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Exploration of the High-Capacity Tetrahydroxybenzene
Materials for Organic Batteries

Klemen Pirnat,*®" Uro$ Javornik,® Nerea Casado,” Nicholas Ballard,” Jose Ignacio Santos,™
David Mecerreyes,”™ ¥ and Robert Dominko™® "

Polyphenol or multihydroxybenzene compounds show great
potential as electrode material for organic batteries. Among
them, 1,2,3,4-tetrahydroxybenezene is the best candidate as a
high-specific capacity material due to its potential to exchange
up to four electrons. To further corroborate this, we synthesized
a model compound and carry out electrochemical character-
ization. Quasi-reversible redox behavior, similar to other hydrox-
ybenzene materials, was obtained in an acidic aqueous electro-
lyte. The four electron exchange was further confirmed by

1. Introduction

Climate change and decreasing reserves of readily available and
low-cost fossil fuels are prompting our society to shift toward
renewable energy resources. With some investment, the
production of renewable energy can meet our needs, but this
production is time and location-dependent. This raises concerns
about the stability of the energy supply and consequently the
stability of the grid. The discrepancies between energy
production and demand on a daily to weekly basis can be
regulated with the help of intermediate storage. Currently, the
main energy storage solutions rely primarily on pumped
storage power plants, but this type of energy storage has a
relatively low energy density and requires a suitable geo-
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using reduced and oxidized model compounds, which showed
comparable electrochemical behavior. Additionally, we pre-
pared insoluble nano sized polymer based on poly(2,3,4,5-
tetrahydroxystyrene) which was used as a cathode material in
an organic battery. Initial results suggested that these tetrahyr-
oxybenzene polymers are very promising for proton batteries in
acidic aqueous electrolytes, whereas their performance in
lithium batteries is limited.

graphical configuration. Batteries offer an alternative with
significantly higher energy density and are expected to play an
increasingly important role in the future storage of electrical
energy.

The most important factors for the acceptance of batteries
for grid storage are price, sustainability, and durability. Li-ion
battery technology is becoming increasingly important in this
area, but its sustainability and scalability are questionable due
to the use of rare elements (Co, Ni, Li) with strong price
fluctuations. Alternatives to the current Li-ion battery technol-
ogy are under development, such as Li-S, Li—02, beyond-Li
technologies (like Na-ion, Mg and Al batteries) and various
metal — organic batteries. The metal-organic batteries are
particularly interesting because organic positive electrodes
have demonstrated reversible electrochemical performance
with lithium and other monovalent cations (Na,” K?) and
multivalent cations:B4 Mg,[s-ml Ca,[15-17] 718192820271 54 A | [29-33]
This could play a crucial role in the future if we want to develop
more sustainable batteries that are not dependent on critical
raw materials. Organic positive electrodes are attractive since
they can be produced from bio derived feedstock and organic
waste at low temperatures. This can have a major impact on
the reduced carbon footprint per kWh stored and improve their
sustainability

Currently, organic batteries compete with Li-ion technology
in terms of the gravimetric energy density (Wh/kg).?**" As their
research is still in its infancy, we can expect further improve-
ments. To increase the energy density of organic positive
materials, we have a limitation with the upper voltage which is
lower than 3.0 V vs. Li/Li* for n-type materials and 4.0 V vs. Li/
Li* for p-type materials. The n-type materials are neutral in the
oxidized state. After reduction, they become negatively charged
and bind positive Li* cations. As the Li* cations come from the
negative electrode, their concentration in the electrolyte
remains stable. On the other hand, p-type materials are neutral
in the reduced state and become positively charged after
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oxidation and bind anions from the electrolyte, causing their
concentration to fall during the charging process.*** On the
other hand, there is still room for improvement in the specific
capacity. Carbonyl compounds are currently the best candidates
and can theoretically achieve a specific capacity of up to 957
mAh/g for hexaketocyclohexane with six carbonyl groups.
Theoretically, six electrons can be reversibly involved in the
electrochemical reaction and form an aromatic benzene ring. In
the presence of protons, it can form hexahydroxybenzene,
while in the presence of Li* ions, it forms a Li salt. It has been
shown that hexaketocyclohexane can yield 800 mAh/g (84%
theoretical) in 0.3 M LiTFSI-[PY13][TFSI] electrolyte at 70 °C."* Li-
rhodizonate, a compound from the same family of materials as
hexahydroxybenzene, can deliver the practical capacity of 580
mAh/g (98% of theoretical 589 mAh/g) using 1M LiPF, in
ethylene carbonate and dimethyl carbonate (1:1 w/w) as an
electrolyte.” However, as these are small molecules, they all
have limited cycling stability due to dissolution in the electro-
lyte.

