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SUMMARY

Vanadium redox flow batteries suffer from inefficiencies partly due
to the kinetics of the V2*/V3* reaction, for which lack of mechanistic
understanding hinders electrolyte and electrocatalyst design to
improve reaction rates. Here, we provide insights into the V?*/v3*
reaction in HCIO4, H,SO,4, HCI, HBr, and HI. We identify the Vo
and V3* structures in these electrolytes using extended X-ray ab-
sorption fine structure, UV-vis, and density functional theory; this in-
cludes the hydrated structures of V2* and V3* in water (i.e., without
anion complexation). We show that V2*/V3* kinetics correlate with
the energy of vanadium intermediate bound to carbon through a
bridging anion (*[bridge—V>*1). The anion-induced kinetic enhance-
ment is from a decreased activation energy because of changing *
[bridge—V3*] energy. The *[bridge—V>*] energy increases in the or-
der of anion polarizability (OH™ < ClI~ < Br™ <17), explaining previous
reports that correlate anion polarizability with the kinetics of other
3d transition metal ion redox couples.

INTRODUCTION

Electrochemical charge transfer between metal ions in solution and electrode sur-
=3 metal electrodeposition,4‘6
and energy storage.®'? Electrochemical energy storage, with investments worth

faces is relevant to corrosion, chemical sensors,’
$1.3 billion in 2019, is of ever increasing importance due to the growing use of
intermittent renewable energy sources such as solar and wind."? A particularly rele-
vant technology for grid-scale energy storage is the redox flow battery (RFB), which
uses heterogeneous charge transfer to store and release energy.?'%"*~'> Many RFBs
using 3dtransition metal ion redox couples in the aqueous phase have been demon-
strated, and their efficiencies are dependent on the charge transfer kinetics occur-
ring at the electrode.’'®'*?° These heterogeneous charge transfer reactions may
occur by electron hopping without any bonding interaction between the reacting
species and electrode (outer-sphere) or through adsorbed species on the electrode
surface (inner-sphere). Outer-sphere charge transfer is described well by Marcus the-
ory and its extensions.?’ Inner-sphere reactions are more complex and less under-

stood due to the formation of adsorbed intermediates. Studying inner-sphere

reactions at the molecular level can help identify electrode and electrolyte proper- 'Department of Chemical Engineering, University
of Michigan, Ann Arbor, MI 48109-2136, USA

2Catalysis Science and Technology Institute,
University of Michigan, Ann Arbor, MI
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ties that govern the energetics of adsorbed intermediates on surfaces and how these
affect the redox kinetics.

In this work, we study the link between electrolyte and adsorbed intermediates on 3Twitter: @BryanRGoldsmith

the kinetics of the charge transfer reaction between vanadium (V) ions and a glassy 4Twitter: @SinghLab_UMich

carbon (GC) electrode. We select V2*/V3* as a model inner-sphere reaction both 5Lead Contact

because it can serve to help us better understand inner-sphere charge transfer *Correspondence: snirala@umich.edu

involving transition metal ions and its widespread use in RFBs. Although porous C https://doi.org/10.1016/j.xcrp.2020.100307

1)
ek o Cell Reports Physical Science 2, 100307, January 20, 2021 © 2020 The Author(s). 1
This is an open access article under the CéDBY—NC—ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://twitter.com/BryanRGoldsmith
https://twitter.com/SinghLab_UMich
mailto:snirala@umich.edu
https://doi.org/10.1016/j.xcrp.2020.100307
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2020.100307&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

felts are the most common electrodes for the VZ*/V3* reaction,”” we use GC as the
electrode surface due to its controlled electrochemical surface area and high con-
ductivity. We identify the structures of the V ions in various electrolytes and show
that the charge transfer is influenced by the structure of V ions and the anions pre-
sent in the solution. By comparing our V2*/V3* results to previously reported Cr®*/
Cr3*,222% Fe?*/Fe®*,?° and Cu*/Cu?* redox couples that have also been used for
RFBs,'*"'?° we observe similarities and hypothesize that the kinetic behavior of
all of these redox couples can be explained by the adsorption energy of the
metal-ion charge transfer intermediate. Thus, the results here rationalize the kinetic
trends across a variety of RFB systems.

Despite being the most studied and well-developed RFB chemistry,'* all-vanadium RFBs
(VRFBs: VO,*/VO?*//N**/\®*) are in part still limited by slow charge transfer kinetics of
reactions at the positive electrode (VO,*/NVO?*) and the negative electrode (VZ*/V3™).
The kinetic performance of these redox couples is highly dependent on the electrode
surface.”’ As a result, there are mixed reports in the literature depicting either of the
two redox couples as being slower on commonly used C electrodes.””*** Even though
the use of V ions in both compartments eliminates cross-contamination,'* the voltage
losses arising from the slower kinetics lowers the overall round-trip electrical efficiencies
of VRFBs. These lower-voltage efficiencies prevent VRFBs from reaching the US Depart-
ment of Energy’s (DOE) target for cost-competitive grid-scale energy storage.***° Elim-
inating the V2*/V®* reaction overvoltage alone from existing VRFBs can increase their
overall round-trip energy storage efficiency from 77% to ~86%.%°

Elucidating the V2*/V3* charge transfer mechanism is crucial to aid in the develop-
ment of electrodes and electrolytes to increase the V2*/V3* reaction kinetics and
minimize the parasitic hydrogen evolution reaction (HER).>” Faster VZ*/V3* kinetics
would also enable the use of thinner electrodes and decrease overvoltages from
ohmic losses.”® Ultimately, the increased kinetics and selectivity toward V2*/v3*

would reduce the levelized cost of energy storage.>’*?

The electrolyte plays a major role in V2*/V3* redox kinetics and overall VRFB perfor-
mance. Full-cell VRFBs with C electrodes using HCI***? or HCI/H,SO4 mixtures*®**
perform better compared to H,SO4, which can arise due to the lowering of the ohmic
overvoltage (increased conductivity), concentration overvoltage (lowered viscosity),
and activation overvoltage (enhanced reaction kinetics).*> We have recently shown
by operating under kinetically limiting regimes that the kinetics of the V2*/V3* reac-
tion in HCl are faster compared to H,SO4. The faster kinetics in HCl show that kinetics
are in part responsible for higher current densities in these full-cell VRFBs.*® Never-
theless, the reason for the kinetic enhancement and whether it is related to the struc-
tures of the V ions in these electrolytes is not well understood.

