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ABSTRACT: Compared to the studies of new electrolyte and (3¢
electrode chemistries aimed to push the energy and power density of &= : -
battery systems, investigations of self-discharge reactions contributing VA T Hf
to capacity fading are still very limited, especially at the molecular level. VO 2+ o = p)
Herein, we present a computational study of oxidation—reduction '
reactions between vanadium ions in solution leading to battery self-
discharge due to the crossover of vanadium species through the
membrane in all-vanadium redox flow batteries (RFB). By utilizing
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Car—Parrinello molecular dynamics (CPMD) based metadynamics &ET

simulations in combination with the Marcus electron transfer theory,

we examine the energetics of condensation reactions between aqueous vanadium ions to form dimers and their subsequent
dissociation into vanadium species of different oxidation states after electron transfer has occurred. Our results suggest that
multiple self-discharge reaction pathways could be possible under the vanadium RFB operation conditions. The study
underscores the complexity of vanadium polymerization reactions in aqueous solutions with coupled electron and proton
transfer processes that can lead to the formation of various mixed-valence vanadium polymeric structures.

B INTRODUCTION

Redox flow batteries (RFBs) have been recently attracting
growing attention as a promising large-scale energy storage
technology able to store multimegawatt-hours of electrical
energy.l_4 Among various aqueous RFB chemistries proposed
to date, all-vanadium RFB is one of the best experimentally
studied systems.”” '’ The operation of all-vanadium RFB is
based on the electrochemical reactions of the VO**/VO,*
redox couple in the catholyte and the V**/V** couple in the
anolyte in a sulfuric acid based supporting electrolyte, while
each half-cell is separated by an ion-exchange membrane. RFBs
store chemical energy in external electrolyte reservoirs, while
the redox reactions take place at the electrode surfaces, and
thus the energy storage and power generation are decoupled.

Previous experimental investigations have elucidated various
aspects of solution and interfacial electrochemistry of aqueous
vanadium RFBs that led to siégniﬁcant enhancements of their
energy and power density.””'°""’ Recently, a series of
atomistic simulations aiming to explore the thermodynamics
and kinetics of both electrolyte’”'*™"® and electrode'”*’
vanadium chemistry have also provided complementary
molecular insights. For example, both classical and ab initio
molecular dynamics (AIMD) simulations helped identify
solvation structures of vanadium ions in aqueous solutions in
the presence of acid electrolyte species including chloride,
sulfate, and phosphate.'®™"® AIMD-based enhanced sampling
techniques were employed to evaluate thermodynamic stability
of aqueous vanadium complexes with electrolyte species,’”’"*
pK, values of the first deprotonation reaction of vanadium
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species determining their solubility,'® as well as free-energy
barriers of vanadium redox reactions at the electrode/
electrolyte interface.'

One of the major challenges impeding the long-term
performance of RFBs is the loss of battery capacity over
time. This is primarily due to the crossover of electrochemi-
cally active species such as vanadium ions across the
membrane during the battery cycling leading to a range of
side reactions. To mitigate capacity fading in RFBs a number
of strategies have been proposed including the use of
membranes that can minimize vanadium transport between
the electrolyte compartments®' ~>* or intelligent selection of
RFB operating conditions.”* It was suggested experimentally
that a significant contribution to caé)acity loss may come from
internal self-discharge reactions””*® associated with crossover
of redox-active ions. In the case of all-vanadium RFBs, the
following self-discharge reactions can be proposed.

In the positive half-cell, V** and V** diffused from the
negative side may react with VO* and VO,*:

V** +v0," - 2vo** (a)
Vvt 4+ 2v0," + 2H - 3VO*" + H,0 (b)
Vv 4+ vO* 4+ 2HT - 2v** + H,0 (c)
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In the negative half-cell, VO*>" and VO3 diffused from the

positive side may react with V** and V**:

vt +vo,t - 2vOo*t (d)
2v** +vO,* + 4H' - 3V** + 2H,0 (e)
vt +vO*™ +2H' - 2v’* + H,0 (f)

Note that the reactions a and d are the same and reactions ¢
and f are the same, and they are renumbered as reaction 1 and
reaction 3, respectively, whereas reaction b in the positive half-
cell and reaction e in the negative half-cell can be combined as
the new reaction 2: V>* + VO,* + 2H* - VO*" + V** + H,O0.