Aqueous electrolytes have several advantages over organic
electrolytes: they are more environmentally friendly, have a
higher ionic conductivity, and are non-flammable. The main
disadvantage of aqueous electrolytes is the limited stability
voltage window of water, which means a lower battery voltage
and energy density. Theoretically, this means that aqueous
batteries would be limited to an output voltage of only 1.23 V.
In reality, we can achieve higher voltages of 2.1V (over-
potential) or even 3.2 V (additives) in lead-acid batteries,*® but
this is still lower than organic electrolytes, which can offer
operating voltages of up to 5V. One of the advantages of
organic batteries is their compatibility with aqueous electro-
lytes. The redox potential of organic active materials is usually
between 2-4 vs. Li/Li* or —1V to 1V vs. SHE, which means that
they are mostly within the stability window of water. For this
reason, several publications have recently been published on
organic batteries with aqueous electrolytes (Table 1):

To obtain stable cycling, one approach is to prepare
polymers that are not soluble in electrolyte. For that, we need
to sacrifice at least one carbonyl/hydroxyl group on the
benzene ring to enable connection within the polymer chain.
The best candidate for this purpose is 1,2,3,4-tetrahydroxyben-
zene with a theoretical capacity of 755 mAh/g which can
exchange four electrons. To the best of our knowledge, only
two published works are showing 1,2,3,4-tetrahydroxybenzene
electrochemistry: as grafted on carbon electrode®™ and as
octahydroxytetraazapentacene (OHTAP)."*

In this work, we first analyse 1,2,3,4-tetrahydroxybenzene as
the best candidate among the different multi hydroxybenzene

Table 1. Overview of Organic batteries using Aqueous electrolytes.

Classic batteries Redox flow batteries

[47]

Active material is solid in electrode Active material in electrolyte

issolved™®
Dispersed®®"

Zn-Orga n ic[1 8,21,52-54,22-24,26,48-51]

All-organic*5-7

Organic-inorganic'
Proton-organic®**

47,58]
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molecules and examine the possibility of polymerization. First,
we show the electrochemical results of the model compounds
in three redox states (MH4 - fully reduced, MH2 - partially
reduced and M - oxidized). Based on these results, we can
confirm the four-electron reaction of the proposed 1,2,3,4-
tetrahydroxybenzene. Furthermore, we synthesize the insoluble
polymer nanoparticles based on poly(2,3,4,5-tetrahydroxystyr-
ene) or denoted as RPN 3c. We show that RPN 3c sample shows
a similar CV as the model compound MH2: good electro-
chemical activity in acidic water-based electrolytes, but low
activity in organic electrolytes with Li salt.

2. Results and Discussion

2.1. Analysis of Theoretical Capacity and Redox Behavior of
Hydroxybenzene Molecules

The theoretical capacities of different hydroxybenzene mole-
cules (Figure 1) were predicted by writing down the chemical
structures of hydroxybenzenes in different redox states (Ta-
ble S1 in Supporting info). For some redox states, we cannot
write down suitable structures, which means that these states
do not exist. Here are our conclusions:

- Electrons can be exchanged in pairs: 2, 4, or 6 electrons. The
odd number of electrons leads to unstable radical species
(phenol as an example).

- Only ortho and para positions allow reversible electron
exchange.

- 1,2,4,5-Tetrahydroxybenzene is an exception to these rules.
Although its hydroxyl groups are in para/ortho positions, the
structure only allows an oxidation reaction with 2 electrons.
This statement is supported by the literature reports on the
capacities obtained with 1,2,4,5-tetrahydroxybenzenes and
its derivatives. Table S2 shows various values of reversible
capacity ranging from 42 to 99% of the theoretical capacity
according to the 2-electron reaction.

2.2. Model Compounds

Model compounds prepared in three different oxidation states,
i.e. MH4 (fully reduced model compound with four protons),
MH2 (partially reduced model compound with two protons),
and M (an oxidized model compound in a form of dihydrate)
were used to prove four electron reaction for 1,2,3,4-tetrahy-
droxybenzene redox reaction (Figure 2a).

