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Organic materials capable of undergoing oxidation and reduction reactions are attracting attention as
potential electrode components, providing a more environmentally sustainable alternative for lithium-ion
batteries (LIBs). Despite notable achievements at the laboratory level, these materials still face
challenges, such as high solubility in electrolyte solutions and limited thermal stability, leading to
capacity degradation. While carbon remains the benchmark for anode materials, issues like irreversible
capacity loss and low specific capacity impede the development of advanced LIBs. This study presents a
composite material incorporating naphthalene diimide nitro derivatives (NDI-2NO, and NDI-4NO,) into
reduced graphene oxide (rGO) as an anode material for LIBs. The inclusion of rGO not only addresses the
problem of material dissolution in the organic electrolyte, but also significantly improves the rate performance
and conductivity of the resulting composite materials. Specifically, at a current density of 50 mA g%, the NDI-
ANO,/rGO composite demonstrates a remarkably high specific capacity of 699 mA h g‘l, while the NDI-
2NO,/rGO composite yields a specific capacity of approximately 560 mA h g, Finally, we showcase that
optimal performance as superior anode materials can be achieved by effectively combining organic
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Introduction

The rapid increase in the grid integration of renewable energy
sources and the electric vehicle (EV) market has triggered
demand for multi-terawatt-hour scale energy storage with low-
cost, high-energy density, and safety in operation. The cost of
lithium-ion battery (LIB) materials, geopolitical complexities
associated with sourcing, and challenges concerning handling
and recycling have prompted significant efforts in exploring
alternatives.” On the other hand, the potential of organic
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compounds capable of participating in oxidation and reduction reactions with graphene-based composites.

electrode materials for electrochemical energy storage applica-
tions is highly regarded due to their advantageous properties, like
abundant availability of constituent elements, sustainability, low
cost, and minimal environmental impact.>™* Organic electrode
materials offer a viable alternative for LIBs.”” Considering the
advantages of organic materials, extensive research has been
carried out to develop both anode® and cathode® materials for
LIBs. However, organic LIBs have underperformed, possessing
significant drawbacks such as poor conductivity and reaction
kinetics, low energy density, and high electrolyte solubility.'*™**
Moreover, research efforts have been dedicated to discovering
sustainable alternatives to conventional graphite anodes'*™®
that offer improved energy and power density. As a result, a
wide range of alloy-based materials (such as Sn, P, Ge, Si, Bi, and
Sb) and transition metal oxides (including M,O,, where M
represents Ni, Mn, Fe, Cr, Mo, Co, Nb, etc.) have been extensively
investigated as potential anode materials for LIBs, thanks to
their high specific capacity.'®™"® However, these materials’ elec-
trochemical instability and rapid capacity degradation hinder
their widespread commercial application as anode materials in
LIBs. For example, silicon anodes can offer ten times the
capacity of graphite (3580 mA h g~ '). However, the severe
volumetric change (300-400%) during the lithiation causes
mechanical failure and instability of the solid electrolyte

© 2024 The Author(s). Published by the Royal Society of Chemistry
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interface (SEI) layer."®*° On the contrary, transition metal oxide
anodes possess high capacity (600-1000 mA h g™ ") but have
low coulombic efficiency and large potential hysteresis.>"*>
Transition metal chalcogenides are another interesting anode
material with high theoretical capacity. However, the significant
alterations in the bulk material dimensions during charging/
discharging generally hamper their poor cycling stability and
rate capabilities.”>** Conversely, MXenes, an emerging class of
materials, have also been utilized as the anode. The low specific
capacity and restacking characteristics of MXenes has limited
their practical application in LIBs.>**® Most of these drawbacks
of different materials can be addressed systematically by com-
positing them with carbon materials, including carbon nano-
tubes, reduced graphene oxide (rGO), and other porous carbon
materials.”’”*! For example, including the carbon matrix into the
silicon effectively managed the volumetric variations of silicon
while preserving the electrodes’ structural integrity and electrical
stability.>”?® Although, after a significant advancement in
the anode materials, most of these materials employed in
commercial LIBs rely on graphite materials having limited
capacity (about 300 mA h g™ ) for commercial applications.***°
Up to now, the redox-active organic electrode materials,"
conducting polymers,**** and organic carbonyl compounds™*
have been widely employed as anode materials in rechargeable
LIBs."*® To avoid unwanted dissolution of organic materials in

