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The exploitation of shape-stabilized phase change materials with high thermal conductivity and energy
storage capacity is an effective strategy for improving energy efficiency. In this work, sunflower stem
carbon/polyethylene glycol (SS-PEG) and sunflower receptacle carbon/polyethylene glycol (SR-PEG)
shape-stabilized phase change materials, utilizing sunflower stem and receptacle biomass carbon with
high specific surface area and pore volume obtained by carbonization as frameworks and polyethylene
glycol as an energy storage material, were prepared by the vacuum impregnation method. The ability to
load polyethylene glycol into the pore structure of carbon materials in different sunflower parts was
mainly investigated, and the micro-morphology, compositional structure and thermal properties were
characterized and analyzed using SEM, IR spectroscopy, XRD, DSC and TG techniques. The results
showed that the carbonized sunflower stems maintained the sieve pore structure, and the carbonized
sunflower receptacle was a macroporous structure containing a large number of three-dimensional
interconnections. At the same time, the interaction between polyethylene glycol and each carbon
material occurred through physisorption. The melting enthalpies of SS-PEG and SR-PEG shape-stabilized
phase change materials were 153.4 J g~ and 171.5 J g7, respectively, and the loading rates reached
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1. Introduction

With the rapid development of the global society and economy,
energy consumption and environmental pollution from fossil
energy sources such as coal have been increasing.’ To meet
human needs and achieve the goal of energy conservation,
emission reduction, and improvement of environmental
pollution, the future global energy trend is to reduce the use of
disposable traditional energy sources such as coal, oil, and
natural gas, develop new energy sources and promote the
development of renewable energy sources. Thermal energy
storage (TES) technology is an effective strategy to improve
energy utilization, which mainly consists of four types: sensible
heat, latent heat, thermochemical, and sorption heat storage.**
Among the various thermal energy storage methods, latent heat
storage (LHS) based on phase change materials (PCMs) is an
efficient energy storage technology with high energy storage
density within the phase change temperature interval of the
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81.9% and 91.5%, with initial thermal decomposition temperatures (Tsy) of 344 °C and 368 °C.

material, which utilizes the change of physical state of phase
change materials to absorb or release energy and realizes high-
efficiency energy storage.*’

At present, phase change materials with considerable energy
storage density have become a research hotspot in the industry
as energy-saving materials and have been widely used in the
fields of solar energy systems,® the automobile industry,’
astronautics and aeronautics,'® energy-saving buildings," and
intelligent textiles."” These are mainly divided into solid-solid
phase change materials and solid-liquid phase change mate-
rials according to the classification of the phase transition form
of PCMs. Solid-solid phase change materials are primarily
organic materials with good application prospects in thermal
energy storage due to their advantages of no-phase separation,
small volume change, anti-leakage, and excellent mechanical
properties,*>** mainly including polyol phase change materials,
layered chalcogenides and polymers, and their latent heat of
phase transition is smaller than that of solid-liquid phase
change materials while their phase transition temperature is
relatively high. Solid-liquid phase change materials can be
divided into organic phase change materials, inorganic phase
change materials, and eutectic phase change materials
according to their chemical compositions, including paraffin,
fatty acids, alcohols, crystalline hydrated salts, molten salts,
and eutectic hydrated salts, which have been widely used due to
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their sizeable latent heat values, many types and small volume
changes.””" Among them, polyethylene glycol (PEG) is an
organic phase change material with the advantages of non-
toxicity, favorable biocompatibility, and excellent thermal
stability."* However, the fluidity and the susceptibility to leakage
of the liquid phase of polyethylene glycol during the phase
change process and low thermal conductivity limit their appli-
cations.""®* Confining polyethylene glycol to porous-based
supporting materials such as polymers,**** foam metal,***
and porous carbon materials’*** to prepare shape-stabilized
phase change materials is an effective strategy to address the
above drawbacks.

