IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Advanced Phase Change Composite by Thermally Annealed Defect-
Free Graphene for Thermal Energy Storage

Guoging Xin," Hongtao Sun,’ Spencer Michael Scott,” Tiankai Yao," Fengyuan Ly, Dali Shao,* Tao Hu,"

Gongkai Wang,T Guang Ran,¥* and Jie Lian"*

"Department of Mechanical, Aerospace and Nuclear Engineering and *Department of Electrical, Computer & Systems Engineering,
Rensselaer Polytechnic Institute, 110 Eighth Street, Troy, New York 12180, United States

§College of Energy, Xiamen University, Xiamen, Fujian 361005, China

© Supporting Information

ABSTRACT: Organic phase change materials (PCMs) have been utilized as latent
heat energy storage and release media for effective thermal management. A major
challenge exists for organic PCMs in which their low thermal conductivity leads to a
slow transient temperature response and reduced heat transfer efficiency. In this
work, 2D thermally annealed defect-free graphene sheets (GSs) can be obtained
upon high temperature annealing in removing defects and oxygen functional
groups. As a result of greatly reduced phonon scattering centers for thermal
transport, the incorporation of ultralight weight and defect free graphene applied as
nanoscale additives into a phase change composite (PCC) drastically improve
thermal conductivity and meanwhile minimize the reduction of heat of fusion. A
high thermal conductivity of the defect-free graphene-PCC can be achieved up to
3.55 W/(m K) at a 10 wt % graphene loading. This represents an enhancement of
over 600% as compared to pristine graphene-PCC without annealing at a
comparable loading, and a 16-fold enhancement than the pure PCM (1-
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octadecanol). The defect-free graphene-PCC displays rapid temperature response and superior heat transfer capability as
compared to the pristine graphene-PCC or pure PCM, enabling transformational thermal energy storage and management.
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1. INTRODUCTION

Organic phase change materials (PCMs) have drawn significant
attention because of their ability to store and release thermal
energy with high storage capacity (heat of fusion at the order of
200 J/g) cycling through liquidation and solidification within a
small temperature range.' > In addition to the high energy
storage capacity, the high chemical and thermal stability, no
subcooling required, and no corrosivity make organic PCMs
promising for latent heat storage and transfer in applications of
effective thermal management of electronic devices, thermal
energy storage, and even as a heat transfer media.' > However,
a major drawback of organic PCMs is their low thermal
conductivity, leading to a slow response to temperature change
and reduced heat transfer efficiency.' > Conventional efforts to
develop advanced PCMs focus primarily on improving the
thermal transfer efficiency using mechanically supporting and
thermally conductive foams or compressed graphite matri-
ces," '% or synthesis of phase change composites (PCCs) by
mixing the PCMs with thermally conductive fillers of various
materials and shapes such as graphite nanoplatelets, expanded
graphite, carbon nanotubes and nanofibers, and dispersing
PCMs into highly thermally conductive porous structures.'' =
However, the use of such solid matrices or the incorporation of
additives that do not undergo a phase change, displace a
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significant portion of the PCM volume, reducing the heat
storage capability.7’11’12’14’18’20_22’26 Inefficiencies in heat trans-
fer also occur across interfaces between adjacent nanofills and
PCM matrix. It is still a challenge in developing advanced
PCMs to achieve simultaneously enhanced thermal transfer and
energy storage capability.

Graphene, a single layer of graphite, has an ideal two-
dimensional structure of carbon hexagons.”’~*° The strong and
anisotropic sp” bonding and the low mass of the carbon atoms
give graphene unique thermal properties.27’29’30 The in-plane
thermal conductivity of graphene at room temperature is
among the highest of any known materials, about 2000—4000
W/ (m K) for freely suspended samples, an order of magnitude
higher than that of copper.27’29’30 The ultrahigh thermal
conductivity makes graphene promising for thermal manage-
ment, behaving as thermally conductive fillers in polymer
composites and graphene paper in heat spreaders.””*>*° Large
scale graphene nanosheets are typically produced by solution
approaches, e.g, the reduction of graphene oxides or direct
exfoliation of graphite for practical applications.zg’sl_33
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Figure 1. Defect-free graphene sheets by high-temperature annealing: (a) Raman spectra of pristine and annealed GSs; (b) XPS spectra of pristine
and annealed GSs; (c, d) TEM image of (c) pristine graphene and (d) GSs annealed at 2200 °C. Insets in ¢ and d show selected area electron

diffraction (SAED) patterns of the GSs.

