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Abstract

As cheap and renewable sources, the exploitation of biomass resources was of great value in phase change energy storage.
In this study, hemp stems were converted into biochars with three-dimensional multi-level anisotropic pores through a
temperature-controlled charring process, which were used as supports for polyethylene glycol (PEG6000) to form shape-
stable composite phase change materials (ss-CPCMs). It is shown that the ss-CPCMs using anisotropic hemp-stem-derived
biochar obtained at a carbonization temperature of 900 °C as a support has high PEG6000 loading rate (88.62wt%), large
latent heat (170.44 J/g) and favorable thermal stability owning to its high surface area and hierarchical pores. The biochar-
based ss-CPCM also has good light absorption ability with a maximum solar-thermal conversion efficiency of 97.70%. In
addition, the different thermal conductivities in the transverse and longitudinal directions of ss-CPCMs reflect the unique

anisotropic structure. This work can not only improve the high-value utilization of biochars, but also provide the ss-CPCMs
with excellent performance for solar-thermal conversion and storage systems.
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Highlights

1. Anisotropic hemp-stem-derived biochar is used as sup-
ports of ss-CPCMs.

2. Biochar-supported CPCMs show high PEG loading,
latent heat and solar-thermal conversion efficiency.

3. Biochar-supported CPCMs exhibit enhanced anisotropic
thermal conductivity and durability.

Keywords Biochar - Phase change materials - Anisotropic structure - Solar-thermal conversion

1 Introduction

In recent years, with the worldwide economic development
and the environmental pollution and energy depletion caused
by population expansion, improving energy efficiency has
attracted extensive attention. In order to alleviate the energy
crisis, converting renewable solar energy into thermal energy
and storing it for reuse has attracted extensive studies (Alva
et al. 2017; Tang et al. 2021). Latent heat thermal energy
storage (LHTES) realizes thermal energy storage or release
by phase change materials (PCMs) with the characteristics
of basically constant temperature and high energy storage
density (Aftab et al. 2021), which have been widely used
in building (Rathore and Shukla 2021), greenhouse (Chen
et al. 2018), solar energy storage (Shi et al. 2021), elec-
tronic devices (Tomizawa et al. 2016) and other fields. In
this regard, organic solid-liquid PCMs are considered as
one of the most promising PCMs because of their controlla-
ble phase change temperature, no obvious undercooling and
phase separation, no corrosivity and low price (Umair et al.
2019). Nevertheless, despite their promising applications,
organic solid-liquid PCMs have some obvious shortcom-
ings, including low thermal conductivity and easy leakage
during the melting process, which dramatically restrict their
practical applications.

To overcome these challenges, porous materials with
large specific surface area, high porosity and good adsorp-
tion properties can be used as carriers for the preparation
of shape-stable composite phase change materials (ss-
CPCMs) (Huang et al. 2019a, b; Yang et al. 2019). The
surface tension, capillary forces and hydrogen bonding
forces of the porous carriers can effectively restrain the
PCMs in the pores (Li et al. 2021a, b). Up to now, various
kinds of porous materials such as metallic foams (Zhang
et al. 2021a, b), graphene aerogel (Li et al. 2020a, b, ¢),
mesoporous silicas (Li et al. 2022a), metal-organic frame-
works (Wang et al. 2018) and expanded graphite (Yuan
et al. 2021) have been reported as supports of ss-CPCMs.
Especially, porous carbon materials have been widely
used to construct multifunctional ss-CPCMs because of
their high PCM loading, high thermal conductivity and
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extraordinary solar absorption ability (Chen et al. 2021).
However, traditional porous carbon materials such as car-
bon nanotube, graphene oxide and graphene aerogel have
problems including high price, complicated preparation
process and environmental pollution (Tong et al. 2019;
Yang et al. 2018). In the last few years, biomass-based or
derived porous carbon materials have gained much atten-
tion in terms of their rich porous structures, wide source
of raw materials and simple preparation processes (Gabhi
et al. 2020; Huang et al. 2019b, a; Qiu et al. 2019).

