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flow battery technologies. Here, we present the results of synthetic modifications to our recently established series of
polyoxovanadium clusters, [V607(OR)12] (R = CHs; CzHs), with respect to their performance as charge carriers for nonaqueous

redox flow batteries. We demonstrate that incorporation of one ([TiVs(OCHs)13]") or two ([Ti2V4(OCHs)14]) titanium ions

within the Lindqvist core significantly increases the cell voltage of the system (from 1.60 V, to 2.30 and 2.74 V, respectively)

while the solubility and redox stability observed for cluster complexes is retained. The improved physicochemical properties
result in a 740% increase in energy density for [TiVs0s(OCHz)13]~, and a 210% increase for [Ti.V4Os(OCHs)1a]. The kinetic
implications of heterometal incorperation are assessed, demonstrating the importance of considering diffusion coefficients

and heterogeneous electron transfer rate constants in mixed-metal charge carrier schematics. Ultimately, these results

provide insight into structure-function relationships that will inform future synthetic design strategies of charge carriers for

nonaqueous energy storage.

Introduction

The global effort to integrate intermittent renewable energy
sources into the electrical grid has created a pressing need for
the developemnt of new electrochemical energy storage (EES)
technologies.' 2 In particular, redox flow batteries (RFBs) have
seen renewed interest, owing to the unique modularity and
scalability of these systems.3 4 Yet despite these advantageous
features, the low energy densities of current RFB charge carriers
precludes their widespread application.> ¢ To address this issue,
alternative redox flow-based technologies have been explored,
such as those using deep eutectic solvents’-? or redox-targeting
reactions.1% 11 Alternative approaches to improving the energy
density of RFBs have focused on improving the electrochemical
and physical properties of relevance in a molecular charge
carrier, as described by the equation:

E = % nVcenCactiveF (l)

Where E is the volumetric energy density, n is the number of
electrons transferred, V.. is the average cell voltage, Coctive is
the concentration of active species, and F is Faraday’s
constant.1?

The competition to improve RFB energy density has resulted
in an increased focus on the design of charge carriers that are
physically and electrochemically compatible with organic
solvents.13.14 The broad potential window of nonaqueous media

allows for expansion of V. without competing oxidative or

% Department of Chemistry, University of Rochester, Rochester, NY 14627, USA.
*E-mail: matson@chem.rochester.edu
Electronic Supplementary Information (ESI) available: See DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

reductive degradation of solvent. To date, several molecular
candidates for charge carriers in nonaqueous redox flow
batteries (NRFBs) have been reported, including metal
coordination complexes,’>2? organic compounds,?8-33 and
redox-active polymers.34-37 Developments within this library of
redox agents have focused on the identification of molecules
that can be synthetically tuned, resulting in the modulation of
physicochemical properties relevant to NRFB energy density
(i.e. multi-electron transfer, redox potentials, and solubility).
Indeed, in these examples, effective molecular improvements
have been demonstrated through organic functionalization or
metal substitution.1> 19-22, 24, 38-40 \While these results have been
promising, limitations in the solubility and/or stability of
existing charge carriers drives the search for new electroactive
materials for NRFBs.

Polyoxometalates have emerged as an attractive class of
compounds for applications in energy storage technologies, due
to their facile synthesis and fascinating electronic properties
(Figure 1).41-44 The compatibility of these highly charged, metal-
oxide clusters with aqueous media has led to their use in a
variety of water-based EES technologies.®>=>° In constrast, the
use of polyoxoanions in nonaqueous devices has been limited
low solubility and
reversibility in organic solvents.5% 51 Recently, our research
group has extended the investigation of POMs as charge
carriers for NRFBs through the analysis of a series of
hexavanadate, polyoxovanadate-alkoxide (POV-alkoxide)
clusters, [VsO7(OR)12] (R = CHs, C;Hs).532 We established that
incorporation of bridging alkoxide ligands improves the
physicochemical properties of the system—not only by
solubilizing the cluster in organic solvents, but also through the
stabilization of the four reversible redox events of the mixed-

due to their lack of electrochemical
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Figure 1. Self-assembled metal oxide clusters as charge carriers for non-
aqueous redox flow batteries.>>2

valent, Lindgivst core. This report marked a new direction for
nonaqueous charge carrier development, focused on the use of
self-assembled cluster complexes as multielectron electroactive
materials for symmetric cells. The promising stability of the
compound prompted investigations into
molecular approaches to further improve the energy density of
the system.

