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ABSTRACT 
 

Being the most potential battery candidate for the electrical grids connections due to having 
promising electrochemical energy storing abilities, vanadium redox flow battery (VRFB) is widely 
recognized state-of-the-art technology in renewable energy sectors. Despite its uniqueness of 
utilizing "all-vanadium" redox couples as the most prospective electrolyte materials, and their 
conspicuous technological functionalizations, the research works concentrated into its internal 
operational mechanisms of the cell at both ideal & different state-of-charges are still in the primitive 
stage. This MD simulation based theoretical insights aiming at revealing benchmark quantitative 

information on the interfacial micro structures around its Nafion117 type proton exchange 
membrane, the intense hydration affinities of its adjacent state bare V

n+
 ions, and the closed 

proximity around the H2O, H3O
+
, & Nafion-SO3

, etc. at nanometer scale would be a stepping-stone 
to its technological advancement. The general results presented here illuminate that the VRFB-
electrolyte hosting H2O molecules and protons in Hydronium (H3O

+
), Eigen (H5O2

+
), & Zundel 
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(H9O3
+
) states are distributed in a pattern identical to that in a purely bulk water system, and are 

dynamically used up for exhibiting facile proton conduction. Besides this, the significant departures 

of the SO3
 units of the Nafion117 at water content () = 22 predicted herein confirms its 

experimentally observed feature of easy accommodating H2O, H3O
+
, & V

n+
 in between them; 

elucidating the reasons behind its atypical proton conductivity & ionic mobility rates under wet 

conditions. The MD trajectories based radial distribution function (RDF) predicted V
n+
 OH2 radial 

distances validate the extreme hydration affinities of the bare adjacent V
n+

 ions plus their stabilizing 
propensities with free H2O molecules as established earlier by the DFT based quantum mechanical 
method.   
 

 
Keywords: VRFB; Nafion; Radial Distribution Functions (RDF); Vanadium-hydration shells. 
 

1. INTRODUCTION  
 
The unique recognition of the d-block metal 
atoms (M) present in the periodic table is 
because of their transitional behavior and many 
other notable characteristic features [1]. Among 
them, the variable oxidation states (hereafter, 
OSs) M

n+
: every valence states remain unstable 

both in the solution and crystalline states due to 
having irregular electronic configuration 

(ns
12

nd
110

), high and intense charge density, 
relatively smaller yet irregularly varied ionic radii, 
stronger complex forming tendencies with 
different types of ligands [MLm]

n+
, immediate & 

subsequent hydration abilities, and significant 
variation on the acidity of M

n+
 in [MLm]

n+
 are the 

most prevalent traits. More specifically, the 
variable M

n+
 OSs  are conceded in hydration 

chemistry due to their remarkable preferences of 
undergoing immediate thermodynamic 
stabilizations via the closed association with 
distinct number of H2O molecules (H2OM

n+
); 

owing to the formation of specific type 
coordinated complexes [M(H2O)m]

n+
 [1,2]. Among 

the 3dseries elements, the most stable metallic 
form is vanadium (atomic number Z = 23). It 
exhibits many distinctive attributes including 
recognizably different yet surprisingly stable 
adjacent V

n+ 
OSs; n = +2, +3, +4, and +5 with 

unique & contrasting colors of their aquo 
complexes (lilac, green, blue, and yellow 
respectively), incredibly smaller ionic radii & 
intense charge density, dissimilar thermodynamic 
stabilities & magnetic/superconducting properties, 

mediumhard, ductile, malleable, and brittleness 
metallic properties, excellent catalytic & corrosion 
resisting abilities, good alloy forming propensities 
with many precious metals, etc. [2-5] because of 
which it has been using extensively as: (a) an 
electrolyte material for the stable and long lasting 
batteries, (b) a potential industrial catalyst, (c) a 
major chemical constituent for manufacturing 
steel alloys, tough corrosion resisting & high 

strength engineering materials, superconducting 
alloys, electromagnets, nanotubes, good 
electrically conducting but thermally insulating 
tools, etc. 
 

Actually, in the aqueous type media, the adjacent 
bare V

n+
 OSs most preferentially undergo 

hydration reactions by forming the variably 
configured hydrated complexes [V(H2O)m]

n+
 

having distinctive electronic stability and 
coordination chemistry [2,3]. In the real world, 
these hydrated forms are very frequently 
confronted in: (a) contact process of 
manufacturing H2SO4; (b) vanadium redox flow 

(hereafter, VRFB) and vanadium solidsalt  
battery (hereafter, VSSB) technologies ("all 
vanadium" redox couples (V

3+
/V

2+
 and V

5+
/V

4+
) 

are used as their electrolyte materials); (c) 
mineralogical and geological surveys; (d) humid 
hydrosphere and atmospheres; (e) biological and 
oceanic life systems; (f) marine invertebrates' 

blood cells (V
n+
 hydrated states serve as a 

defense mechanism) [4-9], etc. In particular, the 
hydration preferences of the V

n+
 ions present in 

the VRFB -electrolytes play very critical roles as 
they are known for causing "water-flooding" in its 
proton exchange membrane (hereafter, PEM) 
[10]. Since the VRFB cell utilizes moderately 

concentrated H2SO4 (aq.)
 
based V

n+
 anolyte 

and catholyte matrices separated through the 
Nafion type PEM, the expected suspended 

particles in them are V
n+

, H2O, H3O
+
, and HSO4

 

([SO4
2] is negligible as 1M H2SO4

 
(aq.)

 
maintains 

[HSO4
]:[SO4

2] ratio 99:1 [11]). Despite the most 

possible existence of the VRFBelectrolyte V
n+

 
adjacent OSs in [V(H2O)6]

2+
, [V(H2O)6]

3+
, 

[VO(H2O)5]
2+

, and [VO2 (H2O)3]
+
. H2O forms [12-

17], present study has incorporated bare V
n+

 
adjacent OSs into the VRFB - molecular 

dynamics (hereafter, VRFBMD) simulator with 
the aim of quantifying their hydration preferences 
in the aqueous media. Amid the various 
experimental and ab initio theoretical research 
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works concentrated into the complexing affinities 
of the bare V

n+
 ions with oxygen-donor solvents 

[12-17], the MD based quantitative studies 

centralizing fully into the VRFBissues at 
different state of charges (hereafter, SOCs) such 
as hydration preferences of the bare V

n+
 adjacent 

OSs (causing waterflooding), interparticle 
interactions (affecting protonic & ionic mobility 
rates), PEM's interphasial microstructures & the 
immediate environment around its proton 

conducting sites SO3
 (influencing proton 

transport rates), etc. are still in the preliminary 
stage. Beside this, the MD based 
theoretical/computational perspectives of the 
battery are highly demanding in the field of 
functionalizing/ developing its advanced 
materials as well as in advancing/designing wide 
range Battery systems.  In this sense, this 

integrative report of the VRFBMD simulation 
derived results stands as a doctrine article.  
 
