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A B S T R A C T

Cellulose is a renewable, biodegradable, cost-effective, and easy-to-process natural biopolymer. Because of its dielectric, piezoelectric, and mechanical performance, 
cellulose and its composites are often used as a matrix, filler, substrate, gel electrolyte, and dielectric layer for flexible energy storage devices. They offer easy 
fabrication strategies and excellent mechanical properties. In this mini-review, we summarized the principles of dielectric and energy storage features of cellulose 
composites and factors affecting their dielectric properties, mainly exploring the incorporation of various filler materials in the cellulose matrices and cellulose 
materials acting as different types of fillers. Moreover, the fabrication strategies, structural design, and matrix-filler interactions of cellulose composites enhance their 
dielectric properties as systematically reviewed. This review summarizes the current state-of-the-art progress of cellulose dielectric composites, challenges, and future 
outlook for green dielectric and energy storage devices. The review suggests that optimizing the filler type, cellulose fiber content, fabrication techniques, and 
structural design can significantly enhance the dielectric properties and energy storage capacity of cellulose composites.

Introduction

The pursuit of new materials with outstanding dielectric and energy 
storage properties has accelerated in recent years, driven by the ever- 
increasing demand for efficient energy storage systems and high- 
performance electronic devices. It is high time to develop new green 
energy sources and storage technologies as the energy consumption 
pattern abruptly upsurges. The non-biodegradable and non-renewable 
synthetic polymer-based composites can cause severe contamination 
to nature due to the frequent replacement rate of electronic devices. 
Thus, it is having great significance to develop new biodegradable and 
renewable high performing dielectric and energy storage materials for 
flexible electronics. In this scenario, cellulose composites have garnered 
significant attention due to their unique combination of environmental 
friendliness, mechanical robustness, and versatile functionalization ca
pabilities [1]. Moreover, the energy storage competence of dielectric 
materials is a critical factor in the performance of capacitors, which are 
essential components in numerous electronic devices, power systems, 
and emerging technologies like electric vehicles and renewable energy 
grids. Traditional dielectric materials, often derived from petrochemical 
sources, pose significant environmental concerns and limitations in their 

performance. In contrast, cellulose composites offer a sustainable 
alternative, potentially bridging the gap between high performance and 
eco-friendliness.

Cellulose, a naturally abundant and renewable biopolymer, is an 
ideal material for developing biodegradable dielectric and energy- 
storing materials due to its high surface area, excellent mechanical 
strength, and tunable porosity. The large number of hydroxyl groups on 
the molecular chain provides additional dipole moments. So, cellulose 
offers a biodegradable and eco-friendly alternative to synthetic poly
mers, aligning with the trend around the world towards eco-friendly and 
sustainable materials [2,3]. Its inherent properties, such as high me
chanical strength, biodegradability, and ease of chemical modification, 
make it an exceptional base material for composite fabrication [4–6]. 
However, pristine cellulose is not an ideal dielectric material to achieve 
the required performance of energy storage material, and its hydrophilic 
nature could decrease the energy storage density. Nonetheless, its ability 
to be engineered at the molecular level to enhance the dielectric con
stant and breakdown strength of composites is promising. Therefore, 
cellulose-based composites with outstanding performance for dielectric 
and energy storage devices have become a research hotspot.

Integrating cellulose with advanced fabrication techniques can 
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revolutionize the field of dielectric materials, aligning with the global 
imperative for sustainable development[7,8]. The fabrication strategy of 
cellulose composites is a critical determinant of the microstructure and, 
consequently, the macroscopic properties of cellulose composites. For 
instance, solution casting/filtration/drying [9] can lead to uniform films 
with controlled thickness, while electrospinning [10] can produce 
nanofibrous mats with high surface area. Layer-by-layer assembly [11] 
allows for precise control over the composite architecture, in-situ 
polymerization [12], and 3D printing [13] opens new avenues for 
creating complex geometries tailored to specific applications. A variety 
of hydrophobic modification techniques have been devised to prevent 
water absorption in high-humidity conditions and enhance the energy 
storage density of cellulose composites. The main methods to improve 
hydrophobicity include surface deposition [14], graft modification [15], 
and polymer interpenetrating networks [16]. Each method offers 
distinct advantages and challenges, influencing filler dispersion, inter
facial interactions, and mechanical properties.

It is evident from Fig. 1 that there has been a substantial rise in the 
number of publications on cellulose composites for dielectric and energy 
storage in recent years. This increase indicates that these composites, 
which combine cellulose with nanomaterials/ polymers, have become a 
significant area of research for developing sustainable materials for 
energy applications. By providing a comprehensive overview of the 
current state and future prospects, this review aims to serve as a valuable 
resource for researchers and engineers striving to develop next- 
generation energy storage solutions. Moreover, it provides a detailed 
examination of the state-of-the-art cellulose composite, focusing on how 
different fabrication strategies impact their dielectric and energy storage 
properties. To our knowledge, the effect of structural designs and 
various fabrication strategies on the dielectric and energy storage 
properties of cellulose composites and the overview of recent progress 
have not been summarized in the last decade.

The key objectives of this review are the following. (i) To elucidate 
the fundamental dielectric properties of cellulose and its derivatives: 
Understanding the intrinsic properties of cellulose is crucial for tailoring 
its performance in composite materials. (ii) To assess the role of matrices 
and fillers: The incorporation of ceramics, metal oxides, and nano
materials, such as graphene, carbon nanotubes, and metallic 

nanoparticles, in cellulose matrix as well as cellulose as filler material, 
can significantly enhance the dielectric and energy storage properties of 
cellulose composites. (iii) To analyze various fabrication techniques, 
structural design, and their influence on composite performance: The 
fabrication strategy plays a pivotal role in determining the final prop
erties of cellulose composites. (iv) To identify future research directions: 
Highlighting gaps in current knowledge and proposing potential path
ways for future investigations to advance the field of cellulose-based 
dielectric materials to elucidate the fundamental dielectric properties 
of cellulose and its derivatives.

Principles of dielectric and energy storage properties

Theory of dielectric

Dielectrics are materials that an electric field can polarize. They can 
also have an electrostatic field within them. High-quality thin films 
possessing high strength, low loss, and high dielectric constant are 
essential for dielectric polymer capacitors to be designed compactly. 
Dielectric materials can show high dielectric constant and dielectric loss 
under alternating electric fields because of their slower interfacial po
larization response [17]. This phenomenon can occur in a dielectric 
material or a capacitor component, typically at frequencies below 100 
Hz. Dielectric responses in polymers are usually related to three types of 
polarization: dipolar, atomic, and electronic polarization [18,19]. 
Dielectric material polarization processes as a function of frequency, as 
seen in Fig. 2.

