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Article Info. Abstract

In the context of the global energy transition, the intermittent challenge of renewable energy urgently requires support
from efficient energy storage technologies. Phase change materials (PCMs) have emerged as a key solution due to their
high-density latent heat storage/release capabilities. However, solid-liquid phase change materials face bottlenecks such
as leakage and low thermal conductivity. Carbon nanofibers (CNFs), with their excellent thermal conductivity, porous
structure, and mechanical stability, have become an ideal carrier for optimizing composite phase change materials
(CPCMs). CNFs can form a continuous thermal conduction network through uniform dispersion and utilize capillary
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1. Introduction

At this critical stage of the global energy system's transition toward clean and low-carbon energy, the efficient use and sustainable supply of
energy have become central issues for the development of all countries[1]. Traditional fossil fuels not only have limited reserves, but their
combustion also emits large amounts of carbon dioxide and other greenhouse gases, contributing to global warming, frequent extreme weather
events, and posing risks to human health and safety[2—4]. Additionally, overreliance on fossil fuels makes nations vulnerable to shifts in the
international geopolitical landscape, while developing domestic renewable energy sources can enhance energy self-sufficiency and ensure
energy security.

Solar energy, wind energy, and other renewable energy sources offer significant advantages such as cleanliness, low carbon emissions, and
nearly unlimited reserves. However, their power generation is intermittent and volatile[S], they cannot generate electricity at night or in windless
conditions, and their output is unstable due to weather and seasonal changes, hindering stable grid integration [6]. This core issue of mismatched
temporal and spatial distribution between energy supply and demand requires resolution through efficient energy storage and regulation
technologies. Among various energy storage technologies, thermal energy storage technology has garnered significant attention due to its ability
to adapt to the thermal energy conversion scenarios of renewable energy sources. Among these, PCMs demonstrate important application value
due to their unique energy storage mechanisms[7, 8].

These materials can absorb or release large amounts of latent heat during phase transitions, enabling high-density energy storage and nearly
isothermal release. They can provide a buffer for the stable output of intermittent energy sources while meeting temperature control requirements
in various scenarios, making them a key material for bridging the gap between renewable energy and continuous energy demand. Phase change
materials can be classified based on their phase change mechanisms into gas-liquid, solid-gas, and solid-solid systems [9], with detailed
classifications shown in Fig. 1. Solid-gas and liquid-gas phase change materials exhibit extremely high latent heat during phase transitions,
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Nomenclature & Symbols

PCM Phase Change Material CPCM Composite Phase Change Material
CNF Carbon Nanofiber MP Methyl Palmitate

TES Thermal Energy Storage ETESC Electrothermal Energy Storage Concrete
CVD Chemical Vapor Deposition FG Flake Graphite

PEG Polyethylene Glycol LSPR Localized Surface Plasmon Resonance
PAA Polyacrylic Acid OD Octadecanol

DDA Dodecanol EWG Expanded Waste Glass

DSC Differential Scanning Calorimetry SA Stearic Acid

SN Different Mass Ratios of GNP and CNF GNP Graphene Nanoplate

PCNF Porous Carbon Nanofiber D-AS Dual-Aligned Scaffold

theoretically endowing them with outstanding energy storage capabilities[10]. However, the significant volume changes accompanying their
phase change processes severely limit their practical application in thermal energy storage (TES) systems. Solid-solid phase change materials
undergo crystal structure transformations in the solid-state during phase change, resulting in relatively small volume changes, typically within
10%, but their latent heat is lower than that of solid-liquid phase change materials.

Solid-liquid phase change materials are one of the most widely studied and applied types of phase change energy storage materials. They store
energy through solid-liquid conversion and have certain advantages in terms of energy storage efficiency. However, these materials face key
technical challenges: above the phase change temperature, leakage is likely to occur, which not only causes material loss, reduces system energy
storage performance and lifespan, but may also lead to component corrosion, pipeline blockages, and other issues, thereby increasing
maintenance costs and technical complexity. Additionally, the inherent limitations of phase change materials restrict their application scenarios.
For example, poor thermal conductivity hinders heat transfer rates, while low photothermal conversion efficiency and insufficient stability
reduce solar energy utilization efficiency[11-14].

Therefore, to address these inherent issues, researchers have developed various optimization strategies, primarily including special
containers[15], filler reinforcement methods[16], and microencapsulation methods[17]. Illustration of the mechanism of the coupling process.
Cao et al.[18] treated organically modified sodium phosphate dodecahydrate-based phase change composites using polyethylene glycol (PEG)
to suppress undercooling, UV-curable polyurethane acrylate encapsulation, and polydopamine to enhance photothermal performance.
Encapsulation prevents material leakage, with the enthalpy value decreasing by only 2.6% after 200 cycles, and significantly improving
photothermal conversion efficiency. Li et al[19] studied a Cos04/GO-modified TiO: shell microcapsule, where the capsule treatment increased
thermal conductivity by 57.7%, improved photothermal conversion efficiency by 88.9%, reduced supercooling degree, and demonstrated
excellent cycle stability. CNFs, as a representative class of carbon materials, integrate the advantageous properties of both conventional carbon
fibers and carbon nanotubes. They exhibit superior physicochemical characteristics, including excellent corrosion resistance and thermal
conductivity comparable to that of metallic materials. These attributes render CNFs highly suitable for the development of high-performance
phase change composites[20]. The highly porous structure of CNFs enables the effective adsorption and immobilization of solid-liquid phase
change materials through capillary forces, thereby significantly mitigating leakage during phase transitions. Moreover, their high thermal
conductivity facilitates the formation of efficient heat transfer pathways, compensating for the inherently low thermal conductivity of phase
change materials and thereby enhancing the efficiency of thermal energy storage and release. Additionally, the favorable mechanical strength
and flexibility of CNFs contribute to the structural integrity and processability of the composite, making it well-suited for advanced applications
such as flexible electronics and wearable devices. The experimental results by Cui et al.[21] indicate that due to the larger diameter of CNF
compared to carbon nanotubes (CNT), CNF is more easily dispersed in the PCMs matrix. Consequently, the thermal conductivity of CNF/PCMs
composites is higher than that of CNT/PCMs composites at room temperature. CNF can be used as an additive to effectively enhance the
temperature response characteristics and thermal conductivity of PCM composites without reducing the latent heat storage capacity of the phase
change materials.

