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Abstract 

Material selection and production conditions are imperative for determining the functional performances of composite 
materials. Phase-change composites obtained from phase-change materials (PCMs) and supporting matrices exhibit 
high thermal energy storage density. They are used to overcome the intermittency issues of wind and solar energy, 
as well as to reduce waste heat dissipation to the environment. However, the large-scale utilization of composite 
and pristine materials has severe drawbacks, primarily stemming from the complex fabrication routes of the encapsulat-
ing agents, leakage, and inadequate thermal stability. In this study, biochar-based phase-change composites were fabri-
cated using vacuum infiltration techniques, and the effects of biomass feedstock and pyrolysis temperature on the per-
formance of the composite were elucidated using different types of biowastes and temperatures. This approach 
has several advantages, including facile production techniques, low-cost carbon sources, and environmental friendliness. 
The PCM adsorption ratio of biochars derived from rice husk (RH) and Miscanthus straw linearly correlated with the pyrol-
ysis temperature (550–700 °C), while RH700 resulted in a composite with a high enthalpy per unit mass of hexadecane 
(HXD) in RH700/HXD (250.9 J g−1) owing to the high surface area of RH700 (74.66 m2 g−1). The crystalline temperature 
increased slightly from 10.7 °C in RH550/HXD to 10.9 °C in RH700/HXD, suggesting improved molecular motion and crys-
tal growth of HXD. Wheat straw biomass pyrolyzed at a low temperature (550 °C), displaying a reduced surface area 
at 700 °C (7.35 m2 g−1) and exhibiting the lowest energy storage density. The latent heat efficiency reached 99.5–100%, 
where RH700/HXD exhibited 100% efficiency. The composites demonstrated strong leakage resistance at high heat-
ing temperatures (60 °C, above the melting temperature of HXD), good chemical compatibility between the biochar 
and HXD, and high durability after 500 thermal cycles. Therefore, the extent of PCM loading and energy storage density 
improvements primarily depends on the pyrolysis conditions, feedstock used, and pore size distribution of the biochar 
samples. This research provides insights into the fabrication of phase-change composites and optimization of the car-
bonization process of different biomasses used for thermal management applications, such as building energy savings.

Highlights 

•	 Different biochars were utilized to adsorb hexadecane and fabricate high-performance composite materials.
•	 Influence of feedstocks and pyrolysis temperature of biochar on thermal performance were investigated.
•	 Composites showed high enthalpy efficiency of 99.7–100% and durability after 500 thermal cycles.

*Correspondence:
Sumin Kim
kimsumin@yonsei.ac.kr
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s42773-024-00396-1&domain=pdf
http://orcid.org/0000-0003-2278-5278


Page 2 of 17Atinafu et al. Biochar            (2025) 7:18 

Keywords  Biomass, Biochar, Pyrolysis temperature, Thermal energy storage, Durability

Graphical Abstract

1  Introduction
Rapid population growth, industrialization, and global 
warming have necessitated the development of eco-
friendly energy infrastructures. Hence, the development 
of renewable energy has received significant considera-
tion owing to the depletion of fossil precursors, such as 
coal and other fossil fuels. Thermal energy storage using 
phase-change materials (PCMs) can potentially miti-
gate intermittency issues associated with wind and solar 
energy (Li et  al. 2023a; b; Matuszek et  al. 2023). PCMs, 
such as organic (e.g., paraffin, fatty alcohols, glycols, 
fatty acids, and their derivatives) and inorganic (e.g., 
salt hydrates, inorganic salts, and metals) materials, 
are employed in diverse thermal management systems, 
including solar heating systems, electronic thermal man-
agement, infrared stealth and thermal camouflage, and 
built environments (Ali et al. 2024; Freeman et al. 2023; 
Jing et  al. 2023). Organic PCMs provide a notable plat-
form for energy storage/release and related applications 
owing to their commercial availability, biocompatibility, 
low cost, low environmental impact, and high energy 
storage density (Qiu et al. 2020).

Nevertheless, intrinsic leakage problems and insuf-
ficient heat transfer performance (0.1–1 W m−1  K−1) 

severely impede the direct utilization of these materials. 
These challenges are frequently addressed through the 
introduction of inorganic supporting materials, such as 
carbon nanotubes (CNTs), graphene-based materials, 
and carbon nitride (Al-Ahmed et  al. 2021; Hekimoğlu 
et  al. 2021c; Yu et  al. 2024). Therefore, there have been 
extensive reports on the design of shape-stable phase-
change composites for different thermal management 
applications (Singh et al. 2022). Kong et al. (2021) intro-
duced paraffin wax into mesoporous polydivinylbenzene 
nanotubes. The resulting composite exhibited improved 
shape stability, electrothermal energy conversion effi-
ciency (89.6%), and melting enthalpy (145.7  J  g−1). Li 
et al. (2023a; b) prepared reduced-graphene-oxide sheets 
using hydrazine for the development of paraffin-based 
composites. The composite demonstrated high pho-
tothermal conversion efficiency (81.6%), exceptional 
electromagnetic shielding effectiveness, and flame retar-
dancy. Despite these achievements, the large-scale fab-
rication of shape-stable PCMs is restricted owing to the 
difficult preparation processes for supporting materials 
and environmentally unfriendly and costly raw materi-
als. Moreover, unsatisfactory thermal durability dur-
ing the phase-transition process and optimization of 
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the charging/discharging performance of PCMs remain 
practical challenges. Therefore, it is crucial to design an 
eco-friendly and commercially available PCM support (in 
this case, plant-based materials) to enable the production 
of high-performance composite materials and scalable 
thermal storage and management.

