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Thermal energy storage and utilization is gathering intensive attention due to the renewable nature of
the energy source, easy operation and economic competency. Among all the research efforts, the
preparation of sustainable and advanced phase change materials (PCMs) is the key. Cellulose, the most
abundant natural polymer on earth, has the advantages of renewability, biodegradability, recyclability and
ease of functionalization, making it a versatile candidate for newly emerging energy applications.
Incorporating nanocellulose into PCMs has undergone a booming development as it can overcome the
drawbacks of PCMs and form multifunctional sustainable composites. This review summarizes the use of
nanocellulose including cellulose nanocrystals and cellulose nanofibers in the field of latent heat storage
(LHS). Firstly, the preparation, physical properties and surface modification of nanocellulose are
systematically reviewed, followed by the illustration of the preparation of nanocellulose-based materials,
including films, hydrogels, foams and aerogels. Then, the fundamentals and applications of PCMs are
briefly introduced. In particular, the recent progress in using nanocellulose-based materials for PCM-
based LHS applications is intensively reviewed, where nanocellulose-based composite PCM slurries,
capsules, fibers, films, and blocks are introduced in detail. The role of nanocellulose in preparing
composite PCMs is interpreted from the perspective of its intrinsic properties. Summary and outlook are
given to suggest the chances and challenges of using nanocellulose for LHS applications. This work may
shed light on the innovative applications of naturally occurring polymers in sustainable energy systems
and provide inspiration for the efficient utilization of sustainable thermal energy.

Expanding the utilization of renewable energy has been considered one effective way to cope with the rising concerns about the ongoing depletion of fossil fuels

and the resulting environmental pollution. Thermal energy, a type of clean and renewable energy, can be stored and released through the phase transitions of

phase change materials (PCMs). This energy storage and utilization process has the advantages of high energy density, zero carbon emission, low cost, easy

operation, recyclability and small temperature swings. Therefore, the preparation of sustainable and advanced PCMs has become the key to green and
advanced thermal energy storage applications. Cellulose is the most abundant natural polymer on earth and shows the fascinating merits of biodegradability,

renewability, recyclability, environmental friendliness and non-toxicity. Studies on the use of nanocellulose to prepare composite PCMs have emerged in the
recent decade; however, there has been a lack of review works. The present review summarizes the state-of-the-art in the preparation and applications of

nanocellulose in PCM-based thermal energy storage, as well as the challenges in the further development of nanocellulose-based advanced composite PCMs.
We expect that this review will shed light on expanding the utilization of naturally occurring polymers for the preparation of sustainable and advanced
composite PCMs for thermal energy applications.

1. Introduction
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In the dilemma of ever-increasing environmental concern from
society and the constantly growing energy demand, sustainable
energy sources such as solar energy, wind energy, and nuclear
energy are receiving long-lasting attention from the govern-
ment, society, industry and academia. The use of thermal
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energy storage (TES) technique has been proven to be an
effective approach to both reducing energy consumption and
addressing the problems related to the intermittency of renew-
able sources.! Specifically, the use of the TES technique offers
the advantages of an increase in overall efficiency and better
reliability, better economics, reductions in investment and
running costs, and less pollution of the environment.” Hence,
the preparation and utilization of advanced TES systems is
of great significance to sustainable and efficient utilization
of energy, and consequently helps address the environmental
and energy concerns.

TES systems based on latent heat storage (LHS) are the most
studied due to their reversible phase transition with fascinating
characteristics like high energy storage density and small
temperature swings.® The function of a LHS system relies on
phase change materials (PCMs), which are the media for energy
storage and release through their reversible phase transitions.
The stored thermal energy can be held for a certain period and
released when required, which benefits energy saving and the
shift of peak load. PCMs can be categorized into inorganic,
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organic and eutectic PCMs and each category has its pros and
cons. For example, salt hydrates as the representative inorganic
PCMs possess the merits of high volumetric energy storage
density, non-flammability, non-corrosivity, non-toxicity, and
inexpensiveness, which are suitable for both industrial and
household applications.” However, the phase separation and
supercooling issues in their phase transitions need to be over-
come for a more efficient TES process. In contrast, organic
PCMs such as paraffin and polyethylene glycol suffer little from
phase separation and supercooling, but face the challenges of
large volume change and the resulting leakage problem.> More-
over, thermal conductivity enhancement of PCMs is required
for superior energy storage speed and efficiency.® For an
efficient and reliable TES application, numerous composite
PCMs with functional ingredients have been widely developed
to cope with the abovementioned weaknesses of PCMs.
Cellulose, a natural polysaccharide consisting of a linear
chain of repeating (1 — 4) linked p-glucose units, is one of the
three main components (cellulose, lignin and hemicellulose, as
shown in Fig. 1(a)) of green plants and accounts for the most

Cell lumen &~

S - S2
Removing lignin and

hemicellulose
_

oM

$1

» s l?
Micro fibrils 8

Wood cell wall

Fig. 1 The hierarchical structure of wood, from the macroscopic level of a trunk to molecular scale of cellulose chains. The wood cell wall has a
hierarchical structure composed of the primary wall (P) and the secondary wall (S), which are assembled by cellulose microfibrils with different
orientations to the tree growth direction (net-like texture in P, 50°-70° in S1, 5°-15° in S2, and 60-90° in S3); hemicellulose is a non-crystalline and
branched polymer that binds with pectin to form microfibrils; and lignin is a 3D amorphous phenolic polymer that probably associates closely with
hemicellulose by a lignin—carbohydrate complex through covalent bonds.?*24 Adapted with permission from ref. 24, Copyright 2021, Wiley-VCH GmbH;
TEM image of (b) CNFs produced by a Super Masscolloider grinder, (c) CNCs produced by acid hydrolysis of wood pulp, reproduced from open source
under the CC BY license,?® and (d) bacterial cellulose fibers produced by bacteria A. aceti, adapted from open source under the CC BY license.?®
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abundant biopolymers on earth.” Cellulose possesses numer-
ous fascinating properties, including biodegradability, renew-
ability, recyclability, environmental friendliness and non-
toxicity.® Owing to the large amount of hydroxyl groups on its
surface, the chemical modification of cellulosic material is of
great ease.’ Nanocellulose, cellulosic material with at least one
dimension within the size of 100 nm, has large specific surface
area, excellent stiffness, high strength, high aspect ratio and
dimensional stability, except for the intrinsic properties of
cellulose.”® Compared to other forms of cellulose-engineered
materials, such as cellulose microcrystals and cellulose micro-
fibers, nanocellulose has higher specific surface area and more
uniform particle size distribution and thus tends to form a
mechanically more stable self-assembled structure. These good
properties of nanocellulose meet the requirement of sustain-
able development and environmental protection, and hence
research interest in nanocellulose and nanocellulose-based
advanced/functional materials has ever been provoked in
recent decades.’*™* In particular, introducing nanocellulose
into PCMs offers the advantages of overcoming the drawbacks
of PCMs such as leakage, phase separation, and supercooling
for developing advanced and multifunctional composites for
sustainable TES systems. With the booming of nanocellulose
research, there have been a number of reviews on the applica-
tion of nanocellulose in energy devices," printed electronics,"®
packing materials,"” food science,'® drug delivery,"® environ-
mental remediation,” tissue engineering,' etc. Although the
use of nanocellulose in energy applications has been
reviewed,>” there has been a lack of review on the application
of nanocellulose in the latent energy storage field, which will be
the focus of this work.

In the present work, a systematic introduction of the pre-
paration, physical properties and surface modification of nano-
cellulose is given first, followed by an illustration of the
preparation of nanocellulose-based materials, including films,
hydrogels, foams and aerogels. The basics and fundamentals of
TES systems, especially the classification, properties and appli-
cations of PCMs, are introduced. Then, an intensive review of
the preparation and applications of nanocellulose-based com-
posite PCM slurries, capsules, fibers, films, and blocks is
presented. Particularly, the role of cellulose nanofibers and
nanocrystals in preparing composite PCMs is compared and
interpreted from the perspective of their intrinsic properties. In
the end, the challenges of preparing and using nanocellulose-
based composite PCMs are summarized.

2. Nanocellulose and nanocellulose-
based composite materials
2.1 Preparation and modifications of nanocellulose

2.1.1 Basics of nanocellulose. Nanocellulose is generally
categorized into cellulose nanofibers (CNFs), cellulose nano-
crystals (CNCs) and bacterial nanocellulose (BC). CNFs and
CNCs are typically extracted from natural plant resources like
wood, grass and agricultural residues, and BC is usually
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produced by the biosynthesis process of both Gram negative
bacteria like Gluconacetobacter and Gram positive bacteria like
Sarcina.”” BC usually has a higher crystallinity (over 80%) than
that of nanocellulose derived from plant resources (40-85%),
greater flexibility, higher hydrophilicity and drug load-release
properties, but the disadvantages like time-consuming produc-
tion, axenic conditions for cultivating specific bacteria and
reaction conditions for biosynthesis limit its widespread
applications.?®*® Moreover, the chemical composition and
structure of BC are exactly the same as those of CNCs and
CNFs; therefore the focus of this article excludes BC. As
noticed, CNFs usually have a width of less than 100 nm and a
length of several hundreds of nanometers or several micro-
meters. Compared to CNCs, CNFs are composed of both
amorphous and crystalline regions and have higher
flexibility.?® CNCs are rod-like or needle-like, 10-30 nm in
diameter and several hundred nanometers in length, and they
have high rigidity due to their high crystallinity.®" Typical
electron microscopic images of nanocellulose are presented
in Fig. 1(b)-(d).

2.1.2 Preparation and properties of nanocellulose. Cellu-
lose nanofibers are typically ‘“top-down” produced by mechan-
ical processes as shown in Fig. 2(a), such as high-pressure
homogenization, microfluidization, and grinding.*” During the
mechanical treatment, cellulosic fiber bundles can be disinte-
grated by various mechanical impacts, like high pressure,
high shear, high speed and turbulence, resulting in aggre-
gated nanofibrils or nanofibril networks. To facilitate the
disintegration of cellulose fibers and minimize the intensive
energy consumption in the mechanical processes, various pre-
treatment methods, such as enzymatic hydrolysis, 2,2,6,6-
tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated oxida-
tion, carboxymethylation, and quaternization, can be used.*?
The enzymatic pretreatment of cellulose materials usually
involves mild conditions and benefits the nanofibrillation of
cellulose in the follow-up mechanical processes by creating
holes, peeling and fines in the raw materials.>® The chemical
pretreatment could introduce positive or negative charges,
reduce the energy input and improve the colloidal dispersion
and stability of CNFs.** Compared to CNCs, CNFs have differ-
ent morphological, mechanical and physicochemical character-
istics, such as greater length, larger aspect ratios, lower
crystallinity, lower modulus and tensile strength, greater flex-
ibility, higher viscosity, and lower gel-forming concentrations.
Such property comparison between CNCs and CNFs is
available.*

Cellulose nanocrystals are usually extracted from lignocellu-
losic materials using an acid hydrolysis method.?” In a typical
sulfuric acid hydrolysis process (Fig. 2(b)), the amorphous
regions of cellulose can be more easily degraded by the strong
acid while the crystalline regions are conserved due to their
good structure stability. As a result of acid hydrolysis, anionic
sulfate groups are inevitably introduced to the surface of CNCs,
leading to improved dispersing performance. Although strong
acid hydrolysis is a simple and well-developed method to
prepare CNCs, more sustainable approaches are required

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2ee04063h

Published on 30 January 2023. Downloaded by Peking University on 4/15/2024 10:03:40 AM.

Review

(@)@ Purification
cooking and bleaching

(@ Mechanical treatment

— blending
- refining
- grinding

(@ Biological/chemical

pretreatment :
— enzymatic hydrolysis !
— carboxylation J
— carboxymethylation |
— quaternization
- sulfonation

- solvent-assisted

pretreatment

_, 50 types of CNp

View Article Online

Energy & Environmental Science

@ Principal mechanical
treatment
— homogenization
- grinding
— refining
— extrusion
— blending
~ ultrasonication
- cryocrushing
— steam explosion
— ball milling
~ aqueous counter
collison
(® Post-treatment
— chemical modification
— fractionation

1 raw material
wood, plant, etc.

L1
Crystalline regions
(b)

, 21 o, 0 —— . —

> é gl 3 o
. ) R 7 }2., g [ ! Paa=————cy ?

_3 ' g s \
- 3 CNCs oson ™ s
Amorphous (disordered) o8 on p D T it (L PO
regions =5 'm/g,\ > ;" :’A:’/° ”\'?"‘: ’”\:;n‘"’:‘/
o . o o

Fig. 2 (a) Summarized methods to produce CNFs, reproduced with permission from ref. 34, Copyright 2016, Elsevier B.V., and (b) schematic diagram of
the typical preparation of CNCs by an acid hydrolysis method, adapted with permission from ref. 36, Copyright 2014, American Chemical Society.

owing to the harsh reaction conditions and environmental and
safety issues. In recent decades, various solid acids, organic
acids, ionic liquids, and deep eutectic solvents have been tested
and are shown to be promising alternative ways for obtaining
CNCs.*® CNC crystallinity, ranging from 62% to 90%, is depen-
dent on the starting material for CNC preparation and the
crystallinity measurement method.*® Moreover, the particle
morphology, surface chemistry and other characteristics of
CNCs are remarkably affected by the material resources
and preparation conditions.’® CNCs exhibit numerous fascinat-
ing properties, including high axial stiffness (~150 GPa),
high tensile strength (estimated at 7.5 GPa), low coefficient
of thermal expansion (~1 ppm K '), thermal stability up to
~300 °C, high aspect ratio (10-100), low density (~1.6 g cm ),
lyotropic liquid crystalline behavior, and shear-thinning
rheology in their suspensions.’® Motivated by the abovemen-
tioned merits of nanocellulose, both CNFs and CNCs have
been wildly used in a host of fields, including health, safety,
medical, environmental and energy applications in the
form of fibers, suspensions, liquid gels, films, aerogels and
composites.*’

2.1.3 Surface modification of nanocellulose. For a better
dispersibility, functionability or compatibility with other com-
ponents or matrices, chemical modification of cellulose is
frequently needed. The cellulose surface has abundant hydroxyl
groups and these functional groups enable the feasibility of
various chemical modifications. Moreover, nanocellulose has a
higher degree of surface chemical reactivity due to the

This journal is © The Royal Society of Chemistry 2023

nanoscale effect.'® The chemical modifications of nanocellu-
lose include amination, esterification, oxidation, silylation,
carboxymethylation, epoxidation, sulfonation, and thiol- and
azido-functionalization and are schematically shown in Fig. 3.
Without surface modification, nanocellulose has a strong ten-
dency to aggregate due to the numerous inter- and intra-
molecular hydrogen bonds derived from the hydroxyl groups.
There are typically three classes of nanocellulose surface mod-
ifications, including (1) polymer grafting based on the ““grafting
onto” strategy with different coupling agents (as indicated with
blue arrows in Fig. 3), (2) substitution of the hydroxyl group
with small molecules (as indicated with red arrows in Fig. 3),
and (3) polymer grafting based on the ‘“grafting from”
approach with a radical polymerization involving single-
electron transfer-living radical polymerization, ring opening
polymerization, and atom transfer radical polymerization, as
indicated with yellow arrows in Fig. 3.*° Through nanocellulose
modification or functionalization, the nanocellulose-matrix
interaction or compatibility can be tuned, and the dispersion
state of nanocellulose in the polymer matrix or organic solvents
would be improved, leading to favored material processing and
fabrication. However, the intensity of hydrogen bonding
between nanocellulose and others will be limited with the
decrease of the amount of hydroxyl groups on the nanocellu-
lose surface.*! Besides chemical modifications, physical mod-
ification of nanocellulose like plasma treatment, ultrasonic
treatment, irradiation, and surface fibrillation** and enzymatic
modification of nanocellulose via direct contact or indirect

Energy Environ. Sci., 2023, 16, 830-861 | 833
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Fig. 3 Schematic illustration of the chemical modifications of nanocellulose. Reproduced with permission from ref. 40, Copyright 2012, Royal Society of

Chemistry.

enzyme-mediated modification®® can be applied. These mod-
ifications or functionalizations lead to desired nanocellulose
properties, which, in turn, contribute to their effectiveness for
the targeted application (e.g. food industry**) and the satisfac-
tory performance of the final product.

