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ABSTRACT: Vanadium redox flow batteries are a promising technol-
ogy for energy storage, yet the mechanism of the kinetically limiting
V>*/V?* redox reaction remains poorly understood. Here, we elucidate
the impact of anion complexation on V>*/V* kinetics on a glassy
carbon electrode in three common electrolytes: hydrochloric acid,
sulfuric acid, and mixed HCI/H,SO,. The V**/V3* kinetics are ~2.5
times faster in HCI and have lower apparent activation energies than
those in H,SO, or HCI/H,SO,. We also identify the presence of
[V(H,0),CL]* species in HCl by UV—vis spectroscopy. We confirm
that the V**/V3* reaction proceeds via an adsorbed intermediate and
propose a bridging mechanism through adsorbed *Cl (in HCI) and
*OH (in H,SO, or HCI/H,SO,). A bridging mechanism through *Cl is
supported by even faster redox kinetics in HBr than in HCI, possibly
due to the higher polarizability of *Br. By measuring the exchange
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current densities using steady-state current measurements and impedance spectroscopy, we show that the overall reaction
is a two-electron process in HCI as opposed to a one-electron process in H,SO, and HCI/H,SO,.

world’s rising population and standard of living. This

increasing demand is currently met by burning fossil
fuels, which adversely impacts the global climate through rising
CO, emissions (~16% increase in the past decade and
estimated to reach 39 billion tons per year by 2040)." A
sustainable way to meet our world’s electricity needs is to use
renewable electricity sources like solar and wind, but their
intermittent nature necessitates storing this electricity and
releasing based on demand. Although pumped hydroelectricity
currently provides the majority of electricity storage, its
geographical limitations have led to searches for alternative
electricity storage technologies.””

Redox flow batteries (RFBs), since their inception in 1974
by Thaller," have shown tremendous capability to store and
release renewable electricity at a multimegawatt-hours scale.’
Advantages of RFBs over stationary electrode batteries include
decoupled power and energy due to the RFB’s external storage
of the electrolyte and long lifetimes (>10000 cycles,’ > 20
years) because RFB electrodes act as electrocatalysts rather
than participate directly in the redox reaction.’ These
attributes provide RFBs high flexibility and scalability for
grid energy storage applications.”’

Aqueous RFBs involving solely vanadium ions® (VRFBs:
VO,,/VO*//V*/V*") are among the most well-developed
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aqueous RFBs, attracting investments close to a billion dollars
in recent years for large-scale energy storage deployment,” with
209.8 MWh of energy capacity installed as of 2019."" Using
only vanadium ions in both half-cells of VRFBs eliminates the
challenge of cross-contamination,'" which is responsible for
permanent capacity losses in other aqueous RFB systems.
Nevertheless, VRFBs suffer from a high activation (kinetic)
overvoltage of the slower V**/V** redox couple (V** 2 V' +
e”, E° = —0.255 V vs SHE) that lowers overall round-trip
energy storage efficiency.'’ In existing systems, eliminating the
V*/V3* redox couple overvoltage'”'? by improving the V**/
V3* redox kinetics could increase this efficiency from 77 to
~86%."* In addition, faster redox kinetics would enable
switching to thinner, lower surface area carbon papers from
thicker, high surface area porous carbon felts, which would
lower the overall ohmic resistance of the battery.'”

Despite VRFBs being the most well-developed RFB and
closest to commercial implementation for large-scale energy
storage, there is a lack of fundamental understanding of N
V3 redox couple chemistry, particularly the role of electrolyte
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Figure 1. V**/V*" kinetics in H,SO, at room temperature (T = 23.3 °C). (a) Log of the absolute value of current densities vs overvoltage at
30% SoC for 0.0S, 0.1, and 0.2 M total vanadium concentrations. (b) Exchange current densities obtained by using the Tafel equation
plotted as a function of SoC for 0.05, 0.1, and 0.2 M total vanadium. The OCVs vs RHE as a function of SoC are also shown. (c) Tafel slope
as a function of SoC for 0.05, 0.1, and 0.2 M total vanadium. (d) Exchange current densities as a function of SoC for 0.2 M total vanadium by
two independent methods: (i) (solid line) Using the Tafel equation as in (b) and (ii) (dashed line) charge transfer resistance at OCV using
potentiostatic electrochemical impedance measurements assuming a total of one-electron transfer. The total SO,*” concentration is
changing with total vanadium concentration due to the use of VOSO, as the precursor salt. The supporting electrolyte is 0.5 M H,SO,, and a
glassy carbon working electrode disk rotating at @ = 1500 rpm is used to remain in the kinetic regime.

