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The poor solubility and dispersibility of single-walled carbon nanotubes (SWCNTSs) in agueous media
remain critical limitations for their practical application because conventional oxidative treatments typi-
cally require harsh conditions that degrade the nanotube structure. Here, we report a simple and scalable
method for dispersing SWCNTSs in water via chlorine dioxide (ClO,’)-mediated oxidation under ambient
conditions. The treatment selectively introduced oxygenated functionalities—including hydroxy, carbonyl,
and carboxy groups—onto the CNT surface while preserving the tubular framework, as confirmed by
transmission electron microscopy, Raman spectroscopy, and X-ray photoelectron spectroscopy analyses.
The resulting dispersions exhibited long-term colloidal stability without the need for surfactants, sup-
ported by a strongly negative { potential (—41.6 mV). Importantly, electronic conductivity was largely
maintained: the resistivity of oxidized CNT films was only threefold higher than that of sodium cholate—
dispersed CNTs (0.045 vs. 0.016 Q cm at 25 °C), with <10% variation between 25 and 50 °C. This unique
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dation as a green and effective strategy for producing water-processable CNTs, showing promise for
applications in pharmaceutical drugs, printable electronics, functional composites, energy storage, and
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Introduction

Carbon nanotubes (CNTs) have attracted tremendous attention
since their discovery by Iijima in 1991' owing to their
unique one-dimensional nanostructures and outstanding
physicochemical properties. Single-walled carbon nanotubes
(SWCNTs) have nanometer-scale diameters and micrometer-
to-millimeter-scale lengths,” resulting in extremely high aspect
ratios. These structural characteristics endow CNTs with excep-
tional electrical conductivity,” mechanical strength,® thermal
conductivity,” and optical responses.® As a result, CNTs have
been extensively investigated as key materials in a wide variety
of fields ranging from nanoelectronics and transparent con-
ductive films’ to energy conversion and storage devices,®°
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catalyst supports,"’ biosensors,"> and drug delivery plat-
forms.'® Their versatile electronic behaviour, whether metallic
or semiconducting, further expands their technological poten-
tial, particularly for next-generation field-effect transistors,
photovoltaics, and optoelectronic devices."

Despite these attractive features, the most critical chal-
lenges hindering the practical use of CNTs are their poor solu-
bility and dispersibility in aqueous media.'> CNTs are intrinsi-
cally hydrophobic and tend to aggregate into bundles via
strong van der Waals interactions.'® Such aggregation not only
decreases their processability but also prevents the manifes-
tation of their intrinsic electronic, optical, and mechanical
properties, ultimately limiting their usefulness in real-world
applications. Therefore, the development of strategies to
achieve stable, uniform, and surfactant-free dispersion of
CNTs in polar solvents, particularly water, remains a central
issue in CNT research."”"'®

Numerous approaches have been proposed to address this
issue. Physical dispersion via ultrasonication in the presence
of surfactants is the most commonly used method."
Surfactants such as sodium dodecyl sulfate or bile salts stabil-
ize CNTs by forming micelle-like structures around them.
However, surfactant molecules that persist on the CNT sur-
faces can interfere with the interfacial properties, degrade the
electrical conductivity, and complicate subsequent functionali-
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zation, making this method less desirable for applications
requiring pristine electronic characteristics. Polymer-assisted
dispersion offers another route in which polymers noncova-
lently interact with CNTs to prevent aggregation.”® Although
this method provides relatively good stability, strong polymer-
CNT interactions can alter the surface chemistry and diminish
the intrinsic properties.*!