However, the exceptional thermal properties of high-quality
graphene cannot be realized from GSs prepared by chemical
approaches. The residual functional groups and defects existing
on GSs from chemical processes is inevitable,'*>%3' =3¢ leadm%
to significant degradation of its thermal properties.””*”?
Chemically or thermally reduced GSs and exfoliated GSs
have been used to improve thermal conductivity of different
organic materials such as epoxy, poly(vinyl alcohol), and
poly(vinylidene fluoride).”” > However, a large amount of
low-quality defect GS is required because of its inferior thermal
properties, and thus further degrading the mechanical proper-
ties and latent of heat of the composite.*” >

Previously, high-temperature thermal annealing was pro-
posed as an effective approach to remove defect and produce
high-quality GSs with greatly improved electron mobility;
however, residual oxygen groups and defects still exist from
high-temperature annealed GSs.**™* In this work, thermal
treatment was optimized, enabling high-quality GSs free of
defects and oxygen functional groups. The elimination of
defects and oxygen functional groups on GSs reduces effective
phonon scattering centers and improve their thermal proper-
ties.””*”* The ultrahigh thermal conductivity and ultralight
weight make defect-free GSs ideally as thermally conductive
fillers for PCMs. We fabricate PCM composite with well-
dispersed defect-free GSs displaying a drastically improved
thermal conductivity and minimized reduction of the heat of
fusion. The defect-free graphene PCM composite displays an

over 600% improvement in thermal conductivity as compared
with defective graphene composite and meanwhile maintain the
latent of heat at the order of 200 J/g. Rapid temperature
response and superior heat transfer capability are also
demonstrated for the defect-free graphene/PCM:s as compared
with composites using defective graphene sheets, graphite
nanoplatelets, carbon nanotubes/nanofibers as nanoscale-fillers
previously reported.">~'****! Building up a superfast thermal
transport pathway with ultralight and highly thermally
conductive graphene as nanofillers at a low volume fraction
may enable transformational performance in addressing the key
technological challenge to develop advanced PCMs with
simultaneously enhanced thermal transfer and energy-storage
capabilities.

2. EXPERIMENTAL SECTION

Graphene Synthesis. GSs were fabricated by thermal exfoliation
and reduction of the graphite oxide (GO) prepared from graphite
power following the Hummers’ method, as described elsewhere,'*"*>
Graphite powder (5 g) was added to a mixture containing
concentrated H,SO, (115 mL) and NaNO; (2.5 g) in an ice bath
(0 °C). KMnO, (1S g) was then added carefully to the solution and
maintained for 30 min at 35 °C followed by the slow addition of DI
water (230 mL). The temperature of the reaction was maintained at 98
°C for 15 min. After that, additional deionized water (355 mlL)
containing H,0, (3 wt %, S mL) was added. The solid obtained from
centrifugation (3200 rpm, S min) was washed with excess deionized
water, 20 vol % HCI, and ethanol. The washing process was repeated
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Figure 2. SEM images showing morphology of graphene-phase change composites at a graphene loading of 10 wt %: (a) pristine graphene/PCC
(PGPCC) at low magnification; (b) a close-up image from the square in a; (c) annealed graphene/PCC (AGPCC) at low magnification; and (d) a

close-up image from the square in c.

several times until the pH of the solution reached neutral. The final
yellow brown GO powders were dried under a vacuum at 40 °C for 12
h.

Thermal exfoliation of GO was achieved by placing the GO powder
(200 mg) in a 20 mm inner-diameter, 1 m long quartz tube that was
sealed at one end. The other end of the quartz tube was closed using a
rubber stopper. An argon inlet was then inserted through the rubber
stopper. The sample was flushed with argon for 10 min, and the quartz
tube was quickly inserted into a tube furnace (Thermolyne 79300,
Thermo Fisher Scientific Inc.,, USA) preheated to 1050 °C and held in
the furnace for 30 s. Rapid heating (>2000 °C/min) splits the GO into
bulk quantities of few-layered GSs. The mechanism of exfoliation is
mainly the production and expansion of H,O and CO, evolved
between the graphene sheets during rapid heating. The pressure
generated from evolved gases that cause rapid expansion exceeds the
van der Waals forces holding GO sheets together to get a successful
exfoliation.