Biomass porous carbon materials have attracted widespread
attention and are widely used in many fields, such as energy
storage,*>?® supercapacitors,”*® wastewater treatment,*** and
electromagnetic shielding,*"** because of their vast source, low
cost, and renewability, and are synthesized from biomass
through thermochemical degradation processes such as gasifi-
cation, hydrothermal carbonization, and high-temperature
pyrolysis under anoxic or micro-oxygen conditions.** Biomass
is a plant resource composed of organic carbon,* which
primarily includes agricultural by-products such as straw, rice
husk, corn kernel, fruit shells, and bamboo wood, and its
chemical composition is mainly cellulose, hemicellulose and
lignin, some of which contain a small amount of silica.*®
Compared with ordinary carbon materials, biomass porous
carbon materials have apparent advantages: cross-linked three-
dimensional porous skeleton structure, high specific surface
area, strong corrosion and heat resistance, and high thermal
and electrical conductivity. Currently, biomass porous carbon
materials are prepared using carbonization, activation and
template methods. Among them, the direct carbonization
method has the advantages of simple operation and low cost,
which involves thermal decomposition at a high temperature in
an inert gas (N, or He) atmosphere, and the non-carbon
elements and volatile components are removed through
various physical and chemical reactions, resulting in the
formation of porous carbon.*® Wei et al.*” prepared succulent-
based carbon aerogel (SCA) by carbonizing the leaves of
succulent plants and introducing molten paraffin into the SCA
to obtain a shape-stabilized phase change material. The results
showed that the maximum loading of SCA to paraffin was up to
95%, and the melting enthalpy of the composite phase change
material was 130.1 ] g~ ', which was only 1.8% lower than that of
pure paraffin. Ji et al.*® prepared a 3D porous network carbon
aerogel with “soft-rigid” network structures by direct carbon-
ization of pomelo peels as a support matrix loading paraffin wax
to acquire a composite phase change material, which showed
a significant latent heat storage capacity of 159.9 J ¢ ' and
exhibited excellent thermal reliability after 25 frequent heating/
cooling cycles. The composite phase change materials exhibit
ultra-low density, excellent thermal stability, enhanced thermal
and electrical conductivity, shape stability, and leakage
resistance.

Sunflower stems and receptacles have a good pore structure,
which provides a circulation path for the carbonized skeleton

loaded with phase change materials. Here, we utilize
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carbonized sunflower stems and receptacles loaded with poly-
ethylene glycol for the first time with a view to preparing two
shape-stabilized phase change materials. In this paper,
sunflower stem biomass carbon (SSC) and sunflower receptacle
biomass carbon (SRC) with high specific surface area and pore
volume were prepared from sunflower biomass by direct
carbonization, and sunflower stem carbon/polyethylene glycol
and sunflower containing carbon/polyethylene glycol shape-
stabilized phase change materials were prepared from poly-
ethylene glycol loaded into the two biomass porous carbon
materials using vacuum impregnation method. The loading
capacity of the porous structure of the two biomass porous
carbon materials for polyethylene glycol was investigated, and
their thermal storage properties were also explored. Thus, this
work opens up new avenues for efficient energy utilization.

2. Experimental methods

2.1. Materials

Sunflowers were collected from the Sichuan Province of China.
Polyethylene glycol (PEG, Mn = 4000) was provided by Bayer
Co., Ltd (China).

2.2. Preparation of sunflower biomass carbon

The purchased raw materials were washed with deionized water
and placed in a sunny environment at room temperature for
24 h. The excess water was wiped off using paper towels, and
each part of the sunflower (stem, receptacle, leaves, and petal)
was separated appropriately before being placed in a freeze-
drying oven at —70 °C for 4 h and then freeze-dried for 48 h.
The lyophilized and dehydrated sunflower parts were heated up
to 1000 °C under the atmosphere of N, in a tube furnace at 5 ©
C min~ " and pyrolyzed for 3 h at this temperature to obtain SSC,
SRC, sunflower leaf biomass carbon (SLC) and sunflower petal
biomass carbon (SPC), as shown in Fig. 1.