Therefore, chemical functionalization has been widely
explored as an alternative approach.*"** In particular, oxi-
dative treatments introduce polar oxygen-containing groups,
such as hydroxy, carbonyl, and carboxy moieties, onto CNT
surfaces, thereby improving their dispersibility in polar
solvents.>>** Nitric and sulfuric acid treatments are the most
established methods and are often performed under reflux
conditions.”® While effective in enhancing water dispersibility,
these methods typically involve harsh reaction conditions,
which can cause significant structural degradation, shortening
of CNTs, or even destruction of their n-conjugated frame-
work.”* Such damage reduces the electrical and mechanical
performance of CNTs and compromises their environmental
safety and scalability. These drawbacks highlight the urgent
need for milder, more selective, environmentally benign oxi-
dation strategies.>®*”

In this regard, chlorine dioxide (ClO,") represents an attrac-
tive alternative. ClO," is a highly selective and mild oxidant
with a high redox potential, enabling efficient oxidation under
ambient conditions.”® Its industrial relevance is well estab-
lished: for decades, ClO," has been widely used in water purifi-
cation, disinfection, and pulp bleaching owing to its powerful
oxidizing ability and relatively low environmental impact.
Importantly, ClO," can be readily generated in aqueous solu-
tion by acidifying sodium chlorite (NaClO,) with hydrochloric
acid,?®** offering a simple, cost-effective, and scalable means
of preparation.

In organic synthesis, ClO," and related chlorite reagents
have been used to oxidize sulfides. For example, sodium chlor-
ite combined with hydrochloric acid facilitates sulfide oxi-
dation into sulfones,”® whereas tetrabutylammonium chlorite
has been employed as a tunable oxidant that selectively pro-
duces sulfoxides under controlled conditions.>® Moreover,
under photoirradiation, ClO," can undergo homolysis to gene-
rate chlorine radicals and singlet oxygen, which are harnessed
in chlorine-radical-mediated C-H oxygenation reactions.>!
These studies highlight the versatility of chlorine-based oxi-
dants in selective organic transformations. Nevertheless, their
application to CNT surface modification remains underex-
plored, providing a significant opportunity to develop green
and efficient oxidation strategies.

Herein, we demonstrate that ClO," enables surfactant-free
dispersion of SWCNTs in water under ambient conditions
while preserving their tubular morphology and intrinsic con-
ductivity. The treatments at room temperature selectively intro-
duced hydroxy, carbonyl, and carboxy functionalities, leading
to stable aqueous dispersions with a { potential of —41.6 mV,
indicative of substantial electrostatic stabilization. Structural
analyses using X-ray photoelectron spectroscopy (XPS), Raman
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spectroscopy, and transmission electron microscopy (TEM)
confirmed controlled surface oxidation (~12% oxygen incor-
poration) without severe lattice degradation. Importantly, films
prepared from these dispersions exhibited only a modest
threefold increase in resistivity (0.045 Q cm vs. 0.016 Q cm for
surfactant-dispersed CNTs), retaining high electronic perform-
ance. By contrast, heating the ClO," solution to 80 °C led to
poor dispersibility, formation of non-tubular aggregates, and
loss of CNT structural integrity, highlighting the selectivity of
the room-temperature process. Therefore, ClO,’-based oxi-
dation is a green, mild, and effective strategy for preparing
water-dispersible CNTs. Balancing hydrophilization with con-
ductivity preservation avoids the drawbacks of conventional
strong-acid oxidation and surfactant stabilization. We antici-
pate that this approach will broaden the utility of CNTs in
environmentally sensitive applications, including electronics,
energy devices, catalysis, and biomedical technologies, while
contributing to the sustainable development of carbon
nanomaterials.

Experimental

Reagents

Sodium chlorite (NaClO,, >80%, Sigma-Aldrich) and hydro-
chloric acid (HCl, 35 wt%, Kishida Chemical Co.) were pur-
chased and used as received without further purification.
Single-walled carbon nanotubes (SWCNTs, eDIPS EC-2.0P,
Meijo Nano Carbon Co., Ltd) were employed as the primary
material in this study. Sodium cholate (TCI) was used for pre-
paring control dispersions. All other chemicals and solvents
were of analytical grade and used as received. Ultrapure water
(Milli-Q system, Merck Millipore) was used in all experiments.