Organic cathode materials reported in the literature

Naphthalene diimide based cathode materials
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the electrolyte solution, strategies such as designing and con-
structing molecular architectures with stable and redox-dependent
functional groups have been previously adopted.’*>™’ Different
organic materials, including dilithium terephthalate and diethyl
terephthalate,®® Li-salt derived from 1,2,4-benzene tricarboxylic
acid,® and organic compounds with nitro-containing groups
like 2,2/-azobis(2-methyl propionitrile) and 2,2’-azobis(2-methylpro-
pionamidine)dihydrochloride have been utilized in the literature.
The key challenges associated with these molecules are the low-
capacity values and their lower cycling stability.

Furthermore, to address this issue, different organic
molecules utilizing bare naphthalene diimides (NDIs) and their
composites have been reported in the literature,** ¢ as shown
in Fig. 1(a)-(g). NDIs are m-conjugated aromatic molecular
chromophores bearing n-type semiconducting properties.*’
Their ease of structural modification, thermal stability, and
ability to incorporate redox-active functional groups,*® and to
accept electrons are beneficial to tune the material properties.
Towards this effort, Vadehra et al.*® reported the importance of
various core substitutions on NDI molecules and their effect
on the redox potential window. Furthermore, Stoddart and co-
workers** reported the rigidity of the NDI molecule and its
effect on the cathodic properties for LIBs. Also, different nitro
organic compounds were utilized as a cathodic electrode mate-
rial in LIBs to enhance the potential window.*® Ye et al. recently

Organic anode
(Present work)

Nitroaromatic functionalized naphthalene
diimide based anode materials
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Fig. 1 Various cathodes reported in the literature (corresponding specific capacity and average potential V vs. Li*/Li). (a) N-hexyl-nitrile-substituted NDI
9 (105 mA h g~'@0.2C, 2.8 V), (b) (-)-NDI-A (150 mA h g~'@0.1C, 25 V), (c) NDI-rGO (200 mA h g~'@25 mA g% 2.4 V), (d) NDI-CN,
(e) naphthalenediimide diamine (240 mA h g~*@50 mA g~ 2.1 V), (f) P-NDI trans-25 and cis-2S (120 mA h g~*@50 mA g~ 2.40 V), (g) NDI-NHOH
(122 mA h g~ *@0.05C, 2.36 V), (h) p-DNB (535 mA h g~*@50 mA g~% 2.67 V), () 1,5-DNN (1338 mA h g~'@20 mA g%, 2.45 V), and (j) TAPB-6NO,
(120 mA h g~*@50 mA g1, 2.0 V). (a)-(g) Naphthalene diimide-based small molecules as cathode materials, (h)—(j) nitroaromatic compounds as cathode
materials, and (k) and (1) nitroaromatic functionalized NDIs as anode materials reported in the present work.
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explored p-, 0-, and m-dinitrobenzene (DNB) compounds as
cathode materials in LIBs.”° For as-fabricated LIBs, they
observed that p-dinitrobenzene exhibited a reversible capacity
of 535 mA h g at 50 mA g ' (average potential of 2.7 V).
However, due to the high solubility of organic scaffolds, such as
p-DNB, the capacity of LIBs gradually dropped to 54% after
50 cycles. Recently, Zhang et al. reported an organic cathode
material based on nitro compounds.*® They demonstrated that
incorporating multiple nitro-functional groups in organic
molecular architectures efficiently reduced the solubility in
the electrolyte solution and exhibited a high specific capacity
of about 180 mA h g~".

Fig. 1(h)-(j) show different nitroaromatics reported in the
literature.**° Although NDIs*"****5*® and nitroaromatic*®>*
based small molecular cathode materials in LIBs show signifi-
cant advantages with a high specific capacity, there are no
reports available in the literature about the use of NDI-
nitroaromatics and rGO nanocomposites as anodes in LIBs.