Herein, we report the development of heterometallic POV-
alkoxide clusters as charge carriers for NRFBs. The use of a
single, mixed-metal charge carrier with widely spaced redox
events allows for the exploitation of benefits associated with a
symmetric system, including resistance to degradative
crossover processes. We demonstrate that substitution of d°
metal centres within the Lindqvist core is an effective method
for increasing the V. of the system, while retaining the
characteristic electrochemical reversibility and stability of the
POV-alkoxide in organic solvent. We assess the capability of
these heterometallic clusters to serve as NRFB charge carriers
through cyclic voltammetry, bulk electrolysis, and H-cell charge-
discharge experiments. These results further highlight the
modularity of the POV-alkoxide cluster series, and demonstrate
the potential for heterometal incorporation to significantly
improve the energy density of these NRFB charge carriers.
for heterometal incorporation to significantly improve the
energy density of these NRFB charge carriers.

homometallic

Results and discussion
Physical and Electronic Properties of TiPOV-alkoxide Clusters

Electrochemical analysis via cyclic voltammetry. Research in
our laboratory is broadly focused on heterometal
functionalization of POV-alkoxide clusters, for the purpose of
exploiting the rich redox profiles of the Lindqvist core. We have
reported synthetic routes for the installation of iron, titanium,

2 | J. Name., 2012, 00, 1-3
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zirconium, and hafnium ions within the POV-alkoxide scaffold,
demonstrating that heterometal identity has significant
bearing on the redox potentials of the reversible V'V/VV couples
(Figure 2, Table 1).53 5% In the case of the titanium-
functionalized  POV-alkoxide  (TiPOV-alkoxide) cluster,
[Ti'VVIVsOg(OCHs)13]~ (1-TiVs), the most notable change in the
voltammetric profile is the appearance of an additional
reduction event located at E;, = —2.07 V (vs. Ag/Ag*).
Spectroelectrochemical analysis of a reduced solution of 1-TiVs
confirms that this isolated redox event can be assigned to the
reduction of titanium (TiV->Ti; Figure 3a) (vide infra). This
event, combined with its nearest, vanadium-based oxidation,
results in a Veyof 2.30 V for 1-TiVs, marking a 44% increase from
that reported for the hexavanadate derivative (1.6 V).>* This
observation highlights the ability of installation of d° metal
centres to dramatically improve the V. of the Lindqvist cluster.

Recently we reported the synthesis of a dititanium-
functionalized POV-alkoxide cluster, [Ti'V,VV405(OCHs)14] (2-
Ti2V4, Figure 2a).5> The CV of 2-Ti,V, reveals a set of four redox
events, spanning —2.10 V to 0.64 V (Figure 2b, Table 1). Open
circuit potential measurements indicate zero current at -0.30
V, confirming that the [Ti'V,V'V,] oxidation state distribution of
2-TiyV, falls between the widely spaced pairs of reduction and
oxidation events. Thus, in analogy to 1-TiVs, we attribute the
oxidation events (E;»» = 0.15, 0.64 V) to successive, single-
electron, vanadium-based processes (VV>VVY). The two
reduction events (E;> = —1.58, —2.10 V) are assigned to the
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Figure 2. a) Molecular structures of 1-TiVs and 2-Ti.Va shown with 50%
probability ellipsoids. Hydrogen atoms and counter ions have been
removed for clarity; b) CVs of [VsO7(OCHs)12], 1-TiVs, and 2-Ti;Va. Spectra
collected in acetonitrile at a scan rate of 20 mV/s with 0.1 mM [NBua][PFs].
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Table 1. Solubility and electrochemical parameters of complexes 1-TiVs and 2-Ti;Va.
Complex Solubility (M) 20 Til/TiV couple? 1t Ti"/TiV couple? 1t VV/VW couple? 2 VV/\WV couple?
1-TiVs 0.513 - -2.07 (1.06) 0.23 (1.00) --
2-TizVa 0.193 -2.10(1.77) -1.58 (1.12) 0.15 (1.05) 0.64 (0.99)

