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Single-Walled Carbon Nanotube/Phase Change Material
Composites: Sunlight-Driven, Reversible, Form-Stable
Phase Transitions for Solar Thermal Energy Storage

Yunming Wang, Bingtao Tang,* and Shufen Zhang

The development of solar energy conversion materials is critical to the growth
of a sustainable energy infrastructure in the coming years. A novel hybrid
material based on single-walled carbon nanotubes (SWNTs) and form-stable
polymer phase change materials (PCMs) is reported. The obtained materials
have UV-vis sunlight harvesting, light-thermal conversion, thermal energy
storage, and form-stable effects. Judicious application of this efficient photo-
thermal conversion to SWNTs has opened up a rich field of energy materials
based on novel SWNT/PCM composits with enhanced performance in energy

conversion and storage.

1. Introduction

Solar energy is the only renewable and carbon-neutral energy
source of sufficient scale to replace fossil fuels.l!) Consequently,
the research on and development of sustainable solar energy
conversion and storage technologies have attracted a great deal
of interest. Although the efficiency of energy conversion and
storage devices depends on various factors, their overall per-
formance strongly relies on the structure and property of the
materials used.'"? Various emerging nanomaterials have been
studied for their efficient energy conversion and storage of
solar irradiation.l’} Carbon nanomaterials, particularly single-
walled carbon nanotubes (SWNTs),*l are of particular interest
as attractive candidates for energy applications because of their
unique structure and properties!’! for sunlight absorption and
efficient solar energy conversion.

Photoinduced nanocarbons, operated as exothermic nano-
materials driven by sunlight, are one of the most attractive
materials in modern chemistry.*® In the present study, a
SWNT was successfully introduced to polyethylene glycol
10000 (PEG 10000)-co-N,N’-dihydroxyethyl aniline which was
used as a form-stable polymer phase change material (PCM),
thereby obtaining novel SWNT/PCM composites (Figure 1).
The SWNTs were used as a nanoscale photon antenna that
served as an effective photon capturer and molecular heater of
the light-to-heat conversion process. Additionally, the SWNTs
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used to form the novel SWNT/PCM
composites had a highly thermal con-
ductivity,”! by which the heat storage and
release time of SWNT/PCM composites
could be shortened. Therefore, our com-
posites increased the energy utilisation
efficiency during the heat charging and
discharging processes. Compared with
solar thermal water tanks with sensible
heat storage (SHS) (n < 0.6),2# the new
SWNT/PCM composites have several
smart features, such as latent heat storage
(LHS) with high energy storage density,
excellent flexibility, high light-to-heat and
energy storage efficiency (1 > 0.84). Simultaneously, the novel
materials are able to harvest visible light and convert visible
light to thermal energy effectively, as compared to the tradi-
tional organic phase change materials for latent heat thermal
energy storage.’ Thus, a rapid, visible sunlight-harvesting
material, capable of light-thermal conversion and composed
of a thermal storage material with a form-stable phase transi-
tion, was achieved. Upon solar irradiation, the SWNTs of the
obtained SWNT/PCM composites perormed rapid and UV-vis
sunlight-harvesting and light-thermal conversion. Simultane-
ously, the generated thermal energy was stored in the PCMs
by a form-stable phase transition with a high energy storage
density.''1% Therefore, this novel sunlight-driven SWNT/PCM
composites have important potential application in renewable
and clean energy sources.

2. Results and Discussion

SWNTs are insoluble materials with a high aspect ratio, and
they are strongly bundled to each other due to the strong inter-
tube van der Waals interactions.'!l Thus, the dispersion of
SWNTs in inorganic and organic solvents is quite difficult,*)
which has hindered molecular level studies and device applica-
tions.?] In this paper, we introduced nitrophenyl groups onto
the SWNT surfaces by treating them with 4-nitrophenyldiazo-
nium cations to obtain a uniform dispersion of SWNTs in a tol-
uene system. The reason for this was that strong van der Waals
forces existed between the nitrophenyl group of the surface-
modified SWNTs and toluene. The encapsulating process of
SWNTs by PCMs is shown in Scheme 1 (see the Experimental
Section for details). The form-stable PCMs were synthesized in
toluene, and the resulting surface-modified SWNTs were then
added and suspended in this solution by ultrasonication.*?!
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Figure 1. Schematic diagram of light-to-heat conversion and storage.

