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Structure and dynamics of aqueous VOSO4

solutions in conventional flow through cell
design: a molecular dynamics simulation study†

Anwesa Karmakar

A theoretical model has been proposed to study the structure and dynamics of aqueous vanadyl sulfate

(VOSO4) solution used in the conventional flow (CF) through cell design operating under varying

thermodynamic conditions. Classical molecular dynamics simulations have been carried out for aqueous

solutions of vanadyl sulfate (VOSO4) and sulfuric acid (H2SO4) at two different concentrations and

temperatures considering the temperature dependent degree of dissociation of sulfuric acid. The MD

trajectories are used to study the equilibrium structural, dynamical properties such as viscosity, diffusivity

and surface tension of the aqueous solution of vanadyl sulfate (VOSO4). According to the new model,

the cation–cation and cation–anion interaction should be low in order to have a good current density in

the conventional flow through cell design and further explains the importance of considering mass

transport when designing high energy density redox flow batteries. The model is further validated by

calculating the viscosity of each system, individual diffusion coefficient of each ion and by comparing

them with the experimental data wherever they are available.

1 Introduction

Flow batteries are highly popular storage devices and can store
large amounts of charge in stationary applications.1–36 Lithium
batteries are very prone to igniting. They also offer a reduced
cycle life (ca. 10 000 cycles) in comparison to other devices
(RFBs 20 000 cycle) when used for grid scale applications. The
efficiency of a flow battery depends on the power and energy
density, which directly depends on the redox potential and
solubility of ions in aqueous solution. In second generation
redox flow batteries, these two parameters can be implemented
individually. One can increase the efficiency of a flow cell by
increasing the energy density without affecting the power
density by directly increasing the solubility of redox active
species. A significant number of experimental and theoretical
studies have been done to increase the efficiency of all vana-
dium redox flow batteries and their optimization. However, very
few theoretical studies32–39 have been carried out to understand
the chemical physics behind the solubility of the redox active
species in complex solution currently found in the field of
aqueous vanadium redox flow batteries. Most theoretical32–39

models created in this field contain one vanadium ion in water

and are for a binary mixture solution. The effect on the
structural dynamical properties due to the presence of other
ions has not been mentioned in these theoretical models. The
real system shows a very strong regular solution behavior. To
understand how the redox flow battery works, it is absolutely
necessary to understand the dynamics of the electrolyte, solvent
and additive roles at varying compositions and at different
thermodynamic states using the principles of statistical
mechanics. In 2020, the work published in the journal of power
sources31 shows that the increasing polarization of the cell
decreases the cell voltage in a conventional redox flow battery.
Therefore, the polarization losses through charge transfer,
ohmic resistance and mass transport limitation should be
controlled to increase the energy density of the redox flow cell.
All these factors responsible for the polarization loss depend on
the cell material. One of the most important factors in this field
is electrolyte resistance which is influenced by the electrolyte
thickness and ionic conductivity of the aqueous solution. It is
known that reducing electrolyte thickness and increasing ionic
conductivity is a more efficient way to lower the electrolyte
resistance, to control the cell polarization and to increase the
voltage efficiency of the flow battery. The electrolyte thickness
depends on the viscosity and surface tension of the medium.
According to the study, the electrolyte conductivity for the
positive and negative electrolyte of the VRFB increases with
increasing the concentration of sulfuric acid and decreasing
the concentration of vanadium. It was shown that reducing the
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surface tension of the electrolyte reduces the electrolyte leakage
and thus increases the stack lifetime and its maintenance cost.
The low concentration of vanadium ions with a high concen-
tration of sulfuric acid at the high temperature can contribute
to the enhanced energy density in the conventional VRFB.
However, these experimental findings have not been explained
from the microscopic point of view. What are the driving forces
at the molecular level and how do they influence all these
chemical and physical properties at the macro-scale? It is
known that ion-pair or ion-cluster formation may occur in con-
centrated aqueous solution and this may increase the electro-
static interactions in the solution with respect to the dilute
solution of B1 M strength.40,41 The diffusion of the active
species and how it influences the overall solvation mechanism
and affects the other transport properties of the aqueous ionic
solution are important factors to be understood in the field of
the redox flow batteries. During the dissolution process, the
diffusion plays a very important role according to the Noyes–
Whitney equation42 however, it is not the sole governing factor
of the solubility and affects the dissolution rate, viscosity and,
ionic conductivity of the media. Hence, it is necessary to
understand the transport behavior of the aqueous solution
and investigating the role of ion-pair and ion-cluster formation
at the molecular level for the systematic design of a redox flow
battery. Sulfuric acid used in all vanadium redox flow batteries
undergoes a temperature dependent dissociation process.
Thus, it plays an important role in the solubility of redox active
species in VRFB operating over varying thermodynamic condi-
tions. The role of the acid on the dynamical properties of redox
active species needs to be understood from the microscopic
point of view.

In this paper, we have set up a molecular dynamics simula-
tion to study the chemical physical properties of the systems
mentioned in ref. 31. Here, we are interested in revealing the
structural and dynamical features of the redox active species at
varying thermodynamic conditions and to find the underlying
principles behind them. In the experimental paper,31 the con-
ventional flow through battery was composed of vanadyl sulfate
(VOSO4) solution in the positive and negative compartment of
the redox flow battery with twice the volume used on the
positive side. Therefore, the catholyte or posolyte was 0.5 M
VOSO4 + 3.5 M H2SO4 and the anolyte or negolyte was 1.7 M
VOSO4 + 3 M H2SO4, respectively. The conventional flow battery
was constructed at two different temperatures such as 25 1C
and 50 1C, respectively. In the molecular dynamics simulation,
the same catholyte and anolyte have been modeled using the
GROMACS molecular dynamics simulation package. The clas-
sical molecular dynamics simulation generated trajectories are
then used for the study of different equilibrium structural and
dynamical properties of the solutions. The structural properties
have been thoroughly investigated by computing the radial
distribution functions between the important sites. The other
specific properties which have been looked at in this theore-
tical study are: (i) diffusivity of the individual ionic species,
(ii) viscosity and, (iii) surface tension of the solutions. All
theoretical studies have been carried out for two different

temperatures and for varying concentrations of VOSO4 and
sulfuric acid (H2SO4). The diffusivity of each ionic species has
been computed using Fick’s Law of diffusion.43 The shear
viscosities are estimated using the Green–Kubo relationship.43

The static surface tension (SFT) has been computed from the
diagonal components of the pressure tensors.43,44 The calculated
results for all these solutions have been compared with the
experimental results already available in this field.

