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Organic electrodes for batteries have been receiving tremendous impetus in the recent past for
sustainable development. A metal-free crystalline and porous covalent imine network (Tp-THzT-CIN)
has been synthesized via solvothermal Schiff-base condensation between a trialdehyde (Tp) and a
triamine (THzT). This network is laden with lithium ion exchange sites, accessible open pores, high
specific surface area and the presence of heteroatoms that enable lithium ions to intercalate into the
pores. When explored as an anode material for lithium ion batteries it exhibits a specific capacity of
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DOI: 10.1039/d2ya00148a 82 mA h gt at a current density of 50 mA g~% Interestingly, when this CIN material is coupled with

reduced graphene oxide (rGO), its efficiency has been enhanced many fold and it exhibits a specific
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Introduction

Environmental pollution is becoming inevitable since we
repeatedly consume non-renewable energy resources for our
daily needs. Moreover, the exhaustion of fossil fuels imparts a
serious threat to future generations in terms of a sustainable
energy resource. Thus, to mitigate these issues and to make an
environmentally sustainable energy resource, we must shift our
dependency from fossil fuels by adopting renewable energy
sources, which has great potential to meet our future energy needs.
Renewable energy sources produce electricity intermittently, so it
is imperative to develop efficient electrochemical energy storage
systems (EESs). Among such systems, rechargeable batteries have
emerged as a better storage technique of electricity in the form of
chemical energy and applied as the major power supplies in
portable devices and electric vehicles. Rechargeable lithium-ion
batteries (LIBs)'™ have proved themselves a promising candidate
of such sustainable energy storage systems and revolutionized
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capacity of 123 mA h g~ at a current density of 50 mA g%,

electronic devices as the dominating power supplier owing to
their underlying merits of high-energy, high-power density,
long cycle life and low rate of self-discharge. However, sub-
stantial improvements in the electrochemical performance of
LIBs are still needed to meet practical demands of high energy
and power. There are a number of inorganic anode materials
known so far due to their good electrochemical performance.
But high cost, toxicity and non-renewability are some short-
comings that limit their usage to some extent.”

Therefore, researchers are endeavoring to make a more
updated version of LIBs by introducing alternate and metal-free
electrode materials for the next generation of “green battery”.
Nowadays, organic materials’*™” have been extensively explored
as electrode materials due to their flexibility in design and
synthesis, structural diversity, and resource renewability. Again,
their uses are limited by dissolution problems and side reactions.
Insoluble organic polymers as electrode materials have resolved
this dissolution problem to some extent. In the meantime,
symbiosis of porous organic polymers with carbon-based materials
such as rGO™" is an effective strategy to get novel anode materials
for good electrochemical performance, since they have excellent
electronic conductivity, and high storage capacity as the lithium
ions can accommodate on both sides of the sheet> and also can
bind to defect sites> of rGO.

In the field of nanoscience, nanomaterials with different
particle dimensions have received considerable interest for
widespread applications®>™° due to their structural character-
istics, such as enormous surface area, outstanding stabilities
and customized features. In particular, imine-based porous
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materials®>>® have gained significant attention and emerged as
one of the most often used polymeric backbones in this area.
There is a legitimate reason for this interest: imine condensa-
tions are straightforward, linked by strong covalent bonds, and
can occur under mild conditions that enable the easy produc-
tion of functionalized materials. A number of imine-linked
porous networks have been reported for energy applications,
such as super capacitors,” metal ion batteries,* >’ water
splitting®® and so on. However, porous r-conjugated polymers
bearing cation exchangeable sites are highly suitable for Li"
exchange and void spaces present in those frameworks facil-
itate storage for the lithium ions.>®>”*°? In that endeavor, to
design novel porous organic materials, we aim to introduce a
crystalline covalent imine network (Tp-THzT-CIN)*®3%3
through the execution of the Schiff-base condensation reaction
between 1,3,5-triformylphloroglucinol and 2,4,6-trihydrazinyl-
1,3,5-triazine (THzT) as an anode material. Owing to their
porous nature, crystallinity, extended conjugation throughout
the framework and most importantly being enriched with
lithium-ion exchangeable sites that accelerate the intercalation
of lithium ions in the pores of the material, they can offer huge
opportunities in LIBs. This CIN electrode shows a noticeable
specific capacity of 82 mA h g~ " at a current density of 50 mA g~ .
Interestingly, an enhancement in specific capacity of
123 mA h g~ " was observed when CIN is coupled with reduced
graphene oxide (rGO).