Various fabrication techniques, including electrospinning[22], Chemical Vapor Deposition(CVD)[23, 24], and template-assisted synthesis[25],
allow for the production of CNFs with diverse structural morphologies[26]. This is manifested not only in the diversity of macroscopic
morphologies but also in the existence of distinct structural forms at the microscopic scale[27]. Consequently, CNFs can adopt multiple
configurations when incorporated into CPCMs. However, comprehensive investigations into this specific area remain limited, with only
fragmented references appearing in general carbon material reviews or other peripheral literature[28, 29]. Therefore, this study aims to
systematically summarize and analyze the structural forms of CNFs in CPCMs, as well as their influence on phase change performance.

2. CNF Reinforced Composite Phase Change Material

As a carbon material exhibiting a graphite-like structure, CNF atomic layers serve as ideal additives for enhancing thermal conductivity, capable
of directly forming efficient heat transfer pathways within composite materials[30]. In studies focused on improving the overall performance
of composites, carbon nanofibers are typically uniformly dispersed within the phase-change matrix. This dispersion state effectively integrates
nanoscale effects with interfacial interactions, minimizes undesirable fiber aggregation, and improves interfacial bonding with the matrix,
thereby enabling effective functional reinforcement. Elgafy's experimental findings[31] indicate that the incorporation of CNF into paraffin,
which serves as the phase change material, leads to a significant enhancement in the thermal conductivity of the composite at room temperature.
This improvement is observed across various mass proportions of CNF, with higher mass ratios resulting in greater increases in thermal
conductivity.

2.1. Dispersed CNF's

Singh et al[32]. develop CPCMs using methyl palmitate (MP) as the phase change component, expanded waste glass (EWG) as the supporting
matrix, and CNFs as thermal conductivity enhancers (Fig. 2a). Fig. 2b demonstrates with CNF contents of 2, 4, and 8 wt%, the thermal
conductivity of the composite increased by 29.2%, 62.5%, and 112.5%, respectively. This improvement is attributed to the ultrasonic
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homogenization process, which ensures uniform dispersion of CNFs in the EWG/MP system, facilitates the formation of a continuous thermal
conduction network, and reduces internal and interfacial thermal resistance between EWG and MP by filling interstitial gaps. The composite
demonstrates excellent thermal stability and cycling performance, exhibiting a phase change latent heat loss of only 0.5%—0.72% after 1,000
thermal cycles. It remains thermally and chemically stable at temperatures below 227°C. In addition to its enhanced thermal properties, the
uniform dispersion of CNFs enables the formation of a conductive network, allowing the composite to perform electrothermal conversion. Ren
et al[33] developed a novel electrothermal energy storage concrete (ETESC) by integrating encapsulated phase change aggregate with CNFs.
The CNFs are uniformly dispersed throughout the matrix, forming continuous conductive and thermally conductive networks. This structural
design effectively reduces the response time of the phase change materials during charging and discharging processes, thereby enhancing the
efficiency of thermal energy storage and release. When the CNF content reaches 2.0 vol%, the resistivity of the concrete decreases to 1860
Q-cm, indicating optimal electrical conductivity, which facilitates efficient electrothermal conversion and supports phase change energy storage.
Qin et al[34] employed mechanical stirring and ultrasonic dispersion techniques to achieve uniform dispersion of CNFs in a filamentous
configuration within the 1-octadecanol (OD)/nano-TiO: system, thereby forming continuous thermal conduction pathways. Upon reaching a
CNF mass fraction of 4%, the thermal conductivity of the composite material increases by 34.4% compared to the OD/nano-TiO: composite
material without CNFs (NPCM3). Furthermore, CNFs and nano-TiO: demonstrate synergistic effects that contribute to the suppression of OD
leakage. The fibrous structure of CNFs and the particulate structure of nano-TiO: collectively enhance the specific surface area of the composite.
Through capillary forces and surface tension, this structural configuration improves the retention of liquid OD, resulting in a minimal mass loss
of approximately 1.3% after 100 thermal cycles for CPCM3, while maintaining excellent shape stability. Additionally, the melting enthalpy of
CPCM3 remains at 209.3 J/g. Goékhan Hekimoglu et al[35] doped CNFs into polyacrylic acid/dodecanol (PAA/DDA) composites, which
increased the specific surface area of the PAA network, provided an encapsulation scaffold, and enhanced surface tension and capillary forces.
This increased the maximum loading capacity of DDA from 33 wt% to 70 wt% without leakage. As Fig. 2g shows, when 4 wt% and 10 wt%
were doped, the thermal conductivity increased by 46.26% and 179.77%, respectively. Similarly, Xu et al. [36]also enhanced thermal
conductivity by incorporating CNF into CPCM to form an efficient thermal conduction network, while assisting the supporting material in
improving shape stability.
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Fig. 1. Classification of energy storage materials, Copyright 2014,Elsevier Ltd. [9]
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Fig. 2. (a) The experimental process used for the development of the EWG/MP/CNFs composite PCMs, (b) DSC heating/cooling
thermograms for pure MP and the prepared LPCPCM with/without CNFs, (c) Thermal conductivity results of EWG, MP, LPCPCM and TE-
SSPCMs, Copyright 2023, Elsevier Ltd. All rights reserved [32], (d) SEM photographs of CNF, (¢) PAA/DDA(33 wt%), (f) PAA/DDA (70
wt%)/CNF (10 wt%), (g) Thermal conductivity results of DDA, PAA, PAA/DDA(33 wt%), PAA/DDA(48 wt%)/CNF (4 wt%) and
PAA/DDA(70 wt%)/CNF (10 wt%), Copyright 2022, John Wiley & Sons Ltd. [35]
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2.2. CNFs hybrid fillers