The remaining paper has been organized in the following
way. In Section 2, the details of the classical molecular
dynamics simulation including the computational strategy
of diffusivity, viscosity and surface tension have been given.
In Section 3 the results on the density, radial distribution
functions, hydrogen bond and ionic strength, diffusion coeffi-
cient of each ionic species, viscosity and surface tension of the
solution have been discussed. Concluding remarks have been
made in Section 4.

2 Computational details

The computational details have been divided into three sections.
In the first section, a description about the systems and their set
up have been given with the strategy to estimate the experimental
density of the systems of interest. The inclusion of the degree of
sulfuric acid dissociation and the approach to incorporate this in
the molecular dynamics simulation have been given in the next
section. In the third section, the computational technique for the
diffusivity, viscosity and surface tension of the aqueous solution
has been given.

2.1 Simulation

The molecular dynamics simulation was set up for the follow-
ing systems: (1) 0.5 M VOSO4 in 3.5 M H2SO4 at 25 1C, (2) 0.5 M
VOSO4 in 3.5 M H2SO4 at 50 1C, (3) 1.7 M VOSO4 in 3 M H2SO4 at
25 1C, (4) 1.7 M VOSO4 in 3 M H2SO4 at 50 1C and (5) 1 VO2+ in
1000 water molecules at 25 1C. We also set up the additional
MD simulations for 3 M and 3.5 M H2SO4 at 25 1C and 50 1C
without VOSO4 to study the effect of it on the structure of the
liquid. The details of the MD simulations are given in Table 1.
The additional MD simulations are named (6) 3.5 M H2SO4 at
25 1C, (7) 3.5 M H2SO4 at 50 1C, (8) 3 M H2SO4 at 25 1C, and
(9) 3 M H2SO4 at 50 1C in Table 1. The box length of each
simulation has been decided from their experimental densities.
The experimental density of sulfuric acid (H2SO4) and water at a
particular temperature has been calculated using the formula
used in the work of Novotný et al. for the binary mixture.45

During the calculation of the box length, the degree of dis-
sociation of sulfuric acid is included implicitly in terms of the
number of individual species using the methodology described
in the work of Myhre et al.46 From the binary mixture, the

Table 1 The fitting parameters for eqn (2)

A B C D E F

70.6 �0.2367 0.0017 �4.903 0.05698 �0.0003985
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ternary mixture solution containing vanadyl sulfate (VOSO4),
sulfuric acid (H2SO4) and water (H2O) is made. The density of
that ternary mixture has been calculated following the strategy
mentioned in ref. 4, 29 and 30. The working formula for the
density of water at different temperature is

dH2O = 999.65 + 2.0438 � 10�1t � 6.1744 � 10�2t3/2,
(1)

where t is the temperature of the solution. The density of the
sulfuric acid solution can be found below

d = dH2O + Ac + Bct + Cct2 + Dc3/2 + Ec3/2t + Fc3/2t2.
(2)

The parameters of the above equation are given in Table 1.
Where, c is the concentration of sulfuric acid solution and t is
the temperature of the solution. The density of the ternary
solution in terms of VOSO4, H2SO4 and water has been calcu-
lated by using the following equation4,29,30

dV = dH2SO4
+ C1M1 + C2M2. (3)

where, dV is the density of aqueous VOSO4 solution in g cm�3,
dH2SO4

is the density of sulfuric acid solution in g cm�3, M1 is
the concentration of sulfuric acid in the molarity unit, M2 is the
concentration of the V in the molarity unit, and C1 and C2 are
the adjustable parameters in the above equation at 20 1C. The
parameters C1 and C2 have been given in Table 2. We noticed
that this above formula has been proposed in ref. 4, 29 and 30
for calculating the experimental density of vanadium(V) ion
solutions. It is noteworthy in this regard that in all vanadium
redox flow batteries, in the catholyte compartment vanadium
ion presents in both +IV and +V oxidation states and at a 1 : 1
molar ratio. Therefore, the same expression for the density
calculation of aqueous vanadyl solution has been adapted here.

2.2 Dissociation of the sulfuric acid

The dissociation process of sulfuric acid (H2SO4) is given below

H2SO4 þH2OÐ
a1

HSO4
� þH3O

þ (4)

HSO4
� þH2OÐ

a2
SO4

2� þH3O
þ: (5)

where, a1 and a2 are the first and second degree of dissociation
of sulfuric acid, respectively. It is known from the various
experimental studies that the first step is completely disso-
ciated i.e., a1 = 1.0, while the second step (a2) involves partial
dissociation of the acid at different concentrations and at
different temperatures.46,47 Therefore, the aqueous solution of
sulfuric acid is composed of four different molecular species:
H3O+, HSO4

�, SO4
2�, and H2O depending on the concentration

and temperature. According to ref. 46 the concentration of
HSO4

�, SO4
2�, H3O+ and H2O are given as

[HSO4
�] = CO,SA � (1 � a2); [SO4

2�]

= CO,SA � a2; [H3O+] = CO,SA � (1 + a2); (6)

H2O½ � ¼ CO;W � CO;SA � 1þ a2ð Þ
� �

;

CO;SA ¼
wr
MSA

; CO;W ¼
ð1� wÞr
MW

:
(7)

where, w is the sulfuric acid weight fraction and r is the
density. The ionic concentrations are related as [H3O+] =
[HSO4

�] + 2 � [SO4
2�]. The degree of dissociation of sulfuric

acid at a particular concentration and temperature has been
calculated using the polynomial equation:46

aðw;TÞ ¼
X3
i¼0

X3
j¼0

aijwiðT � 273:15Þj : (8)

where, the first term at the right hand side is the degree of
dissociation, w is the acid weight fraction and T is the tem-
perature. The parameters have been taken from ref. 46 and can
be found in Table 3. The temperature, calculated degree of
dissociation, the density of sulfuric acid solution, the density of
the solution containing VOSO4 in sulfuric acid solution,
concentration of H2SO4 acid in the molarity and the molality
scale are given in Table 4. The force field parameters for SO4

2�

and HSO4
� have been taken from the work in ref. 48 and 49,

respectively. The same for H3O+ and H2O has been modeled
using the SPC/E model for water.50 The ternary solution is
composed of five different molecular entities: VO2+, H3O+,
HSO4

�, SO4
2� and H2O. Therefore, our all MD simulation

systems are quinary in terms of the species present in the
aqueous solutions. The force field parameters for vanadyl ion
(VO2+) have been taken from ref. 33 and 34. All MD simulations
have been run using GROMACS-2022 software version.51–55 The
MD systems have been setup using PACKMOL Software56,57 for
any random initial configuration. The all MD simulations have
been performed within the periodic boundary condition to
compute the structural and dynamical properties of all nine
systems. The simulation box length has been calculated from
the experimental densities for all systems. The simulation has
been performed by following MD steps: (i) energy minimization
has been performed to remove any hard contact between the
species followed by (ii) the equilibration in the NVT ensemble
followed by (iii) the equilibration in NPT ensemble followed by
(iv) a production run in NVT ensemble to compute the various
structural and dynamical properties for all systems. The details
of the MD simulation set up have been given in Tables 5, 7 and

