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Feasibility of a Supporting-Salt-Free Nonaqueous Redox
Flow Battery Utilizing lonic Active Materials

Jarrod D. Milshtein®,” " Sydney L. Fisher",”™ ¥ Tanya M. Breault,” ¢ Levi T. Thompson,*® < and

Fikile R. Brushett*®

Nonaqueous redox flow batteries (NAQRFBs) are promising de-
vices for grid-scale energy storage, but high projected prices
could limit commercial prospects. One route to reduced prices
is to minimize or eliminate the expensive supporting salts typi-
cally employed in NAQRFBs. Herein, the feasibility of a flow cell
operating in the absence of supporting salt by utilizing ionic
active species is demonstrated. These ionic species have high
conductivities in acetonitrile (12-19 mScm™') and cycle at
20 mAcm 2 with energy efficiencies (>75%) comparable to

Introduction

Redox flow batteries (RFBs) have emerged as attractive devices
for grid-scale energy storage owing to their decoupled power
ratings (reactor area) and energy capacities (tank size), as well
as their long lifetimes, location independence, and fast re-
sponse.' Widespread use of RFBs could facilitate the intro-
duction of intermittent renewables (e.g., solar and wind) into
the existing electrical grid while also providing peak-shaving
and load-leveling capabilities.* Despite these advantages,
high system prices (>$500 kWh™' in 2014)®” have severely
limited the commercial deployment of RFBs. To facilitate inte-
gration of a 4 h energy-storage system, the United States De-
partment of Energy (DOE) Office of Electricity Delivery and
Energy Reliability set a target price of $150 kWh™', including
costs for installation and power-conditioning equipment.®?
Recent techno-economic analyses predicted that both aqueous
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those of state-of-the-art NAQRFBs employing high concentra-
tions of supporting salt. A chemistry-agnostic techno-economic
analysis highlights the possible cost savings of minimizing salt
content in a NAQRFB. This work offers the first demonstration
of a NAQRFB operating without supporting salt. The associated
design principles can guide the development of future active
species and could make NAQRFBs competitive with their aque-
ous counterparts.

and nonaqueous (NAq) RFBs could reach this aggressive target
by decreasing manufacturing costs, advancing materials per-
formance, and improving cell architecture.®'® Although not
commercially viable yet, NAQRFBs promise a number of advan-
tages over aqueous systems, including broader electrochemical
windows (3-4 V),"""'? which could enable higher cell energy
densities and aid in the implementation of multi-electron-
transfer materials."? Additionally, a wide range of NAq solvents
and supporting salts are available, and rational functionaliza-
tion of the active species can be used to tailor physicochemical
and electrochemical properties, providing multiple pathways
for device optimization and price reduction.

Future-state prices for NAq supporting electrolytes (sol-
vent+ 1M salt) are anticipated to be relatively high (=$5 kg™
compared to their aqueous counterparts (~=$0.10 kg™"),”” so
decreasing the costs and/or quantities of both the solvent and
supporting salt will be critical."® A number of studies have fo-
cused on enhancing the solubility of active species,"*'? which
serves to decrease the total amount of solvent required."” The
supporting salt, however, especially the fluorinated derivatives
typically employed in NAqg batteries (e.g., lithium hexafluoro-
phosphate, tetrabutylammonium tetrafluoroborate), will consti-
tute a majority of the future-state cost of supporting electro-
lytes (=$20 kg™ vs. ~$2 kg™' for the salt and solvent, respec-
tively).”) Despite the opportunity for substantial cost sav-
ings,'%%! few studies have focused on minimizing the content
of supporting salt. Previously, we described a common-ion ex-
change NAQRFB design that reduced the required amount of
supporting salt by employing similarly charged active species
that share a common counter ion.”?” Additional cost savings
are possible through the use of multifunctional materials that
serve two or more critical roles in the electrolyte (i.e., solvation,
charge carrier, redox active)."” Herein, we combine multifunc-
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tional active species with the common-ion exchange configu-
ration to demonstrate a NAQRFB proof-of-concept prototype
operating in the limit of no supporting salt.

NAQRFBs utilize supporting salts to enhance electrolyte con-
ductivity and maintain electroneutrality during charge and dis-
charge."? High salt concentrations, however, can limit the sol-
ubility of the active species in the electrolyte solution,?**?
suppress the conductivity of ion-selective membranes, and in-
crease area-specific resistance (ASR).”® The need for support-
ing salt can be eliminated entirely by using similarly charged
active species (positive or negative) that remain as ions across
all accessible states-of-charge (SOCs). In this scheme, counter
ions that are associated with the redox-active ion provide
charge balance, and both the active species and counter ions
contribute to the ionic conductivity of the electrolyte. Figure 1

- +
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4

Figure 1. Schematic of the charging process in a supporting-salt-free RFB
employing cationic redox-active species. A is the posolyte active material
(red), and B is the negolyte active material (dark blue). Associating counter
anions are denoted by — (light blue).

shows the charging process for a NAQRFB utilizing cationic
active species with no supporting salt, whereby counter anions
are transported from the negative electrolyte (negolyte) to the
positive electrolyte (posolyte) to maintain electroneutrality. The
same concept can be extended to redox-active anions with
counter cations.

