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ABSTRACT: Detailed atomistic understanding of the vanadium redox reactions
taking place at electrode/water interfaces is key for improvement of the power
density of vanadium redox flow batteries. In this work, we employ ab initio
molecular dynamics-based metadynamics simulations to examine V**/V3* and
VO,"/VO™ redox reactions at the oxygen-functionalized graphite (1120) surface
contrasting the behavior of O—C=0 and C=0 groups. By evaluating free-energy &
barriers, we reveal that the kinetics of adsorption and desorption processes for
every vanadium ion is more favorable in the case of O—C=0. We also find that

graphite membrane graphite

interfacial VO,/VO?" transformations should be more rapid than those observed
for the V**/V** couple, with the V** desorption being the rate-limiting step of the overall process. The obtained results suggest that
increasing the content of O—C=0 groups on carbon-based electrodes should help enhance the power density of vanadium redox

flow batteries.
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1. INTRODUCTION

Rechargeable redox flow batteries (RFBs) have emerged as
promising electrochemical energy storage systems for the
electric grid powered by the intermittent energy sources such
as the sun and wind.' > Aqueous RFBs are considered to be
inherently safer and environmentally benign as compared with
their organic-based counterparts. Among aqueous RFBs with
inorganic redox-active species, all-vanadium RFBs (VRFBs) are
the most studied experimentally serving as benchmark systems.
Despite significant experimental efforts directed at increasing
the energy and power density of aqueous RFBs, the lack of
detailed microscopic information about underlying electro-
chemical reaction mechanisms in RFBs impedes practical
progress.

The all-VRFB employs the same chemical element
(vanadium) in both half cells to minimize cross-contamination
with the following electrochemical reactions occurring in the
catholyte and anolyte, respectively

VO,* + 2H + ¢ X yO* 4 H,0,

charge

E° = 1 V versus RHE

discharge

2 —

V==V + ¢,
charge

E® = —0.26 V versus RHE

A common strategy to increase the power density of RFBs is
to enhance electrocatalytic activity of electrode materials. In
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the case of the most cost-effective carbon-based electrodes, a
variety of surface treatments has been exploited including
thermal,® chemical,”® and plasma’-based processes. As a result,
different functional groups such as oxygen- and nitrogen-based
moieties can be introduced to the carbon surface, serving as
catalytically active sites for redox reactions at the electrode/
electrolyte interface.'”~"* In comparison to pristine carbon, the
reactivity and reversibility of such surface-functionalized
carbon electrodes can be greatly improved.">™"”

In the case of all-VRFBs, it was shown that both basal and
edge carbon surfaces can be functionalized by oxygen groups
such as C—0, C=O0, and O—C=0, with the edge surface
being more reactive."”'® It was also demonstrated that the
specific type of oxygen functional group is crucial for tuning
the electrocatalytic activity of functionalized carbon electro-
des.'”™*' For example, by varying the relative content of
different oxygen groups at graphite felt electrodes through
plasma treatment, it was suggested that O—C=0 should be
more electrocatalytically active toward the vanadium redox
transformations.'® Nevertheless, deconvoluting the role of each
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specific functional group is challenging because it is
experimentally difficult to control the composition of electrode
surfaces.

Previously, we have employed Car—Parrinello molecular
dynamics (CPMD)-based metadynamics simulations to
examine the mechanism and kinetics of interaction between
aqueous vanadium species (V**/V** and VO**/VO,") and
graphite surfaces functionalized by C=0 groups.””** In this
work, we aim to extend this investigation by analyzing the
interaction between all four vanadium species and the graphite
(1120) surface functionalized by O—C=0 moieties. This
allows us to compare the catalytic behavior of both oxygen
functional groups (C=0O and O—C=O0) within the same
computational approach.

