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ARTICLE INFO ABSTRACT

Keywords: LHTES has emerged as an efficient and viable solution to mitigate a large amount of renewable and sustainable
3D Ca"b?n thermal energy wastage from solar radiation and industrial production in the twenty-first century. To date, 3D
Composites carbon/PCM composite has brought remarkable attention for achieving high performance in this field. This
]ézt::etr;};:;mal energy storage review provides a comprehensive outlook on the progress of 3D carbon and PCM-based composite materials as
Application high-performance LHTES materials over the past 10 years, focusing on the synthesis strategies of 3D carbon, PCM

infiltration process, and thermophysical attributes of 3D carbon/PCM composite. Furthermore, an effort has
given to conduct rigorous literature to explore the utilization of different numerical assumptions and models for
describing the heat transfer process between 3D carbon and PCM, thermal conductivity evaluation for the
composite, and the mechanism of 3D carbon/PCM composite for battery thermal management and building
application. The investigation of the advanced applications of 3D carbon/PCM composites reveals its potential
utilization in building comfort, waste-heat recovery, power generation, and thermotherapy-based applications.
Finally, the current shortcomings and future challenges associated with the developments of such composite are
encountered. This comprehensive review will show the future pathway for researchers to develop high-
performance composites in thermal management.

1. Introduction stations to buildings or industries, while 60 % of loss arises from home

appliances in the US [3,4]. Under this circumstance, energy-saving and

To date, the dramatic rise in the energy crisis triggers a consequential
threat to global socio-economic and environmental conditions. Over-
consumption of fossil fuels, epidemic urbanization, and excessive energy
waste are the most potential reasons for such issues [1]. In 2017, ac-
cording to the US Energy Information Administration, about a ~28 %
hike in total global energy consumption would take place in 2040 [2].
Apart from energy consumption issues across the globe, the wastage of
energy is another growing concern to society. For example, ~5-7 % of
electrical energy is wasted during the delivery of electricity from power

perfect utilization of contemporary energy cradles, such as the ocean,
biological, wind, and solar fuels, has evolved as an alternate theme to
the scientific community [5,6]. However, the discontinuous supply of
such renewable energies concerning the considerable demand over time
and space is the additional drawback of such a project [7]. Under this
circumstance, converting thermal energy from different energy sources
coupled with thermal energy storage (TES) technology is an excellent
alternative to mitigate such critical issues with reduced carbon emis-
sions [8,9]. Sensible heat [10], chemical heat [11], and latent heat [12]
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are the primary classifications of TES technology. LHTES is a progres-
sively evolving concept compared to sensible heat storage technology
owing to its better heat accumulation density and mild change in tem-
perature [13]. LHTES is the latent heat stored or released within the
substance in potential energy, exploiting phase alteration without a
remarkable difference in the substance’s temperature. The thermal heat
storage capacity of a substance having phase change attributes is
generally denoted as [14]

tm te
Q, = / mCdt +m fAq+ / mCdt €D)
4 tm

where Qs is storage capacity (J), ty, is the melting temperature (°C), t; is
the initial temperature (°C), t¢is freezing temperature (°C), m is the mass
of material (kg), Cps is the specific heat of solid phase kJkg 1 K71, Cpris
the Specific heat of liquid phase kJkg ! K2, f is the melt fraction, Aq is
the latent heat of fusion (JKg™!). PCM’s most eye-catching and profit-
able benefits compared to the materials used in sensible heat storage
(SHS) technology are high heat storage efficacy and the capability to
work in an isothermal environment with small space occupation. PCM
can be classified into several categories based on their chemical
composition, phase change state, and melting temperature. Solid—solid
PCMs, solid-liquid PCMs, liquid-gas PCMs, and solid-gas PCMs are the
fundamental division of PCMs concerning their phase state change.
However, solid-gas and liquid-gas PCM are the most ignored materials in
LHTES applications because of their immense change in volume during
phase transition [15]. The non-leakage attributes of s-s PCM during
phase transition gradually attract the researcher’s interest in further
improving such PCM in practical thermal management applications
[16]. However, s-s PCM has also not drawn huge research interest
compared to solid-liquid PCM till date because of its complicated syn-
thesis procedure and phase adulteration issues during solid-solid phase
transition [15,17]. Organic, Inorganic, and eutectic mixture-based PCM
is another division of PCM concerning its chemical composition [18]. In
addition, PCM can also be classified into several categories in terms of
their phase transition temperature [19]. At present, the market size of
PCM is about 1.9 billion USD in 2019, and the anticipated market size of
PCM will grow at a rate of over 17.4 % from 2020 to 2026 [20]. How-
ever, low thermal conductivity (~0.2-0.6 W.m 'K [21], fast cooling
[22], leakage during phase transition [23], and phase separation [24],
sub-cooling is the common drawback of PCM for successful utilization of
such materials in LHTES applications.

As we discussed earlier, nowadays, researchers are trying to design
PCMs that satisfy thermal needs and can function as a media to convert a
range of energy sources. Therefore, fabrication of PCM with energy
conversion attributes, especially photo-thermal and electro-thermal, has
gained significant attention in recent years. The primary mechanism of
the energy conversion process involves the heat release by PCM com-
posite caused by electronic transition or electronic motion of different
electron-triggering media under stimuli of varying energy sources
[25,26]. The joint venture of the photo, electrothermal energy conver-
sion, and storage theme has widened the application scope of PCM,
especially thermal management of electronic devices, high-temperature
warning, anti-counterfeiting, and bio-medical applications [25,26].
Introducing virgin or inorganic-organic-based hybrid carbon media into
PCM is the preferred choice for researchers to revamp the thermal
conductivity, photo-thermal, electro-thermal efficiency, and leakage
issues of PCM [27-34]. To date, 3D carbon possesses paramount
importance from technological and essential scientific aspects owing to
its lightweight [35,36], high surface area and tunable porosity [27], and
brilliant thermal conductivity and electro-chemical attributes [28,29].
The efficient transfer of heat through the network-like thermal pathway
of 3D carbon with reduced phonon scattering owing to its structural
architecture is one of the most significant advantages of this filler in
LHTES application compared to 2D fillers [8]. The microstructural and
physicochemical properties of different 3D carbon arise mainly due to
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the various synthesis strategies and the use of different precursors when
preparing different 3D carbon that significantly affect the chemical
structure, surface texture, and reactivity of 3D carbon particles [31]. The
commercial market value of graphitic carbon foam will overcome 40
million USD by the end of 2026 at a CAGR of 6.0 % [37], while the
anticipated market size of graphite will reach 21.6 billion within 2027
with a CAGR rate of 5.3 % [38]. Therefore, the presence of 3D carbon in
the composite structure has several benefits for thermal energy storage
and management applications [32]. The primary benefit of 3D carbon/
PCM-based composite is shown in Fig. la. As shown in Fig. 1b, the
research interest and focus on different 3D carbon-based composites for
LHTES application has increased rapidly, especially over the last 5 years.
Based on such consideration, this review covers an outlook on the
progress in different synthetic strategies, thermal energy storage, and
conversion performance of different 3D carbon/PCM composites
employed for LHTES applications.

Finally, the critical challenges and future opportunities for devel-
oping high-performance 3D carbon-based composite are highlighted.
For a clear-cut research aspect, the focus and the importance of this
review compared to recently published articles in this research arena are
highlighted in Table 1. The architecture of the review is shown in Fig. 1c.

2. Preparation and modification strategies of 3D carbon and
supplementary 3D carbon

Phonon propagation and scattering are the most crucial factors
affecting heat transfer and conduction in the composite structure. The
phonon diffusion can be drastically decreased due to phonon scattering
via a change in the direction of the energy transfer in the composite
structure [8]. The high loading of PCM with minimum leakage from
carbon architecture is a pressing issue for real-field applications.
Therefore, the selective choice of the proper carbon media or design of
carbon media with a 3D porous network structure close to PCM is
required for application purposes.

2.1. EG and its modified carbon skeleton

Expanded graphite is typically the modified form of graphite, posing
porous and layered architecture with 150 times better expansion than
graphite with inflated electrical and thermal attributes [42]. EG is
typically prepared from graphite by expanding stacked graphitic layers
via strong oxidizing agents or under microwave, thermal, and ultrasonic
irradiation [43]. In general, EG has been prepared in the presence of
potent oxidizing agents or intercalators via a chemical or electro-
chemical process, followed by the thermal treatment, which allows the
removal of in-situ produced gaseous molecules as a by-product along the
Z-axis [44,45]. This phenomenon enables the formation of worm-like
porous 3D microstructure with defined interlayer spacing with light-
weight, compressible attributes. Liang et al. designed an EG@GO-based
carbon skeleton via the combination of compression of EG, impregna-
tion of PW followed by milling to form particles, and addition of GO
hydrosol in the presence of surfactant under mechanical agitation [46].

2.2. CF and its modified carbon skeleton

Carbon foam or porous carbon can be synthesized from a wide va-
riety of carbonaceous precursors via the direct carbonization process,
blowing agent method, templating replica method, the combination of
foaming, carbonization, and graphitization process, depending on the
nature of the precursors [47]. Some of the synthesis strategies are
described below.

2.2.1. Carbonization

Lin et al. utilized PF as a template for carbon growth by treating
phenolic resin fiber (PRF) for 6 h at 30-60 °C, followed by curing and
carbonization at 1000 °C [48]. Wang et al. employed porous CF-based
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PCM composite for LHTES application [49]. Here, porous CF was pre-
pared via the templated replica method. Typically, copper oxide nano-
rods were deposited on Cu foam via oxidation reaction with ammo-
nium persulfate and KOH. Then, an in-situ MOF (ZIF-67) structure for-
mation on CuO foam was performed with 2-methylimidazole and cobalt
nitrate as precursors. Finally, the carbonization reaction was carried out
to prepare porous CF from ZIF-67/Cu foam structure, followed by vac-
uum impregnation with melted SA to obtain PCM composite, as pre-
sented in Fig. 2.

Wilson et al. prepared CF using three-carbon precursors, i.e.,
graphite, sucrose, glycerol, and intercalating agent (NaCl) via carbon-
ization reaction at 750 °C for 2 h [50]. The presence of NaCl significantly
increases the high porosity of CF with increased roughness that also
affects the increased hydrophobicity of CF from 54° to 128° for the water
contact angle. To compare the role of the microporous structure of CF,
the authors also prepared the macro-porous composite using sucrose,
graphite powder, and Mg(NOs) via the thermos-foaming procedure.
Zhang et al. observed that the carbonization temperature significantly
impacted the CF microstructure employed for the TES application [51].
The rise in the carbonization temperature substantially increases the
porosity with enhanced void cells (%) of CF, as noticed by the authors.
However, a very high carbonized temperature (1800 °C) significantly
damaged the C-skeleton with the formation of an agglomerated struc-
ture. The high surface roughness of ultrathin-walled CF possesses sig-
nificant hydrophobicity compared to pristine CF.

Jana et al. fabricated superhydrophobic CF from suspended graphite

flake and sucrose precursor for seasonal solar thermal energy storage
application [52]. The mixture was heated at 120 °C for 2 days during
polycondensation of sucrose and release of water molecules. The rigid
foam was then carbonized at 900 °C to obtain porous CF. The direct
fluorination of CF using fluorinated organic compound formation of
silane group at the surface of carbon was performed via the sol-gel
process in the presence of silica, grafting of perfluoroalkyl chain, or
attachment of fluorinated organic moiety via reduction of diazonium
salt are the primary strategy to obtain hydrophobic CF. Ola et al.
employed this method to fabricate CF/GNP-based 3D carbon for thermal
management applications [53]. Carbon foam was utilized to support
PCM as a 3D support to form interconnected hierarchical 3D architec-
ture, which provokes the high loading of PCM with an efficient heat
transfer pathway. In conjugation, graphene nanoplatelets were used as
an additional 2D carbon support to decrease the thermal resistance be-
tween the CF macropores and create an additional heat transfer pathway
between PCM and CF. Thermal conductivity is an essential quick-check
parameter to analyze the status of the composite for thermal energy
storage. The author also observed that the carbonization temperature
and graphitization degree had a powerful effect on the improved ther-
mal conductivity of the composite. In contrast, a high loading of GNP in
the composite might not be an excellent strategy to increase the thermal
conductivity of the composite.

2.2.2. CVD method
Recently, Cheng et al. adopted a unique strategy to fabricate a 3D
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Table 1
A comparison study between our proposed review and recently published review
articles in this field.

No  Year Title of the Topics The focus of the review Ref

1 2020 Recent advances of e Overview of polymeric [39]
polymeric phase change PCMs.
composites for flexible e Overview of different
electronics and thermal modification strategies
energy storage system and applications.

2 2019  Graphene-based phase e Overview of different [36]
change composites for PCM composite
energy harvesting and performances for thermal
storage: State of the art energy harvesting and
and prospects storage.

e Graphene-based
allotropes are the central
theme of this review.

3 2021 Preparation and e Overview of the [40]
application of a three- fabrication strategies of
dimensional filler 3D-organic PCM
network towards organic composites.
phase change materials e The composite’s thermal
with high performance energy storage,
and multi-functions management, and

conversion efficacy is
discussed.

4 2022  Carbon-Based Composite e Overview of the
Phase Change Materials fabrication of different [8]
for Thermal Energy carbon-based composites.
Storage, Transfer, and e Fundamentals of thermal
Conversion energy transport and

storage mechanism,
e Discussion on the
performance of the
composite towards
energy storage and
conversion.

5 2022 Phase change material e Discussion on the [41]
infiltrated 3D porous fabrication, thermal
carbon interconnected properties, and possible
composites for thermal application of 3D porous
energy storage. carbon/PCM composite

e CNT, carbon aerogel,
graphene, graphite,
biomass-derived carbon,
and graphite foam-based
composite are the central
themes of the review.

6 2022 An overview on the use of e The discussion on the [15]
additives and effect of CNT, CNF, EG,
preparation procedure in graphene nanoplatelet in
phase change materials PCM materials towards
for thermal energy the improvement of
storage with a focus on thermophysical attributes
long term applications of the composite

e Three necessary PCM
composite preparation
procedures were
mentioned here, i.e.,
magnetic stirring,
ultrasonication, and a
combination of both.

e The characteristics of
sugar alcohol, Sodium
Acetate Trihydrate (SAT)
based PCM, and solid-
solid PCM towards ther-
mal energy storage effi-
cacy was discussed.

e A detailed description of
the prototypes based on
SAT for the TES
application

8 2024  Thermally Conducting e Discussion on the This

3D Carbon based Phase
Change Composites: A
Review on Progress in

fabrication strategies of review
different 3D carbon (EG,

GF, ExFG, CF, CA, other
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Table 1 (continued)

No  Year Title of the Topics The focus of the review Ref

Fabrication Strategies,
Categories, Thermal
Energy Storage-
Conversion Efficacy,
Numerical Models and
Applications

3D carbon) and PCM
infiltration process.
Discussion on the effect of
different 3D carbon on
the morphological
attributes and thermal
energy storage attributes
of 3D carbon/PCM
composite.

Different prototypes and
simulation studies are
discussed to co-relate the
theoretical and experi-
mental findings.

The various application
areas based on such
composites are also
highlighted.

The critical outlook and
prospects in this field are
also discussed.

Carbon fiber/CNT architecture-for high loading of PCM [54]. CNTs were
grown on cleaned Carbon fiber via the CVD method in the presence of Co
(NO3)2 and Fe(NO3); catalyst solution at 550-660 °C under N3 and CoH»
flow. The observed wide pore distribution entirely depends on the
applied synthesis temperature and the high annealing temperature that
facilitates the homogeneous growth of CNT on Carbon fiber. Signifi-
cantly, the formation of homogeneous 3D hierarchical architecture with
improved porous geometry triggers efficient PCM adsorption and helps
thermal transport between CF using CNT as a heat transport linker.
Kholmanov et al. utilized ultrathin graphene foam (UGF)/CNT archi-
tecture for TES application [55]. Ultrathin graphene was grown on a Ni
template using the CVD method. Next, the coating of the Fe catalyst was
applied through the e-beam evaporation. An Al buffer layer was
employed on top of this layer to grow CNT via a catalytic CVD process,
see Fig. 3. Finally, oxygen plasma was applied to create void pores and
defects that facilitate high PCM loading. Interestingly, ultrathin gra-
phene foam and CNT enhanced the thermal conductivity of pure
erythritol by 3 and 5 times higher, respectively.

Furthermore, the new architecture fabricated by the authors miti-
gates the thermal resistance issues of the composite, which can signifi-
cantly decrease the surface-to-area ratio of UGF and increase contact
resistance at the PCM-UGF junction. Both such parameters can
remarkably change the thermal energy storage efficacy of the composite.

2.3. CA and its modified carbon skeleton

CA is generally fabricated via the consecutive three-step approaches
associated with the polymerization of organic molecules, drying (su-
percritical drying, freeze drying, pressure drying), and carbonization/
physical or chemical activation at high temperature (773-2773 K) under
inert atmosphere [56]. Graphitic materials-based carbon aerogel is
prepared via the sol-gel, template, spacer support, self-support, and
substrate-based methods using carbon nanotube (CNT), graphene, car-
bide, and carbonitride-based precursors. The carbonization/physical or
chemical activation (under the influence of a pore-forming agent,
gaseous agent, or high temperature) step is the final step that governs
the porosity and mechanical attributes of carbon aerogel [56].

2.3.1. Ice-templated method

In this process, the 3D-oriented structure of carbon is grown using ice
as a template, followed by the freeze-drying process. Such a process
easily achieves high thermal conductivity through the in-plane direction
of the oriented 3D carbon. For example, Yang et al. fabricated 3D-ori-
ented GO/boron nitride (BN) porous scaffold-based composites with



M. Das and U. Stachewicz

\/ Oxidation precipitation ' | \" l’recipitation

Decompositlon

Cu foam

CuO NRs

PCM loadlng
- . w

SA@PC/NRs

Journal of Energy Storage 98 (2024) 113029

ZIF-67/NRs

PC/NRs

Fig. 2. The synthesis strategy of porous CF and SA@PC/NR composite [49].
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Fig. 3. (a-d) The typical architecture of UGF-CNT composite and pristine counterpart [55].

high thermal conductivity via such a process [57].

2.3.2. The combination of freeze-drying and carbonization/carbonization
process

In 2023, Luo et al. fabricated highly aligned N-doped carbon aero-
gel/PEG composite for battery thermal management [58]. A directional
freeze-drying method and carbonization process were adopted to obtain
N-doped carbon aerogel. A sodium alginate monolith was prepared by

mixing it with sodium alginate and ammonium chloride and adding a
calcium chloride aqueous solution. The freeze-drying process of the
mixture for 2 days was the final step to obtain the sodium alginate
monolith. The monolith was calcined at 700 °C for 2 h. The presence of
Ca ions facilitates the bond formation with alginate molecules to
construct a 3D network structure. Ammonium chloride plays a dual role
in the construction of N-doped aerogel. It acts as a pore-forming agent
during the calcination process. The formation of different nitrogenous
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species during its decomposition acts as a dopant to create an N-doped
aerogel structure. The authors found that the surface area and porosity
profile of aligned N-doped carbon was increased compared to non-ni-
trogen-doped carbon aerogel. The directional orientation of carbon ar-
chitecture and the presence of a pore-forming agent is responsible for
such observation.

Song et al. utilized kapok fiber aerogel for solar/magnetic to thermal
energy storage applications [59]. To prepare CKF/Fe304 composite, the
carbon fiber was immersed in dopamine/Tis-HCl buffer solution
dispersion (2 gL, pH = 8.5), followed by adding and stirring FeCls
solution. The obtained modified fiber was vacuum-filtrated and
carbonized under argon flow. Zou et al. utilized natural resources, like
pumpkins or carrots, to fabricate CA via the carbonization route at the
operating temperature of 800 °C or 1000 °C [60]. The authors incor-
porated thiol-ene resin moiety into CA architecture to prevent PCM
leakage during synthesis.

2.3.3. Chemical crosslinking

Zhang et al. employed 98 fiber/sodium alginate aerogel to create a
stable, highly thermally conductive PEG- based composite [61]. Kapok
fiber/BN aerogel was prepared via ultrasonication and stirring in the
presence of oxidized kapok fiber, hydroxylated BN, and sodium alginate.
Calcium chloride was utilized as a crosslinking agent. An extensive
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crosslinking was processed between the polyhydroxy compound (so-
dium alginate), oxidized kapok fiber, and hydroxylated boron nitride to
create a 3D porous architecture. The idea of 3D aerogel formation be-
tween kapok fiber and BN arises from their potential beneficial attri-
butes for TES application. Kapok fiber is a rich source of cellulose that
possesses excellent mechanical stability, while BN is a good filler to
enhance thermal conductivity in the composite.

