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Integration of carbon nanotubes and azo-coupled
redox-active polymers into core—shell structured
cathodes with favorable lithium storagef

Xiaolan Ma,? Yanying Dong,® Chengen He,*® Nan Jiang® and Yingkui Yang (2 *®

Organic redox-active polymers as sustainable and inexpensive alternatives to inorganic electrode
materials still suffer from poor intrinsic conductivity and low practical capacity when used in
rechargeable batteries. Herein carbon nanotubes (CNTs) are fully encapsulated in azo-coupled
hyperbranched polymers (NHP) by an in situ copper()-catalyzed oxidative coupling condensation
between tris(4-aminophenyllamine and p-phenylenediamine in the presence of CNTs. The resulting
core-shell heterostructures (NHP@CNTSs) consist of highly conductive cores and electrochemically-
active NHP shells with tailored thickness. Remarkably, when used as organic cathodes, NHP@QCNTs
deliver a higher reversible capacity (145 mA h g~! at 0.05 A g™3), better rate capability (68.1 mA h g™t at
1.0 A g%, and stronger cycling stability (retaining 85 mA h g~* over 160 cycles) compared to pure NHP
cathodes. The excellent lithium storage performance of NHP@CNTs can be corroborated by their
unique core-shell hetero-architectures, which are favorable for fast electron transportation, efficient
exposure of active sites, and porous channels accessible to electrolytes. This work may craft an
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1. Introduction

Lithium-ion batteries (LIBs) have been widely used in portable
electronics, electric vehicles, and smart grids.l_3 The constituent
materials for LIBs typically include electrolyte, separator, cathode,
and anode materials. In particular, the cathode materials of
commercial LIBs mainly use transition metal oxides and phos-
phates such as LiC00O,, LiMn,0,, LiFePO,, and LiNi,Mn,C0,0,."°
However, transition metal oxides and phosphates have relatively
low theoretical capacities (e.g:, 170 mA h g~ ' for LiFePO,) and
hence limited energy density. Meanwhile, such transition metal-
containing electrode materials usually come from scarce natural
resources, and their production processes involve great energy
consumption while emitting greenhouse gases such as CO,.”””
This does not meet the future demands of sustainable
development.'®"? Therefore, it is necessary to develop innovative
electrode materials with high capacities, low cost, and abundant
resources for next-generation LIBs.">'*
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unconventional approach to unlock the barrier of high-rate energy storage for organic batteries.

Compared to inorganic cathode materials, organic polymers as
electrode materials possess advantages including high theoretical
capacities, abundant resources, devisable structures, low cost, and
convenient recyclability.”>'® In the past years, a variety of poly-
mers containing redox-active groups such as disulfides,"”*8
organic radicals,"™*° carbonyl,”*** imine,”®*” and azo groups®®
have been frequently explored as organic electrodes for LIBs.
However, redox-active polymers commonly exhibit low electronic
conductivities, resulting in the electrode polarization and sluggish
reaction kinetics associated with an inferior rate and power
capabilities.”® Moreover, the poor electronic transport generally
inhibits the full utilization of active sites, thus delivering low
practical capacity.*® To date, three strategies have been proposed
to address the issue of low conductivity. Firstly, t-conjugation core
units are covalently coupled into linear chains to improve the
electronic delocalization ability.>*** This way is usually restricted
by the finite m-conjugation extension and complex synthesis.*®
Secondly, extra conductive additives (up to 85% in weight) are
mixed with organic active materials during the electrode fabrica-
tion process, resulting in low energy density of the whole batteries
due to the negligible capacity contribution of conductive additives
to the cathodes.*® The third strategy is therefore dominated by
incorporating conductive fillers into the polymer matrix through
in situ polymerization techniques during the synthesis process.>
In this context, conductive fillers with the least possible loading
can be homogeneously dispersed to construct efficient electron

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structures and synthesis route of NHP@CNTSs by using a copper())-catalyzed oxidative coupling reaction.

transport paths throughout the whole electrode. Of note, with
high electronic conductivity and electrochemical stability, carbon
nanotubes (CNTs), and graphene have been extensively reported
to fabricate polymer-based electrode materials."> However, the
coexistence modes of conductive fillers and polymers in the
composites are often random, resulting in limited improvements
in the electrochemical performance.

