¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Graphene-sandwiched nitrogen-enriched
n-conjugated molecules as redox-active
cathodes for Li-ion batteriesy

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2023,
4, 3285

Kai Chen, Xiaolan Ma, Xiaoyan Han 2 * and Yingkui Yang*

A graphene-supported sandwiched composite (HAT-CN/Gr) was successfully fabricated through the
layer-by-layer self-assembly of hexaazatriphenylenehexacarbonitrile (HAT-CN) on the surface of GO
followed by thermal reduction. As applied to lithium-ion batteries (LIBs), the as-fabricated HAT-CN/Gr
cathodes exhibit a superior reversal capacity (225 mA h g~ at 0.05 A g™3), cyclic stability (retention of
142 mA h g~! at the 60th cycle) and rate capability (100 mA h g™t at 2.0 A g™ due to their architectural
and compositional superiority compared with pure HAT-CN cathodes. This work could give new
impetus to the development of high-performance organic composite electrodes for sustainable
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1. Introduction

The energy problem of modern society is gradually coming to
the fore, and people are urgently looking for low-cost, high-
efficiency energy storage technologies.' In the past few years,
lithium-ion batteries (LIBs) have been the most popular and
commercially available energy storage devices for portable
electronics because of their high operating voltage, high energy
density, long cycle life, high safety, and low self-discharge.*®
Currently, LIBs are based primarily on lithium transition-metal
oxide/phosphate cathode and graphite or Si anode materials.”™®
However, these conventional inorganic electrode materials will
suffer inevitably from the gradual depletion of available
resources, increasing costs, and incalculable environmental
issues, in addition to their limited practical performance which
comprises low capacities and sluggish reaction kinetics.>%™
Thus, the development of a novel class of energy-storage
materials derived from sustainable and renewable resources
is an important and much sought-after goal. Alternatively,
organic electrode materials, which consist of inexpensive and
sustainable elements such as C, H, O, and N provide an
excellent opportunity to enhance the existing energy storage
technologies.’®'* Over the long-term perspective, future LIBs
will rely on low-cost, environmentally benign, and renewable
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electrode materials that can be obtained directly from abun-
dant natural resources or prepared from their derivatives.">"°
In the past few decades, organic electrode materials have
become more and more attractive due to their inherent merits
of design flexibility, fast kinetics, cost-effectiveness, lightweight
nature, and environmental friendliness.'”'® Moreover, the
organic electrodes are generally not limited by the choice of
counterions, making them attractive for a variety of energy
storage devices,”>*! such as metal-ion batteries,** redox flow
batteries (RFBs),>® Li-O, batteries,** etc. However, the develop-
ment of organic electrodes is hindered by several problems,
which include a poor cycling stability and an unsatisfactory rate
performance, due to their low electronic conductivity and high
dissolution in the electrolyte.>® Accordingly, it is extremely
important to alter our perspective and explore readily available
and highly efficient organic electrodes to address these issues.
It is generally known that the storage capability of organic
electrode materials depends mainly on the molecular structure
of organic compounds. Fortunately, organic electrode materials
can deliver a high capacity because their molecules contain
redox-enriched functional groups.®®>® Therefore, it is essential
to develop high-performance electrode materials with multiple
redox-active centres by purposefully selecting or introducing
macromolecular compounds at the molecular level.>**" So far,
various strategies have been used, including optimization of
the molecular structure,®*** the polymerization of small mole-
cule compounds,***® the adoption of solid electrolytes,>”*® and
the immobilization of redox-active materials on conduct-
ing substrates. Besides, the in situ combination of redox-
active organic species with the graphene substrate to construct
graphene-supported nanocomposites has been carried out to
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simultaneously enhance the conductivity and the utilization of
active sites.*'?4