Moreover, it was shown that not only do these self-discharge
processes cause capacity losses but also they lead to excessive
heating of the vanadium RFBs in stand-by mode.”**° This
internal heating in turn results in a cascade of other undesired
processes such as an increased precipitation of V,04 above 40
°C, which then deposits on the electrodes and blocks the cell
channels."® The impact of these self-discharge reactions on the
vanadium RFB performance was previously evaluated within a
thermal model using energy and mass balances to predict the
variations in electrolyte temperature and the loss of capacity to
help optimize the battery operation conditions.”>*® To derive
the mathematical model, a few assumptions were made
including instantaneous character of self-discharge reactions;
however, the mechanisms and energetics of these reactions are
still unknown. In addition, based on the spectroscopic analysis
of the chemical identity of the diffused vanadium cations inside
the Nafion membrane,”” it was hypothesized that self-discharge
reactions may be one of the reasons for prevalence of the
vanadyl VO** species accumulated in the membrane.

While it was largely neglected in the past, self-discharge
processes occurring during cell operation or rest have recently
started attracting more attention across a variety of electric
energy storage applications such as supercapacitors,”® solid-
state,”” and redox-flow”>***° batteries. Understanding their
mechanisms is important for the design of low self-discharge
systems with minimal energy losses, especially in light of new
high-voltage electrode materials. Although there are various
mechanisms of self-discharge in batteries such as corrosion,
ohmic losses, and faradaic reactions, in this study we focus on
condensation reactions between vanadium ions to form dimers
followed by internal electron transfer and dissociation into
vanadium ions of different oxidation states according to the
reactions described above. We note that the formation of a
range of vanadium polymeric structures including mixed-
valence dimers was shown to occur in various acidic
environments;>*> however, detailed atomistic information
about the mechanisms of self-discharge reactions is still
missing. In this study, we investigate such reactions using the
density functional theory (DFT) based Car—Parrinello
molecular dynamics (CPMD) combined with metadynamics
simulations, while the electron transfer processes are examined
applying the Marcus electron transfer (ET) theory. It should
be also noted that to make the investigation more tractable, we
only consider reactions in water environment neglecting the
role of multiple factors that may contribute to the self-
discharge process such as solution pH, concentrations of
vanadium and sulfuric acid in the electrolyte, oxidation of
vanadium species in air, and the formation of vanadium
clusters more complex than dimers.
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B COMPUTATIONAL DETAILS

Car—Parrinello molecular dynamics (CPMD)* simulations
were carried out within the plane-wave DFT formalism as
implemented in the NWChem code.”* The electron exchange
and correlation were treated employing the Perdew—Burke—
Ernzerhof (PBE) functional within the generalized gradient
approximation (GGA).” The norm-conserving Troullier—
Martins pseudopotentials’® were used for vanadium, and
Hamann pseudopotentials®”*® were used for oxygen and
hydrogen. Hydrogen atoms were replaced with deuterium to
facilitate numerical integration. The kinetic cutoft energy of 60
Ry was applied to expand the Kohn—Sham electronic wave
functions. I'-point CPMD simulations were performed using a
cubic box of length 13 A with vanadium species and about 72
H,0 molecules to provide the water density of 1 g/cm?
(Figure 1). The Nose—Hoover thermostat™*’ was employed
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Figure 1. Simulation cell used in CPMD modeling of self-discharge
reactions showing V** and VO," ions embedded in water solution.

to keep the system temperature at 300 K. All systems were
initially pre-equilibrated using a QM/MM potential*' for 6 ps
followed by additional CPMD equilibration for at least 12 ps.
A fictitious electronic mass of 600 au and a simulation time
step of 6t = 5 au (0.121 fs) were employed in all CPMD
calculations. CPMD-equilibrated configurations were used for
further metadynamics simulations and were saved at time
intervals of 106t. A similar computational scheme was
previously exploited by our group to study the properties of
isolated vanadium species in aqueous solutions.'® The effect of
sulfate ions commonly present in a VRFB supporting
electrolyte was not considered in this study to simplify the
analysis of reaction mechanisms. Also, recent computational
studies, both classical'® and ab initio'” molecular dynamics
based metadynamics simulations, have shown that the most
thermodynamically stable complexes should not have sulfate
ions in the first solvation sphere.