Dipolar polarization is the relaxation of dipoles in response to an 
alternating field. Dipolar polarization occurs in a broad frequency of up 
to 108 Hz and exhibits high dielectric constants. Upon removing the 
applied field, quick relaxation of dipoles results in a shorter relaxation 
time. Atomic polarization is caused by nucleus displacement responding 
to electric fields up to 1013 Hz. Electron polarization happens when 
electrons move under an electric field until the ultraviolet frequency 
(1015 Hz) [20,21]. When the frequency of an electric field becomes very 
high, the dipoles present in the material may not be able to keep up with 
the rapid changes in the direction of the applied field. Then, a phase 
difference arises between the dipoles’ orientation and the field’s 

Fig. 1. Peer-reviewed publication statistics on cellulose composites for dielectric and energy storage from January 1, 2000, to December 10, 2024, data from Scopus.
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direction [22]. When exposed to high-frequency alternating electric 
fields, the dielectric response of materials is influenced by the amplitude 
and frequency of the field, the temperature, and the material’s molec
ular structure [23]. The quantity of water in materials and agricultural 
goods modifies their dielectric characteristics. Another element influ
encing the dielectric characteristics of particulate materials is the bulk 
density of the air-particle combination. The chemical composition of a 
material, which includes mobile ions and dipole moments from com
pounds like water, determines its dielectric characteristics [24].

Under a high-frequency alternating electric field, permanent dipoles 
lag with the applied field, producing a phase difference (δ) between the 
electric field and electric displacement [25]. 

D0exp[i(wt − δ) ] = ε*ε0E0exp[i(wt − δ) ]

where E0 and D0 are the amplitudes of the applied field and electric 
displacement, and ε* is the dielectric permittivity determined as: 

ε* = έ − εʹ́  

where έ  is the real and εʹ́  the imaginary part of permittivity; εʹ́  is also 
meant to be a dielectric loss. The ε’ and ε’’ are calculated using the 
following equations [26]. 

έ = Cpd
/

ε0A 

έʹ= έ tanδ 

σac = 2πfε0ε˝

where ε0 is the permittivity of free space, Cp is parallel capacitance, d is 
the thickness of the sample, A is the area of the sample, tanδ is the 
tangent loss, σac is the AC conductivity, and f is the frequency. The real 
component indicates the dielectric material’s capacity to store energy in 
the electric field, while the imaginary part denotes the dielectric’s ca
pacity to dissipate energy, which allows energy from the electric field to 
be transformed into heat energy within the dielectric [27,28]. Piezo
electrics, ferroelectrics, and pyroelectrics are some dielectric materials 
that may exhibit polarization without an external electric field [25,29].

Polymers are materials that consist of flexible chains with dipoles 

attached to them. When exposed to a field, the dipoles can align them
selves more easily with the applied field if the chain is more flexible. 
Additionally, the crystallinity phase can also affect the orientation of 
dipoles. Crystalline regions can restrict the capacity of dipoles to be 
oriented with the field [30,31]. The dielectric properties of polymers are 
complex because they contain a mixture of permanent and induced di
poles of various sizes and masses. This complexity is further influenced 
by the interactions that occur between the dipoles and their surrounding 
molecules. Polymer nanocomposites are heterogeneous compositions 
consisting of two or more components, such as polymers and fillers. 
Interfacial polarization (Maxwell_Wagner_Sillars effect) is present in 
polymer composites, particularly in the case of a conductive filler, in 
polymer matrix [32,33]. The significant rise of the interfacial area in 
polymer nanocomposites establishes interfacial polarization as the 
dominant physical factor influencing their electrical and dielectric 
properties. Different theoretical approaches have been discussed in the 
literature on the permittivity of nanocomposites. The Lichtenecker 
logarithmic rule gives the effective permittivity of two-component 
composites based on the volume-fraction average. Lichtenecker’s loga
rithmic equation is given [34]: 

logε = ϕ1logε1 +ϕ2logε2 

where ϕ1 and ϕ2 represent the volume fractions of fillers and polymer 
matrix, and ε1 and ε2 denote permittivity values of filler and polymer, 
respectively. The Bruggeman model provides the effective permittivity 
of the two-phase composite [35]: 

ϕ1

(
ε1− ε

ε1− 2ε

)

+ϕ2

(
ε2− ε

ε2− 2ε

)

= 0 

The Bruggeman model is based on a mean-field approximation of 
spherical inclusions enclosed by a polymer matrix. The Bruggeman 
model suggests that for volume fractions higher than 20 %, the dielectric 
constant of nanocomposites increases sharply. The effective-medium 
theory (EMT) involves averaging the dielectric permittivity of two 
phases and fitting parameters to address the shape of the filler [36].

Fig. 2. Dielectric constant and Dielectric loss of dielectric materials against frequency [20].
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Theory of energy storage

Energy storage systems, including electrical, magnetic, mechanical, 
chemical, and thermal, can be used in various ways. Electrostatic and 
magnetic systems store energy in an electric field, with capacitors and 
supercapacitors classified as electrostatic systems and superconducting 
magnetic energy storage (SMES) as a magnetic system.[37]. Dielectrics 
are ideal for storing electrical energy due to their polarization ability 
and capacity increase. Capacitors store energy through an electrostatic 
field with metal plates separated by a dielectric layer. The energy den
sity of a linear dielectric is determined using a specific relation [25]: 

U =
1
2

ε0έ E2 

where E is the electric field’s intensity, έ  is the dielectric constant, and 
ε0is permittivity of free space.

In this context, the electric field serves as a representation of the 
operational parameters of the capacitive system and is independent of 
the chosen dielectric material. The only physical characteristic included 
in the equation is the real component of the dielectric permittivity. 
Therefore, given identical operating circumstances, the material with 
the most efficient energy storage capacity has the greatest dielectric 
permittivity. The electric field value determines the highest amount of 
stored energy, after which dielectric breakdown takes place, and the 
dielectric material collapses. It is necessary to choose materials that 
possess both high dielectric constant and high dielectric breakdown 
strength for a high energy density storage system. The determination of 
the stored and harvested energy may be achieved by considering both 
the charging and discharging processes in the capacitive system. Esti
mation of stored energy may be derived using the following equation 
[25]: 

Storedenergy =
1
2

Q2

C 

where Q is the accrued charge, and C is the capacitance.
Inorganic materials can have a high dielectric permittivity but low 

breakdown strength. Polymers have a high breakdown strength and low 
energy density due to their low dielectric permittivity. In polymer 
nanocomposites, combining polymers with high breakdown strength 
and inorganic materials with excellent permittivity gives substantial 
energy storage capacity.

The probability of failure/breakdown of nanocomposites can be 
estimated using the Weibull function [38,39]. 

P(E) = 1 − exp
(

−
E
Eb

)β 

where E is the experimental breakdown strength, Eb is the Weibull 
breakdown strength with a 63.2 % probability of breaking down, and β 
is a shape parameter. Wu et al. used the Weibull function to study the 
breakdown strength of PVDF-graft copolymer/cyanoethyl cellulose 
(CEC) composites [40]. They plotted electric field strength versus 
ln[ − ln(1 − P(E))] of the PVDF-graft copolymer/CEC composites, as 
shown in Fig. 3. The breakdown strength of the composites gradually 
decreased as CEC increased.

