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Although organic phase change materials can reversibly store and release latent heat during their phase

change processes, their weak solar–thermal conversion ability, low thermal conduction, and poor

structural stability seriously hinder their applications for solar–thermal energy conversion as well as

thermal energy utilization. Herein, anisotropic high-quality conical graphene aerogels (HCGAs) with

concentric annular structures are constructed to enhance thermal conduction, solar–thermal energy

conversion, and shape stability of phase change materials for solar–thermal–electric energy conversion

applications. By regulating the orientation of graphene oxide liquid crystals, the resultant graphene

sheets are aligned from the apex to the bottom of the cone, providing efficient heat transfer along the

vertical direction of the phase change composites. An optimal HCGA/tetradecanol phase change

composite with 7.05 wt% of graphene achieves a high through-plane thermal conductivity of 4.54 W

m−1 K−1 with a high latent heat of 206.1 J g−1. Benefiting from the larger solar light-absorption surface

than conventional square/cylindrical phase change composites and the rapid heat transfer of the

anisotropic high-quality graphene conduction network, the conical phase change composite achieves

a high solar–thermal energy conversion and storage efficiency of 84.0%. Furthermore, a solar–thermal–

electric generator is assembled with the conical phase change composite array, exhibiting maximum

output voltages of 261 and 1214 mV under solar light intensities of 100 and 500 mW cm−2, respectively.

Even after the removal of the solar light, the voltage output can still be continued by releasing the stored

thermal energy.
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Introduction

The continual consumption of fossil resources results in
increasingly serious issues of resource shortage and environ-
mental pollution, which can be alleviated by utilizing renewable
and clean solar energy.1 On the basis of solar–thermal energy
conversion, the solar energy can be converted to thermal energy
and then stored in organic phase change materials, including
tetradecanol,2 octadecanol,3 paraffin wax,4–7 and polyethylene
glycols.8–11 Although phase change materials can store and
release large amounts of latent heat by melting and solidi-
fying,12–15 conventional phase change materials have several
drawbacks: (i) weak solar light absorption, and no solar–
thermal energy conversion ability; (ii) low inherent thermal
conductivity, which adversely affects the energy storage and
release rates; and (iii) poor structural stability, which cannot
guarantee the long-term reliability during repeated cycles.16–19

These drawbacks seriously compromise the applications of
This journal is © The Royal Society of Chemistry 2022
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phase change materials for solar energy conversion and
storage.20

The drawbacks of the organic phase change materials can be
solved by compounding with three-dimensional (3D) graphene
aerogels as highly thermally conductive skeletons.21–24 The
continuous thermal conduction pathways of the graphene aer-
ogels can signicantly enhance the thermal conductivity of
phase change materials,25 thereby improving the thermal
energy storage and release rates. Moreover, the black graphene
sheets exhibit high solar light absorption and satisfactory solar–
thermal energy conversion efficiency.26,27 In addition, the
hydrophobic and porous graphene skeleton can adequately
accommodate phase change materials and suppress their
leakage, improving shape stability of the phase change
materials.28–30

The two-dimensional graphene sheets with high thermal
and electrical conductivities31–34 can be aligned anisotropically
to form anisotropic graphene aerogels for enhancing heat
transfer along one specic direction of the phase change
composites.35–39 As an example, Min et al. fabricated an aniso-
tropic aerogel of high-quality graphene by unidirectionally
freezing an aqueous suspension of polyamic acid salt and gra-
phene oxide (GO) sheets to form vertically aligned monolith,
followed by freeze-drying, imidization of polyamic acid salt at
300 �C, and graphitization at 2800 �C. The fabricated graphene
aerogel/paraffin wax phase change composite exhibits a highly
anisotropic thermal conductivity of 8.87 W m−1 K−1 with an
exceptional latent heat retention of �98.7%.14 An et al. reported
a vertically aligned graphene hybrid foam with a concentric
circular structure by hydrothermal reduction of GO in the
presence of high-quality graphene nanoplatelets (GNPs) fol-
lowed by air-drying and graphitization, and its epoxy composite
possesses an ultrahigh through-plane thermal conductivity of
35.5 W m−1 K−1.40 Apparently, anisotropic graphene aerogels
are well suitable for increasing thermal conductivities of phase
change composites along the vertical direction, allowing phase
change composites to have higher energy storage and release
rates for solar–thermal energy conversion and storage, and
enabling the phase change composites to be more homoge-
neous in temperature and phase state during the solar–thermal
energy conversion and storage.

Solar–thermal conversion phase change composites can be
assembled with temperature-difference power-generation-
sheets to form solar–thermal–electric (STE) generators for
realizing solar–thermal–electric energy conversion and
enhancing the solar energy utilization.41–47 Yang et al. assem-
bled a GNP/boron nitride/polyethylene glycol phase change
composite with a power-generation-sheet to obtain a STE
generator with a maximum output voltage of �123 mV under
a simulated solar light irradiation of 400 mW cm−2.48 Cao et al.
used GO-enhanced phase change composites for solar–thermal
energy conversion, and the maximum output voltage of the STE
generator reached 144 mV under a solar light intensity of 200
mW cm−2.49 Liu et al. applied the convex lens to a STE gener-
ator, and the maximum power density could be up to 40.28 W
m−2 under real sunlight irradiation.15 Currently, considerable
This journal is © The Royal Society of Chemistry 2022
efforts are devoted to improving the output voltage and power
density of STE generators.