Since MD is simply a computer simulation in 
which atoms and molecules are allowed to 
interact for a definite period of time   through the 
integrative package of the Newton's equations of 
motion, it acts as an indispensable theoretical 
mean of converting presumed microscopic 

properties of the Nbody particle systems into 
the measurable macroscopic observables via the 
tools of statistical mechanics [18]. Actually, in MD 
simulation, every molecules are described on the 
basis of simple harmonic oscillator 
approximations, the time evolution of their 
intramolecular (bond lengths      , bond angles 
      , and torsional angles         ) and 

intermolecular (non-bonding van der Waals      

and electrostatic   ) interactions (interactions 

potential;                                 

  ) must be estimated by employing the 

concerned force fields packages hosting a 
complete set of the mathematical equations, and 
the closely associated geometrical constants 
[19,20]. Among the diverse force field packages 
(MM2/MMP2, AMBER, CHARMM, DREIDING, 
AMOEBA, etc. [21]), the DREIDING; a generic 
force field, is computationally employed in the 

current VRFBMD simulator for the hybridization 
based force constants, and the related 
equilibrium geometrical parameters [19-21]. A 
relatively more novel AMOEBA force field is also 
practically realized for the sake of addressing 
non-bonding type V

n+
 ionic interactions with the 

substantial shortrange charge penetration, 
many-body charge transfer & polarization effects 
[22,23]. Besides these, the polarizable atomic 
multipole scheme [24], and the five-interacting-

sites model with switching function [25] are 
accessed in order to address the issues related 
to the intermolecular type interactions between 
the H2O molecules themselves and with the H3O

+
 

ions respectively. And, the velocity verlet 
propagation scheme is executed while assessing 
all the required equations of motion of the 
particles and their integrative mathematical forms 
[26-28]. Thus programmatically designed 

VRFBMD simulator with the specific numbers of 
the concerned electrolyte constituent particles 

such as V
n+

, H2O, H3O
+
, HSO4

, and Nafion 
fragments (Table 1) can simulate the latter 
dynamically, and enables us to determine their 
positions      & velocities      at time   in the 

presence of predefined initial positions        & 

velocities       . In the course of retrieving all the 
needful macroscopic observables from the MD 
derived trajectories, the esteemed analytical 
mathematical tool called Radial Distribution 
Function (RDF)     is used. On the same basis, 
the micro-structures of the molecular assembly 
around the territory of any reference particle 
which in fact confers the optimum probability of 
finding free H2O molecules at a specific distance 
  from the bare V

n+
 ions, H3O

+
, Nafion, and vice 

versa are predicted quantitatively. These 
quantitative analyses eventually provide the 
benchmark information required to verify why the 
bare V

n+
 adjacent OSs show high preferences 

towards complexing with the distinct number of 
free H2O molecules by forming uniquely stable 
yet dissimilarly coordinated aqua complexes. In 
terms of these microanalyses, the RDF      not 
only tops the experimental ways of depicting 
molecular arrangement around the any specific 
reference particle but also acts as a precise 
mathematical mean of quantifying many 
experimentally immeasurable macroscopic 
properties. The structure of this paper is 
organized as: Theoretical Approaches and 
Computational Details are outlined in section 2, 
Results and Discussions are presented in section 
3, and Conclusions are summarized in section 4. 
 

2. COMPUTATIONAL DETAILS 
 
As per the internal working mechanism of the 
VRFB cell at different SOCs, the V(II)/V(III) and 
V(IV)/V(V) states diffuse into the PEM from the 
negative and positive half cells respectively along 
with the additional ionic/molecular species such 

as H2O, H3O
+
, and HSO4

 present predominantly 
in both catholyte and anolyte solutions. Actually, 
the 1M H2SO4 (aq.) based solution of the vanadyl 
sulfate VOSO4

.
XH2O is used as a precursor of 

the VRFB working "all-vanadium" electrolytes, 
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the  prevalent Sulphur centered ionic species 
maintained in it through the two-steps H2SO4 

dissociation are HSO4
 (the quantitative amount 

of [SO4
2] is negligible as

  
[HSO4

]:[SO4
2]

 
is      

whenever [H2SO4]  1M [11]). Again, the VRFB 

using Nafion117 membrane; an insoluble but 
swelling type PEM in the polar solvent, with polar 
(P) and non-polar (N) groups shows relatively 
better proton conductivity whenever the 
equivalent weight          (           
    ; where   signifies number of non-polar 
groups which is generally           ), and the 

water content      (  
             

             
   ) in the 

liquid water system [28]. Therefore, the current 
VRFB simulation systems were designed under 
the conditions: (a) Set-1: V(II) ions; (b) Set-2: 
V(III) ions; (c) Set-3: V(IV) ions; and (d) Set-4: 
V(V) ions explicitly with the required number of 

the additional H2O, H3O
+
, and HSO4

 particles 
listed in Table 1 so that the net  value of the 

Nafion117 becomes not less than   . The 

closeup graphical view of each simulation set is 
displayed in Fig. 1 where the adjacent vanadium 
ions V

2+
, V

3+
, VO

2+
 (V

+4
), and VO2

+
 (V

5+
) are seen 

in the bare states.   

The entire MD simulation script was designed 
and run iteratively as shown in the Scheme 1. 
The specific controlling parameters such as 

timestep, length of the trajectory, intermittent 
geometry/energy sampling intervals, annealing 
conditions, etc. are explicitly mentioned. The 
DREIDING force field was implemented 
computationally for hybridization (atomic radii 
related bonding parameters) based force or 
spring constants for bonding potential (   ), and 

equilibrium geometrical parameters such                      

as bond lengths    
  (Eq.1), bond angles                 

       
  (Eq.2), and torsional parameters (Eq.3) 

for each molecular/ionic species, and for the 
intermolecular Van der Waals (Eq. 4) and 
coulombic type (Eq. 5) nonbonding interactions. 
The AMOEBA force field was incorporated into 
the MD simulator for addressing the                      
non-bonding V

n+
 ions interactions with 

substantial short-range charge penetration, 
many-body charge transfer & polarization effects 
by utilizing the ab initio derived multiple moments 
values, and inserting explicitly the permanent 
dipoles & quadrapoles in interaction potential 
term   (Eq. 6) [22,23]: 

 
Table 1. Number of particles present in each simulation set 

 

Vanadium 
oxidation 
states 

No. of  bare 
V

n+
 ions 

No. of Nafion 
chain (N7P)10 

No. of 

SO3
 

No. of 
H3O

+
 

No. of                   
HSO4
 

No. of   
H2O   

Water  
content (λ) 

V(II) 16 4 40 24 16 856 22.0 
V(III) 16 4 40 24 16 856 22.0 
V(IV) 16 4 40 24 16 856 22.0 
V(V) 16 4 40 24 16 856 22.0 

 
 

       
    

       
   

                
         (1) 

 

      
 

 
           

            (2) 
 

           
   

 
                

           (3) 
 

         (4) 
 

   
    

        
  

         

    
         (5)  

 

                                                
    

      
          (6) 

 

Where, 
 

      = a bond angle cross term; 
      = an out of plane bending term; 
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Scheme 1. Flow chart of the MD simulation 
     = a 147 functional form (better than the LennardJones 612 function); 

    
    

= a term for monople, dipole, and quadrupole moments; and 

    
   

 = an induced dipole term 

 
Similarly, the polarizable atomic multipole 
concepts, flexible three centered water model 
[23], and the five-interacting-sites models with 
switching function [24] are embodied for dealing 
with the interactions between the H2O molecules 
themselves and with the H3O

+
 ions respectively. 