2.2 Nanocellulose-based films

Nanocellulose films can be facilely prepared by either the
solvent casting or vacuum filtration method.*” The obtained
nanocellulose films are of fascinating properties, including
high surface smoothness, high optical transmittance, excellent
flexibility, strong tensile strength, superior gas barrier perfor-
mance in dry conditions and thermal stability, which help
expand their applications from the conventional field such as
packing film to newly emerging fields like energy devices,
sensors, biomedical and environmental applications.*®

To endow nanocellulose-based films with functionability,
functional additives such as 0D, 1D and 2D nanomaterials can
be incorporated.*® Fig. 4(a) presents the preparation of
nanocellulose-based films containing 0D nanomaterials, where
aluminum nitride (AIN) nanoparticles were pre-dispersed in the

834 | Energy Environ. Sci., 2023, 16, 830-861

CNF suspension by stirring and ultrasonication, followed by
film formation via vacuum filtration. The authors studied the
effect of AIN dosage on the optical and mechanical properties
of the obtained composite films. Their results indicate that
without additives, the pristine nanocellulose film exhibits good
light transmittance, but upon AIN addition the transmittance
decreases and all the composite films become opaque. The
optimized CNF-AIN hybrid film has a compact and dense
structure with a thickness of 30-40 pm, and its good thermal
conductivity, thermal stability and high mechanical strength
favor its end use in thermal management of flexible energy
storage devices."” Besides, metal nanoparticles (NPs), quantum
dots (QDs) and others can be incorporated into nanocellulose
film structures.”® 1D nanomaterials, like silver nanowires
(NWs), sepiolite (SEP) nanofibers and carbon nanotubes
(CNTs), have been successfully used to endow nanocellulose
with multifunctionalities, e.g. electrical and thermal conductiv-
ity and UV blocking performance.*® In a recent report, Skogberg
et al. obtained self-assembled CNF/CNT nanocomposite films
with anisotropic conductivity through the customized orienta-
tion of the high energy sonicated-cationic CNFs (hes-c-CNFs).*’

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Preparation and properties of nanocellulose-based composite films. (a) Schematic of the fabrication process of the CNF—aluminum nitride (AIN)
nanocomposites, reproduced with permission from ref. 47, Copyright 2019, Elsevier Ltd.; (b) conceptual illustration of the hypothesized structure of
nanocellulose/carbon nanotube composite films and their simulated electrical properties: the left side represents the composite film prepared using the
hes-c-CNF/MWCNT dispersion and the right side represents the assembled composite film prepared using the c-CNF + hes-c-CNF/MWCNT
suspension, adapted under the CC BY-NC license,*® Copyright 2022, Royal Society of Chemistry; (c) photographs of neat CNC and CNC/PEG
composite films showing various structural colors under white light illumination, reproduced with permission from ref. 55, Copyright 2017, Wiley-VCH
Verlag GmbH & Co.; (d) schematic of a fuel cell made with a nanocellulose-based ionomer membrane and (e) schematic illustration of the possible
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Fig. 4(b) displays the hypothesized structure of nanocellulose/
CNT composite films and their simulated electrical properties,
which provides a new solution to prepare nanocellulose-based
films with substantial anisotropic conductivity. 2D nanomater-
ials, such as single or few-layered graphene,®® montmori-
llonite,’* LAPONITE®,*? and boron nitride,*® can be combined
with nanocellulose to prepare advanced or functional compo-
site films. Intriguingly, nanocellulose has an amphiphilic
nature that helps with the dispersion of carbon nanomaterials
without deteriorating their intrinsic properties.>* Nevertheless,
when incorporating nanomaterials into the nanocellulose
suspension, the ratio between added materials and nano-
cellulose should be governed for optimal film uniformity and
properties.

Polymers can also be applied to prepare fascinating
nanocellulose-based films. For example, Jiao et al. prepared
nanocellulose composite films by introducing copolymer EG-
UPy29 and single-walled carbon nanotubes.”” Through Joule
heating, the dynamization and breakage of supramolecular
bonds occur at such high temperature, leading to the electricity
adaptive softening of the prepared composite films. Moreover,
the altered mechanical properties of films are reversibly switch-
able in power on/power off cycles, suggesting their promising
applications in adaptive damping and structural materials, and
soft robotics. Zhou et al. prepared flexible and responsive CNC-
based composite films,>® and the structural color of the films
can be tuned by adjusting the weight ratio between CNCs and
polyethylene glycol (PEG) (Fig. 4(c)). In a previous study, the
application of a nanocellulose ionomer membrane in fuel cells
was reported (Fig. 4(d)),>® and the proton conduction mecha-
nism of nanocellulose is suggested in Fig. 4(e). Due to the use
of nanocellulose, the hydrogen barrier properties of composite
films are far superior to those of the conventional ionomer
membrane. Moreover, because of the higher conductivity and
lower hydrogen gas permeability, fuel cells incorporating CNCs
displayed better performance than CNFs due to much lower
cell resistance. In addition, the combination of nanocellu-
lose and larger scale cellulose materials such as cellulose
microfibers to prepare multiscale nanocellulose composite
films has also proved to be a successful material design
strategy.”® Based on this strategy, the strength, toughness
and optical properties of the originally brittle nanocellulose
membrane could be improved. By introducing multi-scale
structural design, nanocellulose composite films can also
show an excellent filtration effect and extremely low back
pressure, which are hard to be achieved by dense nanocellu-
lose films.>®

2.3 Nanocellulose-based hydrogels

A hydrogel is usually formed by heterogeneous mixtures of two
or more phases, among which the dispersed phase is typically
water and the solid phase is a solid three-dimensional
network.?! Because of their low aspect ratio and rigidity, CNCs
lack the ability of entanglement, and thus CNCs alone are not
suited to be the single component of hydrogels. Instead, CNCs
are widely used as reinforcement fillers due to their high

836 | Energy Environ. Sci.,, 2023, 16, 830-861
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mechanical strength. Different from CNCs, CNFs have greater
gel-forming capability contributed by their higher aspect ratios
and flexible shapes.®®®!

For a better dispersion of nanocellulose and improved gel
uniformity, functional groups or ions are usually introduced.
For example, Dong et al. fabricated CNF hydrogels with tunable
moduli by introducing divalent or trivalent cations (Fig. 5(a)),*>
and it was found that the storage moduli of the gels are
considerably dependent on the valency of the metal ions and
their binding strength with carboxylate groups on the CNFs.
The authors claimed that the driving force for gel formation is
the screening of the interfibril repulsive forces originated from
the carboxylate charges on the CNF surface, and the strong
metal-carboxylate bonding provided a stable screening effect of
the repulsive force and contributed to the formation of the CNF
gel structure, whose properties are decided by the strength of
interfibril interactions and degree of networking. Mendoza
et al. interpreted the gelation mechanism of nanocellulose gels
from the perspective of colloids and interfacial science, and
confirmed that elongated nanofiber colloids form cellulosic
gels by their entanglement above a critical concentration.®® As
depicted in Fig. 5(b), the stability of the nanocellulose gel
network is governed by nanocellulose concentration and the
interaction between the surface charges (COO™), which is
dictated by pH and salt. Specifically, decreasing pH and adding
salt destabilize nanocellulose gels by releasing bound water,
which is ascribed to the decrease in electrostatic repulsion
between nanocellulose fibers (Fig. 5(c) and (d)). Lewis et al
reported the facile preparation of CNC gels by hydrothermal
treatments of their suspensions and the gel properties affected
by different factors including temperature, CNC concentration,
time and pH (Fig. 5(e)-(h)).** Their results indicate that appro-
priate hydrothermal treatment temperature (below 120 °C),
sufficient nanocellulose concentration (higher than 1%),
appropriate treatment time (less than 72 h) and pH result in
satisfactory gel appearance and stability. Interestingly, pH-
responsive nanocellulose gels were prepared by functionalizing
CNC surface with either amine or carboxylic acid groups.®®
Under acidic conditions, amine groups are protonated and
aqueous dispersions without aggregation are formed due to
the electrostatic repulsions of the ammonium moieties and
gels form under alkaline conditions because of the hydrogen
bonding between CNCs; carboxylic group functionalized CNCs
show opposite behavior, i.e. nanocellulose is dispersed at alka-
line pH and gels form at acidic pH (Fig. 5(i)). The results of
shear storage modulus (Fig. 5(j)) indicate that the modulus of
amine gels decreases notably when the pH is lowered from 11
to below 9, which agrees with the change in CNC surface charge
(i.e., deprotonation of the ammonium ions). In contrast, the
modulus of CNCs containing carboxylic groups increased
remarkably from 350 Pa at pH 11 to 290 kPa at pH 1, where a
gel structure is formed. Hence, it is feasible to tune the gel
formation and gel properties by introducing the corresponding
functional group or metal ions on nanocellulose surface, and
the resulting products are promising for stimuli-responsive
applications.

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2ee04063h

Published on 30 January 2023. Downloaded by Peking University on 4/15/2024 10:03:40 AM.

View Article Online

Review Energy & Environmental Science

(a) (b)

CNF dispersion

§ow~ goso- N
085 2
in z
i 080 5
075 4 4 *
-
070
2 4
(e) erature dependence: CNC-H*, 4 wt% )
G0~ 70| 80| D D ) [EC MU
| : @ - = r- e ko o

(g) = 100000
e
g
= 10000
>
3
= 1000
)
= 100
o
>
h) .

o

( & 1 —8— COOH 2.7wL% G'
s 1 —4—COOH 1wt% G'
a 1 —&— Amine 2.7 wt% G*
» 01 —&— Mixed 2.7 wt.% G'

0 2 4 6 8 10 12

pH

Fig. 5 (a) Digital images of CNF dispersion and free-standing gels formed by addition of metal salt solutions to the carboxylated CNF dispersions,
reproduced with permission from ref. 62, Copyright 2013, American Chemical Society; (b) schematic illustration of gelation and colloidal stability of
nanocellulose gels driven by entanglement of cellulose nanofibers and electrostatic forces between them, and the effect of (c) pH and (d) salt content on
the stability of nanocellulose gels. The fiber ratio is calculated as the ratio between the final height of the gel after centrifugation and the total gel height.
The insets show water released from gels under different conditions with pure water as the reference, adapted with permission from ref. 63, Copyright
2017, Elsevier Inc.; digital images of CNC-based hydrogels: (e) hydrogels of 4 wt% CNC-H" suspension (pH 2.3) treated at different temperatures for
20 h, (f) hydrogels of CNC-H™* suspensions treated at 120 °C for 20 h at indicated concentrations, (g) hydrogels of 4 wt% CNC—H* suspensions treated at
120 °C for indicated times, (h) hydrogels of 4 wt% CNC-Na* suspensions (pH 6.9) treated at indicated temperatures for 20 h, showing the effect of pH on
gelation: a higher temperature is required for gelation of CNC suspensions at higher pH; reproduced with permission from ref. 64, Copyright 2016,
American Chemical Society; (i) images of aqueous dispersions of 2.7 wt% CNC-CO,H and 2.7 wt% CNC-NH; at pH 1, 7, and 11; and (j) shear storage
modulus at different pH of 2.7 wt% CNC-CO,H, 1 wt% CNC-CO,H, 2.7 wt% CNC—-NH,, and a mixture of 0.75 wt% CNC-CO,H and 2.0 wt% CNC—-NH,
reproduced with permission from ref. 65, Copyright 2012, American Chemical Society.

Nanocellulose composite hydrogels with excellent mechan-
ical strength, where CNCs and CNFs serve as reinforcement or
fillers, have been intensively reported. Both CNCs and CNFs
can be physically or chemically entrapped in the hydrogel
networks.’® The composite hydrogel can be readily prepared
via simple homogenization and physical entanglement of poly-
mer networks, free radical polymerization of polymeric species
within nanocellulose suspensions, UV/ion mediated cross-

This journal is © The Royal Society of Chemistry 2023

linking, and cyclic freeze-thaw processes. In the research by
McKee et al,”” the storage modulus of the nanocellulose
composite hydrogel increased from 3.8 to 14.3 kPa when
increasing the concentration of the CNC from 0.1 to 0.2 wt%,
providing stiff and self-healing hydrogel materials for advanced
dynamic materials from sustainable sources. Common polymer
matrices used for the preparation of CNC-containing gels could
be used for preparing CNF-based hydrogels; however, tough yet
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highly flexible polymer composite gels can be obtained when
using CNFs as reinforcing fillers. Regarding the propensity for
entanglement of CNFs, the loading levels of CNFs in the
composite gel are typically lower than CNC gels.®® Yang and
coauthors prepared extremely strong and stretchable CNF/PVA
nanocomposite hydrogels by suffusing CNF cake with PVA
solution followed by room temperature drying and rehydration
in water at elevated temperatures (80 °C and 120 °C); the as-
prepared composite gel had an elastic modulus of 48 MPa, a
fracture strength of 16 MPa, a fracture energy of 2303 ] m™ 2,
and a high water content of 67%, showing its promise
for human tissue engineering.®® With the continuous research
endeavors, the application of nanocellulose-based hydrogels
has expanded to tissue engineering,®® drug release,”® wound

dressing,”" sutures,””> water purification,”® sensors,”* super-
capacitors,”” etc.