Table 2 The fitting parameters for eqn (3)

C1 C2

�0.006857 0.0846

Table 3 The fitting parameters for eqn (8)

aij j = 0 j = 1 j = 2 j = 3

i = 0 0.3933176 �0.0064027 �0.000026295 0.000000197
i = 1 1.2261331 �0.0128949 — —
i = 2 �2.9175425 0.030305 0.0001422 —
i = 3 1.1260874 — — —
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in the ESI.† The force field parameters are given in Tables S1
and S2 in the ESI.† The geometrical shape and atom type
nomenclature of each species have been given in Fig. S1–S5
in the ESI.† The experimental and calculated concentration of
H3O+, HSO4

� and SO4
2� using eqn (6) and (7) have been shown

in Table 6 for systems 1–9. The concentration calculation has
been done with the molality information provided in Table 4.
The number of VOSO4 is obtained from the experimental
density at a given box length in Table 5.

2.3 Computation of dynamical properties

2.3.1 Diffusion. The Fickian diffusion coefficient is calcu-
lated using the Einstein relationship43,58

DiðtÞ ¼ lim
t!1

�DiðtÞ; (9)

�DiðtÞ ¼
1

2d
lim
t!1

ri t0 þ tð Þ � ri t0ð Þ½ �2
D E

t
: (10)

where, Di(t) is the self-diffusion constant for species i, d is the
dimension of a system and the numerator is the mean square

displacement (MSD). The self diffusion coefficient calculated in
this study has been corrected using the Yeh Hummer (YH)59

correction factor to eliminate error due to the finite simulation
box size (with periodic boundary conditions). The Yeh Hummer
factor was

DYH ¼
2:837298kBT

6pZL
: (11)

where, DYH is the correction term, kB is the Boltzmann’s
constant, T is the absolute temperature, Z is the viscosity and
L is the box size. The calculated diffusion coefficient will be
read following this equation Dcal = DPBC + DYH. All diffusion
calculations have been performed from the single 50 ns MD
trajectory run in the NVT ensemble for each system by fitting
the MSD vs. t plot from 2 ns to 10–20 ns. To check the
convergence of the diffusion data, we also calculated the b
term following the definition and characteristic feature of it.60

It is known that dense ionic solution has a tendency to show
a ballistic region at short times (MSDb

t , b = 2), followed by a
plateau region (MSDb

t , b o 1) then the diffusive region (MSDb
t ,

b = 1) at long times. Being disturbed by the heavy noise, it is
suggested to use the region for which the b = 1 of the MSDb

t to
obtain the diffusion coefficient. The b(t) can be used to identify
the diffusive region of the MSD following this60

bðtÞ ¼ dðlnMSDðtÞÞ
dðlnðtÞÞ : (12)

The ln ( ) stands for the natural logarithm and MSD (t) is the
mean square displacement at time t. As a guide for the eyes, we
also plotted the log–log plot to see any noticeable changes in
the diffusion behaviors of the ions and water molecules. The
log–log plot shows the three regions of the MSD which is
missing from the linear plot. The plots related to the diffusive
motion of the species are shown in the Fig. S6–S8 in the ESI.†

Table 4 The details of system density, temperature, degree of dissociation and concentration of sulfuric acid

Systems Temperature (1C) aw,T H2SO4 dH2SO4
(kg m�3) dVOSO4

(kg m�3) wt (%) H2SO4 Molarity H2SO4 (M) Molality H2SO4 (m)

1 25 0.34 1202.68 1221.0 28.54 3.5 4.07
2 50 0.14 1188.39 1208.0 28.87 3.5 4.14
3 25 0.33 1174.86 1298.1 25.00 3.0 3.40
4 50 0.13 1161.04 1284.3 25.33 3.0 3.46

Table 5 The number of ions and water molecules for system 1–9

Systems VO2+ H3O+ HSO4
� SO4

2� H2O Box length (nm) Total species

1 16 393 193 116 3607 5.20 4325
2 15 342 252 60 3658 5.22 4284
3 73 326 164 154 3674 5.17 4364
4 77 261 197 109 3739 5.17 4383
5 1 — — — 1000 3.18 1001
6 — 393 193 100 3607 5.18 4293
7 — 342 252 45 3658 5.21 4254
8 — 326 164 81 3674 5.14 4218
9 — 261 197 32 3739 5.13 4229

Table 6 The calculated and experimental concentration of H3O+, HSO4
�

and, SO4
2� for systems 1–9 except for system 5 according to eqn (6)

and (7)

System Molality (m) H3O+ HSO4
� SO4

2�

1, 6 Exp. 5.45 2.70 1.38
Cal. 5.46 2.68 1.39

2, 7 Exp. 4.72 3.56 0.58
Cal. 4.75 3.50 0.63

3, 8 Exp. 4.52 2.31 1.12
Cal. 4.53 2.28 1.13

4, 9 Exp. 4.00 3.01 0.45
Cal. 3.63 2.74 0.44

Table 7 The molecular dynamics simulation run lengths for systems 1–9

Systems

Equilibrium (ns) Production (ns)

NVT NPT NVT Total

1 10 20 50 80
2 10 20 50 80
3 10 30 50 90
4 5 30 50 85
5 2 10 25 37
6 10 20 50 80
7 10 20 50 80
8 10 20 50 80
9 10 20 50 80

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
no

ve
m

br
o 

20
24

. D
ow

nl
oa

de
d 

on
 2

9/
10

/2
02

5 
08

:0
9:

24
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp02934h


This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 28361–28377 |  28365

2.3.2 Viscosity. The dynamic (shear) viscosity of a fluid
expresses its resistance to shearing flows, where adjacent layers
move parallel to each other with different speeds. The equili-
brium shear viscosity in molecular dynamics simulations has
been computed using auto-correlation of the pressure tensor
component43

Z ¼ lim
t!1

�ZðtÞ; (13)