For this study, we selected iron(ll) tris(2,2'-bipyridine) tetra-
fluoroborate ([Fe(bpy);1(BF,),; see Figure S1a in the Supporting
Information)?” and ferrocenylmethyl dimethyl ethyl ammoni-
um tetrafluoroborate (Fc1N112-BF,, Figure S1b)" '™ as model
ionic redox-active species to demonstrate the salt-free cell con-
cept. The lack of viable NAQRFB chemistries, especially those
with the characteristics necessary for the demonstration of
a salt-free device, drove our selections. FC1IN112-BF, is known
to be a highly soluble and stable posolyte active materi-
al,">1%2% byt it is too expensive for implementation in a low-
cost grid-scale device."” [Fe(bpy);](BF,), is one of the few well-
characterized NAQRFB negolyte active materials that remains
as a cation across all relevant SOCs, but suffers from relatively
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poor stability.”>?" Both species have been investigated exten-

sively in prior literature, have well-characterized properties,
and are therefore excellent model compounds.

In this system, [Fe(bpy);]** and FcIN112" act as the redox-
active cations (at 0% SOC), while BF,~ serves as the common,
charge-balancing counter anion. The posolyte and negolyte
half-cell reactions are provided in Equations (1) and (2), respec-
tively, and Equation (3) shows the full-cell reaction:

[FCIN112]?*(BF, ), + e = [FCIN112]*BF,” + BF,” (1)
[Fe(bpy)s]**(BF,™), + e~ = [Fe(bpy)s]"BF,” + BF,~ (2)

[Fe(bpy)s]* (BF, "), + [FCIN112]*BF,~

_ +REF - 24 (RE (3)
= [Fe(bpy)s]"BF,” + [FCIN112)*"(BF, "),

Importantly, these active species are positively charged in all
relevant oxidation states, and this enables the salt-free cell
configuration outlined in Figure 1. Additionally, these com-
pounds exhibit minimal interspecies reactions in the singly
charged state, are soluble in acetonitrile (MeCN), are easily syn-
thesized in large quantities, and thus facilitate a proof-of-con-
cept flow cell in the no-supporting-salt framework.””

This study demonstrates a NAQRFB configured to operate in
the absence of any supporting salt, by utilizing well-studied
model active species. First, conductivity measurements demon-
strated the high conductivities of the model ionic active spe-
cies in MeCN. Second, cyclic voltammetry and bulk electrolysis
experiments showed that the ionic active species maintain
redox activity in the absence of supporting salt. Third, proof-
of-concept flow-cell experiments demonstrated the feasibility
of a supporting-salt-free NAgRFB exhibiting resistances and ef-
ficiencies similar to those of other recently reported
NAQRFBs.”>?¢ Finally, a chemistry-agnostic techno-economic
analysis highlighted the significant cost savings afforded by
minimizing the amount of, or eliminating, salt in NAqRFBs with
varying active-species costs, salt costs, and cell potentials.
Overall, this paper highlights the design of a NAQRFB operat-
ing without supporting salt. Further, the design and configura-
tion principles of NAgRFBs employing similarly charged, all-
ionic active species outlined in this work can extend beyond
the model compounds to other active species, including or-
ganic compounds, and provide a viable route to minimizing
the price of promising future NAQRFBs.

Results and Discussion
Active-species conductivity

To demonstrate the feasibility of performing electrochemical
experiments in MeCN solutions with no supporting salt, the
conductivities of the active species were measured and com-
pared to those of supporting salts typically employed in
NAQRFBs. Figure 2 shows the high conductivities afforded by
0.2 m of the ionic active species in MeCN, especially in compar-
ison to 0.2m lithium tetrafluoroborate (LiBF,) and tetraethylam-
monium tetrafluoroborate (TEABF,) in the same solvent. Not
shown in Figure 2 is the conductivity of an equimolar solution
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Figure 2. Comparison of electrolyte ionic conductivities for solutions con-
taining 0.2 m of LiBF,, TEABF, Fc1N112-BF,, or [Fe(bpy);l(BF,), in MeCN. Error
bars represent 95% confidence intervals of the standard error.

containing 0.2m FcIN112-BF,/0.2m  [Fe(bpy);]l(BF,),/MeCN
(0.4m total active species), the electrolyte composition em-
ployed later in flow-cell experiments, which is 22.5 mScm™".
The conductivities of the ionic species increase in the follow-
ing order: LiBF, < Fc1N112-BF, < TEABF, < [Fe(bpy)](BF,),. LiBF,
likely exhibits the lowest conductivity because Li* is a hard
acid and strongly interacts with BF,”, which is a hard base.
This interaction leads to a low degree of dissociation and sub-
sequently lower ionic strength in solution for the Li* cation
compared to the larger and more polarizable TEA*, FCIN1127,
and [Fe(bpy);]** cations.”” [Fe(bpy);](BF,), exhibits higher con-
ductivity than the other salts considered because [Fe(bpy),]*"
is a divalent cation, which leads to higher ionic strength of the
[Fe(bpy);]1(BF,), solution compared to those of the salts of
monovalent cations. Because the conductivities of the model
ionic active species {FcIN112-BF, and [Fe(bpy);1(BF,),} are on
the same order of magnitude as that of TEABF,, a typical sup-
porting salt for NAQRFBs,""'¥% they lend themselves to imple-
mentation in electrochemical systems without supporting salt.