2.4 Nanocellulose-based foams and aerogels

Nanocellulose-based foams and aerogels have been under
intensive research due to their low density, high porosity, ease
of chemical modification, and more importantly, environmen-
tal friendliness. Typically, aerogels refer to nanostructured,
porous solid networks with high porosity (>90%, with a
majority of mesopores: 50 nm > pore size >2 nm) and high
specific surface area (several hundred square meter per
gram);”® foams refer to solid porous materials with macropores
(pore size >50 nm).”” Nevertheless, nanocellulosic foams and
aerogels are not strictly defined in the literature when describ-
ing porous structures or scaffolds based on nanocellulose, and
the term “cellulose aerogel” is sometimes overused. Despite so,
in this article, corresponding terms will be used as they are in
the original publications.

The preparation of nanocellulose-based foams and aerogels
starts with the preparation of gel, dispersion or wet foam from a
cellulose source, followed by the removal of solvent by evapora-
tion (oven drying), freeze drying, and supercritical drying pre-
ceded by solvent exchange.”” As shown in Fig. 6(a), the cellulose
sources for preparing cellulosic foams and aerogels also
include regenerated cellulose and cellulose derivatives, which,
however, are not the focus of this review. Due to the semi-
flexible nature of CNFs, cellulose chains easily form entangled
networks, and thus CNF-based foams can be directly prepared
by removing the solvent from CNF suspension.”® However,
CNC-based foams cannot be facilely prepared in the same
way because of the rod-like morphology of CNCs and lack of
chain entanglement in CNC dispersion.”® Preparing porous
cellulose structures from wet Pickering foams provides a fea-
sible way to prepare nanocellulose foams and aerogels from
either CNFs or CNCs. For example, CNF foam with ultrahigh
porosity (99.6%) and low density (6 kg m ™) was prepared by
Cervin et al. using wet Pickering foams from aqueous
dispersions,®® and the drying of the wet foam was performed
in an oven at 60 °C and in a humid environment. It was
reported that by adjusting the charge density of the CNF,
nanocellulosic foams with different densities could be
obtained, and the chemical crosslinking with aldehydes and
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physical adsorption of octylamine on the CNF successfully
tuned the strength and water resistance of the resulting foams,
respectively. The effect of wet foaming conditions of a Pickering
emulsion on the structural properties of CNF foam was inves-
tigated by Park et al.,®" and it was concluded that the consis-
tency of CNF dispersion and the usage of a surfactant affect the
wet foam stability and the shrinkage of dry foams, which in
turn determine the pore size, porosity and mechanical strength
of the dried foam. Qiao et al. fabricated ultralight CNC aerogels
with hierarchical porous structures from a stabilized Pickering
emulsion, where aminated CNCs acted as both stabilizers of
Pickering emulsions and building blocks of the nanocellulose
aerogels.®” The resulting aerogels had porosity as high as up to
99.9% and a density of 0.5 kg m~?, which were highly con-
trollable by the composition of emulsion templates and their
processing conditions.

Compared to supercritical drying, freeze-drying is widely
used to prepare nanocellulose foams due to easy operation
and economic reasons. In the freeze-drying process, the gen-
eration of a liquid/vapor interface is avoided via the ice sub-
limation principle, and hence other names like lyophilization,
cryodesiccation, and ice templating are also used for this drying
approach.®* Before the vacuum-aided freeze-drying, the disper-
sion or gel is typically frozen to form an ice template, which is
then sublimated in a controlled manner to form a porous
network. To obtain desired pore distribution and pore mor-
phology, the liquid crystallization, growth of ice crystals and
rate of sublimation must be cared for. By creating a tempera-
ture gradient inside the starting materials via slow cooling, the
directional ice templating can be achieved (Fig. 6(b)), and a
cellulosic structure having parallel aligned pores can be pre-
pared (Fig. 6(c)). Moreover, bidirectional freeze drying can be
performed by tilting the bottom of the container containing
nanocellulose-based dispersions to an angle of about 20
degrees, which allows two temperature gradients to be formed
along the Y-axis and Z-axis when contacting liquid
nitrogen.®>#¢ The fast cooling of starting materials (Fig. 6(d))
by immersing them in ultracold liquid nitrogen (—196 °C)
causes water to quickly form ice crystals, leaving dense and
tiny pores in the aerogel after sublimation. However, the
limitation of this process is the isotropic porous structure
(Fig. 6(e)) which prevents the directional mass transfer, heat
transfer, and electrical conductivity inside the structure.’” Ram
and coauthors prepared both isotropic and anisotropic piezo-
electric CNC aerogels by controlling the ice-templating
process.®® Polyethyleneimine and a crosslinker were used to
improve the compressive strength of aerogels. The obtained
CNC aerogels exhibited flexibility and high porosity (>85%)
and satisfactory recovery at 50% compressive strain even after
100 compression-decompression operations. However, the
anisotropic CNC aerogels exhibited a greater piezoelectric
effect than did the isotropic aerogels, and this can be
ascribed to the confinement of CNCs within the aligned
porous structure during the directional freezing process.
The fascinating mechanical and structural properties of such
nanocellulose aerogels favor their applications in sensors,
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Fig. 6 Preparation of cellulose-based foams and aerogels: (a) fabrication process of cellulose foams and aerogels from regenerated cellulose,
nanocellulose and cellulose derivatives, adapted with permission from ref. 83, Copyright 2021, Elsevier B.V.; schematic illustration of the freezing-drying
process with variation in cooling processes: (b) slow cooling with directional templating in liquid nitrogen, (c) scanning electron microscope (SEM) image
of cellulosic aerogel having parallel aligned pores due to slow cooling, (d) fast cooling with nondirectional templating in liquid nitrogen and (e) cellulosic
aerogel with 3D mesopores due to rapid cooling, reproduced from open source under the CC BY-NC-ND license 8

wearable sensors, etc. Apart from freezing parameters, addi- Through the optimization of these conditions, nanocellu-
tives, nanocellulose type and consistency and the drying lose foams and aerogels with superior structural and
process have impact on foam structure and properties.®*>°° mechanical properties and functions can be achieved,
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which are promising for advanced applications, e.g. wound
dressing.””"**

3. Latent heat storage and applications
3.1 Overview of thermal energy storage

Thermal energy storage (TES) is a technique that stores or
releases thermal energy when heating or cooling an energy
storage material so that the stored energy can be used when
needed. The stored thermal energy can be used later for many
applications, such as space heating, domestic hot water supply,
comfort applications in buildings and power generation.’>
Using efficient TES systems, mismatch between power produc-
tion and demand can be minimized, and the security of energy
supply can be guaranteed.” Compared to energy systems based
on solar energy, wind energy and others, TES systems exhibit
higher overall efficiency, competitiveness in investment and
running costs, and reduced environmental pollution.” There-
fore, the research on TES is gathering more attention than ever
before.

Typically, TES can be categorized into sensible heat storage
(SHS), latent heat storage (LHS) and thermochemical heat
storage (THS) based on the technology involved or the energy
form.”® SHS is a simple and well-developed technique, which
stores or releases heat relying on the temperature change of the
medium. Common materials for SHS include water, brick,
concrete, rock, oil and others.’* Although SHS is the most
common and easiest TES form, it shows the intrinsic drawback
of low volumetric heat storage capacity,”® and requires extra
facilities (e.g. heat pump) to upgrade the temperature level to
satisfy the end uses,’® making it the last option for large-scale
energy storage applications. For thermochemical heat storage,
energy is stored after a dissociation reaction and then recovered
in a chemically reverse reaction. The thermochemical material,
used to store thermochemical energy, undergoes either a
physical reversible process involving two substances or a rever-
sible chemical reaction. THS systems, although not commer-
cially available yet, have gathered much attention because of
their high energy storage capacity and less heat loss.””*® Once
their drawbacks such as unsuitable operating condition, corro-
siveness, environmentally unfriendly production, chemical
instability and high cost are overcome, the application of such
technology will be boosted.’”

LHS involves phase transitions of the heat storage materials,
heat as a result being stored or released. Due to the engagement
of PCMs, LHS exhibits a high energy storage capacity and a
small variation in operating temperature among the three TES
forms.?® For a typical solid-liquid LHS process, the tempera-
ture continuously increases when being heated, and phase
transition occurs as the temperature reaches the melting point
of PCMs; the temperature remains steady until the phase
transition completes; if being heated continuously, the tem-
perature of the liquid PCM will rise and evaporation or gasifica-
tion starts. The energy stored in the LHS process consists of
sensible heat originated from the heating of PCMs and latent
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heat originated from the phase transitions of PCMs, and can be
calculated by the following equation:

Q = m[Cyp(Trn — T}) + AH + Cyp(Tr — T)] (1)

where Q is the total quantity of stored energy by the PCM in the
charging process; m is the mass of the PCM; C;, and Cy, are the
specific heat capacity of the PCM in the solid and liquid state,
respectively; Ty, is the melting temperature of the PCM; T; and
Ty are the initial and final temperature, respectively; and AH is
the phase change enthalpy of the PCM.

Various forms of phase transitions exist, including solid-
solid, solid-liquid, solid-gas and liquid—gas, and vice versa. For
the solid-gas and liquid—gas phase transitions, although a large
amount of heat is generated, their applications are limited due
to the big volume change of PCMs in these processes. Solid-
solid PCMs absorb and release heat by reversible phase transi-
tions between a crystalline or semi-crystalline phase, and
another amorphous, semi-crystalline, or crystalline phase."®®
Although this process has negligible volume change and thus
needs low requirements for PCM containers, such crystal
transition usually has low energy storage density and slow
transition rate.'®* Solid-liquid PCMs undergo internal molecu-
lar arrangement from an ordered crystalline structure (solid) to
a disordered amorphous one (liquid) when their temperature
reaches the melting point, accompanied by the heat storage
process. When the temperature is below the freezing point of
liquid PCMs, they recrystallize and form a solid crystalline
structure, during which the stored heat is released. Solid-liquid
PCMs are predominantly used for energy applications because
of their high energy storage density, small volume change and
easy handling.'*?

3.2 Phase change materials

Phase change materials that fulfill the energy storage and
release processes are the essential component of LHS systems.
When selecting PCMs for practical uses, their thermal proper-
ties (i.e. suitable phase change temperature, high latent heat
and good heat transfer), physical properties (high density,
small volume change in phase transitions and low vapor
pressure), chemical properties (stability, compatibility with
surrounding materials, non-toxicity and non-flammability)
and kinetic properties (low supercooling and sufficient crystal-
lization rate) should be considered, as well as economic factors
(cost-effectiveness and recyclability).****'** Generally, PCMs
can be categorized into solid-solid, solid-liquid, solid-gas,
and liquid-gas PCMs according to their phase transitions; they
can also be classified as inorganic, organic and eutectic PCMs
based on their chemical identity.”'°>'% For simplicity, an
introduction of PCM classification based on their chemistry
is given.

Inorganic PCMs include salt hydrates and metallics, among
which salt hydrates are typically used because of their high
volumetric energy storage density, desirable phase change
temperatures, non-flammability, non-toxicity, and
inexpensiveness.'®” Salt hydrates with the formula AB-nH,O
are crystalline solids that can be considered as the alloys of
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inorganic salts and water. In the dehydration (melting) process,
salt hydrates break up into an anhydrous salt and free water, or
a lower hydrate and water, accompanied by heat storage; in the
hydration (freezing) process, the anhydrous salt and water
reunite and recrystallize into salt hydrate when system tem-
perature reaches the freezing point, accompanied by heat
release. To improve the performance of salt hydrates for TES
applications, their intrinsic drawbacks including phase separa-
tion, supercooling, relatively low thermal conductivity, and
corrosivity must be overcome. Inorganic PCMs also include
metallic PCMs, such as low melting metals and metal eutectics.
Their advantage lies in the high thermal conductivity, which
means that no extra heat exchangers or thermal conductivity
enhancers are needed. Besides, metallic PCMs exhibit the
merits of thermal stability and reliability, high transition and
an impressive working range of temperature (120-1600 °C) that
is suitable for special applications like turbine electricity
generation.’®® However, metal-based PCMs have not been
widely applied for thermal energy storage due to their weight
penalties and low latent heat.

Different from inorganic PCMs, organic PCMs usually do
not suffer from phase separation and supercooling.'®® Mean-
while, they possess the merits of high latent heat, chemical
stability, non-corrosiveness and reusability."'® Organic PCMs
have been intensively used for TES applications, among which
paraffin and fatty acids are the representative ones. Paraffin
compounds typically comprise straight chain n-alkanes (CH;z-
(CH,),~CH3), and their melting point and heat of fusion
depend on the chain length.''! Paraffin is one of the most
promising organic PCMs for TES applications as it has a high
latent heat and excellent thermal properties, including little or
no supercooling, a wide range of phase change temperatures,
low vapor pressure in the melting process, and good thermal
and chemical stability."** Nevertheless, paraffin has shortcom-
ings like poor shape-stability, flammability and low thermal
conductivity,”*'"* which must be coped with to ensure both the
efficiency and safety of TES applications. Fatty acids, among the
non-paraffin organic PCMs, show comparable heat of fusion to
that of paraffin. Generally, saturated fatty acids rather than
unsaturated ones are used in TES, and their phase change
temperatures and latent heat increase with the increase of the
carbon chain length.'®” Intensively studied fatty acids include
caprylic acid, capric acid, lauric acid, myristic acid, palmitic
acid, stearic acid, oleic acid, etc.'% Fatty acids are natural PCMs
and have the advantages of a promising range of melting
temperature, negligible supercooling, congruent melting, lower
vapor pressure, suitable thermal and chemical stability, low
cost, non-flammability, non-toxicity, and non-corrosivity.'**
Therefore, it is favorable to use fatty acids for TES applica-
tions owing to their energy storage performance and environ-
mental and economic concerns.''® However, like paraffin
compounds, they are also weak in form stability and thermal
conductivity,’°>'*® which limit their widespread applications.
Other organic substances like pure alkanes, alcohols, and
polyethylene glycol (PEG) also serve as PCMs for LHS applica-
tions and their thermophysical properties are summarized
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elsewhere.'*”118

Besides, the use of ester PCMs has been
actively reported,"™®*' suggesting the broad availability of
organic PCMs for TES applications.