2.3.4. The combination of hydrothermal and freeze-drying process

Kong et al. utilized large-size 3D graphene aerogel to load paraffin to
revamp the thermophysical attributes of PCM [62]. Ultra-large graphene
was prepared from GO slurry via hydrothermal and freeze-drying pro-
cess followed by carbonization at 2800 °C. Ethylenediamine was used to
link the adjacent graphite sheets through amide bond formation to
fabricate large-size graphene aerogel. The same protocol was followed
to prepare graphene aerogel without EDA to compare the effect of large-
size graphene aerogel.

2.3.5. Sol-gel process

Du et al. fabricated a novel strategy to fabricate porous CA via a sol-
gel process for TES management [63]. Here, nano-fibrillated cellulose
and MWCNT were used as carbon precursors for the fabrication of CA.
The alkylation of cellulose aerogel was accompanied by different acid
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chlorides (hexanoyl chloride, lauroyl chloride, stearoyl chloride) and
triethylamine. The smooth surface texture was apparent for surface-
treated cellulose aerogel composite compared to untreated cellulose
composite. The XPS spectroscopic result further corroborated the suc-
cessful functionalization of the cellulose surface. The COx/C,, peak in-
tensity ratio, was higher for stearoyl chloride-treated cellulose
composite than others, indicating increased aliphatic chains on the
cellulose surface. Zhang et al. took advantage of the flexibility of guar
gum and the mechanical stiffness of PI-derived carbon to construct and
fabricate mechanically stable and flexible carbon aerogel via an
environment-friendly, cost-effective strategy, followed by vacuum
impregnation of PEG [64]; see Fig. 4. Wang et al. observed that the
mechanical flexibility and strength of the graphene aerogel-based
composite were lower than that of the CNT/graphene aerogel-based
composite [65]. The effective transfer of applied force from loosely
bound graphitic structure to CNT remarkably prevents the tilting of
graphitic layers, hence preventing compression deformation.

2.3.6. Chemical reduction and wet spinning

Li et al. adopted the combination of chemical reduction of GO by
vitamin C/HCI solution and wet-spinning (12 h, 50 °C) strategy to
fabricate graphene aerogel fiber. Almost 84 % PEG incorporation in the
presence of such newly developed carbonaceous architecture was re-
ported by the researchers [66].

2.4. Porous carbon and its modified carbon skeleton

Yang et al. utilized wood as a natural resource to fabricate carbon-
ized wood based PCM composite [67]. Interestingly, the carbonization
of poplar wood significantly enhances the surface area and volume of
the pores. Lv et al. (2023) adopted a unique approach to fabricating
yeast-derived porous carbon-based PCM composite [68]. To achieve
high PCM loading, porous yeast carbon was prepared from yeast powder
via hydrothermal carbonization, followed by in situ growth of metal-
organic framework (ZIF-8) and carbonization at 980 °C at 4 h. The
carbonization of MOF can offer additional porous 3D architecture to the
system, which facilitates better loading of PCM and improves thermal
energy storage efficacy. Luo et al. designed an N-doped porous carbon
from a metal oxide framework (MOF) in the presence of EG via a
carbonization reaction under an Ny atmosphere [69]. Here, nitrogen-
doped carbon was grown between EG sheets, followed by carboniza-
tion, which enhanced the porosity and surface area in the final com-
posite. Zhou et al. employed 3D activated carbon to fabricate a PEG-
based composite for LHTES application [70]. The high carbonization
temperature induces a high degree of porosity due to the corrosion
power of KOH. However, it reduced the surface area of the composite
from 2310.1 to 950.9 m2g!. Nicholas et al. investigated the effect of
porosity and surface area of AC on the LHTES efficacy of n-octadecane/
AC-based composite [71]. It was apparent that with an increase in
activating agent concentration, the surface area, pore size, and volume
of AC increased.

2.5. Supplementary carbon skeleton

Apart from different conventional synthesis processes of 3D carbon,
the researchers started to prepare a wide variety of supplementary 3D
carbon to tune the surface area and pore geometry and introduce the
surface functionality to revamp the active sites of 3D carbon.

2.5.1. The combination of carbonization and wet chemical method

Li et al. prepared GO/MOF-based 3D skeleton for high loading of
PCM. GO-MOF composite was synthesized via a wet chemical method
using zinc nitrate and phthalic acid as precursors of MOF in the presence
of GO, followed by carbonization to induce porosity in the 3D archi-
tecture. The porous architecture arising from MOF and the high surface
area of rGO along inter-connection between the conductive particles
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facilitate high PCM loading with enhanced thermal conductivity [72].

2.5.2. Covalent linking or the combination of crosslinking and wet-chemical
method

Liu et al. designed a 3D hierarchical network structure of MWCNT by
linking with melamine foam through azide polyacrylic acid as a linker
[73]. These new design of synthesis strategies, especially the strong
linking between melamine foam, CNT, and TD, offer low interfacial
thermal resistance with enhanced thermal conductivity through the
formation of the zig-zag pathway between melamine foam and CNTs of
the materials along with high loading (%) of PCM. In 2022, Wu et al.
adopted a dual encapsulation strategy to fabricate a 3D carbon-based
PEG composite to mitigate low thermal conductivity and PCM leakage
problems from the composite structure [74]. Crosslinked PU foam was
first manufactured via crosslinking between PEG and HDIB in DMF
solvent under mechanical agitation at 60 °C under Ny protection. The
obtained PU foam was then infiltrated with PEG solution via adsorption
followed by vacuum distillation to remove residual solvent. To enhance
the thermal conductivity of the composite, the PU/PEG composite was
first fragmented with a freeze-pulverization process, and the obtained
particles were mixed with EG under mechanical agitation at 120 °C to
absorb liquid-free PEG into the EG matrix. Then, it was compressed to
form a stable composite at 60 °C under a maximum of 20 MPa pressure,
see Fig. 5a-b.

3. PCM infiltration strategies for the fabrication of 3D carbon/
PCM composite

The thermophysical attributes of carbon-based PCM composites
strongly depend on the loading, homogeneous distribution of PCM in
carbon media, and the contact between 3D carbon and PCM. The
research community has adopted various protocols to fabricate 3D
carbon/PCM composites.

3.1. Vacuum impregnation and its associated modified method

Vacuum impregnation, a well-known popular strategy, offers an
improved synergy between 3D carbon and PCM composites. Typically,
this process exploits a pressurized vacuum environment to evacuate the
air from the internal pores of 3D carbon, followed by infiltration of pre-
melted or in situ melted PCM into the interior architecture of 3D carbon.
To improve the homogeneous distribution of PCM inside 3D carbon, the
researchers adopted the combination of vacuum impregnation and
blending, melt blending, and ultrasonication, see the schematics in
Fig. 6a. In such a process, before the vacuum impregnation process, 3D
carbons and PCM are mixed under mechanical agitation or ultrasonic
irradiation either at RT or the melting temperature of PCM. Vacuum
impregnation offers the maximum loading of PCM into the worm-like
pores and inter-layer spaces of the EG. For example, in 2020, Wang
et al. adopted a vacuum impregnation strategy to prepare EG/paraffin
composite at 130 °C under 0.1 Pa for 60 min [75]. Like EG/organic PCM-
based composites, EG-embedded inorganic PCM composite has also
emerged as a potential candidate for thermal energy storage applica-
tions. Among different inorganic PCMs utilized for LHTES application,
salt hydrate is the most well-known appealing material owing to its high
storage density and inflated thermal conductivity. However, the phase
segregation and immediate cooling effect limit its potential application.
Incorporating EG into such PCM mitigates issues, forming a form-stable
composite without leakage. EG/PCM-based composites are powder in
nature; therefore, to impart the composite structure’s shape-stability,
the researchers generally adopt the sintering-compressing technique
after vacuum infiltration to obtain form-stable EG composite. Typically,
mixing EG and inorganic PCM in a suitable solvent or melted PCM at
elevated temperature under magnetic agitation is adopted for the
impregnation process. The resulting mixture was heated at an elevated
temperature for complete calcination for the pre-sintering operation. In
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Fig. 5. (a-b) The synthesis strategy of highly conductive and liquid-free PEG-based polyurethane/graphite nanoplatelets hybrid networks [74].
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Fig. 6. (a) The classification of modified Vacuum impregnation process, (b-e) The SEM micrograph of Ti,O3/CF/PCM (n-eicosane)/polydopamine composite with

pristine components [77].

the 2nd step, the obtained calcined mixture is compressed into a disc and
then sintered at high temperatures or a step-by-step increase in tem-
perature for a definite period. A step-by-step increase in sintering tem-
perature is beneficial to restraining the composites’ chemical
composition, as Ren et al. observed in their study [76]. The absence of
additional XRD peaks before and after sintering without changing the
position of the peak confirmed the non- change in the chemical
composition of the composite.

Wang et al. fabricated Ti;O3/CF/PCM (n-eicosane)/polydopamine
composite via the same strategy [77]. From the SEM image in Fig. 6b-e,
it was observed that the morphology of the network-like porous
microstructure of CF/PDA changed to a rough surface texture-like
microstructure. With the further addition of PCM, the smooth surface
was changed to a rugged surface due to the presence of PCM at the Ti
surface. In 2018, Li et al. fabricated Co304/EG/SA composite via in-situ

deposition and vacuum impregnation [78]. From the SEM image, it was
apparent that the three components of the composite were in close
contact with each other, where the porous network microstructure of EG
and cobalt oxide may trigger efficient heat transmission throughout the
composite structure. 3D carbon foam has been broadly studied as a
supporting carbon skeleton to enfold PCM due to its attractive porous
architecture and alterable thermal and electrical conductivity [79].
Maleki et al. fabricated three different PCM-based CF composites for
latent energy storage from solar light via vacuum infiltration at 60 °C
and 70 °C, 80 °C for PEG, paraffin, and palmitic acid-based composites,
respectively [80]. The crystalline arrangement was preserved after
infiltration into CF, as observed from the XRD analysis. Interestingly, the
infiltration of PCM into CF significantly influenced the crystallite size
and peak intensity of pure PCM, especially for palmitic acid, due to
improved confinement and solid physical adhesion. However, the
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reverse phenomenon was apparent for the paraffin/CF composite. Wil-
son et al. also employed the same methodology to conduct conducting
macro and microporous CF/paraffin wax composite [50]. A significant
leakage within 30 min was found for macro-porous CF/PCM composite
rather than microporous CF/paraffin composite. The larger pore size of
macro-cellular CF is responsible for such leakage than microcellular CF.

Lan et al. did not follow the hard-core conventional strategy to
prepare the composite [81]. However, their research group followed a
modified process consisting of vacuum and pressure-mediated pro-
cesses. Dynalene MS-XTT, a typical chloride salt blend, was utilized as
an inorganic PCM with long-term stability and anti-corrosion attributes.
The authors developed one infiltration chamber for this purpose. Typi-
cally, PCM powder was loaded onto the top of GF and placed in the
infiltration chamber. For heating, the device was inducted into the oven.
At first, the air was removed from the chamber, and PCM was melted at
360 °C under a vacuum. After melting PCM, the pressure was introduced
into the system via nitrogen purging to force PCM to be successfully
incorporated into GF. These two cycles continued until the complete
impregnation took place. The infiltration efficiency of this process was
found to be 93 %. The authors also reported a remarkable enhancement
in thermal conductivity of inorganic PCM infiltrated GF (101 Wm! K’l)
compared to pristine PCM (2 Wm™! K’l).

Zou et al. synthesized a novel shape stable PCM/CA composite for
thermal energy storage applications [60]. The authors prepared a form
stable PCM via crosslinking of 1,3-Divinyltetramethyldisiloxane, 2,2'-
(Ethylenedioxy) diethanethiol, 1-Trimethylolpropane(3-mercaptopro-
pionat) with dicumyl peroxide and palmitic acid. The composite was
fabricated using the conventional vacuum impregnation method at
120 °C for 4 h with 0.1 bar pressure applied for 10 min. Kong et al.
fabricated a large-size 3D graphene aerogel/paraffin-based composite
by vacuum impregnation [62]. The pressure, temperature, and time
duration of the vacuum impregnation process were 1.4 MPa, 90 °C, and
30 min, respectively. No air gap was found between large-sized gra-
phene aerogel and paraffin, as observed from the SEM image, indicating
efficient filling of PEG into the pores of the graphene sheets with suc-
cessful preservation of the 3D architecture of graphene aerogel. How-
ever, few pores with several cracks were evident in small-sized graphene
aerogel, and the successful coverage of paraffin in small graphene aer-
ogel is apparent from the SEM micrograph. Carbonized wood-based
PCM composite preparation was proposed by Yang et al. [67].

Additionally, PCM such as TD was impregnated into carbonized
wood via conventional vacuum impregnation for 3 h, significantly
enhancing the pores’ size and number. The complete filling of TD by the
inner pores of CW was observed compared to poplar wood because of the
non-opening of the channels. The internal structure also reminds many
keratin-based natural materials, having excellent thermal insulation and
mechanical properties [82,83].

The critical parameter for revamping the thermal energy storage
performance of PCM composite is strongly connected to the high loading
of PCM. To reduce the homogeneous dispersion and distribution issues
of fillers and PCM, Zhang et al. adopted the combination of VI, ultra-
sonication, and melt-blending/blending process in sequence to fabricate
PCM composite [64]. This process is especially suitable for 3D carbon in
a powder state [84] or additional carbon filler with 3D carbon-based
foam in a PCM matrix [85]. The melt blending, and steam explosion
processes are relatively new compared to conventional methods for
creating thermal energy storage materials. A melt-blending approach is
adopted for the homogeneous contact between carbon media and PCM,
followed by treating the mixture under a hot stream, typically high
temperature and pressure, for a definite period, and the mix was rapidly
depressurized at ambient atmospheric pressure. The high temperature
and sudden decompression cause the exfoliation of agglomerated carbon
filler, thus enhancing the excellent dispersion stability of the composite
structure. According to Bigdeli et al., additive size and Kapitza resistance
significantly affect the thermal conductivity of the nano additive -based
polymer composite, as predicted by the Reverse Non-equilibrium
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Molecular Dynamic (RNEMD) simulation study [86]. The size of the
additive, especially in the sub-micrometer scale, can improve the ther-
mal conductivity of the composite. Increased horizontal overlap be-
tween miscellaneous carbon additives, reduction of the average distance
between carbon additives, or introduction of crosslinker between fillers
can significantly revamp the thermal conductivity of the composite. This
effect is even more prominent in the reported literature of Hu et al.
during the investigation of the thermal conductivity of CNT/PW/EG
composite [87]. Almost double thermal conductivity enhancement was
evident for melt blending and steam explosion-treated samples
compared to only melt blending-treated samples. The more homoge-
neous distribution of fillers creates a uniform, synergetic heat transfer
pathway in this process, which is the main reason for the enhanced
thermal conductivity of the composite.

3.2. Melt-blending/blending

Adsorption via melt blending or blending is another energy-efficient
and straightforward strategy to fabricate different 3D carbon-based PCM
composites. In the blending process, 3D carbon is mixed with PCM in a
suitable solvent, followed by continuous stirring at room or elevated
temperature for a long time to complete the successful adsorption of
PCM by 3D carbon. On the contrary, the melting of PCM is performed
before mixing it with 3D carbon or in-situ melting of PCM during the
adsorption process. Wang et al. exploited this method to combine
caprylic-nonanoic acid and EG via simple mixing and stirring for 16 h at
room temperature [88]. The strong adsorption efficacy of EG facilitates
the formation of the composite under magnetic agitation via capillary
condensation. A maximum of 90 % loading of the caprylic-nonanoic acid
mixture into EG architecture was reported. However, EG is associated
with low stability of porous structures due to the quantization of high
energy [75], which limits the development of high-performance mate-
rials. Micro-encapsulating organic PCM by polymer composite is a
relevant and promising approach to preventing PCM leakage during
phase transition. However, the polymer coating poses low thermal
conductivity and may be stimulated by EG. Zhang et al. proposed the
synthesis procedure of n-octadecane/EG/PS-based composites for TES
application [89]. Typical refluxing of the mixture consisting of PS, EG,
and n-octadecane at 100 °C for 10 h, followed by solvent evaporation at
120 °C, yields the composite. The superior non-leakage property of the
stable composite was revealed even after heating above the melting
temperature of PCM. Among different inorganic PCMs utilized for
LHTES application, salt hydrate has high storage density and inflated
thermal conductivity. However, the phase segregation and immediate
cooling effect limit its potential application. EG into such PCM mitigates
such issues by forming a form-stable composite with no leakage, fabri-
cated via mixing and adsorption methods at a suitable temperature and
impregnation time [90,91]. The melt blending or blending process is
also ideal for homogeneous dispersion of different organic-inorganic
carbon additives and polymers before infiltration of PCM [92].

Li et al. adopted a mechano-chemical agitation strategy was adopted
here to fabricate an SA-filled 3D carbon composite in the presence of an
ethanolic solution of SA with different weight percentage ratios from 40
% to 90 % [72]. Interestingly, it was evident that the specific surface
area (2726.9 m?g 1), pore volume, and pore diameter of the rGO/MOF
composite were remarkably enhanced for carbonized MOF support. The
leak maximum filling of SA into the composite structure was up to 90 %.
In 2021, Wu et al. infiltrated PU foam with PEG solution via adsorption
followed by vacuum distillation to remove residual solvent [74]. The
final weight loss of PEG@PU, 10 %, 20 %, and 30 % PEG@PU loaded 3D
compressed composite was 3.1 %, 0.6 %, 0.15 %, 0.09 %, respectively,
signifying the successful entrapment of PEG with no leakage in the
consolidated composite structure compared to pristine PU@PEG, see
Fig. 7a-b. To improve PCM loading into the composite structure with a
straightforward and low energy consumption strategy, the soaking
process is designed to fabricate a 3D carbon/PCM-based composite. 3D



M. Das and U. Stachewicz

Journal of Energy Storage 98 (2024) 113029

30 cycles

Before cycle

(a)

10 o 0—0———"4——%——9—%
5 —o— PEG@PU
208 ——PCC-10
é 3:100~ v\-.;‘;::-au—o—PCC-ZO

P >
2062 99l B i
) L &
g 0 4 L g 98 - 2
- Tan b °
E ‘.,;, 97 *ees
2 02} 0 20 40 60 80 100
Cycling number
0.0 . . > 2 : =
0 20 40 60 80 100

Cycling number

100 cycles

Fig. 7. (a-b) The synthesis strategy of highly conductive and liquid-free PEG-based polyurethane/graphite nanoplatelets hybrid networks (c) The weight loss of

PEG@PU and PEG@PU- polyurethane/graphite nanoplatelets hybrid networks b

ased at different cycling times. d) The digital picture of PEG@PU(10-30 %) loaded

polyurethane/graphite nanoplatelets hybrid networks during 100 thermal cycling tests [74].

carbon is introduced into melted PCM, followed by the adsorption of
PCM by the porous structure of 3D carbon through capillary action
under normal atmospheric pressure. Wang et al. fabricated (1- hex-
adecyl amine) (HDA) and 1-tetradecyl amine (TDA)/graphene or all CA-
based ultra-lightweight composite by the above-said methodology [65].
The impregnation was carried out by soaking melted PCM. Wang et al.
also utilized this methodology for the efficient adsorption of PEG by
epoxy resin moiety [93].
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3.3. Hydrothermal treatment

The rapid assembly of organic PCM into the pores of EG under high
pressure and temperature (hydrothermal synthesis) is another strategy
for developing high-performance materials. For example, Zeng et al.
fabricated TD/EG composite by exploiting the above-said approach
[94]. The high loading of PCM (~80-85 wt.%) into EG, along with high
thermal conductivity (5.71 W m? K_l), could be achieved by this
methodology.
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Fig. 8. (a-f) SEM images of PEG/rGO-HT and PEG/rGO-MI samples with different magnification (g-h) XPS spectrum of PEG/rGO-HT and PEG/rGO-MI samples (i)

TGA curve of PEG, PEG/rGO-HT and PEG/rGO-MI samples [95].
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3.4. Hydrothermal and vacuum impregnation strategy: a comparative
approach

Ding et al. adopted two strategies to fabricate the 3D rGO aerogel-
based composites to investigate the energy storage efficacy of the
composite [95]. Primarily, the authors divided the synthesis strategy
into two parts: (a) Hydrothermal strategy for simultaneous reduction of
GO along with forming PCM/rGO aerogel composite and (b) chemical
reduction of GO followed by vacuum impregnation of PCM. In the
former process, an aqueous mixture of CTAC, GO, and PEG was sub-
jected to hydrothermal treatment with in-situ thermal reduction of PEG.
Later, after the chemical reduction of GO in the presence of ascorbic
acid, the filling of rGO pores by PEG was carried out via a vacuum
impregnation process. A more disordered arrangement of rGO sheets
was observed for the first process due to the forming a more compact
interface between PEG and rGO aerogel. During the hydrothermal pro-
cedure, the PEG molecules were inserted into the aerogel pores in the
presence of surfactant, which reduces the surface tension between
graphite sheets and the interface between PEG and graphite sheets.
Later, PEG was adsorbed at the scutum of the graphite sheets, forming a
smoother, ordered structure due to capillary action and hydrogen
bonding, see Fig. 8a-f. It was observed that the C/O atomic ratio at the
surface was increased from 2.03 % to 3.1 % for the composite prepared
by the hydrothermal process, which signifies increased graphitization
with the successive enhancement of C=0 and C-OH groups, see Fig. 8 g-
h. The result indicates strong bonding between PEG and graphitic pores
of RGO gel. The mass loss occurred from 360 °C to 432 °C due to the
presence of PEG, as apparent from the TGA curve see Fig. 8i. After the
heating experiment, the final weight of the composite prepared by the
1st and 2nd processes was 15.3 % and 4.3 %. The result signifies the
presence of 85.6 % and 96.6 % PEG in the composite structure, so up to
96.6 % PEG loading is possible with this synthesis methodology; the
complete graphitization process and high PEG loading directly affect the
thermal conductivity and latent enthalpy storage efficacy that we dis-
cussed later.