The inherent properties of NDI molecules, such as their
ability to undergo m-m aromatic stacking, make them highly
suitable for electron transfer and diverse design architecture,
rendering them ideal candidates for LIBs. In order to further
enhance their electrochemical properties, we have introduced
nitro substitutions on the NDI moieties, specifically NDI-2NO,
and NDI-4NO,. One of the challenges faced in utilizing organic
materials in LIBs is their tendency to dissolve in the
electrolyte.”® To address this issue, we have proposed immobi-
lizing organic materials onto solid substrates, which offers a
feasible solution to overcome the dissolution problem. Our
research successfully incorporated NDI-2NO, and NDI-4NO,
with rGO through non-covalent interactions. The n—r interaction
between NDI and rGO further enhances the material’s suitability
for LIBs. Additionally, electron-withdrawing nitro groups
appended on the NDI ring increase the electron-deficient nature,
whereas rGO also serves as an electron acceptor.*” These com-
bined characteristics make our approach scientifically sound
and promising for developing high-performance LIBs.

Here, we report the LIB performance from rGO with NDI-phenyl
dinitro (NDI-2NO,) and NDI-phenyl tetra-nitro (NDI-4NO,), organic
architectures fabricated from NDI, p-nitro aniline (pNA) and 3,5-
meta-dinitro aniline (3,5-dNA), respectively. The NDI-4NO,/rGO
sample exhibited a high specific capacity of about 699 mA h g~ " at
50 mA g . In addition, the material shows an outstanding cycling
stability of 800 cycles with minimal fading. Our investigation has
explored the redox mechanism of NDI-2NO,/rGO and NDI-4NO,/
rGO and the potential of incorporating nitroaromatic functional
groups into NDI compounds to develop better anode materials
for LIBs.

Results and discussion
Characterization of the NDI-2NO, and NDI-4NO, molecules

The synthesized compounds’ structures were confirmed using
different spectroscopic techniques (Fig. S1-S5, ESIt{). FTIR
analysis was performed by a PerkinElmer spectrum (Spectrum
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100; PerkinElmer). The comparative FTIR spectra of the NDI-
2NO, and NDI-4NO, molecules confirm the appearance of
functional groups like aromatic H-C—C (3081, 3088 cm '),
-C=0 (1714 cm™ '), -C=C (1580, 1536 cm '), etc. (Fig. S1,
ESIY). Furthermore, 'H NMR spectra of NDI-4NO, showed the
presence of a proton peak designated as ‘a’ at 9.01 (m, 2H);
additionally, a proton peak labelled as ‘b’ appeared at 8.96
(d, 4H), and another proton peak labelled as ‘c’ emerged at 8.82
(s, 4H) (Fig. S2, ESI{). Similarly, "H NMR spectra of NDI-2NO,
showed the appearance of an ‘a’ labelled proton peak at 8.76
(s, 4H) and ‘b’ labelled proton peak at 8.47-8.44 (d, 4H), and a
proton peak labelled as ‘c’ appeared at 7.83-7.81 (dd, 4H), as
displayed in Fig. S3 (ESIt), which confirmed the formation of
NDI-2NO, and NDI-4NO, molecules. Furthermore, the HRMS
spectrum of NDI-4NO, indicates a good agreement between the
m/z calculated for C,sH;,0gN4: 598.03512, and the experi-
mental value: [M]" 598.03400 (Fig. S4, ESIf). Similarly, the
HRMS spectrum of NDI-2NO, indicated a good agreement
between the calculated and experimental values (Fig. S5 (ESIT);
m/z [M]" calculated for C,sH;,05N,: 508.06536, experimental:
508.06496). The as-prepared organic molecules were soluble in
organic solvents, making it difficult to use them as the anode
material in the presence of organic electrolytes. Hence, they
have been composited with rGO. The self-assembled composite
formation with rGO is a practical design strategy to suppress
the dissolution of NDI derivatives in organic electrolytes.’?
During the composite formation, the interaction between NDI
and rGO may enhance the electron transfer rate, impacting the
composite material’s high cycling stability, similar to the pre-
vious report.>® Notably, the functional groups such as C=0,
C—C and C-O-H in rGO can be advantageous for binding with
organic materials.

