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ABSTRACT: Flexible infrared (IR)-responsive materials,
such as polymer nanocomposites, that exhibit high levels of
IR responses and short response times are highly desirable for
various IR sensing applications. However, the IR-induced
photoresponses of carbon nanotube (CNT)/polymer nano-
composites are typically limited to 25%. Herein, we report on a
family of unique nanocomposite films consisting of multi-
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walled carbon nanotubes (MWCNTs) uniformly distributed in a form-stable phase change material (PCM) that exhibited rapid,
dramatic, reversible, and cyclic IR-regulated responses in air. The 3 wt % MWCNT/PCM nanocomposite films demonstrated
cyclic, IR-regulated on/off electrical conductivity ratios of 11.6 & 0.6 and 570.0 + 70.5 times at IR powers of 7.3 and 23.6 mW/
mm?, respectively. The excellent performances exhibited by the MWCNT/PCM nanocomposite films were largely attributed to
the IR-regulated cyclic and reversible form-stable phase transitions occurring in the PCM matrix due to MWCNT’s excellent
photoabsorption and thermal conversion capabilities, which subsequently affected the thickness of the interfacial PCM between
adjacent conductive MWCNTSs and thus the electron tunneling efficiency between the MWCNTs. Our findings suggest that
these unique MWCNT/PCM nanocomposites offer promising new options for high-performance and flexible optoelectronic
devices, including thermal imaging, IR sensing, and optical communication.

KEYWORDS: IR responsive electrical conductivity, polymer nanocomposites, multi-walled carbon nanotubes,

form-stable phase change materials, flexible photoelectronics

B INTRODUCTION

Carbon nanomaterials, including carbon nanotubes (CNTs)
and graphenes, have generated a great deal of interest in the
fields of electronics and photonics due to their unique
properties. =’ To achieve an efficient photoresponse, the
radiation absorber should have a high absorptivity and low
heat capacity.”” CNTs are very sensitive to radiation due to
their low density, high surface area, and negligible heat
capacity.'”'" In particular, CNTs possess unique infrared
(IR) responsive properties, including strong photoabsorption,
photothermal conversion, and photoacoustic generation due to
their z-conjugated structures, thereby making them a promising
candidate for IR detecting applications. ”~'” IR sensing
provides attractive applications in the field of optoelectronics,
such as thermography, night vision, medical imaging, and
surveillance,”' 17 There have been previous studies on IR
photoresponsive. CNTs® and CNT/polymer nanocompo-
sites,"**”*" in which the IR-induced response in electrical
conductivity was mainly attributed to the photoexcitation of
CNTs producing extra charge carriers” and/or the thermal
effect causing a change of CNT conductivity.”*~>° However,
these materials often exhibit relatively low IR sensitivities and
may require complex fabrication processes that tend to hinder
their potential applications.

Herein, we report a simple and versatile method of
fabricating nanocomposite thin films consisting of multi-walled
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carbon nanotubes (MWCNTs) uniformly distributed in a form-
stable phase change material (PCM). In comparison with
previously reported IR sensing materials based on CNT/
polymer composites,'****' which typically produce an IR
response of less than 25%, the newly developed MWCNT/
PCM nanocomposites exhibited much more dramatic as well as
cyclic IR photoresponses. In particular, the 3 wt % MWCNT/
PCM nanocomposite films demonstrated cyclic, IR-regulated
on/off electrical conductivity ratios of 11.6 & 0.6 and 570.0 +
70.5 times at IR powers of 7.3 and 23.6 mW/mm?, respectively.
The dramatic IR photoresponses observed with the MWCNT/
PCM nanocomposite films were largely attributed to the
reversible phase transition processes governed by the IR
irradiation. These reversible melting and recrystallization
transitions occurring with the crystalline polyethylene glycol
(PEG) regions embedded in the form-stable PCM matrix
subsequently affected the thickness of the interfacial PCM
between adjacent conductive MWCNTs and thus the electron
tunneling efficiency between the MWCNTs, thereby triggering
a dramatic change in the electrical conductivity. The superior
sensing performances exhibited by the MWCNT/PCM nano-
composite films, coupled with their form-stable and bendable
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Scheme 1. Synthesis and Fabrication Process for the Surface-Functionalized MWCNT (Step 1), PCM (Step 2), and MWCNT/