The V2*/V3* reaction on C is hypothesized to proceed via an inner-sphere mecha-
nism involving an adsorbed V intermediate. The rate of V2*/V3* charge transfer de-
pends on the amount of surface hydroxyl groups (*OH) on C,*” and hence *OH
groups are proposed to facilitate electron transfer from the adsorbed V to the elec-
trode surface in H,50,.44%” We showed that the V2*/V3* reaction on GC in H,SO4 or
HCl is an inner-sphere reaction and hypothesized that it proceeds via an adsorbed
anion acting as a bridge for electron transfer between the electrode and V complex
(i.e., *[bridge—V3*]; Scheme 1A).* The kinetic enhancement observed for V2*/V3* in
HCl compared with H,SO, can arise due either to a change in the energy of the ad-
sorbed V intermediate (Scheme 1A) or an increase in anion coverage that increases
the concentration of the active intermediate (Scheme 1B). That is, the enhancement
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Scheme 1. Two Possible Causes for the Anion Effect on Charge Transfer Kinetics of Various
Transition Metal lon Redox Couples, Including V2*/V3* on Electrodes (e.g., Glassy Carbon [GC])

(A) Metal (M) ion complex adsorbed via an anion bridge (*[bridge—M)]) whose energy controls the
kinetics.

(B) Anion coverage controlling the concentration of active intermediates.

Atom color legend: dark gray = electrode (e.g., GC), light gray = metal (e.g., V), red = O, white = H,
green = anion (e.g., chloride).

can be due to intrinsically faster charge transfer per active site or a higher number of
active sites where charge transfer can occur.

The enhancement in kinetics observed for V2*/V3* in the presence of Cl™ is also seen for
CrPY/Cr3* 2324 Fe?t/Fe3* 2 and Cut/Cu?* redox couples on metal electrodes.’® More-
over, the extent of kinetic enhancement for Cr**/Cr®* on Hg electrodes follows the order
I~ > Br~ > ClI~ > OH".% Anion coverage, which mirrors the order of kinetic enhance-
ment, is one explanation used to rationalize the effect of anions on charge transfer in
Cr?*/Cr¥*, Fe?*/Fe®*, and Cu*/Cu?* redox couples.23'50 An increased anion coverage
(Scheme 1B) would affect the kinetics by increasing the concentration of active interme-
diates, resulting in a higher apparent frequency factor. The enhancement trend is also in
the same order as increasing polarizability of the free anion (i.e., I” > Br~ > CI” > OH™);
thus, the polarizability of the anion is also hypothesized to be a cause of this enhance-
ment.>'~>% Although anion polarizability correlates with the enhancement in kinetics, it
is unclear why polarizability of the anion would describe the kinetics of various transition
metal ion redox couples considering that the anion polarizability is just the extent of elec-
tron cloud distortion in the presence of an electric field**>*>° and neither accounts for
the presence of the electrode surface nor the metal ion involved.

Anions can affect the structure of the adsorbed intermediate or the metal ion com-
plex in solution by entering the first coordination sphere. Therefore, rather than only
considering anion polarizability or anion coverage (Scheme 1B), the metal ion itself
should have a major effect on kinetics (Scheme 1A). Currently, the dearth of molec-
ular-level understanding of the charge transfer pathway has made it difficult to
explain how anions influence the redox kinetics for transition metal ions.

In this work, we reveal that the kinetic enhancement observed in chloride for the V2*/
V3* reaction is due to a change in the energy of the adsorbed intermediate and not
due to an increased anion coverage. The change in intermediate energy also ex-
plains the order of kinetic enhancement—i.e., iodide > bromide > chloride. The en-
ergy of this adsorbed intermediate follows the same order as the polarizability of the
free anion. We postulate that a similar mechanism involving an adsorbed metal-ion
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intermediate occurs for Cr?*/Cr3*, Fe?*/Fe", and Cu*/Cu®* redox couples. By un-
derstanding the cause of the enhancement for V2*/V3*, we also increase our under-

standing for these other redox couples that are used in a range of RFBs.*'®

The challenge in understanding the role of anions on the kinetics and charge transfer
mechanism of metal ion redox couples arises from four shortcomings in the litera-
ture: (1) rates are not always measured under kinetic control and are often not
normalized by electrochemical active surface area; (2) apparent activation energies
(E,) and frequency factors are not evaluated, which makes it difficult to know whether
kinetic enhancement is related to lowered activation energy of the rate determining
step (RDS) orincreased coverage; (3) the structure of the reacting species in different
electrolytes is not known under electrochemical conditions; and (4) first-principles
modeling has not been used to understand the influence of anion coverage and
adsorption strength of the intermediates on charge transfer. We address these
four shortcomings in the literature, focusing on the V2*/V3* redox couple, with a
combined experimental and computational study. This combined analysis enables
us to understand the energetics of the adsorbed intermediate and propose a reac-
tion mechanism that explains the kinetics of V2*/V3* in all of the tested electrolytes.

We demonstrate in this work by operating under kinetically limiting regimes that the
exchange current densities (i,) of the V2*/\3* reaction on GC increase following the
order H,SO,4 < HCI < HCIO,4 < HBr < HI, with the E, following the order H,SO,4 >
HCIO,4 > HCI > HBr > HI. The reaction kinetics in a mixture of HI/H>,SO, is close to
that of pure H,SO,, which we attribute to SO,2%~ preventing the formation of the
active intermediate responsible for the high activity in HI. The decrease in E, for
VZ*/\V3* occurs in the order of the increasing polarizability of the anion that forms
the bridge for electron transfer. However, the apparent frequency factor, which is
proportional to the coverage of the active intermediate, follows an order that is
the opposite of the DFT-predicted anion coverages. This contradiction suggests
that the kinetic enhancement does not result from higher anion coverage.

We use extended X-ray absorption fine structure spectroscopy (EXAFS), molecular
dynamics EXAFS (MD-EXAFS), UV-vis spectroscopy, and ligand-exchange free en-
ergy (AG,) calculations to identify the structures of V2* and V3* in these five electro-
lytes. We in particular report the structures of V2* and V3* in commercially used
H,SO, and HCI using EXAFS. V?* exists in hydrated form as [V(H,0)e]?* in all of
the electrolytes, whereas V3* complexes with anions. We find that the V**/V3" reac-
tion kinetics increases with decreasing adsorption strength of the *[bridge—V3*] in-
termediate (i.e., increase in energy of the intermediate). This finding is supported by
a postulated mechanism that fits the observed experimental behavior.

We postulate the adsorption strength of the intermediate, similar to V2*/V3*, can be
used to control the heterogeneous charge transfer for other reactions that obey a
similar anion-bridging mechanism such as Cr?*/Cr®*, Fe®*/Fe®*, and Cu*/Cu?*.
The structure of the reacting species, the identity of the anions, and the electrode
surface affect the energetics of the formed intermediate and should be considered
when interpreting inner-sphere charge transfer kinetics.

