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Abstract:

Storage of photovoltaic and wind electricity in batteries could solve the mismatch problem
between the intermittent supply of these renewable resources and variable demand. Flow
batteries permit more economical long-duration discharge than solid-electrode batteries by using
liquid electrolytes stored outside of the battery. We report an alkaline flow battery based on
redox-active organic molecules that are composed entirely of earth-abundant elements and are
non-toxic, non-flammable, and safe for use in residential and commercial environments. The
battery operates efficiently with high power density near room temperature. These results
demonstrate the stability and performance of redox-active organic molecules in alkaline flow

batteries, potentially enabling cost-effective stationary storage of renewable energy.

Main Text:
The cost of photovoltaic (PV) and wind electricity has dropped so much that one of the largest
barriers to getting the vast majority of our electricity from these renewable sources is their

intermittency (1-3). Batteries provide a means to store electrical energy; however, traditional,



enclosed batteries maintain discharge at peak power for far too short a duration to adequately
regulate wind or solar power output (1, 2). In contrast, flow batteries can independently scale the
power and energy components of the system by storing the electro-active species outside the
battery container itself (3-5). In a flow battery, the power is generated in a device resembling a
fuel cell, which contains electrodes separated by an ion-permeable membrane. Liquid solutions
of redox-active species are pumped into the cell where they can be charged and discharged,
before being returned to storage in an external storage tank. Scaling the amount of energy to be
stored thus involves simply making larger tanks (Fig 1A). Existing flow batteries are based on
metal ions in acidic solution but there are challenges with corrosivity, hydrogen evolution,
kinetics, materials cost and abundance, and efficiency that thus far have prevented large-scale
commercialization. The use of anthraquinones in an acidic aqueous flow battery can dramatically
reduce battery costs (6, 7); however, the use of bromine in the other half of the system precludes
deployment in residential communities due to toxicity concerns.

We demonstrate that quinone-based flow batteries can be adapted to alkaline solutions, where
hydroxylated anthraquinones are highly soluble and bromine can be replaced with the non-toxic
ferricyanide ion (8, 9) — a food additive (10). Functionalization of 9,10-anthraquinone (AQ)
with electron-donating groups such as OH has been shown to lower the reduction potential and
expand the battery voltage (6). In alkaline solution, these OH groups are deprotonated to provide
solubility and greater electron donation capability, which results in an increase in the open circuit
voltage of 47% over the previously reported system. Because functionalization away from the
ketone group provides molecules with the highest solubility (11, 12), we initially targeted

commercially available 2,6-dihydroxyanthraquinone (2,6-DHAQ), which we find exhibits a



room temperature solubility > 0.6 M in 1 M KOH. This system can achieve power densities in

excess of 0.45 W cm 2 at room temperature and 0.7 W cm 2 at 45 °C.

The use of alkaline electrolyte exploits pH as a parameter to shift the thermodynamic
potentials of proton-dependent reactions to more negative values. In acid solutions, AQ
undergoes a two-electron two-proton reduction at a single potential, which shifts to more
negative values as the pH increases (6). When the pH exceeds 12 the reduction potential of 2,6-
DHAQ becomes pH-independent because the reduced species is generated in its fully-
deprotonated form (Fig. S1). In contrast with the pH-dependent electrochemical behavior of
quinones (negative terminal), the ferro/ferricyanide redox couple (positive terminal) has a pH-
independent redox potential. This contrasting pH-dependence can be exploited through the
development of low reduction potential quinones at high pH. The cyclic voltammograms (CVs)
of 2,6-DHAQ and ferro/ferricyanide predict an equilibrium cell potential of 1.2 V upon
combination of these two half-reactions (Fig. 1B). A quantitative analysis of the CV of 2,6-
DHAQ at pH 14 (Fig. S2) revealed redox behavior consistent with two one-electron reductions at
potentials separated by only 0.06 V with rapid kinetic rate similar to quinones in acid (6). This
behavior raises interesting questions about the relationship between quinone redox and hydrogen

bonding (13).

