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Leakage Proof, Flame‑Retardant, 
and Electromagnetic Shield Wood Morphology 
Genetic Composite Phase Change Materials 
for Solar Thermal Energy Harvesting
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HIGHLIGHTS

• An innovative class of versatile form-stable composite phase change materials (CPCMs) was fruitfully exploited, featuring MXene/
phytic acid hybrid depositing on non-carbonized wood as a robust support.

• The wood-based CPCMs showcase enhanced thermal conductivity of 0.82 W  m−1  K−1 (4.6 times than polyethylene glycol) as well as high 
latent heat of 135.5 kJ  kg−1 (91.5% encapsulation) with thermal durability and stability throughout at least 200 heating and cooling cycles.

• The wood-based CPCMs have good solar-thermal-electricity conversion, flame-retardant, and electromagnetic shielding properties.

ABSTRACT Phase change materials (PCMs) offer a promising solution to 
address the challenges posed by intermittency and fluctuations in solar thermal 
utilization. However, for organic solid–liquid PCMs, issues such as leakage, 
low thermal conductivity, lack of efficient solar-thermal media, and flamma-
bility have constrained their broad applications. Herein, we present an innova-
tive class of versatile composite phase change materials (CPCMs) developed 
through a facile and environmentally friendly synthesis approach, leveraging the 
inherent anisotropy and unidirectional porosity of wood aerogel (nanowood) to 
support polyethylene glycol (PEG). The wood modification process involves the 
incorporation of phytic acid (PA) and MXene hybrid structure through an evaporation-induced assembly method, which could impart non-leaking PEG 
filling while concurrently facilitating thermal conduction, light absorption, and flame-retardant. Consequently, the as-prepared wood-based CPCMs 
showcase enhanced thermal conductivity (0.82 W  m−1  K−1, about 4.6 times than PEG) as well as high latent heat of 135.5 kJ  kg−1 (91.5% encapsula-
tion) with thermal durability and stability throughout at least 200 heating and cooling cycles, featuring dramatic solar-thermal conversion efficiency 
up to 98.58%. In addition, with the synergistic effect of phytic acid and MXene, the flame-retardant performance of the CPCMs has been significantly 
enhanced, showing a self-extinguishing behavior. Moreover, the excellent electromagnetic shielding of 44.45 dB was endowed to the CPCMs, relieving 
contemporary health hazards associated with electromagnetic waves. Overall, we capitalize on the exquisite wood cell structure with unidirectional 
transport inherent in the development of multifunctional CPCMs, showcasing the operational principle through a proof-of-concept prototype system.
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1 Introduction

Thermal energy supplementation constitutes the predomi-
nant form of global energy consumption, encompassing 
more than half of the total final energy demand [1, 2]. The 
escalating challenges posed by the energy crisis and envi-
ronmental degradation have necessitated a shift in thermal 
energy acquisition strategies from fossil fuel-based resources 
to renewable alternatives. Despite this imperative transition, 
renewable sources like wind energy, tidal energy, and geo-
thermal energy encounter significant drawbacks, including 
geographical constraints, limited adaptability, and subop-
timal efficiency, impeding their widespread adoption [3]. 
Addressing these limitations requires a comprehensive 
approach to the management of thermal energy, covering 
aspects like harvesting, conversion, and storage [4]. In this 
context, solar thermal conversion technology emerges as 
a promising avenue for harnessing abundant solar energy, 
offering notable advantages in terms of conversion effi-
ciency, operational simplicity, and cost-effectiveness [5]. 
Significantly, phase change materials (PCMs) hold a piv-
otal role in solar-thermal systems due to their ability to 
absorb and release substantial thermal energy during phase 
transitions [6, 7]. This characteristic effectively mitigates 
challenges associated with solar energy intermittency, 
dispersion, and efficiency constraints. However, practi-
cal implementation of PCM-based solar thermal systems 
encounters obstacles such as potential leakage, suboptimal 
thermal storage rates attributable to low thermal conductiv-
ity, and a lack of inherent solar thermal conversion capability 
[8]. Overcoming these challenges is critical to fully unlock-
ing the potential of PCM-based solar thermal systems for 
advancing sustainable energy solutions.

Achieving shape-stabilization for PCMs through encap-
sulation techniques such as porous media adsorption [9, 
10], microencapsulation [11, 12], and electrospinning [13, 
14] within a supporting matrix (e.g., metals, mineral clays, 
and synthetic polymers) emerges as a promising strategy 
to effectively mitigate the risk of leakage. In the realm of 
supporting materials, the three-dimensional (3D) porous 
scaffold garners significant attention, driven by its straight-
forward encapsulation process and elevated encapsulation 
efficiency [15]. In the past decade, materials such as carbon 
foam [16, 17], synthetic polyurethane foam [18, 19], and 
aerogels [20, 21] have been extensively employed for the 

preparation of form-stable composite phase change materials 
(CPCMs). However, the intricate manufacturing process has 
resulted in increased production costs as well as the genera-
tion of numerous toxic by-products and pollutants, posing a 
significant challenge to the principles of sustainable devel-
opment. Therefore, there is a compelling need for the devel-
opment of 3D porous scaffolds that are both effective and 
sustainable, featuring ease of manufacturing and ensuring 
environmental friendliness. Fortunately, the exquisite struc-
tures found in biological organisms have inspired the devel-
opment of alternative synthetic encapsulation matrices [22]. 
Derived from natural structures, biobased materials can be 
obtained through a facile “top-down approach”, eliminating 
the need for complex construction processes [23–25]. As for 
wood, a prime example of nature’s intricate design, featuring 
meticulously aligned structures like hollow vessels, tracheid 
elements, and membranes such as pits designed for efficient 
water and ion transport [26]. The hierarchical porosity inher-
ent in wood, extending from the macroscale to the nanoscale, 
positions it as a highly promising functional material [27, 
28]. Beyond its well-known roles in liquid absorption and 
fluid filtration [29, 30], wood emerges as a compelling candi-
date for encapsulating PCMs. Liu et al. [31] achieved encap-
sulation efficiencies of 83.9%, 84.0%, and 74.1% for myris-
tic acid, paraffin, and polyethylene glycol, respectively, in 
balsa wood. Yang et al. [32] encapsulated 1-tetradecanol in 
basswood with an efficiency of 59.94% and a phase change 
enthalpy of 124.6 J  g−1. A frequently utilized procedure in 
these studies involves the removal of lignin, which signifi-
cantly diminishes light absorption across the visible and 
ultraviolet light spectra. The weakened photo-absorption 
capabilities of both wood, particularly after delignification, 
and the PCM collectively contribute to a reduced efficiency 
in converting solar irradiation. Consequently, these limita-
tions curtail the broader applications of wood-based CPCMs 
in the domain of solar to thermal energy management.

Recently, the integration of  Fe3O4 [33] and carbon quan-
tum dots [34, 35] directly into PCMs, followed by encapsu-
lation within a wooden scaffold, has demonstrated notable 
improvements in both photothermal conversion efficiency 
and thermal conductivity. However, the direct addition 
of these components does not facilitate effective bonding 
between fillers, and there is also a lack of proper adhesion 
to the framework. Consequently, during prolonged usage, 
the fillers are prone to agglomeration and failure under the 
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influence of gravitational forces. It is reported that utiliz-
ing surface engineering techniques to foster the growth of 
functional two-dimensional (2D) nanofillers on the surface 
of the wood-derived scaffold represents a viable approach 
to address the aforementioned challenges [36, 37]. For 
instance, MXene, a novel 2D stacked lamellar material 
constituting transition metal carbides and carbonitrides, 
is obtained through the etching and exfoliation of MAX 
phases [38], showcasing exceptional capabilities in pho-
tothermal conversion [39], thermal conductivity [40], and 
optical application [41]. In addition, the surface of MXene 
is enriched with plentiful active functional groups, such as 
‒OH, ‒COOH, and ‒F, facilitating the deposition on the 
hydrophilic surface of the substrate, particularly for deligni-
fied wood [42–44]. As reported, MXene can be effectively 
anchored to the surface of wood through hydrogen bonding 
and could be used in the field of electromagnetic shielding 
[45], flame retardancy [46], volatile organic compounds 
(VOCs) detection [47], solar steam generation [48], light-
driven actuator [49], electrode [50], and environmental 
purification [51]. However, there has been limited report-
ing on the application of MXene modified wood in the field 
of solar to thermal energy conversion and storage. Here, 
the bonding between MXene and PCMs, as well as their 
collaborative flame-retardant and electromagnetic shielding 
properties, represents a crucial area for further exploration 
and research.

In this study, an innovative class of versatile form-
stable CPCMs was fruitfully exploited, featuring MXene 
 (Ti3C2Tx) depositing on non-carbonized wood as a robust 
support. The fabrication process involved selective wood 
delignification via boiling in an acidic  NaClO2 solution, 
followed by phytic acid (PA) and MXene co-adornment. 
Subsequently, polyethylene glycol (PEG) as the main 
PCM was encapsulated through vacuum impregnation, 
ultimately resulting in the formation of CPCMs that 
showcase exceptional solar-thermal conversion efficiency, 
highly efficient electromagnetic interference shield-
ing, and outstanding flame-retardancy. The lightweight 
nanowood derived from the removal of lignin that retains 
honeycomb-like oriented porous structures, namely wood 
aerogel, with their robust surface tension and remarkable 
capillary force, and the MXene/PA hybrid surface struc-
ture with functional groups capable of forming hydro-
gen bonds, collaboratively played a pivotal role in effec-
tively encapsulating PEG molecules. This encapsulation 

mechanism proved to be instrumental in preventing leak-
age during thermal storage processes. A comprehensive 
evaluation, encompassing chemical structure, crystalline 
state, microscopic morphology, encapsulation capability, 
phase change performance, thermal repeatability, fire-
retardant behavior, solar–thermal–electricity conversion, 
and electromagnetic interference shielding effectiveness, 
was conducted to provide a nuanced understanding of 
the overall properties of the CPCMs. As anticipated, the 
multi-faceted approach via facile MXene and PA hybrid 
wood modification promotes the multifunctionalization of 
the as-prepared form-stable CPCMs, making them promis-
ing candidates for diverse applications.

2  Experimental Section

2.1  Fabrication of Wood Aerogel and MXene/PA 
Hybrid Modification

Balsa wood timber was initially cut into samples with 
dimensions of 10 mm × 10 mm × 3 mm. A certain number 
of bulk wood samples were selected and placed in a 1 wt% 
sodium chlorite/acetic acid solution, maintaining a pH of 4.6 
for boiling treatment. After approximately 18 h, the color of 
the wood blocks changed from light yellow to white. The 
delignification treatment was stopped, and the samples were 
then rinsed with deionized water 3–5 times. After freeze-
drying, the wood aerogel was obtained and denoted as DW.

