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on of oxidized multi-walled
carbon nanotubes using a water-soluble N,O-
carboxymethyl chitosan via non-covalent
interaction†

Jinling Gao, * Tongtong Li, Mingzhe Song, Yuyao Zhao and Anxu Wang

Dispersible multi-walled carbon nanotubes (MWCNTs) in water have been widely applied in the

nanotechnology field. This study reports a water-soluble N,O-carboxymethyl chitosan(N,O-CMCS)

assisted individual dispersion of oxidized multi-walled carbon nanotubes (oMWCNTs) as a dispersant.

First, the dispersing agent N,O-CMCS was successfully synthesized using the nucleophilic substitution of

deacetylated chitosan with chloroacetic acid in an alkaline solution. It was further confirmed using

Fourier transform infrared spectroscopy (FTIR). Second, after the treatment with the concentrated

hydrochloric acid, the prepared oMWCNTs were dispersed in an aqueous solution of N,O-CMCS under

ultrasonic vibrations. Finally, the dispersed aqueous solution was subjected to centrifugation to collect

the supernatant of individually dispersed N,O-CMCS/oMWCNTs. In addition, transmission electron

microscopy (TEM) further confirmed that the purity of oMWCNTs was improved after the acidification

progress. Besides, the stability of the dispersion solution was evidenced by digital photos of oMWCNTs

dispersed by N,O-CMCS before and after. Moreover, the UV-vis spectrum (the characteristic peak of

dispersed oMWCNTs downshifted 13 nm) showed that the supernatant was enriched by the individual

oMWCNTs. In particular, the analytical results of FTIR (the –NH2 band of N,O-CMCS downshifted

7 cm�1), resonance Raman spectroscopy (the ID/IG ratio of dispersed oMWCNTs only increased 0.14),

and XRD identified the formation of a non-convalent interaction between N,O-CMCS and oMWCNTs.

These findings reveal the dispersing nature of N,O-CMCS towards oMWCNTs in water media.
1 Introduction

Multi-walled carbon nanotubes (MWCNTs) which are considered
as an excellent material, are signicant for all kinds of potential
technological applications due to their exceptional thermal,
mechanical and electrical properties.1–5 Indeed, they have attrac-
ted considerable attention since they were rst reported in 1991.6

However, MWCNTs tend to aggregate into bundles due to van der
Waals forces among MWCNTs, leading to poor dispersion of
MWCNTs in aqueous solution, to further limit practical applica-
tion of MWCNTs in various elds.7 It therefore is a vital step to
improve the effective dispersion and prevent the reaggregation of
MWCNTs in solvents, enhancing their performance. Two
approaches such as covalent modication through attaching
molecules onto the backbone of MWCNTs8 and non-covalent
modication by adsorption of molecules onto the surface of
MWCNTs,9 have been widely applied to overcome this issue. As
ltural University, Daqing, 163319, China.

mation (ESI) available. See

3761
discussed so far, the covalent modications proposed by
researchers can efficiently introduce useful functional groups on
the surface of MWCNTs. Nevertheless, this approach disrupts the
sidewall structures ofMWCNTs to alter their valuable properties.10

In this regard, non-covalent functionalization is a promising way
via the physical adsorption interaction between appropriate
dispersing agents and MWCNTs.11

Up to now, MWCNTs are dispersed by non-covalent disper-
sion with the assistance of surfactants,12 aromatic compounds,13

and polymers.14 Among the disperse progress of polymers, the
stable suspend solution of MWCNTs complex can be formed
between MWCNTs and polymer chains due to van der Waals
interactions and p–p stacking. A high molar mass amphiphilic
poly(styrene)-block-poly(2-vinylpyridine) (PS-BP2VP) was
observed to perform an excellent dispersibility towards
MWCNTs.15 Meanwhile, polyoxyethylene (PEO) was adopted as
an assistant phase to uniformly disperse MWCNTs.16 Addition-
ally, since it is better to develop MWCNTs for the potential use in
both gas and liquid separation processes, homogeneous solution
of MWCNTs can be obtained at the assistance of cellulose acetate
(CA) in diacetone alcohol (DAA) solution.17 On the other hand,
biopolymer shows the dispersion ability towards MWCNTs. More
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
importantly, the prepared dispersible MWCNTs suspension in
biopolymer media has a more important application values than
those in other polymer media.18 MWCNTs were dispersed by
biopolymer carrageenan as a surfactant to subsequently form an
excellent selectivity membrane for the removal of heavy metal
ions from wastewater.19 Unfortunately, among these applied
polymers, they are widely used to disperse MWCNTs in organic
phase, limiting their application in water phase.