A eutectic PCM normally consists of two or more compo-
nents, each of which melts and freezes congruently, forming a
mixture of the component crystals during the freezing
process.’® Eutectic PCMs melt and freeze without stratification
as the components liquefy or solidify simultaneously during
their phase transitions and form uniform mixtures. One advan-
tage of eutectic PCM systems is that their thermal properties,
e.g. melting point, can be tuned by controlling the ratio
between components."” The drawbacks of organic eutectic
PCMs include low thermal conductivity and leakage during
the phase transitions,'® which limit their energy storage
efficiency. Thermal conductive additives or supporting materi-
als can be used to improve the thermal conductivity of eutectic
PCMs, and the encapsulation technique and porous scaffolds
can be applied to solve the leakage issue. Through the prepara-
tion of form-stable composite PCMs with enhanced thermal
conduction performance, the use of eutectic PCMs for low- and
medium-temperature TES applications such as thermal com-
fort of buildings could be boosted.?

3.3 Composite PCMs for TES applications

Composite PCMs are intensively prepared to overcome the
drawbacks of pristine PCMs and to improve their performance,
efficiency and reliability for TES systems. In general, composite
PCMs with advanced properties are fabricated by incorporating
other components, for example, thickening agents for stabiliz-
ing salt hydrate PCMs, nucleating agents for decreasing the
supercooling degree of salt hydrates, supporting materials for
improving the form-stability of organic PCMs, and carbon
nanomaterials for enhancing the thermal conductivity of
PCMs. These composite PCMs have been utilized in a variety
of fields including heat storage and thermal management. The
former includes solar energy utilization and industrial waste
heat recovery, and the latter includes buildings, batteries,
smart textiles, and biomedical applications (Fig. 7).

Heat storage applications. Solar energy as a renewable
energy source has attracted great attention due to its conveni-
ent availability, inexhaustibility and environmental friendli-
ness. As a solution to efficient utilization of solar energy,
PCM systems can be used to convert solar energy to thermal
energy and store it for later use, and these systems are derived
from the integration of components with high photo-thermal
conversion capacity.'*>**° For example, Aftab et al. reported
that the solar-thermal energy storage efficiency of their devel-
oped polyurethane (PU) based composite PCM exceeds 95%
when 1% of phosphorene was doped.™" Other commonly used
light absorbing additives include carbon nanomaterials™*® and
metallic nanoparticles,"** which may also enhance the thermal
conductivity of PCMs. Besides, in industry productions, waste
heat can be generated by diesel engines, industrial processes
and thermal power plants. Surprisingly, waste heat accounts for
about 16-67% of total energy consumption, and the majority of
waste heat can be recovered."** Through the efficient recovery
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Fig. 7 Schematic illustration of the applications of composite PCMs: application in buildings, adapted with permission from ref. 124, Copyright 2020,

Elsevier B.V.; application in solar energy utilization, reproduced from open source under the CC BY license;

;125 application in battery thermal

management, reproduced with permission from ref. 126, Copyright 2014, Elsevier B.V.; application in industrial waste heat recovery, reproduced with
permission from ref. 127, Copyright 2016, Elsevier Ltd.; application in thermos-regulating smart fabrics and textiles, adapted with permission from ref.
128, Copyright 2019, Elsevier B.V.; application in biomedical applications (e.g. vaccine storage and transportation), adapted with permission from ref. 129,

Copyright 2018, Oxford University Press.

of industrial waste heat, the fuel consumption and pollutant
emissions can be reduced and additional economic profits can
be obtained if the recovered heat is used for production. The
intermittent production of waste heat and its collection remain
challenges for its recovery, which can be solved by using PCMs
that readily absorb and store heat. The reclaimed latent heat
can be extended to terminal utilizations like building heating,
hot water supply, and power generation.’** As mentioned,
PCMs exhibit high energy storage density, reversible phase
transitions and emit no CO,. In recent years, a variety of
composite PCMs have been developed for such purpose, such
as shape-stabilized PEG,"*® stearic acid'?’ and paraffin."*®
Through the optimization of PCM-integrated heat storage or
recovery systems, a sustainable and economic way for providing
energy could be achieved.

Thermal management applications. Buildings consume a lot
of energy, among which space heating/cooling and water heat-
ing account for approximately 44% for residential buildings
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and 72% for commercial buildings, respectively.">” As a
response, PCM-based temperature regulation technologies
have been developed to reduce the energy consumed in the
building sectors. Composite PCMs due to their form-stability
and high energy storage density can be used for reducing the
heating/cooling load in buildings, where passive heat can be
absorbed and released according to the change of environmen-
tal temperature. Both inorganic and organic composite PCMs
have been reported for building applications,*****° and the
commonly used scenarios include floors, ceilings, roofs, paints,
etc. It has been reported that rooms with a composite PCM wall
could smartly regulate the indoor temperature while reducing
the electricity consumption by over 20% from May to Septem-
ber in Shanghai, China."*®"'*° Besides applications for heating/
cooling of buildings, supplying household hot water is another
popular application. Typically, a PCM-integrated hot water
supplying system is integrated with the solar collector and
solar water heater."*" With the great thermal regulation ability
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of the PCM, hot water with a constant temperature near the
melting point of the PCM is produced and the hot water
production time can be adjusted via appropriate parameter
design of the system. These examples showcase the promising
applications of PCMs in shifting the peak load and reducing the
heating load of buildings, as well as in developing green and
smart buildings.

Battery has become an indispensable energy supplier for
human’s daily life. During the charging and discharging pro-
cesses of a battery, lot of heat is produced and the temperature
of the battery system increases rapidly, which may cause the
thermal runway issue and even cause fire disaster if not
properly regulated. Efficient battery thermal management
(BTM) is critical to both the safety of end users and the
efficiency and lifetime of batteries."*> Compared to conven-
tional BTM methods like natural cooling, air cooling and liquid
cooling, PCMs can absorb a large amount of heat during their
phase transitions and maintain the battery temperature at a
constant level.'** As a result, novel BTM systems integrated
with PCMs have provoked research interest from academic and
industrial communities. For the passive thermal management
of the LiFePO, battery pack, Lin et al. developed composite
paraffin/expanded graphite sheets,"”*® and the results show
that PCMs could reduce the temperature rise of the battery
during use and improve the temperature uniformity across
the battery. To effectively remove the generated heat from
the battery, additives with high thermal conductivity could be
introduced."** However, the flammability of organic PCMs
must be addressed when using them for BTM. Owing to their
non-flammability and high latent heat, salt hydrate PCMs like
CH;COONa-3H,0, CaCl,-H,O and Na,SO,-10H,O have been
used for intelligent BTM composites.'*> Meanwhile, the work-
ing performance of batteries can be improved in a cold
environment by the released heat from PCMs during their
phase transitions. Considering the rapid development of bat-
tery technologies and the market size, more strategies using
PCMs for BTM would emerge in the future; however, the safety,
cost and environmental issues should be addressed along with
material performance.

Thermo-regulating fabrics and textiles are novel and promis-
ing applications of PCMs, where PCMs absorb and store heat
through their phase transitions to fulfill the function of tem-
perature regulation and improve the comfort. PCM fibers and
yarns as the elemental composition can be fabricated by a host
of technologies like electrospinning, centrifugal spinning,
melting spinning, solution spinning, dry-jet quenching spin-
ning, interfacial polyelectrolyte complex spinning, vacuum
impregnation, and injection spinning, and various polymers
such as polyacrylonitrile, polyethylene terephthalate and poly-
vinyl alcohol can be applied as the supporting material of the
resulting PCM fibers. PCM fabrics can be obtained either
directly using PCM yarns via weaving and knitting, or by
modification of the prepared fabric with PCMs in the way of
pad-dry-cure coating, grafting, lamination, and printing."*®**’
Composite PCMs with enhanced energy storage performance
exhibit a satisfactory thermal buffering effect and are preferred
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for the fabrication of advanced and functional fabrics and
textiles. Salt hydrate-paraffin composite PCMs encapsulated
by cellulose foam were fabricated and used for clothing
application.'®® The prepared composite PCM has high energy
storage density (227.3 J ¢ ') and flexibility, and it keeps the
human body comfortable when exposed to strong sunlight.
Advanced and multifunctional composite PCMs are expected to
expand their applications in dynamic thermal insulation of
textiles such as aerospace, automotive, agriculture, biomedical,
defense, sport and casual fabrics and clothing systems, over
and above their conventional uses like building construction
materials and solar energy storage devices.'"

The application of PCMs has extended into the biomedical
field due to their fascinating thermal regulation properties. The
newly emerging applications of PCMs in the biomedical area
include cold chains for vaccines and medicines,"* drug deliv-
ery systems,'*® thermotherapy/cold compress therapy and med-
ical dressings.'*® For storage and transportation of vaccines
and medicines, a specific temperature range is required; other-
wise the vaccines and medicines will be frozen at low tempera-
ture and fail at high temperature. The passive cooling carriers
with PCMs maintain the required temperature for a long time,
making it possible to transport them across a long distance,
and this has been reported in the storage and transportation of
Ebola Vaccine."”® For controlled drug delivery or release, PCMs
act as the thermo-responsive switch. The encapsulated drug is
efficiently released when the temperature is above the melting
temperature of the PCM, which can be triggered by direct
heating or indirect heating, e.g. light irradiation. Therefore,
photo-thermal conversion agents, magnetic-thermal conver-
sion agents and acousto-thermal conversion agents, e.g. gold
nanoparticles and carbon nanoparticles, are typically added."*®
PCM-integrated masks and textiles have also been reported for
medical uses,"****> showing attractive thermal regulating per-
formances. One thing to mention is that the safety and bio-
compatibility of PCMs should be considered when using them
for certain cases, e.g. drug release.

As summarized, the general application area of composite
PCMs ranges from energy storage and conversion to advanced
medical applications, suggesting their great potential for serving
human society. With the ongoing depletion of energy and natural
sources, a call on the use of sustainable materials has been
proposed. Nanocellulose, as a totally green polymer from nature,
exhibits huge potential in preparing advanced and sustainable
composites for various fields. The following section systematically
reviews the applications of nanocellulose for preparing advanced
and sustainable composite PCMs, which may provide inspiration
for preparing novel composite PCMs and also for expanding the
application of nanocellulose materials.

4. Nanocellulose-based composite
PCMs

Compared to synthetic polymers (e.g. polymethyl methacrylate,
poly(urea-urethane)) and carbon-based materials (e.g. graphite,
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graphene, carbon nanotubes), nanocellulose has the advan-
tages of natural abundance, renewability, environmental
friendliness, safety and low cost. Therefore, it is both economic-
ally and environmentally attractive to use nanocellulose for the
preparation of composite PCMs. Besides, the capability of
forming network in low concentration, the natural amphiphi-
licity interacting with diverse substances and ease of functio-
nalization of nanocellulose give rise to the possibilities of
overcoming the intrinsic drawbacks of PCMs, such as liquid
leakage, low thermal conductivity, and supercooling. In recent
years, advanced and multifunctional nanocellulose-based PCM
composites in the form of slurries, capsules, fibers, films, and
blocks have been successfully fabricated for TES applications.
This part will intensively review the nanocellulose-based PCM
composites and discuss the role of nanocellulose in preparing
composite PCMs.

4.1 Nanocellulose-based composite PCM slurries

Nanocellulose has numerous fascinating properties, such as
high aspect ratio, large surface area and high strength, as well
as the intrinsic merits of cellulose materials like abundant
availability, renewability, biodegradability and recyclability.
Owing to these good properties, nanocellulose has great
potential for preparing novel and advanced composite PCMs.
Conventionally, synthetic polymers, such as poly (acrylamide-
co-acrylic acid) partial sodium salt, sodium polyacrylate, and
polyvinyl alcohol, have been applied to address the phase
separation issue of salt hydrate PCMs.">>"*® However, the
non-sustainability and expensiveness limit their wide applica-
tions in energy storage applications. Although carboxyl methyl
cellulose (CMC) as a cellulose derivative has been considered as
the most prevailing thickening agent for preparing form-stable
composite PCM slurries, developing more cost-effective sub-
stitutes remains warmly welcomed. Furthermore, the thicken-
ing effect of various polymers and additives was simply
examined by observing the phase separation behaviors of the
PCM slurry, and the mechanism involved needs to be quantita-
tively explored and interpreted.

CNFs are capable of forming 3D gel-like structures with
entangled networks when their concentration is above the
critical concentration, and such structures can be obtained at
a concentration as low as 0.15 wt%.%® The network structure
provides the frameworks for shape-stable composite PCMs, and
the strength of the entangled network can be quantitatively
characterized by rheological studies. Besides, the abundant
hydroxyl groups on the CNF surface contribute to its compat-
ibility with salt hydrate PCMs. The entangled networks by the
compatible nanofibers are expected to provide a stable phase to
salt hydrates that are prone to suffer from phase separation in
the melting phase transition. Oh et al. investigated the effects
of different thickening agents on stabilizing sodium sulfate
decahydrate (SSD) and the mechanism therein was explored.
Cellulose microfibrils (CMFs), unmodified CNFs and TEMPO-
oxidized CNFs were selected as the thickening agents, and the
phase stability observations (Fig. 8(a)-(d)) suggest that the
chemically modified CNF failed to prevent the phase separation
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of SSD because the nanofibril network structure was destroyed
by the high ionic concentration of the dissolved salt. In con-
trast, CMFs and CNFs successfully avoided the phase separa-
tion of SSD as their entangled networks were not damaged by
salt dissolution, and CNFs showed a better stabilizing effect
due to the higher surface area induced stronger entangling
capability than CMFs. The viscoelastic properties of PCM
slurries with/without cellulosic thickening agents were mea-
sured, and it was confirmed that the pristine CNF exhibited the
most promising stabilizing effect for SSD. The phase stability
observations verify that the conventional thickener CMC did
not function as effectively as CNFs, even when its dosage is
higher. The reason was that CMC stabilizes the salt hydrate by
increasing the slurry viscosity after its dissolution and there is a
lack of entangled network that can prevent the precipitation of
the anhydrous salt. This study implies the feasibility of utilizing
sustainable nanocellulose to solve the phase separation issue of
salt hydrate PCMs.