Herein, azo-containing hyperbranched polymer coated CNT
(NHP@CNT) composites were fabricated by an in situ copper(i)-
catalyzed oxidative coupling condensation between tris(4-amino-
phenyl)amine (TAPA) and p-phenylenediamine (PDA) in the
presence of CNTs, as shown in Fig. 1. Accordingly, CNT cores are
well encapsulated in NHPs with tailored thickness of the redox-
active outer shell. When used as the cathode materials for LIBs,
NHP@CNTs deliver larger specific capacities, higher rate and
cycling capabilities in comparison with pure NHP cathodes due to
the high accessibility of azo-based active sites in the hyperbranched
skeleton and highly conductive networks created by CNTs.

2. Experimental

2.1. Synthesis of NHP@CNTSs

Azo-coupled polymers were synthesized by amino-containing
monomers as reported in the literature.*®?” Typically, CuBr
(40 mg, 0.279 mmol) and pyridine (160 mg, 2.023 mmol) were
added to toluene (11 mL), and stirred for 3 h at room temperature.
To the above solution was then added a mixture of tris(4-
aminophenyl)amine (TAPA) (40 mg, 0.138 mmol), p-phenylene-
diamine (PDA) (23 mg, 0.206 mmol), and CNTs in tetrahydrofuran
(11 mL) under stirring. The resulting suspension was further
stirred under an air atmosphere at 25 °C for 24 h, 60 °C for
12 h, and 80 °C for 12 h, respectively. Afterward, the reaction
mixture was separated by filtration and washing with water and
tetrahydrofuran. The resulting brown solid was further stirred in
HCl (100 mL, 2 M) for 12 h followed by washing with NaOH
(100 mL, 2 M), water, ethanol, tetrahydrofuran, and chloroform.
The final product was obtained by vacuum drying overnight
at 120 °C. The loading amount of CNTs in NHP@CNTs was
controlled by using the initial addition of 7, 16, and 27 mg,
respectively. The resultant composites were accordingly desig-
nated as NHP@CNT-1, NHP@CNT-2, and NHP@CNT-3, respec-
tively. As a control experiment, pure NHP was also synthesized
under the same synthesis process in the absence of CNTs.

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

2.2. Materials characterization

The US Thermo Nicolet NEXUS 470 Fourier Transform Infrared
(FT-IR) Spectroscopy was used to characterize the chemical
structures of new materials in the wavelength range of 450 to
4000 nm. Raman spectroscopy was performed on a Thermo
Scientific DXR microscope Raman spectrometer with an excitation
laser A = 532 nm. X-ray photoelectron spectroscopy (XPS) was
conducted on a Thermo Multi Lab 2000 spectrometer. Thermo-
gravimetric analysis (TGA) was performed on a NETZSCH
(TG209F3) analyzer under a nitrogen atmosphere with a heating
rate of 10 °C min " The nitrogen adsorption/desorption isotherms
were measured with a ASAP 2020 Plus surface analyzer (Micro-
metrics) after degassing the samples under vacuum at 120 °C for
15 h. A transmission electron microscope (TEM, Tecnai G220 S-
TWIN, FEL USA) and scanning electron microscope (SEM, SU8010,
Hitachi, Japan) were used to determine material morphologies and
microstructures.

2.3. Electrochemical measurements

The cathode slurry was fabricated by grinding active materials
(NHP or NHP@CNTs) with conductive carbon black (Super P)
and polyvinylidene fluoride (PVDF) with a weight ratio of 6:3:1
in N-methyl-2-pyrrolidone (NMP). The resulting slurry was then
cast uniformly onto aluminum foil followed by drying in a
vacuum oven at 80 °C overnight. The mass loading of active
materials is about 0.8 mg cm™> on each circular electrode slice
with a diameter of 10 mm. A CR2032-type half-cell using the
lithium foil as the counter electrode was manufactured in a
glove box filled with argon. The 1.0 M LiTFSI in 1,3-dioxolane
(DOL) and dimethoxymethane (DME) (v/v = 2:1) was used as
the electrolyte. Galvanostatic charge/discharge (GCD) tests at
various current densities were determined on a LAND CT2001A
battery system (Wuhan, China) in the voltage range of 1 to
3.5 V. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were performed on a CHI660 electrochemi-
cal workstation at room temperature.