Chitosan, a kind of natural polysaccharide, has been widely
applied in various functional materials.20–22 Recently, a series of
bio-composites of chitosan/MWCNTs were investigated in some
unique characteristics and applications.23–25 It was reported that
chitosan had the ability to disperse MWCNTs in the process of
investigating dispersion behavior of MWCNTs.26 Xu et al.27

indicated that MWCNTs, being graed with chitosan, were able
to stably suspend in the solution. Nevertheless, a high molec-
ular weight chitosan is poorly soluble in water due to intermo-
lecular hydrogen bonding.28 This is not benecial for its
utilization as a dispersant. In order to improve the dispersive
ability of chitosan, wet-grinding assisted ultrasonication (GU)
method was carried out in the process of investigating the
dispersion behavior of MWCNTs in chitosan solution.29

Furthermore, carboxymethyl chitosan, a derivative of chitosan,
is easily soluble in water.30 CMCS/MWCNT composites were
prepared via covalent modication, possessing excellent solu-
bility and stability both in DMSO and aqueous solution.31

Based on the above ndings, here, to avoid to change the
valuable electronic properties of oMWCNTs, we provided
a method of dispersing oMWCNTs via non-covalent bond forces
using a bio-composite N,O-carboxymethyl chitosan (N,O-CMCS)
as a dispersant. This was expected to effectively disperse
oMWCNTs in aqueous solution with exhibiting superior
dispersion stability. Moreover, optical absorption spectroscopy
was performed to illustrate the dispersion effect. In particular,
FTIR spectrum, resonance Raman spectroscopy, and XRD
patterns were performed to investigate the formation of a non-
convalent interaction between N,O-CMCS and oMWCNTs.
Additionally, cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) measurements were performed
to investigate the electronic transmission ability of the
dispersed oMWCNTs.
2 Experiments
2.1 Materials

MWCNTs (CVD, 90%, diameter 10–20 nm, length 10–20 mm)
were provided by XFNANO China. Chitosan (Mn¼ 1.2� 105 Da,
deacetylation ¼ 80%), chemicals such as isopropanol alcoholic
solution, sodium hydroxide, monochloroacetic acid, ethanol,
hydrochloric acid, and the iron detector solution were all of
analytical purity and provided from Aladdin China. All disper-
sion experiments were carried out with distilled water.
Fig. 1 Synthesis of water-soluble N,O-CMCS.
2.2 Characterizations

Characterizations of the studied materials were identied using
the owing spectra. The Fourier transform-infrared (FTIR)
© 2022 The Author(s). Published by the Royal Society of Chemistry
spectra were recorded on a Fourier transform infrared spec-
trometer (Nicolet IS5) with a revolution of 4 cm�1 in the range of
400–4000 cm�1 using transmittance mode. UV-vis absorption
spectra were recorded by a dual-beam spectrometer (UV3600,
Shimadzu) operating with a spectral resolution of 0.2 nm
between 200 and 800 nm. Transmission electron microscopy
(TEM) observations of samples were carried out using a JEM
2100Plus at room temperature. Raman spectra were recorded by
a micro laser Raman spectrometer (HR800, Jobin Yvon) excited
with a helium laser at 633 nm at room temperature. Powder X-
ray diffraction (XRD) patterns were obtained with a Rigaku D/
max-IIIB diffractometer. The thermogravimetric analysis
curves were performed using a differential scanning calorimeter
(DSC, Netzsch STA 449C). X-ray photoelectron spectroscopy
(XPS) patterns were obtained with a VG ESCALABMK II spec-
trometer. Cyclic voltammetry (CV) and electrochemical imped-
ance spectroscopy (EIS) measurements were performed on
electrochemical workstation (SP-300, BioLogic).
2.3 Preparation of water-soluble chitosan

