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Organic compounds present promising options for sustainable zinc battery electrodes. Nevertheless, the
electrochemical properties of current organic electrodes still lag behind those of their inorganic
counterparts. In this study, nitro groups were incorporated into pyrene-4, 5, 9, 10-tetraone (PTO),
resulting in an elevated discharge voltage due to their strong electron-withdrawing capabilities.
Additionally, a novel electrochemical conversion of nitro to azo groups was observed in aqueous
electrolytes. This transformation can be leveraged to enhance cycling stability, especially at low current
densities. The electrochemical process of nitro-PTO during discharge comprises three distinct steps.
Initially, two stages of H'/Zn®' coordination to the carbonyl groups led to a high capacity of
~284 mA h g! above 0.80 V—significantly higher than that of PTO. Further discharge irreversibly
transformed —-NO, groups into N=N bonds, resulting in exceptionally high specific capacities of

. approximately 695 mA h g~* and 905 mA h g for PTO decorated with single and double —~NO, groups,
iizzgﬁ% 1;8&%1%?;3(5;0220524 respectively. As —NO, was continuously reduced to N=N, the resultant azo-conjugated PTO (PTO-Azo)
demonstrated reversible H*/Zn?* co-storage and release during subsequent charge/discharge cycles,

DOI: 10.1039/d4sc08514k with improved capacity retention and higher kinetics. This work, therefore, elucidates the impact of nitro
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Introduction

Aqueous batteries are characterized by their inherently high
safety and facile manufacturing requirements."” Due to these
merits, the development of aqueous batteries for large-scale
energy storage applications has been revived in recent years.
Especially, aqueous zinc batteries (AZBs) have garnered signif-
icant interest for grid-scale energy storage due to their
numerous advantages, including low cost, low redox potential,
and the high energy density of zinc metal.’> Extensive research
has focused on addressing critical challenges such as zinc
dendrite formation,*® hydrogen evolution,*” and the
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group chemistry on the electrochemical performance of carbonyl-rich organic electrodes.
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development of high-performance cathode materials.
Among these, the cathode materials are particularly crucial, as
they often limit the device's energy density and cycling
stability."*** To date, a variety of inorganic cathode candidates,
such as Prussian blue analogs' and oxides based on vana-
dium™ and manganese,'**® have been explored. However, the
intercalation/conversion mechanisms in these materials
frequently result in irreversible structural damage or dissolu-
tion during discharge.’ Moreover, enhancements in energy
density are limited by the crystal lattice and structural stability
of these cathodes, which necessitate counterions of specific
sizes and valences to maintain compatibility with the crystal
structures.*

Recently, organic materials have garnered significant atten-
tion as they offer considerable promise as redox species,
attributed to their chemical diversity, abundance of earth-
sourced elements, and low crossover effects.*?'>* To date,
a variety of molecules have been explored as potential redox
species for AZB applications, such as quinone,>?* phena-
zine,””*® thianthrene,” and TEMPOs.** Among these, quinones
stand out owing to their potentially high specific capacity;
nevertheless, they are challenged by rapid capacity fading at low
current density or limited voltages, even with the aid of
molecular engineering.”**"** Extending the conjugation plane
and introducing high-electron withdrawing components have
been identified as efficient strategies to enhance stability and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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increase discharge voltage.””**** However, the incorporation of
additional inactive components can reduce the specific
capacity.®*® Therefore, the development of small joint segments
with electron withdrawing ability is highly desirable for con-
structing highly conjugated cathode materials for AZBs.

In this study, we found that pyrene-4, 5, 9, 10-tetraone (PTO),
when used as cathode materials for AZBs, exhibited fast
capacity decay at a current density of 0.2 A g~ '. By introducing
nitro groups, which serve as both active sites and high electron-
withdrawing moieties, we observed a significant increase in
discharge voltage as the number of nitro groups increased. This
modification also led to a substantial enhancement in the first
discharge capacity, rising from ~330 mA h g~' for PTO to
~695 mA h g~' for PTO with one nitro group (PTO-NO,), and
reaching ~905 mA h g~" for PTO with two nitro groups (PTO-
2NO,) when the voltage limit was set to 0.1 V, due to the four-
electron transfer reactions on each nitro group. Furthermore,
within the voltage range of 0.80 V to 1.5 V, the specific capacity
was boosted from ~115 mA h g for PTO to over 284 mAh g™*
for PTO-2NO,. Upon deep electroreduction, the nitro groups
were converted into azo with the neighboring nitro groups,
thereby extending the PTO segments and forming PTO-Azo
products. As a result, the specific capacity after 400 cycles was
significantly raised from only 107 mA h g ' (PTO) to
216 mA h g~ ' (PTO-Azo), facilitated by the implanted nitro
groups. Additionally, the conjugated PTO-Azo outperformed
pristine PTO in both the rate capability and cycle reliability.

