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Abstract: Dispersion of carbon nanotubes (CNT) in solvents and/or polymers is essential to reach the
full potential of the CNTs in nanocomposite materials. Dispersion of CNTs is especially challenging
due to the van-der-Waals attraction forces between the CNTs, which let them tend to re-bundle
and/or re-aggregate. This paper presents a brief analysis of the quality and stability of functionalized
multiwalled carbon nanotubes (fMWCNT) dispersion on polar solvents. A comparative study
of functionalized CNT dispersion in water, methyl, and alcohol-based organic solvents has been
carried out and the dispersion has been characterized by UV-VIS spectroscopy, electrochemical
characterization such as cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS).
Visual analysis of the dispersion has been investigated for up to 14 days to assess the dispersion’s
stability. Based on the material characterization, it was observed that the degree of affinity IMWCNT
with -COOH group highly depends on the polarity of the solvent, where the higher the polarity, the
better the interaction of IMWCNT with solvents.

Keywords: carbon nanotubes; polar solvents; UV-VIS analysis; electrochemical impedance
spectroscopy (EIS)

1. Introduction

Carbon nanotubes (CNTs) are among the most promising nanofillers in the field of
nanocomposite sensors due to their high aspect ratio, excellent mechanical properties, good
electrical and thermal conductivity, which are essential properties for many applications [1].
It was reported that CNTs can enhance the photo-catalysis perfomance of ZnO and TiO,
due to its unique electronic and adsorption properties [2—4]. Furthermore, CNTs have
advantageous adsorption, catalytic, and electrochemical characteristics, which make it
possible to combine adsorption, catalysis, or electrochemistry with the membrane sepa-
ration process, hence increasing the water treatment efficiency of CNTs-based composite
membranes [5]. The proper transfer of these properties can be achieved by the effective
dispersion of CNTs within solvents and /or polymers. Many works have been investigat-
ing how to achieve the effective dispersion of CNT in solvents and polymers. However,
it remains a very challenging task given the entanglement as well as breakage of CNTs
that occurs during processing in addition to the poor interfacial interaction between the
CNTs and the dispersing medium [6]. Several approaches applying physical shear stress
have been adopted to break down CNT bundles and disperse it dispersing medium [7,8],
such as shear mixing, mechanical stirring, and sonication. It has been reported that the
addition of functional groups, macro-molecules and bio-molecules onto the CNT walls
in various applications from nanoelectronics to bio-applications [9,10]. Indeed, adding
functional groups such as -COOH, -OH and -NH; using covalent and/or non-covalent
functionalization modifies the surface of CNT prevents nanotube aggregation, which helps
to better disperse and stabilize the CNT within a solvent [8,11-13]. The functionalization of
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CNTs has been reported as a possibility for reducing the agglomerates formations and for
enhancing the hydrophilic nature of the CNTs [14]. When the surface of a CNT suffers from
oxidation, chemical elements are adsorbed, forming functional groups. These functional
groups interact with solvents via polar-polar interaction, which results in the formation
of hydrogen bonds, so that the CNTs to repel each other, preventing the formation of
agglomerates [15]. Figure 1 shows the hydrogen bond between the functional group on
CNT and water, enabling CNT in a dispersed state in water.
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Figure 1. Hydrogen bonding between the CNT-COOH and water.