2. COMPUTATIONAL DETAILS

Calculations were performed within the plane-wave density
functional theory (DFT) framework as implemented in the
NWChem code.”* The exchange and correlation energies were
calculated employing the Perdew—Burke—Ermzerhof (PBE)
functional within the generalized gradient approximation.”
The Grimme approach (PBE-D3 with BJ damping) was used
to account for van der Waals interactions.”® The norm-
conserving Troullier—Martins pseudopotentials’” were applied
for vanadium, while Hamann pseudopotentials***’ were used
for oxygen, carbon, and hydrogen. Calculations involving v,
V¥, VO?, and VO, species were performed using the spin-
unrestricted formalism. Here, each system was pre-equili-
brated, employing quantum mechanics/molecular mechanics
(QM/MM) calculations® for 6 ps followed by CPMD®'
equilibration for at least 6 ps. Al QM/MM and CPMD
simulations were carried out using a 12.70 X 13.54 X 14.90 A
box involving the graphite slab and a region of 10 A between
the opposite surfaces containing a vanadium ion (V**, V¥,
VO, or VO,*) embedded into solution of 53 H,0O molecules
to have the water density of approximately 1 g/cm® (Figure 1).
A Nosé—Hoover thermostat’*® was employed to keep the
system temperature at around 300 K. CPMD simulations were
performed at the I'-point only. The expansion of the Kohn—
Sham electronic wave functions and charge density was done
using the kinetic cutoff energies of 60 and 240 Ry, respectively.
In all CPMD simulations, hydrogen atoms were replaced with
deuterium. A fictitious electronic mass of 600 a.u. and a
simulation time step of 5t = S a.u. (0.121 fs) were set. Atomic
configurations from the production CPMD simulations were
saved at time intervals of 105t and used for further analysis.
Free-energy simulations were performed using the CPMD
method in conjunction with metadynamics®**> to enhance
free-energy landscape sampling associated with vanadium
redox reactions at the electrode/water interface. This approach
was shown to be successful in estimating activation free-energy
barriers for a variety of chemical processes.””*> " In this
study, the bond distance between an adsorbing/desorbing
vanadium cation and an oxygen atom from the surface O—C=
O group was used as the collective variable (CV). To describe
the energetics of VO** deprotonation reaction at the graphite/
water interface, the bond distance between the oxygen and a
hydrogen atom in one H,O from the first water shell of VO**
was used as the CV, while to describe protonation energetics of
the VO," adsorbate, an additional proton was moved from the
surface COOH to the aqueous solution to form H;O. In all
metadynamics simulations, the height and width of repulsive
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a)

245 A

Figure 1. (a) Simulation cell used to model redox reactions for
aqueous V> /V3* and VO*'/VO," couples at O—C=0 sites on the
graphite edge (1120) surface. The calculated Bader charges on the
atoms of the O—C=0 and C=O groups are shown in (b,c),
respectively.

Gaussian hills were chosen to be 0.001 and 0.1 au,
respectively, and were added to the potential every 1006t.

In our previous work, we have employed a graphite edge
(1120) surface as a model for carbon-based electrodes and
functionalized the surface with C=0/C—H groups in a ratio
of 1:2 resulting from complete water dissociation.”> The
vanadium redox reactions were then simulated at the C=0
sites of the graphite surface.”” In this study, we employ a
similar structural model introducing two O—C=0 groups to
the surface that replace two C=O groups at the adjacent
graphite layers as shown in Figure 1. This allows us to examine
vanadium adsorption/desorption processes in both single-site
and double-site binding modes. We found that the protons
from the surface carboxylic groups spontaneously diffused into
solution during CPMD equilibration, leaving behind O—C=0
considered in our simulations.

The Bader charge analysis was performed using structural
snapshots extracted from the corresponding CPMD trajecto-
ries to evaluate the charge states of vanadium ions. A similar
DFT approach was previously undertaken to study properties
of vanadium ions in aqueous solutions,"””** membranes,">**
and at the graphite/water interfaces.””>* The charge neutrality
of simulation cells was ensured by deleting two protons from
the surface carboxyl groups in the case of V** and VO*', one
proton in the case of VO,", and three protons (two from
carboxyl groups and one from the surface C—H group on the
opposite side of the slab) when modeling V**.
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Figure 2. Binding energetics for aqueous VO>* adsorbing from the outer-sphere adsorption configuration (a), taken as a reference, as the inner-
sphere monodentate complex (b), inner-sphere bidentate at two O—C=0 groups (c), and inner-sphere bidentate at one O—C=0 group (d) of
the functionalized graphite (1120) surface.
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Figure 3. Schematic showing the reaction mechanism of VO?* — VO, redox transformation at the O—C=0 site of the graphite edge (1120)
surface and associated free-energy barriers calculated using CPMD metadynamics. Pre- and post-ET stand for VO>* species before electron transfer
(ET and for VO, after ET has occurred, respectively.

