Open Access Article. Published on 03 December 2021. Downloaded on 6/12/2026 12:05:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2021, 11, 38759

temperaturesy

Anthraquinone-2,6-disulfamidic acid: an anolyte
with low decomposition rates at elevated

Philip Rohland,?® Kristin Schreyer,®® Martin D. Hager 22° and Ulrich S. Schubert (2 *2°

A new sulfamidic acid anthraquinone derivative was synthesized from 2,6-diaminoanthraguinone with high
yields, designed for utilization in redox flow batteries. The active material was investigated with cyclic
voltammetry, revealing a reversible redox reaction at approximately —0.65 V vs. Ag/AgCl at pH-values
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above 12. A stress test in a redox flow battery was applied with hold times at critical states of charge and

at 32 °C as well as at 60 °C. Furthermore, the stability was investigated at the maximum concentration of
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Introduction

In the course of ongoing climate change, energy production has
to switch from fossil fuels to renewable resources to dampen the
effects of global warming.* But for the breakthrough of clean
energy conversion, the introduction of green, environmentally
friendly storage technologies is necessary to compensate for the
inherent discontinuous power output of the main, solar- and
wind-based, technologies. @ Nowadays, many possible
approaches have been evaluated for this mammoth task.*
Rechargeable batteries provide a broad range of applicable
dimensions, which would enable the installation of a decen-
tralized energy storage grid. However, market-ready products,
like lithium batteries or vanadium redox flow batteries (RFB),
suffer from expensive and dangerous electrolytes or raw mate-
rials that are mined under environmentally and socially harm-
ful conditions.>® The recently emerging research field of RFB
based on organic materials is capable of targeting these
drawbacks.

Numerous molecules, like
quinones,*® viologens,®** stable radicals,"** alloxazine,*** and
flavine,'® have been subject to research showing the broad range
of possible scaffolds of organic RFB (ORFB).

These molecules comprise earth-abundant elements target-
ing lower costs for battery electrolytes. Moreover, some mate-
rials, like TEMPO derivatives, do not require drastic electrolyte

redox-active ferrocenes,®”
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the anolyte. All in all, the material showed the lowest decomposition rates at 60 °C reported so far for an
organic anolyte in a redox flow battery.

pH-values or are even bioinspired, like flavines, which are based
on vitamin B,.*®

Among these possible structures, quinones, in particular
anthraquinones (AQ), are the best investigated anolyte mate-
rials.”” They combine a reversible redox chemistry involving two
electrons per molecule (see Scheme 1) to result in a high specific
capacity. Furthermore, their redox potential is highly depend-
ing on the pH-value of the electrolyte and the substitution
pattern at the anthraquinone core resulting in a great potential
for tailoring the molecule characteristic to the targeted appli-
cation.'® They also show extraordinarily high stabilities during
cycling and against side reactions,' but this is also one of their
major drawbacks. The high stability hinders derivatization
reactions at the anthraquinone core and necessitates drastic or
complex reaction conditions® resulting in the need of often
cost-intensive starting materials. Nevertheless, these reactions
are necessary to install linkers and solubility-promoting groups
at the core to overcome the intrinsically low solubility of
anthraquinone in water.

In this contribution, we report a fast, straight-forward one-
step synthesis with high yields towards a highly water-soluble
anthraquinone derivative. By utilizing cheap starting mate-
rials, reactants, solvents and simple reaction conditions, we
report a new, economic anthraquinone active material based on

2,6-diaminoanthraquinone. The current literature lacks
o OH
OO0 == O
2H, 2e
o OH

Scheme 1 Schematic representation of the electrochemistry of
anthraquinone.
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examples where newly developed active materials are tested
under more realistic conditions, like dwell times at high states
of charge (SOC) as well as elevated temperatures. Nevertheless,
these parameters are crucial, in particular for a future
commercialization of the active material. Thus, we tested
a 0.1 M solution of our new active material and included dwell
times in combination with electrolyte temperatures of up to
60 °C in the cycling protocol. The molecules revealed a high
stability during the hold times even when the temperature was
increased. These findings where then confirmed by a long-term
cycling test at maximum concentration.

Experimental
Chemicals and materials

All chemicals were bought with a purity of at least 95% and were
used as received. Detailed information is provided in the ESL}
The ion-selective membrane (FKS-30, Fumatec GmbH, Ger-
many) was cut into appropriate pieces and was prewetted in
1.5 M lithium chloride solution for at least 24 h prior to
installation. GFA-6 (SGL SE, Germany) felts are used as pours
electrodes.