Annealing GS at High Temperature. GSs obtained from
thermal exfoliation were annealed by using an electrical furnace.
Typically, thermal exfoliated GS (1 g) was put in a graphite crucible
with lid covered and heated up from room temperature to various
temperatures (1600, 1800, 2000, 2200, 2500, and 2850 °C) at a rate of
1000 °C/h and kept at this temperature for 30 min in a flow of argon.

PCC Synthesis. 1-octadecanol was chosen as matrix for the PCCs.
First, the 1-octadecanol was melted on hot plate at 120 °C and
methanol was added to dissolve 1-octadecanol. Separately, pristine
GSs and GSs annealed at 2200 °C were dispersed in the methanol with
a tip (bar type) sonication instrument at 400 W for 15 min. The 1-
octadecanol solution was then mixed with the graphene dispersions
and was sonicated for another ~15 min. The mixture of graphene and
1-octadecanol in methanol were stirred and heated to ~150 °C to
evaporate the remaining methanol. The nanocomposite in liquid phase
was then poured into preheated stainless steel molds of cylindrical
shape, 1-2 mm thick and ~12.70 mm in diameter, and was left at
room temperature to solidify for ~20 min. The resulting composite
was affixed to a sample holder, cut to different thicknesses, and
polished on a sand paper pad.

Characterization. Thermal conductivity measurements were
conducted with a Netzsch LFA 447 NanoFlash instrument. TEM
was performed on a JEOL 2010 with a 200 keV accelerated electron
beam. Carbon-coated or holey carbon coated copper grids were used
in the imaging experiments. The morphology and microstructure of
materials were determined by a field-emission SEM on a JEOL (JSM-
6335). X-ray photoelectron spectroscopy (XPS) was carried out on a
PHI 5000 Versa Probe system. Raman study of GPs was performed
with a LabRAM HR800 Raman microscope using a 532.18 nm green
laser as the probing light source and 600 g mm™' grating. The
scattered light was collected in the backscattering geometry using a
CCD detector. A FLIR A325sc infrared camera was used to record the
heat transfer on PCM composite disks. The phase change enthalpy of
graphene-PCM composite was measured via differential scanning
calorimeter (DSC, TA Instruments Q100). The surface area was
measured using a Micromeritics ASAP2000 instrument.

3. RESULTS AND DISCUSSION

3.1. Defect-Free GS Preparation. Thermal exfoliation of
graphene oxides prepared by solution apzproaches is an effective
process for large-scale synthesis of GSs.”****'733 In this work,
pristine defective graphene nanosheets were prepared by
thermal exfoliation with an extremely large surface area up to
1200 m*/g as confirmed by the Brunauer—Emmett—Teller
(BET) measurements. Therefore, significant lattice defects and
oxygen functional groups induced by thermal reduction of the
graphene oxides exist, as evidenced by the intense D-band at
near 1350 cm™"' relative to the G band in the Raman spectra
(Figure 1a).**~* High temperature thermal annealing at
various ascending temperatures in vacuum can gradually
remove defects and recover crystallinity of the GSs with
increasing annealing temperatures.**~** The defect removal can
be evidenced by the intensity reduction of the D band,
narrowing of the G band, and recovery of the 2 D band
intensity in the Raman spectra. The defect and oxygen-free and
highly crystalline GSs can be achieved at an optimized
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temperature of 2200 °C, and further increasing in annealing
temperature will not improve the quality of graphene sheets.
For example, at optimized thermal treatment at 2200 °C or
above, defects are com}o)letely removed and no D bands can be
identified (Figure 1a).*9~* XPS spectra indicate the removal of
oxygen functional groups from the GSs upon thermal
annealing, since the O Is peak intensity decreases (gradually
with increasing annealing temperature (Figure 1b).*~** The
removal of oxygen functional groups can also be observed from
the deconvoluted C 1s XPS spectra from pristine GSs and
annealed GSs (Figure S1). The oxygen species of C—O
(hydroxyl and epoxy) and C=O (carbonyl) groups were
reduced continuously with ascending annealing temperatures.
When annealed above 2000 °C, the oxygen functional groups
have been completely removed, as evidenced by the vanishing
of the O 1s peak as compared with the pristine GSs (Figure 1b)
and the only remaining C=C peak on the deconvoluted C 1s
XPS spectra (Figure S1).40% Bright-field TEM images and
selected area electron diffraction (SAED) (inset in Figures lc
and 1d) further prove the recovery of crystallinity of graphitic
structure for the defect-free graphene sheet upon high
temperature annealing.”®>* A high degree of graphitization of
GSs is achieved during annealing, as evidenced by the discrete
diffraction spots in the SAED ring patterns.”®> Systematic
structural characterizations of the GSs upon thermal treatment
demonstrate that 2200 °C is the optimized temperature for
achieving defect-free and high-quality graphene with superior
properties. As a result, GSs annealed at 2200 °C are applied as
thermal conductive fillers to improve the thermal conductivity
of PCC composites.

