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Multiwalled carbon nanotubes (MWCNTs) have excellent electronic, mechanical, and structural characteristics; however, their
poor dispersion structure and large aggregates severely inhibit their function. A stable MWCNT dispersion in an aqueous solvent
has been realized via ultrasonic dispersion and surfactant modification, providing a reference for improving MWCNT dispersion
in various materials and solvents. In this study, a cyclic olefin copolymer with high transmittance to terahertz (THz) waves is used
to prepare microfluidic chips. Then, the microfluidic and THz technologies are combined to study the THz absorption char-
acteristics of MWCNT aqueous dispersion under different electric field (EF) intensities, magnetic field (MF) intensities, and MF
action time. The results show that the THz spectral intensity of MWCNT aqueous dispersion decreases and the absorption
coeflicient increases with the increase of EF intensity, MF intensity, and MF action time. This phenomenon is explained from
a microscopic perspective. The combination of microfluidic and THz technologies provides technical support for studying the
characteristics of MWCNT aqueous dispersion and lays a foundation for elucidating the molecular microstructure of MWCNT

aqueous dispersion.

1. Introduction

Terahertz (THz) waves are electromagnetic waves with
frequency and wavelength ranges of 0.1-10THz and
30-3,000 ym, respectively. THz time-domain spectroscopy
(THz-TDS) is a mature technology, which not only can
directly obtain signal amplitude and phase with a high
signal-to-noise ratio (greater than 60dB) [1]. THz ab-
sorbing materials are essential in the field of national se-
curity and information protection as well as having
application potential in communications [2], signal
modulation [3], imaging [4], and sensing [5]. In addition,
ultrathin wideband THz absorbing techniques are effective
means to realize high sensitivity and fast wideband THz

detection [6]. In recent years, researchers have designed
a series of tunable THz absorbers [7-11], which can achieve
narrow-band, wideband, double band, and multiband
absorption. This has aroused great interest and become
a research hotspot. From the perspective of absorption
bandwidth and absorption intensity, the specific average
THz absorption performance of multiwalled carbon
nanotube (MWCNT) is achieved up to
3.6x10*dB-cm’g™!, which is over thousands of times
larger than other kinds of materials reported previously
[12]. In 2020, Gorokhov et al. [13] fabricated lightweight
and compact MWCNT-basedmeta-surfaces, which are able
to replace conventional pyramidal absorbers and have been
shown to serve as a versatile platform for scalable cost-
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FiGure 1: (a) Structure of MWCNT, (b) PVP molecular formula, and (c) a schematic of chemical grafting reaction between PVP and

MWCNT.

efficient production of ultra-light electromagnetic com-
ponents for THz applications. However, the strong van der
Waals forces between carbon nanotubes (CNTs), their
large specific surface areas, and high aspect ratios make
them easy to agglomerate or wind [14]. Moreover, the lack
of active groups on CNT surfaces results in their poor
dispersion in various solvents [15]. At present, CNT dis-
persion technology is reaching maturity; however, the
research on CNT dispersion in water is still inadequate.

MWCNTs comprise a group of single-walled CNTs with
different radii arranged coaxially (Figure 1) [16]. The outer
diameter of MWCNTs depends on the growth process and is
generally within 20-100 nm [17]. The MWCNT/surfactant
aqueous dispersion comprises MWCNTs, surfactant PVP,
and water. The molecular formula of PVP is (C¢HoNO),,
which is an amphiphilic polymer. The pyrrolidone group of
PVP is hydrophilic, and its main chain is a hydrophobic
carbon-carbon bond segment. In addition, in MWCNT
aqueous dispersion, a chemical grafting reaction between
PVP and MWCNTs occurs [18].

Microfluidic technologies use micron-scale channels to
manipulate a very small volume of fluid. A very small sample
volume can provide a large amount of useful data, such as
analytical parameters. Recently, microfluidic chips (MFCs)
have been widely used in biosensors for detecting food-
borne pathogens [19] and determining liquid composition

[20] as well as conducting cancer research [21], owing to
their advantages of convenient manufacture, low cost, and
minute sample consumption.

