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ABSTRACT: Redox flow batteries (RFBs) are promising electro-
chemical energy storage systems, for which development is impeded
by a poor understanding of redox reactions occurring at electrode/
electrolyte interfaces. Even for the conventional all-vanadium RFB
chemistry employing V2+/V3+ and VO2

+/VO2+ couples, there is still no
consensus about the reaction mechanism, electrode active sites, and rate-
determining step. Herein, we perform Car−Parrinello molecular
dynamics-based metadynamics simulations to unravel the mechanism
of the VO2

+/VO2+ redox reaction in water at the oxygen-functionalized
graphite (112̅0) edge surface serving as a representative carbon-based
electrode. Our results suggest that during the battery discharge aqueous
VO2

+/VO2+ species adsorb at the surface C−O groups as inner-sphere
complexes, exhibiting faster adsorption/desorption kinetics than V2+/
V3+, at least at low vanadium concentrations considered in our study. We
find that this is because (i) VO2

+/VO2+ conversion does not involve the slow transfer of an oxygen atom, (ii) protonation of
VO2

+ is spontaneous and coupled to interfacial electron transfer in acidic conditions to enable VO2+ formation, and (iii) V3+

found to be strongly bound to oxygen groups of the graphite surface features unfavorable desorption kinetics. In contrast, the
reverse process taking place upon charging is expected to be more sluggish for the VO2

+/VO2+ redox couple because of both
unfavorable deprotonation of the VO2+ water ligands and adsorption/desorption kinetics.
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1. INTRODUCTION

Redox flow batteries (RFBs) represent viable electrochemical
energy storage systems that have been recently gaining a great
deal of attention for grid-scale applications.1−7 RFBs offer a
number of advantages such as flexible design because of the
decoupling of energy and power density, the absence of phase
transformations typical for solid-state batteries, high energy
efficiency, and long-term storage of charge. While various RFB
chemistries were proposed in the past, poor understanding of
elementary electrochemical processes occurring in both
aqueous electrolytes and at electrode surfaces still hampers
the practical utilization of most RFBs. The all-vanadium redox
flow battery (VRFB) is among the most well-studied RFBs.8−14

In a completely charged state, the VRFB catholyte is comprised
of only VO2

+ and the anolyte is comprised of only V2+ redox
species dissolved in a sulfuric acid-based aqueous solution.
Upon battery cycling, the cell undergoes the following redox
reactions:
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The power density of RFBs is primarily determined by the

kinetics of redox reactions occurring at electrolyte/electrode
interfaces and is strongly dependent on the surface chemistry of
electrode materials. Pristine carbon materials such as graphite
are commonly used as RFB electrodes, but they suffer from low
electrochemical activity and poor reversibility.11,13,14 To
improve the electrode performance, various surface function-
alization strategies have been proposed including thermal
activation, chemical oxidation, surface doping, and decoration
by nanoparticles.14−18 Carbon surface modification through the
introduction of oxygen functional groups such as OH, COH,
and COOH has been found as a particularly efficient way to
accelerate interfacial redox reaction kinetics by several orders of
magnitude.13,19,20 However, this enhancement in electro-
chemical activity of carbon materials depends strongly on the
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amount and nature of oxygen functional groups at electrode
surfaces, electrode nature (graphite, graphene, carbon nano-
tubes), and surface structure (basal, edge).19,21,22 It also
depends on the concentration of redox active species dissolved
in the electrolyte.21 Because of the complexity of the
phenomenon, there is still no consensus about atomistic details
on the redox reaction mechanism even for the conventional
VRFBs as it is challenging to experimentally deconvolute
various contributions to the redox reaction kinetics [mass and
electron transfer (ET)], identify the main active surface sites,
and determine the rate-determining step of the overall redox
process.
In the past, multiple mechanisms were proposed for the

VO2
+/VO2+ and V2+/V3+ reactions based on experimental data.

These include redox reactions proceeding via outer-sphere
species, as well as inner-sphere mono- and bidentate vanadium
complexes adsorbed at carbon electrode surfaces.13,19,23 It was
experimentally determined that vanadium ions have a low
propensity for adsorption on pristine carbon surfaces, whereas
surface oxygen groups increase the wetted surface area19 and
should act as active sites for both adsorption of vanadium ions
and accelerated interfacial ET.24

Overall, it has been a conventional belief that it is the VO2
+/

VO2+ redox reaction, not V2+/V3+, that should be rate limiting
as it involves the transfer of both an electron and an oxygen
atom. Experimental kinetics data, however, are highly scattered
and even the measured ET rate constants demonstrate that
either of the two half-cell reactions can exhibit slower kinetics
depending on multiple factors.19

