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Abstract: Nonaqueous redox flow batteries hold the promise
of achieving higher energy density because of the broader
voltage window than aqueous systems, but their current
performance is limited by low redox material concentration,
cell efficiency, cycling stability, and current density. We report
a new nonaqueous all-organic flow battery based on high
concentrations of redox materials, which shows significant,
comprehensive improvement in flow battery performance. A
mechanistic electron spin resonance study reveals that the
choice of supporting electrolytes greatly affects the chemical
stability of the charged radical species especially the negative
side radical anion, which dominates the cycling stability of
these flow cells. This finding not only increases our funda-
mental understanding of performance degradation in flow
batteries using radical-based redox species, but also offers
insights toward rational electrolyte optimization for improving
the cycling stability of these flow batteries.

The redox flow battery (RFB) has recently attracted a great
deal of interest as a safe and cost-effective energy storage
technology for power grid applications.!! By storing dissolved
electroactive materials in external tanks, the RFB decouples
the energy and the power thus gaining tremendous design
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flexibility to meet different energy-to-power ratio (E/P)
applications. Conventional aqueous RFBs are generally low-
energy systems limited mainly by the narrow electrochemical
stability window of water.”! Although the energy density is
generally not considered as a critical performance criterion
for stationary applications, the low energy density of aqueous
RFBs has nevertheless disqualified them from other energy
storage markets. Therefore, recent efforts have shifted to
developing nonaqueous RFBs (NRFBs) because of their
potential high energy density due to the wider electrochem-
ical window of nonaqueous electrolytes.”! Current NRFB
research is primarily focused on seeking viable redox
materials for various flow chemistries, for example, metal
coordination compounds™ and organic redox molecules.”

The potential to achieve improved energy density has
been demonstrated in some NRFB systems./! However, many
other NRFBs suffer from insufficient energy densities pri-
marily due to low concentrations of redox materials.*> A
second major limitation of the current NRFBs is the abysmal
current densities, typically in the range of 0.01-
0.5 mA cm 2H® Apart from the low conductivity of non-
ageuous electrolytes compared to aqueous counterparts, the
ion-exchange membranes used in the previous reports are
believed to be the other significant contributing factor to the
low current density. Furthermore, the often observed irrever-
sible capacity loss and limited cycling stability has been
revealed as another major technical hurdle.”’ Unfortunately,
there remains a critical knowledge gap in the fundamental
understanding of capacity loss mechanisms in many NRFB
systems.

Here we report a new nonaqueous all-organic flow
chemistry along with a mechanistic study to elucidate the
capacity fading mechanism. All-organic flow batteries capi-
talize on the advantages of structural diversity,”) solubility
tunability,["] natural abundance, and environmental friend-
liness of organic materials. In this study, 9-fluorenone (FL)
and  2.5-di-tert-butyl-1-methoxy-4-[2'-methoxyethoxy|ben-
zene (DBMMB) were chosen as the anolyte and the catholyte
redox materials (denoted as FL|DBMMB), respectively,
because of their high solubility in various solvents and well-
defined electrochemistries. DBMMB analogs have been
explored as redox shuttle additives for overcharge protection
in Li-ion batteries and as redox materials for NRFBs.!"” The
redox reactions are illustrated in Scheme 1. Instead of using
an ion exchange membrane, we adopted a microporous
separator to enable the high current operation (30 times
increase) of the NRFB, due to the unique open pore structure
and large ionic transport channels in the porous separator
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Scheme 1. Redox reactions of the nonaqueous FL|DBMMB flow bat-
tery.

allowing high ionic conductivity."!! Meanwhile, a mixed-
reactant electrolyte design was adopted in order to mitigate
the crossover of the active species."”!

A high electrolyte conductivity is always favored in RFBs
and is critically important for achieving high power capability
and cycling efficiency. Suitable supporting electrolytes with
high ionic conductivities therefore need to be identified. As
shown in Figure S1 in the Supporting Information, electro-
lytes containing acetonitrile (MeCN) and tetracthylammo-
nium (TEA")-based salts have considerably higher conduc-
tivities than other electrolytes studied and thus were initially
used in the FL | DBMMB chemistry. To determine the redox
potentials, cyclic voltammetry (CV) was performed in
a mixed-reactant electrolyte of tetracthylammonium bis(tri-
fluoromethylsulfonyl)imide (TEA-TFSI)/MeCN containing
a 1:1 molar ratio of FL:DBMMB. As shown in Figure 1a, FL
and DBMMB show redox potentials at —1.64 V and 0.73 V
versus Ag/Ag" (10 mm), respectively, resulting in a cell
voltage of 2.37 V for the FL| DBMMB flow chemistry. FL
has a high solubility of 2.0m in MeCN and DBMMB (liquid at
room temperature) is highly miscible with MeCN. In the
mixed-reactant electrolyte, the solubility limit for both redox
materials is 0.9M in 1.2M TEA-TFSI in MeCN.