Due to the excellent THz absorption characteristics of
MWCNT [12], the transmission spectrum amplitude is
small. In the existing literature [1], MWCNTs are usually
treated in solid films with micron thickness for research,
while the characteristics of MWCNT aqueous dispersion are
rarely studied. The MWCNT aqueous dispersion has im-
portant applications in the fields of conductive film prep-
aration [22], composite material performance improvement
[23], and wearable technology sensors [24]. Thus, MWCNT
aqueous dispersion has a certain research value. Microfluidic
technology is used to control the thickness of the liquid
sample to the order of 100 microns, which greatly reduces
the absorption of THz waves by water. It is convenient and
feasible to combine THz spectroscopy technology and
microfluidic technology to obtain rich information about the
THz properties of MWCNT aqueous dispersion. In this
study, MWCNT aqueous dispersion and microfluidic
technology are combined innovatively to study the THz
absorption characteristics of the MWCNT aqueous disper-
sion under the action of applied electric field (EF) and
magnetic field (MF). This also provides a feasible method for
studying the THz properties of other THz absorbing
materials.
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FIGURE 2: Experimental light path diagram. M1-5, reflector; PBS, polarization beam splitter; HWP, half-wave plate; OPM, off-axis parabolic

mirror.

2. Experimental Part

2.1. Experimental Light Path. The experimental optical path
is shown in Figure 2. The laser is a self-mode-locked fiber
femtosecond laser developed by Peking University. Its
central wavelength is 1550 nm, the pulse repetition fre-
quency is 100 MHz, the pulse width is 75 fs, and the output
power is 130 mW. The laser is divided into two beams
through a polarizing prism. A beam of light acts as a pump
path and is coupled to a fiber optic photoconductive antenna
to generate THz waves; the other serves as a detection path,
coupled to another fiber-optic antenna to detect THz waves.
The THz wave is focused on the MFC through an off-axis
parabolic mirror and then carries information about the
MWCNT aqueous dispersion. After being focused by an-
other off-axis parabolic mirror, it is received by the detection
antenna and fed to a phase-locked amplifier for amplifica-
tion. Finally, the data are collected and processed by the
computer. The overall photograph of the experimental de-
vice with EF applied is shown in Figure 3.

2.2. Manufacturing of the MFCs. In this experiment, a cy-
cloolefin copolymer (COC) is used to make MFCs, and the
transmittance of THz waves exceeded 90%, making it an
excellent material for MFCs [25]. In the experiment, two
pieces of COC with a size of 3 cm x 3 cm x 2 mm are used as
substrate and cover, and then, concave regions with
a length of 2 cm and a width of 1.5 cm are carved on a 3M
double-sided tape with a thickness of 50 yum. Next, a drill bit
is used with a diameter of 2mm to drill two holes that

FIGURE 3: An overall photograph of the experimental device with
EF applied.

protrude from each end of the concave area. Metal tubes are
inserted into each hole to serve as the liquid inlet and
outlet. Finally, the double-sided tape is used to adhere the
cover to the substrate. The hollow part of the double-sided
tape in the middle of the chip is the liquid pool, as shown in
Figure 4.

2.3. External EF System. Figure 5 shows the EF system
perpendicular to the direction of THz transmission. The
high voltage power supply module provides voltage for the
plate (DW-P1530-0.5C51, Dongwen High Voltage Power
Supply (Tianjin) Co., Ltd.), whose output voltage can be
varied between 0 and 15000V by adjusting the
potentiometer.
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FiGure 5: Diagram of an EF system.

2.4. External MF System. The experiment uses two miniature
electromagnets to provide the MF. It is powered by the
regulated power supply, and the working voltage of the
electromagnet is changed by adjusting the output voltage of
the regulated power supply (output voltage range: 12-20 V),
so as to adjust the strength of MF. The MFC filled with
MWCNT aqueous dispersion is placed in different uniform
MFs. The THz wave reaches the MFC through a hole in the
middle of one electromagnet and then carries the sample
information through the hole in the middle of another
electromagnet. Finally, the THz wave is detected by the
detection antenna. Figure 6 shows a MF system with MF
intensity parallel to the direction of THz transmission.