on the redox couple and the associated charge transfer. VRFBs
with carbon electrodes employing HCI'®™"® or mixed acid
electrolytes (i.e, HCI/H,SO,)"”" *' have higher current
densities and greater vanadium ion stability compared with
the traditionally used H,SO, electrolyte. Nevertheless, the
structure of the vanadium ion complexes in these electrolytes is
not well understood, and it is unclear if the improved current
densities are related to kinetics (as opposed to mass transport
or conductivity). The V** and V' ions in pure water or in
noncomplexing electrolytes such as perchloric acid exist as
[V(H,0)s]** and [V(H,0)s]*", respectively, with each of the
six water molecules located at the ends of an octahedron (O,
symmetry), constituting the first coordination sphere around
the vanadium ion.”**® In certain acidic electrolytes (e.g, HCI,
H,S0,, and H;PO,), anions can replace water molecules in the
first coordination sphere of V** and V**, as shown in previous
studies.”*™** Because the choice of electrocatalyst has been
shown qualitatively to impact the V>*/V3* kinetics,”” " the
V?**/V3 reaction has been postulated to involve inner-sphere
electron transfer. However, further quantitative work is needed
to confirm whether the electron transfer is inner- or outer-
sphere and to understand the structure of the vanadium
complexes in acidic electrolytes used in VRFBs. Here we show
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new evidence that the V>*/V3' reaction is inner-sphere
electron transfer and link the kinetics of the V**/V3* reaction
on a carbon electrode with the vanadium complex structure in
three commonly used electrolytes—hydrochloric acid, sulfuric
acid, and mixed HCI/H,SO,.

In this study, we identify the V>* and V** complexes using
UV—vis and examine V**/V** redox kinetics on a glassy carbon
electrode. The V**/V*" redox kinetics are enhanced in HCI
compared with H,SO, or HCI/H,SO, mixtures, based on our
higher measured exchange current densities (i,) and lower
apparent activation energies (E,) from both steady-state
current measurements and impedance spectroscopy. These
rates and activation energies depend on the V** and V**
concentrations, with a negative order in V** that supports the
hypothesis of an inner-sphere, adsorption-mediated step in all
electrolytes. From experimental UV—vis studies, we confirm
that V** exists as [V(H,0)¢)*" in all electrolytes, with no
anions in the first coordination shell. Our experimental and
computational UV—vis measurements show that V>* exists as a
distribution of complexes, with a majority of water/sulfate-
complexed species, [V(H,0);SO,]*, and a minority of water-
complexed species, [V(H,0)4]*, in both H,SO, and HCl/
H,SO,. In HCI, V* exists as a majority of water-complexed
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species, [V(H,0)¢]*", and a minority of water/chloride-
complexed species, [V(H,0),Cl,]*. We propose that the
enhanced V**/V* kinetics in HCl compared with those in
H,SO, and HCI/H,SO, are due to the charge transfer
proceeding through chloride bridges (*Cl) on the glassy
carbon surface in HCI, instead of through surface-bound
hydroxyl (*OH) groups35’36 in H,SO, and HCI/H,SO,. This
hypothesis of electron transfer through bridges is supported by
the faster V**/V3* redox kinetics that we measure in HBr
compared with those in HCI. This enhancement is expected
for a bridging mechanism due to the greater deformability of
the bromide (*Br) bridges than *ClI bridges,37 which
accelerates the electron transfer between the adsorbed species
and the electrode through the bridge.

The redox kinetics of V2*/V3* are examined in three
electrolytes, “HCI” (0.2 M VCl, + 1 M HCl), “H,S0,” (0.2 M
VOSO, + 0.5 M H,S0,) and “HCI/H,SO,” (0.2 M VCL; + 0.5
M H,S0,), to analyze how different anions (CI~ and SO,*")
impact the kinetics of the V**/V®" redox couple on a glassy
carbon surface. Either VCl; or VOSO, is used to avoid the
presence of any sulfate or chloride anions in the HCI and
H,SO, electrolyte, respectively. We also study the kinetics in
HBr to test the bridging mechanism hypothesis proposed in
this work. Electrolytes in noncomplexing perchloric acid
(HCIO,) are prepared to serve as standards for UV—vis
measurements. Section S1 of the Supporting Information (SI)
discusses the details of preparing these electrolytes. The state