3.5. Core-shell/micro-encapsulation

Cast-molding-assisted micro-encapsulation strategy is a relatively
new theme in preparing micro-encapsulated 3D carbon/PCM compos-
ites. In this process, PCM and 3D carbon dispersion are typically placed
in the inner and outer parts of a specifically shaped core-shell mold.

Finally, cast-mold microencapsulated PCM composite is obtained by

L

Octadecanol

Thermostat_water bath

- (c)
7 Octadecanol composite _
= >

A

Model-T—

Journal of Energy Storage 98 (2024) 113029

heat treatment. Yu et al. fabricated octadecanol encapsulated nano
copper silicon or eutectic inorganic alloy/EG composite macro-capsule
[96]. octadecanol was impregnated into EG by suction treatment to
form a hybrid composite. The eutectic Bisj gIn4g gSnig ¢ alloy (EBiInSn)
and EG were mixed with Ecoflex00-30 A and Ecoflex00-30 B separately
at elevated temperature followed by mixing vacuum drying to obtain
silicone elastomer shell composite. The authors used cast molding to
prepare core-shell PCM/EG capsules. Mold 1 consists of octadecanol
composite, which acts as a core. The core was incorporated into mold 2
with a silicon composite gasket, which was molded previously. The
liquid silicon composite, which acts as a shell, was injected into mold 2.
In the final stage, the microcapsule was obtained after curing at 50 °C.
The detailed synthesis process is shown in Fig. 9a-d. The low melting
alloy induced more latent heat storage and high heat conductivity.
Thanks to the high concentration and adherence attributes of silicon
elastomer, it also prevents the precipitation effect of eutectic alloys. The
coating of PCM with an inorganic body and the addition of EG as an
organic conducting filler are other options for fabricating microcapsule-
based EG composite, as suggested by Wang et al. [97]. They manufac-
tured paraffin/CaCO3 core-shell microcapsule through self-assembly
and added EG through compression. This strategy is the combination
of three consecutive steps. 1st step: in this stage, paraffin was added to
an aqueous surfactant solution to form paraffin micelle. 2nd step (self-
assembly): calcium chloride was added to the solution. The positive
charge of the calcium ion slowly interacts with the SO3 ion of the sur-
factant, forming a calcium ion-assembled paraffin micelle. Next, calcium
was precipitated as CaCOs at the surface of PCM in the presence of
NapCOs. 3rd step (dry mixing stage): in this stage, EG was mixed with
the obtained residue and compressed to form a block composite.

The high aspect ratio of core-shell PCM offers a high heat transfer
area in the presence of EG, resulting in the fast promotion of heat
through the structure. However, forming pores between EG and core-
shell PCM due to the surface tension mismatch between two entities
during the compression process may lead to high thermal resistance.

3.6. Combined approach

3.6.1. The combination of ultrasonication and melt blending/stirring
process

The combination of melt blending and ultrasonication in the
sequence is another methodology to ameliorate the homogeneous dis-
tribution of 3D carbon in solution and uniform filling of PCM into the
internal pores of 3D carbon. Fang et al. exploited this strategy to create a
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Fig. 9. (a) The schematic diagram of the preparation process EG-octadecanol composite, and EBilnSn-silicone-EG composite (b-e) The design architecture of core-
shell-like mold for octadecanol encapsulated silicon elastomer/EG composite macro-capsule along with the schematic picture [96].
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paraffin/EG composite [98]. Typically, in this process, after blending
melted PCM and EG, the mixture was ultrasonicated, followed by stir-
ring and cooling the mixture to form a compressed block. Here, EG
consisted of flakes and rod-like, two distinct morphologies. The rods
function as heat transfer junctions, while EG sheets help radiate the heat
from one EG rod to another. This phenomenon is highly beneficial for a
high amount of heat storage. Chriaa’s research group also adopted a
similar methodology for the preparation of styrene-b-(ethylene-co-
butylene)-b-styrene (SEBS) tri-block copolymer/low-density poly-
ethylene (LDPE)/EG/hexadecane-based composite for TES application
[99]. The optimum loading of hexadecane arises in the presence of EG
and polymer additives, facilitating the adsorption of PCM to form a
stable composite under several heating cycles.

3.6.2. Ultrasonication followed by vacuum impregnation

Ultrasonication followed by VI is another strategy to obtain homo-
geneously distributed PCM in the powder-based 3D carbon. In this
process, 3D carbon is added to melted PCM or PCM solution and ultra-
sonicated to obtain a homogeneous dispersion of PCM, followed by PCM
impregnation under vacuum [100]. Interestingly, it is noted that most
researchers prefer forming a compressed block of EG-based composite at
the final stage, while this strategy was not observed for GF, CF, or CA-
based composites. The above-said observation is due to the architec-
tural stability of CF, GF, or CA-based PCM composite, mainly governed
by the porous form stable structure of 3D carbon. However, enhanced
structural stability of EG in the presence of PCM arises via the formation
of a compressed block. At the same time, the vast, applied pressure
during compact block formation provokes more interconnection be-
tween PCM molecules and EG molecules, resulting in the construction of
more thermally conductive junctions along with better interconnection
between PCM molecules.

3.6.3. Soaking, squeezing and vacuum impregnation: a comparative
approach

Recently, Jing et al. investigated the effect of three different fabri-
cation techniques, soaking, squeezing, and vacuum impregnation, see
Fig. 10a, on CF/hydrated CaCly composite’s PCM impregnation effi-
ciency. Interestingly, PCM loading efficiency, as seen in Fig. 10b,
decreased with an increase in the carbonization degree of CF for the
squeezing experiment. In contrast, consistent (>90 %) result was
observed for the vacuum impregnation method. The distinct difference
in outcome between the two processes may be accompanied by the
combined effect of pressure difference during salt impregnation and
decreased flexibility of CF with increased calcined temperature. How-
ever, a poor result was observed for the soaking process except for CF
with a calcined temperature of 800 °C. As reported by the authors, the
thermal conductivity of PCM was not improved by the presence of CF
because of the open network structure of CF [101]. The typical benefits
and drawbacks of different PCM infiltration procedures in 3D carbon are
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listed in Table 2.

Furthermore, an effort has been made to create a quick overview of
the popularity of different PCM infiltration processes based on various
literature reports, especially for the last 5 years. A closer look at Fig. 11
reveals that vacuum-impregnation and melt blending/blending are the
two most popular methods to obtain 3D carbon/PCM composite. The
main reason behind the popularity of the vacuum impregnation process
for GF, CF, and CA-based composite lies in facile PCM adsorption inside
the pores of the 3D carbon skeleton simply via capillary action. For EG/

Table 2
The benefit and drawback of different preparation methods of 3D carbon/PCM
composite.

Type of Process Advantage Disadvantage
Vacuum Impregnation e Highloading of PCM e Homogeneous distribution
e Minimum structural of PCM issues
damage e Only applicable for porous
e High yield of 3D carbon skeleton
production

Melt blending/blending

Painless process
Easy control

Time consuming process
Agglomeration of 3D

parameter carbon
e Facile Scale up
Melt blending/ e Homogeneous e Often accompanied by the
blending+ distribution of PCM structural damage of
Ultrasonication e Painless and simple carbon media
process
e Less agglomeration
of carbon media
Ultrasonication+ o Highloading of PCM e Often accompanies by the
Vacuum e Homogeneous structural damage of
Impregnation distribution of PCM carbon media
o Less agglomeration
of carbon media
Soaking e Simple process e Only applicable for porous
e High PCM loading. 3D carbon skeleton
e Low cost
Hydrothermal e Highloading of PCM e Energy consuming process
e Agglomeration of carbon
media
Melt blending+ steam o Less agglomeration e High cost
explosion of carbon media o Issue with scale up
o Sufficient loading of
PCM in carbon
matrix
Squeezing e Easy process e Only applicable for flexible
e Low cost foam like 3D carbon
skeleton
Microencapsulation e Low cost e Uncoated PCM
e Low operating o Difficult to remove
temperature surfactant like impurity
o Versatile synthesis completely.
process e Agglomeration between
microencapsulated
particles
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Fig. 10. (a) Typical synthesis process of CF/CaCl, composite (b) PCM impregnation efficiency performance of the composite prepared with different methods [101].
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Fig. 11. A comparative pi-chart diagram demonstrating different methodologies’ contribution to creating 3D Carbon/PCM composite, the graph is made based on

literature reports.

ExFG/AC-based PCM composite, a high degree of homogeneous
dispersion of PCM can be achieved via the blending/melt-blending
process. However, the distribution of s-s PCM in 3D carbon is still
challenging. Dai et al. fabricated solid-solid PCM/3D carbon composites
via melt blending and ball milling. EG with PCM was milled together to
enhance the dispersion stability, followed by heating at 200 °C to melt
the PCM [102].

To guarantee a homogeneous connection between PCM and 3D
carbon, especially for solid-liquid PCM, the operating temperature of
melt blending and blending time played an essential role in avoiding the
agglomerates. It often combines a few methods, such as ultrasonication
and melt blending [103]. Notably, a large surface area of and size of 3D
carbon, i.e., graphene aerogels or expanded GO, must be considered in
the production process [62].

4. The effect of different 3D carbon media towards
thermophysical attributes of PCM composites

4.1. EG and its modified PCM composite

Yang et al. fabricated a PEG/EG-based form stable composite for
LHTES application [104]. Interestingly, the solid-liquid phase transition
of PEG decreased after loading of EG, which signifies the decrease in
crystallization integrity within PEG in the presence of EG. Compared to
pristine PEG, the composite took a brief thermal storage and cooling
period (time storage = 1810 s, time cooling = 2370 s). As the sugar-
based PCM possesses a long nucleation process, Wang et al. mitigated
such an issue by fabricating a galactitol/mannitol eutectic composite
with EG [105]. The large specific surface area of EG and porous
microstructure facilitate facile and rapid adsorption and nucleation of
sugar alcohol. Besides the supercooling effect, EG’s presence remarkably
enhances the thermal conductivity of the composite. High latent heat of
melting enthalpy reaching198.60 kJ.kg ™! and efficient thermal stability
up to 20 cycles are the unique benefits of this report. The different EG
loading (%) in the composite substantially affects the composite’s
thermophysical properties, as suggested by Fang et al. [98]. The authors
incorporated EG from 0.5 to 4 % to investigate the heat storage capacity
of paraffin/alkylated EG composite. The interfacial adhesion between
alkylated EG and PCM is the primary reason for improved latent heat
storage. The strong interfacial bonding arises from the same polarity and
hydrophobicity between paraffin and alkylated EG. Therefore, more
heat is required to cross the hindrance of the alkyl group present on EG
during melting or freezing. Higher crystallinity restricts the molecular
movement along the composite structure, facilitating heat transport.
The poor adhesion of EG with the PCM and low degree of crystallinity
was found for a high amount of EG-loaded composite, resulting in a
sharp decrease in their thermophysical parameters. Similarly, Liu et al.
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fabricated a hyper-crosslinked polymer/EG-based 3D carbon skeleton
for thermal energy storage [106]. In situ- formation of hyper-crosslinked
polymers was taken in the presence of precursor and oxidant. Here, the
segregation of crosslinked polymers was prevented in the presence of
EG; thereby, efficient adsorption of PCM into its pore took place. About
20 mass fractions of crosslinked polymers are utilized to suppress the
PCM leakage rate (0.52 %). The composite’s high surface area (407.31
m?g~ 1) in the presence of cross-linked polymer is also co-related with
the high filling of PCM (89.4 %) into the porous architecture. Inflated
surface area is a potential attribute of the high-performance material for
LHTES application, as it is directly conjugated with the heat adsorption
efficacy of the material. Wu et al. also proposed the role of olefin block-
copolymer towards improved leakage and flexibility during the fabri-
cation of olefin block-copolymer/paraffin wax/EG-based flexible
organic EG composite for thermal energy management [107].

Luo et al. incorporated N-doped porous carbon into SA/EG com-
posite to boost the heat storage efficacy of the composite [69]. With
decreasing SA mass fraction, the latent heat storage efficacy of the
composite was also reduced. The lower crystallinity factor of the com-
posite denotes a more vital interaction with a low phase preservation
rate. The advanced melting process with delayed freezing was observed
by adding 80-85 % SA. Also, the high thermal conductivity of the
composite may prevent the crystallization process. The efficient heat
transfer throughout the 3D network porous structure composite is also
essential to eliminate the supercooling phenomenon. The combination
of fast melting and delayed crystallization has unique benefits. Yuan
et al. developed an erythritol/EG-based composite having 40 times
higher thermal charging-discharging efficacy concerning pristine PCM
[108]. The presence of EG significantly decreased the melting temper-
ature of PCM from 116 to 98 °C while the freezing point increased
significantly. The average charging time of PCM was reduced by 73 %
after adding 12 wt% EG, and the supercooling degree of pure erythritol
decreased from 39.5 to 15.3 °C after adding 15 wt% EG to the composite
structure. Excellent thermal conductivity of the composite and high
loading of PCM, induced by EG, helps the fast charging and discharging
process, which is the main reason for the abovementioned observation.
For high EG contents, no mass loss of PCM was observed from the 85th to
140th cycle, while negligible (0.4-0.5 %) mass loss was apparent from
the 40th to 85th cycle. Therefore, the good cyclic stability of the com-
posite, even after 140 cycles, is another good attribute of this report. The
presence of EG facilitates easier nucleation of PCM molecules via
adsorbing the PCM into its porous structure. In 2020, Wang et al. found
that the increased density of bulk EG causes a significant effect on
increasing the length of graphite sheets [75]. By increasing the applied
pressure, the author fabricated compressed bulk EG with different
densities. The increased density of EG bulk yields a higher degree of
anisotropy due to the homogeneous and increased distribution of
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paraffin in the EG microstructure. The high anisotropy and long graphite
sheets facilitate the composite structure’s extended heat transfer
pathway with low thermal resistance. The author suggested that the
microstructural integrity and the synergetic effect of bulk EG and
paraffin provide high thermal conductivity (20.8 Wm™! K~! at 60 °C) in
the parallel direction. Almost a two-order increase in the thermal con-
ductivity of the composite was observed by Liang et al. for PW/EG@GO-
based composites [46] see Fig. 12a,c. The facile and fast conduction of
heat due to the presence of EG in the PW matrix and additional thermal
conduction pathways offered by covered GO sheets are the main reasons
for the dramatic improvement of thermal conductivity. Only ~6 %
leakage rate was observed for the composite within 500 h, while the
pace was fast for the first 300 h, Fig. 12b. The presence of two protective
layers that arise from EG through capillary action and GO layers through
the formation of the zig-zag pathway was responsible for such improved
leakage attributes, see Fig. 12d-e.

Inorganic EG-based composites have emerged as superior candidates
for the LHTES application. Huang et al. investigated the storage
behavior of LiNO3-KCI/EG composite [109]. The composite’s excellent
preservation of shape, melting, and freezing point in the DSC thermo-
gram after 10, 50, 100, and 500 cycles signify excellent long-term sta-
bility under repetitive phase transition. The hydrophilic inorganic
moiety can revamp the composite’s heat storage efficacy, as Ren et al.
claimed for NagHPO4. 12H50/EG/SiO2 composite system [110]. The
group observed that in the absence of SiO5, NagHPO4. 12H,0/EG did not
demonstrate any heat storage efficacy due to the non-intercalating
ability of PCM into EG pores. The silica originating in an alkaline or
acidic environment modifies the pores of EG to permit PCM entry. In the
presence of PCM, the porosity of the composite was abruptly reduced
due to the triumphant entry of PCM, see Table 3. The thermal storage
capacity of EG-DHPD-SiO, (prepared in acidic condition) is higher (224
J g’l) than that of EG-SiO (prepared in the alkaline state)-DHPD due to
increased pore volume occupied by SiO, prepared in alkaline condition,
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Table 3
The porosity, apparent density, and encapsulation ratio profile of NayHPOj4.
12H,0/EG/SiO, composite [110].

Sample Porosity Apparent density [g Encapsulation ratio
1% m™' L] %]
EG 96.25 0.84 /
EG-DHPD 81.02 3.38 95
EG-SiOy(a) 96.47 2.94 /
EG-SiOy(a)- 82.34 2.1474 74
DHPD
EG-SiO(b) 85.22 1.99 /
EG-SiOy(b)- 71.98 2.04 49
DHPD

preventing PCM for encapsulation, see Table 3.

Low supercooling temperature (5 °C) is another benefit of this
composite. In 2020, Li et al. investigated the heat storage performance of
EG/NayS04.10H,0 composite [111]. The authors modified the PCM,
NayS04-10H20, by employing borax decahydrate, CMC, and the octyl
phenol polyoxyethylene ether (OP-10) as a coupling agent to improve
the binding energy between NasSO4-10H20 and EG. The DSC diagram
shown in Fig. 13a demonstrates that pure and modified PCM possess
high levels of supercooling. The freezing temperature of the composite
was increased compared to unmodified PCM, while a slight increase in
the melting temperature trend of the composite was observed. The pores
of EG may form strong connections with PCM that facilitate the excellent
flow of heat through the composite. The low supercooling value
(5.99 °C) of modified PCM indicates the improved nucleation of PCM in
the presence of borax decahydrate during the crystallization process.
During melting and freezing, the latent heat of enthalpy for 7 % EG-
loaded composite was 114 Jg~! and 105 Jg~?, respectively. However,
increasing EG content decreases the composite’s latent heat per PCM
unit mass. The temperature vs. time curve shows the fast-thermal
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Fig. 12. (a) Thermal conductivity of paraffin wax (PW) and EG/GO-based PW composite, (b) The leakage rate vs. time profile of PW and EG/GO-based PW
composite, (c) The comparison of the thermal conductivity and leakage rate of EG/GO-based PW composite with its counterpart part (d), (e) Plausible mechanism of

the leakage paths for EG/GO-based PW and PW/EG composite [46].
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Fig. 13. (a) The DSC diagram of SSD-CBO (sodium sulfate decahydrate (Na,SO4-10H50, SSD), borax decahydrate, Na,B40-10H,0), octyl phenol polyoxymethylene
ether (C34Hg2011, OP-10), carboxymethyl cellulose-based composite) (EG composite with varying EG loading (b-e) The visual appearance of the composite and
pristine counterpart along with the change in temperature vs. time curve during the heating-cooling process [111].

response of 7 % EG-loaded composite. The temperature interval of the
inflection point is lower for EG-based composite than pure PCM, which
is in solid agreement with the experimental findings in the DSC
thermogram.

Furthermore, the temperature difference between the sample’s cen-
ter and the sample’s average value during melting or cooling for 7 % EG
loaded composite is relatively low, which signifies excellent heat
diffusion throughout the composite. The temperature response of the
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composite with time during the heating-cooling process is shown in
Fig. 13b-e. In summary, the efficient suppression of supercooling of the
PCM in the composite, near room temperature, melting and freezing
point (Tmpelt = 31.06 °C, Teool = 23.02 °C) along with fast thermal
response is the uniqueness of this material that may be utilized in-floor
heating system application. Recently, Bai et al. fabricated a PEG-VO5-
based dual PCM/EG composite via vacuum impregnation [112]. There
were two phase transition peaks during the heating-cooling process in
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the range of 30°-70° and 50°-70 °C. The presence of dual peaks from
both PEG and VO confirms the formation of a dual-PCM-based com-
posite. The optimized concentration of EG loading in the dual-phase
PCM composite was reported as 0.10 % to obtain high crystallinity
and inflated latent enthalpy (112.79 Jg™!). The composite possesses
excellent thermal recycling stability even after 50 cycles. The only mild
temperature difference and 0.59 % and 0.86 % changes in latent heat
enthalpy value were observed during the first and 2nd phase heating-
cooling cycles. The fast heat transfer (16 s for the heating response,
101 s for the cooling response) and high thermal response were apparent
for the EG-based dual phase change composites compared to the new
PCM due to the increased loading of PCM into the EG skeleton and high
thermal conductivity. Yu et al. adopted an intelligent approach for
preparing EG-based shape-stable microcapsules for TES application
[96]. Here, the essential part of this report lies in the design of the
material. As a shell, the author used nano-copper/silicon/EG-based
elastomer or EBInSn alloy silicon/EG-based elastomer, which act as a
protective layer of core material (octadecane of octadecane/EG) and
take part in solid to liquid alteration phenomenon at the same time
because of inherent phase change attributes of the inorganic copper or
phase change alloy. The most significant advantage of such microcap-
sules lies in their shape and re-molded attributes.

