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A novel noncovalent surface modification of commercial single-walled carbon nanotubes (SWCNTSs) was
successfully carried out by using ball grinding technology between SWCNTs and mixed dispersants
(polyvinylpyrrolidone (PVP) and alkanolamine), affording a highly homogeneous and stable PA-SWCNTs
dispersion in water. The homogeneous dispersibility and long storage stability were systematically

investigated by transmittance spectroscopy,

absorption spectroscopy, zeta potential analyzer,

sedimentation photo and transmittance electron microscopy. Under the optimized conditions, the PA-
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SWCNTs dispersion modified with 0.7 wt% PVP and 0.25 wt% alkanolamine under the condition of total

6 h ball grinding time using paint shaker can be easily well-dispersed in water and has good storage
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1. Introduction

Single-walled carbon nanotubes (SWCNTs) have aroused great
interest among researchers owing to their extraordinary
mechanical, electronic, and optical properties with practicable
roles in low-weight conductive reinforcements in polymers,**
conductive inks for flexible displays,® transparent electrodes,*
lithium ion battery,” and more. Compared with spherical
nanoparticles, the high aspect ratio and high conductivity of
commercial SWCNTs provide an outstanding advantage in
constructing a conductive network in the polymer matrix at
a much lower content.® However, the bundled aggregates of
commercial SWCNTs induced by the particularly high aspect
ratio and high interaction energy block their homogeneous
dispersion. To utilize these excellent properties, commercial
SWCNTs should be dispersed into a medium individually.
Presently, dispersion with good dispersibility and long storage
stability still presents a really tough challenge because a tube-
tube contact produces high van der Waals interaction energy.
In recent years, various methods have been proposed to
decrease the CNTs agglomerations by using chemical and phys-
ical strategies.”® Chemical strategies based on surface modifi-
cation of CNTs with strong acids such as HNO; and H,SO, create
defects on the surface of CNTs, and then to graft soluble func-
tional groups or hydrophilic chains.*** Although this has been
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stability, and no sedimentation is observed more than one month. From an industrial perspective, this
method is green and easy to operate in industry.

recognized as an effective strategy for obtaining stable dispersion
of CNTs in a medium, it usually results in the destruction of the
intrinsic sp® hybridized network and degrades the mechanical
and electrical properties of the commercial SWCNTs.'>*® Besides,
many researchers have vigorously adopted non-covalent strate-
gies to disperse carbon nanotubes into the aqueous system,
generally with the assistance of surfactants, biomolecules,
aromatic compounds, natural macromolecules, and polymers
onto the CNTs surface by using van der Waals forces or -7
stacking interactions.’”* Because this strategy avoids compli-
cated chemical reactions under strongly acidic conditions and
preserves the conjugated structure and inherent properties of
commercial SWCNTs, it has been considered to be an easy, green
modification method. However, the long-term stability of carbon
nanotubes dispersion with highly homogeneous dispersibility is
generally worse than that of chemical modified dispersion.
Presently, the need to use environmentally friendly materials
has accelerated increased researches on water-based formula-
tions for water-borne coatings. In an effort to realize this goal,
different water-borne coatings were developed, which during
the coating deposition release water to the atmosphere instead
of volatile organic compounds (VOCs). However, compared to
that of solvent-borne coatings, the performance of water-borne
polymer is not good enough.* Song et al. reported that addition
of multi-walled carbon nanotubes (MWCNTs) to the water-
borne acrylic coatings resulted in an up to ~50% increase in
the adhesion strength. The nanocomposite coating with 1 wt%
MWCNTs showed the highest efficiency in water retardation.>
Huang et al. made use of SWCNTs dispersion modified by
sodium dodecylbenzenesulfonate (SDBS) and Triton X-100 to
make water-borne polyurethanes coating for poly (ethylene
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Fig. 1 The preparation route for highly homogeneous and stable PA-SWCNTs dispersion in water.

terephthalate) (PET) film. The antistatic films obtained had
special characteristics, such as high transparency, low sheet
resistance and excellent resistance to water and heat.>®

In this study, we report an easy, green modification of
SWCNTs by using non-covalent strategy between commercial
SWCNTs and mixed dispersants (polyvinylpyrrolidone (PVP)
and alkanolamine), as shown in Fig. 1. PVP polymer with
macromolecular chains provided greater steric hindrance and
alkanolamine formed electrostatic repulsion, which facilitated
the formation of well-dispersed SWCNTs. The optimum ratio of
PVP and alkanolamine was explored for preparing highly
homogeneous and stable SWCNTs dispersion in water.