Model compounds were intentionally small molecules
(monomers) to simplify the synthesis, purification, and charac-
terization performed by NMR, IR, and high-resolution mass
spectrometry. MH2 was prepared in a two-step reaction.
Coenzyme Q, was alkylated using carboxylic acid (C,,H,5-COOH)
with potassium persulfate (K,S,0,)/silver nitrate (AgNO,) (Fig-
ure 2b). In the next step, it was deprotected by boron
tribromide (BBr;) to obtain MH2. MH4 was synthesized by the
reduction of MH2 with sodium dithionite. The oxidation of MH2
with 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) resulted in a
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Figure 1. All hydroxybenzene isomers from 1 to 6 hydroxy groups and their predicted theoretical capacity. Predicted redox reactions are listed in supporting

info in Table S1.

model compound M. More details about the synthesis and
characterization of MH4, MH2, and M are in the Supporting info.

Initially, we measured cyclovoltammetry (CV) of the model
MH2 compound in different electrolytes, based on 0.1 M LiTFSI
salt (measurement details in Supporting info). Ten different
solvents were tested (Figure 3a): acetonitrile (MeCN), dime-
thoxyethane (DME), 1,3-dioxolane (DOL), dimethyl carbonate
(DMCQ), propylene carbonate (PC), gamma-butyrolactone (GBL),
N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
methanol (MeOH) and water. Model compound MH2 showed
broad peaks in organic electrolytes with a large separation
between oxidation and reduction peaks. The best reversibility
was obtained in aqueous electrolyte indicated by two oxidation
peaks with the smallest separation (285 mV) and one sharp
reduction peak. CVs in organic electrolytes were measured with
Ag/Ag™ reference electrode (~0.54V vs. SHE) and potentials
were adjusted by ferrocene standard (0.624V vs. SHE)."¥
Ferrocene corrections were collected inside Table S3, second
column E,,, (Fc/Fc™). CVs in aqueous electrolytes were measured
with Ag/AgCl reference electrode with stable potential
+0.203 V vs. SHE.™™ Results in aqueous electrolytes are shifted
421 mV to the left for better comparison with organic electro-
lytes.

Figure 3b shows the CVs of the selected compounds in
acidic H" electrolytes. For aqueous electrolyte, 0.1 M HCIO, was
used. An anhydrous p-toluenesulfonic acid (PTSA) was used as a
source of H* ions for organic electrolytes. PTSA was chosen
because it is very acidic, dissolves well in organic solvents, and
is stable within a certain electrochemical window. The change
from the Li* to the H™ system changed the electrochemistry of
MH2 considerably:
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e Redox peaks shifted to higher potentials which was already
observed in the literature.**”!

e CV curves look more reversible, they have two oxidation and
one reduction peaks with lower peak separation. We
hypothesize the possibility that in Li* based organic electro-
lytes irreversible reactions occur, like insoluble salt formation
Different stabilization of neutral and charged redox species
has also a big influence on CV voltammograms. Better
solvation can make some redox states more stable (lower
energy). If the final state is stabilized more than initial one,
then reaction becomes thermodynamically more favourable
and reaction equlilibra shifts more to product. This can
therefore affect the thermodynamics. Better solvation of the
transition state means a lower activation energy and there-
fore a faster reaction. In this case, it affects the kinetics of the
redox reaction.

e In some cases, the addition of water was necessary to
maintain a stable CV (Figure S6). We observed that the
addition of water in PTSA-based electrolytes with high
resistance (Table S3), such as MeCN, DME, PC, and GBL (33.5
kQ-67 kQ), decreased the resistance after water addition (7.5
kQ-10.1 kQ). On the other hand, PTSA-based electrolytes
with low resistance, such as DMF, DMSO and MeOH (1 kQ-
0.17 kQ), worked well without traces of water.

¢ In a case of DOL, rapid exothermic polymerization of electro-
lyte occurred after addition of very acidic PTSA.

e In the case of DMC, even a 5% addition of water wasn't
sufficient to get stable CV cycles and to get low resistance.

From the above results, we can conclude that the electro-
chemistry of MH2 with H* is better than with Li* based
electrolytes. 0.1 M PTSA based electrolytes with sufficient

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 2. a) Scheme of four electron reactions from MH4 to M through intermediate MH2 in the presence of H* ion. b) Synthesis of model compounds MH2,

M, and MH4.

conductivity (DMF, DMSO, and MeOH) work well without traces
of water. In other cases, water is added to the organic
electrolytes to lower their resistance and enable a stable CV
measurement.