Various conditions like a dumbbell, prolate ellipsoid, concave, and
petal could be obtained for PCM microcapsule with no deformation of
core PCM, see Fig. 14a-d. Thanks to a flexible shell in the microcapsule
that helps restore its original shape even after heating at 120 °C with the
successful volumetric expansion of octadecanol, see Fig. 14e. The
fabricated shape stable elastic microcapsule (1 % EG loaded inorganic
EBInSn/silicon-based elastomer) demonstrated a substantial latent heat
density of 192.4 MJm > with high preservation of deformation up to
432 %. To understand the role of the thermal conductivity of the core
and shell towards heat storage and release efficacy, the author fabri-
cated four different samples, as depicted in Table 4. It shows the pres-
ence of EG significantly increases the thermal conductivity of the shell
and core material. However, the heat charging and discharging time was
improved in the presence of the core with high thermal conductivity due
to the fast transfer of heat.
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Table 4
The summary of the effect of thermal conductivity of PCM microcapsule by
tuning the composition of core and shell [96].

No.  Material composition of core and Thermal Latent heat density
shell conductivity (MJm ™)
(Wm'K™)
Core  Shell
1 Oct: Silicone 0.29 0.20 168.6
2 Oct: Silicone +80 wt% EBiInSn +1 0.29 1.98 213.4
wt% EG
3 Oct + 2 Wt%EG: Silicone +80 wt% 1.16 1.98 211.6
EBiInSn +1 wt%EG
4 Oct + 3 Wt%EG: Silicone +80 wt% 1.53 1.98 210.1

EBiInSn +1 wt%EG

Ao et al. reported that introducing BN and EG as carbon media can
significantly revamp stearic acid’s thermal conductivity and thermal
energy storage efficacy. Adding combined BN and EG filler showed a
significant decrease in the supercooling effect, indicating nucleation-
induced crystallization of PCM molecules [113].

4.2. ExFG and its modified PCM composite

Jeong et al. investigated the thermal energy storage efficacy of two
members of the paraffin group, i.e., octadecane and tetradecane/Na-
MMT/EXFG -based composite [114]. The presence of ExFG signifi-
cantly enhanced the PCM incorporation rate and latent heat of enthalpy
for both PCM-based composites. The incorporation rate of PCM was also
improved from 23.29 to 26.60 % and 21.24 to 31.82 % in the absence
and presence of EXFG in n-Hexadecane/Na-MMT and n-Octadecane/Na-
MMT based composite, respectively. The composite’s high thermal
conductivity and porous architecture in the presence of EXFG may be
responsible for enhanced PCM incorporation and high thermal effi-
ciency. The clay was mainly employed to induce fire retardant attributes
and high PCM adsorption capacity into the composite structure. Zeng
et al. fabricated erythritol-mannitol/ExFG composites varying the mole
fraction of erythritol from 0.1 to 0.9, respectively [115]. The eutectic

Fig. 14. (a-e) The different shapes of the remolded microcapsule like (b) dumbbell, (c) prolate ellipsoid, (d) concave and (e) petal (f) the restoration of the original

shape of the microcapsule even after heating [96].
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PCM with a mole fraction of mannitol and erythritol of 0.87 demon-
strated high latent enthalpy with stable melting characteristics up to the
50th cycle. However, it lost crystallization during cooling cycles. The
severe supercooling was mitigated after adding EG, as observed. With
the increase in the loading percentage of ExFG from 1 to 3 %, the degree
of supercooling decreased from 67.65 to 62.57, while the reverse trend
was apparent at high graphite loading. The scenario worsens after 3 wt%
graphite loading due to PCM’s non-uniform mixing and lack of phase
change transition. Liu et al. fabricated paraffin/ExFG composite with
varying EG concentrations from 0.2 to 2.0 wt% in composite structure
[116]. The melting enthalpy of the composite was increased from
140.66 to 170.3 Jg~! with increasing graphite content from 0.2 to 1 %,
but a further increase in loading concertation yielded a significant drop
in melting enthalpy.

4.3. Carbon foam and its modified composite

Li et al. observed that the change in weight percentage of carbon
precursor may significantly affect the thermal properties of PCM com-
posite [117]. The high thermal conductivity after Al,O3@GF incorpo-
ration in PCM signifies the efficient contact between the composite
structure’s thermally conductive media, promoting an extended heat
transport pathway with elevated thermal flux inside the composite
structure [15]. From Raman spectra and TEM analysis, the authors
concluded that the high degree of graphitization (high Ip/Ig), good
crystallinity of the composite sintered at 1600 °C plays a pivotal role in
enhanced thermal conductivity, significantly facilitating heat diffusion
performance throughout the composite. Interestingly, the supercooling
of paraffin decreased from 12.1 to 6.92 °C for the composite prepared
with 30 % sucrose precursor. The inflated surface area and enormous
heterogeneous pores in the composite structure facilitate the nucleation
process of paraffin during crystallization. The latent heat of enthalpy of
the composite was significantly reduced for the composite prepared with
40 % sucrose precursor. The high paraffin storage efficacy and opti-
mized hierarchical porous architecture with an enhanced surface area
were crucial to obtaining the best-performance composite. Lin et al.
reported excellent efficacy of PEG/MWCNT-modified CF-based com-
posite towards a light-to-thermal energy conversion and storage [118].
To investigate the effect of thermal attributes of PEG in the presence of
CF and MWCNT, the authors proposed the terms “enthalpy efficiency”
and “relative enthalpy efficiency.” The mathematical expressions are
given below:

AHpprc/crs) + AHfprc)crs

A (enthalpy efficiency) = ) % 100% (2)
( Py y) AHpyppc) + AHy(pg)
. - AHpprc/crs) + AHfprg)crs)
relative enthalpy efficiency) = x 100%
n Py y) AHpprg) + AHf(pEG) xw
3

The AHppeG/crs) and AHppgg) is the melting enthalpy of PEG/CFs,
and pure PEG, AHjprG/crs), and AHgpgg) is the freezing enthalpy of PEG/
CFs and pure PEG, w is the weight percentage of PEG in the composite
structure. The high A (98.7 %) indicates the whole latent heat of PEG
during phase transition is stored or dissipated via phase transition with
no additional changes in the thermal attributes of pristine PEG after
confinement into the pores of CF. The optimized MWCNT concentration
to obtain maximum changes of latent enthalpy (170.9 Jg~! for melting
and 159.2 Jg~! for cooling) was found to be 2 % during melting or
cooling. The high cyclic stability, even after 1000 cycles of phase tran-
sition, is the additional benefit of this article. In 2018, Su et al. adopted a
unique approach to preparing modified CF-based 3D composites [100].
3D CF was generated using GO and MWCNT or SWCNT as precursors.
According to the authors, MWCNT may enhance thermal conductivity,
and GO can act as porous support to prevent leakage in the composite
structure. The melting-freezing temperature latent enthalpy of the
composite increased with increasing MWCNT or SWCNT contents in the

17

Journal of Energy Storage 98 (2024) 113029

composite structure. The authors suggested that MWCNT or SWCNT acts
as a nucleating agent of PEG, and successful nucleation significantly
reduced the crystallization rate of PEG by a change in its conformation.
The continuous spherulite crystallization pattern changed to discrete
small spherulite crystal morphology in the presence of high CNT con-
tents in the composite structure. Yu et al. reported increased thermal
energy storage efficacy of newly developed shape-stable 3D CNT/GF/
PEG-based composites [119]. The optimized CNT concentration ob-
tained better crystallization efficiency, encapsulation fraction, and heat
storage capability of 80 %. The above-said composites demonstrated
91.6 % crystallization efficiency, 73.29 % encapsulation ratio, and
91.46 % heat storage capability. The supercooling effect is also low for
the newly developed composite. High thermal conductivity, network-
like microstructure with nano and micropores, and enhanced intermo-
lecular association between GF, CNT, and PEG are responsible for the
improved thermophysical attributes of the composite. The authors also
investigated the effect of thermal resistance on heat storage efficacy and
examined the temperature distribution of CNT/GF/PEG and PEG/GF
composite. The interfacial thermal resistance of the CNT/GF/PEG
composite was 67 % lower compared to the PEG/GF composite. The
formation of a 3D network-like architecture between GF and CNT
significantly facilitates enhanced heat transport during the phase change
of PEG. At the same time, the presence of only CNT in the PEG matrix
yielded a high accumulation of CNTs that formed different interfaces
during phase change. Wu et al. also utilized GF and water-borne PU to
encapsulate octadecanol to mitigate leakage issues successfully [120].
The presence of GF significantly reduces the supercooling effect of PCM,
which may be correlated with the high thermal conductivity and rugged
surface of GF. Fast temperature shifting between the environment and
the composite and enhanced nucleation of PCM in the composite
structure during the crystallization process play a pivotal role in
removing the supercooling effect. Kholmanov et al. also reported the
UGF/erythritol/CNT as an active composite for TES application [55]. A
significant increase in thermal diffusivity and conductivity was apparent
for the composite compared to its new counterpart. To assess the role of
the continuous networking pathway formed in the presence of GF and
CNT, the authors have grounded the composite in powder form to break
the continuous pathway of carbon and measured the conductivity. The
decrease in thermal conductivity and diffusivity signifies the role of a
continuous carbon network towards enhanced thermal attributes. The
authors also performed another experiment to investigate the role of
bonded CNT. The non-bonded CNT composite possesses lower thermal
conductivity than the bonded CNT/erythritol/UGF composite. This
observation signifies the lower thermal resistance of the composite when
CNT s is in bonded condition with UGF; see Fig. 15 a, b. From the DSC
diagram, see Fig. 15 c-d; it was apparent that there was almost no change
in the melting profile of the composite and pristine PCM. In contrast, a
significant shift in freezing temperature was evident during the solidi-
fication process. The UGF/erythritol composite demonstrated Ts. = 78
+ 4 K, while the CNT bonded composite simultaneously showed Ts. = 67
+ 4 K. A further decrease in subcooling degree was observed for the
powdered CNT/UGF/erythritol composite. The result signifies the role
of increased surface area and heterogeneous surface sites of the com-
posite for the successful crystallization of erythritol in the composite
structure. Zhang et al. fabricated GF/erythritol composite for moderate
temperature management application [121]. Interestingly, the super-
cooling degree was surprisingly low for high- and low-bulk-density GF/
erythritol composites compared to pure erythritol. The L-GF composite’s
supercooling degree was higher than the H-GF composite. The infiltra-
tion rate of erythritol is crucial in obtaining the composite’s different
performances, as it has different bulk density graphite. As observed from
the SEM micrograph, the smaller cell diameter of H-GF prevents high
filling of PCM compared to L-GF. The 3D-ordered packed structure of the
composite and its high thermal conductivity play another crucial role in
reducing the supercooling degree. Zhang et al. proposed a plausible
mechanism of heat transfer through the composite. The highly ordered
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Fig. 15. (a, b) Thermal diffusivity and thermal conductivity of erythritol, UGF/erythritol, and UGFCNT/erythritol (c) DSC melting curves for erythritol, UGF/
erythritol, and UGFCNT/erythritol. (d) DSC cooling curves for erythritol, UGF/erythritol, UGFCNT/erythritol, and powdered UGF/erythritol and UGFCNT/eryth-

ritol [55].

structure of the composite facilitates the rapid transfer of phonons.
Furthermore, the strong adhesion of GF and erythritol reduces the
interfacial thermal resistance. According to the authors, the critical
radius is inversely proportional to the supercooling degree. Singh et al.
investigated the effect of inorganic salt (MgCl,) impregnation on high-
and low-density GF for LHTES application [122]. The latent heat of
fusion for LD foam/MgCl, composite (225.2-238.5 KJKg’l) was higher
compared to LD foam composite (353.6— 379.6 KJKg™1). Wang et al.
deployed TizO3/CF polydopamine-based miscellaneous carbon media
for LHTES application [77]. The excellent compression-bending resil-
ience attributes were apparent for the composite due to the high
modulus of CF elasticity arising from the removal of long side chains
from MF. However, the annealing temperature of CF severely affected
the composite’s mechanical strength. The high temperature may yield a
fracture of the composite structure. The optimized annealing tempera-
ture was found to be 400 °C. In this report, polydopamine (PDA) was
chosen for its strong adhesion with different organic or ceramic mate-
rials. At the same time, n-eicosane was recommended due to its high
latent capacity and long-term stability. The excellent flexibility of the
composite was observed from the optical image during the bending and
compression stage.

4.4. CA and its modified PCM composite

Zou et al. synthesized a stable palmitic acid-based CA composite for
thermal energy storage application [60]. The authors prepared CA from
two biomass sources, i.e., carrot and pumpkin. The carrot-derived CA-
based PCM composite shows enhanced latent melting heat compared to
the pumpkin-derived composite. The calcined temperature of CA and
curing temperature of PCM cause a significant effect on the melting
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point or latent heat energy of pure PCM. Although the surface area of
pumpkin-derived CA was lower than carrot-derived CA, the rapid in-
crease in temperature within 25 s on the composite surface was observed
for cured PCM-loaded pumpkin-derived aerogel at high calcined tem-
perature. This result signifies that the surface area has almost no effect
on heat storage. The authors suggested that the high thermal conduc-
tivity of the composite solely increased the fast heat movement. How-
ever, the disorganized orientation of graphene sheets in aerogel
structure may revamp boundary thermal resistance, significantly
decreasing the composite’s thermal conductivity. Anisotropic graphene
aerogel is one of the potential approaches to mitigate this issue owing to
the structural organization of graphene sheets and thick pore walls. In
2021, Li et al. reported excellent enhancement of longitudinal thermal
conductivity (50-300 %) of paraffin in anisotropic reduced graphene
oxide (rGO)/expanded graphite (EG) aerogel-based composite structure
[123]. Zhang et al. reported that the combined effect of Ag nanoparticles
and anisotropic graphene aerogel is quite promising to achieve
remarkable enhancement of (~362 %) thermal conductivity of PCM
composite.

A faster phase transition with a 74 % enhancement in heat storage-
release efficiency is the unique benefit of this report [124]. Zhang
et al. investigated the role of kapok fiber-based aerogel in the thermal
energy storage efficacy of PEG [61]. It was observed that the presence of
hydroxylated BN in the kapok fiber-based aerogel significantly affects
the thermal conductivity of the composite. The hydroxylation of BN
induces strong adhesion between boron nitride and kapok fiber, facili-
tating the reduction of the thermal resistance at the interface, which is
beneficial for increasing faster heat transport through the composite
structure. Adding pristine BN from 0 to 10 wt% decreased ~17 % latent
heat of enthalpy of pristine PEG. However, a ~ 13 % decrease in latent



M. Das and U. Stachewicz

heat of enthalpy was apparent for hydroxylated boron nitride (0-10 %)
based composites. The author suggested that the strong adhesion be-
tween PEG and hydroxylated kapok fiber aerogel through hydrogen
bonding induces a more homogeneous distribution of PEG into the
composite structure. Kong et al. investigated the effect of large-sized
graphene aerogel on the thermal energy storage efficacy of graphene
aerogel/paraffin composite [62]. The thermal conductivity of the large-
sized graphene aerogel prepared at high calcination temperature
(2800 °C) caused higher thermal conductivity compared to its pristine
counterpart owing to the presence of a three-dimensional, defect-less,
high surface area graphene network that promotes facile phonon
transfer through the composite. From the Ip/Ig curve, the authors
calculated the in-plane crystal grain size (L,) for large- and small-sized
graphene aerogels. The result reveals that an almost 135.5 % increase
in L, value for large-sized graphene aerogel signifies less grain bound-
ary, which may facilitate improving the composite’s thermal conduc-
tivity. The high Ip/Ig ratio for graphene aerogel calcined at 2800 °C
compared to graphene aerogel calcined at 1000 °C signifies the high
calcined temperature induces a high degree of graphitization. To
analyze the 3D stacking profile of the composite, the authors fitted the
2D Raman peak of the composite. The G3pp’ (ordered AB Bernal stacking
of graphene layers) was higher for large-sized graphene aerogel com-
posite, indicating efficient arrangement in the graphitic structure of the
composite. The fraction of AB Bernal stacking for large-sized graphene
aerogel composite was found to be 63.32 %, while it appears as 56.1 %
for large-sized graphene aerogel composite. The ordered 3D arrange-
ment with a high degree of stacking of graphite sheets may help facili-
tate an efficient heat transfer process. Fast (30 s) and higher rise in
temperature were observed for large-sized graphene aerogel composite
compared to the pristine part. The high ratio of AH composite/ AHpa (98.1
%) and excellent retention rate of specific latent heat enthalpy (99.21 %
for 15 cycles and 97.11 % for 30 cycles) are the most promising outlook
of this report for the utilization of this functional material in thermal
management applications in future. Song et al. prepared lauric acid/
carbonized kapok fiber aerogel/Fe304-based composites [59]. The aer-
ogel’s superior mechanical stability (5.6 % deformation) in the presence
of iron oxide particles under 60 % compressive strain at the 40th cycle
signifies the perfect utilization of such newly designed CA for developing
shape-stable and flexible engineered material for TES application.

In 2018, Li et al. introduced paraffin or PEG into the pores of gra-
phene aerogel fiber via vacuum impregnation method at 80 °C for 3 h,
followed by coating with fluorocarbon resin [66]. A decrease in fracture
strain from 2.5 to 1.52 % was apparent for the composite fiber. The
formation of a core-shell-like laminated structure and the presence of
fluorocarbon resin significantly enhance the mechanical attributes of the
composite. The novel composite’s young modulus and fracture strength
were 48 times and 775 % higher than graphene fiber aerogel. However,
at the melting stage of PEG, fracture strength and young modulus (E) of
the PCM/graphene aerogel fiber were lower than the solid state of PEG
in the composite at 25 °C. It was caused by the softening effect of PEG
during melting. However, the composite still preserves high toughness
even after melting PEG compared to prepared fiber. The graphene aer-
ogel fiber/PEG contact angle was <60°, at 9.4° and 124° for pristine PEG
and graphene aerogel fiber. Du et al. found that the surface modification
of porous CA precursor (nano-fibrillated cellulose) significantly impacts
the adhesion property of PCM and the cellulose surface for TES man-
agement [63]. The highest loading of PCM for a higher degree of carbon-
aliphatic chains grafted composite was observed than the new and other
synthesized composite. The mismatching of hydrophobic n-octacosane
with the surface of hydrophilic cellulose is responsible for such obser-
vation. The high hydrophobicity on the high aliphatic chain grafted
cellulose facilitates efficient adhesion towards hydrophobic PCM,
thereby increasing the PCM loading rate onto the cellulose surface.
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4.5. Porous carbon and its modified PCM composite

Luo et al. observed that the presence of aligned N-doped porous
carbon also enhances the thermal conductivity of the composites
compared to pristine PEG and PEG/porous carbon composite [58]. The
increment of 3D carbon volume fraction in the PCM composite structure
significantly improved the composite’s thermal conductivity. According
to the authors, this enhancement in thermal conductivity is directly
related to the following equation,

kPEG/C = (C0329>_ﬂ(c‘ + (1 — f)kaG (4)

kpeg/c is the thermal conductivity of the composite, and f and k¢ are
the carbon support’s volume fraction and thermal conductivity,
respectively. kpgg is the thermal conductivity of PCM, 6 is the angle
between 3D carbon and the direction of thermal transport. For porous
carbon composite, cos?6 value was assumed to be 1/3 because of heat
transfer through x, y, z direction, while for aligned carbon/PEG com-
posite, the accepted value was 1, considering unidirectional heat
transfer. In this situation, the volume fraction of 3D carbon becomes a
predominant factor in controlling the thermal conductivity of the com-
posite. The above model perfectly fits experimental results, signifying
unidirectional heat transfer is the ultimate benefit of decreasing heat
scattering. The improvement of thermal conductivity, reproducible
thermal cyclic performance, and non-leaking form stable attributes of
sugar alcohol or fatty acid-based PCM in the presence of EG was also
reported by several researchers [125,94,126]. AC is one of the essential
3D porous adsorbents that can be conceived easily, and the source of the
precursor is naturally abundant. Zhou et al. reported that the amount of
PCM (PEG) could significantly change the melting and freezing point of
the AC/PEG-based composite. The presence of AC efficiently encapsu-
lates PEG without leakage [70]. However, the authors left the reason for
the plausible decrease in the melting temperature of the composite with
an increase in PEG content unexplained.