DW underwent a hybrid modification process with 
MXene and PA, employing the evaporation-induced assem-
bly method. Initially, the MXene dispersion was diluted to 
2 mg  mL−1 using deionized water, and a specific mass of 
PA was added to form an MXene/PA hybrid dispersion 
known as MP. Subsequently, MP dispersion was meticu-
lously added dropwise to DW using a pipette. The volume 
of added MP was controlled based on the MXene mass 
fraction in DW, namely 2%, 5%, 7%, and 10%. The ensu-
ing hybrid-modified wood was dried in an oven at 60 °C, 
resulting in distinctive wrinkled structures. Subsequently, 
deionized water was added dropwise to allow the modi-
fied wood blocks to swell to their original size. Afterward, 
freeze-drying for 24 h resulted in the modified wood aero-
gel. Depending on the MXene content, these were labeled 
as MPxDW, where X = 2, 5, 7, and 10, representing MXene 
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mass fractions in the wood aerogel framework of 2%, 5%, 
7%, and 10%, respectively.

2.2  Impregnation with PEG for the Preparation 
of CPCMs

The prepared MPxDW samples were immersed in PEG 
using a vacuum oven at 80 °C, 0.1 MPa according to our 
earlier studies. After 10 h, the wood-based composite phase 
change materials were all extracted, and based on the dif-
ferent encapsulation frameworks, they were labeled as 
MP2DWP, MP5DWP, MP7DWP, and MP10DWP, respec-
tively. Subsequently, a leakage experiment was conducted 
to determine the encapsulation capacity of different wood 
frameworks in the CPCMs. Specifically, all the afore-
mentioned PEG-filled composite phase change materials 
were placed on filter paper and placed in an 80 °C. The 
weight was measured every 15 min until the mass no longer 
changed, thus obtaining completely encapsulated MPDWPs.

Other comprehensive details related to the experimen-
tal procedures, encompassing the sources and types of 
materials, preparation of MXene aqueous dispersion, del-
ignification and hybrid modification of wood, fabrication 
of CPCMs, structural characterization, and the evaluation 

of solar  to  electricity conversion and electromagnetic 
shielding performance, are all demonstrated in Supporting 
Information.

3  Results and Discussion

3.1  Balsa‑Derived Framework and MXene/PA Hybrid 
Modification

The fabrication process of wood-based 3D frameworks 
with unidirectional pore structures as well as designed 
functionalized composite phase change materials is illus-
trated in Fig. 1. As the lightest natural wood globally, balsa 
(Ochroma pyramidale) boasts remarkably rapid growth, 
featuring the content of hollow tracheid tissues as high 
as 90%. Tracheids constitute a vertically arranged honey-
comb-like capillary structure with a diameter of approxi-
mately 10 μm (Fig. S1a1), rendering balsa a highly promis-
ing encapsulation matrix for the fabrication of form-stable 
phase change materials. However, fluctuations in nutrition 
and environmental conditions of balsa growth led to the 
formation of obstructive membrane structures and sealed 
pits (Fig. S1a2), which always limit the PCM effectively 
penetrating and encapsulating. Li et al. [52] also confirm 

Fig. 1  Schematic diagram of the preparation of composite phase change materials supported by phytic acid and MXene-decorated wood aerogel
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that unmodified wood exhibits only a lower level of encap-
sulation efficiency. Hence, the raw balsa timber undergoes 
treatment in an acidic sodium chlorite solution, facilitating 
the substantial removal of lignin while preserving hemi-
cellulose [37]. This facile delignification process disrupts 
the inherent closed structure, enhancing permeability and 
exposes more ‒OH groups on tracheid surfaces, facilitat-
ing subsequent functional modifications. Meanwhile, the 
retention of hemicellulose prevents significant deforma-
tion under external forces, thereby augmenting the struc-
tural stability of the framework. As anticipated, the mild 
delignification process has not altered the overall upright 
pore structure of balsa wood (Fig. S1b1). Instead, more 
open pore structures and gaps have appeared between the 
saturated cell wall layers (Fig. S1b2, b3). The modified 
balsa retains only carbohydrate components, resulting in 
an approximately 40% reduction in density (Table S1), ren-
dering balsa to be a cellulosic aerogel with a well-defined 
unidirectional pore structure. Compared to synthetic encap-
sulation matrices with higher density or disordered pores 
(e.g., polyurethane), the as-obtained wood aerogel will 
demonstrate significantly improved encapsulation effi-
ciency and stability for PCMs.

MXene has been meticulously selected as a 2D nanofiller 
with the explicit goal of functionalizing nanowood to ame-
liorate its inherent deficiencies (e.g., low thermal conduc-
tivity, flammability, and a lack of photothermal conversion 
performance) for the preparation of versatile form-stable 
CPCMs. The bulk MAX  (Ti3AlC2) phase with a densely 
stacked structure serves as the starting material (Fig. 2a), 
and an accordion-like loose MXene  (Ti3C2) layer (Fig. 2b) 
is formed by selectively etching its internal Al layers with a 
LiF-HCl solution. The success of the aforementioned etch-
ing process is further evidenced by changes in the crystal-
line structure. As shown in the spectra of XRD (Fig. 2c), 
the characteristic diffraction peak (104) located at 39° in 
correlation to Al element as well as the other diffraction 
peaks including 004 and 105 in MAX undergoes a signifi-
cant reduction and even disappearance following the trans-
formation of MXene. Meanwhile, the shift of the charac-
teristic peak at 002 from 9.6 to 7.3° signifies an expanded 
d-spacing from 0.94 to 1.18 nm in MXene after Al layer 
removal, resulting in an overall increase in the interlayer 
distance, which is in coincidence with the changes on micro-
scopic morphology (Fig. 2a, b). Subsequent ultrasonication 
enables the delamination of MXene, yielding a dispersion 

of single-layer or few-layer MXene that exhibits pronounced 
Tyndall scattering (Fig. 2d). This attests to the superior dis-
persibility of MXene in water, owing to its abundant hydro-
philic functional groups (e.g., ‒OH, ‒COOH, and ‒F) [53, 
54]. TEM morphology in Fig. 2d reveals that the exfolia-
tion of multilayer MXene, deprived of van der Waals forces, 
adopts an ultra-thin nanosheet structure. AFM measure-
ments further confirm that the width of the aforementioned 
ultra-thin nanosheets falls within the range of 0.4–1.0 μm, 
while the thickness ranges from 3.3 to 3.7 nm (Fig. 2e, f), 
which are consistent with the findings by Cao et al. [55]. 
Collectively, a facile process involving delamination and 
ultrasonication has successfully yielded single-layer or few-
layer MXene nanosheets, awarding a promising avenue for 
subsequent functional amelioration of nanowood. As illus-
trated in Fig. 2g, the suspension, comprising uniformly dis-
persed MXene nanosheets, could permeate the entire lumens 
within the nanowood. Subsequent rapid water evaporation 
will facilitate the contact between MXene nanosheets to 
form hydrogen bonds, which ensures the spontaneous layer-
by-layer deposition of MXene nanosheets onto the nanow-
ood surface, thus to establish a continuous MXene-based 
functional structure.

Despite the considerable body of study on documenting 
the utilization of MXene nanosheets for the modification 
of wood-based materials, relying exclusively on the lim-
ited hydroxyl and carboxyl groups on the MXene surface 
to form bonds through weak interactions with the wood cell 
wall often proves to be unreliable, which are not conducive 
to long-term applications [56]. Therefore, we introduced 
phytic acid, which possesses a polyhydroxyl structure, into 
the adhesion of MXene on the nanowood lumen surface, 
forming a hybrid structure to enhance hydrogen bonding 
interactions between the constituents (Fig. 3c). As antici-
pated, the co-modification process of PA and MXene, illus-
trated in Fig. 3a, b, preserves the original pore structure of 
the nanowood. The oriented arrangement of tracheids, open 
pits, and defects between cell walls remains intact. This can 
be attributed to the mild modification process of MXene 
and PA, which occurs at room temperature without the 
involvement of additional toxic solvents. In addition, some 
“wave-like” structures are observed on both cross-sectional 
and longitudinal views, which may result from the stacking 
of hybrid structures formed by MXene and PA. EDS map-
ping further reveals that C elements predominantly depict 
the framework structure of the cell walls both in axial and 
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longitudinal directions. Concurrently, Ti elements from 
MXene and P elements from PA also exhibit a well-uniform 
distribution. All these findings collectively indicate the suc-
cessful formation of a MXene/PA hybrid structure on the 
nanowood surface.

The alterations in the surface chemical structure of the 
composite material, arising from delignification and dep-
osition of the hybrid MXene/PA structure, were further 
elucidated by FTIR, in Fig. 3e. For the raw balsa wood, 
distinct absorption peaks appeared at approximately 1736 
and 1235  cm−1, corresponding to the stretching vibrations 
of carbonyl groups (C–O) and ester groups (–CO–OR), 

respectively [57]. Both are indicative of hemicelluloses, 
specifically amorphous polysaccharides. Also, faint peaks 
detected at 1590, 1505, and 1462  cm−1 signify aromatic 
skeletal vibrations, attributing the presence of lignin in the 
pristine balsa wood [37]. Following the delignification, the 
selective removal of lignin is evidenced by the disappear-
ance of characteristic lignin peaks, while the peaks asso-
ciated with hemicelluloses remain preserved. This process 
also causes the balsa wood to change from yellowish to 
white (Fig. 3d), attributable to the disappearance of chromo-
phoric groups composed of lignin. In addition, the changes 
in chemical composition including cellulose, hemicellulose, 

Fig. 2  SEM micrographs of a MAX and b multilayered MXene. c XRD patterns of MAX and MXene. d TEM images of MXene and optical 
image in the thumbnail. e AFM images of MXene. f AFM corresponding height profiles of MXene. g Illustration to show the self-assembly pro-
cess of MXene nanosheets triggered by fast-evaporating water in MXene suspension
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Fig. 3  Field-emission scanning electron microscope and energy-dispersive spectroscopy images of wood aerogel-loaded MXene and PA 
(MP10DW) in a cross view, b longitudinal view. c Illustration to show the roles of PA in forming stable MXene hybrid structure. d Photographs 
of RW, DW, M10DW, and MP10DW. e FTIR and f XRD of RW, DW, and MP10DW
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and lignin of raw balsa wood (RW) and DW are depicted in 
Table S1. As shown in Fig. 3d, subsequent MXene modifica-
tion results in the blackening of MP10DW, which is evident 
not only on the surface but extends to every internal channel. 
The following incorporation of phytic acid did not induce 
noticeable alterations of MP10DW in the observed black 
coloration, indicating that phytic acid primarily functions in 
structural enhancement without impacting the potential pho-
tothermal conversion performance. Furthermore, there is no 
significant change observed in the FTIR of MP10DW, except 
for a discernible shift in the –OH characteristic peaks from 
3436 to 3417  cm−1, substantiating the formation of hydrogen 
bonds, which is also confirmed by the XPS measurements 
(Fig. S2) [49]. XRD spectra in Fig. 3f also reveal character-
istic diffraction peaks located at 2θ = 16.5°, 22.5°, and 34°, 
corresponding to the (101), (020), and (040) crystal planes 
of cellulose I, respectively [58]. These peaks persist in RW, 
DW, and MP10DW with minimal variation, underscoring 
that the delignification and hybrid modification processes 
do not disrupt the crystalline structure of cellulose. Nota-
bly, the characteristic peak of MXene at 2θ = 7.4° emerges 
in MP10DW. These findings affirm that the MXene/PA co-
modification is primarily a physical interaction, safeguarding 
the structural integrity of both the nanowood framework and 
MXene, which lays the foundation for subsequent synergistic 
functional enhancements.