When graphene aerogel-based phase change composites are
used for solar–thermal–electric conversion, their cylindrical/
square shapes have obvious drawbacks. The lower tempera-
ture of the bottom of a phase change composite than that of its
top surface due to the top-down input of the thermal energy, the
heat dissipation by the large side area of the phase change
composite, and the heat loss during the heat transfer50 would
unfavorably decrease the temperature difference between the
hot and cold source sides of the power-generation-sheets,
causing low output voltages.51

To avoid the drawbacks of conventional cylindrical/square-
shaped phase change composites, we design high-quality
conical graphene aerogels (HCGAs) with concentric annular
structures by controlling the orientation of GO liquid crystals
during the hydrothermal self-assembly of aqueous GO/GNP
suspensions followed by freeze-drying and graphitizing at
2800 �C. Subsequently, the thermally conductive HCGA/
tetradecanol phase change composites are fabricated by com-
pounding HCGAs with molten tetradecanol using a vacuum-
assisted impregnation approach. At an initial GO/GNP mass
ratio of 1 : 2, the HCGA/tetradecanol phase change composite
exhibits a high thermal conductivity of 4.54 W m−1 K−1 at the
graphene content of 7.05 wt%. Beneting from the low gra-
phene loading, the phase change composite achieves a high
phase change enthalpy of 206.1 J g−1 and a high latent heat
retention rate of 94.5%, indicating its excellent energy storage
performance. Because the entire conical surface can be used for
solar light absorption and solar–thermal energy conversion, the
conical phase change composite has an excellent solar–thermal
conversion performance with a solar–thermal conversion and
storage efficiency of 84.0%. By assembling the 3 � 3 array of the
conical phase change composites with a thermoelectric device,
the resultant STE generator under the circumstance of dissi-
pating heat in the air exhibits maximum output voltages of
�261 and�1214 mV under solar light intensities of 100 and 500
mW cm−2, respectively. Even aer the removal of the solar light,
the voltage output can be continued by releasing the stored
thermal energy. Different heat dissipation environments are
adopted to enhance the performances of the STE generator, and
the potential applications of the solar–thermal–electric energy
conversion device are explored.

Experimental
Materials

Pristine natural graphite (100 mesh) and GNPs (99.5%) were
supplied by Huatai Lubricant & Sealing (China) and Shanghai
Chaoqian New Materials Technology, respectively. Sulfuric acid
(98%), potassium permanganate (99.5%), hydrochloric acid
(37%), and hydrogen peroxide (30%) were bought from Beijing
Chemical Reagents (China). Sodium nitrate, polyvinyl pyrroli-
done (PVP, K16-18), potassium hydroxide (KOH, 99.5%), and 1-
tetradecanol were purchased from Aladdin, Aladdin Industrial,
Tianjin Fuchen Chemical Reagents, and Shanghai Macklin
Biochemicals, respectively.
J. Mater. Chem. A, 2022, 10, 22488–22499 | 22489
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Preparation of conical graphene hydrogels and conical high-
quality graphene aerogels

Graphite oxide was synthesized from graphite akes with
a modied Hummers' method.52 12.5 mL of an aqueous
suspension of GO (10 mg mL−1) was obtained by ultra-
sonication of an aqueous suspension of graphite oxide for
10 min. In addition, 0.02 g of PVP was dissolved in 10 mL of
deionized water, and the resultant PVP solution was mixed with
GNPs by ultrasonication for 30 min. Aer the two aqueous
suspensions of GO and GNPs were mixed, 2.5 mL of the 1.32 M
KOH solution was added. The resultant mixture was homoge-
nized for 30 min, and poured into an autoclave with a conical
polytetrauoroethylene negative mold for hydrothermal treat-
ment at 160 �C for 3 h, generating conical reduced graphene
oxide (RGO)/GNP hydrogels. The resulting hydrogels were dia-
lyzed in deionized water for 3 days to remove residual KOH, and
freeze-dried under vacuum at −60 �C for 3 days to obtain
conical graphene aerogels. The conical graphene aerogel with
an initial GO/GNP mass ratio of 1 : 2 was designated as CGA2.
To improve the quality, the conical graphene aerogels were
thermally annealed at 2800 �C under an argon atmosphere for
2 h to form HCGAs. The HCGAs with initial GO/GNPmass ratios
of 1 : 1 and 1 : 2 were designated as HCGA1 and HCGA2,
respectively. For comparison, a cylindrical high-quality gra-
phene aerogel with an initial GO/GNP mass ratio of 1 : 2 was
prepared with the similar methodology without the conical
polytetrauoroethylene negative mold inside the autoclave, and
designated as HGA2. The isotropic HCGA with an initial GO/
GNP mass ratio of 1 : 2 was prepared using the similar meth-
odology without the use of the KOH in the aqueous GO/GNP
suspension and designated as iHCGA2.
Fabrication of thermally conductive phase change composites

