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Phase change material (PCM) composites have been introduced in various application fields to optimize
the balance between energy supply and consumption using renewable energy sources. However,
intrinsic weaknesses of PCMs hinder their applications in industrial and residential applications. Herein,
the high-strength, lightweight, highly thermally conductive, and cost-effective carbon foam (CF) was
utilized as an encapsulation framework for a commercial PCM, paraffin wax (PW), via vacuum infiltration
to overcome the limitations of PCMs. The prepared high-performance, shape-stabilized PCM composite
is suitable for utilization in multiple applications, including solar thermoelectric power generators (TEGs),
resistant heaters, and solar-to-heat converters. The prepared composite was installed on a water-cooled
TEG to convert the light to electrical energy. When the proposed thermoelectric conversion system was
irradiated with light intensities of 1700, 1800, and 1900 W m™2, the output voltages were 0.63, 0.83, and
1V, respectively. The capability of the PCM composite as a resistance heater in energy management of
residential buildings at energy peak time was investigated by applying a voltage in the test room. After
seven heating/cooling cycles between 55 and 60 °C by turning on/off the voltage under a constant
power of 6 W, the temperature of the test room reached comfort conditions. After completely turning
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off the electrical heater, the release of latent heat energy contributed to maintaining the indoor
temperature under convenient conditions. Such excellent performance revealed that the prepared low-
DOI: 10.1039/d5ma00482a cost CF possesses high potential for application in residential heating systems. Furthermore, the high
light absorption capacity of commercial CF/PW enables efficient performance in the solar to thermal

rsc.li/materials-advances conversion process.

transition and release it upon cooling within a narrow tem-
perature range, which provides high storage density and effec-
tive temperature control.>®

1. Introduction

The growing global population and accelerating industrial

activity have significantly increased energy demand, mounting
pressure on conventional energy systems—particularly in
light of the finite nature of fossil fuel resources."””> An appealing
method to respond to the imbalance between energy supply
and consumption is the advancement of energy storage tech-
nologies—specifically, PCMs, which offer efficient thermal
energy storage through latent heat absorption and release
during phase transitions.>* PCMs store thermal energy by
absorbing latent heat during the solid-to-liquid phase

“School of Metallurgy & Materials Engineering, Iran University of Science and
Technology (IUST), Narmak, Tehran 16846, Iran. E-mail: malekim@iust.ac.ir;
Tel: +982177459151

b School of New Technologies, Iran University of Science and Technology (IUST),
Narmak, Tehran 16846, Iran

¢ Hoffmann Institute of Advanced Materials, Shenzhen Polytechnic University, 7098
Liuxian Boulevard, Shenzhen, Guangdong 518055, P. R. China

714 | Mater. Adv.,, 2025, 6, 7114-7125

Among the available PCMs, paraffin-based materials are
widely utilized due to their high latent heat capacity, moderate
and stable melting point, good chemical and thermal stability,
negligible supercooling, and non-corrosive and non-toxic
nature.”™® However, their practical application is restricted
by major disadvantages, which are leakage during phase
change, and poor thermal and electrical conductivity which
restrict their application in active energy conversion systems,
particularly where light-to-heat or electrical-to-heat conversion
is desired."*™"

In order to mitigate these disadvantages, incorporating
PCMs within porous three-dimensional (3D) scaffolds is a
feasible option to improve thermal conductivity, mechanical
stability and structural stability.>®>' Carbon-based materials,
such as CF and graphene foam, have been proven to be
especially effective due to their interconnected porosity, high

© 2025 The Author(s). Published by the Royal Society of Chemistry
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thermal conductivity, capillary retention forces, and photother-
mal/Joule-heating capabilities.”**>™* These frameworks not
only mitigate leakage and enhance heat transport but also
broaden utilization of PCMs to areas including solar energy
harvesting, electronic cooling, industrial heat recovery, and
thermal buffering in power systems.>®™>°

PCMs supported by carbon-based materials are employed to
convert solar/electrical/magnetic energy to thermal energy, as
well as adsorb and store wasted heat from electronic devices,
vehicles, or machinery. These capabilities are suitable for
applications in construction, industrial operations, electronic
devices, and solar energy systems.”®° Exceptionally efficient
conversion of solar-to-thermal energy and high thermal con-
ductivity of black CF/PCM composites lend themselves for use
as solar collectors in TEGs.>**'* It has been reported that the
performance of TEGs was enhanced by employment of PCMs as
heating and cooling media.>*?*® Infiltrated PCMs in the gra-
phene aerogel with a 3D porous structure led to PCM compo-
sites that led to generation of stable and continuous electric
energy from TEGs during heating and cooling processes.’”
High-strength cross-linked graphene/cysteamine aerogel sup-
ported by two different PCMs was attached to the two sides of
TEGs to achieve the Seebeck effect and pyroelectric effect. The
power generator incorporating PCM composites generated
electrical energy.*® The highly graphitized magnetic CF was
used to advance thermoelectric performance with 0.81 V output
voltage under 2100 W m~>.>° A photo-thermoelectric system,
consisting of a PCM photothermal layer (CF/polyethylene gly-
col), a TEG, and a cooling layer, can deliver an output voltage of
approximately 50 mV under 1000 W m 2 A hierarchical
carbon nanostructure was deposited via simple chemical vapor
deposition (CVD) using the flame of a candle to generate a
voltage under 1000 W m ™2 solar irradiation. As a result, the
carbon absorber, which was coated on the thermoelectric
module, produced 130 mv.*!