2.5. Data Processing Method. The absorption coefficient of
a sample can be obtained as follows:

(o
n(w)=1+w¢((v), (1)
_ 2 [”(w) + 1]2 | ESample ((U) |
a(w) = _a fn 4n(w) |Ereference (w)l’ @

where c denotes the speed of light in a vacuum, ¢ (w) denotes
the phase difference between the sample and reference
signals, w denotes the angular frequency of the signal, d
denotes the thickness of the sample, n1 (w) denotes the sample

refractive index, E (w) and E (w) represent the

sample reference
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FIGURE 6: Diagram of an MF system.

Fourier transform amplitudes of the sample and reference
signals, respectively, and a(w) denotes the sample absorp-
tion coefficient. Thus, the THz absorption spectra of
MWCNT aqueous dispersion under different EF and MF
intensities may be obtained.

2.6. Preparation of Samples and Experimental Process.
MWCNTs aqueous dispersion solution at a concentration of
5% was purchased from Suzhou Tianfeng Co., Ltd. The
MWCNTs powder is first mixed with water and then un-
dergoes ultrasonic dispersion treatment, and finally, the
surfactant PVP is added. The purity of the MWCNT powder
used is more than 95%, and the outer diameter of the
MWCNT is 15nm, which is prepared by chemical vapor
deposition. Moreover, the mass ratio of MWCNTs to PVP is
between 5% and 10%.

The experimental process of this study is as follows. First,
without applying an EF and an MF, the MPC without sample
injection is put into the experimental optical path to obtain
a reference signal. Then, MWCNT aqueous dispersion is
injected through the inlet of the MFC until the liquid is
discharged from the outlet, whilst ensuring that no bubbles
are present in the MFC. Next, the MFC with the sample is
placed in the environment under different magnitudes of EF
strength or MF strength, and the THz transmission data are
acquired via the THz-TDS system. Finally, the data are
processed by a computer.

3. Results and Discussion

3.1. THz Spectral Characteristics of MWCNT Aqueous Dis-
persion under Different EF Intensities. The MFC filled with
MWCNT aqueous dispersion at a concentration of 5% is
placed in a THz-TDS system. EF intensities of 500, 1000,
1500, 2000, and 2500 V/cm are applied perpendicular to the
THz transmission direction. At each EF intensity, an EF is
applied to the sample for 5 minutes, and the time and
frequency-domain spectra are obtained using a THz-TDS
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Ficure 7: THz time-domain spectra of MWCNT aqueous dis-
persion under different EF intensities.

system. After each measurement, the switch is turned off,
and the MFC filled with MWCNT aqueous dispersion is left
standing for 10 minutes to restore it to its original state as
much as possible [26]. The experimental results are shown in
Figures 7-9. The time-domain waveform of the sample is
significantly delayed relative to the reference signal, which is
obtained by the COC empty chip. This is because the re-
fractive index of the sample differs from that of air. The
length of the optical path of THz penetrating the sample
increases, and a time delay occurs, which is reflected in the
right shift of the peak value of the time-domain spectra.
According to the frequency-domain spectra, the spectral
intensity of MWCNT aqueous dispersion decreases with an
increase in EF intensity. The THz absorption coeflicient of
MWCNT aqueous dispersion increases with an increase in
EF intensity, as shown in Figure 9, which agrees with the
changing trend of spectral intensity in the frequency-domain
spectra.

Under the action of an external EF, the MWCNT
molecules will show an induced dipole moment, and the
electric dipole rotates under the action of torque in the
external EF, making the electric dipole moment shift toward
the external EF direction so that the MWCNT molecules that
have been randomly distributed will be aligned in the EF line
direction. This finding agrees with the phenomenon ob-
served by Guo et al. [27] that the formation of a long-range
CNT structure is induced by EF, that is, the axial elongation
of the structure was observed along the EF line direction. Cai
et al. [28] found that the transmission intensity of THz
increased when pure deionized water stood in an EF,
whereas the spectral intensity of MWCNT aqueous dis-
persion decreased in this study, showing that the change in
the transmission intensity of THz was caused by PVP/
MWCNT composite particles. Polley et al. [29] revealed that
when the outer tube diameter of MWCNT was less than
25nm, it had a shielding effect on THz waves, and this
shielding effect was mainly caused by the THz absorption of
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Figure 8: THz frequency-domain spectra of MWCNT aqueous
dispersion under different EF intensities.
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FIGURE 9: THz absorption spectra of MWCNT aqueous dispersion
under different EF intensities.