3. Results and discussion

3.1. Structural characteristics

Azo compounds were readily synthesized by a copper(1)-
catalyzed oxidative coupling condensation between aniline-like
molecules.***” Fig. 1 shows the route to prepare azo-coupled
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hyperbranched polymers (NHPs) in the absence of CNTs and
the composites (NHP@CNTs) in the presence of CNTs. Two
phenyl-enriched monomers of TAPA and PDA are favorable for
uniform dispersing n-conjugated CNTs into the reaction
solution.®® Accordingly, the subsequent in situ polymerization
process allows for intimate contact between CNTs and the
synchronously-generated NHP chains, forming core-shell
nanostructures due to strong m-m noncovalent interactions
between the two.*® The shell thickness of outer NHPs and
loading amount of inside CNTs were also tailored by changing
the feed ratio of CNTs to monomers.

Both morphologies and microstructures of NHPs and
NHP@CNTs were determined using both SEM and TEM
techniques. As shown in Fig. 2(a, e and f), pure NHP exhibits
a near-spherical morphology with an average diameter of
250 nm. In contrast to bare CNTs (Fig. S1, ESIt), all NHP@CNTSs
exhibit a very rough surface, and CNTs are fully encapsulated in
the NHP shell to form core-shell nanostructures. The average
thickness of the NHP shell around the surface of CNTs is about
67.7 nm for NHP@CNT-1 [Fig. 2(f and j)], 55.4 nm for
NHP®@CNT-2 [Fig. 2(g and k)], and 41.8 nm for NHP@CNT-3
[Fig. 2(h and 1)], respectively. The thicker NHP shell and hence
the larger diameter of NHP@CNTs [Fig. 2(b-d)] are attributable
to the lower loading of CNTs and the higher amount of
TAPA and PDA monomers during the in situ polymerization
process. Apparently, the 1D surface-confined space of CNTs
significantly reduces the size of NHP in NHP@CNTs, thus
affording the high accessibility and electrochemical utilization
of active sites.

NHP

NHP@CNT-1
ey

Fig. 2 Typical (a—d) SEM and (e-l) TEM images of NHP and NHP@CNTs.
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Chemical structures of pure NHP and NHP@CNTs were
further examined by spectroscopy techniques. NHP@CNT-2
was selected as an example to qualitatively verify its structural
evolution. As shown in the FT-IR spectra, typical horseshoe-
shaped double peaks for -NH, (3100-3500 cm™ ') in PDA and
TAPA (Fig. 3a) are clearly observed that almost disappear after
polymerization. A characteristic vibration peak of -N—N- at
1405 cm ' appears in NHP and NHP@CNT-2, revealing
the successful polymerization of monomers via an oxidative
coupling reaction.”®***° Furthermore, the strong -N—N-
peaks also occur at 1448 cm ™' in the Raman spectra of NHP
and NHP@CNT-2 (Fig. 3b).2#*"*> Moreover, CNTs show two
strong D (1340 cm ™) and G (1578 cm™ ') bands corresponding
to the disordered structure and sp>-hybridized configuration,
respectively. The Raman spectrum of NHP@CNT-2 presents the
higher intensities in both D and G bands compared to NHP due
to the presence of CNTs.*°

The chemical compositions of NHP and NHP@CNTSs can be
further verified by XPS. As shown in Fig. 3¢, pure CNTs shows
two main peaks of C 1s and O 1s. In comparison, NHP and
NHP@CNT-2 exhibit additional N 1s peaks at around 400 eV
due to the formation of azo bonds as a result of a copper(i)-
catalyzed oxidative coupling condensation.”**° The N 1s spectrum
(Fig. S2, ESIt) was further resolved into two peaks centered at
400.2 eV, and 399.8 eV respectively, corresponding to the C-N and
N=N groups in the NHP chains. In addition, the XRD pattern of
NHP@CNT-2 (Fig. 3d) combines the characteristic diffraction
peaks of pure NHP (20 = 18°) and CNTs (20 = 25.5°),**** in good
accordance with the Raman and XPS results mentioned above.