PCM Nanocomposites (Step 3)
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Figure 1. (a) The SEM image (top view) of the 3 wt % MWCNT/PCM nanocomposite film. (b) The SEM image (cross-section view) of the 3 wt %

MWCNT/PCM nanocomposite film. (c) Comparison of the macroscopi

¢ morphology of the films formed by pure PEG, PCM, and 3 wt %

MWCNT/PCM nanocomposites at different temperatures. The PCM and MWCNT/PCM nanocomposite films exhibited form-stable phase
transition behaviors. (d) The TEM images of the 3 wt % MWCNT/PCM nanocomposites taken at room temperature before and after IR irradiation

(23.6 mW/mm? for 10 s).

characteristics, suggest that such IR responsive nanomaterials
can offer numerous applications, including flexible IR sensing,
thermal imaging, and optical communication. This work can
lead to a new generation of flexible optical and thermal
electronics based on carbon nanofiller/polymer nanocompo-
sites.

B RESULTS AND DISCUSSION

CNTs with high aspect ratios tend to form bundles and
entanglements due to their strong intertube van der Waals
interactions.”” Therefore, it is challenging to produce uniform
CNT dispersions in organic solvents and polymer matrices,

which hinders their applications.”®* Scheme 1 shows a
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schematic representation of the fabrication process for the
MWCNT/PCM nanocomposite films. To obtain MWCNT/
PCM nanocomposite films with evenly distributed MWCNTs,
MWCNTs were functionalized with p-methoxyphenyl diazo-
nium salts (see Scheme 1). The p-methoxyphenyl function-
alized MWCNTSs had excellent dispersibility in DMF, which
was one of the two solvents used to prepare the MWCNT/
The form-stable PCM was
synthesized with difunctional polyethylene glycol (PEG, 6
kDa) and trifunctional triphenylmethanetriisocyanate (TTI)
(see Scheme 1). Panels a and b Figure 1 are the top and cross-
section views, respectively, of the MWCNT/PCM nano-
composite film under SEM, which indicate that the MWCNTSs

PCM nanocomposite films.
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Figure 2. (a) The cyclic electrical conductivity responses of the three types of MWCNT/PCM nanocomposite films with 1, 3, and S wt %
MWCNTS, respectively, to IR illumination (23.6 mW/mm?, sample size: 0.5 X 0.5 X 0.15 mm?). (b) IR absorbance spectra of the PCM (black) and
3 wt % MWCNT/PCM nanocomposite film (red). (c) The cyclic electrical conductivity and temperature responses of the 3 wt % MWCNT/PCM
nanocomposite film to IR (23.6 mW/mm?, sample size: 0.5 X 0.5 X 0.15 mm?). (d) Polarized microscope images of the PCM during the cooling
process. The degree of PEG crystallinity in PCM alone was 58.4%. (e) Conceptual illustration of the cyclic, dramatic, and reversible electrical
conductivity changes observed in the MWCNT /PCM nanocomposite films regulated by IR. The degrees of PEG crystallinity in the MWCNT/PCM
nanocomposites ranged from 51 to 53%. Upon IR illumination, the localized and microscopic PEG crystalline regions melted, causing a localized
volume expansion (~14.5%), and subsequently creating a compressive stress on the cross-linked elastic regions where the MWCNTSs resided, which
led to a reduction in the thickness of the interfacial PCM between adjacent conductive MWCNTs, thereby enhancing the electron tunneling
efficiency and ultimately the electrical conductivity of the MWCNT/PCM nanocomposite films. This form-stable and reversible phase transition
process (i.e., the localized PEG melting and recrystallization process) occurring in the PCM induces cyclic and reversible IR-regulated electrical

conductivity changes. (f) The Raman spectra of the 3 wt % MWCNT/PCM nanocomposite taken at different temperatures.

