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A pH-Neutral, Aqueous Redox Flow Battery with a 3600-
Cycle Lifetime: Micellization-Enabled High Stability and

Crossover Suppression
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Jingchao Chai*,"” Xiao Wang®,
Jianbing (Jimmy) Jiang**

Redox-flow batteries (RFBs) are a highly promising large-scale
energy storage technology for mitigating the intermittent
nature of renewable energy sources. Here, the design and
implementation of a micellization strategy in an anthraquinone-
based, pH-neutral, nontoxic, and metal-free aqueous RFB is
reported. The micellization strategy (1) improves stability by
protecting the redox-active anthraquinone core with a hydro-
philic poly(ethylene glycol) shell and (2) increases the overall
size to mitigate the crossover issue through a physical blocking
mechanism. Paired with a well-established potassium ferrocya-

Introduction

The rapid development of solar and wind as renewable energy
sources has stimulated intense research effort for the develop-
ment of a sustainable and environmentally-friendly method to
mitigate the intermittency of solar and wind power
production. Among the several promising energy storage
techniques, such as regenerative fuel cells with hydrogen
storage,”” superconducting magnetic energy storage,” lithium
jon batteries and supercapacitors,?®¥ redox flow batteries
(RFBs) store energy in the flow liquid electrolyte, decoupling
energy density and power density.” Even though conventional
all-vanadium RFBs with a power/capacity scale up to MW/MWh
have been successfully commercialized, the use of toxic and
expensive vanadium has limited the widespread application of
RFBs. The development of zinc/bromine, zinc/iodide, chromi-
um/iron electrolytes has also been impeded due to their high
toxicity and negative environmental impact.®®” Consequently,
intense attention has been directed to the investigations of
organic redox-active materials with high structural diversity and
tunability, low cost, and low toxicity,®™*"® The key factors for
electroactive material performance, such as solubility, stability,
molecular size, net molecular charge, and redox potential, can
be readily tuned by molecular engineering,*“® For example, the
incorporation of ammonium unit(s) into the structure improve
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nide catholyte, the micelle-based RFB displayed an excellent
capacity retention of 90.7% after 3600 charge/discharge cycles
(28.3 days), corresponding to a capacity retention of 99.67 %
per day and 99.998% per cycle. The mechanistic studies of
redox-active materials were also conducted and indicated the
absence of side reactions commonly observed in other
anthraquinone-based RFBs. The outstanding performance of
the RFB demonstrates the effectiveness of the micellization
strategy for enhancing the performance of organic material-
based aqueous RFBs.

the solubility in aqueous electrolytes due to their polar nature
and shifts the redox potential anodically because of their
electron-withdrawing property."”

Several classes of organic active materials have been
extensively investigated in organic RFBs, including (but not
limited to): quinone,’®'" viologen?  2,2,6,6-tetrameth-
ylpiperidine-1-oxyl (TEMPQ),"'*#'3 phenothiazine,"* and metal-
locene compounds.™ Our group has successfully demonstrated
the PEGylation (PEG = poly(ethylene glycol)) strategy in organic
RFBs using viologen and phenothiazine as the redox active
materials."® Quinone and its derivatives, such as 2,6-dihydrox-
yanthraquinone (AQ), are attractive because of their two-
electron activity. Progress has been made in anthraquinone-
based aqueous RFBs, where a wide range of pH values (1-14)
has been employed to fulfil the solubility needs.'"”'¥ The
extremely acidic or basic solvents (such as H,SO, or NaOH) are
highly corrosive to the battery device and their use is
detrimental to the stability of the redox-active materials. In
addition, side reactions of anthraquinones, such as the dimeri-
zation and nucleophilic substitution reactions, give rise to
irreversible capacity loss,™'*'" resulting in short battery
cyclability. While viologen compounds are promising anolytes
due to their two-electron activity (two successive one-electron
processes), the insufficient solubility of the doubly reduced
species (bipyridinylidene) limits the second electron utilization.
Although the incorporation of polar groups has improved the
solubility of these compounds,'?*'%'® the crossover of redox
materials is still unresolved. TEMPO, phenothiazine, and metal-
locenes have been successfully applied as catholytes in RFBs,
but this approach has several unfavourable features such as
tedious synthesis, low stability, and high cost."*'>'? For practical
applications, an aqueous RFB should possess (1) high electrolyte
stability, (2) wide electrochemical window (yet narrower than
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the water splitting window), (3) high electrolyte solubility, and
(4) mitigated crossover (Figure 1). Currently, few (if any)
aqueous RFB satisfies all four criteria.