In terms of solar-thermal energy conversion and stor-
age, the carbonization of biomass to biochar not only has a
rich porous structure, but also has increased graphitization
and good light absorption capacity, leading to improved
thermal conductivity as well as solar-thermal conversion
efficiency of ss-CPCMs (Li et al. 2022b; Pan et al. 2021;
Sar1 et al. 2020; Umair et al. 2020). Zhao et al. prepared
honeycomb porous biochar from potatoes and radishes
and the CPCMs using these as scaffolds were able to load
85.36% of polyethylene glycol (PEG) (Zhao et al. 2018).
Li et al. prepared ss-CPCMs with the melting enthalpy
of 149 J/g based on three-dimensional spongy eggplant-
derived porous carbon and PEG (Li et al. 2020a, b, c).
To enhance the thermal conductivity, Zhang et al. instead
coated the surface of eggplant-based porous carbon with
nano-Ag, which increased the thermal conductivity by
40.9% compared to the CPCM without the nano-Ag parti-
cles (Zhang et al. 2021a, b). Atinafu et al. pyrolyzed wheat
straw at 550 °C and subsequently loaded n-eicosane (ES)
separately. However, only a 37.1% loading content of ES
with a melting enthalpy (75.0 J/g) was obtained (Atinafu
et al. 2021). Therefore, compared with the reported veg-
etable-derived and other biomass-derived biochars with
high price or low PCM load, the porous biochars prepared
from biomass resources with rich source, low price and
high PCM load are more in line with the needs of sustain-
able development. Taking good advantages of biowaste to
transform it into high value-added products can not only
alleviate the energy crisis and environmental pollution,
but also increase the comprehensive benefits (Kung et al.
2015, 2014a, 2014b; Li et al. 2020a, b, c).
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Hence, in this study, anisotropic hemp-stem-derived
porous biochars were fabricated by hydrothermal car-
bonization, freeze-drying, and high-temperature car-
bonization. New biochar-based ss-CPCMs were prepared
through vacuum impregnation method with carbonized
hemp stems (CH) and PEG6000 as raw materials. With
optimal carbonization temperature at 900 °C, the prepared
$ss-CPCM simultaneously integrates good thermal reli-
ability, high thermal energy storage density (170.44 J/g),
excellent solar-thermal conversion efficiency (97.70%),
and improved thermal conductivity. Meanwhile, the radial
and longitudinal heat transfer capabilities of ss-CPCMs
demonstrate the anisotropic thermal conductivity path.
This research takes full advantages of the porous struc-
ture of hemp stems as well as their renewable nature to
develop a green path for solar-thermal energy conver-
sion and storage. This also provides new approaches to
broaden the high-value utilization of biomass-derived
biochars in thermal energy storage.

2 Materials and methods
2.1 Materials

The raw hemp stem was purchased from Taobao E-Shop.
PEG with an average molecular weight of 6000 was
provided by Shanghai Yuanye Biotechnology Co. Ltd.
(Shanghai, China). All other chemical regents used were
of analytical grade and were not further purified.

2.2 Preparation of carbonized hemp stems

The hemp-stem-derived biochars with hollow porous scaf-
fold were synthesized by simple carbonization process, as
shown in Fig. 1. Specifically, the hemp stem was divided
into about 3 cm sections and moved to a Teflon-lined
autoclave, which was left in a 180 °C oven setting for
10 h. After hydrothermal carbonization samples were
washed several times to remove surface impurities, then
frozen in liquid nitrogen and dried in a freeze dryer for
72 h. Afterwards, the dewatered hemp stem segments
were carbonized in a tube furnace at different tempera-
tures (600, 700, 800, 900, 1000 °C) for 1 h under a flow-
ing nitrogen atmosphere at a heating rate of 2 °C/min.
The samples were naturally cooled to room temperature to
obtain carbonized hemp stems (CH), which were marked
as CH-600, CH-700, CH-800, CH-900 and CH-1000,
respectively.