The use of electrically conductive CFs as PCM containers
makes it possible to generate and store the heat energy from
electric energy. Based on heat generation ability, CF/PCM
composites have been employed in various application areas
such as green electrical heaters for domestic applications.*>™**
The CF/PCM composite as an electrical heater and in situ
thermal energy storage device for buildings revealed a promis-
ing performance. In addition, it could maintain the tempera-
ture of a test room above 18 °C for 41 min without electricity
consumption in energy peak load time.*>

It is important to note that the applications of all carbon-
based material/PCM composites require a high-quality carbon
matrix with a low-cost and facile production process with
commercial and cost-effective raw materials. Additionally, they
need to address the challenges associated with organic PCMs,
such as leakage, low thermal/electrical conductivity, and light
absorption. This research aims to access a low-cost CF that has
interesting properties and can be used for diverse energy
conversion applications. The presented foam as a support for
PW resulted in a composite with high light-to-heat/electric
energy and electric-to-heat energy performance. Utilization of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the presented composite on top of a TEG led to the generation
of a high voltage of 1 V due to the Seebeck effect. In addition,
the PCM composite as a resistance heater could produce heat
efficiently and maintain the indoor temperature at convenient
conditions (21 °C).

2. Experimental

2.1. Materials

Commercial melamine foam (MF) were bought from a local
supplier, while commercial PW and phenolic resin were
obtained from Behran Oil Co and Resitan Co, respectively.
Additionally, cetyltrimethylammonium bromide (CTAB) was
provided by Merck Company. Ethanol solution was purchased
from Visyan Co.

2.2. Synthesis of carbon foam (CF)

Initially, a solution was prepared by dissolving 21.7 g of
phenolic resin and 1.08 g of CTAB in 50 cc of an ethanol/water
mixture at a 70/30 volume ratio. The MF was then cut to the
desired size and immersed in this solution. After successful
infiltration, the coated MF was dried at 100 °C. It was subse-
quently placed in a tube furnace, where it was heated to 900 °C

for 90 minutes, with a heating rate of 2.5 °C min .

2.3. Preparation of PCM composites

The PCM composites were created using the vacuum impreg-
nation technique. PW was heated in a beaker at 70 °C to melt it
completely. The CF was then immersed in the melted PW and
transferred to a vacuum drying oven (50 mbar) set at 70 °C for
one hour. After this process, any excess PW on the surfaces of
the composite was removed. Fig. S1 depicts the synthesis
process of CF and PCM composites.

2.4. Material characterization

X-ray diffraction (D8 advance, Bruker Germany) patterns were
recorded with Cu-Ko. radiation (2 = 1.5418 A) to study the phase
analysis of the samples. Nitrogen absorption was measured
using a Belsorb mini (MicrotracBEL Corp.) at 77 K. Before
analysis, the samples experienced degassing at 150 °C under
vacuum conditions. Raman spectra were acquired on a Horiba
Xplora microscope system utilizing a 785 nm laser. Scanning
electron microscopy (SEM, TESCAN VEGA//XMU microscope)
and transmission electron microscopy (TEM, JEM-2100F) were
employed to observe and characterize the morphology and
microstructure of the samples, respectively. Fourier transform
infrared (FTIR) spectra were recorded by using a Spectrum RX I
(PerkinElmer). All spectra in the 400-4000 cm ™' range with a
4 cm™ " spectral resolution were obtained from compressed KBr
pellets. KBr was thoroughly dried by heating it in an oven at
110-130 °C for several hours. Subsequently, a small amount of
the sample (typically around 1-2 mg) was carefully cut and
accurately weighed. This was then homogeneously mixed with
approximately 100 mg of dry KBr powder, maintaining a
common ratio of 1:100. The mixture was finely ground using
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an agate or ceramic mortar and pestle until it became a
uniform and fine powder. Then, the powder was compressed
under high pressure using a hydraulic press to form a trans-
parent pellet. Finally, the resulting pellet was placed in the
sample holder of the FTIR spectrometer, and the spectrum was
recorded. Differential scanning calorimetry (DSC) was con-
ducted using a DSC (Q100, TA Instruments) under a nitrogen
atmosphere, with a heating/cooling rate of 5 °C min~". The
reliability of PCM composites was evaluated through 200 heat-
ing/cooling cycles. Each cycle involved heating the composites
with dimensions of 10 mm x 10 mm x 10 mm above the
melting point of the PCMs and cooling them below their
freezing temperature. In the reliability test, the sample was
placed on a hot plate (60 °C) for 1 min and then transferred to a
cooled plate (room temperature) for 1 min. The rest time
between the heating and cooling was 1 min. For practical tests,
to measure the temperature of the composite, test room, and
environment temperatures, the T-type thermocouples were
utilized. To record the composite temperature, a thermocouple
was embedded in the middle of the sample. A data acquisition
device (midi logger GL840) was employed to record the tem-
perature variations. The uncertainty of temperature and voltage
in the midi logger GL840 is 0.1% of rdg +0.5 and 0.1% of F.S.,
respectively. Moreover, an infrared camera (UNI-T) was utilized
to monitor the heat transfer of the samples when being placed
on a hot plate that was kept at a constant temperature.