As for the specific role of surface oxygen groups on carbon
electrodes, some studies revealed that their presence can in fact
impede the VO2

+/VO2+ redox reaction.19,25 It was demon-
strated that the rate constants for the V2+/V3+ redox reaction
increase and for the VO2

+/VO2+ reaction decrease with
increasing amount of OH, COH, and COOH groups at
graphite surfaces. Thus, the trends for the two half-cell
reactions were observed to be diametrical. It was hypothesized,
by analogy with the [Fe(CN)6]

4−/[Fe(CN)6]
3− system where

iron oxide precipitation was also observed, that the VO2
+/VO2+

reaction kinetics could be impeded relative to pristine graphite
because of the formation of VOx passivating layers on graphite.
In contrast, surface oxygen groups catalyze V2+/V3+ conversion
via the formation of inner-sphere complexes between adsorbed
vanadium and surface oxygen ions.
The observed scattering in redox kinetics data for VRFBs is

in large part due to experimental complications in controlling
the composition of electrode materials and detecting reaction
rate constants at the nanoscale. In this regard, atomistic first-
principles simulations provide a way to model reaction
mechanisms under well-defined conditions and investigate
chemical characteristics of individual reaction sites and reaction
environment. Moreover, ab initio molecular dynamics (AIMD)
methods allow one to capture the dynamic nature of the
process explicitly, including solvent and entropy effects. In this
study, by employing a series of AIMD simulations we
investigate the VO2

+/VO2+ reaction mechanism at the graphite
(112 ̅0) edge surface as a representative carbon-based electrode
material used in VRFBs.

2. COMPUTATIONAL DETAILS
Simulations were performed utilizing a 12.70 × 13.54 × 14.90
Å box comprised of the graphite slab and a vacuum gap of 10 Å
with a vanadium ion (V2+, V3+, VO2+, VO2

+) embedded into

solution of 53 H2O molecules to obtain the water density of
approximately 1 g/cm3 (Figure 1). The graphite edge (112 ̅0)

surface was functionalized by CO groups serving as reaction
sites as the result of complete water dissociation according to
previous computational results.24 The concentration of these
functional groups at carbon edges was experimentally observed
to increase for the heat-treated carbon which was hypothesized
to be the reason for the enhanced redox kinetics relative to the
as-received carbon with a lower content of surface oxygen
functional groups.13,19,21,22 To ensure charge neutrality of the
simulation cell, one/two protons from the opposite side of the
graphite slab were removed resulting in the formation of epoxyl
group(s) on the surface.
All calculations were carried out within the plane-wave

density-functional-theory (DFT) framework as implemented in
the NWChem code.26 The exchange and correlation energies
were calculated using the Perdew−Burke−Ernzerhof (PBE)
functional within the generalized gradient approximation.27 The
PBE functional was corrected for van der Waals interactions
using the Grimme approach (PBE-D3 with BJ damping).28 The
norm-conserving Troullier−Martins pseudopotentials29 were
applied for vanadium, whereas Hamann pseudopotentials30,31

were used for oxygen, carbon and hydrogen. The kinetic cutoff
energies of 60 and 120 Ry were applied to expand the Kohn−
Sham electronic wave functions and charge density, respec-
tively. V2+, V3+ and VO2+ species were considered within a spin-
unrestricted formalism. To interpret oxidation states of the
vanadium species, Bader charge analysis was performed based
on static DFT calculations. Similar DFT methodologies were
previously employed to study structural properties of vanadium
ions in aqueous solutions32,33 and their interactions with
graphite surfaces24 and membranes.34,35

Free-energy simulations were performed utilizing Car−
Parrinello molecular dynamics (CPMD) simulations36 in
combination with direct metadynamics37,38 to accelerate
sampling of free-energy landscapes associated with vanadium
redox reactions in aqueous environments at room temperature.
This approach has proved to be very successful in simulating
rare events and estimating activation free-energy barriers for a

Figure 1. Simulation cell used to model the redox reaction mechanism
for the aqueous VO2+/VO2