Experimental procedure
1,3,5-Triformylphloroglucinol (Tp)

1,3,5-Triformylphloroglucinol was prepared following the pre-
viously reported procedure.®® In short, 80 mL of trifluoroacetic
acid was added to a mixture of phloroglucinol (6 g) and
hexamethylenetetramine (15 g) under ice-cold conditions. Then
the system was allowed to reach room temperature and the
temperature was raised to 100 °C for 3 h. After cooling to room
temperature, 300 mL 3 M HCI was added and stirring was
continued overnight. Finally, the mixture was filtered through a
Celite bed and the filtrate was extracted with dichloromethane
3 times. After evaporation, the salmon-coloured solid was
purified with ethanol. Yield: 19%. 'H NMR (400 MHz, CDCl;)
d 14.12 (s, 3H); 10.15 (s, 3H), Fig. S1, ESL.t "*C NMR (CDCl;,
100 MHz): 192.4, 173.9, 103.1 ppm (Fig. S2, ESIt).

2,4,6-Trihydrazinyl-1,3,5-triazine (THzT)

The THzT amine was synthesized by the following literature
method.?® To a stirred solution of hydrazine hydrate (5 mL) in
acetonitrile, suspended cyanuric chloride (369 mg, 2 mmol) in
200 mL acetonitrile was added over 45 min at room temperature.
The addition of cyanuric chloride caused an immediate
formation of precipitate. The reaction mixture was then boiled
under reflux conditions for 5 h. The resulting mixture was
filtered and thoroughly washed with excess acetonitrile. Yield:
83%. C NMR (CDCl;, 100 MHz): 151.1 ppm (Fig. S3, ESIY).
Selected FTIR peaks (KBr cm™"): 3299, 1587, 1556, 1487.
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Tp-THzT-CIN

The synthetic procedure was executed through the Schiff-base
condensation of 1,3,5-triformylphloroglucinol (210 mg, 1 mmol)
and 2,4,6-trihydrazinyl-1,3,5-triazine (220 mg, 1 mmol) in 5 mL
of 1:1 mesitylene:dioxane in the presence of 6 M acetic acid in
a pyrex tube. At first, the reaction mixture was loaded into a
pyrex tube and sonicated for 20 min. After that, the reaction
system was degassed through freeze-pump-thaw cycles three
times and then the tube was vacuum flame sealed. Next, the
tube containing the reaction mixture was kept in an oven at
120 °C for 3 days. The resulting red-coloured material was
collected through filtration and successively washed with
methanol, acetone, dichloromethane and tetrahydrofuran,
respectively. The final material was dried under vacuum at
100 °C overnight.

Synthesis of CIN-rGO

The as-prepared Tp-THzT-CIN was ground thoroughly with 5%
of reduced graphene oxide sheets and then heated in a vacuum
oven for 8 h at 90 °C. This sample is the covalent-imine network
anchored on reduced graphene oxide sheets, which is named as
CIN-rGO henceforth.

Electrochemical measurements

The electrochemical studies of the as-synthesised Tp-THzT-CIN
and CIN-rGO samples were performed by using a CR2032 type
coin cell with lithium metal foil as both the reference and
counter electrode. The working electrode was prepared using
active material (Tp-THzT-CIN and CIN-rGO), carbon black (CB) and
polyvinylidene fluoride (PVDF) in the ratio 6: 3 : 1, respectively. This
mixture was ground thoroughly in the presence of NMP for 30 min
to obtain a uniform slurry. This slurry was coated on clean copper
foil (current collector) and was further dried in a vacuum oven at
90 °C for about 12 h. These electrodes were used for assembling the
cell in an argon filled glove box (Mbraun). The mass loading of
active material in the electrode was ~2 mg. The non-aqueous
electrolyte used was 1 M LiPF6 dissolved in an ethylene carbonate
(EC) and dimethyl carbonate (DMC) mixture (1:1, in wt%). The
prepared electrode was cycled against lithium metal as a counter
electrode. Cyclic voltammetry (CV) was performed using an electro-
chemical workstation (Origalys, France) at different scan rates at
room temperature. The galvanostatic charge-discharge tests were
recorded using a multi-channel battery testing system (NEWARE)
with a cut off voltage of 0.01-3.00 V versus Li/Li'. The electro-
chemical impedance of the coin cells was measured using Novo-
control’s Alpha A high frequency analyser. Impedance was
measured with ac voltage 70 mV in the frequency range 1 Hz to
1 MHz at room temperature. The specific capacity is calculated
based on the total weight of the active material.