Cyclic voltammetry

Cyclic voltammetry was used to determine whether the active
species maintain their redox activity in the absence of support-
ing salt, in addition to further validating that the electrolytes
exhibit sufficient ionic conductivity to perform electrochemical
measurements. Figure 3 (solid lines) shows cyclic voltammo-
grams (CVs) of solutions containing the individual active spe-
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Figure 3. CVs of 5 mm [Fe(bpy);l(BF,),, FC1N112-BF,, and an equimolar mix-

ture of both (10 mm total) in MeCN with no supporting salt. For each solu-

tion, the solid lines show the data as measured, and the dashed lines repre-
sent iR-compensated CVs.

cies and an equimolar mixture of each in MeCN, all without
supporting salt. The redox potentials and peak-height ratios
are similar to those of solutions at the same concentration in
the presence of supporting salt (Table 1).'*'%2%2% Notably, the
redox potential of Fc1N112-BF, is approximately 70 mV larger
than that previously reported in a supporting electrolyte of
0.5m tetrabutylammonium tetrafluoroborate (TBABF,)/MeCN.
This discrepancy is reconciled by considering that BF, appears
in the Nernst equation, and an increase in the equilibrium po-
tential results as the supporting salt is removed.

Further analysis of the peak potentials revealed large peak-
to-peak separations (Table 1) in the absence of supporting salt,

Table 1. Comparative CV analysis of electrolytes containing no supporting salt as measured and with iR correction, as well as electrolytes with a supporting

salt concentration of 0.5m TBABF,.”” In all cases, the active-species concentration is 5 mm.

Conditions 5mm FcIN112-BF, 5 mwm [Fe(bpy);](BF,)
potential peak-height ratio peak separation potential peak-height ratio peak separation
[V vs. Ag/Ag "] [mV] [V vs. Ag/Ag™] [mV]

no salt (as measured) 0.35 1.0 405 —1.65 0.9 310

no salt (iR-corrected) 0.36 1.0 147 —1.62 0.9 96

0.5 m TBABF,* 0.28 1.0 81 —1.65 0.9 66
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as is anticipated owing to the lower solution conductivity with
only 5 mm active species in MeCN.”® To confirm that this large
peak-to-peak separation is primarily a result of low solution
conductivity and not sluggish reaction kinetics, the CVs were
iR-corrected (see dashed lines in Figure 3). The uncompensated
solution resistance was measured by electrochemical impe-
dance spectroscopy (Figure S3). The iR-corrected CVs exhibit
significantly smaller peak-to-peak separations, but they are still
larger than those for a solution containing 0.5m TBABF,”*”
(Table 1). This indicates that the electrokinetics are slightly
slower in the regime of low ion concentration, perhaps owing
to the limited availability of anions. This interpretation is fur-
ther supported by the decreased peak separation observed on
addition of more active species (i.e., single species vs. the equi-
molar mixture). These slight differences are expected to have
negligible impact during bulk cycling, especially at the high
concentrations used in the flow-cell experiments. Overall,
these results demonstrate that a supporting-salt-free, one-elec-
tron flow cell utilizing Fc1N112-BF, and [Fe(bpy);](BF.), is feasi-
ble and should exhibit similar electrochemical behavior to that
of a cell containing a high concentration (>0.5m) of support-
ing salt.”

Bulk electrolysis

Bulk electrolysis experiments were performed to determine if
a cell containing a mixture of [Fe(bpy);l(BF,), and Fc1N112-BF,
in MeCN (without supporting salt) can access the desired
redox couples during cycling. Figure 4 shows capacity-reten-
tion plots and potential curves for cells cycling through

' CHEMS U SCHEM
= Full Papers

a single positive or a single negative electron-transfer event. In
both cases, the plateaus observed during cycling occur at the
potentials expected based on the CVs (Figure 3) and demon-
strate that only the desired redox couples are accessed. Fur-
thermore, the results are consistent with those reported in the
literature.'>* Fc1N112-BF, exhibits no detectable capacity
fade over the ten cycles (Figure 4a), which is in agreement
with prior reports."®*? CVs before and after the bulk electroly-
sis experiment (Figure S5) show little to no evidence of degra-
dation. Conversely, [Fe(bpy);](BF,), exhibits capacity decay over
the course of the experiment owing to the irreversibility of the
negative couple.”™ CVs indicate that peak heights associated
with the [Fe(bpy);]**/ [Fe(bpy);]™ couple decrease after cy-
cling, and thus confirm active-species degradation (Figure S5).
Despite the suboptimal capacity retention of [Fe(bpy);]1(BF,),, in
both cases the bulk electrolysis cells access the redox couples
of interest, and this confirms the feasibility of using these
model active species in a proof-of-concept flow cell without
supporting salt.