Tetradecanol phase change composites were fabricated by
a vacuum-assisted inltration process. Graphene-based aero-
gels were impregnated in molten tetradecanol under vacuum at
80 �C for 12 h, cooled to ambient temperature under a natural
environment, and trimmed off the excess tetradecanol,
obtaining HCGA1/tetradecanol, HCGA2/tetradecanol, CGA2/
tetradecanol, HGA2/tetradecanol, and iHCGA2/tetradecanol
composites.
Solar–thermal energy conversion measurements

CEL-HXUV300 Xe lamp equipped with a standard AM1.5 G
optical lter was applied as a simulated solar light source,
whose light intensity was calibrated by a CEL-NP2000 optical
power meter. The as-prepared phase change composites were
exposed to simulated sunlight with a solar light intensity of 100
mW cm−2 (1 sun). To characterize the temperature changes of
the phase change composites with time during solar–thermal
conversion and cooling processes, two thermocouples (Node 1
and Node 2) were inserted into the top and bottom of phase
change composites, respectively. The temperatures were recor-
ded every 10 s by an Onset HOBO data logging system. Infrared
images were taken with a FLIR E40 infrared camera to visually
22490 | J. Mater. Chem. A, 2022, 10, 22488–22499
reect the temperature changes during the solar–thermal
conversion process.
Solar–thermal–electric energy conversion measurements

The STE generator was assembled by using HCGA2/tetradecanol
phase change composites, a Xinquan Electronic TGM-263-1.4–
1.8 temperature-difference power-generation-sheet, and heat
dissipation aluminum ns. The bottom of the 3 � 3 array of
phase change composites was bonded to the hot source side of
the power-generation-sheet with a QM850 thermally conductive
silver silicone grease. The cold source side of the power-
generation-sheet was bonded to the heat dissipation
aluminum ns with the silver silicone grease. The aluminum
ns were placed in the air. The water with an initial temperature
of 20 �C, and the ice/water mixture were also used to create
different heat dissipation environments. To characterize the
temperature changes of the phase change composites during
the solar–thermal–electric conversion and the cooling process,
a thermocouple was inserted into the sample from the top to
record the temperatures every 10 s by a data logging system. The
output voltages and output currents of the STE generator were
measured and recorded by a Fluke 15B+ multimeter and
a Keithley DMM7510 712 digit graphical samplingmultimeter. To
visualize the output power, the STE generator was connected to
an external circuit assembled with light-emitting diodes (LEDs),
breadboards, and wires.
Characterization

The morphologies of aerogels were characterized with a Hitachi
S4700 scanning electron microscope (SEM). X-ray diffraction
(XRD) patterns were obtained with a Rigaku SmartLab SE X-ray
diffractometer at a generator voltage of 40 kV. Ramanmappings
were recorded using a Renishaw inVia Raman microscope at an
excitation wavelength of 633 nm. An area of 40 � 40 mm2 was
automatically scanned with an XY stage using a step size of 1
mm, and the Raman spectra were recorded at every point. The
lateral size and thickness of GO and GNPs were characterized
using a DMFASTSCAN2-SYS atomic force microscope. Thermal
diffusivities of tetradecanol and its phase change composites
were measured on a Netzsch LFA467 light ash apparatus at
25 �C. Densities of tetradecanol and its phase change compos-
ites were measured using a Mettler Toledo electronic balance
with a density determination kit 33 360. Specic heat capacities
and latent heats of tetradecanol and its phase change
composites were measured with a TA Q20 differential scanning
calorimeter (DSC) at a scanning rate of 10 �C min−1 in
a nitrogen atmosphere. Thermal conductivities of tetradecanol
and its phase change composites were calculated with the
equation of K ¼ a � r � Cp, where a is the thermal diffusivity, r
is the density, and Cp is the specic heat capacity. Thermogra-
vimetric analysis (TGA) curves were obtained with a TA Q50
thermogravimetric analyzer at a heating rate of 10 �C min−1 in
a nitrogen atmosphere. The diffuse reection and transmission
of tetradecanol and its phase change composites were
measured by a Shimadzu UV-3600i Plus spectrophotometer.
This journal is © The Royal Society of Chemistry 2022
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Results and discussion
Construction and microstructures of graphene-based conical
aerogels and their thermally conductive phase change
composites

Fig. 1 illustrates the preparation process of the GO-derived
HCGA skeleton and its thermally conductive tetradecanol
phase change composite. The GO sheets with a large lateral size
of �70 mm and thickness of �2.5 nm (Fig. S1†) are synthesized
by oxidizing graphite akes with a modied Hummers'
method.52 Commercially available GNPs are �20 mm in lateral
size and �3.5 nm in thickness (Fig. S2†). Aer adding KOH, the
mixture of the GO and GNP suspensions is homogenized and
poured into an autoclave equipped with a mold for hydro-
thermal reduction to generate a conical RGO/GNP hydrogel. The
HCGA is generated by freeze-drying the RGO/GNP hydrogel
followed by graphitization at 2800 �C under an inert atmo-
sphere. Thermally conductive HCGA/tetradecanol phase change
composites are obtained by vacuum-assisted inltration of the
HCGA skeletons with tetradecanol melt.