In all previous examples, we have seen two oxidation peaks
and only one reduction peak for the model compound MH2.
According to the reversible redox reaction, we would expect
two reduction peaks. Indeed, at very fast scan rates (40 V/s and
5V/s), we observed two reduction peaks when 0.1 M PTSA in
DMF electrolyte was used (Figure 4a). According to these
results, the reaction is reversible at very fast scan rates and then
gradually becomes quasi-reversible at lower rates. Another
explanation is that redox reaction MH4->MH?2 is faster than
MH2 -> M:

At slow rates 200 mV/s: All MH2 is oxidized to M. Then M is
reduced to MH4 in one step. Thus we see only one reduction
peak at —0.5 V vs. Fc/Fc™.

ChemeElectroChem 2025, 12, €202400550 (4 of 13)

At fast rates 40 V/s: MH2 is only partially oxidized to M. If
we compare surfaces under the peaks, we can confirm that the
ratio S2/S1 really decreases from 1.63 to 0.49 when we change
from slow to fast scan rate (Figure 4b and 4c). During reduction
we can see two reduction peaks (0.3V and —0.5V vs. Fc/Fc™).
First peak corresponds reduction of MH2 to MH4, and the
second one M to MH4.

We then compared the CV of MH2 in LiTFSI and HCIO,
aqueous electrolytes at a scan rate of 10 mV/s (Figure S1). In the
neutral LiTFSI electrolyte, the reduction peak at —0.526 V vs.
Ag/AgCl shrinks and shifts to lower values with cycling (Fig-
ure S1a). The oxidation peaks at —0.144V and 0.117 V vs. Ag/
AgCl almost disappear by the 25™ cycle. This indicates the
irreversible reactions that take place during reduction and
oxidation. On the other hand, compound MH2 in acidic 0.1 M
HCIO, electrolyte shows a quasi-reversible redox reaction with
two oxidation peaks at 0.119 and 0.404 V vs. Ag/AgCl and one
reduction peak at —0.399 V vs. Ag/AgCl (Figure S1b). A small
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Figure 3. CVs of model compound MH2 in a) 0.1 M LiTFSI based organic electrolytes vs. ferrocene reference. The inset shows CVs of aqueous electrolyte vs.
Ag/AgCl reference. b) 0.1 M PTSA based organic electrolytes and 0.1 M HCIO, based aqueous electrolyte. In some cases: (1) MeCN, PC, GBL 0.18 wt. % water
or ($2) DME 5 wt. % of water addition was needed to get stable CV. In some cases we were not able to get stable CVs: (£3) DOL polymerization and (+4) DMC
5 wt. % water not enough for stable CV. All CVs were measured at a scan rate of 50 mV/s.

shift in the peaks is present here, but it is probably just an
increase in resistance due to adsorption on the working
electrode. In the literature, we find similar behaviour with
catechols which only undergo reversible redox reactions in
acidic media (pH<4). Under neutral or basic conditions,
irreversible redox peaks appear in the CV of catechols which is
explained by complicated side reactions of the reactive radical
anion with catechol or electrolyte.®® All CV measurements in
0.1M LiTFSI (pH=6.8) and 0.1 M HCIO, (pH=1.0) were
measured within the stability window at the glassy carbon
electrode (GC). For 0.1 M LiTFSI, the measured stability window
was between —1.3V (H, evolution) and 1.1V versus Ag/AgCl
(O, evolution). At 0.1 M HCIO,, the measured lower stability
potential (H, evolution) fluctuated strongly between —1.1 and
—0.6 V vs. Ag/AgCl during the experiments. The high-voltage
stability potential (O, evolution) in 0.1 M HCIO, was 1.3V vs.
Ag/AgCl. Our measured stability values for the GC electrode are

ChemeElectroChem 2025, 12, €202400550 (5 of 13)

similar to those reported in the literature”™ and may vary

depending on the electrode cleaning procedure, pre-treatment,
electrolyte, etc.”>7®

After the successful chemical synthesis of MH4, MH2, and M,
we investigated whether they could be synthesized electro-
chemically from one to another. For this reason, we measured
the CVs of the other two model compounds M and MH4 in an
aqueous 0.1 M HCIO, electrolyte (Figure 5a). In the first scan of
the model compound M, there is no oxidation peak at ~0.4V
vs. Ag/AgCl as the compound is already oxidized. During
reduction, a peak at —0.361V with a shoulder at —0.440V is
observed followed by oxidation at 0.136 V vs. Ag/AgCl. In the
following cycles, the CV curve of M is similar to MH2 with some
differences. The reduction peak at —0.361V is converted into
—0.482 V. In addition, a small oxidation peak at 0.248V and a
reduction peak at 0.129 V appear during cycling. We are still
investigating appearance of this small peak and possible