Results and discussion

In this work, the electrochemical activity of nitro groups and
their effects on PTO in AZBs were investigated by implanting
varying numbers of nitro groups: without nitro group (PTO),
with a nitro group (PTO-NO,), and two nitro groups (PTO-2NO,)
(Fig. 1a). The structure and the bonding in these compounds
were characterized using X-ray diffraction (XRD) (Fig. S1t),
Fourier transform infrared (FTIR) spectra (Fig. S21) and nuclear
magnetic resonance (NMR) (Fig. S3-S51). The three samples
show crystalline structure pattern in XRD. The signal of
carbonyl groups located at ~1690 cm ™. Compared to pure PTO,
the presence of ~1530 and ~1350 cm™ " vibration peaks in the
FTIR spectrum certified the successful decoration of nitro
groups onto the skeleton of PTO. As displayed in Fig. S3,T two
peaks are visible in the "H NMR of PTO, with an integral area
ratio of 2/1, which is consistent with its symmetric structure.
The "H NMR spectrum of PTO-NO, shows three peaks, with two
of them having nearly equal integral areas at chemical shifts of
2.04 and 1.00 ppm (Fig. S4t), and the PTO-2NO, possesses one
peak (Fig. S5t), which matches with the symmetric structure of
PTO-NO, and PTO-2NO,, respectively.

The electrochemical performance of PTO, PTO-NO, and
PTO-2NO, was evaluated in coin cells using 2 M aqueous ZnSO,
electrolyte, with Zn metal as counter electrode. Fig. 1b displays
the electrochemical behaviors of these electrode materials
during the first discharge cycle. PTO delivered a long, sloping
plateau centered at 0.87 V, followed by a short and flat plateau at
0.66 V (Fig. 1b). After introducing a nitro group, the sloping

© 2025 The Author(s). Published by the Royal Society of Chemistry
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discharge profile was divided into three distinct stages,
centered at 1.05 V, 0.82 V and 0.67 V, respectively. The flat
plateau was also extended, resulting in a discharge capacity of
694.6 mA h g~ . Further incorporation of a second nitro group
lifted the discharge plateaus and contributed to an ultrahigh
discharge capacity of 904.8 mA h g~'. Similar to the galvano-
static charge-discharge (GCD) curves, the cyclic voltammetry
(CV) results for PTO reveal two primary reduction peaks at
~0.66 and ~1.0 V, corresponding to the reduction reaction of
carbonyl groups. In comparison, the PTO-NO, electrode
exhibits positively shifted peaks at 1.11/1.05 and 0.88 V, along
with the emergence of new peaks at 0.62 and 0.56 V during the
initial cathodic scan (Fig. 1c). Notably, these reduction peaks
associated with carbonyl groups shift to even higher potentials
(1.15/1.11 and 0.89 V) when the number of nitro groups is
doubled, confirming the electron-withdrawing ability of nitro
groups. The number of electron transfers was determined based
on the high capacities observed during the first discharge, as
exhibited in eqn (S1) and Table S1.1 Each nitro group contrib-
uted approximately four additional electrons to the transfer
capacity, likely due to the conversion of nitro groups to azo
groups.