In addition to dispersing CNF individually within the matrix, the use of hybrid filler systems formed by combining CNF with other materials
can achieve a more significant enhancement in thermal conductivity. This approach overcomes the limitations associated with a single CNF,
which can only marginally improve thermal conductivity, by leveraging synergistic effects between the constituent materials. In the study
conducted by Tan et al[37],the incorporation of hybrid-dimensional carbon nanomaterials (HDCN), consisting of CNF and graphene, into a
modified lotus root starch matrix significantly enhances the thermal performance of CPCM. Specifically, CNF exhibits inherently high thermal
conductivity. When synergistically integrated with graphene, they construct a continuous and stable "thermal conduction pathway," resulting
in a maximum thermal conductivity of 1.403 W/(m-K) for the CPCM—approximately 2.5 times higher than that of the pure SAT-STP eutectic
material. Moreover, the one-dimensional fibrous structure of CNF is interwoven to form a porous network, which employs capillary forces and
surface tension to immobilize the eutectic PCM in its molten state, thereby minimizing leakage and improving the morphological stability of
the composite. Additionally, the HDCN facilitates heterogeneous nucleation of the sodium acetate trihydrate-sodium thiosulfate pentahydrate
(SAT-STP) eutectic system, thereby lowering the nucleation energy barrier. This results in a reduction in semi-crystallization time from 0.96
minutes to 0.78 minutes, effectively mitigating the undercooling phenomenon. Zhang et al[38] created a "one-dimensional-two-dimensional"
hybrid carbon filler system by combining CNF with graphene nanoplates (GNP). In this system, CNF exhibits a slender tubular structure with
a diameter of 200-600 nm and a length of 5-50 um. This one-dimensional morphology enables CNF to span the gaps between the matrix, acting
as a “bridge” connecting the two-dimensional GNP layers. In the composite material, GNP and CNF either adhere to the material surface or are
embedded within the matrix. Some CNFs also directly bind with GNP to form thermal bridges, thereby filling gaps created during GNP
dispersion, reducing thermal resistance, and enhancing phonon heat transfer. Fig. 3b shows that when GNP and CNF are mixed at a mass ratio
of 1.7:0.3 (sample SN2), the thermal conductivity of CPCM reaches 0.759 W/(m-K), demonstrating excellent thermal conductivity.

Additionally, its latent heat of fusion is 116.41 J/g, with performance degradation of only approximately 5% after thermal cycling. Li et al[39]
grew CNF on the surface of flake graphite (FG) using CVD technology, forming an FG-CNF structure. The fibrous structure of CNF acts as a
“bridge,” tightly bonding with the FG surface on one hand, and participating in condensation reactions via surface active groups on the other,
achieving chemical bonding with modified bentonite (Bn). This connects FG, CNF, and By, through chemical bonds to form an integrated
carrier. This structure not only enhances the overall stability and cycling reliability of the support material, after 50 thermal cycles, the latent
heat change of the composite phase change material fs-PCM3 is only 0.05%, demonstrating excellent thermal stability, but also endows the
composite material with a thermal conductivity of 2.803 W/(m-K) shown in Fig. 3f, which is 10.5 times that of pure stearic acid (SA), while
effectively suppressing leakage issues.
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Fig. 3. (a) Schematic representations of thermal conductivity enhancement mechanism, (b) Thermal conductivity histogram of SNO—SNS5, (c)
DSC curves of LA and SNO—SNS of melting process and solidification process, Copyright 2023,Society of Plastics Engineers [38], (d)
[lustration of the mechanism of coupling process, (¢) Scheme of preparation route of composite, (f) Thermal conductivities of samples, (g)
Temperature-time curves of SA and fs-PCM3 in thermal storage-release process, Copyright 2019, Elsevier Ltd. [39]

2.3. 2D and 3D carbon nanofiber networks

In phase change energy storage materials, the dispersion state of CNFs plays a critical role in performance regulation. As previously discussed,
uniform dispersion of CNFs enables the formation of an effective thermal conduction network, which enhances thermal conductivity and
mitigates leakage. However, the influence of CNFs extends beyond mere dispersion; the regulation of both macro- and micro-structures is
equally essential for optimizing material performance. Through various preparation strategies, such as self-assembly or template-based methods,
CNFs can be precisely engineered into two-dimensional membrane-like or three-dimensional porous network structures. These tailored
structural configurations not only affect the interaction between CNFs and PCMs but also directly determine the thermal, mechanical, and
functional characteristics of the resulting composite materials. Furthermore, such structures provide PCMs with a stable loading environment
and efficient thermal conduction pathways, which constitute the unique advantages offered by CNFs.