2+

of charge (SOC = %
cally oxidizing or reducing the working electrolyte. V* and V**
concentrations are confirmed using UV—vis spectroscopy by
fitting Gaussian peaks to calibration standards (section S1).
Fitted UV—vis spectra of V>* and V** are shown in Figures S1
and S2 with calibration parameters in Tables S1 and S2. Time-
dependent density functional theory (TDDFT) is used to
predict UV—vis spectra of different V*>* complexes (all TDDFT
methodology details are available in section S2). A glassy
carbon electrode is selected for kinetic measurements because
of its high conductivity and controlled electrochemical surface
area as compared with traditionally used porous graphite felts,
which suffer from large ohmic resistances.”®”” The glassy
carbon disk electrode is polished with a 0.05 ym alumina slurry
followed by sonication in deionized water before each
electrochemical measurement (procedure elaborated in section
S1). Consistent kinetic parameters from multiple runs confirm
the reproducibility of this cleaning process. The reference
electrode is a single-junction Ag/AgCl electrode calibrated to
the reversible hydrogen electrode (RHE), and the counter
electrode is a graphite rod that is separated from the working
electrolyte compartment by a Nafion 117 membrane. The
electrochemical cell is continuously blanketed with N, gas
during all electrochemical kinetic measurements, which are
conducted at room temperature (T = 23.3 °C), unless
indicated otherwise.

The intrinsic activities in different electrolytes are measured
by two independent methods: (1) steady-state current
measurements to estimate exchange current densities using
the Tafel equation (i, r,q) and (2) electrochemical impedance
spectroscopy (EIS) to first estimate the V**/V®* charge
transfer resistances (R.) at open-circuit voltage (OCV) and

) is controlled by electrochemi-

then calculate exchange current densities from R, (i,g,) using

eq 1, as discussed below. The i, r,¢; values are determined from
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the y-intercept of the log of oxidation current densities (V** —
V3* 4+ e7). We use the oxidation rather than the reduction
currents for i, . to avoid the convoluting effect of hydrogen
evolution in the reduction currents (Figure S3). We confirm
that we are not limited by mass transport by operating at a
sufficiently high rotation speed where i, 1,z is unaltered with
further increase in rotation rates (Figure S4).

An example of a Tafel plot for different total vanadium
concentrations at 30% SoC in H,SO, that we used to extract
the i, 1.z values is shown in Figure la. The Tafel plots at other
SoCs in H,SO, are included in Figures S5 and S6. The OCV
and i, 1,¢ in H,SO, are found to be independent of the total
vanadium ion concentration but dependent on the SoC, Figure
1b. The shift in OCV toward a more positive potential with a
decrease in the SoC in Figure 1b is expected from the Nernst
equation (eq S8) and confirms our SoC measurements by
UV—vis. The i, 1,z values obtained for glassy carbon in H,SO,
at 50% SoC ((2.89 + 0.01) X 107> mA cm™2) are in close
agreement with previously reported values on carbon electro-
des in H,SO, ((1.76—2.28) x 107> mA cm™2).'>*" The Tafel
slopes (b) in Figure 1c, ranging from 120 to 140 mV decade™,
correspond to a rate-determining step (RDS) with one-
electron transfer, that is, n, = 1 (eq S16). The nearly constant
Tafel slopes indicate no change in mechanism at different total
vanadium ion concentrations and SoCs.

The dependence of the exchange current density on the V**
and V** concentrations serves as new evidence to support the
hypothesis that V**/V>* is an inner-sphere reaction on carbon.
A kinetic model of the form i, & [V**]?[V3*]™ (eq S7), where
a is the (positive) reaction order in V** and —a is the
(negative) reaction order in V**, can be used to describe the
observed behavior of i,. This kinetic model captures both the i,
independence of total vanadium ion concentration and the
increase with SoC (i.e., greater V>* concentration) shown in
Figure 1b. The negative order dependence of i, in [V**]
indicates an adsorption event in the reaction mechanism.*'
This presence of an adsorption event corroborates previous
reports that the V**/V*" redox reaction is an inner-sphere
electron transfer reaction.””>* The kinetic model (eq S7) and
its derivation are discussed in more detail in section S3.

The i, (in mA cm™) can also be evaluated using R, (in Q
cm?)* from eq 1 (derived in section S4)

RT
lO
T ER (1)

where #, is the number of electrons in the RDS, # is the total
number of electrons involved in the overall reaction, F is
Faraday’s constant, R is the universal gas constant, and T is the
temperature in K. From fitting of the EIS data at OCV to
determine R, and assuming #n = 1, the i,z values are in close

quantitative agreement with the i, 1, values in H,SO,, Figure
1d, confirming the accuracy of the measurements of the
exchange current densities by both methods. The i,z and

ioTafl Values have similar magnitudes and show the same
variation with SoC at elevated temperatures as well, with a
percentage root-mean-square error (RMSE) of ~24% (Figure
S7). The R values are included in Table S3, and examples of
Nyquist plots used to determine R in H,SO, at —0.43 V vs
RHE and the equivalent circuit are shown in Figure S8.