Figure 1b shows the cycling efficiency and capacity of
a FL | DBMMB flow cell using a redox electrolyte of 0.5m FL/
0.5M DBMMB/1.0m TEA-TFSI/MeCN, and Figure S2 shows
the typical cycling voltage curves of this flow cell. The area
specific resistivity (ASR) of the flow cell was 23.2 Qcm?,
which allowed the flow cell to cycle at a current density of
15 mA cm 2 while still having relatively high efficiencies, that
is, coulombic efficiency (CE) of 86 %, voltaic efficiency (VE)
of 83%, and energy efficiency (EE) of 71%. Such a high
current density was made possible by the reduced flow cell
resistance which was achieved through the uses of the high-
conductivity supporting electrolyte and the porous separator.
Accordingly, the flow cell demonstrated a high utilization
ratio of about 87 % of the redox materials, as indicated by the
first cycle charge capacity (5.8 AhL™") versus the theoretical
capacity (6.7 AhL™"). This flow cell exhibits an energy density
of 15 WhL ™" during charge and 11 WhL " during discharge.
Such an energy density, cell efficiency, and operational

Angew. Chem. 2015, 127, 8808 —8811

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ang'gﬁfmie

304 a)
Anolyte Catholyte

o+
FL —=FL DBMMB — DBMMB

15

DBMMB-~—DBMMB' *

FL =—FL
-30 T M T T T v T T 1

Current Density | mA cm™
o

-2 -1 0 1 2
Potential | V vs Ag/Ag* (10mM)

a

=

<

= ES

>| 12 /L/////////////ll//l RN 2y

5 Dyt =

2 | , ——CE 60§

g 61 ——VE | &
~

(§] O
E

S &

B~

13}

3

[72)

Cycle Number

Figure 1. a) CV curve of 0.1 m FL/0.1m DBMMB/1.0m TEA-TFSI/
MeCN at a voltage sweeping rate of 50 mVs ™. b) Cycling efficiency
and capacity of the FL| DBMMB flow cell using 0.5m FL/0.5m
DBMMB/1.0m TEA-TFSI/MeCN at 15 mAcm 2.

current density are significantly higher than those for other
all-organic NRFBs which delivered low energy densities, for
example, about 2 WhL™', or operating at limited current
densities, for example, smaller than or equal to
0.35 mAcm 2! However, the FL|DMBBM flow system
failed to produce stable cycling (Figure 1b). The CE and EE
suffer from quick drops during the first 10 cycles, although
gradual increases are observed afterwards. The charge
capacity constantly fades from 5.8 to 1.2 AhL™" over the
100 cycles, losing 80% of its original value. This limited
cycling stability inevitably impairs the reliability of the FL |
DBMMB flow chemistry.

As shown in Scheme 1, both redox reactions involve free
radical ions, that is, the FL"~ radical anion at the anode side
and the DBMMB"* radical cation at the cathode side. Because
radicals are usually chemically reactive, their chemical
stability in the supporting electrolyte may conceivably
impact the cycling stability of the flow cell. To gain insight
into the validity of this hypothesis, an electron spin resonance
(ESR) study was performed to elucidate the chemical stability
of the two radicals in the tested TEA-TFSI/MeCN electrolyte
and several other solvents and salts. TEA-BF,, TEA-TFSI,
and LiTFSI were selected to test the effects of different salt
anions and cations. 1,2-Dimethoxyethane (DME) was
selected to test the solvent effect due to its relatively high
stability against radicals.'¥) Figure 2a and b shows the fading
of the ESR integrals (i.e. the radical concentrations) of the
FL~ and DBMMB'" radicals as a function of storage time,
indicating that the solvents and salts indeed have a significant
effect on the lifetime of these two radicals, especially the FL".
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Figure 2. ESR measured radical fading in various supporting electro-
lytes: a) negative side (FL"") and b) positive side (DBMMB*"). The
experiment using 2-fluoro-9-fluorenone (F-FL) was used to demon-
strate the proposed capacity decay mechanism, which is closely related
with radical stability, in later paragraphs.