2.5. Test rooms

The energy-saving potential and thermal buffering perfor-
mance of the PCM composite were evaluated using wooden
test chambers with cubic dimensions of 50 x 50 x 50 cm,
simulating small-scale indoor environments. To investigate the
response of the composite to solar irradiation, it was irradiated
using a xenon arc lamp under controlled light intensities.
Temperature variations within the chamber were continuously
monitored and recorded using a multi-channel temperature
data logger.

To assess the thermoelectric performance of the composite,
it was positioned on top of a commercial thermoelectric gen-
erator (TEG, model TEC1-12710). The dimensions of this TEG
are 40 mm x 40 mm, and its operating voltage is 12 V, with a
current of 10 A. A water-cooled heat sink system was placed
beneath the TEG to ensure effective thermal management and
maintain a stable temperature gradient across the device. The
cooling system consisted of a circulating water bath coupled
with an aluminum heat sink. The cooling system flow rate was
2 L min~'. Two thermocouples were embedded at different
depths within the PCM composite to measure the internal
temperature gradient: one located in the upper third of the
material (T1) and the other in the lower third (T2). A schematic
illustration of the experimental setup is provided in Fig. S2.

To evaluate the performance of the composite as a resistive
heater for potential peak-load energy management in build-
ings, additional experiments were conducted using miniature
wooden test chambers with internal dimensions of 10 x 10 x
10 cm. The composite was electrically connected to a laboratory
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DC power supply via copper wires attached to opposing sides.
Three thermocouples were employed to monitor temperature
evolution: inside the test chamber (T-R), within the composite
body (T-C), and in the surrounding environment (TE). The
heating process was recorded using a temperature data acquisi-
tion system as the composite was energized to reach and
maintain the thermal comfort range. The wooden test chamber
is shown in Fig. S3.

3. Results and discussion

3.1. CF synthesis

Fig. 1a shows the XRD patterns of the prepared CF through
pyrolysis of coated MF. Two broad shoulders are observed at
approximately 23° and 43°, which are characteristic of a turbos-
tratic carbon structure, indicating partial ordering and stacking
disorder of graphene layers.*> The Raman spectrum of CF in
Fig. 1b displays two sharp peaks at around 1602 and1340 cm ™.
The former, the G band, was ascribed to the in-plane displace-
ment of strongly bonded carbon in the hexagonal sheets. The
latter corresponds to sp® carbon atom vibrations and indicates
defect sites in the carbon structure (D-band).*® The relative
intensity ratio of the D-band to G-bands (Ip/Ig ratio) is propor-
tional to the evolution of graphitized domains in the carbon
microstructure.”” In this regard, the Ip/I ratio can be exam-
ined. This ratio was calculated to be approximately 0.93 for the
prepared CF. The relatively low I,/I ratio of the samples shows
the simultaneous presence of defect sites and well-defined
graphitic domains.*® Fig. 1c shows the N, sorption isotherm
of the synthesized CF. The BET surface area and pore volume of
the CF sample were 197 m® g~ " and 0.083 cm® g™, respectively.
The C 1s spectrum (Fig. 1d) of CF has been divided into four
peaks, which are located at 284.78, 285.5, 286.4, and 287.4 eV,
and can be attributed to C-C/C—C, C-N, C-N/C-0, and C—0,
respectively.”*> The appearance of nitrogen bonds can be
owing to the presence of nitrogen in the initial MF.

3.2. CF morphology

The carbonization process of the coated MF resulted in approxi-
mately 31% shrinkage in the final CF structure compared to the
original MF volume, as illustrated in Fig. S4. SEM images of the
resulting CF (Fig. 2a and b) reveal an interconnected porous
network, confirming the successful formation of a three-
dimensional open-cell structure. TEM images (Fig. 2c and d)
further highlight the hierarchical porosity of the pyrolyzed CF.
In addition to the larger framework pores, well-defined nano-
pores are visible, indicating a hierarchical porous architecture.

3.3. CF/PW composite characterization

The performance of CF as a conductive encapsulation matrix
for PCMs is highly dependent on the complete and uniform
infiltration of the PCM into its porous framework. As shown in
the SEM images (Fig. 2e and f), PW was successfully impreg-
nated into the interconnected structure of CF, indicating
thorough pore filling. This structural integration is essential

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD pattern, (b) Raman spectrum, (c) BET diagram, and (d) XPS curve of the CF.

to ensure efficient thermal conduction and light-to-heat or
electricity conversion in advanced energy storage and conver-
sion systems.