Due to large n—r interactions between the PCMs and the sur-
face-modified SWNTs, the SWNTs were effectively dispersed
and stabilized in toluene. Then, the SWNT/PCM composite
preparations were performed using simple physical methods of
vacuum-evaporation and further drying for 48 h at 80 °C under
vacuum (-0.1 kPa) prior to testing. MWNT/PCM and CB/PCM
composites were obtained according to the above-described pro-
cedures. The resulting composites are abbreviated throughout
the manuscript as listed in Table 1.

2.1. Sunlight Irradiation

The UV-vis-NIR spectrum of the synthesized composite, showed
in Figure 2a, demonstrated absorption over a wide range of the
spectrum. The SWNTs in the SWNT/PCM composites exhibit
one total absorbance characteristic in the UV-vis-NIR region as
a result of van Hove transitions,["”! which are very important
for the effective light harvesting of solar irradiation. Figure 2b
shows the incident photon-to-thermal conversion spectra of
the SWNT/PCM composites. The detailed experiments are
described in the Supporting Information. Compared with the
pure PEG 10000 (black line in Figure 2b), the temperature of
the SWNT/PCM composites rapidly increased (colored line
in Figure 2b) upon solar irradiation. This behavior is ascribed
to the function of SWNTs as an effective photon captor and
molecular heater. SWNTs display optical absorptions due to res-
onant band-to-band transitions!"*d and 7-plasmon excitation.!'%l
Simultaneously, the temperature of the control sample (PEG
10000) also gradually increased because the PEG absorbed the
near-infrared light of the solar irradiation.'’l The temperature

www.afm-journal.de

Table 1. Sample identification and composition.

Sample Composition

PEG 10000 PEG 10000

PCM PEG 10000:TDI:N,N’-dihydroxyethyl aniline = 1:2:1%
SWNT/PCM-1 surface-modified SWNT:PCM = 0.5:100%
SWNT/PCM-2 surface-modified SWNT:PCM = 1:100
SWNT/PCM-3 surface-modified SWNT:PCM = 2:100
SWNT/PCM-4 surface-modified SWNT:PCM = 3:100
SWNT/PCM-5 surface-modified SWNT:PCM = 4:100

MWNT/PCM surface-modified MWNT:PCM = 2:100

Carbon black (CB)/PCM surface-modified CB:PCM = 2:100

@Molar ratios of polyethylene glycol (PEG), toluene-2,4-diisocyanate (TDI), and
N,N-dihydroxyethyl aniline; ®Mass ratios of surface-modified SWNTs and PCMs.

growth platform of the SWNT/PCM composites appeared
between 49.3 and 58.1 °C as the irradiation time increased.
This phenomenon illustrates that the phase transition of the
SWNT/PCM composites has occurred upon solar irradiation,
when the SWNT/PCM composites absorbed solar radiation,
converted the radiation into thermal energy and stored the
resulting energy in PCMs. As shown in Figure 2b, the tempera-
ture of the SWNT/PCM composites rapidly decreased after cov-
ering the solar irradiation. The composites then exhibited cool
temperature platforms. Thus, a larger amount of heat energy
was released by the SWNT/PCM composites in the form-stable
phase change process. This result showed that the SWNTs
functioned as an effective photon captor and device heater by
converting light into heat energy. The heat energy was stored in
the SWNT/PCM composites through the phase transition.

To improve the sunlight-harvesting and light-thermal con-
version efficiency further, we changed the SWNT quantity as
a photon captor and device heater for the thermal phase tran-
sition of the phase change materials. As shown in Figure 2b,
when the SWNT content of SWNT/PCM composites was
increased, the temperatures of SWNT/PCM-2 to -5 increased
faster and the platform of the temperatures was significantly
shorter than SWNT/PCM-1 upon solar irradiation. However,
only a slight change occurred in the phase transition enthalpy
and temperature (Figure 3 and Table 2).
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Scheme 1. The hybridization process of SWNT/PCM composites.
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thermal energy of SWNT/PCM composites
obtained by phase transition can heat an
equivalent quantity of PEG 10000 to elevated
temperatures of 50 °C.

Thermal conductivity is of vital impor-
tance to solar thermal energy storage mate-
rials. SWNT/PCM composites with high
thermal conductivity can shorten the time of
heat storage and release, which improves the

400 600 800 1000
Wavelength(nm)

Figure 2. a) UV-vis-NIR absorption spectrum of the surface-modified SWNTs in toluene.
b) Light-thermal conversion curves of the samples under sunlight radiation (P = 0.25-0.26 W,
ambient temperature = 24.3 °C, 11:57-13:13, September 18, 2012, Dalian, China).