The schematic representation of the synthesis process for
NDI-4NO,/rGO and NDI-2NO,/rGO materials is shown in
Scheme 1. Co-precipitation of NDI-2NO,, NDI-4NO,, and gra-
phene oxide (GO) was utilized for obtaining composite materi-
als. Hydrazine hydrate (NH,NH,) helped reduce GO to rGO.
Further details of the synthesis process can be found in the
Experimental section and Note S1 (ESIt). The thermal stability
of rGO, NDI-2NO,/rGO, and NDI-4NO,/rGO under a nitrogen
environment was determined using thermogravimetric analysis
(TGA). Measurement was performed using a TA instrument
Q500 TGA under flowing nitrogen gas at a heating rate of
10° min~" up to 800 °C. As shown in Fig. S6 (ESIt), the TGA
results reveal that bare rGO, NDI-2NO,/rGO, and NDI-4NO,/
rGO displayed 5% water loss between temperatures of approxi-
mately 300 °C due to thermal decomposition. These TGA results
suggest that the composites NDI-2NO,/rGO and NDI-4NO,/rGO
are thermally stable and can be utilized for energy storage
applications.

Structural studies

Detailed structural investigations were carried out for different
samples, as shown in Fig. 2. FTIR was employed to examine the
reduction of GO to rGO and the formation of composite
materials NDI-2NO,/rGO and NDI-4NO,/rGO (Fig. 2a). The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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peaks around 3700 cm™ " are attributed to the ~OH stretching
vibrations. This may yield from the adsorbed water content in
the samples.>® Additionally, rGO exhibits the characteristic
peaks at 1711, 1556, and 1181 cm ™ * corresponding to the
C=0, C=C, and C-O-H stretching vibrations.>®> The FTIR
spectra of NDI-2NO,/rGO exhibited peaks of about 1700 cm ™"
attributed to the stretching vibration of the imide C=0 group.
Moreover, the two peaks at 1565 and 1412 cm™ " correspond to
the stretching vibrations of the -NO, functional group.’® The
peaks that appeared at 870 and 755 cm™ ' can be ascribed to the
C-H bending vibrations.>® The presence of peaks at 1644, 1412,
and 1242 cm™ ' was attributed to C—0, C—C and C-O-H
bonding in the rGO in the sample.”” Similar peaks were
observed in the NDI-4NO,/rGO sample. Thus, the comprehen-
sive FTIR study confirmed the successful synthesis of compo-
site materials. Moreover, UV-vis absorption studies were
performed on a UV-vis-1800 Shimadzu spectrometer, and the
results are depicted in Fig. 2b. The sample rGO showed an
intense absorption peak at 270 nm,*” while there is a small
absorption peak for NDI-2NO, at 264 nm (imide substituted
phenyl ring system), along with one shoulder peak at 338 nm
and two intense peaks at 356 and 377 nm.”” The absorption
peaks ranging from 300 to 400 nm are typical of the NDI
subunits and are unaffected by imide substitution.”® The
NDI-4NO, molecular architecture showed an intense absorp-
tion peak at 268 nm (phenyl ring system) and a broad peak
ranging from 330 nm to 370 nm corresponding to the NDI core.
Moreover, the absorption curves of the NDI-2NO,/rGO and NDI-
4NO,/rGO composites exhibited peaks at 269 nm, 338 nm
(shoulder), and two intense peaks at 356 nm and 377 nm,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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suggesting the complex formation. The intense peak at 269 nm
(due to m-m transition) is the characteristic graphene peak
indicating the presence of rGO in the NDI-2NO,/rGO and
NDI-4NO,/rGO composites.”® Furthermore, the organic mole-
cule’s composition with rGO was investigated using Raman
spectroscopy on the Horiba Jobin-Yvon Lab Ram HR spectro-
meter with an excitation wavelength of 632.8 nm. Fig. 2c shows
that different samples exhibited characteristic peaks at 1333
and 1600 cm ™, corresponding to the D and G bands.®° The I,/
I ratio for the bare rGO sample was calculated to be 1.4, which
increased to 1.44 for NDI-2NO,/rGO and 1.24 for the NDI-4NO,/
rGO samples, respectively. The decreased Ip/I ratio indicates a
higher degree of graphitization for the NDI-4NO,/rGO
sample.®’ The crystallographic structures of the rGO, NDI-
2NO,/rGO, and NDI-4NO,/rGO composites are further verified
by powder X-ray diffraction (P-XRD) measurements recorded on
a Bruker AXS D8 (2 = 1.54 A), and the results are depicted in Fig.
S7 (ESIY). The bare rGO sample exhibited two diffraction peaks
around 25° and 44°, corresponding to the standard graphite 2H
phase. The composite NDI-2NO,/rGO exhibited four peaks
around 13, 26.5, 29.5, and 43.5, whereas NDI-4NO,/rGO dis-
played peaks at about 12.8, 26.4, and 43 degrees.®®> The compo-
sites NDI-2NO,/rGO and NDI-4NO,/rGO exhibited higher
crystallinity than rGO, indicated by the sharp and enhanced
peaks. The diffraction peaks moving towards high angles
indicate that the n-m stacking between NDI moieties, such as
NDI-2NO, and NDI-4NO,, and the rGO surface was enhanced.®