Inspired by this, entangled network based composite PCM
slurries with a stable phase and enhanced thermal conduction
performance can be prepared by incorporating nanocellulose
and its composites. In recent work, unmodified CNFs were
used to enable a stable phase of the sodium acetate trihydrate
(SAT) PCM and the optimal CNF dosage and mechanism
involved were investigated.”® When insufficient CNFs were
added, phase separation occurred and the slurries could easily
flow downward the vials. However, phase stability of the CNFs/
SAT PCM slurry was obtained when more than 0.8% of CNFs
was added, and the resulting slurry showed weakened fluidity,
indicating the effectiveness of using CNFs as a thickening
agent. The results of the rheology study of these slurries
indicate that the addition of CNFs increased the viscosity
(Fig. 8(e)) and storage modulus and yield point (Fig. 8(f)) of
slurries, indicating that their solid-like behaviors were
enhanced although they all showed shear-thinning flow beha-
viors (Fig. 8(e)). Moreover, the strength of the entangled CNF
network continuously increased up to the CNF addition level of
0.8%, as evidenced by the right shift of the yield point (Fig. 8(f)).
The improved viscosity and the physically entangled networks
synergistically provide phase stability to the PCM slurry. CNFs/
graphene nanoplatelets (GNPs) hybrids were then prepared and
added to improve the thermal conductivity of PCM slurries. The
amphiphilicity of CNFs can exfoliate and disperse GNPs, but
their ratios should be considered for a uniform dispersion.
With the addition of CNFs/GNPs hybrids, the resulting PCM
slurries exhibited increased viscosity yet the yield point
remained unchanged, indicating that the CNFs are the predo-
minant contributor to the phase stability rather than the GNPs.
The solidified CNFs/GNPs/SAT composite slurry had a compact
structure with decreased pore size, suggesting the compatibility
between the components, which can be attributed to the
hydrophobic-hydrophobic interactions between CNFs and
GNPs and the hydrogen bonding between CNFs and water
molecules of the salt hydrate. Fourier transform infrared
spectroscopy and X-ray powder diffraction analyses confirmed
that these components were physically compounded as all the
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Fig. 8 Phase stability of sodium sulfate decahydrate after 2 h heating in a 40 °C water bath: effect of adding (a) CMFs, (b) CNFs, (c) TEMPO-oxidized
CNFs, and (d) CMC, reproduced with permission from ref. 157, Copyright 2020, Springer Nature B.V.; characterization of sodium acetate trihydrate/CNF
slurries with varied CNF contents: (e) viscosity as a function of shear rate, (f) amplitude sweep test. Closed symbols in (f): storage modulus (G'); open
symbols in (f): loss modulus (G"). Adapted with permission from ref. 158, Copyright 2021, Elsevier B.V.; (g) supercooling degree and (h) thermal
conductivity of the composite PCM containing the CNFs/AgNPs hybrid, the inset of (g) presents the transmission electron microscopy image of the
CNFs/AgNPs hybrid, adapted with permission from ref. 159, Copyright 2021, Elsevier B.V.

peaks of composite PCMs are simply the mixture of the
characteristic peaks of each component without new peaks
generated. Moreover, reasonable phase change temperatures
and enthalpies and improved thermal stability were found with
the addition of CNFs/GNPs hybrids. Owing to the excellent heat
transfer performance of GNPs, the thermal conductivity of the
composite PCM with 2.5% GNPs improved by 55% over the
pure SAT. These improved thermal energy storage perfor-
mances enable the promising application of SAT for many
scenarios, such as household water heating. Likewise, a
CNFs/graphite hybrid was used to improve the thermal proper-
ties of SSD-based composite PCMs.'*® Absorption of CNFs on
the surface of graphite was found, and this indicated their good
affinity. Without the addition of CNFs, both SSD and SSD/

This journal is © The Royal Society of Chemistry 2023

graphite mixture suffered from the phase separation problem,
showing the necessity of using CNFs for a stable phase. When
increasing the graphite content in the prepared PCM slurry, the
supercooling degree of SSD increased slightly while the melting
temperature remained constant. Due to the presence of ther-
mal conduction enhancer graphite and strong interactions
between the components, the prepared PCM exhibited
improved thermal conductivity and thermal stability, compared
with those of pure SSD. As mentioned above, CNFs as a
thickening agent are powerful in providing a stable phase to
salt hydrates and are capable of dispersing carbon nanomater-
ials for improving the thermal properties of PCMs.

PCM slurries with greatly suppressed supercooling degree
were prepared by the combined use of a salt hydrate and a
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Fig. 9 Encapsulation mechanism of composite PCM microcapsules reinforced by CNCs embedding in the poly(urea—urethane) matrix: (a) hollow
capsule and (b) liquid capsule, reproduced with permission from ref. 171, Copyright 2017, American Chemical Society; (c) schematic showing the
preparation process of composite PCM microcapsule paraffin wax (Pw)@Polystyrene (PS)/CNC, adapted with permission from ref. 173, Copyright 2019,
American Chemical Society; (d) schematic illustrating the preparation process of CNFs/melamine-formaldehyde (MF) composite PCM microcapsules and
(e) schematic of the chemical modification of MF by CNFs, reproduced with permission from ref. 174, Copyright 2020, IOP Publishing Ltd.

CNFs/nanoparticles hybrid."®® Although nanoparticles them-
selves act as a nucleating agent to decrease the supercooling
degree, they are likely to aggregate due to the high surface area
and strong van der Waals force. Considering that nanocellulose
has been widely used as a stabilizer for nanoparticles,'®" CNF-
stabilized silver nanoparticles (AgNPs) were prepared and used
to suppress the supercooling of SAT. The CNFs dispersed
the synthesized AgNPs uniformly and the silver content of the
CNFs/AgNPs hybrid can be facilely tuned by controlling the
concentration of the silver ion precursor. The combined use of
CNFs/AgNPs and sodium phosphate dibasic dodecahydrate
(DSP) showed a synergistic supercooling suppression effect,
where DSP worked for the nucleation step of SAT and CNFs/
AgNPs facilitated the crystal growth on their surfaces. A mini-
mum supercooling degree of 1.2 °C that is more than 33 °C
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lower than that of the pure SAT was achieved (Fig. 9(g)). The
addition of the CNFs/AgNPs hybrid contributed to a stable
phase of the PCM slurry, indicating that the immobilization
of AgNPs did not harm the thickening effect of CNFs. Owing to
the good compatibility between the components, the prepared
composite PCM showed compact structures with uniform dis-
tribution of AgNPs, and no chemical reactions occurred among
the components. The nanocellulose stabilized metal nano-
particles not only improved the crystallization of the salt
hydrate but also enhanced the thermal conduction of the
composite PCMs, resulting in an improvement in thermal
conductivity by more than 30% (Fig. 9(h)). The phase change
temperature and enthalpies changed slightly upon the minor
addition of the CNFs/AgNPs hybrid. Moreover, the prepared
composite PCMs exhibited enhanced thermal stability over the

This journal is © The Royal Society of Chemistry 2023
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pure SAT, and their phase change properties remained almost
unchanged after 100 cycles of heating and cooling. In sum-
mary, nanocellulose has a great capability of providing phase
stability to inorganic salt hydrate PCMs and can stabilize
nucleating and thermal boosting nanoparticles. The reported
and ongoing research on using nanocellulose to overcome the
drawbacks of PCMs and improve their performance for thermal
energy conversion and storage sheds light on using naturally
occurring and sustainable polymers to fabricate advanced
composite PCM slurries.

4.2 Nanocellulose-based PCM capsules

Composite PCM capsules or spheres are usually prepared by
encapsulating PCMs with polymers, during which a thin
layered shell is formed over PCM droplets. Physical, chemical
and physicochemical methods can be used to prepare encap-
sulated PCMs. Physical methods like centrifugal, spray drying
or atomization show the advantages of better economy and easy
scale-up, but preparing PCM capsules with a diameter smaller
than 100 um remains a challenge. Interestingly, it is possible to
prepare PCM spheres with sizes of 10-20 pm when combining
physical and physicochemical methods.'®> Physicochemical
methods include the sol-gel technique and coacervation. The
sol-gel process comprises the preparation of the metal alkoxide
precursor (ie. the sol), followed by the hydrolysis and conden-
sation over the PCM droplets or particles, during which a gel
with a three-dimensional network structure is formed.'®® The
sol-gel process is capable of preparing PCM microcapsules
smaller than 1 pm, and the commonly used shell materials
for encapsulation include silicon dioxide and titanium
dioxide.® Compared to the former two types of methods,
chemical methods such as in situ polymerization, interfacial
polymerization, suspension polymerization, and emulsion
polymerization are more prevailing for encapsulation with
polymer-based shells, and they are capable of preparing com-
posite PCM spheres with diameter less than 100 pm.'®?
Through the encapsulation of PCMs, the PCM leakage issue
could be overcome and the reactivity of PCMs with the sur-
roundings could be reduced; the thermal conductivity of PCMs
may also be improved if the shell material has relatively high
thermal conduction performance. Nanocellulose has been
widely used in the fabrication of composite PCMs, where
nanocellulose helps either stabilize precursors, or form or
strengthen the capsule shell, finally resulting in boosted PCM
performances. The prepared nanocellulose-based composite
PCM capsules generally have a high PCM encapsulation ratio,
reduced leakage and improved mechanical properties, which
have been analyzed case by case below.

As a typical protocol, in situ polymerization due to its
polymeric sealing effect is intensively used for the preparation
of shell materials of encapsulated PCMs.'®® Three steps are
involved in a typical in situ polymerization, i.e. formation of oil
in water emulsion, formation of capsules, and polymerization
of precursors.'®® To prepare the microcapsules with PCM as the
oil phase, emulsifiers should be applied to stabilize emulsions
in almost all chemical microencapsulation. Compared to the

This journal is © The Royal Society of Chemistry 2023
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typical synthetic emulsifiers, nanocellulose solid particles are
promising stabilizers for microencapsulation or interfaces
owing to their excellent sustainability, versatile surface func-
tionalities, safety and low cost.'®” Leakage-free, thermally
stable melamine-urea-formaldehyde (MUF)/paraffin microcap-
sules modified with CNCs by in situ polymerization were
reported by Han et al."®® In addition to styrene-maleic anhy-
dride (SMA), CNCs produced by the sulfuric acid hydrolysis
method were used as co-stabilizers for microencapsulating
paraffin, and the effect of adding various amounts of CNCs
on the morphology, phase change properties, and size distribu-
tion of paraffin/MUF microcapsules was investigated. It was
found that the addition of CNCs did not affect the sphere shape
of the prepared microcapsules and had no remarkable impact
on the crystal type of composite PCMs. However, the thermal
stability of microcapsules slightly decreased when increasing
the addition level of CNCs. In their later work, the effect of
different ratios of CNCs and SMA as stabilizers for microen-
capsulating PCMs was explored.'® Although CNCs and SMA
both have negative charges, CNCs formed network-like struc-
tures in the aqueous phase and increased the viscosity, thereby
enhancing the paraffin-water interface stability, even at low
SMA concentration.'”® However, without the addition of SMA,
almost no PCM capsules were formed as CNCs alone could not
stabilize Pickering emulsions for a long time. With the
increased portion of CNCs in the mixed emulsifier of CNCs
and SMA, the average particle size of the prepared microcap-
sules increased, and CNCs adhering on the MUF shell were
clearly visible. The leakage ratio of the obtained PCM capsules
containing 30% CNC stabilizer and 70% SMA stabilizer was as
low as 5.37% after a 600 h leakage testing. Their studies show
the great potential of using sustainable and versatile CNCs for
partially replacing synthetic stabilizers.

The interfacial polymerization method was applied by Yoo
et al. to prepare poly(urea-urethane)(PU)/CNCs composite
microcapsules for controlled dye release.’”* Surface hydropho-
bization treatments of CNCs by grafting poly(lactic acid) oligo-
mers and fatty acids were conducted to improve the dispersion
of CNCs in the polymeric shell. The details of encapsulation are
as follows. First, the water-soluble diamine monomer hydro-
lyzed from tolylene-2,4-diisocyanate (TDI) reacts with the oil-
soluble TDI monomer; then, the capsule wall grows toward the
oil phase. The fatty alcohol in the oil phase is also consumed by
the urethane reaction as an active hydrogen, and then the PU
shell grows thicker. The amphiphilic modified CNCs (mCNC)
nanoparticles existing mainly at the water/hydrophobic core
interfaces are spontaneously embedded into the polymeric
shell during the film-forming reaction. Meanwhile, the CO,
gas (hollow microcapsules, Fig. 9(a)) and hydrophobic ingredi-
ents (liquid core microcapsules, Fig. 9(b)) are entrapped in the
core. By incorporating mCNCs into the poly(urea-urethane)
shell, capsules with strong and dense shells that function as
excellent barriers against leakage were obtained. Their study
shows the potential of using nanocellulose to make eco-friendly
PCM capsules with enhanced shell strength, leakage proof
performance and controlled release of specific ingredients. As
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follow-up work, microencapsulated methyl laurate PCMs with
PU shells containing CNCs were prepared.’’> Same strategies,
i.e. hydrophobization of CNCs and in situ emulsion interfacial
polymerization technique, were used to fabricate the nanocom-
posite shell. Owing to the reinforcement of CNCs that have a
high aspect ratio, excellent strength and stiffness, the reported
microcapsules have high rupture force and elastic modulus,
which is favored for handling or postprocessing like tumbling.
Due to the extended diffusion path length by incorporated
CNCs, the dense shell structure provides barrier enhancement
against the osmotic release of encapsulated PCMs and prevents
the PCM leakage issue. Importantly, by tuning the core/shell
weight ratios, the encapsulation efficiency and shell thickness
of the microcapsules can be facilely controlled. The as-prepared
encapsulated PCMs exhibited promising application in build-
ing or paving materials owing to their released heat, desired
phase transformation temperature, chemical and physical sta-
bility, and concrete durability during placement.

Moreover, the Pickering emulsion polymerization technique
can be applied for the preparation of encapsulated PCMs. For
example, CNCs were used as a Pickering emulsifier and shell
component of paraffin PCM microcapsules by Zhang et al.'”> As
schematically shown in Fig. 9(c), the preparation of composite
PCM microcapsule paraffin wax (Pw)@ Polystyrene (PS)/CNC
consists of two steps, i.e. emulsification of CNC/paraffin melt
dispersions by ultrasonication and the Pickering emulsion
polymerization process of the styrene shell material at 70 °C
for 12 h, followed by a cooling step. It was reported that the
prepared PCM microcapsules showed increased latent heat
capacity and stability with increasing doses of CNCs owing to
the higher surface coverage by these cellulose nanoparticles.
The Pw@PS/CNC slurry had a high stability of 99.4% even after
100 heating/cooling thermal cycles. The prepared composite
PCM had a paraffin encapsulation ratio of 83.5% that endows it
with high latent heat, contributing to its potential as a filling
material in isothermal thermoses and hand warmers. In the
same work, the authors also used CNC stabilized Pickering
emulsions as a template to prepare coconut oil PCM micro-
capsules, suggesting promising application for buildings
because of the moderate melting points of the selected PCM.

