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Abstract: Redox-active anthraquinone molecules represent
promising anolyte materials in aqueous organic redox flow
batteries (AORFBs). However, the chemical stability issue and
corrosion nature of anthraquinone-based anolytes in reported
acidic and alkaline AORFBs constitute a roadblock for their
practical applications in energy storage. A feasible strategy to
overcome these issues is migrating to pH-neutral conditions
and employing soluble AQDS salts. Herein, we report the 9,10-
anthraquinone-2,7-disulfonic ~ diammonium salt AQDS-
(NH,),, as an anolyte material for pH-neutral AORFBs with
solubility of 1.9M in water, which is more than 3 times that of
the corresponding sodium salt. Paired with an NH I catholyte,
the resulting pH-neutral AORFB with an energy density of
12.5 Wh L™ displayed outstanding cycling stability over 300
cycles. Even at the pH-neutral condition, the AQDS(NH,),/
NH, AORFB delivered an impressive energy efficiency of
70.6% at 60mAcm™> and a high power density of
91.5 mWem ™ at 100 % SOC. The present AQDS(NH,), flow
battery chemistry opens a new avenue to apply anthraquinone
molecules in developing low-cost and benign pH-neutral flow
batteries for scalable energy storage.

Introduction

Extensive consumption of fossil fuels within last two
hundred years has resulted in the dramatic increase of the
concentration of CO, in the atmosphere from 280 ppm at the
beginning of the industrial revolution in the 19" century to
about 408 ppm in 2018."" Nowadays, utilization of renewable
energy resources such as solar and wind energy has been re-
cognized to be a sustainable and environmentally benign
strategy to alleviate the world’s severe dependency on tradi-
tional fossil fuels, and thus enables environmental recovery
and sustainable economic development of our society.”) In
order to manage the intermittent and fluctuating nature of
solar and wind energy, cost-effective technologies for energy
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conversion and storage are in urgent need.”) Among the nu-
merous energy storage technologies, redox flow batteries
(RFBs) have been recognized as a promising technology to
overcome the intermittency of renewable energy and supply
reliable electricity to electricity grids with a scale up to MW/
MWh.P!

The unique cell design of RFBs empowers a number of
attractive technical merits for large-scale energy storage in
comparison to traditional static rechargeable batteries, such
as safe operation, excellent scalability, unique decoupled en-
ergy/power capability, high current operation, and high power
output.®*®! As one of the most advanced RFB technologies,
vanadium redox flow battery (VRFB) has received the most
commercializing attempts." Nevertheless, its wide adoption
is still limited by the high active material cost, low earth ab-
undance for vanadium, and strong acid based hazardous
electrolyte.”> To overcome these technical challenges, we
and other groups have developed aqueous organic RFBs
(AORFBs) and nonaqueous organic RFBs (NAORFBs)
employing more sustainable and abundant redox active or-
ganic molecules, such as viologen,” metallocene,**® pyridi-
nium,”’  quinone,”®  (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO),P*%I phenazine derivatives,'” and other molecu-
lar designs."! Among the various redox active molecules,
viologen®! and anthraquinone (AQ)®! have been exten-
sively studied as anolytes in AORFBs. So far viologen based
pH neutral AORFBs have demonstrated most stable cycling
performance as the pH neutral condition suppresses side
reactions for active species caused by protons and hydroxides
at acidic and alkaline conditions.”) However, AQ molecules
have been primarily studied in acidic or alkaline AORFBs*!
and subject to chemical degradation at either acidic or alka-
line conditions."” First, side reactions under acidic conditions
(such as bromination and acid catalyzed reactions) lead to
capacity decay.®*"! Second, the redox potential of AQ mo-
lecules such as AQDSH, positively shifts to +0.21 V vs. SHE
in acidic electrolytes, dramatically limiting the open circuit
voltage for the whole battery. Third but not the last, acidic
supporting electrolytes and bromine based catholyte are
highly corrosive and hazardous. Other anthraquinone der-
ivatives have also been studied in alkaline AORFBs but still
suffer chemical degradation,*! a major cause for capacity
decay, low solubility and high cost.[®*?l Deteriorative impacts
of acidic or alkaline conditions are also applied to catholyte
molecules.®"% For example, K,Fe(CN); as the most common
cathode material in alkaline AORFBs is not chemically stable
at alkaline conditions as recently examined in a half-cell flow
battery study.!