DSC analysis was used to measure the phase change tem-
perature and latent heat of the PW, CF/PW composite, and CF/
PW composite after 200 frequent heating/cooling cycles (Fig. 3).
Table 1 presents the detailed results of the DSC curves where
Tm/T. and AH,,/AH. are the peak melting/crystallization tem-
peratures and enthalpies of the PW and PCM composite,
respectively. Two primary minor and sharp endothermic peaks
were detected in the DSC curves of PW and its composite
during heating from 25° to 70 °C. The first peak can be
attributed to solid-solid transformation. This transformation
was attributed to the disordering of the monoclinic crystals to a
pseudohexagonal crystal.”® The sharp peak between 50 °C and
64 °C during heating was assigned to the solid-liquid phase
change of PW. The required energy to melt the PW in this
transition period is 112.7 J g~ ". The solidification cycle led to
the start of crystallization at 57.3 °C and completed at 43 °C
with a released energy of 108.9 J g~ *. Upon incorporation into
the CF matrix, the melting and solidification transitions of PW
occurred at slightly reduced temperatures, a typical effect of
confinement within porous structures. The melting and crystal-
lization enthalpies for the CF/PW composite were measured as
74.9 and 71.3 ] g ', respectively, indicating effective energy
storage. One way to evaluate the performance of CF/PW is to
compare its latent heat to that of PW, which demonstrates the
extent of PW infiltration into the CF. The latent heat of PW is
112.7 J g ', while the CF/PW has a latent heat of 74.9 J g~ *. The
ratio of the latent heat of the CF/PW to that of PW is 66%.

© 2025 The Author(s). Published by the Royal Society of Chemistry

To assess long-term thermal reliability, the composite was
subjected to 200 consecutive heating/cooling cycles. The DSC
curve of the composite after the cycling process demonstrated
excellent thermal stability, with only minor reductions in melt-
ing and crystallization enthalpies (~9% decrease for both).
Additionally, the degree of supercooling decreased slightly
from 4.79 °C to 4.58 °C, confirming that the composite retained
favorable phase change dynamics under extended operating
conditions. These results validate the CF/PW composite as a
durable and efficient thermal energy storage material for
sustainable energy applications.

The XRD patterns of pure PW and the CF/PW composite are
presented in Fig. 4a. The comparison reveals that the crystalline
structure of PW remains largely intact upon confinement
within the CF matrix, indicating that no significant degradation
or phase transformation occurs during composite formation.
Moreover, no additional diffraction peaks are observed, sug-
gesting that no new crystalline phases are generated during the
infiltration process. The displacement of 20 in the XRD pattern
is negligible after composite formation. The main peak of PW
appeared at 21.4°, while the mentioned peak shifted to 21.2° for
the composite. Notably, after the frequent cycling process, this
peak has returned to 21.4°. Applying the Debye-Scherrer equa-
tion, the crystallite sizes of PW, the composite, and the compo-
site after 200 cycles are determined to be 4.2 A, 6.2 A, and
6.56 A. Nevertheless, the confinement of the PCM within the
porous network of the CF led to modifications in the crystal-
lographic planar growth compared to the pure PW. This beha-
vior is consistent with prior studies reporting the preferential
orientation of PCM crystals in confined porous matrices such

Mater. Adv,, 2025, 6, 7114-7125 | 7117
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Fig. 2 (a) and (b) SEM images of the obtained CF at different magnifica-
tions, (c) and (d) TEM images of the porous structure of the synthesized CF,
and (e) and (f) SEM images of the encapsulation of PCMs in the porous
structure of the CF.
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Fig. 3 DSC curves of PW, the CF/PW composite, and the composite after
the 200th cycle of heating/cooling.

as graphene and graphene oxide aerogels, polyacrylonitrile
(PAN)-derived CFs, and polystyrene-carbon nanotube (PS-
CNT) polyHIPE foam. In such systems, the architecture of the
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Table 1 DSC data of PW, the CF/PW composite, and the composite after
the 200th cycle of heating/cooling

T Tmpeak AHm Te  Tepeax AH. Supercooling
e} o, —1 o, o —1 o

Sample (¢ (¢) (g (c (0 0g) (9

PW 53.1 61.7 112.7 57.3 52.6 108.9 4.2

CF/PW 52.6 59.8 749 57.4 53.7 71.3 4.8

CF/PW 200" 53.6 60.5 67.5 58.2 54.6  64.6 4.6

cycle

porous scaffold plays a critical role in directing crystal nuclea-
tion and growth during the solidification process. Notably, two-
dimensional materials like graphene oxide can serve as struc-
tural templates, guiding the alignment of PCM molecules and
promoting the formation of ordered crystal domains with
preferred orientations.®>%>*