Much attention has been focused on molecular engineering
strategies for the optimization of electrolyte performance, but
here we report a distinct micellization strategy, which enlarges
the overall molecular size by forming micelles, to alleviate
crossover and parasitic reactions. The RFBs using the micelliza-
tion strategy demonstrate good cyclability in pH-neutral
aqueous electrolyte. PEGylated compounds PEG3-AQ, PEG12-
AQ, and PEG45-AQ (PEGn denotes n ethylene oxide units) were
synthesized via one-step synthesis with high purity and high
yields. We investigate the ease of synthesis, electrochemical
performance of the micellar anthraquinones, battery perform-
ance, and parasitic side reaction mechanisms of the electrolytes
using organic synthesis, proton nuclear resonance spectroscopy
("H NMR), density functional theory (DFT) calculations, cyclic
voltammetry (CV), scanning electron microscope (SEM), and
fluorescence spectroscopy. When paired with a well-known
potassium ferrocyanide catholyte, the micellar PEG12-AQ
aqueous RFB presented a high capacity retention of 90.7 % after
3600 charge/discharge cycles (28.3 days), with an average
Coulombic efficiency of >99.9% and capacity retention of
99.67 % per day (99.998% per cycle). The pre- and post-cycling
electrolyte solutions were neutral, indicating the non-corrosive
feature of the aqueous RFB. The absence of the commonly
observed dimerized product in the post-cycling electrolyte,
together with a concentration-independent control experiment,
confirmed the enhanced stability of the anthraquinone com-
pound due to the micellar structure of the anolyte. This work
presents a pathway for using micellization to obtain redox-
active materials with enhanced performance, which represents
a critical advance for the development of highly stable, long-
cycling RFBs for practical applications.

Results and Discussion

Molecular design and synthesis

Different molecular engineering strategies have been reported
to increase the solubility of anthraquinones in aqueous

power density
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Figure 1. Venn diagram depicting the four key requirements for aqueous
RFBs.
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solution.'*'%'9 Anthraquinones with different water-solubiliz-

ing groups require aqueous solution with distinct acidity for
optimal solubility; acidic units, such as alcohol, phosphonic
acid, and carboxylic acid, require alkaline solvents for the
deprotonation of the substituents for high water
solubility,""*<*% \whereas sulfonated anthraquinone requires
highly acidic H,SO, solution for high solubility." In a critical
breakthrough, the Aziz®” and Liu"® groups reported on the
anthraquinones with oligomeric ethylene glycols and
ammonium-bound sulfonate units, respectively, that increase
the solubility of anthraquinone in pH-neutral water. The
Schubert group reported a core-corona structure for RFB with
additional block copolymers in organic solvents.?" Here, we
envisioned a micellar structure of AQ bearing terminal-capped
ethylene glycols for (1) high solubility in pH-neutral aqueous
solvent, (2) increased molecular size for mitigated crossover,
and (3) enhanced AQ stability against intramolecular dimeriza-
tion and other nucleophilic aromatic substitution side reactions
because of the shielding of the hydrophobic heads by the
hydrophilic PEG tails. The three analogous compounds (PEG3-
AQ, PEG12-AQ and PEG45-AQ. See Scheme S1 in the Supporting
Information) examined here allow structure-function relation-
ship studies for the stability, solubility and crossover properties
as a function of the PEG chain length. Finally, the biocompati-
bility and environmentally friendliness of the non-toxic PEG
simplifies the disposal procedure of the post-cycling electro-
lytes. Taken together, the attractive features of the micellization
strategy indicate its great application potential in organic
material-based aqueous RFBs. Following established synthetic
protocol in our previous reports with slight modification,"® the
three anthraquinone compounds were readily synthesized in
high yields (85-91 %, Scheme S1). All compounds were charac-
terized by 'H NMR, C NMR, and high-resolution mass
spectrometry prior to the electrochemical and battery measure-
ments.