2.3. Preparation of shape-stabilized phase change materials

The PEG was heated to 80 °C in an oven to melt into the liquid
state. Then, two samples, SSC and SRC, were immersed into the
molten PEG under a vacuum of —0.1 MPa for 4 h to allow the
PEG to be adsorbed by the activated charcoal and expel the
internal bubbles. Moreover, the samples were removed and
placed on filter paper at 80 °C, the excess PEG adsorbed on the
surface of the activated charcoal was rolled off until there was
no leakage from the filter paper, and the shape-stabilized phase
change materials were obtained. The flowchart for preparing
shape-stabilized phase change materials is shown in Fig. 1.

2.4. Characterizations

The micro-morphology of samples was investigated by field
emission scanning electron microscopy (SEM, JSM-5900LV,
Japan). The porous structure of SSC and SRC samples was
analyzed using Brunauer-Emmett-Teller (BET, Micromeritics
ASAP2460, American). The graphitization degrees of SSC and
SRC samples were characterized by Raman spectra (inVia
Reflex, American). The chemical structures of samples were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The flowchart for the preparation of shape-stabilized phase change materials.

Fig. 2 SEM images of primary carbon in various parts of sunflower: (a
and b) SSC; (c and d) SRC; (e and f) SLC; (g and h) SPC.

© 2024 The Author(s). Published by the Royal Society of Chemistry

studied by Fourier transform infrared spectroscopy (FT-IR,
Nicolet 50, American) in the infrared wavenumber from 4000
to 400 cm ™', and X-ray diffraction (XRD, Ultima IV, Japan, Cu Ka
radiation at 40 kv and 50 mA). The thermal properties of
samples were analyzed by differential scanning calorimetry
(DSC, TA Q250, American). A 3-5 mg sample was taken and
sealed in an aluminum crucible and placed in the apparatus,
and the sample was heated from 10 °C to 90 °C at a heating rate
of 10 °C min~" and then cooled down from 90 °C to 10 °C at
a cooling rate of 10 °C min~" in a nitrogen atmosphere. In order
to ensure the reliability of data, three specimens were tested for
each sample to obtain an average value. The thermal decom-
position behavior of samples was observed by thermogravi-
metric analysis (TGA, TGA2, Sweden) from 35 to 800 °C at
a heating rate of 10 °C min~" under N, atmosphere. Thermal
conductivity of two shape-stabilized PCMs was conducted by the
thermal constant analyzer (Model 2500-OT, Hot disk, Sweden)
using a Kapton probe with a radius of 2.001 mm. Solar thermal
energy conversion capability was evaluated via an infrared
thermal imager (FTLR T420, American). The shape stability of
the samples was examined by photographing the leakage of the
samples before and after 30 min at 80 °C.

3. Results and discussion

3.1. Structures of SSC and SRC

Fig. 2 shows the SEM images of the raw carbon of each part of
the sunflower. Fig. 2a and b shows the morphology of the pore
structure of the sunflower stem biomass carbon material. It
could be clearly seen that there was a sieve pore structure inside
the SSC, which maintained the pore structure of the raw
material, while the pith of the stem in the central layer was more
easily broken by pressure. The edge of the lignified structure
was relatively more potent and retained some of the original
sieve pore structure after extrusion and crushing. Fig. 2c and
d presented the morphology of the pore structure of the carbon
material of the sunflower receptacle, from which it could be
obviously observed that the SRC also retained the morphology
of the original material, containing a large number of three-
dimensional interconnected macroporous structures, with the
pore size of 10-50 um. Fig. 2e-h show the morphology of the
pore structures of the sunflower leaf biomass carbon and the

RSC Adv, 2024, 14, 24141-24151 | 24143


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03208j

Open Access Article. Published on 02 August 2024. Downloaded on 6/16/2026 1:53:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

(a) 400
] SSC Adsorption

SSC Desorption

350

300
250
200

150

Volume(cmJ g")

100
50

0+

T T
0.4 0.6
Relative Pressure( P/P“)

0.0 0.2

0.8

()