To assess the chemical stability of PW after integration into
the CF, FTIR spectroscopy was conducted for both pure PW and
the CF/PW composite (Fig. 4b). Specifically, the asymmetric and
symmetric C-H stretching bands, typically observed at
2920 cm™ " and 2850 cm ', are retained in the composite
spectrum, confirming the preservation of the alkyl chain struc-
ture. Additionally, the bending vibrations of -CH, and -CH;
groups, observed near 1466 cm™ ', remain unchanged, further
supporting the physical nature of the interaction. The peak at
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Fig. 4 (a) XRD patterns (b) FTIR spectra of PW and the CF/PW composite
before and after thermal cycles.
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730 cm ™, corresponding to in-plane rocking vibrations of CH,,
is also present in both spectra without a significant shift. These
results suggest that the formation of the CF/PW composite
primarily involves physical encapsulation, with no evident
chemical bonding or structural modification of the PW. The
preservation of functional group positions and vibrational
modes supports the conclusion that the CF acts as an inert,
thermally conductive scaffold, enabling stable PCM confine-
ment while maintaining its phase change properties.>*® To
further investigate thermal durability, the composite was sub-
jected to 200 consecutive heating and cooling cycles. As shown
in Fig. 4a and b, the XRD and FTIR spectra of the composite
after cycling reveal no significant changes in either crystal
structure or chemical composition. The absence of new
peaks or shifts in both spectra indicates that repeated
melting and solidification of the encapsulated PW do not
compromise its structural or chemical stability. Moreover, the
calculated crystallite size of PW remains nearly unchanged after
200 phase transition cycles, confirming that the composite
retains its crystalline nature and is not degraded by thermal
cycling. These results demonstrate excellent thermal reliability
and long-term stability of the CF/PW composite, a key require-
ment for its deployment in practical energy storage
applications.

3.4. Thermal response and heat transfer behavior

To evaluate the effect of the thermal conductive network of the
CF on the heat transfer rate of the prepared composite, the
temperature response of the composite to temperature varia-
tion was recorded using an IR camera (Fig. 5a). Both pure PW
and the CF/PW composite were placed on an isothermal hot
plate, and their thermal responses were recorded over time.
Although the temperatures of both materials increased con-
tinuously, the CF/PW composite exhibited a noticeably faster

CF/PW

PW

Heating

32.5°C 47.2°C

PW CF/PW

o

80's . ‘
120 .

Cooling

26.0°C

-

Fig. 5 (a) Heat transfer rate of PW and the CF/PW composite during
heating and cooling, and (b) leakage test performance of the pure PW and
the CF/PW composite at 70 °C.
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temperature rise compared to pure PW under identical condi-
tions. This enhanced thermal response became even more
pronounced over extended exposure, indicating superior heat
transfer efficiency in the composite structure. During the cool-
ing process, the composite also demonstrated a more rapid
temperature drop than pure PW. This improved thermal beha-
vior was attributed to the presence of a three-dimensional
interconnected porous carbon network, which promotes effi-
cient heat conduction through the pore walls. The porous
structure resulted in the formation of small PW domains
surrounded by carbon pore walls. These smaller domains,
being in close contact with the conductive carbon framework,
facilitated effective heat transfer from the carbon walls to the
insulating PW phase. The ability of these networks to accelerate
both heat absorption and release underscores the suitability of
the CF/PW composite for applications that demand fast and
reliable thermal energy management. Similar effects have been
reported in PCM systems incorporating thermally conductive
porous matrices such as graphene aerogels, graphitic foam,
and other carbon-based scaffolds.”’° To quantitatively
observe this phenomenon, both PW and the CF/PW were placed
on a hot plate and heated to 51 °C. A thermocouple was
inserted into each sample to monitor the temperature increase.
Fig. S5 shows temperature-time curves of the CF/PW composite
and PW on a hot plate.

3.5. Dimensional stability and leakage resistance

The dimensional stability and leakage resistance of the CF/PW
composite were evaluated to examine the effectiveness of the
CF in physically confining the PCM within its porous network
during the melting process. Both pure PW and the CF/PW
composite were placed on a hot plate and subjected to con-
trolled heating. At temperatures of 60 °C and 70 °C, visual
observations were recorded to assess structural integrity over
time (Fig. 5b). Under these conditions, pure PW began to melt
visibly after 90 s at 60 °C and after just 15 s at 70 °C, leading to
progressive leakage and spreading across the surface of the hot
plate. In contrast, the CF/PW composite maintained its original
shape and exhibited no leakage over the same time intervals,
even under the higher temperature. After 120 s at 70 °C, pure
PW had fully liquefied and spread extensively, while the com-
posite remained structurally stable with no observable liquid
exudation. The amount of PW leakage from the CF/PW after
50 s and 120 s was 0 and 0-1 wt%. This improved dimensional
stability is attributed to the highly porous and interconnected
structure of the CF, which acts as a physical barrier that traps
the PCM within its internal network. The strong capillary forces
and surface tension within the CF pores help retain the molten
PCM, effectively preventing leakage. Additionally, physical
interactions between the CF matrix and the PW molecules
further enhance shape stability. The encapsulating framework
functions as a structural shell that restricts PCM mobility
during phase transition, ensuring leakage resistance and
improving the practical applicability of the composite in ther-
mal energy storage systems.®’"¢?
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Fig. 6 Temperature—time curves of the CF/PW composite during solar to
thermal energy conversion.

