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ABSTRACT: Due to their extraordinary mechanical strength and
electrical and thermal conductivities, graphene fibers and their
derivatives have been widely utilized in various functional
applications. In this work, we report the synthesis of a three-
dimensional (3D) hollow reduced graphene oxide tube assembly
(HrGOTA) using the same wet spinning method as graphene fibers.
The HrGOTA has high thermal conductivity and displays the
unique capability of encapsulating phase change materials for
effective solar—thermal energy conversion. The HrGOTA comprises
layers of moisture-fused hollow reduced graphene oxide tubes
(HrGOTs), whose individual thermal conductivity is up to 578 W
m~' K™'. By impregnating l-octadecanol into HrGOTs, a 1-
octadecanol-filled HrGOT phase change composite (PCC) with a
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latent heat of 262.5 J g™' is obtained. This high latent heat results from the interfacial interaction between 1-octadecanol and the
reduced graphene oxide tube, as evidenced by the shifts in XRD patterns of 1-octadecanol-filled and 1-octadecanol/multiwalled
carbon nanotube-filled HrGOTA samples. In addition, 1 wt % multiwalled carbon nanotubes are added to the PCC to enhance
visible light absorption. Because of their high thermal conductivity and visible light absorption rates, these new PCCs display high
solar—thermal energy conversion and storage efficiencies of up to 81.7%, commensurate with state-of-the-art carbon-based PCCs but
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with significantly lower carbon weight percentages.
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solar—thermal energy conversion and storage

1. INTRODUCTION

Graphene fibers (GFs) are 1D graphene macrostructures that
exhibit extraordinary mechanical strength and electrical and
thermal conductivities.' > Owing to their thermal conductiv-
ities of up to 1500 W m™! K™',” GFs have seen great success in
Joule heating,4 thermal regulating graphene fabrics,” and
thermomechanical actuators.”” Furthermore, as a 3D deriva-
tive of GFs, hollow graphene-based tubes have similarly
favorable high thermal conductivity while possessing the
capacity to encapsulate and interact with other thermally
functional materials.® This opens up new opportunities for
applications in functional materials. One potential application
of hollow graphene-based tube assemblies is to encapsulate
phase change materials (PCMs), enabling effective thermal
transport and mechanical stability/structural integrity for
highly efficient thermal storage and solar—thermal energy
conversion.

PCMs are thermally functional materials that exchange
thermal energy with their surroundings during solid-to-liquid
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and liquid-to-solid phase change transformations at a constant
temperature.” Among different categories of PCMs, organic
PCMs are the most abundant and inexpensive. Alkanes, fatty
alcohols, and fatty acids are the most common categories of
organic PCMs and have some common favorable attributes,
including high phase change enthalpies, no phase separation
during phase change, moderate phase change temperatures,
good chemical stability, and biocompatibility.'’ With these
advantages, organic PCMs have been widely used in many
thermal management and energy storage applications. These
applications include thermal insulation in building materials,
thermal management of compact electronics, and solar—
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thermal energy conversion and storage.11 Nevertheless, some
inherent properties of organic PCMs have substantially limited
their broader utilization in more advanced functional
applications. These inherent drawbacks include leakage in
the liquid phase, low absorptance of solar radiation, and
limited thermal conductivity."*~"*

The low thermal conductivity of pristine or?anic PCMs
(<0.5 W m™ K™) is particularly problematic.">'® In practice,
heat cannot penetrate through bulk PCM, causing unwanted
melting at the outer surfaces. In addition, very low charging
and discharging efficiencies also hinder their practical
applications.'” To resolve this issue, a wide range of thermally
conductive additives have been incorporated into organic
PCM:s to form organic PCCs.'*~** Organic PCCs composited
with carbon-based additives generally have high thermal
conductivity, low density, low thermal expansion, and
outstanding chemical and thermal stability.”* Being lightweight
with extremely high thermal conductivities of up to 5000 W
K™' m™, graphene-based materials have been of particular
interest in the use of organic PCCs.”* Interestingly, those
graphene-containing composites have more than 10 times
higher thermal conductivity than pristine organic PCMs."
This improvement is particularly evident when graphene flakes
or interwoven GFs are connected to form a continuous heat
transfer pathway in the PCCs.">”> Moreover, only small weight
percentages of graphene additives are needed to make these
improvements possible. In addition to enhancing thermal
transport in PCCs, graphene-based materials also have high
absorption rates of visible light and can significantly increase
the amount of light utilization due to a decrease in reflection
compared to pristine PCMs.*

The overall performance of solar—thermal energy con-
version and storage of organic PCCs greatly benefits from the
synergetic effect of graphene-based material’'s high thermal
conductivity and high visible light absorption rates.”” >’ In
recent studies, solar—thermal conversion and storage efficien-
cies have reached an astonishing ~94% in PCCs with high
graphene weight percentages (>10 wt %).””*" However, the
excess use of graphene results in a significant reduction in the
phase change enthalpies and therefore much lower total energy
storage capacity in the PCCs than pristine PCMs. Moreover,
improvements could also be made to further enhance
properties other than solar—thermal conversion and storage
efficiencies, such as the PCCs’ thermal conductivity, structural
integrity, solar absorption capacity, etc. In recent literature,
aligned networks of graphene flakes suffer from relatively high
interfacial thermal resistivity between individual graphene
flakes.>* In contrast, the PCCs with interconnecting GFs
allow for higher thermal conductivity but at the expense of
structural integrity due to leakage.”