0.7

0.6

0.4
0.3+
0.2

0.1

Pore Volume dV/dD (cm’ g")

0.0

Pore Diameter (nm)

Fig. 3 Nitrogen adsorption/desorption isotherms: (a) SSC and (b) SRC,

sunflower petal biomass carbon materials, respectively. The
pore structure of the SLC material is mainly a three-
dimensional interpenetrating irregular pore structure, and the
pore structure of the SPC material is a unidirectional pore
channel structure. Due to the defects of low yield and fragility of
the SLC and SPC materials, although they also have excellent
pore structures, only SSC and SRC materials were used as the
skeleton support materials when impregnating PEG in the later
stage.

In order to assess the pore structure and adsorption capa-
bility of SSC and SRC, the specific surface area and pore size of
SSC and SRC were analyzed utilizing N, adsorption-desorption
isotherms and DFT desorption pore size distribution, as shown

Table 1 BET surface area and pore volume of SSC and SRC
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and DFT desorption pore size distribution: (c) SSC and (d) SRC.

in Fig. 3 and Table 1. The isotherms of SSC and SRC were both
type IV accompanied by an H4 hysteresis loop according to the
TUPAC classification.* Fig. 3a and b showed that the adsorption
of SSC and SRC increased rapidly in the relatively low-pressure
region, indicating the existence of a strong interaction force
between SSC and nitrogen as well as between SRC and nitrogen,
along with the existence of a microporous structure. In the
higher pressure region (0.5 < P/P, < 0.99), the adsorption of SSC
and SRC again increased steeply due to capillary condensation,
demonstrating the presence of meso/macropores. Combining
Fig. 3 with Table 1, the specific surface area of SSC and SRC was
1016.60 m> ¢ " and 1637.00 m> g~ ', respectively, and the pore
volume of SSC and SRC was 0.51 cm® g~ ' and 1.27 cm® g%,

BET surface area

Total pore volume

Micro pore volume Mean pore size

Samples (m*>g™) (em® g™ (em® g™ (nm)
SSC 1016.60 0.51 233.56 2.01
SRC 1637.00 1.27 376.10 3.10
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Fig. 4 Raman spectra of SSC and SRC.

which was mainly attributed to the fact that water vapor and
carbon dioxide generated from the raw materials can promote
the formation of porous structures at high temperatures.
Moreover, the average pore size of SSC and SRC was 2.01 nm
and 3.10 nm, respectively, showing that SSC and SRC had
a multilevel pore structure and their main structure was mes-
oporous, which contributed to the penetration and loading of
organic PCM into SSC and SRC.

The physical properties of the prepared SSC and SRC were
investigated by Raman spectroscopy, and the Raman spectra are
shown in Fig. 4. The broad peaks at 1348 cm ™" and 1590 cm ™"
corresponded to the D and G bands of carbon, respectively,
where the relative intensity of the D band represented the
degree of defects in the graphite properties, which was known
as disordered graphite.* The G band correlated with the
phonon modes of graphite and the formation of graphitic
carbon and was used to characterize the sp> bond structure of
the carbon material. The graphite properties of the samples
were evaluated using the ratio of the intensity of the G band to
the peak intensity of the D band (Ig/Ip), and the Ig/I, values
calculated here are 1.10 and 1.06, respectively, indicating that
SSC and SRC had high graphitic structures. Meanwhile, the
presence of many structural defects in the two bio-carbon
materials implied that some of the carbon in the samples was
in an amorphous state due to carbonization, and this amor-
phousness contributed to the enhancement of the pore prop-
erties of the carbon materials, which further improved the
adsorption capacity of the organic phase-change materials, and
thus enhanced their suitability as a support framework for
thermal energy storage materials.**

3.2. Structures of shape-stabilized PCMs

Two shape-stabilized phase change materials, SS-PEG and SR-
PEG, were obtained by loading PEG into SSC and SRC support
skeletons through vacuum impregnation, and the morphology
and structure of these two materials are shown in Fig. 5. In
Fig. 5a, it was observed that the polyethylene glycol had been