2 Standard potentials (measured vs. Ag/Ag*) identified using cyclic voltammetry at 20 mV/s of 5 mM solutions of each complex with 0.1 M [NBua][PFs]
supporting electrolyte in acetonitrile. Values in parentheses indicate ratios of the cathodic and anodic peak heights (ic/ia).

sequential reductions of the two titanium ions imbedded within

the Lindqvist core (TiV->Ti"; Table 1). Collectively, the
electrochemical profiles of 1-TiVs and 2-Ti,V4 demonstrate that

heterometal incorporation has the ability to support not only an
expansion of V., but also an increase in the number of
electrons stored by the charge carrier.

Anderson et. al. have demonstrated that the combination
of low- (VV) and high- (WVY') valent metal centres can
significantly expand V¢ for mixed-metal POMs in aqueous
conditions.5% 56 To fully exploit the broad range of redox events
afforded by two different metals, the authors attempted to
translate their charge carrier, [SiV3Wg040]”~, to organic solvent.
While they note that the use of propylene carbonate
significantly improves the separation between the vanadium
oxidation and tungsten reduction events (to 1.7 V, from 0.8 V in
the aqueous system), they observe a concurrent loss of

electrochemical reversibility in the CV of this oxo-bridged
cluster. In contrast, the CVs of 1-TiVs and 2-Ti,V4, measured in
acetonitrile, show cathodic to anodic peak height ratios (ic/ia)

near unity, suggesting that their redox chemistry is well-suited
for nonaqueous electrochemical applications (Table 1).

Electrochemical stability: bulk electrolysis. For TiPOV-alkoxide
clusters to serve as successful NRFB charge carriers, it is
important that they demonstrate long-term, solution-state
stability across all charge states accessed during battery cycling.
To investigate the stability of 1-TiVs in its reduced and oxidized
forms, bulk electrolysis was conducted at -2.10 V and 0.25 V,
respectively (Figure S1). Electronic absorption spectroscopy was
used to confirm the formation of the desired reduced and
oxdized clusters (Figure 3a), as this technique has been
demonstrated to be an effective tool for probing the oxidation
state distributions of POV-alkoxide clusters.52-54 57, 58, The
absorption spectrum of the original cluster, 1-TiVs, shows two
characteristic absorbance features: the first at 630 nm (€ = 60
M™cm™), assigned to a forbidden dy(VV) > dey2(VV)
excitation of the isovalent, VY5 POV-alkoxide scaffold; the
second at 450 nm (g = 579 M lcm™1), attributed to charge
transfer from a V'V (d!) centre to the Ti'V (d?) ion.>* In the
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Figure 3. (a) Absorption spectra and (b) cyclic voltammograms of solutions of 1-TiVs before and after bulk oxidation and reduction. Similar spectra for 2-

Ti2Va are shown in (c) and (d). Cluster concentration were 5mM in acetonitrile with 0.1 M [NBu4][PFs] supporting electrolyte. Absorption spectra blanked
with 0.1 M [NBuas][PFe] in acetonitrile. CV spectra are overlaid to compare i, and E1/2 values in the various charge states of the solutions.
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spectrum of the reduced solution, the only observed feature is
a weak absorption at 632 nm (¢ = 51 M cm™1) indicating
retention of the isovalent, V'Vs electronic configuration. The
absence of an absorbance feature at 450 nm suggests reduction
of the heterometal to Ti'" to form the reduced cluster,
[Ti"VVsOg(OCH3)13]2~. This reduction of 1-TiVs is accompanied
by a colour change from brown-red to pale blue (Figure S2). In
contrast, bulk oxidation of 1-TiVs resulted in a colour change to
dark green. The absorption spectrum of the oxidized solution
bears two absorptions located at 384 nm (g = 5110 M 1cm™?)
and 1000 nm (g = 1381 M lcm™1)—characteristic features of
mixed-valent POV-alkoxide clusters. The transition at lower
energies corresponds to an IVCT absorption between dy,(V'V) >
dyy(VV) orbitals, while the higher energy absorption is assigned
to a dyy(VV) =2 dyay2(VY) excitation.>25% 57. 58 Appearance of
these features is therefore consistent with successful oxidation
of a single vanadium centre within the Lindqvist core, from VIV
to VY, to form the oxidized cluster, [Ti'VVV;V'V307(OCH3)13]°.