A series of microencapsulated PCMs were prepared by
encapsulating 1-dodecanol into the CNF modified melamine-
formaldehyde (MF) resin via in situ polymerization.'”* Fig. 9(d)
schematically elucidates the preparation process of composite
PCM microcapsules, during which the shell was synthesized by
the polycondensation of MF prepolymer molecules, i.e. mela-
mine and formaldehyde. Fig. 9(e) shows the preparation of the
CNF modified MF resin, which was later used to obtain CNFs/
MF encapsulated PCM microspheres. The obtained PCM
spheres have a smooth surface and their sizes are 1-3 pum.
The cracking ratio testing confirmed that using CNFs greatly
improved the rupture resistance of the microcapsules, which
could prevent the leakage of PCMs in the preparation and
postprocessing steps. The thermoregulation results showed
that PCM microcapsules containing CNFs had greater indoor
temperature modulation ability over the control, suggesting
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their promising use in smart building applications. Leakage-
proof microencapsulation of PCMs by emulsification with
acetylated CNFs was investigated by Shi et al.'”> Compared to
the pristine CNFs, modified CNFs (mCNFs) provide better
compatibility to paraffin PCM and thus improve the encapsula-
tion efficiency and thermal performance. In the microencapsu-
lation process, mCNFs stabilized the transient emulsions with
paraffin and then formed a network on the surface of PCM
capsules, which functions as a supporting matrix that provides
the PCM with shape stability and prevents the leakage issue.
Besides, mCNFs act as a nucleating agent that accelerates the
heat release process. The prepared composite PCM microcap-
sules had a high paraffin fraction up to 80% and exhibited an
energy absorption capacity of 173 J g~ * with their supercooling
effectively controlled. These good characteristics indicate the
potential applications of these PCM microcapsules for thermal
energy conversion and solar energy storage.

Inspired by the fact that CNFs could form a network at oil/
water interfaces and prevent the coalescence of oil droplets, Li
et al. prepared shape-stabilized PCM spheres by encapsulating
paraffin PCM with CNFs.'”® In their study, a simple CNF-water—
paraffin system was prepared by dispersing paraffin in a
0.2 wt% CNF suspension, followed by ultrasonication treatment
to assist in the formation of a stable emulsion. Molecular
dynamics simulation was used to study the mechanism of
paraffin encapsulation by CNFs, and it was found that the
ultrasonication processing allowed paraffin to be dispersed in
the water phase in the form of droplets; CNFs in the water
phase then diffused to and were stabilized at the paraffin/water
interface, leading to the formation of paraffin/CNF core-shell
structures. The amphiphilic nature of nanocellulose, where
amphiphilicity stems from surfaces or edges with hydroxyl
groups and hydrophobicity comes from backbone faces com-
prising methylene units, contributes to the CNF stabilization
effect at the paraffin/water interfaces.'”” Extra CNFs in the
system prevented the coalescence of the capsules possibly by
forming a network. The formation of a continuous CNF net-
work as the shell not only addressed the leakage issue of this
widely used organic PCM but also contributed load-bearing
properties to a stimuli-responsive PCM. The resulting compo-
site PCM is lightweight, leakage-free and has a paraffin fraction
of more than 72%, displaying the potential to be used for smart
building applications.

4.3 Nanocellulose-based composite PCM fibers

To make thermo-regulating textiles and smart garments, com-
posite PCM fibers have been widely investigated. There are
several strategies to fabricate thermo-regulating PCM fibers,
including immersion of hollow fibers in PCM solutions; com-
posite spinning, in which PCMs are mixed directly with poly-
mer melts or solutions for spinning, and the resulting fibers
have shell-core or ‘“‘sea-island” structures; and microcapsule
spinning, in which microcapsules containing PCMs are mixed
with polymer melts or solutions for spinning."”® A number of
composite PCM fibers have been fabricated by these methods.
For example, thermally sensitive PCM fibers were prepared by
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immersing hollow rayon and polypropylene fibers into aqueous
solutions of calcium chloride hexahydrate/strontium chloride
hexahydrate."” PCM nanofibrous composites for thermal
energy management were obtained by the electrospinning of
homogeneous solutions that contain polyethylene glycol, poly-
vinyl alcohol PCMs and AgNO; and TiO, nanoparticles.'®°
Paraffin/polymer composite nanofibers for thermal comfort
applications were fabricated by a two-step process, in which
the PCM nanocapsules were prepared by emulsion polymeriza-
tion followed by the electrospinning of polyacrylonitrile/PCM
nanocapsules.'®' In particular, electrospinning is a simple,
convenient, and versatile technique for fabricating ultrafine
composite fibers from a wide variety of polymers, polymer
blends, and nanoparticle-impregnated polymers,'** and is ser-
ving a critical role in fabricating composite phase change
fibers.

For preparing composite PCM fibers, nanocellulose can be
used either as a functional filler of phase change fibers or as a
supporting matrix of PCMs, and importantly, it is green,
economic and safe. Furthermore, cellulose derivatives, espe-
cially cellulose esters, are welcomed for the preparation of
composite PCM fibers. By using cellulose derivatives, the
abundant hydroxyl groups on cellulose structures are substi-
tuted, so the inter-molecular hydrogen bonding is largely
eliminated and the interaction with organic solvents is greatly
enhanced."® To give an example, thermo-regulating ultrafine
fibers based on the PEG/cellulose acetate (CA) composite were
prepared by Chen et al.'®® Firstly, CA was dissolved in the
mixture of N,N-dimethylacetamide and acetone, followed by
the addition and mixing of PEG; secondly, electrospinning of
the obtained solutions was performed and the wet fibers were
vacuum dried. The prepared PCM composite fibers had a
cylindrical shape and smooth surfaces, and PEG was distrib-
uted not only on the surfaces but also in the core of the
composite fibers. The composite fibers showed high phase
change enthalpies, and their thermal properties and morphol-
ogies remained almost unchanged after 100 heating/cooling
cycles, indicating their reliability as thermo-regulating materi-
als. Inspired by this, it is possible to use nanocellulose deriva-
tives to fabricate composite phase change fibers. To this end,
nanocellulose should be chemically converted to its ester
counterpart by esterification reaction,'® then the obtained
nanocellulose derivatives can be incorporated into PCM
solution for subsequential electrospinning. Nevertheless, this
proposed method has remained unexplored so far.

A form-stable fiber-like composite PCM with cellulose fiber
as the skeleton was obtained by Qu et al.'®° A eutectic mixture
of PCMs myristic acid (MA) and tetradecanol (TD) was prepared
by melt blending and ultrasonic dispersion, then the composite
PCM was obtained by vacuum impregnation, in which the
eutectic PCM entered the pores of cellulose fibers (Fig. 10(a)).
As schematically shown, leakage prevention of the prepared
composite PCM fiber was realized by physical interactions,
including capillary force, surface tension and hydrogen bond-
ing, that exist between PCM and cellulose. Through BET
analysis, it was revealed that the pore structure is open-ended
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tubular capillary, which favors the capillary effect and makes
absorption of PCM eutectics easier. The crystal structure of the
TD-MA eutectic PCM was retained well after impregnation into
fibers, and no chemical reactions occurred between PCM and
cellulose. The presence of the PCM in the pores and on the
surface of cellulose provided mechanical support to the eutec-
tics, and porous cellulose fibers had a restriction function for
the leakage of the liquid PCM during phase transitions. Ther-
mal reliability analyses confirmed that the chemical structure
and leakage prevention of this composite PCM were stable after
100 heating/cooling cycles. Alternatively, PCM molecules can be
grafted onto the cellulose structure, resulting in composite
PCM fibers. For example, a solid-solid composite PCM was
developed by grafting PEG onto the cellulose backbone through
urethane linkage by toluene 2,4-diisocyanate (TDI) for cooling
application.'®® The PEG polymer was first dissolved in N,N-
dimethylformamide (DMF), cellulose microcrystals were then
added and mixed, followed by dropping TDI/DMF solution in
the medium. The chemical reaction, induced by TDI, occurs
among the hydroxyl groups of both PEG and cellulose. The
results suggest that PEG grafting onto cellulose did not change
the crystal form but limited the degree of crystallization;
consequently a remarkable difference exists between the crystal
structures of pristine PEG and PEG grafted cellulose composite
PCM, evidenced by the polarized optical microscopy observa-
tions. The FTIR analysis confirms the formation of urethane
and thus the success of the chemical reaction between PEG and
cellulose. Importantly, the prepared composite PCM is stable
after several thermal cycles, implying its potential use in LHS.

Nanocellulose and its functional hybrids have been utilized
in the preparation of novel composite PCM nanofibers for
advanced applications. For example, thermo/light-responsive
CNC/zinc oxide (ZnO) nanohybrid phase change nanofibers
(PCFs) for energy storage and regulated drug release were
prepared by Abdalkarim et al.'® In their previous studies,
CNC/ZnO nanohybrids were utilized as nanofillers in poly(3-
hydroxybutyrate-co-3-hydroxy-valerate) (PHBV) to enhance the
mechanical, thermal, antimicrobial and UV shielding perfor-
mances for wound dressing."®**'°° Herein, CNC/ZnO nanohy-
brids were used as versatile reinforcing agents to provide good
shape and thermal stability/conductivity to PCFs, while the
PCM realized the ‘“on-off” temperature regulation of drug
release. CNCs were prepared by the acid hydrolysis of micro-
crystalline cellulose, then CNC/ZnO nanohybrids were obtained
via a one-step hydrothermal process with CNC as a carrier.'*°
The electrospinning solutions were prepared by mixing PEG in
a dichloromethane/DMF eutectic solvent, and PHBV was added
as the supporting material. Meanwhile, PEG acted as the
compatibilizer between CNC/ZnO nanohybrids and PHBV
through hydrogen bonding with the two, ensuring the disper-
sibility and compatibility of the CNC/ZnO nanohybrid within
the PHBV matrix. The composition of the electrospinning
solution and the electrospinning process are schematically
shown in Fig. 10(b). The prepared hybrid PCM fiber could
release the drug above the melting temperature of PEG, while
the drug release was suppressed below the melting temperature
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Fig. 10 (a) Schematic illustration of the preparation process of the myristic acid/cellulose composite PCM and the form stabilization mechanism therein,

adapted with permission from ref. 185, Copyright 2017, Akadémiai Kiadd, Budapest, Hungary; (b) diagram of electrospinning solution composition and
the possible electrospinning process for preparing the composite PCF encapsulated with CNC-ZnO, (c) tensile strength and Young's modulus of the
composite PCF with various contents of CNC-ZnO, (d) temperature variations of the composite PCF with various contents of CNC-ZnO under solar
irradiation at 100 mW cm™2 intensity, the inset shows the tangential method for determining the starting and ending points of the phase change period,
reproduced with permission from ref. 187, Copyright 2019, Elsevier B.V.; (e) proposed mechanism for form stability of the magnetic/solar light-driven
composite PCF under thermal treatment at 70 °C, and (f) schematic showing the solar dryer device based on the composite PCF for indoor and outdoor

applications for fruit preservation and drying, reproduced with permission from ref. 188, Copyright 2020, Elsevier Ltd.

of PEG due to the barrier performance of a solid matrix. As
shown in Fig. 10(c), the obtained PCF containing 5% of hybrid
nanofillers exhibited considerably enhanced Young’s modulus
(241.7% increment) and tensile strength (219.5% increment)
over the neat PCF. The mechanical enhancement can be
attributed to the strong interactions between CNC-ZnO fillers
and PCF, the formation of more uniform and finer fibers by
introduction of CNC-based fillers, and the efficient stress
transfer from the PCF to CNC-ZnO fillers. However, when the
dosage of this nanofiller is more than 9%, the maximum values
of mechanical strength start to decrease due to the possible
agglomeration of nanofillers. PCFs with nanofillers also dis-
played enhanced thermal stability, thermal reliability and
reusability, which are favorable for thermal energy storage. In
the photothermal heat conversion testing of the PCF compo-
sites (Fig. 10(d)), temperature inflection points close to the
phase transition temperature of the PCF composites indicate
that the composite PCM absorbed the irradiated light and
converted it into thermal energy, which was then stored in
the PCM. Moreover, the increased amounts of CNC-ZnO fillers
led to higher composite temperature and extended the energy
storage period. When the light source was removed, the

850 | Energy Environ. Sci., 2023, 16, 830-861

temperature of composite PCMs dropped rapidly and the
stored energy was released during the phase change process.
Recently, CNC-Fe;0, hybrids (MCNC) were used to prepare
PCFs for dipole stimuli-responsive magnetic/solar light-driven
energy conversion and storage.'®® PCFs were facilely fabricated
by electrospinning of the PEG/PHBV/MCNC mixture, among
which MCNC was synthesized by the coprecipitation method.
Interconnecting bonds exist between the randomly distributed
PCFs, preventing the possible PEG leakage issue. In the shape
stability testing, both neat PCF and composite PCF containing
5% of MCNC did not suffer from the leakage problem during
heating. The proposed mechanism is schematically presented
in Fig. 10(e), i.e. the porous structure of PHBV, strong hydrogen
bonding interactions between PCF and MCNC fillers and PEG
diffusion via the 3D-nonwoven structure with interconnecting
bonds together contributed to the shape stability of composite
PCFs with nanocellulose-based fillers. However, PEG leakage
was visible in the composite PCF containing 5% of Fe;Oy,
which is ascribed to the lack of the supporting matrix
and interactions between the components. Besides the
improved shape stability, the as-prepared composite PCFs
exhibited superior phase change performance (latent heat of
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69.2 £ 3.5] g '-83.1 + 4.2 J g7'), excellent thermal stability,
thermal reliability and durability, indicating their promising
use for TES applications. Moreover, MCNC hybrids can be
significantly stimulated with an alternating magnetic field
and sunlight irradiation, leading to highly efficient thermal
energy conversion, storage and application. An example of
applying the composite PCFs for magnetic (indoor) and solar
(outdoor) dryers for agricultural products like fruits is graphi-
cally shown in Fig. 10(f), contributing to the totally green
heating process for production.

4.4 Nanocellulose-based composite PCM films

The structural rigidity of conventional PCMs remains a major
bottleneck that results in poor surface contact with integrated
devices and ultimately limits real scale applications.'®" Several
methods are available to prepare flexible composite PCMs,
among which fabricating composite PCM films or membranes
using a flexible supporting matrix is simple and effective.*>
During film preparation, multifunctional materials such as
photothermal agents can be integrated to obtain versatile
composite PCMs. For example, a form-stable and flexible
PCM composite film composed of the polydopamine-polyur-
ethane polymer matrix and PEG was reported by Tas et al.'®
Waterborne polyurethane (WPU) particles were coated with
polydopamine (PDA) to obtain the polymer matrix, followed
by adding PEG into the PDA-WPU dispersion to form the final
composite for film casting. The thermal stability and thermal
conductivity of the amorphous polymer matrix were improved
by its semicrystalline character induced by PEG addition.
Although the tensile strength and elongation at break of
composite films decreased when increasing PEG contents, the
films still remained flexible. The prepared form-stable, flexible,
and durable composite films did not suffer from PCM leakage
and their phase change enthalpies remained constant after 60
heating/cooling cycles, fulfilling their application in solar-to-
thermal energy conversion and storage with a conversion
efficiency of 72.9%.