To probe the impact of anions on the intrinsic V**/V**
redox kinetics, we conducted rate measurements in HCI/
H,SO, and HCI on glassy carbon to compare with H,SO,. The
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Figure 2. Exchange current densities as a function of SoC. (a) Evaluated using the Tafel equation in HCI (0.2 M VCl; + 1 M HCl), H,SO,
(0.2 M VOSO, + 0.5 M H,S0,), and HCI/H,SO, (0.2 M VCl; + 0.5 M H,S0O,). (b) Evaluated in HCI obtained by two independent methods:
(i) (solid line) Using the Tafel equation for the reaction V** — V3* + ¢~ and (ii) (dashed lines) charge transfer resistance at OCV assuming a

total of one- and two-electron transfer.

iy Tafel in Figure 2a, b (Figure $9), and i, (Figure S10) are the

same in HCI/H,SO, as those in H,SO,, indicating the same
reaction mechanism involving one-electron transfer (n = 1). In
HCI, however, i, 1,z is ~2.5 times higher than that in H,SO,
or HCI/H,SO,, Figure 2a, but shows the same dependence on
SoC. The i,p, in HCI is larger than i, in HCl when

assuming a total of one-electron transfer (n = 1), but if we
instead assume that the V>*/ V3* overall reaction involves two-
electron transfer when converting from R to i,z (n = 2) using

eq 1, the values of i,z and i, 1,4 in HCl match, as shown in
Figure 2b. The i, and i, r,q are also in close agreement in

HCI at different temperatures with a percentage RMSE of
~12.5% (Figure S11), only if n = 2. The Tafel slopes in HCl
(Figure S9) are similar to those of H,SO, and HCI/H,SO,,
both corresponding to a RDS involving one-electron transfer
(ne = 1). Note that this observation is not necessarily
inconsistent as the Tafel slope corresponds to the electron
transfer in the RDS, whereas the value of n = 2 corresponds to
the total number of electrons transferred in the reaction.
However, regardless of whether n = 1 or 2, i,z in HCl is larger

than the i, in H,SO, and HCI/H,SO,, confirming the faster

kinetics determined from i, r,¢ values shown in Figure 2a. The
comparison of R, in HCI and H,SO, at various temperatures is
shown in Figure S12, with fitted data from the Nyquist plots
included in Tables S3 and S4. Examples of Nyquist plots
comparing R, in H,SO, and HCI at —0.43 V vs RHE are
shown in Figures S8 and S13.

The various kinetic parameters evaluated in HCI compared
to those in HCI/H,SO, and H,SO, suggest a change in
mechanism on glassy carbon in HCl. From the agreement of
i Tafel and i, g with n = 2 in HCI but with n = 1 in HCI/H,SO,

and H,SO,, the total number of electrons transferred appears
to change. However, the number of electrons in the RDS
remains the same, based on the similar Tafel slopes in all three
electrolytes. Because of the dependence of i, on SoC in all
three electrolytes, it is likely that the mechanism proceeds
through an inner-sphere adsorbate-mediated step in all three
electrolytes; however, the increase in exchange current
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densities in HCI may be a result of a change in the adsorbed
intermediate species.

Further support for a different mechanism in HCl comes
from the lower apparent activation energies (E,) in HCI
compared to those in H,SO, at a given SoC. E, values
evaluated from i1, (from steady-state rate measurements)
and i, (from EIS) are consistent with one another for a given

electrolyte, and both indicate lower activation energies for the
V**/V3* reaction in HCJ, as shown in Figure 3. The Arrhenius
plots used to derive the apparent activation energies are
included in Figure S14, with E, values in Table SS.

