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Abstract:

A water-miscible anthraquinone with polyethylene glycol (PEG)-based solubilizing
groups is introduced as the redox-active molecule in a negative electrolyte (negolyte) for
aqueous redox flow batteries, exhibiting the highest volumetric capacity among aqueous organic
negolytes. We synthesized and screened a series of PEG-substituted anthraquinones (PEGAQs)
and carefully studied one of its isomers, namely 1,8-bis(2-(2-(2-
hydroxyethoxy)ethoxy)ethoxy)anthracene-9,10-dione  (AQ-1,8-3E-OH), which has high
electrochemical reversibility and is completely miscible in water of any pH. A negolyte
containing 1.5 M AQ-1,8-3E-OH, when paired with a ferrocyanide-based positive electrolyte
across an inexpensive, non-fluorinated permselective polymer membrane at pH 7, exhibits an

open-circuit potential of 1.0 V, a volumetric capacity of 80.4 Ah/L, and an energy density of
25.2 Wh/L.
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Renewable energy resources such as solar and wind energy are expected to replace fossil fuels
for generating electricity!. However, the intermittent availability of renewable energy hampers
its deep penetration into the electrical grid®. Safe, low-cost grid-scale energy storage could solve
this problem?®. Aqueous redox flow batteries (ARFBs) featuring low-cost and non-flammable
electrolytes, as well as decoupled energy/power scaling, are particularly suitable for storing
massive amounts of electricity generated from renewables*°. The vanadium redox flow battery
has been the most developed ARFB, but the high price and low abundance of vanadium limits its
widespread deployment® 7. Redox-active organic molecules comprising earth abundant elements
such as C, H, O, and N are potentially more cost-effective®and scalable. Moreover, the structural
diversity and tunability of organics allows chemists to design molecules with important
properties such as high solubility, fast kinetics, appropriate redox potentials, and high stability.

The potential cost of organic redox molecules has been projected to be extremely low? !0,
Recently, organic molecules with very long projected lifetimes have been developed as negative
electrolyte (negolyte) molecules in ARFBs!'"'*. However, these organic molecules tend to have
lower solubilities than vanadium species, resulting in considerably lower volumetric capacities
for the resulting electrolytes'. Although the energy capacity can be scaled up by increasing the
volume of electrolyte reservoirs, the size of electrolyte reservoirs may be constrained by
available space and cost. Therefore, besides safety, low material cost, and long lifetime, storing
as many electrons as possible per unit volume, i.e., having a high volumetric capacity, is another
valuable attribute for electrolytes, particularly where ARFBs are deployed in high population-
density areas. In such cases, the physical space used for accommodating electrolyte tanks may
contribute significantly to the total capital cost of ARFBs!S. One strategy is to increase the
aqueous solubility of redox active materials (RAMs). lonic groups such as —SQ;~ '3 1517,
8 _0=%19 —-COO~ '1,15.20.21 ' _p(O;2-14 and —NR;" '> 2% have been tethered to RAMs such as
quinones, viologen, phenazine, ferrocene, and (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO)
to increase solubility; and molecules
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Figure 1 | A schematic flow battery with three different negative electrolytes (negolyte) PEGAQ, AQDS'8, and
DHAQ?2. The pH and volume required to store the same number of electrons are highlighted for each.

bearing these functional groups can demonstrate >1 M electron-storing capability. Frequently the
solubility is heavily dependent on the electrolyte pH, and corresponding flow cells must be
operated within certain pH ranges to achieve adequate capacity; otherwise RAMs precipitate due
to changes in the protonation state or decomposition of ionic groups.