were evenly distributed in the PCM matrix. This is essential to
obtain reproducible and consistent material properties,
including electrical conductivity. The uniform dispersion of
the MWCNTSs in the PCM matrix was mainly attributed to the
strong van der Waals forces present among PCM, toluene, and
the p-methoxyphenyl groups of the surface-functionalized
MWCNTs. Figure lc shows the macroscopic morphology of
the films formed by pure PEG (6 kDa), PCM, and 3 wt %
MWCNT/PCM nanocomposites at different temperatures.
Unlike the pure PEG film that exhibits a clear solid-to-liquid
phase transition when the temperature was increased from
room temperature to 65.0 °C and then to 100.0 °C, both the
PCM film and the MWCNT/PCM nanocomposite film
exhibited form-stable phase transitions; namely, these films
retained a solid form at the macroscopic level during the
microscopic and localized PEG crystallite melting process
because the PEG molecules formed cross-links with the
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trifunctional TTI, the other component within the PCM
structure. In addition, the PCM film became transparent at
higher temperatures due to the melting of the microscopic and
localized PEG crystallites. Figure 1d shows the TEM images for
the same location of the MWCNT/PCM nanocomposite
before and after IR illumination (23.6 mW/mm? for 10 s) at
room temperature. These TEM images taken at room
temperatures did not show any apparent changes in the
distribution of the MWCNTSs in the MWCNT/PCM nano-
composite before and after IR illumination. This suggests that
the change in the microstructure of the nanocomposite induced
by IR irradiation was recovered upon removal of the IR light,
which is consistent with the reversible electrical conductivity
regulation observed during the multiple cycles of IR irradiation
discussed later.

The nanocomposite films demonstrated a dramatic, rever-
sible, cyclic, and rapid IR photoresponse in electrical
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conductivity. Figure 2a shows the real time cyclic IR
photoresponse of the MWCNT/PCM nanocomposite films
with different MWCNT loading contents (i.e., 1, 3, and S wt %
in air, power density: 23.6 mW/mm?, sample size: 0.5 X 0.5 X
0.15 mm?®). Although all three types of nanocomposite films
demonstrated a similar trend in IR responses—namely, the
electrical conductivity increased upon IR illumination and then
decreased after IR removal—the magnitude of the changes in
the electrical conductivity varied significantly with the loading
content of MWCNT. More specifically, the on/off (in terms of
IR illumination) electrical conductivity ratios were 418.0, 570.0,
and 2.4, corresponding to 1, 3, and 5 wt % MWCNT content in
the nanocomposites, respectively. The initial electrical con-
ductivity of the MWCNT/PCM nanocomposite films meas-
ured at room temperature before IR illumination is shown in
Figure S1. The 3 wt % nanocomposite films had an initial
electrical conductivity only slightly higher than that of the 1 wt
% mnanocomposite films. However, the initial electrical
conductivity of the nanocomposite films with S wt %
MWCNT was 2 orders of magnitude higher than that of the
nanocomposite films with 1 and 3 wt % MWCNT, suggesting
that the S wt % nanocomposite had already reached the
electrical percolation threshold.”® Namely, the 5 wt %
nanocomposite film already had a good electrical conductive
path before IR illumination. The electrical conductivity of the
conductive nanofiller/polymer nanocomposites is more sensi-
tive to the structural change of the conductive nanofiller
network induced by various factors, such as internal stress,
when the conductive nanofiller loading content is close to the
electrical percolation threshold. This could explain why the on/
off (in terms of IR illumination) electrical conductivity ratios of
the nanocomposite films initially increased (from 418.0 to
570.0 for 1 and 3 wt % MWCNTs) and then decreased (from
570.0 to 2.4 for 3 and S wt % MWCNTs) with the MWCNT
loading content. Another observation with the cyclic IR
response under repeated on/off IR illumination shown in
Figure 2a was that the profile features of all cycles measured
were virtually identical. These cyclic performances reflected the
excellent reversibility and reliability of the MWCNT/PCM
nanocomposite films.

It is well-known that CNTSs can absorb IR light efliciently
and consequently convert photoenergy to thermal energy,
thereby causing an increase in the temperature of the CNT/
polymer nanocomposites.”'” Indeed, as shown in Figure 2b,
the MWCNT/PCM nanocomposite films had excellent IR
absorbance. Figure 2c shows the combined real-time cyclic
temperature and electrical conductivity changes of the nano-
composite films modulated via on/off IR illumination (23.6
mW/mm?). The temperature response matched with the
electrical conductivity response reasonably well. Under IR
illumination, the temperature of the nanocomposite rapidly
increased from room temperature (~23.0 °C) to ~72.0 °C in
~12 s. Furthermore, although the temperature of the 3 wt %
MWCNT/PCM nanocomposite film exceeded the melting
temperature of PEG crystallites in the nanocomposite (i.e., 62.6
°C) as measured by DSC (Figure S2 or Table S1), the film
remained solid at a macroscopic level during the entire heating
process despite the localized melting of the PEG crystallites.