As being illustrated in Fig. 1, N,O-carboxymethyl chitosan (N,O-
CMCS) was prepared using previous methods.32,33 Briey, 10 g of
chitosan was added to a 100 mL water/isopropanol alcoholic
(1 : 4) solution in a reaction ask containing 10 g of NaOH. The
dispersion progress was kept under magnetic stirring in water
bath for 2 h at 283 K to make the chitosan alkalize and swell.
Dissolved monochloroacetic acid (15 g) in 20 mL of isopropanol
was thereaer slowly added to the reaction mixture. The prog-
ress was continuously proceeded at 283 K for 5 h to well
complete the substitution reaction between chitosan and
monochloroacetic acid. The suspension was subsequently
ltered, and the precipitate was then washed with water/ethanol
(1 : 1). Finally, a sodium salt of the water-soluble N,O-carbox-
ymethyl chitosan was obtained. In order to obtain the acidic
form of the water-soluble N,O-carboxymethyl chitosan, the
sodium salt sample was suspended in 100 mL of 95% ethanol
solution, and then a certain amount of 37% HCl was added
under stirring for neutralization. The suspension was then
ltered and the precipitate was washed with 95% ethanol
subsequently dried under vacuum, the product of N,O-carbox-
ymethyl chitosan named N,O-CMCS were obtained.
2.4 Oxidation of MWCNTs

HNO3 treatment were used to oxidize and purify MWCNTs, as
being previously established.34 Briey, 100 mg of MWCNTs was
reuxed in 100 mL of 68 w/w% HNO3 at 333 K for 5 h. Subse-
quently, the suspension liquid was placed to cool down, and
then the clear solution on the top layer was decanted off. The
RSC Adv., 2022, 12, 23754–23761 | 23755
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bottom layer MWCNTs were then ltered and washed with
deionized water until attaining a neutral ltrate. Finally, the
product was dried at 373 K in an oven for 2 h. The oxidized
MWCNTs product was denoted as oMWCNTs.
2.5 Dispersion of oMWCNTs

The soluble N,O-CMCS/oMWCNTs composites were prepared as
follows. 1.0 g of N,O-CMCS was dissolved in 100 mL deionized
water and stirred for 10 minutes. Then, 10 mg of oMWCNTs was
added to the solution for dispersing under ultrasonic treatment
at 283 K for 1 h. The upper solution (80 v/v%) was collected aer
centrifugation at 3000 rpm, and the dispersed oMWCNTs were
then ltered from the solution using a polytetrauoroethylene
lter with 0.45 mm. The dispersed oMWCNTs aer lter, were
washed thoroughly with distilled water to get rid of the extra
N,O-CMCS, and then be dried at 333 K to obtain dispersible
oMWCNTs in water. The nal oMWCNTs blended with N,O-
CMCS were denoted as N,O-CMCS/oMWCNTs composites.
3 Results and discussion
3.1 The formation of N,O-carboxymethyl chitosan

FTIR spectra were carried out to determine the carbox-
ymethylation process and possible substitution site of carbox-
ymethylation in CMCS, as being illustrated in Fig. 2a. For
chitosan, a characteristic peak at 1650 cm�1 appeared, which
could be attributed to the axial stretching of NH2, and at
3291 cm�1 for the stretching vibration of –OH groups.35

Compared to chitosan, two new bands of 1596 cm�1 and
Fig. 2 FTIR spectra of (a-i) chitosan and (a-ii)N,O-CMCS; XRD patterns of
and (c-ii) N,O-CMCS; Results of XPS analysis of (d-i) MWCNTs and (d-ii)

23756 | RSC Adv., 2022, 12, 23754–23761
1365 cm�1 were observed in the FTIR spectra of N,O-CMCS.
These two bands were attributed to symmetric stretching of
–C]O in NHCH2COOH and anti-symmetric stretching of –C]
O in –COOH, respectively.36 Furthermore, both C–O–C and
–COOH stretching bands were observed at 1061 cm�1 and
3447 cm�1, respectively.30 The results of FTIR indicate that
carboxymethylation process had occurred over –OH and –NH2

groups of chitosan.37 Theoretically, the introduced carboxyl
effectively enhanced the hydrophilicity of chitosan, thus
increasing absorptivity and dispersibility of N,O-CMCS.