3.2. Highly Thermal Conductive PCCs. 1-Octadecanol
(stearyl alcohol), a widely used organic PCM with a low
melting temperature of ~66 °C and an outstanding solid—
liquid phase change enthalpy (~250 J/g), was selected as the
model system for proof-of-concept demonstration of the
defect-free graphene phase change composite. To improve
the thermal conductivity of PCM, a continuous network of
well-dispersed conductive filler is essential, allowing phonons to
travel efficiently inside of PCM through the conductive fillers.
In this work, 1-octadecanol was first melted and dissolved in
methanol, and pristine GSs and 2200 °C annealed GSs were
well dispersed in methanol with different fraction and then
mixed with the 1-octadecanol/methanol solution under ultra-
sonication. After evaporation of the solvent, the PCCs with a
uniform distribution of GSs can be achieved. SEM images
(Figures 2a and 2c) show the morphology and dispersion of the
freeze-fractured surfaces of annealed graphene/PCC (AGPCC)
and pristine graphene/PCC (PGPCC) at a loading of 10 wt %
graphene. High-magnification SEM images of the composites
are also shown in images b and d in Figure 2, respectively. GSs
are covered with a thick layer of 1-octadecanol, without any
segregation found between the GSs and matrix. GSs are
uniformly dispersed throughout the matrix because of the
compatible interface between the GSs and 1-octadecanol,
enabling a three-dimensional network of superfast heat
conduction.

Thermal conductivity of the fabricated graphene/PCM
composites is measured by a “laser flash” technique, and pure
l-octadecanol as a control sample was also measured to
benchmark the improvement of the thermal properties of the
composites. The measured thermal conductivity for the pure
PCM, K = 0.22 W/(m K) at room temperature, is in agreement
with the value reported in a previous literature.* The efficiency

15265

in using highly conductive filler in the graphene-PCCs is
characterized by the thermal conductivity enhancement factor
(TCE), defined as n = (K.—K,,)/K,, where K. and K, are
thermal conductivity of the composite and the pure matrix,
respectively. Panels a and b in Figure 3 show thermal
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Figure 3. Thermal conductivity and thermal conductivity enhance-
ment factor of graphene-PCCs: (a) pristine graphene/PCC (PGPCC)
at various mass loading fraction of GSs; (b) annealed graphene/PCC
(AGPCC) at S wt % loading fraction of GSs with various annealing
temperatures; and (c) annealed graphene/PCC (AGPCC) at various
mass loading fraction of GSs annealed at 2200 °C.

conductivity and TCE as a function of loading faction of GSs
for both pristine graphene/PCC and defect-free graphene/PCC
at room temperature, respectively. Thermal conductivity is
considerably enhanced by the presence of GSs. As the loading
of pristine GSs varying from 1 to 10 wt %, the thermal
conductivity of the pristine graphene/PCC doubles from 0.27
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Table 1. Thermal Conductivity Enhancement in PCM Composites