Each simulation cell hosting the particles listed in 
Table 1 was set to the dimensions of  

                 
 

, and the entire cell was 

annealed for about     while establishing its 
equilibrium state. During this specific time period, 
the simulation cell was compressed to the 
experimental density              at     ) plus 
its dimensions & the total kinetic temperature 
maintaining inside the system were reduced to 

    (from     ) and      (from     ) 
respectively. The visual molecular dynamics 
VMD graphical tools [29] were used for 
inspecting the annealing procedure time to time. 
Moreover, in the NVE ensemble, no change in 
number of moles ( ), volume ( ), and energy ( ) 
of the system was ensured along with the 
constancy of the total temperature   

(NoseHoover thermostat), total pressure   
(Andersen barostat), total density  , and length 

of the simulation cell   explicitly. Accordingly, the 
total conservation of the net sum of the potential 
and kinetic energy of each simulating         
particle present in the NVE ensemble was also 
ensured.   

nt
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Fig. 1. The VMD snapshots of the four different sets of the simulation cell (dimension = 100   

100   100 Å
3
) with the specific number of bare vanadium ions: Set 1Vanadium (II) V

2+
 state; 

Set 2Vanadium (III) V
3+

 state ; Set 3Vanadium (IV) VO
2+

 state; and Set 4Vanadium (V) VO2
+
 

state. The rest of the molecular and ionic species present in the simulation system listed in 
Table 1 are excluded while snapping these rendered images 

 

3. RESULTS AND DISCUSSION  
 
3.1 Equilibrium States of the Simulating 

Systems 
 
Since the VRFB cell system with "all-vanadium" 
redox couples is operated in an aqueous 
moderately concentrated H2SO4 solution, and its 
anolyte and catholyte solutions; V(IV)/V(V) and 
V(II)/V(III) states respectively; are demarcated by 
the Nafion type PEM (a randomly grown single 

polymeric form (N7P)10 of the Nafion117 thread 
is displayed in Fig. 2), there is an occurrence of 
the significant diffusions of the V

n+
 ions across 

the membrane along with the additional particles 
such as H2O, H3O

+ 
(and Eigen and Zundel states 

of the proton), and HSO4
 even at its ideal state. 

The same type diffusion is indeed more adverse 
at its full operational conditions or at different 
SOCs. Beside this, the enormous amount of 
protons do transport via the membrane through 
Grotthuss and /or vehicular mechanisms in the 
rate five times faster than the K

+
 ions (H3O

+
 and 

K
+
 have similar ionic radii) [28,30]. Basically, in 

the proton transport process, the SO3
 functional 

groups of the Nafion show remarkable proton 
exchange abilities, and the significant number of 
H2O molecules absorbed in it do participate in 
proton transport processes through either of 
these two mentioned mechanisms [31(a)]. 
Interestingly, a wide variation in proton 
conductivity of the Nafion with the slight increase 
in its water content  is reported: the conductivity 
rate is found to be increased from           to 

          whenever  is stepped up to    at the 

rate of          in an average [31(a)]. 
Additionally, whenever the relative humidity (RH) 
is changed,  was found to be fluctuated as: (a) 

at       ,            , (b) at         ,        

    , and when the Nafion is dipped into the 
liquid water system overnight, the        is 

reached to     [31(a)]. In order to adjust this 

specific        value in which optimum proton 

conductivity of the Nafion is recorded, herein, 
each of the four different simulation sets (listed in 
Table 1) was designed with the specific number 
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of all the involved ionic/molecular species and 
the polymeric fragments. As a representative 
example, one of the VRFB simulation systems 
(Set 1) designed in the three dimensional 

simulation box with the cell dimension = 100   

100   100 Å
3
 before and after the simulated 

annealing is displayed in Fig. 3, where each 
elongated chain surrounded by many other 
electrolyte particles represents an (N7P)10 

polymeric form of the Nafion117.   
 

 
 

Fig. 2. A VMD rendered image of the randomly grown single (N7P)10 polymeric form of the 

Nafion117 type membrane incorporated into the MD simulator. The four such type polymeric 
threads are kept into the simulation box along with many other molecular and ionic species 

(Table 1) so as to set the net        = 22. A single N7P part encircled by the red dotted oval 

shape was replicated ten times in the course of creating this (N7P)10 type polymeric thread 
 

 
 

Fig. 3. A VRFB simulating system (cell dimension = 100   100   100 Å
3
) including all the 

required ionic, molecular, and (N7P)10 Nafion- threads (a) before annealing; (b) after annealing 

(the concerned image is extracted at the simulated annealing time step   = 3ns). The specific 
numbers of each of them suitable to satisfy the VRFB working mechanism are summarized in 
Table 1. The enlarged sections clarify the internal composition of the systems before and after 

attaining the thermodynamic equilibrium states. The HSO4
 ion inserted into the simulator is 

also clearly visible, and is encircled by the oval frame. Each elongated chain in the simulation 
box "A" represents a (N7P) 10 part of the Nafion 
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Fig. 4. A VRFB simulating system (cell dimension = 100   100   100 Å
3
) is compressed to the 

specific equilibrium parameters so as to establish the equilibrium state of the simulating 
system quicker. The variation in parameters such as (a) cell dimension, (b) total density, with 

respect to simulation time   are diagrammatically sketched. The approximate range of the 
iterative NPT and NVT simulations are also shown to the concerned diagrams 
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Fig. 5. A VRFB simulating system is compressed to the specific equilibrium parameters while 
establishing its equilibrium state. The variation in parameters (a) total pressure P, (b) kinetic 

temperature T, with respect to simulation time   are diagrammatically sketched 
 
Since the MD simulation is a remarkable tool to 
predict the behavior of the chemical systems 
over time, the computational simulated annealing 
techniques referring to the effective optimization 
procedures of the simulating systems via the 
sufficient heating and cooling iterations, and their 

instant repetitions under the controlled conditions 
must be run in the course of establishing 
equilibrium states of the each simulating system. 
As a rule, if the cooling process is sufficiently 
slow, each of the simulating systems with 
significant number of micro particles will reach to 
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the global minimum (thermodynamic ensemble) 
faster by overcoming the energetic barriers more 
readily. Instead, if the rapid-cooling is employed, 
some irregularities in the simulation systems will 
be produced that not only restricts the systems in 
reaching to the minimum energy level but also 
facilitates the nucleation effects efficiently. Based 
on these principles, all the controlled parameters 
required to run several iterative series of the NPT 
and NVT simulations were incorporated into the 

