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Abstract



Non-aqueous redox flow batteries have shown promise for applications in grid energy storage.
[why this investigation is needed] Herein, we investigate the correlation between solvent
properties and the electrochemical parameters of vanadium acetylacetonate V(acac)s. Using
cyclic voltammetry (CV) and rotating disk electrode experiments (RDE), we show that trends in
the performance of the V(acac); kinetics are directly related to solvent properties. [some
highlight of your work]. Based on these finding, we also demonstrate how solvent selection can

be improved with limited a priori knowledge.

1. Introduction

Due to inconsistencies with power demand and power generation from renewable resources such
as wind and solar, energy needs to be supplied during peak demand and stored during times of
high-power generation.!> Redox flow batteries (RFBs) have promise in the field of grid energy
storage to address the demand shift application.* Redox flow batteries are uniquely constructed
to decouple the power and energy through the separation of the electrolyte storage tanks and the
electrode to allow for very tunable applications.® Creating a cost-effective system by increasing
energy density is a major drive in the field of RFBs.® One method to increase energy density is
through the use of non-aqueous electrolytes, which are not subject to oxygen evolution and
hydrogen evolution reactions that limit the stability window of aqueous systems. Some
electrolytes provide voltage windows >4 V allowing for the possibility of high energy density
storage. Currently, several groups have looked to take advantage of the non-aqueous RFB’s large
voltage window by design and selection of redox couples with large potential differences with
the goal of increasing the energy density.” 2

The gold standard of non-aqueous redox flow batteries is the vanadium acetylacetonate

(V(acac)3) system. This system forms a symmetric RFB with V(acac); acting as both the



catholyte and anolyte for the RFB. The multiple redox states available to vanadium allow for a
V(II/III) couple on the negative side and a V(III/IV) couple on the positive side and can achieve
a voltage of ~2.2 V.13 The major benefit of the symmetric RFB is the mitigation of capacity loss
caused by the crossover of the active species.!* Specifically for V(acac)s, this complex has stable
redox events positioned on the vanadium center, which resolves issues associated with non-
innocent ligands in redox flow batteries which can lead to instability of the radical ion located on
the ligand.'

An important focus of RFBs in general and for the V(acac); system specifically is
understanding the effects of solvents and supporting electrolytes on the thermodynamic and
kinetic properties of the system. The focus of this research for the V(acac)s; system done by Herr
et al. has been on the solvent and supporting electrolyte effect on solubility and conductivity of
the electrolyte.!® Mixed solvent systems with binary or ternary compositions have also been
investigated and are an attractive approach to optimize solvent properties with continued interest
in the solubility and conductivities of the mixtures towards increasing the energy density of the
system.!” Work by Bamgbopa et al. further increased upon this work through a systematic
investigation of solvent mixtures’ thermodynamic properties such as density, molar volume,
viscosity, solubility, and diffusion, as well as electrochemical properties such as the
heterogeneous rate constant for the electron transfer reaction.!®

While previous work has investigated the effects of solvent on solution resistance and
solubility, little work has been done to investigate what fundamental properties of an electrolyte
make it suitable for a nonaqueous redox flow battery. Predominately solvents are selected by a
trial-and-error approach where the properties that make a solvent desirable are mostly unknown.
Herein we look at the vanadium acetylacetonate system to investigate the solvent effects on

electrochemical kinetics and thermodynamic parameters of the system with cyclic voltammetry



and rotating disk electrode techniques and identify the influence of electrolyte properties on
these parameters. We also investigate the effect of donor number on the stability of the V(acac)s

system towards high potential cycling and will discuss it herein.

2. Experimental and materials

Electrolytes

Electrolyte solutions were prepared by dissolving V(acac)s (98%, STREM) at 5 mM and
tetracthylammonium tetrafluoroborate (TEA-BF4) (99%, Sigma Aldrich) at 500 mM into a
solvent of either: acetonitrile (ACN) (99.8%, anhydrous, Sigma Aldrich), propylene carbonate
(PC) (99.7%, anhydrous, Sigma Aldrich), dimethyl sulfoxide (DMSO) (99.8%, anhydrous, Alfa
Aesar), N,N-dimethylformamide (DMF) (99.8%, anhydrous, Sigma Aldrich), N-
methylformamide (NMF) (99%, Sigma Aldrich) or dimethylacetamide (DMAc) (99.8%,
anhydrous, Sigma Aldrich). All materials were stored and prepared in a glove box under inert
argon gas (<0.1ppm Oz, <0.1ppm H>O). The kinematic viscosities of each electrolyte were

determined using a Cannon-Fenske size 25 or size 75 viscometer at 22+1 °C.

