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< Construction of a flow battery with vanadium- and tungsten-polyoxometalates.
< Coulombic efficiencies were greater than 95% with low capacity fading.
< The compounds are stable over a wide range of conditions.
< Polyoxometalates undergo multi-electron reactions.
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13�) was investigated for use in stationary storage
in either aqueous or non-aqueous conditions. The aqueous battery had coulombic efficiencies greater
than 95% with relatively low capacity fading over 100 cycles. Infrared studies showed there was no
decomposition of the compound under these conditions. The non-aqueous analog had a higher operating
voltage but at the expense of coulombic efficiency. The spontaneous formation of these clusters by self-
assembly facilitates recovery of the battery after being subjected to reversed polarity. Polyoxometalates
offer a new approach to stationary storage materials because they are capable of undergoing multi-
electron reactions and are stable over a wide range of pH values and temperatures.

Published by Elsevier B.V.
1. Introduction

Global energy consumption is projected to increase at least
twofold by mid-century, and this increased need will be met, at
least in part, through the use of renewable energy sources. [1]
Due to the intermittent nature of these resources, large-scale en-
ergy storage devices must likewise be invented, developed, and
deployed in this timeframe in order for these carbon neutral
technologies to be fully utilized. [2] The need for grid storage is also
being driven by the evolving nature of the grid (smart grid, green
grid, and the distributed nature of the grid) as well as by other
technological developments, such as vehicle electrification. [3]
Redox flow batteries (RFBs) are rechargeable systems that can be
designed to address these issues and that can be readily scaled to
meet the varied grid needs [4e8]. In these systems, the storage
medium (electrolyte and dissolved charge storage species) flows
: þ1 505 844 6972.
on).

r B.V.
through an electrochemical cell that converts between electrical
energy and chemical potential (Fig. 1). However, the practical use of
RFBs is limited by low energy densities. As part of our efforts to
identify higher energy density storage materials for RFBs, we have
now evaluated the use of early transition metal oxide clusters
(commonly referred to as polyoxometalates) in a laboratory-scale
flow cell.

Polyoxometalates (POMs) are a large andstructurallydiverse class
of compounds formed by the linkage of d0metal-centered polyhedra
with oxygen atoms located at the vertices [9e11]. The versatility and
accessibility of POMs have led to many applications [12,13]. In
addition, these compounds are ideal for energy storage because of
their ability to undergo highly reversible multi-electron redox pro-
cesses [14]. A tungsten-based Keggin structure (a-H4SiW12O40 (1))
was selected for study after a stability screening because it could be
prepared in high yield and high purity from relatively low-cost
precursors [15]. This compound was subsequently modified to
replace three corner-sharing tungsten atoms with vanadium (Fig. 1).
The resulting compound, A-a-K6HSiV3W12O40 (2) [16,17] (where
the charge compensating protons of 1 were mostly exchanged for
potassium as part of the literature synthesis protocol), is stable over
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Fig. 1. Schematic of a POM RFB during discharge. The POMs are drawn in combination polyhedral/ball-and-stick notation. The orange and brown polyhedra represent oxidized and
reduced vanadium, respectively, and the gray and blue polyhedra represent oxidized and reduced tungsten, respectively. The black tetrahedron represents SiO4. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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a wide range of temperatures and pH values [18], and the electro-
chemistry of the vanadium centers is separated from tungsten by
about 1 V. The latter property allows the same material to serve as
both the cathode and anode, and it is conceptually similar to thewell
known all-vanadium RFB [19]. The results presented here show that
utilizing the vanadium and tungsten centers of 2 as cathode and
anode, respectively, yields an aqueous 0.8 V battery that could be
cycled 100 times with greater than 95% coulombic efficiency
(discharge capacity divided by charge capacity).
2. Experimental

