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Organic materials offer great potential as electrodes for batteries due to their high theoretical capacity,
flexible structural design, and easily accessible materials. However, one significant drawback of organic
electrode materials is their tendency to dissolve in the electrolyte. Resazurin sodium salt (RSS) has
demonstrated remarkable charge/discharge performance characterized by a voltage plateau and high
capacity when utilized as a cathode in aqueous zinc-ion batteries (AZIBs). Unfortunately, the solubility of
RSS as a sodium salt continues to pose challenges in AZIBs. In this study, we introduce an RSS-
containing organic compound, triresazurin-triazine (TRT), with a porous structure prepared by
a desalinization method from the RSS and 2,4,6-trichloro-1,3,5-triazine (TCT). This process retained

. 4 5th July 2023 active groups (carbonyl and nitroxide radical) while generating a highly conjugated structure, which not
eceived 5th July L . L . . L .
Accepted 2nd August 2023 only inhibits the dissolution in the electrolyte, but also improves the electrical conductivity, enabling TRT

to have excellent electrochemical properties. When evaluated as a cathode for AZIBs, TRT exhibits a high

DOI: 10.1039/d35c03435f reversible capacity of 180 mA h g™, exceptional rate performance (78 mA h g~ under 2 A g73), and
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Introduction

With the rapid development of electric vehicles and grid storage
systems, along with the global concerns surrounding environ-
mental pollution and climate change, there is a growing
demand for energy storage solutions to align with sustainable
and environmentally friendly development.'™ Over the past few
decades, extensive research has been dedicated to the practical
applications of Li-ion batteries (LIBs) due to their high energy
and power density.*™ However, LIBs suffer from numerous
critical issues, such as the finite availability of lithium metal
resources and the hazardous and flammable nature of their
electrolytes.””™* Consequently, there has been growing interest
among researchers in safer rechargeable aqueous zinc-ion
batteries (AZIBs). Zinc, a metal abundant in the Earth's crust
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excellent cycling stability with 65 mA h gt at 500 mA g™t after 1000 cycles.

and stable in the air, offers a high theoretical specific capacity of
820 mA h g~ and a low redox potential (—0.76 V vs. SHE) when
utilized as an anode in aqueous batteries.">™* Aqueous electro-
Iytes offer improved safety and environmental friendliness
compared to organic electrolytes due to their non-flammability
properties and significantly lower cost.>*>*

In recent years, the design of cathode materials has played
a crucial role in determining the electrochemical performance
of AZIBs. Initially, the cathode materials for AZIBs were
predominantly inorganic compounds, such as manganese
(Mn)-based compounds*?” and vanadium (V)-based
compounds.”**® Despite their high capacity, these materials
encounter challenges, such as rapid capacity decay and poor
cycle performance, primarily due to unstable structure
issues.*"** Furthermore, inorganic electrode materials are often
accompanied by structural changes because of the insertion or
extraction of Zn>", which is also a drawback of using inorganic
materials.**** Organic electrode materials are mainly composed
of sustainable elements, for example, C, H, and O, and can be
derived from readily available biomass resources.**** Moreover,
organic electrode materials offer great design flexibility,
enabling the customization of physical properties and electro-
chemical performance.*** In addition, in organic materials for
AZ1Bs, the redox reaction primarily involves the rearrangement
of chemical bonds rather than the insertion or extraction of
Zn>*, thus mitigating the extensive structural changes
commonly observed in inorganic compounds.*
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Small-molecule organic materials usually show the advan-
tages of high activity and high capacity when acting as the
cathode of AZIBs. However, the significant challenges faced by
most small-molecule organic materials are their tendency to
dissolve easily in the electrolyte, poor conductivity, leading to
poor cycling performance, sluggish kinetics, and limited
stability.** Extensive research has been conducted to enhance
the cycle performance of organic electrode materials by refining
their molecular structure to tackle solubility issues. Various
approaches have been explored to improve battery perfor-
mance, including polymerization and salinization.***> None-
theless, it is essential to note that polymers with dense
structures can reduce the number of electroactive sites and
hinder ion transportation, resulting in a reduced capacity, as
well as poor cycling stability and rate capability. Thus,
designing a suitable molecular structure that overcomes the
limitations associated with polymers while effectively address-
ing solubility and conductivity concerns and preserving the
electrochemical activity of the material remains a significant
challenge.