Building upon existing literature on hollow graphene oxide
tube (HGOT) fabrication and combining the steps of coaxial
wet spinning, chemical reduction, and thermal annealing,g’34
we develop a novel method for the highly efficient fabrication
of HrGOT whose diameters could be parametrically
controlled. A PCC is formed by vacuum-impregnating 1-
octadecanol, a versatile PCM with high phase change
enthalpies, into HrGOTs. Lattice contraction of 1-octadecanol
at the interface of graphene and 1-octadecanol results in
significantly higher phase change enthalpies of the 1-
octadecanol-filled HrGOT PCC than other types of PCCs
with similar carbon loading ratios. By adding a moisture-fusing
process between the coaxial wet spinning and chemical

reduction procedures, HrGOT can be assembled in a layer-
by-layer fashion into interconnected 3D macrostructures,
which can be further treated to form HrGOTAs. A mixture
of I-octadecanol and multiwalled carbon nanotubes
(MWCNTSs) was vacuum impregnated into the HrGOTA to
form the final 1-octadecanol/MWCNTs-filled HrGOTA PCC
applicable for solar—thermal energy conversion and storage.
The interconnected HrGOT network is favorable for fully
utilizing the entire volume of the PCC for thermal energy
storage. It allows rapid 3D thermal transport and provides a
framework for ensuring the stability of the PCC by containing
1-octadecanol using surface tension.”” Additionally, the 1 wt %
MWCNTs in the 1-octadecanol-filled HrGOTA PCC further
enhances the PCC’s visible light absorption. The PCC
presented in this work exhibits an excellent solar—thermal
conversion and storage efficiency of 81.7% while having 20.4 to
66.7% less carbon than other carbon-based PCCs with similar
solar—thermal conversion and storage efficiencies.””*® Fur-
thermore, our work demonstrates the high applicational
potentials of HrGOTA, which can serve as a versatile
interconnected framework for compositing various functional
materials with high thermal conductivity and structural
integrity at elevated temperatures.

2. EXPERIMENTAL SECTION

2.1. Materials. Graphite intercalation compounds (99.99%, SO
mesh) were purchased from Qingdao Nanshu Graphite Co. Ltd. 1-
Octadecanol (97%) and hydroiodic acid (>47%) were purchased
from Alfa Aesar. MWCNTSs were purchased from Cheap Tubes Inc.
Acetone was purchased from Acros Organic. Ethanol (99.5%) was
purchased from Sigma-Aldrich. Sulfuric acid (98%), nitric acid (67—
69%), ethyl acetate, n-hexanes, and N,N-dimethylformamide (DMF)
(99.8%) were purchased from Fisher Chemicals.

2.2. Fabrication of HrGOTs and HrGOTAs. GO was prepared
from graphite intercalation compounds using a modified Hummer’s
method.>”** The GO aqueous solution was replaced by DMF using a
Sorvall RC-5C plus centrifuge at 13000 rpm for S times to reach a
concentration of 8 mg mL™". The GO gel was wet spun through the
outer layer of a coaxial needle (with an inner gauge of 22 and an outer
gauge of 16) into a coagulation bath composed of an ethyl acetate and
acetone mixture. The volumetric ratio of ethyl acetate and acetone is
3:1.%% A solution with the same composition as the coagulation bath
was injected through the inner core of the coaxial needle at 7 mm s~*
into the coagulation bath, while the GO dispersion was injected
through the outer layer at the same velocity. After 3 min of
coagulation, the wet-spun hollow graphene oxide gel tubes can be
snipped into shorter segments and washed in n-hexanes for S s. The
tubes were vertically oriented on a ceramic block and then cut open at
the ends with a sharp razor so that the fluid within the bore of the
tubes drained out. The drained tubes were dried on the ceramic block
for a limited amount of time before the ends of the tubes were
pinched shut. The tubes were fully dried by suspending them across
the top of a ceramic crucible at their ends, forming precursor HGOTs.
Minimum space was left between these tubes by placing them closely
parallel to one another. The entire top of the crucible was covered by
the tubes forming the first layer of an HGOT assembly, which was
then dried for at least 10 min. When all the tubes on the first layer
were dried, the bore coagulation liquid was drained from another
freshly wet-spun gel tube layer of appropriate length. Using flat-tipped
tweezers, the two ends of this gel tube were pinch-sealed. The outer
surface of this pinched tube was then wetted by submersion in a
mixture of ethanol and water (volume ratio of 1:3) for 1 s.* The
wetted tubes were closely laid next to each other perpendicularly on
top of the first layer of HGOTs. Moisture from the wetted tubes
allows them to be fused to the HGOT's below. More layers of HGOT's
can be moisture-fused to the previous layer after it has been
thoroughly dried. Eventually, a three-dimensional interconnected

https://doi.org/10.1021/acsami.3c00546
ACS Appl. Mater. Interfaces 2023, 15, 18940—18950


www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c00546?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

a—_. Coagulation Fluid

a GO Solution .=
Coaxial Spinneret
Coagulation Bath
HGOGT
HGOGT HGOT
3 Drying with

d *. { .7 sealedends e
1 -
< SAirBresture, | ’
|\
o« "
» .