After IR was turned off, the temperature of the nano-
composite films immediately dropped from its peak temper-
ature. It is also interesting to note that near the end of the
cooling process (upon IR removal), there was a small
temperature bump around 33.7 °C. This was caused by the

exothermic PEG recrystallization process that occurred during
the cooling process.””" Additional information on the phase
transition behavior of the nanocomposites analyzed using
differential scanning calorimetry (DSC) is shown in Table S1
and Figure S2. Figure S3 shows the X-ray diffraction (XRD)
patterns of the PEG and 3 wt % MWCNT/PCM nano-
composite confirming the presence of PEG crystallites in the
nanocomposite film. As presented in Table S1, the degrees of
PEG crystallinity in the MWCNT/PCM nanocomposites
ranged from 51 to 53%.

The IR-induced electrical conductivity increase (up to 25%)
observed in several CNT/polymer composites was attributed to
the photoexcitation of charge carriers in CNTs and/or the
thermal effect on the conductivity of CNTs.'****" For this
study, the dramatic, reversible, and cyclic IR photoresponses
(up to 57,000%) observed in the MWCNT/PCM nano-
composite films were largely attributed to the effect of the
reversible localized PEG melting and recrystallization phase
transition processes regulated by IR illumination on the
thickness of the interfacial PCM between adjacent conductive
MWCNTSs and thus the electron tunneling efficiency between
the MWCNTs in the PCM matrix. For the phase change effect
on the IR photoresponse to be further demonstrated, the
formation of the PEG crystallites in the pure PCM during the
cooling process was observed using a polarized microscope as
shown in Figure 2d. During the cooling process, spherulite-like
PEG crystallites were formed with sizes that were dependent on
the cooling rate.”” As shown in Table S1, the recrystallization
temperatures (T.) of the MWCNT/PCM nanocomposites
during cooling were lower than that of the pure PCM, and the
degrees of PEG crystallinity of the nanocomposites (both y,,
and y.) were also lower than that of the PCM. These findings
are consistent with previous reports that nanoparticles,
including MWCNT and montmorillonite, do not act like
nucleating agents in the PEG matrix.>> Therefore, MWCNTs
were largely distributed within the cross-linked (as shown in
Scheme 1, TTI is trifunctional) noncrystalline regions
surrounding the localized PEG crystalline regions. This
observation is further supported by the TEM images taken at
room temperatures (Figure 1d), suggesting no apparent change
in the distribution of the MWCNTs before and after the cyclic
IR irradiation. If the MWCNTSs were present in the PEG
crystalline regions that underwent the melting process during
the cyclic IR irradiation process, the distribution of the
MWCNTs taken at room temperature would likely be changed
after the cycle. In contrast, if the MWCNTs were distributed in
the cross-linked elastic regions that do not undergo the melting
process during the cyclic IR irradiation process, which is
essential for the form-stable PCM (see Figure lc), it is not
surprising then to find that the MWCNT distribution before
and after the cyclic IR irradiation taken at room temperature
did not change.

Figure 2e is a schematic representation of the potential effect
of cyclic PEG melting and recrystallization (i.e., localized and
microscopic PEG crystallites melting upon IR irradiation or
recrystallizing within the MWCNT/PCM nanocomposite upon
IR removal) on the distribution of the conductive MWCNT
network within the PCM matrix. During the heating process
(i.e., upon IR illumination), the microscopic and localized PEG
crystalline regions within the PCM matrix melted, thereby
leading to a localized volume expansion and subsequently
generating a compressive internal stress on the cross-linked
elastic regions where the MWCNTs resided. The densities of
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Figure 3. (a) The IR power density dependence of the on/off electrical conductivity ratios (6/6,) for nanocomposite films with different MWCNT
loading contents (i.e., 1 vs 3 wt %) or different sample sizes (i.e,, 0.5 X 0.5 mm?® vs 1.0 X 1.0 mm?, see Figure S4). The photoresponses of the on/off
electrical conductivity ratios (6/6,) and temperature profiles of the 3 wt % MWCNT/PCM nanocomposite at the following conditions: (b) IR
power density: 2.2 mW/mm?, size: 0.5 X 0.5 mm?; (c) IR power density: 23.6 mW/mm?, size: 0.5 X 0.5 mm?; and (d) IR power density: 23.6 mW/
mm?, size: 1.0 X 1.0 mm”. Note: The rise time represents the time it takes for the response to reach 63.2% of its final value during the heating
process. The drop time represents the time it takes for the response to reach 36.8% of its initial value during the cooling process.