filler matrix fraction (wt %) K (K,) (W/(mK)) TCE AH (J/g) measurement method ref
pristine GS 1-octadecanol 10 0.55 (0.22) 1.5 199 laser flash this work
annealed GS 1-octadecanol S 1.32 (0.22) S 221 laser flash this work
annealed GS 1-octadecanol 7 221 (0.22) 9.0 210 laser flash this work
annealed GS 1-octadecanol 10 3.55 (0.22) 15.1 195 laser flash this work
graphene 1-octadecanol 4 0.91 (0.38) 1.39 210 steady-state method ref 26
graphene paraffin 10 0.5 (0.25) 1 hot disc thermal constant analyzer  ref 20
graphene nanoplatelets  paraffin S 0.7 (0.263) 1.66 186 transient hot-wire method ref 14
sulfonated graphene polyethylene glycol 1.042 (0.263) 2.96 166 laser flash ref 11
graphene aerogel octadecanoic acid 15 2.635 (0.184) 13.3 181.8 laser flash ref 12
graphite nanoplatelets paraffin S 0.75 (0.26) 1.88 158.9 astm e1530 ref 18
graphite nanoplatelets paraffin 10 2.7 (0.25) 9.8 / hot disc thermal constant analyzer  ref 20
expanded graphite paraffin 10 0.82(0.22) 2.73 178.3 transient hot-wire method ref 10
carbon nanofiber paraffin S 0.305(0.263) 0.29 185 transient hot-wire method ref 14
carbon nanofiber SOy wax 10 0.469(0.324) 0.45 / transient hot-wire method ref 17
carbon nanofiber paraffin 10 0.45(0.32) 0.41 / transient hot-wire method ref 17
carbon nanotube palmitic acid N 0.402(0.318) 0.26 173 hot disc thermal constant analyzer  ref 13
carbon nanotube soy wax 10 0.403(0.324) 0.24 / transient hot-wire method ref 17
short-carbon nanotube  paraffin N 0.324 (0.263) 0.23 178 transient hot-wire method ref 14
long- carbon nanotube  paraffin S 0.309 (0.263) 0.17 177 transient hot-wire method ref 14

to 0.55 W/(m K) (Figure 3a). As compared with the pure 1-
octadecanol, the calculated TCE is 1.5 at 10 wt % pristine
graphene content (Figure 3a). This enhancement can be
attributed to the thermal conductive network of GSs fillers
providing a pathway of lower resistance for phonon transport.
The high aspect ratio and large interfacial contact area of GSs,
as well as strong interface between GSs and the PCM matrix,
may increase the thermal transport capacity of graphene-PCCs.
However, the interface resistance, or so-called the Kapitza
resistance, between organic molecules and GSs caused by the
poor phonon coupling in the vibrational modes between PCM
and GSs interfaces, decreases the overall thermal conductivity
of the PCCs.?® In addition, lattice defects induced by thermal
exfoliation of the graphene oxides and the oxygen functional
groups left on GSs because of the incompletely thermal
reduction reduce the thermal conductivity of GSs significantly
below the ideal value of defect-free graphene.””***°

As the interfacial resistance is inevitable upon the dispersion
of fillers in the matrix and conjugated with a thick layer of 1-
octadecanol, one feasible way to improve the thermal
performance of PCCs is to use defect-free graphene with
improved intrinsic thermal properties as fillers to form highly
conductive networks for rapid heat transfer. Particularly, for
carbonaceous materials, heat conduction is dominated by
phonon transport from lattice vibrations of the covalent sp’
bonding network.””***° High-temperature annealing heals
defects in the lattice structure and removes oxygen functional
groups, and thus reduces the number of effective phonon
scattering centers (Figure 1 and Figure S1 in the Supporting
Information). This can lead to drastic improvements of the
thermal properties of GSs. The thermal conductivities and
TCEs of PCCs with S wt % loading fraction of annealed GSs
from different temperatures are shown in Figure 3b. The
thermal conductivity increases from 0.7 to 1.32 W/(m K) with
increase of the annealing temperature for GSs from 1600 to
2200 °C. Correspondingly, the TCE increases from 2.18 to §,
which is much higher than that of PGPCC (10 wt % loading
fraction with the TCE of 0.6). The increase of thermal
conductivity and TCE with annealing temperature is mainly
due to the continuous removal of oxygen functional groups and