Recent research has indicated that low-molecular-weight nitro-
genous heterocyclic aromatic compounds with rich redox groups
exhibit an excellent electrochemical activity as organic electrode
materials for energy-storage technologies.”™ In this work, the
n-conjugated aromatic macromolecule hexaazatriphenylenehexacar-
bonitrile (HAT-CN), which has a nitrogen-rich system, was selected
for its novel organic electroactive groups. Besides, compared with
traditional composite preparation methods, sonochemical methods
are more favorable for the construction of graphene-based compo-
site structures without requiring any surfactants or complex pro-
cesses, where the morphology and particle size can be regulated
using ultrasonic waves.***® Herein, we fabricated a graphene-
supported sandwich composite (HAT-CN/Gr) through a universal
sonication and solvothermal process using graphene oxide (GO) and
HAT-CN as the raw materials. This three-dimensional (3D) hierarch-
ical composite structure effectively combines the advantages of both
compounds, inhibits the self-aggregation or re-packing of nanocar-
bon materials, accelerates the redox rate, and improves the electro-
chemical performance of the as-fabricated materials.””~*

As shown in Fig. 1, the formation of the HAT-CN/Gr compo-
sites involves the initial distribution of HAT-CN molecules on
the GO surfaces through n-n interactions and subsequent
thermal reduction. Firstly, the HAT-CN was distributed on the
graphene oxide surface via ultrasonic dispersion, which can
avoid the mutual accumulation of molecules, helping to
increase the utilization of electrochemically active sites. Then,
the HAT-CN/Gr composites were obtained via the solvothermal
reduction of graphene oxide to graphene. The addition of
graphene with its inherent conductivity can improve the elec-
tron transport of the composites, and the n-m interactions
between the components ensures a stable composite structure,
effectively inhibiting dissolution of the organic molecule in the
electrolyte. Finally, the effect of the graphene content on the
morphology, structure, and the final electrochemical perfor-
mance of the HAT-CN/Gr cathodes was also investigated.

2. Experimental
2.1 Synthesis of HAT-CN/Gr

First, an appropriate amount of graphene oxide (GO) was
dispersed in N-methyl-2-pyrrolidone (NMP) viag ultrasonication

&
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to form a uniform GO suspension. Different amounts of HAT-
CN (60, 120, and 240 mg) were then added to the above
dispersion system (60 mL) under constant sonication for
30 min, respectively. The resulting mixture was kept in a
Teflon-lined stainless-steel autoclave at 180 °C for 12 h. The
autoclave was subsequently cooled to room temperature and
the product was collected by evaporating the solvent through a
sand bath. The final products were dried at 120 °C under
vacuum overnight and were named HAT-CN/Gr-1, HAT-CN/
Gr-2, and HAT-CN/Gr-3 for the 60, 120, and 240 mg amounts
of HAT-CN, respectively.

2.2 Materials characterization

Fourier transform infrared (FT-IR) spectra were recorded using
a US Thermo Nicolet NEXUS 470 spectrometer in the range of
450-4000 nm. Raman spectroscopy was carried out using a
Thermo Scientific DXR microscope Raman spectrometer with a
laser excitation wavelength of 532 nm. X-Ray diffraction was
carried out using a Rigaku/MiniFlex 600 C system in the range
of 5-70°. Thermogravimetric analysis (TGA) curves were
obtained using a NETZSCH (TG209F3) analyser from 40 to
700 °C at 10 °C min~ " under a nitrogen atmosphere. Scanning
electron microscopy (SEM) was performed using a Hitachi
SU8010 microscope. Transmission electron microscopy (TEM)
was carried out using a Tecnai G2 20 S-TWIN microscope at
200 kv.

2.3 Electrochemical measurements

The electrochemical performance measurements were carried
out using CR2032 coin cells. Lithium foil was used as the
counter electrode and a Celgard-2400 microporous membrane
was used as the separator. The cathode slurry was made by
grinding the active material (HAT-CN or HAT-CN/Gr) with
conductive carbon black (Super P) and polyvinylidene fluoride
(PVDF) in a 6:3:1 weight ratio in NMP. The slurry was then
uniformly coated on the surface of the aluminium foil and
dried under vacuum at 80 °C overnight. The mass loading of
the active materials is around 0.8 mg cm™ 2 on each electrode
slice. 1.0 M LiTFSI in 1,3-dioxolane (DOL) and dimethoxy-
methane (DME) (v/v = 2:1) was used as the electrolyte. The
half-cells were fabricated in an argon-filled glove box. The
charge and discharge measurements were carried out using a
LAND CT2001A battery testing system (Wuhan, China) in the
voltage range of 1.5-3.5 V vs. Li'/Li. Cyclic voltammetry (CV)
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2) Solvothermal .