Proof-of-concept flow cell

The conductivities and fundamental electrochemical properties
of the model ionic active species, [Fe(bpy);l(BF,), and FC1N112-
BF,, are attractive for incorporation into a proof-of-concept,
supporting-salt-free NAQRFB. The flow cell has a similar archi-
tecture to a high-performance all-vanadium flow cell,”® modi-
fied for chemical compatibility with NAq electrolytes."”*" Be-
cause anion-exchange membranes exhibit limited stability in
MeCN,"*" Daramic was selected for use as the separator

owing to its chemical stability in the electrolyte of in-

terest, which ensures that separator degradation is

not a confounding factor in evaluating flow-cell per-
formance. Owing to the high porosity (58%) and
large characteristic pore size (100 nm) of this sepa-
rator, crossover is expected in these experiments, so
both reservoirs were filled with an equimolar 0.2m
[Fe(bpy);]1(BF,)-,/0.2m  FcIN112-BF,/MeCN  mixture.
Prior demonstration studies on RFBs have utilized
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premixed electrolytes to mitigate the effects of rapid
crossover in the first few cycles,*>?*3? although elec-
trolytes with mixed active species would be too ex-

pensive to implement in grid-scale devices.®'” One
additional drawback of this configuration is the limit-
ed operating concentration of each active species.
Adding supporting salt can limit the solubility of
active species,”®?? and similar decreases are ob-
served on addition of other ionic active species.
Hence, an active-species concentration of 0.2m en-

0 2 4 6 8 10
Cycle number

Figure 4. Bulk electrolysis of equimolar mixtures (5 mm each) of [Fe(bpy);](BF,), and
FcIN112-BF, in MeCN, without supporting salt. a) Capacity retention of the mixture, nor-
malized to the theoretical capacity and b) representative charge/discharge curves
through a single positive electron transfer. c¢) Capacity retention, normalized to the theo-
retical capacity, and d) representative charge/discharge curves through a single negative

electron transfer.
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sures that the species remain soluble at all relevant
SOCs.

The flow cell also employs interdigitated flow
fields (IDFFs) with carbon paper electrodes. Prior liter-
ature has suggested that IDFFs will offer the best
performance for large-scale RFBs by balancing cell
ASR and pressure drop.?**¥ Additionally, thin carbon-
paper electrodes offer a balance of high surface area,

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Cycling performance of a supporting-salt-free NAQRFB employing 0.2 m [Fe(b-
py)s](BF,),/0.2 M Fc1N112-BF,/MeCN. a) Nyquist plots before and after ten cycles, b) repre-
sentative charge/discharge curves, c) capacities, and d) efficiencies. The theoretical ca-
pacity is 5.36 AhL™' (53.6 mAh), and ten full cycles were completed in about 5.3 h.

low ohmic losses, and facile mass transport.">** Despite the

relatively thick Daramic separator (175 um), the cell exhibits an
ohmic contribution R, to the ASR of just 3.95Qcm? (Fig-
ure 5a) before cycling, a value similar to that reported in
a prior flow-cell study employing a Daramic separator and
MeCN solvent.”™ Combining the IDFF with carbon-paper elec-
trodes alleviates mass-transfer resistances at each electrode,””
and leads to a flow cell with a total ASR of 7.52 Qcm?, deter-
mined from an impedance measurement after cycling (Fig-
ure 5a, After). Increasing the active species concentration
could further reduce mass-transfer limitations, as well as im-
prove ionic conductivity, and subsequently decrease the ohmic
contribution to the ASR as well.

Further analysis of the impedance spectra reveals that, prior
to cycling, the cell exhibits an unbounded, high overall impe-
dance (Figure 5a, Before). Because only the fully discharged
active species {[Fe(bpy);]*" and FcIN112"} are present before
cycling, the discharge reaction is heavily mass transfer limited
and cannot proceed. After cycling, however, residual charged
{[Fe(bpy);]™ and FcIN1122"} and discharged species allow for
the electrochemical reactions to proceed in either the forward
or reverse directions, and this significantly improves the mass-
transfer characteristics of the cell at open-circuit voltage (OCV).
The bounded semicircle observed after cycling (Figure 5a,
After) represents a diffusive mass-transfer limitation through
a boundary layer of finite thickness.?” The low-frequency inter-
cept in the Nyquist plot exhibiting a bounded mass-transfer el-
ement (Figure 5a, After), represents the total direct-current cell
resistance at a particular SOC, and is typically a good measure
of the flow-cell ASR.[%2>3036]