Electrochemical analytics

Cyclic voltammetry. (CV) was performed on a VMP-3 (Bio-
Logic, France) potentiostat/galvanostat using a standard three-
electrode setup with an AgCl/Ag reference electrode (Ag wire
in 3 M aq. potassium chloride solution), a platinum wire
counter electrode and a glassy carbon working electrode
(GCWE) with a diameter of 1.6 mm.

Battery experiments

All experiments were performed with the VMP-3 (Bio-Logic,
France) potentiostat/galvanostat under an argon atmosphere
in a glovebox (UNIlab Plus Eco, MBraun, Germany, O, < 1 ppm,
H,O < 1 ppm, argon as protective gas). The electrolyte was
pumped in the RFB through Norprene® A-60-G (gi,, 1.6 mm,
Ooue 4.8 mm, Saint-Gobain, France) with a pumping speed of
approximately 25 mL min~' by a Hei-Flow Value 01 equipped
with a C8 multi-channel pumping head (Heidolph, Germany).
The RFB was designed by JenaBatteries GmbH (Germany) as
a flat type cell with a membrane active area of 5 cm”. A detailed
overview of the components is provided in earlier publications
of our group.** The standard temperature in the glovebox was
32 °C. For experiments at elevated temperatures, the capacity-
limiting side was tempered in a sand bath (Hei-Tec, Heidolph,
Germany), equipped with an external temperature sensor (PT
1000, Heidolph, Germany), at 60 °C. All tests were performed
with an unbalanced, compositionally symmetric cell setup.
Electrolyte preparation. Appropriate amounts of lithium
anthraquinone (LiAQS) were dissolved in 1 M aq. lithium
chloride and 0.25 M lithium hydroxide solution and charged
against an equally concentrated potassium ferrocyanide solu-
tion in the same supporting electrolyte. The applied current was
set to 80 mA cm™ > until a cell voltage of 1.45 V was reached.
Afterwards, the battery was charged potentiostatically at 1.45 V
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until the current density fell under 0.5 mA cm . The received
LiAQS solution was considered as fully charged, and it was
mixed with the same amount of equally concentrated
uncharged electrolyte. The obtained solution was considered to
have a SOC of 50% and was split in two samples providing the
capacity-limiting and -non-limiting side.

Current capacity test. The cell was charged and discharged
with 10 mA cm ™ between 0.45 V and —0.45 V. For charge tests
the charging current was increased every six cycles by 10 mA
cm 2 until 80 mA cm ™2 was reached while the discharge current
was kept at 10 mA cm 2 The same protocol was used for
discharge tests (with the discharge current being varied while
the charge current being kept constant).

Cycling protocol - low concentration. Every cycle consisted
of (1) a galvanostatic phase at 72 mA c¢cm > with an upper
limiting voltage of 0.45 V, (2) a potentiostatic phase at 0.45 V
with a lower limiting current of 2 mA ecm ™2, (3) another galva-
nostatic phase at —72 mA cm ™ with a lower limiting voltage of
—0.45V, and (4) another potentiostatic phase at —0.45 V with an
upper limiting current of —2 mA cm 2 After every 50 cycle,
a hold time at the maximum SOC was applied. After 250 cycles
at 32 °C, the protocol was repeated at 60 °C for 200 cycles.

Cycling protocol - high concentration. Every cycle consisted
of (1) a galvanostatic phase at 80 mA cm™ > with an upper
limiting voltage of 0.60 V, (2) a potentiostatic phase at 0.60 V
with a lower limiting current of 2 mA em™?, (3) another galva-
nostatic phase at —80 mA cm™ > with a lower limiting voltage of
—0.60 V, and (4) another potentiostatic phase at —0.60 V with an

upper limiting current of —2 mA cm™>.

Results and discussion
Synthesis

The concept of using sulfamidic acids or sulfonamides as
solubility enhancer in water represents a common strategy in
the design process of new drugs.”*** We used this approach to
enhance the solubility of anthraquinones with amino side
groups. On the one hand, the often applied 2,6-dihydroxy
anthraquinone*** can be substituted by the one order of
magnitude cheaper 2,6-diamino anthraquinone and, on the
other hand, sulfonamides are highly stable and cleavage or
rearrangement reactions need drastic conditions and long
reaction times.*® To further reduce the costs of the active
material, we optimized the synthesis conditions by the usage of
cheap reagents while maintaining high yields.