�ZðtÞ ¼ V

3kBT

ðt
0

X
xo y

Pxy t 0ð ÞPxyð0Þ
* +

dt 0: (14)

where, Pxy(t0) is the pressure tensor at time t = t0 and Pxy(0) is the
pressure tensor at time t = 0. During an MD simulation run, it is
very difficult to converge the pressure auto correlation which
often suffers due to the rapid fluctuations. Therefore, the noise
accumulated over a long time makes it difficult to converge for
a reliable viscosity value. Hence, averaging over the multiple
independent runs is required to obtain a better convergence
than a single long trajectory. We have run for each system 10
independent MD simulations in the NVT ensemble to compute
the viscosity using the last gro file generated after the equili-
bration in the NPT and NVT ensemble for each systems.
At room temperature, each MD run length is 6 ns for the dilute
solution of VOSO4 while the same is 10 ns for the concentrated
solution. This is adapted for the better convergence of the
viscosity data at room temperature. We also assumed that the
high viscosity value needs a much longer run for converging to
a reliable data. At higher temperature, each MD run length is 4
ns for the dilute and concentrated solution. This has been done
because the dynamics will be fast at the high temperature with
respect to the ambient condition. The viscosity of the medium
will be low at the high temperature because it depends on the
strength of the molecular interactions which will be low at the
high temperature. The total MD simulation run length for each
system is 100 ns for system 3, 60 ns for system 1, 40 ns for
system 2 and 4, and 30 ns for system 5, respectively. Since
viscosity depends on the intermolecular interaction between
the molecules of a system, to study that effect, we computed the
same using our in-house code for each system presented in this
work and compared the results with the structural properties of
the aqueous solution in the results and discussions section.

2.3.3 Surface tension. The static surface tension (SFT) or
interfacial tension is calculated from the diagonal components
of the pressure tensor Pii where lz is the length of the simulation
box in the direction parallel to the interface normal, here the
z-axis.44

g ¼ 1

n

ðlz
0

Pzzðz; tÞ �
Pxxðz; tÞ þ Pyyðz; tÞ

2

� �
dz

¼ lz

n
Pzzðz; tÞ �

Pxxðz; tÞ þ Pyyðz; tÞ
2

� � (15)

where, n is the number of surfaces. Pxx, Pyy and Pzz are the
pressure tensor along the x, y and z axis, respectively.
To compute the surface tension, we simulate the vapor–liquid

system for 10 ns in NVT ensemble for systems 1 and 2 and
calculate the surface tension from the last 8 ns MD trajectories.
First 2 ns has been left for the equilibration of the systems.
To simulate the vapor–liquid interface, the box length along the
z axis is increased by 4 times with respect to the box length
along the x and y axis for all systems. To generate the files for
the surface tension calculation, the last gro file generated after
50 ns MD simulation in NVT ensemble is used for system 1 and
2 only. The calculated SFT corresponds to the value of surface
tension in the thermodynamic equilibrium independent of
time. The obtained surface tension in this study is for the top
and bottom interface due to the periodic boundary condition.
Therefore, to obtain the surface tension of one interface it is
necessary to divide this value by 2 times the surface area.
To check the noise present in the surface tension calculation,
we generated 5 independent trajectories of 10 ns each after a
50 ns MD run in the NVT ensemble in the production phase for
system 1 only. The Pii vs. t plot has been shown in Fig. S10
(ESI†) for each run and the corresponding calculated pressure
tensor along the x, y and z axis has been given beside each plot.
The uncertainty present in the computed result has been
calculated using the standard error of the mean27

sE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i

xi � �xð Þ2

N � 1

vuut
(16)

and

dE ¼
sEffiffiffiffi
N
p ; %dE ¼

dE
�x
� 100: (17)

where, sE is the standard deviation, N is the sample size, xi is
the ith value of a property and %x is the mean and dE is the
standard error of mean (SEM). The error %dE has been calcu-
lated by dividing dE by %x multiplied by 100. The calculated
average surface tension for system 1 is 65.39 N m�1 (�0.21). We
noticed that the error percentage present in the SFT simulation
is B0.32%. The computed surface tensions for each run and
relevant error analysis are shown in Table 8. The experimental
surface tension was not reported for system 1 in ref. 31.
However, one will know that the presence of the ionic species
in solution will increase the cohesive energy of the system and
thus, the surface tension of it. Cohesive forces are affected by

Table 8 Computed surface tension for system 1 and relevant analysis

System SFT (xi � %x)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i

xi � �xð Þ2

N � 1

vuut
Run 1 65.78 0.39 0.15
Run 2 65.21 �0.19 0.04
Run 3 65.78 0.39 0.15
Run 4 64.79 �0.61 0.37
Run 5 65.41 0.02 0.00

%x & total 65.39 — 0.70
sE — — 0.42
dE — — 0.21
%dE — — 0.32
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the hydrogen bonding and van der Waals interaction. It will
depend on the ionic strength of the medium. We have extracted
a relationship between the surface tension and the predicted
ionic strength of the medium for which experimental SFT
values were reported in ref. 31. In the experimental paper,
2.6 M H2SO4 was used to dissolve VOSO4 at varying temperature
to obtain the experimental SFT values. For any particular
temperature, the SFT shows a linear relationship with the
concentration of dissolved VOSO4 as the concentration of
H2SO4 is constant. The SFT will directly depend on the ionic
strength of the medium because it depends on the concen-
tration of the ionic species. Therefore, a SFT value for an
unknown system was predicted by following the relationship
gi/gj = Ii/Ij for the aqueous vandium redox flow battery in this
study. Where, gi and gj are the experimental SFT and Ii and Ij are
the ionic strength of the ith and jth system, respectively.
According to the above relationship, the predicted experimental
surface tension for system 1 and 2 would be 57.55 and 45.39 N m�1

at 25 1C and 50 1C, respectively. Hence, the computed surface
tension is within 14% and 16% in error with respect to the
predicted experimental SFT for system 1 and 2, respectively.

3 Results and discussions
3.1 Density

At the NPT MD simulation step, the density of all the systems
have been checked and the box length for each MD simulation
at the production phase run has been adjusted according to the
result obtained in the NPT simulation. The density convergence
for all four systems is shown in Fig. 1 for system 1–4 and in
Fig. 2(a) for system 5. The all experimental densities of aqueous
VOSO4 solution have been calculated by using the empirical
eqn (3). In Table 9, the lists of experimental densities, the

computed densities from the MD simulation and the calculated
error percentages have been shown for all systems. For system
5, the density of pure water at 25 1C has been used. In Fig. 2(b),
a correlation between experimental and calculated density has
been shown and are found to be in good agreement with a
correlation coefficient value R2 = 0.99. The calculated % error is
found to be within the 2.4% for the given set of the force field
parameter used in this work. This error is within the range of
error reported in ref. 61 and 62. The experimental densities

Fig. 1 The calculated density for systems 1–4.

Fig. 2 (a) The fluctuation in density of system 5. (b) The experimental
density versus the calculated density.
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predicted using empirical eqn (3) are found to be in good
agreement with the results reported in ref. 63 for all vanadium
redox flow batteries.