Further, this water-based dispersion of commercial SWCNTs
can be easily used to prepare SWCNTs/water-borne coatings
nanocomposites under the condition of simple mixing. Impor-
tantly, this preparation route above is easy and economical due
to easy operation and cheap raw materials in industry. We are
profoundly convinced that this green experimental work will
promote the application of SWCNTs in water-borne coatings.

2. Experimental
2.1 Materials

Commercial SWCNTs (black powder: SWCNT length >5 pum,
BET: 300 m”® g ', SWCNTs outer mean diameter: 1.6 + 0.4 nm)

12948 | RSC Adv, 2024, 14, 12947-12953

was obtained from OCSiAl (Novosibirsk, Russia). Poly-
vinylpyrrolidone (PVP) and alkanolamine (2-amino-2-methyl-1-
propanol) bought from market were used without purifica-
tion. Deionized water was prepared using corresponding
equipment.

2.2 Modification of SWCNTs

2.2.1 Modification of SWCNTs with PVP polymer. First of
all, deionized water ((99.6 m) g) and PVP (m = 0.5, 0.6 and 0.7 )
were added to the glass bottle, and stirred with a stirrer at
300 rpm for 15 min. After that commercial SWCNTs (0.4 g) and
zirconia bead (150 g) were added to the preprepared mixture
and shaking for 6 h at room temperature in a paint shaker to
afford uniform water-based P-SWCNTs-0.5%, 0.6%, 0.7%
dispersion correspondingly.

2.2.2 Modification of SWCNTs with mixed dispersants.
Based on the same experimental procedure, deionized water
((99.35 m) g), PVP with the optimal content (m g) and alkanol-
amine (0.25 g) were added to the glass bottle, and stirred with
a stirrer at 300 rpm for 15 min. After that commercial SWCNTs
(0.4 g) and zirconia bead (150 g) were added to the preprepared
mixture and shaking for 6 h at room temperature in a paint
shaker to afford uniform water-based PA-SWCNTs dispersion.
Finally, the above P-SWCNTs-0.5%, 0.6%, 0.7% and PA-SWCNT

© 2024 The Author(s). Published by the Royal Society of Chemistry
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solid powders were dried overnight at 80 °C in vacuum. The
procedure of the preparation of green modified water-based PA-
SWCNTs dispersion was schematically displayed in Fig. 1.

2.3 Characterization

The transmittance and absorption of the SWCNTs dispersion
were systematically determined with a quartz cell using an
UV2600 ultraviolet spectrophotometer (Shimadzu Instru-
ments).The zeta potential of the SWCNTs dispersion was
investigated by a 90Plus PALS Zeta Potential (Brookhaven
Instruments). Thermogravimetry analysis of commercial
SWCNTs and modified SWCNTs was performed under nitrogen
on a 209F1 thermogravimetric analyzer (Netzsch Instruments)
with a temperature range of 25-600 °C at a heating rate of 10 °©
C min~'. Morphology of the diluted SWCNTs dispersion was
characterized by transmittance electron microscopy (TEM, FEI
F20). For TEM, the diluted dispersion (in water) was placed onto
a carbon-coated copper grid.