2.3 Preparation of CH/PEG ss-CPCMs

As shown in Fig. 1, the ss-CPCMs were prepared by vac-
uum impregnation method using CH and PEG6000 as raw
materials. At first, CH scaffolds with different carbonation
temperatures were placed into a centrifuge tube separately
with an excess of PEG6000 solid, where PEG6000 was
located on top of CH. Thereafter, the centrifuge tubes were
placed in a vacuum drying oven at 80 °C and held for
4 h to allow the molten PEG to penetrate into the pores
of CH. After vacuum impregnation, the samples were
first transferred to filter paper and then transferred into a
blast drying oven at 80 °C to get rid of the surplus PEG
from the surface of CH. The filter paper was repeatedly
changed until no molten PEG leaked. The obtained CH/
PEG ss-CPCMs using CH obtained at different carboniza-
tion temperatures were named as CPCM-600, CPCM-700,
CPCM-800 CPCM-900 and CPCM-1000, respectively. As
a control, the uncarbonized hemp stem loaded with PEG
was labeled as CPCM-0.

2.4 Characterizations

The structural morphology of the products was charac-
terized by scanning electron microscopy (SEM, SU8000,
Japan Hitachi) and TEM (JEM-2100F). Raman spectros-
copy (Finder Vista) was applied to analyze the degree of
graphitization of CH. The pore size distribution and pore
structure parameters of the CH were measured using an
automatic mercury injection apparatus (USA Mack cor-
poration Auto Pore IV 9510). The specific surface area of
biochars was obtained on a TriStar II 3020 (Micromeritics
Intrument Corporation, USA) at 77 K. X-ray photoelectron
spectroscopy (XPS) (ESCALAB 250Xi instrument) was
applied to study the composition and binding energy of the
CH. X-ray diffractometry (XRD, M21X, Cu Ka radiation,
A=1.541 A) was employed for the analysis of the phase
structure and chemical compatibility of samples. Fourier
transform infrared spectroscopy (FTIR, Nicolet 6700 by
the KBr pellet technique) was performed in the wave num-
ber range 500-4000 cm™" to evaluate the chemical compat-
ibility of the samples. Thermogravimetric analysis (TGA)
was obtained on a thermogravimetric analyser (Netzsch
STA449F, Germany), heated at a rate of 10 °C/min from 40
to 800 °C under N, atmosphere. The thermal properties of
PEG6000 and ss-CPCMs were studied by differential scan-
ning calorimetry (DSC, Q2000). The thermal conductivity
of the composite phase change material was measured using
a laser thermal conductivity meter (NETZSCH LFA 467).
The thermal management capability of CPCMs was visual-
ized using a thermal imaging camera FLIR ONE Pro.
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Fig. 1 The schematic diagram for preparation of CH/PEG ss-CPCMs

3 Results and discussion

3.1 Production and characterization of porous
carbon scaffolds

The morphological structure of the hemp-stem-derived bio-
char was recorded by SEM and TEM. From the cross-section
of CH (Fig. 2a—e), CH exhibited a porous skeleton structure
with distributed pores of different sizes inside, preserving
the original porous structure of hemp rods. The porous struc-
ture was formed by 5-20 pm small pores around 30-50 pm
large circular pores like a honeycomb. With the increasing
carbonization temperature, the pore size decreased and the
pore distribution became more uniform. CH-900 showed the
smallest pore size, more regular pore distribution and thinner
pore walls. This was owing to the fact that high temperatures
favor the decomposition of cellulose, hemicellulose and
other invaginations, resulting in a more developed porous
architecture (Song et al. 2020). However, as the carboniza-
tion temperature increased to 1000 °C, part of the porous
structure was destroyed, indicating that the pyrolysis temper-
ature has an important effect on regulating the morphology
and porous structure of biochar (Atinafu et al. 2021; Song
et al. 2020; Tan et al. 2016). From the longitudinal section
of CH (Fig. 2g), it can be observed that the pore channel was
nearly through along the growth direction of the hemp rods.
Meanwhile, the walls were distributed with circular holes
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of 1-2 pm diameter (Fig. 2f, h). Figure 2i shows that some
nanopores are also present on the inner and outer surfaces
of CH-900. The pores in the wall increased the intercon-
nectivity of the pore channels, which would be favorable to
enhance the specific surface area and porosity of CH (Pan
et al. 2021; Zhou et al. 2021). All the above results indicate
that a multi-level porous structure exists in the resulting bio-
chars, which is beneficial to encapsulate PCM.