3.2 Radial distribution function

The structural properties have been looked at by computing the
radial distribution functions between the important interacting
sites. The radial distribution function (rdf) between the vana-
dium atom of the VO2+ ion and the oxygen atom of the water
molecule and the vanadyl ion is shown in Fig. 3(a) and the rdf
between the oxygen atom and vanadium atom of the vanadyl
ion is shown in Fig. 3(b). From the radial distribution function,
it is known that the vanadium ion is surrounded by the five
oxygen atoms of the water molecules through the coordinate or
dative bond formation between vanadium and oxygen atoms of

the water molecule. One oxygen atom covalently bonded with
the vanadium atom and that is reflected from the very strong
first peak in the RDFs between the vanadium and oxygen atom
shown in Fig. 3(a) and (b). The corresponding running coordi-
nation numbers have been shown by using the dashed solid
line in all rdfs. We computed the coordination number using
the following equation:

Ncoord ¼ 4pr
ðRc

0

gOXðrÞr2dr: (18)

where, X = VO2+ and r is the average number density and Rc is
the cut-off distance corresponding to the location of the first
minimum of the VO2+� � �O correlation shown in Fig. 3(a). The
calculated coordination number around the central vanadium
ion is found to be equal to 6 in all systems. The result in
Fig. 3(a) has been further supported by the rdf results reported
in ref. 35. In Fig. 3(c) and (d), SO4

2� and HSO4
� ions are found

to present in the second coordination shell of the vanadyl ion
and this is in good agreement with the work reported in ref. 35.
A significant change in the peak height of the radial distribu-
tion functions has been noticed in Fig. 3(b) and (c). In Fig. 3(b),
the peak height of the rdfs between the vanadium and oxygen
atom of the vanadyl ion is found to decrease with increasing
temperature and decreasing concentration of VOSO4 in the
solution. This is indicative towards the decreasing intermole-
cular interaction between vanadyl ions in the solution at the
high temperature. This decreasing cation–cation interaction is

Table 9 The computed density versus the experimental density with %
error for each system

Systems Exp. density (kg m�3) Cal. density (kg m�3) Error (%)

1 1221.00 1244.0 �1.88
2 1208.00 1236.5 �2.36
3 1298.10 1286.0 0.93
4 1284.30 1281.0 0.26
5 997.00 1000.0 �0.30
6 1202.70 1216.2 �1.10
7 1188.39 1210.8 �1.88
8 1174.86 1190.6 �1.34
9 1161.04 1181.3 �1.74

Fig. 3 The radial distribution function for (a) vanadium of the VO2+ ion and oxygen of the H2O molecule, (b) vanadium of the VO2+ ion and oxygen of the
VO2+ ion, (c) vanadium of the VO2+ ion and sulfur of the SO4

2� ion and (d) vanadium of the VO2+ ion and sulfur of the HSO4
� ion interaction for system

1–4. The CPMD result has been taken from ref. 36.
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responsible for the high ionic conductivity reported in ref. 31 of
the solution. In Fig. 3(c), the peak height of the rdf between the
vanadium ion of the vanadyl ion and the sulfur atom of the
sulfate anion is found to increase with increasing temperature
and decreasing concentration of VOSO4 in the solution. The
increasing cation–anion interaction will correspond to the peak
height in that case. However, the same is not observed in the
case of bisulfate anion. Therefore, the net effect due to these
sulfur atoms on the vanadium of the vanadyl ion will be
different and this is shown in Fig. 4(a). The decreasing peak
height of the radial distribution function between sulfur of
SO4

2� + HSO4
� and the vanadium of the vanadyl ion indicates

towards the decreasing viscosity of the system at the high
temperature. Such observation corresponds to the overall net
lowering of vanadyl and SO4

2� + HSO4
� ion interaction in the

solution. This also indicates the formation of more free VO2+

ions in the solution and thus is responsible for the increasing
ionic conductivity of it at the low concentration of VOSO4 and at
high temperature. In Fig. 5(a), the rdf between the vanadium of
the vanadyl ion and oxygen of the hydronium ion is shown. It is

clear from the figure that hydronium ion present in the second
coordination shell of vanadyl ion and the interaction between
them is found to decrease with increasing temperature and
decreasing VOSO4 concentration. The intermolecular inter-
action between the two vanadium of a vanadyl ion is shown
in Fig. 5(b) and this result has similarity with the result
reported in Fig. 3(b). Both rdfs are indicative towards the
decreasing cation–cation interaction at the high temperature
and at the low concentration of VOSO4. In Fig. 5(c) and (d), the
interaction between the oxygen atom of the water molecule and
sulfur atom of sulfate and bisulfate anion is shown for all
systems. This interaction becomes predominant after the first
coordination shell of vanadium of the vanadyl ion and further
confirmed that there was no presence of sulfate and bisulfate
anion in the first coordination shell of the vanadyl ion. The first
coordination shell of the vanadyl ion is found to complete
B2.5 Å according to Fig. 3(a). This result of VO2+ is in good
agreement with the CPMD work in ref. 36 and the experimental
result reported in ref. 63. The CPMD result is shown in Fig. 3(a)
for the comparison. In Fig. 6(a) and (b), the two important rdfs

Fig. 4 The radial distribution function for (a) vanadium of the VO2+ ion and sulfur of the HSO4
� + SO4

2� ion, (b) oxygen of H3O+ and hydrogen of the
H2O molecule, (c) sulfur of the SO4

2� ion and hydrogen of the H2O molecule, and (d) sulfur of the HSO4
� ion and hydrogen of the H2O molecule for

systems 1–4.
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have been shown. They are an oxygen atom of water and sulfur
atom of sulfate and bisulfate anion in Fig. 6(a) and an oxygen
atom of hydronium anion and sulfur atom of sulfate and

bisulfate anion in Fig. 6(b). The rdfs shown in Fig. 5(c) and
6(a) are the same, however, in Fig. 5(c) only a sulfur atom
coming from sulfate ion and in Fig. 6(a) a sulfur atom coming

Fig. 5 The radial distribution function for (a) vanadium of the VO2+ ion and oxygen of the H3O+ ion, (b) vanadium of the two VO2+ ions, (c) oxygen of
SO4

2� and oxygen of the H2O molecule and, (d) oxygen of HSO4
� and oxygen of the H2O interaction for systems 1–4.