To compute the free-energy profiles of condensation and
dissociation reactions CPMD-based metadynamics technique
was employed. The (width, height) values of the repulsive
Gaussian hills (in au) were set to (0.0707, 0.001) for the
condensation of monomers and (0.0707, 0.0005) for the
dissociation of dimers after internal ET has occurred. Gaussian
hills were added to the potential every 1005t for all reactions
considered. The bond distances of V**—0*" or V**~V™" were
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used as collective variables (CVs) to describe condensation
and dissociation reactions. Since the choice of CVs is very
important for the correct evaluation of free-energy barriers, we
have also performed additional simulations with a set of two
CVs, as discussed below. Also, we have estimated the statistical
errors associated with evaluation of activation barriers based on
the method provided by Laio et al.** and also employed in
some previous modeling studies.””*>**

To estimate the activation energies of electron transfer for
each dimer formed as a result of the condensation reaction, we
employed the molecular-orbital formulation of the Marcus ET
theory implemented in the NWChem code.** This formalism
allows one to estimate the activation energy of ET using the
thermodynamic driving force of the reaction (the difference
between energies of pre- and post-ET complexes in
equilibrium, AG®) and the reorganization energy (the energy
associated with structural rearrangement and medium polar-
ization due to ET, 1). Strong electronic interaction between
the reactant and product states at the crossing point (adiabatic
ET) is characterized by a sufficiently large electronic coupling
matrix element (V,5) which needs to be taken into account
when computing the activation barrier of ET. The details of
the approach and its afgplication to a variety of systems can be
found elsewhere.**~"" We note that in this study Vg
calculations were carried out within the linearized reaction
coordination approximation*® as implemented in NWChem.
The fragment molecular orbital method in which a molecular
cluster is divided into multiple fragments was employed to
overcome the problem of large-scale diagonalization and
multiple electron integrals in conventional electronic structure
calculations.®® The dimer structures were optimized within the
DFT method using the hybrid B3LYP functional along with 6-
31G** basis set for vanadium and 6-311G** basis set for
oxygen and hydrogen atoms. Also, the Mulliken population
analysis was employed to estimate atomic charges and
magnetic moments to help interpret the formal oxidation
states of vanadium ions (see Supporting Information).

B RESULTS AND DISCUSSION

Hydration structures of isolated vanadium ions were previously
identified by means of both static DFT°' and AIMD'*'°
simulations. On the basis of room-temperature CPMD
calculations,'® the most stable forms of V**, V**, VO**, and
VO, ions in aqueous solution are V(H,0)¢*, V(H,0)4*,
VO(H,0)*, and VO,(H,0),*, respectively. Our CPMD
simulations also reveal spontaneous deprotonation and
protonation of VO,*(H,0); leading to the formation of
vanadic acid VO(OH); species after 40 ps at room
temperature. This is consistent with another CPMD study
suggesting that VO(OH), may be the preferred V°* state in an
acidic aqueous environment at 500 K.'* Experimentally,
H;VO, species in solution were also identified at high
temperature (>335 K) by NMR spectroscopy.'> Therefore,
in our modeling of self-discharge reactions involving V** we
examine both VO,"(H,0); and VO(OH), species.

It is believed that polymerization reactions between aqueous
vanadium species that eventually lead to the formation of
vanadium oxide precipitates proceed through condensation
reactions.'>*>>>>® The first step of this process is deprotona-
tion of an H,0 molecule from the first coordination sphere of
a vanadium ion, and thus the propensity for polymerization can
be related to the pK, values. According to previous ab initio
simulations,"*'® VO,"(H,0); is characterized by the lowest
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activation barrier for the first deprotonation reaction among all
the four vanadium ions and a pK, value of about 3.06, in
agreement with experimental data.”® This turns out to agree
well with our estimates of free-energy barriers of dimerization
involving VO, ", as alluded to the discussion below. The next
reaction step is the formation of a dimer between two metal
centers via O and/or OH bridging groups,ss_57 which may
also include the removal of H,Os from the first coordination
sphere. It is then followed by ET (spontaneous or activated)
and dissociation of the post-ET dimer into two product
monomers. In the following, we analyze vanadium self-
discharge reactions by estimating the energetics of all the
steps using the combination of CPMD-based metadynamics
and molecular-cluster ET calculations.
Reaction 1.