To prepare a conical hydrogel with anisotropically aligned
RGO sheets, the large GO sheets used in the aqueous GO/GNP/
KOH suspension with a GO concentration of 5 mg mL−1 can
form GO liquid crystals, resulting in the anisotropic arrange-
ment of GO sheets.53 The presence of KOH could bring about
electrostatic repulsion between GO sheets, and the mutual
exclusion between the GO sheets allows them to align along the
inner surface of the mold,54 forming the conical structure with
concentric annular orientation in the horizontal direction, and
the GO sheets are arranged from the apex to the bottom of the
cone along the vertical direction (Fig. 1). During the hydro-
thermal process, the GO sheets are partially reduced to RGO
Fig. 1 Schematic illustrating the fabrication process of conical HCGA
composite.

This journal is © The Royal Society of Chemistry 2022
sheets, and the restored p–p conjugation interactions of RGO
sheets enable them to assemble into a 3D network,55,56 and the
dispersed GNP sheets have to be distributed inside the RGO
skeleton.40

Fig. 2a and b show digital photographs of HCGA2 skeleton
and HCGA2/tetradecanol phase change composite. Both
HCGA2 and its tetradecanol phase change composite are in
black color, benecial for effective solar light absorption. SEM
images (Fig. 2c–f) conrm the concentric annular conical
aerogel microstructure of HCGA2. The graphene walls in the
HCGA2 tend to orientate concentrically and annularly in the
horizontal direction with a layer spacing of �10 mm, and the
GNPs are uniformly distributed in the skeleton (Fig. 2c and d),
while the HCGA2 exhibits the alignment of the graphene
sheets from the apex to the bottom of the cone in the vertical
direction (Fig. 2e and f). In addition, the low magnication
SEM images clearly show the concentric circular arrangement
of the graphene sheets in the horizontal direction (Fig. S3†). It
is also seen that the graphene walls are not separate but
bridged by graphene sheets, demonstrating the formation of
3D interconnecting graphene networks, which facilitates heat
transfer in both vertical and horizontal directions. Digital
photographs of the cross-section of HCGA2 also demonstrate
the concentric circular orientation trend of the graphene
sheets in the horizontal direction, and its side-section photo-
graph conrms the orientation in the vertical direction
(Fig. S4a–c†). In addition, the bottom photograph of the
HCGA2/tetradecanol shows the concentric circular orientation
of the graphene sheets inside the phase change composite
(Fig. S4d†).

To monitor the evolution of graphene quality during the
fabrication process, Fig. 3 shows Raman mapping images of
skeleton and its thermally conductive tetradecanol phase change

J. Mater. Chem. A, 2022, 10, 22488–22499 | 22491
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Fig. 3 Ramanmappings of (a) GO, (b) RGO, (c) GNP, (d) CGA2, and (e) HCGA2. The blue, green, and red colors correspond to their ID/IG values of
0, �0.6, and �1.25, respectively. (f) Average ID/IG histograms of GO, RGO, GNP, CGA2 and HCGA2.

Fig. 2 Digital photographs of (a) HCGA2 and (b) HCGA2/tetradecanol phase change composite. SEM images of (c, d) cross-section and (e, f)
side-section of the conical HCGA2.
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GO, RGO, GNP, CGA2 and HCGA2. As shown in Fig. 3a–e, the
color of the area close to blue indicates a low intensity ratio of D
and G bands (ID/IG) and a low defect density of sheets, while the
color close to red implies a high ID/IG value and a high defect
density. The colors of the Raman mappings of GO and GNP are
uniform (Fig. 3a and c), demonstrating the stable quality of the
rawmaterials. In particular, the Ramanmapping of GNP is dark
blue, reecting its excellent quality.
22492 | J. Mater. Chem. A, 2022, 10, 22488–22499
The comparison of Fig. 3b with Fig. 3a reveals the increase in
the defect density aer hydrothermal treatment of GO due to the
removal of oxygen-containing functional groups on GO.57 The
uneven color of the Raman mapping of CGA2 (Fig. 3d) derives
from the presence of RGO and GNP with a signicant difference
in defect density. Aer graphitizing at 2800 �C in an inert atmo-
sphere, in contrast, the Raman mapping of HCGA2 exhibits
uniform dark blue (Fig. 3e), verifying that the high-temperature
This journal is © The Royal Society of Chemistry 2022
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thermal annealing can heal the defects of the RGO and hence
improve the quality of graphene in the aerogel.58 Fig. 3f enumer-
ates the average ID/IG values of the Ramanmapping regions of GO,
RGO, GNP, CGA2 and HCGA2. The ID/IG values of GO, RGO and
CGA2 are in a high range, indicating thatmore defects exist on the
graphene sheets without the high-temperature annealing treat-
ment, which would cause serious phonon scattering at the defect
regions and result in heat loss.59 On the contrast, HCGA2 exhibits
an extremely low ID/IG value, which is the reection of its high
quality of graphene sheets and implies the greatly enhanced heat
conduction of the HCGA2 skeleton.