Angew. Chem. 2019, 131, 2—10


http://dx.doi.org/10.1002/anie.201907934
http://dx.doi.org/10.1002/ange.201907934
http://orcid.org/0000-0002-3698-1096
http://orcid.org/0000-0002-3698-1096
https://doi.org/10.1002/anie.201907934
https://doi.org/10.1002/anie.201907934

GDCh
~~—

Thus, we have become promoted to investigate AQ mo-
lecules at pH neutral conditions to address these technical
issues observed in AQ based acidic and alkaline AORFBs and
achieve improved cycling performance. 9,10-anthraquinone-
2,7-disulfonic acid (AQDSH,) represents one of the most
inexpensive AQ anolyte candidates and was first applied in
strongly acidic AORFBs.®*¢l Intuitively, the sodium salt of
sulfonated anthraquinone derivatives is the first class of
candidates to be investigated. 9,10-anthraquinone-2-sulfonic
acid sodium salt (AQSNa) and 9,10-anthraquinone-2,7-di-
sulfonic acid disodium salt (AQDSNa,) maintain many merits
of the acid compound (e.g. extraordinary stability, fast redox
kinetics, and widespread commercial availability). However,
we found both AQSNa and AQDSNa, have much lower so-
lubility in water at pH 7 (less than 30 mm for AQDSNa and
0.58Mm for AQDSNa, in water) which limits the capacity and
energy density of these AQ molecule based pH neutral
AORFBs. Only a very few studies have been reported in
improving their solubility for neutral AORFB applications.
One example is employing ethylene glycol as additives to
increase the solubility of AQDSNa,.""! Recently, an ethylene
oxide functionalized AQ demonstrated high solubility at pH
neutral conditions but is not chemically stable.'”] A previous
study also showed hydrophilic tetrakis-(hydroxymethyl)-
phosphonium cations (TKMP) can largely increase the solu-
bility of 1,2-dihydroxy-9,10-anthraquinone-3-sulfonate (Ali-
zarin) at pH neutral conditions."® However, Alizarin-TKMP
showed poor electrochemical behaviors and has not been
demonstrated in flow battery studies. Herein, we report the
synthesis, spectroscopic, and electrochemical studies of
a highly soluble ammonium cation functionalized AQ mole-
cule, AQDS(NH,), (1.9m in H,O, and 1.3m in 1.0M NH,I). An
AQDS(NH,),/NH,I pH neutral AORFB with an energy
density of 12.5 WhL™! delivered very stable cycling perfor-
mance in a pH neutral AORFB for 300 cycle and an out-
standing energy efficiency of 70.6% at 60 mA cm

Results and Discussion

Our group reported a molecular engineering study of
ferricyanide and ferrocyanide catholytes for pH neutral
AOREFB applications using a straightforward strategy of cat-
ion modulation.™™ The newly designed neutral (NH,),Fe-
(CN)s and (NH,),Fe(CN); catholytes manifest much higher
solubility than their sodium and potassium salts and retain
comparable chemical stability. Inspired by the ammonium
cation effect to improve the solubility of ferricyanide and
ferrocyanide compounds, we adopted the same strategy to
AQSNa and AQDSNa, salts. By replacing the counter cation
Na*t with NH,*, a solubility increase and chemical stability
maintainability were anticipated. The desired anthraquinone
sulfonic acid ammonium salts, AQSNH, and AQDS(NH,),,
were synthesized by a straightforward two-step route with
high yields (Scheme 1). The first reaction is the ion exchange
reaction using Amberlite cation exchange resin to covert the
sodium salts to AQSH and AQDSH,. Then the second step is
an acid/base reaction of AQDSH, (or AQSH) with NH,OH
to produce the target ammonium salts. The synthesis of
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Scheme 1. Synthesis of (a) AQDSNH, and (b) AQS(NH,),.