Functionalized CNTs can achieve a stable dispersion compared to non-functionalized
CNTs through visual tests over a certain time [16]. It is also reported that the modified nan-
otubes are highly soluble in polar solvents such as water, ethanol and dimethylformamide,
depending on degree of functionalization and nature of the functional groups attached
on it [17,18]. An analysis of the dispersion stability of surface-modified CNTs on polar
and non-polar solvents using a qualitative measurement technique based on multiple light
scattering [19]. When the CNTs were modified with carboxylic anions, the dispersibility in
polar solvents was enhanced due to the combination of polar-polar affinity and electrostatic
repulsion between the functional groups and polar solvents [19]. A polysilicone flame
retardant (PA) was synthesized and grafted onto the surface of carbon nanotubes (CNTs)
via amide linkages to obtain modified CNTs (CNTs-PA) and it is stable and soluble in
water and high polar solvents [20]. A study presented a controlled dispersion of carbon
nanotubes in polyethylene through surface modification using a mixture of concentrated
acid and octadecylamine (ODA) where dispersion stability is strongly depends on solvent
and carbon nanotube polarities after the functionalization using visual investigation [21].
An investigation of the interfacial properties of multiwalled CNTs (MWCNTs) exposed to
widely utilized solvents by sum frequency generation vibrational spectroscopy (SFG-VS)
to probe solvent-wetted MWCNTs. It proved that polar solvents can substantially alter
the interfacial optical property of MWCNTs [22]. It was investigated that the affinity of
acid-treated CNTs with water highly depends on the contents of COOH groups attached on
the outer walls of CNT and solubility of CNT in water is quantified by measuring the PH
value of the dispersion [23]. A large-scale all-atom molecular dynamics simulation has been
adopted to study the dispersibility behavior of the functionalized CNT in various polar
solvents, and it has been stated, that the dispersion behavior should be dependent on the
polarity of the solvents [24]. Although significant efforts have been devoted to investigating
dispersion improvements by functionalized CNT in polar and non-polar solvents, a quanti-
tative analysis of the influence of CNT’s functionalization on their affinity to the polarity
of the solvent has never been carried out. The solvent polarity index is related to polar
interaction and hydrogen bonding parameters based on the Hansen solubility parameters.
It can be seen that the higher the polarity index, the stronger the polar interaction and
hydrogen bonding between the molecules [25]. This leads to a hydrogen bonding between
the functional groups in the CNTs and solvent, resulting in faster and stable separation of
CNTs in the solvents. Table 1 shows that Hansen solubility parameter and polarity index
of various solvents, where 6, is energy from dipole force between molecules and ¢y, is the
energy from hydrogen bonds between molecules.
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Table 1. Hansen solubility parameter for polar solvents.

Solvent Polarity Index on Sp
Water 10.2 20.7 7.8
Ethanol 52 9.5 4.3
2-propanol 4.0 8.5 3.3
Toluene 2.0 3.5 2.6

For analyzing the influence of polar solvents on the CNT dispersion, several aspects
need to be investigated to assess the degree of CNTs unbundling and its influence on
the resulting properties of nanocomposites. Interesting are thereby optical, electrical and
chemical methods. In this work, the affinity of functionalized multiwalled carbon nan-
otubes (fMWCNT) to polar solvents by investigating the dispersion quality and stability by
UV-VIS analysis and electrochemical methods such as cyclic voltammetry and electrochem-
ical impedance spectroscopy (EIS).In UV-VIS measurements, individual fIMWCNT show
a characteristic absorption band in the UV region [26]. Based on this, the degree of CNT
unbundling can be assessed in a liquid medium. The homogeneous dispersion of carbon
nanotubes (CNTs)in solvents affects the electrical conductivity of the thin films based on
CNT/solvent dispersion. Among various approaches, the electrochemical characteriza-
tion technique can be very useful in studying and characterizing the degree of the CNT
dispersion in a quantitative way. In cyclic voltammetry, exfoliated CNTs can increase the
electroactive surface area compared to the agglomerated state, resulting in more charge
transfer. The tunneling resistance is calculated using EIS to evaluate the degree of exfoliated
fMWCNT. Indeed, a visual investigation of the dispersion has been carried out over 14 days
to evaluate the stability of the dispersion.

2. Materials and Methods

In this work, MWCNT functionalized with -COOH group (fMWCNT) was purchased
from NanoAmor Inc, USA and the diameter and length of MWCNTs are 8-15 nm and
0.5-2 um, respectively. Some of the previous works recommended some organic sol-
vents for achieving the effective dispersion of CNT [8,27]. Thus, organic solvents, namely
2-propanol, ethanol, water, and toluene, were selected. Three samples were prepared by
mixing 0.05 wt.% of CNT in 20 mL of solvent and sonication at 30% amplitude at 0.5 s using
MS73 sonotrode in Bandlein Sonoplus ultrasonicator for different durations (10 min, 30 min,
60 min, 90 min, and 120 min) to determine the optimum sonication time for an effective
unbundling of the CNTs. Figure 2 shows the preparation of CNT/solvent dispersion.