Results and discussion

The covalent imine network material Tp-THzT-CIN was prepared
by the extended condensation reaction of 1,3,5-triformyl-
phloroglucinol (Tp) and 2,4,6-trihydrazinyl-1,3,5-triazine (THzT)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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CIN-rGO

Scheme 1 Schematic illustration of the synthesis of Tp-THzT-CIN and the CIN-rGO composite material.

(Scheme 1) under solvothermal conditions. To accelerate the
polymerization process, 6 M acetic acid was used as an acid
catalyst. The resultant burgundy red solid of CIN (Yield: 79%) was
found to be insoluble in most of the common organic solvents
and it was thermally stable up to ~200 °C as revealed by
thermogravimetric analysis (Fig. S4, ESIt). Elemental analysis of
this CIN confirms the adequacy of nitrogen (33.83%) in support
for good matching of the experimental C, H and N values with the
theoretical ones. The n-conjugated 2D CIN material was further
mixed with 5% of reduced GO to form a CIN-rGO composite prior
to use as an electrode material in lithium-ion battery applications.

The crystallinity as well as phase purity of Tp-THzT-CIN have
been validated by powder X-ray diffraction (PXRD) analysis.
As shown in Fig. 1a, an intense peak appeared at a 20 of 7.98°
corresponding to its (100) plane and another set of diffraction
peaks at 11.81 and 27.02°, respectively are attributed to the
reflection from the 110 and 220 planes. Considering the con-
necting pattern of monomers, a feasible 2D model structure
was generated using Accelrys BIOVIA material studio software.
The simulated PXRD pattern of the geometrically optimized AA
stacking model was found to be congruent with the experi-
mental PXRD pattern of Tp-THzT-CIN. The Pawley refinement
was further accomplished in favour of supportive crystallo-
graphic profile pattern analysis from the experimental X-ray
pattern. After refining the structure, the trigonal space group P6

—
Q
S

— rGO
=:
8
> CIN-rGO
=
(7]
[ =
‘g Tp-THzT-CIN

L Simulated CIN

10 20 30 40 50
20 in degree

Fig. 1

was determined with unit cell parameters and good agreement
factors (@ = b =12.73 A, ¢ = 3.33 A, & = f = 90°, 7 = 120°, Ry =
5.86% and R, = 4.61%). The details of the refinement results
have been given in Fig. S5, S6 and Table S1, ESL{ All the
diffraction patterns of CIN-rGO composite are resembling
Tp-THzT-CIN, which demonstrates that the CIN based target
material was properly synthesized. However, the presence of
graphene in the CIN-rGO composites weakens the peak inten-
sity somewhat. Furthermore, the broad peak at 24.9° (20) of
rGO slightly shifted to higher 26 value (25.6°) for the rGO-CIN
composite, suggesting that individual rGO layers are clothed
with CIN, which reduced the interplanar spacing of the rGO
layers.””

The FTIR spectra for all the samples were collected and
presented in Fig. S7, ESI.¥ The FTIR spectrum of Tp-THzT-CIN
does not contain any aldehydic and primary amine stretching
frequencies, which indicates that complete consumption of the
monomers took place. The FTIR spectra for CIN and the CIN-
rGO composite showed similar absorption stretching bands.
The characteristic stretching bands at 1616 (C=0), 1590 (C—C)
and 1280 (C-N) cm ' could be attributed to successful
formation of B-ketoenamine-linked CIN networks.**?° The
characteristic D and G band of reduced graphene oxide was
observed at 1353 and 1580 cm ™' in the Raman spectrum of the
CIN-rGO composite (Fig. S8, ESIt), which suggests the presence

(c) s8¢

333A

(a) PXRD patterns of rGO, Tp-THzT-CIN and the CIN-rGO composite compared with a theoretical XRD pattern from a geometrically optimized