The variation of E, with SoC also supports our hypothesis of
the V**/V*' reaction being an inner-sphere reaction involving
an adsorption event, as opposed to an outer-sphere reaction
where E, is expected to be independent of SoC.*> The E,
increases with decreasing SoC (Figure 3) in HCI and H,SO,,
which supports our previously discussed observations of
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Figure 4. UV—vis absorbance as a function of wavelength. (a) Experimental V** spectra for HCI (0.2 M VCl; + 1 M HCl), H,SO, (0.2 M
VO0SO0, + 0.5 M H,S0,), and HCI/H,SO, (0.2 M VCI; + 0.5 M H,SO,) obtained by reducing vanadium salt (either VOSO, or VCl;)
completely to V>* and oxidizing back to V**. (b) 3Tlg - 3T2g transition peak for V3* solutions obtained as in (a) followed by addition of
sodium sulfate and sodium chloride separately to obtain spectra at various $0,2 (0.7, 1.7, 2.2, and 2.7 M SO,*") and CI™ (1.6, 3.1, 4.6, and
5.6 M CI") concentrations. (c) Theoretical V** spectra of complexes [V(H,0):]*, [V(H,0):80,]*, and [V(H,0),Cl,]* obtained by TDDFT.
For atom/ions in complex, gray depicts vanadium, red is for oxygen, white is for hydrogen, green is for chloride, and yellow is for sulfur. (d)
Experimental peak location of the °T,, — 3T7_g transition for the V3* complex at various SO,>~ and CI”~ concentrations (as in (b)) showing
first-order dependence on [SO,>"] and second-order dependence on [CI~].

increasing i, with SoC (Figure 2a). The decrease in the
apparent activation energies in HCI corresponds qualitatively
to an increase in i, and decrease of R, in HCl compared
with that in H,SO,. However, quantitatively, the ~2.5 times
rate enhancement in HCI is ~10* orders lower than would be
expected from the decrease in E, (~17 k] mol™" decrease for
50% SoC evaluated by i, r,) in comparison to that in H,SO,,
assuming that the sole difference in rate is from the activation
energies (i.e, no change in the pre-exponential factor). To
understand whether changes in mechanism in HCl compared
with that in H,SO, and HCI/H,SO, could arise from
differences in the vanadium complex structure that can alter
the adsorbed intermediate, we examine the structure of V**
and V** complexes.

We use UV—vis to identify the vanadium complexes formed
in bulk solutions of different electrolytes and to probe whether
the complex’s structure is responsible for the rate enhancement
of V**/V*" in HCL. The UV—vis spectra of V** and V** in
noninteracting HCIO,, are used as a reference for the water-
only complexes”® to enable a comparison to V?* and V3*
spectra in the presence of other anions (Cl~ and SO,*”). The
UV—vis of V** shows the same peak intensities and locations
in HCl, H,SO, HCI/H,SO,, and HCIO, (Figure S15),
indicating that there is no difference in the first coordination
sphere of V** in the four acidic electrolytes. As H,O is the only
common ligand in all four electrolytes of HCI, H,SO,, HCl/
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H,S0,, and HCIO,, we conclude that the [V(H,0)¢]*
proposed in previous studies”””" is the dominant V>* species
in all electrolytes used in our kinetic studies.

Unlike V**, the UV—vis spectrum of V' changes with
electrolyte, where the peak location of the lower-energy 3Tlg
- 3T2g transition**** is at 588 nm in HCIl and HCIO, (HCI
and HClO, are compared in Figure $16) and 605 nm in HCl/
H,SO, and H,SO,, shown in Figure 4a. The peak
corresponding to a higher-energy transition (3T1g (F) -
Ty, (P)) shifts less than the *T;, — *T,, upon anion
complexation in both experimental (Figure 4a) and computa-
tional (Figure 4c) V** UV—vis spectra. The dependence of the
peak location on the electrolyte implies that, unlike V**, the
V3 coordinates with anions in at least one of the electrolytes,
Figure 4a. Figure S17 shows the computationally derived UV—
vis spectra of different V** complexes with their possible orbital
transitions. Details of the UV—vis spectra assignments are
provided in Table Sé6.