Micellization and electrochemical properties

The compound PEG3-AQ has poor solubility in water (less than
10 mM, Figure S1) due to the limited length of its PEG chains,
consistent with a previous report.?” By contrast, PEG12-AQ and
PEG45-AQ are completely miscible with water; however, the
longer PEG chains of PEG45-AQ led to the high viscosity of the
solution, disfavouring its application in RFBs. PEG12-AQ pos-
sesses the advantages of both high solubility and low viscosity,
and thus is the primary focus of this study.

The formation and size of micelles of the PEGylated
anthraquinones were confirmed by Scanning Electron Micro-
scope (SEM) (Figure 2b and Figure S2a). The diameter of the
spherical PEG12-AQ micelle was observed as about 44.1 nm
(Figure S2b), the obvious Tyndall effect shown in Figure S2c
further proves the existence of micelles and colloids. The critical
micelle concentration (CMC) was determined to be 0.013 mM
(0.016g/L) in 0.5m KClI at 25°C (FigureS3). All of the
compounds were subjected to CV measurements in a pH-
neutral 0.5 m KCl electrolyte. The redox couple of PEG12-AQ
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Figure 2. a) Micelle structure of PEG12-AQ with aqueous electrolytes. b) CVs of PEG12-AQ (red) and K,Fe(CN), (blue); conditions: 5 mm of each electrolyte in a

0.5 m KCl agueous solution, the dotted line is the CV scan of blank 0.5 m KCl electrolyte. All CV measurements were performed at a sweep rate of 50 mV's

battery reactions of PEG12-AQ and K,Fe(CN),.

was fully reversible with a median potential of —0.64 V vs Ag/
AgCl (Figure 2c), showing that the PEG groups do not influence
redox potential (see Table S1 for the redox potentials of various
AQ compounds). The reversible redox events and peak
separation (65 mV) indicate that the formation of micelles did
not impact the electronic communication between the elec-
trode and shielded anthraquinone arrays. Paired with potassium
ferrocyanide, K,Fe(CN);, the battery possesses a theoretical
potential of 0.9 V. By contrast, compounds PEG3-AQ and PEG45-
AQ showed unsatisfactory redox reversibility due to the limited
water solubility and/or entanglement of the anthraquinone
molecules with the long PEG segments, respectively (Figure S4).
To study the effect of the PEG chains on the electrochemical
properties of the PEGylated anthraquinone compounds, DFT
calculations of AQ and PEG12-AQ in two charge states were
carried out to investigate the electron density distributions of
AQ and PEG12-AQ. The results show that for both AQ and
PEG12-AQ, the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbitals (LUMO) are almost the
same and mapped through AQ rings symmetrically (Figure S5).
The energy gaps (E;) of the different redox states of AQ and
PEG12-AQ are the same, indicating that the presence of the
PEG unit does not affect the electrochemical properties. The Eg
of the original oxidation state is higher than E; of the two-
electron reduced state for both AQ and PEG12-AQ, showing
that a higher energy is required for the electron transfer in
redox reactions.

Pourbaix studies on the micellar PEG12-AQ (Figure S6)
revealed that the number of protons participating in the redox
reaction of PEG12-AQ is nearly pH-independent in a wide pH
range (3.5-10.5), indicating the formation of a hydration shell
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on the PEG chains in close proximity to the anthraquinone
cluster that facilitates proton transfer steps during the proton-
coupled electron transfer reactions (see more details in
Supporting information).!"'9??

The kinetic properties of the PEG12-AQ micelle solution
were studied using rotating disk electrode measurements
(Figure 3a). The linear Levich plot of PEG12-AQ (Figure 3b) was
established based on the limiting currents and the square root
of the angular velocity. The diffusion coefficient is obtained
from the Levich equation [Eq.(1) in the Supporting
Information]"'“'* and was determined to be 2236 x 10°°
cm?s™", which was comparable to those of the reported
anthraquinones in the pH-neutral electrolyte (see Supporting
Information for the calculation of the diffusion coefficients).'?!
The high diffusion coefficient of micellar species is probably
due to the dissociation of micelle into single anthraquinone
molecules during the measurement under reductive conditions.
Furthermore, to obtain the kinetic rate constant (k,) and transfer
coefficient (a), we fitted the limited currents to the Butler-
Volmer equation (Equations2 and 3 in Supporting
Information)®“'"*9 and obtained a k, of 1.59%102cms ' and a
a of 0.59 (Figure 3b—d) [see the Supporting Information for the
calculations of k, and a]. Both values are comparable to or
exceed those of the inorganic redox couples employed in
aqueous flow batteries."**** These parameters are in agreement
with the corresponding parameters obtained for other anthra-
quinones in aqueous RFBs,"'? indicating that the micellization
of PEG12-AQ does not sacrifice the promising electrochemical
features of these compounds.
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Figure 3. Kinetic properties of PEG12-AQ. a) Linear sweep voltammetry plots obtained at different rotation rates of the rotating disk electrode. b) Peak
oxidation and reduction current density at different square roots of angular velocity. c) Koutecky-Levich curve (current™' vs w~"?) at different reduction
overpotentials. d) Tafel plot constructed using the current response and overpotentials. Solution: 1.0 mm PEG12-AQ in a 0.50 m KCl aqueous solution.