Cell testing was performed at 20 °C using solutions of 0.5 M 2,6-DHAQ dipotassium salt and
0.4 M K4Fe(CN)g both dissolved in 1 M KOH. These solutions were pumped through a flow cell
constructed from graphite flow plates and carbon paper electrodes, which were separated by a
Nafion membrane. A charging current of 0.1 A cm ~ was applied to charge the cell, and
polarization curves were measured at 10%, 50%, and 100% states of quinone charge (SOC). The

open-circuit voltage (OCV) is 1.2 V at 50% SOC; its dependence on SOC is shown in Fig. 2A.



The polarization curves (Fig. 2B) show no sign of redox kinetic limitations and exhibit a peak

galvanic power density exceeding 0.4 W cm .

The cell was cycled at a constant current density of 0.1 A cm 2 for 100 cycles (Fig. 3A). The
current efficiency exceeded 99%, with a stable round-trip energy efficiency of 84%. A 0.1% loss
in capacity per cycle was observed during cycling, which appears to be a continuous loss of
electrolyte over the 100 cycles. Three possible loss mechanisms were explored: chemical
decomposition, electrolyte crossover through the membrane, and leakage from the pumping
system. Chemical and electrochemical stability studies showed that the negative electrolyte is
stable. 10 mM of 2,6-DHAQ was heated in 5 M KOH solution at 100 °C for 30 days and was
characterized by proton NMR. Cycled negative electrolyte was also collected and characterized
by the same method; both studies showed no degradation product at the sensitivity level of 1%
(Fig S3). Membrane crossover contamination has been a common challenge in acid-based redox
flow batteries where most electro-active molecules are either neutral or positive and tend to
migrate through proton-conductive membranes (5). In this alkaline system, however, all the
electro-active molecules remain negatively charged in all charge states, leading to a dramatic
decrease in the degree of crossover during cell cycling. Cyclic voltammetry of the
ferro/ferricyanide electrolyte collected at the end of cycling showed no evidence of the presence
of 2,6-DHAQ. This observation places an upper limit on crossover of 0.8% of the DHAQ,
implying a crossover current density less than 2.5 pA cm * (Fig. S4). Finally, hydraulic leakage
was investigated because an apparent but unquantifiable small decrease in fluid levels was
observed in the reservoirs. After cell cycling, the cell was washed with DI water until no
coloration of eluent could be observed. The cell was then dissembled; coloration was found on

the gaskets indicating the likely site of electrolyte leakage (Fig. S5). This source of capacity



loss—the equivalent to roughly 8 drops in our system—is expected to become negligible as

system size is scaled up.

By increasing the temperature to 45 °C, the peak galvanic power density increases from

0.45 W cm ~ to approximately 0.7 W cm * (Fig. 2C), as the cell area-specific resistance (ASR)
decreases from about 0.878 to 0.560 Q cm?, estimated from the linear parts of the polarization
curves in Fig. 2. The majority of this ASR decrease comes from a change in the high frequency
area-specific resistance (1) measured by electrochemical impedance spectroscopy (Fig. S6). In
both cases, the ryr contributes more than 70% of the ASR and is indeed the limiting factor to the
cell current and power outputs. The ry¢ is dominated by the resistance of the membrane, which is
an order of magnitude higher than the resistance of the same membrane in a pH 0 acid solution

(14).

The sluggish kinetics of the hydrogen evolution reaction in alkaline solution on carbon
electrodes results in a larger practical stability window in base rather than in acid (Fig. S7).
Consequently, quinones with substantially more negative reduction potentials are feasible as
negative electrolyte materials. Preliminary investigations into the synthesis of different hydroxy-
substituted anthraquinones suggest further increases in cell potential are possible. Self-
condensation reactions of substituted benzene yield 2,3,6,7-tetrahydroxy-AQ (THAQ) (15) and
1,5-dimethyl-2,6-DHAQ (15-DMAQ) (Fig. S8 and S9). The CV’s of these species in 1 M KOH
suggest cell potentials vs. ferri/ferrocyanide approaching 1.35 V (Fig. 4A and B), which exceeds

that of many aqueous rechargeable batteries (Fig. 4C).

The cyanide ions in both ferro- and ferricyanide are bound too tightly to be released under
most conditions. Consequently, it is non-toxic in both oxidized and reduced forms, and is even

permitted for use as a food additive (10). The use of ferrocyanide offers significant advantages



over bromine because it is non-volatile and non-corrosive, allowing simpler and less expensive
materials of construction. In addition, these tri- and tetra-anionic organometallic molecules

exhibit low crossover rates through cation-exchange membranes.