NHP@CNT-2 NHP@CNT-3

© 2022 The Author(s). Published by the Royal Society of Chemistry
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= The loading amount of NHP in NHP@CNTs can be esti- analysis (Table S1, ESIT). The N content measured in pure NHP
© mated by TGA in combination with the elemental analysis. As is 15.7% in weight, lower than the theoretical content of 17.7%
% shown in Fig. 4a, CNTs show a mass loss above 500 °C due to calculated by the repeated structure units. However, the N signal
2 thermal decomposition of oxygen-containing groups, and is almost undetectable in bare CNTs. The actual N fractions are
'_

maintain a residual weight of 86.1% at 700 °C. NHP gives an
initial weight loss of about 4.5% below 100 °C attributable to
the removal of physically-adsorbed water, and then decom-
poses gradually after 200 °C and finally retains a weight of
64.1% at 700 °C due to the dissociation and carbonization of
polymer chains. In contrast, NHP@CNT-1, NHP@CNT-2, and
NHP@CNT-3 retain 71.4%, 75.2%, and 77.3% of their weight
respectively, due to the high thermal stability enabled by CNTs.
The accurate composition was further estimated by elemental

(cc)

13.0% in NHP@CNT-1, 11.5% in NHP@CNT-2, and 8.3% in
NHP@CNT-3, respectively. Therefore, the loading amounts of
CNTs are calculated to be about 17.4% in NHP@CNT-1, 26.8% in
NHP@CNT-2, and 47.6% in NHP@CNT-3, respectively, by
assuming that all N moieties come from the azo-coupled NHP
moieties.

The N, adsorption/desorption measurements were con-
ducted to investigate the pore structures. As shown in Fig. 4b,
all the isotherms of NHP and NHP@CNTSs have an increased N,
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Fig. 4 (a) TGA curves and (b) N, adsorption/desorption isotherms (the insert showing pore diameter distribution diagrams) of NHP, NHP@CNTs, and
CNTs.
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uptake at a relatively high pressure, ascribed to the existence of
a small amount of mesopores.*® Pore size distributions were
estimated from the adsorption branch of isotherms by nonlocal
density functional theory (NLDFT). The dominant peaks are
centered at 1.25 nm associated with small peaks between 1.5-
3 nm, indicating the predominance of micropores and the
presence of a few mesopores in the hyperbranched topological
structures of NHP moieties. Specific surface area was calculated
based on the Brunauer-Emmett-Teller (BET) model.
NHP@CNT-3 achieves a specific surface area of 110.2 m*> g™/,
which is higher than those of NHP@CNT-2 (105.9 m* g~ '),
NHP@CNT-1 (91.9 m* g~ "), and pure NHP (80.2 m* g~ ') due to
the incorporation of more CNTs and the smaller diameter of the
resulted NHP@CNTSs. Accordingly, the pore volume is gradually
increased from 0.19 cm® g ' for NHP to 0.21 cm® g ' for
NHP@CNT-1, 0.25 cm® g~ ' for NHP@CNT-1, and 0.35 cm® g~ *
for NHP@CNT-3. In principle, the higher specific surface area
and the greater pore volume would be more favorable for the
electrolyte penetration and ion diffusion and hence, achieving
high-rate lithium storage capability.>°

3.2. Lithium-storage performance

The electrochemical performance of NHP-based cathodes was
studied using coin-type batteries in which the lithium foil
served as the counter electrode. As shown in Fig. 5a,
NHP@CNT-2 shows an irreversible shoulder peak at ca.
1.05 V in the first cathodic scan, possibly owing to the cathode
activation and the formation of a solid electrolyte interface
film.>® In the subsequent redox cycles, the nearly-overlapped
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CV profiles retain a strong and broad anodic peak centered at
1.78 V and a cathodic peak at 1.62 V, corresponding to the
reversible oxidation/reduction reactions of azo units,?>%4>~48
as proposed in Fig. 5c. Another weak oxidation peak at ~2.75V
is possibly ascribed to the cation radical state (Fig. 5c¢) of
tertiary amine units in the NHP skeleton.*® It is generally
difficult to distinguish the oxidizing nitrogen cation radicals
during the charge process. However, tertiary amine sites
derived from TAPA are covalently bridged by triphenyl groups
and accordingly located in the center of the NHP backbone.
Meanwhile, in such micropore-dominated hyperbranched topo-
logical structures, electrolyte salts are easily allowed for
approaching the electroactive surfaces of NHP moieties.>
These accordingly enable the generation of nitrogen radical
cations which could be subsequently stabilized by conjugated
aromatic units, and electrostatically balanced by the neighbor-
ing anions (TFSI) in the electrolyte.>">* Such CV profiles can
also be clearly identified in the NHP (Fig. S3a, ESIY),
NHP@CNT-1 (Fig. S3b, ESIt), and NHP@CNT-3 (Fig. S3c, ESIT)
cathodes. All the NHP@CNTs cathodes exhibit stronger redox
peaks at the same rate compared to pure NHP in the same
voltage window (Fig. S3d, ESI{), due to the conductive core and
redox-active shell heterostructures capable of boosting redox
kinetics and ion diffusion.>®