Figure 3 presents the pore size distribution curves of
hemp stem-derived porous biochars carbonized at different
temperatures measured by MIP. Table | summarizes the
porous structure parameters of carbonized hemp stems at
different temperatures. CH was mainly composed of two
sizes of large pores with pore sizes ranging from 100 nm
to 10 pm and from 15 to 50 pm, respectively. When the
charring temperature of CH was increased from 600 to
900 °C, the specific surface area increased from 443.58 to
542.25 m?/g. The average pore size of CH decreased slightly
with the increase of carbonization temperature because of
the decomposition of some of its components (such as the
lignin, cellulose and hemicellulose) at high carbonization
temperatures. The higher the carbonization temperature
is, the more the porous structure shrinks, and the pore size
also decreases (Oginni and Singh 2020). The average porosi-
ties of CH-600 to CH-900 were 88.33%, 88.09%, 87.55%,
and 87.51%, which revealed that the hemp stem-based bio-
char contained a rich porous structure. In contrast, further
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Fig.2 SEM images of cross sections of a CH-600, b CH-700, ¢ CH-800, d CH-900, e CH-1000 and g, h vertical sections of CH-900; TEM

images of f, i CH-900

increasing the carbonization temperature to 1000 °C led to
the obviously decreased specific surface area (144.17 m%/g)
and slightly reduced porosity (83.43%) of CH-1000, corre-
sponding to the disrupted structure of CH-1000 in the SEM
image. In general, CH has wide pore size range and high
porosity, which is beneficial to enhance the loading rate of
PCM and prevent its leakage.

The surface chemical composition of CH-900 was ana-
lyzed by XPS, as shown in Fig. 4a-b. The XPS spectrum of
CH-900 (Fig. 4a) shows two peaks at 283.8 and 534.6 eV,
corresponding to C 1 s and O 1 s, respectively, where the
content of C element is much higher than that of O element
(Kim et al. 2022). In the deconvoluted C 1 s XPS spectra of
CH-900 (Fig. 4b), the main peak located at a binding energy
of 284.8 eV corresponds to the sp> C=C/C—C bond while
these peaks with binding energies of 285.7 and 289.1 eV
can be assigned to the C—O and O—C=0 bands, respectively
(Peng et al. 2017).

FT-IR spectroscopy was used to characterize the sur-
face functional groups in these carriers. Absorption peaks
were observed at 1094, 1419, 1620, 2920 and 3420 cm™!
for biochars (Fig. 4c). The absorption peak near 1094 cm™!

< 84 ——CH-600

—— CH-700
71 —— CH-800
64 — CH-900

—— CH-1000

Log differential intrusion (mL g

100 1000 10000 100000

Pore size diameter (nm)

Fig.3 Aperture distribution curves of CH-600, CH-700, CH-800,
CH-900 and CH-1000

was caused by the stretching vibration of C-O, C—C or the
bending vibration of C—OH. The absorption peaks around
1419 and 1620 cm™! correspond to the C=0 stretching

@ Springer
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Table 1 Microstructural parameters of the hemp-stem-derived porous
biochars

Sample Specific surface ~ Average pore Porosity (%)
area (m> g™ diameter (pm)