3.6. Solar-to-thermal energy conversion

The incident light-to-thermal energy conversion performance
of the CF/PW composite was evaluated under simulated solar
irradiation at fixed intensities of 900, 1000, and 1100 W m >
(Fig. 6). Under illumination at 900 W m™?, the surface tem-
perature of the composite increased steadily, reaching 50 °C
after 673 s. At this point, the onset of melting was observed, as
evidenced by a noticeable reduction in the slope of the tem-
perature-time curve. The melting process proceeded over the
next 883 s, during which the latent heat was absorbed. Follow-
ing the completion of melting, the temperature of the compo-
site increased rapidly, reaching approximately 70 °C under
continued irradiation. When the light source was switched
off, the temperature of the composite dropped quickly to
58 °C, followed by the appearance of a plateau region. This
plateau corresponds to the solidification phase transition,
during which the stored latent heat was released. The distinct
inflection points and reduced slope regions present in the
temperature profile indicate phase change behavior and energy
release during solidification.®

The efficiency () of light-to-thermal storage of the fabricated
CF/PW can be determined according to the ratio of the heat
stored in the composite concerning the irradiated light energy
absorbed during the phase change period. The following equa-
tion can be used to calculate the thermal storage efficiency:**

B m x AH, (1)
nipXSX([f—ls)

where m corresponds to the mass of the composite, AH,
represents the phase change enthalpy measured by DSC, p is
the incident light intensity of the simulated light source, S
denotes the surface area of the sample, and ¢ and ¢ refer to the
duration of the light-driven phase change before and after the
phase change, respectively. According to eqn (1), the thermal
energy storage efficiency () of the CF/PW composite was
calculated to be approximately 71% under a light irradiation
intensity of 900 W m™>. This high efficiency at low light
intensity is attributed to the strong light absorption of the
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black CF, the substantial infiltration of PW within its porous
structure, and the high specific heat capacity of the composite.
These factors work synergistically to enhance photothermal
conversion and latent heat storage. The observed efficiency
demonstrates that CF-based PCM composites perform compe-
titively with a variety of advanced systems, including CFs,
aerogels, and other additive-enhanced PCMs reported in the
literature.®*®” The incorporation of organic PCMs (1-
hexadecanamine and palmitic acid) into the biomass carbon
aerogels revealed a light-to-thermal conversion efficiency of
75.6%.°® The composite of PW and CF, obtained through the
high-temperature carbonization of resorcinol-formaldehyde
resin and loofah sponge, resulted in a high photothermal
energy conversion efficiency that reached up to ~84% under
1000 W m™>.%

3.7. Thermoelectric application

To evaluate the influence of the CF/PW composite on the
thermoelectric energy conversion performance, a test system
comprising the CF/PW composite, a commercial TEG, a heat
sink, and a water cooling loop was assembled and exposed to
simulated solar irradiation at intensities of 1700, 1800, and
1900 W m~> The corresponding temperature-time curves
under different light intensities are presented in Fig. 7a. Under
an irradiation intensity of 1700 W m™?, the surface (T1-1700)
and internal (T2-1700) temperatures of the composite rose
steadily to 68.8 °C and 32.4 °C, respectively, within 1344 s.

130
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e T2-1900

—T1-1800
......... T2-1800
—T1-1700

70 e T2-1700

Temperature (°C)
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Fig. 7 (a) Temperature—time curves, and (b) open-circuit voltage of the
thermoelectric conversion system with the CF/PW composite under the
light intensities of 1700, 1800 and 1900 W m™2, respectively.
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Upon termination of the light source, a sharp temperature drop
was observed in the T1-1700 profile. When T1-1700 reached
approximately 58 °C, a distinct temperature plateau appeared,
signifying the onset of phase change as PW began to solidify. In
contrast, the internal temperature (T2-1700) exhibited a slower
decline, which can be attributed to the latent heat release from
the gradual solidification of PW in the inner layers. This
behaviour confirms the effective thermal buffering capability
of the composite during phase transition. The open-circuit
voltage output measured during the experiment is shown in
Fig. 7b. Under 1700 W m~?, the voltage increased steadily and
reached 0.63 V at 1344 s. As the temperature rise plateaued, the
light source was turned off, and a delayed voltage drop fol-
lowed. This gradual decline in voltage is a result of the heat
retention and release properties of the PW, which continued to
supply thermal energy to the TEG even after irradiation ceased.