3.2  CPCMs Morphology and Encapsulation Capability

PEG was incorporated into the modified balsa wood 
using a vacuum impregnation technique, yielding form-
stable composite phase change materials. In SEM images 
(Fig. 4a, b), it is evident that raw balsa wood used for 
encapsulating PCMs, RWP, displays numerous unfilled 
voids, potentially attributed to inherent defects in the natu-
ral wood structure. However, following the lignin removal 
process, the voids can be completely filled in DWP, indi-
cating the enhanced effectiveness of lignin removal in 
facilitating encapsulation. Importantly, as for MP2DWP 
and MP10DWP, the MXene and PA hybrid modification 
does not adversely impact the encapsulation capacity, as 
the voids remain filled even after the increase of MXene 
contents. This observation can be attributed to the fact that 
the hybrid modification did not cause pore blockage in the 

nanowood scaffold, while the exposure of more hydro-
philic groups (e.g., –OH, –COOH, and –F) enhanced the 
hydrogen bonding interactions with PEG [55]. In addi-
tion, the shape stability of CPCMs is crucial for practi-
cal applications. As depicted in Fig. 4c, all samples are 
subjected to constant temperature conditions in a vacuum 
oven at 80 °C. Clearly, pure PEG exhibits leakage after 
15 min of heating. Conversely, DWP and all MPDWPs 
maintain their intact shape without any leakage. Even 
after 80 min, pure PEG completely undergoes amorphous 
melting, while the MPDWPs maintain their original shape 
macroscopically, showcasing the beneficial effects of the 
rigid 3D supporting framework and strong capillary forces 
provided by MPDWs, facilitating PEG absorption. Fur-
thermore, as shown in Fig. 4g, the MP10DWP is capable 
of supporting a 100 g weight, even at a temperature of 
80 °C, without any leakage, which indicates that the ori-
ented nanowood scaffold exhibits significant strength in 
the vertical direction, enabling it to resist external forces 
in the surrounding environment and thereby enhanc-
ing structural stability. Notably, the encapsulation mass 
ratios for MP10DWP samples in our study are significantly 
higher than those reported for wood-based PCMs in the 
literature (Fig. 4d). Furthermore, the characteristic peaks 
observed in FTIR analysis (Fig. 4e) and XRD analysis 
(Fig. 4f) for MP10DWP are similar to those of PEG. These 
results indicate that the chemical and crystal structure of 
PEG remains unchanged in MPDWPs, confirming that the 
porous structure of MPDWs has no impact on the charac-
teristic groups and crystallinity of PEG. Therefore, the 
phase change properties of MPDWPs are expected to be 
unaffected by the composite structure and remain consist-
ent with those of pure PEG. Collectively, these findings 
validate the excellent loading capability of wood aerogels 
decorated with MXene and PA for PEG, while highlighting 
the favorable shape stability and reliability of MPDWPs.

3.3  Thermal Properties and Phase Change Behavior 
of the Balsa‑Derived CPCMs

Practical applications of thermal energy management 
demand CPCMs with a robust trifecta: a substantial latent 
heat storage capacity, an apt phase transition temperature, 
and durable 3D structures. To unravel the thermal intrica-
cies and phase transition behaviors, differential scanning 
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calorimetry (DSC) was employed. In Fig. 5a, b, DSC 
curves delineate the endothermic and exothermic cycles 
for both pure PEG and the CPCMs (e.g., DWP, MP2DWP, 
MP5DWP, MP7DWP, and MP10DWP). Key insights from 
DSC curves, encompassing parameters such as melting 

point (Tm), fusion enthalpy (ΔHm), freezing point (Tc), and 
solidification enthalpy (ΔHc), are succinctly presented in 
Table S2. Specifically, the energy storage efficiency (F) is 
calculated using the following formula (Eq. 1) to assess 

Fig. 4  Field-emission scanning electron microscope of RWP, DWP, MP2DWP, and MP10DWP in a cross view and b longitudinal view. c Leak-
proof performance evaluation of PEG and MPDWPs at 25 and 80 °C. d Encapsulation capability for the wood-derived substrates prepared in this 
work compared to other porous materials from literature [34, 36, 57, 59–62]. e FTIR and f XRD of MP10DW, PEG, and MP10DWP. g Photo-
graphs of the mechanical test at 25 and 80 °C
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the influence of the encapsulation framework on the over-
all phase change performance [33]. (1)F =

ΔH
m,CPCMs

ΔH
m,PEG

× 100%

Fig. 5  DSC thermograms for MPDWPs upon a cooling and b heating. c Degree of supercooling of pure PEG, DWP, and MPDWPs, respec-
tively. d Enthalpy values of MPDWPs. e Longitudinal and f radial thermal conductivity of pure PEG, DWP, and MPDWPs, respectively. g Pos-
sible mechanism of enhanced thermal conductivity and molecule interactions in MP10DWP and the PEG chain motion during phase transition



Nano-Micro Lett.          (2024) 16:196  Page 11 of 22   196 

1 3

The terms ΔHm, CPCMs and ΔHm, PEG signify the measured 
phase change enthalpy for the CPCMs and PEG, respec-
tively. As depicted in Fig. 5a, b, the DSC curves of the 
CPCMs closely resemble those of pure PEG, featuring 
distinct endothermic and exothermic peaks indicative of 
solid–liquid and liquid–solid phase transitions. This obser-
vation suggests successful PEG encapsulation within the 
nanowood scaffolds, maintaining its inherent phase change 
properties without undergoing chemical interactions. As 
common sense, optimal thermal energy storage capacity, 
with a phase transition enthalpy closely aligned with the 
neat PCM, is desirable for broad applications in thermal 
storage. For pure PEG, the phase transition enthalpies 
measure 155.9 and 152.3 kJ  kg−1, respectively. In the case 
of DWP, the close enthalpy comparable to that of pure 
PEG (145.7 and 142.0 kJ   kg−1) is primarily due to the 
interconnected pore structure and lightweight facilitated 
by DW. Notably, the phase transition enthalpy values 
for MPDWPs derived from hybrid-modified nanowood 
diminution as MXene deposition contents are increased 
(Fig. 5d). Particularly, the fusion enthalpy and solidifica-
tion enthalpy of CPCMs exhibit variations in the ranges 
of 143.5–135.5 kJ  kg−1 and 139.8–131.8 kJ  kg−1, respec-
tively, with the effective energy storage coefficient consist-
ently exceeding 85%. This indicates that the influence of 
hybrid functional modification on the encapsulation per-
formance of the framework is relatively minimal, and the 
acceptable sacrifice in enthalpy values is evident. Here, 
the introduction of the expected value E (F/I) serves as a 
metric to gauge the degree of influence the encapsulation 
framework has on phase change enthalpy values [36]. The 
E value of DWP is equivalent to 0.98, while, for MP2DWP, 
MP5DWP, MP7DWP, and MP10DWP, the calculated F/I 
amounts to 0.97 and 0.95, respectively, indicating that 
the deposition of MXene and PA hybrid structures on the 
surface of nanowood exhibits an unfavorable impact on 
phase change behavior of encapsulated PEG. Furthermore, 
the introduction of MXene as a thermal conductive filler 
has significantly enhanced the thermal conductivity of the 
CPCMs. This trend is evident both along the longitudinal 
and radial directions, displaying an increasing tendency 
with the rising MXene contents.

The illustration in Fig. 5g outlines the thermal conductiv-
ity enhancement in CPCMs and the proposed mechanism for 
phase change performance fluctuations. Pure PEG exhibits 
inherently low thermal conductivity (0.18 W  m−1  K−1), a 

common limitation of organic PCMs. When encapsulated in 
nanowood, the oriented framework induces anisotropic ther-
mal conductivity. Along the longitudinal direction, upright 
axial tracheid cell walls create directed thermal pathways, 
facilitating rapid heat conduction (Fig. 5e). However, for 
DWP, due to the inherently low thermal conductivity of 
nanowood, the increase is only by a factor of 2.2 times. In 
the radial direction (Fig. 5f), heat conduction involves repeti-
tions through thin cell walls to PEG and back, resulting in 
a less significant increase, merely by a factor of 1.6 times. 
These findings align with Yang et al. [33]’s study. The intro-
duction of MXene as a thermal conductive filler substan-
tially boosts the CPCMs’ thermal conductivity. Specifically, 
with 10% MXene content, the thermal conductivity increases 
significantly, reaching 0.82 W  m−1  K−1 (approximately 4.6 
times higher than that of pure PEG) in the longitudinal direc-
tion, comparable to our earlier findings and surpassing other 
wood-based materials (Table S3). This enhancement could 
be attributed to the stable continuous structure formed by a 
high MXene content on the wood cell wall surface, facilitat-
ing photon transmission and an overall increase in thermal 
conductivity [44, 63, 64]. After delignification, the exposed 
nanowood framework reveals more –OH groups, forming 
hydrogen bonds with PEG molecules at the interface to pre-
vent leakage. However, PEG molecules anchored by hydro-
gen bonding lose their free movement due to confinement 
effects, altering the solid–liquid phase change to solid–solid, 
resulting in a decrease in the expected enthalpy value (E, 
95%) [65]. MXene/PA hybrid structures at the interface 
introduce more hydrophilic groups (e.g., –OH, –COOH, and 
–F), forming additional hydrogen bonds with PEG mole-
cules. The increased PEG anchoring at the interface leads to 
an expected value decrease from 0.97 to 0.95 for MPDWPs. 
Fusion and solidification points are critical for CPCMs. A 
smaller difference, i.e., less supercooling, is preferred. The 
change in melting and freezing points relates to thermal 
conductivity and interface confinement effects. Better ther-
mal conductivity lowers melting and freezing points. For 
PEG and CPCMs, fusion and solidification points initially 
decrease and then increase, indicating an initial improve-
ment in thermal conductivity (Fig. 5c). However, as MXene 
and PA content rises, interface confinement effects domi-
nate, causing melting and boiling points to rise again. This 
results in a continuous increase in supercooling from 12.1 to 
15.4 °C. Overall, an expected value greater than 90%, with 
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supercooling less than 20 °C, is considered acceptable for 
practical CPCM applications [66, 67].

3.4  Thermal Reliability and Repeatability 
of Balsa‑Derived CPCMs

The thermal reliability of CPCMs is a pivotal factor in 
ensuring their stable application. Thermal gravimetric 
(TG) and derivative thermogravimetric (DTG) analyses 
were conducted under a nitrogen atmosphere for pure PEG, 
unmodified nanowood framework, and CPCMs, as depicted 
in Fig. 6a, b with corresponding parameters recorded in 
Table S4. Compared to neat PEG, the nanowood frame-
work exhibits an earlier onset of thermal decomposition 
at 201.3 °C, attributed to the poor thermal stability of the 
cellulosic components. In the case of PEG encapsulated 
in hybrid-modified nanowood, MPDWPs display thermal 
decomposition curves similar to pure PEG, undergoing 
one stage within a specific temperature range from 210.5 to 
425.7 °C. This observation can be attributed to the encap-
sulation rate of PEG exceeding 90% and the addition of a 
hybrid structure with MXene and PA that facilitates the 

carbonization process during decomposition. As expected, 
the aforementioned hypotheses are substantiated by the 
residual carbon values of MPDWPs. With an increase in 
MXene content, there is an observable upward trend in resid-
ual carbon values, notably reaching 7.3% at 10.1% MXene 
content. Considering practical applications of CPCMs, 
particularly in solar-to-thermal conversion and storage, all 
MPDWPs exhibit barely thermal degradation below 200 °C, 
implying that the MPWPs demonstrate acceptable thermal 
stability for their intended applications.