Surface tension

Gravity

. Drying with
-

a »  openends

- -
El *
® 2
Surface tension

Gravity

2o NI

Figure 1. (a) Schematic illustration showing the fabrication of HGOTs by coaxial wet spinning. (b) SEM image of an HrGOT. (c) Digital image of
as-prepared HrGOTs. (d) Schematic views of forces acting on the hollow graphene oxide gel tubes during drying. (e) Digital image of an
HrGOTA. (f) SEM image of two perpendicularly oriented HrGOTs moisture fused at their outer surfaces.

HGOT assembly can be obtained after the last layer is dried (Figure
Sla). HrGOTs and HrGOTAs were obtained from HGOTs and
HGOT assemblies, followed by chemical reduction in hydroiodic acid
at 80 °C for 24 h and thermal annealing at 1000 °C in a high-purity
argon atmosphere for 1 h (Figures S1b,c).

2.3. Fabrication of the HrGOTA-Based Composites. As-
purchased MWCNTs were dispersed in a mixture of S0 mL of sulfuric
acid and 50 mL of nitric acid and ultrasonicated with an ultrasonic
homogenizer for 5 min in a water bath. The dispersed MWCNTSs
were then refluxed in the acid mixture at 60 °C for 6 h. After
removing the acid mixture from the MWCNTs with deionized water
and ethanol washing, the acidiied MWCNTSs were dried, weighed,
and added into hot liquid I-octadecanol so that a mixture of 1-
octadecanol and 1 wt % MWCNT is formed. Next, HrGOTAs were
immersed in this mixture or pure hot liquid 1-octadecanol, and the
immersed HrGOTAs were transferred into a vacuum oven preheated
to 80 °C. The vacuum oven was exhausted to 0.1 MPa for 10 min and
then vented to facilitate the impregnation of I-octadecanol or the
mixture of MWCNTs and 1-octadecanol into the bores of the
HrGOTAs. The vacuuming and venting procedure was repeated three
times before the impregnated HrGOTAs were removed from the hot
liquid and cooled to room temperature. Finally, the obtained
HrGOTA-based composites filled with 1-octadecanol and 1-
octadecanol/MWCNT were lightly washed with ethanol to remove
the excess 1-octadecanol on their surfaces.

2.4. Material Characterization. The morphology and micro-
structure of the HrGOTSs were characterized by a field-emission
scanning electron microscope (SEM) using a Carl Zeiss Supra SS. X-
ray diffraction (XRD) patterns were collected with a PAN analytical
XRD system at a scanning speed of 4° mm™'. Raman spectroscopy
measurements were performed with a LabRAM HR800 Raman
microscope using a 532.18 nm green laser light source and 600
grooves mm™ gratings. Fourier transform infrared spectroscopy (FT-
IR) was performed on a PerkinElmer Spectrum One FT-IR
spectrometer with a 0.5 cm™" resolution. Thermogravimetric analysis
(TGA) was performed on a TA Instruments TGA-QSO under a
nitrogen atmosphere from room temperature to 600 °C (Figure S2a).
Differential scanning calorimetry (DSC) and modulated DSC were
performed on a TA Instruments DSC-QI00 equipped with a
refrigerated cooling system from 0 to 100 °C. Modulated DSC was
performed to determine the pressure-specific heat capacity of the 1-
octadecanol/MWCNT-filled HrGOTA. The spectral absorbance of
the HrGOTA-based composites, 1-octadecanol/ MWCNT, and 1-
octadecanol was characterized using a PerkinElmer Lambda 950
ultraviolet—visible—near-infrared (UV—visible—NIR) spectrometer.
The density of the 1-octadecanol/MWCNT-filled HrGOTA sample
was measured with an Adam Equipment PW balance.

The thermal conductivity of HrGOTs was measured using an
electrical self-heating method. The values were derived from the
temperature profile of HrGOTs between two isolated Cu struts in a
vacuum chamber with a ZnSe infrared viewport at 10™* Torr. The
temperature profile of the HrGOT's was obtained with a FLIR A325sc
infrared camera with a microscopic lens (Figures S2b,c). In addition,
laser flash analysis (LFA) was performed using a Netzsch LFA 457
Microflash to obtain the thermal diffusivity of the 1l-octadecanol/
MWCNT-filled HrGOTA composite. The calculation of the thermal
conductivity is discussed in detail in the Supporting Information.

2.5. Solar—Thermal Conversion and Storage Efficiency
Measurement. The HrGOTA-based PCCs filled with 1-octadecanol
and 1l-octadecanol/ MWCNT were suspended by Kapton tape
perpendicularly in front of a 1 cm?® collimated beam of a Newport
94041A solar simulator in a large vacuum chamber. The irradiance of
the collimated beam is 1.0 sun (1000 W m™2). A Fresnel lens with a
264 cm diameter and 31.8 cm focal length was used to focus the
collimated beam so that an irradiance varying from 1.0 to 4.0 sun
could be obtained at specific distances in front of the lens. Using the
emissivity determination method described by Li et al,” the infrared
emissivity of the HrGOTA-based composites filled with 1-octadecanol
and 1-octadecanol/MWCNT was determined. The emissivity of these
PCCs was inputted into a FILR A65SC infrared camera which was
used to capture infrared videos of the PCCs under solar irradiation
through a viewport in the vacuum chamber, which was pumped down
to 0.1 Torr. The PCC samples with various layers of interconnected
HrGOTs were irradiated. The temperature profiles of these PCC
samples were extracted from the infrared videos to study their solar—
thermal conversion and storage efficiency. The solar—thermal
conversion and storage efficiency of the I-octadecanol/MWCNT-
filled HrGOTA composites with 2 to S layers of HrGOTs was studied
using their temperature profiles at an irradiance of 4.0 sun.