HAT-CN/Gr composite

Fig. 1 Schematic illustration of the synthesis of the HAT-CN/Gr composites.
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and electrochemical impedance spectroscopy (EIS) were per-
formed at room temperature using a CHI660 electrochemical
workstation.

3. Results and discussion
3.1 Structural characteristics

The morphologies of HAT-CN and its composites were investi-
gated using SEM and TEM techniques, as shown in Fig. 2. It is
observed that pure HAT-CN consists of flaky particles with a
size distribution of about 1-2 um (Fig. 2a and e). Apparently,
the HAT-CN/Gr composites exhibit a lamellar structure with the
HAT-CN particles confined in the graphene layers (Fig. S1b,
ESIt). It is noteworthy that HAT-CN/Gr-2 (Fig. 2¢ and g) with an
appropriate GO content shows a more uniformly dispersed
morphology than HAT-CN/Gr-1 (Fig. 2b and f) and HAT-CN/
Gr-3 (Fig. 2d and h). Besides, HAT-CN/Gr-1 with the lowest HAT-
CN content (60 mg) presents bare graphene sheets (Fig. Sla,
ESIt), and HAT-CN/Gr-3 with the highest HAT-CN content
(240 mg) shows a serious aggregation phase of the HAT-CN
particles due to the limited nucleation sites (Fig. S1c, ESIf).
The chemical structures of pure HAT-CN and the HAT-CN/Gr
composites were further examined using spectroscopy techni-
ques and thermogravimetric analysis (Fig. 3). As shown in the
FT-IR spectra (Fig. 3a), the characteristic absorption peaks at
1634, 1560, and 1393 cm ™" correspond to the C=N, C=C, and
C-N stretching vibration peaks, respectively, in pure HAT-CN,
while the characteristic peak of C=N at 2240 cm ' was not
evident in the composites, which can be attributed to the high
graphene content. Furthermore, the strong diffraction peak of
GO (8.6°) disappeared after solvothermal reduction and was
replaced by a broad peak at about 25° in the XRD pattern
(Fig. 3b), indicating that the oxygen-containing functional

S'um

Fig. 2
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groups were effectively removed after the reduction and the
structural defects of GO were repaired. The diffraction peaks of
the HAT-CN/Gr composites are significantly weakened, which
can be ascribed to the re-assembly between HAT-CN and the Gr
nanosheets via n-m interactions during the ultrasonication
process. The relatively broad diffraction peaks of the HAT-CN/
Gr composites demonstrate the presence of HAT-CN molecules
between the graphene layers, resulting in a poor degree of order.
Besides, in their Raman spectra (Fig. 3c), all the HAT-CN/
Gr composites exhibit similar D (ca. 1340 cm™ ") and G (ca
1575 cm™ ') bands, which correspond to the disordered structure
and the sp>hybridized configuration, respectively. The Raman shift
of the G peak (HAT-CN/Gr-3) to a lower frequency (1570 cm™")
compared with pure Gr (1586 cm™ ") indicates that the charges on
the heteroaromatic rings of HAT-CN are partially transferred to the
graphene layers due to the strong m-n interactions between HAT-CN
and graphene.”®" The loading amount of HAT-CN in the compo-
sites can be estimated using TGA (Fig. 3d) and elemental analysis
(Table S1, ESIT). The TGA trace of bare HAT-CN shows a clear weight
loss after 500 °C, and at 700 °C a weight of 22.6% is retained due to
the dissociation and carbonization of the macromolecular chains. By
contrast, the resultant HAT-CN/Gr composites demonstrate high
thermal stability while maintaining a large residual weight (50-60%)
due to carbonization of the graphene component. Meanwhile, the
measured N contents in HAT-CN, HAT-CN/Gr-1, HAT-CN/Gr-2, and
HAT-CN/Gr-3 were 42.36, 13.99, 17.64, and 21.85 wt%, respectively.
Therefore, the loading amounts of HAT-CN in the composites are
calculated to be about 33.0 wt% in HAT-CN/Gr-1, 41.6 wt% in
HAT-CN/Gr-2, and 49.3 wt% in HAT-CN/Gr-3.