The peak locations in the V** spectra in HCI (1.6 M CI")
appear at ~400 nm (*T,, (F) = °T,, (P))*** and ~588 nm
Ty = 3ng)44’45 and resemble the spectra of [V(H,0)]*"
with only the perchlorate anion present (Figure S16).”* As the
CI” concentration is increased from 1.6 to 5.6 M, the 3Tlg -
3ng peak shifts to higher wavelengths, Figure 4b, in agreement
with previous studies of V** at high CI~ concentrations.”**°
We attribute this shift to an increase in the fraction of V**
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Scheme 1. Proposed Catalytic Cycle of V** Oxidation to V** on Glassy Carbon”
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“(a) In H,SO, and HCI/H,SO,: (i) The V** ion as [V(H,0),]*" adsorbs to *OH on the glassy carbon surface after shedding a water ligand. The
adsorption of V** involves the loss of a proton, forming *O[V(H,0),]*. (ii) Electron transfer occurs through the *OH, acting as a bridge and
leading to oxidation of V** to V**. We call the bridge here *OH by convention, although it may be an *O bridge due to the loss of the proton to the
solution. (iii) The adsorbed intermediate *O[V(H,0);]** desorbs (taking on a water or sulfate ligand), with addition of H" leading to regeneration
of the adsorbed *OH species on the glassy carbon surface. [V(H,0)4)%" in the bulk electrolyte can exchange a water ligand with SO,*~ to form
[V(H,0):50,]*, or it may directly take the SO,*" ligand when desorbing. (b) In HCl: V** adsorbs onto the glassy carbon surface through a *Cl
bridge. The adsorbed species may undergo two-electron transfer via two possible postulated routes. (i) Two adsorbed vanadium intermediates can
interact to form a dimer, facilitating two-electron transfer, followed by desorption/dissociation to give [V(H,0),CL]". (ii) Adsorbed V** can
undergo a comproportionation reaction with adsorbed V** formed as an intermediate to form V**, which desorbs to give product [V(H,0),CL]*.
Note that [V(H,0);SO,]* shown in (a) is the majority complex formed in H,SO, and HCI/H,SO,, while [V(H,0),CL]" shown in (b) is the
minority complex formed in HCI because we believe that these are the kinetically most relevant species in the given electrolytes, as discussed in the

main text. V¥*reduction is assumed to follow the reverse reaction.

complexes with Cl™ in the V** coordination sphere rather than
only water. Our theoretical UV—vis spectrum for [V-
(H,0),CL]" also shows a shift toward higher wavelengths
compared to [V(H,0)¢]*, Figure 4c. Thus, in the HCI
electrolyte that we used for kinetic studies (1.6 M CI7), we
have a distribution of V>* complexes with chloride (either of
the form [V(H,0);CI]** or [V(H,0),Cl,]" based on previous
DFT studies***) and water only ([V(H,0)]*"), although the
exact distribution cannot be determined without knowing the
exact peak locations for the pure coordinated complex. The
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3Tlg - 3T2g peak location shows a second-order dependence
on [CI7], as shown in Figure 4d, indicating that [V-
(H,0),Cl,]* forms in HCl rather than [V(H,0)CI]** because
the single chloride complex cannot show a second-order
dependence in [Cl7]. This structural assignment requires the
assumption that the peak location is proportional to the ratio
of the chloride complex to the total amount of V¥, as
discussed in section SS.

In H,SO,, with increasing SO,>~ concentrations, the 3T1g -
3T2

o transition peak shifts toward higher wavelengths
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compared with HCI, Figure 4b, indicating that SO,*~ enters
the first coordination sphere of V**. We hypothesize that
[V(H,0)¢]** undergoes ligand exchange to form [V-
(H,0)580,]" in H,SO, because the *T;, — °T,, peak location
shows a first-order dependence on [SO,*”], Figure 4d, as
opposed to the second-order seen for chloride. The argument
that [V(H,0)SO,]" is formed in H,SO, rather than
[V(H,0),(S0,),] is further supported by the higher absolute
absorbance of the 3T1g (F) - 3T1g (P) and 3T1g - 3T2g
transitions compared with the [V(H,0)4]** complex in both
experimental (Figure 4a) and computational (Figure 4c) UV—
vis spectra, attributed to the loss of the inversion center and O,
symmetry by addition of a single sulfate ligand in the V**
coordination sphere. The V** spectrum in HCl/H,SO, shows
the same peak locations and intensity as H,SO,, Figure 4a;
thus, we infer that a similar complex distribution is present
(ie, [V(H,0),50,]" and [V(H,0)¢]**) in both of these
electrolytes. The absence of the [V(H,0),CL]* complex in
HCI/H,S0, (and in other mixtures of CI~/SO,>~ shown in
Figure S18) as identified by UV—vis is likely due to the
stronger complexation of sulfate than chloride. This stronger
complexation of sulfate than chloride is supported by our DFT
calculations of ligand-exchange free energies (discussed in
further detail in section S6).

We assume that at sufficiently low vanadium concentrations
the fraction of vanadium ions in dimers is minimal. However,
as the vanadium concentration is increased, the formation of
dimers becomes thermodynamically more favorable, and the
increase in the fraction of dimers in solution would result in
the appearance of either new transition peaks or new shoulders
in existing transition peaks in the UV—vis spectra.47 As we do
not observe changes in peak shapes or the appearance of new
transition peaks in the UV—vis spectra of V>* and V** (Figure
S1) with increasing vanadium concentration, we assume that
no vanadium dimers are formed in our tested electrolytes.