The results reported herein highlight the ability of hydroxy-substituted anthraquinone and
ferrocyanide to function as stable flow battery electrolytes in alkaline solution. The use of
organic and organometallic coordination complexes in base, rather than aqueous metal ions in
acid, resolves serious cost, corrosion, and safety concerns of previous flow battery chemistries.
Alkaline flow batteries can compensate for higher membrane resistance with higher voltage,
leading to performance similar to their acidic counterparts. In addition, quinone-ferrocyanide
alkaline chemistry avoids the membrane crossover, corrosivity, toxicity and regulations
associated with bromine. This reduced corrosivity can lead to a substantially lower materials cost

because many components can be made of inexpensive polyolefin or PVC plastics.
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Fig. 1 Cyclic Voltammetry of Electrolyte and Cell Schematic. (A) Cyclic voltammogram of 2
mM 2,6-DHAQ (dark cyan curve) and ferrocyanide (gold curve) scanned at 100 mV/s on glassy
carbon electrode; arrows indicate scan direction. Dotted line represents cyclic voltammogram of
1 M KOH background scanned at 100 mV/s on graphite foil electrode. (B) Schematic of cell in
charge mode. Cartoon on top of the cell represents sources of electrical energy from wind and
solar. Curved arrows indicate direction of electron flow and white arrows indicate electrolyte
solution flow. Blue arrow indicates migration of cations across the membrane. Essential
components of electrochemical cells are labeled with color-coded lines and text. The molecular
structure of oxidized and reduced species are shown on corresponding reservoirs.

Fig. 2 Cell Performance. (A) Cell OCP vs. SOC. All potentials were taken when cell voltage
stabilized to within £ 1 mV. 100% SOC was reached by potentiostatic holding at 1.5 V until the
current decreases to below 20 mA/cm?. (B) and (C), Cell voltage & power density vs. current
density at 20 °C and 45 °C, respectively, at 10%, 50%, and ~100% SOC. Electrolyte
composition: At 20 °C, 0.5 M 2,6-DHAQ and 0.4 M ferrocyanide were used in negative
electrolyte and positive electrolyte, respectively. At 45 °C, both concentrations were doubled. In
both cases, potassium hydroxide content started at I M for both sides in the fully discharged
state.

Fig. 3 Cell Cycling Performance. (A) Representative voltage vs. time curves during 100
charge-discharge cycles at 0.1 A/cm?, recorded between the 10" and 19™ cycles. (B) Capacity
retention, current efficiency and energy efficiency values of 100 cycles. Normalized capacity is
evaluated based on the capacity of the first charge and discharge cycle.

Fig. 4 Molecular Structure and Cyclic Voltammetry of 2,6-DHAQ Derivatives. (A) and (B)
Molecular structures and cyclic voltammogram of 2,3,6,7-THAQ (pink) and 1,5-DMAQ (olive),
respectively, plotted along with ferrocyanide (orange curve) scanned at 100 mV/s on glassy
carbon electrode. Both 2,6-DHAQ derivatives/ferrocyanide couples showed higher equilibrium
potential than 2,6-DHAQ/ferrocyanide. (C), Selected aqueous secondary batteries showing
voltage and flow status. Literature data from (3) and (16).
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Materials and Methods

Materials

All chemicals were purchased from Sigma Aldrich and used as received unless
stated otherwise. 2,6-dihydroxyanthraquinone (2,6-DHAQ) (90% purity) was purchased
from AK Scientific Inc. and was recrystallized from DMF-water mixture. 2-methyl-3-
hydroxybenzoic acid (98% purity) was purchased from AK Scientific Inc. and was used
as received. Nafion 212 and Sigracet SGL 10AA porous carbon paper were purchased
from Ion Power and both pretreated (see method below). The cell hardware and Poco
pyrosealed graphite flow plates were purchased from Fuel Cell Technologies.