lattice defects on GS. Further increasing in annealing
temperature above 2200 °C for GSs does not improve the
thermal properties of PCCs, as the structure optimization is
completed at 2200 °C for defect-free and high quality GSs. The
thermal conductivities and TCEs of PCCs with different mass
loading fraction of defect-free GSs annealed at 2200 °C have
been measured and a breakthrough enhancement in the
thermal property of PCCs is achieved (Figure 3c). The thermal
conductivity of the PCC increase to 0.32 W/(m K) at an
annealed GSs loading fraction of 1 wt % and monotonically
increases to 3.55 W/(m K) at the loading of 10 wt %. This
represents an over 640% enhancement as compared to the
PCCs with pristine GSs fillers at a comparable loading (10 wt
%) and 15-fold enhancement as compared to pure 1-
octadecanol (Figure 3b). The highest thermal properties ever
reported so far for organic PCM composites (see Table 1) can
be attributed to synergistic effects of removal of functional
groups, elimination of defects on the annealed GSs, and
improved crystallinity upon high thermal annealing at 2200 °C.

The phase change enthalpy is another critical factor to
evaluate high performance PCCs that can be used as a measure
of its thermal energy storage capacity. The heating and freezing
curves obtained with DSC measurements of pure 1-
octadecanol, PGPCC and AGPCC are presented in Figure 4.
It can be seen that pure 1-octadecanol has two phase change
peaks during crystallization due to the existence of a metastable
intermediate solid phase. The first phase change peak occurs at
3531 °C, corresponding to the metastable solid—solid phase
transition of the l-octadecanol. The second peak occurs at
55.21 °C, corresponding to the liquid—metastable solid phase
change. However, during melting the solid - solid and
metastable solid - liquid phase transitions occur very close to
each other (within 1—2 °C). Therefore, only a single melting
peak is visible. These peaks are matched with pure 1-
octadecanol peaks in the previous report.**** Identically, the
PCCs show two crystallization temperatures (T.) and single
melting temperature (T,,) on DSC curves (Figure 4a, b).

In case of PGPCC, the T. decreases and the T, increases
with increasing graphene content, and crystallization and
melting became less exothermic/endothermic, respectively, in
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Figure 4. Differential scanning calorimetry (DSC) and phase change
enthalpy of PCCs as a function of graphene loading: DSC plots of
PCCs for (a) PGPCC and (b) AGPCC; and (c) phase change
enthalpy of PCCs.

the presence of defective GSs.***™* The polar oxygen
functional groups and large surface area of the 2D pristine
GSs have a strong interaction with the matrix molecules,
hindering the rearrangement and diffusion of molecular chains
during crystallization and melting processes and enlarging the
subcooling (T,, — T.).***™* 'In contrast, the shift of
crystallization temperatures of AGPCC is relatively small, and
the melting temperature does not increase until up to 10 wt %
GSs loading. The functional oxygen functional groups have
been removed by high temperature annealing, weakening the

interaction between annealed GSs and matrix. The hindering of
crystallization and melting of AGPCC happens only at a large
loading fraction of GSs (e.g, 10 wt %).”%*™* Unlike the
pristine GSs, the less interaction between annealed graphene
sheets and PCM molecules ensure that melting and solid-
ification proceed in a narrow temperature range. Figure 4c
shows that with the addition of GSs, the phase change enthalpy
of 1-octadecanol decreases. At S wt % GSs loading, the phase
change enthalpy shows a minor reduction to 222—225 J/g. The
phase change enthalpies decrease to 79.6 and 78% in the case of
10 wt % pristine GSs and annealed GSs filler content.
Nevertheless, the phase change enthalpies are still as high as
199 and 195 J/g for PGPCC and AGPCC at 10 wt % GSs
loading, respectively. The decrease is expected given that some
of the PCM volume is now replaced by the GSs that do not
undergo phase change. We did not increase the GSs weight
fraction beyond 10 wt % to avoid further reduction in the
melting enthalpy.