3.2 Lithium-storage performance

To reveal the electrochemical performance and storage mecha-
nism, pure HAT-CN and the HAT-CN/Gr composites as
cathodes were evaluated via a series of electrochemical

(a)-(d) SEM and (e)-(h) TEM images of HAT-CN and the HAT-CN/Gr composites.
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Fig. 3
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techniques. Fig. 4a shows the cyclic voltammogram (CV) curves
of the HAT-CN/Gr-2 electrode between 1.5 and 3.5 V at a scan
rate of 0.5 mV s

~1, which exhibits two clear broad peaks,

demonstrating the multi-step redox reactions during the char-
ging/discharging processes and the highly reversible nature of
the electrode.
the first three redox active sites of the hexaazatrinaphthalene
(HATN) unit, and the broad peaks at 2.6-2.9 V correspond to
the last three redox couples of the HATN unit;**> the Li storage

52533 The broad peaks at 2.0-2.2 V originate from

Temperature ([] )

(a) FT-IR spectra, (b) XRD patterns, (c) Raman spectra, and (d) TGA curves for HAT-CN, Gr, GO, and the HAT-CN/Gr composites.

mechanism and corresponding equations are shown in Fig. S2
(ESIt). Besides, such CV profiles can be clearly identified in the
HAT-CN (Fig. S3a, ESIf), HAT-CN/Gr-1 (Fig. S3b, ESIf), and
HAT-CN/Gr-3 cathodes (Fig. S3c, ESIt). The charge/discharge
profile of the HAT-CN/Gr-2 cathode is shown in Fig. 4b, which
presents two sloping plateaus at about 2.25 and 2.75 V, tallying
with the CV results (Fig. 4a). Careful observation of the typical
CV curves for the stable 2nd cycle (Fig. S4a, ESIT) reveals that
all the HAT-CN/Gr cathodes exhibit stronger redox peaks
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Fig. 4 Typical CV curves (a) and charge/discharge voltage profiles (b) of the HAT-CN/Gr-2 cathode for the first three cycles.
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Fig. 5 Rate performance (a) and cycling stability (b) for HAT-CN and the HAT-CN/Gr cathodes.

compared with pure HAT-CN due to the graphene-supported
conductive networks and compact sandwich n-n packing that is
capable of boosting redox kinetics and ion diffusion, which is
identified by the increasing reversible capacity in Fig. S4b
(ESIT). Furthermore, the graphene-supported sandwich struc-
ture endows the HAT-CN/Gr composites with higher stable
capacities (over 70 mA h g~ ') compared with pure HAT-CN
(below 40 mA h g™ ") (Fig. 4b and Fig. S3d-f, ESIt), which is due
to the improved redox activity and electrochemical utilization
rate of the HAT-CN molecules. In particular, the approximate
overlap of the charge/discharge profiles between the 2nd and
3rd cycles for the HAT-CN/Gr cathodes (Fig. 4b and Fig. S3e and
f, ESIt) suggests the strong stability and high reversibility of
lithium uptake and release during the charge/discharge
processes.