the crystalline PEG regions at room temperature and the PEG
melts (~68.0 °C) are approximately 1.243 and 1.086 g/mL,
respectively; thus, the localized volume expansion induced by
the localized and microscopic PEG melting was approximately
14.5%.>* Because of the presence of this compressive internal
stress, the thickness of the interfacial PCM between adjacent
conductive MWCNTSs was reduced, leading to an enhanced
electron tunneling efficiency between the MWCNTSs® and
subsequently a drastic increase in the electrical conductivity of
the MWCNT/PCM nanocomposite film. During the cooling
process (ie., upon removal of the IR light), the molten PEG
regions recrystallized, thereby eliminating the compressive
internal stress experienced by the cross-linked elastic regions
that was generated during the IR heating process, which
subsequently increased the thickness of the interfacial PCM
between adjacent conductive MWCNTS, thereby leading to a
reduction in the electron tunneling efficiency between the
MWCNTSs, and hence a decrease in the electrical conductivity.

This proposed mechanism for the IR-induced cyclic and
dramatic electrical conductivity regulation observed in the
MWCNT/PCM nanocomposites was further supported by the
Raman analyses. The G band of MWCNTs, a measure of its
phonon vibration mode, is sensitive to stress applied to the
MWCNTs. In response to the stress, the G band position of
MWCNTSs shown in the Raman spectrum is shifted.>*” Figure
2f shows the spectra of the MWCNT/PCM nanocomposites
taken at different temperatures. As shown in Figure 2f, the G
band peaks of the MWCNTs in the Raman spectra at 1590.0
cm™" upshifted ~10.6 cm™ when the temperature increased
from room temperature to 70.0 °C, suggesting that the
MWCNTSs in the MWCNT/PCM nanocomposites were
subjected to compressive stress during the heating process.”™*’
According to a previous systematic study, the pressure/stress
coefficient of the MWCNTSs G band peak was 4.25 cm™Y/
GPa*® Consequently, the magnitude of the compressive
internal stress generated during the PEG melting process that
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was exerted on the MWCNTSs embedded in the cross-linked
elastic regions was calculated to be 2.49 GPa at 70.0 °C. In
other words, the Raman analyses confirmed the presence of a
compressive internal stress generated during the IR heating
process due to volume expansion resulting from melting of the
PEG crystalline regions. Furthermore, the similar trends
exhibited by the IR responses of the temperature and electrical
conductivity, as shown in Figure 2c, further supports this
proposed mechanism. Lastly, it is worth noting that such a
dramatic cyclic IR response in electrical conductivity induced
by cyclic phase transitions regulated by IR illumination was
achieved while the MWCNT/PCM nanocomposite film
retained its overall solid form during the entire heating and
cooling process. Such form-stable IR responsive materials offer
additional advantages that may lead to simplified manufacturing
processes and less contingent requirements for device pack-
aging.