Resazurin sodium salt (RSS) serves as a cathode for AZIBs,
displaying an exceptional charge/discharge plateau and a high
theoretical capacity. However, the capacity retention of RSS is
severely compromised due to solubility and low conductivity
issues. In this study, we have successfully synthesized a novel
small-molecule organic cathode called triresazurin-triazine
(TRT) through a simple synthesis method involving RSS and
2,4,6-trichloro-1,3,5-triazine (TCT). The formation of TRT allows
us to effectively address solubility concerns while preserving the
electrochemical activity of RSS and eliminating non-redox active
sites (Na). Furthermore, the highly conjugated structure and
insolubility of TRT contribute to improved electrical conduc-
tivity, superior specific capacity, extended cycle life, and
enhanced rate performance compared to RSS. This research
presents a promising strategy for mitigating solubility issues
while maintaining the electrochemical activity of small-
molecule organic materials, highlighting a right direction in
the development of organic electrode materials for AZIBs.

Experimental section
Synthesis of triresazurin-triazine (TRT)

To obtain the sample, a straightforward reaction was conducted
by adding resazurin sodium salt (301.2 mg, 1.2 mmol) and 2,4,6-
trichloro-1,3,5-triazine (55.2 mg, 0.3 mmol) to 80 ml of N,N-
dimethylformamide. The mixture was then heated at 160 °C for
24 hours under a nitrogen atmosphere. After cooling to room
temperature, the crude product was obtained through vacuum
filtration and subsequently washed with abundant deionized
water (DI water) to eliminate any excess reactants. Finally, the
product was dried under a vacuum at 80 °C for 12 hours,
forming the desired black solid.

Material characterization

A Fourier transform infrared spectrometer (FT-IR, Vertex80+-
Hyperion2000) was used to determine the chemical bonds and
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functional groups of TRT. The element content of the product
was analyzed using an element analyzer (Vario EL-3). Scanning
electron microscopy (SEM, Regulus 8230) was employed to
obtain SEM images for observing the morphology. The solu-
bility of TRT in the electrolyte was revealed through UV-vis
spectra (SPECORD 210). Thermal stability was studied using
thermogravimetric analysis (TGA, TG 209 F3 Tarsus) under an
air atmosphere. The surface adsorption properties of TRT were
analyzed using an ASAP-2460 surface area analyzer. The BET
test was conducted at 200 °C for degassing, then N, was used as
the protective gas, and the test was carried out under liquid
nitrogen. Electron paramagnetic resonance (EPR) spectra were
provided using an EPR200M. During the preparation of ex situ
test samples, the batteries were charged or discharged to reach
the desired potential. Afterward, the batteries were dis-
assembled, and the samples were thoroughly rinsed with
deionized water to remove any remaining electrolyte residues
from the surfaces.

Electrochemical measurements

The working electrodes were composed of active materials,
carbon black (Ketjen Black), and polyvinylidene fluoride (PVDF)
with a weight ratio of 6: 2.5 : 1.5. The mass loading of the active
material was about 1.0 mg cm 2. The coin-type cells (CR2032)
were assembled with the as-prepared material as a cathode, zinc
foil as an anode, and 2.0 M zinc sulphate (ZnSO,) as an elec-
trolyte. The electrochemical performance of the battery was
evaluated on a Chenhua electrochemical station and NEWARE
testing system (5 V/10 mA, Shenzhen, China). The voltage range
of the AZIB was 0.4-1.4 V.

Results and discussion

TRT was synthesized using a facile synthesis process, as illus-
trated in Fig. 1a. The structure and purity of the compounds were
verified through FTIR spectra and elemental analysis. The FT-IR
spectra depicted in Fig. 1b exhibit comparable absorption peaks
between TRT and the reactants (RSS and TCT), indicating that
the synthesized TRT largely retains the original structures of RSS
and TCT. The observed absorption bands at 1605/1570 cm™ " can
be attributed to the vibrational modes of carbonyl groups (C=
0).*® Furthermore, the peaks detected at 1497/1483 cm™ ' and
1270/1273 cm ™' can be assigned to triazine rings.**® The spec-
tral features located at 1354/1369 cm™ ' correspond to nitroxide
radicals (N-O"), while those found at 1109/1114 cm™" are asso-
ciated with C-O stretching.*” In comparison with RSS and TCT,
the absorption peak of O-Na was not observed in TRT,* and no
peak corresponding to C-Cl was detected in TRT.