To monitor the evolution of the functional groups, ex situ FT-
IR was conducted on the discharged products at different
stages. Upon the first discharge, the intensity of carbonyl
groups gradually reduced with the discharge voltage and dis-
appeared after being discharged to 0.8 V (Fig. 1d), signifying the
carbonyl groups in PTO-2NO, nearly fully converted to C-O
groups. Upon further discharge to 0.1 V, the nitro signals at
approximately 1350 and 1530 cm™ ' nearly disappeared, and
a new signal around 1450 cm™ " emerged, corresponding to the
stretching mode of azo groups.”” This indicates a trans-
formation of nitro groups into azo groups. It demonstrated that
the carbonyl groups were mainly responsible for energy storage
above 0.80 V in PTO-2NO,. X-ray photoelectron spectroscopy
(XPS) was subsequently performed to investigate the structural
evolution of nitro groups during the first discharge process. The
XPS spectra of N 1s revealed that N=N started to emerge around
0.85 V, and a small portion of N=N (399.8 eV) appeared upon
discharging to 0.80 V, due to the high electron-withdrawing
ability of nitro groups and the conjugated structure of PTO-
NO,. Further discharge (0.1 V) converts most of the nitro groups
into N=N groups (Fig. 1e). The PTO-2NO, electrode subjected
to multiple cycles was also characterized using FT-IR, with
results presented in Fig. S6.T The presence of N=N groups and
the absence of nitro groups clearly corroborated the electro-
chemical reduction of nitro to azo. The corresponding struc-
tures of discharged products are displayed in Fig. S7.f The
electrochemical reaction of nitro to azo was also observed in
various aqueous electrolytes when the solute was switched to
different zinc salts (Zn(CF5S03),, Zn(ClO,),, Zn(BF,),), as well as
MgSO, and Na,SO,, due to their similarly high discharge
capacities. Additional discharge profiles are presented in
Fig. $8-510.%

The high electron-withdrawing ability of nitro groups effec-
tively increased the discharge voltage, as evidenced by the
positively shifted reduction peaks from 1.0 V and 0.66 V to

Chem. Sci., 2025, 16, 3630-3637 | 3631
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(a) Molecular structures for PTO, PTO-NO,, and PTO-2NO,; (b) the discharge profiles of different cathode materials upon the first

discharge at 0.2 A g™%; (c) the cathodic spectra of different cathode materials; (d) FT-IR spectra of PTO-2NO electrode at different discharge
states; (e) N 1s XPS spectra of PTO-2NO, electrode at different discharge states.

1.15 V and 0.89 V (Fig. 1c), respectively. To further investigate
this electron-inductive effect, PTO-2NO, was selected as
a representative sample, and the cut-off voltages were set above
0.80 V and 0.85 V, respectively. For comparison, PTO and 2,7-
dibromopyrene-4,5,9,10-tetraone (PTO-2Br) were evaluated. As
illustrated in the first and second discharge profiles (Fig. S11a
and b¥), PTO delivered an average discharge voltage of 0.96 V
and a specific capacity of 114.6 mA h g " at 0.2 A g~ " within the
voltage range of 0.80-1.5 V. The introduction of electron-
withdrawing Br groups increased the discharge voltage to
1.07 V, achieving a discharge capacity of 136 mA h g~ " above
0.80 V. In sharp contrast, PTO-2NO, demonstrated a signifi-
cantly higher capacity, surpassing 284.2 mA h g~, along with
two distinct voltage plateaus at 1.15 and 1.05 V. However, the
introduction of nitro groups also increased the solubility of the
reduced product due to their hydrophilic nature, resulting in
a gradual decline in cycling stability, as shown in Fig. S11c.f The
slower degradation observed within the voltage range of 0.80-
1.5 V should be attributed to the partially conjugated structure
formed during the sequential conversion of nitro groups to azo
groups. The structural evolution during discharge was also
evaluated via O 1s XPS spectra at various stages. As illustrated in
Fig. S12, the C=O groups evolved into C-O-H upon

3632 | Chem. Sci,, 2025, 16, 3630-3637

discharging to 0.95 V, while O-Zn groups emerged with further
discharge to 0.85 V. Upon discharge to 0.80 V, all C=0 groups
were converted to C-O-H and O-Zn, with a ratio of 1.7, indi-
cating an initial coordination with H' ions followed by Zn**
coordination during the discharge process mediated by the
carbonyl groups.

