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Abstract: Carbon nanotube (CNT) film has attracted tre-
mendous attention in functional material research for its
unique structure and excellent properties. However, pris-
tine CNT (PCNT) film is hydrophobic, and mechanical
strength and conductivity are poor than reported indivi-
dual CNT. These challenges impede its wide application.
Highly efficient closed-loop recycling of both monomer
and CNT film is a major challenge. Herein, hydrophilic
CNT film with high mechanical strength and conductivity
was prepared under the synergistic effects of in situ
nitrogen doping and thiol-ene click reaction. The tensile
strength, Young’s modulus, and electrical conductivity
both in perpendicular and in longitudinal directions are
1,362, 1,658, 222, and 218% higher than those of PCNT
film. Closed-loop recycling of CNT film and monomer with
high recyclability (100 and 86.72%) has been achieved in a
gentle acid environment. The CNT films are 100% recovered
and reused to fabricate thiol-functionalized CNT film without
deterioration of performance after three cycles, which
provides a novel strategy for the preparation of high-
performance CNT film and a pathway for high-efficiency
closed-loop recycling of CNT film and monomer.
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1 Introduction

Since carbon nanotubes (CNTs) were first reported in 1991
[1], it has undergone three decades of vigorous develop-
ment. CNT has increasingly attracted enormous attention
from researchers in both academic and industry and is
widely applied in energy applications [2,3], artificial mus-
cles [4], sensors [5], catalytic materials [6], separation
and purification [7], electromagnetic interference shielding
[8], and aerospace [9] as a consequence of its high specific
surface area, extraordinary lightweight, high mechanical
strength, biocompatibility, and electrical, thermal, optical
properties [10]. But pristine CNT (PCNT) films are hydro-
phobic and inert [11], which leads to poor compatibility
with other materials and restricts their application in an
aqueous environment. Simultaneously, due to the low inter-
facial interaction and orientation, PCNT films possess lower
conductivity and mechanical performance [12]. Modifica-
tion of CNT films as an approach to overcome these short-
comings mentioned above is of great significance.

The strategies to modify CNT films are generally
divided into physical and chemical methods. Physical
methods mainly include hot-pressing densification [13],
mechanical rolling [14], dipping of organic solvents [15],
polymer infiltration [16], physical doping [17], heat treat-
ment [18], and electric treatment [19]. Physical methods
may bring out many disadvantages. For instance, pressing
and rolling lead to the collapse phenomenon, which enlarges
the interface surface area between CNTs and destroys the
overall mechanical performance of the bundles [20]. The
main challenge of polymer infiltration of CNT networks is
composites with heterogeneous morphologies and poor
mechanical properties as a consequence of stress concen-
trations at voids within the composite. On the contrary,
chemical modification is usually to form a covalent bond
between CNTs or surface modification with some chemical
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groups to promote tensile strength, conductivity, and
hydrophilicity.

Chemical methods can introduce various atoms, such
as nitrogen, oxygen, phosphorus, sulfur, and so on [21-23].
It has been revealed that nitrogen-doped carbon nanostruc-
tures are promising to produce functional materials for var-
ious applications [24,25]. Nitrogen atoms can increase the
specific surface area of CNTs, the contact site of electrolyte
and electrode materials, and improve wettability [26].
Nitrogen atoms can enhance charge transfer to improve
electric conductivity and increase load transfer to improve
mechanical strength [21]. Nitrogen doping is divided into
in situ nitrogen doping and post-treatment nitrogen doping.
The difference between in situ nitrogen doping and tradi-
tional chemical vapor deposition (CVD) method is the utili-
zation of nitrogen sources. Therefore, in situ nitrogen doping
is a simple and commonly used approach. In situ nitrogen
doping is conducive to changing the structure of CNTs,
accelerating charge transfer, and enhancing conductivity
[27]. But the effect of increasing the interaction between
tubes is limited. Post-treatment nitrogen doping mainly
includes the input of chemical group, convent bond, and
noncovalent bond such as hydrogen bond. Post-treatment
nitrogen doping is a more effective approach to improve
wettability and mechanical strength. But the reported
research studies about nitrogen doping are complicated
and non-degradable. The extensive use of CNTs and CNT-
based electrical waste brings out a great threat to human
health and living environment [28].