The solar—thermal conversion and storage efficiency (17) can be
calculated by eq 1%

mAH,, mAH,,

ISAz, IS(ATf + Az) (1)

where m, AH,, I, S, At,,, At; and A, stand for the sample weight
under radiation, melting phase change enthalpy, radiation intensity,
radiation area, melting phase transition time, freezing phase transition
time, and recrystallization time, respectively. No latent heat loss from
the PCC samples from convection and conduction is considered, and
the PCC samples are diffusing gray bodies, according to Kirchhoff’s
law of thermal radiation. Therefore

a=c¢ (2)
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Figure 2. (a—f) Digital images of the 1-octadecanol-filled HrGOT composites prepared from HrGOTs with open-end drying times of 1, S, 10, 15,
30, and 60 s. (g) Contact angle measurements of liquid 1-octadecanol on an rGO sheet. (h) Digital image of as-prepared 1-octadecanol/ MWCNT-
filled HrGOTA. (i) Right shift of the XRD patterns of the HrGOTA composites filled with 1-octadecanol and 1-octadecanol/MWCNTSs compared

to 1-octadecanol and 1-octadecanol/MWCNT.

where ¢ is the emissivity and « is the absorptivity of the PCC samples.
Assuming the difference between the amount of energy absorbed and
emitted from the phase change processes is small, and the difference
between the phase change temperatures is also small, from

acT,*Az, = ecﬂ;“(Arf + Az) (3)

where o is the Stefan—Boltzmann constant, T, is the mean
temperature of absorption, and T, is the mean temperature of
emission, it can be deduced that Az, ~ Az + At

3. RESULTS AND DISCUSSION

As a precursor of HrGOTs, HGOTs are first fabricated by
coaxial wet spinning (Figures la—c). During the fabrication of
HGOTs, the draining of the bore coagulation fluid and the
subsequent drying of the coagulated hollow graphene oxide gel
tube are two crucial steps for ensuring a thin cylindrical wall
morphology. Draining the bore coagulation fluid prevents the
wrinkling of the HGOT from overcoagulation and allows the
gel tubes to be horizontally suspended across a ceramic
crucible for drying. During the drying process, the ends of the
gel tubes are sealed. The diameter of the gel tubes decreases
until the air pressure inside the HGOTSs counters the radial
compression force caused by the evaporation of the coagulant
moisture (Figure 1d). The degree of diameter reduction of the
HGOTs depends on the period between the draining of the
bore coagulation fluid and the sealing of the two ends of the
gel tubes, which can be defined as the open-end drying time.
During open-end drying, the radial compression force is
exerted onto the gel tubes without resistance. As a result,
within 60 s, the diameter of HGOT's decreases linearly with the
open-end drying time (Figure S3). To fabricate HrGOTAs, the
precursor HGOTs are laid closely in parallel to each other to
form a first layer. The density of the HGOTs per layer is
around 10 cm™". For adhering adjacent layers of HGOTS, after
draining the bore coagulation fluid, the gel tubes are
moisturized by a quick dip into a mixture of water and

ethanol and laid perpendicularly to the previous layer. The
graphene oxide flakes on the gel tube surface and the portion
of the HGOT surface where they are in contact are partially
dispersed. The formation of hydrogen bonds between the
partially dispersed graphene oxide flakes is therefore facilitated.
When the water and ethanol moisture is dried, the hydrogen
bonding between two layers of HGOTs persists, forming an
interconnected assembly. After the chemical reduction and
thermal annealing of the precursor HGOT assembly,
HrGOTA is obtained (Figure le). The mechanism for
adhering two layers of precursor HGOTs is similar to the
method of wet fusing;4 however, with moisture fusing, only the
outer surfaces of the HGOTSs are moisturized through a quick
dipping in an ethanol and water mixture, resulting in the
reorganization of graphene oxide (GO) sheets at the surface of
the HGOTSs. In contrast to the flattened cross sections of wet-
fused GFs, HGOTSs can maintain their thin cylindrical wall
morphology after fusing at the outer surfaces (Figure 1f).
The 1-octadecanol-filled HrGOTs can be obtained by
vacuum-impregnating HrGOTs with hot liquid 1-octadecanol
(Figure S4). Scanning electron microscopy (SEM) shows that
the solidified 1-octadecanol fills the bore of the original
HrGOT (Figures 2a—f). When the open-end drying time is
short, the cross-sectional area of the HrGOT is relatively
smooth (Figure 2a); therefore, almost no gap is observed
between 1-octadecanol and HrGOT. By comparing Raman
spectra of the 1-octadecanol-filled HrGOT, HrGOT, and 1-
octadecanol (Figure SSa) samples, the 1-octadecanol peaks are
visible but do not obscure the graphitic G and D peaks of the
l-octadecanol-filled HrGOTs. Therefore, it can be further
elaborated that only small amounts of 1-octadecanol adhere to
the outer surfaces of the HrGOTs. The high affinity of 1-
octadecanol to the HrGOT is shown by a small contact angle
of 144 + 0.5° between 1-octadecanol and reduced graphene
oxide sheets (rGO) spin-coated onto a glass slide (Figure 2g).
Also, using the vacuum impregnation technique, the HrGOTs
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Figure 3. (a) Endothermic and exothermic phase change enthalpies of the 1-octadecanol-filled HrGOTs in relation to their graphene weight
percentages. (b) DSC curves of the 1-octadecanol-filled HrGOT under S0 heating—cooling cycles. (c) Endothermic and exothermic phase change
enthalpies of the 1-octadecanol-filled HrGOT as a function of heating—cooling cycles. (d) DSC curves of the 1-octadecanol/MWCNT-filled
HrGOT under 50 heating—cooling cycles. (e) Endothermic and exothermic phase change enthalpies of the 1-octadecanol/MWCNT-filled HrGOT
as a function of heating—cooling cycles. (f) Percentage mass retention of 1-octadecanol, 1-octadecanol/MWCNT, and 1-octadecanol/ MWCNT-