In their GCD profiles, NHP@CNT-2 (Fig. 5b) and their
counterparts of NHP (Fig. S4a, ESIt), NHP@CNT-1 (Fig. S4b,
ESIt), and NHP@CNT-3 (Fig. S4c, ESIf) cathodes show the
primary discharge/charge plateau voltages in the range of
1.41 V to 2.05 V due to the reversible lithiation/delithiation
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Fig. 5 (a) CV curves at 0.5 mV s~ and (b) charge/discharge profiles at 50 mA g~ for selected NHP@CNT-2 cathodes in the first three cycles; (c) the
proposed lithium storage mechanism of N-containing functional groups in the repeating units of NHP chains.
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processes of azo groups. A slight sloping charge platform above
2.6 V can be also observed (Fig. 5b) that agrees well with the CV
results. The encapsulation of CNTs endows NHP@CNTs with
higher stable capacities (over 80 mA h g~') compared to NHP
(below 70 mA h g™, Fig. S4d, ESIt), due to the improved redox
activity and electrochemical utilization rate of organic NHP
shell layers.>*

Rate and cycling performances of NHP-based cathode mate-
rials were further evaluated by GCD. As shown in Fig. 6a, all the
NHP®@CNTs cathodes deliver higher reversible capacities at
each rate compared to pure NHP, suggesting their higher rate
capabilities. The reversible capacity of the pure NHP cathode
decreases significantly from 80 mAh g™" to 10 mA h g~ (much
lower than its theoretical capacity of 243.6 mA h g™ !, see the
ESIt) when the current density increases from 0.05 A g ' to
1.0 A ¢!, with a capacity retention as low as 12.5%. By
comparison, NHP@CNT-2 delivers high reversible capacities
of 145,and 68 mAh g " at 0.05Ag ' and 1.0 Ag™ ", respectively,
and gives a higher capacity retention (46.9%) compared to pure
NHP. Furthermore, after returning to 0.05 A g~ ', NHP@CNT-2
still retains a capacity of 112 mA h g~', which is also much
larger than that of NHP (70 mA h g™ '). Similarly, all the
NHP@CNTs cathodes deliver higher reversible capacities after
160 cycles at the same rate of 0.05 A g~ " compared to pure NHP.
As shown in Fig. 6b, the NHP cathode presents a relatively low
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initial charge capacity of 85 mA h g™, and gradually decays to
25 mA h gf1 after 160 cycles. In contrast, NHP@CNT-1,
NHP@CNT-2, and NHP@CNT-3 cathodes deliver specific capa-
cities of 95, 145, and 120 mA h g™ ' in the first cycle, and
maintain reversible capacities of 70, 85, and 75 mA h g~ " after
160 cycles, respectively.

An EIS test was conducted to evaluate the electrochemical
kinetics of NHP and NHP@CNTSs electrodes. As shown in
Fig. 7a, all the NHP@CNTSs cathodes exhibit smaller diameters
of semicircles in the high frequency range compared to pure
NHP, suggesting their lower charge transfer resistances due to
the enhanced electronic conductivity by CNTs. Typically, the
NHP@CNT-2 cathode possesses the lowest charge transfer
resistance (63.5 Q). In the low frequency range, the slopes of
approximately 45° inclined line are much greater than that of
NHP, indicative of the lower ion diffusion resistance (o) in
NHP@CNTs.”® The fitted ion diffusion resistance values
(Fig. 7b) for NHP@CNT-1, NHP@CNT-2, and NHP@CNT-3
cathodes are about 170, 127, and 137 Q s~ "2, respectively,
much lower than that of NHP (208 Q s~ /).