The DBMMB** shows much slower fading rates than the FL*~
in all of these supporting electrolytes, indicating the lower
chemical stability of FL*". In addition, the FL*" is much more
sensitive to the supporting electrolyte than the DBMMB*";
the latter shows a comparably marked chemical stability in all
of these media except where the BF, salt anion was used.
With the same TEA-TFSI salt, the FL*™ is considerably more
chemically stable in the DME solvent than in MeCN. With the
same DME solvent and TFSI™ salt anion, the TEA" cation
leads to much better chemical stability for FL'~ than Li*. With
the same MeCN solvent and TEA™ salt cation, both radicals
are much more persistent with the TFSI™ salt anion than
BF,".

The ESR result indicates that degradation of the FL' is
closely associated with the nature of solvents and salts. The
faster fading in MeCN than in DME may originate from
depletion of the FL*~ by side reactions with MeCN through
either nucleophilic substitution at the cyano C atom or proton
extraction at the methyl group [Equations (1) and (2) in
Scheme 2].") The BF,” salt anion causes quick fading for
both FL~ and DBMMB*" owing to its high reactivity with
these radicals."™ There is another possibility as well. As a type
of ketyl radical anions, the FL'", although already stabilized
by the two aromatic rings by conjugation, may still react with
a second FL~ to form dimeric FL,”~ following the pinacol
coupling pathway [Eq. (3) in Scheme 2].1"! This may explain
why the TEA™ results in slower radical fading than Li" in the
same DME solvent. Specifically, while poorly coordinating to
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Scheme 2. Possible degradation mechanisms of the FL'~ radical anion.

the oxygen atom in the FL'", the close proximity of the bulky
TEA™" cations may largely block a second FL*~ approaching
the shielded reaction site, that is, the unpaired electron on the
carbon atom.

The radical compatibility study derived from ESR pro-
vides a design guideline to achieve performance improvement
for the FL| DBMMB flow battery by electrolyte optimiza-
tion. The optimal supporting electrolyte among all those
tested in ESR should be the TEA-TFSI/DME electrolyte
which offers the best chemical stability for both radicals. This
is proven by flow cell tests in these different supporting
electrolytes (Figure 3a), which demonstrate that the flow cell
using TEA-TFSI/DME maintained 90% of its original
capacity over 50 cycles, a much higher value than for the
other electrolytes. The capacity retention of these flow cells is
in fair accord with their CE (Figure 3b) which reflects the
amount of corresponding side reactions, considering the same
cell cycling conditions resulting in a similar extent of cross-
over for all the electrolyte cases. In addition, the trend of the
FL'~ fading matches well with the capacity fading in flow cells,
indicating that the chemical instability of the FL'" is the major
contributor to the capacity fading in flow cells. This argument
is supported by the fact that the flow cell using 2-fluoro-9-
fluorenone (F-FL) produces even slower F-FL*~ fading and
better capacity retention (Figure 2a and Figure 3a), which is
attributed to the electron withdrawing -F group further
delocalizing the unpaired electron thus improving the radical
stability. This result also suggests that rational structural
tailoring of redox materials is important for improving the
chemical durability of redox species thus cycling stability of
flow cells.

In conclusion, we have developed a new nonaqueous all-
organic RFB based on high concentrations of FL and
DBMMB with a cell voltage larger than 2 V. Although an
EE larger than 70% and a current density larger than
10 mA cm 2 can be achieved, the cycling stability of the flow
cells is limited. The ESR result clearly demonstrates that both
solvents and salts strikingly affect the chemical stability of the
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Figure 3. Effects of different solvents and salts on the cycling perfor-
mance of flow cells using 0.1m FL/0.Tm DBMMB/1.0m salt at

10 mAcm™?: a) charge capacity retention and b) CE, VE, and EE. (The
voltage curves of these flow cell tests shown in Figure S3 indicate the
supporting electrolytes are also able to tune the cell voltage and
overpotential.)

charged radical species, especially the FL~. This study not
only reveals the capacity fading mechanism in the FL|
DBMMB flow cells, but also directs the pathway to optimiz-
ing the supporting electrolyte for the FL | DBMMB flow
battery. The TEA-TFSI/DME electrolyte, which offers the
highest chemical stability to both radicals, is proven to be the
best supporting electrolyte among those studied. This is
primarily attributable to the high stabilities of both DME and
TEA-TFSI against radical species and possibly the steric
hindrance to dimerization offered by the bulky TEA®. In
addition, we also demonstrated that structure modification of
the organic redox species can substantially improve their
stability in the supporting electrolyte, and thus the flow cell
performance. Although further improvement may still be
necessary to make the FL | DBMMB flow chemistry suitable
for practical applications, this study provides valuable insight
for understanding the origin of performance degradation in
flow cells involving organic radical-based redox species. This
knowledge therefore serves as an important guidance for the
selection and design of stable redox electrolyte systems for
developing promising nonaqueous redox flow chemistries.
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