Jing et al[40] fabricated porous carbon nanofibers (PCNFs) by encapsulating PEG within electrospun polyacrylonitrile/polystyrene composite
nanofibers, followed by pyrolysis, which is shown in Fig. 4a. The resulting CPCM demonstrated excellent performance, including melting and
solidification latent heats of 71.9 J/g and 70.9 J/g, respectively. In Fig. 4b, it maintained good thermal stability after 100 thermal cycles, with
thermal conductivity improved by 45% compared to pure PEG. Additionally, Fig. 4c and Fig. 4d demonstrate that the material exhibited superior
solar-to-thermal and electric-to-thermal energy conversion capabilities, along with notable cycling stability, attributed to the interconnected
carbon nanofiber matrix. The PCNFs possess a two-dimensional fibrous membrane structure, in which the fibers are interwoven to form a
continuous network. With an average diameter of approximately 740 nm, high porosity, and excellent flexibility, the PCNFs provide a stable
structural framework for PEG loading. The capillary forces within the porous structure enable effective immobilization of PEG, allowing the
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composite material to simultaneously exhibit favorable flexibility, shape stability, and efficient solar-to-thermal as well as electric-to-thermal
energy conversion performance. The experimental samples developed by Zeighampour et al. [41]exhibit favorable flexibility, rendering them
suitable for wearable applications. The composite framework constructed from CNFs and reduced graphene oxide nanoparticles effectively
suppresses the leakage of PEG, with no leakage observed even after exposure to 75°C for 72 hours. Following 3000 cycles of abrasion testing
and 5 laundering cycles, the samples demonstrate a weight loss of less than 4%, while the reductions in thermal conductivity and heat transfer
efficiency are both confined to less than 10%.

Niu and Yuan's study[42] utilized wood-derived cellulose nanofibers as raw materials to fabricate carbon nanofiber aerogels (CNFAs) with
well-defined three-dimensional network structures. These CNFAs were subsequently integrated with SA and 1-tetradecanol (1-TD) to develop
shape-stable PCMs. The ultra-high porosity and nano-porous architecture of the aerogels enable the immobilization of molten PCMs through
capillary forces and surface tension, effectively preventing leakage while maintaining structural integrity. The interconnected fibrous network
provides a continuous pathway for thermal conduction, which, in conjunction with the inherent high thermal conductivity of carbon materials,
significantly enhances the heat transfer performance of the PCMs. Additionally, the substantial pore volume allows for a PCM loading capacity
exceeding 98%, preserving a latent heat of phase change comparable to that of pure PCMs. Furthermore, as shown in Fig. 4f, the structure
leverages the light-absorbing properties of carbon nanofibers to efficiently capture photons and convert them into thermal energy, achieving a
solar-thermal energy conversion efficiency of 96.2%.

Similarly, researchers[43] employed a template method to deposit ZIF-67 onto pre-treated bacterial cellulose, followed by the preparation of a
CNF@Co/C aerogel with a neural network-like architecture via high-temperature carbonization. Within this aerogel structure, CNF functions
as “axons,” while Co/C polyhedra act as “neurons.” This distinctive design imparts the material with exceptional light absorption properties.
By harnessing the synergistic effects of the localized surface plasmon resonance (LSPR) of Co/C polyhedra and the photon transport pathways
facilitated by CNF, the solar-to-thermal conversion efficiency achieved a maximum of 95.27%. In terms of carbon nanofiber structural design,
in addition to the enhancement provided by the biomimetic network, the ordered alignment of CNF further significantly enhances performance.
Zhan et al[44] addressed the challenges of low thermal conductivity and phase leakage in phase change materials by utilizing a magnetic field-
assisted freeze-casting technique to construct a dual-aligned scaffold (D-AS), featuring micro-scale CNF alignment and macro-scale oriented
channels shown in Fig. 4g. The CNFs are aligned along the direction of heat transfer, thereby fully exploiting their high axial thermal
conductivity. In Fig. 4h, when the carbon nanofiber content reaches 16.21 wt%, the thermal conductivity of D-AS/polyethylene glycol attains
5.48 W/(m-K), marking an increase of 1,857.1% compared to pure polyethylene glycol. Moreover, the porous structure of D-AS effectively
immobilizes polyethylene glycol through capillary forces and surface tension, with no leakage observed even at 80°C.