In this study, we fabricated phase-change composites 
based on hexadecane (HXD) and biowaste-derived bio-
char with high energy storage density. Biochar, found 
from the thermochemical transformation of biomaterial 
waste, is a carbon-rich material used in various applica-
tions, such as CO2 uptake (Igalavithana et al. 2020; Yuan 
et  al. 2024), building materials (Zhang et  al. 2022b), 
catalysis in biorefineries (Yuan et al. 2023), electrochemi-
cal energy transformation and storage (Zeng et al. 2023), 
wastewater remediation (Foong et  al. 2024), and soil 
amendment (Kalu et  al. 2024). It is currently used as a 
PCM support in renewable energy development applica-
tions (Liang et al. 2023). For example, Yadav et al. (2024) 
utilized wheat husk-derived microparticles as solid sup-
ports to stabilize polyethylene glycol. The resulting com-
posite exhibited high heat storage efficiency (3.99) and 
durability. In addition, polyethylene glycol infiltrated 
into nanosilver-integrated grapefruit peel-based porous 
carbon, resulting in a heating enthalpy of 134.1 J g–1 and 
improved thermal stability (Xie et al. 2024). However, the 
performance of biochar may depend primarily on factors 
such as its microstructure, morphology, raw materials 
used, and preparation parameters (e.g., pyrolysis temper-
ature), which Xiong et al. (2022) mentioned as a limita-
tion of their recent report on garlic-stem-biochar-based 
paraffin wax composites. In contrast, biochar derived 
from diverse biomass feedstocks possesses unique struc-
tural features, including the surface wettability of car-
bon materials and textural properties (e.g., surface area 
and pore channels), which significantly influence the 
advancement of biochar-based applications (Liu et  al. 
2015; Tomczyk et  al. 2020). To the best of our knowl-
edge, a simultaneous investigation into the influence of 
feedstock type, carbonization temperature, and biochar 
structural properties on the thermal characteristics (e.g., 
enthalpy and phase-transition temperature) of biochar-
based phase-change composites is lacking. Accordingly, 
in this study, different biowaste-derived standard bio-
chars (wheat straw, Miscanthus straw, and rice husk (RH) 
biochar) prepared at dissimilar temperatures (550 and 
700  °C) were employed to encapsulate HXD. Because 
surface area is a prime indicator of biochar adsorption 
capacity, temperature is a vital factor in defining the tex-
tural properties of biochar during biochar production 
(Chun et al. 2004). Hence, this study examined the influ-
ences of biochar feedstocks and pyrolysis temperature on 
the energy storage density of biochar-based composites. 

This consideration has been lacking in previous investi-
gations of biochar-based composites, which predomi-
nantly focused on the effects of PCMs functional groups 
(Lv et al. 2022). Additionally, the biochars explored in the 
present study revealed relatively different specific surface 
area ranges (7.3–75.0 m2 g–1), which were used to evalu-
ate the effect of structural characteristics on the phase-
change behavior of phase-change paraffin. Notably, a 
supporting material with excessively small pore sizes 
restricts the molecular motion of PCMs and affects the 
enthalpy storage (Weidner et al. 2019). Conversely, a pore 
size that is too large (mostly > 50  nm) increases suscep-
tibility to leakage due to inadequate capillary forces to 
maintain the liquid PCM molecules (Qian et  al. 2016). 
Moreover, the biochar developed without chemical acti-
vation and engineered with additives demonstrated high 
durability, retaining 87–91.8% of energy storage after 500 
cycles. This contrasts with other biochars, such as bam-
boo-derived biochar engineered with CNTs, which main-
tained only 70% of PCM after 50 cycles (Atinafu et  al. 
2020). Furthermore, this study presents a cost-effective 
biochar with high thermal stability, promoting biocar-
bon in renewable energy storage and a circular economy, 
as illustrated in Fig.  1. Additionally, the as-synthesized 
biochar-based composite materials can be utilized as 
renewable energy storage materials in low-temperature 
applications, such as free-cooling ventilation systems in 
buildings.

2 � Materials and methods
2.1 � Materials
All chemicals used were of analytical grade. HXD (PAR-
AFOL 16–97, 10  kg, purity > 97%) was acquired from 
Celsius Korea Inc., Seoul, South Korea, and produced by 
SASOL Germany Gmbh. Table  1 lists the thermal and 
physical characteristics of the pristine HXD.

2.2 � Biochar production and properties
Biochar samples are standard materials provided by 
the UK Biochar Research Centre and are distributed 
for common global research and development pur-
poses (Mašek et al. 2018b). The biomass feedstocks were 
pyrolyzed at 550 and 700 °C with a heating rate of up to 
98  °C  min–1. Mašek et  al. (2018a) from the UK Biochar 
Research Center documented detailed reactor configu-
ration and standard biochar production. Typically, the 
feedstocks were firstly pelleted to reduce variation in 
physical form and further used to enhance handling and 
processing throughput owing to the even shape of pellets, 
and further used to provide similar visual morphology 
(Edeh et  al. 2023). The standard kiln operation involves 
an initial nitrogen purge of the entire system during 
the heating process to reach the target temperature. 



Page 4 of 17Atinafu et al. Biochar            (2025) 7:18 

Subsequently, the feedstock was fed into the reactor at a 
specified rate using a horizontal screw feeder. The feed-
stocks then moved through the reactor, progressively 
undertaking drying, devolatilization, and carboniza-
tion. The resident time in the reactor was regulated by 
adjusting the speed and feed rate of the kiln. At the end, 
the product was detached from impurities (e.g., gases), 
cooled in a nitrogen-filled, water-jacketed screw without 
direct water contact, and transferred to a sealed drum, 
ensuring the biochar remains dry and protected from 
air and moisture. The essential properties of the biochar 
samples used to prepare the phase-change composites 
are presented in Table S1.

2.3 � Preparation of paraffin‑encapsulated biochar 
composites

The biochar samples (derived from the carbonization 
of Miscanthus straw, wheat straw, and RH biomass at 
different pyrolysis temperatures) were integrated with 
HXD using a vacuum encapsulation method, wherein 

liquid HXD was assorted with the biochar and shaken 
vigorously to enable infiltration into the biochar-sup-
porting medium. The combined carbon–HXD sample 
was placed in a vacuum drying oven at 70  °C (above the 
melting temperature of bulk HXD) for 12  h. Extra liq-
uid HXD was eliminated via filtration. The solid samples 
were subsequently dried at 70 °C for 12 h using a drying 
instrument. The dried materials obtained were seepage-
resistant biochar-based composites and were represented 
as RH550/HXD, RH700/HXD, MSP550/HXD, MSP700/
HXD, WSP550/HXD, and WSP700/HXD for the RH550, 
RH700, MSP550, MSP700, WSP550, and WSP700 derived 
materials, respectively. Figure 2 demonstrates the overall 
schematic of the preparation of the composite materials.