Our analysis indicates that the improvement in the kinetics
in HCl arises only when the [V(H,0),CL]" complex is
present. The appreciable decrease in apparent activation
energies (~17 kJ mol™" lower in HCl at 50% SoC evaluated
by i, Tara), Figure 3, but rather modest increase in rate (~2.5
times) for HCl compared to that for H,SO, or the HCl/
H,SO, mixture, Figure 2a, may be because there is only a small
fraction of the more kinetically active [V(H,0),ClL,]* complex
in HCI, with the balance being the less active [V(H,0)4]*".
Thus, the pre-exponential factor may be different for the two
mechanisms, ie., lower in HCl, but because the apparent
activation energies are lower, the overall kinetics are faster in
HCL.

We hypothesize that the higher V**/V** activity in HCI
arises because the charge transfer occurs through a chloride
bridge (*Cl) in HCI, shown in Scheme 1b, as opposed to an
OH bridge (*OH) in H,SO, (Scheme 1a). Carbon electrodes
are occupied with surface hydroxyl (*OH) groups in aqueous
media,*® which have been hypothesized to act as a bridge for
electron transfer in H,SO, for the V2*/V3* reaction,’
consistent with the inner-sphere mechanism behavior that we
observed here. Chloride is known to adsorb on carbon
electrodes,*® and the *Cl bridge enhances the electron transfer
compared with the *OH bridge for metal ions because of the
higher polarizability of *Cl compared with that of *OH.>"*"*°
A rate enhancement in the presence of Cl™ has been reported
for Cr**/Cr*,>"** Fe?*/Fe*,>® and Cu**/Cu* redox couples*
on metal electrodes, hypothesized to be due to *Cl acting as a
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bridge for electron transfer. To our knowledge, the apparent
activation energies of a *Cl vs *OH bridge for an inner-sphere
reaction over an electrode surface have not been previously
reported for V2*/V3* or other similarly behaving redox couples
like Cr?*/Cr’*, Fe?*/Fe*, and Cu®'/Cu*.

To further test this mechanistic hypothesis involving bridges,
we examined the V**/V®" redox kinetics in HBr, where we
postulated a greater kinetic enhancement due to the formation
of a highly polarizable *Br bridge compared with a *CI
bridge.””*" Indeed, our current density measurements vs
overvoltage show a ~1.5 times rate enhancement in HBr
((9.82 + 0.04) x 107 mA cm™2) compared with HCI ((6.49
+ 0.09)) X 107 mA cm™?), as shown in Figure S19, and a
~3.5 times rate enhancement compared with H,SO, ((2.89 +
0.01) X 1073 mA cm™2) at 50% SoC. The dominant V** and
V3 complexes in HBr are the same as those identified in HCI
using UV—vis spectroscopy, i.e., a [V(H,0),]** complex for
V?** and a distribution of complexes with the majority as
[V(H,0)¢]** and minority as [V(H,0):Br]** or [V-
(H,0),Br,]" for V** (Figure S$20). Rate enhancement in
HBr compared with HCI has been reported for the V>*/V**
redox couple on mercury electrodes due to bromide
bridging,>> but there have been no reports for this enhance-
ment observed on carbon electrodes.

Ultimately, there are several pieces of evidence that support
the formation of a chloride intermediate for the V**/V**
reaction. In bulk solution, UV—vis shows the presence of
small concentrations of [V(H,0),CL]* in HCIl, which is
supported by our DFT calculations. When this complex is
observed, the reaction has a lower apparent activation barrier, a
higher exchange current density, and a change in the total
number of electrons involved, implying a change in
mechanism, which we attribute to the involvement of the
chloride species in the reaction. Previous kinetic studies of
other redox couples like Cr**/Cr®*,>"** Fe?*/Fe®*,*® and Cu**/
Cu" in the presence of chloride®* showed enhanced kinetics in
comparison with noninteracting HCIO,, which were attributed
to *Cl acting as a bridge instead of *OH. The faster electron
transfer kinetics of the *Cl compared to the *OH were
predicted to be due to better electronic coupling based on ab
initio molecular orbital theory calculations.”* The improved
kinetics for the V2*/V3* reaction that we observe in HBr in
comparison with HCI also imply that the halide is part of a
reaction intermediate. However, the chloride (or bromide)
surface intermediate has not been detected in any of the
systems mentioned above. In situ or operando spectroscopy
techniques such as X-ray absorption, nuclear magnetic
resonance, and Raman are necessary to identify the structure
of the adsorbed intermediate and will be the focus of future
work. Computational studies using techniques such as ab initio
metadynamics to compute adsorption and reaction free
energies”****® could also help clarify the possibility of a
chloride intermediate on the electrode surface.