The assessment of repeatability stands as another pivotal 
criterion in gauging the practical longevity of CPCMs. To 
thoroughly evaluate this aspect, rigorous 200 heating–cool-
ing cycle tests were conducted across the 25–80 °C tem-
perature range to gauge the reusability of MP10DWP. 
Remarkably, the DSC curves of MP10DWP after 200 
thermal cycles closely mirror those of the original one 
(Fig. 6d). Furthermore, as shown in Fig. 6c, the computed 
loss of fusion and solidification enthalpy after 200 thermal 
cycles are a mere decrease from 135.5 to 131.1 kJ   kg−1 
and 131.8 to 127.9 kJ  kg−1, respectively. Concerning the 
phase change temperatures, there is also subtle variation 

Fig. 6  a TGA and b DTG of DW, PEG, and MPDWPs. Stability and recyclability of MP10DWP before and after 200 consecutive cycles of 
heating and cooling as observed by c enthalpy values, d DSC, e FTIR, and f XRD measurements
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observed. Specifically, the melting point has marginally 
decreased from 49.2 to 48.7 °C, and correspondingly, the 
freezing point has transitioned from 33.8 to 33.1 °C, affirm-
ing that MP10DWP upholds their elevated phase change per-
formance throughout protracted cyclic testing. Moreover, 
following 200 thermal cycle experiments, the characteristic 
peaks observed in XRD patterns and FTIR spectra remain 
nearly unchanged. This underscores the favorable stability 
of both chemical structures and crystalline structures for 
MP10DWP during the heating–cooling cycles (Fig. 6e, f). 
As a result, the MPDWPs showcased outstanding thermal 
and chemical tolerance, preserving not only the original 
latent heat but also the fusion/freezing point following 200 
heating-cooling cycles. These findings robustly suggest that 
these MPDWPs exhibit stability and reliability, making them 

well-suited for practical applications in reversible thermal 
energy storage.

3.5  Flame‑Retardant Performance of Balsa‑Derived 
CPCMs

The fire-retardant performance of CPCMs is crucial for 
ensuring safety during utilization. Given the size of CPCMs 
in this study, a micro combustion calorimeter (MCC) was 
employed to assess the combustion behavior. The results 
including heat release rate (HRR) and total heat release 
(THR) are presented in Fig. 7a, b, respectively. Also, cor-
responding data are recorded in Table S5. PEG encapsulated 
in unmodified nanowood, DWP, exhibits highly flammable 
characteristics, with peak heat release rate (pHRR) and THR 
of 600.12 W  g−1 and 21.14 kJ  g−1, respectively, which is 

Fig. 7  a HRR and b THR of DW, PEG, and MPDWPs. c SEM and d EDS mapping of char residue for MP10DWP. e Digital photographs of 
DWP and MPDWPs in the vertical burning test. f The possible fire-retardant mechanism of MPDWPs
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attributed to the inherent flammability of both PEG and 
nanowood. Adding MXene alone (M10DWP) hardly has a 
significant impact on pHRR and THR. Even if the frame 
contains 10% MXene, the values of pHRR and THR are still 
as high as 569.44 W  g−1 and 20.39 kJ  g−1. Upon introducing 
MXene/PA hybrid structures, a decreasing trend is observed 
in both pHRR and THR for the CPCMs. Notably, with the 
addition of a hybrid structure only containing 2% MXene, 
there is a marginal change in MP2DWP, with the pHRR and 
THR decreasing by 512.53 W  g−1, and 18.88 kJ  g−1, respec-
tively. However, as the MXene content increases, a more 
pronounced decrease in pHRR and THR is evident. Particu-
larly, as for MP10DWP, this reduction reaches maximum, 
with a decrease of 375.44 W  g−1 for pHRR and 13.47 kJ  g−1 
for THR. Additionally, an increase in the pHRR temperature 
is observed, rising from 382 to 395 °C. These observations 
suggest that the incorporation of MXene/PA hybrid struc-
tures can effectively retard the spread of flames, endowing 
the CPCMs with enhanced flame-retardant properties.

To further assess the flame-retardant performance of the 
CPCMs, a vertical burning test was conducted, and digi-
tal photographs from 0 to 130 s are presented in Fig. 7e. 
Clearly, DWP is prone to ignition, and the flame remains 
robust throughout the entire process, ultimately resulting 
in complete combustion. The only introduction of MXene 
structure did not impede the combustion behavior of the 
CPCMs. In the case of M10DWP, it displays nearly identi-
cal burning characteristics to DWP. With the addition of 
MXene/PA hybrid structures, the combustion behavior of 
MP10DWP is notably mitigated. It becomes challenging to 
ignite in the initial stages, and after 90 s, it initiates self-
extinguishment while preserving the original appearance. 
These aforementioned observations are consistent with 
the results obtained from the MCC tests. Furthermore, the 
microscopic morphology of the residual char structure after 
CPCMs combustion was examined. DWP can undergo com-
plete combustion, which exhibits disorderly fragmented char 
residuals without forming a dense structure (Fig. S3). As for 
MP10DWP, the honeycomb-like tracheid cell structure is 
remarkably preserved, suggesting the development of a resil-
ient char during combustion (Fig. 7c). Notably, as shown in 
Fig. 7d, EDS mapping reveals a homogeneous distribution 
of phosphorus and titanium elements on the residual carbon 
of MP10DWP, with concentrations of 7.63% and 0.87%, 
respectively. These findings signify the creation of a stable 
porous residual char, achieved through the synergistic effect 

of PA and MXene, which effectively inhibit both combustion 
gas and heat transmission.

Thermogravimetry-Fourier transform infrared spectrum 
(TG-FTIR) analysis was employed to scrutinize the evolved 
gaseous species throughout the pyrolysis process, facilitat-
ing a more profound comprehension of the flame-retardant 
mechanism. As depicted in Fig. S4, the thermal decomposi-
tion process manifests FTIR characteristic peaks at 2930, 
2350, and 1740  cm−1 within the temperature range of 200 
to 450 °C. These peaks, corresponding to hydrocarbons, 
 CO2/CO, and carbonyl compounds, respectively, denote 
the predominant thermal degradation events of the CPCMs 
in this temperature interval, which is consistent with the 
findings from the TG analysis in Sect. 3.4. Obviously, for 
MP10DWP, comparable temperature intervals for pyroly-
sis and analogous pyrolysis products are discernible in 
both two-dimensional and three-dimensional FTIR spectra 
(Fig. S5). This observation suggests that the incorporation 
of MXene/PA hybrid structures does not exert an influence 
on the pyrolysis pathways to the CPCMs, encompassing both 
the cellulosic framework and PEG molecular chains. How-
ever, in Fig. S4b, a new peak around 970  cm−1 assigned to 
the P‒O group emerges in MP10DWP [68]. This signifies 
the presence of phosphorus-containing groups originating 
from the MXene/PA hybrid structure during pyrolysis could 
possess the remarkable ability to scavenge highly reactive 
H• and HO• radicals, consequently playing a pivotal role 
in inhibiting combustion within the gaseous phases [69]. 
Further examination (Fig. S6) reveals that the introduction 
of MXene/PA hybrid structure diminishes the release of total 
pyrolysis products such as hydrocarbons,  CO2, and carbonyl 
compounds, suggesting a restriction on the pyrolysis of both 
cellulosic component and PEG molecular chains. Conse-
quently, it can be hypothesized that the release of phospho-
rus-containing groups promotes flame retardancy through 
the free radical quenching effect. Meanwhile, the inclusion 
of MXene/PA structure contributes to impeding the genera-
tion of flammable components through a barrier effect.

Drawing insights from the aforementioned analysis 
including residual char microscopic morphology and 
TG-FTIR examinations, an elucidated mechanism for 
the flame-retardant behavior of MPDWPs, that is PEG 
encapsulated in MXene/PA hybrid-modified nanowood, 
is postulated in Fig. 7f. During combustion or elevated 
temperature exposure, the MPDWPs undergo a decompo-
sition process, liberating nonflammable gases, including 
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 CO2,  H2O, and phosphorus-containing groups. These non-
combustible gases serve dual roles by absorbing heat and 
concurrently diluting flammable gases and  O2 within the 
surrounding atmosphere [70]. In addition, phosphorus-
containing groups (e.g., PO•, and HPO•) could trap the 
highly reactive H• and HO• radicals to transform the non-
flammable  H2O and potential phosphorus derivatives (e.g., 
 HPO2,  HPO3, and  PO3) [71]. Furthermore, this orches-
trated modification is instrumental in the development of 
protective layers, stemming from the synergistic interac-
tion between MXene and PA. The ensuing catalytic forma-
tion of a compact and continuous carbon layer is pivotal 
in curtailing smoke release and CO production, thereby 
augmenting the thermal decomposition stability and fire 
safety of the MPDWPs. Hence, we can hypothesize that 
the interplay of decomposed gases with phosphorus-con-
taining groups and the formation of protective char layers 
catalyzed by MXene nanosheet synergistically contributes 
to the fire-retardant performance of wood-derived com-
posite PCMs.

3.6  Solar to Electricity Conversion of Balsa‑Derived 
CPCMs

The core of the solar-thermal-electricity conversion system 
lies in the PCM, as it facilitates solar thermal energy storage 
and enables isothermal heat release during the phase change 
process, which is advantageous for ensuring the stable and 
continuous operation of the connected Seebeck thermoelec-
tric elements. The experimental configuration designed for 
evaluating the solar to electricity conversion performance 
is depicted in Fig. 8a. Initially, we conducted examinations 
on the solar light absorption performance of DWP and 
MP10DWP using a UV-Vis spectrometer, and the results 
are illustrated in Fig. 8b. It is evident that DWP exhibits a 
weak absorption peak around 300  cm−1, possibly arising 
from residual lignin components in nanowood scaffolds. 
Meanwhile, DWP consistently exhibits a low absorbance 
below 0.1 with the wavelength range from 400 to 1000  cm−1, 
which indicates the subpar photothermal conversion per-
formance of nanowood-encapsulated PCMs. However, as 
for MP10DWP, it demonstrates notably high absorbance 

Fig. 8  a Digital photograph of a testing system for solar to electricity conversion. b UV-Vis absorbance spectra of DWP and MP10DWP. c Tem-
perature variation curves of DWP and MPDWPs during alternating Xenon lamp on and off. d Mechanism of hybrid-modified wood-encapsulated 
PCMs enabling effectively solar to electricity conversion. e 10 cycles of solar to thermal storage and release in MP10DWP during alternating 
Xenon lamp on and off. f Voltage fluctuations in a simulated cloudy weather scenario for testing systems with and without the application of 
MP10DWP
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throughout the entire detection spectrum, and even under 
visible light irradiation (390 to 790  cm−1), the absorbance 
value approaches 1. This observation can be attributed to the 
exceptionally high light absorption coefficient induced by 
the as-introduced MXene nanosheets, leading to an extraor-
dinary level of light absorption ability within the MPDWPs.