3. Results and discussion
3.1 Transmittance SpeCtl‘OSCOpy

From an industrial perspective, it is fast and easy to measure the
optical transmittance of carbon materials while giving a repeti-
tive and quick indication of dispersion quality.***” Fig. 2a shows
the transmittance spectroscopy of diluted commercial SWCNTs,
modified P-SWCNTSs-0.5%, 0.6%, 0.7% and PA-SWCNTs with
incident light wavelength ranging from 200 nm to 800 nm. We
compared the experimental data at 550 nm from commercial
SWCNTs, P-SWCNTs modified with different PVP content in
Fig. 2b. From this it is can be seen that the modified P-SWCNTs
dispersions have the different optical transmittance in water.
Compared to 93.5% at 550 nm of commercial SWCNTs disper-
sion, the optical transmittance of the modified P-SWCNTs
dispersion is lower, especially the P-SWCNT-0.7% (36.1%),
indicating that commercial SWCNTs were poorly dispersed in
water due to their high specific surface area, strong van der
Waals forces and inherent hydrophobicity, resulting in serious
agglomeration. Because of the new non-covalent interaction
between commercial SWCNTs and hydrophilic PVP macromo-
lecular chains, the agglomeration was controlled effectively.
With the increasing PVP content, the optical transmittance of P-
SWCNTs decreased gradually. This may because when the PVP
content is increased, the tight agglomeration was controlled
effectively.

However, it is hard to improve SWCNTs dispersion further by
using steric hindrance of PVP polymer separately. Considering
the good dispersibility and long storage stability simulta-
neously, P-SWCNTs dispersion has been modified by using
alkanolamine with electrostatic repulsion. Compared to 36.1%
at 550 nm of optimal P-SWCNT-0.7% dispersion, the optical
transmittance of water-based PA-SWCNTs dispersion is 32.7%
in Fig. 2a, indicating that the dispersibility of PA-SWCNTs has
been improved by alkanolamine owing to electrostatic repul-
sion interaction between SWCNTs and alkanolamine displayed
in Fig. 1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Transmittance spectra of water-based dispersion of commer-
cial SWCNTSs, modified P-SWCNTs and PA-SWCNTs with incident light
wavelength ranging from 200 nm to 800 nm. The data in the figure
shows the optical transmittance with incident 550 nm visible light (a);
effect of hydrophilic PVP polymer dispersant content on the trans-
mittance (wavelength, 550 nm) (b). Commercial SWCNTSs dispersion
prepared using similar technology in section 2.2 has the same solid
content with modified SWCNTSs dispersion.

3.2 Absorption spectroscopy

To utilize the physical properties of SWCNTs, the entangled
bundles of the commercialized SWCNTs need to be modified
before using as functional additives in the various mate-
rials.»*** It is a good way to prove the surface modification effect
of SWCNTs by comparing the absorbance intensity of carbon
nanotubes remaining after a centrifugation.?®* Therefore, the
dispersing ability at varied dispersant content was character-
ized using UV-vis spectroscopy. As reported in previous studies,
the greater absorbance proved the better dispersibility because
the intensity of absorbance is related to the number of nano-
particles contained in the unit volume of the dispersion.>

RSC Adv, 2024, 14, 12947-12953 | 12949
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Fig. 3a shows the absorbance spectra of diluted dispersion of
commercial SWCNTs and modified P-SWCNTs and PA-SWCNTs
taken after centrifugation for 15 min. It is seen that the disper-
sion of the modified SWCNTs shows an upward shift of the
baseline. The shorter the wavelength is, the larger the baseline
shift is. The phenomenon is due to wavelength dependence of
light scattering by SWCNTs in water.” In addition, the absor-
bance of SWCNTs dispersion decreases from visible to near infra-
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Fig. 3 Absorption spectra of diluted dispersion of commercial
SWCNTs, modified P-SWCNTs and PA-SWCNTs ((a)-fresh dispersions;
(b)-dispersions stored after one month); optical image of the modified
PA-SWCNTs dispersion (c); diluted PA-SWCNTs dispersion after
centrifugation under the condition of 900 rpm for 15 min (d). All
samples were diluted 400 times in DI water and then centrifuged
under the condition of 900 rpm for 15 min.
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red region, which is partly due to scattering in lower wavelength
region. From the figure, it is clearly seen that the absorbance of
SWCNTs dispersion taken after centrifugation is the lowest due
to heavy sedimentation. Compared to that of SWCNTs disper-
sion, the absorbance intensity of diluted P-SWCNTs dispersion
modified by different hydrophilic PVP content is enhanced
owing to a little sedimentation and that of diluted PA-SWCNTs
dispersion without sedimentation (see Fig. 3d) is the highest,
proving that non-covalent steric hindrance interaction and
electrostatic repulsion interaction have happened simulta-
neously between SWCNTs and mixed dispersants. Fig. 3b shows
the absorbance spectra of diluted dispersion of commercial
SWCNTs and diluted P-SWCNTs-0.7% and PA-SWCNTs after one
month. Compared to that of Fig. 3a, the absorbance intensity of
diluted PA-SWCNTs dispersion after one month is still high,
indicating that it has good storage stability. This also shows that
a stable PA-SWCNTs dispersion without sedimentation has been
prepared successfully.