Characteristics of a nanocomposite are determined by its compo
nents and the interactions taking place at the interface of the system. 
Nanoparticles, such as ceramic nanoparticles, carbides, or carbon 
nanoforms, can add high dielectric properties to composite systems. If 
the nanoparticles are finely dispersed, they create a network-like 
structure of nanocapacitors that are capable of being charged and 
released at specified requests, allowing for energy storage and harvest
ing at the nanoscale. The effective energy density of composites can be 
represented by an equation [35]: 

Ue = ϕ1U(1)
e +ϕ2U(2)

e + gU(3)

where ϕ1 and ϕ2 represent the volume proportion of the component 
materials, U(1)

e and U(2)
e represent the energy densities of the component 

materials , g is proportional to the energy density contribution from the 
interfacial region, and U(3) is the energy density associated with the 
contact between the constituent materials. For the nanocomposite to 
show a significant energy density, it is crucial to have high energy 

Fig. 3. Weibull distribution of the breakdown strength of the PVDF-graft copolymer/CEC composites [40].
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densities from both phases and good dispersion of fillers in the matrix. 
Modifying the interface of polymer chains-nanofiller will enhance stored 
and recovered energy capacity [41]. This opens new possibilities for 
developing lightweight, efficient, and movable gadgets that deal with 
energy at the nanoscale level. Synthetic polymer-based materials used in 
electronics are problematic due to their non-biodegradable and non- 
renewable nature, which causes severe contamination. There is a 
growing need for decomposable and sustainable high-dielectric mate
rials. Cellulose, with its unique properties, is a promising option for 
biodegradable dielectric materials[42]. It has exceptional mechanical 
properties and is decomposable and biocompatible. However, cellu
lose’s hydrophilicity can decrease energy-storing capacity in a high- 
humidity environment[16]. Researchers focus on developing cellulose 
composites for capacitors that offer excellent overall performance.

Dielectric and energy storage performance of cellulose 
composites

Cellulose composites as renewable dielectric materials are of hot 
research topic as they electrostatically store energy via dielectric po
larization for numerous applications in flexible electronics. Such energy 
storage technologies require excellent characteristics such as high 
charge–discharge efficiency, high power density, and long-term stability 
to be applied in electric vehicles and power systems [43]. Many re
searchers paid their attention to exploring the dielectric and energy 
storage performance of pristine cellulose and its composites fabricated 
via various processing techniques. The recent progress of dielectric and 
energy storage properties of cellulose-based composites has been 
detailed in Tables 1 and 2, respectively.

Transparent regenerated cellulose (RC) dielectric films have been 
reported via simple dissolution of cellulose in H2SO4 aqueous solution 

and showed excellent discharged energy density of 16.78 J/cm3 at a 
breakdown strength of 500 MV/m[44]. The planar orientation of the 
hydroxyl group of cellulose and the film surface appears to be parallel, 
and this results in a stronger hydrogen bonding and leads to high 
dielectric constant and high polarization. The study found that cellulose- 
based dielectric films should be stored in a dry environment or treated 
for hydrophobic modification to enhance their dielectric performance. 
The breakdown strength of the cellulose films shows enhancement with 
respect to the film density. Cotton cellulose and PVDF were co-dissolved 
as a matrix film, and BaTiO3 nanoparticles were incorporated to offer 
high energy storage performance, as reported by Zhang et al.[45]. The 
strong hydrogen bonding between PVDF and cellulose molecules en
hances polarization intensity, the film exhibits an energy storage density 
of 8.29 J/cm3 for 3.20 MV/cm. Upon incorporating the BaTiO3 nano
particles, the resultant film shows a remarkable breakdown strength of 
3.70 MV/cm and an energy storage density of 10.81 J/cm3. As from 
Fig. 4, the cellulose80/PVDF20 (C8/P2) film showed excellent perfor
mance with the highest maximum polarization (Pm) and remnant po
larization (Pr) near the electrical breakdown strength (EB) among all 
other pristine organic films. This would be accredited to the strong 
hydrogen bonds by hydroxyl groups, contributed from cellulose, and 
fluorine atoms, contributed from PVDF, which provide more dipoles 
and, thereby, the highest polarization. Transparent dielectric films with 
TEMPO-oxidized cellulose nanofibril (CNF) and PVDF nanoparticles 
were fabricated via solution-casting technique by Goodman et al. and 
achieved a high energy density of 7.22 Jcm− 3 at a breakdown strength of 
388 MVm− 1[46]. This composite offers a power density of ~3 MWcm− 3 

under an applied field of 300 MWm− 1 over 1000 charge/discharge 
cycles.

Table 1 
Dielectric properties of cellulose-based composites.

Cellulose composites Dielectric constant Dielectric loss Ac conductivity 
(S/m)

Tan δ Frequency Reference

CNC/graphene oxide 652 1.8 − − 1 kHz [47]
CEC/TiO2 207 − − < 0.3 1 kHz [48]
CEC/ BaTiO3 27.24 0.3 − − 1 kHz [49]
RC/CNT 1580 12 − − 100 Hz [50]
CA/ Al2O3 nanosheets 27.57 0.64 − − 50 Hz [51]
CEC/reduced graphene oxide 125 0.7 − − 1 kHz [52]
CNF/N-graphene oxide 

TEMPO CNF/ N-graphene oxide
46 
52

−

−

2.07 × 10− 4 

3.46 × 10− 4
− 1 MHz [53]

CNF/reduced graphene oxide 164 − 0.0072 − 1 MHz [54]
CNF/PANI/PVA 8x107 15 3- ​ 100 Hz [55]
CNF/CNT 3198 ~ 1 ​ ​ 1 kHz [56]
MCC/PMMA ~ 6.5 − 1.4 × 10− 4 ​ 1 kHz [57]
CNF/ graphene oxide (GO) 88.9 − 9.37 × 10 − 4 ​ 1 MHz [58]
MC/nicotinic acid 13.88 − − − 1 MHz [59]
RC/ Al2O3 nanosheets 10.1 0.016 − − 1 kHz [60]
RC/BaTiO3 nanoparticles 

RC/BaTiO3 nanofibers
12 
13.3

0.02 
0.02

− − 100 Hz [61]

CNF/ BaTiO3 188.03 − − 1.21 1 kHz [9]
TEMPO CNF/ graphene oxide (GO) 119.2 − 0.0053 − 1 MHz [62]
CNF/multi-walled carbon nanotubes (MWCNT) 73.88 − 1.77 × 10− 5 0.68 1 kHz [63]
Cyanoethyl cellulose/ BaTiO3 44 0.01 − − 1 kHz [64]
CNC-MAA/MMPR 10.9 0.787 − − 1 kHz [65]
Cellulose powder/PDMS 

Cellulose powder/Au nanoparticle/PDMS
7.3 
7.7

0.07 
0.04

− − 1 kHz [66]