VRFBMD. The attainment of the perfect 
equilibrium states by maintaining all the 
prerequisite parameters such as length of the 
simulation cells  , total density of the system  , 

total pressure of the system  , and the total 

kinetic temperature   is diagrammatically 
illustrated in Fig. 4 and Fig. 5. The concerned 
change in dimension of the simulation cells (Fig. 
4(A)), the change in total density of the system 
(Fig. 4(B)), the change in total pressure (Fig. 5 
(A)), and the change in kinetic temperature of the 
entire simulating system (Fig. 5(B)) with respect 
to simulation time  (ps) were actually derived 
from the annealed MD trajectory datasets. As 
shown in each of the respective Figure, the 
dimension of the simulation cell was compressed 

to     , the kinetic temperature of the ensemble 
was set to     , and the total pressure in the 

system was established to       in the course of 
fixing the simulation system at its equilibrium 
states and maintaining its equilibrium density 
equal to the experimentally derived value for the 

Hform of the Nafion117 (experimentally 
derived equilibrium density =              at 
300 K [(31(b)]).   
 

3.2 Radial Distribution Function 
(RDF     ) and Its Potential 
Applications   

 

In order to simulate the larger molecular 
ensembles over the longer timescales, the 
advanced computer assisted MD simulations and 
their massive quantities of the trajectory datasets 
representing atomic Cartesian coordinates are 
quite mandatory tools. In fact, they create the 
most appropriate values of time, energy, force, 
temperature of the system, etc. at the specific 
time periods that are quite needful for the 
effective interpretation of the time evolution of the 

many body systems. It in turn provides several 
time dependent thermodynamic properties such 
as diffusion coefficients of the ions/molecules, 
proton transport/hopping rate and diffusion 
mechanisms, solvation shell structures with 
solvation spheres around the ions, ion exchange 
tendency among the first and consecutive 

solvation spheres, ion-water-PEM interactions 
tendencies, etc. But, the same massive MD 
trajectory datasets may create the substantial 
difficulties and tedious data-handling tasks 
unless they are accessed through the advanced 
computer aided molecular visualization & 
manipulation softwares, and many other 
rendering chemical/molecular graphics. In other 
words, several computer coding languages 
based graphical tools and many other advanced 
computer assisted rendering engines can only 
make such type data handling practically feasible, 
computationally convenient, physically 
meaningful, theoretically illuminative, 
scientifically predictive, and analytically 
informative as they enable us to render splendid 
views of the time evolution of the specific 
molecular systems and the magnificent 
visualizations of their closely associated temporal 
properties side by side [32]. Among the 
computationally executable externally controlled 
script based mathematical formulations used for 
handling MD derived particular type datasets and 
for acquiring their most essential quantitative 
interpretations required to elucidate many 

notable timedependent physical properties of 
the concerned simulating systems, the most 
predominantly used one is the radial distribution 
function RDF     ; a mathematical probability 
density function that controls a radial variation of 
probability of finding any particle in a spherical 
shell of radius  . It is mathematically formulated 

as (    ):  
 

         
  

      
 

  

 
  (7) 

 
Where;  
 

    Distance between a pair of the particles; 

   = Average number of the pairs found at a 

distance between   and       ; 
  = Total volume of the system; 

   = Number of the pairs found in the whole 
system; 
 

Actually, the RDF is a computationally 
employable and practically implementable 
mathematical tool that enables the scientists to 
calculate radial distribution functions of any 
reference tagged particle precisely by accessing 
the designated MD derived trajectories directly. 
Mostly, the RDF associated mathematical 
functions are formulated through the strategically 
designed programming scripts, and are executed 
computationally. However, in the recent days, the 
RDF features hosting advanced data analysis 
softwares and the specific image rendering 
molecular /chemical graphics are also used. The 
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visual molecular dynamics (VMD) software; a 
C++ programming code based computationally 
cheap, cost effective, and high performance 

visualizing threedimensional rendering engine; 
is one of them. Its RDF determining tools can be 
linked to the MD derived gigantic trajectory 
datasets directly, and do access the latter 
straightforward in the course of acquiring 
required physical interpretations. The most 
significant advantage of using VMD's RDF 
features over the computer programming based 
RDF scripts is to retrieve many needful 
manipulations and visualizations of the 
simulating particles (molecules/ions/atoms/ 
fragments/polymeric membranes, etc.) in the 

three dimensional space explicitly [3335], which 
are in fact very much essential for the 
exceptional assessment of these trajectory 
datasets. The RDF formulations implemented 
through either of these two computational means, 
and the consequent RDF plots actually stand as 
a quite indispensable tool for obtaining the most 

costcompromise and the practically relevant 
quantum mechanical solutions of the giant, 
moderate, and small sized simulation systems 
set up computationally with and without periodic 
boundary conditions (PBC), and of their 

timeseries trajectories. And, the VMD generated 

closeup graphical views of the concerned 
trajectories, the RDF peak positions plus the 
specific rendered images are extremely           
helpful to visualize how many atoms/ions/ 
molecules/ fragments, etc. fall in the particular 
regions, to identify the average distribution of the 
particles around any specific tagged particle 
within the system, to elucidate the 

timeaveraged density of any constituent 
particles, to predict the statistical description of 
the local packing around any reference particles, 
to determine the distances between each pair of 
the atoms/ions/molecules/fragments, etc., and to 
approximate how many of such type pair 
distances lie into that particular sites. More 
importantly, the RDF based mathematical 
elucidations, and the chemical graphics rendered 

three dimensional views provide the indepth 
quantitative descriptions of the hydration/ 
solvation/ complexation chemistry such as 
determination of the multiple coordination shells 
and the specific coordination numbers, 
identification of the solvation spheres and the 
structures around each simulating particle, 
investigation of the coordinating abilities of the 
bare transition metal ions M

n+ 
with the 

neutral/anionic/monodentate/ polydentate type 
ligands, computational studies of the hydration 
moieties and stabilities of the aqua type 