RESULTS AND DISCUSSION

V2*/V3* Reaction Kinetics on GC

We report the i, reaction orders, and E, for the VZ*/\V3* reaction on GC in five acidic
electrolytes obtained from steady-state current (Tafel method) and impedance
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Figure 1. Kinetic Parameters for V2*/V3* Reaction in Various Acidic Electrolytes

Exchange current densities (A) and apparent activation energies (B) as a function of state of charge
for the V2*/V3* redox reaction evaluated from the Tafel method in 1 M HI, 1 M HBr, 1 MHCIO,4, 1 M
HCI, and 0.5 M H,SO, at 0.2 M total vanadium (V) ion concentration. The values for H,SO,4 and HCI
are adapted from Agarwal et al.”® The exchange current densities are unchanged in 1 M H,SOy in
comparison to 0.5 M H,SO,. The counter electrolyte is HCIO, instead of H,SO, for studying HI to
prevent contamination from SO,?~ crossing through the membrane. The H* ion concentration in
the electrolyte in the counter electrode compartment is the same as that of the working electrolyte.
The error bars on the exchange current densities and states of charge are the standard deviations of
the average values.

measurements (charge transfer resistance method). The use of these two indepen-
dent methods assists with ensuring reproducibility and also provides information
to discern the total number of electrons involved in the reaction.® Our experimental
protocol is discussed in the Supplemental Experimental Procedures.

The data in Figure 1 shows that the V2*/V3* reaction kinetics varies with state of
charge (SoC), (SoC = [V2*]/(IV3*] + [V3*])), in HCIO,4, HBr, and HI, similar to
HCl and H,SO, reported previously.*® The SoC is measured by evaluating the con-
centration of V?* and V3* using UV-vis (Figures S1-54; Tables ST and S2). The i, in-
creases (Figure 1A) and the E, decreases (Figure 1B) with increasing SoC in HBr, HCI,
and H,SO,. However, the i, displays a maximum (and minimum in E,) between 50%
and 80% SoC in HCIO4 and HI. The i, are evaluated in the kinetically limiting regime
(Figure S5) using the oxidation currents to prevent contributions from HER (Fig-
ure S6). Because i, does not vary with increasing rotation rates, these measurements
are under the kinetically limiting regime (Figure S5). We also confirmed that the
choice of the reference electrode did not affect the measured V?*/V3* kinetics (Fig-
ure S7), which is highlighted as an important concern for electrochemical reactions
due to possible impurities.>

By comparing i, evaluated using the Tafel method (i, 1arel) and charge transfer resis-
tance method (ior,) using Equation S12, we show that the V2*/\3* reaction is an
overall two-electron transfer reaction with one electron in the RDS in HBr, the
same as in HCI (Figure S8; Table S3). In contrast, the V2*/V3* reaction is overall
one-electron transfer in HCIO4 and HI (Figure S9; Table S3), the same as in H,SO4.
This overall two-electron transfer behavior observed in HCl and HBr may arise either
due to the formation of V dimers on the electrode surface, a comproportionation re-
action between adsorbed VZ* and V** on the surface to form V3*,%¢’ or the partial
charge transfer from halide when V di-halide (chloride and bromide) complexes are
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Table 1. Reaction Orders for V2*/V3* in H,$0, and HI

[V*] Order (y) [V3*] Order (¢)
Electrolyte io, Tafel io.Re; io, Tafel io.Re;
H,SO4 0.25 0.22 -0.25 -0.23
HI with HCIO4 on counter electrode 0.67 0.68 0.28 0.32

The orders are calculated from exchange current densities at different total vanadium (V) concentrations
(0.05, 0.1, and 0.2 M V) at room temperature using regression.

formed in solution. Despite the difference in the overall number of electrons, the Ta-
fel slopes (b) in all of these electrolytes range from 120 to 150 mV decade™" (Fig-
ure S10), corresponding to a RDS with one-electron transfer.

Because i, includes the contribution of both apparent frequency factor and E,, we mea-
sure both i, and E, to understand how anions influence the kinetics. These measurements
enable us to distinguish whether the kinetic enhancement is related to the apparent
frequency factor or E,. The i, of the VZ* V3 reaction in these electrolytes increases
following the order of H,SO,4 < HCl < HCIO4 < HBr < HI. The E, decreases in the order
of HCIO4 > HCI > HBr > HI and follows the same order as the anion polarizability
(OH™ < CI” < Br™ < I7). The decreasing E, with increasing anion polarizability implies
thatan adsorbed V species with an anion bridge may act as an intermediate in the overall
charge transfer mechanism. The i, in HCIO, is higher compared with HCI (Figure 1A),
despite its higher E, (Figure 1B) because the i, contains contributions from the apparent
frequency factor in addition to E,. The i, in various electrolytes at different temperatures
along with Arrhenius plots to evaluate E, are shownin Figures S12—S14 and Table S4. We
hypothesize the slow kinetics in H,SO4 arise from SO, preventing the formation of an
active intermediate, because SO4%~ cannotactas a bridge for charge transfer reactions.®

To clarify the reaction mechanism, the reaction orders of V2* and V3* in different
electrolytes are extracted by regression analysis on i, and are given in Table 1. De-
tails on this analysis are discussed in the Supplemental Experimental Procedures. No
dependence on the total V concentration in H,SO4 was shown in our previous work,
and the behavior with SoC was explained by V* and V3* having equal and opposite
reaction orders (i.e., a positive order for V?*and a negative order for V34).% Reaction
orders evaluated in H,SO4 here (Table 1) corroborate this finding. Due to the same
qualitative trend in i, (and E,) with SoC in HCl and HBr (Figure 1) asin H,SOy, the i
and V3" orders in HCl and HBr are also evaluated assuming they are equal and oppo-
site (Figure S15; Table S5). In contrast, both V2* and V3* have positive orders in HI
(Table 1; Figures S16 and S17) and HCIO,4 (Table S5), which explains the maxima
observed in i, around 50%—80% SoC in Figure 1. The orders of V?* and V3 in HI
evaluated by the differential method (Supplemental Experimental Procedures) qual-
itatively corroborate the orders obtained by regression (Figures S18 and S19; Table
S6). Although an outer-sphere reaction rationalizes the positive orders for both V2*
and V3* in HCIO4 and HI, an outer-sphere reaction cannot describe the observed
negative reaction order of V3* in H,SO,, HCI, and HBr (Supplemental Experimental
Procedures). Therefore, we choose a single inner-sphere reaction mechanism
described below that explains the reaction order behavior in all of the electrolytes.