Of critical importance is the light-to-heat and energy storage
efficiency (1) of the SWNT/PCM composites. Using photo-
thermal calculation methods, the obtained 1 of SWNT/PCM
1to 5, MWNT/PCM and CB/PCM composites was 0.845, 0.857,
0.872, 0.885, 0.913, 0.848 and 0.826, respectively. The value of 1
was calculated according to Equation (2) and Supporting Infor-
mation Figure S1, as expected for solar energy materials.

2.2. Thermal Properties

Figure 3 shows the differential scanning calorimetry (DSC)
curves of the pure PEG 10000, PCM, SWNT/PCM, MWNT/
PCM, and CB/PCM composites. The thermal energy
storage data obtained from the DSC curves are also listed in
Table 2. Compared with the pure PEG (197.2 J/g), the PCM
(about 100 J/g) exhibited a partial loss in latent heat (Figure 3
and Table 2). This result is due to the restriction of pure PEG
crystallisation in the PCM caused by the solid portion of N,N-
dihydroxyethyl aniline. It is important for the SWNT/PCM
composites to remain form-stable during the entire heating
process. The DSC curves of the PCM and SWNT/PCM compos-
ites in Figure 3 are virtually identical to those listed in Table 2.
In addition, the negligible effect of the SWNT/PCM composites
affected the phase transition temperature and enthalpy. More-
over, the SWNT/PCM composites exhibited high energy storage
densities, all of which exceeded 100 J/g. In other words, these
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SWNT/PCM-2

——— SWNT/PCM-3
' 60 80

—— SWNT/PCM-4
40 o
Temperature/ "C
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——CB/PCM

DSC/(W/g)
o

-4 T
0 20

Figure 3. DSC curves of PEG 10000, PCM, SWNT/PCM, MWNT/PCM
and CB/PCM composites.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

energy utilization efficiency. The thermal con-
ductivities of PCM, SWNT/PCM-3, MWNT/
PCM and CB/PCM composites are 0.267,
0.334, 0.312, and 0.280 W/(mK), respectively.
Compared with PCM, the thermal conductiv-
ities of SWNT/PCM-3, MWNT/PCM and CB/
PCM composites were enhanced by 25.1%, 16.9% and 4.9%,
respectively. Although the 1 and the phase transition tempera-
ture and enthalpy of these carbon/PCM composites were sim-
ilar with each others, the thermal conductivity of SWNT/PCM-3
composite was obviously improved as compared to other
carbon/PCM composites (MWNT/PCM and CB/PCM). Addi-
tionally, the enhancement of the thermal transfer rate was also
investigated by comparing the heating and freezing processes
(Supporting Information Figure S2). The results demonstrated
that to achieve the same temperature of 60 °C, the required
heating time of SWNT/PCM-3, MWNT/PCM and CB/PCM
composites was 870, 970, and 1065 s during the heating pro-
cess (Supporting Information Figure S2a), respectively. Obvi-
ously, the heating time of the form-stable SWNT/PCM-3 com-
posite was reduced by 10.3% and 18.3% as compared to that
of MWNT/PCM and CB/PCM composites, respectively. As for
the freezing process (Supporting Information Figure S2b),
to achieve the same temperature of 40 °C, the freezing time
of SWNT/PCM-3, MWNT/PCM and CB/PCM composites
was 940 s, 1075 s and 1195 s, respectively. The freezing time
of the form-stable SWNT/PCM-3 composite was reduced by
12.6% and 21.3% as compared to that of MWNT/PCM and CB/
PCM composites, respectively. Therefore, compared with other
carbon/PCM composites (MWNT/PCM or CB/PCM), our com-
posites have a highly thermal conductivity, which improves

Table 2. Phase-change behavior of PEG 10000, PCM, and SWNT/PCM,
MWNT/PCM and CB/PCM composites.