filled HrGOT under hot plate heating within 300 s.

in an HrGOTA can be filled with a mixture of MWCNT's and
1-octadecanol. As will be discussed in detail, the addition of
MWCNTs is beneficial for improving thermal conductivity as
well as light absorption in the MWCNT/1-octadecanol-filled
HrGOTA PCC (Figure 2h). The majority of the MWCNTs
and 1-octadecanol mixture is impregnated into the bores of the
HrGOTs, while a small portion adheres to the outer surface of
the HrGOTA. The contact angle between the mixture of 1-
octadecanol and MWCNT (1-octadecanol/MWCNT) and
rGO sheets is measured to be a very small angle of 3.8 + 0.5°,
indicating even better wetting capability of rGO by 1-
octadecanol/ MWCNT compared to 1l-octadecanol (Figure
S5b). XRD patterns further confirm the successful impregna-
tion of l-octadecanol and 1-octadecanol/ MWCNT in the
HrGOTA. Compared to the XRD patterns of 1-octadecanol
and 1l-octadecanol/MWCNT, the main peaks of the
HrGOTA-based composites’ patterns shift to the right by
0.7° and 1.2° respectively (Figure 2i). According to Debye’s
law, the shift to the right of these peaks indicates a decrease in
the d spacing of the Il-octadecanol crystalline lattice,
corresponding to a lattice contraction.”” At the interface of
rGO and 1-octadecanol molecules, 1-octadecanol conforms in
a herringbone pattern parallel to the inner tube surfaces. In the
HrGOTs, 1-octadecanol molecules are crystallized in a head-
to-head assembly at an angle of 120°,* which is quite different
from that in substrate-free crystallization, where the angle is
145°.** The smaller angle between adjacent l-octadecanol
molecules results in 1-octadecanol crystallized on a graphitic
substrate having a smaller lattice size than free-crystallizing 1-
octadecanol. FT-IR patterns of 1-octadecanol/ MWCNT and
the HrGOTA samples filled by 1-octadecanol and 1-
octadecanol/MWCNT show no extra peaks compared to
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that of 1-octadecanol (Figure SSc), which indicates that no
covalent bonds are formed between MWCNTs and 1-
octadecanol or between HrGOTs and 1-octadecanol mole-
cules.

For carbon-based PCCs, covalent bonds are generally not
desired between the PCM and carbon additives. Their
presence leads to latent heat degradation in which the decrease
in latent heat percentage of the PCCs becomes greater than
their carbon weight percentage. If we define AH,4,; and
AH,,, as the endothermic and exothermic phase change
enthalpies of the PCCs, AH,,4,0 and AH,,, as the
endothermic and exothermic phase change enthalpies of 1-
octadecanol, and f as the weight percentage of 1-octadecanol in
the PCCs, the endothermic and exothermic phase change

efficiencies, 7.y, and 7., can be defined as follows:*
" _ AI_Ienclva,l
endo
AHendo,Of (4)
}’] _ AI_Iexo,l
% AHgoof (5)

Depending on whether the values are smaller than, greater
than, or equal to 1, the endothermic and exothermic phase
change efficiencies can help identify whether the carbon
additives in the PCCs contribute, counteract, or have no effect
on the latent heat storage degradation of 1-octadecanol.
Interestingly, our DSC studies on the I1-octadecanol-filled
HrGOTs show that with 1.66 wt % rGO the 7,4, and 7.y,
values reach 1.13 and 1.10, respectively. Therefore, we can
once more confirm that no covalent bonds exist between the
rGO tube and 1-octadecanol. Furthermore, at low rGO weight
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Figure 4. (a) Infrared images of 1-octadecanol (first column), 1-octadecanol/ MWCNT (second column), 1-octadecanol filled-HrGOTA (third
column), and 1-octadecanol/MWCNT-filled HrGOTA (fourth column) samples heating on a hot plate. (b) Temperature profiles of 1-
octadecanol-filled HrGOTA, 1-octadecanol/MWCNT-filled HrGOTA, 1-octadecanol/MWCNT, and l-octadecanol samples during heating on a
hot plate. (c) Schematic illustration of the macroscale and microscale thermally conductive networks in the 1-octadecanol/ MWCNT-filled
HrGOTA. (d) Through-plane and in-plane thermal conductivities of 1-octadecanol/MWCNT and 1-octadecanol/ MWCNT-filled HrGOTA with
various carbon weight percentages derived from LFA measurements. (e) Comparison of 1-octadecanol/ MWCNT-filled HrGOTA thermal
conductivity enhancement with other carbon-based PCCs in recent literature.