0.05% CNT- Somicati Diluti Diluted
COOH/solvent »omcation futon dispersion

Figure 2. fMWCNT dispersion process.

In order to perform the UV-VIS analysis, the dispersion must be diluted in the ratio
1:100 for the sufficient transmittance within UV-VIS spectroscopy and hence, 60 pL of
CNT/solvent dispersion is diluted in 600 uL of their respective solvents and analyzed using
UV-VIS spectrometer (Perkin Elmer Lambda 700) operating in the range of 260-700 nm.
Initially, baseline correction was carried out using 5 mL of solvent. The results show that,
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as sonication time increases, the probability of the CNT unbundling gets higher, which
indicates a higher number of individual CNTs dispersed in the solvents [28].

Hence the absorption curve of the UV-VIS spectrum also increases (see Figure 3a).
Figure 3b shows the diluted dispersion of fMWCNT/2-propanol subjected to UV-VIS
analysis. Dispersion stability was characterized by performing the UV-VIS analysis at the
day of dispersion preparation, 7th day and 14th day after the dispersion prepared and
the variation of absorbance is analyzed. Higher the variance of absorbance, the lesser the
stability of the dispersion. For electrochemical characterization, the ItalSens screen printed
electrodes were purchased from Palmsens, where the working and counter electrode was
made of carbon and the reference electrode was silver. The electrode is modified by casting
a 0.5 uL of fIMWCNT /solvent dispersion at different sonication times and dried for 5 min
at room temperature. The electrochemical measurement was performed in 0.1 M Kcl
containing 5 mM Fe(CN)gf/ 4~ to characterize the modified electrode performance.

—— 10 min
1.2

——30 min

Absorbance in a.u

0.2

80 320 360 400 440 480 520 560 600
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(a) (b)
Figure 3. (a) UV-VIS spectrum of different  IMWCNT dispersions with different duration of ultrasonic
treatments; (b) Diluted fMWCNT /2-propanol dispersions at different sonication time.

10 min 30 min 60 min 90 min 120 min

3. Results
3.1. UV-VIS Analysis

Figure 4 shows the absorbance value of IMWCNT dispersion in various solvents.
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Figure 4. Rate of debundled CNT in solvents for different sonication time.

In all dispersion, an increase in sonication time enhances the dispersion of fMWCNT in
solvents, which can be observed in Figure 4. An increase in sonication time unbundles more
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CNTs, which increases absorption [29]. Absorbance is saturated after a particular sonication
time and decreases with increased sonication time. A long time of ultrasonication provides
more energy, which can be prone to fracture or damage CNT resulting in a reduction of
its characteristic peak [29]. It can also be seen that the absorbance values in all sonication
time are higher in polar solvents such as water compared to a low polar solvent such as
toluene. Figure 5 shows the deviation in the absorption spectrum at 275 nm measured at
the day of sonication, 7 days, and 14 days after the dispersion was sonicated. The smaller
the deviation, the more dispersion stability can be assumed. For fMWCNT dispersion
in water, ethanol 2-propanol and toluene, the absorbance varied from 0.5% to 0.963%,
0.871% to 2.19% and 2.972% to 6.124% and 3.482% to 21.2% at different sonication time 10 to
120 min respectively. It can be seen that the stability of the dispersion is highly dependent
on the solvent, which follows the order: Water > ethanol > 2-propanol > toluene. The
stronger hydrogen bonding between the functional groups on the fMWCNT wall and

solvent enables the fMWCNT in the exfoliated state.
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Figure 5. Dispersion stability of IMWCNT in different solvents.