The rate and cycling performances of the HAT-CN-based
cathodes were also tested (Fig. 5). As shown in Fig. 5a, appar-
ently, pure HAT-CN always delivers the lowest reversible capa-
cities (<20 mA h g ') whereas HAT-CN/Gr-2 possesses the
highest reversible capacities at each rate (225 mA h g™ ' at
0.05 A g ' and 200 mA h g ' at 0.1 A g™'). Typically, at an

elevated rate of 2.0 A g ', pure HAT-CN retains a much
lower capacity (6 mA h g ') compared with HAT-CN/Gr-1
(61 mA h g "), HAT-CN/Gr-2 (100 mA h g '), and HAT-CN/
Gr-3 (75 mA h g~ "). Moreover, after returning to 0.05 Ag™ ", each
of the HAT-CN/Gr composite cathodes almost recovers its
initial capacity, suggesting their excellent rate capabilities. In
particular, HAT-CN/Gr-2 with a suitable loading level of GO
exhibits the best rate performance, which can be attributed to
the uniform sandwich structure that is capable of providing
abundant efficient active sites, as confirmed by the cycling
performance in Fig. 5b. As shown in Fig. 5b, the HAT-CN
cathode presents an initial charge capacity of 123 mA h g~*
and retains only 12 mA h g™ " after 60 cycles, indicating a poor
cycling stability. By contrast, HAT-CN/Gr-2 delivers an initial
capacity of up to 185 mA h g~ ' and maintains a reversible
capacity of 142 mA h g™ at the 60th cycle, in good accordance
with the above results. Besides, it is worth noting that pure
graphene contributes a very low capacity because the reversible
capacity is very low for the same voltage range (Fig. S5, ESIt).

The electron transport and ion diffusion kinetics were
further revealed via EIS. Each of the HAT-CN/Gr cathodes

1000 800
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Fig. 6 Nyquist plots (a) and linear plots of the real parts of complex impedance vs. w2 (b) for pure HAT-CN and the HAT-CN/Gr composite cathodes.
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exhibits a lower charge transfer resistance (R.) than pure
HAT-CN due to the enhanced electronic conductivity contrib-
uted by Gr (Fig. 6a). Typically, the HAT-CN/Gr-2 cathode pos-
sesses the lowest charge transfer resistance (153.3 Q) among
HAT-CN/Gr-1 (220.8 Q), HAT-CN/Gr-3 (322.9 Q), and HAT-CN
(680.1 Q). As a consequence, HAT-CN/Gr-2 also shows a smaller
value for the ion-diffusion resistance (g; Fig. 6b) compared with
HAT-CN/Gr-1, HAT-CN/Gr-3, and HAT-CN, implying its faster
Li-ion diffusion throughout the composite electrode. These
kinetic behaviors are ascribable to the multifunctionality of
graphene. Conductive graphene nanosheets are closely stacked
with HAT-CN molecules to build a stable graphene-sandwiched
network that enables efficient electron transport, and a large
specific surface area, resulting in fast electrolyte infusion and
ion diffusion. Beyond that, the strong n-m interaction between
the Gr and HAT-CN layers is favourable for effective electron
transport and structural stability in deeply charged/discharged
states, thus rendering reversible and stable redox reactions of
the composite cathodes.

4. Conclusions

A series of graphene/nitrogen-enriched composites (HAT-CN/
Gr) was readily achieved from graphene oxide (GO) and hex-
aazatriphenylenehexacarbonitrile (HAT-CN) via a sonication
process in combination with subsequent thermal treatment.
Conductive graphene nanosheets (Gr) derived from the hydro-
thermal reduction of GO are fully covered by multi-electron
redox-active HAT-CN lamellae. The optimum as-fabricated
HAT-CN/Gr cathode delivers a high reversible capacity of
225 mA h g~" at 0.05 A g ' and retains a rate capability of
100 mAhg "' at2.0 Ag™", and a cyclic stability of 142 mAh g™*
after 60 cycles. This excellent electrochemical performance can
be attributed to the synergistic merits of the sandwich con-
struction, which consists of highly conductive graphene and
n-conjugated redox-active molecules. Firstly, the highly conju-
gated HAT-CN layers contain abundant aromatic C/N atoms,
which provide multi-electron active sites. Secondly, the strong
n-n interactions between the graphene nanosheets and the
HAT-CN layers enable intimate contact for the sandwich net-
work, enabling fast electron/ion transport and efficient electro-
chemical reactions. This work will provide new insights into the
construction of graphene-based sustainable organic electrodes
for the next generation of low-cost and high-performance
rechargeable batteries.
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