In this work, we incorporate a non-ionic but water-miscible motif, i.e., tri-ethylene glycol,
into an anthraquinone through the well-developed one-step Williamson ether synthesis, and
report a water-miscible RAM, 1,8-bis(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)anthracene-9,10-
dione (AQ-1,8-3E-OH) as a negolyte (Figure 1). Its pH-independent water miscibility enables us
to prepare 1.5 M AQ-1,8-3E-OH at pH 7 and demonstrate a volumetric capacity of 80.4 Ah/L,
which is the highest volumetric capacity reported to date among all aqueous organic negolytes
(Figure 2). Pairing the negolyte with a 1.5 M ferrocyanide positive electrolyte (posolyte) at pH 7,
our flow cell exhibits an open-circuit voltage of 1.0 V and an energy density of 25.2 Wh/L,
which is one of the highest energy densities among all organic aqueous or non-aqueous flow
batteries and is even comparable with most vanadium flow batteries.
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Figure 2 | The electrons stored per unit/volumetric capacity of negolytes and comparisons of demonstrated
cell capacity/energy densities. (a) From left to right: in strong acid (pH<=0): vanadium’, AQDS'®; neutral
(pH=~7): BTMAP-Vi'%, Methyl-Vi?, (SPr):-Vi'’; near neutral (7<=pH<=13): DBEAQ!!, DPPEAQ", PEGAQ
(AQ-1,8-3E-OH); in strong base (pH>=14): 2,3-HCNQ?!, DHAQ", alloxazine’>, DHPS'S, The orange bars
represent demonstrated values in flow cells; the green bars represent maximum values calculated from
measured solubilities. (b) The redox couples are listed as negolyte/posolyte. 1. V(acac)s/V(acac):?*; 2.
FL/DMPZ*; 3. Methyl-ViTFSI/FeNTFSI?®; 4. DPPEAQ/K4Fe(CN)s'¥; 5. DBEAQ/KsFe(CN)s''; 6.
AQS/BQDS?’; 7. MePh/DBMMB?; 8. DHPS/K4Fe(CN)s'; 9. DHAQ/KaFe(CN)s??; 10. DHBQ/K4sFe(CN)e’; 11.
Alloxazine/KsFe(CN)s*; 12. Methyl-Vi/FeNCI?; 13. FL/DBMMB?¥; 14. (SPr):-Vi/(NH4)sFe(CN)s"3; 15.
BTMAP-Vi/BTMAP-Fc¢'%; 16. AQDS/HBr*'; 17. Vanadium/vanadium (supporting electrolyte: H2S04)*%; 18.
Methyl-Vi'/TEMPTMAZ?; 19. PEGAQ/KsFe(CN)s:NasFe(CN)s (1:1); 20. vanadium/vanadium (supporting
electrolyte: H2SO4/HCI mixture)’.

"hydroxyethoxy)ethoxy)ethoxy)anthracene-9,10-dione (AQ-n,m-3E-OH) and 1,8-bis(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)anthracene-9,10-dione  (AQ-1,8-3E-OCH3) through one-step
Williamson etherification®® (Scheme 1) ('"H and '3C NMR spetra in Figure S1-S2). After
measuring their solubilities (Figure S3) and evaluating reaction kinetics via cyclic voltammetry
(CV) (See Supporting Information, Solubility Measurements, pp. 11-13, and Electochemical
Characterization, pp. 12-14, for more details), we set out to further investigate the
electrochemical properties of AQ-1,8-3E-OH for use as the RAM in a negolyte due to its high
solubility and rapid kinetics (Figure S6-S8).
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Scheme 1 | Synthetic conditions of PEGylated anthraquinone isomers through one-step Williamson
etherification.