These findings strongly indicate the successful synthesis of
TRT using a simple synthesis process, as illustrated in Fig. 1a.
Fig. 1c presents the elemental analysis result of TRT, showing
that C accounts for 60.02%, N accounts for 10.57%, and H
accounts for 2.97%, which are close to their theoretical values
(C, 61.42%; N, 11.02%; and H, 2.36%).

UV-vis spectrum analysis was carried out to further confirm
the solubility of RSS and TRT in electrolytes. The UV spectra

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Synthesis procedure of TRT. (b) FT-IR spectra of RSS, TCT,
and TRT. (c) Elemental analysis result of TRT. (d) The comparison of
UV-vis spectra of RSS and TRT in the electrolyte (2 M ZnSQy,). (e)
Thermogravimetric analysis of RSS and TRT.

(Fig. 1d) of TRT in electrolyte and bare electrolyte exhibit
significant overlap. In contrast, the electrolyte containing RSS
displays a distinct peak at 575 nm, proving that RSS is largely
dissolved, while TRT remains insoluble. In addition, the
thermal stability of RSS and TRT was investigated via ther-
mogravimetric analysis (TGA). Fig. le demonstrates the
decomposition behavior of both RSS and TRT. RSS started
decomposing at around 300 °C, whereas TRT exhibited higher
thermal stability, with decomposition occurring at approxi-
mately 350 °C, indicating superior thermal stability. Addition-
ally, RSS was found to remain partially undecomposed even at
a temperature of approximately 630 °C due to the presence of
sodium. The sodium in RSS reacted with the surrounding air,
forming sodium-containing compounds. In contrast, TRT
underwent nearly complete thermal decomposition, indicating
the absence of inactive sodium within its structure. This
observation further supports the successful synthesis of TRT.
Detailed morphology and elemental composition informa-
tion were acquired using scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDS). Fig. Siat
illustrates the cross-linked sheet structure of RSS, whereas the
SEM image in Fig. S1bt depicts the porous and layered stacked
three-dimensional architecture of TRT. These pores can act as
pathways for Zn ions, enhancing the efficiency of electron and
ion transportation. The energy-dispersive X-ray spectroscopy
(EDS) mapping results in Fig. S21 demonstrate the uniform
distribution of the key elements, such as carbon (pink),
nitrogen (blue), and oxygen (red) within TRT. The nitrogen
adsorption method was employed to examine the porous
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structure of TRT, and the absorption-desorption isotherms at
77 K are presented in Fig. S3.f These isotherms indicate an
average pore size of 3.2 nm, classifying TRT as a mesoporous
material. Furthermore, TRT exhibits a specific surface area of
4.0 m?* g~', which is advantageous for substantial zinc ion
storage owing to its large aperture and high specific surface
area.

Additionally, a two-probe technique was applied to measure
the electronic conductivities of the pressed samples (RSS and
TRT) at room temperature (Fig. S41). The conductivity of TRT
was measured to be 8.29 x 10~ ® S m ™', which is higher than
that of RSS (2.53 x 107° S m™ ). The result demonstrates that
the highly conjugated structure of TRT can facilitate the
improvement of electronic conductivity.

Furthermore, density functional theory (DFT) calculations
enabled a deeper comprehension of the molecular structure-
property relationship concerning the organic cathode, as illus-
trated in Fig. 2a and b.** The calculated highest occupied
molecular orbital-lowest unoccupied molecular orbital
(HOMO-LUMO) gaps for the optimized molecule models are
0.678 eV (RSS, Fig. 2a) and 0.517 eV (TRT, Fig. 2b), respectively.
The narrower energy gap of TRT contributes to its superior
electronic conductivity for electrochemical zinc storage.
Furthermore, the significantly increased density of states (DOS)
of TRT crossing the Fermi level (Fig. S51) will facilitate charge
transfer, indicating an enhanced electronic conductivity.>