Subsequently, the photothermal conversion behavior of 
DWP and MPDWPs was scrutinized under a Xenon lamp with 
an intensity of 1000 W  m−2, equivalent to one solar irradiation 
(AM1.5G). As depicted in Figs. 8c and S7, the temperature of 
DWP failed to surpass 30 °C after 160 s of irradiation, remain-
ing below the phase change threshold (Tm). This observation 
highlights the insufficient solar to thermal conversion perfor-
mance of CPCMs containing PEG and unmodified nanowood 
scaffolds. However, MP2DWP that includes a mere 2% mass 
fraction of MXene in nanowood scaffold has undergone a 
complete phase change thermal storage process with a peak 
temperature of up to 63.2 °C during the exposure to Xenon 
lamp sustaining 160 s, which suggests that a minimal quantity 
of MXene nanosheet had a pronounced impact on enhancing 
the light absorption capacity of the CPCMs, thereby positively 
contributing to the auxiliary improvement of solar to thermal 
conversion capacity. As expected, an increased content of the 
introducing MXene to the nanowood scaffold surface led to a 
gradual rise in the peak temperature under the same irradia-
tion time, 160 s. Notably, when the additive content reaches 
10%, MP10DWP attains a maximum temperature of 91.4 °C, 
making it own the outstanding potential for utilization in 
low-temperature solar thermal energy and conversion. Upon 
extinguishing the xenon lamp, DWP could hardly undergo a 
distinct phase change plateau and slowly return to room tem-
perature solely through sensible heat release. In contrast, with-
out the light irradiation of 340 s, MPDWPs commenced heat 
dissipation due to their higher thermal conductivity, nearly 
reaching the phase change temperature simultaneously, and 
then, they underwent an isothermal heat release process and 
returned to room temperature. Additionally, the solar to ther-
mal conversion and storage efficiency (ε) is calculated based 
on Eq. (2) to further evaluate the photothermal behavior of 
MPDWPs [72].

where m represents the mass of the samples, ΔHm denotes the 
phase change enthalpy, P signifies the light intensity, and S 

(2)� =
m × ΔH

m

P × S ×
(

t1 − t2

) × 100%

stands for the surface area of the samples. The parameterst1 
and t2 correspond to the initial and final times of the melting 
process, respectively. It is evident that the ε value reaches an 
impressive 98.58%, showcasing a high level within existing 
solar thermal conversion and storage materials. As illustrated 
in Fig. 8d, it can be hypothesized that the remarkable photo-
thermal conversion performance is attributed to the synergis-
tic effect with both distinctive directional channels derived 
from nanowood and MXene surface deposition. On the one 
hand, the removal of lignin resulted in the thinning of wood 
cell wall, which could diminish the sunlight reflection. On the 
other hand, the numerous refractions occurring as a result of 
abundant sunlight entering the channels allow the deposited 
MXene to efficiently absorb and convert sunlight into thermal 
energy and rapidly store in the encapsulated PEG due to the 
improved thermal conductivity. Furthermore, following 10 
cycles of heating and cooling, MP10DWP demonstrated con-
sistent and repeatable thermal energy storage as well as heat 
release performance (Fig. 8e). Leveraging the exceptional 
photothermal conversion performance of the aforementioned 
MPDWPs, the solar-thermalelectricity conversion system 
with just four MP10DWP samples can consistently provide 
a voltage exceeding 0.5 V, ensuring the smooth operation of 
a small fan. Moreover, we simulated the cloudy conditions 
by covering the light source with a foam. As shown in Fig. 8f 
and Videos S2 and S3, without the addition of MPDWPs and 
only the presence of the photothermal conversion coating, the 
voltage fluctuates when simulated cloud cover intervenes. 
However, when the MP10DWP is present, a stable voltage 
output is maintained throughout the entire shading phase. 
Consequently, the designed wood functional modification 
strategy ensures an enhanced capacity for heat absorption 
and release of the as-encapsulated PCMs. This approach also 
opens avenues for efficient solar-thermal-electricity conver-
sion in photoelectronic devices, ultimately contributing to the 
efficient utilization of solar resources.

3.7  Electromagnetic Shielding Performance 
of Balsa‑Derived CPCMs

Given the contemporary health hazards associated with 
electromagnetic waves, imparting electromagnetic shield-
ing performance to CPCMs holds significant importance for 
expanding their applications, particularly in wearable flex-
ible devices and other fields [73]. The CPCMs including 
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DWP and MPDWPs with the specified dimensions were 
tested for their shielding performance in the X-band 
(8.2–12.4 GHz) via a microwave vector network analyzer. 
In Fig. 9a, it is evident that the electromagnetic interfer-
ence shielding effectiveness (EMI SE) of DWP, without the 
addition of MXene nanosheets, remained negligible within 
the whole tested frequency range. In contrast, MPDWPs 
exhibited a progressive enhancement in EMI shielding 
effects with an increasing deposition content of MXene on 
the nanowood scaffold surface. Remarkably, MP10DWP 
demonstrated a notable average EMI shielding value of 
44.45  dB, which exceeds the commercial requirements 
(above 20 dB) for electromagnetic interference shielding 
products. In addition, as shown in Fig. 9c, d and the accom-
panying Videos S4 and S5, we conducted an experiment 
using a Tesla coil to validate the electromagnetic shielding 
performance. In the presence of an active Tesla coil emit-
ting electromagnetic waves to illuminate an electromagnetic 
stimulated bulb, the brightness remained unbothered when 
DWP was introduced, indicating minimal electromagnetic 

shielding effectiveness, consistent with the results in Fig. 9a. 
As anticipated, when MP10DWP approached the coil, the 
bulb was observed to extinguish. This occurred because the 
intervention of MP10DWP disrupted the original propaga-
tion of electromagnetic waves, emphasizing the effectiveness 
of the designed MXene modification strategy.

We further meticulously calculated the relevant param-
eters including total EMI SE  (SET), microwave absorption 
 (SEA), and microwave reflection  (SER) at a frequency of 
12.4 GHz to gain a more profound understanding of the elec-
tromagnetic shielding mechanism in MPDWPs, as illustrated 
in Fig. 9b. For MP10DWP,  SEA with the value of 38.62 dB 
constituted a substantial 87.9% of the  SET (43.94 dB), indi-
cating that dominantly absorption electromagnetic interfer-
ence (EMI) shielding mechanism prevails within the MPD-
WPs. The relatively smaller  SER of all MPDWPs with a 
value lower than 6 dB indicates that incident electromagnetic 
waves likely penetrate the internal space of the composite 
with minimal reflection [74]. Thus, as shown in Fig. 9e, 
we can conjecture that the aforementioned exceptional 

Fig. 9  a Effect on EMI shielding effectiveness of DWP and MPDWPS with different MXene contents at the X-band. b Comparison of total EMI 
SE  (SET), microwave absorption  (SEA), and microwave reflection  (SER) related to MPDWPs at 12.4 GHz frequency. c, d Digital photographs of 
EMI shielding tests of DWP and MP10DWP via Tesla coil. e Schematic of the EMI shielding of the MPDWPs
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electromagnetic shielding performance of MPDWPs is 
attributed to the exclusive unidirectional cellular encapsu-
lation structure derived from the natural wood, coupled with 
the synergistic effect of stacked MXene nanosheet on wood 
cell wall surface, which offers moderate electrical conduc-
tivity and effective impedance matching, curbing significant 
reflection, and mitigating the risk of secondary pollution 
[75–77]. The wood-derived hierarchically cellular structure 
facilitates the repeated scattering and reflection of entered 
electromagnetic waves within the channels, which reinforces 
the interaction between the waves and internal interfaces, 
resulting in a multi-reflection effect. This effect ensures the 
continuous attenuation of penetrating waves, contributing to 
the improvement of  SEA in MPDWPs. Moreover, the EMI 
SE performance of the MP10DWP in our study surpasses 
that of many other wood-based materials (Table S6), under-
scoring the application of CPCMs for solar energy storage 
and conversion in correlation to electromagnetic shielding.

4  Conclusions

In this work, we have innovatively crafted a type of wood-
based composite phase change materials with multifunc-
tional properties including highly efficient solar to thermal 
storage and conversion, excellent electromagnetic interfer-
ence shielding, and robust flame retardancy. The synthesis 
process encompassed a facile and environmentally friendly 
approach, namely wood delignification followed by MXene/
PA co-decoration, leveraging the inherent anisotropy and 
versatility of wood aerogel to support PEG. The wood-
derived microporous structures as well as hydrophilic groups 
in the MXene/PA hybrid structure played a pivotal role in 
containing the leakage of PEG, capitalizing on robust sur-
face tension, capillary forces, and hydrogen bonds. The as-
prepared CPCMs showcase remarkable PEG packing yield 
and high thermal energy storage density, with thermal dura-
bility and stability throughout at least 200 heating and cool-
ing cycles. In addition, the strategic deposition of MXene 
nanosheets on wood aerogel surfaces significantly enhanced 
both solar-thermal conversion efficiency (up to 98.58%) and 
electromagnetic interference shielding effectiveness with 
a maximum of 44.45 dB at the X-band. Furthermore, the 
addition of PA in conjunction with MXene also significantly 
restricts the flammability of the as-prepared CPCMs. The 
phenomenon of self-extinguishment is observed, particularly 

on MP10DWP, with critical fire-retardant parameters such 
as peak heat release rate and total heat release decreasing 
by 37.43% and 36.28%, respectively. Given these notable 
advantages, the multi-faceted approach, integrating facile 
MXene and PA hybrid wood modification, enhances the 
multifunctionality of the resulting form-stable composite 
phase change materials, contributing to extending the poten-
tial applications concerning solar energy harvesting.

Acknowledgements The authors acknowledge funding from the 
National Natural Science Foundation of China (No. 22268025), 
China Postdoctoral Science Foundation (NO. 2022MD713757), 
Yunnan Provincial Postdoctoral Science Foundation (NO. 
34Y2022), Yunnan Province Joint Special Project for Enter-
prise Fundamental Research and Applied Basic Research (No. 
202101BC070001-016), and Guangdong Basic and Applied Basic 
Research Foundation (No. 2023A1515011985).

Declarations 

Conflict of interest The authors declare no interest conflict. They 
have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s40820- 024- 01414-4.