Instrumentation

Transmission electron microscopy (TEM) images were
obtained using a JEOL JEM-2100 microscope operated at 200
kv. Raman spectra were recorded with a Raman spectrometer
(Raman Force, Nanophoton Co. Ltd, Osaka, Japan) equipped
with a 532 nm excitation laser. Dynamic light scattering (DLS)
and C-potential measurements were performed using an
ELSZ-2000S particle size and molecular weight measurement
system (Otsuka Electronics Co., Ltd). X-ray photoelectron spec-
troscopy (XPS) was carried out on a Shimadzu Kratos ULTRA2
spectrometer using monochromatic Al Ko radiation (1486.6
eV). Electrical resistivity of CNT films was measured by the
standard four-probe method using a nano-voltmeter (Keithley
2182A) coupled with a DC/AC current source (Keithley 6221).
For removal of thermal offsets and electrical noise, we
employed the delta mode (averaging three measurements with
alternating polarity).

Oxidation and surfactant-free dispersion of SWCNTs

Chlorine dioxide (ClO,") solution was prepared by adding
300 pL of 35% aqueous hydrochloric acid to an aqueous solu-
tion of sodium chlorite (300 mg in 30 mL of water) in a glass

This journal is © The Royal Society of Chemistry 2026
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vial. Single-walled carbon nanotubes (SWCNTs, eDIPS EC-2.0P,
diameter 2.0-3.0 nm, 10.5 mg) were then introduced into the
solution. The mixture was sonicated for 1 h at 40 kHz and sub-
sequently stirred at 25 °C for 6 days using a magnetic stirrer.
After the reaction, the suspension was filtered through a
hydrophilic PTFE membrane (pore size 0.2 um), and the col-
lected solid was thoroughly washed with ultrapure water.

The recovered SWCNTs were transferred to a fresh glass
vessel containing a newly prepared chlorine dioxide solution,
followed by sonication for 1 h at 40 kHz and stirring at 25 °C
for an additional 7 days. The dispersion was filtered again
through a hydrophilic PTFE membrane (0.2 pm), and the
resulting solid was washed with water and dried under
vacuum. The final product, oxidized SWCNTs, was obtained as
a black powder (12.1 mg).

Results and discussion

Chlorine dioxide (ClO,") was generated by reacting sodium
chlorite (NaClO,) with hydrochloric acid (eqn (1)).*?

5NaClO, + 4HCl — 4 ClO," + 2 H,0 + 5 NaCl (1)

This highly reactive yellow gas exhibits a pronounced
absorption maximum at 358 nm.*'> After acidifying an
aqueous sodium chlorite solution with hydrochloric acid, the
solution turned yellow, confirming the formation of CIO, .
Introduction of carbon nanotubes (CNTs) into the resulting
ClO," solution (0.10 M) followed by stirring at room tempera-
ture led to the gradual oxidative dispersion of CNT aggregates
(Scheme 1). This process is ascribed to surface functionali-
zation by ClO,", which introduces hydrophilic oxygenated
groups, such as hydroxy and carboxy functionalities, thereby
enhancing their dispersibility in water. After reacting for 2 h,
large bundles of CNTs were observed. However, from 17 h
onward, these aggregates gradually became finer, and by 22 h
the suspension was more homogeneous, although the yellow
coloration of ClO," was still visible (Fig. 1). Prolonged stirring
for 14 days ultimately afforded a stable black dispersion of oxi-
dized CNTs.

The control experiments further substantiated the central
role of ClO,". At 80 °C, CNT aggregates initially dispersed
within 2 h, and extensive dispersion was observed after 17 h.
Prolonged heating, however, led to the disappearance of the
characteristic black coloration by 22 h, and filtration and

CIO," (0.1 M)

H,0 (30 mL), rt

COH

Scheme 1 CNT oxidation in an aqueous ClO;" solution.
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Fig. 1 Photographic images showing the time-dependent dispersion of
CNTs (10.5 mg) in an aqueous ClO;" solution (0.10 M, 30 mL) stirred by a
magnetic stirrer at room temperature for (a) 0 h; (b) 2 h; (c) 17 h; (d)
22 h; (e) 14 days.