Based on the CV results, the reduction potential (£;,) of AQ-1,8-3E-OH is —0.43 V vs. SHE
at pH 7 and —0.52 V at pH 14 (Figure S6). The Pourbaix diagram in Figure 3b shows the pH-
dependence of its reduction potential; it is consistent with a transfer of 2 H*/2 ¢~ from pH 5 to
10.8, 1 H*/2 ¢~ from pH 10.8 to 12.6 and 0 H*/2 ¢ from pH 12.6 to 14. Similar pH-dependent
behavior of the reduction potential has been observed for other anthraquinone derivatives in
aqueous media'®3* (Figure S9). Therefore, when starting at pH 7, the reduced AQ-1,8-3E-OH
will exist in three different forms, as shown in Figure 3a. As its electrochemical reaction is pH-
dependent and reversible, upon charging (reducing) the negolyte, a process that takes protons up
from water, the pH of the initially neutral solution is expected to increase until it reaches
approximately pKa». After discharging, a process that releases protons into the negolyte, the
neutral pH is expected to be fully recovered.
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Figure 3 | pH related properties of AQ-1,8-3E-OH. (a) Scheme of the three different reduction products of the
anthraquinone. (b) Pourbaix diagram of AQ-1,8-3E-OH with a line of constrained slope of —59 mV/pH fit to
the data from pH 6-10 and a constrained slope of —29 mV/pH from pH 10-12.5. Above pH ~ 12.6, the potential
is pH-independent, indicating that the reduced form of AQ-1,8-3E-OH is deprotonated. The lines of slope 59,
29, and 0 mV/pH are simply guides to the eye. All of the potentials were determined by cyclic voltammograms
of 10 mM AQ-1,8-3E-OH in buffered solutions. (¢) Charging of AQ-1,8-3E-OH increases the pH of the
solution, and discharging reverses the pH change. Electrolytes comprised 7 mL of 0.1 M AQ-1,8-3E-OH
(negolyte) in 1 M KCI and 40 mL of 0.1 M potassium ferrocyanide and 0.04 M potassium ferricyanide
(posolyte) in 1 M KCI. The applied current density was 50 mA/cm?.

Given the redox-activity and water-miscibility of AQ-1,8-3E-OH at pH 7, we investigated the
performance of a PEGAQ-based flow cell with neutral electrolytes. To better understand the pH
evolution during charge/discharge, we built a cell with 0.1 M electrolytes and tracked the pH of
the negolyte during charge/discharge by immersing a pH probe in the negolyte (Figure 3c). To
exclude the influence of oxygen dissolved in electrolytes on pH increase during charge, the
electrolytes were first deaerated and then transferred to a glovebox filled with N>'4. In a full



cycle with close to 100% Coulombic efficiency, the pH increased from 7 to 12.8 during charging
and returned from pH 12.8 to 7 during discharging, confirming the pH reversibility. Compared to
strongly acidic or basic electrolytes, such less-corrosive electrolytes (pH = 7—13) are preferable
in terms of less expensive electrolyte-contacting materials and structural stability of redox-active
species® ' 1435 Based on the Pourbaix diagram in Figure 3b, the absence of a visible signature
of pH swing in the charge/discharge curves in Figure 3¢ seems surprising. This may occur
because the local pH at the electrode surface can shift immediately upon the commencement of
charging and discharging, while the bulk pH changes over the longer time scale of the reservoir
SOC tracked in Fig. 3c.
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Figure 4 | Low-concentration flow battery performance. (a) Cell voltage and power density vs. current density
at room temperature at 10%, 30%, 50%, and ~100% SOC. Electrolytes comprised 7.4 mL of 0.1 M AQ-1,8-
3E-OH (negolyte) in 1 M KCI and 40 mL of 0.1 M potassium ferrocyanide and 0.04 M potassium ferricyanide
(posolyte) in 1 M KCI. Current oscillations arise from peristaltic pumping. (b) OCV, high frequency and
polarization AC-ASR vs. SOC. (c) Galvanostatic charge and discharge curves from 50 to 250 mA/cm? with 1.5
and 0.4 V cutoffs. The theoretical capacity is indicated by the vertical dashed line. (d) Coulombic efficiency,
round-trip energy efficiency and capacity utilization as a percentage of theoretical capacity versus current
density.