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 4. a) CV of the model compound MH2 at different scan rates in 0.1 M PTSA in DMF electrolyte. At high scan rates, we can observe another reduction
peak. CV at b) 200 mV/s and c) 40 V/s. Surface areas of peaks were integrated and their values are written beside.

explanation could be a side reaction: formation of dimerization
product (dioxin) which was also mentioned in the
literature.””~"®

CV of the reduced compound MH4 is shown in Figure 5b.
Similar to the other two model compounds, MH4 exhibits one
reduction and two oxidation peaks. We observed some
degradation in the first scan, which can be observed as an
irreversible oxidation reaction with an unstable potential above
0.5V. In the next cycles, the third oxidation peak appears at
0.615V, which gradually disappears by the 10" cycle. The CV
curve of MH4 strongly resembles that of MH2 in later cycles.

We have found CV of MH4 rather confusing. This experi-
ment was performed in a three electrode beaker cell, where a
small amount of MH4 (less than 0.1 mM) was dissolved in 0.1 M
HCIO, electrolyte, and working electrode (WE) was a glassy
carbon. In this setup even small amounts of oxygen can
interfere and can cause additional peaks. Additionally since we
are dealing with multi-electron processes coupled with chem-
ical reactions, the exact redox mechanism is much more
complex than this simplified reaction M MH2 MH4. These
additional minor peaks could be secondary reactions between
reduced MH2 or MH4 formed on the electrode surface and M in
the bulk electrolyte and are difficult to explain. Another
problem can be also different adsorption of redox active species
on WE during CV experiment: some can adsorb stronger and
can result in much stronger CV curve, even if their concen-
tration in electrolyte is negligible.

ChemeElectroChem 2025, 12, €202400550 (6 of 13)

To avoid most of these problems, MH4 was mixed with
conductive carbon and PVDF binder, and coated on the glassy
carbon electrode (WE). With this setup we have avoided
secondary reactions in vicinity of electrode and different
adsorption. Figure below (Figure 5c) shows CV response of MH4
on electrode where we don't notice appearance additional
oxidation peaks.

Figure 6 compares the electrochemical response for all three
model compounds M, MH2 and MH4. The electrochemical
behaviour is similar and the majority of the electrochemical
activity for all three compounds measured is based on two
oxidation peaks at ~0.13 V and ~0.42 V and a reduction peak at
~—0.43 V vs Ag/AgCl. The observed similarities indicate that all
three compounds can be electrochemically converted into
another. Considering that the change of oxidation state from
MH to MH4 requires 4 electrons, we have indirect evidence that
1,2,3,4-hydroxy benzene or its oxidized forms can quasi-
reversibly exchange 4 electrons and could therefore be a
promising redox centre for future high-energy organic batteries.
The four-electron redox reaction has been demonstrated in
acidic aqueous media and could therefore be used for proton
batteries.

We have conducted two more experiments to indirectly
confirm four different redox reactions (Figure 6b, reactions 1)-
4)):

1) Limiting cut-off potential: If we limit oxidation potential to

0.3 V vs. Ag/AgCl, only reduction 4) and no 3) is observed.
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Figure 5. CV of a) oxidized compound M and b) reduced MH4 compound, dissolved in aqueous 0.1 M HCIO, at 10 mV/s. ¢) MH4 was applied directly on

working electrode (not in solution).

2) Protected derivative MeO-MH2: As—OMe groups are elec-
trochemically inactive, only MeO-MH2/MeO-MH4 redox
reaction is possible. This is in agreement with CV, where we
can only observe one oxidation 1') without oxidation 2) and
one reduction 4'). As MeO-MH2 is closely related to MH2
also E1/2 redox potentials are very similar 112 mV and
208 mV vs. Ag/AgCl.