Owing to its sustainability and multifunctionalities, nano-
cellulose can be used for the preparation of advanced compo-
site PCM films. For example, with the use of carboxylated
nanocellulose, Shi et al. prepared poly (ethylene oxide) (PEO)-
based PCM composite films.'** These films were prepared by
simply mixing carboxylated CNF dispersion and PEO solution
at different mass ratios, followed by casting and drying steps.
TEMPO-modified CNFs were used since their higher aspect
ratio over CNCs and their good dispersion in hydrophilic PEO
solution contribute to excellent reinforcement of the composite
films. When increasing the CNF loading content from 0% to
20%, the density, moisture content and light transmittance of
the films increased. Interestingly, the pure PEO film is translu-
cent while the composite containing 20% of CNF is transparent
(Fig. 11(a)), making its possible applications in optics. As
presented in Fig. 11(b), inside the pure PEO film, large PEO
spherocrystals with high crystallinity formed plenty of hetero-
geneous crystal interfaces that favor diffuse light reflection.
When raising CNF content in composite films, for example to
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20%, the amount of PEO spherocrystals decreased, conse-
quently increasing light transmittance through the film. Due
to the uniform dispersion of CNFs and the formation of
hydrogen bonds at the interfaces between CNFs and PEO, the
composite PCM film exhibited remarkably improved Young’s
modulus (0.2 to 2.4 GPa, 11 fold) and tensile strength (6 to
86 MPa, 14 fold) over the neat PEO film. Furthermore, CNF
addition restricted the thermal expansion of composite films at
temperatures above the melting point of PEO, ensuring their
shape-stability for practical uses. Fukuya et al. investigated the
changes in the crystallite orientation of the PEO/CNF composite
film depending on CNF addition,"®> and the proposed mecha-
nism is schematically presented in Fig. 11(c). In particular,
when CNF content is less than 10% (based on weight of film),
the molecular chains in the PEO crystallite region are oriented
in a direction perpendicular to the film surface; when CNF
content is more than 50%, the PEO molecular chains were
oriented parallel to the film surface. The CNFs become parallel
to the composite film surface when CNF content is more than
25%. The authors suggested that the hydrogen bonds between
PEO and CNFs may behave as crystallization nuclei for PEO,
and the space for PEO crystallization would be suppressed
when increasing the CNF content in the composite film and
consequently change the orientation of PEO crystals. In short,
the change in the PEO crystallite orientation is due to the space
between individual CNFs and the hydrogen bonds between
CNF and PEO, which can be facilely tuned by controlling the
CNF content introduced to the composite film. Their findings
shed light on the development of PCM films that are more
impermeable to gases for certain special applications, e.g
smart and protective packing. Li et al. fabricated a PCM film
with superior mechanical performance using CNF-capsulated
paraffin that was prepared via the Pickering emulsion
technique.’®® CNFs with high aspect ratios act as the high-
strength matrix as well as the stabilizer for the emulsion, and
their strong capability to form an entangled network inside the
composite film could absorb some stress and enhance the
mechanical strength of the composite film. During the heat-
ing/cooling cycles, the composite PCM film exhibited reason-
able enthalpy and thermal regulation properties without PCM
leakage. Owing to the abundant hydroxyl groups of CNFs, this
PCM film has the advantage of higher water absorption/reten-
tion, which makes its outdoor applications (e.g. smart building)
possible.

A bio-based flexible PCM composite film with superior
thermal conductivity was reported lately.'®” The preparation
of the PEG-based phase change film is schematically illustrated
in Fig. 11(d). First, the PCM component was held in the porous
expanded graphite (EG) via vacuum absorption, then the
obtained PEG/EG hybrid was mixed with CNFs that act as the
film-forming substance and supporting matrix, followed by
the incorporation of thermal conductivity enhancer boron
nitride (BN). The combined use of EG and nanocellulose
provided shape-stability to the composite film, and the as-
prepared film can be easily rolled, showing excellent flexibility.
The PEG/EG/CNF composite film also displayed improved
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thermal conductivity as graphite itself has excellent thermal
conduction performance. Interestingly, this film showed aniso-
tropic thermal conduction performance due to the highly
aligned lamellar structure. Specifically, the radial thermal con-
ductivity continuously increases with increasing EG content
while the axial thermal conductivity remains unchanged. When
BN was added at a certain EG level, the PEG/EG/CNF/BN
composite film also exhibited anisotropic thermal conduction
performance as the aligned BN fillers enter the lamellar struc-
ture of the composite film. When 7% EG and 15% BN were
incorporated, the thermal conductivity of the composite film
was improved by 3384% (radical) and 500% (axial) compared to
that of the pure PEG film, respectively. The obtained PCM film
also displayed satisfactory phase change performance and
thermal stability, suggesting its promising use in thermal
management of electronic devices.

852 | Energy Environ. Sci., 2023, 16, 830-861

New approaches for preparing composite PCM films or
sheets are emerging. To give an example, a series of PCM
composite nanofibrous mats consisting of PEO and CNCs were
fabricated by an electrospinning method."® The microstruc-
tures of the composite films can be altered from the homo-
geneous state to heterogeneous state by changing the
concentration of the electrospinning solution. When increasing
the addition level of CNCs, the electrospun nanofibers became
finer and more uniform, which can be attributed to the
improved electric conductivity of the electrospinning solution.
The size uniformity of the obtained PCM fibers was enhanced
by the reducing needle diameter. The high alignment, uniform
dispersion of CNCs and their strong interactions with PEO
molecules via hydrogen bonding enabled the effective stress
transfer from PEO to CNCs, leading to enhanced mechanical
performance of the obtained PCM mats. Moreover, the
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heterogeneous PCM mats containing rigid-flexible bimodal
nanofibers provided better mechanical properties over the
homogeneous counterparts at all CNC addition levels
(0-20 wt%). The proposed mechanism is that the secondary
ultrafine nanofibers in the heterogeneous structure associated
strongly with primary nanofibers through their bonding points
and inter-entanglement between them. However, homogeneous
mats lack entangling secondary ultrafine fibers, leading to less
inter-fiber interaction and thus inferior mechanical perfor-
mance. Liu et al. investigated the thermal stability enhance-
ment of polyurethane films by adding CNCs.?*° In their work,
composite films with 1-5% of CNCs were prepared by a solvent
casting method. It was found that the stiffness, strength and
elongation of the film remained unaffected while the thermal
degradation temperature increased, which indicates the
enhanced thermal stability of the composite film. The higher
onset decomposition temperature by 1% CNC addition was
believed to be related to the hydrogen bonds between the
hydroxyl groups of CNCs and urethane groups. When increas-
ing the CNC content to 5%, the elastic modulus of the compo-
site film was increased by about 70% without compromise of
film elongation at break, revealing that CNCs did not prevent
the flow or sliding of the hard blocks of polyurethane while they
restricted the mobility of the soft segment, and CNCs them-
selves can move freely in tensile operation. Regardless of the
addition levels of CNCs, all composite films had similar
enthalpy values in the heating and cooling process; however,
the crystallization temperature of the films shifted to higher
temperatures when increasing the CNC content. The authors
suggested that dispersed CNCs in the system behaved as the
nucleating sites that favored the crystallization process and led
to the elevated crystallization temperature. Their research con-
firmed the capability of CNCs in enhancing the thermal stabi-
lity and crystallization efficiency of composite PCM films,
although their mechanical reinforcing effect was inferior to
that of CNFs. Malmir et al. studied the effect of CNC addition
on the morphological, thermal, crystallization and barrier
properties of the solution casting prepared PHBV/CNC compo-
site film.”>°" It was verified that CNCs acted not only as the
bridges for connecting PHBV chains and cover the pores but
also as the nucleating agent for PHBV crystallization. Com-
pared to the neat PHBV film, the freezing of the composite PCM
film started earlier and continued with a higher rate without
changes in the crystalline structure of PHBV. Nevertheless,
excessive addition of CNCs may restrict the free mobility of
PHBV chains and result in slower growth of spherulites, and
lead to the formation of porous film morphology. Notable
improvement in the barrier performance against water vapor
and oxygen was discovered and this can be attributed to the
modified crystallinity of the composite film and the tortuosity
effect by CNC fillers.

Nowadays, stimuli-responsive materials with highly ordered
and reversible structures have gathered tremendous interest for
their novel applications. As a proof of concept, Yang et al
engineered multifunctional reversible self-assembled struc-
tures of the CNC-derived phase change film."*® In their design,
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PCMs act as temperature-responsive materials, and by adjust-
ing their interactions with nanoparticles (e.g. van der Waals
forces, dipole-dipole interactions and hydrogen bonding) dur-
ing phase transitions, both energy storage and self-assembled
structures can be achieved. For this purpose, phase change
nanocrystals (PCNs) were prepared by anchoring 1-
octadecanethiol PCM onto esterification modified CNCs
through thiol-ene reaction, and the PCNs had a hard CNC core
that retained the basic structure and a soft shell of phase
change octadecyl chains. Their unique structure and the phase
change behavior of the shell allowed the self-assembly of the
PCNs into well-ordered reversible hierarchical structures. As
shown in Fig. 11(e), the self-assembled nano/micro structure
forms a flaky or film like morphology when being heated, and
the original structure can be recovered by a cooling and aging
process. During the reversible structure and morphology
switch, the formation of the flaky structures is ascribed to the
ordered organization of modified CNCs by molecular interac-
tions between octadecyl chains that results in the crystalline
structure within the film. Specifically, after heating at 80 °C the
modified CNCs become isotropic because of the dissociation of
the crystalline domains of the packed octadecyl chains. Nano-
flakes with crystalline texture were generated by modified CNCs
when decreasing the temperature to 25 °C and aging for further
24 h. Moreover, this phase change film exhibits self-healing
and thermally reversible properties like birefringence, hydro-
phobicity and transparency. These amazing properties impart
possible application in smart surfaces, thermal sensitive ima-
ging and temperature-preserving coatings.

4.5 Nanocellulose-based composite PCM blocks

As introduced earlier, nanocellulose foams and aerogels can be
facilely prepared by freeze drying and supercritical drying, and
these porous materials usually have low density, high prosody,
large specific area, and favorable mechanical performance.
Manipulating the chemistry of nanocellulose gives a chance
for fabricating compatible scaffolds for different types of PCMs.
Undoubtedly, porous nanocellulose-based scaffolds have found
their application in preparing form-stabilized and leakage free
composite PCMs, and multifunctional composites can be
achieved when the corresponding fillers are incorporated in
the preparation of nanocellulose-based supporting materials.
A form-stable PCM composite with improved thermal con-
ductivity by using alkylated CNF/carbon nanotubes (CNTs)
aerogels as the scaffold was reported by Du et al.>°* In their
work, alkylated composite aerogels were prepared by cation
induced gelation of the CNF/CNT suspension, followed by the
freeze-drying and surface modification steps. In particular, the
alkylation modification was performed for improving the com-
patibility between the prepared composite aerogels and n-
octacosane PCM. The PCM composites were obtained by
impregnating the aerogels with molten PCM in vacuum. Mor-
phology observations proved that all the aerogels have well
oriented and interconnected multiporous structures, which
favor the absorption of PCM liquid. Due to the enhanced
compatibility between the supporting aerogel and PCM,
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composite PCMs have high loadings of n-octacosane and
compact internal structures without clear interfaces between
the components. The leakage issue was completely resolved
due to considerable capillary force and surface tension, and
composite PCMs exhibited form stability even when being
heated at 80 °C for 60 min. The thermal conductivity of
composite PCMs was effectively increased from 0.247 to
0.583 W (m~" K ') by CNT introduction. The high phase
change enthalpy (maximum 252.9 Jg '), favorable form stabi-
lity and excellent thermal stability and reliability favor their
applications for energy storage. Due to the superior photo-
thermal conversion ability of CNTs, the as-prepared composite
PCMs exhibited promising potential in solar-thermal conver-
sion and storage application, with the photo-thermal conver-
sion and storage efficiency improved from 46.9 to 83.4%.
Similarly, Shen et al. used CNF/CNT composite foam to fabri-
cate form-stabilized composite PCMs for solar-thermal-
electrical storage and conversion.”®* To improve the compat-
ibility between the foam scaffold and paraffin PCM, CNF-based
foams were hydrophobically silylated with methyltrimethoxysi-
lane. The authors studied the relations between foam density
and porosity, and their effects on the paraffin absorption
capacity of foams and leakage ratio of composite PCMs. Con-
clusions are drawn that higher concentration of the CNF-based
suspension for foam preparation leads to denser and less
porous foams with smaller pores, and this results in slightly
decreased paraffin loading ability but enhanced leakage pre-
vention. The good compatibility of silylated CNF/CNT foams
with paraffin was verified by the absence of clear interfaces
inside the composite PCMs, and no chemical reaction was
detected between the foams and paraffin. The good form-
stability, negligible leakage during phase transitions, and ther-
mal stability and reliability favor the application of composite
PCMs for realistic applications. Moreover, the use of CNTs
obviously enhanced the heat transfer properties of PCMs and
their solar harvesting and energy conversion efficiency.