The first synthesis of sulfonamides from anthraquinones
dates back to 1924, when different amino-AQ were transformed
into their water-soluble derivatives by using chlorosulfuric acid,
inert solvents like nitrobenzene, and organic nitrogen bases.”
We adapted the conditions but changed to less dangerous
solvents, and we receive high yields of above 87% (see Scheme
2). To increase the solubility of the active material, we applied
a lithium chloride-based electrolyte to impose polarization
effects similar to the lithium chloride/N,N-dimethylacetamide
system for cellulose.”® To prevent the formation of salts with
different metal ions, lithium hydroxide was used for sulphate

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Schematic representation of the synthesis of LIAQS. (a)
Dichloromethane, pyridine, 0 °C to room temperature, 16 h. (b) Water,
lithium hydroxide, room temperature, 30 min, 87%.

Capacity limiting side (CLS)

Capacity non-limiting side (CNLS)
AHQ =2 AQ
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Fig. 1 Schematic representation of an unbalanced compositionally
symmetric redox flow cell setup utilizing anthraquinone (AQ) as well as
anthrahydroquinone (AHQ) and the representative half-cell reactions
in the capacity limiting side (CLS) and non-limiting side (CLNS).

salt formation, despite the fact that, e.g., sodium or potassium
hydroxide would be much more cost effective.

Electrochemical analysis

The redox properties of the synthesized lithium anthraquinone
2,6-disulfamidic acid (LiAQS) were investigated via CV investi-
gation. Since the redox chemistry of anthraquinones is known
to be highly pH-dependent,*® firstly the redox reversibility of the
material was studied. As expected, the reoxidation of the

(e}
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hydroquinone to the quinone is hindered at pH values between
7 and 11 (see Fig. 2). At pH values of 13 and above, the AQ-
typical redox pattern in the CV is visible.

The parameters of the redox reaction of the LiAQS was
investigated by applying different scan speeds during the CV
experiments at a pH-value of 14. While the reduction to the
hydroquinone produces a sharp negative peak even at very fast
scan speeds of 2000 mV s ', the peak of the reoxidation is
broadened (see Fig. 2).

The reversibility of the redox reaction was investigated by
plotting the peak current vs. the square root of the scan speed.
The data points for the reduction and reoxidation can then be
fitted linearly. The curves fit nicely to the datapoints, indicating
reversible redox reactions of the LiAQS and a diffusion-
controlled process.”” Based on these findings we decided to
use electrolytes with a pH-value between 13 and 14 for the
following battery experiments. We thus used a lithium
hydroxide concentration of 0.25 M for the battery electrolyte.

Battery experiments

In the recent years, anthraquinones have shown to be one of the
most promising anolytes for redox flow batteries.”” Neverthe-
less, the need for high pH-values is one of their main draw-
backs, limiting the selection of catholytes. The ferri-ferro
cyanate has been established over the last years as the catholyte
material of choice when wusing anthraquinones.'®'*?**
However, we renounced full battery tests and focused our
experiments on the investigation of the new LiAQS and its
performance under unfavorable but realistic conditions. For
this, we utilized the concept of an unbalanced, compositionally
symmetric redox flow cell. The setup was firstly introduced by
the group of Brushett®® and further developed by Goulet and
Aziz.** It uses the same electrolyte in both half cells of the RFB,
largely avoiding crossover artefacts (Fig. 1). Furthermore, we
exposed our material to hold times in vulnerable SOCs and at
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Fig.2 Top: schematic representation of the redox chemistry of the LIAQS. Bottom: cyclovoltammetry of a 50 mM LIAQS in 0.1 M lithium chloride
solution. Scan direction: 0 Vto —1.2 V and back to 0 V. For each condition five scans were carried out and the third is shown. (left) pH-dependent

investigation utilizing lithium hydroxide for adjusting the pH-value with a scan speed of 100 mVs

~1 (middle) CV at different scan speeds at a pH-

value of 14, (right) plot of the peak current for the oxidation (black) and reduction process (red) vs. the square root of the scan speed at a pH-value

of 14.
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elevated temperatures to mimic more realistic conditions. The
protocol includes 50 consecutive cycles with potentiostatic and
galvanostatic parts (see Experimental details). This ensures that
the cell reaches its maximum SOC. After 50 cycles, a hold time
of 24 h at maximum SOC is applied. After 250 cycles, the
protocol is repeated for 200 additional cycles at 60 °C.