AH [)/g] T.[°C]

Sample Phase Heating Cooling Heating Cooling

transition cycle cycle cycle cycle
PEG 10000 Solid-liquid 197.2 201.1 67.0 46.7
PCM Form-—stable 100.3 100.2 51.7 30.4
SWNT/PCM-1  Form-stable 103.2 103.4 52.5 31.7
SWNT/PCM-2  Form-stable 101.5 101.1 51.5 28.1
SWNT/PCM-3  Form-stable 100.5 100.3 51.6 31.5
SWNT/PCM-4  Form-stable 100.4 99.8 52.3 29.9
SWNT/PCM-5  Form-stable 98.1 90.1 51.9 314
MWNT/PCM Form-—stable 100.0 101.3 52.7 30.4
CB/PCM Form-—stable 100.6 101.4 51.1 29.3

Adv. Funct. Mater. 2013, 23, 4354-4360
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Figure 4. Form-stable effect for the PEG 10000, PCM, and SWNT/PCM
composites with increasing temperature.

the energy utilisation efficiency during heat charging and dis-
charging processes.

2.3. Form-Stable Properties

The form-stable properties are crucial aspects of organic
phase change materials. The shape-stabilized properties
of the pure PEG, PCM, and SWNT/PCM composites were
characterized using hot stage-digital camera technology. The
samples were placed briefly on a hot stage and then heated
from 30 to 100 °C at a rate of 5 °C/min. The changes in the
samples were observed via tracking photography using a
digital camera. Although the pure PEG and the SWNT/PCM
composites both underwent phase transitions with high-tran-
sition enthalpies, their phase-transition states significantly
differed. The PCM and SWNT/PCM composites remained
solid unlike the pure PEG 10000, which exhibited a solid-to-
liquid phase transition (Figure 4). In addition, no liquid was
observed during the entire heating process, even when the
temperature exceeded 100 °C. Thus, the SWNT/PCM com-
posites exhibited a large energy-storage effect and shape-
stabilized property, thereby extending their application in
other fields. A preliminary study showed that SWNT/PCM
composites exhibited high strength and flexibility (Sup-
porting Information Figure S3,S4). Therefore, SWNT/
PCM composites may be used as smart clothing or leather
through fabric blending or wire drawing. Additionally, due to
the performance of strong near-infrared absorbance charac-
teristic and high heat storage density with minor tempera-
ture change during form-stable phase change processes, the
SWNT/PCM composites have a potential application in mili-
tary infrared stealth.

2.4. Reversible Stability

To prove the photodriven phase change reversibility of the
SWNT/PCM composites, simulated sunlight irradiation cycling
tests were performed, and the results of a 100 cycle test are
shown in Figure 5. The tests were conducted during simulated

Adv. Funct. Mater. 2013, 23, 4354-4360
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Figure 5. a) Simulated sunlight irradiation spectra of the SWNT/PCM
composites before (black line) and after (red line) 100 cycles of light irra-
diation (P=1.10 W, m = 5.0 g, light irradiation, ambient temperature =
16.4 °C). b) DSC curves of the SWNT/PCM composites before (black line)
and after (red line) the 100 cycles of irradiation.

light irradiation for 20 min, followed by the irradiation being
covered for 20 min in a temperature-controlled water bath
(10 °C) to ensure the solid-solid cycles. The spectral features of
the first cycle (black line in Figure 5a) and the 100th cycle irra-
diation (red line in Figure 5a) were virtually identical. Addition-
ally, the SWNT/PCM composites were then checked with DSC
for their latent heat storage capacity (Figure 5b). Compared with
100.5 and 100.3 J/g before the cycles, the latent heats of melting
and freezing were 100.7 and 100.9 J/g after 100 cycles, respec-
tively. Amazingly, the excellent reversibility of the SWNT/PCM
composites was observed, even after operating for 100 cycles.

2.5. XRD Analysis

The XRD patterns of the pure PEG, PCM, and SWNT/PCM
composites are shown in Figure 6 to furhter reveal the crys-
tallization patrerns. Sharp and intense diffraction peaks at
19.12° and 23.24° were observed in the PCM and SWNT/
PCM composites. These values are similar to the character-
istic peaks of PEG.[®I The PCM and SWNT/PCM composites
showed diffraction curves similar to those of pure PEG. The
diffraction angle and the crystal plane distance were nearly
the same. These results indicate that the PCM and SWNT/
PCM composites still have good crystalline properties. These
properties are consistent with the previously discussed DSC
results.

3
S PEG 10000
2 ]
®
c
9 __’JLJ\\M“ PCMs
=

__,M\.., SWNT/PCM-5

20 40 60 80

20 (degree)

Figure 6. XRD patterns of the PEG 10000, PCMs, and SWNT/PCM
composites.
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Figure 7. TG and DTG curves of the PEG 10000, PCM, and SWNT/PCM composites.