Battery performance characteristics

The full battery test employs 6.5 mL of 100 mM PEG12-AQ and
75 mm K,Fe(CN)e/25 mm KsFe(CN)g in 50 mL 0.5 m KCI aqueous
solution. Excess of mixed K,Fe(CN)s/K;Fe(CN), catholyte was
used to allow complete electrochemical conversion of the
anolyte PEG12-AQ. The open-circuit voltage (OCV) increased
from 0.847 V at 10% state of charge (SOC) to 1.01V at 100%
SOC (Figure 4a). The high-frequency area specific resistance
(ASR) that predominantly reflects the resistance of the separa-
tor, contributes approximately 70% of the polarization ASR of
the entire battery (Figures 4a and S7). In addition, the polar-
ization curve of the power density and current density
(Figures 4b and S8) exhibits the highest current power density
of greater than 80 mWcm 2% It should be noted that,
although not demonstrated, the power density can be
improved by using selective permeable membranes with higher
ionic conductivity.**?

The rate performance of the battery largely reflects its
electrochemical stability under fast charge/discharge condi-
tions. The battery was galvanostatically charged/discharged at
current densities varying from 20 to 100 mAcm™2 (Figure 4c). At
each current density, the battery was cycled 10 times. At a low
current density of 20 mAcm ™2, the battery delivered a discharge
capacity of 30.7 mAh, accounting for 88.2% of the theoretical
capacity. The battery presented high efficiencies, including a
coulombic efficiency (CE) of 99.8%, an energy efficiency (EE) of
87.6%, and a voltage efficiency (VE) of 87.8% (Figure 4d). At a
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high current density of 100 mAcm™, the battery still delivered
a discharge capacity of 24.6 mAh. The CE, EE, and VE efficiencies
were still 99.6%, 48.9%, and 49.1%, respectively. The high
performance of the PEG12-AQ-based RFB benefits from the low
impedance of the battery and fast kinetics of the electroactive
materials in the electrolyte.

Long cyclability is a key parameter for the evaluation of the
feasibility of RFBs for practical applications.”® As found in the
rate performance study (Figure 4c), the PEG12-AQ/K,Fe(CN)¢
battery presented a high coulombic efficiency of over 99.9%
and a high capacity utilization of 83.8% at 60 mAcm™ Thus,
the battery was galvanostatically charged/discharged at
60 mAcm™ for the long cyclability evaluation. After an
activation process of five galvanostatic-potentiostatic charge/
discharge cycles (Figure S9), the battery displayed excellent
capacity retention (Figure 5a) and stable charge/discharge
profiles (Figure 5b). In the first 1200 cycles, the battery had a
capacity retention of 99.999% per cycle and a coulombic
efficiency of 99.93%. After 1200 cycles, 0.4 mL electrolytes were
sampled from the reservoirs for CV and 'H NMR analysis,
causing a slight capacity drop (Figure 5a and Figure $10). From
1201% to 2400™ cycles, the capacity retention of the battery
showed a slight decrease that was related to the gradual
increase of the high-frequency impedance (Figure 5¢c). The
increased impedance may originate from a trace amount of the
PEG12-AQ deposited on the separator that slightly limits the
transport of K* through the separator. Nevertheless, the battery
still presented a capacity retention of 99.995% per cycle and a