In other studies, CNFs, which exhibit high axial thermal conductivity, serve as the fundamental components of the thermal conduction network
and collaborate with other carbon-based materials to enhance the thermal conductivity of phase change composites, thereby improving the
efficiency of heat storage and release. Song et al[45] synthesized graphene-connected carbon nanofibers, wherein graphene serves as a "bridge"
connecting adjacent CNFs, thereby forming a continuous three-dimensional thermal conductivity network referred to as the "fiber-graphene-
fiber" structure. This structural design effectively reduces the thermal resistance between CNFs, resulting in a thermal conductivity coefficient
of 1.21 W/(m-K) for the composite material, representing a 337% enhancement compared to pure lauric-myristic-stearic acid (LA-MA-SA).
Additionally, the heating and cooling efficiencies are improved by 45.7% and 64.9%, respectively. The material's porous structure enables the
confinement of molten LA-MA-SA through capillary forces and surface tension, preventing leakage even at 60°C, while achieving a high LA-
MA-SA loading capacity of 72.1% with a melting enthalpy of 120.4 kJ/kg. This ensures efficient thermal energy storage and maintains structural
stability over 30 thermal cycles. Variations in carbonization temperature were found to influence the pore distribution and specific surface area
of the resulting material. In addition to synergistic effects with carbon-based materials, CNFs can also cooperate with metal particles to construct
efficient thermal conduction paths. Song et al.[46] shows that form-stable phase change materials with copper nanoparticle-attached carbon
nanofibers (Cu/CNFs) as the supporting structure can significantly improve the heat transfer efficiency of composite phase change materials,
while shortening the melting and solidification times and enhancing the thermal storage/release rates. Moreover, the high specific surface area
and porous structure of CNFs enhance the interfacial bonding with lauric acid-myristic acid-stearic acid ternary eutectic mixture, which can
promote the uniform dispersion of phase change materials and reduce the latent heat loss caused by interfacial effects.

T me e wn s ww me
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Fig. 4. (a) Schematic of fabrication process of PCNF@PEG, (b) Phase change stability of PCNF@PEG, (c) Solar-/electro-thermal energy
conversion and storage performance, (d) Time-temperature evolution curve of the PCNF@PEG under the voltage of 5.0 V, (e) Time-
temperature evolution curve of the PCNF@PEG under simulated solar irradiation, Copyright 2024, Elsevier Ltd. [40], (f) Schematic

description of the processes of the PCM/CNFA composites and the energy harvesting device, (g) Solar-to-thermal energy conversion curves
of the PCM-SA and PCM-1-TD samples under sunlight irradiation, Copyright 2019, American Chemical Society [42], (h) Scheme illustration
for the fabrication of D-AS/PEG composites, (i) Schematic diagram of heat transfer of the AS/PEG and the D-AS/PEG composites[43]
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3. Conclusion

CNF, with its unique structural characteristics and excellent physical and chemical properties, has become a core functional material for
optimizing the performance of PCMs, providing effective solutions to key challenges such as leakage issues, low thermal conductivity, and
insufficient cycle stability in solid-liquid phase change materials. CNFs exhibit diverse morphological regulation modes in CPCMs, realizing
core functionalities including thermal conductivity enhancement and leakage suppression via tailored structural designs. However, distinct
discrepancies exist among different morphologies in terms of performance, cost, and application scenarios.

When CNFs are uniformly dispersed as a dispersed phase, they enhance thermal conductivity by forming a continuous thermal conduction
network and restraining PCM leakage through capillary forces and surface tension within the fibrous network. This configuration features
relatively low cost, but the improvement in thermal conductivity is limited; moreover, high loading content tends to reduce the latent heat of
PCMs, rendering it suitable for scenarios with moderate to low thermal conductivity requirements rather than high-efficiency heat dissipation
demand. In hybrid systems composed of CNFs and materials like graphene or flake graphite, CNFs act as "bridges" connecting two-dimensional
carbon materials, filling interfacial gaps to reduce thermal resistance and achieve synergistic enhancement of thermal conductivity.
Nevertheless, such systems suffer from poor interfacial compatibility between components, complex preparation processes, and high costs,
restricting their application to high-end thermal conductivity scenarios with limitations in flexibility and lightweight design. When self-
assembled into two-dimensional films, three-dimensional porous structures, or ordered aligned architectures, CNFs optimize heat transfer
pathways and provide a mechanically stable framework for PCM encapsulation, endowing the composites with additional functionalities such
as flexibility and photothermal/electrothermal conversion capabilities. Despite their superior performance in thermal conductivity and stability,
these configurations are characterized by extremely high preparation costs, complex processes, and limited PCM loading capacity, confining
their use to high-end applications and hindering large-scale implementation.

The structure and form of CNF have a decisive impact on the performance of composite phase-change materials. Its "structural designability"
and "multifunctionality" make it a key link between renewable energy and sustained energy demand, laying an important foundation for
improving energy storage system efficiency and promoting the large-scale application of clean energy. Future research could further focus on
precise control of CNF structure, in-depth understanding of the mechanisms underlying their interaction with phase change materials at
interfaces, and the development of low-cost, scalable production technologies to achieve broader practical applications in fields such as flexible
electronics, building energy efficiency, and photovoltaic thermal storage.

Acknowledgment

The authors hereby express their sincere gratitude to Dr. Li Ying for her meticulous guidance and strong support throughout the research
process. They also sincerely appreciate the enthusiastic help and selfless assistance from all fellow members of the research group.

References

[1] Abbasi, K. R. Shahbaz, M. Zhang, J. Irfan, M. Alvarado, R. "Analyze the Environmental Sustainability Factors of China: The Role of
Fossil Fuel Energy and Renewable Energy". Renewable Energy, 187, 390—-402, March 2022. https://doi.org/10.1016/j.renene.2022.01.066.

[2] Olabi, A. G. Abdelkareem, M. A. "Renewable Energy and Climate Change". Renewable and Sustainable Energy Reviews, 158, 112111,
April 2022. https://doi.org/10.1016/j.rser.2022.112111.