Han et al. fabricated mysteric acid/AC/diatomite-based composite
for building applications [84]. The increase in thermal conductivity of
the composite after the incorporation of AC signifies the role of AC in the
composite. The presence of AC in the composite significantly increases
by about 1.8- and 3.6 times thermal storage and release rate compared to
non-incorporated AC composite. The closely connected thermal network
structure in the composite and the porous architecture of AC facilitate
the fast heat transport phenomenon. However, high AC loading is
responsible for the tiny decrease in the latent thermal energy compared
to low AC loaded composite due to restricted movements of mysteric
acid in the presence of a more significant number of meso or micropores
of AC. However, a rapid temperature change was found for high AC-
loaded composite (330 s, 270 s) during heating-cooling cycles
compared to pristine PCM and low AC-loaded composite. A high amount
of AC loading can effectively transport the heat through the composite
structure, which is beneficial for such observation.

4.6. Supplementary 3D carbon and its composite

Liu et al. fabricated a novel composite based on Tetradecanol/mel-
amine foam grafted with MWCNT (via polyacrylic acid chloride) com-
posite for TES application [73]. Interestingly, with increasing the
polymerization initiator (ALBN) content, the extent of supercooling was
drastically reduced while melting and crystallization enthalpy were
increased. The increased concentration of AIBN effectively decreases the
polymer chain linkers, enhancing the strong connection between MF
and MWCNTSs. This phenomenon reduces the contact resistance at the
junction and facilitates the fast transport of heat, resulting in high
thermal conductivity. With increasing MWCNT- MF contents, the tem-
perature rose quickly. For example, 2 % MWCNT- MF loaded PEG
composite takes 1590 s to raise the temperature to ~59 °C while 950 s
was spent by 8 % MWCNT- MF loaded PEG composite to reach this
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temperature. Fast cooling up to 690 s was observed for high MWCNT-MF
loaded composite compared to low MWCNT-MF loaded composite
reaching 1290 s. The strong connection between melamine foam and
MWCNT through covalent bonding facilitates fast heat transport with
low thermal resistance. Li et al. fabricated 3D-porous RGO/MOF-5-
supported SA-based composites for thermal energy storage [72]. The
extent of supercooling decreased from 27.5 to 9.8 % of pristine SA, with
increasing SA contents in the composite from 40 wt% to 90 wt% of SA in
the composite. Interestingly, the carbonized carbon can accommodate
56.9 + 1.9 % SA, whereas the presence of rGO enhances the SA loading
up to 90 %. The presence of micro and mesopores in the composite
structures facilitates the accommodation of SA molecules. The presence
of rGO and MOF inhibits the facile movements of PCM, which is why the
composite’s melting or freezing point decreased. This newly fabricated
carbon support was auspicious in encapsulating a variety of PCM with a
significant enhancement in latent enthalpy; see Table 5. The newly
manufactured composite’s thermal conductivity was higher than its
pristine counterpart. For pure MOF-5/SA composite, the air bubble
present in the pores of MOF prevents the facile heat transport while the
scattering of phonon arising from oxygen-containing groups bonded to
the graphene sheet in GO/SA/MOF-5 composite also inhibits facile
charge transport. However, the significant reduction in thermal contact
resistance between rGO and SA enhances the thermal conductivity of the
composite. For 90 % SA-loaded GO/MOF-5 composite, the decrease in
thermal conductivity was observed due to the adsorption of SA on MOF-
5, which is far away from rGO, which is the leading media for heat
transport. From the heat storage and release study, Pure SA and the
composite took 320 s and 280 s to reach the melting temperature (70 °C)
from 35 °C. The composite took 50 s to absorb heat after reaching the
melting point, while for pure SA, delayed heat absorption (150 s) was
reported.

Song et al. created PEG/nanofibril cellulose/graphene nanosheet-
based novel shape-memory phase change composites [127]. The LED
device integrated hybrid film system demonstrates efficient heat dissi-
pation behavior for both folded and unfolded film. However, the
unfolded film changed its bud to a flower-like shape after reaching 70 °C
temperature, extending the active contact area of the film with air. As a
result, better thermal management efficacy of the unfolded film was
observed compared to the folded one. This research group achieved an
almost 9-fold increase in the in-plane thermal conductivity of the com-
posite after self-assembly of 5 composite layers. The different 3D/PCM
composite performance in thermal energy storage parameters, thermal
conductivity, and possible application domains is presented as a tabu-
lated summary in Tables 6a-6h.

An effort has been made to create different thermophysical attributes
(the melting enthalpy, thermal conductivity, and melting temperature)
based on the 3D carbon/PCM composite profile. A careful observation of
Fig. 16a reveals that most of the reported organic and hybrid EG/PCM-
based EG composite possesses high latent melting enthalpy and high
thermal conductivity with low melting temperature, signifying the

Table 5
The Change in Latent enthalpy, Melting and Freezing temperature for octade-
cane/rGO @MOF, PEG/rGO @MOF, Octadecanol/rGO @MOF Composite [72].

Samples SA Tm/ Tt AH,,/Hf (J AHp,/Hg in theory
loading Q) gh (@} g’l)

pure SA 100 72.5/62.3  196.1/187.5

SA/ 90 71.6/62.4  168.7/162.2 176.5/168.8
rGO@MOF-
5-C

SA/rGO/MOF- 90 73.2/64.1 142.4/138.1 176.5/168.8
5-C

SA/MOF-5-C 85 70.3/61.5 87.5/81.5 166.7/159.4

SA/GO@MOF- 65 137.3/131.3
5

SA/MOF-5 50 127.5/121.9
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perfect utilization of such composite in low-temperature LHTES appli-
cation. However, inorganic PCM composite can be utilized for moderate
and high-temperature management applications. Therefore, more effort
should be put into developing hybrid and inorganic EG-based compos-
ites with enhanced thermal conductivity for medium- and high-
temperature applications. Fig. 16b reveals that most PCM-based ExFG
composites possess high latent melting enthalpy of 60 to 190 Jg~! with a
melting temperature range of 15 °C to 55 °C and thermal conductivity
within 0.5 Wm™! K~!. Therefore, the researchers must develop ExFG-
based composites for various thermal management applications in
non-explored areas. Thermal conductivity enhancement is another
crucial point for EXFG-based composites. Tuning the synthesis process
and changing precursor types of ExFG-based composite can yield high-
performance energy storage material, which the researchers have not
explored. There is a vast scope to examine such areas to develop low-
cost, high-caliber materials. Fig. 16c represents that most of the re-
ported PCM-based CF composite possesses latent melting enthalpy in the
range of 80-200 Jg ! in the melting temperature ranges from 30 °C to
80 °C, signifying perfect utilization of such composite in low-
temperature. The average thermal conductivity of CF-based composite
lies in the 0.1 to 1.5 W m ™ K™ ! range. Therefore, developing CF-based
composites with high latent enthalpy for moderate and high-
temperature applications with enhanced thermal conductivity remains
a considerable thrust area for researchers.

Carefully observing Fig. 16d reveals that most PCM-based GF com-
posites possess high latent melting enthalpy within 370 Jg~! with
melting temperatures in the low and high-temperature ranges, including
thermal conductivity within 80 Wm™! K. Fig. 16e reveals that most of
the reported CA-based composites possess melting points in the 32-70 °C
range with melting enthalpy ranging from 150 to 250 Jg~ 1 respectively.
The thermal conductivity of the most reported composite lies between
0.05 and 0.8 Wm ™! K1 Therefore, developing CA-based composites
with enhanced thermal conductivity for low- and high-temperature
applications is needed. Fig. 16f reveals that other 3D carbon-based
composites have melting points of 22-80 °C with melting enthalpy
ranging from 100 to 200 Jg~!, respectively. Thermal conductivity
enhancement is another crucial point for other 3D carbon/PCM-based
composites.

5. Designed prototypes and numerical models for predicting the
properties of 3D carbon/PCM composites

5.1. Prototypes

Dinker et al. investigated the heat storage efficacy of beeswax/EG
composite in a rectangular and helical-shaped thermal storage unit
[133]. Beeswax is among the most essential long-chain organic fatty acid
PCM members in diversified application fields, like drug delivery and
candle manufacture [175]. The prototype comprises a rectangular shell
with 610 x 360 x 450 mm teak wood (20 mm thick, k = 0.12-0.04
Wm! K1) with a helical coil with thirteen turns of copper went
through the middle of the shell, stainless-steel hot water tank with an
electric heater (2 kW), a glass rotameter, and a centrifugal pump with
brass valves. The authors investigated the effects of three different inlet
temperatures of HTF (60 °C, 70 °C, and 80 °C) and three melted fluid
flow rates (0.25 LPM, 0.5 LPM, and 1 LPM) towards heat storage
application. The charging time of PCM decreased with an increase in
flow rate. The authors suggested that increased internal heat transfer at
the high flow rate from fluid to the tube was responsible for such a result.
However, the thermal heat storage efficiency deteriorated at the high
flow rate due to the immense power consumption by the pump for water.
The composite demonstrated improved heat storage efficiency with fast
charging compared to pure beeswax. The interconnected conductive
network of EG may facilitate enhanced and facile heat transfer
throughout the composite. Zheng et al. proposed another similar pro-
totype model with a spiral coil tube as a heat exchanger and EG/paraffin
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Table 6a
Summary of synthesis strategies, thermal conductivity, and thermal performance of EG based organic composites.
Name of the Composite Melting Freezing Latent Heat of ~ Latent Heat Thermal Synthesis strategy Plausible Application Ref.
Point (Ty,) Point (Tp) Enthalpy of Enthalpy Conductivity
[°Cl [°cl (melting) (freezing) Wm 'K
g g
Lauric/myristic/SA/EG 29.05 29.38 137.1 131.3 2.51 - Energy Building, [128]
Condensation heat recovery
Capric—palmitic-SA 21.33 19.01 131.7 127.2 5.225 Soaking/Infiltration Building energy conservation, [129]
ternary eutectic solar energy storage, low
mixture/EG temperature refrigeration and
composite indoor temperature
controlling
n-octadecane/ 27.52 27.28 98.05 88 1.012 Melt blending/ Solar thermal energy storage [89]
polystyrene/EG Blending systems
composite (CPCM4)
n-octadecane/EG 26.37 25.79 184.8 182.1 1.848-2.085 Soaking/Infiltration Building Application [130]
composite
Tetradecanol/EG 35.35 34.93 202.6 201.2 5.71 Hydrothermal — [94]
composite (7 wt% EG)
PEG/EG composite 18.89 19.09 98.59 97.56 - VI/Melt blending/ Indoor energy saving and [104]
Blending thermal comfort
improvement
Galactitol/mannitol 152.3 101.1 242.06 175.96 9.439 VI/Melt blending/ Solar energy harvesting and [105]
eutectic mixture//EG Blending thermal management
composite electronic devices.
N-eicosane/EG 36.41 36.22 199.4 199.2 4.21 (30 % VI/Melt blending/ Electro driven thermal energy [131]
composite EG) Blending storage system
p-Mannitol/EG 151.82 - 267.7 - 11.39 Solar thermal energy storage [126]
composite (25 % EG) VI/Melt blending/ or waste heat recovery
Blending applications
Paraffin/EG composite 85.4 - 225 - 20.8 VI/Melt blending/ Thermal management in the [75]
Blending aerospace field.
Paraffin/EG composite 58.2-58.7 53-53.9 182.9-207.3 183-207.8 ~2.3 Ultrasonication+Melt Low-temperature solar [98]
blending thermal system with solar
passive heating purposes
AA/EG composite 105.9 105 158.4 158 3.25 Melt blending/ Medium temperature [132]
blending application
SA/N-doped Porous 74.0 59.4 177.7 178.1 2.134 Melt blending/ - [69]
Carbon @EG blending
Beeswax/EG composite 57.3 - 198 - - Melt blending/ Low temperature thermal [133]
blending storage application
Caprylic-nonanoic acid 6.94 9.42 115.29 115.13 0.2189 Melt blending/ Application in heating, [88]
mixture/EG [CPCM-1] [CPCM-3] blending ventilation, and air cooling
composite 6.84 °C 9.34 108.75 107.67 (HVAC) systems
[CPCM-3]
SEBS/Hexadecane/ - - 189.84 187.654 1.2402 Ultrasonication-+Melt Building insulation or the [99]
LDPE/EG composite (Wm~!°c™) blending cooling of electronic
0.00452 backdating
Palmitic Acid-SA/EG 63.11 48.86 176.2 175.6 2.56 Melt blending/ Building energy efficiency, [134]
composite blending solar energy storage, air-
conditioning system,
utilization of waste heat, and
other low-temperature
thermal energy storage
systems.
Myristic acid/EG 58 48.1 189.5 187.8 2.1 Melt blending/ Air-conditioning system, [135]
composite blending solar-energy storage,
construction energy saving,
and surplus-heat utilization
Capric acid-Paraffin/EG 26.3-26.4 22.57-23.1 27.2 25.69 0.455 Melt blending/ Building energy saving, Low [136]
composite blending temperature solar thermal
storage
Palmitic-SA/EG 53.87 54.23 167.47 168.17 4.43 Ultrasonication+Melt TES application [137]
composite blending
Erythritol/EG 107 64 231.6 - 12.51 Melt blending/ Middle temperature [108]
composite (10 wt%) blending application
Sebacic acid/EG 128.19 129.4 188.4 186.2 5.353 Soaking/Infiltration Middle temperature [125]
composite (5 wt%) (2 wt%) (2 wt%) (2 wt%) application
EG/Paraffin 68.3 - 126.87 - 2.418 Melt blending/ - [138]
blending
EG/Paraffin/olefin 48.91 169.5 40.22 °C 162.2 32.8 Melt blending/ Thermal management of [107]
block co-polymer blending electronics
Hyper-crosslinked 65.08 57.89 157.72 153.35 ~5.8 Melt blending/ Solar thermal energy [106]
polymer/EG/Paraffin blending conversion
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Name of the Composite Melting Freezing Latent Heat of ~ Latent Heat Thermal Synthesis strategy Plausible Application Ref.
Point (Ty,) Point (Tp Enthalpy of Enthalpy Conductivity
[°Cl [°cl (melting) (freezing) Wm K
g1 g
Carbon fiber/Palmitic ~ 63-64 56-57 174.7 176.7 - Melt blending/ Macroscopic heat transfer [139]
acid/EG blending device to study its heat
transfer behavior.
s-s PCM/EG 132°C - 230 - 21.3 Melt blending/ Solar-thermoelectric [102]
blending generator device
Table 6b
Summary of synthesis strategies, thermal conductivity, and thermal performance of EG-based inorganic composite.
Name of the Composite ~ Melting Freezing Latent Heat of Latent Heat of =~ Thermal Synthesis strategy Plausible Application Ref.
Point Point (Tp) Enthalpy Enthalpy Conductivity
(Tm) [°cl (melting) (freezing) (Wm'K™)
[al g1 g
Eutectic salts/ 470.6 - 91.32 - 5.10 Melt blending/ High temperature solar TES [140]
ceramics/EG (15 wt%) blending system
composite
Ca(NO3), -NaNO3/EG 219.2/ 213.0/ 98.01 96.56 5.659 Melt blending/ Middle and High temperature [76]
composite 265.6 279.1 (7 % EG) blending TES application
LiNO3/KCI-EG 166.28 158.2 160.5 130.5 - Blending The utilization of waste heat [109]
composite from industries
Na,HPO4-12H,0/ ~9 ~42 224 (Total) - - Vacuum Impregnation Thermal management [110]
SiO2/EG composite application
CaCl,.6H,0/EG 27.11 21.67 118.7 115.7 3.2 Melt blending/ Indoor thermal management [141]
composite blending
NayS04-10H,0/EG 31.06 23.02 114 105.5 1.96 VI or the combination Floor heating management [111]
composite (7 % EG) of VI and melt-
blending or blending
process
(KNO3-LiNO3-Ca 113.09 - 87.95 - 15.5 Melt blending/ Medium temperature solar [142]
(NO3),-CsNO3)/EG (CsNO3 = blending technology-based
composite 0.38 %) applications
Hydrated salt/EG 32.05 17.11 172.3 140.8 3.643 Melt blending Greenhouse, building energy [90]
conservation, textile fibers
and thermal protection of
electrical devices
Table 6¢
Summary of synthesis strategies, thermal conductivity, and thermal performance of EG-based hybrid composite.
Name of the Composite ~ Melting Freezing Latent Heat of Latent Heat Thermal Synthesis strategy Plausible Application Ref.
Point Point (Tp) Enthalpy of Enthalpy Conductivity
(Tw) [°cl (melting) (freezing) (Wm K™
[°cl gl [Jg 1
SA/Co304/EG 69.38 68.77 212.91 216.38 2.53 VI/Melt blending/ Low-temperature solar energy [78]
composite (5%EG) (5%EG) (5%EG) (5%EG) (10 % EG) Blending storage
Paraffin/calcium 47.5 - 122 - 25.81 Core-shell strategy TES application [143]
carbonate/EG
composite
Paraffin/calcium 48.42 137.4 - ~10.37 Core-shell strategy Various TES application [971
carbonate/EG
composite
Silicone elastomer 60 - 213.4 - 2.25 Core-shell strategy Thermal management of device, [96]
containing eutectic 42 (MJIJm %) solar energy utilization and
alloy/1-Otadecanol/ thermoelectric energy
EG composite harvesting, electric power
generation.
Nano SiC//1- 61 56.6 219.6 210.8 1.674 The combination of VI, Solar thermal storage system, [144]
octadecanol/EG melt-blending/blending thermal comfort clothing and
composite and ultrasonication waste heat recovery
process
PEG/VO,/EG 50.15 34.73 104.3 95.13 0.31 VI/Melt blending/ Thermal management of [112]
67.56 64.13 Blending lithium-ion batteries
PW/EG@GO 39.2 33.8 158.5 156.1 1.33 VI/Melt blending/ Temperature control in [46]
Blending electronic devices
Encapsulated PW/EG/ 60.54 54.08 133.78 137.55 211 Melt blending and steam  Waste heat recovery, thermos- [87]
CNT explosion strategy electric power generation
Stearic acid/BN/EG 68.1 67.12 186.92 184.58 6.349 Melt blending Building heating [113]
Paraffin/EG/Cu 62 55 170 172 2.57 Melt blending Solar thermal storage [97]

technology
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Table 6d
Summary of synthesis strategies, thermal conductivity and thermal performance of CF based composite.
Name of the Melting Freezing Latent Heat of  Latent Heat of =~ Thermal Synthesis strategy Plausible Application Ref.
Composite Point Point (T Enthalpy Enthalpy Conductivity
(Tw) [°Cl (melting) (freezing) (Wm'K™)
el g1 g '
CF/Paraffin/graphite 58.1 47.63 177.69 180.57 3.7 The combination of VI, TES management [85]
composite (2 wt% melt-blending/blending
graphite) and ultrasonication process
PEG/CF/MWCNT 67.3 37.3 139.3 138.7 0.597 VI/Melt blending/Blending  Building energy storage [48]
application
SA/porous carbon @ 68.5 - 78.5 - 0.81 The combination of VI and Solar energy utilization and [49]
Cu foam melt-blending or blending storage
process
TiyO3/-eicosane/ 36.4 33.7 200.1 200.6 - VI/Melt blending/Blending ~ Thermoregulation, Photo- [77]
PDA/CF thermal conversion,
Thermal insulation
PEG/CF composite 66.14 44.18 155 149.83 1.535 The combination of VI, TES application [100]
melt-blending/blending
and ultrasonication process
CF/SA composite 67.4 67.2 149.3 151.2 1.725 VI/Melt blending/Blending ~ Thermal management [51]
applications
Paraffin wax or RT65/ - - - - ~1.1 The combination of VI, TES application [145]
MWCNT/CF melt-blending/blending
and ultrasonication process
Paraffin/EG/CF 44.68 48.71 113 111.4 - VI/Melt blending/Blending ~ Low temperature (40 °C - [146]
composite 50 °C) TES application
Paraffin/CF composite ~ 60.75 57.51 164.98 - 1.198 VI/Melt blending/Blending ~ TES application [147]
(Total)
PAA/CF composite 64.08 58.56 198.2 198.5 - VI/Melt blending/Blending Solar thermal energy storage [80]
PEG/Modified CF 65.7 37.2 170.9 159.2 0.68 (PEG/ VI/Melt blending/Blending  Solar energy utilization [118]
CF10)
Paraffin wax/CF 59.7 - 110.9 - 5.23 VI/Melt blending/Blending [50]
Superhydrophobic 117.6 - 351 +15 3.2 VI/Melt blending/Blending  Solar thermal energy storage  [52]
CF/Sugar alcohol (Mixed sugar
alcohol)
SA/CF 71.6 63.7 176.6 179.7 3.23 VI/Melt blending/Blending ~ Waste heat utilization [148]
Stearic acid/ 71.6 64 181.8 182.7 1.012 Vacuum impregnation - [149]
graphitized CF
CF/CaCl,.6H,0 27.6 1.8 173.0 156.1 0.23-0.42 Squeezing [101]
27.7 1.3 230.5 208.9 Vacuum impregnation
27.3 -1.1 180.2 162.8 Soaking
Activated carbon/PEG ~ 61.1 37.6 95.4 88.9 0.29 Vacuum impregnation [150]
CF@CNT/PW 40.01 44.69 81.94 80.74 1.548 VI Smart wear and textile [54]

industries

as an active composite [176]. The configuration of the LHTES system
with optimized inner and outer helix radius of the double spiral coil-
shaped tube was evaluated by the quasi-steady state method and vali-
dated by the 2D numerical model. The area ratio of the inner and outer
coil tubes affected the heat storage efficacy of the LHTES system. The
change in coil pitch length for the outer and inner tube affects the heat
transfer area of the outer and inner tube coil, which is one of the main
reasons for high or low heat storage efficiency. The heat storage effi-
ciency and homogeneous heat distribution (13.3 % reduction in melting
time during 95 % melting of EG/Paraffin composite) were higher in the
LHTES system with double spiral tubes than in single spiral tubes owing
to the large surface area of the double spiral tube.