The experimental V2*/V3* rate measurements in these electrolytes can be explained
by a simple inner-sphere microkinetic model involving adsorbed V through an anion
bridge as an intermediate (Scheme 1A):

V2w 2 5 VR (Step 1)
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Cell Regorts .
Physical Science

* V2 2 V3 e (Step 2)

V3T 2VET (Step 3)

Here * represents a GC active site, which is either free or occupied by a reactive spe-
cies. The i,, assuming the single electron transfer in step 2 is the RDS (based on the
measured Tafel slopes; Figure S10), can be written as (see derivation in Supple-
mental Experimental Procedures):

(Equation 1)

lo

5 s (nk<1—a>>
nFkoKq[V*] ([\/ *]) n
(Ki[V2 ]+ Ka [V T+ 1)\ V2]

where F = Faraday's constant, a = the transfer coefficient, n, = the number of elec-
trons involved in the RDS (i.e., 1), n = the total number of electrons involved in the
reaction, k, = the standard rate constant for step 2 (i.e., rate constant at the V2
V3* standard redox potential), and K; and Kj are the adsorption constants for V2"
and V3", respectively.

A reaction model involving an adsorbed anion (Scheme 1B) can also explain the
observed reaction orders of V2* and V3* in all of the electrolytes (Supplemental
Experimental Procedures), with the reaction kinetics proportional to the coverage
of anions on the electrode surface.?*°° Although the mechanisms associated with
Schemes 1A and 1B both explain the observed reaction orders, we discuss further
evidence to distinguish them below. Because the only evidence of an overall two-
electron transfer reaction is the comparison of i, rafe; and iog,, and there is a lack
of spectroscopic evidence of an adsorbed surface intermediate, we choose a simple
reaction model involving overall one-electron transfer (in RDS), consistent with the
observed Tafel slopes (Figure S10) in all of the electrolytes studied here. More com-
plex multi-step reaction mechanisms could also describe the observed kinetic
behavior, but we choose these two basic models to follow the principle of Occam’s

razor.59

We also investigate the V2*/V3* reaction kinetics in mixtures of anions to understand
the relative energy of the formed intermediates and the anion coverage. We expect
the largest difference in the adsorption energy or concentration of the active inter-
mediate between the electrolytes that have the largest difference in observed ki-
netics. Thus, we study the V2*/V3* kinetics in a mixture of I~ (highest activity) and
SO4%™ (lowest activity) in the following section. If the V-sulfate intermediate is lower
in energy than the V-iodide intermediate, or the coverage of SO,42 is higher than I~
on GC, then the kinetics in the HI/H,SO4 mixture will be more similar to H,SO4 than
HI, and vice versa.

Influence of Sulfate Anions on V2*/V3* Reaction Kinetics

We observe that the presence of sulfate/bisulfate (SO427/HSO, ") decreases the V2*/
V3* kinetics in HI. The i, in HI with H,SO4 in the counter electrode (CE) compartment
is much lower in comparison with non-interacting HCIO, in the CE compartment
(Figure 2A) and nearly matches the i, in pure H,SO4 at the same SoC, shown by
the flat solid line in Figure 2A. In our experimental setup (see Supplemental Exper-
imental Procedures), we use a Nafion-117 proton-exchange membrane to separate
cell compartments. We hypothesize that SO42/HSO,;~ anions cross through
the membrane and suppress the kinetics. The data in Figure 2A support this hypoth-
esis, because the V2*/V3* kinetics decrease upon increasing the amount of NaHSO,
in HI, even with HCIO,4 in the CE compartment. At sufficiently high NaHSO,4
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Figure 2. Influence of Sulfate on V2*/V3* Kinetics in HI

(A) Exchange current densities at 80% + 2% state of charge for V2*/V3* reaction in 1 M Hl with 1 M
HCIO4 in CE compartment with increasing concentrations of NaHSO,. The solid and dashed
horizontal lines show the baseline exchange current densities in 0.5 M H,SO,4 and 1 M HI with 0.5 M
and 1 M H,SOy, in the CE compartment, respectively.

(B) Exchange current densities and apparent activation energies for V2*/V3* reaction in 1 M Hl with
1M HCIO, (solid) and 1 M H,SO, (dashed) in the CE compartment. The error bars on the exchange
current densities and states of charge are the standard deviations of the average values.

concentrations, the i, is comparable to the case of Hl with H,SO4 in the CE compart-
ment. Even though the perchlorate anion will also cross over to the working elec-
trode compartment when using HCIO, in the CE compartment, the kinetics in HI
will be unaffected because of the non-interacting nature of perchlorate to complex
with V ions, contrary to the case of H,SO, in the CE compartment. This effect of
SO42~ suppressing the reaction kinetics is qualitatively captured by the larger E,
and smaller i, for reaction in HI with H,SO4 compared to HCIO, in the CE compart-
ment (Figure 2B). The E, in HI with H,SOy in the CE compartment is comparable to
that in pure H,SO,.

These results, that SO,%~ decreases the VZ*/V3* kinetics, suggest that S04%~ pre-
vents the formation of the active intermediate in HI. This kinetic inhibition may occur
from adsorbed V-sulfate complexes preventing the formation of active V-iodide
complexes or adsorbed sulfate blocking the adsorption of I”. Understanding the
reason for this catalytic inhibition requires knowledge of the structures of the V spe-
cies at the surface and the coverage of anions. To accomplish this task, we experi-
mentally determine the structures of the species in solution and then use DFT
modeling to understand the interaction of species on the C surface and the effect
of anion coverage in the next sections.

Structures of V2* and V3* in HCIO,, H,SO,, and HCI, Using EXAFS and MD-
EXAFS

We use in situ EXAFS measurements and MD-EXAFS of the V K-edge to elucidate the
structures of V ions in HCIO,4, H,SOy4, and HCI. We electrochemically control the
oxidation state of V in these electrolytes as either V2* or V3* during the measure-
ments to prevent any contamination from undesired oxidation to higher oxidation
states. MD-EXAFS are computed by averaging the EXAFS spectra generated from
ab initio MD snapshots of V complexes in explicit solvent.®” We use 50 solvent water
molecules in the MD-EXAFS simulations and show that increasing the number of sol-
vent molecules does not change the MD-EXAFS spectra (Figure S20). All of the
computational details for the MD-EXAFS are provided in the Supplemental
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Figure 3. Structures of Hydrated V2* and V3*

The k*-weighted Img[%(R)] plots for MD-EXAFS of V complexes in pure water—that is, [V(H,0)e]**
(blue) and [V(H,0)¢]>" (red). Below the MD-EXAFS are the experimental V K-edge EXAFS of V2
(blue) and V3* (red) in perchloric acid. The fit is shown by the dotted lines. The individual scattering
paths that are used in the structural refinement are shown, along with their contributions in the
resulting fit. Atom color legend: light gray =V, red = O, and white = H.