percentages, the rGO tube counteracts the latent heat storage
degradation of l-octadecanol (Figure 3a). The SEM cross-
sectional images (Figures 2a—c) of the l-octadecanol-filled
HrGOTs show that at low graphene weight percentages, the
rGO tube has a smooth inner surface on which 1-octadecanol
can crystallize into contracted lattices. It is deduced that the
extra potential energy needed to facilitate the increase of latent
heat originates from these contracted lattices. As rGO weight
percentages increase, the bore cross-sectional area of the rGO
tube decreases while the inner surface of the rGO tube
becomes increasingly rougher (Figure 2f). These rougher
surfaces do not serve well as substrates for 1-octadecanol
crystallization. The substrate-free crystallization of 1-octadeca-
nol results in larger, noncontracted lattices, with 7,4, and 7.,
values getting closer to 1 (Table S1).

Designing favorable phase change enthalpies and phase
transition temperatures is crucial to the real-life energy storage
applications of PCCs. The degree of supercooling, which is
defined as the difference between the solid-to-liquid and liquid-
to-solid phase transition temperatures, is the main indicator of
latent heat release quality.”> The smaller the degree of
supercooling, the better the latent heat release quality. The
degree of supercooling for the 1-octadecanol-filled HrGOTs
with 1.66 wt % graphene reaches a low of 2.46 °C, which is
much more favorable than the 7.59 °C of 1-octadecanol. As for
the 1-octadecanol/MWCNT-filled HrGOTs, they also main-
tain favorable phase change enthalpies and phase change
transition temperatures. This is confirmed by DSC studies of
the HrGOT-based PCCs filled with 1 wt % MWCNT and 1.68
wt % rGO, which show high endothermal and exothermal

phase change enthalpies of 234.4 and 233.4 J g™/, respectively.
The degree of supercooling reaches a respectable low of 3.24
°C, with 7,44, and 7, values both being 1.02.

Another aspect of evaluating the favorability of PCCs is their
life span. To evaluate the HrGOT-based PCCs life span, DSC
thermal cycling experiments are carried out. After heating and
cooling between 0 and 100 °C for 50 cycles, both the HrGOT-
based PCCs filled by 1l-octadecanol and 1-octadecanol/
MWCNTSs show a high degree of thermal stability, with
virtually no change observable for both endothermic and
exothermic phase change enthalpies (Figures 3b—e). Another
way to study the thermal stability of the PCCs is by directly
heating various samples on a hot plate at 80 °C and measuring
their mass before and after different heating times. After
heating for 300 s, the 1-octadecanol/MWCNT-filled HrGOTA
PCC can retain 96.2% of its preheating mass (Figure 3f). After
heating for 120 min, the I-octadecanol/MWCNT-filled
HrGOTA PCC can still retain 84.4% of its preheating mass
(Figure S6). Compared to 100% mass loss of 1-octadecanol
after 75 s and MWCNT/1-octadecanol after 112 s, the
thermal stability of the 1-octadecanol/MWCNT-filled HrGO-
TA PCC is remarkable and agrees well with the thermal
cycling experiments.

From the hot plate heating experiment, it is concluded that
the thermal stability of the I1-octadecanol/MWCNT-filled
HrGOTA PCCs depends on the structural stabilization effect
of the HrGOTA and its thermal conductive property. The heat
transfer path in the HrGOTA allows thermal energy to
distribute more evenly throughout the PCC; thus, the thermal
conductivity of the PCCs determines the potential power of
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Figure S. (a) UV—vis—NIR characterization of l-octadecanol, l-octadecanol/MWCNT, l-octadecanol-filled HrGOTA, and l-octadecanol/
MWCNT-filled HrGOTA. (b) Infrared emissivity of 1-octadecanol-filled HrGOTA and 1-octadecanol/MWCNT-filled HrGOTA at various
temperatures. (c) Schematic setup of the solar—thermal harvesting experiment of the 1-octadecanol/ MWCNT-filled HrGOTA in a solar simulator.
(d) Temperature profile of 1-octadecanol/ MWCNT-filled HrGOTA with different layers under solar radiation intensity of 4 sun. (e) Temperature
profiles of 1-octadecanol/MWCNT-filled HrGOTA with five layers under solar radiation of various intensities. (f) Comparison of the maximum
solar—thermal energy conversion and storage efficiency of 1-octadecanol/ MWCNT-filled HrGOTA with that of carbon-based PCCs in recent

literature.

their thermal energy storage and release. At 0.16 W m~' K~,*
the thermal conductivity of 1-octadecanol is arguably its main
shortcoming. Therefore, it must be composited with a highly
thermally conductive material to overcome this shortcoming.
The HrGOTs reported in our work serve well for this purpose,
exhibiting a thermal conductivity of up to 578.0 W m™' K.
The high thermal conductivity originates from the improved
graphene flake alignment induced by wet spinning shear stress
and the absence of phonon scattering defects in the presence of
inorganic salts."”” Not only is this a significant improvement to
previously reported works on graphene-based hollow
tubes,”’ ™ but the high thermal conductivity of HrGOTs
also serves as the basis for the high thermal conductivity of
HrGOTA, which consists of layer-by-layer interconnected
HrGOTs.