To evaluate the impact of the azo-bridged structure on
electrochemical performance, the samples were cycled four
times within the voltage range of 0.1-1.5 V and were denoted as
2PTO-Azo and PTO-Azo, originating from PTO-NO, and PTO-
2NO,, respectively. The CV curves of PTO, 2PTO-Azo, and PTO-
Azo are shown in Fig. S13-S15.1 Notably, the two pairs of redox
peaks gradually converged as the number of nitro groups
increased, ultimately merging into a broadly single peak for
PTO-Azo. Correspondingly, the electrochemical behavior tran-
sitioned from being ion-dominated to being primarily
controlled by a pseudo-capacitive process, as evidenced by the
significant increase in b values from 0.5-0.59 to 0.80-0.98
(Fig. 2a). The effects of the azo-conjugated structure on cycling
stability were also assessed (Fig. S161 and 3b). Although the
PTO presents a higher discharge capacity in the initial 10 cycles
than both 2PTO-Azo and PTO-Azo, it experienced rapid capacity
fading and only retained a capacity of 107 mA h g~ " over 400

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The b values obtained from the CV curves for three different cathode materials; (b) the 400th cycle specific capacity of the three

cathode materials and their corresponding capacity retention at the 400th cycle; (c) the rate performance of PTO-Azo cathode, with PTO as the
comparison; (d) the average discharge voltages and the corresponding voltage difference between the average charge and discharge voltages
for the Zn||PTO and Zn||PTO-Azo cells; (e and f) cycling performance of PTO-Azoat 2 A g™ (e) and 5A g™ (f).

cycles. After introducing a single nitro group, the resulting
2PTO-Azo dimers enhanced the specific capacity to
186.5 mA h g~ after 400 cycles. Impressively, PTO-Azo main-
tained a specific capacity of 216.3 mA h g~ with a slow capacity
decay rate of 0.034% (Fig. 2b). The self-discharge performance
was also evaluated; the battery was first charged to 1.5 V, after
rested for 48 h, the battery was then discharged to 0.1 V. As
shown in Fig. S17,} a significant improvement in the coulombic
efficiency can be observed after the formation of azo bridges,
reflecting a much-enhanced durability. Similar cycling perfor-
mance was observed when the electrodes were cycled at
0.5 A g~ for 700 cycles (Fig. S187), with PTO-Azo demonstrating
superior capacity retention of 80.6%. Among the three samples,
PTO-Azo exhibited the best cycling stability and fastest kinetics.
Such excellent cycling durability of PTO-Azo at low current
density is superior to previously reported materials incorpo-
rating quinone units (Fig. S19f). Consequently, PTO-Azo was
further evaluated for its rate capability, with PTO serving as the
reference. As shown in Fig. 2c and S20,f PTO-Azo retained
a reversible capacity of 120 mA h g~' even when the current
density was increased to 10.0 A g, with nearly 100% capacity
recovery after the current density returned to 0.1 A g '. In

© 2025 The Author(s). Published by the Royal Society of Chemistry

contrast, PTO retained only 50 mA h g at 10 A g, with
a capacity retention of just 60% at 0.1 A g~ '. Furthermore, the
average discharge plateau of PTO-Azo at 0.1 A g~ was approx-
imately 0.8 V, higher than that of pure PTO (0.75 V). As the
current density increased, both cathodes exhibited a decrease in
average discharge voltage, with PTO-Azo showing a slower
decline compared to PTO (Fig. 2d). The rate performance also
surpasses that of most organic cathodes with quinone unit
structure for AZBs, including DTT,” C4Q,** TCBQ,*® C8Q,*
HqTp,* TAQ-BQ,* and PBQS,* as exhibited in Fig. S21.T These
results indicate that PTO-Azo possesses faster charge-discharge
behavior and a more stable structure. To further confirm these
findings, Zn||PTO-Azo cells were cycled at 2 and 5 A g~ " (Fig. 2e
and f). An initial capacity of 218.5 mA h g~ " and a retention rate
of 76% were obtained after 3000 cycles at a current density of
2Ag ' At5Ag ", the cell achieved a capacity of 138.4 mAh g™*
after 10 000 cycles, with a minimal decay rate of 0.00247% per
cycle (Fig. 2f).