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Polarization and rate ability of the 100 mm PEG12-AQ/K,Fe(CN); battery: a)OCV, high-frequency ASR, and polarization ASR of the battery vs the state
of charge (SOC). b) Polarizations of the battery at 10%, 50% and 90% SOC. c) Discharge capacity; inset: charge/discharge profiles. d) Coulombic efficiency
(CE), energy efficiency (EE), and voltage efficiency (VE) at current densities from 20 to 100 mA cm2

Coulombic efficiency of 99.9%. The same amount of anolyte
solution (0.4 mL) was sampled after the 2400™ cycle for
mechanistic analysis. The cycling performance for the last 1200
cycles (from 2401 to 3600™ cycles) is almost identical to that
for the middle 1200 cycles, indicative of the high and steady
cycling stability of the battery. The overall capacity retention is
90.7% with an average Coulombic efficiency of 99.9% for all
3600 cycles (28.3 days), and the average capacity retention is
99.998% per cycle and 99.67% per day. Please note that all
calculations are based on the original volume of the anolyte
disregarding the volume changes due to two electrolyte
samplings carried out for mechanistic studies (0.4 mL for each
sampling) (Figure S10). To the best of our knowledge, this work
represents the longest consecutive running time and the
highest charge/discharge cycles among the reported organic
material-based aqueous RFBs.

Mechanistic analysis of post-cycling electrolytes

It has been widely reported that during charge/discharge
processes, AQs are susceptible to side reactions such as
anthrone formation, dimerization, and nucleophilic reactions
(Figure S11),'*1%77 that are the main causes of the irreversible
capacity loss for anthraquinone-based RFBs. To confirm whether
any of these side reactions occurred during the charge/
discharge process, the post-cycling anolyte and post-cycling
catholyte solutions were analysed using CV and 'H NMR
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spectroscopy. No additional redox peak was observed in CV
(Figure 5d), and no PEG12-AQ or K,Fe(CN), redox peak was
observed in their counter reservoirs (Figure 5d), indicating
suppressed crossover. It should be noted that sampling during
cycling contributes to the current decrease of the CV curve
(Figure 5d). As a cation exchanging membrane, the Fumasep
separator effectively inhibits the crossover of Fe(CN),*~ via the
Donnan exclusion mechanism.””! For the charge-neutral PEG12-
AQ and the negatively charged (PEG12-AQ)*, the crossover is
suppressed via the size-exclusion mechanism due to the
enlarged molecular size resulting from the micellization. The 'H
NMR spectra of the PEG12-AQ anolyte before cycling, and after
1200, 2400, and 3600 cycles were also recorded (Figure S12),
and no new peaks were observed, suggesting the high stability
of the PEG12-AQ anolyte. The pH of the post-cycling anolyte
and catholyte are neutral, indicating that the battery is non-
corrosive. The diameter of the micelles after 3600 cycles
increased to 55.2 nm (Figure S13), presumably due to the
charge-induced polarity change that in turn led to micelle
dissociation and reconstruction.”” During charging, the number
of micelles decreases as a result of increase hydrophilicity on
the AQ molecules. During the discharging process, as the
PEG12-AQ anions lose electrons, the anthraquinone molecules
become amphiphilic molecules again, and the reconstruction of
the micelles dominates. In the whole dynamic micellar dissoci-
ation-reconstruction process, the number of micelles varies with
discharge and charge continuously. It is not surprising that size
of micelle is changing, and the size of micelle obviously more
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b) Charge/discharge profiles at different cycle numbers. c) Electrochemical impedance spectroscopy before cycling and after 1200, 2400, and 3600 cycles. d)
CV scans of anolyte and catholyte before cycling and after 1200, 2400, and 3600 cycles. The electrolytes were diluted to one fifth for CV measurements.

conducive to suppress the crossover and maintain superb
battery cyclability.

The rate of dimer formation via intermolecular dimerization
increases with increased concentration. To verify the absence of
the intramolecular dimerization reaction during the charge/
discharge process, the same PEG12-AQ/K,Fe(CN), battery was
assembled and tested at the same conditions except for the
lower concentration of the electrolytes (25 mM PEG12-AQ in
0.5M KCl aqueous solution) (Figures S14-16). This battery
displayed equally excellent capacity retention and high coulom-
bic efficiency over 1200 cycles (Figure S14), indicating that the
concentration of PEG12-AQ had no negative effect on the
battery performance, thus demonstrating the absence of the
dimerization reaction during the charge/discharge process. It is
concluded that PEG12-AQ is different from other anthraquinone
molecules with respect to the susceptibility to parasitic
reactions. The excellent performance of PEG12-AQ is most likely
due to protection of the anthraquinone framework by the
hydrodynamic PEG chains that prevents the intermolecular

ChemSusChem 2020, 13, 4069-4077 www.chemsuschem.org

dimerization reaction and nucleophilic attack from the nucleo-
philes such as water molecules in the medium.