2.1. Synthesis and characterization

The compounds were prepared and purified by literature
methods [18]. The stability of the compounds was monitored using
a Thermo Nicolet iS10 FT-IR equipped with a Smart Orbit (Dia-
mond) ATR accessory, Thermo Scientific Evolution 220 UVeVisible
Spectrophotometer, and a Bruker AXS SMART-CCD diffractometer
with graphite monochromated Mo Ka (0.71073 �A) radiation. Cyclic
voltammetry (CV) experiments were performed at room temper-
ature under Ar (blanketed for aqueous electrochemistry and in an
Argon glove box for non-aqueous electrochemistry) using a BASi
Epsilon potentiostat. The working electrode was a freshly polished
3 mm diameter glassy carbon and the counter electrode was a Pt
wire. In order to compare the aqueous versus non-aqueous data, we
calculated the Ag/AgCl in 3 M NaCl reference electrode (BASi,
nominally �35 mV versus a saturated calomel electrode) [20], to be
3.2 V versus Li/Liþ [21], and a plot of the aqueous data referenced to
Li/Liþ is shown in the Supporting information. The reference elec-
trode for non-aqueous experiments was Ag/AgCl in a solution of 1-
ethyl-3-methyl-imidazolium chloride dissolved in 1,2-dimethyl-3-
propyl-imidazolium bis(trifluoromethylsulfonyl) imide. This non-
aqueous reference electrode was measured to be 2.4 V versus Li/
Liþ by measuring its potential versus a lithium-coated copper
electrode in 1-butyl-3-methyl-imidazolium hexafluorophosphate
containing 0.5 M LiPF6.
2.2. Static cell study

An H-type cell (Adams and Chittenden Scientific Glass) with two
15 mL electrolyte compartments was used for chargeedischarge
experiments. The solutions in each compartment were stirred us-
ing a Teflon coated magnetic stir bar. The galvanostatic measure-
ments were performed on a Solartron SI 1287 potentiostat under
constant current conditions. The electrolytes were separated using
a Nafion 117 membrane with an active area of 1 cm2. Prior to use,
the membranes were soaked in their respective test solutions
overnight. Two (active area 2 cm2) graphite electrodes (Poco) were
used for chargeedischarge purposes. Aqueous experiments were
performed in air, and non-aqueous experiments were performed in
an Argon glove box. All static cell experiments were performed at
room temperature.

2.3. Flow cell study

The flow cells consisted of two carbon-felt electrodes, two
graphite current collectors with machined serpentine or circular
flow fields (Fuel Cell Technologies), two gaskets, and a Nafion 117
membrane. The carbon felt (GFD grade from SGL carbon, 2.5 mm
nominal thickness) was treated under O2 plasma for 5 min on each
side using the Harrick Plasma cleaner (model PDC-001). The active
area of the electrode for both the serpentine and circular configu-
rations was 5 cm2. The system includes a single cell, two peristaltic
pumps (Masterflex L/S), two polypropylene reservoirs, and Viton
tubing. A Solartron 1287 potentiostat was used to control the
charging and discharging of the electrolytes. All flow cell experi-
ments were performed at room temperature.

3. Results and discussion

3.1. Cyclic voltammetry

Cyclic voltammetry (CV) was first performed on 1 and 2 in order
to investigate their electrochemical reversibility and kinetics in an
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aqueous H2SO4 environment (Fig. 2A). The concentration of 1 was
kept at 10mM to allow for examination of the thermodynamics and
transport under approximately diffusion controlled conditions. A
common feature in the CVs of POMs is the presence of several
reversible diffusion-controlled waves [14,22]. The CV of 1 using a
glassy carbon (working) electrode at ambient temperature (with a
scan rate of 50 mV s�1) showed two reversible one-electronwaves,
evidenced by the 59-mV peak separations, and one reversible two-
electron process, evidenced by the 30-mV peak separation, with no
redox activity at higher potentials. All of the waves were attributed
to the reduction and re-oxidation of the W(VI) centers present in
the molecule [22]. A CV of the tri-vanadium substituted analog 2 is
also shown in Fig. 2A. The three pairs of tungsten-based waves
observed in 1 have now become two, two-electron processes be-
tween 0.4 V and 0.7 V (versus SHE). This was confirmed by bulk
electrolysis measurements performed at 0.3 V (versus SHE), and it is
consistent with the literature [23e25]. The small wave at 0.8 V
(versus SHE) was attributed to the pH-dependent desorption of the
highly charged POM from the electrode surface [25]. There were
also two redox pairs between 1.3 V and 1.7 V (versus SHE) that were
assigned to the vanadium-based processes. Bulk electrolysis per-
formed at 1.2 V (versus SHE) indicated that what appears to be two
peak-pairs was attributable to a total of three electrons. A square-
wave voltammogram indicated that the wave centered at 1.5 V
(versus SHE) was actually two poorly resolved redox pairs. Previous
EPR studies on the lower symmetry vanadium-substituted POMs
(such as 2) showed that the waves between 1.3 V and 1.7 V (versus
SHE) were primarily centered around the vanadium sites while
those between 0.4 V and 0.7 V (versus SHE) were tungsten centered
[26,27]. The peak separations for the two pairs of vanadium-based
redox processes were 63 (one-electron) and 85 mV (two-electron),
while the separations for the two pairs of two-electron tungsten-
based processes were 68 and 40 mV, suggesting that these redox
couples may have sufficient reversibility to be used as active ma-
terials for a RFB.