The resulting oxidized and reduced solutions were analyzed
via CV to confirm that no cluster degradation occured during
bulk electrolysis (Figure 3b). No substantial changes were
observed in peak potential or current response or for the CVs of
the oxidized and reduced solutions, indicating quantitative
conversion of 1-TiVs to its oxidized and reduced derivatives. The
durability of complex 1-TiVs across all three charge states was
assessed by monitoring the charged solutions using CV and
electronic absorption spectroscopy (Figure S3). Over the course
of one week, no evidence of degradation or self-discharge of the
charge carrier was noted, indicating that 1-TiVs is stable across
the staggering 2.3 V potential range suggested by the CV.

Similar bulk electrolysis experiments were conducted with
complex 2-Ti;Va. To determine the accessibility and stability of
the five available charge states, reduction experiments were
conducted at -1.60 V and -2.13 V to generate the mono- and
di-anionic clusters, while oxidations at 0.18 V and 0.67 V were
used to access the corresponding mono- and di-cationic species

indicates successful formation of the singly reduced
([Ti”ITi|VV|V405(OCH3)14]7) and oxidized ([Ti|V2V|V3VV05(OCH3)14]+)
compounds (Figure 3c). However, attempts to generate the di-
cationic ([TiVoVIVoVVY505(0OCH3)14)%) and di-anionic
([TiM>VV405(OCH3)14]%7)
evidenced by the significant changes
absorption spectra and CVs of these solutions when exposed to
highly oxidizing and highly reducing potentials (Figure S5-S6).

Electronic absorption spectroscopy of the singly-reduced
and oxidized solutions of 2-Ti,V4 unambiguously confirms the
hypothesis that these accessible redox events are based in two
different metal centres. Similar to the observed changes in the
spectrum of 1-TiVs following reduction, the mono-reduced
solution of 2-Ti,V4 shows a weak absorption at 632 nm (g = 81
M-1cm-1) suggesting an isovalent, V'Vs electronic configuration
(Figure 4c). Unlike reduced 1-TiVs, however, the mono-reduced
solution of 2-Ti,V4 retains a feature corresponding to IVCT
between V'V and Ti"V ions (430 nm). This results from retention
of the Ti'V electronic configuration in the second heteroatom,
which supports continued IVCT between the d? V"V and d°TiV
ions. Accordingly, the molar absorptivity of this absorbance in
the reduced complex is decreased from that of neutral 2-Ti,V,
(from € = 643 Mlcm™ to € = 367 M-lcm1). The absorption
spectrum of the singly oxidized solution of 2-Ti,V4 shows strong
features at 382 nm (g = 5244 M-cm™?) and 1000 nm (g = 1432
M-1cm-1), which, as discussed in the case of 1-TiVs, confirms
successful oxidation of a vanadium ion from V'V to VV.

CVs of 2-Ti,V,4 following electrolysis to the mono-cationic
and -anionic charge states revealed no changes in current
response or Ei/, potentials, only a shift in open circuit potential
(Figure 3d). Thus, there is no degredation of 2-Ti,V4 during
conversion to its singly oxidized and reduced derivatives.
Monitoring these solutions for one week using CV and
electronic absorption spectroscopies revealed that both charge
states were resistant to decomposition and self-discharge
(Figure S7). This indicates that, although highly oxidizing or

derivatives were unsuccessful,

in the electronic

(Figure S4). Examining the UV-vis spectra of and CV the mono- reducing environments yield cluster decomposition, 2-Ti;V4
cationic and mono-anionic solutions following bulk electrolysis
/
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Figure 4. (a) Cyclic voltammograms of the isolated redox events 1-TiVs (top) and 2-TiVa (bottom) at scan rates from 10-1000 mV s. Acetonitrile solutions

contained 5 mM active cluster with 0.1 M [NBuas][PFs] supporting electrolyte. (b) Plots of the square root of scan rate versus the peak current for each redox
event in 1-TiVs (top) and 2-TizVa (bottom) demonstrating their linear relationship.
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Table 2. Diffusion coefficients and heterogeneous electron transfer rate constants for each redox event in complexes 1-TiVs and 2-Ti2Va.