Herein, two kinds of hydrophilic CNT films are fabri-
cated by the CVD method using ferrocene as a catalyst,
thiophene as a co-catalyst, ethanol and acetone as carbon
sources, and melamine or ammonia bicarbonate as nitrogen
sources, respectively. Two CNT films are respectively named
NC-1 (ammonium bicarbonate as nitrogen source) and NC-2
(melamine as nitrogen source). Moreover, we chose three
mercaptans with excellent wettability on PCNT film to pre-
pare three hydrophilic CNT films by thiol-ene click reaction
(Figure S2), one of the most utilized click reactions in
materials science [29]. The three mercaptans are ami-
noethanethiol hydrochloride (AH), 2,2,2”-(1,3,5-hexahydro-
s-triazine-1,3,5-triyl) ethyl mercaptan (HT-EM), and 2,2,2"-
(1,3,5-hexahydro-s-triazine-1,3,5-triyl) benzyl mercaptan
(HT-BM). Three CNT films modified by AH, HT-EM, and
HT-BM are named AC, EC, and HC, respectively. Then,
HNC-2 with higher mechanical strength (332MPa) and
electrical conductivity (675S/cm) was prepared using the
synergistic effects of the two methods. Interestingly, the
wettability of CNT films is converted from hydrophobic
to hydrophilic, which is beneficial to expand the applica-
tion of CNT films. At the same time, the tensile strength,
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modulus, and electrical conductivity of functionalized CNT
films were improved. But just tuning the wettability of CNT
film from hydrophilic to hydrophobic is not enough to
satisfy the need for various and different wettability. In
order to deal with this problem, we prepared functiona-
lized CNT film with controllable wettability by adjusting
the amount of 2,2,2”-(1,3,5-Hexahydro-s-triazine-1,3,5-triyl)
benzyl mercaptan (HT-BM). More significantly, the design
of recyclable hexahydro-s-triazine made functionalized CNT
film degradable. And our research achieved closed-loop
recycling of CNT films, a monomer with high recyclability
(100 and 86.72%) as shown in Figure 1. And the degrada-
tion and cycle mechanism of resignation was researched.
Although the tensile strength and electrical conductivity of
recovered CNT film after three times close-loop recycling
and the monomer of mercaptan have not been completely
recycled, 100% of CNT film has been reused to prepare
functionalized CNT film with no obvious performance
degradation and over 80% of the monomer is recycled
and reused to prepare mercaptan. Closed-loop recycling
of CNT film and the monomer is significant in saving
resources and protecting the environment in the field of
nanotechnology to overcome abundant waste and the cost
of materials. The consumption of CNT films is increasing
year by year. CNTs do harm to human health and the
environment, but a lot of CNT films have hardly been
treated or recycled after use. In recent years, closed-loop
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Figure 1: Closed-loop process thiol-functionalized CNT film for
recycling both CNT film and monomer.
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recycling of carbon fiber composites and recycling of CNT
films have provided an efficient and popular method for
the recycling of carbon nanometer materials [30-34]. And
recent mechanism studies of recyclable hexahydro-s-tria-
zine provide significant theoretical support [35-37]. Thus,
closed-loop recycling of CNT film and monomer is realized
successfully and the degradation and recycling mechanism
has been proposed, which will be furtherly promising to
apply in CNT-film-based batteries and supercapacitors.
This material will be able to be recycled and reused after
service. This new design concept will be an upsurge to
greatly reduce electrical waste [38,39], manufacturing costs,
and environmental impact under the requirements of global
sustainable development.

2 Experimental section

2.1 Preparation of hydrophilic CNT films
(NC-1, NC-2) by in situ nitrogen doping

As shown in Figure S1, two kinds of hydrophilic CNT films
are fabricated by the CVD method using ferrocene as a
catalyst, thiophene as a co-catalyst, ethanol and acetone
as carbon sources, and melamine or ammonia bicarbo-
nate as nitrogen sources, respectively. Two CNT films
prepared using in situ nitrogen doping are, respectively,
named NC-1 and NC-2.

2.2 Preparation of hydrophilic CNT films
(AC, EC, HC) by thiol-ene click reaction

The PCNT film is modified by three different mercaptans
AH, HT-EM, and HT-BM. Taking HT-BM as an example,
the preparation process is as follows: (i) the PCNT film is
completely impregnated in a solution containing 10 g HT-
BM, 10 g DMF, and 0.15 g benzoin dimethyl ether (DMPA)
for 20 min in a dark environment. (ii) The infiltrated CNT
films are exposed to a 300 W ultraviolet light source in
a UWave-2000 reactor to initiate thiol-ene click reaction
for 40 min. (iii) The unreacted solution is washed with
dimethyl formamide (DMF) to remove unreacted mercap-
tans. (iv) The CNT film obtained should be washed using
DI and dried at 60°C to remove the solvent. Functionalized
CNT films are obtained and named HC. Through a similar
process, as shown in Figure S2, three CNT films modified
by AH, HT-EM, and HT-BM are named AC, EC, and HC,
respectively.
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2.3 Preparation of hydrophilic CNT film
(HNC-2)

Nitrogen doping CNT film (NC-2) was modified using
HT-BM to prepare hydrophilic CNT film with high mechan-
ical strength and conductivity via thiol-ene click reaction
between HT-BM and NC-2, which combines in situ nitrogen
doping and thiol-ene click reaction. It is named HNC-2.