To compare the crystallinity of chitosan andN,O-CMCS, their
powder was analyzed using XRD, as being presented in Fig. 2b.
For chitosan, two peaks of the maximum intensity remained at
26.2� and 72.9� (Fig. 2b-i), being matched with the values re-
ported in previous report.38 However, as being clearly shown in
Fig. 2b-ii, these two peaks were signicantly decreased at 26.2�

and even disappeared at 72.9� aer carrying out the analysis of
carboxymethylation in N,O-CMCS. As being well documented,
there were a large number of hydroxyl and amino groups in
chitosan chains, leading to being associated with strong and
regular hydrogen bonds. This was the main factor of the
formation of crystalline regions in chitosan chains. Neverthe-
less, for N,O-CMCS, the decrease of crystallinity indicated that
hydrogen bonds among chitosan chains were destroyed due to
the introduction of carboxymethyl groups, further weaking
intermolecular interaction among N,O-CMCS chains.39 Here, we
conclude that the original crystal structure of chitosan was
destroyed and the N,O-CMCS was prepared successfully.

As being showed in Fig. 2c, TG spectra analysis was per-
formed to investigate the thermostability of chitosan and N,O-
(b-i) chitosan and (b-ii)N,O-CMCS; TGA thermograms of (c-i) chitosan
oMWCNTs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Photographs of oMWCNTs dispersed (a) in water and (b) the
aqueous solution of N,O-CMCS. (c) and (d) were taken after (a) and (b)
setting for 30 days, respectively.
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CMCS. The weight loss at the rst stage was mainly related to
the evaporation of adsorbed and bound water from 20–150 �C
for chitosan in Fig. 2c–i but 20–120 �C for N,O-CMCS in Fig. 2c-
ii.40 In addition, the weight loss of chitosan and N,O-CMCS
ranged from 5.7% to 11.2% at the rst stage. Obviously,
compared with chitosan, N,O-CMCS reected greater weight
loss at this stage with increasing hydrophilicity groups in N,O-
CMCS chains. These results also further proved the introduc-
tion of carboxyl groups in N,O-CMCS via carboxymethylation
progress.

The weight loss at the second stage started at about 150 �C
and extended to 350 �C for chitosan but occurred in the
temperature range of 120–300 �C for sample N,O-CMCS, where
the weight loss of chitosan and N,O-CMCS stayed 76.4% and
85.1%, respectively. This weight loss was corresponded to the
decomposition of the main chains of chitosan, the dehydration
of saccharide rings, and cleavage of substituent groups in N,O-
CMCS. As being observed in Fig. 2c, the thermal stability of N,O-
CMCS was lower than that of chitosan, being similar with the
previous study.41

3.2 The oxidation of MWCNTs

The existence of functional group attached on the surface of the
MWCNTs could be indicated and identied by FTIR with the
spectral range 400–4000 cm�1 (Fig. 2d). For MWCNTs, the peak
at 1647 cm�1 (Fig. 2d–i) could be associated with the stretching
of the backbone of MWCNTs.42 Compared with the FTIR spectra
of MWCNTs, the new bands at 2991 cm�1 and 3442 cm�1 were
noticed at that of oMWCNTs (Fig. 2d-ii). The distinct band
located at 2991 cm�1 could be associated to the stretching of
C]O in –COOH, while the other bands at 3442 cm�1 could be
assigned to the stretching of –OH in –COOH group.43 The
appearance of these two bands indicated that MWCNTs were
successfully oxidized.

XPS analysis is a surface analytical and quantitative spec-
troscopic technique, which can examine the bonding state on
the surface of MWCNTs before and aer treatments.44 The XPS
analysis of MWCNTs and oMWCNTs are shown in Fig. S1.†
There was only one major peak observed in the scan spectra
because of the C1s photoelectron in Fig.S1a,† while in Fig.S2b,†
a new peak due to the O1s photoelectron appeared, indicating
that oxygen-containing functional groups were present on the
surface of the oMWCNTs aer acidication treatment.45 Obvi-
ously, oxygen atoms were bound to oMWCNTs in the oxidation
process, generating the carbonyl active sites on the surface of
oMWCNTs, and thus, dispersant could easily bond to
oMWCNTs via a non-covalent form in the subsequently
dispersion process of oMWCNTs.46

3.3 The disperse ability of N,O-CMCS towards oMWCNTs

Fig. 3 shows the photographs of oMWCNTs dispersed in water
and the aqueous solution of N,O-CMCS aer the treatment of
ultrasound for 10 min. It could be seen from Fig. 3a that black
homogenous solution of oMWCNTs were formed with the
assistance of N,O-CMCS. In sharp contrast, some black particles
were visible in Fig. 3b. Aer setting for 30 days, the dispersion of
© 2022 The Author(s). Published by the Royal Society of Chemistry
oMWCNTs dispersed with the N,O-CMCS showed a much
strong stability (see Fig. 3c), whereas the oMWCNTs dispersed
in water experienced serious agglomeration and precipitated
completely (see Fig. 3d). It highlights that N,O-CMCS has a good
dispersion ability towards oMWCNTs.