CH-600 443.58 1.25 88.33

CH-700 519.43 0.85 88.09

CH-800 523.82 0.82 87.55

CH-900 542.25 0.92 87.51

CH-1000 144.17 1.19 83.43

vibration, which indicate the presence of a great deal of
oxygen-containing functional groups on the carbon material.
The strong absorption peak at 3420 cm™! is the character-
istic peak corresponding to hydroxyl O-H. It means that
the porous biochar is rich in —OH, which is mainly derived
from the hydroxyl groups of carboxylic acids and phenols.
In summary, these results show that the hemp stem-derived
biochars are an abundant source of oxygen-containing acidic
functional groups. XRD was applied to analyze the crystal-
lization properties of hemp stem-derived biochars. As shown
in Fig. 4d, all these biochars present two characteristic peaks
at 22° and 43°, which correspond to the (002) and (101)
crystal planes of graphite crystals, respectively. These two
broad diffraction peaks indicate that the main component of
the hemp stem-derived biochars is amorphous carbon after
high temperature pyrolysis.

To further investigate the degree of graphitization of CH,
the prepared biochars were analyzed by Raman spectros-
copy. In Fig. 5a, there are two distinct peaks near 1350 cm™'
(D band) and 1580 cm™' (G band). The D-band was caused
by the disorder of the defective graphite structure of the
biochar. The G-band, in turn, represented the degree of gra-
phitization of biochar, arising from the sp? hybridization of
carbon atoms in the graphite lamellar structure. The inten-
sity ratio (Ip/Ig) between the D-band and G-band indicates
the defect density and the degree of graphitization of carbon
materials. A smaller ratio indicated a lower degree of defect
and disorder and a higher degree of graphitization in the
carbon materials (Zhang et al. 2017, 2019). By analyzing
the Raman spectra of CH pyrolyzed at different temperatures
(Fig. 5b—f), it was found that the I,,/I; values of biochars
were all close to 1.15, showing the presence of graphitic
carbon and disordered carbon. Theoretically, the extent of
graphitization of carbon materials was positively correlated
with the heat treatment temperature. However, raising the
carbonization temperature would also introduce more porous
structures in CH and increase the number of defects, thus
increasing the disorder of the carbon fraction. Thus, the I;,/I5
values of CH were obtained by two mechanisms that check
and balance each other (Guo et al. 2016). As a result, the
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prepared biochars were amorphous structural carbon with a
certain degree of graphitization.

3.2 Morphology and structure of CH/PEG CPCMs

The CPCM-600, CPCM-700, CPCM-800, CPCM-900 and
CPCM-1000 were morphologically characterized with
SEM. The cross and longitudinal sections of the CPCMs
revealed that the multistage porous structure of CH was
almost filled with PEG6000 (Fig. 6). Waxy PEG6000
was attached to both the duct and striatal surfaces of CH,
and no obvious interface between PEG6000 and CH was
noticed. Due to the capillary force and interfacial tension,
CH can firmly adsorb and confine PEG6000 in its hier-
archical pore channels. The presence of strong hydrogen
bonds between biochar and PEG6000 further enhances the
stability of PEG6000. The tight integration of PEG6000
and biochar could successfully prevent the leakage of
PEG6000 under molten state.

To illustrate the physical and chemical interactions of
CH and PEG6000 in the composites, pure PEG6000 and
CPCMs were characterized through XRD and FT-IR. As
shown in Fig. 7a, pure PEG6000 showed well-defined peaks
at 19.0° and 23.0°. The characteristic peaks of CPCMs were
basically the same as those of pure PEG6000, and no new
peaks appeared, indicating that the crystal structure of
PEG6000 did not change before and after impregnation and
there was only physical adsorption between PEG6000 and
CH. Figure 7b shows the FT-IR spectrum of PEG6000 and
CPCMs. The peaks at 3445 and 1112 cm™! correspond to
the characteristic peaks of the stretching vibrations of —-OH
and C-0 of PEG6000, respectively. The absorption peaks
at 2887, 1468, 1342, 963, and 832 cm™! were accounted for
C-H stretching and bending oscillations. No new absorp-
tion peaks were found in CPCMs, demonstrating that there
was only physical interaction between CH and PEG6000 by
surface tension, capillary interaction and possible hydrogen
bonding. In addition, the XRD patterns and FT-IR spectrum
of the biochar-based CPCMs were not significantly varied
except for a slight variation in the intensity.