A similar temperature-voltage response was observed under
higher light intensities of 1800 and 1900 W m ™2, with corre-
spondingly greater temperature gradients and voltage outputs.
At a constant exposure time of 1344 s, the surface temperatures
T1-1800 and T1-1900 reached 83 °C and 106 °C, respectively,
both significantly higher than the 68.8 °C observed under
1700 W m™>. Notably, beyond this point, the temperature
profiles of the CF/PW composite at both higher intensities
exhibited plateau regions, indicating sustained phase change
until the light source was turned off. The open-circuit voltages
measured under 1800 and 1900 W m~2 were 0.83 V and 1.00 V,
respectively, as shown in Fig. 7b. This 1.00 V output represents
one of the highest reported open-circuit voltages for TEGs
integrated with PCM-based photothermal systems. For compar-
ison, a top-down hierarchical structure consisting of an infil-
trated CF with PEG as a photothermal layer, a TEG, and a
hydrophilic CF layer as a cooling layer under light irradiation
resulted in an open-circuit voltage of about 0.50 mV.*® The
open-circuit voltages of the MF@polypyrole-polymerized octa-
decylsiloxane/graphene nanoparticles/PW composite were
reported to be 0.78 and 0.91 V at 2000 and 4000 W m 2,
respectively.® The 3D xerogel foam installed on the TEG have
been employed for both self-floating water evaporation and
thermoelectric power generation purposes. When the pre-
sented set-up was irradiated with light intensity of 1000,
2000, and 3000 W m ™2, the output voltage gradually increased
from 0.14 V to 0.2 V and 0.24 V, respectively.”® The TEG, heat
sink, and hybrid nanocomposite containing RT54HC PCM and
graphene-silver nanoparticles were employed to produce vol-
tage. The melted nanocomposite was placed on the hot side of
the TEG using an aluminum foil cup after reaching a tempera-
ture of 68 °C. Moreover, the cold side of the thermoelectric
generator is appropriately attached to a heat sink. The setup
produced a voltage of 425 mV.”* A phase-change composite
consisting of a carbonized polyimide/Kevlar nanofiber,
CoFe,0, nanoparticles, polyethylene glycol, and polypyrrole
was used on the hot side of the thermoelectric generation
system. The cold side was immersed in air and ice water. Under
2000 k m~? solar irradiation, the developed setup in ice water
showed a maximum output voltage of 259.7 mV.”> Moreover,
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the voltage-temperature curves under different light intensities
are presented in Fig. S6.

3.8. Electric-to-thermal energy conversion and storage

To evaluate the energy management potential of the synthe-
sized composites, they were employed as resistive heaters to
simulate peak-load regulation in residential building environ-
ments. During testing, a direct voltage was applied to the
composite, and the resulting surface temperature and indoor
ambient temperature were monitored simultaneously. A con-
stant electrical power of 6 W was supplied by applying 3 V
across the composite, enabling in situ conversion of electrical
energy into thermal energy. This configuration allowed for the
evaluation of both energy storage and heat delivery perfor-
mance of the composite under controlled conditions, providing
valuable insights into its practical applicability for reducing
peak electricity demand in smart building systems.

In the first experimental scenario, the CF/PW composite was
evaluated as a resistive heater to increase the ambient tempera-
ture of a small test chamber to a thermally comfortable range.
To achieve this, a series of controlled on/off heating cycles were
performed, alternating between 55 °C and 70 °C. The resulting
heating curves under constant power input are illustrated in
Fig. 8. In this figure, T70-C and T70-R correspond to the
temperatures of the composite surface and the test room,
respectively. During the first cycle, the composite temperature
increased steadily from 8.3 to 70 °C over a period of 974 s, while
the room temperature simultaneously rose to 16.3 °C. Upon
reaching 70 °C, electrical input was interrupted, causing the
composite to cool to 55 °C before initiating the next cycle. In the
second cycle, heating from 55 °C to 70 °C required only 510 s,
during which the room temperature increased to 17.9 °C.
Subsequent heating cycles further elevated indoor conditions,
with room temperatures reaching 18.6 and 20.2 °C at the end of
the third and fourth cycles, respectively.

7 N T T O T70-R

50 1
----T60-R2

Temperature (°C)

30 1

o -~

—————

6000 7000

0 1000 2000 3000 4000 5000 8000

Time (s)
Fig. 8 Temperature—-time curves of the CF/PW composite during the
electric-thermal conversion process when the turn on/off of the elec-
tricity was applied in three temperature thresholds of 55-70, 55-60 and
40-60 °C.
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Table 2 Details of consumed electrical energy to increase the tempera-
ture of the test room?

Power Time based on maximum Power x time

Temperature (W) temperature of T60-R1 (19.4 °C) (W s)

T70-C 6 2390 14340 + 3%
T60-C1 6 2745 16470 + 3%
T60-C2 6 4010 24 060 + 3%

¢ Time based on the maximum temperature of T60-R1 (19.4 °C).

Following complete power shutdown, the composite began
to cool, and the T70-C curve exhibited a noticeable change in
the slope around 58 °C, indicating latent heat release due to the
phase change of PW. In contrast, the room temperature (T70-R)
decreased gradually and remained above 15 °C for over 900 s,
confirming the effective thermal buffering provided by the PCM
during solidification.