3. RESULTS AND DISCUSSION (a) to both (b) and (c) through CPMD metadynamics. By
using the bond distance between V and O of the surface O—
C=O0 group as a CV for the (a) — (b) process, we estimate
the activation barrier of about 8.7 kcal/mol (see Figure 3). To
sample (a) — (c) adsorption pathway, we chose the bond
distances between V and two Os (from neighboring O—C=0
groups) as CVs; however, we observed that the monodentate
configuration (b) is first formed, while configuration (c) was
not formed even for the accumulated external potential greater
than 30 kcal/mol. At this point, the simulation was terminated

3.1.VO** = VO," (Charging). In this section, we focus on
the oxidation of aqueous VO®' to VO," occurring at the
electrode surface during the charging process. First of all, we
demonstrate that the inner-sphere monodentate adsorption
configuration of VO?' is the most energetically favorable
adsorption state according to static DFT calculations with the
thermodynamic driving force of about —15 kcal/mol relative to
the outer-sphere state (see Figure 2). The inner-sphere
complex adsorbed in the bidentate configuration involving

two neighboring surface O—C=0 groups (Figure 2c) turns as the activation barrier was deemed to be high. This is similar
out to be slightly less stable, while the complex bidentately to our computational results previously obtained for the C=0
attached to the same O—C=0 group (Figure 2d) is estimated groups where adsorption of VO** onto two surface C=0
to be much less stable. groups was found to be unfavorable.”” Therefore, we consider
As configurations (b) and (c) are found to be almost equally the monodentate configuration (b) as the most probable
stable in static DFT, we next evaluate the activation free-energy adsorption state for VO**. Thus, similarly to our previous work
barriers associated with adsorption of VO** from configuration on the graphite surface functionalized by C=0O groups, we
7545 https://dx.doi.org/10.1021/acsaem.0c00972
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Table 1. Bader Charges g, Magnetic Moments m, and Interpreted Vanadium Oxidation States for Reaction Intermediates in

the VO** — VO," Redox Reaction Pathway Shown in Figure 3

outer pre-ET inner pre-ET

inner pre-ET-OH

inner post-ET outer post-ET equ-outer post-ET

q (V shell), e 1.67 1.53 0.95 0.74 0.03 111
q(V), e 227 228 227 245 239 2.45
m (V), g 1.22 124 122 0.0 0.0 0.0
oxidation state (V) +4 +4 +4 +5 +5 +5
?q (V shell) stands for the charge on a vanadium cation including species from its first coordination sphere.
H,0 H,0
0, ‘ ~OH 0, ‘ WH0
v “\AE
& o o H0 /“7 ~ H,0 0O ‘|, ¥ H0
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Figure 4. Schematic showing the mechanisms of VO," — VO?** redox reaction at the O—C=0 site of the graphite edge (1120) surface and
associated free-energy barriers calculated using CPMD metadynamics. Pre- and post-ET stand for VO** species before ET and for VO," after ET

has occurred, respectively.

carry out CPMD analysis focusing only on the inner-sphere
monodentate adsorption configurations.

Figure 3 schematically shows the mechanism of the VO** —
VO,* redox reaction with the corresponding activation free-
energy barriers of adsorption/desorption estimated through
metadynamics simulations. It is seen that following the first
adsorption step (from outer pre-ET to inner pre-ET), two
subsequent deprotonation events of an H,O ligand in the first
hydration shell of VO*" occur, each characterized by 8.0 and
10.0 kcal/mol barriers to produce the VO,* adsorbate.
According to the Bader charge and magnetic moment analysis
(Table 1), the ET for VO** — VO," transformation is found
to be coupled to the second deprotonation step (from inner-
OH pre-ET to inner post-ET complex), where the magnetic
moment of the vanadium ion decreases from 1.22 to 0 up.
Finally, the desorption of the inner post-ET VO," complex
back into aqueous solution takes place with a 6.3 kcal/mol
free-energy barrier that is also coupled to one proton transfer
from aqueous VO," to the surface O—C=0 group.