2.4 � Characterization
The structural properties, such as the specific surface 
area (SSA), total pore volume (Vtotal pore), and pore size 
distribution, were characterized using the Brunauer–
Emmett–Teller (BET) method, Barrett–Joyner–Halenda 
(BJH) model, and nitrogen adsorption–desorption iso-
therm analysis (ASiQwin; Quantachrome) at 77 K under 
a relative pressure (P/Po) range of 0–1.0. The microstruc-
tures of the biochar and composite samples were evalu-
ated using field-emission scanning electron microscopy 
(JEOL-7800 Prime). The chemical structure of the pris-
tine materials and the chemical compatibility between 
HXD and the supporting carbon samples were examined 
using Fourier-transform infrared spectroscopy (FTIR; 
Nicolet 6700, Thermo Scientific, USA) over a wave-
number range of 500–4000  cm−1. X-ray photoelectron 

Fig. 1  Role of biochar in renewable energy storage and enabling a circular carbon economy

Table 1  Thermal and physical characteristics of pristine 
hexadecane

Property Value

Molecular formula CH3–(CH2)14–CH3

Phase-transition temperature 18 °C

Specific heat capacity 2 kJ (kg K)–1

Heat transfer property 0.2 W (m K)–1

Flash point 136 °C

Density (liquid at 25 °C) 0.77 g cm–3
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spectroscopy (XPS) (Thermo Scientific Inc., U.K, 
X-ray source: Al K-alpha µ-focused monochromator 
(1486.6 eV) with variable spot size (30–400 µm in 5 µm 
steps) was employed to investigate the elemental com-
position of biochar materials and corresponding bind-
ing energies of specific elements. The crystallinity of the 
biochar was characterized using powder X-ray diffraction 
(XRD) patterns (D8 advance, Bruker, Germany) obtained 
with a Cu–K radiation source (λ = 1.541 Å) from 5° to 90° 
at a scanning rate of 10° min−1. In addition, the degree of 
graphitization of biochar materials was evaluated using 
Raman spectrometer (Horiba Jobin Yvon) with laser, 
λ = 532 nm under a wavelength range of 4000–300 cm–1. 
The thermal properties of HXD and the biochar–HXD 
composite were studied via differential scanning calo-
rimetry (DSC; TA Instruments) from − 5 to 50  °C at a 
scanning rate of 10  °C  min−1. Furthermore, the thermal 
stability was evaluated through thermogravimetric analy-
sis (TGA; Q5000, TA Instruments) from 20 to 600 °C at 
a scanning rate of 10 °C min−1 under a nitrogen gas flow. 
Meanwhile, the seepage-resistance capability of the bio-
char–HXD hybrid was assessed using a hot-stage digi-
tal camera approach by maintaining the sample at 60 °C 
(above the fusion point of HXD) for over 30  min. The 
durability was investigated using a rapid thermal cycler 
instrument (A300, LongGene) with 500 successive ther-
mal cycles from room temperature (28 °C) to 50 °C. The 
thermal properties, including the phase-change enthalpy 
of the samples, were measured via DSC. The thermal 
conductivities of the as-prepared composite materials 
were investigated using a NETZSCH EPS (HFM 446) 

with a density of 26.0  kg  m–3 and weight of 7.0  g. The 
measurement was performed thrice for each composite 
material with a mean deviation of ± 0.001 W m–1 K–1. In 
addition, the thermal energy storage performance and 
homogeneity of the biochar–HXD composites were eval-
uated through dynamic thermal analysis using infrared 
thermography after 1 h of heating and 1 h of cooling in 
the range of 20–50 °C on an electric heating platform.

3 � Results and discussion
3.1 � Microstructure and textural features of biochars
The primary components of biomaterials (such as cellu-
lose, hemicellulose, and lignin) can be employed as struc-
tural components with multiple microfibers and a high 
degree of polymerization for solid carbon (biochar) pro-
duction. During carbonization, the biomass content and 
composition determine the diverse chemical, thermal, 
morphological, and structural characteristics of the solid 
carbon products, such as the SSA, pore volume, and pore 
diameter. Biomass is rich in fats and proteins that are not 
commonly considered during biochar fabrication owing 
to their heterogeneity and complex thermochemical 
conversion processes (Wang et  al. 2021). Each biomass 
component requires a different pyrolysis temperature to 
produce solid carbon with the removal of CO, CO2, H2O, 
and certain hydrocarbons, as lignin requires a high pyrol-
ysis temperature (Liu et al. 2015).

Figure  3a–f displays the scanning electron micros-
copy (SEM) images of the biochar materials, where 
different morphological structures were observed. Bio-
chars obtained from Miscanthus straw and wheat straw 

Fig. 2  Schematic of the fabrication of the biochar-based composite PCMs
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(MSP550, MSP700, WSP550, and WSP700) revealed 
randomly distributed pores within an irregular and inter-
connected hierarchical framework, with several surface 
pores of ∼2  μm. In contrast, biochars derived from RH 
(RH550 and RH700) displayed an inherited structure 
from the biomass feedstocks, characterized by a regular 
microchannel network in an analogous direction, with an 
average width of ∼3–5 μm and a plane surface (Fig. 3b, e). 
Additionally, RH constituents heteroatoms like nitrogen, 
confer the potential to advance the surface chemistry and 
improve the adsorption performances of biochars (Wan 
et  al. 2020). These characteristics are essential for PCM 
adsorption, subsequently providing a high latent heat 
storage capacity. The nitrogen sorption isotherms and 
BJH pore-size distributions of the biochar materials are 

offered in Fig. 3g–h. The materials predominantly exhib-
ited a type-IV isotherm with an H3 hysteresis adsorp-
tion–desorption isotherm observed between 0.5 and 0.9 
P/Po, demonstrating the existence of mesoporous carbon 
materials. All biochar samples exhibited similar features, 
with nearly no sorption isotherms at P/Po < 0.01. Notably, 
WSP550 and WSP700 exhibited no apparent H3 loops 
between the sorption regions, confirming a tight network 
of mesopores and macropores. The obtained adsorp-
tion/desorption experiment revealed that WSP550 is 
distinctive because of an enhanced adsorption amount 
at a high P/Po of 0.9–1.0, revealing the co-occurrence of 
meso–macro ordered pores (Liu et  al. 2022a; Jin Zhao 
et  al. 2017). This unique interconnectivity of the meso- 
and macropores is advantageous for the realization of ion 