[3] Gustavsson, L. Nguyen, T. Sathre, R. Tettey, U. Y. A. "Climate Effects of Forestry and Substitution of Concrete Buildings and Fossil
Energy". Renewable and Sustainable Energy Reviews, 136, 110435, February 2021. https://doi.org/10.1016/j.rser.2020.110435.

[4] He, X. Wang, F. Wallington, T. J. Shen, W. Melaina, M. W. Kim, H. C. De Kleine, R. Lin, T. Zhang, S. Keoleian, G. A. Lu, X. Wu, Y.
"Well-to-Wheels Emissions, Costs, and Feedstock Potentials for Light-Duty Hydrogen Fuel Cell Vehicles in China in 2017 and 2030".
Renewable and Sustainable Energy Reviews, 137, 110477, March 2021. https://doi.org/10.1016/j.rser.2020.110477.

[5] Zhu, X. Liu, J. Yang, K. Zhang, L. Wang, S. Liu, X. "Structurally Engineered 3D Porous Graphene Based Phase Change Composite with
Highly Efficient Multi-Energy Conversion and Versatile Applications". Composites Part B: Engineering, 272, 111233, March 2024.
https://doi.org/10.1016/j.compositesb.2024.111233.

[6] Rodat, S. Abanades, S. Boujjat, H. Chuayboon, S. "On the Path toward Day and Night Continuous Solar High Temperature
Thermochemical Processes: A Review". Renewable and Sustainable Energy Reviews, 132, 110061, October 2020.
https://doi.org/10.1016/j.rser.2020.110061.

[71 Li,Z.Lu, Y. Huang, R. Chang, J. Yu, X. Jiang, R. Yu, X. Roskilly, A. P. "Applications and Technological Challenges for Heat Recovery,
Storage and Utilisation with Latent Thermal Energy Storage". Applied Energy, 283, 116277, February 2021.
https://doi.org/10.1016/j.apenergy.2020.116277.

[8] Aftab, W. Usman, A. Shi, J. Yuan, K. Qin, M. Zou, R. "Phase Change Material-Integrated Latent Heat Storage Systems for Sustainable
Energy Solutions". Energy Environ. Sci., 14 (8), 4268-4291, 2021. https://doi.org/10.1039/D1EE00527H.

[9] Pielichowska, K. Pielichowski, K. "Phase Change Materials for Thermal Energy Storage". Progress in Materials Science, 65, 67-123,
August 2014. https://doi.org/10.1016/j.pmatsci.2014.03.005.

[10] Abhat, A. "Low Temperature Latent Heat Thermal Energy Storage: Heat Storage Materials". Solar Energy, 30 (4), 313-332, 1983.
https://doi.org/10.1016/0038-092X(83)90186-X.

[11] Wang, G. Tang, Z. Gao, Y. Liu, P. Li, Y. Li, A. Chen, X. "Phase Change Thermal Storage Materials for Interdisciplinary Applications".
Chem. Rev., 123 (11), 6953-7024, June 2023. https://doi.org/10.1021/acs.chemrev.2c00572.

[12] Karaipekli, A. Biger, A. Sari, A. Tyagi, V. V. "Thermal Characteristics of Expanded Perlite/Paraffin Composite Phase Change Material
with Enhanced Thermal Conductivity Using Carbon Nanotubes". Energy Conversion and Management, 134, 373-381, February 2017.
https://doi.org/10.1016/j.enconman.2016.12.053.

[13] Ke, H. Ghulam, M. U. H. Li, Y. Wang, J. Peng, B. Cai, Y. Wei, Q. "Ag-Coated Polyurethane Fibers Membranes Absorbed with Quinary
Fatty Acid Eutectics Solid-Liquid Phase Change Materials for Storage and Retrieval of Thermal Energy". Renewable Energy, 99, 1-9,

97



Rongling Z. et al., Journal of Techniques, Vol. 7, No. 3, 2025

December 2016. https://doi.org/10.1016/j.renene.2016.06.033.

[14] Wang, W. Tang, B. Ju, B. Gao, Z. Xiu, J. Zhang, S. "Fe3 O4 -Functionalized Graphene Nanosheet Embedded Phase Change Material
Composites: Efficient Magnetic- and Sunlight-Driven Energy Conversion and Storage". J. Mater. Chem. A, 5 (3), 958-968, 2017.
https://doi.org/10.1039/C6TA07144A.

[15] Chalco-Sandoval, W. Fabra, M. J. Lopez-Rubio, A. Lagaron, J. M. "Development of Polystyrene-Based Films with Temperature Buffering
Capacity for Smart Food  Packaging". Journal of Food Engineering, 164, 55-62, November 2015.
https://doi.org/10.1016/j.jfoodeng.2015.04.032.

[16] Zhang, P. Xiao, X. Ma, Z. W. "A Review of the Composite Phase Change Materials: Fabrication, Characterization, Mathematical Modeling
and Application to Performance Enhancement". Applied Energy, 165, 472-510, March 2016.
https://doi.org/10.1016/j.apenergy.2015.12.043.

[17] Wang, T. Wang, S. Luo, R. Zhu, C. Akiyama, T. Zhang, Z. "Microencapsulation of Phase Change Materials with Binary Cores and Calcium
Carbonate Shell for Thermal Energy Storage". Applied Energy, 171, 113—119, June 2016. https://doi.org/10.1016/j.apenergy.2016.03.037.