Fig. 6 The radial distribution function for (a) oxygen of H2O and sulfur of HSO4
� + SO4

2� ion, (b) oxygen of H3O+ and sulfur of HSO4
� + SO4

2� ion,
(c) oxygen of H2O and hydrogen of the H2O molecule, and (d) oxygen of H2O and oxygen of the H2O interaction for systems 1–4.
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from sulfate and bisulfate ion are shown. From individual rdfs
shown in Fig. 5(c) and (d), it is known that these two ions
interact with the vanadium of the vanadyl ion in a different way
and present in the second coordination shell of the vanadyl ion.
In Fig. 6(c) and (d), the interaction between oxygen and hydro-
gen atom and oxygen–oxygen atom interaction in liquid water
have been shown to understand the modification of the 3-D
hydrogen bonded network in the presence of the foreign
solutes in water. The radial distribution functions between
SO4

2� (O)� � �H2O (HW), HSO4
� (O)� � �H2O (HW) and H3O+

(O)� � �H2O (HW) are shown in Fig. 4. According to the work in
ref. 35, the octahedral structure of vanadium(IV) species is
stable up to the concentration of 3 M and between 240–340 K
temperature. We also calculated the coordination number
around SO4

2� and HSO4
� using eqn (18) considering X = OS.

The calculated coordination number is found to be B6 for
SO4

2� and B5 for HSO4
� which are within the range of the

coordination number reported in ref. 64 and 65 for infinite
dilute aqueous solutions of sulfate and bisulfate ion, and63 for
varying concentration of aqueous vanadyl sulfate solution. The
predicted theoretical result is found to be in good agreement
with the result for VO2+ ion reported in ref. 35.

3.3 Hydrogen bond and ionic strength

We also computed the hydrogen bond (HB) number for the
molecules of interest by integrating the X� � �HW radial distribu-
tion function around the first solvation shell for all systems
following the relationship between the hydrogen bond number
and the radial distribution function

NHB ¼ 4pr
ðRc

0

gXHW
ðrÞr2dr: (19)

where, X is equal to OW, SO4
2� (O), HSO4

� (O) and H3O+ (O). r
is the average number density and Rc is the cut-off distance
corresponding to the location of the first minimum of the
X� � �HW correlation. In this work, all hydrogen bonds for the
hydronium ion were calculated for the H2O(OW)� � �H3O+(H)
interaction using the above equation. The hydrogen bond has
been defined following the geometric criteria. According to the
geometric criteria, if the distance between the O and X (= O, H)
atom of two species of interest is less than the first minimum
in the respective radial distribution functions, they will be
known as a hydrogen bonded system. The bulk hydrogen bond

numbers are found to be affected in the concentrated solution
because with increasing the concentration of the ions in the
aqueous solution the ionic strength of the medium will
increase. This will affect the hydrogen bond number since
more water molecules will prefer bonding with the ions present
in the solution. A direct relationship between hydrogen bond
number and ionic strength of the medium has been reported in
ref. 66 and 67 for the aqueous halide ion solutions. In ref. 66
and 67, the authors showed that the water–water hydrogen
bond lifetime will decrease with increasing ion concentration.
Furthermore, the formation of the hydrogen bond or the
hydrogen bond type of interaction depends on the presence
and accessibility of the atom of a molecule participating in
hydrogen bonding.28 All these are applicable in the case of I to
IV type of interactions mentioned later in this section. The
hydrogen bond number and ionic strength are shown in
Table 10 for systems 1–9. The ionic strength (I) of the medium
has been calculated following the equation68

I ¼ 1

2

X
i¼1

miZi
2: (20)

where, mi is the concentration of the ith species in the molality
unit and Zi is the charge of the ith species, respectively. There-
fore, the ionic strength of the medium is directly proportional
to the concentration of the ionic species and its charge in the
aqueous solution. We are interested at looking at the fraction
of the water molecule forming ‘n’ number of hydrogen bonds
for (i) H2O� � �H2O; (ii) H3O+� � �H2O; (iii) HSO4

�� � �H2O; and
(iv) SO4

2�� � �H2O interactions. The results are shown in Fig. 7
in the presence of VOSO4 and in Fig. 8 in the absence of VOSO4.
The theoretical values of fraction of forming ‘n’ number of
hydrogen bonds and the associated mean hydrogen bonds are
given in Tables S3–S6 in the ESI.† The hydrogen bond number
hnHBi B 4 for the type I interaction is found to form by 67.6%
water molecules for the dilute solution (system 5). The calcu-
lated average hydrogen bond number for system 5 is in good
agreement with the same for pure water.69,70 The fraction of
forming this number of hydrogen bonds by the water molecules
is found to decrease with increasing concentration of VOSO4

and increasing temperature. This implies that with increasing
the concentration of ions, the water–water hydrogen bond will
be affected more in the presence of the ions because the water
molecules will prefer interacting with ions with increasing ion

Table 10 The hydrogen bond number calculated using eqn (19). The ionic strength has been calculated using the concentration in the molality unit

Hydrogen bond no.

Systems H2O� � �H2O H3O+� � �H2O HSO4
�� � �H2O SO4

2�� � �H2O Ionic strength (I)

1 4.2 2.4 4.5 5.4 9.0
2 4.0 2.8 4.3 5.4 7.1
3 4.0 2.3 4.6 6.3 12.8
4 4.0 2.5 4.4 5.5 11.0
5 3.9 — — — —
6 4.2 2.5 4.6 5.6 7.2
7 4.2 2.9 4.4 5.4 5.3
8 4.0 2.6 4.6 5.8 5.6
9 4.0 3.0 4.4 6.2 4.4
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concentration. This trend will be followed for the decreasing
VOSO4 concentration and for the increasing temperature
according to Table S3 (ESI†). The fraction of water molecules
forming ‘n’ number of hydrogen bonds with the H3O+ ion is
found to increase with increasing H3O+ concentration, decreas-
ing VOSO4 concentration and with increasing temperature. The
hydrogen bond between HSO4

� and H2O is found to show a
maximum for fn = 3 for the dilute solution in the absence of
VOSO4 and fn = 4 in the presence of VOSO4. For the type II

interaction, the average hydrogen bond hnHBi B 1 and the
fraction of water molecule with ‘n’ number of hydrogen bonds
was maximum for system 2 and increases with temperature.
The increasing acid–water interaction with temperature is
found to promote the ion diffusion at high temperature while
this trend is found to show a different behavior at room
temperature. In all cases, we noticed a decrease in the fraction
of water molecules forming ‘n’ number of hydrogen bonds with
increasing temperature except for the hydrogen bond between

Fig. 7 The fraction of water molecules forming ‘n’ number of hydrogen bonds of (a) H2O� � �H2O, (b) H3O+� � �H2O, (c) HSO4
�� � �H2O, and (d) SO4

2�� � �H2O
type in the presence of VOSO4.