To assess the electrochemical performance, coin-type cells
were constructed using the prepared electrode as the cathode,
zinc foil as the anode, and a 2.0 M ZnSO, electrolyte. Fig. 2c and
d depict the cyclic voltammetry (CV) curves of TRT and RSS,
respectively. During the initial scan, a reduction peak was
observed at 0.49 V, followed by an oxidation peak at 0.89 V. In
the second cycle, two reduction peaks were detected, and
subsequent scans revealed the merging of the two reduction
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Fig.2 Theoretical simulations of RSS and TRT. Calculated HOMO and
LUMO of (a) RSS and (b) TRT. CV curves of (c) TRT and (d) RSS under 0.1
mvV s,
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peaks at 0.68 V, while the oxidation peak shifted to 0.90 V. The
variation in the redox peaks between the first two cycles and the
subsequent cycles can be attributed to an activated process
during battery operation. As the number of cycles increased, the
redox peaks remained consistent, and the CV curves nearly
overlapped, indicating excellent cycle stability and high
reversibility. In the case of RSS, the CV profiles displayed
a reduction peak at 0.70 V in the first cycle, while an oxidation
peak was observed at 0.91 V. In subsequent sweeps, the reduc-
tion peaks split into two parts (at 0.66 V and 0.70 V), and the
oxidation peaks did not exhibit significant shifts.

Fig. 3a illustrates the cycling ability of TRT at a current
density of 100 mA g ', demonstrating that the specific
discharge capacity remains at 110 mA h g~* (with a coulombic
efficiency of 99.5%) after 100 cycles. The similarity of the
charge/discharge plateau between TRT and RSS in Fig. 3b
suggests that the active sites of RSS were well-preserved.
Besides, the charge/discharge plateau of TRT is observed at
0.90 V/0.68 V, respectively, which is consistent with the results
of CV analysis. It can be observed that TRT maintains its orig-
inal charge/discharge plateau even after undergoing 100 cycles,
and the specific discharge capacity of TRT was demonstrated to
be more than twice that of RSS after 100 cycles, indicating the
highly conjugated structure of TRT not only inhibits the
dissolution in the electrolyte but also improves the electrical
conductivity. The TRT//Zn battery was subjected to various
current densities ranging from 0.1 to 2.0 A g~ for investigation.
As illustrated in Fig. 3c, the discharge capacities were observed
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Fig. 3 Electrochemical tests. (a) Cycling performance of TRT and RSS
at a current density of 0.1 A g% and (b) corresponding charge/
discharge profiles at different cycles. (c) Rate performances of TRT and
RSS. (d) The comparison of charge/discharge profiles of TRT and RSS
at different current densities from 0.1 to 2.0 A g~*. (e) Long-term
cyclability of TRT at a current density of 500 mA g~ for 1000 cycles.
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to be 170, 128, 105, 90, 83, and 78 mA h g~ * at current densities
of 0.1, 0.2, 0.5, 1.0, 1.5, and 2.0 A g '. Meanwhile, Fig. 3d
illustrates the charge/discharge curves of TRT and RSS at
various current densities. Notably, the electrochemical plateau
is almost absent in the high current density charge/discharge
curve of RSS, while TRT exhibits obvious charge/discharge
plateaus even at 2.0 A g '. The conjugated and porous struc-
ture of TRT facilitates electron and ion transport, which may
account for its excellent rate performance. Furthermore, to
assess the stability of TRT, long-term cyclability was investi-
gated at a high current density of 500 mA g " (Fig. 3e). After
1000 cycles, TRT maintained a discharge capacity of approxi-
mately 65 mA h g with an average coulombic efficiency of
99.8%, indicating exceptional cycling stability. Conversely, RSS
only retained a discharge capacity of around 60 mA h g™ after
just 65 cycles. Although introducing a triazine ring structure will
increase molecular weight (M,,), thus leading to a reduction of
capacity, more importantly, the triazine ring has an abundance
of nitrogen element and a highly conjugated structure. Intro-
ducing triazine rings in TRT can significantly increase electron
delocalization, enhance the degree of conjugation and inhibit
the dissolution in aqueous electrolyte, improving electrical
conductivity and cycle performance.