Cellulose with epichlorohydrin (ECH) 9.7 0.01 − − 1 kHz [67]
Cellulose/PDMS 6.25 0.06 − − 1 kHz [68]
BC/skim natural rubber latex 170 76 − − 100 Hz [69]
CNF/TiO2 

TEMPO CNF/ TiO2

19.51 
47.15

0.81 
3.32

− − 1 kHz [70]

CMC/PVDF-Epoxy- BaTiO3 nanoparticles 292 0.1 − − 1 kHz [71]
CEC/ ATO-BaTiO3 147.3 ~4.3 3.11 × 10− 6 ​ 100 Hz [72]
MCC/MXene 11.63 5.6 − 0.4 2 GHz [73]
CNF/PANI/PVA 38 − ~ 13 ~ 0.7 8.5 GHz [74]
CNF/PANI 1.66 0.47 − − 10 GHz [75]
CEC/rGO/MMT 728 − − − 20 Hz [76]
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Influence of Composites: Cellulose as matrix materials

Ceramic fillers

The cellulose film is limited in application in certain fields due to its 
low toughness and poor optical, dielectric, and electrical performance 
[50]. To overcome these limitations, ceramic nanofillers like barium 

titanate (BaTiO3) and titanium dioxide (TiO2) can be incorporated into 
the polymer matrix to create high-performance nanocomposites. Barium 
titanate has an excellent dielectric constant (~7000) [9], a low loss 
factor, and notable piezoelectric and pyroelectric properties [85]. 
Therefore, incorporating ceramics nanoparticles into polymers is an 
efficient technique for developing high-performance nanocomposites 
with high dielectric permittivity [86,87]. To give an example, adding 

Table 2 
Energy storage properties of cellulose-based composites.

Cellulose composites Energy storage 
density 
(J/cm3)

Breakdown 
strength 
(MV/m)

Charge-discharge 
efficiency

Energy storage density after 10,000 
cycles 
(J/cm3)

Reference

RC/PVDF 8.3 410 − ​ − [16]
RC/ Al2O3 nanosheets 6.2 420 93 % ​ 1.7 

@200MV/m
[60]

RC/ Al2O3 nanosheets/PVDF 8.3 400 >80 % ​ 2.1 
@200MV/m

[60]

RC/ flyash (FA) coated PDA 3.47 330 − ​ − [77]
TEMPO CNF/PVDF 7.22 388 − ​ − [46]
CNF/CNT 0.81 ± 0.1 0.425 − ​ − [56]
TEMPO CNF-Eu 

TEMPO CNF-Na
1.5 
0.08

208 
52

− ​ − [78]

RC/BaTiO3 nanoparticles 
RC/BaTiO3 nanofibers

9.43 
13.14

390 
370

− ​ − [61]

RC/BaTiO3 nanofibers/PDA − − 91 % ​ 3.1 @200MV/m 
6.4 @300MV/m

[79]

RC/ Al2O3 nanoparticles 5.7 380 − ​ − [80]
Cellulose with epichlorohydrin 

(ECH)
2.16 − >85 % ​ − [67]

RC/NaNbO3 nanowires 12.1 450 >80.1 % ​ − [81]
CEC/Boron nitride nanosheets 23.5 680 83.6 % ​ − [82]
Cellulose/ boron nitride 

nanosheet
4.1 370 − ​ − [83]

CNF/boron nitride nanosheet 3.90 370 83 % ​ − [84]

Fig. 4. (a) Polarization-electric field (P-E) loops of Cellulose/PVDF- BaTiO3 (BT) films at 100 Hz; (b) discharged energy density and efficiency of films at different 
electric fields; (c) Pm-Pr values of films; (d) comparisons of the maximum recoverable energy densities and the corresponding electric field strength of PVDF-based, P 
(VDF-CTFE)-based, P(VDF-HFP)-based and cellulose-based composites. Reprinted with permission from Elsevier [45].
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strontium, BaTiO3 nanorods, modified BaTiO3 nanorods, and calcium 
copper titanate (CaCu3Ti4O12) nanorods to the poly(arylene ether 
nitrile) (PEN) matrix made the composites excellent at the dielectric 
values and energy density values[88–90].

Tao et al. created composite films of BaTiO3 and CNF, achieving a 
dielectric value 7 times higher than pure CNF without significantly 
altering the loss factor [50]. Zhang et al. fabricated PVDF-epoxy blend 
nanocomposites with carboxymethyl cellulose-BaTiO3 (BT-CMC) 
network structure for energy storage applications [71]. The nano
composite showed a high dielectric constant of 292 and a low loss factor 
of less than 0.1 at 31 vol% of BaTiO3. The energy density of the nano
composites with 25 vol% of BaTiO3 is 15.7 × 10− 3 Jcm− 3 at 100 kV/cm, 
which is 3.48 times higher than the polymer matrix. Jia et al. fabricated 
cyanoethyl cellulose/BaTiO3 nanocomposite films [49]. CEC has excel
lent heat and acid resistivity, low moisture regains, and suitable me
chanical properties. CEC with a high substitution degree demonstrates a 
high dielectric constant and relatively low loss factor. It provides 
excellent water, insulation resistance, and self-extinguishing properties, 
and it possesses antimicrobial properties [72,91]. It found that incor
porating BaTiO3 nanofillers in the CEC matrix improved the dielectric 
constant of CEC while having less effect on the loss factor of the films. 
The composite films show a high dielectric constant of 27.24 at 1 k Hz 
with BaTiO3 at 90 %, and the dielectric loss was 0.3023. In another 
work, using the solution blending method, the same group developed 
CEC nanocomposite films of BaTiO3 and antimony tin oxide (ATO) as 
fillers [72]. They found that the dielectric loss of CEC/BaTiO3/ATO film 
decreased after the addition of BaTiO3, which is ascribed to better 
dispersion of ATO and prevents the creation of conductive paths of ATO 
and leakage current will be blocked successfully. The dielectric 
permittivity of CEC/BaTiO3/ATO nanocomposite was as high as 147.30 
at 100 Hz with 30 wt% of BaTiO3 and 28 wt% of ATO. The CEC/TiO2 
nanoparticles nanocomposite films exhibited high dielectric constants of 
118, 176, and 207 at 1 kHz for 10 %, 20 %, and 30 %wt. of TiO2, 
respectively [48]. Wang et al. fabricated CEC/boron nitride nanosheets 
decorated BaTiO3 nanoparticles-based nanocomposite films[64]. The 