To verify the lithium storage mechanism, the chemical
structure evolution was identified using ex situ spectroscopic
techniques. As shown in Fig. 8, the characteristic Raman peak
of azo groups (-N=N-) in the NHP moieties at 1448 cm "
almost disappeared when the fresh electrode was fully
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Fig. 6 (a) Rate performance at different current densities, and (b) cycling stability measured at 0.05 A g~ for NHP and NHP@CNTSs cathodes.

(a)s00 (b) 3
180 o (Qs?) NHP@CNT-1
400 160 170
= NHP@CNT-3
*S' o5 E n i NHP@CNT-2
;‘-‘ Q 120+ 127
200 N
—=—NHP 1004 NHP.
—e—NHP@CNT-1
100 1 —a— NHP@CNT-2 804 208
—v— NHP@CNT-3
0 T T T T 60 T T L] ¥ T
0 100 200 300 400 500 0.10 0.15 0.20 0.25 0.30
' (Ohm) (Frequency, o)"*(s"?)

Fig. 7 (a) Nyquist plots, and (b) the relationship between the real part of impedance (Z’) and the reciprocal of the square root of frequency (w Y2) of

NHP, NHP@CNT-1, NHP@CNT-2, and NHP@CNT-3 cathodes.
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Fig. 8 Ex situ Raman spectra of the NHP moieties at different charge/
discharge states.

discharged to 1.0 V. Instead, a new peak appears at 1395 cm ™,

corresponding to the lithiated azo groups (Li-N-N-Li) due to
the coordination of azo groups with Li ions during the dis-
charge process.”>*? During the charging process from 1.0 V to
2.0 V, the characteristic peak of -N—N- recovers gradually,
suggesting the reversible redox reactions between azo groups
and Li ions.

As demonstrated above, the NHP@CNTSs cathodes exhibit
larger reversible capacities, better rate capability, and stronger
cycling stability as well as lower charge transfer and ion
diffusion resistances compared to its counterpart in the pure
NHP cathode. Such excellent electrochemical performance can
be rationally corroborated by the core-shell hetero-
architectures of NHP@CNTs. Conductive CNTs are intimately
encapsulated in the nano-sized redox-active NHP shell while
significantly reducing the bulk dimension of pure NHP particles.
Meanwhile, quasi 1D NHP@CNTs are interconnected to build
3D hierarchical networks, thus boosting the exposure of N-
containing active sites in the hyperbranched configuration.”®>’
Such synergetic characteristics are highly favorable for accelerat-
ing electron transport, facilitating electrolyte percolation and
accessibility, reducing ion diffusion distances, and lowering the
lithiation/delithiation barrier,”®*° and rationally account for
significant improvements in lithium-storage performance for
NHP@CNTs. Interestingly, NHP@CNT-2 shows the optimal per-
formance among NHP@CNTs, possibly due to the appropriate
loading of CNTs that inherit the inherent electron transport
merits while preserving as much electrochemically-accessible
sites of NHP shell as possible in the composites.>®*°

4. Conclusions

Azo-coupled hyperbranched polymer-encapsulated CNTs were
prepared by facile in situ polymerization to form core-shell
nanostructures with tailored shell thickness. When used as
cathodes for LIBs, the as-fabricated NHP@CNT electrodes deliver
a high reversible capacity of 145 mAh g ' at 0.05 A g™, and retain
681 mAhg 'at1.0Ag ', and 85 mA h g after 160 cycles,
respectively. The excellent electrochemical performance can be
attributed to the synergistic merits of highly-conductive CNT cores

5824 | Mater. Adv, 2022, 3, 5818-5825
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and redox-active hyperbranched configurations of NHP shells.
Remarkably, the robust contact between CNTs and NHP builds 3D
networks, which ensure fast electron transport, abundant porous
channels accessible to electrolytes, and efficient exposure of
N-containing active sites for reversible lithiation/delithiation. This
work would provide new insights into crafting inorganic/organic
building blocks into sustainable metal-free electrodes for the next-
generation of low cost and high-performance rechargeable
batteries.
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