To conduct a comprehensive investigation into the storage
kinetics of Zn**, cyclic voltammetry (CV) curves were collected
under varying scan rates ranging from 0.1 mVs~' to 2.0 mV s,
as shown in Fig. 4a and c. The shapes of the redox peaks for
both RSS and TRT remain consistent with increasing scan rates,
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curves of the TRT electrode and (f) corresponding Zn?* diffusion
coefficients.
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indicating excellent cycle stability and high reversibility.
However, as the scan rates increase, the reduction peak poten-
tial decreases while the oxidation peak shifts to a higher
potential. The analysis between capacitive behavior and
diffusion-controlled processes relies on the two following
equations:

i=a’ (1)

log(i) = blog(v) + log(a) (2)

Eqn (1) depicts the functional correlation between scan rate
(v) and current (7), while the b value serves as a distinguishing
factor for the capacity storage mechanism. Eqn (2) is derived
from a logarithmic transformation of eqn (1). Upon examining
eqn (2), it is evident that a linear correlation exists between log i
and logv, where the slope represents the value of b. When b is
close to 0.5, diffusion control governs the electrochemical
behaviour. Conversely, when capacitive control dominates,
b approaches a value of 1.*° Fig. 4b and d depict the log i vs. log v
plots, with TRT exhibiting the b values of 0.6 and 0.8, indicating
a cathode dynamic that encompasses both capacitive behaviour
and diffusion-controlled processes. In contrast, RSS displays
the b values of 0.5 and 0.6, suggesting that diffusion control
dominates its cathode dynamics.

Fig. S6af presents the electrochemical impedance spectros-
copy (EIS) measurements employed to examine the material's
electrochemical performance.> The semicircle diameter in the
Nyquist plots represents charge transfer resistance (R.).>*** We
obtained Nyquist plots of TRT under different cycles (5th, 20th,
and 50th). The three Nyquist plots exhibited a significant level
of overlap, indicating that even after fifty cycles, the electro-
chemical performance of TRT remained as good as it was at the
beginning, further underscoring its stable cycling behavior.
Furthermore, Fig. S6bf demonstrates a decrease in R, from
1609 Q during the fifth cycle to 1050 Q after 50 cycles, indicating
remarkable long-term cycling stability. The diffusion kinetics of
Zn>" were analyzed using galvanostatic intermittent titration
technique (GITT) measurements (Fig. 4e), and the resulting
data was combined with eqn (3) to determine the digitized value
of Zn*" diffusion coefficient (D),

2 2

Dy = (%) x (ig) 3)
where L stands for the diffusion length of Zn>* (Fig. S71) and t
corresponds to the relaxation time. The calculated zinc ion
diffusion coefficients (D,2+) are shown in Fig. 4f, revealing that
the diffusion coefficients of the zinc ion range from 1.24 x
10 "% t0 5.38 x 10 '° cm?® S! under different charge/discharge
states. The D,,>- values are stable and high, which implies stable
and rapid Zn>" diffusion kinetics.

To further investigate the storage mechanism of TRT in
AZIBs, ex situ FTIR and ex situ EPR were conducted to provide
compelling evidence for this study. The active functional groups
were analyzed by comparing the FTIR spectra at different charge
and discharge potentials during the second cycle. Fig. 5a

© 2023 The Author(s). Published by the Royal Society of Chemistry
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exhibits the second charge/discharge curves for a cell. The FTIR
spectra obtained at various potentials are presented in Fig. 5b.
The peak observed at 1570 cm ™' is attributed to carbonyl groups
(C=0), while the peak observed at 1369 cm ™' corresponds to
the nitroxide radical (N-O°). During the discharging process,
the absorption intensity of N-O" decreases with increasing
discharging depth, whereas during charging, it gradually
increases with increasing potential. This observation suggests
that N-O" undergoes a reversible redox reaction during the
charging and discharging process. Similarly, the FTIR absorp-
tion peak intensity of C=O decreases during discharging and
recovers during charging, indicating that both N-O" and C=0
are active functional groups in TRT and serve as active sites for
Zn>" binding. The absorption peak intensity of these groups is
closely correlated with the degree of charging and discharging.
Furthermore, the EPR results depicted in Fig. 5c demonstrate
that the reversible peak intensity of the nitroxide radical
exhibits a decrease and increase, respectively, during the
charging and discharging processes, indicative of the revers-
ibility of the N-O".>¢