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 SEM images of shape-stabilized phase change materials: (a) SS-
PEG and (b) SR-PEG; (c) leakage macroscopic morphology of PEG, SS-
PEG and SR-PEG under 80 °C for 30 min; (d) the leakage rate of SS-
PEG and SR-PEG after 100 thermal cycles.

completely filled into the sunflower stem carbon material, which
suggested that the sieve pore structure of the sunflower stem
carbon material facilitated the PEG infiltration and prevented the
leakage of PEG through the physisorption force of the pore
structure of this material. Fig. 5b found that when the sunflower
receptacle carbon material adsorbed polyethylene glycol, the
large pores acted as transportation conduits and mesopores and
micropores on the pore walls acted as physical adsorption sites
to limit the flow of PEG in the liquid state at elevated tempera-
tures. In order to test the shape stabilizing ability of the two
stereotyped phase change materials of SS-PEG and SR-PEG, PEG,
SS-PEG and SR-PEG at a temperature of 20 °C were used as the
comparison samples and heated to 80 °C for 30 min using
a temperature higher than the melting point of PEG, which was
verified by macroscopically observing the dry and wet state of the
filter paper, as shown in Fig. 5c. When the temperature was 20 °©
C, PEG, SS-PEG and SR-PEG were all in a solid state, and after
being heated to 80 °C for 30 min, PEG was transformed from the

RSC Adv, 2024, 14, 24141-24151 | 24145
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and SR-PEG.

solid state to the liquid state, SS-PEG and SR-PEG were still in
solid state and the filter paper did not show any wetting
phenomenon, which implied that SS-PEG and SR-PEG were
macroscopically two kinds of shape-stabilized phase change
materials. To further study the shape stabilization of the mate-
rials, the leakage of the composites was determined by heating
the samples cyclically 100 times, and the results are shown in
Fig. 5d. After 100 heating cycles, the mass loss of SS-PEG and SR-
PEG was 2.49 wt% and 2.64 wt%, respectively, which indicated
that the two composites possessed superior leak-proof proper-
ties. This excellent leak-proof property can be attributed to the
fact that the multistage pore structures of SSC and SRC have
sufficient capillary forces to adsorb PCM. During this period, the
shape and size of the composites were observed macroscopically
without deformation.

In order to analyze the component structure of the SS-PEG
and SR-PEG shape-stabilized phase change materials, the
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Fig. 7 XRD patterns of PEG4000, SSC, SRC, SS-PEG and SR-PEG.
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Infrared spectra of PEG4000, various carbon materials and shape-stabilized phase change materials: (a) PEG4000; (b) SSC, SRC, SS-PEG

composition of the samples was investigated utilizing Fourier
transform infrared absorption spectroscopy. The infrared
spectra of PEG, each carbon material, and the SS-PEG and SR-
PEG shape-stabilized phase change materials are shown in
Fig. 6. In Fig. 6a, the broad absorption peak of PEG at
3460 cm ™ is attributed to the O-H stretching vibration. The
characteristic absorption peak at 2880 cm ™' corresponds to
the C-H stretching vibration of methylene, while the
absorption peaks at 1470 cm ™' and 1340 cm ™' represent the
C-H bending vibration of methylene. The absorption peaks at
1280 cm™' and 1110 em™" refer to the C-O-C stretching
vibration, whereas the absorption peaks at 963 cm™ ' and
842 cm™ ' correspond to the C-O-C bending vibration. As can
be observed in Fig. 6b, comparing the infrared spectra of PEG
and each carbon material, no new characteristic peaks
appeared in the infrared spectra of each of the shape-
stabilized phase change materials, which implied that there
was no chemical reaction between SSC and PEG as well as
SRC and PEG during the preparation of the SS-PEG and SR-
PEG shape-stabilized phase change materials. Therefore, it
primarily relied on the physical adsorption effect to confine
the PEG to the pore structure of each carbon material.*?