In HrGOTA-based PCCs, HrGOTA contributes signifi-
cantly as an excellent thermal conductive backbone, allowing
for rapid heat transfer from the energy input area throughout
the entire PCC in both the through-plane and in-plane
directions. Based on LFA, the through-plane and in-plane
thermal conductivities of HrGOTA reach 7.7 and 188.6 W m™"
K, respectively. An intuitive understanding of the high
through-plane thermal conductivity of the HrGOTA-based
composites is achieved by heating the HrGOTA-based
composites filled with 1-octadecanol and 1-octadecanol/
MWCNTs, 1-octadecanol/MWCNT, and 1-octadecanol sam-
ples of the same thickness side by side on a hot plate. From the
infrared images, it can be found that HrGOTA-based
composites have significantly higher through-plane thermal
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conductivity than 1-octadecanol/MWCNT and 1-octadecanol.
The 1-octadecanol/MWCNT-filled HrGOTA sample displays
the highest thermal conductivity (Figures 4a,b). The HrGOTA
forms an interconnected thermally conductive macroscale
network, while the intertangled MWCNTSs act as microscale
thermally conductive networks in the PCC and supplement the
macroscale network (Figure 4c). In-plane and through-plane
LFA measurements of the l-octadecanol/MWCNT-filled
HrGOTA samples with 2.68, 3.24, and 3.64 wt % carbon
further reveal that through-plane and in-plane thermal
conductivities of the 1-octadecanol/MWCNT-filled HrGOTA
PCCs increase as their carbon weight percentages increase. At
3.64 wt % carbon, the through-plane and in-plane thermal
conductivities reach 1.9 and 31.9 W m™" K', respectively
(Figures 4d). Despite having a slightly lower through-plane
thermal conductivity than recently reported graphene-based
PCCs,' 18283350762 (Lo 1.octadecanol/ MWCNT-filled
HrGOTA PCC achieves excellent in-plane thermal con-
ductivity at a much lower 2.68 wt % carbon (Figure 4e).
Lowering the carbon weight percentage is beneficial to the cost
control of the PCC’s fabrication and allows the PCC to store
larger amounts of latent heat with the same total mass.
Meanwhile, unlike most graphene-based PCCs, the 1-
octadecanol/  MWCNT-filled HrGOTA PCC also provides a
record-high in-plane thermal conductivity, allowing for better
thermal energy distribution throughout the entire PCC when
the energy input is uneven on the input surface. This feature is
of particular importance for real-life solar—thermal conversion
situations.
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In solar—thermal conversion applications, a high light
absorptivity (A) is highly desired for PCCs. The 1 wt %
MWCNT's mixed into 1-octadecanol allows for the resulting 1-
octadecanol/MWCNT-filled HrGOTA to obtain a very high
absorptivity (A) and very low reflectivity (R) (A + R = 1, for
nontransparent PCCs) of solar radiation. This is substantiated
by UV—vis—NIR spectroscopy of the 1-octadecanol/
MWCNT-filled HrGOTA sample (Figure Sa), which shows
an absorptivity consistently over 82.9% between the wave-
length range of 300 to 2000 nm, including the majority of
available energy in solar radiation.®> Furthermore, the
absorption spectrum of the 1-octadecanol/MWCNT-filled
HrGOTA closely resembles that of 1-octadecanol/MWCNT.
In comparison, the UV—vis—NIR spectrum of the 1-
octadecanol-filled HrGOTA samples has an absorptivity of
over 54.1%. On the other hand, the absorptivity of 1I-
octadecanol is only around 40% between 300 and 800 nm
and also consistently lower than those of the 1-octadecanol/
MWCNT-filled HrGOTA and 1-octadecanol/MWCNT be-
tween 800 and 2000 nm. Considering that adding 1 wt %
MWCNTs is sufficient in improving the PCC’s thermal
conductivity and light absorption and that adding more
MWCNTs will be detrimental to the latent heat of the PCC,
the 1-octadecanol/MWCNT-filed HrGOTA PCCs with
higher MWCNT weight percentages are not investigated.

The infrared emissivity of the 1-octadecanol/ MWCNT-filled
HrGOTA and the l-octadecanol-filled HrGOTA PCCs is
studied using a setup as shown in Figure S7. The emissivity of
thin layers of the PCCs pasted to the center of a hot plate is
investigated by comparing their infrared images to a piece of
carbon black-coated paper with a known wavelength-
independent infrared emissivity of 0.95. Using this method,
the infrared emissivity of the two PCCs at various measure-
ment temperatures is determined (Figure Sb). The temper-
ature-dependent infrared emissivity is significant for testing the
surface temperature evolution of these two PCCs under solar
irradiation in a solar simulator chamber (Figure 5¢).