The relatively low ASR in this study compared to those re-
ported for other NAQRFBs®>?7 allows for constant-current cy-
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5 T T T T 2 cling at a current density of 20 mAcm™2, which is
Al @ = ] . among the highest reported for NAqRFBs.'**¥ Fig-
e = ; ' ure 5b shows cycling curves of the proof-of-concept
a3f e Before | % 16 supporting-salt-free NAQRFB with single charge and
iz | & ® After %;1.4 discharge plateaus corresponding to the desired one-
E o = ——Cycle 2 electron transfer processes and a nominal cell poten-
d 0c00®® %% 1 Cp Cycles tial of approximately 1.9 V. To avoid accessing the ad-

o —— Cycle 10 (b) PP y 1.2V 9
0 _z : ’ . ’ 1 ditional, less-stable redox couples of [Fe(bpy);](BF,),
3 4 5 6 , 7 8 0 05 1 1.5 2 (Figure 54),%** an upper cell potential cutoff of
RelZld rem Capacity / Ah L 1.97 V was employed. This cutoff limited the available
2 T T T T 1F y T J T ] capacity (Figure5c) of the first cycle to 32.8%
A A % % % % % % % % & (1.76 AhL™") of the theoretical capacity (5.36 AhL™").
71_115' e 0000000 P >°'8 g o ¥ We also limited cycling experiments to ten cycles
< pERRSYRIR N coef = 4 owing to the known long-term instability of
-‘%‘ T 1 & oalk | [Fe(bpy)sl(BF,),**¥ After the first cycle, the coulom-
§05 “ v coulombic bic, voltaic, and energy efficiencies are constant for
~| @ Charge 02 ™ Energy 1 the remaining nine cycles, with mean values of
O Discharge (c) A Voltaic (d) :
B ; f . . i - i . ; 87.3+0.1, 87.5+0.1, and 76.4+0.1%, respectively
0 2 4 6 8 10 0 2 4 6 8 10 (Figure 5d).

Notably, the capacity retention during flow-cell cy-
cling is higher than that observed during bulk elec-
trolysis cycling for [Fe(bpy);]1(BF,),. This result is coun-
terintuitive given the higher concentration of active
species employed in the flow-cell experiment (0.2 m)
compared to the bulk electrolysis experiment (5 mwm),
but can be reconciled by considering differences in the ac-
cessed capacity. The bulk electrolysis experiments access
nearly 100% of the theoretical capacity, as opposed to less
than 33 % for the flow-cell experiment. Because a smaller frac-
tion of the theoretical capacity is accessed in the flow-cell ex-
periment, deleterious side reactions associated with the less
stable, reduced [Fe(bpy);1(BF,), species do not degrade the ob-
served capacity as rapidly as in the bulk electrolysis experi-
ment. This phenomenon has been reported in prior literature
for battery systems with low accessed capacities.*”*” Although
the low accessed capacity in this demonstration flow cell is not
useful for a grid-scale device, the cycling results sufficiently il-
lustrate that a flow cell operating with redox-active ions ena-
bles the complete removal of the supporting salt.

This proof-of-concept flow cell displays cycling efficiencies
similar to those of state-of-the-art NAQRFBs described in the lit-
erature,”? even without any supporting salt. Moderate cur-
rent density and voltaic efficiencies are achieved because of
the high separator conductivity and favorable mass-transfer
characteristics. The high separator conductivity is achieved by
using a microporous separator, in which case the electrolyte
conductivity defines the conductivity through the separator
pores. Because Daramic is a passive separator, the migration of
BF, anions through the separator is sufficiently rapid to afford
simultaneously charge balance and moderate currents across
the range of accessed SOCs. Critically, the BF,” anions act as
both charge carriers and charge-balancing species in the rele-
vant electrochemical reactions.

To highlight further the dual functionality of the BF,™ anions,
which are associated with the ionic redox-active species, we
performed a second flow-cell cycling experiment in which R
was recorded at every half-cycle. Figure 6 shows that R re-
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Figure 6. Ohmic contribution to cell ASR measured every half-cycle for a sup-
porting-salt-free NAQRFB. The electrolyte composition is 0.2 m [Fe(b-
py)sl(BF,),/0.2 m Fc1N112-BF,/MeCN. Inset: Expansion in the R, range of 3.2—-
3.8 Qcm?, for which the dashed line serves as a visual guide. Ry is smaller in
the charged state of the cell.

mains nearly constant, oscillating by +4.0% about a mean
value of 3.48 Qcm? The small oscillations in R, between half-
cycles (inset to Figure 6) are likely caused by variations in ion-
pair association constants as a function of SOC,®**" causing
subsequent changes in the effective conductivity of the sepa-
rator and porous electrodes. Oscillations in electrolyte conduc-
tivity as a function of SOC are common during RFB cycling, as
demonstrated for the all-vanadium RFB¥" and quantified in
one study on a NAQRFB electrolyte.®” Ultimately, the data in
Figure 6 point to a cell devoid of supporting salt that main-
tains Rg values comparable to those in the contemporary liter-
ature.*”