Experimental Procedures. By using both experimental EXAFS and MD-EXAFS, we
are confident in attributing certain features of the spectra to specific V complexes.
We begin by identifying the structures of V species in the absence of anion complex-
ation by conducting EXAFS measurements in non-complexing perchloric acid. The
structural parameters in HCIO, serve as a standard to identify complexed species
in H,SO,4 and HCI.

The data at the top of Figure 3 shows the Img[%(R)] plots of hydrated [V(H,0)s]** and
[V(H0)¢]*" obtained from MD-EXAFS. Below the MD-EXAFS of [V(H,0)s]**
and [V(H,0)e]** are the experimental EXAFS of V2* and V3* in HCIO,, where VZ*
and V3* are expected to be hydrated due to the non-interacting nature of perchlo-
rate.®’*?> The MD-EXAFS of [V(H,0)¢]?* and [V(H,0)e]*" match the dominant fea-
tures of the first coordination sphere (<3 A) of the experimental measurements.
Both MD-EXAFS and EXAFS show a shorter scattering distance of the first coordina-
tion sphere for V3* compared to V?*. The agreement between the MD-EXAFS and
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experimental EXAFS suggests that V2" and V3" exist in fully hydrated form in HCIO,.
These results provide direct experimental verification of the V2* and V3* structures in
water. No previous studies have accurately elucidated the structures of hydrated V2*
and V3* complexes in the aqueous phase. Although a previous study on the structure
of hydrated V3" in the aqueous phase has been conducted, the V3* solution used
contained chloride anions along with concentrations of V**, as seen by their UV-
vis spectra of the prepared solution.®® The structural parameters of hydrated V*
and V3* we see here agrees with the ab initio calculations and experimental X-ray
and neutron diffraction studies of solid VSO4+6H,0 and [V(H,0)4l[H502/(CF3SO3)a
crystals.®’©%447%¢ The k®-weighted EXAFS spectra of V?* and V3" in perchloric
acid in R and k space are available in Figures S21 and S22.

By fitting the EXAFS data, we identify the scattering paths that contribute to the
different portions of the overall EXAFS spectra. We quantify distances of scattering
paths for both V2" and V3" in perchloric acid and compare them to the MD-EXAFS
values. The individual path contributions obtained by fitting are shown at the bottom
of Figure 3. The single leg scattering from the first shell (V-O and V-H) dominates the
scattering in the region from 1-2 A. The multiple leg scatterings (V-O-O: 3-leg
collinear path, V-O-V-O: double return and 4-leg collinear path) in the region from
2 to 4 A are sensitive to first-shell symmetry and disorder. The paths used in the fit
are based on previous studies for hydrated transition metal ions (Table S7) and
are discussed in the Supplemental Experimental Procedures.®” The V-O distance
from experimental EXAFS of V2*is 2.14 A, while it is 2.0 A for V3*, within 0.01 A of
the previously reported V-O distances for V2* and V3* in VSO,4+6H,0 and
[V(H,0)4][H50,](CF3SO3)4 crystals.®**® From MD-EXAFS, the V-O distance in i
and V3" is 2.21 and 2.08 A, respectively, within 0.05 A of the previously reported
V-O distances for V2* and V3" from electronic structure calculations.® The fitting pa-
rameters for all single leg scattering paths are available in Table S10, and details of
the measurements and parameters of multileg scattering paths are available in the
Supplemental Experimental Procedures. Using the structures of V?* and V3* and
the associated scattering paths in non-complexing solution, we will be able to iden-
tify the structures in different electrolytes by comparing their spectra to these
standards.

The UV-vis spectra of V2* are unaffected by the presence of different anions (SO4%,
Cl7, Br7, and I, as shown in Figure S1), indicating that V2 is present as IV(H,0)e]?*
in all of the electrolytes.*® Therefore, we assume that the structural properties of V2*
in all of the electrolytes studied here are the same as in HCIOy4, shown in Figure 3.
Unlike V2*, the UV-vis spectra of V3" is different in the presence of interacting anions

466872 indicating a change in the first-coordination sphere.

in solution (Figure S1),
The UV-vis peak of V3" corresponding to the *Tiy — 3T,q transition’?’* shifts
from that in non-complexing HCIO4 most significantly in H,SO4, followed by HCI,
HBr, and then least in HI (Figure S4).*¢ As this shift is attributed to complexation,
the anion complexation strength of V3" follows this same order, which matches
the spectrochemical series that provides an estimate of the strength of ligand
interaction with transition metals (ligand strength: SO42~ >> CI~ > Br~ > 17).>® How-
ever, the exact structural changes of V3* in the presence of anions have not been
identified in the aqueous phase. To identify the structures of V3" complexes in
H,SO, and HCI, we conducted in situ EXAFS measurements of V3* in H,SO, and
HCI with increasing anion concentrations and compared them to the EXAFS of V3*
in HCIO,. Because weaker complexation of V3* with Br~ and |~ than CI~ and
SO,2™ is predicted by the spectrochemical series®® and corroborated by our UV-
vis measurements,*® we rely on DFT-calculated AG_ (Table S11; Supplemental

10 Cell Reports Physical Science 2, 100307, January 20, 2021

Cell Rerrts )
Physical Science



Cell Reports

Physical Science ¢? CelPress
OPEN ACCESS

Ab initio molecular dynamics [Inset 1 - Ab initio molecular dynamics Inset 1 ]
7T . 1 i MD-[V(H,0),Cl,]* 45 ]

MD-[V(H,0)sCI2}

: MD-[V(H,0)e]3* I
6 [V(H;0)6] _MD—[V(H20)6]3+ /

MD-[V(H,0)sSO.]'f

Experimental
0.3

56MCl-— —F%

FV/3* in HCIO,

1.95MS0,-~ T
0.4

36MCIF— "]
0.3

_Ly/fIncreasing|
2.7MS02— T g0~ 1 |

0.2

I Scattering

-2 contributions

o<t

z | .
& Scattering
2

(o]

E

Increasing

" Increasing \
8042_ clr
=3 1 35 - ]
4 1.25 1.45] 1.25 1.45
6 Fven ) s Increasing CI~ 1
L (factor 1 +(factor of 5) \
=7 ; ¥
Increasing é T I 4 l
8 Iv-s WA S0,2 1 " V-Cl Increasing CI- 1
F (factor of 10) /f h . 1 r(factor of 5} [ 1
_ —— T 5 J NS s L
° Cw X7 ‘;f (i | Q \‘\\4' AL
o | AL : 1 1 v =
< |
& \ L
-1 s L N L N L N L N L . N L N L N 1 N L L !
0 1 2 3 4 5 6 0 1 2 3 4 5 6
R/A R/A