AQDS(NH,), was demonstrated at a scale of 20 g with an
excellent yield of 98.5% (Scheme 1). UV/Vis measurements
were conducted to determine the solubility of AQSNH, and
AQDS(NH,),. In agreement with our expectation, both am-
monia salts showed much higher solubility compared to their
sodium forms (Figure 1). AQSNH, can be dissolved in water

2 5 1.9M

Solubility (M)
- @&

o
o

0.58 M

0.15 M

<0.03M
AQSNa

AQSNH, AQDSNa,  AQDS(NH,),

Figure 1. A comparison of the solubility of AQSNa (yellow), AQSNH,
(green), and AQDSNa, (purple), and AQDS(NH,), (brown).

up to 0.15M while the AQSNa is barely soluble (less than
30 mm). Surprisingly, AQDS(NH,), displayed a remarkable
solubility of 1.9M in water which is nearly 4 times of that of
AQDSNa, (0.58M in water). Even in 1.0M NH,I supporting
electrolyte, the solubility still can reach 1.3 M. To the best of
our knowledge, this is one of the most water-soluble an-
thraquinone derivatives at the pH neutral condition.

We hypothesized that the boosted solubility was at-
tributed to two reasons. On the one hand, the hydrophilic
property of ammonium cation facilitates the dissolving of the
salt in water as reported in our previous work."™ On the other
hand, hydrogen bonds formed among NH,* cation and AQDS
anion, is believed to enhance the solvation of AQDS anions in
water, thus improving its solubility. In order to obtain evi-
dences for these hydrogen-bonding interactions, Nuclear
magnetic resonance (NMR) titration studies of AQDSNa,
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Figure 2. (a) "H NMR titration of 50 mm AQDSNa, in D,O with various equivalents of NH,Cl from 1 to 20. Ammonium hydroxide solution was
used to adjust the pH value to 7.0. (b) Relationship between 'H-NMR chemical shift and the equivalent of ammonium. (c) 2D NMR (COSY)
spectrum of 0.1 M AQDS(NH,), in D,0, pH was adjusted to 3 to guarantee the observation of ammonium cation in the spectrum. (d) Schematic

hydrogen bonding interactions proposed for AQDS(NH,),.

were performed with the addition of NH,ClI as the ammonium
source (Figure 2a). The pH value of each NMR sample was
adjusted to 7.0 to avoid the possible chemical shift drift due to
the change of pH values. As a result of the NH,Cl titration,
a noticeable upfield shift of the "H-NMR signals of AQDS*"
moiety was observed as shown in Figure 2a. Protons, H, and
H,, experienced relative large chemical shift while the proton
H,, far from the carbonyl oxygen atoms, displayed the smal-
lest signal shift (—0.0102 ppm/equiv NH,Cl). The observed
upfield shift is interpreted as that the hydrogen bonding of the
NH,* cations with the carbonyl oxygen can disrupt the pi-
electron delocalization of the center ring with two outside
rings and thus reduce the electron-withdrawing effect of the
pi-electrons of the carbonyl groups.!"”! The observations in-
dicate the hydrogen bonding interactions between the car-
bonyl oxygen atom and NH,* cations (Figure 2d). This is in
line with the ®C NMR signal upfield shift of AQDS(NH,),
compared to AQDSNa, (see Figure S2). Specifically, the *C
resonances of carbon atoms at position 9 and 10 showed up-
field shift while other carbons barely had any changes. In the
2D NMR (COSY) spectrum (Figure 2¢), the strong interac-
tion between the proton of ammonium and the protons of
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AQDS was also observed and highlighted by the blue dash
rectangles in Figure 2 C, providing another strong evidence
for the formation of hydrogen-bonds. In addition, a control
experiment was conducted by titrating sodium 2,4-dimethyl-
benzenesulfonate with NH,Cl (Figure S4). In this case, no
chemical shift was observed with the NH," concentration
increase, further proving that the hydrogen bonds form on the
carbonyl oxygen atoms other than sulfonate oxygen atoms.
The similar trend was also observed for AQSNa by the same
NH,(Cl titration (Figure S3).