To elucidate the enhanced rate capability of azo compounds,
electrochemical impedance spectroscopy (EIS) was employed to
measure the evolution of PTO and PTO-Azo electrodes during
charge/discharge cycling. As shown in Fig. 3a and b, since the

Chem. Sci., 2025, 16, 3630-3637 | 3633
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Fig. 3 (a) EIS curves of Zn||PTO-Azo cells at different states; (b) the corresponding charge transfer resistance; (c) EIS curves of Zn||PTO cells at

different states; (d) GITT curves of Zn||PTO-Azo battery; (e) the reaction resistance change and (f) ionic diffusion coefficient during the discharge
process of Zn||PTO-Azo and Zn||PTO coin cells at 0.2 A g~% (g) the ESP distributions for the PTO and PTO-Azo electrode materials; (h) illus-
trations of the energy levels along with the corresponding optimized molecular structures.

depressed semicircle represents the charge transfer resistance
(Rct), the PTO-Azo electrode witnessed a notable decrease from
approximately 647 Q to 183 Q after the first cycle, and further to
149 Q after four cycles. This reduction is attributed to the lower
impedance of the newly generated azo compound, which
accounts for the enhanced charge/discharge capability observed
in PTO-Azo. In contrast, the PTO electrode exhibited higher
interphase resistance, as illustrated in Fig. 3c. To further
investigate the interfacial reaction resistances at different
stages of charge and discharge, the galvanostatic intermittent
titration technique (GITT) was utilized. During testing,
a current pulse of 0.2 A g~ ' was applied for 2 min, as shown in
Fig. 3d and S22, followed by a relaxation period of 30 minutes.
The abrupt potential changes observed during GITT correspond

3634 | Chem. Sci,, 2025, 16, 3630-3637

to charge transfer and ohm resistance, while the gradual
potential changes are attributed to ion diffusion.** As displayed
in Fig. 3e, the derived reaction resistance in the PTO-Azo
cathode exhibited only a slight increase during the initial
discharge potential range (1.5-0.73 V) and a small rise towards
the end of the discharging stage (0.6-0.1 V). In comparison, the
PTO cathode demonstrated a significant increase in reaction
resistance across the discharge voltage ranges of 1.0-0.8 V and
0.7-0.1 V. Moreover, the reaction resistance of the PTO-Azo
cathode was approximately half that of the PTO cathode. The
ionic diffusion coefficient (D), calculated and displayed in
Fig. 3f, indicated much faster ion diffusion in PTO-Azo, further
confirming the significantly accelerated reaction kinetics after
the formation of azo-conjugated polymers. To understand the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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superior performance of PTO-Azo compared to PTO, first-
principles calculations were conducted to access the elec-
tronic properties of these materials. The molecular electrostatic
potential (ESP) of the PTO and azo-bridged PTO electrode
material is illustrated in Fig. 3g. The oxygen atoms (red regions),
which have a more negative ESP, exhibit higher electronega-
tivity, making them more likely to attract electrophilic cations
(Zn®* or H"), while the nitrogen and carbon atoms display
positive ESP (blue regions). This indicates that the carbonyl
groups act as the primary redox-active sites. Furthermore, the
energy levels, including the lowest unoccupied molecular
orbital (LUMO) and the highest occupied molecular orbital
(HOMO) were computed. As shown in Fig. 3h, the LUMO energy
level of the PTO-Azo molecule (—4.66 eV) is significantly lower
than that of PTO (—4.10 eV), suggesting that PTO-Azo has
a higher electron affinity and higher reduction potential, which
correlates with the elevated average discharge plateaus
observed in Fig. 2d. Additionally, the electrical conductivity of
the materials is indicated by the energy gap (E,) between HOMO
and LUMO, with smaller gaps suggesting better conductivity. As
anticipated, the gap in PTO-Azo (2.76 eV) is smaller than that of
PTO (3.47 eV), implying that PTO-Azo exhibits superior elec-
trical conductivity, facilitating rapid electron transmission and
exceptional reaction kinetics. This conclusion aligns well with
the observed results for reaction resistance and rate
performance.