Table 1 summarizes previously reported thermal conductiv-
ities and the calculated TCE values for PCC with various fillers.
The comparison highlights that the measured TCE and thermal
conductivity in the AGPCC are indeed extremely high. In
previous reports on graphene-PCCs, PCCs at comparable
graphene loading fractions delivered a much lower TCE (e.g, at
4—5 wt % loading fraction with a TCE of 1.39—2.96) because
of the low-quality GSs with undesired functional groups and
defects induced from the chemical synthesis and solution
exfoliation processes.”'**** Our AGPCC display a signifi-
cantly enhanced TCE of 5 at a 5 wt % loading fraction. In case
of annealed graphene aerogel, the 3D porous structure
provided a compatible framework for filling with PCM.'?
However, the inadequate annealing process did not allow for a
full recovery the graphene ’s thermal properties. A higher filling
fraction of ~15 wt % loading fraction is required to achieve
TCE 13.3,"* still lower than AGPCC (10 wt % loading fraction
with the TCE of 15.1). These results demonstrate that high
temperature annealing can significantly improve the intrinsic
thermal properties of chemically synthesized GSs and thus the
composites with annealed graphene as nanofillers. Other
carbon materials, such as graphite nanoplatelets, expanded
graphite, carbon nanotubes and nanofibers have also been
widely applied to improve the thermal conductivity of
PCMs.'®!31417:1820 1 the case of graphite nanoplatelets,
loading fraction of 5—10 wt % leads to a TCE of 1.88—9.8.'%*
Ten weight percent loading fraction of expanded graphite leads
a even lower TCE of 2.73." Carbon nanotubes and carbon
nanofibers with a loading fraction of 5 wt % in PCM lead only
to a minor increase in the TCE of 0.17—0.26 and 0.29—0.45,
respectively,">'*'” whereas a comparable adding of ~5—10 wt
% annealed GSs into PCM lead to a much higher TCE up to
5—15.1, meanwhile maintaining a high phase-change enthalpy
(~200]J/g or above), indicating the superiority of annealed GSs
as conductive nanofillers for organic PCMs as compared to
other carbon forms.

3.3. Fast Transient Temperature Response and
Effective Heat Transfer. The defect-free graphene/PCC
shows immense potentials for advanced thermal energy storage
and heat transfer materials due to their exceptional thermal
conductivity. The transient temperature response behavior is
compared among AGPCC (with 10 wt % loading fraction of
2200 °C annealed GSs), PGPCC (with 10 wt % loading
fraction of pristine GSs) and pure 1-octadecanol. Samples were
casted in disks and loaded into cylindrical molds to avoid
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Figure S. Rapid temperature response and effective heat transfer: (a) temperature response of PCCs during heating; (b) infrared camera images of
PCCs at different heating times; (c) temperature response of PCCs during cooling; and (d) infrared camera images of PCCs at different cooling
times. In the infrared images, the left sample is AGPCC, the middle sample is PGPCC, and the right sample is pure PCM. All of the samples have an

identical thickness of 2 mm and diameter of 12.7 mm.

leakage during heating. An infrared camera was used to record
the temperature response during heating and cooling. During
heating, samples in molds were put on an isothermal hot plate
with a constant temperature of 105 °C. As shown in Figure Sa,
temperature increase is much faster in the AGPCC, indicating a
higher rate of thermal diffusion, than PGPCC and pure 1-
octadecanol. When approaching T, phase change occurs and
the surface temperature of PCC remains stable as a flat plateau
shown on heating curve during the phase transition from solid
to liquid. The plateau length represents the time required to
complete the phase change, which is much shorter for AGPCC
(58 s) than those of PGPCC (97 s) and pure 1-octadecanol
(135 s). The high thermal conductivity provides a fast heat
transfer rate, enabling AGPCC to absorb thermal energy more
rapidly during phase change. After phase change, the PCCs
were heated continuously until steady state approached. The
final surface temperature of defect-free graphene/PCC is 101
°C, which is higher than that of PGPCC (94 °C) and pure 1-
octadecanol (80 °C). The high-quality annealed GSs with
complete removal of defects and functional groups induce a
lower thermal resistance for the AGPCC upon the uniform
distribution of highly thermally conductive fillers so that the
temperature gradient inside of AGPCC is smaller than that of
PGPCC and pure l-octadecanol. Temperature rise can also be
directly seen in infrared camera images represented by the color
change from blue to red in Figure Sb. At the initial state, three
samples show a uniform blue color. As time increases, the color
of three samples shows a drastic difference. The surface
temperature of the AGPCC is always higher than others at
different durations, e.g,, at t = 19 s, t = 160 s, and the steady
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state (¢t = 300 s). Because of the high thermal conductivity
contributed by defect-free GSs, AGPCC shows a high thermal
energy absorbing rate during phase transition, highlighting its
potential to be used as cooling material to mitigate overheating
of electronics at the peak power and also a more effective
storage of solar energy when working as phase change materials
for latent energy storage.