MWCNT. Because the outer diameter of the MWCNT used
in this experiment is 15 nm, the THz shielding mechanism of
the MWCNT in this experiment is mainly absorption. In
addition, Yang et al. [30] found that the combination of
surfactants and carbon nanotubes can improve the polarity
of carbon nanotubes. With an increase in EF intensity, the
intermolecular van der Waals force weakens because of the
increase in molecular dispersion of MWCNTs, but the
polarization degree of PVP/MWCNT composite particles
increases. Therefore, the intermolecular force of PVP/
MWCNT composite particles in an EF is mainly an in-
termolecular interaction of dipoles. Moreover, THz wave
absorption is closely related to the change of dipole moment
when molecules vibrate. For example, Yan et al. [31] found
that the stronger the polarity of the molecule, the greater the
change of dipole moment and the peak of the THz



absorption spectrum when it vibrated. Thus, the enhanced
THz absorption of MWCNT aqueous dispersion is princi-
pally due to the dipole intermolecular vibration. In Figure 9,
the absorption curve of MWCNT aqueous dispersion fluc-
tuates in the 0.3-0.6 THz band. In our previous studies [32],
the absorption curve of water has a similar fluctuation in the
0.4-0.6 THz band. We believe that the fluctuation of the
absorption curve of the MWCNT aqueous dispersion in
Figure 9 is mainly affected by the THz absorption of water.

3.2. THz Spectral Characteristics of MWCNT Aqueous Dis-
persion under Different MF Intensities. The MFC injected
with MWCNT water dispersion is placed in an MF system
and tested using a THz-TDS system. The MF around the
MFC is changed by changing the voltage. The MF intensities
are 24, 30, 36, and 40 mT, and data are collected after each
MF was applied to the sample for 3 minutes at each MF
intensity. After each measurement, we turn off the switch
and let the MFC stand for 10 minutes to restore it to its
original state as much as possible. According to the time-
domain spectra, as shown in Figure 10, the THz pulse moves
slightly to the right. Figures 11 and 12 indicate the enhanced
absorption of THz waves by MWCNT aqueous dispersion
with an increase in the external MF intensity.

Sun et al. [33] used a weak curing MF (less than 0.7 T) to
induce MWCNTs arranged in polymer composites to obtain
a novel flexible strain sensor with an anisotropic structure,
indicating that the orientation and extension of MWCNTs
are parallel to the MF direction under the action of externally
strengthened MF. Because of the magnetic anisotropy of
MWCNTs, the orientation of MWCNTs in a solution is
parallel to the MF direction and THz transmission direction
under the action of an external MF. A THz absorption
spectrum is a concentrated representation of intramolecular
interactions of atoms and atomic groups, intermolecular
hydrogen bonds, and van der Waals forces [34]. The change
in the intermolecular hydrogen bond network will affect the
molecular vibration mode and its THz absorption intensity
[35]. With an increase in the MF intensity, the dispersion
degree of the originally agglomerated or entangled MWCNT
molecules and the binding sites of MWCNT molecules and
surfactants increase. The interaction between the surfactant
hydrophobic chain and MWCNT sidewall and the hydrogen
bond between water and the carbonyl group on the PVP side
chain are enhanced by an increase in the binding sites and
reaction density, thereby enhancing the THz absorption. In
addition, the MF can stimulate the generation of non-
equilibrium carriers to raise the Fermi level to a higher
conduction band and thus promote THz absorption [36].
The higher the MF strength, the more nonequilibrium
carriers produced by the MWCNTs. That is why the ab-
sorption coefficient of MWCNT aqueous dispersion in-
creases with the increase of MF intensity.