Fig. 4a manifests XRD patterns of GO, GNP, CGA2, and
HCGA2. The GO exhibits a typical diffraction peak at �12�,
reecting its layer spacing of �0.74 nm,60 much larger than that
of pristine graphite of 0.34 nm, because of the oxygen-containing
functional groups on the lamellae of GO; whereas, the GNP
shows a sharp peak at 26.4�, corresponding to a layer spacing of
0.34 nm. The disappearance of the typical diffraction peak of GO
and the appearance of a sharp peak at 26.4� in the XRD patterns
of CGA2 and HCGA2 demonstrate that the hydrothermal treat-
ment and the high-temperature graphitization can sufficiently
remove the oxygen-containing groups of GO sheets.61
Thermally conductive and thermophysical properties of phase
change composites

Fig. 4b shows the thermal conductivities of tetradecanol and
graphene aerogel/tetradecanol composites. The through-plane
Fig. 4 (a) XRD patterns of GO, GNP, CGA2, and HCGA2. (b) Therma
composites. (c) TGA curves of HCGA1/tetradecanol, and HCGA2/tetrad
decanol, HCGA1/tetradecanol, and HCGA2/tetradecanol composites. (f)
the phase change composite with those reported in the literature.

This journal is © The Royal Society of Chemistry 2022
thermal conductivities of the HCGA/tetradecanol composites
increase with the GNP contents. The HCGA2/tetradecanol phase
change composite exhibits a high thermal conductivity of
4.54 W m−1 K−1, which is enhanced by 1193% as compared to
that of tetradecanol (0.38 W m−1 K−1). The excellent through-
plane thermal conductivity of the HCGA/tetradecanol
composite can be attributed to four aspects: (i) the inter-
connecting 3D graphene network reduces the interfaces
between the graphene sheets and the tetradecanol for mini-
mizing heat loss at the interfaces, and facilitates the heat
transfer to the entire phase change composite;62 (ii) the intro-
duction of GNPs densies the thermally conductive network
and provides more thermal conduction pathways for rapid heat
transfer inside the phase change composite;63,64 (iii) the
arrangement of the graphene sheets in the vertical direction
provides efficient thermal conduction pathways for heat trans-
fer from the top to the bottom of the HCGA/tetradecanol
composite;65 and (iv) the greatly enhanced graphene quality by
the graphitization prevents phonon scattering and promotes
the heat transfer on the graphene sheets.66

To conrm the inuence of the anisotropic structure of the
aerogels on the through-plane thermal conductivity, the
iHCGA2/tetradecanol phase change composite with a random
arrangement of graphene sheets is fabricated for comparison,
and its thermal conductivity is 3.76 W m−1 K−1, lower than that
of the HCGA2/tetradecanol counterpart, indicating that the
orientation of the graphene sheets in the vertical direction is
positive for the enhancement in through-plane thermal
l conductivities of tetradecanol and graphene aerogel/tetradecanol
ecanol composites. (d) Heating and (e) cooling DSC curves of tetra-
Comparison of thermal conductivity and latent heat retention rate of

J. Mater. Chem. A, 2022, 10, 22488–22499 | 22493
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conductivity of the phase change composite. In addition, the
positive contribution of the graphitization is well reected by
the fact that the thermal conductivity of the HCGA2/
tetradecanol is 3.65-fold of the CGA2/tetradecanol in the
absence of the graphitization. The TGA analysis reveals that the
total graphene/GNP content in the graphene aerogel/
tetradecanol composites increases with the GNP content. The
loading of graphene/GNP in the HCGA2/tetradecanol is
�7.05 wt% (Fig. 4c), which is still at a low loading level.41,48,67,68

Fig. 4d and e show DSC curves of tetradecanol, HCGA1/
tetradecanol, and HCGA2/tetradecanol. The comparison of
these curves indicates that the peak shapes and peak positions
of the graphene aerogel/tetradecanol composites are almost
identical to those of the tetradecanol during the heating and
cooling processes, demonstrating that no chemical reaction
occurs between the graphene aerogel and tetradecanol during
the compounding process.69 Notably, there are two obvious
exothermic peaks during the cooling of tetradecanol and gra-
phene aerogel/tetradecanol phase change composites, repre-
senting the liquid–solid transition and the solid–solid
transition.70 Table S1† lists the melting temperature (Tm),
melting enthalpy (DHm), crystallization temperature (Tc), and
crystallization enthalpy (DHc) of tetradecanol and its phase
change composites. HCGA2/tetradecanol has a Tm of 35.8 �C,
which is very close to that of tetradecanol (35.6 �C), indicating
that the introduction of HCGA2 hardly affects the phase tran-
sition behaviour of tetradecanol.71 On the basis of the DHm of
tetradecanol (218.0 J g−1), the DHm of HCGA2/tetradecanol is
calculated to be 206.1 J g−1 with a high latent heat retention rate
of 94.5%, which is ascribed to the low graphene/GNP loading in
the HCGA2/tetradecanol. Moreover, the DSC curves of the
HCGA2/tetradecanol aer 50 and 100 heating–cooling cycles
almost coincide with the rst cycle (Fig. S5†), indicating that the
phase change composite possesses excellent cyclic stability in
terms of thermophysical properties and high reliability in long-
cycle operation.