Overall, we determine that the kinetics of VO** adsorption
and VO," desorption is more favorable for O—C=0 than for
C=O0. Specifically, the free-energy barriers for VO?*
adsorption and VO," desorption are evaluated to be 9 and 6
kcal/mol, respectively, which is lower than in the case of O—
C=O0 group. Also, the barriers for two deprotonation
reactions accompanying ET are slightly decreased (by ~2
kcal/mol) in the case of O—C=O0 due to its participation in
the proton exchange.

7546

3.2. VO, — VO?* (Discharging). We next examine the
reverse process of VO,* reduction to VO** that takes place
upon the battery discharge. Figure 4 shows the redox reaction
mechanism with the free-energy barriers evaluated for all
reaction steps. The first step is the adsorption of aqueous VO,*
to the O—C=0 site on the graphite surface from the outer- to
inner-sphere adsorbate configuration yielding a barrier of 4.9
kcal/mol. Again, this barrier is significantly smaller than the
one obtained for the C=0 group™® (11.7 kcal/mol). Given
the acidic pH common to aqueous VRFBs, we next consider
the effect of extra protons present in solution. Our CPMD
simulations reveal that if extra H;0" ions are sequentially
placed in the immediate vicinity of the adsorbed VO," ion
(inner pre-ET complex in Figure 4), one of the two O atoms in
VO," will become spontaneously protonated into OH and
then H,O, leading to the formation of surface—bound
complexes depicted as inner post-ET-OH and inner post-ET
in Figure 4, respectively. By modeling desorption of both
complexes from the surface O—C=0 group, we identify that
the detachment of the inner-sphere post-ET complex is an
energetically more intensive process (15.0 kcal/mol) than that
of the inner-sphere post-ET-OH complex (4.4 kcal/mol). As
we observed that the breaking of the V—OOC bond can be
facilitated by protonation of the adjacent O atom belonging to
the same O—C=O group, we also consider this reaction
pathway. Our estimate of the corresponding activation barrier
provides a value greater than 10.0 kcal/mol, which is higher
than the direct detachment of V** (with an activation barrier of
4.4 kcal/mol shown in Figure 4).

https://dx.doi.org/10.1021/acsaem.0c00972
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Table 2. Bader Charges g, Magnetic Moments m, and Interpreted Vanadium Oxidation States for Reaction Intermediates in

the VO," — VO*" Redox Reaction Pathway Shown in Figure 4

outer pre-ET inner pre-ET

q (V shell), e 1.11 0.74
q(V), e 2.45 2.45
m (V), ug 0.0 0.0
oxidation state (V) +5 +5

inner post-ET-OH

0.95
2.27
1.24
+4

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

1.08 1.53 1.67
227 227 2.28
1.24 122 1.22
+4 +4 +4

?q (V shell) stands for the charge on a vanadium cation including species from its first coordination sphere.
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Figure 5. Schematic showing the mechanisms of V** = V** redox reaction at the O—C=0 site of the graphite edge (1120) surface and associated

free-energy barriers calculated using CPMD metadynamics.

Table 2 presents the DFT-calculated Bader atomic charges
(¢) and magnetic moments (m) for all reaction intermediates
shown in Figure 4. It is clearly seen that all pre-ET complexes
representing adsorbing V°* species have g and m values of 2.45
e and 0 pg, respectively, confirming the 5+ oxidation state of
vanadium. Post-ET complexes are characterized by ~1.23 pp
magnetic moment and 2.27 e Bader charge on the vanadium
species indicative of the 4+ oxidation state of vanadium. It is
also seen that the Bader charge of the whole outer-sphere post-
ET vanadium complex (1.67 e) is close to the formal 2+ charge
of VO**. In general, the interpretation of vanadium oxidation
states is more apparent from the difference of magnetic
moments than from the computed Bader charges. The
observed greater sensitivity of magnetic moments than ionic
charges to the ET process appears to be in agreement with
other computational studies.**® As for the distances between
the adsorbed vanadium and surface oxygen ions, they also
agree with the assigned oxidation states being about 1.99 A for
V=0 versus 2.14 A for V**—O when averaged over the
CPMD trajectories.