Cyclic voltammetry experiments

All electrochemistry experiments were performed in a glove box under inert argon gas. Cyclic
voltammetry was performed using an SP-150 potentiostat (Biologic) and a traditional three-
electrode system using a BluRev rotating ring disk electrode (RRDE) fitted with a 0.196 cm?
glassy carbon working electrode, a Basi Ag/Ag" electrode that was prepared with 10 mM AgNOs
(Sigma Aldrich) in 100 mM TEA-BF4/acetonitrile was used as a reference, and a graphite rod

was used as a counter electrode. The potential range were scanned at various scan rates of 10, 20,



50, 75, 100, 200, 300, and 500 mV/s. In the RDE experiments, the rotation rates of the working
electrode were 300, 600, 900, 1200, 1600, and 2500 RPM.

The diffusion coefficients were calculated from the CVs using the Randles-Sevick
equation for a reversible electron transfer,

i, = 2.69 X 105n2ADZCv2 (Eq. 1)
Where the i, is the peak current (A), n is the number of electrons transferred, A is the
geometrical surface area (cm?), D is the diffusion coefficient (cm? s7!) of the relevant species, C
is the concentration of the redox species (mol cm™), and v is the scan rate (V s!). The diffusion

coefficient was determined from the Randles-Sevick plot of the slope of the i, versus v/

plot.
Peak currents were obtained from linear baseline correction of the CVs.
The RDE experiments utilize solution convection leading to limiting currents (Levich

currents) at high overpotentials. The diffusion coefficient of the neutral species can then also be
determined from the Levich equation,

I, = (0.620)nFAD3V% Cw? (Eq. 2)
Where I is the Levich current, F is Faraday constant (C mol!), v is the kinematic viscosity (cm?
s'!) measured using Cannon-Fenske viscometer, and o is the rotation rate of the working
electrode (rad s™).

The kinetic current was determined for five different overpotentials potentials in the mixed
transport/kinetic limited current region of the RDE curves at 2500, 1600, 1200, and 900 RPM by

the Koutecky-Levich equation,

Loly 1 (Eq. 3)

m  k  0620nFAD3w2V 6 C

Where i is the measured current and ik is the kinetic current.



The kinetic parameters of the electron transfer were then determined by the Tafel equation using

the kinetic currents obtained from the Koutecky-Levich plot.

(1—a)nFn

logi, = Logi, + Y

(Eq. 4)
Where iy is the exchange current density (A ¢cm™), o is the charge transfer coefficient, R is the
universal gas constant (J mol! K-), and 1 is the reaction overpotential (V). The heterogeneous
rate constant can then be determined from the exchange current density by the Butler-Volmer
equation

ip, = nFCk, (Eq. 5)
Where ko is the heterogeneous reaction rate constant (cm s™!).

The Stokes-Einstein relationship describes the situation where the diffusion coefficient
(D) is proportional to Boltzmann’s constant (k) and temperature (T) and inversely proportional to

the hydrodynamic radius (o) and the viscosity of the solution (n).

KT

D= (Eq. 6)

- é6mna

3. Results and discussions

In non-aqueous electrolytes, vanadium acetylacetonate demonstrates two one-electron redox

events:
[V(acac)3]’ + e <> [V(acac)3] (Eq. 7)
[V(acac)3]" + e <> [V(acac)3]° (Eq. 8)

Both are associated with an electron transfer on the central vanadium atom of the complex,
changing the oxidation state (II/III) at the negative potentials (Equation 7) and (III/IV) at more

positive potentials (Equation 8). The effects of solvents on the V(acac); were investigated by



cyclic voltammetry (CV) experiments (Figure 1A-F). All solvents show a slight increase in peak
separation for both the V (II/IIT) and V(III/IV) redox couples as the sweep rate was increased
from 5 mV/s to 500 mV/s signifying the V(acac)s transitions are quasi reversible in all the
solvents tested. Four solvents, DMF, DMSO, DMAc, and NMF showed a feature past the
vanadium (III/IV) redox peak that is often associated with the formation of vanadyl
acetylacetonate.!” This noticeably affects the vanadium (III/IV) redox couple, where the
reduction peak shrinks with lower scan rates and an increased number of scans. Additionally,
when the potential is scanned to the negative region, the evolution of a redox peak at -1.5 V vs.
Ag/Ag" is observed which is associated with the degradation occurring at higher negative

potentials.
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Figure 1: Cyclic voltammetry of 5mM V(acac)s 10t scan at scan rates ranging from 10-500 mV/s
in various solvents; acetonitrile (A), dimethyl sulfoxide (B), propylene carbonate (C), N,N-
dimethylformamide (D), N,N-dimethylacetamide (E) and N-methylformamide (F).