Fig. 3  Structural and thermal stability characteristics of the biomass-waste-derived biochars. SEM images of (a) MSP550, (b) RH550, (c) WSP550, 
(d) MSP700, (e) RH700, and (f) WSP700 are shown. g N2 adsorption–desorption isotherms, h BJH pore-size distribution, and i XRD patterns 
of the biomass waste biochars
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diffusion and adsorption, processes that are crucial for 
achieving high energy storage density (Yuan et al. 2017). 
Thus, RH700 had the highest BET SSA (74.66 m2  g−1), 
as well as BJH adsorption cumulative pore volume and 
pore diameter of 0.078 cm3  g−1 and 3.42  nm, corre-
spondingly. The BET SSAs of MSP550, RH550, WSP550, 
and WSP700 were 50.84, 54.91, 11.94, and 7.35 m2  g−1, 
respectively, with BJH adsorption cumulative pore vol-
ume values of 0.047, 0.058, 0.026, and 0.022 cm3  g−1. 
These values were substantially higher than those of cur-
rently documented biochar materials, such as walnut 
shell biochar (38.45  m2  g−1) (Hekimoğlu et  al. 2021c), 
sugarcane bagasse biochar (17.78 m2 g−1) (Bordoloi et al. 
2022), and phoenix leaf biochar (8.61 m2  g−1) (Lv et  al. 
2022), indicating the potential of the as-prepared mate-
rials for PCM adsorption. Among the biochar samples, 
WSP550 exhibited the highest BJH adsorption cumula-
tive pore diameter (3.81 nm) and average pore diameter 
(9.53 nm), which is favorable for the even infiltration of 
PCM molecules into the inner channel of WSP500 and 
enhances the encapsulation rate of the PCM by WSP550 
(Zhang et  al. 2019). Contrary to other biochar materi-
als that exhibited an improved SSA with increased tem-
perature from 550 to 700 °C, WSP700 demonstrated the 
lowest textural properties, including the BET SSA and 
BJH adsorption cumulative volume, suggesting potential 
damage to certain physicochemical properties or fine-
pore architectures at 700 °C (Chun et al. 2004). Thus, the 
wheat straw was nearly experiencing high carbonization 
at a temperature of ≥ 500  °C. The variation in the pore 
structure, including SSA, among the biochar matrices 
was presumably due to the unique lignocellulosic con-
stituents (such as cellulose, hemicellulose, and lignin) 
of the biomass feedstocks (Edeh et  al. 2023). Therefore, 
during pyrolysis, biomass with lesser cellulose and higher 
lignin contents results in biochar with higher porosity 
(Leng et  al. 2021; Tomczyk et  al. 2020). Notably, lignin, 
being more stable at higher temperatures than other lig-
nocellulosic building blocks, is used to preserve poros-
ity. In this context, RH700 and RH550 maintained their 
laterally oriented pores compared to those of MSP550, 
MSP700, WSP550, and WSP700, which displayed a more 
compact structure, as demonstrated in the SEM images 
(Fig.  3a–f). In addition, the biochar sample exhibited 
a major mesopore distribution at approximately 2.0–
20  nm (Fig.  3h), which is promising for the fabrication 
of thermally stable energy-saving composite materials. 
Although the biochar showed a major mesopore propor-
tion, micropores may still exist because nitrogen (77 K) 
adsorption is less reliable for the characterization of 
micropores, particularly narrow micropores (< 0.7  nm) 
(Zhang et al. 2022a).

Furthermore, XRD examination was conducted to 
evaluate the crystallinity of the biochar materials at low 
temperatures. Two distinctive and wide diffraction peaks 
were observed at approximately 2θ = 23° and 43°, cor-
responding to the standard Bragg reflections (002) and 
(100) (Fig.  3i), respectively, confirming the amorphous 
nature of the biochar materials characterized by a low 
degree of graphitization.

Furthermore, the XPS survey was conducted to assess 
the differences in biochar materials elemental composi-
tion among the biochar materials. As shown in Fig. 4a, all 
the biochar materials showed carbon (C 1 s) and oxygen 
(O 1 s) with binding energies of approximately 283.4 eV 
and 531.3 eV, respectively, wherein C covered the domi-
nant proportion over other elements. Meanwhile, other 
elements such as Si were predominantly detected in 
WSP550, WSP700, RH550, and RH700 samples at a bind-
ing energy of around 102.3–106.2 eV (Fig. 4a, circled with 
a dashed line). Such certain levels of metals and Si ele-
ments can contribute to preserving the microstructure of 
parent biomass materials and play an imperative role in 
the arrangement of C structure and stability of biochar 
materials (Guo & Chen 2014; Montoya et al. 2017). The 
deconvoluted C1s spectra revealed three major compo-
nents at approximately 283.3–283.9  eV, 283.7–284.5  eV, 
and 286.0–287.3  eV, attributed to C=C/C–C, C–O, and 
O–C=O, respectively (Fig. S1). The O1s spectra also 
exhibited three deconvoluted components, occurring 
at around 529.7–530.7  eV, 530.0–532.2  eV, and 531.8–
532.7  eV, corresponding to C=O, C–O, and O–C=O 
bonds (Fig. S2).