complexes [M(H2O)6]
n+

, predictions of the three 

dimensional metalligands [M
n+
L] spatial 

configurations around the central M
n+

 ion & the 
related geometrical parameters, etc. In the 

condensedmatter science, the RDF tools and 
the associated mathematical interpretations are 
highly recognized as an extremely important and 
quite needful measuring scale of the structures of 
the condensed matter, and in the liquid state & 
fluid sciences, they act as the most incredible 

descriptors for studying microstructures of their 
suspended particles. More potential applications 
of them include investigations of the shock wave 
induced phase transitions in metals [36], studies 
of the radiation damage in nuclear waste [37] 

and the long range order in selfassembled 
monolayers [38], characterizations of the 
crystallinity or non-crystallinity of the solid state 
materials (crystalline, amorphous and 
nanomaterials), derivations of the interatomic 
distances and interatomic coordinates from the 

concerned Xray diffuse type scattering patterns 
of the materials, predictions of the atomic 
structures of the disordered amorphous material 
[39], explorations and modeling of the 
macroscopic thermodynamic properties of the 
fluids, fluid mixtures, and their intermixing 
behavior, etc. [40]. Besides these, a worldwide 
employment of the RDF based quantitative 
analyses for studying battery composites, 
electrode materials, electrolyte compositions, 
polymeric membrane's proton conduction 

mechanisms, electrodeelectrolyte interfacial 
structures, and many other recycling materials is 
remarkable [41]. Wang et al. have verified 
elsewhere [41] that the RDFs based 
mathematical formulations act as the quite 

essential mean for exploring microstructural 
properties of the battery materials such as local 
structures, cation orderings,

 
local distortions, 

local distributions, etc., characterizing their 
crystallinity or amorphous properties, and 
studying how electrolyte ions' immediate & 
consecutive structures may vary while charging 
and discharging of the battery, and at it's ideal 
states as well as at different percentage of SOCs. 
In particular, the RDF analyses and their direct 
computational implications in the problems 
associated with the VRFB electrochemical cell 
are highly expected as a benchmark theoretical 
mean in order to reveal the material 
compositions of the most potential conducting 
electrodes and their interfacial compositions at 
the nanometer range, the most immediate 

environment around the Nafion117 membrane 

and their SO3
 type conducting sites, the intense 
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affinities of the active vanadium ions (adjacent 
oxidation states of vanadium) towards these 
proton conducting sites of the membrane, the 
proton transporting abilities of the membrane and 
its internal facilitators for exhibiting facile proton 
diffusions, the rapid proton hopping rates 
between the conducting sites of the membrane, 
the coordinating abilities of the bare V

n+
 ions with 

free H2O molecules and their hydration 
structures & coordination spheres, the detailed 

internal structures around the H2O, H3O
+
, SO3

, 
and bare V

n+
 ions at nanometer range, etc. After 

all, all these RDFs associated quantitative 
predictions in reference to the VRFB, as 
presented below in Section 3.3, would be very 
promising theoretical results and encouraging 
computational/graphical clarifications required to 
understand the realistic working scenarios of the 
battery, and its internal operational conditions at 
different SOCs.  
 

3.3 Internal Distribution of the VRFB-
Electrolyte Particles 

 

 
 
As mentioned in the introduction section, the 
VRFB technology is widely known for its most 
promising larger capacity energy storage abilities, 
and is preferably recognized as the renewable 
resources based battery candidates used for 
compensating the fluctuated energies in the 
electrical grids. So, it is accepted as the most 

prevailing lowcost, largescale, gridconnected, 
easily recyclable, ambient temperature 
operational, stationary storage systems for the 
energy industry. It is a uniquely designed 
technology by utilizing the moderate H2SO4 
solution based V(II)/V(III) couples in the negative 
half-cell and V(IV)/V(V) couples in the positive 
half-cell of the electrochemical cell. While 
charging, the V(IV) states loose electrons, and 
oxidize to V(V) but the V(III) states gain same 
electrons and reduce to V(II) in the positive and 
negative half-cells respectively, whereas the 

viceversa occurs during discharging (or in the 
normal operation of the battery) as shown in 
Scheme 2. One of the contrasting features of this 
battery technology is to store the anolyte and 

catholyte solutions separately at its two different 
electrolyte tanks, and are pumped into the 
working electrochemical cell equipped with 
conducting electrodes and a cation exchange 

type Nafion117 membrane through which H
+
 

ions (or its hydrated forms), H2O molecules, 

HSO4
 ions, V

n+
 ions, etc. undergo rapid 

exchange in between the two half-cells. 

Understanding the internal microstructures of 
these complexities existing in the working 
electrolyte solutions such as V

n+
 adjacent ions' 

immediate & consecutive structures and their 
most possible internal compositional variations 
both at the ideal states & at different SOCs, inter-
particle interactions at the molecular level, 
hydration shell structures around the 

NafionSO3
 groups, each adjacent V

n+
 state, 

and the H3O
+
 ion, proton solvation structures 

nearby and/or faraway to the NafionSO3
 

groups (active sites), the most possible 
accommodation of the particles (facilitators of the 
proton diffusions) in between the active sites of 
the Nafion, etc. is really helpful for the smooth 
operation of the battery. The only convenient way 
to reveal the most trustworthy quantum 
mechanical solutions for them in the nanometer 
range is the advanced computer based 
molecular dynamic simulations and the RDFs 
based mathematical computations accessed to 
the MD derived trajectories. Following 
subchapters include the concerned theoretical 

findings of them explicitly with the indepth 
analyses on the microstructures of each of the 
aforementioned VRFB electrolyte particles 
quantitatively.     
 
3.3.1 Structure around the Water Molecule 
 
The concerned RDFs plot computed over the 
900 ps of the MD run (the number of the 
simulating particles present in the simulation box 
are tabulated in Table 1.) with the explicitly 
scaled specific RDF peaks is shown in Figure 
6(a) where the mentioned terminologies Ow and 
Hw stand for the O and H atom of the H2O 
molecule respectively. In the inset, the same type 
RDFs but in the absence of Nafion and H3O

+
 are 

shown for the comparative purpose. A sharp 

peak of           at              indicates that 

the closed packing microstructures around the 
any reference H2O molecules of the VRFB 
electrolytes (aq.) are as like as in the bulk water 
systems simulated without Nafion threads and 
H3O

+
 ions. Strictly saying, the radial distance of 

this first peak is exactly identical to the length of 
the typical hydrogen bond exists in between any 
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two H2O molecules [42] as shown  in the inset 
clearly. Similarly, another intense peak of the 

          appeared at the radial distance      

        is found to be as equal as the typical O-
O distances of any two nearby H2O   molecules 
in the absolute aqueous environments having no 
Nafion and H3O

+
 ion. This radial peak position is 

again equal to the interoxygen distance of any 
two nearby H2O molecules in the bulk water 
systems. Again, the approximate peak position of 

the           at              reflects that the 

interhydrogen distance in between any two 
nearby H2O molecules is as equal as that in the 
bulk water system. The radial positions of the 
second highest peaks of each of the RDF plots 

signify the concerned distances for the 
repeatedly arranged H2O molecules in a specific 
periodic pattern. These comparative analyses 
make us to conclude that the internal 

microstructures around the H2O molecules 
present in the VRFB electrolyte systems do not 
change even after or in the course of              
interacting with any of its electrolyte particles viz. 

bare V
n+

 ions, HSO4
 ions, H3O

+
 ions, and 

polymeric (N7P)10 type Nafion117 threads. In 
other words, the nanometer range structural 
arrangement of the water molecules present in 
the aqueous VRFB electrolyte system is not 
significantly different to that in the purely bulk 
water systems. 