3.3 Thermal performance of CH/PEG CPCMs

In order to analyze the thermal stability and pyrolysis behav-
ior of CPCMs, thermogravimetric analysis was performed.
Figure 8 shows the TGA curves of PEG6000 and CPCMs
under flowing N,. There is a one-step thermal degradation
in the TGA curve of pure PEG6000, which can be attributed
to the breakage of the PEG molecular chain. The decompo-
sition of PEG6000 starts at 350 °C, and the maximum rate
of weight loss is at 390 °C. When the temperature reaches
420 °C, PEG6000 decomposes almost completely. The
absence of significant weight loss in CPCMs under 350 °C
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Fig.4 a XPS survey and b high-resolution C 1 s spectrum of CH-900, ¢ FT-IR spectra and d XRD patterns of CH-600, CH-700, CH-800,

CH-900 and CH-1000

indicates that CPCMs have good thermal stability below
350 °C. It can be observed that CPCMs exhibited similar
thermal stability to that of PEG6000. Though the mass loss
of the CPCMs was mainly from the thermal decomposition
of PEG6000, the onset of decomposition temperature was
slightly higher than that of PEG6000, which is probably
owing to the limited movement of PEG6000 within the bio-
chars. As a whole, CPCMs have good thermal stability up
to 350 °C, which is far beyond the working temperature of
ss-CPCMs and is beneficial to their practical applications.
The DSC curves of PEG6000, CPCM-600, CPCM-700,
CPCM-800, CPCM-900 and CPCM-1000 during melting
and cooling are shown in Fig. 9a-b. The corresponding
phase change parameters of PEG6000 and CPCMs are listed
in Table 2. These CPCMs and pure PEG6000 have similar
DSC curves. Nevertheless, the melting temperatures (7))
of CPCM:s are slightly higher than that of pure PEG6000,

which may be attributed to the strong physical adsorption of
PEG6000 within biochars through capillary interaction and
interfacial tension. The confining effect of the porous struc-
ture of CH on PEG6000, and the hydrogen bonding inter-
actions between the biochars and PEG6000 also hindered
the thermal diffusion movement of PEG molecular chain
segments. These factors together slowed down the phase
transition process of confined PEG6000 from the crystalline
to the amorphous state in CPCMs (Cao et al. 2022). The
slightly lower solidification temperatures (Ts) of CPCMs
compared to pure PEG6000 can be due to the restriction
of PEG molecular chain movement by the porous carbon
network, which in turn limits the crystallization process and
leads to a reduction of crystallization segments (Wang et al.
2019). It could be seen from Table 2 that the melting enthal-
pies (Hy,) and solidifying enthalpies (H,) of CPCMs are both
reduced compared to that of pure PEG6000. The melting
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enthalpies of CPCMs first increased from 166.80 J/g of
CPCM-600 to 170.44 J/g of CPCM-900 and then decreased
to 164.97 J/g of CMCM-1000 with the increase of carboni-
zation temperature, which were consistent with the trend
of their porous structures. Moreover, the melting enthalpies
of CPCMs were generally higher than their corresponding
solidifying enthalpies, which could account for the limited
pre-crystallization of some PEG molecular chains adher-
ing to the surfaces of the carrier in the solidifying process
(Atinafu et al., 2021). The loading rate ¢ of CPCMs can be
calculated according to Eq. (1):

m_mo

@ = 1)

m

where m is the mass of CPCMs and m,, is the mass of
CH. The loading rates of PEG6000 in CPCM-600, CPCM-
700, CPCM-800, CPCM-900 and CPCM-1000 were calcu-
lated to be 87.75wt%, 87.51wt%, 87.88wt%, 88.62wt% and
87.79wt%, respectively. The percent impregnation mass of
PEG6000 varies due to the structure of the charred hemp
stems themselves. In the present work, the melting enthalpy
of CPCM-900 was as high as 170.44 J/g and the loading
of PEG6000 was 88.62wt%. Compared with the previously
reported biomass-based CPCMs (Table 3), the specific sur-
face area of CH-900, the melting enthalpy and loading ratio
of PEG in CPCM-900 in this work are relatively higher.
Based on the above analysis, it could be concluded that
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the CPCM with CH as the support has good heat storage
capacity.