Higher concentration battery

The battery performance using concentrated electrolytes is
critical when evaluating the potential of RFBs. A 0.35 m PEG12-
AQ/KCl micellization solution (0.7 m electron concentration) is
investigated as anolyte to demonstrate the feasibility using
higher PEG12-AQ concentration. The discharge capacity, Cou-
lombic efficiency, and charge/discharge profiles of the battery
are presented in Figure 6a and 6b. The battery presented a high
Coulombic efficiency of 99.9% and a capacity retention of
99.98% per cycle at 60 mAcm2 for 180 cycles, which is also
attributed to the high stability of the PEG12-AQ and micelliza-
tion strategy. In addition, the highest current power density of
this battery increases to 120 mWcm™ (Figure 6¢) owing to
increased electrolyte concentration, the theoretical energy
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Figure 6. Performances of the 350 mm PEG12-AQ-based battery. a) Discharge capacity and coulombic efficiency of the PEG12-AQ (0.35 m)/K,Fe(CN) battery
over 180 cycles at 60 mAcm 2. b) Charge/discharge profiles at different cycle numbers. ¢) Polarizations of the battery at 50%, 80 %, and 100% SOC.

density reaches 1.8 WhL™' (see the Supporting Information for
calculation details). Even higher concentration of PEG12-AQ
(0.5 M, equivalent to 1.0 m electron concentration) in battery
was attempted; however, the cycling was impeded by the high
viscosity of the resultant PEG12-AQ electrolyte solution.

Conclusions

We report a micellization strategy based on amphiphilic organic
materials and demonstrate long cyclability of an aqueous
redox-flow battery (RFB) using a non-toxic, metal-free, and non-
corrosive poly(ethylene glycol) (PEG)-modified anthraquinone
(AQ) anolyte. The micellization of the PEGylated material
enhanced the water solubility, stability, and molecular size to
suppress crossover. The PEG12-AQ/K,Fe(CN), battery delivered
an excellent cycling performance for over 3600 cycles with an
average coulombic efficiency above 99.9% and capacity
retention of 99.998 % per cycle. Mechanistic analysis was carried
out to investigate the possible side reactions and validate the
high stability of the anolyte originating from the micellization.
The micellization strategy was shown to be effective for
overcoming the issues of solubility and stability of organic
compounds and provides a promising strategy for the develop-
ment of pH-neutral aqueous RFBs for practical applications.

ChemSusChem 2020, 13, 4069-4077 www.chemsuschem.org

4075

Experimental Section

Chemicals and manipulations. All chemicals were purchased from
Sigma-Aldrich, stored in an argon-filled glovebox and used as
received. The NMR analysis was performed at room temperature
using a Bruker AV 400 MHz spectrometer. The unit of chemical
shifts is based on ppm. ESI-MS analysis was performed on an
Orbitrap Fusion Lumos mass spectrometer from Thermo Scientific.
The fluorescence spectra were recorded on a Cary Eclipse
fluorescence spectrophotometer. Reported procedures with mod-
ifications were followed to prepare the three anthraquinone
compounds.'

Synthesis of PEG3-AQ. A sample of PEG3-OTs (1.1g, 3.3 mmol,
2.2 eq), was added to the solution of 2,6-dihydroxyanthraquinone
(036 g, 1.5mmol, 1.0eq) and potassium carbonate (0.83g,
6.0 mmol, 4.0 eq) in DMF (10 mL). The mixture was stirred under
argon at 120°C for 24 h. After removing DMF under vacuum, the
solution was washed with brine and extracted with CH,Cl,. The
organic extract was combined and dried over Na,SO,. The solution
was filtered, and the filtrate was dried via rotavape. The crude
residue was purified by column chromatography (SiO, 5-10%
methanol in CH,Cl,) to afford the title compound as a yellow
powder. Yield: 0.73 g, 91%. '"H NMR (400 MHz, CDCl;): 6=3.41 (s,
6H), 3.54-3.60 (m, 4H), 3.66-3.75 (m, 8H), 3.76-3.81 (m, 4H), 3.89-
4.01 (m, 4H), 4.28-4.38 (m, 4H), 7.28-7.32 (m, 2H), 7.71-7.74 (d, J=
4.0 Hz, 2H), 8.21-8.26 ppm (d, J=8.0 Hz, 2H); *C NMR (100 MHz,
CDCl,): 6=58.91, 67.98, 69.29, 70.47, 70.54, 70.80, 71.81, 110.46,
120.85, 126.98, 129.48, 135.52, 163.51, 181.86 ppm; HR-MS obsd
533.2383, calcd 533.2381 ([M+H]*, M= CygH50,10).