As the introduction of graphene could cause the decrease in
phase change enthalpy of the phase change materials, the high
graphene loading would compromise the energy storage
capacity of the phase change composite.13 By promoting the
quality of graphene and controlling the graphene loading at
a low level, the HCGA2/tetradecanol has an excellent thermal
conductivity while retaining a high phase change enthalpy of
the tetradecanol matrix. Fig. 4f shows the thermal conductivi-
ties and latent heat retention rates of phase change composites
reported in recent years.8,15,27,30,41,67,71–74 Apparently, the HCGA2/
tetradecanol possesses a relatively high thermal conductivity
and an outstanding latent heat retention rate, which is well
suitable for solar–thermal energy conversion and thermal
energy storage.
Solar–thermal energy conversion behavior of the phase
change composites

To evaluate the solar–thermal energy conversion behavior of
phase change composites, the temperatures are measured when
the phase change composites are irradiated with simulated
22494 | J. Mater. Chem. A, 2022, 10, 22488–22499
sunlight. Fig. 5a and d illustrate the measurement of solar–
thermal energy conversion performances of the phase change
composites, which are exposed to the simulated sunlight with
an intensity of 100 mW cm−2. Two thermocouples (Node 1, and
Node 2) are inserted into the top and bottom of the samples to
measure the top temperature (Tt) and the bottom temperature
(Tb) of the samples. Fig. 5b shows the temperature–time curves
of the HCGA2/tetradecanol. At the beginning of the solar light
exposure (Stage a), the temperature of the HCGA2/tetradecanol
rises rapidly, demonstrating its excellent light responsiveness,
and the Tb is slightly higher than the Tt at this stage. In the
melting process (Stage b), the temperature of the HCGA2/
tetradecanol tends to be stable. The tetradecanol is converted
from solid to liquid, and the heat generated by the solar–
thermal energy conversion is mainly stored as the latent heat of
the tetradecanol instead of the sensible heat reected in the
temperature increase. Simultaneously, the gap between Tb and
Tt increases as the phase change proceeds, and the temperature
difference reaches �0.6 �C. Aer the phase change is complete,
the temperature of the HCGA2/tetradecanol continues to rise
rapidly (Stage c) until the equilibrium of heat exchange with the
environment (Stage d), at which Tb is still higher than Tt with
a temperature difference of �0.9 �C, and the temperature of the
HCGA2/tetradecanol reaches �60 �C. At Stage e, as the light is
removed, the temperature drops dramatically due to the
absence of the light energy input. A solidication platform
(Stage f) occurs when the temperature drops to the liquid–solid
phase transition temperature. Aer a continued temperature
decrease in Stage g, the second phase change platform (Stage h)
appears. The two phase-transition platforms in the cooling
stages correspond to the two exothermic peaks of the HCGA2/
tetradecanol (Fig. 4e). Finally, the temperature drops to the
ambient temperature (Stage i). Almost during the whole process
of the solar–thermal energy conversion, the Tb of the HCGA2/
tetradecanol is higher than its Tt, which is because the conical
shape enables the external surface of the lower part of the
sample to have a large solar light-absorbing area (Fig. S6†).
Meanwhile, the temperature difference is maintained at a low
absolute value, which indicates that the thermal conductivity of
the HCGA2/tetradecanol can fully meet the requirement for its
solar–thermal conversion application. The heating process of
the HCGA2/tetradecanol under the solar light irradiation
intensity of 100 mW cm−2 can be observed visually by the
infrared photographs (Fig. 5c). The solar–thermal conversion
performances demonstrate that the HCGA2/tetradecanol can
overcome the problem that the Tb of a conventional phase
change composite is much lower than the Tt because a conven-
tional phase change composite usually has a low thermal
conductivity and only its upper surface can be exposed to the
solar light, which also cause inhomogeneous phase state of the
phase change composite and the inability of the bottom of the
material to complete the phase change, and thus hindering the
ability of the solar–thermal conversion phase change composite
to store and utilize heat.75

Besides, the higher temperature of the bottom of the HCGA2/
tetradecanol that contacts the hot side of the power-generation-
sheet is favorable for improving the output voltage of the STE
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Schematics of the solar–thermal conversion characterization of (a) HCGA2/tetradecanol and (d) HGA2/tetradecanol. Temperature–time
curves of the bottom and top of (b) HCGA2/tetradecanol and (e) HGA2/tetradecanol under a solarlight intensity of 100 mW cm−2. (c) Infrared
photographs of HCGA2/tetradecanol during the solar–thermal conversion process under a light intensity of 100 mW cm−2. (f) Absorbance
spectra of HCGA2/tetradecanol and tetradecanol.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
5 

O
ct

ob
er

 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
/1

1/
20

26
 1

1:
49

:1
5 

A
M

. 
View Article Online
generator.76 The solar–thermal conversion and thermal energy
storage efficiency (l) of a phase change composite is calculated
by the equation: l ¼ (m � DH + m � Cp � DT)/(P � A � t), where
m, DH, and Cp are the mass, melting enthalpy, and specic heat
capacity of the phase change composite, respectively. DT is the
temperature increase during the melting process, P is the solar
light intensity, A is the projected area of the light-receiving
surface, and t is the duration of the melting process. The
beginning and ending positions of the melting process are
determined by a linear tting method (Fig. S7†). As calculated,
the l of the HCGA2/tetradecanol is up to 84.0% under a light
intensity of 100 mW cm−2.