Fig. 2 Photographic images of control experiments for CNT oxidation
and dispersion. Top: Time-dependent behavior at 80 °C. (a) 0 h; (b) 2 h;
(c) 17 h; (d) 22 h; (e) sample after 22 h followed by quenching of ClO;"
with 365 nm irradiation. Bottom: Reactions conducted under alternative
conditions. (f) CNT oxidation under 365 nm irradiation in the presence
of ClO;’; (g) NaClO; only, heated at 80 °C; (h) HCl only, heated at 80 °C.

washing afforded only a gray solid, indicating progressive
degradation rather than stable dispersion (Fig. 2). The reac-
tions were performed under UV light. When the reaction was
carried out under UV irradiation (365 nm), ClO," rapidly
decomposed into chlorine radicals and singlet oxygen, reactive
species that are sufficiently potent to oxidize methane.?!
Under these conditions, ClO,” was consumed before engaging
with the CNT surface, and dispersion was not achieved.
Similarly, heating the sodium chlorite solution in the absence
of hydrochloric acid produced no dispersion, indicating that
chlorite ions alone were incapable of initiating oxidation. In
addition, the CNTs stirred in hydrochloric acid alone showed
no detectable changes, even when heated. Collectively, these
findings clearly demonstrate that ClO," is the key oxidant
responsible functionalization and
aqueous dispersion of CNTs under mild, additive-free con-

for selective surface
ditions. Dynamic light scattering (DLS) analysis of the oxidized
dispersion, after removal of residual large particulates by cen-
trifugation and subsequent dilution of the supernatant,
revealed two distinct size populations at 1.9 + 0.4 nm and 279

+ 105 nm (Fig. 3). The larger fraction corresponds to dispersed
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Fig. 3 DLS size distributions of oxidized CNT dispersions.

CNTs, whereas the smaller fraction is most reasonably attribu-
ted to oxidatively cleaved CNT fragments with limited length
rather than intact long tubes, because DLS reports an apparent
hydrodynamic radius based on a spherical model and does
not yield such a small value for extended nanotubes. Notably,
DLS analysis performed after 7 days showed essentially
unchanged size distributions, with two populations centered
at 1.5 + 0.3 nm and 287 + 125 nm, indicating that no signifi-
cant aggregation or growth of dispersed particles occurred over
this period. The dispersion remained stable without visible
precipitation for at least one week. A { potential of —41.6 +
1.9 mV confirmed the introduction of negatively charged oxy-
genated groups on the CNT surface, providing sufficient
electrostatic repulsion to ensure colloidal stability. This stabi-
lization mechanism is conceptually analogous to that of sur-
factant-assisted dispersions but is achieved without residual
surfactants. The pronounced negative { potential is consistent

with Derjaguin-Landau-Verwey—Overbeek-type electrostatic
stabilization  arising from deprotonated oxygenated
24,34

groups, as also supported by XPS signatures (C-O, C=0,
and COO functionalities). Together, these results indicate that
the ClO," treatment yields aqueous dispersions stabilized by
electrostatic repulsion; a fraction of the nanotubes exist as oxi-
datively shortened fragments, while larger clusters remain
detectable within the broader size fraction. TEM images of the
room-temperature-treated dispersion revealed micrometer-
scale fibrous features attributable to the CNTs (Fig. 4a).

At higher magnifications, individual nanotubes were clearly
resolved, showing uniform diameters and continuous tubular
frameworks without any signs of collapse (Fig. 4b). These
observations indicate that the oxidation proceeds in a surface-
limited manner, introducing functional groups while preser-
ving the underlying sp® network.*>** This structural integrity
is consistent with the Raman spectra, which retained a pro-
nounced G band despite the emergence of the D band.">?*

By contrast, the TEM images of the solid obtained at 80 °C
did not display a tubular morphology but rather sheet-like and
amorphous aggregates (Fig. 4c). This morphology reflects over-
oxidation, in which C-C bond cleavage leads to structural
degradation rather than stable functionalization.>®> Taken
together, the TEM results highlight the divergent outcomes of
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Fig. 4 TEM images of Ox-CNTs: (a) wide-field image at the micrometer
scale showing fibrous features consistent with carbon nanotubes; (b)
higher-magnification image indicating that the tubular framework was
preserved; (c) image of the white precipitate obtained after heating at
80 °C, showing sheet-like aggregates instead of tubular structures.