fabricated composite films show a dielectric constant of 44, a breakdown 
strength of 302 kV/mm, and a low loss factor of 0.01. Lao et al. produced 
nanocomposite films of regenerated cellulose and boron nitride nano
sheet (BNNS) with good energy density and electrical breakdown 
strength [83]. The research found that the cellulose molecules stabilize 
boron nitride nanosheets and enhance the dielectric constant films. It 
was observed that adding 10 wt% of BNNS in the nanocomposite film 
gives an energy storage density of 4.1 J cm− 3 and a breakdown voltage 
of 370 MVm− 1. Zhang et al. developed regenerated cellulose/BaTiO3 
films by the addition of BaTiO3 nanoparticle (BTNP) or nanofiber 
(BTNF) [61]. A composite film containing 2 % BTNF exhibited a dis
charged energy density of 13.14 J/cm3 at 370 MV/m. At 300 MV/m, the 
RC-2BTNF exhibited the greatest discharged energy density among 
dielectric films made of polymers, with a value of 9.45 J/cm3. Fig. 5
shows a Weibull curve indicating the breakdown strength of RC, RC- 
BTNP, and RC-BTNF composite films. It shows that breakdown 
strength increases with BTNP and BTNF concentration. Yin et al. 
developed flexible regenerated cellulose/dopamine-modified BaTiO3 
nanofiber nanocomposite films [79]. The cellulose nanocomposite films 
containing 2 vol% PDA-BTNF exhibited a discharged energy density of 
17.1 J/cm3 at 520 MV/m. The RC-2PDA/BTNF films operate continu
ously beyond 10,000 cycles with a high efficiency of 91 %. Menazea 
et al. developed PEO/CMC/MoO3 nanobelts blend nanocomposites[92]. 
The addition of MoO3 nanobelts to the PEO/CMC matrix significantly 
increases the dielectric constant and loss due to enhanced parallel 
dipolar ordering of C–O–C, C––O, and –OH groups. This suggests po
tential use in various optoelectronic devices. The research also shows 
that ceramic fillers enhance dielectric characteristics and energy storage 
capabilities.

Conductive fillers

Ceramic/polymer composites often require a larger amount of filler 
to achieve good dielectric properties [93]. However, this can cause se
vere agglomeration, poor mechanical strength, and low breakdown 

Fig. 5. The Weibull plot of the breakdown strength of RC, RC-2BTNP, and RC-2BTNF.
Reproduced with permission from the American Chemical Society 61.

M.A. Poothanari et al.                                                                                                                                                                                                                         Journal of Industrial and Engineering Chemistry 151 (2025) 112–130 

118 



resistance. On the other hand, adding a small amount of conductive filler 
can remarkably increase the dielectric constant and other physical 
properties. As stated by percolation theory, the dielectric properties 
increase rapidly around the threshold filler loading, typically below 5 % 
for raw fillers and even lower for treated fillers [94]. Different types of 
conductive fillers, such as carbon nanotubes, graphene, carbon nano
fibers, silver nanowires, and polyaniline (PANI), are used for cellulose- 
based composites in dielectric and energy applications.

Raghunathan et al. fabricated regenerated cellulose/carboxyl- 
modified carbon nanotube (f-CNT) films, and dielectric studies showed 
that dielectric permittivity increases with f-CNT addition [50]. The 
composite with f-CNT1 % film displays a dielectric constant of 1580 and 
a low loss factor of 12 at 100 Hz; the films could be suitable for capacitor 
applications. Zeng et al. fabricated CNF/CNT flexible papers by vacuum- 
assisted self-assembly method, and the fabricated paper shows a 
permittivity of 3198 @1 kHz and energy storing capacity of 0.81 J cm− 3 

at 4.5 wt% CNTs loading [56]. Fig. 6 shows that the energy density of 
CNF/CNT thin films increases with CNT loading, attributed to the 
enhancement of dielectric properties after 4 wt% CNT loading. The 
breakdown strength reduced with CNT loading, and the paper showed 
(@4.5 wt% CNT) a breakdown strength of 425.8 kV cm− 1, which is ideal 
for energy storage applications.

Tao et al. reported that acid oxidization of MWCNTs improved the 
dielectric value from 25.24 for CNF to 73.88 for CNF/MWCNT thin film. 
In contrast, the dielectric loss and AC conductivity were decreased. The 
addition of MWCNTs enhanced the thermal and mechanical perfor
mance of the developed films [95]. Gopakumar et al. investigated the 
microwave absorbing, dielectric, and electrical performance of CNF/ 
polyaniline papers [75]. They found the shielding effectiveness of the 
nanopapers was ~ 23 dB for 1.0 mm paper at 8.2 GHz. The nanopaper 
shows the dielectric value of 1.66 for 10 GHz and 1.26 for 15 GHz. In 
another work, Anju et al. investigated the EMI shielding performance of 
PVA-PANI and carbon nanofiber or nitrocellulose (NFC) hybrid com
posite films [74]. They achieved shielding effectiveness of 31.5 dB in the 
S-band region and –33.6 dB in the X-band range for 0.11 mm films. The 
PANI/carbon nanofiber /PVA films show a dielectric value of 62 at 8.55 

GHz, whereas the PANI/NFC/PVA films show a lower value. They also 
studied the dielectric properties of PANI-coated cellulose fiber/PVA 
composite films [96]. Three sizes of cellulose fibers were utilized: macro, 
micro, and nano. The composites fabricated using nanocellulose fibers 
display high dielectric properties. This outcome showcases how the 
nanostructural filler can impact the macroscopic properties of the 
composites by changing the interfacial polarization. Beeran et al. have 
developed cellulose films by adding ammonia-functionalized graphene 
oxide (NGO) to the CNF and 2,2,6,6-tetramethylpiperidin-1-yloxyl 
TEMPO-oxidized (TCNF) CNF matrices [97]. The incorporation of 
NGOs has led to remarkable improvements in the dielectric properties of 
the fabricated films. At 1 MHz, the dielectric value of the CNF/3 wt% 
NGO and TCNF/3 wt% NGO films has enhanced significantly from 7.5 
and 9.7 to 46 and 51.5, respectively, with respect to the neat CNF and 
TCNF films. To evaluate the composite films’ energy storage capability 
and electrochemical performance, cyclic voltammetry and electro
chemical impedance investigations have been conducted. The same 
research team utilized UV treatment under nitrogen gas atmosphere to 
develop reduced graphene oxide (GO) in CNF films [98]. After 5 hrs of 
UV treatment, a film loaded with 3 wt% graphene oxide enhanced its 
dielectric constant from 68.9 to 88.9. Fig. 7 illustrates the dielectric 
value and ac conductivity of CNF films added with GO, both with and 
without UV irradiation. The same group conducted another study that 
looked at the dielectric performance of UV treatment in the nitrogen 
atmosphere to create films of reduced graphene oxide (GO) and TEMPO- 
oxidized cellulose nanofibers [99]. The study found that the composite 
film of TCN/3 wt% NGO, treated for 5 h with UV, had a dielectric 
constant of 119.2 at a high frequency of 1 MHz. The results show that 
compared to solvent-based approaches, UV light in the presence of CNF 
to reduce GO is a potential option.