V** +vo," - 2vo™t (1)

Figure 2 shows the details of CPMD metadynamics
simulations employed to model dimerization reaction between
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Figure 2. Dimerization reaction between V3*(H,0)s and
VO,"(H,0); in aqueous solution at 300 K as determined by
CPMD metadynamics: (a) reaction mechanism, (b) evolution of the
collective variable (the bond distance between V3* and V**) as a
function of the added Gaussians, and (c) free energy profile of the
overall condensation reaction. Atomic structures corresponding to
points A, B, and C along the reaction pathway in part b are shown in
Figure 3.

V¥*(H,0)s and VO,"(H,0);, while Figure 3 depicts the
atomic structures associated with the major reaction steps of
the process. It is found that the reaction starts with two
monomers forming a dimer bridged by a single OH group.
This involves hydrolysis of a first-shell H,O molecule from
VO,"(H,0); and departure of H,O from the first shell of
V(H,0)4*" (see the transition from structure A to B in Figure
3). Next, the formation of the second O bridge between the
two vanadium ions occurs accompanied by the escape of one
H,0 molecule from the first water shell of V**. The
corresponding evolution of CV (V**—V*" distance) as a
function of the number of Gaussians and the reconstructed
free-energy profile associated with the process are shown in
Figure 2, parts b and c, respectively. The rate-determining step
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Figure 3. Atomic-structure snapshots from the CPMD metadynamics
trajectory of dimerization reaction between V**(H,0)s and
VO,*(H,0); corresponding to points A, B, and C in Figure 2b
chosen after the addition of 1000, 1500, and 2000 Gaussians,
respectively. Water molecules beyond the first shells of the V ions are
removed for clarity.

is found to be the formation of the first OH bridge with an
energy cost of about ~14 kcal/mol, whereas the formation of
an additional O bridge may be expected to occur
spontaneously at room temperature due to the low activation
barrier of around ~4 kcal/mol with the estimated error
discussed below.

The energetics of ET process to produce the V**—V* dimer
from the newly formed V*'—V°* complex that can
subsequently dissociate into two V* monomers to complete
the self-discharge reaction was then estimated within the
Marcus ET theory. The calculated ET barrier (AG*) of about
23 kcal/mol between complexes 1A and 1B (see Figure 4)
with the electronic coupling constant (V,5) of only 0.8 kcal/
mol suggests ET to be the rate-limiting step toward the
formation of VO?*. The protonation of any O or OH group in
complex 1A is found to be unfavorable based on our CPMD
simulations involving solution H;O" species. Figure 5 shows
the V—O bond distances of the corresponding pre- (1A) and
post-ET (1B) complexes revealing the involvement of the O
bridge into ET process. Unlike the transformation from 1A to
1B for the complex involving only a single OH bridge (see
Figure 2a), it was impossible to stabilize the post-ET V**—V**
structure based on additional ET calculations. When complex
1B is embedded into aqueous solution for equilibration, it
gains one more H,O to yield complex 1C. Then, the free-
energy barrier of 1C dissociation into two V* species is
estimated by metadynamics simulations at 18.5 kcal/mol.

Since V** can be present in aqueous electrolyte in the form
of vanadic acid,"*"*>® we also examine its interaction with V3*.
Figure 6 shows the reaction pathway and associated activation
barriers for each reaction step identified by metadynamics and
ET calculations. The first step is the dimerization reaction
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Figure 4. Reaction mechanism and estimated activation barriers (in
kcal/mol) for the ionic and electronic reaction steps associated with
the self-discharge reaction 1.