The crystallization behaviors of SS-PEG and SR-PEG were
analyzed by XRD, as shown in Fig. 7. The high-intensity
diffraction peaks of PEG, SS-PEG, and SR-PEG at 20 =
19.08° and 23.18° correspond to the characteristic crystal
planes (120) and (112), respectively.**** Compared with PEG,
the SS-PEG and SR-PEG shape-stabilized phase change
materials showed a weakening trend in each peak, which
implied that SSC and SRC had a limiting effect on the crys-
tallization of polyethylene glycol. Meanwhile, no new
diffraction peaks were generated in the SS-PEG and SR-PEG
shape-stabilized phase change materials, which indicated
that the crystal structures of PEG in SSC and SRC were not
altered as well as PEG was adsorbed into the porous struc-
tures of SSC and SRC through physical interactions, in
agreement with the analytical results in Fig. 6.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 DSC curves of PEG4000, SS-PEG and SR-PEG: (a) melting curve, (b) crystallization curve; (c) melting and crystallization temperature of
PEG4000, SS-PEG and SR-PEG; (d) the thermal conductivity of PEG, SS-PEG, and SR-PEG; DSC curves of composite PCMs after 100 thermal

cycles: (e) SS-PEG, (f) SR-PEG.
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Table 2 Enthalpy and phase transition temperature of PEG4000 and various shape-stabilized phase change materials

Samples Tim (°C) Tm (°C) AH, (g™ Tic (°C) T. (°C) AH.(Jg™h R (%)
PEG4000 59.2 £ 0.4 62.5 + 0.2 187.4 £ 0.3 31.3 £ 1.1 28.5 £ 1.2 174.3 £ 0.5 —
SS-PEG 52.9 + 0.3 59.7 £ 0.2 153.4 + 0.7 44.8 + 0.9 414 + 1.1 150.4 + 0.4 81.9
SR-PEG 51+ 1.5 60 + 1.1 171.5 £ 0.2 39.6 = 1.2 36.7 £ 0.6 166.5 £+ 0.2 91.5
Table 3 Thermal transition capacity and the loading of recently reported composite PCMs

Supporting materials PCMs Latent heat (J g ™) Loading (%) Ref.
Potato derived carbon PEG4000 91.8 50.0 51

Potato derived carbon PEG4000 158.8 85.4 52
Eggplant-derived porous carbon PEG2000 149.0 90.1 53
Hemp-stem-derived biochar PEG6000 170.44 88.62 54
Corncob-derived biochar PEG6000 121.94 85.19 55

Boron nitride/polypyrrole/wood-based PEG6000 160 78.1 56
carbon

SSC PEG4000 153.4 81.9 This work
SRC PEG4000 171.5 91.5 This work
3.3. Thermal properties and thermal stability of shape- regularity of PEG molecular chains to decrease the crystallinity

stabilized PCMs

The thermal performance of SS-PEG and SR-PEG shape-
stabilized phase change materials were investigated by DSC,
and the results are shown in Fig. 8 and Table 2. The enthalpies
of melting and crystallization of PEG were 187.4] ¢~ ' and 174.3
J g ", respectively, and the melting and crystallization temper-
atures were 62.5 °C and 28.5 °C. Compared with PEG, the
enthalpies decreased for both SS-PEG and SR-PEG shape-
stabilized phase change materials. On the one hand, the addi-
tion of SSC and SRC reduced the mass ratio of PEG in the
composites, which led to a proportional decrease in the
enthalpy of melting/crystallization. On the other hand, the
physical adsorption effect of SSC and SRC bound the movement
of PEG chain segments and decreased the free movement ability
of chain segments. Meanwhile, SSC and SRC also destroyed the

100 4 —— SR-PEG
o0 ——SS-PEG
] —— PEG4000
80
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°\° B
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.20 1
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= .
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104 91.56%
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Temperature(°C)

Fig. 9 TGA curves of PEG4000, SS-PEG and SR-PEG.
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and melting/crystallization enthalpy of PEG. Compared to pure
PEG, the composites showed a different phase transition
process, with the melting point decreasing and the crystalliza-
tion temperature increasing during the heating/cooling cycle.
The strong adsorption of SSC and SRC to PEG led to a decrease
in the free movement of the PEG molecular chains. Conse-
quently, the energy required for the free movement of PEG
molecular chains increased, and the crystallization temperature
heightened.