References

 1. Y. Lin, Q. Kang, Y. Liu, Y. Zhu, P. Jiang et al., Flexible, highly 
thermally conductive and electrically insulating phase change 
materials for advanced thermal management of 5G base sta-
tions and thermoelectric generators. Nano-Micro Lett. 15, 31 
(2023). https:// doi. org/ 10. 1007/ s40820- 022- 01003-3

 2. G. Simonsen, R. Ravotti, P. O’Neill, A. Stamatiou, Biobased 
phase change materials in energy storage and thermal manage-
ment technologies. Renew. Sustain. Energy Rev. 184, 113546 
(2023). https:// doi. org/ 10. 1016/j. rser. 2023. 113546

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-024-01414-4
https://doi.org/10.1007/s40820-024-01414-4
https://doi.org/10.1007/s40820-022-01003-3
https://doi.org/10.1016/j.rser.2023.113546


Nano-Micro Lett.          (2024) 16:196  Page 19 of 22   196 

1 3

 3. M. Shao, Z. Han, J. Sun, C. Xiao, S. Zhang et al., A review 
of multi-criteria decision making applications for renewable 
energy site selection. Renew. Energy 157, 377–403 (2020). 
https:// doi. org/ 10. 1016/j. renene. 2020. 04. 137

 4. H. Sadeghi, R. Jalali, R.M. Singh, A review of borehole ther-
mal energy storage and its integration into district heating 
systems. Renew. Sustain. Energy Rev. 192, 114236 (2024). 
https:// doi. org/ 10. 1016/j. rser. 2023. 114236

 5. Y. Ma, J. Gong, P. Zeng, M. Liu, Recent progress in interfacial 
dipole engineering for perovskite solar cells. Nano-Micro Lett. 
15, 173 (2023). https:// doi. org/ 10. 1007/ s40820- 023- 01131-4

 6. G. Wang, Z. Tang, Y. Gao, P. Liu, Y. Li et al., Phase change 
thermal storage materials for interdisciplinary applications. 
Chem. Rev. 123, 6953–7024 (2023). https:// doi. org/ 10. 1021/ 
acs. chemr ev. 2c005 72

 7. X. Li, X. Sheng, Y. Guo, X. Lu, H. Wu et al., Multifunctional 
HDPE/CNTs/PW composite phase change materials with excel-
lent thermal and electrical conductivities. J. Mater. Sci. Techn. 
37, 171–179 (2021). https:// doi. org/ 10. 1016/j. jmst. 2021. 02. 009

 8. J. Shen, Y. Ma, F. Zhou, X. Sheng, Y. Chen, Thermophysical 
properties investigation of phase change microcapsules with 
low supercooling and high energy storage capability: potential 
for efficient solar energy thermal management. J. Mater. Sci. 
Technol. 191, 199–208 (2024). https:// doi. org/ 10. 1016/j. jmst. 
2024. 01. 014

 9. Y. Cao, P. Lian, Y. Chen, L. Zhang, X. Sheng, Novel organi-
cally modified disodium hydrogen phosphate dodecahydrate-
based phase change composite for efficient solar energy stor-
age and conversion. Sol. Energy Mater. Sol. Cells 268, 112747 
(2024). https:// doi. org/ 10. 1016/j. solmat. 2024. 112747

 10. P. Lian, R. Yan, Z. Wu, Z. Wang, Y. Chen et al., Thermal per-
formance of novel form-stable disodium hydrogen phosphate 
dodecahydrate-based composite phase change materials for 
building thermal energy storage. Adv. Compos. Hybrid Mater. 
6, 74 (2023). https:// doi. org/ 10. 1007/ s42114- 023- 00655-y

 11. Q. Xu, L. Zhu, Y. Pei, C. Yang, D. Yang et al., Heat transfer 
enhancement performance of microencapsulated phase change 
materials latent functional thermal fluid in solid/liquid phase 
transition regions. Int. J. Heat Mass Transf. 214, 124461 (2023). 
https:// doi. org/ 10. 1016/j. ijhea tmass trans fer. 2023. 124461

 12. D. Huang, Y. Chen, L. Zhang, X. Sheng, Flexible thermoreg-
ulatory microcapsule/polyurethane-MXene composite films 
with multiple thermal management functionalities and excel-
lent EMI shielding performance. J. Mater. Sci. Technol. 165, 
27–38 (2023). https:// doi. org/ 10. 1016/j. jmst. 2023. 05. 013

 13. H. Liu, F. Zhou, X. Shi, K. Sun, Y. Kou et al., A thermoregu-
latory flexible phase change nonwoven for all-season high-
efficiency wearable thermal management. Nano-Micro Lett. 
15, 29 (2023). https:// doi. org/ 10. 1007/ s40820- 022- 00991-6

 14. J. Wu, M. Wang, L. Dong, Y. Zhang, J. Shi et al., Highly inte-
grated, breathable, metalized phase change fibrous membranes 
based on hierarchical coaxial fiber structure for multimodal 
personal thermal management. Chem. Eng. J. 465, 142835 
(2023). https:// doi. org/ 10. 1016/j. cej. 2023. 142835

 15. D. Huang, L. Zhang, X. Sheng, Y. Chen, Facile strategy for 
constructing highly thermally conductive PVDF-BN/PEG 

phase change composites based on a salt template toward effi-
cient thermal management of electronics. Appl. Therm. Eng. 
232, 121041 (2023). https:// doi. org/ 10. 1016/j. applt herma leng. 
2023. 121041

 16. Y. Lin, Q. Kang, H. Wei, H. Bao, P. Jiang et al., Spider web-
inspired graphene skeleton-based high thermal conductivity 
phase change nanocomposites for battery thermal manage-
ment. Nano-Micro Lett. 13, 180 (2021). https:// doi. org/ 10. 
1007/ s40820- 021- 00702-7

 17. H. He, M. Dong, Q. Wang, J. Zhang, Q. Feng et al., A mul-
tifunctional carbon-base phase change composite inspired by 
“fruit growth”. Carbon 205, 499–509 (2023). https:// doi. org/ 
10. 1016/j. carbon. 2023. 01. 038

 18. K. Chen, X. Yu, C. Tian, J. Wang, Preparation and charac-
terization of form-stable paraffin/polyurethane composites as 
phase change materials for thermal energy storage. Energy 
Convers. Manag. 77, 13–21 (2014). https:// doi. org/ 10. 1016/j. 
encon man. 2013. 09. 015

 19. B. Liu, Y. Wang, T. Rabczuk, T. Olofsson, W. Lu, Multi-scale 
modeling in thermal conductivity of polyurethane incorpo-
rated with phase change materials using physics-informed 
neural networks. Renew. Energy 220, 119565 (2024). https:// 
doi. org/ 10. 1016/j. renene. 2023. 119565

 20. C. Zhu, Y. Hao, H. Wu, M. Chen, B. Quan et al., Self-assembly 
of binderless MXene aerogel for multiple-scenario and respon-
sive phase change composites with ultrahigh thermal energy 
storage density and exceptional electromagnetic interference 
shielding. Nano-Micro Lett. 16, 57 (2023). https:// doi. org/ 10. 
1007/ s40820- 023- 01288-y

 21. M. Cheng, J. Hu, J. Xia, Q. Liu, T. Wei et al., One-step in situ 
green synthesis of cellulose nanocrystal aerogel based shape 
stable phase change material. Chem. Eng. J. 431, 133935 
(2022). https:// doi. org/ 10. 1016/j. cej. 2021. 133935

 22. F. Pan, Z. Liu, B. Deng, Y. Dong, X. Zhu et al., Lotus leaf-
derived gradient hierarchical porous C/MoS2 morphology 
genetic composites with wideband and tunable electromag-
netic absorption performance. Nano-Micro Lett. 13, 43 (2021). 
https:// doi. org/ 10. 1007/ s40820- 020- 00568-1

 23. L.A. Berglund, I. Burgert, Bioinspired wood nanotechnology 
for functional materials. Adv. Mater. 30, e1704285 (2018). 
https:// doi. org/ 10. 1002/ adma. 20170 4285

 24. G. Yan, S. He, G. Chen, S. Ma, A. Zeng et al., Highly flex-
ible and broad-range mechanically tunable all-wood hydrogels 
with nanoscale channels via the hofmeister effect for human 
motion monitoring. Nano-Micro Lett. 14, 84 (2022). https:// 
doi. org/ 10. 1007/ s40820- 022- 00827-3

 25. F. Qi, L. Wang, Y. Zhang, Z. Ma, H. Qiu et al., Robust  Ti3C2Tx 
MXene/starch derived carbon foam composites for superior 
EMI shielding and thermal insulation. Mater. Today Phys. 21, 
100512 (2021). https:// doi. org/ 10. 1016/j. mtphys. 2021. 100512

 26. T. Farid, M.I. Rafiq, A. Ali, W. Tang, Transforming wood 
as next-generation structural and functional materials for a 
sustainable future. EcoMat 4, e12154 (2022). https:// doi. org/ 
10. 1002/ eom2. 12154

 27. J. Song, C. Chen, S. Zhu, M. Zhu, J. Dai et al., Processing 
bulk natural wood into a high-performance structural material. 

https://doi.org/10.1016/j.renene.2020.04.137
https://doi.org/10.1016/j.rser.2023.114236
https://doi.org/10.1007/s40820-023-01131-4
https://doi.org/10.1021/acs.chemrev.2c00572
https://doi.org/10.1021/acs.chemrev.2c00572
https://doi.org/10.1016/j.jmst.2021.02.009
https://doi.org/10.1016/j.jmst.2024.01.014
https://doi.org/10.1016/j.jmst.2024.01.014
https://doi.org/10.1016/j.solmat.2024.112747
https://doi.org/10.1007/s42114-023-00655-y
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124461
https://doi.org/10.1016/j.jmst.2023.05.013
https://doi.org/10.1007/s40820-022-00991-6
https://doi.org/10.1016/j.cej.2023.142835
https://doi.org/10.1016/j.applthermaleng.2023.121041
https://doi.org/10.1016/j.applthermaleng.2023.121041
https://doi.org/10.1007/s40820-021-00702-7
https://doi.org/10.1007/s40820-021-00702-7
https://doi.org/10.1016/j.carbon.2023.01.038
https://doi.org/10.1016/j.carbon.2023.01.038
https://doi.org/10.1016/j.enconman.2013.09.015
https://doi.org/10.1016/j.enconman.2013.09.015
https://doi.org/10.1016/j.renene.2023.119565
https://doi.org/10.1016/j.renene.2023.119565
https://doi.org/10.1007/s40820-023-01288-y
https://doi.org/10.1007/s40820-023-01288-y
https://doi.org/10.1016/j.cej.2021.133935
https://doi.org/10.1007/s40820-020-00568-1
https://doi.org/10.1002/adma.201704285
https://doi.org/10.1007/s40820-022-00827-3
https://doi.org/10.1007/s40820-022-00827-3
https://doi.org/10.1016/j.mtphys.2021.100512
https://doi.org/10.1002/eom2.12154
https://doi.org/10.1002/eom2.12154


 Nano-Micro Lett.          (2024) 16:196   196  Page 20 of 22

https://doi.org/10.1007/s40820-024-01414-4© The authors

Nature 554, 224–228 (2018). https:// doi. org/ 10. 1038/ natur 
e25476

 28. S. Xiao, C. Chen, Q. Xia, Y. Liu, Y. Yao et al., Lightweight, 
strong, moldable wood via cell wall engineering as a sustain-
able structural material. Science 374, 465–471 (2021). https:// 
doi. org/ 10. 1126/ scien ce. abg95 56

 29. B. Zhao, X. Shi, S. Khakalo, Y. Meng, A. Miettinen et al., 
Wood-based superblack. Nat. Commun. 14, 7875 (2023). 
https:// doi. org/ 10. 1038/ s41467- 023- 43594-4

 30. K. Sheng, M. Tian, J. Zhu, Y. Zhang, B. Van der Bruggen, 
When coordination polymers meet wood: from molecular 
design toward sustainable solar desalination. ACS Nano 17, 
15482–15491 (2023). https:// doi. org/ 10. 1021/ acsna no. 3c014 
21