Chemical characterization and preparation

Proton nuclear magnetic resonance (‘'H NMR) spectra were recorded using Varian
INOVA 500 (500 MHz) NMR spectrometers at 23 °C. Proton chemical shifts are
expressed in parts per million (ppm, 6 scale) and are referenced to residual protium in the
NMR solvent (CDCls, 6 7.26 ppm; (CD3),CO, 6 2.05 ppm; (CD3),SO, 6 2.50 ppm;
CD;0D, & 3.31 ppm). Carbon nuclear magnetic resonance ('°C NMR) spectra were
recorded using Varian INOVA 500 (125 MHz) NMR spectrometers at 23 °C. Carbon
chemical shifts are expressed in parts per million (ppm, 6 scale) and are referenced to the
carbon resonances of the NMR solvent (CDCls, 8 77.16 ppm; (CD3),CO, 29.84 ppm;
(CD3),S0, 39.50 ppm; CD30OD, 49.00 ppm).

Mass spectrum was collected using a maXis impact UHR time-of-flight mass
spectrometer system (Bruker Daltonics Inc, Billerica, MA) equipped with an electrospray
ionization (ESI) source. The sample was dissolved in acetonitrile (5 uM) and analyzed in
negative mode.

2,3,6,7-tetrahydroxyanthraquinone (2,3,6,7-THAQ) was prepared using a previously
reported synthetic route (12). The overall yield was 29% (‘H and >C NMR spectra shown
in Fig. S8). 1,5-dimethyl-2,6-dihydroxyanthraquinone (1,5-DMAQ) was prepared by the
following method: AICI; (10 g) and NaCl (1 g) were mixed and heated to 200 °C to afford
a molten salt. 2-methyl-3-hydroxybenzoic acid (2 g) was slowly added in four portions
into the AIC1;-NaCl melt. The mixture was continuously heated at 200 °C for 1 hour.
After cool down, distilled water (100 mL) was slowly added to this solution, which was
then stirred at room temperature overnight. The dark yellow precipitate was collected on
frit glass filter and extracted with ethyl acetate (100 mL). Distilled water (50 mL) was
then added to this solution. Ethyl acetate layer was separated from aqueous layer by
separatory funnel and dried on magnesium sulfate. The organic phase was concentrated
(to approximately 25 mL) and cooled in an ice bath. The resulting precipitates were
filtered on celite and washed with cold ethyl acetate (50 mL). This filter cake was then
dissolved in acetone (50 mL) where ethyl acetate (50 mL) was added. This mixture was
gently heated to remove acetone. Precipitates from this resulting solution were removed
on celite. After concentrating the ethyl acetate filtrate, hexane was added to precipitate
out desired product which was then collected on frit glass filter and dried under vacuum
to afford pale yellow solid. The yield of this product was 12% ('H, '*C NMR spectra and
mass spectroscopy results are shown in Fig. S9).

Solubility measurement




Room temperature solubility in 1 M KOH solution was determined by measuring the
absorbance at 413 nm and comparing to an absorbance-vs.-concentration calibration
curve determined by preparing known concentrations of 2,6-DHAQ. UV-Vis
spectrophotometry measurements were performed using an Agilent Cary 60
spectrophotometer equipped with a Quantum Northwest T2 temperature regulator.
Appropriate aliquots of 2,6-DHAQ stock solution were added to 1 M KOH blank solution
and their UV-Vis absorbance spectra measured. A saturated solution of 2,6-DHAQ in 1
M KOH was prepared by adding 2,6-DHAQ potassium salt into 1 M KOH solution (10
mL) until a thin layer of precipitate formed, the remaining solution was diluted by known
proportions, and the absorbance of the resulting solution was compared to the calibration
curve.

Electrochemical characterization

A glassy carbon electrode was used for three-electrode cyclic voltammetry tests,
except in the electrochemical window tests where graphite foil was used to mimic the
condition of porous carbon paper. Rotating-disk electrode (RDE) experiments of 2,6-
DHAQ (1 mM) in 1 M KOH solution were performed using a BASi RDE-2 rotating-disk
electrode system (Fig. S2A). All tests were carried out using a Gamry Reference 3000
potentiostat, with a Pt counter electrode and a Ag/AgCl reference electrode (equilibrated
with 3M NaCl, 213 mV vs. standard hydrogen electrode). A Levich plot was constructed
from the RDE data by plotting the mass-transport limited current vs. the square root of
the rotation rate (Fig. S2B). The diffusion coefficient of 2,6-DHAQ was calculated for
each of three runs from the slope of the line fit to the Levich equation (16). The kinematic
viscosity was taken to be 1.08 x 10°° m? s™' (17). The resulting value of the diffusion
coefficient is 4.8(2) x 10 ® cm*s ™.