The synthesized AQDS(NH,), was proved to be not only
highly soluble in water but also chemically stable even at an
elevated temperature and pH neutral conditions. After the
treatment of an NMR sample of AQDS(NH,), in D,O at
80°C for 2 weeks, 'H NMR studies indicated no chemical
decomposition (Figure S5), representing a desired chemical
characteristic for flow battery applications.

The ensuing studies were directed on the electrochemical
behaviors of AQDS(NH,),. Cyclic voltammetry studies re-
vealed a pair of reversible redox peaks at —0.20 V vs. NHE in
0.5 NH,I electrolyte at pH7 (Figure 3a), which is ca.
410 mV more negative than that of AQDSH, at acidic con-
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Figure 3. (a) Cyclic voltammograms of AQDS(NH,), at various pH
conditions. (b) Pourbaix diagram of AQDS(NH,), in 0.5m NH,I solu-
tion. Conditions: 4.0 mm analyte in 0.5M NH,| electrolyte; scan rate:
100 mVs™'; working electrode, glassy carbon electrode; counter elec-
trode, glassy carbon; reference electrode, Ag/AgCl. The pH value was
adjusted using ammonium hydroxide solution. FCNCI (0.60 V vs. NHE
at pH 7)¥ was used to calibrate the redox potential.

—30 mV/pH (Figure 3b). By using the Nernst equation, we
can establish a relationship between the redox potential and
the number of protons and electrons involved in the electro-
chemical reactions. Equation (2) showed the derivation of the
Nernst equation for the reaction displayed in Equation (1),
where z =2 in this case (two-electron process).

AQDS* +2e” +nH" — (AQDSH,)"* (1)
... .. RT 1 0.059
ditions. In addition, compared to AQ molecules E= E°— ZTIHW = F'— " pH (2)

(< —0.45V vs. NHE) used in alkaline AORFBs,** the re-
dox potential of AQDS(NH,), (—0.2 V vs. NHE) is much less
negative and thus its reduced state is more oxygen tolerate.
The thermodynamic potentials of proton-coupled electron
transfer (PCET) redox reactions of anthraquinone molecules
are well known to be pH dependent, especially in the near
neutral region (pH 3-9).52 The general electrochemical
reaction of AQDS?™ is shown in Equation (1), where two
electrons were transferred while various number (0<n <?2)
of protons might be coupled at different pH values. The
Pourbaix diagram of AQDS(NH,), (Figure 3b) was generated

According to Equation (2) where n was calculated as
30 mV*2/0.059 V=1.02, the redox chemistry of AQDS(NH,),
in the region of pH 7-10 was assigned as a single proton-
coupled 2 electron process. Meanwhile, peak to peak sepa-
ration decreased with the increase of pH value as shown in
Figure 3 a, indicating gradually improved redox kinetics.