From the CVs, the position of the peak potentials is seen to be dependent on the solvent

for both the V(II/III) and V(III/IV) redox events. The CV data was also analyzed using the



Randles-Sevcik relationship to determine the diffusion coefficients of the species (Equation 1).
The Randles-Sevcik derived plots showed strongly linear relationships of I, with the square root
of scan rate (v) for both the V (II/III) redox couple and for the V(III/IV) couple (Figure S1)
indicating a diffusion-controlled reaction without adsorption of the redox active V(acac)s onto
the electrode and covered nearly an order of magnitude difference for the various solvents. The
change in the diffusion coefficient of the neutral species when analyzing both the

positive V(III/IV) couple and the negative V(II/III) couple showed good agreement with each
other, indicating the system was well-behaved. The electrochemical parameters obtained via CV
measurements were compiled in Table 1.

Table 1: Electrochemical parameters of V(acac)s in various solvents

Solvent Redox E® (V) Do (cm? s™) D+ (cm? s") D. (cm?2s™) kO (cm s™)
vs. Ag/Ag*
ACN (1M/1v) 0.404 1.11x10-% 9.04x106 -
(t/nm -1.762 1.10x10% 9.44x106 0.042
PC (1M/1v) 0.381 1.24x10% 1.15x106 -
(t/nm -1.751 1.34x106 1.21x106 0.0096
DMF (M/1v) 0.392 3.98x10 3.43x106 -
(t/nm -1.815 4.01x10® 3.46x106 0.022
DMSO (1M/1v) 0.363 1.74x10% 2.09x10® -
(t/nm -1.812 1.90x10 2.00x106 0.010
DMAc (1M/1v) 0.381 3.77x10 3.73x106 -
(t/nm -1.849 3.77x10 3.22x106 0.024
NMF (1M/1v) 0.386 1.99x106 1.62x10% -
(t/nm -1.625 1.98x10% 1.77x106 0.011

Rotating disk electrode (RDE) experiments were also conducted with a 10 mV/s scan rate

at various disk rotation rates (Figure S2). Here the diffusion coefficient was calculated for the



neutral species using the Levich relationship shown in Equation 2 from plots of the Levich
current vs. the square root of the rotation rate (Figure S3). These values matched well with those
obtained via the CV technique but were generally higher. This may be caused by the fact the
Randles-Sevcik equations assume a perfectly kinetically reversible system which is not
necessarily the case in all solvents. Five potentials in the mixed kinetic and mass transport
regions of the LSV curves were selected and analyzed Koutecky-Levich equation (Equation 3)
to determine the kinetic currents of the V(acac)s in each of the solvents. The kinetic currents
were then used in the Tafel equation (Equation 4) to determine the heterogenous rate constants
(k%) of the V(II/III) electron transfer event in the various solvents and added to Table 1.

While it is important to investigate the properties of the redox active species in the
various solvents, the parameter of the solvent that affects the chemical and electrochemical
properties is paramount for understanding solvent system design. Table 2 shows different
parameters of the pure solvent unless otherwise noted, that were identified as influential towards
the chemical/electrochemical behavior of V(acac)s;. Donor number was identified as a key factor
in determining the stability of the V(III/IV) redox couple to extended cycling at positive
potentials. High donor solvents such as DMSO, DMF, DMAc, and NMF are seen to undergo a
unique degradation pathway not seen in the low donor number solvents, ACN, and PC, as
discussed previously. When cycling at positive potentials, >0 V vs. Ag/Ag", the evolution of a
second redox peak is seen, while a concurrent decrease of the first redox peak is also observed
(Figure 2A). In literature, the degradation mechanism of the V(acac); complex is often attributed
to the formation of vanadyl acetylacetonate which, is attributed to the second positive redox

Couple.13’17’19’24



Table 4.1: Solvent parameters

Parameter

ACN DMSO PC DMF DMAc NMF
Permittivity constant® 35.9 46.5 64.9 36.7 37.9 182.4
Viscosity* (cP) 048 25 3.1 1.22 138 2.00
Donor # (kcal mol)*!:2 14.1 29.8 15.1 26.6 27.8 27
Acceptor # (kcal mol')?!?2 18.9 19.3 18.3 16.0 13.6 32.1
Normalized Dimroth- 0.460 0.444 0.472 0.386 0.377 0.722
Reichardt parameter®’
Longitudinal relaxation time 0.2 24 2.7 1.3 1.5 3.7
(ps)”