Chemistry-agnostic techno-economic analysis of salt-free
NAQRFBs

To investigate the financial benefits of removing, or minimiz-
ing, the supporting-salt requirement in NAQRFB electrolytes,
we performed a chemistry-agnostic techno-economic analysis
to quantify how salt cost and concentration affect battery
price. Techno-economic analysis is a powerful tool for evaluat-
ing the price performance of an energy-storage system by re-
lating the total battery price to material properties, electro-
chemical performance, and component cost parameters. Given
that the proof-of-concept flow cell does not have sufficiently
stable or cheap active materials, as well as an insufficient cell
potential, we developed a chemistry-agnostic representation
that illustrates the cost savings afforded by minimizing sup-
porting-salt concentration for a variety of active-species costs,
salt costs, and cell potentials.

We employed a prior model developed by Dmello et al.,'
which considers the contributions of reactor cost C, electrolyte
cost C,, additional cost C,y, and balance-of-plant (BOP) cost
Gsor to the battery price per unit energy (Py/E4 [$kWh™']), as
shown in Equation (4). The reactor cost incorporates the costs
of bipolar plates, membranes, and seals, as well as the reactor
ASR and battery discharge time. The BOP costs account for

10]
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auxiliary equipment such as pumps, sensors, tanks, pipes, and
heat exchangers, while the additional costs account for over-
head, labor, profit margin, and depreciation. Detailed assump-
tions and calculations of the reactor, additional, and BOP costs
are available elsewhere.®'” Note that this work considers
a future-state price for a battery with 5 h discharge time,’®*'”
which does not include the cost of installation or power-condi-
tioning systems (e.g., inverter), as opposed to a system price
that does incorporate such costs."” A prior RFB cost modeling
study has estimated that installation and power-conditioning
systems would contribute future-state costs of $30 and
$20 kWh™" ($100 kW' over 5 h discharge), respectively, to the
RFB system price.”” Hence, to achieve the DOE system price
target of $150 kWh',® we can afford a battery price of
$100 kwh~'.[1®

2
Fo = Cr + Cel + Cadd + CBOP (4)
d

To calculate the electrolyte cost, a detailed model [Eq. (5)]
explicitly accounts for the costs associated with the electrolyte
materials, namely the active species, solvent, and salt"” The
electrolyte material costs are comprised of the following pa-
rameters: M [kgmol™'] is the molar mass of the active species,
s the stoichiometric coefficient of the discharge reaction, x the
depth-of-discharge, n. the number of electrons stored per
mole active material, ¢,, [$ kg™'] the active-species cost per
unit mass, b [molkg™'] the harmonic mean molality of the
active species across both electrodes, ¢, [$kg™'] the solvent
cost per unit mass, M, [kgmol™'] the molar mass of the salt,
Car [$kg™'] the salt cost per unit mass, and r,,, the arithmetic
mean ratio of moles of salt per mole of active species across
both electrodes. The +/— subscripts denote the posolyte and
negolyte active materials, respectively. The electrolyte materials
costs are normalized by the total discharge energy of the bat-
tery, encompassed by the following additional parameters: F
[kAh mol™'] is the Faraday constant, U [V] the cell potential,
and ¢, &, and ¢, are the energy, coulombic, and voltaic effi-
ciencies, respectively. Here we assume an active-species molali-
ty of 3 molkg™'. Assumptions for the values of all other param-
eters not outlined in this work are described in detail by
Dmello et al.l"®

c_ 1 s M,
4 eeeqFe U \yne,

s_M_ 2
Cm,++ CmA—+7Csol+2rsaItMsaltcsalt) (5)

A_Ne_ b

To illustrate the benefits of reducing salt cost contributions,
we define the salt cost factor C;,, and the active-material cost

factor C; in Equations (6) and (7), respectively, both of which
have units of dollars per mole electrons:

Cfalt = 2r5a|tMsaItC5aIt (6)
s M
€= e 7)

Figure 7 shows the relationship between battery price and
the salt cost factor for various cell potentials and active-materi-
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Figure 7. Future-state battery price as a function of salt cost factor C,, for

various cell potentials U. Solid lines denote active-material cost factors of
Csm = 0.94, while dashed lines denote Cf“ = 3.75. As practical examples,
consider a cell with a depth of discharge y of 80%, stoichiometric coeffi-
cients s equal to 1, and active-material molecular weight M of 150 gmol ™.
Then, Cfn= 0.94 would represent an active material with a cost c,, of
$5kg~', and Cf“ = 3.75 an active material with a cost of $20 kg~" Further,
¢ = 2 could represent a salt with molecular weight M., of 100 gmol ™’

salt

and cost ¢, of $20 kg ' dissolved in a ratio of 0.5 mol of salt per mole
active species (., =0.5).