    

 
 

Fig. 6. The RDFs computed over the 900 ps of the MD run showing (a) structure around the 
water (H2O) molecule (Ow = O atom, and Hw = H atom of the H2O); (in the inset, the same type 

RDFs but in the absence of Nafion and H3O
+
, are shown for the comparative purpose); (b) 

structure around the hydronium ion (H3O
+
) (Oh = O atom, and Hh = H atom of the H3O

+
). The 

specific RDF peaks having the most significant physical meaning are scaled properly 



 
 
 
 

Marahatta; Asian J. Chem. Sci., vol. 13, no. 1, pp. 1-23, 2023; Article no.AJOCS.97168 
 

 

 
14 

 

 
 

Fig. 7. The VMD rendered images: (a) interactions between H2O and H3O
+
; reflecting H3O

+
 ionic 

movement (proton carrying H2O) or proceeding protonic conduction in aqueous electrolyte 
media; (b) interactions of the bare V

2+
 ions with free H2O molecules; depicting hydrated 

complex forming propensities of the latter ion 
 

 
 

Fig. 8. The RDFs computed over the 900 ps of the MD run showing (a) structure around the 

SO3
 groups of Nafion117 (S = S atom of the SO3

 group, Ow = O atom of the H2O molecule, 
and OH = O atom of the H3O

+
); (b) structure around the bare V

2+
 ion (V(II) oxidation state) (V = V 

atom in +2 oxidation state). The specific RDF peaks having the most significant physical 
meaning are scaled properly 
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3.3.2 Structure around the Hydronium Ion 
(H3O

+
) 

 
The specific RDFs plot computed over the 900 
ps of the MD run (the number of the simulating 
particles present in the simulation box are 
tabulated in Table 1) with the explicitly scaled 
RDF peaks is shown in Fig. 6(b) where the 
mentioned terminologies Ow, Hh, and Oh stand 
for the O atom of H2O, and H & O atoms of the 
H3O

+
 ion respectively. A sharp peak of           

at              confirms the presence of Eigen 
ion [H9O4]

+
 in VRFB electrolyte (aq.) which is 

actually created by the closed association of the 
three equivalent H2O molecules with the centrally 
located H3O

+
 ion via the hydrogen bonding 

(hereafter, Hbond) whose structural alignment 

and the DFT derived Hbond length value (= 

    ) is explicitly shown in the inset [42]. 

Accordingly, another sharp peak of           at 

             confirms the presence of Zundel ion 
[H5O2]

+ 
formed by interlinking H

+
 ion to the two 

equivalent H2O molecules via the Hbonds 
whose structural alignment and the DFT derived 
bond distances [42] are displayed in the same 
inset. Both of these radial distances are exactly 
identical to those of the Eigen and Zundel states 
formed in the bulk water systems simulated 

without V
n+

, HSO4
, & H3O

+
 ions, and polymeric 

(N7P)10 type Nafion 117 threads. These 
distributions and radial position analyses reflect 
that the internal structure around the protonated 
water i.e. H3O

+
 ionic state present in the VRFB 

system does not change even after or in the 
course of interacting with the bare V

n+
 ions, 

HSO4
 ions, H3O+ ions, and polymeric 

Nafion117 type threads. This quantitative 
detection of these complex states of the proton in 
the VRFB electrolyte (aq.) system reflects that 
there is a presence of the sufficient amounts of 
H3O

+
 ions, but remain there in the dynamical 

form which is in fact a theoretical verification for 
stressing "proton conduction in the aqueous 
VRFB electrolyte (aq.) system is promptly 
proceeded through the involvement of H3O

+
 ions 

either in the Grotthuss or in the vehicular type 
diffusion pathways" as demonstrated by the VMD 
rendered images displayed in Fig. 7(A).  

 
3.3.3 Structure around the Nafion-SO3

 

groups (Active Centers) 

 
The RDFs plot computed over the 900 ps of the 
MD run (the number of the simulating particles 
present in the simulation box are tabulated in 
Table 1) with the specific RDF peaks is shown in 

Fig. 8(a) where the mentioned terminologies: S 

represents an S atom of the SO3
 group, Ow is 

for an O atom of the H2O molecule, and OH 
stands for the O atom of the hydronium H3O

+
 ion. 

A diffuse type distribution pattern of         

expanded over the radial distance          
confirms the widely dispersed distribution of the 

SO3
groups in Nafion117, and the maximum 

number density of SO3
 

around any other 

reference SO3
group is only available in between 

    to   . This quantitative prediction supports 

the fact that whenever the water content  of the 

Nafion117 type membrane is maximum (in this 
case,  = 22), it swells sufficiently (swelling ratio 

at   = 20 is reported as 30 [43]) resulting an 
increase in size of the aqueous domain; means 

the significant departures of the SO3
 groups to 

each other takes place leading to the elongation 

in the S-S distances of the any two SO3
 groups 

which is actually called a "peak shifting" taking 
place from very original radial positions; S-S 
radial position of the peak assigned to the 
protonated & very dry Nafion is shorter than that 
to the deprotonated & wet Nafion due to having 
no proton conducting water channels in between 

its active SO3
 centers. A sharp peak of          

appeared at              explains the most 
probable position for finding the maximum 
number density of H2O around the vicinity of any 

reference SO3
 groups of the Nafion117, and 

the non-zero value of the same RDF after       
radial distance describes the inhomogeneously 
distributed H2O molecules at the nm range (a 
VMD rendered magnificent image showing the 

closed interactions between the SO3
 and H2O is 

shown in the Inset 1). A relatively narrower peak 

of the          appeared at              assures 

that an intense accumulation of the H3O
+
 ions at 

the immediate surrounding of the SO3
 groups 

takes place (a VMD rendered graphical view 
showing the closed association of the H3O