*Viscosity of solvent containing 0.5 M TEA-BF4 and 0.005 M V(acac);

A B
——High donor #
——Low donor # —
2 g
o E
o =]
2 \/4+\/5+
3 ©)
Vanadium acac100mV/s
Vanadyl acac 250mV/s normalized
-0.50 -0.25 0.00 0.25 0.50 0.75 1.00 1.25 -0.5 0.0 0.5 1.0

Potential vs. Ag/Ag* (V)

Potential vs. Ag/Ag* (V)

Figure 2: Cyclic voltammetry of V(acac)s in high donor number solvent (DMSO) and low donor

number solvent (ACN) (A). Labeled peaks of vanadium acetylacetonate and vanadyl

acetylacetonate in DMSO (B).



We investigated the vanadyl acetylacetonate in DMSO, which showed a quasi-reversible
redox peak at ~0.47 V vs. Ag/Ag" and, upon extended cycling, a second peak at ~0.7 V vs.
Ag/Ag" Figure 3B). When compared to the V(acac)s peaks, it did not match the V (III/TV)
transition peak at 0.36 V Ag/Ag", or the evolved peak at 0.7 V vs. Ag/Ag", indicating that this
evolved peak was indeed not indicative of the formation of vanadyl acetylacetonate. When
vanadyl acetylacetonate was cycled at positive potentials over time in DMSO, the evolution of
the peak at 0.7 V vs. Ag/Ag" was again observed, and it appeared to evolve even quicker than
was seen for the V(acac)s. This 0.7 V peak is not to be considered a V(V/VI) transition as
V(acac)z has the same peak but does not undergo a (IV/V) transition. It seems this second peak is
not immediately accessible on the first scan for either V(acac); or the vanadyl acetylacetonate
complex but is evolved after high potential cycling, indicating a chemical reaction on the
positively charged state occurs after the complex is oxidized, suggesting an electrochemical-
chemical mechanism, where both oxidized complexes, vanadyl acetylacetonate and V(acac)s, are
forming the same product. Previous work into the effects of high donor number solvents on
electrochemical reaction products has been done by Laoire et al. and demonstrated that high
donor solvent could stabilize the Li-O adduct.? This was explained by hard soft acid base
theory, where the high donor number solvent was able to solvate the hard lithium acid. He Qi et
al. also observed this for S-Li batteries where in the presence of hard Li counter ions, a high
donor number solvent could drive the reaction toward the formation of softer anion products.?¢ In
this work, we believe the higher donor number solvent, such as seen with DMSQO, is directly

coordinating with the cationic degradation product, which stabilizes this product.
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Figure 3: Correlation plots of solvent properties with measured electrochemical parameters.
Relationship between the diffusion coefficient and the obtained from Levich analysis and the
inverse of the viscosity of the electrolyte (A). Relationship of the difference between the redox
potential of the V(II/IIl) and V(I1I/IV) couple and the normalized Dimroth-Reichardt parameter
(B). Double natural logarithm correlation between the rate constant of vanadium and the
longitudinal relaxation time of the solvent (C). Double natural logarithm correlation plot of the
rate constant of vanadium and the viscosity of the electrolyte (D).

Further investigation of other solvent parameters on the behavior of V(acac); yielded
several trends. The first trend was the relationship between the diffusion coefficient of the
neutral species to the reciprocal of the solvent viscosity (Figure 3A). This can be explained by
the Stokes-Einstein relationship (Equation 6), where the diffusion coefficient is inversely
proportional to solvent viscosity if the hydrodynamic radius does not change. The strong linear

correlation between the diffusion coefficient and the reciprocal of viscosity demonstrates there



was little change in the hydrodynamic radius of vanadium acetylacetonate (III) species in the
solvents selected. The average hydrodynamic radius was calculated from the slope of the curve
and found to be 0.48 nm which has not been reported to this point. This value is slightly larger
than that of the vanadyl acetylacetonate was determined to be 0.38 nm by Hwang et al.?’ This is
expected as vanadyl acetylacetonate has one acetylacetonate ligand replaced with a single
oxygen atom and would expectedly be smaller. This allows for control of the diffusion
coefficient of the redox species by the viscosity of the electrolyte used.