Figure 3a presents the dependence of the electrical
conductivity regulation on the incident IR power density for
the nanocomposite films with different MWCNT loading
contents (i.e, 1 and 3 wt %) or different sample sizes (i.e., 0.5 X
0.5 mm” or 1.0 X 1.0 mm?). Overall, the photoresponses of the
electrical conductivity ratios for the 1 wt % nanocomposites
were smaller than that of the 3 wt % nanocomposites,
suggesting that the 3 wt % nanocomposites had a better final
conductive network under IR illumination than the 1 wt %
nanocomposites as discussed previously. The on/off electrical
conductivity ratios increased with the IR power density in a
nearly logarithmic linear fashion for both types of nano-
composites (i.e.,, 1 and 3 wt % MWCNTs with a sample size of
0.5 X 0.5 mm?). For instance, for the 3 wt % nanocomposite,
the on/off electrical conductivity ratios corresponding to the IR
power density of 2.2, 7.3, and 23.6 mW/mm?* were 1.8, 11.6,
and 570.0 times, respectively. Panels b and ¢ in Figure 3 show
the photoresponses of the on/off electrical conductivity ratios
and the corresponding temperature profiles of the 3 wt %
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nanocomposites with a sample size of 0.5 X 0.5 mm” at an IR
power density of 2.2 and 23.6 mW/mm?, respectively. At an IR
power density of 2.2 mW/mm?, the maximum temperature of
the nanocomposite film was only 312 °C, which was well
below the peak melting temperature of the PEG crystallites
(Table S1 and Figure S2a). In contrast, at an IR power density
(23.6 mW/mm?), the maximum temperature of the nano-
composite film reached ~72.0 °C, suggesting that the degree of
the PEG phase change should be much higher at a higher
incident IR power density compared with the lower incident IR
power density. This comparison validates the concept that the
dramatic on/off electrical conductivity ratios observed for the 3
wt % nanocomposite films at 23.6 mW/mm? (ie., 570.0 times)
was largely due to the cyclic melting and recrystallization phase
transition behavior.

As shown in Figure 3a, the dimensions of the 3 wt %
MWCNT/PCM nanocomposite films used for the measure-
ment also had a major influence on the on/off electrical
conductivity ratios. At the same IR power density, the on/off
electrical conductivity ratios of the nanocomposite films with a
size of 0.5 X 0.5 mm”* was consistently much higher than those
of the films with a size of 1.0 X 1.0 mm?. For instance, at an IR
power density of 23.6 mW/mm?, the magnitude of change in
the electrical conductivity for the nanocomposite films with a
size of 0.5 X 0.5 mm” and 1.0 X 1.0 mm* was 570.0 and 74.0
times, respectively, at the same IR illumination time (~12 s).
With a much longer IR illumination time (~30 s), the
magnitude of change in the electrical conductivity for the
nanocomposite film with a size of 1.0 X 1.0 mm* sample
reached 84 times, which was still much smaller than that of the
0.5 X 0.5 mm* nanocomposite film. This was likely due to the
fact that, at the same IR power density, the PEG melting and
recrystallization phase transition process may have been
activated more easily in the nanocomposite film with the
smaller dimensions per mass. As shown in Figure 3d, the final
temperature of the 1.0 X 1.0 mm? sample (~82.0 °C) was
slightly higher than that of the 0.5 X 0.5 mm? sample (~72.0
°C). This was attributed to the fact that the smaller sample had
a higher surface-to-volume ratio allowing for more efficient
thermal exchange between the sample itself and the
surrounding environment. Figure S5 shows the DSC measure-
ments for samples with different dimensions/masses (i.e., 5.02
mg and 20.77 mg) at different heating/cooling rates (i.e.,, S and
20 °C/min). At the same heating and cooling rate, the peak
PEG melting temperature was higher, whereas the peak PEG
recrystallization temperature for the larger sample was lower
than with the smaller sample. Furthermore, this temperature
difference increased at a higher heating/cooling rate. Table S2
lists the percentage of the phase transition at two temperatures,
namely 72.0 and 82.0 °C, calculated based on the ratio of the
phase transition enthalpy (i.e, AHp/AH,; see Figure SS). It
is clear that both the sample size and the heating and cooling
rates could have a significant impact on the phase transition
behaviors of the nanocomposite films likely due to thermal
conduction issues. This finding may help explain why the
nanocomposite film with a size of 0.5 X 0.5 mm”* exhibited a
much larger IR response than that with a size of 1.0 X 1.0 mm*
considering the fact that the heating rates for these experiments
were extremely high (i.e, ~250 °C/min).

To explore the IR photoresponse sensitivity, we studied the
rise time (with IR on) and drop time (with IR off) of the
MWCNT/PCM nanocomposites to obtain a 63.2% change in
the magnitude of the electrical conductivity regulated by on/off

IR illumination, which is shown in Figure 3b—d. As the IR
power density increased, the rise time of the 0.5 X 0.5 mm?®
nanocomposite film increased from ~0.36 s (under 2.2 mW/
mm” with a total conductivity change of 1.8 times) to ~1.08 s
(under 23.6 mW/mm” with a total conductivity change of
570.0 times). When the sample size increased from 0.5 X 0.5
mm? to 1.0 X 1.0 mm?, the rise time also increased from 1.08 to
6.19 s. Hence, nanocomposite films with smaller dimensions
were more sensitive and responded faster to IR illumination
than those with larger dimensions.