[18] Cao, Y. Lian, P. Chen, Y. Zhang, L. Sheng, X. "Novel Organically Modified Disodium Hydrogen Phosphate Dodecahydrate-Based Phase
Change Composite for Efficient Solar Energy Storage and Conversion". Solar Energy Materials and Solar Cells, 268, 112747, May 2024.
https://doi.org/10.1016/j.solmat.2024.112747.

[19] Li, S. Ji, W. Zou, L. Li, L. Li, Y. Cheng, X. "Crystalline TiO2 Shell Microcapsules Modified by Co304/GO Nanocomposites for Thermal
Energy Storage and Photocatalysis". Materials Today Sustainability, 19, 100197, November  2022.
https://doi.org/10.1016/j.mtsust.2022.100197.

[20] Kibria, M. A. Anisur, M. R. Mahfuz, M. H. Saidur, R. Metselaar, 1. H. S. C. "A Review on Thermophysical Properties of Nanoparticle
Dispersed  Phase =~ Change  Materials".  Energy = Conversion and  Management, 95, 69-89, May  2015.
https://doi.org/10.1016/j.enconman.2015.02.028.

[21] Cui, Y. Liu, C. Hu, S. Yu, X. "The Experimental Exploration of Carbon Nanofiber and Carbon Nanotube Additives on Thermal Behavior
of Phase Change Materials". Solar Energy Materials and Solar Cells, 95 (4), 1208-1212, April 2011.
https://doi.org/10.1016/j.s0lmat.2011.01.021.

[22] Yang, X. Chen, Y. Zhang, C. Duan, G. Jiang, S. "Electrospun Carbon Nanofibers and Their Reinforced Composites: Preparation,
Modification, Applications, and Perspectives". Composites Part B: Engineering, 249, 110386, January 2023.
https://doi.org/10.1016/j.compositesb.2022.110386.

[23] Jin, Y. Ren, J. Chen, J. Dai, Z. Li, B. Zhou, X. "Controllable Preparation of Helical Carbon Nanofibers by CCVD Method and Their
Characterization". Mater. Res. Express, 5 (1), 015601, January 2018. https://doi.org/10.1088/2053-1591/aaa09c.

[24] Guo, S. Cai, X. Zhang, R. Feng, W. Wei, H. Li, Y. "Controllable Fabrication of Elastic Foam with Ordered Helical Carbon Nanofiber
Arrays". Express Polym. Lett., 19 (2), 201-207, 2025. https://doi.org/10.3144/expresspolymlett.2025.15.

[25] Hu, B. Zhang, H. Li, S. Chen, W. Wu, Z. Liang, H. Yu, H. Yu, S. "Robust Carbonaceous Nanofiber Aerogels from All Biomass Precursors".
Adv Funct Materials, 33 (1), 2207532, January 2023. https://doi.org/10.1002/adfm.202207532.

[26] Jeon, D. Sagong, M. Kim, M. S. Nam, J. S. Park, H. Kim, 1. "Electrospun Carbon Nanofibers for Clean Energy Applications: A
Comprehensive Review". EcoMat, 7 (2), €12517, February 2025. https://doi.org/10.1002/eom2.12517.

[27] Li, Y. Guo, S. Zhao, L. Chen, S. Li, Y. Yang, X. Wang, P. Feng, W. Mou, Z. Jiang, H. Wei, H. Cerullo, G. "Controlled Preparation of
Lightweight, Resilient Helical Carbon Fibers for High-Performance Microwave Absorption and Oil-Water Separation”. Carbon, 233,
119923, February 2025. https://doi.org/10.1016/j.carbon.2024.119923.

[28] Ghosh, S. K. Das, T. K. Ganguly, S. Paul, S. Nath, K. Katheria, A. Ghosh, T. Nath Chowdhury, S. Das, N. Ch. "Carbon Nanotubes and
Carbon Nanofibers Based Co-Continuous Thermoplastic Elastomeric Blend Composites for Efficient Microwave Shielding and Thermal
Management".  Composites Part A:  Applied Science and  Manufacturing, 161, 107118, October  2022.
https://doi.org/10.1016/j.compositesa.2022.107118.

[29] Singh, P. Sharma, R. K. Khalid, M. Goyal, R. Sar1, A. Tyagi, V. V. "Evaluation of Carbon Based-Supporting Materials for Developing
Form-Stable Organic Phase Change Materials for Thermal Energy Storage: A Review". Solar Energy Materials and Solar Cells, 246,
111896, October 2022. https://doi.org/10.1016/j.s0lmat.2022.111896.

[30] Nomura, T. Tabuchi, K. Zhu, C. Sheng, N. Wang, S. Akiyama, T. "High Thermal Conductivity Phase Change Composite with Percolating
Carbon Fiber Network". Applied Energy, 154, 678—685, September 2015. https://doi.org/10.1016/j.apenergy.2015.05.042.

[31] Elgafy, A. Lafdi, K. "Effect of Carbon Nanofiber Additives on Thermal Behavior of Phase Change Materials". Carbon, 43 (15), 3067—
3074, December 2005. https://doi.org/10.1016/j.carbon.2005.06.042.

[32] Singh, P. Sharma, R. K. Hekimoglu, G. Sar1, A. Gencel, O. Tyagi, V. V. "Expanded Waste Glass/Methyl Palmitate/Carbon Nanofibers as
Effective Shape Stabilized and Thermal Enhanced Composite Phase Change Material for Thermal Energy Storage". Journal of Energy
Storage, 64, 107205, August 2023. https://doi.org/10.1016/j.est.2023.107205.