Figure 5. Vanadium dimers used to estimate ET barriers along with
the V—O bond lengths for pre- and post-ET complexes in reaction 1
(Figure 4).
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Figure 6. Reaction mechanism and estimated activation barriers (in
kcal/mol) for the ionic and electronic reaction steps associated with
the self-discharge reaction using vanadic acid as a V** source.

between V**(H,0)s and H,VO,”, where H,VO,  is
spontaneously formed upon deprotonation of H;VO, We
find that this condensation reaction has a 12.2 kcal/mol
activation barrier to produce complex 1D. Subsequent
equilibration of 1D in acidic solution involving H;O"s reveals
that complex 1D gets spontaneously protonated to produce
1E. The electron hopping in 1E to yield post-ET complex 1F is
computed to have an energy barrier of about 11.4 kcal/mol.
Figure 7 shows the V—O interatomic distances for both pre-
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Figure 7. Vanadium dimers used to estimate ET barriers along with
the V—O bond lengths for pre- and post-ET complexes in reaction 1
(Figure 6).

and post-ET complexes. The lower ET barrier in this case as
compared to the reaction 1A — 1B can be related to a lower
reorganization energy necessary to adjust the geometry with
only one O bridge situated close to the line connecting two
vanadium centers. According to CPMD equilibration, when
embedded in solution complex 1F spontaneously gains one
more H,O in the first hydration shell to complete 6-fold
coordination of both V** ions in the dimer structure (complex
1G). Then, approximately 8 kcal/mol activation barrier is
required to dissociate the formed dimer 1G into two
VO*(H,0)5 complexes.
Reaction 2.

Vvt +v0," + 2H* - vO** + V** + H,0 )

We next analyze the mechanism and kinetics of self-discharge
reaction between V>* and V** considering both VO,"(H,0);
and vanadic acid complexes, similarly to the V3* case discussed
above. The main distinctive feature of this self-discharge
reaction pathway is that the ET step is observed to be
spontaneous and coupled to protonation, either internal
(Figure 8) or external (Figure 9). Figure 8 shows that V**
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Figure 8. Reaction mechanism and estimated activation barriers (in
kecal/mol) for the ionic and electronic reaction steps associated with
the self-discharge reaction 2.

and VO," first form a dimer via an OH bridge as a result of the
first deprotonation reaction of VO,*(H,0)5, in agreement with
a lower pK, value of VO,".'*'*** Once dimer 2A is formed a
proton from H,O of the V>* center is transferred
spontaneously to the neighboring O atom of V°* (complex
2B) accompanied by spontaneous ET to yield complex 2C.
Further equilibration of 2C results in the formation of a more
stable complex 2D by adsorbing one more H,O from solution.
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Figure 9. Reaction mechanism and estimated activation barriers (in
kcal/mol) for the ionic and electronic reaction steps associated with
the self-discharge reaction 2, using vanadic acid as a V** source.

The activation barrier for this whole process is estimated at
13.2 kcal/mol from metadynamics simulations. The sponta-
neous nature of ET and its coupling to internal proton transfer
is further confirmed by gas-phase DFT optimization using
cluster 2A. The final dissociation step to produce V** and V**
monomers from 2D is estimated to have an activation energy
of about 20.6 kcal/mol. The reaction between V** and vanadic
acid complex is found to follow the same reaction steps
including spontaneous ET triggered by external protonation
from solution H;O" rather than internal protonation (Figure
9). Energetically, however, the reaction with vanadic acid
species features slightly smaller activation barriers for both
dimerization (11.4 kcal/mol) and dissociation (17.4 kcal/
mol).
Reaction 3.

Vv 4+ vO*t 4+ 2HY = 2v¥T 4+ H,0 (3)

Figure 10 summarizes the self-discharge reaction mechanism
involving V** and VO*" to produce two V' species. Overall,
we find that this reaction is characterized by the lowest-energy
reaction steps among all the analyzed self-discharge reactions.
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Figure 10. Reaction mechanism and estimated activation barriers (in
kcal/mol) for the ionic and electronic reaction steps associated with
the self-discharge reaction 3.
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Table 1. Summary of the Free-Energy Barriers Estimated from Metadynamics along with Associated Errors for the

Condensation and Dissociation Reactions (in kcal/mol)“

reaction 1 reaction 1*
Dimerization (AF}) 143 + 1.9 122 + 1.8
Dissociation (AF3) 185+ 12 80+ 15

reaction 2 reaction 2* reaction 3
132 + 19 114 + 1.5 79 +23
20.6 + 1.4 174 + 1.2 103 + 14

“An asterisk (#) denotes the reactions involving V** in the form of vanadic acid.