 31. S. Liu, H. Wu, Y. Du, X. Lu, J. Qu, Shape-stable composite 
phase change materials encapsulated by bio-based balsa wood 
for thermal energy storage. Sol. Energy Mater. Sol. Cells 230, 
111187 (2021). https:// doi. org/ 10. 1016/j. solmat. 2021. 111187

 32. H. Yang, S. Wang, X. Wang, W. Chao, N. Wang et al., Wood-
based composite phase change materials with self-cleaning 
superhydrophobic surface for thermal energy storage. Appl. 
Energy 261, 114481 (2020). https:// doi. org/ 10. 1016/j. apene 
rgy. 2019. 114481

 33. H. Yang, W. Chao, X. Di, Z. Yang, T. Yang et al., Multifunc-
tional wood based composite phase change materials for mag-
netic-thermal and solar-thermal energy conversion and stor-
age. Energy Convers. Manag. 200, 112029 (2019). https:// doi. 
org/ 10. 1016/j. encon man. 2019. 112029

 34. L. Shu, H. Fang, S. Feng, J. Sun, F. Yang et al., Assembling 
all-wood-derived carbon/carbon dots-assisted phase change 
materials for high-efficiency thermal-energy harvesters. Int. 
J. Biol. Macromol. 256, 128365 (2024). https:// doi. org/ 10. 
1016/j. ijbio mac. 2023. 128365

 35. Y. Liu, H. Yang, Y. Wang, C. Ma, S. Luo et al., Fluorescent 
thermochromic wood-based composite phase change materials 
based on aggregation-induced emission carbon dots for visual 
solar-thermal energy conversion and storage. Chem. Eng. J. 
424, 130426 (2021). https:// doi. org/ 10. 1016/j. cej. 2021. 130426

 36. X. Shi, Y. Meng, R. Bi, Z. Wan, Y. Zhu et al., Enabling unidi-
rectional thermal conduction of wood-supported phase change 
material for photo-to-thermal energy conversion and heat reg-
ulation. Compos. Part B Eng. 245, 110231 (2022). https:// doi. 
org/ 10. 1016/j. compo sitesb. 2022. 110231

 37. W. Huang, H. Li, X. Lai, Z. Chen, L. Zheng et al., Graphene 
wrapped wood-based phase change composite for efficient 
electro-thermal energy conversion and storage. Cellulose 29, 
223–232 (2022). https:// doi. org/ 10. 1007/ s10570- 021- 04297-5

 38. J. Wu, Y. Chen, L. Zhang, X. Sheng, Electrostatic self-assem-
bled MXene@PDDA-Fe3O4 nanocomposite: a novel, efficient, 
and stable low-temperature phosphating accelerator. J. Ind. 
Eng. Chem. 129, 424–434 (2024). https:// doi. org/ 10. 1016/j. 
jiec. 2023. 09. 002

 39. Y. Cao, Z. Zeng, D. Huang, Y. Chen, L. Zhang et al., Mul-
tifunctional phase change composites based on biomass/
MXene-derived hybrid scaffolds for excellent electromag-
netic interference shielding and superior solar/electro-thermal 

energy storage. Nano Res. 15, 8524–8535 (2022). https:// doi. 
org/ 10. 1007/ s12274- 022- 4626-6

 40. L. Wang, Z. Ma, Y. Zhang, H. Qiu, K. Ruan et al., Mechani-
cally strong and folding-endurance  Ti3C2Tx MXene/PBO 
nanofiber films for efficient electromagnetic interference 
shielding and thermal management. Carbon Energy 4, 200–
210 (2022). https:// doi. org/ 10. 1002/ cey2. 174

 41. Y. Zhang, K. Ruan, Y. Guo, J. Gu, Recent advances of 
MXenes-based optical functional materials. Adv. Photonics 
Res. 4, 2300224 (2023). https:// doi. org/ 10. 1002/ adpr. 20230 
0224

 42. Y. Zhang, K. Ruan, K. Zhou, J. Gu, Controlled distributed 
 Ti3C2Tx hollow microspheres on thermally conductive poly-
imide composite films for excellent electromagnetic interfer-
ence shielding. Adv. Mater. 35, 2211642 (2023). https:// doi. 
org/ 10. 1002/ adma. 20221 1642

 43. X. Huang, Q. Weng, Y. Chen, L. Zhang, X. Sheng, Accel-
erating phosphating process via hydrophobic MXene@SA 
nanocomposites for the significant improvement in anti-cor-
rosion performance of plain carbon steel. Surf. Interfaces 45, 
103911 (2024). https:// doi. org/ 10. 1016/j. surfin. 2024. 103911

 44. H. Jiang, Y. Xie, Y. Jiang, Y. Luo, X. Sheng et al., Ration-
ally assembled sandwich structure of MXene-based phos-
phorous flame retardant at ultra-low loading nanosheets 
enabling fire-safe thermoplastic polyurethane. Appl. Surf. 
Sci. 649, 159111 (2024). https:// doi. org/ 10. 1016/j. apsusc. 
2023. 159111

 45. C. Liang, H. Qiu, P. Song, X. Shi, J. Kong et al., Ultra-light 
MXene aerogel/wood-derived porous carbon composites with 
wall-like “mortar/brick” structures for electromagnetic inter-
ference shielding. Sci. Bull. 65, 616–622 (2020). https:// doi. 
org/ 10. 1016/j. scib. 2020. 02. 009

 46. Y. Jiang, X. Ru, W. Che, Z. Jiang, H. Chen et al., Flexible, 
mechanically robust and self-extinguishing MXene/wood 
composite for efficient electromagnetic interference shielding. 
Compos. Part B Eng. 229, 109460 (2022). https:// doi. org/ 10. 
1016/j. compo sitesb. 2021. 109460

 47. Y. Zhang, Y. Huang, M.-C. Li, S. Zhang, W. Zhou et al., 
Bioinspired, stable adhesive  Ti3C2Tx MXene-based coatings 
towards fire warning, smoke suppression and VOCs removal 
smart wood. Chem. Eng. J. 452, 139360 (2023). https:// doi. 
org/ 10. 1016/j. cej. 2022. 139360

 48. H. Gao, N. Bing, Z. Bao, H. Xie, W. Yu, Sandwich-structured 
MXene/wood aerogel with waste heat utilization for continu-
ous desalination. Chem. Eng. J. 454, 140362 (2023). https:// 
doi. org/ 10. 1016/j. cej. 2022. 140362

 49. D. Zhang, K. Yang, X. Liu, M. Luo, Z. Li et al., Boosting 
the photothermal conversion efficiency of MXene film by 
porous wood for light-driven soft actuators. Chem. Eng. J. 
450, 138013 (2022). https:// doi. org/ 10. 1016/j. cej. 2022. 138013

 50. M. Luo, D. Zhang, K. Yang, Z. Li, Z. Zhu et al., A flexible 
vertical-section wood/MXene electrode with excellent per-
formance fabricated by building a highly accessible bond-
ing interface. ACS Appl. Mater. Interfaces 14, 40460–40468 
(2022). https:// doi. org/ 10. 1021/ acsami. 2c128 19

https://doi.org/10.1038/nature25476
https://doi.org/10.1038/nature25476
https://doi.org/10.1126/science.abg9556
https://doi.org/10.1126/science.abg9556
https://doi.org/10.1038/s41467-023-43594-4
https://doi.org/10.1021/acsnano.3c01421
https://doi.org/10.1021/acsnano.3c01421
https://doi.org/10.1016/j.solmat.2021.111187
https://doi.org/10.1016/j.apenergy.2019.114481
https://doi.org/10.1016/j.apenergy.2019.114481
https://doi.org/10.1016/j.enconman.2019.112029
https://doi.org/10.1016/j.enconman.2019.112029
https://doi.org/10.1016/j.ijbiomac.2023.128365
https://doi.org/10.1016/j.ijbiomac.2023.128365
https://doi.org/10.1016/j.cej.2021.130426
https://doi.org/10.1016/j.compositesb.2022.110231
https://doi.org/10.1016/j.compositesb.2022.110231
https://doi.org/10.1007/s10570-021-04297-5
https://doi.org/10.1016/j.jiec.2023.09.002
https://doi.org/10.1016/j.jiec.2023.09.002
https://doi.org/10.1007/s12274-022-4626-6
https://doi.org/10.1007/s12274-022-4626-6
https://doi.org/10.1002/cey2.174
https://doi.org/10.1002/adpr.202300224
https://doi.org/10.1002/adpr.202300224
https://doi.org/10.1002/adma.202211642
https://doi.org/10.1002/adma.202211642
https://doi.org/10.1016/j.surfin.2024.103911
https://doi.org/10.1016/j.apsusc.2023.159111
https://doi.org/10.1016/j.apsusc.2023.159111
https://doi.org/10.1016/j.scib.2020.02.009
https://doi.org/10.1016/j.scib.2020.02.009
https://doi.org/10.1016/j.compositesb.2021.109460
https://doi.org/10.1016/j.compositesb.2021.109460
https://doi.org/10.1016/j.cej.2022.139360
https://doi.org/10.1016/j.cej.2022.139360
https://doi.org/10.1016/j.cej.2022.140362
https://doi.org/10.1016/j.cej.2022.140362
https://doi.org/10.1016/j.cej.2022.138013
https://doi.org/10.1021/acsami.2c12819


Nano-Micro Lett.          (2024) 16:196  Page 21 of 22   196 

1 3

 51. P.-L. Wang, C. Ma, Q. Yuan, T. Mai, M.-G. Ma, Novel 
 Ti3C2Tx MXene wrapped wood sponges for fast cleanup of 
crude oil spills by outstanding Joule heating and photother-
mal effect. J. Colloid Interface Sci. 606, 971–982 (2022). 
https:// doi. org/ 10. 1016/j. jcis. 2021. 08. 092

 52. Y. Li, X. Li, D. Liu, X. Cheng, X. He et al., Fabrication 
and properties of polyethylene glycol-modified wood com-
posite for energy storage and conversion. BioResources 11, 
7790–7802 (2016). https:// doi. org/ 10. 15376/ biores. 11.3. 
7790- 7802

 53. Y. Zhang, Y. Yan, H. Qiu, Z. Ma, K. Ruan et al., A mini-review 
of MXene porous films: preparation, mechanism and applica-
tion. J. Mater. Sci. Technol. 103, 42–49 (2022). https:// doi. org/ 
10. 1016/j. jmst. 2021. 08. 001

 54. X. He, J. Wu, X. Huang, Y. Chen, L. Zhang et al., Three-in-
one polymer nanocomposite coating via constructing tannic 
acid functionalized MXene/BP hybrids with superior cor-
rosion resistance, friction resistance, and flame-retardancy. 
Chem. Eng. Sci. 283, 119429 (2024). https:// doi. org/ 10. 1016/j. 
ces. 2023. 119429

 55. Y. Cao, M. Weng, M.H.H. Mahmoud, A.Y. Elnaggar, L. Zhang 
et al., Flame-retardant and leakage-proof phase change com-
posites based on MXene/polyimide aerogels toward solar ther-
mal energy harvesting. Adv. Compos. Hybrid Mater. 5, 1253–
1267 (2022). https:// doi. org/ 10. 1007/ s42114- 022- 00504-4