5.2. Numerical models for predicting heat transfer process between 3D
carbon and PCM in composite structure and thermal conductivity
evaluation

The severe issue associated with predicting the characteristics of
phase-change systems is the non-linear nature of the solid-liquid inter-
face. Recently, Mhiri et al. explored the combined effect of graphite and
CF in PCM composite on thermal energy storage efficacy through
experimental and numerical investigation [85]. A 3D model was created

23

from numerical simulation to validate the experimental data. The gen-
eral equation based on fluid momentum and Carman-Koseny relationn
was utilized to evaluate the liquid fraction of PCM during phase tran-
sition to model the change in thermophysical attributes of PCM during
phase transition. The energy equation was used to understand the heat
transfer between PCM and CF. The authors employed the Krieger-
Dougherty model, the Maxwell-Garnett type practical medium theory
(EMT) to evaluate the dynamic viscosity and the role of carbon media
towards enhanced thermal conduction. The equations are presented in
Table 7.

From the melting profile diagram, see Fig. 17a; PCM at the center of
the heat source melted first, then PCM at the frame and middle of the CF,
respectively. Gradually, PCM melted throughout the framework of the
composite. The enhanced heat transfer through CF facilitates the easy
melting of PCM. During PCM melting progress, the velocity distribution,
see Fig. 17b, was increased due to the convection effect, and this effect
became much more promising at the front of the heated wall. The
concentrated circulation of heat at the carbon ligament zone indicates
efficient heat transfer between the different components of the com-
posite with carbon skeleton rather than a conduction-based heat transfer
pathway.

About 2 wt% loading of GNP and the incorporation of CF enhanced
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Table 6e
Summary of synthesis strategies, thermal conductivity, and thermal performance of EXFG based composite.
Name of the Composite Melting Freezing Latent Heat of Latent Heat of Thermal Synthesis Strategy Plausible Application Ref.
Point Point (Tp) Enthalpy Enthalpy Conductivity
(Tim) [°c (melting) [Jg '] (freezing) Wm 'K
[°c g
Na-MMT/Paraffin (n- 20.96 12.13 68.95 65.85 1.113 VI/Melt blending/ Various TES [114]
hexadecane)/ExFG Blending application
composite
Na-MMT/Paraffin (n- 30.31 22.8 80.16 78.78 2.119
Octadecane)/ExFG
composite
Paraffin/ExFG 56.31 60.11 200.2 179.8 0.47 Ultrasonication process LHTES application [151]
(2 wt%
graphite)
Paraffin/ExFG - - Melt blending+ LHTES application [152]
nanoplatelet Ultrasonication
ExFG/erythritol/mannitol 115.37 47.72 308.7 123.8 1.66 Melt Blending/Blending Long term TES [115]
eutectic composite (10 wt% application
graphite)
Paraffin/ExFG sheets 38.9 - 169.02 - 0.46 Melt blending/blending - [116]
Capric-myristic-palmitic 17.1 9.7 142.2 139.5 0.180 Ultrasonication-+Melt Low temperature [103]
acid/ExFG composite blending heating and cooling
application
Hexadecane/diatomite/ 22.09 17.14 120.8 120.1 ~0.4199 VI/Melt blending/ Indoor air [153]
ExFG composite 30.2 24.13 126.1 112.7 0.3510 Blending temperature
Octadecane/diatomite/ 54.87 49.92 63.77 62.83 0.4128 management
ExFG composite
Paraffin/diatomite/
ExFG composite
Table 6f
Summary of synthesis strategies, thermal conductivity and thermal performance of GF based composites.
Name of the Melting Freezing Latent Heat of Latent Heat of Thermal Synthesis process Plausible Application Ref.
Composite Point Point (Tp) Enthalpy Enthalpy Conductivity
(Tim) [°C] (melting) (freezing) (Wm 'K
[°al g 'l g
Alkali and - - 101 @RT VI/Melt blending/ High temperature latent heat ~ [81]
alkaline salt/GF Blending storage application
GF/wood alloy - 29.2 - 193.74 VI/Melt blending/ TES application [154]
Blending
Erythritol/GF 118 251.2 - 3.77 Soaking/Infiltration Several TES applications [155]
Paraffin wax/GF - 160 - 2.66 Soaking/Infiltration Various low temperature [156]
TES application
Erythritol/GF/ 118.85 ~313 - 4.1 Soaking/Infiltration - [55]
CNT (1.8 wt%
graphite)
Paraffin/Porous 49.3 41.6 115.92 114.39 0.76 VI/Melt blending/ Various TES application [117]
Al,O3@GF Blending
NaNO3/GF 162.6 - - High temperature [157]
application
Paraffin wax or 58.9 - 98.2 - 3.61 Soaking/Infiltration High performance TES [158]
erythritol/GF (for wax) application
Erythritol/GF 125.5 67.6 178.4 123.6 68.71 VI/Melt blending/ Medium temperature TES [121]
Blending application
High density GF/ 708.8 699 225.2-238.5 - 269.8 + 31 VI/Melt blending/ High temperature LHTES [122]
MgCl, 353.6-379.6 37.7 £5.4 Blending application
Low density
GF/MgCl,
Octadecanol/GF 56.3 130 - 5.55 VI/Melt blending/ Thermal energy storage and [120]
Blending conversion
PEG/GF/CNT 50.31 37.59 128.7 126.52 0.665 Ultrasonication-+Melt Solar thermal utilization [119]
blending systems and air-conditioning

applications

27.5 times higher effective thermal conductivity compared to pure PW.
The efficient heat transfer pathway created by CF and the introduction
of an additional heat transfer pathway by graphite particles help to
overcome the percolation threshold. The general equation based on fluid
momentum and the Carman-Koseny relation was utilized was also uti-
lized by Fang et al. to investigate the melting and solidification process
of paraffin/EG/Cu composite [177]. Wang et al. utilized Maxwell,
Maxwell-Eucken, Hamilton Crosser, and Agari-Uno models to evaluate
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the thermal conductivity of EG/paraffin-based microcapsules [97]. The
thermal conductivity was derived from the consideration of the above
models; see Table 8, for the relationship between thermal conductivity
with volume and mass fraction of the composite. The authors considered
EG and PCM and its composite block as the continuous phase having the
thermal conductivity of K; and the air inside the block as a dispersed
phase with thermal conductivity of Ky. is given below,
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Table 6g
Summary of synthesis strategies, thermal conductivity, and thermal performance of carbon aerogel-based composite.
Name of the Composite ~ Melting Freezing Latent Heat of Latent Heat of ~ Thermal Synthesis Plausible Application Ref.
Point Point Enthalpy Enthalpy Conductivity strategy
(Tim) (Tp) (melting) (freezing), Wm 'K
ral ral g ' g '
LA/CKF@Fe304 44.5 41.5 169.4 170.6 0.467 VI/Melt Solar/magnetic energy [59]
[CPM-5] [CPM-5] [CPM-5] [CPM-5] blending/ utilization, magnetocaloric
Blending diagnosis, thermal management/
electromagnetic stealth of
electronics.
SA or 1-tetradecanol/ 38.9371.42 32.05 223.1 257.4 0.6206 + 0.01 VI/Melt Thermoelectric devices [159]
carbon nanofiber 66.79 262.2 221.6 0.3727 £ 0.01  blending/ fabrication to utilize waste heat
aerogel Blending and solar energy
CA/Eicosane 35.03 34.36 211.66 209.8 0.48-0.53 VI/Melt Various TES application [160]
blending/
Blending
Biomass-derived 62.9 - 196.31 - 0.253 VI/Melt Thermal management and [60]
(carrot) CA/Palmitic 60.1 103.22 0.149 blending/ renewable energy utilization
acid Blending
HDA/Graphene 56.8 - 284.5 - 0.263 Vacuum Industrial waste heat recovery [161]
aerogel impregnation
CA/PEG 58.2 37.4 171.5 169.5 0.82 Vacuum - [64]
impregnation
RGO/EG aerogel/ ~46.75 - 242.27 - 0.5 Soaking - [123]
paraffin
Paraffin/Ag/Graphene ~52-53 ~45 149.6 - 1.2 Vacuum - [124]
aerogel impregnation
PEG/Kapok fiber/BN 63.92 - 172.3 - 0.684 VI/Melt Moderate temperature TES [61]
aerogel blending/ application
Blending
Graphitized GO 41.6 - 225.7 - ~0.91 VI/Melt Thermal management [62]
erogel/Paraffin blending/ application.
composite Blending
PEG/RGO-HT aerogel 61.12 33.73 175.7 139.4 0.1 Hydrothermal TES management in complex [95]
environment
PEG/rGO-MI aerogel 60.91 38.24 223.4 205.2 0.15 Vacuum TES management in complex [95]
Infiltration environment
Graphene aerogel/ ~56-57 51 181.8 - 2.635 VI/Melt TES application [162]
octadecanoic acid blending/
Blending
Cellulose aerogel/n- 68.5 48.3 252.9 252.3 0.583 VI/Melt Heat storage and thermal [63]
octacosane blending/ regulation
Blending
Graphene aerogel/PEG  63.0 36.5 116.5 105.4 - VI/Melt Smart thermo-regulating textile [66]
48.9 42.1 176.4 172.4 blending/
43.9 343 186 183.1 Blending
35.4 13.0 94.2 64.6
PPy/CNT-aerogel/PW 58.5 40.4 167.7 165.4 0.64 VI/Melt Thermal management [163]
blending/
Blending
1-hexadecanamine or 48.1 + 0.4 40.1 £ 0.2 248 + 1.5 248.3 +£ 0.9 0.532 Soaking/ Solar energy conversion and [65]
Tetradecanamine/ (HDA (HDA (HDA 245.3 + 0.9 (TDA Infiltration storage
CNT/Graphene composite) composite) composite) composite)
aerogel 41.2+1.6 28.9 + 0.6 2439 +1.3 0.524
(TDA (TDA (TDA (HDA
composite) composite) composite) composite)
K; = @pcKie + OuKu 5) ture. The main reason for such observation is the non-continuous matrix
structure under consideration and neglecting the effect of thermal
G — 1 — By ©) conductive c.hains. . N
14 ( 1 1) PrG To explain the effect of PPy on improved thermal conductivity of
V56 Py CNT aerogel/PW composite, Tao et al. adopted a molecular simulation
study, considering the heat flux and temperature difference at the
Pu =1—Dre @) interface of CNTs before and after the introduction of PPy between CNT

@r6, Dm, Wi denotes the volume fraction of EG, the volume fraction of
capsule, and mass fraction of EG, respectively. The computational
thermal conductivity values of EG/PCM composite derived from the
Maxwell-Eucken model and Agari-Uno model are higher than the
experimental values because the porosity in the model calculations was
not considered. In comparison, the computational values derived from
Maxwell and Hamilton-Crosser models are lesser than the experimental
values with a high mass fraction of EG loading in the composite struc-
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aerogel structure [163]. The following equation simulated the inter-tube
thermal conductance of CNT,

G=Q/aT

where AT is the variation in temperature at the interface of CNTs, Q
denotes heat flux, and L is the length corresponding to the overlapping
zones of two CNTs. The nosé-Hoover method was chosen to evaluate the
temperature gradient. Furthermore, the heat transfer attributes of the
composite were simulated by considering phonon-overlap energy, the

(8)
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Table 6h
Summary of synthesis strategies, thermal conductivity, and thermal performance of another 3D carbon-based composites.
Name of the Melting Freezing Latent Heat of ~ Latent Heat Synthesis strategy Thermal Plausible Application Ref.
Composite Point Point (Tp) Enthalpy of Enthalpy Conductivity
(Tim) [°c1 (melting) (freezing) (Wm 'K
rcl g1 g

1-TD/carbonized 36.92 36.9 165.8 159.8 VI/Melt blending/ 0.669 Thermal management [67]
wood Blending [axial application

direction@50 °C]

MWCNT/Melamine 38-40 25-32 183.7 201.58 VI/Melt blending/ 0.5715 Building application [731]
foam/ Blending [73]
Tetradecylamine

3D RGO/SA/MOF 71.6 62.4 168.7 162.2 Melt-blending or 0.60 + 0.02 TES storage [72]

blending process

3D porous AC/PEG 58.5 - 51.5 - Melt blending/blending - Building application [70]

palmitic acid/AC/ 65.5 174.98 59.6 175.31 VI/Melt blending/ 0.551 Solar thermal energy storage [164]
graphene Blending application
nanoplatelet

Myristic acid- 53.62 124.3 53.3 119.4 The combination of VI, 0.58 Building applications, low [84]
hybridized melt-blending/ temperature solar thermal
diatomite/AC blending and energy application
composite ultrasonication process

n-Octadecane/AC 24.8 55.10 28 54.90 Melt blending/blending - Building industry, textiles [71].

industry, microelectronics

SA/GHPC composite 72.4 64.1 194.7 192.5 Melt blending/blending ~ 0.970 Low-temperature latent heat [165]

storage applications, especially
for solar energy storage and
waste heat utilization systems

CF/Paraffin wax/ 58.11 53.15 131.52 126 The combination of VI, ~0.75 Energy and environmental [53]
GNP melt-blending/ applications

blending and
ultrasonication process

PEG/PU/EG 46.5 34.8 163.5 160.8 VI/Melt blending/ ~27 Lithium-ion battery thermal [74]
Blending management

Activated garlic 60.2 53 52.5 51.9 VI/Melt blending/ - Waste heat recovery [166]
peel/PW Blending

N-doped mesoporous ~ 52.8 133.2 VI/Melt blending/ 4.5 Battery thermal management [58]
carbon/PEG Blending

Porous carbon/PEG 52-54 32-34 153.1 147.8 VI/Melt blending/ - Multifunctional application [167]

Blending

Yeast derived porous  165.23 120.47 173.68 132.37 VI/Melt blending/ Medium temperature [168]
carbon/p-Mannitol Blending application

CNT-sponge/PEG ~80 116-117 Soaking/Infiltration 0.31 Thermal therapy [169]

Hierarchical porous ~49-50 152.21 139.32 VI/Melt blending/ 0.48 Solar-thermal energy [170]
carbon/PW Blending conversion and storage

Carbon coated Cu 61.9 56.8 103.3 Soaking/Infiltration 3.94 Thermotherapy [171]
foam

Silica@graphite 53.36 53.86 95.76 96.04 VI 0.21 - [172]

Yeast@porous 165.23 121.31 193.45 149.35 VI 1.17 — [68]
carbon/Mannitol

Coconut shell ~40 ~25 153.1 146.3 Ultrasonication 0.515 Low temperature waste heat [173]
biochar/PEG recovery, thermoregulation

comfort in buildings, electronic
cooling system

CNTs@PC(ZnyCo; _y) ~55 ~35 ~130 ~120 Melt Blending 0.96 Waste heat recovery, [174]

thermoregulation of body
temperature

Nanofibril Cellulose/  ~58-60 ~32-35 - - Magnetic agitation ~19.37 Shape changes induced thermal — [127]
Graphene management
nanosheet/PEG

interactive force between atoms. From the simulated result, there was
about 77 % improvement in thermal conductivity at the interface after
the introduction of PPy, see Fig. 17c. PPy at the interface acts as an
additional inter-tube heat transfer media during the heat transfer pro-
cess because of the significant temperature difference between inert
tube CNT and PPy, as represented in Fig. 17d. As the simulated result
shows, the excellent vibrational matching energy between PPy and CNT
shown in Fig. 17e, which signifies the enhanced inter-tube heat transfer
with negligible phonon scattering. Therefore, the generation of add-on
heat transfer media in the presence of PPy and improved heat transfer
between CNT with less phonon scattering, induced via interatomic
resonance between CNT and PPy, is the sole reason for the enhanced
heat transfer mechanism.

26

5.3. Numerical models for predicting heat transfer process between 3D
carbon/PCM composite with environment for building application

Jinshah et al. utilized a simplified temperature transforming nu-
merical model to investigate the thermal performance of EG/organic
PCM(OM37) composite slab for the thermal management of building
rooftop [178]. The Fourier-Biot heat conduction (assuming latent heat
enthalpy for the PCM composite), Robin boundary condition and change
in enthalpy with time was considered for this work. According to this
condition, the outer surface of the slab will be exposed to the ambient
environment, considering the solar radiation. Two different systems,
such as, concrete — PCM — Gypsum and PCM - Concrete — Gypsum, was
utilized for this study. Considering the 1-D heat transfer model, the
Fourier-Biot heat conduction is mathematically expressed as,
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Fig. 16. Phase change enthalpy and thermal conductivity vs. melting temperature based comparative graph for (a) EG (b) EXFG (c) CF (d) GF (e) CA (f) another 3D

carbon-based PCM composite. The graph is created based on Tables 6a-6h.
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The summarization of all types of heat transfer can be written as,
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Ati = 1 (considering heat exchange occurs with the environment)
oT
k) =q, 11
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Ati = N (considering heat exchange occurs with the room).

The convection to the room and convective heat loss to the envi-
ronment (g, g.) Was evaluated with Newton law of cooling. The ra-
diation heat-transfer co-efficient (g,)is modeled using a Stefan
Boltzmann equation. Eq. (3) is integrated over each control volume. The
terms are linearized to obtain the algebraic equation using discrete
control volume method, considering the computational domain consists
of ‘N’ number of non-overlapping control volumes. The numerical model
is utilized to investigate the effect of the thickness of the PCM slab, wind
velocity, and location of PCM for the two above said systems. The
temperature rise significantly reduced for both systems with an increase
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in thickness from 5 mm to 35 mm. With the increase in solar irradiation
load from 350 W/m? to 1000 W/m?, the inner surface temperature
increment was observed for both systems. The prolonged charging time
for the 1st system was due to the heat transfer phenomenon through
concrete to PCM.

In contrast, for 2nd system, PCM is directly melted under solar
irradiation and stored the heat at the top layer. The high velocity of wind
significantly affects the surface temperature of PCM at the top layer. In
contrast, wind flow rate almost had minimal impact on the surface
temperature when a PCM layer with the same thickness was situated
between concrete and Gypsum. At a high wind flow rate, the melting
rate of PCM at the top layer was decreased due to rapid convection heat
transfer. In 2017, Ye et al. utilized the unsteady energy equation and
heat conduction equation of PCM to analyze the thermal performance of
EG/CaCl2.6H20 composite for energy saving in buildings [141],
considering isotropic and constant physical attributes of the material
with only convective heat transfer between materials and environment.
The governing equation for numerical modeling is given by,

( )

PT *T &*T
=5t

w2t 3 (12)

oT
|
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Table 7
The corresponding equation utilized for the numerical modeling and purpose of
such equation modeling proposed by Mhiri et al. [85].

Name of the Equation Purpose
Equation
Carman-Koseny Cc(1-B(T))? The investigation
relation AT = (@B (D) of
thermophysical

B(T) is the liquid fraction which is
associated with change in specific heat
during phase transition from solid to
liquid. B(T) increases from O tol during
phase transition.

= (-

attributes of PCM
during phase
transition

Heat transfer of
solid and liquid
regions within

PCM composites

Energy equation
——

0Ty
PrfCong =g PngCong 2= Ty =

k"f_V)T"f)

nfis associated with nanocomposites. Cp is
specific heat capacity; k is thermal
conductivity and p is the density of PCM

composite
Krieger- _ _ Hpcm Evaluation of
Hnf = 25 .
Dougherty 1-9) effective
model @ is the volume fraction, and nf is dynamic
associated with nanocomposite. viscosity of the
composite
Maxwell-Garnett knr=kq+ko Evaluation of
Effective K —k konp + 2kpem — 2@ (kpem — kanp) thermal
Medium O M e onp + 2kpen + @ (kpew — Kanp ) conductivity of

Theory (EMT) ko is the motionless thermal conductivity the composite
of the composite and kg is the thermal

conductivity associated with the

Brownian motion of particles under

temperature stimuli.