After steady state, the PCCs were transferred to a stainless
steel plate to cool down. The cooling curves were recorded as
shown in Figure Sc. At the beginning, the temperature of the
AGPCC (101 °C) was higher than that of PGPCC (97 °C) and
pure PCM (80 °C), attributed to the higher steady-state
temperature during heating due to the high thermal
conductivity. As time increased, the rate of temperature drop
in the AGPCC was much higher than the PGPCC and pure
PCM (Figure Sc). When T, approached, temperature plateaus
show on the cooling curves, representing the phase transition
from liquid to solid. The plateau length is much shorter for
AGPCC (50 s) than that of PGPCC (67 s) and pure 1-
octadecanol (126 s), indicating AGPCC can release the stored
thermal energy at a higher rate during phase change. The
temperature drop can also be directly seen from the infrared
camera images during cooling (Figure 5d). Initially, a large
(~20 °C) temperature difference exists between AGPCC and
pure PCM, represented by the dramatic color difference on the
infrared camera image (Figure Sd, t = 0). After a short time
interval, the surface temperature of AGPCC approaches to that
of pure PCM at a high cooling rate (Figure 5d, t = 13 s). With
increased time, the surface temperature of the AGPCC
continuously decreases at high rate and remains lower than
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Figure 6. (a) Transient temperature response of PCC before and after recycling; (b) DSC plots for PCC before and after recycling.

these of the PGPCC and pure PCM, as shown when ¢ = 101
and 225 s. The faster cooling rate is essential for the AGPCCs
to release stored thermal energy at a rate high enough for
effective thermal management.

3.4. Thermal Recycling Stability. For practical applica-
tions, thermal properties of PCCs must be stable after multiple
melting and solidification cycles. To evaluate the thermal
recycling stability of the composites, transient temperature
responses have been compared for the AGPCC sample (with
10 wt % loading fraction of 2200 °C annealed GSs) before and
after melting-solidification cycles. PCC was melt at 105 °C on a
hot plate and then solidified at 20 °C repeatedly for 50 cycles.
Sample was casted in disk and heated on the isothermal hot
plate with a constant temperature of 105 °C. The temperature
response curves (Figure 6a) recorded by thermal infrared
camera are virtually identical for the sample before and after
recycling. The thermal conductivity has also been checked,
showing a very minor change (less than 2%) for the sample
before and after melting-solidification cycles. Additionally, the
PCC was then checked with DSC for the latent heat storage
capacity (Figure 6b). Compared with 195 J/g for the original
sample, the latent heat of sample was 198 J/g after 50 melting-
solidification cycles. The measurement of transient temperature
response, thermal conductivity and phase change enthalpy
show excellent thermal reversibility of the PCC, even after
operating for 50 cycles. The high thermal stability can be
attributed to the compatible interface between the GSs and 1-
octadecanol and the uniform distribution of GSs in PCM,
preventing the agglomeration of graphene during the phase
transition from solid to liquid.

4. CONCLUSIONS

In conclusion, defect-free graphene sheets are obtained through
high-temperature thermal annealing to eliminate defects and
oxygen functional groups. Used as nanoscale fills, the defect-
free GSs can greatly improve the thermal conductivity of the
organic phase change composite because of the elimination of
effective phonon scattering centers for thermal transport with
only a small reduction in the heat of fusion. A high thermal
conductivity of 3.55 W/(m K) has been achieved for defect-free
graphene/PCCs at a 10 wt % loading, and the phase change
enthalpy maintains at ~200 J/g. This represents an over 600%
enhancement as compared to the PCCs with pristine GSs fillers
at a comparable loading (10 wt %) and 15-fold enhancement as
compared to pure l-octadecanol. The breakthrough enhance-
ment for defect-free graphene PCCs is superior to the state-of-
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the-art of phase change composites with defect graphenes,
graphite nanoplatelets or graphene aerogels, carbon nanotubes,
and carbon nanofibers as fillers in literatures. The highest
thermal conductivity ever reported, rapid temperature response,
effective heat transfer efficiency, and high thermal stability
highlight the immense potential of the defect-free graphene/
organic phase change composites for superior thermal manage-
ment and advanced thermal energy storage systems with
transformational performance.
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