AA stacked model structure. Top (b) and side view (c) of the space-filled model with ideal eclipsed (AA) packing.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of rGO in the composite material. To understand the structural
growth and chemical environment of different carbon nuclei of
the CIN, a **C solid NMR study was carried out. The resonance
peaks at 150.45 and 171.38 ppm in Fig. 2a are assigned to
enamine (C=N) and carbonyl (C—O0) carbon, respectively,
which signifies that the CIN framework is formed by thermo-
dynamically favourable PB-ketoenamine linkage.’>*" On the
other hand, signals at 105.38 and 99.75 ppm are due to the
aromatic carbon of a tri-aldehyde ring and triazine ring carbon,
respectively.

X-Ray photoelectron spectroscopy (XPS) was further used
to investigate the chemical state of the elements and their
composition in the CIN skeleton. As seen from Fig. 2b, three
clear distinct peaks of C 1s, N 1s and O 1s are visible. The
deconvoluted high resolution C 1s XPS spectrum (Fig. 2c)
displayed mainly four components at 284.2 eV (C—C), 285.8 eV
(triazine and imine carbon) and 288.5 eV (C—0), respectively. The
high-resolution N 1s core level spectrum (Fig. 2d) can be divided
into three well resolved peaks, ie., imine nitrogen (C-N*H-N,
399.3 eV), hydrazine nitrogen (C—N*-N, 400.5 eV), and triazine
nitrogen (C-N*H-C, 402.9 eV).

The specific surface area and porosity of the Tp-THzT-CIN
and CIN-rGO composites were assessed by N, adsorption-
desorption measurement at 77 K on the activated sample. As
shown in Fig. 3a, the adsorption isotherm contains a combi-
nation type I and type IV isotherms, which unambiguously
indicates hierarchical porosity with both micropores and meso-
pores in the material.*»** The Brunauer-Emmett-Teller
indicates that Tp-THzT-CIN has a surface area of 697 m> g~ .
The coexistence of micropores and mesopores in the CIN
network was further confirmed from the bimodal pore size
distribution (PSD) plot, as shown in Fig. 3b. This PSD was
measured on the basis of non-local density functional theory

Fig. 4 SEM images of Tp-THzT-CIN (a and b) and the composite material (d and e). The distribution of C, N and O elements is shown in the respective
elemental mapping images for the Tp-THzT-CIN (c) and CIN-rGO (f) composite materials.
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Fig. 5 HRTEM images of the Tp-THzT-CIN material (a and b) at different
magnifications.

(NLDFT) and it signifies the presence of pores of sizes 1.4 and
5.7 nm with a total pore volume of 0.698 g cm >, From the simulated
AA stacked model of Tp-THzT-CIN, the measured pore diameter is
1.3 nm, which is close to the experimental pore diameter obtained
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Paper

from N,-sorption analysis (1.4 nm). The observed mesoporosity in
the pristine CIN material could be attributed to the interparticle
voids that are generated during the agglomeration of the flake-like
clusters (Fig. 4a, b and 5a, b) of CIN. On the contrary, the CIN-rGO
composite has to some extent less specific surface area (644 m* g~ ")
with a typical type I isotherm. In the CIN-rGO composite material,
rGO is stacked in between the CIN particles, which may contribute to
the reduction of the surface area and pore size.

Scanning (Fig. 4a and b) and transmission electron microscopy
images (Fig. 5) established that Tp-THzT-CIN has the morpho-
logy of flake-like clusters, made up of nanorods with serious
agglomeration. Noticeably, in the composite material, the coex-
istence of sheet and flake-like morphologies of both rGO and the
CIN material are observed (Fig. 4d and e). The elemental distribu-
tions in both the pristine CIN and CIN-rGO composite samples
were examined for further clarification, and a homogenous
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distribution of C, N, and O atoms is exhibited throughout the
materials (Fig. 4c, f and Fig. S9, ESIt). The thermal analysis of the
preheated material was conducted in air (Fig. S4, ESIT) and reveals
that no significant weight loss was observed with the increase in
temperature up to 200 °C, which indicates that the porous
framework is stable up to this temperature and beyond this
temperature considerable weight loss occurred that could be
attributed to the decomposition of the organic moieties in the
framework.