Polarization experiments were conducted at different SOC of the negolyte, and a peak power
density of 0.18 W cm™ was achieved at ~100% SOC (Figure 4a). The open-circuit voltage (OCV)
increases from 0.94 V to 1.01 V as the SOC increases from 10% to 90%, and the OCV at 50%
SOC was 0.98 V (Figure 4b). The alternating current area-specific resistance (AC-ASR) of the
cell was determined via high-frequency electrochemical impedance spectroscopy (EIS) and the
value was slightly lower than 1 Q cm?across all SOCs (Figure 4b). The polarization ASR was
determined using the linear region within the voltage range 0.9 to 1.1 V and the current range
—50 to 50 mA (Figure 4a, b). The membrane resistance contributes more than 70% of the AC-



ASR of the entire cell. The capacity utilization decreased from 95% at 50 mA/cm? to 84 and 56%
at 150 and 250 mA/cm?, respectively (Figure 4c, d).

To exploit the water-miscibility of AQ-1,8-3E-OH, we constructed a full cell with a
concentrated negolyte comprising 7 mL of 1.5 M AQ-1,8-3E-OH in 1 M KCI as the capacity-
limiting side and posolyte comprising 150 mL of 0.31 M K4Fe(CN)¢ with 0.31 M K3Fe(CN)s in
1 M KCI as the non-capacity-limiting side. In Figure 5, we demonstrate a negolyte with the
record volumetric capacity of 80.4 Ah/L. Furthermore, AQ-1,8-3E-OH becomes a liquid when
the temperature exceeds 35 °C, in which case the theoretical limit of the volumetric capacity is
120.1 Ah/L, corresponding to pure AQ-1,8-3E-OH (molarity: 2.24 M); in practice, however, the
capacity of a real cell would be limited by the addition of water and salt for conductivity.
Polarization experiments were further conducted, and the cell showed a higher OCV across all
SOCs than with the previous 0.1 M-negolyte cell (1.06 V at 50% SOC, Figure 5a and 5b); this
difference is explained in the Supporting Information (p. 16). The high-frequency ASR in the
high concentration cell (Figure 5b) is approximately 1.3 times that of the low concentration cell;
we attribute this to the increased negolyte viscosity. AQ-1,8-3E-OH at 1.5 M possesses a
viscosity of ~90 mPa-s at 37 °C, whereas the viscosity of a 0.1 M solution is only ~1 mPa-s
(Figure S4-S5). The higher viscosity slows the mass transfer rate. Interestingly, an increase in
viscosity of nearly two orders of magnitude does not incur proportional increases in either
resistance or peak power density because of the countervailing influence of a twenty-fold
increase in negolyte reactant concentration. The peak power density of 0.17 W/cm? achieved at
~100% SOC in the high concentration cell (Figure 5a) is only slightly lower than that in the low
concentration cell. In contrast, lower capacity utilization was observed when the high-
concentration cell was charged and discharged at varying current densities. The accessible
capacity at 50 mA/cm? was only 84.7% in the high concentration cell (Figure S10), as a result of
high-viscosity induced mass-transport limitations*® 37, as opposed to 96% in the low
concentration (0.1 M) cell. A higher viscosity would lead to increased pumping power losses for
a given flow channel configuration and electrode porosity and thickness, but these parameters
would be chosen differently for low and high viscosity electrolytes®®: 3°.
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Figure 5 | High-concentration flow cell performance. (a) Cell voltage and power density vs. current density at
room temperature at 10%, 30%, 50%, and ~100% SOC. Electrolytes comprised 7 mL of 1.5 M AQ-1,8-3E-
OH (negolyte) in 1 M KCI and 150 mL of 0.31 M potassium ferrocyanide and 0.31 M potassium ferricyanide
(posolyte) in 1 M KCI. (b) OCYV, high frequency, and polarization ASR vs. SOC. (¢) Current efficiency and
charge/discharge capacities vs. time and cycle number. (d) Cell voltage and power density vs. current density
at 45 °C at 10%, 30%, 50%, and ~100% SOC. Electrolytes comprised 6 mL of 1.5 M AQ-1,8-3E-OH
(negolyte) in 0.5 M KCI and 12 mL of 1.51 M 1:1 mixed potassium/sodium ferrocyanide and 0.01 M
potassium ferricyanide (posolyte) in DI water. (e) OCV, high frequency, and polarization ASR vs. SOC. (f)
Charge/discharge under potentiostatic conditions.