2" Ti'"/TiV couple 1t Ti"/TiV couple 1t VV/VVY couple 2" VV/WV couple
Complex Do (cm?/s) ko (cm/s) Do (cm?/s) ko (cm/s) Do (cm?/s) ko (cm/s) Do (cm?/s) ko (cm/s)
1-TiVs - - 5.8x10°® 7.7x 1073 4.4x10° 3.1x107? - -
2-TiVa 3.6x10° 4.6x10™* 3.3x10°® 3.6x 107 1.0x10° 2.3x107? 4.5x10° 3.5x107?

possesses long-term, solution state stability across a practical
cell voltage of 1.73 V.

Electrokinetic parameters of TiPOV-alkoxide clusters. A
successful RFB charge carrier must have sufficiently high
electron transfer kinetics and diffusion coefficients to support
complete charge transfer as electrolyte solutions are passed
over a solid electrode surface.>® To determine these values for
1-TiVs and 2-Ti,V,, isolated CVs of each redox event were
obtained at scan rates ranging from 10 to 1000 mV s~ (Figure
4a). Linear relationships between peak current (ip) and the
square root of the scan rate (v/2) were observed, indicating
well-defined, mass-transfer limited processes for each
electrochemical event (Figure 4b).%0 61 The Randles—Sevcik
equation was used to determine diffusion coefficients for the
redox series of the titanium-functionalized POV-alkoxide
clusters (Table 2).16.18,62 These values are on the same order of
magnitude as those of previously reported RFB charge carrier
redox couples.> 63.64 For an EES device, wherein charge transfer
is a mass-transport limited process (i.e., one with rapid charge
transfer kinetics), the diffusion coefficients must be as high as
possible to meet the performance targets for grid-scale energy
storage.>® The large diffusion coefficients of solution phase
charge carriers, like 1-TiVs and 2-Ti,V4, are a principle advantage
of flow-based EES devices over solid-state systems.6>

Rapid heterogeneous electron transfer rate constants (ko)
for each redox event in 1-TiVs and 2-Ti,V4 were confirmed using
the Nicholson method (Table 2).18 The peak separation (AEp)
was determined for each event, and plotted as a function of
scan rate (Figure S8). The increase in AE, at higher scan rates for
the titanium-based reduction events of both 1-TiVs and 2-Ti,Va
indicates quasi-reversible kinetics for each of these reduction
processes. In contrast, the AE, is constant at all scan rates for
the vanadium-based oxidation events, indicative of kinetically
reversible electron transfer processes. The ko values for each of
the titanium-based redox events in 1-TiVs and 2-Ti,V4 (~3.9 x
103 cm s71), are on par with those previously reported for
energy The
vanadium-based redox events, however, have rate constants

charge carriers in non-aqueous storage.®3
which are notably high (~3.0 x 10-2cm s1), consistent with our
observations for [Ve07(OR)12] (R = CH3, CaHs).52

While the redox chemistry of vanadium has been frequently
touted as superior to other metals,%2 this alone does not
account for the significant increase in charge transfer kinetics
in the POV-alkoxide clusters,
monometallic molecular complexes (e.g. V(acac)s). Instead, we
attribute this property to the Robin & Day Class Il, delocalized

electronic structure of homo- and heterometallic POV-alkoxide

observed as compared to

This journal is © The Royal Society of Chemistry 20xx

clusters.®® The cooperative electronic interaction between the
vanadium ions facilitates electron transfer in and out of the
system, with no significant changes to the molecular structure
of the cluster core. The large heterogeneous electron transfer
rate constants have positive implications for NRFB functionality,
as voltage losses should be mitigated by rapid exchange of
electron density. Given the direct relationship between faradaic
current and rate constant, redox reactions with larger ko values,
such as those observed in our POV-alkoxide clusters, will reach
equilibrium more quickly, yielding battery cells with superior
energy efficiencies as compared to other RFB charge carriers.