The thermal conductivities of pure PEG6000, lateral
CPCM-900 and radial CPCM-900 were measured because
the pores of CH-900 were grown in a directional manner
(Fig. 9¢). Compared with the thermal conductivity (0.26 W/
mK) of pure PEG6000, the thermal conductivities of CPCM-
900 were improved to 0.29 W/mK in the lateral direction and
0.32 W/mK in the radial direction, which can be attributed to
the accelerated heat transfer in the composites by the inter-
connected carbon skeleton and pore channels of CH. How-
ever, the enhancement of the thermal conductivity of the
CPCM-900 was slight, which was mainly caused by the high
loading of PEG6000. Interestingly, the thermal conductivity
of CPCM-900 in the radial direction was higher than that
in the lateral direction, which is consistent with the porous
structure of the CH directional growth. As a result, CH with
interconnected hierarchical porous structures could not only
act as a support material for encapsulating PCM, but also
provide efficient heat transfer channels.

Thermal cycling stability is another essential feature of
$s-CPCMs for practical applications. The thermal reliabil-
ity of CPCM was investigated by conducting 50 melting-
solidifying cycle tests on CPCM-900. As can be seen from
the DSC curves before and after cycling (Fig. 9d), the DSC
curves of CPCM-900 before and after the 50 cycles almost
overlap. Despite a slight decrease in the enthalpy of phase
change after 50 cycles, the slight change could be negligible
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Fig.6 SEM images of

cross sections of a CPCM-600,
¢ CPCM-700, e CPCM-800,

g CPCM-900 and i CPCM-
1000; and vertical sections of
b CPCM-600, d CPCM-700, £
CPCM-800, h CPCM-900 and j
CPCM-1000
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compared to the high latent heat of CPCM-900. All the
above analysis revealed that the prepared ss-CPCMs could
well keep their phase change characteristics and excellent
thermal reliability, which could meet the requirements of
long-term cycling stability in practical applications.

The solar-thermal conversion performance of these
CPCMs was measured using a system consisting of a Xenon
lamp light source simulating sunlight, an infrared ther-
mometer, a temperature logger, and a computer (Fig. 10a).
Firstly, the sample was placed under Xenon lamp irradiation
and the temperature change on its surface was measured
in real time by an infrared temperature probe to obtain the
time—temperature curve (Fig. 10b). During the first 120 s,
the temperature of CPCMs increased rapidly to 55 °C. A
temperature plateau appeared in the range of 55-65 °C and

@ Springer

Table 2 Phase change parameters of pure PEG6000 and CPCMs

Sample PEG content  Melting process  Solidifying
(%) process
Ty (C) Hy T ('C) Hg
degh deh

PEG6000 100.00 66.34  184.83 39.81 18347
CPCM-600 87.75 7395 16680 37.42 166.92
CPCM-700 87.51 7376 16754 36.87 164.41
CPCM-800 87.88 7236 168.62 39.28 163.60
CPCM-900 88.62 70.52  170.44 39.63 163.86
CPCM-1000 87.79 68.67 16497 38.63 161.81

lasted for about 200 s, indicating that the heat absorbed by
CPCM caused the phase change of PEG6000 at this time.
The CPCMs could also store more solar energy, which ena-
bled the CPCMs to reach a maximum temperature of 94 °C.
When the light source was turned off, the temperature began
to drop rapidly. Once it dropped to about 48 °C, a cooling
plateau appeared, demonstrating that the PEG6000 in these
CPCMs was continuously releasing heat to prevent its tem-
perature from decreasing, which can be used to regulate the
surrounding ambient temperature and thus reduce energy
consumption. Based on the physical data of CPCMs and the
time—temperature curve, the solar-thermal energy conversion
efficiency 7 can be calculated according to Eq. (2):

mAH,,

"N ¥

where m is the mass of the sample, AH,, is the melting
enthalpy of CPCM, r is the light intensity of simulated sun-
light, s is the area of the sample exposed to light, 7, and
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Fig. 10 The solar-to-thermal energy conversion and storage: a The schematic of the measuring system, b Solar-to-thermal conversion curves of
CPCMs