In a graphene oxide-based hybrid cyanoethyl cellulose composite 
film, BaTiO3 was incorporated as the second filler, and it showed a 
higher dielectric value of 1505 at 100 Hz compared to the cyanoethyl 
cellulose/BaTiO3 composite [100]. Wang et al. fabricated a composite 
film consisting of cyanoethyl cellulose, reduced graphene oxide (rGO), 
and montmorillonite (MMT) clay. The rGO acted as a conductive filler, 

Fig. 6. The energy density of the CNF/CNT paper films versus CNT loadings.
Reproduced with permission from the Royal Society of Chemistry 56.
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while the MMT served as a disperser of graphene [101]. When 6.8 % 
rGO and 3.4 % MMT were incorporated, the resulting CEC/rGO/MMT 
composite had a high dielectric value of 125 and a low loss of 0.7 at 1 
kHz.

Metal oxides

Incorporating inorganic ceramic and conductive fillers into a matrix 
is an easy and useful way to enhance the energy storage properties of 
polymer composites. Nevertheless, the dielectric constant of these fillers 
differs significantly from that of the polymer matrix, leading to an un
even distribution of the internal electrical field in composite materials. 
This can lead to the materials breaking down at relatively low field 
strength [60]. To address this issue, metal oxide nanofillers are 
commonly used to create innovative polymer nanocomposites for op
toelectronics and organic electronic devices. Furthermore, the high 
thermal conductivity of metal oxide nanoparticles allows them to effi
ciently dissipate the thermal energy within the matrix when a field is 
applied. This helps to reduce the chance of a thermal breakdown of the 
material [102].

Laila et al. developed thin films of Polyethylene oxide (PEO), CMC 
(Carboxymethyl cellulose), and ZnO/GO nanoparticles as nanofillers 
[103]. The incorporation of ZnO/GO has improved the optical, dielec
tric, and electrical properties of the PEO/CMC composite films. They 

reported that by elevating the amount of ZnO/GO NPs, the nano
composites’ dielectric properties were improved significantly. Yang 
et al. fabricated luminescent cellulose nanofibril (oxidized with 2,2,6,6- 
tetramethyl-piperidine-1-oxyl radical) films (TOCN) with europium/ 
sodium carboxylate groups [78]. The films provide enhanced mechan
ical characterizations, resistance to water, thermal stability, oxygen- 
barrier characteristics, breakdown strength, and energy density. The 
TOCN-Eu film exhibited a breakdown strength of 208 MV m− 1, which is 
a fourfold value compared to the breakdown strength of the TOCN-Na 
film (52 MV m− 1). The presence of robust ionic interactions between 
the carboxylate groups and the Eu3+ ions is the cause of this phenom
enon. The discharged energy density of the TOCN-Eu1 film was 1.50 J 
cm− 3 at 200 MV m− 1, much more than the discharged energy density of 
the TOCN-Na1 film (0.08 J cm− 3 at 50 MV m− 1). Zheng et al. reported 
the energy density of regenerated cellulose/Al2O3 nanosheet film of 5 wt 
% Al2O3 nanosheets filler shows 6.2 J/cm3 @420 MV/m, which is 
twofold higher than that of regenerated cellulose [60]. They also 
developed an interpenetrating network structure of RC/PVDF/Al2O3 
nanosheet composite film with a high energy density. RC/5 wt% Al2O3 
nanosheets/3 wt% PVDF shows of energy density of 8.32 J/cm3 at 400 
MV/m and functions consistently at 200 MV/m for 10,000 cycles. The 
composite films showed significantly improved dielectric properties at 
high humidity compared to RC. Adding Al2O3 nanosheets and PVDF 
materials into the regenerated cellulose matrix caused no disruption to 

Fig. 7. (a) Frequency versus dielectric constant ε′ and (b) AC conductivity σ′ for CNF loaded with 0.5, 1, 2, and 3 wt% GO. (c) Frequency versus dielectric constant ε′ 
and (d) AC conductivity σ′ for CGO-3 treated for 0.5, 1, 2, and 5 hrs by UV.
Reproduced with permission from the Royal Society of Chemistry 58.

M.A. Poothanari et al.                                                                                                                                                                                                                         Journal of Industrial and Engineering Chemistry 151 (2025) 112–130 

120 



the stability of the cycle and provided excellent dispersion inside the 
cellulose matrix, whereas PVDF generally displayed prominent distri
bution at the periphery. Fig. 8 displays the dielectric properties, 
discharge energy density, and charge–discharge efficiency of RC/PVDF/ 
Al2O3 composite films. Sriphan et al. developed a bacterial cellulose 
(BC)/titanoniobate (Ti2NbO7) nanosheet-based triboelectric nano
generator [76]. The fabricated cellulose composite film shows a 
dielectric of 728 at 20 Hz for 30 vol% Ti2NbO7. The good dielectric 
values of the cellulose composites improved the efficiency of the fabri
cated triboelectric nanogenerator. Dielectric and energy storage prop
erties of cellulose composites are summarized in Table 1.

Influence of Composites: Cellulose as a filler material

Cellulose fillers offer many advantages, such as biodegradability and 
abundance, compared to synthetic fillers. The addition of such fillers in 
polymer composites affects their dielectric behavior. Different forms of 
cellulose, such as CNF, cellulose nanocrystals (CNC), BC, etc., are often 
used as filler materials in polymer composites to improve the overall 
performance of dielectric and energy storage properties as they com
plete the deficits of composites’ properties. The type, amount, and 
particle size/aspect ratio of cellulose filler and adhesion between them 
impact the thermomechanical and dielectric properties of resultant 
composites. High aspect ratio fillers generally offer high dielectric 
properties, even at lower filler volume fractions [104]. The amount of 
hydroxyl groups present in the cellulose filler would influence 
compatibility with the polymer matrix, resulting in variations in the 
strength of the composites. However, cellulose possesses some draw
backs, such as poor dimensional stability and low heat resistance.

The amount of cellulose as a filler material is an important factor in 
influencing the dielectric properties of composites. Polyaniline (PANI) 
coated cellulose fibers have been fabricated as filler material in poly
vinyl alcohol composites with superior dielectric permittivity and min
imal percolation threshold [105]. As shown in Fig. 9, the reported 

dielectric constant for short cellulose composites is 2.3 x 105 at 40 Hz, 
and for micro and nanocellulose fiber composites is 4.5 x 105 and 1.3 x 
108. The higher amount of cellulose exhibits a percolation threshold of 
20 % at a frequency of 1 kHz. The composite shows a dielectric loss of 
101, and the ac conductivity is 3 S/m, which is attributed to forming a 
percolating network of PANI-coated cellulose fibers in the polyvinyl 
alcohol matrix. The dielectric constant shows an increment with the 
increased mass fraction of PANI-coated cellulose filler due to the 
incorporation of polar groups in the PVA matrix. At a higher aspect ratio 
of fillers, their interaction will be higher, which results in the formation 
of effective networks. Moreover, the Maxwell-Wagner-Sillars (MWS) 
effect, charge accumulation at the interfaces between matrix and filler, 
will occur as the aligned cellulose fibers at the interface create an active 
conductive network [106]. Fig. 9 shows the variations in dielectric 
constants with macro, micro, and nano-sized cellulose composites. The 
maximum filler content, 80 %, offers the highest dielectric constant at all 
frequency ranges. It is worth noting that a minimum filler content is 
required to form a percolative network in cellulose composites, and 
beyond this point, a micro-capacitor or nano-capacitor formation is the 
reason for higher dielectric performance.