Additionally, the Raman spectra (Fig.  4b) displayed 
two prominent peaks situated at approximately 1343.1–
1363.0  cm–1 and 1592.5–1598.3  cm–1, equivalent to the 
D (defective carbon) and G (graphitic sp2 carbon) bands, 
respectively. The relative intensity ratios between the D 
and G-bands (ID/IG) ranged from 0.69 to 0.81, signifying 
a higher presence of amorphous carbon, as observed in 
XRD results. For instance, RH550 and MS550 showed 
an ID/IG value of 0.69 and 0.74, respectively, indicating a 
lower degree of defect and disorder in RH550 (Yang et al. 
2022). With increasing pyrolysis temperature, the bio-
chars revealed a red shift in the D bands (from 1361.7– 
1363.0 cm–1 at 550 to 1343.1–1346.3 cm–1 at 700 °C) and 
a blue shift in G bands (from 1592.5 to 1595.7  cm–1 at 
550 °C to 1595.1–1598.3 cm–1 at 700 °C), suggesting that 
pyrolysis temperature significantly influences the degree 
of carbonaceous ordering and crystallinity (Haghighi 
Mood et al. 2022).

Furthermore, the FTIR absorption spectra revealed 
typical peaks of symmetric C–O, O–H, and aromatic 
C=C/C=O stretching vibrations at approximately 1090–
1106, 3431, and 1575–1618  cm–1, respectively (Fig.  4c). 
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However, the intensities of these bands exhibited a 
gradual decline, with a near-complete disappearance 
observed at approximately 3431  cm–1 for WSP550 and 
all biochars prepared at 700  °C. This signified a reduc-
tion in the number of acidic groups (CO–, COOH, CHO 
stretching, and phenolic − OH stretching) with increas-
ing pyrolysis temperature. In addition, the reflection 
of both basic and acidic groups of aromatic C=O rings 
at approximately 1614  cm–1 mostly vanished across all 
biochar samples (except for MSP550 and RH550). This 
result was highly consistent with the pore characteristics 
of WSP550, in which the wheat straw exhibited pyroly-
sis at ≥ 500 °C. The reduction of such reactive functional 
groups in WSP550 can likely promote the PCM uptake 
capacity owing to the advantages of reducing intermolec-
ular interactions between the guest and host materials. In 
addition to the structural and microstructural properties 

of the biochar materials, their thermal stability is vital for 
guest-material adsorption, and the TGA thermograms 
are provided in Fig.  4d. The carbon materials demon-
strated high stability, as evidenced by decomposition 
temperature ranges of 357–590, 386–530, 441–600, and 
455–600  °C for MSP550, RH550, RH700, and MSP700, 
respectively. This decomposition can be attributed to 
the degradation of organic molecules, such as hemicel-
luloses, cellulose, and lignin, present in the biomateri-
als (Pariyar et  al. 2020). In addition, minor degradation 
was observed at approximately 30–60 °C for RH550 and 
MSP550 owing to the exclusion of impurities, including 
moisture/water, due to the inherent hygroscopic char-
acteristics of the biomass. Comparatively, WSP550 and 
WSP700 exhibited high thermal stability (degradation 
between 452 and 600 °C due to the decomposition of the 
organic matter (such as lignin)) (Cao et al. 2019), which is 

Fig. 4  Structural, chemical, and thermal stability properties of the standard biochars. a XPS survey result, b Raman spectra, c FTIR spectra, and d 
TGA curves for standard biochar pyrolyzed at 550 and 700 °C
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a property similar to their highest biochar carbon stabil-
ity, which was 96.51 ± 0.3% on a C-basis.

3.2 � Structural and morphological properties 
of the biochar‑based composite

Figure  5a–f displays SEM images of the biochar after 
impregnation with HXD. The rough surface was attrib-
uted to biochar, whereas the smooth surface was HXD. 
As shown in the SEM images, HXD firmly infiltrated 
the pores of the biochar matrices and displayed a thick 

microstructure owing to the surface tension and capil-
lary force between the HXD molecules and the support-
ing materials. The HXD molecules were well-distributed 
throughout the biochar matrix. In contrast, the partial 
magnification of RH550 displayed comparatively vacant 
pores, primarily due to the weak affinity of RH550 for 
HXD (Fig.  5c). This leads to reduced adsorption in the 
pores, which could become vacant after the phase change 
process. This resulted in a lower encapsulation ratio and 
energy storage density.

Fig. 5  SEM images of (a) MSP550/HXD, b MSP700/HXD, c RH550/HXD, d RH700/HXD, e WSP550/HXD, and f WSP700/HXD

Fig. 6  Structural characteristics of the biochar-based composite PCMs. a FTIR spectra of pure hexadecane and the composite PCMs. b TGA 
thermograms of the bio-based composite samples
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Additionally, the chemical properties of the biochar 
and HXD integration were assessed using FTIR spec-
troscopy. As presented in Fig.  6a, all biochar compos-
ites displayed the combined spectra of biochar and 
HXD without significant shifts in the main absorption 
peaks or new absorption peaks, demonstrating physi-
cal adsorption between HXD and the biochar materials. 
All composite materials exhibited prominent –CH3 and 
–CH2– symmetric and asymmetric stretching vibrations 
of HXD at approximately 2853 and 2923  cm–1, respec-
tively. The characteristic peak at 1466 cm–1 corresponds 
to C–H bonds (CH2 in-plane bending vibrations). The 
peaks at 1090–1106  cm–1 can be attributed to C–O–C 
stretching vibrations derived from the biochar-support-
ing matrix. Although the prominent distinctive peaks of 
HXD were displayed together in the FTIR spectra of the 
composite materials, the absorption peak intensities dif-
fered from those of pristine HXD and the other two bio-
char composite materials, presumably due to the limited 
amount of HXD infiltration inside the biochar pores.