Membrane and electrode pretreatments

Pretreatment of Nafion ® 212 membrane was performed by first heating in 80 °C
de-ionized water for 20 minutes and then soaking in 5% hydrogen peroxide solution for
35 minutes. These pre-treated membranes were stored in 0.1 M KOH solution at room
temperature.

Sigracet ® SGL 10AA (~ 400 um thickness) porous carbon paper was pretreated by
baking in air at 400 °C for 24 hours.

Full cell measurement
20 °C cycling study

The positive electrolyte was prepared by dissolving potassium ferrocyanide
trihydrate (2.56 g) in 1 M KOH solution (15 mL) to afford a 0.4 M ferrocyanide and 2.6
M potassium electrolyte solution. The negative electrolyte was prepared by dissolving
2,6-DHAQ (0.48 g) in 2 M KOH solution (4 mL) resulting a 0.5 M 2,6-DHAQ and 1 M
potassium electrolyte solution.
20 °C cell performance study

The positive electrolyte was prepared by dissolving potassium ferrocyanide
trihydrate (2.56 g) in 1 M KOH solution (15 mL) to afford a 0.4 M ferrocyanide and 2.6
M potassium electrolyte solution. The negative electrolyte was prepared by dissolving




2,6-DHAQ (0.6 g) in 2 M KOH solution (5 mL) resulting a 0.5 M 2,6-DHAQ and 1 M
potassium electrolyte solution.
45 °C cell performance study

The positive electrolyte was prepared by heat dissolving potassium ferrocyanide
trihydrate (5.1 g) in 1 M KOH solution (15 mL) at 45 °C to afford a 0.8 M ferrocyanide
and 4.2 M potassium electrolyte solution. The negative electrolyte was prepared by heat
dissolving 2,6-DHAQ (1.2 g) in 3 M KOH solution (5 mL) at 45 °C resultinga 1 M 2,6-
DHAQ and 3 M potassium electrolyte solution.

For all full cell studies, the electrolytes were assembled in the fully discharged state.

Cell hardware from Fuel Cell Tech. (Albuquerque, NM) was used to assemble a
zero-gap flow cell configuration, similar to previous reports (19). Serpertine flow pattern
pyrosealed POCO graphite flow plates were used for both sides. A 5 cm” geometric
surface area electrode comprised a stack of three sheets of Sigracet SGL 10AA porous
carbon paper. A sheet of pretreated Nafion 212 membrane served as the ion-selective
membrane. The rest of the space between the plates was gasketed by Teflon sheets. The
electrolytes were fed into the cell through PFA tubing, at a rate of 60 mL/min controlled
by Cole-Parmer Micropump gear pumps.

Before and during the tests, the electrolytes were purged with ultra-high purity argon
to ensure deaeration. Galvanostatic cycling was performed at 0.1 A/em?, with voltage
limits of 0.6 and 1.7 V, controlled by a Gamry 30K Booster potentiostat. To obtain the
polarization curves, the cell was first charged to the desired SOC, and then polarized via
linear sweep voltammetry at a rate of 100 mV/s. This method was found to yield
polarization curves very close to point-by-point galvanostatic holds, yet to impose
minimal perturbation to the SOC of the small-electrolyte-volume cell. EIS was performed
at 50% SOC, open-circuit potential, and 10 mA/cm* AC current density, with frequency
ranging from 1 to 100,000 Hz.

Supplementary Text

Cyclic voltammogram modeling

Computation was performed using Mathematica 10.0.1.0 according to algorithms by
Oldham and Myland (19). The diffusivity of 2,6-DHAQ and both the one-electron and
two-electron reduction products were assumed to be 4.8 x 10® ecm” s, based on our
RDE studies. The temperature was 293 K. Time was discretized into 40 ms increments,
and the current at each time was computed based on the sum of previous currents as
described by Oldham (19).