Table 3. Thermal stability properties of the PEG 10000, PCM, and
SWNT/PCM composites.

Sample Tnaa [°C] Tra2 [°C Char yield at 700 °C [wt%)]
PEG 10000 / 403.9 2.1
PCM 286.4 402.7 1.8
SWNT/PCM-5 284.1 406.2 4.1

2.6. Thermal Stability

Thermal stability is vital to pure organic compounds. In this
study, thermogravimetric (TG) and derivative TG (DTG) anal-
yses were conducted to determine the thermal stability of the
SWNT/PCM composites. The corresponding results are pre-
sented in Figure 7 and Table 3. The PCM and SWNT/PCM
composites underwent a two-step degradation process. The
first step involved the degradation of the PCM and SWNT/PCM
polyurethane chain between 284 and 287 °C.I*®l The second step
occurred at approximately 400 to 410 °C. This step corresponds
to the degradation of the pure PEG chain.'! The actual weight
losses of the PCM and SWNT/PCM composites are nearly equal
to the theoretical amount during the first degradation step.
Table 3 lists the charred SWNT/PCM composite residue per-
centages. These values are identical to the charred PEG residue
percentages at 700 °C and are close to the theoretical results for
organic compounds. Therefore, the TGA results are consistent
with the expected degradation mechanism. The results also show
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eral unique characteristics, such as a wider
absorption range for sunlight, high light-
to-heat conversion and energy storage effi-
ciencies, as well as excellent form-stable
properties. The simplicity of these composites provides a new
platform for improving the solar radiation usage efficiency,
which can be widely applied to fields related to energy conver-
sion and storage. Simultaneously, a preliminary study showed
that SWNT/PCM composites may be used as smart clothing or
leather through fabric blending or wire drawing. Additionally,
our composites exhibited strong near-infrared absorbance char-
acteristics and high energy storage density with minor tempera-
ture change during heat storage and release processes, which
have a potential application in military stealth.

4. Experimental Section

Materials: The SWNTs with less than 2 nm diameter and 5-10 um
length (special surface area: 350-400 m?/g, purity: 90%) used in this
research were purchased from Shenzhen Nanotech Prot Co., Ltd.
MWNTs with 8-15 nm diameter and 0.5-2 um length (special surface
area: >233 m?/g, purity: >95%) were purchased from China Sciences
Academy Chengdu Organic Chemical Co., Ltd. Carbon black (CB) M900
was purchased from Cabot Corp. Analytical grade polyethylene glycol
(PEG, M, = 10 000, Shanghai National Medicines Co. Inc., China) was
dried at 80 °C under high vacuum (-0.1 kPa) for 48 h. Analytical grade
toluene (Tianjin National Medicines Co. Inc., China) was dried for 48 h
by using a 5 A molecular sieve and then distilled prior to use. Analytical
grade toluene-2,4-diisocyanate (TDI, Tianjin Kemiou Chemical Reagent
Co. Inc., China) and dibutyltin dilaurate (DBT, Tianjin Kemiou Chemical
Reagent Co. Inc., China) were used as received. All other reagents were
of analytical grade.

Synthesis of the Form-Stable PCM: The synthetic route for preparing
the PCM is shown in Scheme 2. The synthesis was conducted in a
flame-dried glassware through a two-step polymerisation process in
an inert nitrogen (N,) atmosphere. First, a predetermined amount of

CNO

Ultrasound
60 °C,15 min

SWNT/PCM Composites

Scheme 2. Chemical structures and synthetic scheme for the SWNT/PCM composites.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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dried PEG 10000, TDI, and DBT was mixed in freshly distilled toluene
and stirred for 6 h in an N, atmosphere at 40 to 45 °C to produce an
NCO-terminated prepolymer (Compound 1). A stoichiometric amount
of the chain extender (Compound 2) was added, and the reactions
were continued for 6 h at 100 °C. The molecular weights of PEG
10000-CO-N,N-dihydroxyethyl aniline were evaluated from the intrinsic
viscosity (1) measured in the toluene solvent using an Ubbelohde
capillary viscometer at 25 °C. According to a previous report,?% the
viscosity-average molecular weight (M,) of the obtained PCM was
related to the intrinsic viscosity based on Equation (1):

Inl = 2.1%x 107 x Mm% m
where M, of the obtained form-stable PCM found to be approximately
1.92 x 107 using Equation (1).