Solubility of TiPOV-alkoxide clusters in acetonitrile. In addition
to electrochemical instability, low solubility in organic media is
a major contributor to the limited success of previously
reported electroactive materials for NRFBs. For POM-based
charge carriers, the oxo-bridged, high-valent metal centres
typically result in highly charged structures, which are
challenging to dissolve in organic solvents. In contrast, the
electron-donating, bridging alkoxide ligands of the POV-
alkoxide series solubilize the complex through organic
functionality and the stabilization of low charge states of the
Lindqvist core. The solubilities of 1-TiVs and 2-Ti,Va were
determined using electronic absorption spectroscopy in 0.1 M
MeCN solutions of tetrabutylammonium hexafluorophosphate
(INBug4l[PFg]) (Figures S9-S10). These conditions were selected
to mirror the relevant working conditions of a NRFB cell.
Complex 1-TiVs was measured to have a solubility of 0.513 M,
while 2-Ti,V4 possessed a solubility of 0.193 M (Table 1).

The solubilities of the TiPOV-alkoxide clusters mark
significant improvements from our previously reported
hexavanadate derivatives, [Vs07(OR)12] (R = CHs, Cactive = 0.102
M; R = CoHs, Coctive = 0.048 M), and exceed, or are on par with,
some of the most soluble metal coordination compounds
reported for NRFB applications.1® 24 38 \We attribute these
increases in solubility to the presence of terminal alkoxide
ligands of the titanium ions, as the incorperation of [Ti(OR)]3*
cations has been demonstrated to improve the solubility of
Lindqvist polyoxomolybdate and -tungstate clusters.®7-6° This, in
conjunction with the increase in V., suggests that 1-TiVs and
2-Ti;V4 could dramatically improve upon the theoretical
volumetric energy densities of our previously reported
hexavanadate clusters.

Membrane crossover of TiPOV-alkoxide clusters. In flow-based
EES devices, the typical approach to exploiting the divergent
redox properties of different metal centres is to generate an
asymmetric cell, with two separate metal coordination

J. Name., 2013, 00, 1-3 | 5
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Figure 5. Percent crossover of POV-alkoxide clusters compared to that
of V(acac)s over the course of 6 days.

complexes composing the anolyte and catholyte solutions.?3
However, membrane crossover in these asymmetric systems
can result in irreversible decomposition of the active species,
making frequent replacement of electrolyte solutions necessary
for device functionality.1762 A major advantage to the
development of mixed metal symmetric charge carriers, like 1-
TiVs and 2-Ti,V,, is the opportunity to capitalize on the redox
chemistry of two different transition metals, harnessed within a
single molecule. This ability to use a single molecule as both
anolyte and catholyte significantly mitigates the degradative
effects of crossover. However, in the event of species crossover,
charge compensation is required to re-equilibrate the cell,
which can reduce the overall energy efficiency.®3 As such, even
in symmetric cell designs, minimizing the ability of active
species to pass through a membrane important
consideration for long-term RFB efficiency.

Our previous work with hexavanadate POV-alkoxide clusters
established that these bulky, three-dimensional frameworks
exhibit minimal crossover over the course of several days.>2 To
extrapolate these investigations to the heterometallic scaffolds,
we measured crossover for the titanium-functionalized POV-
alkoxide clusters, 1-TiVs and 2-Ti,V4. We quantified the fraction
of active species crossover through the anion exchange
membrane (AMI-7001) of the H-cell using electronic absorption
spectroscopy (Figure S11). From these experiments, we observe
that the membrane permeation of 1-TiVs and 2-TixVa is similarly
low, in analogy to values observed for the hexavanadate
assemblies (Figure 5). The percentage traces of species
crossover are plotted against that observed for V(acac)s, a
compound considered resistant to membrane crossover in
comparison to other metal coordination complexes.1® We credit
the minimal crossover observed for 1-TiVs and 2-Ti,V,4 to the
bulky nature of the POV-alkoxide framework. Analogous
approaches to the prevention of membrane crossover have
been demonstrated effective for redox-active organic
oligomers, through increasing the steric bulk of a charge
carrier.37. 70 To date, however, these organic systems lack the
requisite stability for use in long-term use in energy storage
devices. Our chemically robust assembled POV-alkoxide
scaffolds combine the stability of metal-based systems with the

is an

6 | J. Name., 2012, 00, 1-3

bulky nature of these oligomers, resulting in a charge carrier
that is uniquely resistant to membrane crossover.