3.3. THz Spectral Characteristics of MWCNT Aqueous Dis-
persion under the Same MF Intensity and Different Action
Time. With the MF intensity at 40 mT, the sample is ad-
ministered for 30 minutes, and the experimental data are
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Figure 10: THz time-domain spectra of MWCNT aqueous dis-
persion under different MF intensities.
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FIGURrE 11: THz frequency-domain spectra of MWCNT aqueous
dispersion under different MF intensities.

recorded at 6, 14, 22, and 30 minutes. Figures 13-15 show the
spectra of the time-domain, frequency-domain, and ab-
sorption coefficient, respectively. The increase in the
standing MF action time is consistent with the increase in
the MF intensity.

With an increase in the time of MWCNT aqueous
dispersion under the same MF intensity, more MWCNT
molecules have the sufficient reaction time to respond to
the external MF, so MWCNTs can be more evenly dis-
tributed in the aqueous solvent. The excess MWCNTs in the
suspension will form connections between the arranged
MWCNT bundles, thereby forming a branching network
[27]. This makes it difficult for THz waves to penetrate,



International Journal of Optics

600 T T T T
550
‘E 500
2
g
2 450
B
3
2 400
E
350( 7
300 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6
Frequency (THz)
— 24mT 36 mT
--- 30mT --— 40mT

F1GURE 12: THz absorption spectra of MWCNT aqueous dispersion
under different MF intensities.

L5} _ 1
s

10} E .
£
<

0.5} x

5.4 5.6 5.8
Time (ps)

Amplitude (a.u.)

0.0 | - -
_0.5 - d
1.0k d
-1.5 L 1 L () 1 L 1

0 2 4 6 8 10 12 14
Time (ps)
—— reference signal --— 22min
--- 6min - 30 min
14 min

Figure 13: THz time-domain spectra of MWCNT aqueous dis-
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resulting in increased absorption with time. In addition,
with the increase of time, the higher the nonequilibrium
carrier density, which also leads to the increase of THz
absorption [36]. THz absorption is closely related to fre-
quency. Pan et al. [37] found that the absorption curve of
graphene foam in the frequency band of 0.1-1.6 THz
showed a gradient upwards trend with an increasing fre-
quency. In this study, the absorption curve of MWCNT
aqueous dispersion also shows a gradient rising trend with
the increase of frequency in the 0.1-0.6 THz band under the
stimulation of MF, as shown in Figures 12 and 15. This
phenomenon is probably determined by the characteristics
of THz waves.

Amplitude (a.u.)

3 . ,
3 2 0.16 020 024
= — Frequency (THz)
oy /‘f‘” ey
g 1p \»\\
< \\
oF ' SO

-1 L 1 L 1 " L L 1 L L L 1 L Il s 1

01 02 03 04 05 06 07 08 09 1.0

Frequency (THz)
—— reference signal --— 22min
--- 6min -+ 30 min
14 min

FiGure 14: THz frequency-domain spectra of MWCNT aqueous
dispersion under same MF intensity and different time.
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4. Conclusion

A COC MFC is combined with a THz-TDS system in this
study. We find that the THz spectral intensity of MWCNT
aqueous dispersion decreases with an increase in EF in-
tensity, mainly because of the enhanced dipole-dipole in-
teraction between MWCNT molecules. Moreover, the THz
spectrum intensity of MWCNT aqueous dispersion de-
creases with an increase in MF intensity, mainly because of
the enhanced hydrogen bond between water and the car-
bonyl group on the PVP side chain as well as the interaction
between the surfactant hydrophobic chain and the MWCNT
sidewall. Finally, the effects of different MF action times on
the THz absorption characteristics of MWCNT aqueous



dispersion are studied. The experimental phenomenon is the
same as that when the MF intensity increases, which may be
related to the branching network formed between
MWCNTs. In this study, with the increase of EF intensity,
MF intensity, and MF action time, the THz spectral intensity
of MWCNT aqueous dispersion decreased and the ab-
sorption coefficient increased. This introduces a theoretical
foundation for the application of MWCNT aqueous dis-
persion in the improvement of composite properties.
Moreover, this article provides a feasible method for
studying THz characteristics and microstructure of
MWCNT aqueous dispersion and THz absorbing materials.
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