Furthermore, the elemental content and the bonding con-
ditions of the NDI-2NO,/rGO and NDI-4NO,/rGO composites
were examined by X-ray photoelectron spectroscopy (XPS)

Energy Adv., 2024, 3, 574-58% | 577
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Fig. 2 Structural characterization of the composite materials using spectroscopic and X-ray techniques. (a) Comparative FT-IR spectra of rGO, NDI-
4NO,/rGO, and NDI-2NO,/rGO; and (b) UV-vis spectra of different samples. (c) Stacked Raman spectra of rGO, NDI-2NO,/rGO, and NDI-4NO,/rGO,
showing the presence of D and G bands. Comparative high-resolution XPS spectra for NDI-2NO,/rGO and NDI-4NO,/rGO of the (d) C 1s region, (e) N 1s

region, and (f) O 1s region.

measurements (Model Nexa from Thermofisher Scientific). The
XPS survey spectra displayed in Fig. S8 (ESIt) exhibit the
presence of carbon (C), oxygen (O), and nitrogen (N) elements
only. The high-resolution narrow region spectra for various
samples are shown in Fig. 2d-f. The deconvoluted spectra for
the C 1s spectrum of NDI-2NO,/rGO and NDI-4NO,/rGO
(Fig. 2d) can be fitted into four types of peaks located at
287.3 eV (O-C—0), oxygen and nitrogen bridged carbon (O-C
and C-N) at 285.6 eV, carbon bridged carbon (C-C) at 284.8 eV
and graphitic carbon (C=C) at 284.2 eV.** Also, the high-
resolution N 1s XPS spectrum for both composite samples
(Fig. 2e) is dominated by two well-resolved peaks at 400.3 eV
and 399.2 eV, corresponding to N-C—O and -N-C,
respectively.®® Moreover, the O 1s spectrum of NDI-4NO,/rGO
could be divided into two fitting peaks at 533.6 eV and 531 eV
corresponding to carbon bridged oxygen C-O bonds and C=0O
bonds, respectively.®® Similar peaks were also confirmed for
the NDI-2NO,/rGO sample (Fig. 2f). The XPS results of the NDI-
2NO,/rGO and NDI-4NO,/rGO composites revealed that the
nitrogen and oxygen content of the nitro functional groups
dominated the composite. Tables S1 and S2 (ESIt) show the
atomic percentage of C, N and O for NDI-2NO,/rGO and NDI-
4NO,/rGO, which aligns with the EDS data.