The relatively low concentration of 0.1 M was used to keep
the experiment's time in a manageable range and to highlight
possible decomposition reactions.

The long-term test at low concentrations revealed an average
decomposition rate of 0.4% d ' (see Fig. 3 upper left) during the
cycling phases, which is low in comparison to other anthra-
quinone derivatives."” Moreover, the decay rates during the hold
times are barely visible, indicating a stable charged state, which
is favorable regarding the integration of the battery in an elec-
trical grid for long-term storage of energy. The high stability in
high SOCs reduces the overall decay to 0.18% d ' (including
hold times). Notably, the elevated temperatures in the glove box
must be considered at this point since most of the published
data are measured at room temperature, i.e. between 20 and
25 °C. The increase in temperature, although not extensive,
might already trigger decomposition reactions. Nevertheless, in
comparison to other quinone derivatives that feature the
solubility-promoting group (SPG) directly attached to the
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quinoidic core, the synthesized LiAQS is remarkably stable. The
decay window ranging from 35% d ' for the 2,5-dimethoxy-3,6-
dihydroxy-1,4-benzoquinone® to 0.14% d ' for the 2,6-dihy-
droxyanthraquinone® in full battery setup and 70% d~ " for
tetramorpholinohydroquinone®* and 0.08% d~* 2,7-anthraqui-
none disulfonic acid® in a symmetric cell set up. The topic of
electrolyte lifetime in aqueous RFB is excellently summed up in
the review of Kwabi et al."”

The Aziz group demonstrated that the introduction of
a linker between AQ core and SPG can further increase the
stability by one magnitude.®" However, for our system, this
approach will be subject of future investigations.

Noteworthy, the 0.1 M LiAQS electrolyte reveals the same
stability at 60 °C as at 32 °C, which is remarkable since
increased temperatures usually promote decomposition reac-
tions. The average decomposition rates during cycling phases
and during hold times are nearly the same, resulting in an
overall decay rate of 0.17% d ™" (0.18% d ™" at 32 °C). This is, to
the best of our knowledge, the lowest ever measured value for an
organic anolyte material at 60 °C. Furthermore, the coulombic
efficiencies are not affected by the temperature change and is,
with 99.95%, high. For an overview of all data of the low
concentration long-term stability test see Table 1 in the ESL.{ In
the next step, the current capacity of the active material was

40

38

® Charge
m Discharge
A Coulombic efficiency

100.6

- 100.4

300

100.6

w002 003 =
- 0.03~ 0.04 0,03 004 &
= |7 042 042 (35 538 1040 = | g0, O
< 3 38 | 034 040 042 2 &
E A | o
z @ 5
5] A 1 +100.0 ©
g 3
SAALEIEEEY IS
(6] A o
! =)
I A a o8 3
32 A:
32°C : 60 °C L 996
30 0.18 %d™’ i 0.17 %d™’
0 2 4 6 8 10 12 14 16
Time [d]
32 110

® 10mAcm?
20 mAcm™?
30mAem? [ 100
40 mAcm?
® 50 mAcm?
60 mAcm™®

Y
E \» ® 70 mAcm? =
:-> 244 o® ® 80mAcm? - 80 é"
S 29 )
g% ks
a F70 &
8 204 [5)
S Leo ©
18 s

<
5164 o

50

40

-
O¢%0 | 3,
0 5 10 15 20 25 30 35 40 45 50

Cycle number

Fig.3

: ® Charge
® Discharge
280 A : A Coulombic efficiency
— : - 100.4
] 1 , &
240 4 %d" ! X
= 0.21 %d i 0.80 %d! A Py
B i I A AT 1002 ¢
E ? s l - &
ool L Yandeiien s
S : I 100.0 8
S 180+ ! £
o - s
160 - | Fee8 8
140 !
|
1201 32°C | 60°C 996
1
100 T T — T T
0 5 10 15 20 25 30
Time[d]
32 110
® 10 mAcm?
304 ® 20 mAcm?
g I\QQ" ® 30mAcm? - 100
28 n® 5 ® 40 mAcm?
= veage’ ® somAem?| o0 =
< 264 60 mAcm? [ X
3 70 mAcm™? >
=24 somAcm?[ gg 2
‘C 2
@ 22 Qo
= 70 5
$ 201 ®
o 2
5 18 e s
s e
2 16 2
_é: F50
14
F40
12
-
10 ————T— T T T — 2% | 30

0 5 10 15 20 25 30 35 40 45 50
Cycle number

(Top left) Long-term stability test using 15 mL of an aqueous 0.1 M LIAQS, 1 M LiCland 0.25 M LiOH solution vs. 35 mL of the same solution.