Cyclic voltammetr

To understand the physical/chemical behaviour of the electrode
samples during charge-discharge cycling, cyclic voltammetry (CV)
measurements were performed.** Cyclic voltammograms were
recorded for Tp-THzT-CIN and CIN-rGO electrodes at different scan
rates of 0.1, 0.3, 0.6, 0.9 and 1.2 mV s~ ' in the potential range of 1.0-
3.5 V (Fig. 6a). A redox couple could be observed at 1.42/3.27 V. The
cyclic voltammetry studies suggest that the electrode material under-
goes a reversible Li-ion intercalation/deintercalation process.

Electrochemical studies

The covalent imine network (Tp-THzT-CIN) structure has lots of
lithium-ion exchangeable sites. Therefore, it is expected to be
an electrode material for futuristic lithium-ion batteries. The
electrochemical performance with regard to the Li insertion/
extraction process has been thoroughly investigated.*® Fig. 6b
and c show the initial discharge and charge profiles of the Tp-
THzT-CIN and CIN-rGO electrodes at a current density of
50 mA g ' in the potential range of 3.0-0.01 V vs. Li/Li". The
CIN-1GO electrode delivers an initial specific capacity of
123 mA h g ' at 50 mA g ' with a coulombic efficiency of
~ 87%, whereas the Tp-THzT-CIN electrode shows 82 mAhg™*
at a current density of 50 mA g~ with coulombic efficiency
~79% (Fig. 6b and c). The coulombic efficiency improved to
~100% after the first 5 cycles in both the samples. A cycling
test was performed for both the electrodes Tp-THzT-CIN and
CIN-1GO for 50 cycles and 100 cycles at 50 mA g~ ', as shown in
Fig. 6d and e. The electrochemical performance of Tp-THzT-
CIN improves upon addition of rGO due to the higher electrical
conductivity of 1GO.*®

Another important aspect of any electrode material is its
performance under different current densities. CIN-rGO
showed superior performance with a capacity of 123, 84 and
45mAhg'at50mAg ", 75 mAg 'and 100 mA g ' current
density, respectively. On the other hand, the performance of
pristine CIN at different current densities has been investigated.
The specific capacity of pristine CIN is found to be inferior
in comparison with the CIN-rGO composite (Fig. S10, ESIT).
Electrochemical impedance spectroscopy (EIS) analysis is a well-
known technique used to study the transport kinetics of electro-
des in lithium-ion batteries. In the present case, EIS has also
been performed for both the samples in the discharged state
after two charge-discharge cycles. The Nyquist plots of the
Tp-THzT-CIN and CIN-rGO samples have been presented in
Fig. 7. Both the samples show two depressed semicircles at
the high frequency and mid frequency region. A sloping line
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corresponds to electrolyte resistance, Ry corresponds to SEI film resis-
tance, CPE1 is the constant phase element of the SEI film, R is charge
transfer resistance and CPE2 is the constant phase element for charge
transfer.

corresponding to Warburg resistance could also be observed in
the low frequency region. This depressed curve is attributed to a
charge transfer process and Warburg resistance is related to the
mass transfer of lithium ions. The plot clearly shows that the
diameter of the semicircle for the CIN-rGO electrode in the high
frequency region is smaller than that of the Tp-THzT-CIN
electrode, which indicates that the CIN-rGO electrode possesses
lower contact and charge-transfer impedances. Here, the CIN-
rGO electrode acts as an efficient charge carrier and facilitates
the charge transfer process at the interface resulting in higher
specific capacity.

Conclusions

We report a crystalline covalent imine network material
Tp-THzT-CIN through the Schiff base condensation of 1,3,5-
triformylphloroglucinol and 2,4,6-trihydrazinyl-1,3,5-triazine.
Tp-THzT-CIN is found to be crystalline in nature with good
thermal stability and high specific surface area making it
suitable as an electrode material for lithium-ion batteries. It
has several lithium-ion exchangeable sites (-OH and -NH),
which is a pre-requisite for electrode materials for Li-ion
batteries. The CIN-rGO composite shows superior electro-
chemical performance as rGO enhances the electronic conductivity.
The excellent specific capacity and its retention over several cycles
in the CIN-rGO 2D/2D nanocomposite material suggested its huge
potential to be explored as an energy storage material in the future.
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