Electrochemical kinetics studies of AQDS(NH,), were
conducted by rotating disk electrode measurements and Ni-
colson analysis, as shown in Figure 4 (See experimental details
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Figure 4. RDE test: (a) Linear sweep voltammograms of AQDS(NH,), on a glassy carbon rotating disk electrode; (b) Levich plot of the limiting
current vs. the square root of rotation rates for AQDS(NH,),; Conditions: 1.0 mm analyte in 0.5m NH,| electrolyte; scan rate: 5 mVs™; rotation
rates from 300 to 2400 rpm; working electrode, glassy carbon rotating disk electrode; counter electrode, glassy carbon; reference electrode, Ag/
AgCl. Scan rate study and Nicholson’s analysis of AQDS(NH,),: (c) CV of AQDS(NH,), at various scan rates (5, 10, 20, 50, 100, 200, 300, 500,
1000, 2000, 5000 mVs™). (d) The plot of i. and i, over the square root of scan rates for AQDS(NH,), (blue trace for oxidative reaction, orange
trace for reductive reaction); (e) Plot of ¥ versus 2AE, of AQDS(NH,),. (f) The linear relationship between ¥ and v'/* of AQDS(NH,),.
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in supporting information). The diffusion coefficient was de-
termined by the Levich equation [Eq. (3)]:

i, = 0.620nFAC,Diotv— 3)

where i; is the limiting current from the RDE testing. The
slope of i—w' linear curve is 0.620nFAC,D**v "%, A is the
area of the rotating electrode, » is the number of electrons
involving the redox process, C; is the concentration of com-
pounds, D is the diffusion coefficient (cm*s™'), w is the an-
gular rotation rate of the electrode, and v is the kinematic
viscosity. The calculated D value can be applied for electron
transfer rate constant (k,) calculation using the Nicolson
equation, Equation (4), in which v is the scan rate.

w— [0 (ﬂDnF) *21)7% 4)

RT

The ¥ value can be calculated by the well-known fitting
Equation (5)

 —0.6288 + 0.0021nAE, s
T 1-0017AE, ®)

Where k° is the electron transfer rate constant, AE, is the
peak potential separation calculated by (Eigation— Ereduction) at
different scan rates (Figure 4d), and n equals 2 for a two
electron process. The established linear relationship between
¥ and v gives a slope of kK’ (wDnF/RT) "?, which can be
used to calculate k°. The Levich study and Nicolson measu-
rements revealed the fast electrochemical kinetics of AQDS-
(NH,), at pH 7 with a diffusion coefficient and an electron
transfer rate constant of 4.55x 107 cm?s™" and 0.077 cms™,
respectively. Besides, scan rate dependent studies of AQDS-
(NH,), (Figure 4d) also demonstrated that its reversible re-
duction/oxidation reactions are both diffusion controlled
processes.

For the full AORFB demonstration, NH,I was selected as
the cathode material due to its ammonium cation, excellent
stability, and high solubility (ca. 10M in water). The resulted
AQDS(NH,),/NH,I combination predicts a theoretical cell
voltage of 0.865 V (Figure 5a). Considering the high solubility
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of AQDS(NH,), and the two electron redox process, the
AQDS(NH,),/NH,I AORFB could deliver a theoretical en-
ergy density as high as 44 WhL™' for the full battery
(30 WhL™' when 1m NH,I supporting electrolyte is used).
However, we found that the solubility of the reduced state of
AQDS(NH,), is around 0.8M in 0.5m NH,I supporting elec-
trolyte at pH 7 as a more concentrated AQDS(NH,), anolyte
would result in precipitation during the charging process.
Thus, we systematically evaluated the cycling performance of
an AQDS(NH,),/NH,I AORFB at 0.75m (1.5M e, a charge
capacity of 40.2 AhL ™" and an energy density of 12.5 WhL™).
The cell design is outlined in Figure 5b, where a piece of
Nafion 115 membrane was employed as the separator to allow
the exchange of ammonium cation and avoid the crossover of
anionic redox active species including AQDS*>", 1", and I5".
0.5m NH,I was added into anode as supporting electrolyte to
improve the electrolyte conductivity. Up to 5 equivalent NH,I
(compared to AQDS(NH,),) was used in cathode side to
ensure the reliable evaluation of the limiting AQDS(NH,),
anolyte side while enabling the fully I, complexing to generate
soluble I;”. Electrochemical impedance spectroscopy (EIS)
revealed a high-frequency area specific resistance (Ry) of the
battery as low as 1.44 Qcm? (Figure S11).