PEG showed very large hysteresis (initial crystallization
temperature much below initial melting temperature), which
significantly limited its use as a PCM. In Table 2 and Fig. 8c, it
was evident that the thermal hysteresis of the composites was
improved with the addition of SSC and SRC. According to some
studies,** ¢ it is known that the difference in thermal conduc-
tivity affected the difference in the hysteresis degree, and under
the same conditions, PCM with higher thermal conductivity had
a lower melting temperature and higher crystallization
temperature, which led to the difference in hysteresis degree. In
order to explore the effect of the incorporation of SSC and SRC
on the thermal conductivity of the composites, the thermal
conductivity of two shape-stabilized PCMs was conducted by the
thermal constant analyzer. The thermal conductivity of pure
PEG was 0.283 W (m ™' K™ "), and the thermal conductivities of
SS-PEG and SR-PEG were 0.43 W (m~ ' K ') and 0.406 W (m™*
K1), respectively. Thermal conductivity of SS-PEG and SR-PEG
was significantly enhanced compared to pure polyethylene
glycol, which was attributed to the inherently high thermal
conductivity of SSC and SRC with higher graphite content, and
the three-dimensional interpenetrating porous network struc-
ture of SSC and SRC provided a channel for rapid heat transfer.
The result is consistent with the literature*”*® that the addition
of biomass porous carbon enhances the thermal conductivity of
the matrix material. Therefore, the incorporation of SSC and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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SRC into the composites increased their thermal conductivity
and led to a lower hysteresis degree. The thermal hysteresis of
SS-PEG was calculated to be lower than that of SR-PEG.
Compared with SR-PEG, the percentage of biochar content of
SS-PEG was higher, and the thermal hysteresis was lower with
relatively less PEG content per unit mass of the composites,
which meant that the thermal hysteresis of the composites
decreased with the increase in biochar content.

For the sake of further evaluating the energy storage capacity
of SS-PEG and SR-PEG shape-stabilized phase change materials,
eqn (1) was used to calculate the loading ratio (R)**° of
sunflower stem and sunflower receptacle biomass carbon (BC)
on polyethylene glycol:

AH ypems/BC
AH ., pewms

R= % 100% (1)

AH;, poms is the melting enthalpy of pure PEG, and AH, poms/c
is the melting enthalpy of the prepared SS-PEG and SR-PEG
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shape-stabilized phase change materials. From the calcula-
tion, it can be seen that the loading ratios of SSC and SRC to
PEG are as high as 81.9% and 91.5%, respectively, indicating
that SS-PEG and SR-PEG have excellent heat storage capacity
compared with other composite phase change materials in
Table 3.

Analysis of 100 melting/freezing cycles was performed using
DSC to estimate the cyclic stability of SS-PEG and SR-PEG shape-
stabilized phase change materials. The 100-cycle test result,
shown in Fig. 8e and f, demonstrated that the DSC curve of SS-
PEG and SR-PEG after 100 melting/freezing cycles was almost
consistent with the first cycle. Compared with the first cycle, the
latent heat of SS-PEG and SR-PEG after 50 melting/freezing
cycles lost only 0.59 J g~ " and 0.84 J g~ ', respectively, which
indicated that both SS-PEG and SR-PEG had excellent thermal
cycle stability in thermal energy storage and release.

In the practical application process, the thermal stability of
composite phase change materials is a crucial parameter. Fig. 9

Temperature(°C)

—SS-PEG
——— SR-PEG
——PEG

y T T
0 500 1000

T T T
1500 2000 2500

Time(s)

3000

omin  2min  Amin QG in mmin'>

Fig. 10
PEG during heating.