Morphological studies

The morphology of the as-prepared NDI-2NO,/rGO and NDI-
4NO,/rGO composites was investigated using the field emission

578 | Energy Adv, 2024, 3, 574-583

scanning electron microscopy (FE-SEM) technique using JEOL
JSM 7900F machine. The sheet-like morphology was confirmed
for both composite samples, as displayed in Fig. S9a-d (ESIT).
These FESEM images confirm the composition with rGO as
these organic molecules tend to grow over the rGO sheets.
Furthermore, the chemical composition of the as-prepared
NDI-2NO,/rGO and NDI-4NO,/rGO composites was character-
ized by energy-dispersive X-ray spectroscopy (EDS, Fig. S10,
ESIt). The EDS spectra depict the presence of C, N, and O
elements in both NDI-2NO,/rGO and NDI-4NO,/rGO, and their
atomic percentage is tabulated in the inset of Fig. S10 (ESIf).
The EDS elemental mappings further confirmed various ele-
ments’ uniform distribution, as shown in Fig. S11 (ESIt). The
NDI-4NO,/rGO composite showed higher nitrogen content than
the NDI-2NO,/rGO composite. The increased nitrogen content
in the molecular architecture was also proved by both XPS and
EDS mapping (Tables S1, S2 and Fig. S10, ESIf). Thus, an
increase in nitro-functional groups might be useful for control-
ling the solubility issue of organic molecules.

The N, adsorption/desorption isotherm was performed at
77 K to further investigate the surface area and pore size
distribution. The analysis was performed on an Autosorb-iQ
(Quantachrome) at 77 K. The comparative isotherms for both
materials are shown in Fig. S12 (ESIt). The steep adsorption
isotherm at the low-pressure region of both composites was
observed, indicating the typical type IV behavior.®® The esti-
mated Brunauer-Emmett-Teller (BET) surface area of the NDI-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2NO,/rGO and NDI-4NO,/rGO composite is 34.7 m> g~ and
41.1 m> g~ ', respectively. The average pore diameter for NDI-
2NO,/rGO and NDI-4NO,/rGO was observed to be 3.2 nm and
3.0 nm, respectively (Fig. S12b and d, ESIt). Thus, it confirms
the presence of various pores in these materials. The BET
surface area, pore diameter, and pore volume of NDI-4NO,/
rGO are higher than that of NDI-2NO,/rGO, indicating that the
former composite may provide comparatively good electroche-
mical performance.

Electrochemical testing

The electrochemical performance was investigated using cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD) pro-
files, and electrochemical impedance spectroscopy (EIS). The
CV and EIS were performed on a Biologic VSP electrochemical
workstation while charging-discharging measurements were
taken on a potentiostat Neware battery tester. The CV was
observed at a scan rate of 0.2 mV s~ ' within a stable voltage
window of 0-3 V, as shown in Fig. 3a. During the cathodic
sweep, the peak at 0.01 V shows the typical lithiation process,
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while the anodic peaks at 0.25 V and 1.75 V correspond to
delithiation.®” A comparative CV plot shows that NDI-4NO,/rGO
encloses a larger CV area than NDI-2NO,/rGO, implying the
high electrochemical activity of the sample, suitable to facilitate
more charge storage and competent for LIB anodes. Further-
more, the materials were subjected to GCD tests, as shown in
Fig. 3b. The NDI-4NO,/rGO exhibits a high specific capacity of
699 mA h g at a current rate of 50 mA g~ ' with the average
potential of lithium insertion at 0.41 V (as per eqn (1) men-
tioned in Note S2, ESIt). The cell was kept at open circuit
potential for 24 hours to study the self-discharge after lithia-
tion. A negligible voltage drop was observed for a long period
(Fig. S13, ESIt), indicating good stability of our anodic material.
The NDI-4NO,/rGO outperforms various previously reported
organic materials such as G@PI/rGO (198 mA h g '@
30 mA g 1),°® DP-NTCDI-250 (170 mA h g '@25 mA g 1),%°
and NDIDA-GO (240 mA h ¢~ '@50 mA g~ ').*" The reason for
the outstanding performance of NDI-4NO,/rGO is the high
nitrogen content contributed by four nitro groups from the
sample. In the case of NDI-2NO,/rGO, two nitro groups are
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2.5 1
’!'g
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g
> 15
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Fig. 3 Electrochemical data for LIB half-cell studies. (a) Comparative CV for the NDI-2NO,/rGO and NDI-4NO,/rGO samples. (b) The first charge—
discharge curve profile at a current density of 50 mA h g~ for both samples, (c) the charge—discharge curves of the NDI-4NO,/rGO sample at current
densities varying from 50 to 2000 mA h g%, (d) The comparative Nyquist plots for the NDI-2NO,/rGO and NDI-4NO,/rGO samples.
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involved in the redox reaction. This nitro group enables
improved electric conductivity required for faster kinetics of
electrons and provides extra sites for more lithium storage.”
Also, nitroaromatic compounds facilitate six electrons during
redox reactions in LIBs, benefiting the charge storage ability.
Thus, NDI-4NO,/rGO showed a multi-electron reaction per active
group, which impacted the specific capacity.***” The NDI-4NO,/
rGO were further subjected to perform GCD at various current
densities, ranging from 100 to 2000 mA g '. The material
exhibits specific capacities of 498, 389, 325, 296, 263 and
216 mA h g™ ', as shown in Fig. 3c. The electrochemical stability
of the material at higher current densities shows a remarkable
performance compared to various organic compounds, as shown
in the comparative data in Table S3 (ESIf). The corresponding
redox mechanism is discussed in Note S3 (ESI}).