To better observe the micro morphological structure of
oMWCNTs dispersed in water and N,O-CMCS, TEM investiga-
tion was performed. Fig. 4a presents the images of oMWCNTs,
and fuzzy tubes were found due to other carbon impurities
distributed among the bundles of oMWCNTs. In addition, some
agglomerates were also found because of the van der Waals
interaction (Fig. 4a). In contrast, TEM micrograph (Fig. 4b)
clearly showed the well-isolated state of oMWCNTs with the
dispersion treatment using N,O-CMCS, indicating that N,O-
CMCS has a good ability to disperse oMWCNTs. Aer the
ultrasonic dispersion treatment, the bundles were fully
dispersed in soluble N,O-CMCS solution. Furthermore, both
carbonaceous impurities and residual catalysts could be effec-
tively removed via the centrifugation step, leaving mainly indi-
vidually dissolved oMWCNTs in aqueous N,O-CMCS solution.

In the UV-vis region, well-dispersed MWCNTs could sharply
display active sites, which was derived from the p–p transition
of the C]C of individual MWCNTs.47 Bundled MWCNTs,
however, could not clearly be identied by the UV-vis spectra.
This was because carries were tunneling among the bundled
MWCNTs.48 Therefore, the dispersion of MWCNTs could be
performed with UV-vis absorption spectroscopy. The UV-vis
absorption spectra of oMWCNTs and N,O-CMCS/oMWCNTs
solubilized in water are shown in Fig. 5a. The UV-vis absorp-
tion spectra were recorded in the wavelength with the range
from 200 to 800 nm. It was noticeable that the curve-ii exhibited
an increased and broaden band attributed to oMWCNTs at
247 nm when the oMWCNTs was dispersed by N,O-CMCS, but
the curve-i had a low intensity characteristic peak of oMWCNTs
at 260 nm. Thereby, it could be concluded that the oMWCNTs
was well dispersed with N,O-CMCS at the assistant of ultrasonic.
Moreover, this peak downshied from 260 nm to 247 nm aer
the N,O-CMCS attached onto the oMWCNTs, which was
ascribed to the interaction between the N,O-CMCS and the
oMWCNTs.49 On the other hand, the van Hove singularities of
RSC Adv., 2022, 12, 23754–23761 | 23757
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Fig. 4 TEM images of (a) oMWCNTs and (b) N,O-CMCS/oMWCNTs.
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individual dispersed MWCNTs via chemical functionalization
would remain, however, they would be sharply weakened.50 It
was observed that there were distinguishable and intense peaks
in curve-ii. As a matter of fact, the curve-ii evidently exhibited
more ne features than curve-i due to the van Hove transitions
of essentially individual oMWCNTs.51 It was worth to note that
the van Hove singularities were not weakened but increased,
which illustrated that the oMWCNTs were dispersed by N,O-
CMCS via non-convert interaction.50,51 Therefore, the UV-vis
absorption spectra manifested that the oMWCNTs were ne
individually dispersed in the aqueous solution of N,O-CMCS via
non-convert interaction.

To investigate whether the dispersant of N,O-CMCS could
decrease the electrochemical properties of oMWCNTs or not,
Fig. 5 UV-vis spectra of (a-i) oMWNTs and (a-ii) N,O-CMCS/oMWCNTs;
spectra of (c-i) oMWNTs and (c-ii) N,O-CMCS/oMWCNTs; XRD patterns