Fig. 8 The fraction of water molecules forming ‘n’ number of hydrogen bonds of (a) H2O� � �H2O, (b) H3O+� � �H2O, (c) HSO4
�� � �H2O, and (d) SO4

2�� � �H2O
type in the absence of VOSO4.
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the H3O+ ion and H2O molecule. We also performed similar
calculations for systems 6–9 to study the effect of the VO2+ ion
on sulfuric acid and water. In Fig. 8, we notice that the fraction
of water molecules pass through a maximum at fn B 4 for type I
interaction. This observation is found not to change in the
presence of VO2+ ion, however, the fraction of water molecules
forming 4 HBs is found to increase significantly with increasing
the concentration of VOSO4. This observation is indicative
towards the formation of more water–water hydrogen bonds
in presence of hexa-coordinated VO2+ ion. The fraction of water
molecules forming H3O+� � �H2O HBs was found to be unaltered.
For type III HBs, bisulfate anion is always found to form
B4–5 hydrogen bonds64 and SO4

2� anion is found to form
B5–6 HBs in the presence and absence of VOSO4. These
numbers are slightly different in comparison to the mean
hydrogen bond numbers reported in the ESI.† It is noteworthy
in this regard that a typical water molecule can act as two HB
acceptors and two HB donors for the hydrogen bond formation.
Therefore, the hydrogen bond number of a water molecule
should be B4.70 The HSO4

� and SO4
2� anion has the ability to

form a higher number of hydrogen bonds through the oxygen
atom as the HB acceptor and through the hydrogen atom as the
HB donor in the case of HSO4

� anion.64,65 The HB numbers are
captured in the calculation by using eqn (19) for the I to IV type
of interaction considering the individual X� � �HW interaction
and adding them for a particular category. The hydrogen bond
numbers are shown in Table 8 for the H2O molecule, H3O+,
HSO4

� and SO4
2+ ion for the systems 6–9. The hydronium ion

can also form 4 HBs through the three hydrogen atoms as HB
donors and through the oxygen atom as the HB acceptor. In the
hydrogen bond definition, we considered the first definition
only i.e. hydrogen atom as the HB donor. The hydrogen bond
number calculated using eqn (19) is found to be different
than the mean hydrogen bond number reported in Table S3
(ESI†) because the former was calculated for individual
H3O+(H)� � �H2O (OW) using eqn (19) and then added together.
However, the fraction of water molecules forming ‘n’ number of

hydrogen bonds has been calculated averaging over all config-
urations and over all hydrogen atoms attached to the oxygen
atom. Following the same procedure, the mean hydrogen bond
number of other interactions have been calculated for all
systems. Based on the methods of calculation, these numbers
differ slightly from each other. However, the overall results
based on the structure of the solutions are in good agreement
with the available experimental results.

3.4 Diffusion, viscosity and surface tension

According to Fick’s law of diffusion, flux is proportional to the
negative concentration gradient. The results of the diffusion
coefficient of each species for all systems are shown in Fig. 9.
The values are given in Table 11. The gray dashed lines are for
the fitted data from 2 ns to 10 ns for the systems 1–4. For
system 5, the diffusion data is fitted from 2 ns to 20 ns. The
result is shown in Fig. S8 in the ESI.† The diffusion coefficient
of vanadyl (VO2+) and sulfate (SO4

2�) ions is found to increase
at low concentration of VOSO4 and at high temperature. How-
ever, in system 1, 3 and 4, they are found to show similar
diffusional motion that means these two ions have a tendency
to form an ion-pair in the solution at low temperature and high
concentration. The diffusion coefficient of all ions is found to
increase with increasing temperature and decreasing concen-
tration of vandyl sulfate. The increasing order of the diffusion
coefficient is DH2O 4 DHSO4

� \ DH3O+ 4 DSO4
2� \ DVO2+ for all

systems. This order is according to the trend notice in the work
of ref. 71 and 72 for sulfuric acid and the ions coming from its
dissociation. With respect to vanadyl (VO2+) and sulfate (SO4

2�)
ion, the diffusion coefficient of other ions is found to increase
with temperature and decrease with concentration of VOSO4.
To test our model we also computed the diffusivity of the
vanadyl ion and water molecule for system 5 at room tempera-
ture. The calculated diffusivity of the ions and water molecule
was in good agreement with the available theoretical and
experimental data.36,73 Overall, the diffusion coefficient of the
vanadyl ion is found to decrease with increasing concentration

Fig. 9 The diffusion coefficient of the ions and water molecule for systems 1–4. The grey dashed lines are the fitted data.
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of VOSO4 and H2SO4. In Table 8, we noticed that the diffusion
coefficient of VO2+ is the highest in system 2 whose experi-
mental ionic conductivity is also highest among the other four
systems. In all systems except system 2, the diffusion coeffi-
cient of H3O+ and bisulfate ion is on the same scale while the
same is true for the VO2+ ion and sulfate ion. The diffusion
coefficient of the water molecule is highest in all cases and it
decreases from low to high concentration of VO2+ ions. This
indicates the increasing ionic strength of the medium because
in the high ionic strength medium, water molecules will prefer
interacting more with ions and thus, their diffusional motion will
be retarded.66,67 In system 2, the diffusion coefficient of the SO4

2�

ion is almost twice that of the VO2+ ion. This implies that VOSO4 is
completely dissociated and formed solvent separated ions in the
solution for the lower concentration of VO2+ ion at the high
temperature. The difference between the diffusion coefficient of
VO2+ and SO4

2� is found to decrease in the given order i.e.; system
2 4 system 1 4 system 3 4 system 4. The corresponding values
are 0.51 for system 2, 0.06 for system 1, 0.02 for system 3 and
0.0005 for system 4, respectively. In system 2 and 4, the diffusion
coefficient of H3O+ and HSO4

� ions is also high with respect to the
same for system 1 and 3. The higher diffusion coefficient of the
individual species is responsible for the high ionic conductivity in
those systems. The motion of SO4

2� and VO2+ ions is uncorrelated
at the low concentration and high temperature condition and
thus causes the formation of free VO2+ and SO4

2� ion at the high
temperature. The formation of more free ions affects the ion
conductance of the medium at that particular condition and thus
results in high ionic conductivity in the system.

