total reaction time, which was �3 h in each
experiment. The corresponding profiles of the SoC are shown
on the right side of Figure 6, respectively.

Two characteristic areas are recognizable in the cell voltage
profiles. Up to the dimensionless time of �0.6�0.65, the voltage
rises steadily. The reason for this is that the VOþ

2 ions present

in the electrolyte are first reduced to tetravalent vanadium ions.
This reaction has an equilibrium potential of 1.00 V under stan-
dard conditions.[55] Thus, a reversible standard cell voltage of the
electrolysis cell of 0.23 V is obtained, as the oxygen evolution
reaction at the anode requires 1.23 V. The difference to this
theoretical value is caused by the different overpotentials in
the system. As soon as all pentavalent vanadium ions are con-
sumed, the formed VO2þ ions are further reduced to V3þ ions.
The standard equilibrium potential of this reaction is 0.34 V.[56]

This results in a higher reversible standard cell voltage of 0.89 V,
which explains the abrupt increase in cell voltage. The overpoten-
tials can be determined from the difference between the cell
voltage and the equilibrium voltage. From the top left figure,
it can be seen that at twice the current density the overpotential
is around 200mV higher. Furthermore, it can be seen that the
kinetics for the reduction of VO2þ ions are worse compared to
the reduction of pentavalent vanadium ions. At a current density
of 100mA cm�2, the corresponding values for the overpotential
of VO2þ and VOþ

2 reduction are�1200 and 600mV. As this reac-
tion is more important for continuous electrolyte production,
research to diminish this overpotential has to be conducted.
The corresponding profiles of the SoC show an almost linear
decrease, which is caused by the applied constant current.
Only at a current density of 50mA cm�2 is the drop in the first
30min higher than expected. This effect was taken into account
when determining the energy requirement E, by adding an
additional theoretical reaction time for this decrease.

In the bottom left part of Figure 6, a slightly decreasing
cell voltage at higher catholyte temperature can be observed.
Over the entire reaction time, the cell voltage is reduced by
�50mV. However, an increase of the catholyte temperature to
over 40 �C is not possible, as the VOþ

2 ions are then no longer
stable in the aqueous solution.[10] An increase of the anolyte
temperature should also be considered to reduce the cell voltage
in future work, as the oxygen evolution reaction is known to have
high overpotentials.[57] The electrical energy demands of the
electrolysis cell can be calculated according to Equation (5),
and the obtained values are summarized in Table 6. For the
calculation, energy requirements of peripheral devices are not
taken into account.

Figure 5. Influence of the solvent ratio H2SO4/VE on the solution kinetics of V2O5 particles with a particle size of 50 μm at room temperature.
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It can be recognized that the electrical energy requirement for
electrolyte production at 20 �C is 0.23 kWh kg�1 lower for the cur-
rent density of 50mA cm�2, compared to 100mA cm�2. This is
mainly due to the lower overpotentials, as these depend linearly
on the current density. For technical applications, however, twice
the amount of electrolyte can be produced with an �10% higher
energy requirement. Increasing the catholyte temperature by
10 �C leads to a further reduction of the energy requirement by
0.11 kWh kg�1. With a typical industrial electricity price of
€0.06 kWh�1 in Germany, the cost of electrochemical reduction
is €0.1 kg�1, which is only �10% of the raw material cost of
V2O5 kg�1 electrolyte. This shows that the process is dominated
by raw material costs. In addition, commercial VE can currently
be purchased for a price of about €4 kg�1.[11] In contrast, the raw
material costs of VOSO4 are currently about €3 kg

�1 electrolyte.[58]

4. Conclusions

In this study, the dissolution kinetics of V2O5 in diluted sulfuric
acid with a concentration of 4mol L�1 and mixtures of diluted
sulfuric acid and VE are investigated. V2O5 is selected as a start-
ing material for electrolyte production because of its low price
and high availability. Moreover, the electrochemical reduction
of VOþ

2 was studied with the oxygen evolution reaction at the
anode. It could be shown that when applying VE as solvent in
excess, a total dissolution of the V2O5 is reached within a disso-
lution time of approximately 10min, achieving a total vanadium
concentration of 1.6 mol L�1. The specific energy demand of the
electrochemical reduction could be reduced to 1.69 kWh kg�1 at a
current density of 50mA cm�2 by applying a catholyte tempera-
ture of 30 �C. Further decreases of the energy demand could be
achieved by heating the anolyte as well. For a continuous electro-
lyte production for VRFB, these two processes have to be com-
bined to a single plant. As the dissolution equilibrium of VO2

þ

with 0.5 mol L�1 is considerably below the required vanadium
concentration in the electrolyte of 1.6mol L�1, a plant concept
is developed. The schematic drawing of this is shown in Figure 7.

The concept consists of a stirred mixing vessel into which
vanadium pentoxide and diluted sulfuric acid are continuously
dosed. For sulfuric acid dosing, it must be taken into account
that the dissolution of V2O5 is proton-consuming. An overflow

Figure 6. Cell voltage as a function of dimensionless time in dependence of current density (top left) and catholyte temperature (bottom left) with the
corresponding SoC (top right and bottom right).

Table 6. Calculated electrical energy demands for the different test
conditions.

Experimental conditions Electrical energy demand [kWh kg�1]

100mA cm�2, 20 �C 2.03

50mA cm�2, 20 �C 1.80

50mA cm�2, 30 �C 1.69
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ensures the liquid transfer from the mixing vessel into a second
tank. For complete solid retention, a filter is additionally added
between the two containers. From the second tank, the solution
is pumped into the cathode of the electrochemical cell and after
reduction returned to the stirred mixing tank. However, a partial
flow is continuously discharged as product stream. The volume
flow of that stream is directly coupled with the current in the
electrochemical cell. Therefore, an SoC of �50% can be reached
for the product stream. For example, a conductivity measure-
ment can serve as an additional control of a constant product
composition. As the solid V2O5 is retained in the stirred mixing
vessel, porous carbon felts can be used as electrode material at
the cathode. These minimize the cell voltage and thus the energy
required for the electrolyte production. In addition, the recircu-
lation of the V3þ ions causes an accelerated dissolution of the
pentavalent vanadium ions in the mixing vessel due to chemical
reduction. This effect was also investigated in the presented
experiments. On the anode side, diluted sulfuric acid is conveyed
through the cell from a storage tank. Due to the oxygen evolution
reaction in the electrochemical cell, water has to be added con-
tinuously to the anode storage tank. For a high energy efficiency
noble metal electrocatalysts, for example, the IrO2 used in this
study, should be applied as anode materials to reduce the cell
voltage.
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