@ Springer



38 Page 120f 15 Biochar (2022) 4:38

Table 3 Comparison of the thermal properties of the prepared ss-CPCMs and the biomass-based CPCMs previously reported in the literatures

CPCMs Max. ratio (wt%) Hy d g‘l) Specific surface area References

(m*g™h
PEG/wood flour 75 108.6 - Liang et al. (2019)
PFG/towel gourd porous carbon 94.5 164.3 465.9 Song et al. (2020)
PEG/carbonized potato 50 91.8 42.6 Tan et al. (2016)
PEG/pomelo peel foam 96.2 157.9 15.02 Sheng et al. (2020)
PEG/balsa wood 83.5 134 24.7 Meng et al. (2020)
PEG/carbonized diatom 72.7 128.9 155.9 Wu et al. (2021)
PEG/eggplants-derived porous carbon 90.1 149 - Li et al. (2020a, b, ¢)
CPCM-900 88.62 170.44 542.25 This work
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Fig. 11 a Radial and b lateral thermal transfer schematic diagrams of CPCMs, ¢ radial and d lateral thermal transfer T—t curves per unit length
CPCMs

Ty correspond to the time of the start and end of the phase ~ CPCM-900 had the highest solar-thermal conversion effi-
transition. The calculated # for CPCM-600, CPCM-700, ciency. Therefore, biochar-based CPCMs with fast photo-
CPCM-800, CPCM-900 and CPCM-1000 was 95.93%,  response capability can reduce the limiting effects of climate
96.68%, 97.33%, 97.70% and 93.47%, respectively. Of these, and environment (Kung and Mu 2019; Tang et al. 2021). In
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summary, the biochar-based CPCMs have excellent solar-
thermal conversion and storage capacity, with great potential
for improving solar energy utilization and in regulating the
ambient temperature.

To further investigate the anisotropic structure of CH, the
radial and lateral heat transport abilities of CPCMs were
tested. The samples with both radial and lateral lengths of
1 cm (Fig. 11a and b) were placed on a heating plate and the
ability of CPCMs to conduct heat along the longitudinal and
transverse directions was probed by recording the tempera-
ture at the top (Li et al. 2021a, b). Figure 11c and d record
the temperature changes of CPCMs in the radial and lateral
directions during the heating process, respectively. It can
be found that the heating rate along the longitudinal direc-
tion (parallel to the orifice) was greater than that along the
transverse direction (perpendicular to the orifice). The maxi-
mum temperature of the radial heat transfer is up to 46 °C,
while the maximum temperature of the lateral heat transfer
is only 42 °C. Furthermore, the heat transfer capability of
CPCMs with biochar as the carrier was much higher than
that of CPCM with uncarbonized hemp stem. In general, the
hemp stem-derived biochar has good heat transfer capability
and its anisotropic structure is also beneficial to broaden the
application scope of CPCMs.

4 Conclusions

The ss-CPCMs were prepared by vacuum impregnation
using hemp stem-derived biochars as the scaffold and
PEG6000 as the PCM. The biocahr features a unique ani-
sotropic, graded porous structure with a maximum PEG
loading of 88.62wt%. The biochar provides an excel-
lent support material for the preparation of CPCMs and
offers a new idea for the efficient utilization of biological
waste. Through a series of analyses of thermal stabil-
ity, thermal material properties, thermal conductivity and
light absorption performance it was confirmed that the
prepared CPCMs have good thermal reliability, high ther-
mal storage capacity, improved thermal conductivity and
excellent solar-thermal conversion capacity. Arrestingly,
the CPCMs have a unique anisotropic thermal conductiv-
ity, and have promising applications in thermal energy
management.
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