Continuing to use the aforementioned cell setup and electrolytes, we performed a cycling
experiment to evaluate the capacity fade rate by utilizing a sequential potential step method
(Supplementary Information, Full Cell Measurements, p. 14). With this method, we accessed
95.7% of the theoretical capacity — the unutilized capacity might have been caused by a droplet
electrolyte sticking on the wall of the electrolyte Falcon™ tube container or by a small amount
of impurity in the sample. The achieved capacity utilization is comparable with that of prior
work!? 13, The cell was run for 220 cycles over 18 days with an average current efficiency of
99.90% (Figure 5c¢). The current efficiency decreased to 97% from the 105th to the 120th cycle
due to depletion of nitrogen gas in the glove bag but then increased to >99.95% when the
nitrogen supply was refilled. Apparently, such a disturbance does not influence the capacity fade
rate, as the reaction with atmospheric oxygen is apparently self-discharge and not decomposition.
We then fitted the capacity fade rate by using a first-order exponential decay model to obtain a
temporal fade rate constant of 0.5%/day or 0.043%/cycle. As the capacity of the posolyte is 2.2
times that of the negolyte, and the negolyte crossover rate is negligible according to our
permeability measurements'!, we attribute the capacity fade exclusively to the decomposition of
the active material in the negolyte. The decomposition product was identified, and possible
decomposition pathways are proposed in the Supporting Information (Decomposition Analysis,
pp. 17-27, Figure S11-S18).

We investigated increasing the energy density by pairing the 1.5 M negolyte with a more
concentrated posolyte. Mixing potassium and sodium ferrocyanides in a 1:1 molar ratio®, we
were able to construct a capacity-balanced flow cell with 12 mL 1.51 M 1:1 mixed
potassium/sodium ferrocyanide and 0.01 M potassium ferricyanide as the posolyte, and 6 mL 1.5
M AQ-1,8-3E-OH in 0.5 M KCI solution as the negolyte. The electrolyte reservoirs were
immersed in a water bath and heated to 45 °C to prevent ferrocyanide precipitation. Polarization
shows that the OCV at 50% SOC for this cell is 1.01 V (Figure Se). Under elevated temperature,
both high-frequency and polarization resistance are reduced significantly due to increased ion
conductivity and reduced electrolyte viscosity. The peak power density of 0.22 W/cm?, achieved
at ~100% SOC, represents an approximately 30% increase compared to room temperature
performance. Using potentiostatic methods, charging at 1.5 V and discharging at 0 V, the cell
accessed 94% of the theoretical capacity, which implies an energy density of 25.2 Wh/L — one
of the highest among all organic aqueous and non-aqueous flow batteries. Theoretically, if 2.2 M
AQ-1,8-3E-OH were paired with capacity-balanced 1.5 M ferrocyanide'>*°, an energy density
of 30.0 Wh/L would be expected.

In summary, we introduce AQ-1,8-3E-OH as the first water-miscible negolyte molecule for
ARFBs. We demonstrate the highest volumetric capacity (80.4 Ah/L) ever reported among all
aqueous organic electrolytes. The theoretical capacity limit is 120.1 Ah/L for the neat 2.2 M
liquid quinone. An energy density of 25.2 Wh/L was demonstrated when 1.5 M AQ-1,8-3E-OH
was paired with 1.5 M ferrocyanide. The theoretical energy density is 30.0 Wh/L for a full cell
with a 2.2 M negolyte and a capacity-balanced 1.5 M ferrocyanide posolyte. As a first step



toward developing lifetime extension strategies, post-mortem chemical analysis enabled us to
identify the structure of a decomposition product and to propose four plausible degradation
pathways. Further systematic exploration of PEG functionalizations may shed light on the
development of low-cost, high-capacity, and high-stability RAMs for ARFBs.

Supporting Information

Table of recent aqueous and nonaqueous flow battery works, synthesis, characterization, and
screening of PEGAQs, solubility measurements, electrochemical analysis, decomposition
products analysis, and materials and methods.
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