The values below the red and black squares indicate the decay rate during the representative 50 cyles in % d~. After every 50™ cycle, the
electrolyte is kept at maximum SOC for 24 h. The values above the squares represent the deacy rates during this hold times. After 250 cycles, the
temperature of the electrolyte is raised to 60 °C (indicated by the dashed line). The values below the temperature represent the decay rates over
the whole temperature phases. (Top right) long-term test using 10 mL of a 0.75 M LIAQS, 1 M LiCland 0.25 M LiOH solution vs. 25 mL of the same
solution. Bottom: current capacity tests using 11.5 mL of a 0.1 M LIAQS, 1 M LiCland 0.25 M LiOH solution vs. 35 mL of the same solution. Either

the charge (left) or the discharge (right) current density is varied. The current density of the counter process is kept at 10 mA cm
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investigated. Two experimental series were conducted, either
with a changing charge or discharge current. The data reveals
that a charge as well as a discharge current of 60 mA cm™> can
be applied until the achievable capacity drops below 80%,
which is remarkably high for a 0.1 M solution (see Fig. 3).

In the last step, the behavior of the electrolyte at the maximal
material concentration of 0.75 M was investigated in a long-
term stability test. The electrolyte was charged potentiostati-
cally and galvanostatically for 200 cycles at 32 °C and 200 cycles
at 60 °C, like described for the low concentration test but
without hold times. For an overview of all data of the high
concentration long-term stability test see Table 2 in the ESL¥
After an equilibration over ten cycles, during which the capacity
strongly fades, the decay rate stabilizes over the next 190 cycles.
Meanwhile, the coulombic efficiency (CE) rises until the 25%
cycle and then slowly decreases until the 50" cycle. This might
be caused by a longer equilibration time due to the maximal
electrolyte concentration. In the 0.1 M LiAQS solution for
comparison the CE is stable starting from the first cycle. After
the equilibration, the CE of the 0.75 M solutions stabilizes
above 99.95% and the capacity decay remains at around 0.2%
d™', confirming the findings for the 0.1 M solution. However,
the subsequent 200 cycles at 60 °C show a more pronounced
fade of 0.8% d ™', indicating a temperature- and concentration-
dependent decay mechanism. Nevertheless, the measured fade
rates are the lowest obtained so far for anolytes at 60 °C. In
comparison to the experiments at 32 °C, the CE fluctuates a bit
more but is on average also above 99.95%.

Nevertheless, only approximately 50% of the theoretical
capacity is addressable. We ascribe this behavior to the forma-
tion of quinhydrone complexes, formed from a fully charged,
doubly reduced anthrahydroquinone and an wuncharged
anthraquinone, formally consisting of two half charged, singly
reduced semiquinones.** This process would be enhanced by
an initial dimer formation, as shown for other 2,6-disubstituted
anthraquinones,**** and hydrogen bonds formed by the sulfa-
mic acid. The usage of lithium-based electrolytes might even
enhance this behavior due to its oxophilicity and the possibility
of complex formation based on lithium enolates.****

Conclusion

A new active material was synthesized starting from an inex-
pensive 2,6-diamino anthraquinone. While the reaction condi-
tions are mild and the reactants readily available, the yields are
high, enabling the possibility for a further commercialization.

The RFB performance of the active material was investigated
at low concentrations but under realistic stress conditions, like
hold times in vulnerable SOCs or elevated temperatures. The
LiAQS showed low decompositions rates of 0.2% d ™' at 32 °C,
which places it among the best performing AQ derivates with
the SPG directly linked to the AQ core. Furthermore, the
stability at 60 °C is comparable to that at 32 °C. Based on this
data, the LiAQS revealed, to the best of our knowledge, the
highest stability of an organic anolyte at 60 °C so far. With
regard to a possible commercialization, we also determined the
stability of the anolyte at the maximum concentration of 0.75 M.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The LiAQS showed similar decomposition rates at 32 °C as at
low concentration. However, the stability at 60 °C is slightly
decreased. Nevertheless, it is the best performing anolyte
material under the used conditions so far.

A further increase in stability might be achieved by the
introduction of a linker between the SPG and the anthraqui-
none core as the data by the group of Aziz suggests;*>* this is the
topic of ongoing investigations.
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