2.4 Recycling of CNT film

The HNC-2 films are immersed in different acid solutions
(CH5COOH/THF, HCOOH/THF, and H5PO,/THF) with the
same concentration at 60°C. Additionally, the HNC-2
films are immersed in phosphoric acid solution with dif-
ferent concentrations. The best degradation condition is
determined that the HNC-2 films were immersed in 3 mol/L
phosphoric acid solution for 3 h at 60°C. The degraded film
is washed five times with DI and dried for 1h at 60°C.
The recycled CNT film is immersed in a reaction solution,
kept in the dark for 20 min, and then reacted under an
ultraviolet reactor for 40 min. The unreacted solution
was removed using DMF and dried in a vacuum oven
at 60°C for 1 h. The second functionalized CNT film can
be prepared by thiol-ene click reaction between recycled
CNT films and HT-BM. In a similar way, the CNT films are
recycled four times and named R;, R,, R3;, and R,
respectively. Correspondingly, CNT films are degraded
four times, and each recycled NC-2 films are named Dy,
D,, D3, and D4, respectively. Moreover, NC-2 film is
immersed in a 3 mol/L phosphoric acid solution, which
is served as a control group. The CNT film treated with
phosphoric acid is named PA-NC-2. Similarly, NC-2 film
is treated by a solvent (DMF) and named DNC-2.

2.5 Recycling of HT-BM

The HNC-2 films are immersed in 3 mol/L phosphoric acid
solution for 3 h at 60°C. The degradation solution is neu-
tralized with 1mol/L of sodium hydroxide solution and
extracted with tetrahydrofuran. Then, we collect the organic
phase, add anhydrous sodium sulfate, and let it stand for a
night to remove water. Finally, the solvent is removed using
spin evaporation, and the yellow degradation product is
collected. Yellow degradation product is dissolved in DMF
and reacted with slightly excessive formaldehyde solution
at 85°C for 5 h. Yellow slime is obtained after removing the
solution.
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2.6 Closed-loop recycling of CNT film and
monomer

NC-2 film is functionalized by HT-BM by thiol-ene click reac-
tion to prepare HNC-2 film. Then, HNC-2 is immersed in
3 mol/L phosphoric acid solution for 3h at 60°C to obtain
recycled NC-2 film. Meanwhile, the degradation solution is
neutralized with sodium hydroxide solution, extracted with
tetrahydrofuran, dried by anhydrous sodium sulfate and then
by spin evaporation to collect recycled monomer, which is
reacted with excess formaldehyde solution to obtain recycled
HT-BM. Recycled NC-2 film is functionalized by recycled HT-
BM to prepare the first cycled functionalized CNT film (C,).
Similarly, the second and third cycled functionalized CNT
films are named C, and Cs. Concurrently, solvents such as
anhydrous ethanol, DMF, and THF are recycled by spin eva-
poration and reused for the next synthesis or extraction.

3 Results and discussion

3.1 Properties of functionalized CNT films

PCNT film was of strong hydrophobicity and stability
(Figure S3a). All of the three mercaptans possessed good
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wettability (Figure S3b—-d) on the PCNT films. Two CNT
films prepared by in situ nitrogen doping are named NC-1
and NC-2, respectively. In situ nitrogen doping can intro-
duce nitrogen atoms into the graphitic structure of the CNT
[40,41], causing the transformation of CNT films from
hydrophobic to hydrophilic [27,42,43] (Figure S4a and b).
Thiol-ene click reaction successfully introduced mercap-
tans into CNT films to improve the wettability of CNT
films (Figure S4c and d). And it was confirmed using
Fourier transform infrared (FT-IR), X-ray photoelectron
spectroscopy (XPS), and X-ray power diffraction (XRD)
in Figures S12-S14 that the thiol-ene click reaction is
operated between carbon—carbon double bonds of NC-2
film. Combining the two methods, the thiol-ene click reac-
tion is operated between carbon-carbon double bonds
of NC-2 film and thiol group of HT-BM to prepare thiol-
functionalized CNT film (HNC-2), whose wettability is the
best (Figure S4). Moreover, controllable wettability has
been realized by adjusting the amount of mercaptan
(Figure S5), which is more simple and energy-saving
than traditional plasma treatment [44].