The thermal strengths of the as-fabricated phase-
change hybrids were investigated using TGA (Fig.  6b). 
All composite materials exhibited analogous two-step 
thermal decomposition characteristics without substan-
tial weight degradation detected at a temperature of less 
than 120 °C. The first decomposition step occurred from 
approximately 120 to 180  °C owing to the decomposi-
tion and evaporation of HXD and weight losses of 28.9%, 
30.5%, 25.8%, 33.2%, 32.7%, and 29.6% for MSP550/HXD, 
MSP700/HXD, RH550/HXD, RH700/HXD, WSP550/
HXD, and WSP700/HXD, respectively, which was con-
sistent with the weight portion of HXD in the compos-
ites. The second step occurred from approximately 386 to 
600 °C, equivalent to the decomposition of organic mol-
ecules from the biochar samples. Evidently, the weight 
loss revealed the HXD loading content inside the biochar 
samples, as a higher HXD loading content provides a 
phase-change composite with a stronger thermal energy 
density performance (Zhou et al. 2023). This further indi-
cates that RH700 demonstrated the highest HXD load-
ing content, which was attributed to its highest BET SSA 
(74.66 m2  g−1) and cumulative mesopore volume (0.078 
cm3 g−1). It is also worth noting that RH550/HXD exhib-
ited a distinct and higher thermal stability curve (from 
around 180 to 600 °C) compared to other biochar materi-
als produced at 550 °C pyrolysis. This is likely due to the 
presence of high Si and other metals, as RH550 exhibited 
high Si content (3.9%), which may stabilize carbon more 
effectively than other forms of carbon components (Guo 
and Chen 2014). Meanwhile, WSP550/HXD exhibited 
a high PCM adsorption capacity, which was consist-
ent with its structural properties (large pore diameter of 
9.53 nm). Notably, pores that are larger than or match the 

size of the guest species can improve the encapsulation 
capability of biochar materials. In this regard, WSP550 
had a higher pore size compared with that of the guest 
HXD (dimension of 2.36  nm and breadth of ∼0.4  nm) 
(Martin et  al. 1998). In contrast, supporting materials 
with pore sizes ranging from 0.5 to 2.4  nm render the 
guest materials inaccessible or dynamically limited for 
adsorption, resulting in a molecular sieve effect (Zhang 
et al. 2022a). Therefore, the HXD inside the biochar net-
work was preserved from leaching to a certain extent. 
Therefore, the fabricated composite materials exhibited 
better thermal performance than the pure HXD.

3.3 � Phase‑change properties of biochar‑based composite 
materials

Thermal parameters, such as the phase-transition 
enthalpy and phase-transition temperature of the bulk 
HXD and biochar–HXD composites, were assessed using 
DSC during both the melting and freezing processes. As 
shown in Fig.  7a, all hybrid materials displayed distinct 
melting and freezing phase-transition peaks. The fusion 
enthalpy (ΔHm) and freezing enthalpy (ΔHf) of pristine 
HXD were 251.1 and 249.6 J g–1, correspondingly. As pre-
sented in Fig. 7b, MSP550/HXD, MSP700/HXD, RH550/
HXD, RH700/HXD, WSP550/HXD, and WSP700/
HXD displayed ΔHm/ΔHc values of 61.9/61.1  J  g–1, 
63.2/62.3  J  g–1, 59.6/59.1  J  g–1, 70.0/69.6  J  g–1, 
64.6/64.0 J g–1, and 58.1/57.7 J g–1, correspondingly. Their 
enthalpy storage capacities were still lower than the latent 
heat storage capacity of pristine HXD owing to the inter-
ference of biochar, which showed no phase-transition 
behavior during the phase-change process; this is una-
voidable. The melting temperature (Tm) and crystalline 
temperature (Tc) of all composite samples were 22.4 ± 0.6 
and 11.3 ± 0.6  °C, respectively. Unlike other biochar 
composites (MSP550/HXD, MSP700/HXD, WSP550/
HXD, and WSP700/HXD), the Tc slightly increased from 
10.7 °C in RH550/HXD to 10.9 °C in RH700/HXD, indi-
cating the relatively easy arrangement of regular molecu-
lar chains and improved crystal growth as the adsorption 
mesopore volume increased from 0.058 to 0.078 cm3 g−1. 
This can lead to an improvement in the phase-transition 
enthalpy and phase-change temperature of the rice-husk-
based composite as the temperature increases. In con-
trast, the Tc of wheat straw biomass decreased by 0.8 °C. 
Additionally, the encapsulation ratio ( ω ) of HXD in the 
composite PCMs was evaluated according to Eq. (1):

where �Hm.comp. and �Hm.HXD represent the fusion 
enthalpies of the phase-change composite and pure HXD, 

(1)ω =
�Hm.comp.

�Hm.HXD
× 100%
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respectively. Hence, the ω values of HXD in MSP550/
HXD, MSP700/HXD, RH550/HXD, RH700/HXD, 
WSP550/HXD, and WSP700/HXD were 24.6%, 25.2%, 
23.8%, 27.9%, 25.7%, and 23.2%, respectively. Support-
ing materials with high SSAs provide various active sites 
for the adsorption of large guest molecules via surface- 
or interface-related interactions. In this context, RH700 
provided a favorable BET SSA, thereby exhibiting a high 
energy storage capacity and ω . In view of the weight frac-
tion, the enthalpy per unit mass of HXD in RH700/HXD 
(70.0/0.279 = 250.9 J g−1) was nearly similar to that of the 
pristine PCM. This implies that the integration of HXD 
and biochar can exploit the characteristics of HXD to 
the greatest extent possible (Zhao et  al. 2024). In con-
trast to other biochar-based composites that exhibited 
high energy storage density at 700 °C, the enthalpy stor-
age density of WSP700/HXD was faintly lower than that 
of WSP550/HXD, presumably due to the high pyrolysis 

temperature causing disrupted pore channels and lead-
ing to the notably reduced SSA (7.35 m2 g−1). Pores with 
smaller kinetic diameters likely interact (including chem-
ical bonding interactions) with guest materials/PCMs, 
leading to a reduced energy storage density (Zhang et al. 
2022a).