To improve the energy storage density and thermal stability
of the octadecanol (OCO)/octodecane (OCC) PCM, CNF/silver
nanowire (AgNW) hybrid porous foam with a highly ordered
structure was utilized as the supporting material.>** CNFs were
prepared by TEMPO-oxidation of the decolorant wood powder
to avoid aggregation of nanofibers, and long and thin AgNWs
were obtained by simple hydrothermal synthesis,”* followed by
the mixing of two solutions to form CNF/AgNWs hybrids.
Anisotropic composite foams were fabricated by directional
freezing, and were then impregnated with the molten PCMs
to obtain the composite foam-supported PCMs (Fig. 12(a)).
Interconnected cellulose-based foams with uniform porous
morphologies in the perpendicular cross-section and pyknotic
hexagonal honeycomb porous structure in the horizontal cross-
section were observed, and their color was dependent on the
AgNW content, which can be attributed to improved light
absorption by the synergy effects of light absorption perfor-
mance of AgNWs and the 3D foam scaffolds. Composite foams
were also prepared by a non-directional freezing method, and
their porous structure was uniform in both horizontal and
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perpendicular cross-sections; however, the AgNW content
decreased in these foams, indicating the advantage of direc-
tional freezing in preparing anisotropic cellulose-based struc-
tures with uniform filler dispersion. Owing to the numerous
hydroxyl groups of the supporting foam, an ultrahigh loading
level of the OCO PCM was enabled by intensive hydrogen
bonding and higher enthalpy was imparted to this composite
PCM compared to the OCC composite PCM, which is ascribed
to the interfacial hydrogen bonds of the former. The prepared
OCO-based composite PCM exhibited distinguished shape,
chemical and thermal stability. Thermal conductivity measure-
ments and infrared images verified the improved heat transfer
capacity over the pure OCO, and the proposed mechanism is
presented in Fig. 12(b). Specifically, the synergistic effects of the
AgNW presence and strong interfacial interactions facilitated
the phonon propagation for heat transfer. Due to the addition
of AgNWs and the advantage of the directional freeze-drying
induced highly ordered structure, the prepared composite
PCMs showed greatly improved heat transmission in the long-
itudinal direction than in the transverse direction. These good
merits suggest their promising applications in high-efficiency
solar-thermal energy conversion and storage and anisotropic
thermal transmission. In the research by Xue et al.,”*® the CNF/
GNP solution was used to impregnate melamine foam (MF),
followed by the oriented freezing of the MF/CNF/GNP compo-
site, freeze drying and carbonization processes. Owing to the
strong hydrophobic-hydrophobic interactions between CNFs
and GNPs and the intensive hydrogen bonding between CNFs
and MF, CNFs function as a bridge between MF and GNPs.
Compared to the conventionally anisotropic GNP aerogel-
stabilized PCM, the MF/CNF/GNP hybrid foam-stabilized par-
affin PCM is oriented in both horizontal and perpendicular
directions. The prepared composite PCMs displayed improved
form-stability, thermal conductivity, thermal stability and
cycling reliability. Different from the conventional applications
like photo-thermal conversion and storage, the prepared com-
posite PCMs were used for electric-to-thermal transition appli-
cation. The experimental design of a delay switch to control the
illumination of a bulb is presented in Fig. 12(c). The measured
current through the sample (Fig. 12(d)) obviously increased
when the voltage is applied and this is related to the rearrange-
ment of GNPs during the melting process of paraffin induced
by Joule heating. The results also verify the fast response of
composite PCMs to the electrification process and their excel-
lent cycling stability. Digital images of the real application are
presented in Fig. 12(e). Image I shows the bulb that is not
lighted in 50 s, and image II shows the bulb which illuminates
brightly in 420 s when voltage is applied. Their research opens
up the novel applications of PCMs, such as electric-to-thermal
conversions and microelectronic devices related to a delay
switch.

CNF/polypyrrole (PPy) hybrid aerogel supported octacosane
composite PCMs with form-stability and excellent energy sto-
rage performance were fabricated by Xu et al.>°” To improve the
photo-thermal conversion capability of the PCMs, PPy was
introduced onto the surface of the nanocellulose aerogel

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 (a) Schematic illustration of the preparation of anisotropic composite PCMs, (b) schematic diagram of the thermal transfer mechanism of the

prepared composite sponges (upper), and the characteristic thermal conduction mechanism of the composite sponges along horizontal cross-section
(middle) and perpendicular cross-section (lower), reproduced with permission from ref. 204, Copyright 2021, Elsevier B.V.; (c) schematic diagram of the
delay switch experiment, (d) current change of the composite PCM depending on time, (e) photos of the state of the small bulb at different times when
voltage was applied, reproduced with permission from ref. 206, Copyright 2020, Royal Society of Chemistry; (f) temperature of composite PCMs with

time under sunlight irradiation of 300 mW cm™

support via in situ polymerization. The preparation of CNF/PPy
aerogels consists of two steps: first, mixing of CNF aerogels
with PPy and TsOH; second, in situ polymerization of PPy,
followed by the freeze-drying process. The composite PCMs
were fabricated by vacuum-aided impregnation of aerogels in
melted PCMs. The typical porous microstructure of the compo-
site aerogel and uniform distribution of PPy were discovered,
and the porous structure with the capillary effect and the
compatibility between aerogel support and PCM contributed
to a high loading fraction of n-alkane. Due to the substitution of
the PCM with other components (i.e. CNF and PPy), a reason-
able reduction (5%) in phase change enthalpy was found, as
reported elsewhere.’®® Form-stability, thermal stability and
reliability were confirmed during repeated heating/cooling
cycles. When applied for solar-thermal conversion and storage,
these composite PCMs showed improved photo-thermal con-
version and storage efficiency (up to 86%), and the improve-
ment is positively associated with the addition level of

This journal is © The Royal Society of Chemistry 2023

2, adapted with permission from ref. 207, Copyright 2020, Springer Nature B.V.

solar-thermal conversion material PPy (Fig. 12(f)). Moreover,
increased PPy content accelerated the charging and dischar-
ging of composite PCMs, as evidenced by the narrower phase
transition platform during heating and cooling. Similarly, a
CNF/melanin hybrid aerogel was prepared and used to stabilize
PEG and improve the photothermal conversion efficiency and
energy storage density.”® The same preparation strategies, i.e.
freeze drying of the CNF-based mixture suspension and follow-
up impregnation of aerogels with the molten PCM, were used to
obtain the form-stabilized composite PCMs. The incorporated
melanin imparted irregular protrusions on the pore wall struc-
ture, but the main porous scaffold structure remained
unchanged, which prohibited the leakage issue during phase
transitions. Meanwhile, the introduction of melanin remark-
ably improved the photo-thermal conversion efficiency from
47.2 to 85.9%, with the energy storage density of composite
PCMs unaffected. The prepared composite PCMs also dis-
played satisfactory phase change and thermal properties,
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favoring promising solar-thermal conversion and storage
applications.

Novel composite PCMs based on a CNF/graphene hybrid
aerogel and PEG were fabricated by Du et al.>*® To improve the
affinity of the CNF-based aerogel with the PEG PCM, grafting of
PEG molecules onto CNFs was performed via carboxylation—
amidation reaction. The chemically modified CNFs were then
mixed with graphene oxide (GO), followed by the chemical
reduction of GO to graphene and aerogel preparation by
freeze-drying. The as-prepared hybrid aerogels had 3D inter-
connected porous structures that well encapsulated the PCM
and prevented its leakage. Due to the enhanced affinity
between the aerogel support and PCM, the resulting composite
PCM exhibited greatly improved loading levels of PEG and
satisfactory shape stability. Graphene as a thermal conduction
filler greatly enhanced the thermal conductivity of the PCM and
imparted promising photo-thermal conversion and storage
performance to the composite PCM. Their study gives some
inspiration for using PCM molecules to modify the supporting
materials for improved affinity between the two. In recent work,
CNC/GNP/PEG composite PCMs were prepared through a sim-
ple physical compounding method.*'® Specifically, CNCs and
GNPs were dispersed and sonicated in deionized water and
ethanol, respectively, followed by mixing of the two dispersion
and the addition of PEG. The obtained mixture was then cast
and vacuum dried to prepare the composite PCMs. CNCs not
only enabled good dispersion of GNPs via their amphiphilic
nature but also provided strong encapsulation of the PCM via
their hydrogen bonding with PEG. These prepared composite
PCMs showed a stable form, greatly improved thermal con-
ductivity, high latent heat and favorable thermal energy con-
version capability, showing great potential for ensuring the
normal operation of electronic devices when combined with a
thermally sensitive switch. Therefore, it is safe to conclude that
nanocellulose-based hybrid supporting materials can provide
shape-stability and versatile functions to PCMs, especially when
combined with multifunctional materials like thermal conduc-
tivity fillers and photosensitive and thermal sensitive additives.
The resulting composite PCMs are expanding their applications
from conventional thermal energy storage to intelligent ther-
mal management systems.

5. Summary and outlook

Thermal energy storage as one of the most effective techniques
to expand the use of sustainable energy has been considered as
a possible solution to energy issues and environmental pollu-
tion. By storing surplus heat and using it at a later time,
thermal energy storage provides several advantages, such as
economic benefits, peak load shifting, high energy utilization
efficiency and energy reliability. Compared to sensible heat
storage and thermochemical heat storage, latent heat storage
shows merits like higher energy storage density, small tem-
perature swings in heat storage and release, simple operation
and low investment and thus is preferred for TES system
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fabrication. PCMs are the core component of TES systems
and store and release heat at a fixed temperature during their
phase transitions, but are subject to the drawbacks of liquid
leakage, low thermal conductivity, phase separation, super-
cooling and insufficient thermal and cycling stability for scal-
able applications. Fabricating sustainable high-performance
composite PCMs meets the growing demand for renewable
energy storage and help address environment concerns, which
has been one of the hottest topics in latent heat storage and
utilization.

Nanocellulose as a fascinating and versatile material derived
from the most abundant natural polymer on earth has pro-
voked intense attention from both academia and industry, and
exhibits the merits of renewability, biodegradability, recyclabil-
ity and ease of functionalization. With optimization, nanocel-
lulose can be integrated into PCMs to prepare composite
slurries, capsules, fibers, films and blocks to tackle the existing
drawbacks of PCMs. Firstly, by incorporating nanocellulose and
nanocellulose-based hybrids, salt hydrate PCM slurries with a
stable phase, less supercooling and higher thermal conductivity
can be obtained. In this scenario, nanocellulose behaves as the
thickening agent via its excellent networking capability, and as
a stabilizer/support for nucleating nanoparticles and carbon
nanomaterials. Nanocellulose with a high aspect ratio and
suitable surface environment, e.g. pristine CNFs, benefits its
application for preparing composite PCM slurries. Secondly,
when used for the preparation of composite PCM capsules,
CNFs and CNCs are typically used as the stabilizers of the
emulsion, shell forming materials or reinforcing agents of the
shell structure. Chemical modification of nanocellulose can be
performed to optimize its compatibility during polymerization
and improve the performance of composite PCMs. Thirdly,
composite phase change fibers can be fabricated by directly
immobilizing PCM molecules onto the fiber surface and back-
bone or by electrospinning of nanocellulose/PCM mixtures. In
this case, nanocellulose may act as the backbone of the compo-
site, the strengthening agent for composite PCM fibers, and the
carrier of functional nanoparticles. Fourthly, nanocellulose-based
composite PCM films can be fabricated by various techniques,
such as simple solution casting, coating or impregnation of the
nanocellulose film with molten PCMs. The use of nanocellulose
provides a way to prepare flexible and strong composite PCM
films with tunable optical and thermal properties. Fifthly, to
prepare form-stable composite PCM matrices, nanocellulose-
based foams and aerogels can be used as the porous supporting
materials, in which modified nanocellulose or functional materi-
als can be incorporated for compatible, durable and multifunc-
tional cellulosic scaffolds. These composite PCM blocks are
usually fabricated by impregnation of porous nanocellulose-
based porous scaffolds with liquid PCMs with the aid of vacuum.
Due to the high liquid absorption capacity of nanocellulose-based
scaffolds and their favorable interactions with the PCM, the
prepared PCM composites usually have compact structures and
a stable phase during phase transitions.

Based on the intrinsic structural and surface properties of
nanocellulose, its thickening effect for salt hydrate inorganic
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PCMs stemmed from the physical entanglements of cellulose
nanofibers that prevents salt precipitation, and nanocellulose-
supported nanoparticles can facilitate the salt crystal growth on
their surfaces and decrease the supercooling degree of salt
hydrates. Importantly, the abundant hydroxyl groups of nano-
cellulose contribute to its compatibility with salt hydrate PCMs,
and these functional groups of nanocellulose also benefit its
chemistry manipulation via various strategies, e.g. grafting onto
and grafting from. The amphiphilicity feature of nanocellulose
benefits the exfoliation and dispersion of carbon nanomaterials
like graphene. As a result, the nanocellulose/nanocarbon
hybrid with favored dispersion can be used to prepare ther-
mally stable composite PCMs with enhanced thermal conduc-
tivity. Due to the stress transfer and distribution effect, the use
of nanocellulose could enhance the mechanical performance of
the prepared composite PCM capsules, fibers, and films.
Besides being used as additives, nanocellulose can also behave
as the skeleton of composite PCMs due to the strong interac-
tions between the cellulose nanoparticles or nanofibers. These
interactions include self-entanglement (for CNFs) and hydro-
gen bonding. When porous nanocellulose scaffolds are used for
encapsulation of PCMs, again, the compatibility, structures and
properties of nanocellulose scaffolds could be facilely tuned by
chemical modification or introducing nanocellulose-based
hybrids. All in all, nanocellulose with fascinating chemistry
and structural properties can serve as either a supporting
skeleton or a functional additive for composite PCMs, suggest-
ing its promising applications in fabricating sustainable and
advanced composite PCMs for thermal energy storage and
management.

Challenges, however, exist when applying nanocellulose for
PCM-based TES applications. First, the efficiency, energy con-
sumption and environmental impacts of nanocellulose pre-
paration must be optimized, which can be done through
effective pretreatment of starting materials by green chemistry
or enzymes. With high efficiency production that is easily
scaled up in industry, the commercialization and marketability
of nanocellulose are expected to be boosted, which will enhance
the cost-effectiveness of using this material. Second, some
intrinsic characteristics of cellulose materials such as their
hydroscopic nature, thermal instability and incompatibility
with hydrophobic polymers should be overcome in their use,
and this can be fulfilled by surface chemistry or introducing
other functional substances. With delicate modifications, ther-
mally stable cellulose materials that are capable of compositing
with more types of PCMs can be prepared. Third, the perfor-
mance of nanocellulose-based matrices should be improved for
better structural and physicochemical properties of the pre-
pared nanocellulose-based composite PCMs. For example, the
strength, compression resistance and multifunction of
nanocellulose-based porous scaffolds can be further enhanced
to increase the uptake capacity of PCMs and meet the applica-
tion requirement in designated environments. These improve-
ments will prompt the performance and applicability of
nanocellulose-based composite PCMs for different scenarios.
Fourth, the reported nanocellulose-based composite PCMs are

This journal is © The Royal Society of Chemistry 2023
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mostly prepared on a laboratory scale, and industrial level
production is important for certain applications, such as smart
building materials, thermal regulating textiles, and solar energy
harvesting and conversion. Additionally, the application of
certain nanocellulose structures like nanocellulose films and
hydrogels has rarely been reported for TES applications and
more research endeavor is needed. Last but not the least, more
advanced composite PCMs (e.g. stimuli-responsive ones) for
novel applications (e.g. biomedical uses) are desired. By means
of this, both value-added applications of nanocellulose and
utilizations of advanced PCM-based TES systems are to be
expanded. Considering the ongoing research activities and
rapid advances in science and technology, it would be safe to
conclude that chances exist for the bright future of
nanocellulose-based composite PCMs.
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