Figure 2a shows the total XPS spectra of the PCNT,
NC-2, and HNC-2. PCNT mainly consisted of C and O
atoms. The new nitrogen element appeared in NC-2, indi-
cating in situ nitrogen doping is successful. Meanwhile,
the new sulfur element appeared in HNC-2, confirming
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Figure 2: Spectra of PCNT, NC-2, and HNC-2: (a) total XPS and (b-d) Cl1s XPS.
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that the click reaction is successful. Figure 2b shows that
the PCNT is composed of five carbon atoms, including
C-C (sp?, 284.6eV), C-C (sp?, 285.4eV), C=0(286.5),
C-0(285.6 eV), and m-m* shake-up feature (291.0eV)
[45-48]. From Figure 2c and d Cls XPS, carbon atoms
are transferred from sp® binding to sp> binding by in situ
nitrogen doping and click reaction, which is proved by a
rapid increase of sp> phase and a steep decrease of sp? in
HNC-2, so the ratio of sp?/sp’ from 1.55 increase to 2.93.
The total spectra of HNC-2, degraded HNC-2 and recycled
HNC-2, are shown in Figure 3a. After degradation, the peak
of the S element disappeared and the peak of N was main-
tained. Recycled HNC-2 is similar to the original HNC-2.
Therefore, the recycling of HNC-2 is successful. From
Figure 3b and c, Nis spectra of NC-2 and HNC-2 indicate
that in situ nitrogen doping and click reaction achieve the
doping of nitrogen. And from the S2p spectra of HNC-2 in
Figure 3d, the two peaks at 164.1 and 164.9 eV, corre-
sponding to C-SH and C-S-C [49,50], respectively. The
appearance of C-S—C indicates that the thiol-ene click
reaction between the thiol group in HT-BM and the double
bond in CNTs. The peak of C-SH is due to a small amount
of thiol group residues in the HNC-2 after the reaction.

But the effect is limited. XPS explained the low cova-
lent structure and the poor tensile strength very well. The
elemental composition of the PCNT and modified films
(NC-2 and HNC-2) is shown in Table 1. For the PCNT, a
small amount of nitrogen (0.13%) is inherent in CNT [51],
and sulfur (0.44%) may come from thiophene used in the
preparation of CNT film. And the content of nitrogen in
the modification films (NC-2) is 1.46, indicating in situ
nitrogen doping is successful. The increase in nitrogen
and sulfur content is attributed to the click reaction of the
sulfhydryl groups in the triazine ring (HT-BM) with the
double bonds between the CNTs. The results further cer-
tificate that the HT-BM has successfully modified PCNT
by thiol-ene click reaction.

As described in Figure 4a, the mechanical property of
PCNT film is 22.7 MPa. This is attributed to many particle
impurities, large amounts of voids, low orientation, and
connections among nanotubes [12]. The mechanical prop-
erties and conductivity have been strengthened while the
wettability of six functionalized CNT films is improved,
which are shown in Figure 4a—c. The tensile stress of
six functionalized CNT films (NC-1, NC-2, AC, EC, HC,
and HNC-2) increased by 268.72, 367.84, 429.95, 527.31,
633.90, and 1363.00%, respectively. Young’s modulus improved
47419, 532.26, 670.97, 725.81, 925.81, and 1661.60%, respec-
tively. The Raman spectra of PCNT and modified CNT films
are described in Figure 4d. The Ip/I; value of PCNT film
was 0.33. After modification, Ip/I; values of NC-1, NC-2,
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AC, EC, HC, and HNC-2 are improved to 0.38, 0.40, 0.43,
0.46, 0.48, and 0.56, which indicated that the modification
is successful. And we will talk about why successful
modification can improve the properties. In situ nitrogen
doping can improve the mechanical performance of the
introduction of nitrogen skeleton.

Weak van der Walls force among PCNTs leads to the
poor ability in load transfer and slip. In terms of CNT
films functionalized by three mercaptans, highly cross-
linked networks between CNTs provided by thiol func-
tional groups in mercaptans contribute to further densi-
fication of the CNT films and reduce the slipping between
CNTs. And numerous CNTs are interconnected, providing
a good bridge of high-efficiency load transfer between
nanotubes [52,53], thus causing the increase in tensile
strength and Young’s modulus. HT-BM shows a more
efficient improvement. This is because there are three
thiol groups in an HT-BM molecule, immensely increasing
the degree of crosslinking, and HT-BM possesses not only
a rigid triazine ring structure but also a rigid benzene ring
structure, causing its higher tensile stress and Young’s
modulus than linear mercaptans and aliphatic mercap-
tans. Moreover, the interaction between CNTs can be
enhanced by n—n stacking [54] as XPS spectra showed.