Additionally, according to thermogravimetric analysis
(TGA), the MWCNT/PCM nanocomposites exhibited good
thermal stability (Figure S6). The temperature of the most
significant weight loss for the 3 wt % MWCNT/PCM
nanocomposite occurred between 376.0 and 427.0 °C. The
MWCNT/PCM nanocomposite films also exhibited robust
flexibility and could easily be stretched and bent (Figure S7).
The tensile testing results for the 3 wt % MWCNT/PCM
nanocomposites are shown in Figure S7b and Table S3. These
data demonstrate that the 3 wt % MWCNT/PCM nano-
composite films have excellent mechanical properties, thereby
making them desirable for flexible optical—electrical applica-
tions.

B CONCLUSIONS

IR responsive MWCNT/PCM nanocomposite films exhibiting
reversible, cyclic, dramatic, and rapid electrical conductivity
changes were fabricated and fully characterized. The reversible,
cyclic, and dramatic changes observed with IR-regulated on/off
electrical conductivity ratios (up to 570.0 times) were largely
attributed to the reversible IR-regulated localized PEG melting
and recrystallization processes experienced by the form-stable
PCM matrix due to MWCNT’s excellent photoabsorption and
thermal conversion capabilities, which subsequently affected the
thickness of the interfacial PCM between adjacent conductive
MWCNTSs and thus the electron tunneling efficiency between
the MWCNTSs. It was also found that the magnitude of the
changes in the electrical conductivity ratios as well as the
response time (or sensitivity) of these nanocomposite films
regulated by IR irradiation depended on a number of factors
including the MWCNT loading content in the nanocomposite
films, the IR power density, and the sample size of the
nanocomposite films measured. Finally, the MWCNT/PCM
nanocomposite films also possessed desirable mechanical and
thermal properties, thereby making these unique nano-
composites a promising material family for high-performance
flexible optoelectronic applications, including IR sensing,
thermal imaging, and optical communication.

B METHODS AND MATERIALS

Materials. Multiwalled carbon nanotubes (MWCNTs) (inner
diameter: 4 nm, length: >1 ym, number of walls: 3—15, bulk density:
140—230 kg/m®, purity: >99%) were purchased from Bayer Materials
Science AG (51368 Leverkusen, Germany). Triphenylmethanetriiso-
cyanate (TTI, Boc Sciences, NY, USA) and dibutyltin dilaurate (DBT,
Alfa Aesar, MA, USA) were used as received. p-Anisidine, sodium
dodecyl sulfonate, and toluene were purchased from Fisher Scientific
(Bellefonte, PA). Polyethylene glycol (PEG 6 kDa) and N,N-
dimethylformamide (DMF) were of analytical grade and purchased
from Sigma-Aldrich (St. Louis, MO). PEG (6 kDa) was dried at 80.0
°C under a high vacuum (0.012 MPa) for 48 h before use. Toluene
was dried for 48 h using a 5 A molecular sieve and then distilled prior
to use. All other reagents were of analytical grade.
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Synthesis of Surface-Functionalized MWCNTs. MWCNTs
were functionalized with 4—methoxy§phenyl diazonium according to a
method described in the literature.”” Scheme 1 (Step 1) shows the
synthesis process used to surface-functionalize the MWCNTs. First, 4-
methoxyphenyl diazonium was synthesized by dissolving S mmol p-
anisidine in 15 mL of DI water, followed by adding 1.25 mL of
concentrated hydrochloric acid and 5 mmol sodium nitrite under
constant stirring for 30 min. Then, 100 mg of MWCNTSs and 10 mg of
sodium dodecyl sulfonate (used as a surfactant) were dispersed in 100
mL of deionized water. Thereafter, the freshly made 4-methoxyphenyl
diazonium solution was added to the MWCNT solution dropwise
under sonication. The mixture was ultrasonicated at 300 W for 4 h at
55.0 °C and then stirred overnight at ambient temperature. It was then
filtered and washed successively with water and ethanol. The resulting
product (ie., the functionalized MWCNTS) were dried overnight in a
freeze dryer.