3.2. Visual Analysis
Visual analysis was performed after 1 day, 7 days, and 14 days from the dispersion

prepared. Figures 6-8 shows digital pictures of fMWCNT dispersion in polar organic
solvents for 1 day, 7 days, and 14 days after ultrasonication. It can be inferred that the

fMWCNT is dispersed in the toluene starts to sediment after a day of ultrasonication. After
7 days, there is slight sedimentation in the fMWCNT/2-propanol dispersion and fMWCNT

was settled down in toluene, indicating the poor dispersion. After 14 days, there is evident
precipitation of fIMWCNT in toluene and 2-propanol shows poor dispersion stability in low

polar solvents.
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Figure 6. IMWCNT /solvent dispersion after 1 day: (a) Water; (b) Ethanol; (c) 2-propanol; (d) Toluene.

(a) (b) () )

Figure 7. IMWCNT/solvent dispersion after 7 days: (a) Water; (b) Ethanol; (c) 2-propanol; (d) Toluene.

@ b) © )

Figure 8. IMWCNT/solvent dispersion after 14 days: (a) Water; (b) Ethanol; (c) 2-propanol; (d) Toluene.

On the other hand, dark dispersion of IMWCNT is water and ethanol show no visible
precipitation of IMWCNT and was stable after 14 days. The stability of dispersion based on
visual analysis is correlating to the change in absorbance value which is shown in Figure 5.

3.3. Electrochemical Characterization

Figure 9 shows the cyclic voltammetry (CV) response of the modified electrodes based
on fMWCNT dispersion in various polar solvents using 5 mM Fe(CN)gf/ 4~ in 0.1 MKNOs.
It can be inferred that the potentials of the redox couple is between 0.3 to 0.34 V. The
electrochemical response is significantly enhanced at modified electrode based fIMWCNT
dispersion which reflects the improvement of both the shape of redox peak and magnitude
of the peak current (i,). According to the Randles-Sevcik equation,

ip =269 x10°- A-C-vDywn®? O

where iy, is the peak current (A), A is the electroactive surface area (cm?), C is the con-
centration of the electroactive redox species in the solution (mol cm?), D is the diffusion
coefficient of the analyte (cm? s~ 1), v is the applied scan rate (V s ') and n is the number
of electrons involved in the redox process [30]. The peak current is directly related to the
electroactive surface area.

From Figure 9, it can be seen that in all IMWCNT dispersion, the peak current in
CV response increases with an increase in sonication time. This is because, during the
unbundling process, more individual fIMWCNT cover a large area on the surface of the
electrodes compared to the agglomerated state. This increases the electroactive surface area
and more significant electron transfer, which leads to an increase in peak current. Figure 10
shows the peak current values of the modified electrode based on fMWCNT dispersion in
different solvents.
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Figure 9. Cyclic voltammetric of fMWCNT dispersion in solvents at different sonication time.
(a) Water; (b) Ethanol; (c) 2-propanol; (d) Toluene.
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Figure 10. Comparison among the current peak values of electrode based on fMWCNT dispersion in

different solvents.

It can be seen that the ratio of the peak current of modified electrode based on CNT
dispersion in high polar solvents such as water to that of dispersion in ethanol, 2-propanol,
and toluene was calculated to be 1.04, 1.12, and 1.43, respectively. At all sonication time,
the peak current values of the modified electrodes based fMWCNT dispersion in a sol-
vent which follows the order: Water > ethanol > 2-propanol > toluene. Indeed this
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characterization technique compares the affinity of  IMWCNT with solvents and the exact
number of surface groups cannot be determined due to an incomplete definition of surface
redox reactions.

In the dispersion, fIMWCNT is randomly distributed in the solvent, which form R-C
complex network. By using EIS, an investigation of the complex conduction mechanism in
the IMWCNT network can be carried out to evaluate the quality of IMWCNT dispersion
with different solvents.