Theoretical calculations based on density functional theory
(DFT) were carried out to further understand the storage
mechanism of TRT. All constructed structures were optimized
by the B3LYP method with the 6-31G(d, p) basis set for the TRT
molecule, while for the adsorbed metal ion (Zn>"), the lanl2dz
basis set was employed. All calculations were performed using
the Gaussian16 software package.®® The TRT model, a centro-
symmetric model with all atoms in the same plane, is con-
structed as shown in Fig. S8.f We analyzed the structural
changes and relative electron energies of the carbonyl group
(C=0), nitroxide radical (N-O), and N atom in the triazine ring
(N) after absorption of Zn>" by theoretical calculation and
showed them in Fig. S9.1 Although the electronegativity of the N
atom in the triazine ring is strong, the corresponding Zn>*
absorption (mode 3) exhibits the highest relative electron
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Fig.5 Exsitu FTIR and EPR analysis of the TRT electrode. (aand b) FTIR
spectra and (c) EPR signals under different discharge/charge states in
the 2nd cycle: discharged from 1.4 to 0.4 V and then recharged to
1.4 V. (d) Theoretical calculation of the most stable Zn storage states:
TRT, TRT-3Zn, and TRT-6Zn.
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energy (AE) and terrible structural distortion compared to the
other modes. By contrast, the C=0 and N-O" sites (modes 1
and 2) display lower AE and stable structure. Therefore, based
on the minimum energy principle, Zn ions preferentially react
with the C=0 and N-O" groups. According to the natural bond
orbital (NBO) charge analysis calculation and lowest energy
principle, both carbonyl and nitroxide radicals can be used as
active sites in electrochemical redox reactions. Fig. 5d presents
the binding of 6 Zn ions to TRT, where the active sites are the
carbonyl groups and nitroxyl radicals. Fig. S10f displays three
possible adsorption conformations, accompanied by their
respective relative electron energies (in eV). It is evident that the
carbonyl groups and nitroxyl radicals exhibit the lowest relative
electron energy and minimal molecular structure changes when
acting as zinc ion reaction sites. The theoretical results are
consistent with the experimental results. TRT consists of
double-active functional groups of carbonyl groups and nitroxyl
radicals. It can react with 6 zinc ions, and the theoretical
capacity is 211 mA h g~'. However, the measured capacity is
slightly lower than the theoretical value, possibly due to factors
such as the burial of certain active functional groups.

Furthermore, to investigate the involvement of H' in the
charging and discharging reactions, a three-electrode system test
was conducted in this study. TRT served as the working electrode,
Pt acted as the counter electrode, and Ag/AgCl (saturated with
potassium chloride) was used as the reference electrode. CV tests
were performed in 2 M ZnSO, and 1 M H,SO, electrolytes, as
shown in Fig. S11.1°7% As depicted in Fig. S11,T in the 2 M ZnSO,
electrolyte, two reduction peaks were observed at —0.1 V and
—0.05 V, accompanied by an oxidation peak at 0.28 V. In the 1 M
H,SO, electrolyte, redox peaks appeared at 0.36 V and 0.33 V.
Notably, after shifting, it was revealed that the two CV curves
exhibited some degree of overlap, providing the evidence that the
cathode (TRT) can store not only Zn>* but also H".

Conclusions

In conclusion, this study reported a method to improve the
electrochemical performance of a small-molecule organic
cathode material with active sites consisting of carbonyl and
nitroxide radical functionalities. The preparation of conjugated
TRT allows us to effectively address solubility and low conduc-
tivity concerns while preserving the electrochemical activity of
RSS and eliminating non-redox active sites (Na). Consequently,
it demonstrated improved electrical conductivity, superior
specific capacity, extended cycle life, and enhanced rate
performance compared to RSS. TRT offers a high reversible
capacity of 180 mA h g ' and maintains a capacity of
78 mAh g ' even at a current density of 2 A g~ . Also, it can cycle
1000 times at a current density of 0.5 A g~'. This study offers
a prospective organic cathode material for AZIBs, along with
a promising desalination approach that mitigates the solubility
issue of organic cathode materials in electrolytes and improves
conductivity. These advancements enhance the reversible
capacity, rate performance, and cycle stability of organic elec-
trodes, thus showcasing the potential for improved AZIB
performance.
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