To model the two-electron reduction process (Fig. S2C), the Butler-Volmer equation
with the number of electrons n = 2 was used in place of Oldham equation (4:5), and the
right-hand-side of equation (8:3) was multiplied by 2 to account for a two-electron
reduction (17, 19). The reduction potential was assumed to be equal to the voltage
equidistant from the two peaks on the measured cyclic voltammogram (—0.684 V vs
SHE) and the charge transfer coefficient o was assumed to be 0.5. The electrochemical
rate constant ko was then varied from 10°cms 'to 102 ecm s .

To model the two successive one-electron reductions (Fig. S2D), Oldham equations
(12:13) and (12:14) were used (19). The charge transfer coefficients a; and o, were
assumed to be equal to 0.5, and the electrochemical rate constants for the two reductions
were assumed equal. The values of the single rate constant and the first and second




reduction potentials were permitted to vary freely. A reasonable fit to the experimental
data was observed when the reduction potential of the first reduction E; =—0.657 V vs
SHE, the reduction potential of the second reduction E, =—0.717 V vs SHE, and the two
electrochemical rate constants ko ; and ko, both equaled 7 x 10° ¢m sfl, a value very
close to that observed in other anthraquinone systems (6). The simulation was repeated
for ko ; and ko equal to 7 % 10 % ¢cm s ! to establish a lower bound on possible kg values.

Energy Density

The negative electrolyte of 0.5 M DHAQ, with two electrons per molecule, has a
charge capacity of 27 Ah/L. The positive electrolyte of 0.4 M ferrocyanide has a charge
capacity of 11 Ah/L. In the experimental cell used here, in which there is 50% more
positive electrolyte than needed to balance the negative electrolyte, the energy density is
6.8 Wh/L. However, eliminating the positive electrolyte volume excess and using
established methods of raising the ferrocyanide solubility to 1.4 M (21), the energy
density would become 18.8 Wh/L.
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Fig. S1. Pourbaix diagram of 2,6-DHAQ.

Above pH ~11.7, the equilibrium potential of 2,6-DHAQ is pH-independent, indicating
that both oxidized and reduced form are fully deprotonated. The solid line is linear fit to
the data between pH 10 and 12; the dashed line is not a fit, but zero slope.
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Fig. S2 Study and simulation of the electrochemistry of 2,6-DHAQ.

(A) Rotating disk electrode study of the reduction of a 1 mM solution of 2,6-DHAQ in 1
M KOH on a glassy carbon electrode at various rotation rates. (B) Levich plot of 1 mM
2,6-DHAQ in 1 M KOH. Data are an average of the current at —1.187 V vs SHE for each
of three runs; error bars indicate the standard deviation. (C) Cyclic voltammogram of 1
mM 2,6-dihydroxyanthraquinone in 1 M KOH (solid line). Dashed lines represent
simulated cyclic voltammograms of a two-electron reduction of varying electrochemical
rate constant ky and a reduction potential Ey of —0.684 V vs SHE. The simulations
assumed o = 0.5. The scan rate in all cases was 25 mV s . (D) Cyclic voltammogram of
1 mM 2,6-dihydroxyanthraquinone in 1 M KOH (solid black line). Dashed red lines
represent the simulated components of two successive one-electron reductions with
reduction potentials of —0.657 V vs SHE and —0.717 V vs SHE. The solid red line
represents the simulated total current arising from such a reaction. Each simulated
reduction has a rate constant kg = 7 X 10> ¢cm s ', The same simulation was performed
assuming each reduction has a rate constant kg =7 x 1074 cm, and the total current plotted
as a solid green line. The slower rate constants do not adequately describe the observed
cyclic voltammogram, setting a lower bound on the value of the rate constant. The
simulations assumed a = 0.5.
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Fig. S3 Chemical and electrochemical stability of 2,6-DHAQ.

'H NMR (500 MHz, DMSO-ds) spectra. (A) 2,6-DHAQ 6: 8.04 (d, 2H, J=8.3 Hz, 2 x
ArCH), 7.47 (d, 2H, J = 2.5 Hz, 2 x ArCH), 7.19 (dd, 2H, J = 8.3, 2.5 Hz, 2 x ArCH). (B)
2,6-DHAQ, after 30 days heating in 5 M KOH solution at 100 °C. (C) 2,6-DHAQ, after

100 charge-discharge cycles.
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Fig. S4 Test of electrolyte permeation through membrane.