Theoretical Energy Density. The stability of the TiPOV-alkoxide
clusters, coupled with their resstance to membrane crossover,
suggests that these heterometallic complexes can serve as
charge carriers in symmetric schematics, capable of transferring
one electron at each electrode. Therefore, using Eg. 1, we can
calculate the theoretical volumetric energy density for each
cluster. A Ve of 2.30 V and solubility of 0.513 M yields an
energy density of 57 kI L7 for 1-TiVs, representing a 400%
improvement over that of [VeO;(OCHs)12] (14.2 kJ L1) and a
740% increase over [Vg07(OCzHs)12] (7.7 kJ L71).52 While the CV
of 2-Ti,V4 suggests a Ve of 2.74 V, the stability of this cluster
limits the practical cell voltage to 1.73 V. This, in conjunction
with a solubility of 0.193 M, gives a theoretical energy density
of 16.1 kJ L-1. These improvements in energy density for the
TiPOV-alkoxide clusters render our systems competitive with
the highest reported values for metal-based charge carriers in
NRFB appncations.lS, 16, 18, 19, 21, 22, 24, 38

Extended cycling of TiPOV-alkoxide clusters. The physicochemical
properties of the TiPOV-alkoxides motivated continued
analyses as NRFB charge carriers. As such, we transitioned from
fundamental electrochemical studies to proof-of-concept
analyses through H-cell charge-discharge cycling experiments.
In these experiments, 5 mM acetonitrile solutions of 1-TiVs,
with 0.1 M [NBu4][PFs] supporting electrolyte, were used as
both the anolyte and catholyte in an H-cell, separated by an
anion exchange membrane (AMI-7001). Carbon mesh
electrodes (2 x 1 x 0.5 cm) were placed in the anolyte and
catholyte compartments with stirring and galvanostatically
charged (i = 0.15 mA/cm?) until they reached the set cut-off
potential, 2.7 V. The cut-off potential was set higher than the
Veen of 1-TiVs to compensate for the inherent overpotential
associated with H-cell design. Once the 2.7 V cut-off was
reached, solutions were galvanostatically discharged to 0.1 V (i
= 0.015 mA/cm?2). The lower discharge current density was
selected to ensure complete cell discharge.

Solutions of 1-TiVs were cycled 20 times (trace of cycles 3-7
is shown in Figure 6a, all 20 cycles can be seen in Figure S12). In
the voltage trace, a clear charging plateau is observed at 2.3 V,
in agreement with the Ve of 1-TiVs determined by CV. The
coulombic efficiency in this system stays at ~91% throughout
cycling, indicative of quantitative electron transfer to and from
the cluster (Figure 6b, Figure S13). To determine the stability of
the charge carrier under charge-discharge conditions, the
electrolyte solutions were monitored by CV (Figure 6c). The
consistency in spectra indicates that cluster degradation does
not occur during cycling experiments. The stable electron
storage using 1-TiVs as a charge carrier marks the highest
potential we are aware of for multimetallic redox systems in
sym metric N RFBS.13’ 16, 18, 19, 21, 22, 24, 38,50, 52, 71

Similar charge-discharge experiments were conducted for 2-
Ti,V4. Given the instability of the dititanium-functionalized POV-
alkoxide cluster under highly oxidizing and reducing conditions,
charge-discharge cycling was conducted at a lower cut-off

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. (a) Voltage trace of cycles 2-5 in charge-discharge cycling of 1-TiVs. (b) Coulombic efficiencies over 20 charge-discharge cycles of 1-TiVs. (c) Cyclic
voltammograms of solutions before and after charge-discharge cycling overlaid to demonstrate the stability of compounds during cycling. Figures (d) (e)
and (f) show similar characterizations for charge-discharge cycling of 2-Ti,Va. Charge-discharge experiments were conducted in an H-cell separated by
an anion exchange membrane (AMI-7001). 5 mM acetonitrile solutions of each active species with 0.1 M [NBu4][PFe] supporting electrolyte were used
as anolyte and catholyte. Galvanostatic conditions were used for charging (i = 0.15 mA/cm?) and discharging (i = 0.015 mA/cm?).

potential, 1.9 V, to limit cycling to one electron at each
electrode. Figure 6d shows the trace of cycles 3-7 from this
experiment, while all cycles can be viewed in Figure S14. The
columbic efficiency throughout cycling was approximately 89%
(Figure 6e, Figure S15). CV of the electrolyte solutions following
charge-discharge showed only slight changes in current
response, confirming the stability of 2-Ti,V,4 (Figure 6f).