The current rate performance was investigated from
40mAcm™? to 100mAcm? with an increment of
20 mA cm 2 For each current density, 5 charge and discharge
cycles were tested with cutoff voltages at 1.2 V for the char-
ging process and 0.2 V for the discharging process. In our
AQDS(NH,),/NH,I AORFB cycling experiments, we noticed
the low coulombic efficiency (CE) and capacity retention
during first several cycles (Figure S6) which is owning to the
intermolecular dimerization between AQDS(NH,), and its
reduced species (AQDS(NH,),)."® It was reported that
AQDSH, and its reduced species could form a dimer com-
pound which cannot be utilized in the discharging process,
thus hindering the full utilization of the active materials.!'¥ To
support the hypothesis, in a mixed electrolyte of AQDS-
(NH,), and AQDS(NH,),, there was an additional oxidation
observed at 0.2 V, assigned to the oxidation of the AQDS-
(NH,),AQDS(NH,), dimer (Figure S7), whose exact struc-
ture remains to be elucidated. In the future, it is possible to
avoid the dimerization using additives or structural modifi-
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Figure 5. (a) Cyclic voltammogram of 4 mm AQDS(NH,), (in 0.5mM NH,I) and 4 mm NH,I (in 0.5m NH,Cl), respectively (pH 7). (b) Schematic

representation of the AQDS(NH,),/NH,| neutral AORFB and cell reactions.
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Figure 6. Battery performance of the 0.75 M AQDS(NH,),/NH,I neutral AORFB. (a) Capacity vs. the cycle number from 40 to 100 mAcm™2 of the
battery. 5 cycles’ test was conducted for each current density. (b) Voltage versus capacity profile at different charging/discharging current density.
(c) Averaged coulombic efficiency, voltage efficiency, and energy efficiency at different charging/discharging current density. (d) Capacity versus

cycle number for 300 cycles. The battery is cycled at 60 mAcm™ Inset: selected representative voltage versus capacity profiles. (e) Power density

of the battery at various state of charge.

cations. As a result, the battery was firstly cycled at a current
density of 40 mA cm ™ until the CE reached 99 % to avoid the
inaccuracy of the rate performance evaluation due to the
dimmer formation. Thereafter, the current rate dependent
cycling was conducted. Overall, AQDS(NH,),/NH,I AORFB
exhibited an excellent rate performance. As shown in Fig-
ure 6a, 5 stable cycles were demonstrated at each current
density without capacity decay. At 40 mAcm™? the battery
presented a capacity utilization of 76.4% (30.7 AhL™' out of
40.2 AhL™"), which decreased to 72.3% when the current
density was increased to 60 mA cm~ (Figure 6b) due to in-
creased charging/discharging overpotential. Benefitted from
low cell resistance, the battery exhibits an impressive energy
efficiency up to 81.7% at 40mAcm> and 70.6% at
60 mAcm 2 (Figure 6¢), standing for the most energy ef-
ficient neutral AORFBs to date. In addition, a high power
density of 91.5 mWcm™ was recorded at 100% SOC (Fig-
ure 6¢), which could be further optimized by applying more
conductive ion exchange membranes and supporting elec-
trolytes.

Long-term cycling was examined at 60 mA cm 2 to further
validate the cycling stability of the AQDS(NH,),/NH,I
AOREFB (Figure 6d), which was first cycled at 40 mA cm 2 for
a few cycles to stabilize the dimerization process. The battery
delivered rather stable capacity retention as no capacity decay
was detected after 300 cycles (ca. 15 days) and represent the
most stable AQ based AORFBs. Judging from the well-
overlapped charging/discharging profile (Figure 6d and Fig-
ure S8), the charging/discharging overpotential stayed the
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same from the 10" to 300" cycle, which suggests no ohmic loss
and good chemical compatibility with the membrane and
other cell components. This is also in line with the almost
identical R,; from the EIS measurements before and after
cycling (Figure S12). The energy efficiency maintained about
70% during cycling (Figure S9). Post-cell analysis for the
0.75m AQDS(NH,),/NH,I AORFB after 300 cycles were
conducted using cyclic voltammetry, '"H NMR (Figure S10-
S11). Both CV and 'H NMR studies indicated there was no
chemical degradation for AQDS(NH,),. In a stark contract,
even at the 0.1M concentration, an AQDSNa,/Nal AORFB
could not be cycled because of the rapid precipitate formation
of the charge state, AQDSNa,, further highlighting the unique
role of the NH," cations for AQDS(NH,),.