ClO," oxidation: at room temperature, selective functionali-
zation preserves the nanotube framework and enables
aqueous dispersion, whereas under heating, uncontrolled
over-oxidation causes structural degradation and complete loss
of the tubular morphology.

Raman spectroscopy was used to investigate the structural
integrity of the oxidized nanotubes (Fig. 5). For comparison,
pristine CNTs were dispersed in water with 1 wt% sodium
cholate, filtered through a membrane, washed, and measured
as thin films. In the Raman spectra of the CNTs, the G band at

100 A
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o
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Raman Shift, cm-1

1700 1800

Fig. 5 Raman spectra of thin films of pristine and oxidized CNTs, pre-
pared by filtering aqueous dispersions. Pristine CNTs were dispersed
using 1 wt% sodium cholate.

This journal is © The Royal Society of Chemistry 2026
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~1590 cm ™" corresponds to the in-plane vibration of sp*-hybri-
dized carbon atoms in the hexagonal lattice, whereas the D
band at ~1350 cm ™" originates from disordered carbon atoms
with dangling bonds.*>*® The intensity ratio of these bands
(G/D) is widely used to evaluate the structural disorder
induced by oxidation.'*?*3”

The pristine CNTs exhibited a sharp G band with no detect-
able D band, which is consistent with intact sp> frameworks.
By contrast, the spectrum of the oxidized CNTs showed a
broadened G band and a pronounced D band at 1350 cm™.
The G/D ratio of 3.5 indicates that oxidative defects were intro-
duced, whereas the sp> carbon network was largely retained.
The broadening of the G band reflects local lattice distortions
induced by the oxygenated groups, and the emergence of the
D band highlights the creation of defect sites that act as scat-
tering centers.>*®> These features are in line with TEM obser-
vations of preserved tubular morphology and with XPS evi-
dence of oxygen incorporation, collectively pointing to surface-
limited functionalization by ClO,". This process introduces
sufficient hydrophilic groups for aqueous dispersion while
avoiding extensive lattice destruction, thereby rationalizing the
modest increase in resistivity observed for the oxidized CNT
films. XPS analysis revealed atomic contents of 99.6% C, 0.3%
O, and 0.1% Cl for the pristine CNTs, whereas the oxidized
CNTs contained 89.0% C, 10.6% O, and 0.4% Cl.

These values correspond to ~12% oxygen incorporation
relative to carbon, with negligible chlorine retention. The
high-resolution C 1s spectra provide more detailed insights
into the chemical states (Fig. 6). The spectrum of the pristine
sample was dominated by the sp> C—=C peak at ~284.8 eV.
Minor oxygen contributions were unresolved in the fitting
because the elemental analysis indicated a negligible oxygen
content (0.3%) at 285-290 eV. The weak features observed
above 290 eV are attributed to n-n* peak associated with sp>-
hybridized carbon.

By contrast, the oxidized CNTs exhibited additional com-
ponents assigned to C-O (5.1% at ~286.3 eV), C=0 (3.1% at
~287.9 eV), and O-C=0 (2.6% at ~289.2 eV) groups.>*** These
oxygenated functionalities are consistent with the introduction
of hydroxy, carbonyl, and carboxy groups onto the CNT surface.