+ couple.
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variety of chemical processes.38−42 To maintain the system
temperature at 300 K, the Nose−́Hoover thermostat43,44 was
employed. Each system was initially pre-equilibrated using a
QM/MM potential45 during 6 ps, followed by additional
CPMD equilibration for at least 6 ps. Hydrogen atoms were
replaced with deuterium to facilitate numerical integration. A
fictitious electronic mass of 600 au and a simulation time step
of δt = 5 au (0.121 fs) were set. Configurations from the post-
equilibration CPMD simulations used for further analysis were
saved at time intervals of 10δt. The CPMD-based metady-
namics approach37,38 was employed to accelerate free-energy
landscape sampling and compute activation barriers using
CPMD equilibrated systems. The height and width of repulsive
Gaussian hills were set to 0.001 au (0.63 kcal/mol) and 0.1 au,
respectively, and were added to the potential every 100δt. The
Gaussian height was chosen to be small enough to provide
accurate estimation of activation barriers based on several test
simulations and our previous investigation of V2+/V3+

adsorption/desorption kinetics.24 In total, a CPMD trajectory
of about 550 ps long was analyzed in our study.
The bond distance between an adsorbing/desorbing

vanadium cation and the oxygen atom of the graphite surface
was used as the collective variable (CV). To describe the
energetics of VO2+/VO2

+ protonation/deprotonation reactions
at the graphite/water interfaces, an additional proton was added
to the solution and the coordination number of an oxygen atom
bound to the V center with respect to the number of protons
attached to it was employed. In this case, k was set to 10 Å−1 as
an arbitrary positive constant, and rcut was set to 1.38 Å as the
standard O−H cutoff distance.

3. RESULTS AND DISCUSSION
We start by discussing the discharge reaction in which VO2

+ is
reduced to VO2+ in the catholyte. Figure 2 schematically shows

the simulated redox reaction mechanism along with the free
energy barriers for all reaction steps as estimated from CPMD-
based metadynamics simulations. The first step is the
adsorption of aqueous VO2

+ at the graphite edge CO site
starting from the outer-sphere complex and transforming into
the inner-sphere adsorption configuration (step a). During this
step, characterized by a free energy barrier of 11.7 kcal/mol, the
V5+ cation of aqueous VO2

+ changes its coordination from five-

to six-fold by forming an additional bond with the surface
oxygen atom. This complex is found to be stable in CPMD
simulations at room temperature in the adsorbed state.
Because aqueous electrolytes employed in VRFBs are

characterized by acidic pH, we next consider the effect of an
extra proton in solution charge-compensated by the removal of
one H+ from the other side of the graphite edge surface. Both
CPMD and static DFT calculations reveal that if an extra H3O

+

ion is placed in the vicinity of the adsorbed VO2
+ ion, the

vanadium ion gets spontaneously protonated. This is found to
be accompanied by interfacial ET from the graphite surface to
form the inner-sphere post-ET configuration at the surface, as
indicated by Bader charge analysis (Table 1). On the basis of
the analysis of both ionic charges and magnetic moments, it is
clearly seen that pre-ET complexes can be associated with
VO2

+, while post-ET complexes with VO2+ species.
When desorbed from the surface to yield an outer-sphere

post-ET configuration with one OH ligand (step b), the
positive charge on the vanadium ion with its first coordination
shell increases, while the charge on vanadium stays the same as
for the inner-sphere post-ET complex indicative of the V4+

oxidation state. If this complex attaches the second proton from
solution forming additional H2O ligands, either in inner- or
outer-sphere configuration, the positive charge on vanadium
ion is further increased to approach the formal +2 charge as in
VO2+. The interpretation of vanadium oxidation states is even
more apparent from the analysis of magnetic moments that are
found to be practically 0 for all pre-ET complexes (V5+ species)
and about 1.3 μB for the post-ET complexes (V4+ species). The
observed greater sensitivity of magnetic moments than ionic
charges to the ET process appears to be in agreement with
other computational studies.46,47 The bond distances between
the adsorbed vanadium and surface oxygen ions are also in
agreement with the assigned oxidation states being about 1.99
Å for V5+−O versus 2.14 Å for V4+−O based on the CPMD
trajectories.
The observed charge distributions qualitatively agree with the

estimated free energy barriers of the desorption process for the
two inner-sphere post-ET complexes. Specifically, less
positively charged VO2+ with an OH ligand (inner post-ET-
OH complex) features a slightly lower desorption barrier (∼3.6
kcal/mol) because of a weaker electrostatic attraction to the
surface oxygen group than the complex with an H2O ligand
(inner post-ET) characterized by a ∼5.2 kcal/mol desorption
barrier. It should be noted that given the values of the free
energy barrier and error estimated for the VO2+ complex with
an OH ligand (3.6 ± 1.5 kcal/mol, see discussion below), its
desorption is expected to be spontaneous at elevated
temperatures, while the second proton can be subsequently
gained upon desorption to the electrolyte solution. Overall, our
simulations demonstrate that the VO2+/VO2