As summarized in Scheme 1a, in H,SO, and HCI/H,SO,,
we propose that the hexa-aqua V** complex, [V(H,0)4]*,
binds with the adsorbed *OH after shedding a water ligand,
similar to trivalent chromium.”” The V** adsorption process
involves loss of a proton, forming an *O[V(H,0)s]*"
intermediate (i.e, V** adsorbed to glassy carbon via an *OH
bridge). This intermediate then transfers an electron through
the *OH bridge to oxidize V** to V*. After the electron
transfer, the *O[V(H,0);]*" intermediate desorbs, taking a
water or sulfate ligand into the bulk electrolyte. In the bulk
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solution, [V(H,0)4]** can undergo ligand exchange to replace
the H,O ligand by SO,*", or SO,*” can be added directly
during the desorption step, forming the [V(H,0);SO,]* seen
by UV—vis in H,SO, and HCI/H,SO,. We attribute the
similar kinetics that we observe in HCI/H,SO, and H,SO, to
the high SO,*” concentration in HCI/H,SO,, which causes
[V(H,0);SO,]" to dominate as opposed to [V(H,0),CL]".
We hypothesize that at sufficiently high CI™ concentrations,
even in mixed HCI/H,SO, systems, there may be a catalytic
effect such as that observed in HCI, possibly explaining the
higher current densities in mixed-acid full cell systems,'~*'
where the Cl™ concentrations are much higher than those used
in our work here. Future work on the concentration
dependence is needed to verify this hypothesis.

In HC]J, the adsorbed CI~ (*Cl) on glassy carbon can act as
a bridge for electron transfer (Scheme 1b). On the basis of the
results from impedance and steady-state current measure-
ments, this mechanism is an overall two-electron transfer with
a one-electron RDS. Although we do not have definitive proof
for a specific mechanism, we propose two mechanisms here
that are consistent with our measured data. One possible
mechanism is that two adsorbed vanadium intermediates form
a dimer on the carbon surface to facilitate two-electron
transfer, after which the dimer desorbs/dissociates (no dimers
were detected in bulk solution by UV—vis, as mentioned
above). Another possible mechanism involves formation of V**
as a reaction intermediate, which reacts with V**, undergoing a
comproportionation reaction observed in a previous study in
perchlorate solutions™® to give V**, facilitating an overall two-
electron transfer. A similar mechanism as that shown in
Scheme 1b may occur in HBr, but additional tests are needed
and will be the focus of future work.

In summary, this work gives further evidence that the V**/
V3 reaction involves inner-sphere electron transfer on glassy
carbon, based on rate measurements in different electrolytes
that confirm the presence of an adsorbed intermediate. The
precise inner-sphere mechanism is shown to depend on the
choice of acidic electrolyte, based on different rates, activation
energies, and the total number of electrons transferred. Two
independent electrochemical techniques for estimating i,
indicate faster V**/V®" redox kinetics with an overall two-
electron transfer in HCl as opposed to a kinetically slower
single-electron transfer in H,SO, and HCI/H,SO,. UV—vis
spectroscopy measurements confirm that V>* is complexed by
water only as [V(H,0)]** and identify the V** complexes
formed in the electrolytes in which we measured V2 v3t
kinetics. In HCI, the V°* exists as a mixture of [V(H,0)4]**
and [V(H,0),Cl,]*, whereas in H,SO, and HCI/H,SO,, the
V3" exists as a mixture of [V(H,0)SO,]* and [V(H,0),]*".
We hypothesize that the electron transfer in the V>*/V**
reaction goes through a bridging ligand, and the higher rate
in HCI than that in H,SO, or HCI/H,SO, is due to the higher
polarizability of the *Cl bridge than the *OH bridge, which
leads to enhanced electron transfer through the *Cl bridge.
This is supported by testing the V>*/V3* redox kinetics in HBr,
which shows higher activity than that in HC], attributed to the
higher polarizability of *Br compared with *Cl. Electrolyte
engineering to ensure the presence of more effective bridges to
facilitate electron transfer may be a method to improve VRFB
kinetic performance in full cell systems. Overall, this study
highlights the importance of identifying the structures of
complexed species in interpreting kinetics and the use of
multiple independent electrochemical techniques to gain
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valuable mechanistic insights into fundamental charge transfer
reactions.
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