As shown in Figure 7, representative AQ based AORFBs
are compared in the aspects of demonstrated energy density
and normalized stability (per month). It is clear that the de-
monstrated pH neutral AQDS(NH,),/NH,] AORFB di-
splayed much improved performance compared to reported
AQDS based AORFBs in terms of energy density and cycling
stability. The acid or alkaline AQ based AORFBs suffer eit-
her low energy density or poor cycling stability, which attri-
bute to the low solubility or poor chemical stability of active
materials. As a result of the extraordinary chemical stability
and solubility of AQDS(NH,), in the neutral supporting
electrolyte, the pH neutral AORFB AQDS(NH,),/NH,I sy-
stem demonstrated an energy density of 12.5 Wh/L and the
capacity retention of ca. 100 % per month, representing one
of the most energy dense and stable AORFBs reported to
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Figure 7. Comparison of demonstrated energy densities and capacity
retention per month of the selected AQ based AORFBs (* stands for
the RFB with redox state management. Capacity retention lower than
80% per month was not displayed in the Figure).

date. Recently, a water-miscible anthraquinone (PEGAQ)
molecule with 2-(2-(2-hydroxyethoxy)ethoxy)ethoxy side
chains was reported, which stands for one the most water
soluble anthraquinone derivatives.”! The neutral PEGAQ/
Fe(CN)?>~ AORFB was demonstrated with an energy density
as high as 25.2 WhL"'. However, the cycling capacity reten-
tion of the battery was only 85% per month due to the de-
composition of PEGAQ.

Conclusion

In summary, we have developed a new ammonium func-
tionalized anthraquinone derivative (AQDS(NH,),) as the
anolyte material for pH neutral AORFB application. The
synthesis of AQDS(NH,), is straightforward and convenient
at ambient conditions, and scalable using common commer-
cial precursors. In addition to its hydrophilic nature, the in-
troduced ammonium cations form hydrogen bonds with the
AQDS?" anion to improve its solubility. Paired with the highly
soluble NH,I cathode material, the demonstrated AQDS-
(NH,),/NH,I battery stands for the most stable pH neutral,
metal free anthraquinone AORFB with very high capacity
and energy density. Taking account of the easy synthesis, low
cost, high energy density, excellent stability and environ-
mental advantage, AQDS(NH,), can be regarded a highly
attractive anolyte molecule in AORFBs for large scale su-
stainable energy storage. Moreover, the present chemistry of
AQDS(NH,), opens a new avenue to utilizing anthraquinone
compounds in developing pH neutral, benign and stable
cycling AORFBs to promise low cost and sustainable green
energy storage.

Experimental Section

Synthesis of AQDS(NH,),: 9,10-Anthraquinone-2,6-disulfonic acid
disodium salt (20.0 g, 48.5 mmol) was dissolved in 100 mL deionized
water and flushed over a cation exchange column with Amberlite
cation exchange resin (IR-120 hydrogen form). The obtained 9,10-
Anthraquinone-2,6-disulfonic acid solution was cooled down by an
ice bath. Then 10 mL 30% ammonium hydroxide was added to
convert the acid to ammonium salt. After the water was removed by
a rotary evaporator, the wet solid residue was dried in a vacuum oven
at 70°C overnight. The final product was collected as dark brown
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solid (19.1 g, 98.5%). '"H-NMR (500 MHz, D20): 6 =8.29 (d, 2H),
8.02 (dd, 2H), 7.94 ppm (d, 2H). Anal. Calcd for C,H;,O4N,S,: C,
41.76; H, 3.48; N, 6.96. Found C, 42.03; H, 3.51; N, 6.28.