2.3. Polymer Poly(2,3,4,5-tetrahydroxystyrene)

The model compounds MH2, MH4 and M have a high solubility
and cannot be used for electrodes with a high solids content.
For this reason, we have developed Redox-active Polymer
Nanoparticles based on 99 wt% poly(2,3,4,5-tetrahydroxystyr-
ene) cross-linked with 1 wt% divinylbenzene, with the abbrevia-
tion RPN 3c (Figure 7 and Figure 8a). The crosslinking was used
to prevent the solubility of the polymer and to improve cycling
stability. We have additionally measured solubility of RPN 3c
and MH2 in five electrolytes (Table S4). We can see that polymer
RPN3 was insoluble (<1 mg/mL) in all measured electrolytes.
Monomeric MH2 was insoluble only in aqueous electrolyte, but
soluble organic electrolytes (13-200 mg/mL).

The linear polymer 2c was prepared by emulsion polymer-
ization of the monomer 2,3,4,5-tetramethoxystyrene (1a). The
copolymer RPN 2c was prepared by crosslinking with 1 wt.%

ChemeElectroChem 2025, 12, €202400550 (7 of 13)

divinylbenzene. The second step was deprotection with BBr3,
resulting in linear 3c or crosslinked RPN 3c. The linear polymer
3c was mainly used for characterization and the cross-linked
RPN 3c was used for battery applications due to its insolubility.
The polymers were characterized by IR spectroscopy, GPC, NMR,
IR, TGA, DSC, SEM and DLS (see Figures S2-S5). The synthesis
approach was adopted from the recent report on the synthesis
of polycatechol nanoparticles.””

The particle size of active material is an important factor in
Li batteries. Short diffusion paths for Li*™ ions in small particles
and particles that are electronically well-contacted with the
current collector are required for the optimal operation of the
battery. To reach this goal we used the emulsion polymerization
technique which resulted in very small 40 nm-sized nano-
particles RPN 3c as was demonstrated by SEM images (Figure 8a
and Figure S5). Another important factor is the swelling of
polymers inside electrolyte. In this way electrolyte can directly
penetrate between polymer chains and greatly enhance ion
transport - as it was shown recently.™™

Due to the insolubility of RPN 3¢, we moved from solution
electrochemistry to electrodes where a thin layer of RPN 3c,
mixed with conductive carbon and PVDF binder was coated on
the glassy carbon discs (see Supporting info). The electro-
chemical characterization of RPN 3c was performed in three
different electrolytes: 0.1 M HCIO, in water, 0.1 M LiTFSI in
water, and 0.1 M LiTFSI in acetonitrile using CV at a scan rate of
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10 mV/s (Figure 8b). The acidic aqueous electrolyte shows the
highest electrochemical activity. In this electrolyte, the redox
peaks are well separated and shifted to higher potentials
compared to the aqueous 0.1 M LiTFSI electrolyte. The electro-
chemical characterization of 0.1 M LiTFSI in an acetonitrile-
based electrolyte shows a low redox activity. The results

ChemeElectroChem 2025, 12, €202400550 (8 of 13)

obtained with the RPN 3 C polymer are consistent with the
observations made with the model compound MH2.

Figure 8c compares the CV responses of the RPN 3c polymer
and the model compound MH2 in an aqueous 0.1 M HCIO,
electrolyte at a scan rate of 10 mV/s, measured in the three-
electrode cell. We can see that the CV shapes for both materials
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are very close to each other, with two oxidation peaks and one
reduction peak. The peaks of RPN 3c (0.261, 0.453, and
—0.281V vs. Ag/AgCl) are shifted to higher potentials, which
can be explained by the absence of the electron-donating
methyl group present in MH2. Electron-donating groups
increase the energy of the LUMO orbital and thus lower its
redox potential.®'#¥

Finally, the electrochemical activity of RPN 3c polymer was
checked in Li-battery. Two different binders were used for the
preparation of RPN 3c electrodes: poly(tetrafluoroethylene) or
PTFE and poly(vinylidene fluoride) or PVDF with the latter
showing a better performance (Figure S7). The RPN 3c polymer
was used as the positive electrode and it was coupled with
metallic lithium as the negative electrode. The electrochemical
characteristics were tested in three different electrolytes 1M
LiTFSI-based electrolytes: 1,3-dioxolane + 1,2-dimethoxyethane
(DOL+DME), gamma-butyrolactone (GBL), and propylene
carbonate (PC). The obtained results were compared with the
electrochemical activity of RPN 3c polymer in 1M LiPFq in
ethylene carbonate 4 diethyl carbonate (EC+DEC) electrolyte.
More details are given in the Sl file. The best specific capacities
were obtained in the DOL+ DME electrolyte. The material can
deliver a specific capacity of 111 mAh/g in the second cycle.
The capacity drops to 34 mAh/g after 50 cycles (Figure 9a).