2 2 2
0H <0T o°T 0T> 13)

f)PCMa_t = Apcm X (3—3('2+W+E

T, p, Cp, 4, H is temperature, density, specific heat, thermal con-
ductivity, and enthalpy respectively. The finite volume method was used
to quantify the equation above using ANSYS FLUENT.

The four pieces of the PCM panels were substituted with one of the
four pieces of plasterboard at each insulated test room wall to investi-
gate the thermal management attributes of PCM layers. The effect of
change in the location of the PCM panel in the test room was used to
analyze the thermal performance of the test room. The test rooms with
the PCM panel located at different outside positions were marked as L1
(the PCM panel closer to SIP), L2, L3, and L4. The indoor temperatures of
all the rooms were altered periodically with the change in outdoor
temperature, and the experimental results agreed with the numerical
simulation result. The temperatures in the climatic chamber varied from
10.5 °C to 49.8 °C, while for the reference room, they became 36.5 °C
and 18.0 °C, respectively. The decreases in the temperature amplitude
signify the low thermal conductivity of the boards used to construct the
reference room. However, a PCM panel significantly decreased tem-
perature amplitude compared to the reference room. The significant
decrease in maximum temperature and increase in minimum tempera-
ture indicate efficient heat absorbed during the daytime and its
consecutive release at night. The authors also investigated the effect of
the PCM composite panel’s position on the room’s thermal management.
For that purpose, the authors adopted the frequency of thermal comfort
and temperature decrement factor concept, and it is mathematically
expressed as:

14)

Ppcm = TpcM;max — Tair;max

foom = (trammax — tecmmin) / (tairmax — tairmin) (15)
where @pcy is the temperature-time lag of the PCM room compared with
the reference room; Tpcwm, max, and Tair, max are the times when the
interior surface maximum temperatures of the PCM room and reference
room reach their own highest values, |pgy is the temperature
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decrement factor of the PCM room compared with the reference room;
tpcM, max and tpeum, min are the maximum and minimum temperatures on
the interior surfaces of each PCM room, and tair, max, and tair, min are the
maximum and minimum temperatures on the interior surfaces of the
reference room.

FTC = (P — 7p)/P, (16)
where tp is the time under discomfort conditions, as the position of the
PCM panel changed from outside to the inside of the room, the
maximum temperatures of the PCM rooms gently dropped. In contrast,
the minimum temperatures hiked minutely. An increased temperature
lag, frequency of thermal comfort, and decreased temperature decre-
ment factor were observed for the PCM rooms at varying locations of the
PCM panel; see Table 9. Interestingly, the test room with the PCM panels
in the nearest positions displayed the best thermal performance. The
heat loss to the surroundings during the movement of PCM from inside
to outside is the plausible reason for such observation. The authors also
compared the performance of such inorganic composite with commer-
cially available RT27/EG composite. The fabricated composite demon-
strates improved heat storage performance compared to the commercial
RT27/EG composite. The energy-saving rate of the test room with
CaCl,.6H50O/EG and RT27/EG panel was found to be 13.4 % and 12.7 %,
respectively. The authors have performed numerical simulations based
on unsteady energy and heat conduction to validate the experimental
findings. The experimental average relative error of the test room con-
taining PCM was 2.1 %, signifying strong agreement with the practical
result. The optimum thickness of the PCM panel was 8-10 mm to obtain
the best outcome.

5.4. Numerical models for predicting thermal cooling performance for
battery thermal management

Greco et al. introduced a one-dimensional (1D) computational model
using the thermal circuit method to investigate battery cooling paraffin/
compressed EG-based composite [179]. In this work, the authors used
the closed contact between two cylindrical-shaped geometries contain-
ing the battery and PCM/EG composite. This model explored the bat-
tery’s internal heat generation rate per volume and convection on the
external surface. The PCM/EG was modeled by one equation with
effective physical properties considering the efficient surface contact
between PCM and carbon architecture, leading to fast heat transfer
rather than natural convection-based heat transfer. The final equation is
given below,

(PCr) gy = (pCo)pcy + (1~ )(pCr) i 0 = AT /2 a7

AT represents the melting temperature range of the PCM. ¢ and Cp is
the porosity and specific capacity of the composite.

The analytical solution of the thermal cooling of the battery by PCM/
EG with a constant heat generation rate per unit volume, considering the
anisotropic thermal conductivity in the battery and cooling of PCM/EG
in the radial direction, is given below,

(o))

Fy (Jo (A2nr) — w(A2nT2) Yo (A2nr1)
H,

0 Jo(ﬁl.nrl)
X <1 —exp((— hiq’ant))
(18)

@ Fa
n=0 /121,11(11 Hn

x (1 —exp((— M ant))

r1 denotes the position of the interface battery/CENG in the PCM/EG

TZ (r, t) - Tamb =

(Jo (Aznr) — m(A2nr2) Yo (A2ar) )
19
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Fig. 17. (a) The simulated heat distribution pictures during melting of PCM in CF architecture (b) The simulated melting profile diagram of CF/graphite nano-
particle/PCM composite [85] (c) A comparative interfacial thermal conductivity diagram of CNT-CNT and CNT-PPy (b) temperature difference of PPy, CNT at the
interface during heat transfer (d) overlap energy match level between inter-tube of CNT and PPy-CNT interface during heat transfer (data obtained from molecular

dynamics simulations study) [163].

Table 8
The corresponding equation utilized for the numerical modeling by Wang et al.
[97].

Name of the Equation Equation

Maxwell Ky + 2K1 + 2@,0(K2 — K1)
Kz + 2K — 2@,0(K2 — K1 )
Ky + 2Ky + 2¢(K2 — Ky)

Ky + 2K, — (K2 — K1)
Ki+(n—1)Ki + (n — 1)@ya(Ka — Ki)
Ko+ (n— 1)K + @yt (K2 — K1)
2Ky +Ka + 2Vg(K2 — K1)
T 2K1 + Ko — Vaf(Kz —-Ki)

K=K;

M 11 Euck
axwell Eucken K=K,

Hamilton Crosser
K=K;
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Table 9
The temperature profile of the room in the presence of EG/CaCl,. 6H,O com-
posite Panel at the different positions [141].

Location Tmax(h) Ypem (h)  PCM room fram FTC (%)
(PCM room) temperature (°C)
Max Min
PCM(L1) 18.1 0.7 30.7 217 0.486 47.4
PCM(L2) 18.2 0.8 30.5 22.0 0.459  48.7
PCM(L3) 185 1.1 30.2 224 0.422  53.5
PCM(L4) 18.8 1.4 29.6 22.6 0.378 56.1
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cooling case [m], r is the position of the external surface of the PCM/EG
composite in the radial direction[m], Jy is the zero-order Bessel function
of the first kind, Y is the zero-order Bessel function of the second kind,
o is the thermal diffusivity of the solid, q is the internal heat generation
in the battery. The configuration of the battery cell surrounded by the
composite and the model describing the battery cooling is presented in
Fig. 18a and b.

A 1D computational model based on the thermal network method
was developed to introduce the temperature-dependent phase change of
the PCM. The domain was divided into a couple of nodes corresponding
to the small volume, and the nodes were connected using the thermal
conductance parameter. The transient behavior of PCM was modeled by
calculating the thermal capacity of each node. In addition, the 1D
computational model and 1D analytical solution, considering the latent
heat, could predict the temperature rise in the battery. The buffering
temperature of PCM was maintained at under 40 °C for 2.9 h while
attaining a steady state after 18,000 s, as evaluated using the compu-
tational model, while 8000 s were needed to reach the equilibrium as
evaluated from the analytical-PCM/EG model. The PCM/EG can
decrease the maximum temperature and skin temperature from 75 °C to
45.9 °C and 61 °C to 31.1 °C during battery cooling compared to forced
convection cooling.

Moreover, a 3.8 times higher convection coefficient was needed for
the forced convection cooling to attain a similar temperature profile to
the PCM/EG cooling system, indicating a high energy-consuming pro-
cess. This observation implies that the PCM/EG may be effectively used
in the battery cooling system. The 1D computational model was used to
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Fig. 18. (a) The configuration of battery coated with PCM/EG composite chosen for numerical modeling and analysis (b) The model used to evaluate the battery

cooling phenomenon by the composite [179].

design the PCM/EG from the bulk density. The high bulk density reduces
the porosity, decreasing the PCM loading capacity in EG. The reduction
in the length of the phase change plateau is the ultimate proof of the
ineffectiveness of high bulk-density carbon media. So, the bulk density
of carbon media significantly optimizes the cooling performance of
PCM/EG composite.

6. Photo, electro, and magneto-thermal energy conversion
efficacy of 3D carbon/PCM composites

Researchers continuously strive to design and develop the energy
conversion PCM composite that simultaneously converts and stores
thermal energy from different sources. To date, carbon-based media is
becoming of growing interest to researchers for fabricating energy-
conversion PCMs, considering the insulating and weak photo absorp-
tion attributes of pristine PCMs. The generation and release of joule heat
during the movement of electric current through electrically conductive
PCM and released heat storage by PCM are the primary mechanisms of
electro-thermal energy conversion and storage by PCM composite [25].
Photo-thermal energy conversion and storage by PCM composite is
generally co-related with absorption and transformation of irradiated

Energy
storage

Solar irradiation

I

hv I\

i\
° VB

heat

Photo-thermal conversion of Ti,0;

light energy to heat energy via a couple of photophysical effects
(localized plasmonic heating, nonradiative relaxation thermal vibration
followed by the storage of heat by PCM [180].

3D carbon foam has been broadly utilized as a supporting media for
thermal energy storage and conversion because of enough available
pores to accommodate high PCM, excellent electrical conductivity, and
photo-sorption capability. Lin et al. reported superior efficacy of PEG/
modified CF-based composite towards a light-to-thermal energy con-
version and storage [118]. Different CNT concentrations (0 to 10 %)
were also introduced into the system to increase the composite’s light
adsorption and mechanical strength. From the temperature variation
curve, the composite reached its melting temperature within 100 s,
while >600 s was required for pristine PEG. After 650 s light irradiation,
the maximum temperature of the composite reached 87.8 °C, while it
was found at 53.8 °C for pristine PEG. Recently, Wang et al. fabricated
lightweight and flexible n-eicosane/CF/TiyOs/polydopamine compos-
ites to convert photon energy to thermal energy and storage efficiently
[77]. The optimized PCM loading (%) to get higher latent enthalpy
(200.1 and 200.6 kJkg ™! for melting and crystallization) was 84 %. With
an increase in Ti;O3 nanoparticles from 2.5 % to 7.5 %, a rapid rise in
temperature with time was observed under solar light illumination,

Energy
release

Phase transition of phase change composites

)
e

Heat transfer

Fig. 19. The plausible mechanism for photothermal energy conversion by n-eicosane/CF/Ti,O3/polydopamine composites [77].
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indicating efficient conversion of photon energy to thermal energy with
an increase in TiyOs particles owing to its solar energy absorption
capability. In the presence of 7.5 % titania particles, the energy storage
efficiency of the composite reaches 88.2 %. In the presence of solar light,
the generation of e-hole pairs between the valence band and conduction
band of Ti induces the conversion of photon energy to heat energy via
thermalization. The in-situ generated heat energy is transferred to the
inner Ti loading and structure of the composite via titania and stored by
PCM. The plausible energy storage mechanism is shown in Fig. 19.
Wang et al. reported enhanced light-to-thermal energy conversion
efficacy after combining functionalized CNT with graphene aerogel/
Tetradecylamine or hexadecyl amine (TDA or HDA)-based PCM-low D
carbon composite [65]. The DSC study revealed that the melting point of
PCM did not change, but the supercooling degree significantly reduced
in the presence of carbon material. The formation of 3D network ar-
chitecture offers relatively fast heat transfer and facile crystallization of
PCM. The obtained crystallization fraction of CNT/graphene aerogel/
HDA with varying CNT/graphite aerogel ratios was reported as 75.6 %,
83.5 %, 84.8 %, 84.1 %, 82.9 %, and 83.3 %, respectively. The observed
result signifies the robust cooperation between PCM and the carbon
material. In conjugation, the composite demonstrated excellent light-to-
thermal conversion efficacy. In the presence of light, PCM did not melt
because of its non-IR light absorption attribute. However, the color of
porous carbon filler (black) helps absorb IR and UV light simultaneously.
The temperature of the material was increased after reaching the
melting point of PCM (23.7 °C — 34.7 °C for HDA and 37-40 °C for TDA).
UV-visible graphite aerogel/CNT spectra demonstrate excellent phonon
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trapping efficacy, consistent with the explanation. After switching the
light source, the heat dissipation by the composite started until it
reached a crystallization state. The CNT/graphite aerogel ratio shal-
lowly affected the temperature change. A careful observation of the
time-dependent heating curve reveals the formation of a plateau during
the exponential rise of temperature under light irradiation. This obser-
vation signifies the successful transition of PCM from solid to liquid
phase in the composite structure. A similar statement was found in the
cooling curve due to the reverse phase transition process. The photo-
thermal conversion efficacy for graphite aerogel/HDA-1 and graphite
aerogel/CNT/HDA-1 was reported as 72.36 % and 82.33 %, while it
appeared for graphite aerogel/TDA-1 and graphite aerogel/CNT/TDA-1
as 74.98 % and 79.36 % respectively. The composite’s high thermal
conductivity, surface area, and black color facilitate fast and enhanced
energy conversion and storage. The excellent chemical stability and
repeatability, even after 200 cycles, are another asset of this report. Niu
et al. investigated the solar-to-thermal energy conversion and storage
performance of two organic PCM-based carbon nanofiber aerogel com-
posites (SA and Tetradecanol)[159]. Under heat treatment, the two
organic PCM composites demonstrate a linear and rapid temperature
increase observed after the corresponding PCM’s phase change
temperature.

However, PCM’s phase transition time depends entirely on CA’s
loading, and the high loading of CNFA inhibits the facile melting-cooling
process. The thermal energy storage efficiency was 28.9 % and 39.4 %
for SA and TD/CNFA composite. The melting and freezing point of SA-
based composite was slightly decreased compared to pristine SA due
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sunlight irradiation and natural cooling progress [159].
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to the segregation of CNFA fiber with reduced crystallinity and crys-
tallite size of SA. The author fabricated an energy harvesting device by
placing the two different PCM composites on each side of the N and P
semiconductor to initiate the temperature difference between the two
sides of the device. In the presence of heat, TD-based composites started
to melt first due to their low melting point compared to SA-based
composites. As a result of the temperature gradient between the two
ends, the electrons from the N-type semiconductor move to the other
ends, forming the electron concentration gradient.

In the same way, holes also move towards the cold side from the hot
side, generating electric current due to e-hole movement. The maximum
temperature difference between 1-TD and SA-based composite was
20 °C in the melting process and 15 °C in the cooling process. An LED
lamp was inserted into the device to check its employability, and the
device’s successful conversion of electrical energy is shown in Fig. 20a,
b. The device’s voltage increased due to temperature differences during
the cooling or heating process, see Fig. 20c, d. The lower voltage
increment was observed during the cooling process compared to the
heating process due to the inferior-temperature gradient. During the
cooling or heating, the device generates a short-circuit current due to the
lower turn-on voltage of PN junctions (40 mV for the heating and 15 mV
for the cooling). The device displayed a maximum power output of 450
pW and 350 pW during the melting and cooling, respectively. The
temperature of the PCM composite increased rapidly under solar light
irradiation with an increase in CNFA concentration in the composite
structure, see Fig. 20e. Thanks to CNFA’s excellent phonon scavenging
capability and thermal conductivity, such improved composite perfor-
mance. The authors observed that the significant change in temperature
of the two different integrated PCM composites under solar light irra-
diation was beneficial to the integrated device’s rapid voltage incre-
ment. The maximum voltage reached by the device during the melting
and cooling process was about 80 and 72 mV, respectively. After
reaching the cooling point, the device’s voltage increased in the negative
direction due to the formation of the reverse temperature gradient; see
Fig. 20f. Under sunlight, irradiation, and cooling processes, the
maximum current generated by the composite reached 13.5 mV and 12
mV, with no negative current during the cooling process due to lower
applied voltage than the turn-on voltage of the PN junction. The
sunlight-driven power output by the device was reported as 1080 pW
while it became 865 pW under the cooling process. Under solar light
irradiation, the device demonstrates the successful conversion and
storage of solar energy to thermal energy.

Among different fabricated composites, 1 % 1-TD embedded CNFA
material shows the maximum rise in temperature of 85 °C within 3000 s.
About 96.2 % solar energy conversion was apparent in the presence of
0.7 %-TD embedded CNFA material. This report opens a new strategy to
fabricate the semiconductor device for efficient storage of green energy
and successful conversion to thermo-electrical energy. Tao et al.
observed that the in-situ deposition of PPy on CNT-aerogel/PW signifi-
cantly revamped the composite’s electro-thermal and photo-thermal
energy conversion and storage efficacy [163]. Under simulated solar
light irradiation (300 W), the hybrid composite demonstrated 90 %
photo-thermal energy conversion efficiency, while 91.5 % electro-
thermal energy conversion efficiency was apparent under 1.8 V
applied bias. The anisotropic architecture of CNT in aerogel structure
and the good photo-sorption capability of PPy are responsible for such
observation. The successful conversion of magnetic energy to heat via
Néel relaxation or Brownian relaxation by magnetic media in the pres-
ence of an external magnetic field and storage of released heat in PCM is
the primary mechanism associated with magneto-thermal energy con-
version and storage by PCM composite [181]. Song et al. fabricated
carbonized kapok fiber (CKF)/Fe304/Lauric acid (LA) based composite
for solar/magnetic to thermal energy storage application [59]. Iron
oxide and kapok fiber were utilized for their excellent microwave ab-
sorption capability, high thermal conductivity, and remarkable photo-
thermal conversion efficacy. Altering the Fe3O4 content in the composite
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structure can significantly tune the magneto-thermal conversion effi-
cacy. The fabricated composite displayed efficient conversion and
storage of solar energy to thermal energy under different intensity solar
light illumination ranges from 700 to 100 Wm ™2,

The increase in the light source intensity and content of iron oxide
particles in the composite significantly enhances the surface tempera-
ture of the material up to 60 °C. The melting and freezing breakup point
was apparent for the composite in temperature (°C) vs. time curve, but
this breakup point was not evident for pristine PCM.

The black color of the composite plays a pivotal role in the strong
absorption of solar energy. The maximum solar energy to thermal en-
ergy conversion of fabricated hybrid material is 95 %. Sun et al. man-
ufactured eicosane/porous CA/iron oxide-based composite for thermal
energy storage [160]. From the DSC diagram, two exothermic peaks of
eicosane were merged for CA/eicosane composite, signifying the change
in crystallization of PCM in the composite structure. The maximum
eicosane encapsulation ratio (84.09 %) was evident for 20 wt%
eicosane-loaded CA composite with iron nitrate concentration, utilized
in CA, was about 2 g.

Interestingly, the composite displayed multichannel thermal energy
conversion, such as solar-thermal, electro-thermal, and magneto-
thermal energy conversion efficacy. The illumination of the DICP
character in the circuit board in the presence of PCM composite signifies
the efficient electro-thermal conversion efficacy in Fig. 21a. The surface
temperature of the composite was changed from 61 to 152 °C with
increasing current input from 0.12 to 0.2 A within 200 s under an
indigenously current power supply unit. After switching off the current
supply, there was immediate temperature dissipation, signifying the
fast-cooling process possessed by the composite, see Fig. 21b. The
electro-to-thermal conversion efficiency was increased from 47.89 % to
94.83 %, with an increase in current input from 0.12 to 0.2 A. The
corresponding IR image of the composite during heating under different
current inputs and cooling process under 0.2 A current input during
heating is shown in Fig. 21c, d. The higher conversion efficiency of solar
to thermal energy for the composite increased from 60.63 to 93.32 %,
increasing the IR source’s intensity from 200 to 300 mWem™2. The IR
image of PCM/CA/Iron oxide composite under 300 mW cm 2 solar light
irradiation during heating is presented in Fig. 21e. Incorporating PCM
and magnetic particles into the composite has a unique attribute towards
magneto-thermal energy conversion and thermal energy storage. The
magnetic particles can generate heat under magnetic stress and transfer
heat to PCM to successfully store the converted energy. The author
exploited an alternating current device to generate an alternating
magnetic field to explore the magnetic-thermal conversion efficacy of
the composite. The simple comparison study of the composite and
pristine eicosane with magnetic beads reveals the inherent magnetic
attributes of the composite. The composite demonstrated a linear in-
crease in temperature from 47 to 111 °C with an increase in alternating
current from 10 to 14 An under the magnetic field irradiation for 350 s,
see Fig. 21f.

7. Application area

The variation in phase transition temperature of different PCM and
tunable thermal conductivity of other 3D carbon/PCM composites has
been exploited in the diversified application arena for the last decades.
This section will focus on the possible application area of 3D carbon/
PCM composite, including thermal management of batteries, buildings,
waste heat recovery, and wearable gadget applications.