Cyclic voltammetry was also performed on a non-aqueous
analog of 2 that was prepared by cation metathesis (i.e. potassium
was exchanged for tetra-n-butylammonium to render it soluble).
The resulting compound, ((CH3CH2CH2CH2)4N)4H3SiV3W9O40 (3)
[18], was soluble in a wide range of solvents including acetonitrile,
propylene carbonate, and methanol. The non-aqueous POM 3 is
considerablymore difficult to reduce than its aqueous analog 2 [28].
As shown in Fig. 2B, 3 in propylene carbonate containing 0.5 M
TBAOTf (where TBAOTf is (CH3CH2CH2CH2)4N(CF3SO3)) has two
pairs of waves between 2.5 V and 3.0 V (versus Li/Liþ), which are
Fig. 2. (a) CV of 2 in comparison with its parent compound 1 in 0.5 M H2SO4 (as supporting e
of 3 in 0.5 M TBAOTf in propylene carbonate using a glassy carbon working electrode with
supporting electrolyte.
associated with the vanadium electrochemistry, and three poorly
resolved pairs of waves between 0.2 V and 0.8 V (versus Li/Liþ),
which are associated with quasi-reversible tungsten electrochem-
istry. The irreversible reductionof tungsten is observed at 0V (versus
Li/Liþ). The separation between the vanadium and tungsten elec-
trochemistrywas about 1.7 V (compare to about 0.8 V in the aqueous
system). There is considerable interest in the use of non-aqueous
electrolytes for RFBs because of the promise of wider voltage win-
dows, enhanced temperature stability range, and higher energy and
power densities [29].

3.2. Static cell studies

The chargeedischarge characteristics of the POMs were first
investigated at room temperature in a static cell (a cell with stag-
nant liquid) comprised of two 15 mL compartments separated by a
Nafion 117membranewith an active area of 1 cm2. The stabilities of
the oxidized and reduced POMs were rigorously monitored at all
times by infrared and UVeVisible spectroscopy as well as 29Si and
51V NMR (oxidized species only) [30,31]. In addition, the cells were
rigorously deoxygenated to minimize the O2-based re-oxidation of
the highly reduced complexes. Galvanostatic cycling performed on
a static cell containing 20mM 2 and 0.5 MH2SO4 (as the supporting
electrolyte) yielded a relatively large difference between charge
voltage and discharge voltage (approximately 1 V). This was likely
due to significant ohmic losses resulting from the low POM con-
centration (mass transport limitation), small membrane area
(1 cm2) and the large distance (2 cm) between the electrodes. The
low electrode surface area of the graphite plates and the lack of
solution convection may have also contributed to the large cell
overpotentials. The coulombic efficiency leveled out at 96% after
the second cycle. The non-aqueous analog was also tested in a static
cell containing 20 mM 3 and 0.5 M TBAOTf in propylene carbonate.
In contrast to 2, the coulombic efficiency of 3 continually decreased
with each cycle.