According to the Walden plot, there is a strong connection
between diffusion, viscosity and ionic conductivity of the media.
The computed viscosity is shown in Fig. 10(a)–(d) for systems 1–4
and in Table 12 for system 1–5. The calculated viscosity for system
5 is shown in Fig. S9(a) in the ESI.† We observed that the viscosity
of VOSO4 solution is found to be the lowest for system 2 with
respect to the other systems. The order of the computed viscosity
is in good agreement with the experimental viscosity results and is
found to follow the order reported in ref. 31. A correlation between
the experimental versus calculated viscosity is shown in Fig. 10(e).
The two data sets were found to be in correlation with a correla-
tion coefficient value R2 = 0.9902. It is noteworthy in this regard

that the first peak height of the radial distribution function of
the VO2+ (V)� � �HSO4

� (S) + SO4
2� (S) interaction decreases from

the concentrated to the dilute solution. This structural feature
has the resemblance with the decreasing order (i.e., system 3 4
system 1 4 system 4 4 system 2) of viscosity of the medium and
increasing order of diffusivity of the redox active species in ref. 31.
This finding is indicative to the decreasing cation–anion inter-
action for the system showing the highest ionic conductivity.
In order to understand the individual motion of ions, we have
also plotted the diffusivity (D) against the inverse of the viscosity
(1/Zexp) of the medium for VO2+ ions at the ambient condition for
systems 1, 3 and 5. A linear correlation between the diffusion
coefficient (D) and inverse of the viscosity (1/Zexp) was obtained
with a correlation coefficient R2 = 0.9968. The result is shown in
Fig. S9(b) in the ESI.† Assuming a spherical shape of the VO2+ ion,
the Stokes–Einstein equation was applied to calculate the hydro-
dynamic radius of the VO2+ ion from the slope in Fig. S9(b) (ESI†)
and the calculated Stokes radius is 0.25 nm which is equal to the
minimum of the rdfs of the VO2+ (O)� � �H2O (OW) interaction in
Fig. 3(a). This result further strengthens the fact of the presence of
VO2+ ion as a hexa-coordinated complex species in the aqueous
solution of it. The theoretical value of the SR of the VO2+ ion is
found to be in good agreement with the result reported in ref. 63.
We were interested to know about the effect of the sulfuric acid on
the Stokes radius of the VO(H2O)5

2+ and therefore, correlate the
Stokes radius to the rotational diffusion using the Stokes–Ein-
stein–Debye (SED) equation74

DR ¼
kBT

8pZr3
: (21)

The Stokes radius and rotational diffusion are related to the
translational diffusion through Stokes–Einstein (SE) diffusion
following

DT ¼
kBT

6pZr
: (22)

The SED and SE are both related to each other following

DT

DR
¼ 4

3
r2: (23)

Table 11 The calculated and experimental diffusion coefficient of the ions and water molecules with the Yeh Hummer correction factor (shown in the
bracket) for systems 1–4. The same is shown for the sulfuric acid without the Yeh Hummer correction factor for systems 6–9. In the last row, the diffusion
coefficient of VO2+ taken from ref. 36 and the experimental diffusion coefficient of H2O from ref. 73 are shown

D � 1e�5 cm2 s�1

Systems (DH2O)(DYH) (DH3O+)(DYH) (DHSO4
�)(DYH) (DSO4

2�)(DYH) (DVO2+)(DYH)

1 1.41(0.04) 0.58(0.04) 0.65(0.04) 0.28(0.04) 0.23(0.04)
2 2.44(0.08) 1.12(0.08) 1.19(0.08) 1.12(0.08) 0.61(0.08)
3 1.16(0.03) 0.48(0.03) 0.52(0.03) 0.20(0.03) 0.18(0.03)
4 2.00(0.05) 0.86(0.05) 0.89(0.05) 0.37(0.05) 0.37(0.05)
5 2.41(0.20) — — — 0.55(0.20)
6 1.53(—) 0.63(—) 0.69(—) 0.34(—) —
7 2.50(—) 1.30(—) 1.30(—) 0.67(—) —
8 1.71(—) 0.76(—) 0.85(—) 0.37(—) —
9 2.81(—) 1.45(—) 1.36(—) 0.75(—) —

10 2.30 — — — 0.42
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The calculated SE of VO(H2O)5
2+ is found to decrease

with increasing temperature at high concentration of sulfuric
acid and low concentration of VOSO4. The SE and SED
values are given in Table 12. The increasing SR of VO2+ with
increasing sulfuric acid concentration is seen in this study
and is in accordance with the observation stated in ref. 63
at room temperature. To achieve high energy density in a
redox flow battery, the translational and rotational diffusion
constant of VO2+ ion should be high due to the presence of
free ions in place of the formation of an ion-pair. Our
theoretical study shows that not only the high concentration

of the redox active species but the motion of it in media and
how this motion affects the ionic conductivity of it will be the
governing factor for high energy density in a redox flow
battery.

In a flow battery, the low surface tension of the redox active
species is an important criteria to prevent the leakage of the
electrolyte in the battery to prolong the life span of it.31 The
computed surface tensions are 65.39 and 62.0 Nm�1 for system
1 and 2, respectively. The bulk density for vapor–liquid inter-
face, fluctuation of the surface tension for system 1 and 2 are
shown in Fig. S11 (ESI†). The surface tension of aqueous

Fig. 10 (a)–(d) The computed viscosity for systems 1–4. (e) The correlation between the calculated and experimental31 viscosity.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
no

ve
m

br
o 

20
24

. D
ow

nl
oa

de
d 

on
 2

9/
10

/2
02

5 
08

:0
9:

24
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp02934h


This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 28361–28377 |  28375

vanadium solution decreases with decreasing concentration of
VOSO4 and at high temperature according to ref. 31.

4 Conclusion

A theoretical model has been proposed to study the structure
and dynamics of aqueous vanadium redox flow battery under
varying thermodynamic conditions. The benchmark calcula-
tions have been done for the five systems: (i) 0.5 M VOSO4 in
3.5 M H2SO4 at 25 1C, (ii) 0.5 M VOSO4 in 3.5 M H2SO4 at 25 1C,
(iii) 1.7 M VOSO4 in 3 M H2SO4 at 25 1C, (iv) 1.7 M VOSO4 in
3 M H2SO4 at 50 1C and (V) 1 VO2+ in 1000 water molecules at
25 1C. Using the proposed technique, we were able to success-
fully simulate the concentrated multi-component (quinary)
solution of aqueous VOSO4 solution at different temperatures.
The role of sulfuric acid in aq. VRFB is investigated including
the temperature dependent dissociation of it implicitly in the
MD simulation. The model is further validated by computing
various structural and dynamical properties and by comparing
them with the available experimental results for the same. The
computed density, surface tension and viscosity are found to be
in good agreement with the available experimental data in
ref. 31. The structural properties of the aqueous solutions
provide physical insight into the dynamical properties reported
in ref. 31. According to the theoretical study, uncorrelated
motion of the cation–cation and cation–anion coming from
the redox active species is the main governing factor for the
high ionic conductivity and hence for the high energy density in
the conventional redox flow battery at the low concentration of
VOSO4 and at high temperature. The theoretical study also
reveals that the presence of the free ions in the solution will
affect the translational and rotational diffusion of the redox
active species in a different way than the ion-pair existence
(which is very common in the concentrated solution) of the
same in the aqueous solutions. Also, the size and shape of the
ions will play a significant role in its motion through the
electrolyte solvent and thus will influence the magnitude of
ionic conductivity and energy density of the aqueous vanadium
redox flow battery.
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