The enhancement of high performance is not only
mechanical performance but also electrical conductivity
in Figure 4c. The electrical conductivity of PCNT film is
161.60 and 211.90 S/cm in perpendicular and longitudinal
directions. The electrical conductivity of NC-1 and NC-2 is
increased by 45.98 and 56.99% in the perpendicular
direction, 51.39 and 69.98% in the longitudinal direction,
respectively. More electronic transmission channels are
provided with the introduction of nitrogen, and the
improvement of wettability is beneficial for electron migra-
tion. Similarly, the thiol-ene click reaction creates substan-
tial cross-linked networks and contact number, which
enhances the interaction and increases the number of con-
ductive networks and electronic transmission channels
between CNTs. AC, EC, and HC are equipped with excellent
conductivity through chemical crosslinking, as exhibited
in Figure 4c. Their conductivity is promoted by 95.97,
111.32, and 134.47% in a perpendicular direction and
96.03, 107.36, and 121.23% in the longitudinal direction,
respectively. HT-BM is more efficient than monothiol and
HT-EM as a consequence of higher cross-linked networks,
and more electronic transmission channels between CNTs.
HNC-2 film shows the best properties (high mechanical
strength and high conductivity) under the combined action
of the two doping ways.

Raman spectra of PCNT film and functionalized films
are shown in Figure 4d. The peaks at 1,330 and 1,580 cm !
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Figure 3: Spectra of HNC-2, HNC-2-D, and R-HNC-2: (a) total XPS, (b)

Table 1: Element analysis results of PCNT and modified films (NC-2,
HNC-2)

Sample C (wt%) 0 (wt%) N (wt%) S (wt%)
PCNT 97.10 2.33 0.13 0.44
NC-2 96.18 2.09 1.46 0.27
HNC-2 87.07 1.98 3.82 7.13

are both carbon crystal peaks and belong to the D-band
and the G-band, respectively. D-Band implies the defects
of carbon crystal, and G peak is a distinct character from
the tangential vibration modes of sp? bound carbon
atoms in graphitic materials. The standard for measuring
the degree of defects of CNT films is the integrated inten-
sity ratio between D and G bands, which is indicative of
the defect degree in the graphitic lattice. Compared with
PCNT films, the integrated intensity ratio between D and
G bands is increased from 0.33 (PCNT) to 0.38 (NC-1),
0.40 (NC-2), 0.43 (AC), 0.46 (EC), 0.48 (HC), and 0.56
(HNC-2), respectively. The Ip/I; values for NC-1 and NC-2
are both higher than those for PCNT film, indicating that
more defects and disorders in graphitic layers have been
aroused with the in situ doping of nitrogen. In addition,
the obvious higher Ip/I; value for thiol-functionalized

168 166 164 162
Binding Energy (ev)

170 160

N1s XPS of NC-2, (c) N1s of HNC-2, and (d) S2p of HNC-2.

CNT films suggests an increased presence of defects
and disorders in the CNT films. Thiol groups of mercap-
tans react with the double bond of the CNTs, resulting
in the carbon atoms being transferred from sp? bound
into sp® bound. The results demonstrate the successful
modifications.

In order to confirm the functionalized CNT film can
be adjustable to the temperature of almost all electronic
equipment applications, the stress relaxation experiment
was conducted at 60°C. The stress relaxation curve of
PCNT, NC-2, and HNC-2 films is shown in Figure S7a.
HNC-2 possesses higher mechanical performance and
strength retention during relaxation. And there is a syner-
gistic effect between stress and strength retention during
relaxation.

Not only the performance but also the micrographs of
modified CNT film showed a great difference. PCNT is
loose, more disordered, and with many holes (Figure 5a).
Differently, many flaky materials on scanning electron micro-
scopic (SEM) micrographs of NC-1 and NC-2 in Figure 5b and c
appeared but not in PCNT, indicating that nitrogen atoms
are successfully introduced into CNTs. And XPS of PCNT,
NC-1, and NC-2 in Supplementary materials (Figure S15)
further confirmed it. In addition, there are slight differences
in the surface between NC-1 and NC-2 because of the change
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Figure 4: Properties of pristine and modified CNT films: (a) tensile strength, (b) stress—strain curves, (c) electrical conductivity, and
(d) Raman spectra.