To figure out the energy storage mechanism of the PTO-Azo
in aqueous ZnSO, solution, electrolytes containing only H'" and
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Zn** ions were prepared. PTO-Azo electrodes, disassembled
from the Zn||PTO-2NO, cell after four cycles, with the sample
characterized using XPS, recoverable C=O groups and firmly
stable N=N groups (Fig. S23t) certified the stable molecule
structure of PTO-Azo. The PTO-Azo electrodes were subse-
quently evaluated in an organic electrolyte (0.5 M Zn(CF5S053),
in acetonitrile, Zn(OTF),/ACN) and in a 0.5 M H,SO, electrolyte.
The CV curves in the organic zinc-ion electrolyte revealed a pair
of redox peaks that partially overlapped with those observed in
aqueous ZnSO, (Fig. 4a). In the strong acid electrolyte, the CV
curves displayed one pair of small peaks and one pair of sharp
peaks (Fig. 4b). After adjusting the CV curves obtained in H,SO,
to the same pH level as the ZnSO, solution (pH 4.45) using the
Nernst equation (eqn (S2) and (S3)7), it was observed that the
positions of the oxidation/reduction peaks partially overlapped
with those measured in 2 M ZnSO, (Fig. 4b). Moreover, the GCD
curves showed comparable specific capacities across the three
different electrolytes (Fig. S24 and S257%). FTIR and XPS analyses
were conducted to monitor the behavior of carbonyl groups.
The points indicated on the GCD curve in Fig. 4c represent the
states chosen for the ex situ tests. As shown in Fig. 4d, the
vibrational signals of carbonyl groups at ~1665 cm ™' gradually
weakened upon discharging to 0.1 V, indicating coordination
between C=0O motifs and Zn>'/H" ions. The O 1s spectra
(Fig. 4e) reveal that, during the discharge process, the intensity
of the C=O0 signal gradually diminishes, while signals corre-
sponding to C-O-H and C-O---Zn emerge at higher and lower
binding energy, respectively.**** Note that, the signal of C-O-H
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Fig. 4

5th cycle; (d) ex situ FT-IR spectra; (e) ex situ XPS spectra of O element;
element.
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Discharge states Binding Energy (eV)

(a and b) CV curves of PTO-Azo in different electrolytes; (c) discharge profile of PTO-Azo cathode with different discharge depths at the

(f) statistical chart of capacity contribution; (g) ex situ XPS spectra of N
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appears upon discharging to 1.0 V (B), and becomes quite
obvious after discharge to 0.9 V (C) and more pronounced upon
a further discharge, while the C-O---Zn signal emerges after
discharge to 0.9 V and becomes apparent after further
discharge. Quantitative analysis of the XPS data shows that, at
the initial discharge stages, H' contributes twice as much as
Zn*", highlighting a H'-dominated electrochemical process at
the early stage due to the faster kinetics of H'. Even after full
discharge, H" remains the predominant contributor at 53%,
compared to Zn>" at 47% (Fig. 4f). Additionally, the azo groups
exhibit a gradual shift of their peak to lower binding energies
(Fig. 4g) during the electron injection throughout the discharge
process. This shift is attributed to the enhanced electronic
delocalization resulting from the extended conjugation of the
azo bridging group.

Conclusions

In summary, the functionalization of PTO skeletons with nitro
groups, serving as both strong electron-withdrawing and active
moieties, led to significant improvements in specific capacity,
voltage plateaus, and cycling stability. Specifically, the two-
nitro-functionalized PTO exhibited a high specific capacity of
284.2 mA h g~ ' within a relatively high voltage range of 0.80-
1.5 V, a marked increase compared to the 114.6 mA h g™*
achieved by pure PTO. Additionally, the discharge voltage
plateaus were elevated to 1.15 and 1.05 V. When cycled within
a broader voltage range of 0.1-1.5 V, the specific capacity
increased from 330 mA h g~" to over ~695 mA h ¢~ and even
reached ~905 mA h g~ " with a higher number of nitro groups
per PTO skeleton. The nitro groups were found to undergo
irreversible reduction to azo groups during deep discharge
cycles, forming bridges that extend the conjugation of PTO
segments. This transformation not only prolonged the cycle
life but also enhanced electrochemical kinetics. Furthermore,
the charge-storage mechanism was revealed to involve the co-
storage of H" and Zn** ions, with H" as the predominant
contributor.
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