Figure 4. Structure of V3* in H,S0, and HCI with Changing Anion Concentrations

The V K-edge EXAFS k?weighted Img[#(R)] plots for V3* with increasing concentrations of (A) SO,°~ and (B) Cl~ anions compared with the case of
hydrated V3* ionin perchloric acid. The experimental spectrum is compared with the MD-EXAFS of [V(H,0)sSO4]" in H,SO4, and [V(H,0)sClJ?* and
[V(H20)4Cl,]" in HCI, along with the hydrated V3 ion (i.e., [V(H,0)]*"). The insets show the similarity in the relevant EXAFS region that are used to
identify the presence of complexes in solutions at different concentration of anions. The contribution of the V-O, V-H, and V-S paths (in A), and V-CI
paths (in B) that are used in structural refinement are compared to the contribution of each of these paths in hydrated V3", obtained by fitting in Artemis.
The contribution of V-H, V-S, and V-Cl paths are multiplied by a scaling factor to highlight the trends. Atom color legend: light gray =V, red = O, white =
H, yellow = S, and green = chloride.

Experimental Procedures) to identify the preferred complex in HBr and HI, rather
than EXAFS measurements.

The data in Figure 4A provide evidence of V3* complexation in H,SO,. The top of Fig-
ure 4A plots the Img[#(R)] of [V(H20)5504]* and [V(H,0)s]>* obtained by MD-EXAFS.
There is a decline in the peak amplitude between 1.8 and 2.0 A (inset 1, Figure 4A)
with the introduction of SO42~ in the first coordination sphere. The same peak occurs
between 1.75 and 1.85 A in the experimental EXAFS of V3* in H,SO,, where we
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observe that the peak amplitude decreases with increasing SO4%~ concentration
(inset 2, Figure 4A), which we attribute to the presence of [V(H20)sSO4]".

We fit the EXAFS data to determine the change in the contribution of individual
paths for V3* with increasing SO4%~. The fittings are done considering an additional
V-S single leg scattering path, as shown in Figure 4A, in addition to the paths used
for fittings in perchloric acid shown in Figure 3. The fits and details of structural pa-
rameters used are available in Table S8. In sulfuric acid, the V-O path is shifted to the
right (inset 3, Figure 4A), with a change in the V-O distance in H,SO, relative to
HCIO,4 (Table S10). The change in the average V-O distance with S0,%~ complexa-
tion occurs due to an increasing contribution of the V-O bond (with O between V and
S in sulfate anion). Furthermore, at the bottom of Figure 4A, the increasing contribu-
tion of the V-S path and decreasing contribution of the V-H scattering path confirm
increased V3* complexation with SO4%~ at higher SO42~ concentrations. This
increased V3* complexation is quantified by the increase in the average coordination
number of the V-S path with increasing S0,4%~ concentration (Table S10). Therefore,
V3 exists as a mixture of [V(H,0)5504]" and [V(H,0)e]** in H,SO,, supporting our
previous hypothesis by UV-vis spectroscopy.”®

Our experimental EXAFS of V3* in HCI shows clear evidence of CI~ complexation,
and by comparing to the MD-EXAFS Img[%(R)] plots of [V(H,0)sCI*",
[V(H20)4Cl2]*, and [V(H,0)s]** (Figure 4B), we see that both mono- and di-chloride
V3* complexes exist in HCI. The differences in experimental EXAFS are more subtle
in HCI than in H,SO,4 due to weaker complexation with CI™ than S0,%". The ampli-
tudes of the peaks and troughs in the first coordination sphere of V3* either mono-
tonically increase or decrease with increasing Cl~ coordination in MD-EXAFS and
CI™ concentration in experimental EXAFS. However, for the amplitude of the feature
between 2.05 and 2.20 A in MD-EXAFS, the order is not monotonic, but instead
IV(H20)6]3* > [V(H,0)4ClL]* > [V(H,0)sClI%* (inset 1, Figure 4B). This same feature
as identified in MD-EXAFS occurs between 1.85 and 2.05 A in experimental EXAFS
(inset 2, Figure 4B), where the amplitude first decreases and then increases with
increasing CI~ concentration. This switch in order is not possible if only higher con-
centrations of [V(H,0)sCl]?* are formed with increasing CI~ concentration, indicating
the presence of detectable concentrations of [V(H,0)4Cl,]* along with [V(H,0)sCI1?*
at high concentrations of CI™.

We fit the EXAFS spectra of V3* in HCl and deconvolute the contribution due to CI™
complexation by including an additional single leg V-Cl scattering path during fitting
as shown in Figure 4B, with fitting details in Table S9. The V-O path contribution
moves toward the right (inset 3, Figure 4B) in HCl relative to HCIO4. Furthermore,
at the bottom of Figure 4B, the increasing contribution of the V-C| path and
decreasing contribution of the V-H scattering path with increasing CI~ concentra-
tions confirm V3* complexation. The increasing coordination number of V-CI with
increasing Cl™ (Table S10) provide an estimate of the average number of anions in
the first coordination sphere of V3*. The V-Cl path is not included in fitting in
1.6 M CI™ because introducing a V-Cl path worsened the obtained fits, indicating
negligible complexation. We observe that the V-Cl distance is larger than the V-O
distance, which we attribute to Jahn-Teller distortion in [V(H,0)sCl]?** and
[V(H20)4Cl5]" formed in HCI.*® Therefore, V3" exists predominantly as [V(H,0).]**
with small concentrations of [V(H,0)sCl1?* and [V(H;0)4Cl,]* in HCI. The EXAFS anal-
ysis of the V3t complex in HCI provides evidence of the formation of [V(H,0)4Cl,]"
hypothesized from UV-vis in our previous work.*® The presence of [V(H,0)4Cl,]"
may also be related to the overall two-electron transfer behavior observed in HCI.
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We were unable to identify the presence of V dimers in the electrolytes studied by
EXAFS. The absence of any intense peak ~3.1 A (Figures $21-524) attributed to
V-V scattering in previous studies confirms the absence of dimers in our electro-
lytes.”*’” The absence of dimers is also corroborated by UV-vis spectroscopy, which
does not show any new transition peaks’® or shoulders in the existing transition
peaks with varying V3* concentrations (Figure $1).*® However, the formation of V di-
mers, comproportionation reaction between V2* and V** on the surface, " orthe V
di-halide complexes could explain the overall two-electron transfer behavior
observed in HCl and HBr. The presence of V dimers and V** on the surface can be
identified by surface probing techniques such as in situ Raman spectroscopy and nu-
clear magnetic resonance, which is beyond the scope of this work. Since we have no
direct evidence of V?*/V3* being a two-electron transfer reaction in HCl and HBr
apart from comparing i, tafel and io g, We choose a simple reaction mechanism to
avoid speculation.