3.3 Dispersibility and stability

The zeta potential is an important parameter that characterizes
the surface properties of electrostatically stabilized nano-
materials in aqueous solution.”® Fig. 4 shows the relation
between zeta potential and SWCNTs dispersion modified by
different dispersant. This plot shows that the zeta potential of P-
SWCNTs dispersion decreases with increasing hydrophilic PVP
content; then the zeta potential of P-SWCNTSs-0.7% reaches the
absolute value at 24.40 mV. However, it is hard to obtain the
highly homogeneous and stable P-SWCNTs dispersion modified
by different PVP content after a centrifugation under the
condition of 900 rpm for 15 min, indicating that non-covalent
steric hindrance interaction of PVP macromolecular chain is
still insufficient.

To solve this problem, mixed dispersants including PVP
polymer and alkanolamine are used to modify the commercial
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Fig. 4 Relation between zeta potential and water-based SWCNTs
dispersion modified by different dispersant. a: Commercial SWCNTs, b:
P-SWCNTs-0.5%, c: P-SWCNTs-0.6%, d: P-SWCNTs-0.7%, e:PA-
SWCNTs.
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Fig. 5 Comparison photographs (A) of water-based modified SWCNTs dispersions stored for one month. a: Commercial SWCNTs, b: P-
SWCNTs-0.5%, c: P-SWCNTs-0.6%, d: P-SWCNTs-0.7%, e: PA-SWCNTSs. The water-based modified SWCNTs dispersions (B) shown on the right

were diluted 100 times.

SWCNTs. Under the optimized conditions, the zeta potential of
the modified PA-SWCNTs dispersion mixed with 0.7 wt% PVP
and 0.25 wt% alkanolamine correspondingly under the condi-
tion of total 6 h ball grinding time using paint shaker reaches
the absolute value at 25.30 mV and has good storage stability
after a centrifugation. Therefore, it can be presumed that the
non-covalent steric hindrance interaction and electrostatic
repulsion interaction are important for preparing the highly
homogeneous and stable PA-SWCNTs dispersion.

Sedimentation analysis is often used to estimate the dis-
persibility and storage stability of SWCNTs in water.*® Fig. 5
shows comparison photographs of water-based modified
SWCNTs dispersions stored for one month. The dispersibility of
the PVP modified SWCNTs is much better than that of their
totally physical mixture without dispersant in water. It is clear
that the commercial SWCNTs dispersion without dispersant
has obvious black sediment in water. In contrast to water-based
P-SWCNTs dispersion modified by different PVP content, the
commercial SWCNTs is insoluble, while three kinds of P-
SWCNTs dispersion in Fig. 5A can be easily well-dispersed in
water, and no sedimentation is observed more than one month.
This suggests that P-SWCNTs dispersions have good solubility
in water. However, the P-SWCNTSs dispersions diluted 100 times
have a little sediment in Fig. 5B and the amount of sediment
decreases in sequence, indicating that PVP dispersant is not
enough to bring mutual exclusion and steric hindrance effect.
Therefore, this indicates that P-SWCNT is not suitable for water-
borne coatings.

Furthermore, the dispersibility of PA-SWCNT is also much
better than that of their totally physical mixture. Compared with
commercial SWCNTs and the best P-SWCNT-0.7% modified by
hydrophilic PVP polymer in Fig. 5A, the PVP and alkanolamine
modified PA-SWCNTs dispersion diluted 100 times can be easily
well-dispersed in water, and no sedimentation is observed in
Fig. 5B. The above results demonstrate that the PA-SWCNTs
dispersion is a physically stable system and can be considered
as an ideal functional additive for water-borne coatings.