Bulk electrolysis measurements (all with greater than 99% yield)
on 2 and 3 show that each side of the cell underwent three-electron
and two-electron transfer, respectively, during cycling. In the case
of 2, this means the cathode (positive electrode) cycled between
SiVV

3WVI
9O40

7e (fully charged) and SiVIV
3WVI

9O40
10e (fully dis-

charged), and the anode (negative electrode) cycled between
SiVIV

3WV
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6O40
13e (fully charged) and SiVIV

3WVI
9O40

10e (fully dis-
charged). Prior to the assembly of the cell, bulk electrolysis was also
used to generate SiVIV

3WV
3WVI

6O40
13� for the anode. Thus the cell

was fully charged at the beginning of each cycling experiment. To
lectrolyte) using a glassy carbon working electrode with a scan rate of 50 mV s�1 (b) CV
a scan rate of 50 mV s�1. The peaks marked with an asterisk are attributable to the



Fig. 4. FT-IR of pre (solid, red line) and post cycling (dotted, blue line). The intensity
difference is due to hydration state. Specifically, the pre cycling sample was collected
on a dehydrated crystalline sample of 2 while the post cycling sample was collected on
a sample obtained by evaporation of the battery solution. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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the best of our knowledge, a three-electron system in each indi-
vidual half-cell is unprecedented in flow battery chemistry. In
addition, the use of compounds capable of undergoing two or more
redox processes allows for more energy storage using less material,
as exemplified by the zinc-bromine RFB [4e7].

3.3. Flow cell studies

The performance of 2 (20 mM) in 0.5 M H2SO4 (as supporting
electrolyte) was tested at room temperature by cycling it 100 times
in a laboratory-scale flow cell with serpentine flow fields, carbon
felt electrodes, and a Nafion 117 membrane. Galvanostatic cycling
was performed at 2mA cm�2 with 0.05 V and 1.4 V as voltage limits.
Fig. 3A shows the voltage profile for the 2nd and 100th cycle. The
capacity of the first charge plateau almost doubled from the 2nd to
the 100th cycle (with a concurrent voltage increase) while that of
the second charge plateau partially diminished. The voltage effi-
ciencies for the first and second plateaus in the 100th cycle were
approximately 99% and 30%, respectively. As shown in Fig. 3B, the
overall coulombic efficiency was greater than 95% with less than 2%
loss over 100 cycles, and the charge capacity decreased by about
10% over the same period. Cell performance can also be charac-
terized with the “electrochemical yield”, which is defined here as
the observed capacity during charge or discharge divided by the
theoretical capacity. Theoretical capacity is calculated using the
solution concentration, solution volume, and the number of elec-
trons transferred per molecule of active material. The electro-
chemical yield of the flow cell containing 2 decreased from 90% to
80% during the first 100 cycles.

After cycling, spent solutions from the flow cell were examined
by UVeVisible, infrared (Fig. 4), and NMR spectroscopy (29Si
and 51V), and there was no evidence for the decomposition of 2. In
addition, single crystal X-ray diffraction was performed upon
concentrating the solution, and the results clearly show the Keggin
structure was fully intact. After 100 cycles, flow cell performance
was fully restored by placing the cycled solution in a fresh cell with
a new membrane. This suggests that the observed capacity losses
were not due to the POM. Upon reducing the discharge rate by half
in a fresh cell, only one plateau is observed in both the charge and
discharge states with a voltage efficiency of approximately 75%. In
general, we observed that discharging 2 is more difficult than
charging. The observation of different kinetics for the oxidation and
reduction of POMs is well known in the literature and was found to
be highly system specific [11]. In addition, the reduced forms of 2
have higher charge densities that will clearly influence their sta-
bility and reactivity.
Fig. 3. (a) Voltage profiles of 2 in 0.5 M H2SO4 (as supporting electrolyte) in a serpentine flo
coulombic efficiency of the cell from (a) as a function of cycle number.
Iterations of the RFB prototype were conducted in order to
improve performance and better understand the potential utility of
POMs in RFBs. The performance of 2 in 0.5 M H2SO4 (as supporting
electrolyte) was also tested in a circular flow field under conditions
otherwise identical to those described above. While the coulombic
efficiency was maintained, there was a significant drop in the
electrochemical yield (from 91% to 38%). The circular cell was of
interest because it was expected to accommodate higher viscosity
fluids including non-aqueous solvents and ionic liquids. Addition-
ally, the circular cell was placed under an abusive electrochemical
condition (reversed polarity) to test the robustness of the POM.
After the cell reached its lower voltage limit of 50mV, the discharge
current was applied for an additional 48 h, which lowered the cell
voltage to about �2 V. Upon subsequent charge, the system
recovered after one cycle with slightly lower coulombic efficiency
(less than 10% change) but 20% higher electrochemical yield. This
observation was consistent with the fact that not only do POMs
form by self-assembly, [9] but they also display self-healing prop-
erties as first reported by Hill [32].
w cell performed at 2 mA cm�2 at a flow rate of 2.5 mL min�1. (b) Charge capacity and