The kinetics of Li* were investigated using EIS measurement
by applying alternating current with an amplitude of 5 mV with
frequency ranging from 10 mHz to 100 kHz. Fig. 3d shows a
comparative Nyquist plot of the NDI-4NO,/rGO and the NDI-
2NO,/rGO. The inset in Fig. 3d shows the simulated Randles
circuit, which fits in with the experimental data. The NDI-4NO,/

View Article Online
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rGO sample has less electrode resistance (21.3 Q) than the
NDI-2NO,/rGO sample (31.1 Q). Also, the charge transfer resis-
tances (R.) of NDI-4NO,/rGO and NDI-2NO,/rGO are 36.2 Q and
45.3 Q, which reveals a low resistance path for Li* ions in the
NDI-4NO,/rGO sample. The CV and EIS were conducted for
bare rGO for comparison shown in Fig. S14 (ESIt), which
reveals that the R of rGO is 7.2 Q, contributing to the high
conductivity and low resistance path for the NDI samples.
The LIB coin cell composed of NDI-4NO,/rGO was further
evaluated by capacity retention tests, and cyclability and diffusion
studies. For the capacity retention test, current rates ranging from
50 to 5000 mA g ' were applied and the specific capacities are
shown in Fig. 4a. The cell shows some electrochemical changes
during the first cycles, which gives a stable performance. The LIB
cells composed of NDI-4NO,/rGO exhibited specific discharge
capacities of 699, 498, 389, 325, 296, 263, 216 and 155 at current
rates of 50, 100, 300, 500, 700, 1000, 2000 and 5000 mA g%,
respectively. The cell exhibits a stable performance at low as well
as high current. Furthermore, the cyclability of the cells was tested
for 800 cycles at a current rate of 1000 mA g~ ; the device has
demonstrated excellent stability, retaining about 89% of its initial
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Fig. 4 Extended electrochemical performance testing. (a) Capacity retention at different current densities. (b) Cycling stability test showing the steady
performance of the anode up to 800 cycles at 1000 mA g~2 (c) GITT charge—discharge curve with a resting period of 30 min. The insets show the
zoomed-in pulse profiles at various charging/discharging stages, and (d) the diffusion coefficient at different charge/discharge stages.
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capacity, as shown in Fig. 4b. The coulombic efficiency of the LIB
cell was above 95% throughout the cycling, revealing very low
hysteresis during charge-discharge. To present a comparative
analysis of the NDI-2NO,/rGO LIB cell, its cycling tests were
conducted for 500 cycles at 1000 mA g~ ', which retained about
74% of its initial capacity. One of the reasons which govern the
outstanding performance of NDI-4NO,/rGO is the increased nitro-
gen content, specifically the pyridinic type (as discussed in the
XPS Characterization section) content with the highly n-
conjugated structure and higher specific surface area.”*

The diffusion study of Li* ions into the host materials was
studied using the galvanostatic intermittent titration technique
(GITT). During the study, the charge-discharge pulse of 10 min
was applied, followed by a resting period of 30 min. The diffusion
coefficient (D) was calculated by eqn (2), Note S2 (ESIt). The GITT
charge-discharge profile and corresponding D values are plotted as a
function of time, as shown in Fig. 4c and d. During the charging, the
D value increases from 2.6 x 10" ecm®*s™ " t0 1.01 x 10" em*s ™.