ChemeElectroChem 2025, 12, €202400550 (9 of 13)

Initial capacities of 55, 48 and 37 mAh/g were achieved in GBL,
EC+ DEC and PC electrolytes, respectively, dropping to around
27-22 mAh/g after 50 cycles (Figure 9a). Even the highest
measured specific capacity of 111 mAh/g corresponds to only
18% of the theoretical capacity (631 mAh/g for RPN 3c
material). This low capacity can be explained by the low
electrochemical activity in organic electrolytes, as already
observed for the model compound MH2.

The Coulombic efficiency (CE) was calculated as the ratio
between the capacity obtained during the reduction and
oxidation processes, which was above 100% for all tested
electrolytes in the first cycle. This is most likely related to
additional irreversible reactions in the first (formation) cycle.
Thereafter, CE stabilizes between 97 and 100% for the electro-
lytes EC+ DEC, GBL and PC. For the DOL + DME electrolyte, the
Coulombic efficiency dropped to 61% in the 5th cycle and then
slowly stabilized at 90-92% after 25 cycles. The reason for this
low efficiency is the low oxidation stability of this electrolyte
above 3.5V compared to Li/Li+. Cycling in the narrow voltage
window between 1.5 and 3.5V vs. Li/Li+ enables a Coulomb
efficiency of almost 100, but the capacity achieved is only 65
mAh/g (Figure S8).

The additional information that can be derived from the
galvanostatic curves is a differentiation between redox activity
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and pseudocapacitance which can be observed from the
derivative curves dQ/dE (Figure 9b and Figure S9). For instance,
in 2™ cycle, we can see an oxidation peak at 3.3V and small
reduction peaks at 2.3-2.5V in all tested electrolytes. In DOL +
DME oxidation peak at 2.23V is visible in the 5™ cycle
(Figure 9b). In other electrolytes oxidation peaks at 2.66-2.78 V
and reduction peaks at 3.14-3.18 V could be observed (Fig-
ure S9). All these peaks disappear during cycling leaving an
almost flat curve after 50 cycles. These observations indicate
there is redox activity in the starting cycles which is lost in the
first 50 cycles. After 50 cycles remaining capacity is mostly
attributed to the pseudo-capacitive behavior of carbon black.

The low electrochemical performance of the RPN 3c
cathode in a Li battery is related to the fact that the non-protic
electrolytes can be combined with metallic lithium. Therefore,
we decided to test the model compound MH2 and RPN 3c in a
Zn battery where the electrolyte is a slightly acidic aqueous
solution of ZnSO, (pH=4.7). We first performed CV to
determine the potentials of the redox peaks and the electro-
chemical stability window, followed by galvanostatic cycling to
determine the capacity stability. Similar to the Li battery system,
the electrodes with PVdF binder performed better than those
made of PTFE (Figure S10, in Sl). Further characterization with
cyclic voltammetry shows that the MH2 cathode in the Zn
battery has two oxidation peaks at 1.33V and 1.50V vs. Zn/
Zn** and two reduction peaks at 0.76 V and 0.39 V vs. Zn/Zn*".
There are also two minor reduction peaks at 0.99 V and 0.57 V
vs. Zn/Zn*" (Figure 10a and 10b). In the 2™ cycle, four oxidation
peaks appear at 1.10V, 1.25V, 1.38V, and 1.55 V as well as four
reduction peaks (two of which are minor). The intensity of the
peaks decreases rapidly with the cycles and after 10 cycles we
can usually only see a flat pseudo-capacitive CV curve.

The CV of the polymer RPN 3c has a large oxidation peak at
1.47 V against Zn/Zn** and two small reduction peaks at 0.80 V
and 0.42V (Figure 10c and 10d). The intensity of the peaks
decreases in the following ten cycles. The oxidation peak shifts
downwards to 1.16 V against Zn/Zn”>*. Two reduction peaks are
replaced by a peak at a higher potential of 1.10 V.

ChemeElectroChem 2025, 12, €202400550 (10 of 13)

The electrochemical characterization of the MH2 sample in
the galvanostatic cycling modes shows a long plateau at 1.20 V
and one at 1.54V vs. Zn/Zn’* (Figure 11a) during the first
oxidation (charge). During the first discharge, two plateaus at
0.80V and 0.43V are obtained. In later cycles, we have two
charge plateaus at 1.10 and 145V vs. Zn/Zn**. During
discharge, we have two plateaus at 0.73V and 0.41V vs. Zn/
Zn>* (Figure 11b). Similar to CV results redox plateaus quickly
disappear with cycles and after 30 cycles the electrochemical
curve resembles the pseudo-capacitive behavior.