For comparison, the solar–thermal conversion performances
of the cylindrical HGA2/tetradecanol under the same light
intensity (100 mW cm−2) are characterized, and its tempera-
ture–time curves are shown in Fig. 5e. In the irradiation process,
as the lower part of the cylindrical HGA2/tetradecanol cannot
receive the solar light, the heat can only be generated by the
upper surface and transferred to the lower part of the sample,
during which the heat loss occurs inevitably. Different from the
HCGA2/tetradecanol, the HGA2/tetradecanol cannot keep the
lower part at a high temperature. As the smaller effective surface
area of the HGA2/tetradecanol than that of the HCGA2/
tetradecanol, and the inevitable heat dissipation from the side
surface of the HGA2/tetradecanol to the environment, the l of
This journal is © The Royal Society of Chemistry 2022
HGA2/tetradecanol is only 75.2%. The beginning and ending
positions of the melting process are determined by a linear
tting method (Fig. S8†), and the maximum temperature is�49
�C. Clearly, the conical shape endows the HCGA2/tetradecanol
with a better solar–thermal conversion performances. As
a comparison experiment, the temperature of the conical tet-
radecanol is measured under the light intensity of 100 mW
cm−2 (Fig. S9†). The maximum temperature of the tetradecanol
is only�34 �C, and its phase transition cannot occur, leading to
no heat storage. These results conrm that the solar–thermal
conversion of tetradecanol is improved remarkably by the
HCGA2. Fig. 5f compares the light absorbances of the HCGA2/
tetradecanol and tetradecanol in the whole wavelength range
of 250–2500 nm. The absorbance of HCGA2/tetradecanol
remains almost above 85%, much higher than that of tetrade-
canol, indicating the excellent light absorption ability of the
HCGA2/tetradecanol.

Solar–thermal–electric energy conversion performances of
STE generators

Fig. 6a illustrates the assembly of a STE generator, in which the
3 � 3 HCGA2/tetradecanol composite array and the heat dissi-
pation aluminum ns are connected to the hot and cold source
sides of the power-generation-sheet, respectively. The sche-
matic of the components and their connections in the solar–
J. Mater. Chem. A, 2022, 10, 22488–22499 | 22495
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Fig. 6 (a) Schematic of the STE generator and solar–thermal–electric energy conversion characterization. Temperature–time curves of HCGA2/
tetradecanol employed in the STE generator under light intensities of (b) 100 mW cm−2 and (c) 500 mW cm−2 in three heat dissipation envi-
ronments. Voltage-time curves of the STE generator under light intensities of (d) 100 mW cm−2 and (e) 500 mW cm−2 in three heat dissipation
environments. The maximum output voltage, output current, output power and power density histograms of the STE generator under solar light
intensities of (f) 100 mW cm−2 and (g) 500 mW cm−2 in three heat dissipation environments.
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thermal–electric energy conversion measurements is shown in
Fig. S10.† When exposed to the solar light, the temperature of
the HCGA2/tetradecanol rises because of the solar–thermal
energy conversion. In contrast, the temperature of the
aluminum ns is lower, resulting in a temperature difference
between the two sides of the power-generation-sheet and thus
leading to the output voltage of the STE generator. The output
voltage is proportional to the temperature difference.77 To
create different heat dissipation environments, the aluminum
ns can be placed in the air, in the water with an initial
temperature of 20 �C, and in an ice/water mixture.

Fig. 6b shows the temperature–time curves of the phase
change composites under a light intensity of 100 mW cm−2.
When the aluminum ns are placed in the air, under the solar
light irradiation, the temperature of the phase change
composites rises to the phase change temperature, and the
phase transition occurs to achieve the heat storage. The
maximum temperature of the phase change composite is �45
�C because a part of the heat converts to electrical energy, and
a part of the heat transfers to the aluminum ns via the power-
generation-sheet and dissipates to the environment. The red
curve in Fig. 6d is the output voltage–time curve of the STE
generator for dissipating heat in the air under a light intensity
of 100 mW cm−2. In the initial irradiation stage (Stage a), the
temperature of the phase change composites rises rapidly,
resulting in an increase in the temperature difference between
the hot and cold source sides of the power-generation-sheet and
a sharp rise in the output voltage. The temperature of the phase
change composites is almost constant during the phase tran-
sition, but the heat still transfers to the cold side of the power-
generation-sheet, causing the decrease in temperature
22496 | J. Mater. Chem. A, 2022, 10, 22488–22499
difference between the hot and cold sides, and hence the output
voltage tends to drop in Stage b. Aer completing the phase
transition of the phase change composites, the temperature
rises rapidly again, resulting in a sharp increase in output
voltage (Stage c). Subsequently, the device reaches a stable state
of the temperature and the output voltage (Stage d).