23758 | RSC Adv., 2022, 12, 23754–23761
cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) measurements were performed. The electro-
chemical properties of bare GCE, oMWCNTs modied
electrode, and N,O-CMCS/oMWCNTs modied electrode were
characterized by CV (Fig. S2†), respectively. In addition, the
electrochemical properties of oMWCNTs modied electrode
and N,O-CMCSoMWCNTs modied electrode were performed
by EIS (Fig. S3†). The outcomes of CV and EIS demonstrated
that N,O-CMCS/oMWCNTs showed an excellent capability to
extend the active surface area and also increased the transfer of
electrons between electrode and analyzed substances due to the
disperse and synergistic effects of N,O-CMCS.52 This provides an
indirect support for the good dispersing ability of N,O-CMCS
towards oMWCNTs. Furthermore, the electrical conductivity of
Raman spectra of (b-i) oMWNTs and (b-ii) N,O-CMCS/oMWCNTs; FTIR
of (d-i) oMWCNTs and (d-ii) N,O-CMCS-oMWCNTs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the dispersed oMWCNTs does not decrease but signicantly
increases due to the well-dispersed performance of N,O-CMCS.
This study, therefore, also provides a novel N,O-CMCS/
oMWCNTs composite for the design of electrochemical
sensors.53
3.4 The non-covalent adsorption interaction between N,O-
CMCS and oMWCNTs

The non-covalent adsorption interaction between organic
molecules containing an electron-rich benzene ring and
oMWCNTs was illustrated with an p–p electron donor–acceptor
interaction, as being proposed by Shi et al.54 In fact, oMWCNTs
contained the both polarized electron rich and depleted sites, as
it was primarily caused by the surface defects of oMWCNTs.
Accordingly, a possible electron donor–acceptor interaction was
that the N,O-CMCS ring electron-poor (n-electron acceptor)
might have directly interacted with the electron-rich (p-electron
donor) of oMWCNTs. To verify the n–p electron donor–acceptor
mechanism for the non-covalent adsorption interaction
between N,O-CMCS and oMWCNTs, the subsequent analysis
was further carried out using Raman, FTIR and XRD spectra.
Additionally, the p–p stacking between NH2 groups in the N,O-
CMCS chemical structure and SP2–C in the surface of
oMWCNTs might be another non-covalent adsorption interac-
tion during the dispersion progress with an adsorbent. Finally,
hydrogen bonding also played an important role during the
adsorption progress of oMWCNTs.55 Thus, the presence of –OH
and –NH2 groups in N,O-CMCS, results in the formation of
hydrogen bonding with the –COOH group in oMWCNTs.

Indeed, Raman spectroscopy is a valuable tool for charac-
terizing all graphite-like materials including MWCNTs. Raman
spectra of MWCNTs showed two vibration peaks between 1000–
2000 cm�1. One strong band existed around 1580 cm�1 (G band)
was attributed to the high-frequency E2g rst-order mode, and
the other bands was attributed to the disorder-induced carbon
remained around 1350 cm�1 (D band).56 Meanwhile, the
intensity ratio of the D and G band peaks (ID/IG) remained
a parameter to assess the purity of MWCNTs, which was oen
used to evaluate the structural defects of MWCNTs.57 Addi-
tionally, the larger the ratio is, the more the structural defects of
MWCNTs are.

In this study, to better clarify the effect of the dispersion of
N,O-CMCS towards oMWCNTs, resonant Raman spectroscopy
was applied at the excitation wavelength of 633 nm. Fig. 5b
shows the Raman spectra of oMWCNTs and N,O-CMCS/
oMWCNTs at 633 nm. The ID/IG ratio of N,O-CMCS/oMWCNTs
(1.42) in Fig. 5b-ii was a little higher than that of oMWCNTs
(1.28) in Fig. 5b–i. This indicates that non group is covalently
introduced on the surface of treated oMWCNTs, so the surface
structure of oMWCNTs was not damaged by N,O-CMCS. On the
contrary, it indicates that N,O-CMCS was adsorbed to the
surface of MWCNTs by non-covalent interaction due to both of
similar value of ID/IG.58 As a result, this non-covalent adsorption
improved the dispersibility of oMWCNTs in aqueous solution of
N,O-CMCS, which was consistent with the result of UV–vis
absorption spectra.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Moreover, according to Sergei Bronnikov et al.,59 Raman
spectroscopy could investigate the impact of charge transfer on
the electronic structures of the doped MWCNTs[]. It could be
seen from Fig. 5b that the D band upshied from 1356 cm�1 for
oMWNTs to 1375 cm�1 for N,O-CMCS/oMWCNTs. At the same
time, compared with that of oMWCNTs, the G band of N,O-
CMCS/oMWCNTs upshied from 1587 cm�1 to 1596 cm�1.
Obviously, the upshi of the D and G band peaks was a result of
the n–p electron donor–acceptor and hydrogen bonding inter-
action between the oMWCNTs and N,O-CMCS.60