Synthesis of PEG12-AQ. A sample of PEG12-OTs (3.6 g, 5.1 mmol,
2.2 eq) and potassium carbonate (1.3 g, 9.2 mmol, 4.0 eq) were
added to the solution of 2,6-dihydroxyanthraquinone (0.72 g,
2.3 mmol, 1.0 eq) in DMF (20 mL) and stirred under argon for 24 h
at 120°C. The solution was washed with brine and extracted with
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ethyl acetate. The organic extract was combined and dried over
Na,SO,. The solution was filtered, and the filtrate was dried via
rotavap. The crude residue was purified by column chromatography
(SiO5; 5-10% MeOH in CH,Cl,) to afford the title compound as a
yellow oil. Yield: 3.68 g, 93%. 'H NMR (400 MHz, CDCl;): 6 =3.37 (s,
6H), 3.40-3.87 (m, 88H), 3.87-3.96 (m, 4H), 4.25-4.38 (m, 4H), 7.26-
7.29 (m, 2H), 7.65-7.76 (d, J=4 Hz, 2H), 8.16-8.28 ppm (d, /=8 Hz,
2H); *C NMR (100 MHz, CDCl,): 6 =58.87, 67.99, 69.27, 70.31-70.53
(m), 70.76, 71.77, 110.46, 120.84, 126.97, 129.49, 135.52, 163.43,
181.64 ppm; HR-MS obsd 1347.6917, calcd 1347.6919 (IM+Nal*,
M= Cg4H105029)-

Synthesis of PEG45-AQ. A sample of PEG45-OTs (3.2 g, 1.5 mmol,
3.0 eq) was added to the solution of 2,6-dihydroxyanthraquinone
(0.12g, 0.5mmol, 1.0 eq) and potassium carbonate (0.28 g,
2.0 mmol, 4.0 eq) in DMF (3.5 mL). The mixture was stirred under
argon at 120°C for 24 h. After removing DMF under vacuum, the
solution was washed with brine and extracted with CH,Cl,. The
organic extract was combined and dried over Na,SO,. The solution
was filtered, and the filtrate was dried via rotavap. The crude
residue was purified by column chromatography (SiO,; 5-10%
methanol in CH,Cl,) to afford the title compound as a light-yellow
powder. Yield: 1.8g, 85%. '"H NMR (400 MHz, CDCl;): 6=3.38 (s,
6H), 3.44-3.72 (m, 344H), 3.73-3.77 (m, 4H), 3.78-3.85 (t, J=4.0 Hz,
4H), 3.88-3.96 (t, J=4.0 Hz, 4H), 4.29-4.34 (t, J=4.0 Hz, 4H), 7.27-
731 (m, 2H), 7.71-7.74 (d, J=4.0 Hz, 2H), 819-8.26 ppm (d, J=
8.0 Hz, 2H); *C NMR (100 MHz, CDCl,): 6 =58.99, 61.60, 62.22, 68.06,
69.31, 69.66-71.23 (m), 71.84, 72.46, 110.53, 121.02, 127.12, 129.62,
135.65, 163.59, 181.98 ppm; HR-MS obsd 1431.7973, calcd
1431.7997 (IM+Na+H+ KPP, M=C,64H37,0,).

SEM measurements. The tests were performed using a JEOL JSM-
7500F in SEM mode. A 10 mM PEG12-AQ aqueous solution was
chemically dried using 2.5% glutaraldehyde solution, deionized
water, ethanol solutions, and ethanol. The dried sample was
mounted on an aluminium stub using double sided carbon tape
before it was sputter coated with gold to improve imaging.