Figure 5: SEM micrographs of CNT films with lower magnification: (a) PCNT, (b) NC-1, (c) NC-2, (d) AC, (e) EC, (f) HC, (g) HNC-2, (h and i)
backscattered electron imaging of NC-2 and HNC-2.
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in nitrogen sources [55] (melamine and ammonia bicarbo-
nate). The last three micrographs (Figure 5d—f) belong to CNT
films functionalized by three different mercaptans. Compared
with PCNT film, the thiol-functionalized CNT films become
more compact, in which CNTs are connected to each other
more tightly, and coated by mercaptans [56]. The obvious
changes imply that CNT film is successfully functionalized
via thiol-ene click reaction. Meanwhile, the SEM image of
HNC-2 film keeps the characteristics of CNT film functiona-
lized by both in situ nitrogen doping and thiol-ene click reac-
tion. Moreover, backscattered electron imaging of NC-2 and
HNC-2 is conducted (Figure 5h and i). The image of NC-2 is
mainly dark, indicating the main component is carbon. A
small amount of bright spots belongs to nitrogen by in situ
doping and catalyst impurities such as iron and sulfur whose
relative atomic mass is larger than that of carbon. The image
of HNC-2 is mainly bright, implying many substances larger
than carbon atoms are reacted on CNT films by in situ
nitrogen doping and thiol-ene click reaction. From SEM
micrographs of CNT films with higher magnification, PCNT
is more desperate, and there is no cross-linking between
CNTs in Figure 6a. Nitrogen doping enhanced the connec-
tion of CNTs as shown in Figure 6b and c. After PCNT is
functionalized by thiol-ene click reaction, thiol-functiona-
lized CNT films were covered with HT-BM polymers, and a
large number of voids in the original PCNTF were filled up
as shown in Figure 6d and e. This supports the appoint-
ment that HT-BM provides an effective load transfer among
the CNTs, which in turn increases the tensile strength of the
functionalized film. In Figure 6f, SEM micrographs show
the double features of nitrogen doping and thiol-ene click reac-
tion in surface appearance. Because of the joint enhancement
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of the two, HNC-2 shows high performance, which is consistent
with the former conclusions.

3.2 Recycling of CNT film and monomer

It was reported that hexahydrotriazine had good degra-
dation cycle performance [57]. Due to the thiol-ene click
reaction introducing the degradable structure of hexa-
hydro-s-triazine (HT), HNC-2 films can realize recovery
by acid treatment. In order to overcome the problem
that monomers cannot be recycled in strong acid degra-
dation, three weak acids are selected. As Figure 7a shows
that the degradation rate of the functionalized CNT film
(HNC-2) is the fastest under phosphoric acid compared
with formic acid and acetic acid at the same concentra-
tion. This is because phosphoric acid can provide more
hydrogen ions. Then, functionalized CNT film is degraded
under different concentrations of phosphoric acid solu-
tion. The degradation degree almost reaches saturation in
about 3 h under the concentration of either 3 or 3.5 mol/L
(Figure 7b). In terms of safety and cost, 3 mol/L was
chosen as the better condition. From Figure 7c, the influ-
ence of degradation ratio in different mass ratios of CNT
films to phosphoric acid solution has been researched;
1:250 mass ratio has higher degradation rate than the
higher mass ratio of CNT films to the phosphoric acid
solution. This is because the degradation ability of a cer-
tain amount of phosphoric acid is limited. Before the
1:250 mass ratio, the degradation ratio is improved with
the increase of the mass of phosphoric acid. And

Figure 6: SEM micrographs of CNT films with higher magnification: (a) PCNT, (b) NC-1, (c) NC-2, (d) EC, (e) HC, and (f) HNC-2.
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Figure 7: The effect of different conditions on the degree of mercaptan degradation: (a) the type of acids, (b) concentration of acids, and
(c) the mass ratio of CNT films to the acid solution.

to 126.1 MPa, which is higher than that of NC-2 (106.2 MPa).
But the strength is really close to that of NC-2 with the
treatment of DMF. In addition, the elongation at the
break is also consistent with that of NC-2. Therefore,
NC-2 films have good cyclic performance. Moreover,
the tensile strength of PA-NC-2 (NC-2 by phosphoric
acid treatment) was 144.7 MPa, but the elongation at

hydrogen ions and water gradually infiltrated into hydro-
philic CNT film to improve the degradation ratio. When
the mass ratio reached a saturated degree, the amount of
hydrogen and water is no longer an obvious factor. So
1:250 and 1:300 mass ratios have equal degradation rates.

In Figure 8a, the tensile strength of HNC-2 is about
332.3 MPa. After degradation, the tensile strength is reduced
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Figure 8: The properties of recovered CNT films functionalized by recycled NC-2 and HT-BM: (a) stress—strain curve of CNT films by different
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the break is reduced to 9.5%. Therefore, the tensile
stress of recycled CNT film higher than NC-2 is caused
by solvent treatment, further indicating that NC-2 film is
successfully recycled.