Synthesis of the Surface-Modified SWNTs: The SWNTs were modified
according to a method published in the literature,?'l which involved
grafting 4-nitrophenyl moieties onto the surface of the SWNT substrates.
The synthetic process for preparing surface-modified SWNTs is shown
in Scheme 2. The in situ-generated diazonium cation modification was
conducted by dispersing 1.0 g of SWNTs in 50 mL of deionized water, to
which 10 mmol 4-nitroaniline was added, followed by 10 mmol sodium
nitrite, and finally 12 mL of concentrated hydrochloric acid. The mixture
was ultrasonicated at 300 W for 3 h at 55 °C, and stirred overnight at
ambient temperature, filtered, and then washed successively with
water and methanol. The resulting SWNTs were dried overnight under
vacuum, and the product was labelled as surface-modified SWNTs.

Synthesis of the SWNT/PCM Composites: A specific amount of the
surface-modified SWNTs and a known concentration of the reaction
liquid obtained above were mixed and thoroughly stirred (Scheme 2).
The mixture was ultrasonicated at 300 W for 15 min at 60 °C to obtain a
well-dispersed suspension. The solution containing the resulting SWNT/
PCM composite was vacuum-evaporated and then further dried for
48 h at 80 °C under vacuum (=0.1 kPa) prior to testing, producing the
final SWNT/PCM composites.

Other carbon/PCM composites (MWNT/PCM and CB/PCM
composites) were obtained according to the above-described
procedures.

Transduction and Storage Efficiency of the SWNT/PCM Composites:
The visible light-to-heat transduction and energy storage efficiency
(n) of the SWNT/PCM composites was calculated using Equation (2)
through irradiation from a simulated light source (with a measured
light irradiation area of 4.90 cm?).?d The temperature of the
SWNT/PCM composites was measured within foam insulation
after simulating the light source irradiation (UV-vis light). When
photothermal calculation methods were used, the parameter 1 was
obtained as follows:

mAH

P (t:— tf) @

1‘, =
where 1 is the light-to-heat conversion and thermal storage efficiency,
m is the quality of the SWNT/PCM composites, AH is the transition
enthalpy of the SWNT/PCM composites obtained by conducting
differential scanning calorimetry (DSC), t; and t; are the light-driven
phase transition time of the SWNT/PCM composites before and after
the phase change, respectively, and P is the power for the light irradiation
of the simulated light source.

Characterization: The physical and chemical characterization of the
SWNT/PCM composites, SWNT, PEG 10000, and PCM were performed
as described in the following paragraphs.

The structural analysis of the SWNT/PCM composites and the SWNTs
was performed using a Fourier transform infrared spectrophotometer
(Nicolet Avatar 320, KBr pellets). A proton nuclear magnetic resonance
analysis (in DMSO-dg, with TMS as the internal standard) was
performed on a Bruker AV-400 spectrometer. The chemical shifts were
reported in ppm.

Adv. Funct. Mater. 2013, 23, 4354-4360
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The structural characterization of the SWNT/PCM composites and
PCMs is reported in the Supporting Information.

The methods for the sunlight irradiation experiments and the
transduction and storage efficiency were reported in our previous
study.?2

DSC was performed in an N, atmosphere using a 910S DSC thermal
analyser (TA Instruments, America) from 0 to 80 °C at a heating rate
of 5 °C/min, an N, flow rate of 20 mL/min, a calorimeter precision of
+2.0%, and temperature measurements of £2.0 °C. The samples were
measured in a sealed aluminium pan with a mass of approximately
5.0 mg. The latent heat was calculated as the total area under the
transition peaks of the SWNT/PCM composites using thermal analysis
software.

The shape-stabilized properties of the SWNT/PCM composites were
characterized using hot stage-digital camera technology. The samples
were placed on a hot stage and heated from 30 to 100 °C at a rate of
5 °C/min. The changes in the samples were observed via tracking
photography by using a digital camera.

The thermal stability properties were characterized via
thermogravimetric analysis (TGA) by using a TGA/SDTA 851 thermal
analyser (Mettler-Toledo, Switzerland). Approximately 10 mg of the
specimen was heated from 40 to 700 °C at a linear heating rate of
10 °C/min in an N, atmosphere.

X-ray diffraction (XRD) experiments were directly performed on the
samples at room temperature using a D/Max2400 (Rigaku, Japan) in the
5° to 80° range.

The thermal conductivities were measured using a DRL-Ill tester
(Xiangyi Instrument, China).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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