FTIR spectroscopy was applied to investigate the charge
transfer between N,O-CMCS and N,O-CMCS/oMWCNTs. Fig. 5c
shows the FTIR spectra of (i) N,O-CMCS and (ii) N,O-CMCS/
oMWCNTs. For N,O-CMCS, the band at 1650 cm�1 was
ascribed to NH2 group. Aer ultrasonication, NH2 band for N,O-
CMCS/oMWCNTs shied towards to low frequency from 1650 to
1643 cm�1. This result might be attributed to the strong inter-
action via p–p stacking between NH2 groups in the N,O-CMCS
chemical structure and SP2–C in the surface of oMWCNTs.61–64

On the other hand, it was probably derived from the change of
hydrogen-bonding interaction of –COOH, –NH2 or –OH groups
in N,O-CMCS chains aer being strong adsorbed on the surface
of oMWCNTs.60 Raman spectra analysis further indicates that
the oMWCNTs bundles were disentangled with the dispersion
proceeding of N,O-CMCS solution.

As shown in Fig. 5d, X-ray diffraction patterns of the
oMWCNTs and N,O-CMCS/oMWCNTs were taken to reveal
detailed information about the crystallographic structure of
oMWCNTs. Three characteristic peaks of oMWCNTs at 26.2�,
43.1�, and 53.2� in curve-i were assigned to (002) graphite
structure (100) and (004) diffraction planes, respectively, be in
good agreement with previous report.65 For N,O-CMCS/
oMWCNTs, another new characteristic peak assigned to N,O-
CMCS at 34.6� appeared in Fig. 5d-ii, indicating the formation
of N,O-CMCS/oMWCNTs.66 But the characteristic peak of
oMWCNTs assigned to (002) graphite structure appeared at
26.0� without larger changes in Fig. 5d-ii. The similar XRD
patterns of N,O-CMCS/oMWCNTs and oMWCNTs indicated
that the N,O-CMCS/oMWCNTs still had the same cylinder wall
structure as oMWCNTs. Thus, the structure of oMWCNTs was
not destroyed even aer the N,O-CMCS modication process,
illustrating that the oMWCNTs were dispersed by N,O-CMCS via
non-convert interaction. Furthermore, compared to that of
oMWCNTs in Fig. 5d-i, a 0.2� downshi was observed at the
XRD pattern of N,O-CMCS/oMWCNTs in Fig. 5d-ii, which orig-
inated from the non-covalent interaction between oMWCNTs
and N,O-CMCS.67 In addition, it was interesting to note that the
intensity of a diffraction peak at (002) in N,O-CMCS/oMWCNTs
was increased as compared with that of oMWCNTs, which was
likely due to sample purication by N,O-CMCS dispersing
progress.68 This was in agreement with TEM analysis.

4 Conclusion

A water-soluble bio-composite N,O-CMCS, being synthesized
with chitosan andmonochloroacetic acid using the substitution
reaction, showed an effective dispersion towards oMWCNTs
RSC Adv., 2022, 12, 23754–23761 | 23759
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and prevented the reaggregation of oMWCNTs at the assistance
of ultrasonic. The N,O-CMCS/oMWCNT dispersion solution
maintained a superior dispersion stability for 30 days due to the
physical adsorption of N,O-CMCS on the surface of oMWCNTs
via a non-convert interaction. Uv–vis spectroscopic character-
ization conrmed that N,O-CMCS displayed an excellent
dispersion towards oMWCNTs via a simple sonication and
centrifugation process. Furthermore, Uv-vis, Raman, FTIR, and
XRD spectra proved the charge interaction between oMWCNTs
and N,O-CMCS, leading to the formation of the nonconvert
complex between N,O-CMCS and oMWCNTs. Thus, oMWCNTs
could be effectively dispersed with N,O-CMCS in aqueous
solution via non-convert modifying based on n–p electron
donor–acceptor, p–p charge stacking, and hydrogen-bonding
interactions without damaging structures. Our ndings indi-
cate a great potential of N,O-CMCS as an effective dispersant in
enhancing the dispersibility of oMWCNTs in aqueous solution.
In addition, a novel N,O-CMCS/oMWCNTs composite is also
provided due to its excellent electronic transmission capability
for the design of electrochemical sensors.
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