7.1. Battery thermal management

In 2022, Bai et al. fabricated PEG/VO,/EG-based composites for
battery thermal management [112]. Thermal conductivity and phase
transition temperature are pivotal for battery thermal management
applications. The presence of dual-PCM with two melting temperatures
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Fig. 21. (a) the illumination of the DICP symbol in the presence of CA/Iron oxide/PCM composite under LED light (b) temperature vs time curve of CA/Iron oxide/
PCM composite under different current input, IR image of CA/Iron oxide/PCM composite (c) during heating under different current input (d) during cooling (e) IR
image of CA/Iron oxide/PCM composite under solar light illumination (f) temperature vs. time curve of CA/Iron oxide/PCM composite under different alternating

current input [160].

of 50.1 °C and 67.56 °C see Fig. 22a, will be beneficial for first and 2nd
line defense to induce efficient thermal balance without overcoming its
limiting value to explode. The bare lithium-ion battery was kept in a
heat-insulating chamber, connected with two T-type thermocouples
directly attached to the DC load, see Fig. 22¢c. The temperature of the
empty battery increased linearly up to 165 s. After that, there was a
significant increase in the battery’s temperature due to the explosion,
see Fig. 22b-d. However, the presence of EG-dual PCM composite
significantly delays the explosion temperature, indicating an excellent
cooling effect of the composite. The temperature difference between the
two curves within 260 s is about 20 °C. About 93.75 % increment in
thermal conductivity after introducing EG also facilitates dissipating the
heat generated during battery heating. Luo et al. reported excellent
battery thermal management capacity by newly fabricated N-doped
porous carbon/PEG composite [58]. By exploiting the above composite,
the author achieved an almost 13 °C reduction in battery pack tem-
perature with a 28 % increment in charge—discharge efficacy. Enhanced
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PCM loading with high thermal conductivity (up to 4.5 W m~* K1)
induced by N-doping in porous carbon is the potential reason for its
improved thermal management.

7.2. Waste heat utilization/thermo-electric power generation

Zhou et al. reported the excellent thermoelectric conversion efficacy
of SA/CF-based composite [148]. For that purpose, the SA/CF composite
was connected at the top surface of the thermos-electric conversion
device, and an ice bag as a sink was put under the device. A thermo-
electric conversion device, including a fan, was connected to the
motor to exploit the fan-induced change of electric energy rotation.
From the discharge curve, the device’s voltage reached 1.27 V within
34.3 s, followed by a slow decrement of voltage up to 600 s. The ther-
moelectric conversion device integrated with SA/CF can rotate the fan
for over 40 s. The above example may open a new door for successfully
utilizing waste heat.
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Fig. 22. (a) DSC diagram of EG/PEG/VO, based composite with the pristine component (b) Temperature vs. time curves of battery with and without PEG/VOy/
EGy.10 composite (¢) Indigenously developed experiment setup for the thermal management of lithium-ion battery (d) The photograph of bare battery before and

after the explosion [112].

In 2019, Yu et al. integrated the EG-based PCM microcapsule with
the thermoelectric generator (TEG) to generate thermoelectric power
[96]. For that purpose, the soaked microcapsule was tightly integrated
with the hot side of the TEG module for heat discharging and electric
power generation.

In contrast, the Al heat sink was attached to the cold side of the TEG
module without other power input. As a result, a maximum of 32.1 J
current output was obtained from this system. In 2022, Hu et al.
exploited a CNT/EG/encapsulated PW-based shape stable composite for
efficient waste heat recovery, generating electricity to run a toy car by
integrating the composite with a thermoelectric device [87]. In recent,
Tang et al. fabricated a high-performance solar thermoelectric device
based on 1D/3D hierarchical CNT/porous carbon@Zn0.5Coq 5/PEG
based composite with the maximum output voltage of 180 uV at a solar
light irradiation intensity of 150 mWem 2 [174].

7.3. Thermal management in buildings

Fei et al. incorporated capric-acid-paraffin/EG composite into gyp-
sum board for indoor temperature management [136]. Interestingly, the
high amount of EG loading in the composite structure significantly re-
duces the water absorption capability of the gypsum board. The
compressive and flexural strength of the composite decreased at high EG
loading in the composite structure. In the presence of a far-infrared
heater, the gypsum board’s surface temperature was increased from
room temperature to ~43 °C for a definite time. However, the maximum
change in temperature of the inner and outer surface of the pristine
gypsum board and 20 % EG-loaded composite incorporated gypsum
board was found at 4.1 °C and 7.4 °C, respectively, due to the temper-
ature difference induced by the source eater exposed to both the inner
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and outer surface. A slow increase or decrease in temperature during
heating or cooling was apparent for high EG-loaded composite
compared to pure gypsum or low EG-loaded composite/gypsum. This
observation signifies the powerful heat storage capacity of the com-
posite owing to the high thermal conductivity of the hybrid and compact
architecture between PCM and EG in the composite structure. The
temperature-damping rate is an essential parameter for assessing the
heat storage efficacy of any material. High EG loading and IR source
with high power intensity significantly enhance the temperature
damping rate, which is directly related to the material’s solid heat
storage and insulation properties. High heat-storing efficacy with
modest mechanically stable attributes of such hydrophobic engineered
EG material is ideal for indoor application. Maleki et al. fabricated a CF-
based PCM composite using different PCM materials, i.e., polyethylene
glycol (PEG), palmitic acid (PAA), and paraffin, respectively [80].
Among these three composites, the palmitic acid/CF composite dem-
onstrates high latent heat storage efficacy (198 Jg™!) along with fast
thermal response (162 s) and recovery (42 s) compared to others. The
authors prepared two wooden test rooms to validate the role of CF/PCM
composite for building thermal management, and a heater was inserted
into the room.

Almost 75 % of the heater surface in the 2nd room was coated with
fabricated composite material, while another in the 1st room was not
covered with the material and was considered a reference. Thermo-
couples were used to measure the temperature of the room and heater
surface. The authors also fabricated a solar heating chamber to exploit
the composite’s excellent solar-thermal energy conversion efficacy. The
Cu coil was inserted into the composite, and the two ends of the Cu coil
were fitted with the pump and water tank. The whole set-up for water
heating and temperature management in the room is shown in Fig. 23a-



M. Das and U. Stachewicz

Room 1

&

Inside the rooms

PCM composite

Copper tube

Circulation pump

Thermocouples

t

Water flow direction

Water Tank

Temperature (°C)

Journal of Energy Storage 98 (2024) 113029

---- Heaterl
90 Heating Cooling e
= Room
o
}MM" )\wwﬁﬁ-fhvm - === Heater2
. e ; —PCM
¢ 2 i
1 e " Room2
: - |‘.‘
! e/ [RY
\
“ i £
3 R
30 4

6000 8000 10000

Time (s)

2000 4000

Fig. 23. (a, b, ¢) The whole set-up for water heating and temperature management in the room using a PCM composite panel [80].

a

,-;100. 98.1 97.8
s

P 83.8 84.1 =

[3) 2

C L ~~ )

[ 80 ‘lql Q S o
S 3 s |9 S |8
L - 3 N =
© 601 |G I~ N o

= O O o o
& o O )
c e) o » ® 2
o I~ 7] z = P4
© z = O 5 O
) o S5
w 20
Samples
C o g
@£ . K]
/ - H
g 3
( z )
4l
[ E
& £
\—‘ﬂg\~‘< =

Air purification

Thermal regulation

Temperature (°C)

Rhinitis

80 e

70+

60-

50+

401

301 ___Without PCMs

20 —With P?Ms i ' '
0 5 10 15 20 25

Time (min)

egr f Be
il |
ERININN
22: PM, PM.

Fig. 24. (a) Solar-thermal energy conversion efficacy of CNT@porous carbon (Zng 35 C0o.25)/PEG composite (b) Thermoregulating capability of PCM strip on human
skin after solar light irradiation [174], (c) Architectural design of the thermotherapy mask, (b) Thermotherapy and air filtration effect scheme, (d) Heat release
performance of the thermoregulatory mask with the control sample, (e) Air purification test with CNT sponge, (f, g) PM removal efficiency of the CNT sponge, (h-m)
Optical image consisting nasal tissues of mice with different groups after HE and Wrights staining [169].

b. For the temperature vs. time profile curve of the two-test room, see
Fig. 23c, which signifies the improved temperature control efficacy of
the composite in the room. The hybrid integrated system demonstrates
88.1 % thermal efficiency with significant heat gain by water from 15 °C

to 30 °C.

7.4. Thermotherapy
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In 2018, Ye et al. adopted a natural infiltration process to fabricate
carbon-coated Cu foam/PW composites for human comfort and
thermotherapy-based applications [171]. Carbon coating on Cu foam
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was performed via oxidation of Cu foam, followed by PDMS/carbon
nanoparticle deposition. The oxidation of Cu foam was carried out to
exploit the rough surface of Cu foam for efficient adsorption of carbon
nanoparticles. Both PCM (PW) and carbon-coated Cu/PW were charged
to 70 °C, followed by cooling at 35 °C, nearly equal to human skin
temperature, to investigate the thermal comfort efficacy of the com-
posite on human skin. From IR images, the sharp temperature drop of
pristine PCM near the bottom of simulated human skin was eventuated
more than the middle or upper side of PCM up to 300 s. Excellent
thermal conductivity (3.94 Wm! K’l) of C-coated Cu foam/PCM heat
pack due to the in-situ formation of the thermally conductive network
between Cu foam and carbon particles in the composite structure is
responsible for homogeneous heat release from the composite structure
rather than pristine PW. About 18 times longer healing time was ach-
ieved for the composite compared to pristine PW to reach a healing
temperature (40 °C). The observed result signifies the potentiality of
such a novel composite for thermotherapy-based applications. Recently,
Tang et al. developed a unique 1D/3D-CNT/porous carbon@Zn;Co; .5/
PEG-based heterostructure for thermo-regulation of body temperature.
The potentiality of this composite lies in its excellent phonon capture
capability under solar light irradiation. Excellent solar light absorption
capability of 1D/3D carbon heterostructure, fast energy transfer from
low D carbon to PCM, phase transition induced thermal energy storage
by PEG, and local heating caused by Co nanoparticle via LSPR effect is
the primary mechanism of excellent solar-thermal energy conversion
efficacy of the heterostructure composite. The high concentration of Co
nanoparticles may destroy the core-shell architecture of the system, and
the segregation-induced reduction of the localized surface plasmon
resonance effect of Co nanoparticles is responsible for poor light-thermal
energy storage efficacy, see Fig. 24a. This attribute offers a compara-
tively more cost-effective and environment-friendly approach to
charging the composite strip before utilizing body temperature
regulation.

Interestingly, the PCM composite can maintain ~40 °C for 20 min
compared to its pristine counterpart, see Fig. 24b [174]. Chen et al.
designed and fabricated a CNT sponge/PEG-based mask to treat allergic
rhinitis [169]. The architecture of the mask possesses two layers, where
the inner layer (CNT sponge/PCM) maintains the thermal balance. In
contrast, the outer layer (pure CNT sponge) was associated with air
purification, see Fig. 24 ¢, d. A cotton insulating layer was inserted
between these two layers for effective thermal balance during the
crystallization of PEG. The prolonged thermal buffering time (33 min) at
43.5 °C for the PEG/CNT sponge composite compared to the pristine
CNT sponge, as seen in Fig. 27c, signifies the tremendous potential of
such material in thermotherapy treatment.

Interestingly, the low conductivity of this PCM composite also fa-
cilitates preserving the heat inside the nasal area. In conjugation, the
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excellent PM removal efficiency (89.8 % and 87.5 %) of the CNT sponge
was observed in Fig. 24 e-g. This observation is mainly attributed to the
facile adsorption of PM into meso and micropores of the CNT sponge
through solid adhesion between the C—N functional group of PM and
the C—F group of PVDF in the CNT sponge. An animal experiment was
performed on mice to validate the mask’s potential efficacy under nat-
ural field conditions. The result from the medical trial was also
corroborated by a reduced number of eosinophils of nasal mucosa in the
presence of a newly fabricated PCM/3D carbon-based mask, Fig. 24h-m.

8. Conclusion and future prospect

This review systematically addresses the recent synthesis strategies
of different 3D carbon-based composites and their effect on the prepared
composites’ morphological and various physicochemical aspects. The
different synthesis processes of different 3D carbon and the infiltration
processes of PCM in 3D carbon architecture are explored. The role of
different 3D carbon towards thermal energy storage and its performance
in TES application is also highlighted. Furthermore, different simulation
models and the design of varying prototype construction of the reported
literature are also discussed to exploit more in-depth heat transfer
mechanisms through the 3D network in the composite structure and
different application purposes. The summarization of the primary tem-
perature range, highest achieved thermal conductivity, possible appli-
cation, advantage, and non-explored section of 3D carbon/PCM -based
composite is presented in Fig. 25a, b and Table 10 as investigated from
several literature reports to obtain a clear-cut idea about on-going
research, success, drawback associated with this research topic. The
following conclusions and drawbacks are made from the rigorous study
and in-depth analysis of the above topic.

e Fig. 25a shows that only GF, EG-based composites were utilized for
high-temperature thermal management applications. The maximum
thermal conductivity is reported for GF-based PCM composite. At the
same time, ~30 W m ! K ! is the typical maximum thermal con-
ductivity of different 3D carbon-based composites, achieved by the
researchers, see Fig. 25b. Many materials are still yet to be explored
for high-temperature applications. The highest thermal conductivity
of the composite appeared for the GF-based PCM composite. So,
effort should be put into synthesizing GF-based PCM-based com-
posites with tunable architecture to fabricate high-performance
thermal energy storage materials. A careful look at Table 10 re-
veals that most 3D carbon-based PCM composites possess light-
weight, compressible, flexible attributes and low supercooling with
high PCM loading capacity. The non-explored section in Table 10 is
also beneficial to the readers for the designing and synthesis of
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Fig. 25. (a) The average temperature range for which different 3D carbon-based PCM composite was explored for thermal energy storage (b) The maximum thermal
conductivity of 3D carbon-based PCM composite achieved based on the literature report.
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Table 10
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The summary of temperature range, possible application, advantage, and non-explored section of 3D carbon-based composite.

3D Carbon  Advantages of TES Application Possible TES Application Domain Non-explored Section
EG 1. Compressible nature, 1. Indoor thermal management, Solar thermal energy 1. High temperature thermal management for organic EG,
2. Non-leakage storage medium and low-temperature application for Inorganic
3. Low supercooling 2. Thermal management of electronics (Organic EG EG-based composite.
composite) 2. Medium and high-temperature applications for Hybrid EG
3. Floor heating, solar system, waste heat utilization, High- composite are missing.
temperature thermal management (Inorganic EG 3. Thermal energy conversion from the different energy
composite) sources is explored less for inorganic EG composites.
4. Waste heat recovery, thermos electric energy harvesting,
thermal management of electronic devices, and electric
power generation
CF 1. Excellent loading capacity with 1. Low-temperature TES application 1. High-temperature application.
non-leaking attributes 2. Solar thermal energy storage 2. The conversion of thermal energy from different energy
2. Flexible, lightweight 3. Building applications sources rather than solar power has been explored less for
3. Low supercooling CF composite.
ExFG 1. Compressible, good loading 1. Indoor thermal management, 1. High-temperature application.
capacity 2. Low and medium temperature application 2. Thermal energy conversion from different energy sources
2. Simple synthesis process has been explored less for EXFG composite.
GF 1. Excellent PCM loading capacity Several TES applications (GF) The conversion of thermal energy from different energy
with non-leaking attributes, sources rather than solar power has been explored less for GF
2. Flexible, lightweight, low composite.
supercooling
3. Long-term stability,
compressible
CA 1. Excellent PCM loading capacity. 1. Renewable energy utilization The report lacks the utilization of carbon aerogel-based
2. Non-leaking attributes, 2. Low to medium-temperature application composite for high-temperature applications.
3. Lightweight,
4. Low supercooling
5. Long-term stability
6. Compressible (CA)
Other 3D 1. Lightweight, 1. Building, thermos regulating textile, The report lacks the utilization of another 3D-based
Carbon 2. Low supercooling 2. Thermal management of electronics composite for medium and high-temperature application
3. Long-term stability depending 3. Waste heat utilization and solar thermal energy
on the types of other 3D carbons application
engineered 3D carbon/PCM-based composite for several o Another TES application advantage is the high mechanical strength

applications.

o The latent energy storage performance of 3D carbon/PCM composite
depends entirely on several factors, i.e., latent heat offered by PCM,
the thermal resistance at the interface of fillers, PCM-filler junction,
and the adherence attributes of PCM with 3D carbon. The adherence
attributes of PCM and 3D carbon may be manipulated by surface
treatment of 3D carbon. Although it is also challenging to say which
is the suitable PCM for fabricating 3D carbon composite, paraffin is
the most widely explored PCM to couple with 3D carbon for LHTES
application. Hydrophobic-hydrophobic interaction between paraffin
and 3D carbon may be exploited for efficient PCM adsorption during
the adsorption process. The abundant source of the primary pre-
cursor (graphite), its cheap cost, and its simple synthesis procedure
are the main benefits of using 3D carbon fillers for LHTES applica-
tions. From the literature study, it is observed that high thermal
conductivity (maximum ranges from 30 to 269 wm™! KD
achievement is possible with 3D carbon/PCM composite compared
to other inorganic (Ag nanowire, Fe3O4, Cu, ZnO, AIN nanoparticles)
or 1D/2D organic filler (carbon fiber, MWCNT, SWCNT) based PCM
materials [182-187]. The rigorous data analysis from the literature
report shows that vacuum impregnation and adsorption-based
methods are the two most popular strategies for fabricating 3D car-
bon filler-based composite due to their high PCM storage capability
and simple, straightforward approach. However, the ultra-
sonication-assisted adsorption method is slowly arising in this field
for LHTES application, but more effort should be put into this syn-
thesis strategy soon. The homogeneous distribution of PCM into the
composite is the main achieving point of this approach. It is also
noted that the high surface area, the 3D architecture of the 3D carbon
fillers, and the porous architecture facilitate PCM loading, which is
the essential requirement of high-performance materials employed
for TES application.
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and flexibility of 3D carbon-based composites. The excellent contact
between PCM materials and 3D-carbon decreased the contact resis-
tance and facilitated the heat transport pathway. The high photon
absorption capability and electrical conductivity of the 3D carbon
are responsible for improved photo-thermal and electro-thermal
energy conversion.

However, some challenges in this research arena are still addressed
and must be resolved. The main drawback of such 3D fillers is
associated with their synthesis procedure. Most 3D fillers are pro-
duced via chemical treatment with a strong inorganic acid or haz-
ardous organic solvent, heat treatment, or a combination of both.
Tremendous heat treatment (700 °C -900 °C) is needed to obtain
carbon foam or aerogel. As a result, the evolution of many hazardous
gases, like CO,, SO2, and SO3 poses a poker-faced request to the
environment. Although the composite preparation method is simple
and economically efficient, the mass-scale preparation of 3D fillers is
still challenging for researchers.

It is still challenging to compare the effect of different synthesis
strategies on the performance of each 3D carbon/PCM composite.
The reason behind this is the deployment of different PCMs for
fabricating each 3D carbon-based composite, even using a similar
synthesis strategy.

Another essential thrust area in this research is the investigation of
the thermal energy storage efficacy of 3D carbon filler/electrospun
fiber-based composite. Some literature reports regarding synthesiz-
ing 3D carbon-based electrospun fiber are found [188,189] but
exploring the phase change fiber towards thermal energy storage
using 3D carbon was scarce. The above manufacturing method offers
a comparatively higher surface area [190]. This method allows the
production of polymer fibers and nonwoven mats in various con-
figurations using co-axial [191] or side-by-side [192] nozzle or
multi-nozzle to create composite meshes [193]. The core-shell fibers
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have been reported to be effective in absorbing/releasing thermal
energy, especially in intelligent textile applications [194,195].
Although the researchers reported the improved thermal conduc-
tivity of the composite in the presence of 3D carbon, the in-depth
mechanism of the thermal transport phenomenon through the
PCM-3D filler architecture of the composite is still missing. Different
numerical models explain the phenomenon; however, the composite
system’s boundary conditions and exact geometry limit its actual
field implementation.

Compared to the photo-thermal and electro-thermal conversion of
energy using 3D carbon filler-based composites, magneto-thermal
conversion is not so mature to date, and more research is needed
to explore this area. Most literature reports only demonstrate the
composite’s efficacy in DSC and heating-cooling experiment anal-
ysis. The applicability of the materials should be checked in an
ambient environment for real-time application purposes. For the
fabrication of high-performance 3D carbon-based materials, devel-
oping the environmentally stable porous composite with low thermal
resistance between 3D carbon and PCM with high surface area is
imperative for thermal management.

Optimistically, this review provides an in-depth understanding and a
convenient escort for the targeted blueprint of high-caliber 3D-based
composite for numerous LHTES applications.
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