In contrast, during discharging, the D value is constant
when it is above 0.5 V. Still, it increases rapidly in the region
when the discharge curve is below 0.5 V. The high value of D
manifests the fast diffusion of Li" ions into the host material.
Hence, these electrochemical studies show that the NDI-4NO,/
rGO can be successfully employed as an anode material for LIBs.
Along with the superior anodic performance, this cost-
effectiveness, greener synthesis route of this material, and its
non-solubility within electrolyte, give an upper hand over various
traditional organic materials, as listed in Table S3 (ESIf).

Conclusions

In conclusion, we synthesized NDI-nitro derivatives using pNA
and 3,5-dNA appended on electron acceptor NDI molecules. The
synthesized NDI-2NO, and NDI-4NO, molecules are further
grafted on reduced graphene oxide by non-covalent interactions,
which are investigated for LIB applications. The NDI-4NO,/rGO
showed a specific capacity of 699 mA h g™, while the NDI-2NO,/
rGO sample showed only 560 mA h g~ ' at a current density of
50 mA g~ '. Furthermore, we performed a cycling stability study
of NDI-4NO,/rGO for 800 cycles; it retained 89% initial capacity,
whereas NDI-2NO,/rGO showed 74% initial capacity retention
after 500 cycles. The excellent electrochemical performance of
NDI-4NO,/rGO is due to the highly n-conjugated NDI-4NO,
structure, increased nitrogen contents, electrolyte insolubility,
and fast redox kinetics. The enhanced conductivity of the NDI-
4NO,/rGO composite material is due to non-covalent interaction
with reduced graphene oxide. Furthermore, the versatility of
molecular engineering will allow us to tune the performance of
organic molecules to enhance the performance, such as capacity
and stability, towards practical organic batteries.

Experimental section

The material syntheses of NDI-2NO,, NDI-4NO, and graphene
oxide (GO) are discussed in Note S1 in detail (ESIT).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of the NDI-2NO,/rGO composite and NDI-4NO,/rGO
composite

NDI-2NO, and NDI-4NO, can be synthesized in a single step
through the reaction of NDA with pNA and 3,5-dNA in dimethyl-
formamide (DMF) at 120 °C for 12 and 24 h, respectively. The
reactivity of NDA with nitro-functionalized aniline is low due
to the electron-withdrawing effect of the nitro group on the
aromatic ring system. Consequently, a longer reaction time is
required to produce NDI-4NO, than NDI-2NO,.*

Electrode preparation and cell packing

The methodology of slurry preparation and coating is as per our
earlier reports.””> The powder samples of NDI-2NO,/rGO and
NDI-4NO,/rGO (80%) were mixed with PVDF (10%) and carbon
black super-P (10%) and hand-crushed for 30 min with the help
of a pestle and mortar. This powder is then mixed in NMP
solvent to prepare a slurry. The homogeneous slurry was coated
over copper foils with the help of a tape casting coater with
mass loading of about 1.2-1.6 mg and thickness of 50 pm,
followed by drying under a vacuum at 80 °C. The coated foils
were calendared for better material adhesion and crack-free
electrode preparation. The 16 mm copper disks of the coated
material were cut by a disk cutter and used as the active
electrode for battery testing.

The coin cell (CR 2032) was packed by using the 16 mm
active electrode disks, lithium chips (16 mm) as a counter
electrode, Whatman filter paper of grade-1 as the separator,
and LiPF in EC:DMC (1:1) in the PC electrolyte. The cell was
packed with the help of a crimper and kept at room tempera-
ture for 12 h for thermodynamic equilibrium attainment and
proper electrolyte wettability.
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