Aer stopping the solar light irradiation, the output voltage
of the STE generator drops steeply due to the absence of the
energy input (Stage e). As the temperature of the phase change
composites remains constant aer dropping to the solidica-
tion platform while the aluminum ns are still dissipating heat,
the temperature difference between the hot and cold sides of
the power-generation-sheet still increases, leading to the
increase in output voltage in the absence of solar light (Stage f).
This result demonstrates that the released thermal energy from
the phase change composite can be converted to electrical
energy. Similarly, the second output voltage rise (Stage g) is
achieved by releasing the energy at the second solidication
platform. Finally, the phase change composite is gradually
cooled to room temperature, and the STE generator stops
outputting voltage (Stage h). The voltage–time curves demon-
strate that the STE generator can still output voltage for 2100 s
in the absence of the solar light aer the solar light irradiation
for 2400 s under a light intensity of 100 mW cm−2 when the
aluminum ns are placed in the air. The storage and release
energy capability of the phase change composites is crucial for
endowing the STE generator to output voltage continuously at
the daytime and night. The maximum output voltage can be up
to �261 mV. In the other two heat dissipation environments, as
a large amount of heat is absorbed by the environments, the
temperature of the phase change composite cannot reach the
This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d2ta06457j


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
5 

O
ct

ob
er

 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
/1

1/
20

26
 1

1:
49

:1
5 

A
M

. 
View Article Online
phase change temperature, and the latent heat of the phase
change composite cannot be utilized for heat storing and
releasing, which is reected in the rapid voltage drop aer
stopping the solar light irradiation.

Furthermore, when the STE generator is exposed to a high
light intensity of 500 mW cm−2, the temperatures of the phase
change composite and the output voltages of the STE generator
are measured (Fig. 6c and e). Thanks to the large improvement
in the input energy, the temperature of the phase change
composite can reach the phase change temperature in all three
heat dissipation environments, and the STE generators can still
output the voltage for some time aer stopping the solar light
irradiation. Fig. S11 and S12† manifest the output voltage and
output current curves for all working environments, demon-
strating that the voltage and current have the same trend. Fig. 6f
and g compare the maximum output voltage, output current,
output power, and power density of STE generators in the three
heat dissipation environments under light intensities of 100
and 500 mW cm−2. The highest output voltage of �330 mV is
achieved when the heat dissipation environment is the ice water
at the light intensity of 100 mW cm−2, which is attributed to the
largest temperature difference between the hot and cold sides of
the STE generator when the aluminum ns are placed in the ice
water. The output power and power density of the STE generator
under this condition can reach 11.9 mW and 4.20 W m−2,
respectively. When the light intensity increases to 500 mW
cm−2, the phase change composite can receive more solar
energy and convert it to heat energy, resulting in a particularly
high temperature; whereas, the aluminum ns still maintain
a low temperature by dissipating the heat in the water. The
resultant large temperature difference between the hot and cold
sides of the power generator sheet leads to a maximum output
voltage of the STE generator (�1214 mV). The output power of
the STE generator under this working condition can reach 138.8
mW with a power density of 49.08 W m−2. Table S2† manifests
that the maximum output voltage and current of the STE
generators are much higher than those reported at the same
light intensities.47 Even at low light intensities, the maximum
output voltage and current of the STE generators are superior to
the reported performances at high light intensities.41,42,44,47–49

To demonstrate a practical application, the STE generator is
exposed to light with an intensity of 1200mW cm−2, and served as
a power supply for an external circuit, which enables LED bulbs to
emit light (Video S1†), and the measured voltage can be �2.02 V
(Fig. S13†). Actually, the enhanced light intensities can be readily
achieved in practical application scenarios by concentrating solar
beams with convex lenses and concave mirrors.78,79 In addition,
the heat dissipation condition of the ice/water mixture simulates
the use of the STE generator in cold environments (e.g., high-
latitude regions, and high-altitude glacier areas), conrming the
feasibility of the STE generator for solar–thermal–electric energy
conversion in such cold regions.

Conclusions

Anisotropic and conical-shaped high-quality graphene aerogels
with concentric annular structures are constructed by
This journal is © The Royal Society of Chemistry 2022
hydrothermal treatment of the GO/GNP suspensions followed
by freeze-drying and graphitizing at 2800 �C for enhancing
thermal conduction, solar–thermal energy conversion, and
shape stability of the tetradecanol phase change material. By
controlling the orientation of GO liquid crystals during their
self-assembly, the resultant conical aerogels exhibit anisotropic
structures and achieve efficient heat transfer along their vertical
direction. The graphitization at 2800 �C is efficient in removing
the residual oxygen-containing groups from the RGO sheets and
healing the defects of the RGO sheets, leading to high-quality
thermally conductive graphene networks. The HCGA2/
tetradecanol phase change composite exhibits a high thermal
conductivity of 4.54 Wm−1 K−1 with a high latent heat retention
of 94.5%. Under a solar light irradiation of 100 mW cm−2, the
phase change composite achieves a high solar–thermal energy
conversion and storage efficiency of 84.0%. Furthermore, the
STE generator assembled with the 3 � 3 phase change
composite array and a thermoelectric device exhibits
a maximum output voltage of �261 mV when dissipating heat
in the air under a solar light intensity of 100 mW cm−2, and can
still have a voltage output aer stopping the solar light irradi-
ation. Under a solar light intensity of 500 mW cm−2, the
maximum output voltage of the STE generator can be up to
1214mV, demonstrating the great potential of the conical phase
change composite for solar–thermal–electric energy conversion
applications.
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