[V(H,0)sBr]?* and [V(H,0)4Br,]" are formed in HBr and [V(H,0)s1]>" and [V(H,0)4l5]"
are formed in HI, but in even lower concentrations than the V3*-chloride complexes
in HCI. Our prediction of the presence of these complexes is based on the exergonic
DFT-calculated AG, for [V(H,0)sX]*" and [V(H,0)sX,]" (X = Cl, Br) from [V(H,O)]**.
Even though the AG, of IV(H,O)511?* and [V(H,0)4l5]" are slightly endergonic, we
expect some of the V3*-iodide complexes to form in solution based on changes in
UV-vis with increasing I~ concentrations (Figure S4). The di-halide V3* complex
(X = Cl, Br) is more favorable than the mono-halide V3* complex in HCl and HBr,
while the mono-iodide V3* complex is more favorable than the di-iodide V3* com-
plex, matching the overall two- versus one-electron transfer observed in HC| and
HBr compared to HI (Supplemental Experimental Procedures). With the kinetic infor-
mation combined with the V structural information in the five electrolytes, we pro-
pose a microkinetic model in the following section.

Proposed Inner-Sphere Mechanism and Kinetic Model for V2*/V3* Reaction in
Different Electrolytes

The i, (Equation 1) is simplified for three possible limiting conditions, depending on
the values of the V?* and V3* adsorption constants, yielding an expression of the
form:

ic=A exp(—%) VT V) (Equation 2)

When measuring i, as a function of T and creating an Arrhenius plot, ANV V3 is
the apparent (experimentally observed) frequency factor, y and e are reaction orders
of V#* and V3%, respectively, and E, is the apparent activation energy.

If K3[V3*] >> (1 + K4[V2*]), that is, V3* adsorbs strongly and much stronger than V27,
then at a given temperature, i, oc[V2*](1-(T=e)/mpy3+)=(1on1=e)/m) = This rate
law matches the positive order of V2" and negative order of V3* (with equal
magnitude) observed in H,SO,4, HCI, and HBr, indicating that V3 adsorbs
stronger than V2" in these three electrolytes. However, at a given temperature,
if 1 >> (K4[V®*] + Kj[V3*), that is, both V¥ and V3* adsorb weakly,
ip oc[V2H = (0=e)/mMInB ey (n(=0)/m) - oxplaining  the  positive reaction orders
observed for both V2* and V3* in HCIO, and HI (y,e > 0). The microkinetic model
shows that the reaction kinetics is controlled by the V** and V3" adsorption energies.
With the reactant species in solution and reaction model identified, we next examine
the energetics of adsorbed V complexes and anions using DFT.
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Scheme 2. Proposed Reaction Energy Diagram for the V*/V3* Redox Reaction at 50% State of Charge and V>*/V3* Standard Redox Potential
Considering Two Possible Mechanisms to Explain the Effect of Anions on Redox Kinetics

Adsorbed V3* complex (i.e., *[bridge7V3+]) as reaction intermediate (A) and anion coverage (i.e., *bridge) (B). For simplicity, the energy diagram is not
drawn to scale and does not show balancing anions and electrons involved in the reaction. Black arrows point in the direction of increasing apparent
activation energy and apparent frequency factor based on expected and observed behavior. We show [V(H,0)sX]?* (X = Cl, Br, 1) as the species formed
in solution for consistency. However, in actuality there would be a combination of both [V(H,0)4X,]* and [V(H,0)sX]?* in solution. We expect the
adsorbed intermediate to be closer to V3* due to the easier desorption of V2* than V3*, as discussed in the main text. Atom color legend: light gray =V,
red = O, white = H, green = chloride, brown = bromide, purple = iodide, and dark gray = GC.

Energies of V2*/V3* Complexes and Anions Adsorbed on GC

To explain whether the kinetic enhancement of the V2*/V3* reaction in the presence
of different anions is explained by the energy of the adsorbed V intermediate
(Scheme 1A) or anion coverage (Scheme 1B), we compare the predicted kinetic
behavior based on DFT-calculated adsorption energies of V intermediates and an-
ions with experimental observations. We demonstrate that the energy of the ad-
sorbed V intermediate follows the same trend as anion polarizability and explains
the trend in kinetic enhancement (Scheme 2A). We show that the coverage of ad-
sorbed anions follows the opposite trend of our experimental measurements
(Scheme 2B), and thus cannot explain the observed kinetic behavior.

DFT calculations predict the trend in energy of the adsorbed V3*
intermediate (i.e., *[bridge—V3+]) on graphene matches the complexation strength
of the free V3 ion in solution. We calculate the energy of the *[bridge—V**] instead
of *[bridge—V?*] because barriers for desorption are higher for V3* than V?* with
the OH bridge.?”’® We assume that the desorption barrier is also higher for V3*
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than V2" for other bridges. We use a graphene cluster model as a
representative model for GC because of the challenges in accurately modeling
amorphous  surfaces  (Supplemental ~ Experimental ~ Procedures).  The
adsorption strength of *[bridge—V3*] (Figures S25 and S26) on graphene follows
the order *[I-V(H,0)s]** < *[Br—V(H,0)s]** < *[CI-V(H,0)5]** < *[OH-V(H,0)s]** <
*[OH—-V(H20)4SO4], reported in Table S12 and shown qualitatively in Scheme 2A,
where weaker adsorption means a higher energy intermediate. The order of
adsorption strength is the same for the di-halide V3* complexes as for mono-halide
V3* complexes. The order of the adsorption strength of the *[bridge—V3*] on gra-
phene matches the AG, of V3 complex relative to [V(H,O)e)** from our experi-
mental UV-vis, DFT calculations, and the spectrochemical series.

The relative adsorption strength of *[bridge—V>3*] species rationalizes the observed
kinetic behavior by Sabatier's principle,”” which states that the adsorbed intermedi-
ate should bind with medium strength. Assuming the energy of the transition state
shifts the same amount as the desorption energy of the intermediate by Brensted-

Evans-Polanyi relations,®%®"

the E, would be lowered with the weakening of the
adsorbed *[bridge—V3+] intermediate. Weaker adsorption would also reduce the
concentration of *[bridge—V3+] on the surface, which would lower the apparent
frequency factor. Based on the DFT-calculated adsorption free energy trends qual-
itatively shown in Scheme 2A, E, and the apparent frequency factor for the V2*/v3*
reaction should follow the order of I~ < Br~ < CI~ < OH™ < SO,?~ if the electron
transfer step through adsorbed V acts as RDS, based on the rate law discussed
above. This trend of E, and apparent frequency factor with different anions matches
the behavior observed in our experiments, which suggests that the energy of the *
[bridge—V3*] controls the V2*/V3* kinetics.