Unlike the voltage trace of 1-TiVs, the trace of the cycling
experiment of 2-Ti;V, does not exhibit clear charging and
discharging plateaus. Similar traces have been attributed by
others to poor electrochemical reversibility of the charge
carrier, however we note that the reversibility of the redox
events of 2-Ti,V4 is similar to those of 1-TiVs (Table 2). This
observation suggests that additional factors contribute to the
anomalous charge-discharge trace. Comparison of the CVs of
charge carrier solutions before and after charge-discharge
experiments demonstrate the stability of both clusters during
cycling, removing decomposition as a potential source of the
observed perturbations. To address the differences, we
examined the diffusion coefficients and electron transfer rate
kinetics of the redox processes for each system (Table 2). In
doing so, we note that Dy and ko values of reduction and
oxidation events of 2-Ti,V, differ by an order of magnitude (Do
=3.3x10°vs.1.0x105cm2s%; kp=3.6x103vs. 2.3 x10"2cm?

This journal is © The Royal Society of Chemistry 20xx

s71). In contrast, the values measured for the reduction and
oxidation of 1-TiVs are similar in size (Dp = 5.8 x 107 vs. 4.4 x
106 cm2s1; kop=7.7 x 1073 vs. 3.1 x 102 cm?2s1). As such, we
hypothesized that the differences in cycling traces to this
confluence in diffusion kinetics.

Intrigued by this observation, we compared our system to a
recently reported stable asymmetric system, which invokes the
redox chemistry of two distinct metal phosphate complexes,
[M(P30g)2]3/4 (M = Co, V) as the anode and cathode.?? In
analogy to the charge-discharge profile of 2-Ti,V,, the trace of
the Co/V system exhibits slight perturbations in charging and
discharging plateaus. Comparison of the diffusion coefficients
and electron transfer rate constants reported for
[Co'(P30s),]374~ and [V'"(P30s),]3/4- reveals a disparity in the
values of the electrokinetic parameters reported for the anolyte
(Do=1.8 x108cm?2s™%; ko =2.8 x 10> cm s71) and catholyte (Do
=2.3x10"%cm?2s1; kp=1.0 x 103 cm? s). This supports the role
of mismatched diffusion coefficients and electron transfer rate
constants of multiple metal centres in the observed disruptions
in the charge-discharge voltage trace. Moving forward, the
differences in these properties must be considered when
designing a multimetallic charge carrier.

J. Name., 2013, 00, 1-3 | 7
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Conclusions

In this work, we report a synthetic inorganic approach for
improving the physicochemical properties of multimetallic
charge carriers with relevance to their volumetric energy
density. Collectively, increases in solubility and cell voltage for
1-TiVs and 2-Ti;V,4 result in significant improvements of the
energy storage capabilities of these heterometallic clusters over
their hexavanadate congeners. The superb electrokinetic
properties and stability of the multimetallic assemblies,
combined with their ability to function in a symmetric cell,
strongly advocates for their consideration as efficient NRFB
charge carriers.

The installation of a second d° heterometal shows promise
for future charge carrier design, as this molecular modification
not only increases the working potential of the system, but also
creates the possibility for multielectron storage at each
electrode. Although current charge-discharge cycling of 2-Ti,Va
demonstrates stability for the system only when limited to
cycling one electron at each electrode, our previous work with
POV-alkoxide clusters as NRFB charge carriers has established
that ligand modification of these systems can improve the
stability of highly reducing and oxidizing events.52 Ongoing
investigations are focused on the generation of a stable
heterometallic frameworks that can facilitate multielectron
transfer, with an ultimate goal of identifying self-assembled,
energy-dense materials for NRFB applications.
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