CMC measurements. The CMC of PEG12-AQ in 0.5 M KCl aqueous
electrolytes was obtained by Cary Eclipse Fluorescence Spectropho-
tometer using pyrene as the fluorescent probe, as previously
described.” Firstly, 50 uL of 2.4x 10> M pyrene—acetone solution
was added in 50 mL of 0.5 M KCl aqueous solution. The PEG12-AQ
was dispersed in 0.5 M KCl solution with concentration ranges from
0.2 to 2x10°gL™". Then, the two solutions were mixed at a
volume ratio of 1:1 and kept in dark for 12 h. The series of mixed
solution were excited at 270 nm, and the emission spectra were
recorded in the range of 350-500 nm. The intensity ratios of the
excitation peaks at 372 (I;) and 382 (l;) nm were calculated and
then plotted as a function of logarithm of the PEG12-AQ
concentration. The CMC value was determined as the point of
intersection of two tangents to the curves of high and low
concentrations.

Cyclic voltammetry. Glassy carbon with a diameter of 3 mm was
used as the working electrode and was polished with 50 nm Al,O,
prior to measurements. Platinum wire (0.5 mm) and Ag/AgCl
electrodes were used as the counter and reference electrodes,
respectively. A sample of 5 mm PEG12-AQ in 0.5 m KCl solution was
degassed with argon before test. All CV data were collected with a
Bio-Logic potentiostat at a scan rate of 50 mV/s. In CV measure-
ments at varied pH, the concentrated solutions of KOH and HCI
were used to adjust the pH as measured by a pH meter. All CV were
collected using concentration of 5 mm.

Battery measurements. RFBs were composed of aluminium alloy
plate, polytetrafluoroethylene plate, copper plate, graphite current
collector, polytetrafluoroethylene frame and graphite felt electrodes
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with an active area of 5cm? or 28 cm?® Fumasep E-620(K) cation
exchanged membrane was sandwiched between the two graphite
felts because of the lower swelling deformation. All the battery
measurements were conducted on a Bio-Logic potentiostat or a
Land battery test system. For the 25 mm PEG12-AQ/K,Fe(CN)s RFB,
20mL of 25 mm PEG12-AQ in 0.5m KCI-H,0 was used as the
anolyte and 20 mL of 75 mm K,Fe(CN);+25 mm K;Fe(CN)g in 0.5 M
KCI-H,0 as the catholyte, respectively. For the 100 mm PEG12-AQ/
K,Fe(CN)s RFB, 6.5 mL of 100 mm PEG12-AQ in 0.5 M KCI-H,0 and
50 mL of 75 mM K,Fe(CN)g+ 25 mM K;Fe(CN)g in 0.5 m KCI-H,0 was
used as anolyte and catholyte, respectively. For the 0.35 m PEG12-
AQ/K,Fe(CN)s, 6 mL of 0.35M PEG12-AQ in 0.5M KCI-H,0 and
50 mL of 225 mm K,Fe(CN)s+75 mm KsFe(CN), in 0.5 m KCI-H,0
was used as anolyte and catholyte, respectively. The rate perform-
ance of battery was tested under various current densities. In the
first 5 cycles of the long-cycling study, the battery was tested under
galvanostatic and potentiostatic charging/discharging conditions.
Then, the battery was galvanostatically charged/discharged in the
voltage range of 1.5-0.4V at a current density of 60 mAcm 2 The
impedance of the battery was conducted via electrochemical
impedance spectroscopy with a frequency ranging from 200 to
100 mHz. The 'H NMR analysis of the post-cycling anolyte was
performed by diluting the electrolyte with D,O to 20 mm in a J
Young NMR tube. The spectra were recorded on a Bruker AV
400 MHz spectrometer.

Computation. All calculations were carried out by using Gaussian
09 software for the original and two-electron reduced states.”” All
oxidation states were optimized at ground states with DFT using
B3LYP/6-311 4 G(d,p) as the basis sets. The polarizable continuum
model (PCM) was selected to optimize all geometries in water to
include the solvation effect to the free energies. The molecular
orbitals (MOs) and molar volume calculations were carried out with
DFT method at B3LYP/6-311+G(d,p) level. The original ref 29 is
now deleted, and the original ref 30 now becomes ref 29. All have
been corrected in the reference section.
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