Specifically, the first dimerization step accounts for an
activation energy of 7.9 kcal/mol, while the last dissociation
step features a free-energy barrier of around 10 kcal/mol. The
ET step turns out to be spontaneous and coupled to internal
protonation to allow 3A — 3B — 3C transformations. The
electronic configurations and spontaneous nature of ET are
also confirmed by static DFT calculations carried out on the
dimer molecules. Therefore, the obtained results suggest that
reaction 3 should be energetically favorable self-discharge
pathway in vanadium RFBs consuming V** and VO to
produce V** species.

Error Evaluation. In this section, we estimate the statistical
errors associated with evaluation of free-energy barriers from
ab initio metadynamics for the reactions under study. The
details of the method used to calculate these errors can be
found elsewhere.””*>*” The obtained errors are listed along
with the corresponding activation barriers in Table 1. It is seen
that the errors generally do not exceed 2 kcal/mol (~3k;T),
which is consistent with other studies where similar computa-
tional schemes were employed.”**

To provide insight into the effect of the chosen CV in
metadynamics simulations on the estimated activation barriers,
we also compare free-energy barriers obtained using one and
two CVs on the example of V**/VO*" dimerization reaction.
The first case corresponds to a single CV which is the bond
distance between V** and V*. The activation barrier for this
reaction, as discussed before, is found to be 7.9 kcal/mol as
seen from the free-energy profile shown in Figure 11. The
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Figure 11. 1D (a) and 2D (b) free-energy maps corresponding to
metadynamics simulations with one and two CVs, respectively, for the
dimerization reaction between V2*(H,0)4 and VO**(H,0); (c). CV
in part a is the V>*~V* bond distance and CVs in part b are the two
V**—0 bond distances, where O is from two H,Os in VO**(H,0);.

same reaction is also modeled using a two-dimensional CV
space, where dimerization of two vanadium monomers is
defined by the distance between the V** center and two oxygen
atoms from the water molecules in the first hydration shell of
V*. For this set of CVs the activation barrier is determined to
be slightly higher than for a single CV being around 9.3 kcal/
mol (see in Figure 11b). The reaction with both sets of CVs
resulted in the same dimer complex with one OH bridge
between the two vanadium metal centers, while the activation
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energy estimated with one CV is comparable to the one
obtained using two CVs given the error bar.

B CONCLUSIONS

In this study, we employed CPMD-based metadynamics
simulations in conjunction with the Marcus electron transfer
theory to investigate vanadium dimerization and self-discharge
reactions that could occur due to the crossover of vanadium
species between the two half-cell compartments in all-
vanadium RFBs. The atomistic mechanisms and related
activation barriers for both ionic and electron transfer steps
are determined for various reaction pathways. The reactions
are found to proceed through a sequence of steps comprised of
the hydrolysis and condensation reaction between two aqueous
vanadium monomers, electron transfer process (spontaneous
or activated, coupled to proton transfer or not), and
subsequent dissociation of the dimers into two monomers
with vanadium cations in different oxidation states. We find
that various self-discharge reaction pathways can be possible
under operation conditions of the all-vanadium RFBs leading
to preferential consumption/production of vanadium ions. For
example, we find that self-discharge should contribute to the
formation of the vanadyl VO** ions which were the only
experimentally observable vanadium species inside the Nafion
membrane. However, the relative contribution of each specific
self-discharge reaction should depend on multiple factors not
considered in the present study such as oxidation of vanadium
ions in air, solution pH, and the concentration of electrolyte
species. On the basis of the obtained results, a number of
mixed-valence vanadium dimers are expected to form, which
may also serve as precursors for the formation of vanadium
polymeric structures with different redox properties than the
parent vanadium ions. In general, the electrolyte chemistries
that inhibit hydrolysis of aqueous vanadium species should also
hinder vanadium polymerization and self-discharge reactions
and thus decrease the battery capacity losses.
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