3.4 TGA measurements

Supporting evidence for the non-covalent modification of
commercial SWCNTs comes from the thermogravimetry anal-
ysis.?”*® Actual SWCNTs compositions of commercial SWCNTs,
P-SWCNT and PA-SWCNTS at a temperature rate of 10 °C min~ "

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TGA curves of commercial SWCNTs, P-SWCNTs and PA-
SWCNTs.

are shown in Fig. 6. The TGA plot of commercial SWCNTs
indicates a gradual mass loss of around 1.8% as the tempera-
ture reaches 600 °C. However, there is a distinct mass loss
region between 300 and 600 °C for modified P-SWCNT and PA-
SWCNTs. The results show that the mass loss of P-SWCNTs
increases with increasing hydrophilic PVP content. Compared
with commercial SWCNTSs, the mass loss around 59.1% of P-
SWCNTs-0.7% terminates at approximately 600 °C, which was
due to the pyrolysis of hydrophilic PVP polymer. Furthermore,
we noted that PA-SWCNTs showed a significant weight loss
around 62.8% corresponding to the pyrolysis of PVP and alka-
nolamine dispersant.

3.5 Dispersion morphology

It is essential to investigate the influence of different disper-
sants on the dispersion of carbon nanotubes in water because
physical properties of nanocomposites are directly dependent
on their dispersion morphology.**** The dispersion morphol-
ogies of commercial SWCNTs, P-SWCNTs and PA-SWCNTs in
water are checked by TEM, as shown in Fig. 7. The commercial
SWCNTs dispersed in water at the carbon membrane show tight
agglomeration and exist large carbon bundles about 50 nm,**
which is attributed to the poor dispersion of carbon nanotubes

RSC Adv, 2024, 14,12947-12953 | 12951
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Fig. 7 TEM images of water-based modified SWCNTs dispersions drop-casted from the water solutions, showing different dispersion
morphologies. (A): Commercial SWCNTs, (B): P-SWCNTs-0.5%, (C): P-SWCNTs-0.6%, (D): P-SWCNTs-0.7%, (E): PA-SWCNTSs. (A) to (E') is the
magnification of (A) to (E).
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(marked as red circles in Fig. 7 A/A"). In comparison, we find
small carbon bundles in the images of PVP-modified P-
SWCNTs, which is due to the surface modification of hydro-
philic PVP. It is obvious to find that the diameter of commercial
SWCNTs is reduced.This phenomenon is consistent with
SWCNTs functionalization with noncovalent interactions,
where the organic chain may bleach the strong interactions
between individual SWCNTs.

Furthermore, after the modification with hydrophilic PVP
and alkanolamine dispersant, the PA-SWCNTs nanotubes are
also well dispersed in water, and show good dispersibility and
exist small bundles in Fig. 7 (D/D’). Compared to that of
commercial SWCNTSs, the diameter of PA-SWCNTS is between 5
and 20 nm. The above results can demonstrate that the PA-
SWCNTs dispersion is a physically stable system. Thus, it can
be inferred from the dispersion morphology that PA-SWCNTs
with good dispersibility and long storage stability is easy to
disperse in water-borne coatings and build good physical
properties.

4. Conclusions

In summary, a highly homogeneous and stable PA-SWCNTs
dispersion was successfully prepared in water by non-covalent
surface functionalization technique between SWCNT and
mixed dispersants. The results show that the best modified PA-
SWCNTs with the lowest optical transmittance (32.7%) at
550 nm and the largest zeta potential (25.30 mV) can be easily
well-dispersed in water, and the aggregates of SWCNTs are
successfully debundled into highly dispersed nanotubes by
using paint shaker. The diluted PA-SWCNTs dispersion with no
sedimentation more than one month has the potential appli-
cation as a functional conductive or performance additive for
water-borne coatings, which gives a new strategy for the high
value-added utilization of SWCNTs.
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