3.3. V* = V3. Contrary to the mechanism of the
interfacial VO**/VO," redox reactions, the V>*/V>" reactions
do not include an ion exchange process. As shown in Figure 5,
the discharge process starts from the adsorption of aqueous
V* onto the O atom of the surface COO site, followed by ET
from adsorbed V to the electrode through the formed C—O-V
bond, after which V3* will desorb back into the bulk solution.
The process is reversed upon charging.

7547

Figure 5 shows V?*'/V*" reactions at the carboxylated
graphite edge surface with the corresponding free-energy
barriers estimated from CPMD-based metadynamics simu-
lations. Similarly to the V**/V** redox reactions on the C=0
sites,” the rate-determining step is the desorption of V** ion
with the activation barriers estimated at 26.8 kcal/mol, while
the desorption of V>* ion exhibits a lower activation barrier of
20.0 kcal/mol, in agreement with stronger electrostatic
attraction of V** to the surface. The adsorption processes for
V** and V** are characterized by the barriers of 15.9 and 14.6
kcal/mol, respectively, also in accordance with expectations
from electrostatics. The results indicate V** desorption as the
slowest process in the overall reaction with the free-energy
barriers being systematically lower than those obtained for the
graphite edge functionalized by the C=0O groups.

Finally, we also analyze the intrinsic errors associated with
the application of CPMD metadynamics approach to evaluate
free-energy barriers. The employed method has been
previously used in a number of computational studies where
more details on the approach can be found.*****>** Table 3
lists the computed activation free-energies for all examined
reactions together with estimated errors. Overall, the errors are
in the range between 0.7 and 3.6 kcal/mol depending on the
reaction and do not change the conclusions drawn above.

4. CONCLUSIONS

In this study, we performed DFT calculations within the
CPMD metadynamics approach to evaluate free-energy
barriers associated with the V>*/V3* and VO,"/VO?*" redox

https://dx.doi.org/10.1021/acsaem.0c00972
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Table 3. Summary of the Free-Energy Barriers Obtained
from metadynamics along with Estimated Errors for All
Adsorption (AF?), Protonation/Deprotonation (AF: and
AF?) and Desorption (AF}) Steps of VO** — VO,* (Figure
3), VO," — VO** (Figure 4), and V** = V** (Figure 5)
Reactions at the O—C=O0 Site of the Graphite Edge Surface
(in kcal/mol)

reaction AF; AF; AF:
VO¥ = VO,* 87+36 80+07 100+07 63+23
vVO," —» VO* 49 + 2.5 0 44 +2.1;
15.0 + 0.7
V- Vv 159 + 1.9 26.8 + 3.1
V3 o v 146 + 1.6 20.0 + 2.6

reactions at the oxygen-functionalized graphite surface relevant
to all-VRFBs. Specifically, we analyzed the catalytic role of
carboxylic (O—C=0) groups at the graphite edge (1120)
surface and compared it with the results previously obtained
for the C=O groups. We determined that for both oxygen
functional groups, the most favorable mode of vanadium
adsorption is the monodentate inner-sphere adsorption
configuration. We found that both adsorption and desorption
processes are systematically more facile for each of the four
aqueous vanadium species (VO,*, VO**, V**, and V**) at the
graphite surface modified by the O—C=0 groups. One of the
reasons for a relatively fast desorption of VO,* from the O—
C=0 site was found to be the proton exchange between an O
ion of the surface group and an H,0 ligand of the VO, ion. It
was estimated that all activation barriers for the discharge
reaction in the catholyte (VO,*/VO?**) at the O—C=0 site
are less than S kcal/mol, while desorption of V** in the anolyte
was found to be the rate-determining step with a barrier of
about 27 kcal/mol. The present study provides atomistic
insights into the vanadium adsorption/desorption kinetics for
each type of oxygen functional group at the graphite electrode
that is challenging to pinpoint experimentally.
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