Composites of natural rubber with cellulose fillers (CNF and CNC) as 
a filler material have been reported with increased dielectric loss with 
the increase of cellulose fillers [107,108]. Here, the larger amount of 
cellulose mass fraction upsurges the water absorption capacity, leading 
to the monomolecular layer formation on the filler surface. In cellulose 
composites, two dielectric relaxation peaks are reported at low tem
peratures, where the hydroxyl connection between water and matrix 
composites may be caused, and at high temperatures, where the charge 
mobility will increase, thereby increment of dielectric constant and 
dielectric loss properties. Ladhar et al. reported various relaxation 
phenomena, such as lignin and hemicellulose relaxation, α dipole 
relaxation, water dipole relaxation, and ionic conduction [109]. Cellu
lose is often considered a hybrid filler, along with other biopolymer 
fillers, to improve the solubility in matrices and develop dielectric 

Fig. 8. Frequency versus (a) the dielectric constant and (b) the loss factor of regenerated cellulose (RC), RC- 5 wt% Al2O3 nanosheets (5AONS) and RC- 5 wt% Al2O3 
nanosheets- 3 wt% PVDF (RC-5AO-3PVDF) (c) D-E loops of the RC-5AO-3PVDF composite film; (d) discharged energy density and charge–discharge efficiency of RC, 
RC-5AONS and RC-5AO-3PVDF (e) discharged energy density and (f) charge–discharge efficiency of RC, RC-5AONS and RC-5AO-3PVDF composites cycle for 10,000 
times at 200 MV/m.
Reproduced with permission from Elsevier 60.
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composites. A cellulose-based hybrid filler was reported by chybczyńska 
et al. to offer high mechanical, magnetic, and dielectric properties [110]. 
Incorporating the hybrid filler into the chitosan matrix hinders the 
molecular motions of all relaxation processes and lowers the activation 
energy. A cellulose–fiber framework has been incorporated into the 
PVDF and PC (PVDF-PC) matrix and showed an increased dielectric 
permittivity and dielectric loss of about ~81 and 10− 2, respectively 
[111]. The enhanced dielectric performance has been explained in three 
aspects: dipole polarization, interfacial polarization, and surface effect. 
The cellulose-fiber framework offers insulating properties to the com
posite and fills the interspaces between PVDF and PC microspheres, 
which leads to the blocking of carrier migration of the conduction path 
and thereby somewhat declines the dielectric loss.

Recently, cellulose fibers incorporated plasticized cellulose acetate 
biocomposites have been reported with enhanced dielectric properties 
[112]. Adding 50 wt% of cellulose fibers provided an ε’ value of about 4 

and a tan δ value of 0.13 at a frequency of 1  MHz. At a frequency of 3 
GHz, the dielectric properties showed a decreased value of 2.8 and 0.04 
for ε’ tan δ. They also studied the dielectric performance with temper
ature variations and noted an increased dielectric constant at 80 ◦C. The 
addition of cellulose fibers introduces polar groups into the polymer 
matrix, which leads to dipolar polarization, thus improving the dielec
tric constant and the loss factor. Such a trend has already been reported, 
and increased fiber content consequently increases the composite’s 
density and, thereby, the dielectric performance [113]. Fig. 10 shows 
that the dielectric properties show a linear increase corresponding to 
fiber content. Improved dielectric constant with a higher cellulose filler 
content has been reported with the same group for cellulose fibers 
incorporated into high-density polyethylene composites [114]. Here, 
the loss factor exhibits variations at high frequencies. The dielectric 
performance of microcrystalline cellulose in the ethylene vinyl acetate- 
vinyl ester of versatic acid terpolymer and BaTiO3 has been reported to 

Fig. 9. Dielectric constants of PANI-coated cellulose/PVA composites at a frequency of 1 kHz. Reprinted with permission from AIP Publishing [105].

Fig. 10. The difference in the dielectric constant of (a) Kraft and (b) microcrystalline cellulose (MCC) composites with fiber content at different frequencies.
Reproduced with permission from Elsevier 112.
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have improved dielectric constant and reduced dielectric loss[115].
The general factors that influence the dielectric properties of poly

mer composites are frequency, temperature, chemical composition, 
humidity, and fabrication techniques. The increased cellulose fiber 
content generally leads to increased matrix–filler interface regions for 
cellulose fiber incorporated composites. Thereby, the polymer chains of 
the matrix can merely be displaced under the electric field. This 
displacement results in a space charge separation, which leads to an 
increased interfacial polarization and dielectric constant. The dielectric 
loss factor was also found to increase with cellulose fiber concentration, 
which specifies the retainment of electrical charges over a longer period. 
In addition to the fiber content, the hydroxyl groups and hydrophilicity 
of cellulose also play an important role in the dielectric performance. In 
the surface treatments to increase the hydrophobicity, water molecules 
are firmly bound to the surface hydroxyl groups of cellulose fibers, 
which always has a negative effect on the dielectric performance of 
cellulose composites [116].

Influence of structural design and fabrication techniques

Cellulose composites have been widely reported by incorporating 
carbon nanomaterials, metal or metal compounds, polymers, ceramics, 

and inorganic materials for various dielectric applications. Under
standing and optimizing these structural parameters are essential for 
developing cellulose-based materials with desirable dielectric properties 
in the field of sensors, capacitors, and energy storage devices. The 
fabrication methods, processing techniques, and structural design of the 
matrix, as well as the distribution of the filler within it, influence the 
dielectric properties of cellulose composites. Orienting nanofibrillated 
cellulose in a specific direction significantly improves the dielectric 
permittivity in that direction [117]. The influence of dielectric proper
ties on the effect of blending methods of cellulose with other materials 
has been reviewed by Xu et al. [104]. They investigated the dielectric 
performance of cellulose composites fabricated via physical blending 
and chemical blending. Here, we systematically review the fabrication 
strategies and processing routes of cellulose composites with different 
structural designs for dielectric and energy storage applications.

Films

Cellulose films typically comprise cellulose nanofibers or nano
crystals arranged in a matrix. The structural design of films, including 
the type and orientation of fillers, their alignment, and the packing 
density of cellulose nanomaterials, profoundly affects their dielectric 

Fig. 11. Graphical illustration of the fabrication of (a) CNF/ BaTiO3 nanocomposite films via solution casting. Reproduced from Ref. [9] with permission from the 
Royal Society of Chemistry. (b) RC-PVDF composite films via immersion method. Reproduced with permission from Elsevier [16].

M.A. Poothanari et al.                                                                                                                                                                                                                         Journal of Industrial and Engineering Chemistry 151 (2025) 112–130 

123 



properties and usage in large-scale equipment or portable devices. 
Dielectric films composed of pure cellulose-based composites exhibit a 
hydrophilic nature, which leads to insufficient polarization [118] and 
excessive dielectric loss after longstanding [119] and, thus, inferior 
energy storage performance. The alignment of cellulose nanocrystals 
within the film can influence the dielectric constant and anisotropy. 
Highly oriented structures can exhibit different dielectric responses 
along different axes. The film’s interface between cellulose and other 
components (e.g., polymers or nanoparticles) affects polarization and 
charge storage, impacting the dielectric behavior.