Additionally, the recycled CNT film is functionalized
by HT-BM to obtain recycled thiol-functionalized CNT
film four times. The tensile strength and electrical con-
ductivity of recycled functionalized CNT film every time
are shown in Figure 8b and c. The tensile strength has a
high retention rate, and still maintains 84% after four
cycles, while electrical conductivity did not decrease
significantly. Moreover, the Raman spectra of every func-
tionalized CNT film are exhibited in Figure 8d. Ip/I; is
equal, indicating recycled thiol-functionalized CNT films
have similar defects. In terms of SEM micrographs of
thiol-functionalized CNT film (Ry) and the last recycled
CNT film (R,) (Figure S8), almost no change has hap-
pened, indicating that closed-loop recycling of CNT film
is successful.

On the contrary, the tensile strength and electrical
conductivity of successively recycled CNT films (D,, D5,
Ds, and D,) are shown in Figure 9a and b. The tensile
strength of recycled CNT films is unchanged basically,
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and similar to DNC-2 (NC-2 treated with DMF), implying
that NC-2 film possesses cyclic robustness. Cyclic robust-
ness is also shown in electrical conductivity. As shown in
Figure 9c, the Raman spectra of recycled CNT films are
similar, and the value of Ip/I; of them is 0.40 or 0.41,
which is consistent with that of NC-2 film.

From the TGA curves of CNT films with different treat-
ments in Figure 9d, the TGA curve of in situ nitrogen
doping CNT film is horizontal, implying that it possesses
good thermal stability. After modification of the thiol-ene
click reaction, HNC-2 films began to lose weight at about
200°C. The rate of weight loss is about 26%, which is
attributed to the decomposition of organic compounds.
It is confirmed that the mercaptan successfully reacted on
the CNT film. After degradation of functionalized CNT
film (HNC-2), the TGA curve of the recycled CNT film
is similar to that of NC-2, indicating resin is degraded.
The recycled CNT film is functionalized by HT-BM, and
the TGA curve of functionalized CNT film in the fourth
cycle is shown. The rate of weight loss recovers to about
27%, implying that the recycled CNT film possesses good
cyclical stability, and can be functionalized four times.
The weight loss of CNT film after the fourth degradation is
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Figure 9: Properties of recycled in situ nitrogen doped CNT film: (a) the strength of CNT films, (b) electrical conductivity of CNT films,
(c) Raman spectra of recycled NC-2 films, and (d) TGA curves of treated CNT films.
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close to that of NC-2. It is confirmed that the functiona-
lized CNT films are recycled successfully. And SEM micro-
graphs of CNT film after the fourth degradation are really
close to that of pristine NC-2 (Figure S9), indicating
that phosphoric acid solution causes no great damage
to NC-2 film, in situ nitrogen-doped CNT film is stable
and recyclable.

Degradation product is obtained after neutralization,
extraction, and drying, and was characterized by gas
chromatograph-mass spectrometry. As shown in Figure
S10a, there is only one peak at the retention time of
10.66 min. And molecular weight is 125. The structure
was simulated to be 2-aminobenzenethiol. FT-IR spectra
of recycled monomer are consistent with the original
monomer (2-aminobenzenethiol) in Figure S10b. Moreover,
the '"H-NMR spectrum of it is shown in Figure S10c. The ratio
of the peak area of the hydrogen atom spectrum is similar to
the ratio of the number of hydrogen atoms in the molecular
structure, indicating that 2-aminobenzenethiol has been
recycled. And the recycling rate of 2-aminobenzenethiol
is 86.72%.