In addition, the energy storage density and freedom-
movement degree of HXD inside the as-prepared com-
posite samples could be evaluated using the latent heat 
efficiency (λ) and relative latent heat efficiency (η). Typi-
cally, the higher the λ and η values, the higher the ther-
mal energy storage density (Liu et al. 2023). The λ and η 
values of all samples were calculated according to Eqs. (2) 
and (3):

(2)� =
�Hm(comp.) +�Hf(comp.)
(

�Hm(HXD) +�Hf(HXD)

) × 100%

Fig. 7  Thermal properties of the fabricated composite samples. a DSC curves, b phase-transition enthalpy and phase-transition temperature 
of the prepared samples, and (c) enthalpy efficiency and relative enthalpy efficiency of the biochar composite samples
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where �H f.comp. and �H f.HXD represent the crystalline 
enthalpies of the as-fabricated biochar-based phase-
change composite and pristine HXD, respectively. The 
λ of the composite materials was close to the ω of the 
corresponding biochar-based samples. The η values of 
MSP550/HXD (99.7%), MSP700/HXD (99.5%), RH500/
HXD (99.8%), WSP550/HXD (99.8%), and WSP700/
HXD (99.8%) were lower than 100% (Fig. 7c), indicating 
the confinement effect of biochar materials regarding the 
free movement of HXD during the phase-change pro-
cess. Conversely, the η of RH700/HXD (100%) reached 
100%, indicating good thermal storage performance and 
relatively improved PCM movement (Hu et  al. 2024). 
Additionally, the surface functionality (predominantly 
carboxyl and hydroxyl groups) and pore characteristics 
of biochar materials can also play significant roles in the 
thermal properties of composite materials. Strong con-
finement inside the supporting materials/biochar affects 
the encapsulation conformation of the PCM chains and 
the nucleation and crystal growth of the PCM mole-
cules (Wang et  al. 2016). For example, RH550 yielded a 
reduced phase-change enthalpy compared to RH700 due 
to the insufficient pore diameter and relatively “interac-
tive” interaction between biochar functional groups and 
the inert HXD. This interaction restricts the movement of 
the HXD chain and impedes the crystallization of HXD 
in the biochar networks (Fig.  8). Hence, the latent heat 
efficiency and thermal performance of composite materi-
als can largely depend on the biomass materials and syn-
thesis conditions, such as the pyrolysis temperature.

In addition, for practical operations, the thermal 
performance of the designed composite should be pre-
served over an extended period. Therefore, a thermal 
cycling test over 500 cycles was conducted using a ther-
mal cycler from 0 to 50 °C for composite materials pre-
pared using 550  °C biochars, and the phase transition 
was evaluated using DSC (Fig.  9a). The phase-change 

(3)η =
�Hm(comp.) +�Hf(comp.)

(�Hm.HXD +�Hf.HXD)× ω
× 100%

temperature points minimally shifted, demonstrating 
high thermal reliability over repeated thermal cycles. 
The ΔHm/ΔHc values of MSP550/HXD, RH550/HXD, 
and WSP550/HXD were 56.0/54.9, 51.8/50.8, and 
59.3/58.5 J g−1, correspondingly, with latent heat reten-
tion capacities of 90.5%, 86.7%, and 91.7%, respectively 
(Fig.  9b). This signified high HXD preservation in the 
biochar channels after multiple thermal cycles.

Furthermore, the seepage-resistance capability/shape 
stability characteristics of the as-synthesized composite 
materials were assessed using a hot-stage digital camera 
method wherein the samples were placed in a heating 
oven at 60 °C for over 30 min. The changes were recorded 
using a digital camera. The seepage test of pristine HXD 
was not incorporated because the sample was originally 
observed in a liquid state (Fig. 9c). As shown in Fig. 9d, 
no indication of liquid flow was observed in any of the 
biochar-supported HXD composite materials, indicat-
ing the enhanced form steadiness of the synthesized 
materials.

To demonstrate the energy conversion capability and 
internal homogeneity of the biochar-based phase-change 
energy storage, an infrared (IR) thermography evalu-
ation was performed, revealing the dynamic thermal 
characteristics. To evaluate the performance of biomass 
pyrolyzed at a lower temperature (550  °C), composite 
materials of the same weight (approximately 0.71  mg), 
such as MSP550/HXD, RH550/HXD, and WSP550/
HXD, were selected and subjected to IR irradiation. The 
changes were documented via an IR camera after 1  h 
of heating and cooling in the temperature series of 25 
(room temperature) to 50 °C (Fig. 10a). During the heat-
ing stage, all samples exhibited nearly the same isother-
mal heating rate, whereas WSP550/HXD and RH550/
HXD displayed relatively higher heating temperatures 
after 10  min of heating (Fig.  10b), presumably owing to 
the higher heat transfer performance of the support-
ing biomaterials. During the crystalline process, the 
temperature of the biocomposite decreased to ambient 

Fig. 8  Schematic illustration of PCM molecular chain confinement and adsorption conformation inside the biochar channels
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temperature (20–40  °C) after 5 min. In this context, the 
as-prepared composite materials maintained their tem-
perature for a relatively longer cooling time compared to 
composites fabricated using highly thermally conductive 
materials (e.g., boron nitride), which exhibited a temper-
ature decrease within 10 s (Wang et al. 2019). To further 
confirm its application potential, the thermal transport 
performance of as-synthesized composite materials was 
evaluated, revealing thermal resistances of 0.5585, 0.5487, 
and 0.5339 (m2∙K) W–1 for MSP550/HXD, RH550/HXD, 
and WSP550/HXD, respectively. This further suggested 
the significant potential of these materials in thermal 
insulation applications. Additionally, the thermal perfor-
mances of the as-prepared composite PCMs were highly 
competitive and even more advanced compared to those 
of recently documented composite materials, as shown 
in Fig. 10c, d and Table 2. This difference in the thermal 
performance of certain composite materials is due to the 
introduction of activating agents and biochar engineering 
materials, which improve the structural diversity respon-
sible for the adsorption of the PCMs. 