al cost factors. In general, as cell potential decreases, the bat-
tery price reduces more rapidly with decreasing C:,,, that is,
RFB price becomes more sensitive to variations in C?,, at lower
cell potentials. Furthermore, battery price rises with increasing
C: ., but variations in C, do not affect the slopes of the price
curves in Figure 7. Critically, to achieve the recommended bat-
tery price of $100 kWh~',"” NAqRFBs will require high cell po-
tentials near 3V and values of C:,, near zero,”*'” the combina-
tion of which has yet to be experimentally realized. Decreasing
the molecular weight of the salt (small M) or identifying
cheap salts (small c,,) are two strategies to decrease Cfaw but
considering the prevalence of salts with fluorinated anions in
literature NAQRFBs, identifying salts with molecular weights
lower than that of LiBF, (93.75gmol™") or costs under
$20 kg '™ seems unlikely in the short term. In this work, we
pursued a third option of minimizing r.,, by removing the salt
altogether and setting r,,;=0, which Figure 7 and Equation (5)
show is a powerful pathway towards economically viable
NAQRFBs.

Conclusions

We have presented a proof-of-concept NAQRFB operating in
the absence of supporting salt, by utilizing Fc1N112-BF, and
[Fe(bpy);](BF,), as model ionic active materials. Efficiencies
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comparable to those of state-of-the-art NAQRFBs that employ
high concentrations of supporting salt are observed over ten
cycles at a moderate current density (20 mAcm™2). This opera-
tion is possible owing to the high conductivities of the active
species in MeCN, which remain as ions across all relevant
states-of-charges (SOCs). Solutions of 0.2m Fc1N112-BF, and
[Fe(bpy);]1(BF,), in MeCN exhibit conductivities of 12.1 and
19.0 mScm™, respectively, which are about two times higher
than that of 0.2m LiBF, and comparable to that of 0.2m
TEABF, in the same solvent. Furthermore, a chemistry-agnostic
techno-economic analysis highlighted the potential cost sav-
ings of minimizing salt content in NAQRFBs of varying active-
material cost, salt cost, and cell potential. Overall, this paper
offers proof of concept of a NAQRFB operating without sup-
porting salt, and opens a pathway for exceptional performance
and cost savings.

Although the model active species employed in this work
are too expensive or unstable for practical grid implementa-
tion,’1%224 oyr investigation highlights the promise of utiliz-
ing ionic redox-active species to enable cost-effective NAQRFBs
without sacrificing performance. Designing cheaper counter
anions to replace the existing, expensive fluorinated options
(e.g., tetrafluoroborate, hexafluorophosphate) could lead to ad-
ditional cost savings. Further, ionic modification of otherwise
neutral redox-active compounds,™'® or implementation of
deep-eutectic redox-active melts,**** could be powerful ap-
proaches in realizing electrolytes with low salt content. Redox-
active ionic liquids,***®" adapted for flow-battery applications,
represent an extreme realization of the supporting-salt-free
concept by enabling ultrahigh concentration or even solvent-
free electrolytes. Tailoring ionic active species to display desira-
ble physicochemical (i.e., high solubility,"® low viscosity) and
electrochemical properties (i.e., extreme redox potentials,"”
stability™) will enable the extension of the supporting-salt-
free concept to more practical NAQRFB prototypes.

Experimental Section
Materials

All solution preparation and electrochemical experiments were per-
formed inside argon-filled gloveboxes (O, <5 ppm, H,0 <1 ppm).
MeCN (Extra Dry, 99.9%) was purchased from Acros Organics. Tet-
raethylammonium tetrafluoroborate (99.9%) and lithium tetrafluor-
oborate (99.9%) were purchased from BASF and used as received.

Synthesis of active species

All reagents and starting materials [iron(ll) tetrafluoroborate hexa-
hydrate (97 %), (dimethylaminomethyl)ferrocene (96%), bromo-
ethane (98%), sodium tetrafluoroborate (98%)] were purchased
from Sigma-Aldrich, with the exception of 2,2’-bipyridine (98%,
Alfa Aesar), and used as received. [Fe(bpy);1(BF,), was prepared ac-
cording to a literature procedure.?” Fc1N112-BF, was synthesized
via a bromide salt intermediate, also as reported in literature.> 62"
lon exchange of Br~ with BF,” was performed in deionized water
to afford the final product.?”
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Conductivity measurements

Electrolyte conductivity measurements were performed with
a two-electrode, Swagelok-style conductivity cell that has been de-
scribed previously.*” The conductivity cell was filled with electro-
lyte (600 pL) and then sealed. The impedance of the conductivity
cell was measured over a small frequency range (1 MHz to 100 Hz)
about the OCV with a potential amplitude of 10 mV. The high-fre-
quency intercept of the Nyquist plot was used as the cell resist-
ance value for subsequent calculations of electrolyte conductivity.
Cell resistances were measured ten times for three aliquots of each
electrolyte composition. Between measurements, the conductivity
cell was rinsed with pure MeCN. The conductivity cell was calibrat-
ed in an ice/water bath (0°C) outside of the glovebox to build
a four-point calibration curve (Figure S2), by using the following
aqueous sodium chloride standards (Orion™): 0.100, 1.413, 12.90,
and 111.9 mScm . NAq electrolyte conductivities were determined
from cell resistance measurements and the calibration curve. Error
bars for electrolyte conductivities represent 95% confidence inter-
vals of the standard error, accounting for the experimental uncer-
tainties, measurement noise, repeatability, and quality of the cali-
bration fit.