When adding excessive formaldehyde, mercaptan
can be synthesized in DMF solution, which is character-
ized by FT-IR (Figure 10a). For the degradation product of
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HNC-2, the absorption peak at 1,237 cm™! attributed to
—NH of hexahydro-s-triazine (HT) disappeared, demon-
strating the successful degradation. The degradation pro-
duct is reacted with formaldehyde. The absorption peak
of recycled HT-BM is consistent with original mercaptan
(HT-BM), indicating HT-BM has been resynthesized suc-
cessfully. "H-NMR spectra of HT-BM are shown in Figure
10b. The peaks at 7.11 ppm (d), 7.00 ppm (b), 6.78 ppm
(c), and 6.65 ppm (b) are attributed to the chemical shift
of hydrogen atom in —CH- of the benzene ring. The peak
at 4.83ppm (e) is attributed to the chemical shift of
hydrogen atoms in —CH,- in the HT, and the peak at
4.56 ppm (f) belongs to the chemical shift of hydrogen
atom —SH attached to the benzene ring. The peak of the
solvent chloroform appeared at 7.26 ppm (g). The ratio of
the peak area of the hydrogen atoms is corresponding to
the ratio of the number of hydrogen atoms, indicating
that the mercaptan (HT-BM) has been recycled success-
fully. And the recycling rate of HT-BM is 87.16%. Recycled
HT-BM is reused to modify recycled NC-2 film. FT-IR
spectra of recycled NC-2 film, recycled HT-BM, and recycled
HNC-2 film are exhibited in Figure 10c. The peak at 2,613 cm ™
(-SH) in recycled HT-BM is obvious, while the peak at
2,613cm™ (-SH) in thiol-functionalized CNT film is weak,
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Figure 10: Properties of monomer and recovered thiol-functionalized CNT film: (a) FT-IR spectra of a chemical compound, (b) *H-NMR of a
chemical compound, (c) FT-IR spectra of modified CNT film, and (d) stress—strain curves of recovered CNT films.
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demonstrating the occurrence of thiol-ene click reaction
between the thiol group of recycled HT-BM and double
bond of recycled NC-2. The absorption peaks of recycled
HNC-2 are greatly different from that of recycled NC-2 film,
and the absorption peak at 1,237 cm™ attributed to C-N of
hexahydro-s-triazine structure appeared in recovered HNC-2
film, indicating that recycled HT-BM has grafted on recycled
NC-2. This also suggests the fact that NC-2 is functionalized
by HT-BM successfully. The mechanical properties of recov-
ered functionalized CNT film by recycled CNT film and
recycled HT-BM are shown in Figure 10d. Functionalized
CNT film is degraded and regenerated by reacting with
recycled mercaptan, which possesses equal strength to pris-
tine thiol-functionalized CNT film (HNC-2). And the operation
is repeated three times with a higher retention rate (over
80%) in mechanical performance. Our closed-loop recycling
of CNT film and monomer is superior to common electro-
chemical degradation [28] and physical closed-loop recovery
[58]. The mechanism of fabricating functionalized CNT film is
in situ nitrogen doping and thiol-ene click reaction which is
occurred between carbon—carbon double bond of NC-2 film
and thiol group of HT-BM. The mechanism of the degrada-
tion cycle of functionalized CNT film is that the hexahydro-s-
triazine ring of HT-BM is destroyed by hydrogen ions and
water molecules. After neutralization, extraction, and drying,
monomer (2-aminobenzenethiol) is obtained. Adding formal-
dehyde solution, a condensation reaction is conducted
between amino groups of recycled 2-aminobenzenethiol
and aldehyde groups of formaldehyde. Hexahydro-s-tria-
zine ring is recovered by removing molecules of water.
Therefore, mercaptan (HT-BM) is recycled with a recycling
rate of 87.16%, which can react with recycled NC-2 films by
thiol-ene click reaction again. And recycled NC-2 has equal
performance, value of Ip/I;, and TGA curve to pristine
NC-2. Thus, the mechanism of recycling CNT film may be

Figure 11: The mechanism of preparation and degradation cycle of
nitrogen-doped CNT film functionalized by hexahydro-s-triazine.

DE GRUYTER

the crack of sulfide bond in acid environment and 60°C.
This is the mechanism of closed-loop recycling of CNT film
and mercaptan (HT-BM). The mechanism of closed-loop
recycling of CNT film and monomer is shown in Figure 11.

4 Conclusion

In summary, the hydrophobic PCNT film was obtained
through in situ nitrogen doping to improve the interaction
among CNTs. Then, the NC-2 film was functionalized by
thiol-ene click reaction with mercaptan (HT-BM) con-
taining degradable hexahydro-s-triazine to prepare thiol-
functionalized CNT film (HNC-2). Due to the covalent
crosslinking between CNTs and the rigid structure of the
triazine ring, the HNC-2 exhibited remarkable improve-
ments in controllable wettability, mechanical performance
(332MPa), as well as electrical conductivity (675S/cm).
The results of Raman spectra, TGA curves, and SEM images
indicated that CNT films were functionalized, degraded,
and closed-loop recycled successfully. Furthermore, the
HNC-2 could be degraded into monomer and CNT films
again. The recycled monomer could be utilized as feedstock
to react with formaldehyde in the DMF solution to prepare
new HT-BM, delivering recyclability as high as 86.72 and
87.16%, respectively. The NC-2 can achieve recyclability
of almost 100% and could be used to fabricate new thiol-
functionalized CNT film without apparent deterioration in
mechanical and electrical performance. The thiol-functio-
nalized CNT film system realized closed-loop recycling of
both monomer and CNT film. Great advantages in the reuse
of CNT films and monomers were shown, such as saving
resources, protecting environment, and reducing costs. This
work provides an environmentally sustainable approach
for designing degradable thiol-functionalized CNT film to
address the resource waste and cancer risk of CNTs as a
consequence of the annual consumption of billions of
tons of CNTs without recycling. From the perspective of
environment protection and resource conservation, closed-
loop recycling of CNT films and monomers is the most effi-
cient way to solve these problems. And it will provide new
materials and new design concepts for CNT-film-based bat-
tery and capacitor research.
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