+ adsorption/
desorption kinetics should be significantly faster than that of
V2+/V3+ during the battery discharge.24

We next analyze the mechanism of the reverse reaction when
VO2+ is oxidized to VO2

+ during the VRFB charging process.
Figure 3 shows a schematic summarizing our ab initio
metadynamics results for the examined interfacial process.
The conversion of VO2+ from the outer- to inner-sphere
adsorption configuration is determined to yield an activation
barrier of about 14.6 kcal/mol (step a). This is about 3 kcal/
mol larger than the adsorption energy computed for VO2

+, in
agreement with electrostatic considerations. The next reactions
(steps b and c) involve two subsequent deprotonation reactions

Figure 2. Schematic showing the identified mechanism of the VO2
+ →

VO2+ redox reaction at the graphite edge surface in aqueous solution
and associated free-energy barriers (in kcal/mol) calculated by
CPMD-based metadynamics. Pre- and post-ET stand for VO2

+ species
before ET and for VO2+ after ET has occurred, respectively.
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of an H2O ligand of the VO2+ ion characterized by 9.6 and 11.7
kcal/mol free-energy barriers to produce VO2

+ followed by its
desorption from the inner-sphere adsorption state into solution
estimated at 14 kcal/mol (step d). It is thus found that the
process is energy-intensive, driven by application of an external
voltage during the VRFB charging.
Similarly to the discharge reaction discussed earlier, our

analysis of both Bader charges and magnetic moments on
vanadium ions allows us to identify vanadium oxidation states
and the coupling between proton and ET processes at the
interface. It is seen from Table 2 that the calculated Bader
charges and magnetic moments on the vanadium cations, as
well as ionic charges on aqueous VO2

+ and VO2+ species are all
consistent with the values obtained for the discharge reaction
pathway (Table 1). Also, the bond distances between the
vanadium ion and oxygen atom of the surface C−O group in
both pre- and post-ET inner-sphere adsorption configurations
are very similar to the discharge reaction being on average 2.14
Å for V4+−O and 1.99 Å for V5+−O from CPMD simulations.
In addition to the mechanism of the redox reaction

proceeding via inner-sphere monodentate adsorption com-
plexes, several other mechanisms were previously put forward
in the literature. For example, the reaction pathway depicted in

Figure 3b involves detachment of a surface oxygen species from
the graphite edge. The participation of a surface oxygen ion in
the overall reaction mechanism was proposed experimentally13

as a way to supply oxygen species to the adsorbed VO2+ ions to
form VO2

+. Quite expectedly, however, our simulations show
that the system in this case needs to overcome a high activation
barrier of more than 80 kcal/mol attributed to breaking a very
strong surface C−O bond. Another previously hypothesized
mechanism involves adsorption of VO2+ as a bidentate complex
with V4+ forming covalent bonds with two surface oxygen
atoms.13 Adsorption in this configuration is supposed to
facilitate interfacial ET through two V−O bonds as compared
to the monodentate case. On the other hand, desorption of the
redox reaction product from this adsorption state would require
a larger activation energy necessary to break two bonds after
ET has occurred. To test the possibility of this reaction
pathway, we have also estimated the energetics of VO2+

adsorption onto two CO surface groups and found this to
be larger than 40 kcal/mol. Given that the desorption energy is
expected to be high as well for the post-ET state because of
stronger attraction of the formed V5+ ion to surface oxygen
atoms, the redox reaction through the bidentate adsorption
configuration appears to be kinetically unfavorable. We should
also comment on the role of outer-sphere adsorption
complexes by noting that their involvement into the overall
redox reaction should be limited by presumably slow interfacial
ET because of the absence of covalent C−O−V bonds
catalyzing charge transfer for both vanadium redox couples.
An important aspect of any molecular dynamics simulation is

to analyze the errors associated with estimated free energies. In
relation to ab initio metadynamics simulations employed in this
study, a few metadynamics parameters such as the Gaussian
width, height, and deposition time used to reconstruct free
energies in CV space are at play. Here, the intrinsic error of the
metadynamics approach associated with the activation energy
barriers was assessed with the equation derived by Laio et
al.,37,38 assuming that the calculation does not depend on the
starting structure and on the particular sequence of visited

Table 1. Bader Charges q, Magnetic Moments m, and Interpreted Vanadium Oxidation States for Reaction Intermediates in the
VO2

+ → VO2+ Redox Reaction Pathway Shown in Figure 2a

outer pre-ET inner pre-ET inner post-ET-OH outer post-ET-OH inner post-ET outer post-ET

q(V shell), e 0.81 0.77 0.88 0.97 1.50 1.72
q(V), e 2.39 2.39 2.28 2.28 2.27 2.28
m(V), μB 0.0 0.0 1.05 1.23 1.28 1.32
oxidation state (V) +5 +5 +4 +4 +4 +4

aq(V shell) stands for the charge on a vanadium cation including species from its first coordination sphere.