© 2024 The Author(s). Published by the Royal Society of Chemistry

(a) Temperature curves of PEG, SS-PEG and SR-PEG with time under xenon lamp; (b

- - -

) infrared thermal images of PEG, SS-PEG and SR-
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shows the thermogravimetric curves of pure PEG, SS-PEG and
SR-PEG shape-stabilized phase change materials. As seen in
Fig. 9, polyethylene glycol had only one thermogravimetric
behavior, and its initial thermal decomposition temperature
was 372 °C when the mass loss was 5%, indicating that the
polyethylene glycol had good thermal stability. In addition,
polyethylene glycol was completely pyrolyzed, and the thermal
weight loss rate reached 100% when the temperature increased
to 800 °C. Both SS-PEG and SR-PEG also have only one thermal
decomposition stage, with initial thermogravimetric loss
temperatures (7Tso,) of 344 °C and 368 °C, respectively. When the
temperature reached 418 °C and 436 °C, respectively, the mass
loss of SS-PEG and SR-PEG reached the maximum due to the
cleavage of PEG molecular chains during the thermal decom-
position. Since the weight loss in the whole thermal decompo-
sition process mainly comes from PEG, the load capacity of SSC
and SRC to PEG can be further proved by the thermal weight
loss rate. When the temperature reached 800 °C, the thermal
weight loss rates of SS-PEG and SR-PEG samples were 83.95%
and 91.56%, respectively. Combining Table 2 and Fig. 9, the
thermal weight loss rate and loading rate of SS-PEG and SR-PEG
are roughly the same.

In order to investigate the photothermal conversion ability of
SS-PEG and SR-PEG shape-stabilized phase change materials,
a xenon lamp was used as a light source to irradiate the samples
and an infrared thermal camera was used to capture the
temperature changes of the samples. Fig. 10a shows the
temperature variation curves of PEG, SS-PEG and SR-PEG with
time under a xenon lamp, and Fig. 10b shows the infrared
thermograms of PEG, SS-PEG and SR-PEG during the warming
process. In Fig. 10b, it can be observed that the temperatures of
PEG, SS-PEG and SR-PEG increased by 13.1 °C, 19.3 °C and
21.5 °C, respectively, after irradiation under the same xenon
lamp irradiation environment for 10 min. The results demon-
strated that SS-PEG and SR-PEG had a faster rate of heating
compared to PEG, and the temperatures of SS-PEG and SR-PEG
reached higher than those of PEG within the same heating time
during the heating process in Fig. 10a and b. Therefore, the
addition of SSC and SRC improved the heat transfer ability of
SS-PEG and SR-PEG, but SR-PEG had better photothermal
conversion compared to SS-PEG.

4. Conclusions

Sunflower stem biomass carbon and sunflower receptacle
biomass carbon with high specific surface areas and multilay-
ered hierarchical pore structures were prepared by carboniza-
tion. The specific surface area of SSC and SRC was 1016.60 m>
g ' and 1637.00 m* g, respectively, and the average pore size
was 2.01 nm and 3.10 nm. Sunflower stem/polyethylene glycol
and sunflower receptacle/polyethylene glycol shape-stabilized
phase change materials were prepared by vacuum impregna-
tion using polyethylene glycol as a phase change material and
biomass carbon materials of sunflower stem and sunflower
receptacle as the support skeleton. Due to the excellent pore
structure of SSC and SRC, the loading rate of SSC and SRC on
polyethylene glycol was as high as 81.9% and 91.5%, and the

24150 | RSC Adv, 2024, 14, 24141-24151
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melting enthalpy of SS-PEG and SR-PEG shape-stabilized phase
change materials was 153.4J g~ " and 171.5] g, respectively. In
addition, SS-PEG and SR-PEG had excellent thermal stability
and outstanding thermal reliability, and the latent heat
remained almost unchanged after 100 cycles. Enhanced heat
transfer was observed after the addition of SSC and SRC to PEG.
In summary, SS-PEG and SR-PEG shape-stabilized phase change
materials have great potential for application in thermal energy
storage.
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