Synthesis of the Form-Stable Phase Change Material (PCM).
Scheme 1 (Step 2) shows the synthesis route of the PCM. The
synthesis reaction was conducted in flame-dried glassware under an
inert nitrogen (N,) atmosphere. Then, 3.0 g of dried PEG (6 kDa),
122.5 mg of TTL and 1.5 mg of dibutyltin dilaurate (DBT) were
mixed in freshly distilled toluene and stirred for 6 h in a N,
atmosphere at 80.0—85.0 °C to obtain form-stable PCM.

Synthesis of the MWCNT/PCM Nanocomposites. A specific
amount of functionalized MWCNTs was dispersed in DMF via
ultrasonication (Hielscher UP 400S, Bernau bei Berlin, Germany, 300
W, 30 min). The resulting MWCNT solution and the PCM toluene
solution described earlier were mixed thoroughly using a Hielscher UP
400S probe ultrasonic sonicator (see Scheme 1). The mixture was
ultrasonicated at 300 W for 30 min at 60.0 °C to obtain a well-
dispersed suspension. Subsequently, the functionalized MWCNT/
PCM solution was heated on a hot plate at 80.0—85.0 °C. To control
the rate of solvent evaporation, and thus facilitate the formation of the
MWCNT/PCM nanocomposite films with uniformly distributed
MWCNTs, we covered the top of the Petri dish containing the
MWCNT/PCM solution with grade 2 filter paper (thickness: 0.26
mm, pore diameter: 8 ym). The resulting MWCNT/PCM nano-
composite film was further dried for 24 h at 80.0 °C under vacuum
(0.0010 mbar).

Characterization. The chemical structures of the MWCNTs,
PCM, and MWCNT/PCM nanocomposites were analyzed using a
Fourier transform infrared (FTIR) spectrophotometer (Bruker Tensor
27 FT-IR) at room temperature. The electrical conductivities of the
nanocomposite films with a thickness of 0.15 mm and varying surface
areas (e.g., 0.5 X 0.5 mm? or 1.0 X 1.0 mm?) were measured using an
HP415S semiconductor analyzer (voltage bias: S V). The nano-
composite film was set on a Teflon plate, and its two ends were
covered with silver paste serving as electrical contacts. The light source
was an LED with an emission peak of 813 nm. The film temperature
was measured using a K-type thermocouple. A silver wire detector was
placed beneath the film to measure the temperature accurately.
Scanning electron microscopy (LEO GEMINI 1530 SEM, Zeiss,
Germany) and transmission emission microscopy (TEM, FEI Tecnai
T30) were used to characterize the microstructure of the graphene/
PCM nanocomposites. For TEM analysis, the sample (~70 nm in
thickness) was prepared using a microtome (Reichert UltraCut E, NY
USA). Differential scanning calorimetry (DSC) analyses were
performed in a N, atmosphere using a Q20 DSC thermal analyzer
(TA Instruments, DE, USA) from 0 to 100.0 °C at a N, flow rate of 20
mL/min. To study the effects of temperature on the structure and
morphology of the PEG, PCM, and MWCNT/PCM nanocomposite
films, we took digital images of these films periodically while they were
heated on a hot stage from 25.0 to 100.0 °C (5 °C/min). The thermal
stability of these films were characterized via thermogravimetric
analysis (TGA) using a TGA/QS0 thermal analyzer (TA Instruments,
DE, USA). Approximately 10 mg of the nanocomposite films were
heated from 30.0 to 700.0 °C at a heating rate of 10 °C/min in a N,
atmosphere. X-ray diffraction (XRD, Bruker D8-Discovery) analyses
were carried out on the samples from 5° to 80° (diffraction angles,
20). UV—vis absorbance was measured using a Varian Cary 5000 Bio

UV—visible spectrophotometer. Polarized optical images of the
crystalline PCM were taken using a polarized light microscope
(EN60950, Diagnostic Instruments Inc, MI, USA). The Raman
spectra of the MWCNT/PCM nanocomposite were measured using a
LabRAM Aramis microspectrometer.
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