During charge, RPN 3c has a long plateau at a potential
1.38 V vs. Zn/Zn*" (Figure 11c). Later charging cycles show no
visible plateaus and are more inclined with an average of 1.33V
vs. Zn/Zn**. But at the 30" cycle charge plateau at 1.15V
becomes apparent. During discharge, there are no specific
plateaus and the average potential is 0.63 V.

If we compare the cycling of the two materials, we can see
that MH2 has a high initial capacity of 118 mAh/g which drops
sharply to 12 mAh/g after 10 cycles and then a slow drop to 10
mAh/g after 26 cycles (Figure 11d). RPN 3¢, on the other hand,
has initial capacity 52 mAh/g and a more steady drop to 19
mAh/g after 10 cycles and to 14 mAh/g after 30 cycles. The
Coulombic efficiency of MH2 is only 32% in the first cycle due
to the very large charge plateau. It then rises rapidly to 95%
after 10 cycles. In later cycles, it slowly stabilizes at around 97 %.
The polymer RPN 3c has 95% in the first cycle, then falls to
79% in the next two cycles. Later it gradually increases to 91 %
in 12 cycles and then to 94.4% in 26 cycles. It is unclear why
MH2 has a higher efficiency than RPN 3c after the 3th cycle.
However, we have to keep in mind that cycling window 0.3 to
1.6V vs. Zn/Zn*" is already outside the theoretical stability of
water: H, evolution should be in theory at 0.48 vs. Zn/Zn**
(PH=4.7, Eypn—4a7=—0.28V vs SHE) and O, evolution should
be at 1.71 vs. Zn/Zn*" (pH=4.7, eopn_a7=0.95 vs. SHE). It is
possible that RPN 3c is more catalyzing O, evolution and/or less
H, evolution than MH2 and thus oxidation (charging) is slightly
extended and the efficiency is lower.

From the above results, we can conclude that both MH2
and the polymer RPN 3c were electrochemically active in the Zn
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Figure 10. CV of Zn-organic battery at a scan rate 0.1 mV/s: a) and b) compound MH2, c) and d) polymer RPN 3c were used as positive electrode materials. In

all cases, PVDF electrodes were used.

battery. It seems that the polymerization somehow improved
the cycling stability, but on the other hand, worsened the
utilization of the material — probably due to the limited ionic
and/or electronic transport within the RPN 3c polymer.

3. Conclusions

In this work, we propose 1,2,3,4-tetrahydroxybenzene as a
suitable candidate from the family of hydroxybenzene or
polyphenol compounds. To test the electrochemical activity
and stability, we prepared three model compounds: MH4, MH2,
a partially oxidized MH4, and M, a fully oxidized MH4. All three
model compounds showed similar CV signals with one
reduction and two oxidation peaks in 0.1 M HCIO4 electrolyte.
This result supports our hypothesis of a quasi-reversible 4-
electron exchange. The electrochemical performance of MH2
was better in proton-containing electrolytes than in lithium-
containing ones. In organic electrolytes, PTSA was successfully
used as a proton source: DMF, DMSO and MeOH worked well
with anhydrous PTSA and other solvents required traces of
water.

In the second part, we prepared insoluble redox-active
polymer nanoparticles RPN 3¢, based on poly(2,3,4,5-tetrahy-
droxystyrene), which can be used as active material in the
battery. The electrochemistry of these nanoparticles is very
similar to the electrochemistry of the model compound MH2

ChemeElectroChem 2025, 12, €202400550 (11 of 13)

observed in a water-based electrolyte with 0.1 M HCIO, salt. The
polymer was tested in a lithium battery with four different
organic electrolytes, but the electroactivity in the tested
environments was very low.

MH2 and RPN 3c were tested in a Zn battery using a slightly
acidic aqueous solution. Both materials showed reversible
electrochemistry. As expected, the RPN 3c polymer was more
stable than MH2. However, the initial capacity of 52 mAh/g is
only 8% of the theoretical 631 mAh/g.

Through designed experiments with different modeled
compounds tested in different electrolytes, we confirmed the
four-electron exchange reaction. The low utilization of the
polymer could be improved in the future by optimizing the
chemical structure (copolymers) and optimizing the electrodes.
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