Cyclic voltammetry

CVs were recorded with a BioLogic VSP potentiostat in a custom
10 mL three-electrode electrochemical cell. A 3 mm-diameter
glassy carbon disk was used as the working electrode (BASI),
a coiled platinum wire as the counter electrode, and a fritted Ag/
Ag* quasireference electrode (BASi) filled with silver tetrafluorobo-
rate (0.01 ™M, 98%, Sigma-Aldrich) in MeCN. CVs were recorded at
a scan rate of 100 mVs ™' in MeCN solutions containing the individ-
ual active species (5 mm) or an equimolar mixture containing both
[Fe(bpy);l(BF,), and Fc1N112-BF, (10 mm total). Impedance meas-
urements were recorded about OCV over a frequency range of
1 MHz to 1 Hz with a potential amplitude of 10 mV.

Bulk electrolysis

Bulk electrolysis experiments were performed in a custom glass H-
type cell comprising two electrolyte chambers (5 mL), separated by
an ultrafine glass frit (P5, Adams and Chittenden) to minimize
crossover, as described in prior literature.”” Both chambers were
stirred continuously during cycling. Reticulated vitreous carbon
(100 PPI, Duocell) was used as the working and counter electrodes,
with a fritted Ag/Ag™ quasireference electrode. A BioLogic VSP po-
tentiostat was used to apply a constant current equivalent to a C-
rate of 1C (0.67 mA). Potential cutoffs (0.55 to OV and —1.7 to
—1.2 V for the positive and negative experiments, respectively) and
a 100% SOC coulombic cutoff were used during cycling. A 3 mm-
diameter glassy carbon working electrode (BASi) was used to
record CVs before and after cycling. For each test, both active spe-
cies (10 mwm total) were dissolved in MeCN.

Flow cells

The flow cell used in this study is similar to those in previous re-
ports (Figure $6),"** with IDFFs and a geometric active area of
2.55 cm?. Flow cells were assembled outside of the glovebox and
then dried under vacuum (-91 kPa,) for at least 1 h before begin-
ning experiments; all electrochemical measurements were per-
formed inside the glovebox. Backing plates were machined from
polypropylene, and flow fields were machined from 3.18 mm-thick
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impregnated graphite (G347B graphite, MWI, Inc.). Electrodes were
cut (16.1 mmx14.1 mm) from 190430 pm-thick carbon paper
(25 AA, SGL Group) and used as received, without any pretreat-
ment. Carbon-paper electrodes were layered two pieces thick and
compressed by 20+2% in the assembled flow cell to yield a final
total compressed electrode thickness of 304 £49 um. A single layer
of Daramic 175 was used as received as the cell separator. Teflon
gaskets sealed the separator and electrodes inside the cell. Sealed
jars (10 mL, Savillex), made from perfluoroalkoxy alkane (PFA),
served as the electrolyte reservoirs. A peristaltic pump (Masterflex
L/S Series) was used to drive electrolyte through the flow cell and
reservoirs. Norprene tubing (Masterflex) was used inside the peri-
staltic pump head. PFA tubing (Swagelok) linked together the
pump head, flow cell, and reservoirs. All tubing connections were
made with pressure-rated PFA (Swagelok), Teflon (Swagelok), or
stainless steel (McMaster-Carr) compression fittings. All tubing had
an inner diameter of 1.6 mm (Figure S7). All flow-cell materials
(polypropylene, impregnated graphite, PFA, Teflon, stainless steel,
and Daramic) were selected in part owing to their chemical com-
patibility with MeCN.

Premixed electrolyte (10 mL) containing [Fe(bpy);1(BF,), (0.2m)/
FcTN112-BF, (0.2 m)/MeCN, was pumped into each flow cell reser-
voir. For the redox couples accessed, the theoretical capacity of
the electrolyte was 5.36 AhL™" (53.6 mAh). During the first flow-
cell cycling experiment, a constant current density of 20 mAcm 2
(51 mA) was applied, and cell-potential cutoffs of 1.00-1.97 V were
imposed. The upper voltage cutoff was selected to avoid accessing
additional, unstable redox couples of [Fe(bpy);I(BF,), and the
lower voltage cutoff ensured complete discharge of the cell. The
cell was cycled ten times over approximately 5.3 h. Flow-cell impe-
dance measurements before and after the first flow-cell experi-
ment were recorded about OCV over a frequency range of 100 kHz
to 5 mHz, with a potential amplitude of 10 mV. A second flow-cell
cycling experiment was performed in which constant-current cy-
cling (20 mAcm2) was paused at each half-cycle to measure flow-
cell impedance in a higher-frequency regime (100 kHz to 20 Hz).
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