The 1-octadecanol/MWCNT-filled HrGOTA PCC samples
with 2 to § layers are subjected to 4 sun of solar radiation for
800 s in a solar simulator chamber under a 0.1 Torr vacuum.
After 800 s, the solar radiation is turned off, and the PCCs are
allowed to cool naturally. Several distinct stages are present in
the heating and cooling curves of the PCCs, where phase
change occurs under simulated solar radiation. In the first
stage, the temperature of the PCCs experiences a rapid
increase. Then, as the 1-octadecanol in the PCCs undergoes a
solid-to-liquid phase transition in a layer-by-layer fashion, a
temperature plateau occurs, with that of thicker samples
maintained for longer times. After the phase transition of the 1-
octadecanol is fully complete, the temperature of the PCCs
resumes a slow increase. The thickness determines the
maximum temperature on the PCCs’ backside. Lower
temperatures are measured on PCCs with more layers. After
800 s, the simulated solar radiation is turned off. The
temperature of the PCCs rapidly decreases until a temperature
plateau occurs again at approximately the same temperature as
the previous plateau. In the rGO tubes, 1-octadecanol
undergoes a liquid-to-solid phase transition. The liquid-to-
solid phase transition plateau stage lasts for a shorter time than
the solid-to-liquid phase transition plateau, which is then
followed by a transient rapid decrease in temperature. At
around 5 °C below the liquid-to-solid phase transition plateau,
a temperature plateau occurs once more for an even shorter

time. This plateau corresponds with 1-octadecanol’s solid-to-
solid phase change, where l-octadecanol transitions from a
rotator Ry, phase to a monoclinic y phase.65

The exothermic phase change enthalpy of the PCCs
corresponds to the total thermal energy released in the
liquid-to-solid and rotator-to-crystalline phase change stages.
Solar—thermal conversion and storage efficiencies quantify the
performance of the PCCs’ capability of converting energy from
solar radiation into heat and storing it as latent heat, which can
be calculated from the heating and cooling curves of the PCCs
using eq 1. For the l-octadecanol/MWCNT-filled HrGOTA
PCC samples with 2 to S layers, under 4 sun (1 sun = 1000 W
m™?) of irradiation, the solar—thermal conversion and storage
efficiencies are 40.1%, 37.9%, 45.2%, and 47.8%, respectively
(Figure 5d). For the PCC with five layers, the sample was also
tested under irradiations of 1, 2, 3, and 4 sun (Figure Se). The
plateau temperature of the five-layered sample linearly
correlates with the radiation intensity. Under 1 and 2 sun,
the plateau temperatures on the backside of the irradiation do
not reach phase change temperature. Under 3 sun, the
irradiation is just sufficient to raise the temperature of the
entire sample over the phase change temperature. Under this
situation, the maximum proportion of the input solar energy is
converted into latent heat. As a result, the solar—thermal
conversion and storage efficiency reaches 81.7%. This
maximum solar—thermal conversion and storage efficiency of
the 1-octadecanol/MWCNT-filled HrGOTA PCC is on par
with the carbon-based PCCs with the highest reported solar—
thermal conversion and storage efficiencies. On the other hand,
the carbon weight percentage of the 1-octadecanol/MWCNT-
filled HrGOTA PCC is about 20.4 to 66.7% less than other
carbon-based PCCs with the highest solar—thermal conversion
and storage efficiencies (Figure 5f),202640,61,62,66=73
Octadecanol and other common PCMs are lighter and cheaper
than various forms of carbon additives in carbon-based organic
PCCs. Moreover, the higher weight percentage of PCM results
in a higher endothermal and exothermal phase change
efficiency in the HrGOTA-based PCC (Table $2).7% As a
result, the low carbon weight percentage of the HrGOTA-
based PCC gives it an extra advantage over its competitors.

4. CONCLUSIONS

In summary, HrGOTSs have been fabricated based on coaxial
wet spinning and assembled into a 3D HrGOTA structure
using moisture fusing. The 1-octadecanol-filled HrGOTA-
based PCCs have excellent phase change properties due to the
interfacial effect of rGO on the packing of 1-octadecanol
lattices. Vacuum impregnated with 1-octadecanol and
MWCNT, HrGOTAs not only serve as a structural stabilizing
encapsulating framework but also provide a thermally
conductive network, allowing HrGOTA-based PCCs to
achieve excellent through-plane and in-plane thermal con-
ductivities at low carbon weight percentages. In addition,
MWCNTs further improve the PCCs’ thermal conductivity
while improving the PCCs’ visible light absorptivity. The high
latent heat, high thermal conductivity, good thermal stability,
and high solar radiation absorptivity of the 1-octadecanol/
MWCNT-filled HrGOTA PCCs make them excellent
materials for solar—thermal energy harvesting and storage.
The maximum solar—thermal energy conversion and storage
efficiency of the PCCs reaches as high as 81.7%, showing great
potential in real-life solar—thermal energy harvesting applica-
tions. Moreover, this paper demonstrates the huge potential of
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hollow graphene-based tube assemblies in serving as highly
thermally conductive and structural stabilizing frameworks in
advanced functional composites.
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