Figure 3. Schematic showing two mechanisms (a,b) of the VO2+ →
VO2

+ redox reaction at the graphite edge surface in aqueous solution
and associated free-energy barriers (in kcal/mol) calculated by
CPMD-based metadynamics. Pre- and post-ET stand for VO2+ species
before ET and for VO2

+ after ET has occurred, respectively.

Table 2. Bader Charges q, Magnetic Moments m, and
Interpreted Vanadium Oxidation States for Reaction
Intermediates in the VO2

+ → VO2+ Redox Reaction Pathway
Shown in Figure 3aa

outer
pre-ET

inner
pre-ET

inner
pre-ET-OH

inner
post-ET

outer
post-ET

q(V shell), e 1.75 1.63 0.98 0.70 0.79
q(V), e 2.28 2.27 2.28 2.40 2.38
m(V), μB 1.32 1.29 1.28 0.0 0.0
oxidation state
(V)

+4 +4 +4 +5 +5

aq(V shell) stands for the charge on a vanadium cation including
species from its first coordination sphere.
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configurations. The equation was simplified for a one-
dimensional CV space as shown below

ε
π τ

π⟨ ⟩ = −
⎛
⎝⎜

⎞
⎠⎟

k TSh w
D

w
S

2
exp

2
2

3
B 0

g

2 2

2

The error bars were calculated based on the evaluation of
single trajectory parameters, which allowed to avoid extremely
time-consuming calculations of statistical error by averaging
several metadynamics trajectories. The error value was
determined by the optimal choice of computational parameters:
Gaussian hill height h0, width w, and deposition time τg and by
intrinsic properties of the considered system: size of the free
energy well S, temperature T, and diffusion coefficient D. The
computation parameters are described in the Computational
Details section, and the estimation of diffusion coefficient D
was obtained using the time evolution of the mean squared
displacement. The above equation was applied to estimate free
energy errors in all considered reactions, and the corresponding
values are collected in Table 3. In most of the cases, the errors
are in order of 2 kcal/mol (∼3 kBT), which is consistent with
previous studies39,40 where a similar computational scheme was
applied.

4. CONCLUSIONS
In summary, we have performed a detailed CPMD-based
metadynamics investigation of the VO2

+/VO2+ redox reaction
mechanism at the graphite edge/water interface relevant to all-
VRFBs. By focusing on the graphite (112 ̅0) edge surface
functionalized by surface CO groups as a representative
carbon electrode material, we have analyzed the kinetics of
VO2

+ ↔ VO2+ transformations at the interface and compared it
with the results previously obtained for the V2+/V3+ couple.
Our simulations reveal the catalytic role of surface oxygen

groups in transferring an electron to the monodentate-adsorbed
vanadium species along the C−O−V bond with the charge
transfer process being coupled to proton transfer between
oxygen species of the vanadium ions and aqueous electrolyte
species. It is determined that the VO2

+/VO2+ redox reaction
does not involve the transfer of an oxygen atom, which was
hypothesized to limit the overall reaction as a slow ionic
process. Instead, oxygen atoms of the V ions serve as a conduit
for proton exchange reactions in acidic electrolyte, which are
found to be spontaneous for the discharge and energy-intensive
for the charge processes. Given relatively high adsorption/
desorption activation barriers, our results suggest that
chemisorption of the vanadium ions to the graphite surface
to form inner-sphere complexes and desorption from the
surface after ET should limit the overall redox reaction process
for both V2+/V3+ and VO2

+/VO2+ redox couples, with V2+/V3+

being the rate-determining step during the discharge process.

The identified mechanism does not rule out the possibility of
formation of vanadium-oxide layer passivating the surface as
our simulations correspond to the dilute regime of vanadium
interaction with the graphite surface. At high vanadium
concentrations, however, such surface passivation may become
pronounced because of interactions between adsorbed
vanadium species, thereby impeding the VO2

+/VO2+ redox
reaction as observed in some experiments. Moreover, our
simulations reveal the formation of reaction intermediates at
the interface, featuring OH groups in the first coordination
sphere of V. Such intermediates are known to play a key role in
condensation reactions that can lead to the formation of
vanadium-oxide precipitates at graphite surfaces, which is in
agreement with experimental observations for VO2

+/VO2+.
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