We propose that anion polarizability acts as a useful descriptor for the kinetics of the
numerous redox couples involving 3d transition metal ions**? because anion
polarizability correlates with the energy of the adsorbed intermediate. The energy
of the *[bridge—V3*] in Scheme 2A follows the order of the anion polarizability.
Consequently, the anion polarizability mimics the trends of observed VZ*/V3* ki-
netics in different electrolytes.

The reaction pathway in Scheme 2A also captures the behavior of V2*/V3* reaction
kinetics in mixtures of anions. The difference observed in kinetics in a mixture of I~
and SO42~ and kinetics with onlyl™, ("oﬁ(r+so§*) Jio)-) = 0.3 (Figures 2 and S27A), im-
plies that the V-sulfate intermediate is more energetically favorable than the V-io-
dide intermediate. In contrast, the kinetics with CI™ are comparable in the presence
and absence of SO, (io,(CI’+so§’) Jiocr) = 0.9 (Figures S11 and S27A). The smaller
effect of sulfate on kinetics with CI~ compared with |~ implies that the V-chloride in-
termediate is similar in energy to the V-sulfate intermediate (i.e., more favorable
than the V-iodide intermediate). This order of energies qualitatively agrees with
our calculations and is represented in Scheme 2A. Furthermore, the V2*/V3* kinetic
behavior in mixtures of anions in the presence of sulfate also correlates with the
difference in the AG, of the V3*-halide complexes relative to the V3*-sulfate complex
(Figure S27A). The more positive AG_ of V3*_halide complexes relative to the
V3*_sulfate complex, the lower the concentration of reactive V3*-halide complexes
in solution, and the higher the relative inhibition in V2*/V3* reaction kinetics with
SO,%". The large apparent frequency factor in the presence of SO4*~ (~10% in
comparison to other tested halides (~10%) (Figure S27B) also indicates that small
concentrations of SO42~ will prevent the formation of active V3*-halide complexes.

¢? CellPress

OPEN ACCESS

Cell Reports Physical Science 2, 100307, January 20, 2021 15




¢? CellPress

OPEN ACCESS

The relatively minor changes in i, compared to the changes in the E, can be explained by
the adsorbed *[bridge—V>3*] intermediates representing only a small fraction of the sur-
face sites. While the i, varies at most by a factor of 15 throughout the electrolytes, the E,
decreases by ~30 kJ mol™" at 50% SoC in HI compared to H,SO,. Such a significant
decrease in E, would imply a much larger increase in i, all else being equal. The
total rate includes the contributions of reaction occurring both through the more active
*[bridge—V>*]intermediates on the surface and the less active sites comprising vacant C
sites, carbonyl, and carboxyl groups on the surface.”’**” Due to the weak adsorption on
GC, the coverage of the active *[bridge—V3+] intermediates on the surface remains low.
Consequently, the portion of the reaction going through the more active *[bridge—V3*]
intermediates on the surface is small, rationalizing the minor increase in i,. However, the
E, is dominated by the rapid charge transfer through the active *[oridge—V>3*] interme-
diates, explaining the large decline observed in E,.

Our DFT calculations suggest that the increasing anion coverage, often considered
as the reason for enhancement observed in the presence of anions for other transi-
tion metal ion redox couples,”®*° does not explain the V2*/V3* reaction. The
coverage (Figure S27B) and adsorption strength of anions at the equilibrium V2*/
V3* redox potential on GC follow the order I~ > Br~ > ClI~ > OH™ > SO,*". If the
anion coverage controls the V2*/\3* reaction, as depicted in Scheme 2B, then the
apparent frequency factor and E, should increase with increasing anion adsorption
strength, which is opposite to the experimentally observed behavior. This mismatch
with the observed behavior allows us to conclude that anion coverages alone are not
responsible for the observed kinetic trends. Also, the adsorption of SO,%~ on GC is
unfavorable with negligible coverage (Figure S27A), which suggests that SO,2~
would not prevent I~ from adsorbing onto the electrode surface. Coverage calcula-
tions are discussed in Supplemental Experimental Procedures, with an accompa-
nying discussion of Figures S28-532 and Tables S13 and S14. These results do
not mean that the reaction kinetics are not proportionally related to the coverage
of a particular anion, but instead that the coverage is not the cause of the anion-
enhancement trend observed here. Increasing the coverage of a particular anion
enhances the reaction kinetics by increasing the concentration of that particular ad-
sorbed V intermediate, as demonstrated in studies that oxidatively treat C elec-
trodes and show improved V#*/V3* kinetics due to the increased coverage of OH
groups.”’

In conclusion, our results reveal how the structure of formed V complexes on the sur-
face of GC influences kinetics for the V**/V3* redox couple in five different acidic
electrolytes. The energy of the formed *[bridge—V3*] intermediate controls VZ*/
V3* kinetics and correlates with free anion polarizability. The anions enhance the ki-
netics by forming active *[bridge—V3*] intermediates that have a lower activation
barrier, rather than by increasing the coverage of the intermediates. These results
can explain the similar kinetic trends observed for other redox couples involving
3d transition metal ions in the presence of anions, such as Cr?*/Cr®*, Fe®*/Fe’",
and Cu*/Cu®*, used for other RFBs. Our findings suggest that bridging anions
may play a critical yet underexplored role in other RFB chemistries using transition
metal ions for use in energy storage applications. The understanding of the structure
of the adsorbed intermediate and its relation to the coverage and kinetics may lead
to development of electrocatalysts that can adsorb V ions with the desired energy for
improved kinetics. Recent studies have showcased the enormous potential of elec-

78283 in which chelating ligands are

trolyte engineering for Fe- and Cr-based RFBs,
used to increase the faradaic efficiency and widen the operating voltage window of

the battery. Knowledge gained from this study can be exploited in electrolyte
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engineering or electrocatalyst development to tune the intermediate adsorption
strength and control charge transfer kinetics. These findings will assist researchers
in predicting and controlling the charge transfer kinetics of inner-sphere transition
metal ion redox couples in the aqueous phase involved in other electrochemical
applications.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information requests should be directed to the Lead Contact, Dr. Nirala
Singh (snirala@umich.edu).
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