 56. Y. Wei, C. Hu, Z. Dai, Y. Zhang, W. Zhang et al., Highly 
anisotropic MXene@Wood composites for tunable electro-
magnetic interference shielding. Compos. Part A Appl. Sci. 
Manuf. 168, 107476 (2023). https:// doi. org/ 10. 1016/j. compo 
sitesa. 2023. 107476

 57. Y. Meng, J. Majoinen, B. Zhao, O.J. Rojas, Form-stable 
phase change materials from mesoporous balsa after selective 
removal of lignin. Compos. Part B Eng. 199, 108296 (2020). 
https:// doi. org/ 10. 1016/j. compo sitesb. 2020. 108296

 58. Y. Yun, W. Chi, R. Liu, Y. Ning, W. Liu et al., Self-assembled 
polyacylated anthocyanins on anionic wood film as a multi-
color sensor for tracking TVB-N of meat. Ind. Crops Prod. 
208, 117834 (2024). https:// doi. org/ 10. 1016/j. indcr op. 2023. 
117834

 59. H. Yang, Y. Wang, Q. Yu, G. Cao, R. Yang et al., Composite 
phase change materials with good reversible thermochromic 
ability in delignified wood substrate for thermal energy stor-
age. Appl. Energ. 212, 455–464 (2018). https:// doi. org/ 10. 
1016/j. apene rgy. 2017. 12. 006

 60. L. Ma, C. Guo, R. Ou, L. Sun, Q. Wang et al., Preparation and 
characterization of modified porous wood flour/lauric-myristic 
acid eutectic mixture as a form-stable phase change material. 
Energy Fuels 32, 5453–5461 (2018). https:// doi. org/ 10. 1021/ 
acs. energ yfuels. 7b039 33

 61. B. Liang, X. Lu, R. Li, W. Tu, Z. Yang et al., Solvent-free 
preparation of bio-based polyethylene glycol/wood flour com-
posites as novel shape-stabilized phase change materials for 
solar thermal energy storage. Sol. Energ. Mat. Sol. C 200, 
110037 (2019). https:// doi. org/ 10. 1016/j. solmat. 2019. 110037

 62. R. Xia, W. Zhang, Y. Yang, J. Zhao, Y. Liu et al., Transparent 
wood with phase change heat storage as novel green energy 

storage composites for building energy conservation. J. Clean. 
Prod. 296, 126598 (2021). https:// doi. org/ 10. 1016/j. jclep ro. 
2021. 126598

 63. M. He, J. Hu, H. Yan, X. Zhong, Y. Zhang et al., Shape 
anisotropic chain-like CoNi/polydimethylsiloxane compos-
ite films with excellent low-frequency microwave absorp-
tion and high thermal conductivity. Adv. Funct. Mater. 34, 
2316691 (2024). https:// doi. org/ 10. 1002/ adfm. 20231 6691

 64. X. Zhong, M. He, C. Zhang, Y. Guo, J. Hu et al., Hetero-
structured BN@Co-C@C endowing polyester composites 
excellent thermal conductivity and microwave absorption 
at C band. Adv. Funct. Mater. 34, 2313544 (2024). https:// 
doi. org/ 10. 1002/ adfm. 20231 3544

 65. X. Chen, H. Gao, L. Xing, W. Dong, A. Li et al., Nanocon-
finement effects of N-doped hierarchical carbon on thermal 
behaviors of organic phase change materials. Energy Storage 
Mater. 18, 280–288 (2019). https:// doi. org/ 10. 1016/j. ensm. 
2018. 08. 024

 66. I. Shamseddine, F. Pennec, P. Biwole, F. Fardoun, Super-
cooling of phase change materials: a review. Renew. Sustain. 
Energy Rev. 158, 112172 (2022). https:// doi. org/ 10. 1016/j. 
rser. 2022. 112172

 67. Z. Zeng, D. Huang, L. Zhang, X. Sheng, Y. Chen, An inno-
vative modified calcium chloride hexahydrate–based com-
posite phase change material for thermal energy storage and 
indoor temperature regulation. Adv. Compos. Hybrid Mater. 
6, 80 (2023). https:// doi. org/ 10. 1007/ s42114- 023- 00654-z

 68. Y. Luo, Y. Xie, W. Geng, G. Dai, X. Sheng et al., Fabri-
cation of thermoplastic polyurethane with functionalized 
MXene towards high mechanical strength, flame-retardant, 
and smoke suppression properties. J. Colloid Interface Sci. 
606, 223–235 (2022). https:// doi. org/ 10. 1016/j. jcis. 2021. 08. 
025

 69. J. Wang, H. Yue, Z. Du, X. Cheng, H. Wang et al., Flame-
retardant and form-stable delignified wood-based phase 
change composites with superior energy storage density and 
reversible thermochromic properties for visual thermoregu-
lation. ACS Sustainable Chem. Eng. 11, 3932–3943 (2023). 
https:// doi. org/ 10. 1021/ acssu schem eng. 2c076 35

 70. L. Tang, K. Ruan, X. Liu, Y. Tang, Y. Zhang et al., Flexible 
and robust functionalized boron nitride/poly(p-phenylene ben-
zobisoxazole) nanocomposite paper with high thermal conduc-
tivity and outstanding electrical insulation. Nano-Micro Lett. 
16, 38 (2023). https:// doi. org/ 10. 1007/ s40820- 023- 01257-5

 71. S. Yin, X. Ren, R. Zheng, Y. Li, J. Zhao et al., Improving 
fire safety and mechanical properties of waterborne polyure-
thane by montmorillonite-passivated black phosphorus. Chem. 
Eng. J. 464, 142683 (2023). https:// doi. org/ 10. 1016/j. cej. 2023. 
142683

 72. P. Lin, J. Xie, Y. He, X. Lu, W. Li et al., MXene aerogel-based 
phase change materials toward solar energy conversion. Sol. 
Energy Mater. Sol. Cells 206, 110229 (2020). https:// doi. org/ 
10. 1016/j. solmat. 2019. 110229

 73. C. Liang, H. Qiu, Y. Zhang, Y. Liu, J. Gu, External field-
assisted techniques for polymer matrix composites with 

https://doi.org/10.1016/j.jcis.2021.08.092
https://doi.org/10.15376/biores.11.3.7790-7802
https://doi.org/10.15376/biores.11.3.7790-7802
https://doi.org/10.1016/j.jmst.2021.08.001
https://doi.org/10.1016/j.jmst.2021.08.001
https://doi.org/10.1016/j.ces.2023.119429
https://doi.org/10.1016/j.ces.2023.119429
https://doi.org/10.1007/s42114-022-00504-4
https://doi.org/10.1016/j.compositesa.2023.107476
https://doi.org/10.1016/j.compositesa.2023.107476
https://doi.org/10.1016/j.compositesb.2020.108296
https://doi.org/10.1016/j.indcrop.2023.117834
https://doi.org/10.1016/j.indcrop.2023.117834
https://doi.org/10.1016/j.apenergy.2017.12.006
https://doi.org/10.1016/j.apenergy.2017.12.006
https://doi.org/10.1021/acs.energyfuels.7b03933
https://doi.org/10.1021/acs.energyfuels.7b03933
https://doi.org/10.1016/j.solmat.2019.110037
https://doi.org/10.1016/j.jclepro.2021.126598
https://doi.org/10.1016/j.jclepro.2021.126598
https://doi.org/10.1002/adfm.202316691
https://doi.org/10.1002/adfm.202313544
https://doi.org/10.1002/adfm.202313544
https://doi.org/10.1016/j.ensm.2018.08.024
https://doi.org/10.1016/j.ensm.2018.08.024
https://doi.org/10.1016/j.rser.2022.112172
https://doi.org/10.1016/j.rser.2022.112172
https://doi.org/10.1007/s42114-023-00654-z
https://doi.org/10.1016/j.jcis.2021.08.025
https://doi.org/10.1016/j.jcis.2021.08.025
https://doi.org/10.1021/acssuschemeng.2c07635
https://doi.org/10.1007/s40820-023-01257-5
https://doi.org/10.1016/j.cej.2023.142683
https://doi.org/10.1016/j.cej.2023.142683
https://doi.org/10.1016/j.solmat.2019.110229
https://doi.org/10.1016/j.solmat.2019.110229


 Nano-Micro Lett.          (2024) 16:196   196  Page 22 of 22

https://doi.org/10.1007/s40820-024-01414-4© The authors

electromagnetic interference shielding. Sci. Bull. 68, 1938–
1953 (2023). https:// doi. org/ 10. 1016/j. scib. 2023. 07. 046

 74. S. Shi, Y. Jiang, H. Ren, S. Deng, J. Sun et al., 3D-printed 
carbon-based conformal electromagnetic interference shield-
ing module for integrated electronics. Nano-Micro Lett. 16, 
85 (2024). https:// doi. org/ 10. 1007/ s40820- 023- 01317-w

 75. C. Liang, Z. Gu, Y. Zhang, Z. Ma, H. Qiu et al., Structural 
design strategies of polymer matrix composites for electro-
magnetic interference shielding: a review. Nano-Micro Lett. 
13, 181 (2021). https:// doi. org/ 10. 1007/ s40820- 021- 00707-2

 76. J. Xiao, B. Zhan, M. He, X. Qi, X. Gong et al., Interfacial 
polarization loss improvement induced by the hollow engi-
neering of necklace-like PAN/carbon nanofibers for boosted 
microwave absorption. Adv. Funct. Mater. 34, 2316722 (2024). 
https:// doi. org/ 10. 1002/ adfm. 20231 6722

 77. J. Yang, H. Wang, Y. Zhang, H. Zhang, J. Gu, Layered struc-
tural PBAT composite foams for efficient electromagnetic 
interference shielding. Nano-Micro Lett. 16, 31 (2023). https:// 
doi. org/ 10. 1007/ s40820- 023- 01246-8

https://doi.org/10.1016/j.scib.2023.07.046
https://doi.org/10.1007/s40820-023-01317-w
https://doi.org/10.1007/s40820-021-00707-2
https://doi.org/10.1002/adfm.202316722
https://doi.org/10.1007/s40820-023-01246-8
https://doi.org/10.1007/s40820-023-01246-8

	Leakage Proof, Flame-Retardant, and Electromagnetic Shield Wood Morphology Genetic Composite Phase Change Materials for Solar Thermal Energy Harvesting
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Fabrication of Wood Aerogel and MXenePA Hybrid Modification
	2.2 Impregnation with PEG for the Preparation of CPCMs

	3 Results and Discussion
	3.1 Balsa-Derived Framework and MXenePA Hybrid Modification
	3.2 CPCMs Morphology and Encapsulation Capability
	3.3 Thermal Properties and Phase Change Behavior of the Balsa-Derived CPCMs
	3.4 Thermal Reliability and Repeatability of Balsa-Derived CPCMs
	3.5 Flame-Retardant Performance of Balsa-Derived CPCMs
	3.6 Solar to Electricity Conversion of Balsa-Derived CPCMs
	3.7 Electromagnetic Shielding Performance of Balsa-Derived CPCMs

	4 Conclusions
	Acknowledgements 
	References