Figure 11 shows the impedance response of the modified electrode based on CNT
dispersion in toluene, which exhibits a quasi-semicircle response. In order to evaluate the
electrical transport mechanisms in the IMWCNT network, an equivalent circuit was fitted
to the impedance response. The equivalent circuit consists of a resistor Rcyr is series with
a parallel combination of R; and a constant phase element. Each nanotube or nanotube
agglomerates has an intrinsic resistance referred to as Reyt and R; represents the tunneling
resistance between the CNT when it is randomly distributed in the solvents. According to
Simon'’s theory, the tunneling resistance can be expressed as [31],

1d TN
RT — W X e h (2)

where d is the distance between MWCNT, F is the Planck constant, e is the quantum of
electricity, [ is the barrier height of energy, m is the electron mass, and A is the cross-sectional
area of the tunnel [31,32]. Based on this equation, the tunneling resistance decreases if the
distance between the CNT decreases. Figure 12 shows the influence of R; of CNT dispersion
in both agglomerated and dispersed state.
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Figure 11. Nyquist plot of modified electrode based on fMWCNT/Toluene dispersion.

Initially, IMWCNT are formed as clusters due to Van-der-Waals forces and the distance
between the clusters is high. During the sonication, IMWCNT clusters break down as
individual fMWCNT where the distance between the fMWCNT reduces leading to a
reduced tunneling resistance (R;). This can be seen in the Figure 11, increasing the sonication
time a comprehensive decrease in the radius of the quasi-semicircle, which means that
there is a decrease in tunneling resistance (R;) due to the distance between the fMWCNT
reduces during their unbundling process.
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Figure 12. Influence of tunneling resistance due to sonication of fMWCNT dispersion

The impedance response has been fitted to an equivalent circuit model and the corre-
sponding circuit parameters were extracted to determine the tunneling resistance. Figure 13
shows the tunnelling resistance of fMWCNT in various solvents. It can be seen that the
tunnelling resistance decreases with the increases in all sonication time for IMWCNT in
all solvents. The highest value is 6.323 k() for  MWCNT/Toluene dispersion at 15 min of
sonication and the lowest value is 1.083 k() for IMWCNT/Water dispersion at 120 min

of sonication. Compared to the IMWCNT dispersion based on high polar solvent such as
water, the tunnelling resistance is reduced from 73.03% to 73.35% in fMWCNT dispersion
in a low polar solvent such as toluene. This means more fMWCNT is dispersed, and the
distance between them is reduced. At all sonication time, the tunnelling resistance (R;)
values of the modified electrodes based fMWCNT dispersion in a solvent which follows

the order: Water < ethanol < 2-propanol < toluene.
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Figure 13. Influence of tunneling resistance due to fMWCNT dispersion in various solvents
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4. Conclusions

The influence of the solvents polarity on the dispersion quality of functionalized
carbon nanotubes and stability has been investigated for solvents such as water, ethanol,
2-propanol, and toluene. The quality and stability of dispersion have been characterized
by evaluating the absorption of UV-light by individual fMWCNT in the dispersion, where
high absorbance is better the dispersion quality, and more minor variation in absorbance
over a certain time shows the stability of the dispersion. Further, the dispersion quality
is evaluated by cyclic voltammetry and electrochemical impedance spectroscopy using
modified electrodes based on fMWCNT dispersion in various solvents. Based on cyclic
voltammetry studies, compared to the agglomerated condition, the unbundling procedure
results in a more significant number of individual IMWCNT covering a larger area on the
surface of the electrodes. This increases the electroactive surface area and increases electron
transport, resulting in a rise in peak current. In the EIS study, the tunneling resistance
reduces due to the distance between the CNT decreases during the unbundling process of
fMWCNT. Based on conducted studies, the affinity of the fMWCNT is highly dependent
on the polarity of solvents that follow the order: Water > ethanol > 2-propanol > toluene.
Indeed, the visual investigation shows that the degree of dispersion depends on the polarity
of the solvent. Based on this work, it can be concluded that an efficient and stable f MWCNT
dispersion in high polar solvents can be achieved at a lesser sonication time compared to
low polar solvents.
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