Fig. 5. (a) Voltage profiles comparing aqueous (2 at 2 mA cm�2) and non-aqueous (3 at 0.5 mA cm�2) chemistries at flow rates of 2.5 and 10 mL min�1, respectively. (b) Voltage
profiles comparing flow cell geometries and the influence of counter cations (all at 2 mA cm�2 and flow rates of 2.5 mL min�1 (2) and 5 mL min�1 (4)).
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The non-aqueous analog 3 (20 mM) in 0.5 M TBAOTf in pro-
pylene carbonate was tested in a circular flow cell at 0.5 mA cm�2

with 0.05 V and 2.5 V as voltage limits, and the capacity curves are
shown in Fig. 5A. While the initial coulombic efficiency was 87%
and the open-circuit voltage was slightly improved (0.3 V higher
than the aqueous system), the cycling rate and electrochemical
yield were 65% and 15% lower than the aqueous flow systems of 2.
After 10 cycles, the electrochemical yield of the system dropped by
half. A previous report on a non-aqueous ruthenium-based RFB
suggests efficiencies can be improved with optimization of the
separator and flow rate as well as by the concentration of the active
material [29b].

In order to better understand the role of the cation in the perfor-
mance of a POM [33] in a RFB (including electrochemical reversibility,
stability, and solubility), a fully protonated analog of 2, H7SiV3W9O40
(4), was prepared by use of a cation exchange resin (Rexyn 102). The
limited solubility of 4 required the use of more dilute H2SO4 (0.25 M
instead of 0.50M) tomaintain the same conditions in 2. Although the
electrochemical yield of 4 in a 0.25 M H2SO4 electrolyte (serpentine
cell) was very low (2%) at 2.5 mL min�1, it increased to 27% by
doubling the flow rate. The higher flow rate did not produce a sig-
nificant change in coulombic efficiency. The chargeedischarge curves
for this particular experiment are shown in Fig. 5B. The chemistry of 4
is quite complex due to the equilibrium between H3O

þ counter cat-
ions (i.e. protonated water) and protonated POM structures [11]. The
results suggest that the alkali cation played an important role in the
performance of the POM in a RFB.

An important aspect of RFB performance is the ability to obtain
the highest concentration of charge storage species possible. In POM
chemistry, this is commonly controlled with the counter cations
[34]. While the maximum solubility of 2 in water is 0.45 M, this can
be doubled by the exchange of potassium for lithium (Dowex 50W-
X8). Given that the redox processes involve three-electrons at both
half-cells, this represents a potential concentration of 2.7M,which is
competitive with the well-known aqueous all-vanadium RFB [19].
Although tungsten ismore expensive than vanadium, POMs can also
bemadewithmolybdenummetal centers. At present, molybdenum
is considerably cheaper than either vanadium or tungsten. Efforts
are now underway to optimize a higher energy density system, and
the results will be reported in due course.

4. Conclusions

A POM containing vanadium and tungsten redox active centers
was successfully demonstrated to store charge via a three-electron
process in a laboratory-scale flow cell for both aqueous and
non-aqueous chemistries. The aqueous battery demonstrated
coulombic efficiencies greater than 95%with relatively low capacity
fading over 100 cycles. In addition, the system recovered from 48 h
of reversed polarity after only one cycle. The non-aqueous system
had a higher operating voltage (1.1 V) but at the expense of
coulombic efficiency. Although the current densities were at least
one order of magnitude below those normally reported in RFBs, this
may be partially alleviated by increasing the concentration of the
material (assuming there are mass transport limitations). POMs
represent a new approach to flow battery electrolyte stability
because they are highly robust and stable over a wide range of pH
values and temperatures. In addition, the concentrations of acid
electrolyte that were required tomaintain stability were lower than
those in the all-vanadium RFB, resulting in potentially less corro-
sion on system components and a better environmental footprint.
Finally, a quick search on the term “polyoxometalates” yielded
almost 20,000 references (with approximately 5,000 of them based
on the Keggin structure alone), suggesting that the wealth of
knowledge on POMs might be utilized to advance this technology
further.
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