+
 ions 

around the periphery of SO3
 is shown in the 

Inset 2), and the first minimum appeared at a 

radial distance         approximates the region 
where the first solvation shell boundary is 
terminated. The shifting in a peak position 
relatively more towards the shorter radial 
distance value in          is due to the opposite 

charge carried by the SO3
 and H3O

+
 species 

which actually make the latter crowded very near 
to the former one. A non-zero value of the 
         &         distributed in between the two 

peaks positioned at         and         indicates 
the existence of utmost possibility of transferring 
proton and exchanging H2O molecules between 
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the SO3
 groups of the Nafion. Nevertheless, the 

appearance of the diffuse type         peak for 

the SO3
 groups of Nafion above    radial 

distance signifies that there is a presence of 
enough amount of free space in between                    

any two SO3
 groups even at the equilibrium 

state where the sufficient number of free H2O 
molecules and the hydrated protons                           
(H3O

+
 ions) can be accommodated (Scheme 2), 

which in fact is very much essential in order to 
facilitate the proton hopping process taking place 
throughout the water channel of the 
deprotonated Nafion membrane this in turn is 
extremely needful to enhance its proton 
conduction and ionic mobility rates under the wet 

conditions (high water content ): one of the 
indispensable provisions for achieving a 
remarkable operational performance of the 

VRFBPEM based electrochemical cells. Just for 
the reference, the proton conductivity (  )                     
rate in the deprotonated Nafion at a higher water 
content   reported elsewhere [44] is              
underscored here as              : this 
exceptionally higher conduction rate is only 
attained whenever the interstitial H2O                           
and H3O

+
 species (the major constituents of the 

Nafion's water channel) inhibiting in                     

between any two SO3
 units of the Nafion 

participate in proton transportation/ diffusion 
processes.  

 

 
 

Fig. 9. The RDFs computed over the 900 ps of the MD run showing (a) structure around the 

bare V
n+

 adjacent oxidation states in reference to SO3
 groups of Nafion117 (S = S atom of the 

SO3
 group; (b) structure around the bare V

n+
 states in reference to H2O (Ow = O atom of the 

H2O molecule) (in the inset, the same type RDFs but in the absence of Nafion and H3O
+
 are 

shown for the comparative purpose). The specific RDF peaks having the most significant 
physical meaning are scaled properly 
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Scheme  2. Summary of the RDF-derived Radial distances between the VRFB electrolyte 
particles 

 
3.3.4 Structure around the Adjacent Bare 

Vanadium Ions (V
n+

) 

 
The concerned RDFs plots computed over the 
900 ps of the MD run (the number of the 
simulating particles present in the simulation box 
are tabulated in Table 1) with the explicitly scaled 
RDF peaks are shown in Fig. 8(b), Fig. 9(a), and 
Fig. 9(b) where the mentioned terminologies: S 

represents an S atom of the SO3
 group, Ow 

signifies an O atom of the H2O molecule, Oh 

stands for the O atom of the H3O
+
 ion, SV

n+
 and 

V
n+
 Ow stand for the interactions between the 

SO3
 & adjacent V

n+
 ions, and adjacent V

n+
 & 

H2O respectively. As shown in Fig. 8(b), a 
diffused distribution diagram of the         with a 

broad spectrum appeared at a quite long radial 

distance         ) is because of the strong 
electrostatic repulsions between the V

n+
 and 

H3O
+
 ions due to having intense positive charges. 

But, the sharp peaks of          appeared at 

      region (Fig. 9(a)) from any SO3
 

group of 
the Nafion are due to the stronger electrostatic 
force of attractions (oppositely charged species) 
between the adjacent V

n+
 ions and the 

NafionSO3
 groups which actually enlightens 

the most probable site where the maximum 
number density of +2 and +3 states of vanadium 
viz.V

2+
 & V

3+
 are available. In the same diagram, 

the concerned RDF peaks of the          for the 

V
4+

 and V
5+

 states of vanadium (oxovanadium 
ions) viz.VO

2+
 & VO2

+
 are found to be dispersed 

relatively very widely, and are located farther 

than the V
2+

 & V
3+

 states from the Nafion-SO3
 

groups. This variation in the radial distributions is 
because of the repulsive forces experienced by 
the negative poles of each VO

2+
 & VO2

+
 ion and 

the SO3
 units [45]: the two oppositely charged 

poles at vanadium (positive pole) and oxygen 
(negative pole) terminals in each VO

2+
 & VO2

+
 

ion (Scheme 3) are actually developed due to the 
significant electronegativity differences (   ) 
between the Oxygen (           in Pauling 

scale) and the Vanadium (         ) atoms. 
Moreover, the intense peaks of the 

          appeared at the radial distance       

(Fig. 9(b)), and of the            appeared at 

      approximate the V OH2 bond lengths of 
the respective stable hydrated complexes 
[V(H2O)6]

2+
 & [V(H2O)6]

3+
 with the free H2O 

molecules in the equilibrium state (low energy 
ground states). And, the similar type peaks but 
relatively low height appeared at the smaller 

distances       and       for the            and 

           distribution indicates the backward 

shifting of the respective RDF peaks. This 
quantitative observation reflects that the hydrated 
complexes of the vanadium in tetravalent and 
pentavalent states; [VO(H2O)4]

2+
 and 

[VO2(H2O)5]
+
 must have the shorter VOH2 bond 

distances (than in the divalent [V(H2O)6]
2+

 and 
trivalent [V(H2O)6]

3+
 aqua complexes) as 

predicted by the ab initio based DFT calculations 
reported elsewhere [46,47] by the same author. 

The concerned values in the Angstrom ( ) scale 
are reproduced here as well, and summarized in 
Table 2 for the comparative purpose. 
Furthermore, the relatively shorter heights and 
the smaller areas of the peaks assigned to the 
           and           radial distributions 

signify that the V
4+

 and V
5+

 states may form the 
respective stable aqua complexes with low 
hydration numbers (  ), viz.       and   as 
confirmed by the DFT:B3LYP based quantum 
mechanical method. Their comparatively less   
value in fact is because of the presence of one 
and two oxygen atoms in their respective stable 
oxovanadium cationic forms.

 
Again, a good 

resemblance of the RDF peak positions and the 
heights of each concerned peak of            in 
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the bulk water system having no Nafion, H3O
+
, 

and HSO4
 ions (as shown in the inset of Fig. 