Synthesis of AQDSNH,: 9,10-Anthraquinone-2-disulfonic acid so-
dium salt (3.0 g, 9.7 mmol) and 30 mL. Amberlite cation exchange
resin (IR-120 hydrogen form) were add in 50 mL deionized water.
The mixture was stirred overnight when all anthraquinone was dis-
solved. Then the mixture was filtered, and the filtrate was flushed
over a cation exchange column with Amberlite cation exchange resin
(IR-120 hydrogen form) again. Following steps are the same as the
synthesis of AQDS(NH,),. The product was obtained as light yellow
powder with a yield of 98 %. "H-NMR (500 MHz, D20): 6 =8.29 (d,
2H),8.02 (dd,2H), 7.94 ppm (d,2H). Anal. Calcd for C,H;;O;sNS: C,
55.08; H, 3.63; N, 4.59. Found C, 55.31; H, 3.94; N, 4.57.

Flow cell tests: Flow cells for the RFBs were constructed with two
carbon electrolyte chambers, two graphite felt electrodes (SGL Car-
bon Group, Germany), a piece of Nafion 115 membrane sandwiched
between graphite felts, and two copper current collectors. The Nafion
membranes were boiled in 1M H,SO, solution for 2 hours, 30 % H,O,
solution for 2 hours, and then immersed in 0.5M NH,I aqueous so-
lution overnight. The membranes are rinsed with DI water before use.
All other components were dried at 80°C for 2 hours. 18 mL 2.25m
NH,I aqueous solution was employed as catholyte. 12 mL 0.75m
AQDS(NH,), in 0.75M NH,I solution was used as anolyte. The pH
values of both catholyte and anolyte were adjusted to be 7 by am-
monium hydroxide. When assembling the battery, each carbon
chamber was connected with an electrolyte reservoir using a piece of
Viton tubing. The electrolyte reservoir is home designed and is
a 10 mL glass tube (2 cm inner diameter). The active area of the cell
was 10 cm?. A Masterflex L/S peristaltic pump (Cole-Parmer, Vernon
Hills, IL) was used to press the Viton tubing to circulate the elec-
trolytes through the electrodes at a flow rate of 60 mLmin~'. Both
reservoirs were purged with nitrogen to remove O, and then sealed
before cell cycling. The flow cell was galvanostatically charged/di-
scharged at room temperature on a battery tester (Land Instruments)
in an argon filled glovebox with an oxygen content lower than 1 ppm.
The voltage range was set between 1.2V to 0.2V and the current

densities ranged from 40 to 100 mA cm ™2
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B. Hu, J. Luo, M. Hu, B. Yuan,
TLLuw — 1ilI-HEND

A pH-Neutral, Metal-Free Aqueous
Organic Redox Flow Battery Employing
an Ammonium Anthraquinone Anolyte

Ein Anthrachinonsalz, AQDS(NH,),, zeigte eine hervorragende Akkuleistung,
wurde als neues Anolytmaterial fiir pH- einschlieRlich 100 % Zyklenfestigkeit tiber
neutrale wissrige organische Redox- 300 Zyklen, eine Energieeffizienz von
Flow-Batterien (AORFBs) mit einer Los- 70.6 % bei 60 mAcm” und eine Leis-
lichkeit von 1.9 M in Wasser konzipiert. tungsdichte von 91.5 mWcm ™2 bei 100%

Eine mit AQDS(NH,), gefertigte AORFB Ladezustand.

1111 www.angewandte.de © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2019, 131, 2—10

&&These are not the final page numbers!


http://www.angewandte.de