[33] Ren, M. Liu, Y. Gao, X. "Incorporation of Phase Change Material and Carbon Nanofibers into Lightweight Aggregate Concrete for
Thermal Energy Regulation in Buildings". Energy, 197, 117262, April 2020. https://doi.org/10.1016/j.energy.2020.117262.

[34] Qin, J. Chen, Y. Xu, C. Fang, G. "Synthesis and Thermal Properties of 1-Octadecanol/Nano-TiO2/Carbon Nanofiber Composite Phase
Change Materials for Thermal Energy Storage". Materials Chemistry and Physics, 272, 125041, November 2021.
https://doi.org/10.1016/j.matchemphys.2021.125041.

[35] Hekimoglu, G. Sar1, A. Gencel, O. Tyagi, V. V. "Thermal Energy Storage Characteristics of Polyacrylic Acid/Dodecanol/Carbon
Nanofiber Composites as Thermal Conductive shape-stabilized Composite Phase Change Materials". Intl J of Energy Research, 46 (14),
20873-20885, November 2022. https://doi.org/10.1002/er.7732.

[36] Xu, C. Wang, W. Zhang, H. Fang, G. "Thermal Properties of Lauric Acid-Palmitic Acid Eutectics/Polyvinyl Butyral/Carbon Nanofibers
as Shape-Stable Phase Change Materials". Thermochimica Acta, 715, 179300, September 2022. https://doi.org/10.1016/j.tca.2022.179300.

[37] Tan, X. Gu, X. Nian, H. Wang, X. Li, J. Wang, Q. Wang, Z. Zhao, Y. Zhou, Y. "Enhanced Thermal Performance of NaCH3COO-3H20-
Na2S203-5H20 Eutectic Based Composite Phase Change Materials with Hybrid Dimensional Carbon Nanomaterials and Modified Lotus
Root Starch". Journal of Energy Storage, 95, 112418, August 2024. https://doi.org/10.1016/j.est.2024.112418.

[38] Zhang, H. Fu, T. Wang, W. Fang, G. "Thermal Properties of Lauric Acid/High-density Polyethylene Form-stabilized Phase Change
Materials Doped with Hybrid Carbon Nanofillers". Polymer Composites, 44 (4), 22762286, April 2023. https://doi.org/10.1002/pc.27242.

[39] Li, C. Xie, B. Chen, J. He, Z. Chen, Z. Long, Y. "Emerging Mineral-Coupled Composite Phase Change Materials for Thermal Energy

98



Rongling Z. et al., Journal of Techniques, Vol. 7, No. 3, 2025

Storage". Energy Conversion and Management, 183, 633—644, March 2019. https://doi.org/10.1016/j.enconman.2019.01.021.

[40] Jing, H. Chen, T. Shao, W. Ma, C. Ji, R. Zhang, J. Hu, J. Liu, Q. Wei, T. Wang, R. Li, W. Cheng, M. Liu, B. "Flexible Electrospun Porous
Carbon nanofiber@PEG Phase Change Nanofibrous Membrane for Advanced Solar-/Electro-Thermal Energy Conversion and Storage".
Journal of Energy Storage, 104, 114608, December 2024. https://doi.org/10.1016/j.est.2024.114608.

[41] Zeighampour, F. Khoddami, A. Dolez, P. I. "Innovative Flexible Thermal Storage Textile Using Nanocomposite Shape-Stabilized Phase
Change Materials". Fash Text, 10 (1), 43, December 2023. https://doi.org/10.1186/s40691-023-00363-7.

[42] Niu, Z. Yuan, W. "Highly Efficient Thermo- and Sunlight-Driven Energy Storage for Thermo-Electric Energy Harvesting Using
Sustainable Nanocellulose-Derived Carbon Aerogels Embedded Phase Change Materials". ACS Sustainable Chem. Eng., 7 (20), 17523—
17534, October 2019. https://doi.org/10.1021/acssuschemeng.9b05015.

[43] Li, Y. Liu, P. Li, P. Feng, Y. Gao, Y. Diao, X. Chen, X. Wang, G. "Neural Network-Inspired Hybrid Aerogel Boosting Solar Thermal
Storage  and  Microwave  Absorption".  Nano  Research  Energy, 3 3), e9120120, September  2024.
https://doi.org/10.26599/nre.2024.9120120.

[44] Zhan, C. Cui, W. Li, L. Zhang, Y. Dou, W. Cui, J. "High Thermally Conductive Shape-Stabilized Phase Change Composites with Dual-
Aligned Carbon Nanofiber Scaffolds". Journal of Energy Storage, 83, 110739, April 2024. https://doi.org/10.1016/j.est.2024.110739.

[45] Song, X. Cai, Y. Wu, Y. Wang, W. Sun, X. Wei, Q. Zhang, L. "Superior Form-Stable Phase Change Material Made with Graphene-
Connected Carbon Nanofibers and Fatty Acid Eutectics". j nanosci nanotechnol, 19 (11), 7044-7053, November 2019.
https://doi.org/10.1166/jnn.2019.16711.

[46] Song, X. Cai, Y. Huang, C. Gu, Y. Zhang, J. Qiao, H. Wei, Q. "Cu Nanoparticles Improved Thermal Property of Form-Stable Phase
Change Materials Made with Carbon Nanofibers and LA-MA-SA Eutectic Mixture". j nanosci nanotechnol, 18 (4), 2723-2731, April
2018. https://doi.org/10.1166/jnn.2018.14361.

929