Furthermore, the as-prepared biochar-based com-
posites, operating within an ambient temperature range 
of 20–40  °C and exhibiting promising energy storage 
capacity (60–65  J  g–1), can find application in low-car-
bon energy buildings, such as free-cooling ventilation 
systems and indoor thermal control applications. It can 
enhance the energy-saving capacity, thermal perfor-
mance, and service life of buildings (Liu et al. 2024). As 
indicated above, the as-prepared phase-change compos-
ite exhibited a thermal resistance capability ranging from 
0.5339 to 0.5585 (m2∙K) W–1, indicating favorable build-
ing temperature regulation and reduced building energy 
consumption. It can be used to keep against heat dissi-
pation and improve the energy storage density of target 
applications. For example, biochar-based phase change 
composite integrated with artificial stone, which is used 
for building finishing materials, demonstrated a tempera-
ture delay effect (of ~ 2.7 h), reduced peak temperature up 
to 5 °C, lowered the thermal conductivity by 0.65 W (m 
K)−1, and improved thermal energy efficiency and indoor 
temperature control (Kim et al. 2021). Meanwhile, the as-
prepared biochar-based composites exhibited prolonged 

Fig. 9  Thermal reliability of the composite materials: (a) DSC curves and (b) phase-change enthalpy of the composite materials after and before 
500 heating–cooling cycles. c Pristine hexadecane and (b) leakage test of the biochar composites at 60 °C via heating for over 30 min
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Fig. 10  Thermal management of the biochar-based composites. a IR images and (b) dynamic thermal performance of the biochar 
and biochar-based phase-change composites. The comparative thermal performances of the as-synthesized hybrids and other biochar-based 
composite PCMs are shown. c Encapsulation ratio and (d) phase-change enthalpy storage density

Table 2  Thermal performance comparison of the as-prepared composite and documented composite PCMs

Biomass feedstocks PCMs Loading ratio 
(%)

ΔHm (J g–1) ΔHc (J g–1) Refs.

Carbonized hazelnut wood Capric acid 63.4 136.7 136.7 Hekimoğlu et al. (2021a)

Corn straw Polyethylene glycol (PEG) 49.3 105.4 95.49 Liu et al. (2022b)

Walnut shell Methyl palmitate 42.4 108.3 107.0 Hekimoğlu et al. (2021c)

Pinus resinosa Dodecanoic acid 32.7 50.9  ~ 50.3 Mandal et al. (2022)

Lemon peel Heptadecane 64.7 141.8 – Hekimoğlu et al. (2021b)

Sugar beet pulp Capric-stearic acid 66.8 117.0 113.0 Sarı et al. (2022)

Chestnuts Octadecane 28.3 70.2 66.1 Zhao et al. (2021)

Wood Nonadecane 49.6 115.1 114.9 Hekimoğlu et al. (2023)

Lignin PEG/polyvinyl alcohol 31.1 42.2 37.9 Niu et al. (2022)

Bamboo Paraffin 38.8 79.4 78.8 Yue et al. (2023)

Bamboo Paraffin 29.1 59.5 56.6 Yue et al. (2023)

Animal manure Octadecane 48.0 88.7 89.0 Atinafu et al. (2024)

Garlic peel Paraffin 29.0 52.5 51.9 Luo et al. (2022)

MSP550 Hexadecane 24.6 61.9 61.1 This study

MSP700 Hexadecane 25.2 63.2 62.3 This study

RH550 Hexadecane 23.8 59.6 59.1 This study

RH700 Hexadecane 27.9 70.0 69.6 This study

WSP550 Hexadecane 25.7 64.6 64.0 This study

WSP700 Hexadecane 23.2 58.1 57.7 This study
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cooling and heating time, which is imperative to reduce 
energy consumption, minimize indoor air temperature 
variations, and preserve indoor thermal comfort. Addi-
tionally, a proper amount of biochar (approximately 4% 
of cement weight) ensures enhanced mechanical proper-
ties (strength), which further offers environmental ben-
efits through recycling the waste. This provides abundant 
prospects for developing “green” passive energy infra-
structure in building constructions.

Moreover, the enhanced characteristics of as-pre-
pared composites, such as leakage-resistance capability 
and low extent of supercooling (< 13.0  °C) can project 
high-performance thermal management systems in the 
human thermal comfort zone. This will further broaden 
the application of biochar databases in renewable energy 
storage material development.

4 � Conclusions
In summary, high-performance and eco-friendly phase-
change composites are crucial for achieving high energy 
storage densities and utilization efficiencies. Phase-
change composites composed of organic PCMs and 
three biochar matrices were formed at different car-
bonization temperatures. The thermal properties of the 
phase-change composites, in which HXD molecules are 
infiltrated, were assessed by calculating the phase-tran-
sition enthalpy and phase-transition temperature using 
DSC, and by evaluating thermal stability using TGA. 
The results displayed that the encapsulation ratio and 
phase-transition enthalpy increased with an increase in 
the textural properties of the biochars, such as the SSA 
and mesopore volume. RH700/HXD exhibited high 
phase-change enthalpy (70.0 J g−1), which was 15% higher 
than that of the composites derived from RH550 due to 
a large SSA and cumulative mesopore volume. Concur-
rently, the phase-change enthalpy of the Miscanthus 
straw-derived biochar-based composites increased with 
increasing biochar preparation temperature. Conversely, 
WSP700/HXD exhibited the lowest enthalpy (58.1 J  g–1) 
owing to the lowest SSA at high temperatures, causing 
structural damage and complete pyrolysis. The pyrolysis 
temperature and feedstock used meaningfully affected 
the structural architecture of the biochar materials. All 
phase-change composites demonstrated optimal shape 
stability (60 °C, above the fusion temperature of pristine 
HXD), notable thermal stability, and durability. Addi-
tionally, the composites exhibited high latent heat effi-
ciency (99.5–100%), with RH700/HXD showing superior 
capacity and maintaining high phase-change enthalpy 
retention, ranging from 86.7 to 91.7%, even after 500 
heating–cooling cycles. Under similar pyrolysis condi-
tions (550  °C), the composite materials exhibited ther-
mal resistance ranging from 0.5339 (m2∙K) W–1 to 0.5585 

(m2∙K) W–1. This showcases the potential of the compos-
ite for thermal insulation, contributing to building energy 
savings. The results enabled us to report an additional 
understanding of the competitive influence of pore vol-
ume and SSA on the energy storage density and phase-
change temperature owing to the pyrolysis temperature 
effect. Therefore, monitoring the pyrolysis temperature 
according to the biomass type and target application is 
suggested. Accordingly, this study offers a promising ave-
nue for fabricating green, economical, and high-perfor-
mance bio-based energy material composites for diverse 
renewable energy storage, harvesting, and utilizations, 
such as free-cooling ventilation systems in lightweight 
buildings.
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