The relative distribution of these oxygenated species indi-
cated that the majority of the oxygen was incorporated as C-O

3 410*
610"

S 310
410%]
210"

210%
110%1

RS

5 280 285 280 %es
Binding Energy, eV

290 5 280
Binding Energy, eV

Fig. 6 XPS spectra of (a) pristine CNTs and (b) oxidized CNTs with
Gauss-Lorentz fitting curves.
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functionalities, with lower yet still significant fractions of C=0
and O-C=O0. The oxygenated shoulder peaks accompanying the
dominant sp> C=C peak further support the occurrence of
surface-limited functionalization rather than bulk Ilattice
disruption,'®** which agrees with the TEM images and Raman
spectra. Such oxygenated groups also provide a structural basis
for the strongly negative ¢ potential (—41.6 mV), which accounts
for the electrostatic stabilization of the aqueous dispersion.'

Chlorine was detected only at trace levels (0.4%), indicating
that any residual chlorine species were effectively removed
during washing. Taken together, the XPS results demonstrate
that ClO," selectively introduces oxygen-containing groups at
the CNT surface, enabling stable dispersion without compro-
mising the underlying sp® framework.

Films prepared by filtering the dispersions exhibited a
volume resistivity of 0.016 Q cm for sodium cholate-dispersed
CNTs and 0.045 Q cm for oxidized CNTs at 25 °C, corres-
ponding to only a threefold increase (Fig. 7). Notably, from 25
to 50 °C, the resistivity of the oxidized CNTs increased by less
than 10%, indicating that the electronic conductivity was
mostly preserved, despite the introduction of surface oxygen
functionalities. The minimal temperature dependence indi-
cates that the charge transport in the oxidized CNT films is
dominated by a percolated sp> network rather than by ther-
mally activated hopping. Although the absolute resistivity of
the oxidized films was higher than that of the sodium cholate-
dispersed CNTs, the values remained within the typical range
for conductive CNT networks.”® This modest trade-off high-
lights that ClO," oxidation substantially improves dispersibility
while preserving electronic pathways, offering a favorable
balance for applications that demand both aqueous processa-
bility and reliable charge transport under variable thermal
conditions, such as printable electronics, composite conduc-
tors, and energy storage devices.">"*”

This behavior can be rationalized by the surface-selective
nature of the ClO," oxidation, which predominantly introduces
oxygenated functionalities at defect sites and exposed structu-
rally accessible regions of the carbon nanotubes without exten-
sive disruption of the underlying sp® lattice. These accessible
regions correspond to tube ends, intrinsic defect sites, and

[=CNT = Ox-CNT |
,__.__—0——0—_"/.

0 T T T
20 30 40 50

Temperature, °C

Fig. 7 Volume resistivity of CNT films prepared by filtration: pristine
CNTs dispersed with sodium cholate (blue) and oxidized CNTs (red).
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externally exposed sidewall surfaces of individual tubes or
bundle surfaces. In contrast to stronger oxidative treatments
that generate a high density of basal-plane defects, the present
oxidation proceeds in a spatially confined manner, allowing the
graphitic core and percolated conductive pathways to remain
largely intact. As a result, even with an oxygen content of
approximately 12%, the electrical conductivity is retained
because charge transport is governed by continuous sp’
domains rather than by localized hopping through heavily oxi-
dized regions. In this context, ClO," can be regarded as a rela-
tively mild and selective oxidant under the present conditions,
providing a mechanistic basis for the observed balance between
enhanced dispersibility and preserved electrical performance.

Conclusions

In this work, we developed and systematically evaluated a
green and versatile approach for dispersing SWCNTs in water
through chlorine dioxide (ClO,’)-mediated oxidation under
ambient conditions. The ClO," oxidation reported herein
enables mild, selective, and scalable oxidation that enhances
aqueous dispersibility while mostly maintaining the intrinsic
electronic functionality of the CNT framework. This method-
ology addresses a long-standing challenge in CNT processing
by combining dispersion stability with minimal compromise
in conductivity. The unique property profile achieved here
expands the potential of CNTs for environmentally sensitive
applications in which both dispersibility and electronic per-
formance are critical, including printable electronics, func-
tional polymer composites, electrochemical energy storage,
and sensing platforms.
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