To further investigate how temperature thresholds affect
room heating performance, the CF/PW composite heater was
tested using two additional heating and cooling ranges, which
were 55-60 °C and 40-60 °C. When the threshold range of 55-
60 °C was selected, the composite surface temperature (T60-C1)
reached 60 °C in a shorter duration of 740 s. However, due to
the reduced maximum temperature, more cycles were required
to elevate the room temperature to a comfortable level. In this
configuration, the system underwent seven heating/cooling
cycles, and the corresponding room temperatures (T60-R1)
recorded at the end of each cycle were 15.3 °C, 16.2 °C,
17.8 °C, 18.4 °C, 18.8 °C, and 19.4 °C, respectively.

When a broader threshold of 40-60 °C was applied, a
noticeable delay occurred in the second heating cycle, as full
crystallization of the PCM took place during the extended
power-off period. This condition influenced the thermal
response of the composite (T60-C2). In this case, only four
heating/cooling cycles were required to achieve a room tem-
perature above 19.4 °C. Additionally, as the room temperature
increased, the duration of each subsequent heating cycle
decreased due to reduced thermal gradients and enhanced
retention of heat within the environment. Details of the con-
sumed electrical energy at the same room temperature (19.4 °C)
for different temperature thresholds of heater are shown in
Table 2. The required time for every heating/cooling cycle of the
composite decreased when the room temperature increased. As
noticed, different 3D carbon materials such as CNTSs, the
graphene aerogel, and graphite foam have been utilized as
electrical/conductive frameworks for PCMs for electro-to-
thermal energy conversion.*’”>”7> Notably, most energy con-
version processes reported in the literature have been con-
ducted under thermally isolated conditions and with small-
sized composite samples. In contrast, the present study demon-
strates the application of the CF/PW composite in increasing
the temperature of the surrounding environment, highlighting
its practical utility in open systems. To gain a more precise
understanding of the intrinsic energy conversion efficiency, a
thermally isolated composite sample with dimensions of
10 mm x 10 mm X 3 mm was subjected to a constant voltage.
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The resulting temperature response is illustrated in Fig. S7. In
previous work, MF incorporated with reduced graphene oxide,
graphene nanoplatelets, and PW exhibited an electro-thermal
conversion efficiency of approximately 62.5% under a 2.9 V
bias.”® In the same study, a simple and cost-effective strategy
was introduced by combining inorganic and organic functional
materials with PCMs, obtaining a carbon cloth/PW/thermoplas-
tic polyurethane (TPU)-coated composite that exhibited an
electro-thermal conversion efficiency of up to 67.39% at
4.0 V.”7 While these systems performed well under thermally
isolated conditions, the CF/PW composite developed in this
study demonstrated excellent and tunable electro-thermal per-
formance in a non-isolated environment, successfully heating
the surrounding test room. In addition to its high heating
efficiency, the composite also maintained excellent shape sta-
bility throughout operation, as shown in Fig. S8. These com-
bined attributes suggest that the fabricated composite is a
strong candidate for scalable applications in building energy
management and other thermal regulation systems.

In summary, the prepared low-cost composite demonstrated
excellent multifunctional performance. It produced a high
open-circuit voltage of 1 V under a light intensity of
1900 W m > when used for a TEG, showed strong capability
as an electrical heater, and exhibited efficient light-to-heat
conversion. These features make it a promising material for
future applications in energy storage and thermal management
systems.

4. Conclusions

CF was successfully synthesized by pyrolyzing phenolic resin-
coated commercial MF at 900 °C. The resulting structure was
lightweight, mechanically robust, and highly porous, capable of
accommodating a large quantity of PW. The CF/PW composite
exhibited excellent shape stability and effectively prevented
leakage during phase transition, making it a strong candidate
for PCM encapsulation. The composite demonstrated strong
solar-to-thermal energy conversion performance, achieving a
light-to-thermal efficiency of 71% under a relatively low solar
irradiance of 900 W m 2. This high efficiency was attributed to
its porous architecture and black surface, which enhanced
photothermal absorption and energy retention. The efficient
heat harvesting ability of the composite enabled its use as the
thermal input for downstream energy conversion applications.
Building on its photothermal performance, the composite was
integrated into a thermoelectric energy harvesting setup, con-
sisting of a PCM layer, a thermoelectric generator (TEG), a heat
sink, and a water cooling loop. Upon exposure to solar irradia-
tion at 1900 W m >, the system generated a high open-circuit
voltage of 1 V. This output is among the highest reported values
for TEG systems assisted by PCM layers, highlighting the
effectiveness of the composite in bridging solar-thermal and
thermoelectric energy conversion. In addition to solar-assisted
power generation, the composite exhibited excellent perfor-
mance as a low-cost electrical heater. Thanks to its high
thermal storage capacity, electrical conductivity, and structural
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integrity, it enabled efficient electro-to-thermal conversion.
Under a constant power input of 6 W, the composite completed
seven ON/OFF heating cycles between 55 °C and 60 °C, increas-
ing the test room temperature to a comfortable level with a total
energy input of 16470 W s. The system also allowed program-
mable thermal cycling for energy-efficient indoor heating. Over-
all, the CF/PW composite offers a multifunctional platform for
integrated solar harvesting, energy storage, thermoelectric gen-
eration, and low-power heating applications, making it a strong
candidate for building-scale energy management solutions.
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