9(b)) with those calculated in the VRFB system 
supports the fact that there is no significant 

change in interparticle interactions between the 

central V
n+ 

& the peripheral H2O (VOH2 
interactions) and the substantial variations of the 
bare adjacent states V

n+
 ions' affinities towards 

complexing with the free H2O molecules in either 
of the systems. If the hydration shells around the 
each bare V

2+
/V

3+
 and VO

2+ 
/VO2

+
 ions are 

analyzed closely, the first minima are found in 

the range at      , and       respectively; 
approximating the boundaries for the first 
hydration/solvation shell quantitatively. Similarly, 
a closed inspection of the RDF            peak 

values for the V
2+

, V
3+

, & VO
2+

 states (VO2
+
 

state) and their respective DFT derived VOH2 
bond lengths reveals that a relatively larger 
(smaller) deviations are seen in the values 
assigned to the former. This might be due to the 
intense (mild) polarizing abilities of their high 
(reasonable) atom-centered charge density to 
the surrounding water molecules [45] as it is 
based on the fact that the direct polarizing power 
or the induced one is directly proportional to the 
charge density of the targeted ions. In the current 
VRFB MD simulator, this type adverse effect was 

unable to address fully due to the lack of proper 
force fields and the corresponding databases. 
Strictly writing, the trivalent oxidation states of 
vanadium V

3+
 shows the strongest polarization 

effect to the surrounding H2O molecules due to 
having relatively the highest atom-centered 
charge density which in fact causes the latter to 
depart farther from the former, and behaves 
uniquely: as shown in Fig. 9(b), unlike other 
states of the vanadium, the V

3+
 ions start forming 

a second hydration shell (from         region) 
immediately after the completion of the first one 

at          region, and initiate gathering a 
maximum number density of H2O molecules 

again at          region. Additionally, the 

            peak positions appeared at the radial 

distance greater than       (Fig. 10) indicate that 

the HSO4
 radicals (rad) maintain relatively 

longer distance with the V
n+

 ions at equilibrium 
state despite having opposite charge in them. It 

further means that the HSO4
 radicals have 

almost no chance of making new                       
complexes with the V

n+
 ions, which is a good 

evidence of not involving the former in trapping 
(leading to the wastage of the active V

n+
 ions) as 

well as in obstructing the conduction process of 
the latter. 

 

 
 

Scheme 3. Polarity in the Oxovanadium Ions 
 

Table 2. Comparison of the MD trajectories based RDF peak positions and the ab initio based 
DFT derived bond lengths

 
[44] 

     

Simulation sets/ 
Vanadium ions 

 

MD trajectories based RDF 
peak positions (Å) 

Ab initio based DFT calculations 

VOH2 bond  

length (Å) 

Hydration  

number (n) VRFB system Bulk water 
system 

Set1: V
2+

 3.2 3.2 2.4 6 

Set2: V
3+

 3.0 3.0 2.0 6 

Set3: VO
2+

 2.8 2.8 2.1 5 

Set4: VO2
+
 2.6 2.8 2.1 4 
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Fig. 10. The RDFs computed over the 900 ps of the MD run showing (a) structure around the 

bare V
n+

 adjacent oxidation states in reference to HSO4
 radical where Srad represents an S 

atom of the HSO4
 radical. In the inset, the VMD rendered graphical views illuminating the 

closed interactions between the HSO4
 radical and bare V

n+
 ions are displayed. The concerned 

RDF peaks (black and red lines) associated with the V
2+

 and V
3+

 states are scaled properly. The 
blue and green lines are excluded here 

 

4. CONCLUSION 
 

Being Vanadium Redox Flow Battery (VRFB) 
technology the most attractive energy storage 
candidate in the renewable energy sectors 
worldwide simply due to its ability of converting 
chemical energy into the electrical energy by 

utilizing "allvanadium" redox couples as its 
electroactive chemical materials, understanding 
internal micro-structures around the Nafion 

fragments, Sulphur centered HSO4
 ions, 

adjacent states V
n+

 ions, hydrated protons (H3O
+
), 

etc. present in its moderate H2SO4 (aq.) based 
electrolyte matrix of the V

n+
 electrolytes at the 

molecular level plus their explicit key roles in 
enhancing battery performance and in the 
betterment of its normal functionalization is 
indispensable as they are directly associated 
with the typical operational mechanisms of the 
battery both at its ideal as well as different States 
of Charges (SOCs). In this regard, this research 
report stands as a doctrine article where the 
additional explicit explanations required to 

address some of the specific VRFBcell 
operational issues such as: interfacial distribution 
of the V

n+
, H2O, and H3O

+
 around the 

NafionSO3
 conducting sites, and their intense 

affinities towards the latter; internal  facilitators 
for enhancing proton conduction rate of the 

Nafion; coordinating ability of the bare V
n+

 ions 
with free H2O & their hydration shell structures, 
etc. are presented. Towards disclosing very 
reliable yet quantitative facts related to them, one 
of the most efficient, versatile, and quantum 
mechanically esteemed theoretical mean; 
Molecular Dynamics (MD) simulation method; 
was employed computationally by incorporating 
all the prerequisite forcefield databases,  
mathematical formulations, & force constants of 
the interaction potentials, computational 
algorithms, annealed simulation constraints, etc. 
required to cope with the internal working 
mechanism of the VRFB-cell and its electrolyte 
compositions. The Radial Distribution Functions 
(RDF) based mathematical formulations & their 
executable computer programming script were 
used to access all the MD derived trajectory 
datasets explicitly and to acquire all the 
associated quantitative interpretations.  
 
The general results showed that (a) the structural 
arrangement of the water molecules present in 
the VRFB electrolyte (aq.) system is not 
significantly different to that in the purely bulk 
water systems; (b) the dynamic type complex 
states of the proton; Hydronium (H3O

+
), Eigen 

(H5O2
+
), and Zundel (H9O3

+
); detected in the 

VRFB electrolyte (aq.) depict their direct 
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involvement in either Grotthuss or vehicular type 

proton conductions pathways; (c) the SO3
 

conducting units of the wet Nafion (at water 

content,  = 22) that were found to be departed 
to each other in a greater extent even at the 
equilibrium state confirms its ability of easy 
accommodating sufficient number of free H2O 
molecules and H3O

+
 ions as internal facilitators 

for exhibiting efficient conduction; strengthening 
its experimentally observed exceptionally high 
proton conductivity and ionic mobility rates in wet 
conditions; (d) no significant change in 

interparticle interactions between the central V
n+ 

& the peripheral H2O (VOH2 interactions), and 
in the variations of the bare adjacent states V

n+ 

ions' affinities towards complexing with the free 
H2O molecules plus their hydration (coordination) 
numbers are observed in VRFB system with 

Nafion fragments, H2O, H3O
+
, and HSO4

 ions, 
and purely bulk water system without them 
except in the hydration spheres, and 

intersolvation shell water exchange probabilities. 
However, the RDFs derived peak positions for 

the V
n+
 H2O interactions are found to be 

deviated from the concerned DFT: B3LYP 

derived VH2O bond lengths (the significant 
deviation was observed in the simulation                
system with V

3+
 ions). But, this was interpreted 

as a quite obvious results as the atom                
centered charge density of all the adjacent V

n+
 

states impose intense polarizations to the 
surrounding water molecules whose adverse 
effects were unable to address fully in the current 
VRFB based MD simulator due to the lack of 
proper databases and suitable forcefield 
packages.   
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