(A) Full and (B) Zoomed in cyclic voltammograms of 0.4 M ferro-ferricyanide
electrolyte after 100 charge-discharge cycles (black trace). Same posolyte to which we
added 3.9 mM 2,6-DHAQ (orange trace), and 7.6 mM 2,6-DHAQ (pink trace).
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Fig. S5 Leakage of electrolyte into gaskets.

Image showing the Teflon gaskets and graphite flow plates (A) before and (B) after cell
cycling. Orange colored area indicates leakage of the negative electrolyte (top plate:
negative side; bottom plate: positive side) leading to capacity fade.
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Fig. S6 Electrochemical impedance spectroscopy (Nyquist plot).

Frequency decreases from left to right. The high frequency area-specific resistance (rf)
values discussed in the main text are obtained by fitting the high frequency parts to a
resistor (rpf) in series with an inductance component. The inductance came from thick
cables and current collectors that connect the cell to the potentiostat. The ryrincludes
contributions from the Nafion membrane, carbon electrodes, and electrical leads between
the cell and the potentiostat. The rysvalues at two different temperatures are indicated

within the figure.
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Fig. S7 Background cyclic voltammograms.

Cyclic voltammograms of 1 M KOH and 1 M H,SO4 background scanned at 100 mV/s
using graphite foil electrode. Dashed lines indicate commonly-reported equilibrium
potentials of water splitting reactions. This illustrates the practical stability window for
aqueous flow batteries.
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Fig. S8 Synthetic scheme and NMR characterization of 2,3,6,7-
tetrahydroxyanthraquinone (2,3,6,7-THAQ).

(A) Synthetic scheme of 2,3,6,7-THAQ from inexpensive, commodity chemicals. i.
condensation with acetaldehyde to afford 2,3,6,7-tetramethoxydimethylanthracene
(MeCHO, H;,S0,), ii. oxidation to afford 2,3,6,7-tetramethoxyanthraquinone (Na,Cr,0O
in acetic acid), iii. hydrolysis of methoxy (HBr, reflux) We carried out all three steps of
reaction in this work according to literature reference [12]. (B) 'HNMR (500 MHz,
DMSO) spectrum of 2,3,6,7-THAQ & 10.42 (br, 4H, 4 x Ar-OH), 7.43 (s, 4H, 4 x ArCH).
(C) PCNMR (125 MHz) spectrum & 181.50, 151.23, 127.46, 113.31, 113.28. Solvent
peaks are labeled with asterisks.
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Fig. S9 Synthetic scheme and NMR characterization of 1,5-dimethyl-2,6-
dihydroxyanthraquinone (1,5-DMAQ).
(A) Synthetic scheme of 1,5-DMAQ from inexpensive, commodity chemicals. 1.
sulfonation of naphthalene to afford 1,3,5-nanphthalenetrisulfonic acid (H,SO4/S0O3), ii.
preparation of sodium salt to afford trisodium naphthalene-1,3,5-trisulfonate (NaOH), iii.
reaction of trisodium naphthalene-1,3,5-trisulfonate with alkali (NaOH in autoclave at
high temperature (280-310 °C)), iv. Dimerization to afford 1,5-DMAQ (AlCI;-NaCl
melt). We carried out step iv in this work. Step i-iii were reported in a patent (22). (B)
'HNMR (500 MHz, DMSO-dg) spectra of 1,5-DMAQ 6: 10.78 (br, 2H, 2 x Ar-OH), 7.93
(d, 2H, J=8.5 Hz, 2 x ArCH), 7.21 (d, 2H, J = 8.5 Hz, 2 x ArCH), 2.55 (s, 6H, 2 x Ar-
CHs). (C) *CNMR (125 MHz, DMSO-de) & 185.63, 161.87, 133.10, 128.94, 128.04,
126.74, 119.83, 14.03. Solvent peaks are labeled by asterisk. Mass spectroscopy:
C6H1204 M-H calculated 267.0657 found 267.0659
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