In an all-vanadium acetylacetonate battery, the gap between the standard potential of V
(II/IIT) and the V(III/IV) redox couples determines the theoretical open circuit voltage of the
battery and thus can influence the energy density that can be achieved. This gap was seen to be
dependent on the solvent used, where it varied between 2.231 V in DMAc and 2.011 V in NMF.
When this voltage difference was paired with the normalized Dimroth-Reichardt parameter
(EtY), a high-fidelity linear trend emerged, even when the highly polar and protic solvent NMF
was used (Figure 3B). The E" is an empirical measure of a solvent’s polarity, determined by
the ability of a solvent to stabilize the transition state of N-phenolate betaine dye as seen by UV-
Vis spectra.?® This can be understood by the formation of charged complexes. As previously
shown, V(acac); forms a cationic complex upon oxidation at the positive electrode (Equation 7)
and an anionic complex upon reduction at the negative electrode to the anionic complex
(Equation 8). The increased ability to solvate these charged species by polar solvents results in a
lower potential difference between the two redox potentials. In this case, it is seen the
stabilization of the negatively charged anionic vanadium complex by the polar solvent is the
more important of the two charge complexes. This is noticed by the variance of the redox
potentials for the V(II/III) couple is greater than 200 mV in the various solvents, while the

V(III/IV) couple varies by only 35 mV. While the solvent effect on changes in potential has been



reported before for transition metal complexes, it is often reported versus the Fc couple, which
itself changes between solvents but not the separation of potentials of various redox states on the
same complex. Here a single descriptor of solvent polarity was adequate to describe the expected
change in the peak separation in various solvents.

The kinetics of V(acac);’ reduction was investigated in the six solvents by RDE
experiments at various rotation rates. Koutecky-Levich analysis of the RDE plots was done to
determine kinetic currents at various potentials, which were used to construct Tafel plots to
determine the rate electron transfer process. This study shows there is a linear relationship
between the natural logarithm of the rate constant (Figure 3C) of the electron transfer of the
reduction of V(III->II) (k°) and the natural logarithm of the longitudinal relaxation time (tv),
with shorter relaxation times realizing faster electron transfer kinetics. This observation between
the rate constant and the solvent’s longitudinal relaxation time has been observed in several
systems in the literature.??-3* This relationship can be explained on the bases of Marcus theory
for an electron transfer. Marcus theory has been used as the basis for understanding electron

transfer reactions and is governed by the following equation.

* *
_AGO/S+AGUS
RT

k° = Ar;%( (Eq. 4.9)
Where A is the preexponential factor, haa some solvent-specific dependence but can be
considered minimal and neglected in some common cases*®®, 0 is a measure of reactions’
adiabaticity ranging from 0 to 1, AG%.s is the outer sphere change in the Gibbs free energy of
activation, and AG?ys is the inner sphere change in the Gibbs free energy of activation. When the
major contribution to the kinetics is from the longitudinal relaxation time, a linear trend between

the natural logarithm of k® and the natural logarithm of t. with a slope of -0. For the solvents

tested, the V(acac)s system obeyed this trend, even with the protic NMF solvent. The natural



logarithm of the electrolyte viscosity also showed a linear correlation with the electron transfer
rate, as has been demonstrated by other researchers.?!'*37 In our V(acac)s system, we obtained a
linear correlation of even higher fidelity than the longitudinal relaxation time (Figure 3D). Here
low viscosity electrolytes, such as the ACN electrolyte, were seen to give an increased k° over
the more viscous electrolyte, such as PC.

These correlations can be translated into an understanding of methods to address
overpotentials in flow batteries by solvent system design. The major source of overpotentials can
be described broadly by three current ranges in Figure 4. The first is at a low current density
where overpotential from the kinetics of the electron transfer process is dominant. This can be
addressed through the solution permittivity constant that was shown to affect the rate constant of
the electron transfer. The second area is where the resistance is the main source of overpotential.
This can be addressed by looking at the solubility of the salts in the electrolyte and by
developing membranes with lower resistance for ionic transport of the supporting electrolyte.
The last region is the mass transport region which can be reduced physically via increased pump
rate and by lowering the viscosity of the solution, which has the dual effect of lowering the
energy requirements of the pump while also increasing the diffusion coefficient, which allows

for lower overpotentials at high currents.
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Figure 4: Demonstration of sources of overpotential for a redox flow battery at various current
densities.

4. Conclusions

In this work we observed how solvents changed the electrochemical parameters of the
electron transfer process. We then looked at key solvent parameters and showed how they affect
each parameter for V(acac) complex. We propose this in-depth analysis of solvent effects on the
electrochemical properties of the V(acac); system can be extended to other systems and give a
principle-based design methodology for examining solvent and supporting electrolyte, providing

an alternative from the trial-and-error approach oft employed is solvent selection for non-

aqueous redox flow batteries.
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