Cellulose composite films can be fabricated in various ways for 
dielectric and energy storage properties, such as solution casting (as 
shown in Fig. 11a) [9,92,103], immersion method (as shown in Fig. 11b) 
[16], and vacuum filtration [120]. The composite film fabrication 
strategies mainly employ the mixing of cellulose and filler materials by 
physical methods such as stirring and blending (simple and environ
mentally friendly method but provides low compatibility) or via 
chemical attaching such as covalent bonding (complex process but 
provides good compatibility). Even though cellulose has abundant 
functional groups and strong compatibility with polar polymers, its 
compatibility with non-polar polymers and inorganic materials is not 
good and will impact its dielectric performance [121].

The dielectric parameters (ε′ and ε′′) and AC conductivity of the 
composite films of molybdenum trioxide (MoO3) nanobelts incorporated 
with a blended mix of carboxymethyl cellulose (CMC)/poly(ethylene 
oxide) (PEO) are significantly improved with 8 wt% of MoO3, for the 
applications in optoelectronic devices[92]. Wang et al. fabricated com
posite films composed of regenerated cellulose incorporated with 3 wt% 
PVDF by immersion method, exhibiting an energy storage density of 8.3 

J/cm3 under the electric field of 410 MV/m. These high-performing 
dielectric composites show 144 % and 176 % superior energy storage 
density than pure materials [16]. Deng et al. fabricated flexible com
posite films of CNF incorporated with BaTiO3 by solution casting 
method without any organic solvents (Fig. 10a). The composite films 
exhibit an excellent dielectric constant of 188.03 for 30 wt% of BaTiO3, 
approximately seven times greater than neat CNF. At the same time, the 
loss tangent has a slight rise from 0.70 to 1.21 at a frequency of 1 kHz 
[9]. The same group previously prepared TiO2 incorporated CNF com
posite films and reported a dielectric constant of 19.51 and a dielectric 
loss of 0.51–0.81for 50 wt% of TiO2 compared with pure CNF films at a 
frequency of 1 kHz [70]. Here, the incorporation of TiO2 in the CNF 
matrix weakens the cellulose–cellulose attachment, which makes the 
film more porous and substantially impacts the dielectric properties. 
Generally, physical mixing strategies can cause lower breakdown 
strength and higher dielectric losses, which inhibits the longevity of 
composite films.

Surface treatments and chemical modifications are introduced to 
improve compatibility between cellulose and filler materials in com
posite films. Composite films composed of regenerated cellulose and 
BaTiO3 nanofiber have been reported to improve the homogeneity and 
compatibility of matrix/fillers [79]. Here, BaTiO3 nanofibers were sur
face modified by poly(dopamine), and the resultant composite film had 
greater breakdown strength and dielectric constant than pure films of RC 
and RC/BaTiO3, as shown in Fig. 12. The dielectric films composed of 
dopamine-modified BaTiO3 (2 vol%) showed 17.1 J/cm3 discharged 
energy density at 520 MV/m, which is 40 % higher than unmodified film 
with similar composition at 460 MV/m. Here, the dopamine modifica
tion decreases the interfacial energy between BaTiO3 nanofiber and 

Fig. 12. SEM of (a) BaTiO3 nanofibers and (b) poly(dopamine) modified BaTiO3 nanofibers and frequency-dependent dielectric constant (a) and dielectric loss (b) for 
RC, RC-2 wt% BaTiO3 nanofibers (RC-2BTNF) and RC-poly(dopamine) modified BaTiO3 nanofibers composite films.
Reproduced with permission from Elsevier 79.
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cellulose, preventing charge accumulation at the interface. Fly-ash (FA) 
coated polydopamine was incorporated into the RC matrix obtained 
from NaOH/urea aqueous solution fabricated by Shi et al. for improved 
dielectric properties [77]. At the 40 wt% of FA-coated dopamine in the 
RC matrix, the composite films showed an energy storage density of 
2.57 J cm− 3 and a breakdown strength of 260 MV m− 1, about 8 times 
higher than neat RC films. Recently, Xu et al. reported a molecule-based 
modification strategy to improve the breakdown strength and dielectric 
constant of cellulose nanocrystals [120]. Here, alkali treatment and 
sulfonation improved the dielectric constant to 4.9 and 11.9, whereas 
TEMPO oxidation (2,2,6,6-tetramethylpiperidine-1-oxyl) and cyano
ethylation further enhanced it as 11.1 and 13.2, respectively.

Aerogels

Cellulose-based aerogels offer low density, large specific surface 
area, high porosity, and good biocompatibility. It compensates for the 
shortcomings of brittleness and complexity of traditional silica aerogels. 
However, structural variations such as porosity, pore size, type of ad
ditives, and filler influence their dielectric and energy storage proper
ties. The density and uniformity of the hydrogel network impact the 
effective permittivity and ion diffusion behavior, affecting dielectric 
constant and loss. Introducing nanoparticles into the hydrogel structure 
can modify its dielectric properties, enhancing energy storage or sensing 
functionalities. The interconnected porous structure of aerogels affects 

Fig. 13. Graphical illustration of the manufacturing process of (a) cellulose/CNT aerogel via freeze-drying of cellulose hydrogels. Reproduced with permission from 
Elsevier [122]. (b) cellulose nanofiber and reduced graphene oxide composite by air (xerogels) and unidirectional freeze (cryogels) drying. Reproduced with 
permission from Elsevier [54]. (c) carbon nanotube/cellulose aerogel via low-temperature carbonization. Reproduced with permission from Elsevier [124].
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permittivity, as it determines the space available for charge accumula
tion and movement. Cellulose aerogels can be employed as electrodes, 
electrolytes, and separators for designing energy storage materials, such 
as supercapacitors since they possess high specific capacitance, excellent 
cycling stability, and improved energy and power density. Their 3D 
interconnected porous networks improve the robustness of mechanical 
properties and help the uniform distribution of filler materials, enabling 
the fabrication of stable electrode materials.

There are many ways to fabricate cellulose aerogels for dielectric and 
energy storage properties, such as freeze-drying [12254], in-situ poly
merization and freeze-drying [123], low-temperature carbonization 
[124] freeze-drying and high-temperature pyrolysis[125] are the most 
used methods for fabricating cellulose-based aerogels. Cellulose/CNT 
aerogels have been fabricated as triboelectric nanogenerators by freeze- 
drying technique (as shown in Fig. 13a), which offers high specific 
surface area and improved dielectric performance [122]. Here, carbon 
nanotubes of uniform dispersion have been combined into the cellulose 
solution to enhance the conductivity and dielectric properties of aero
gels. The effect of density, composition ratio, and porosity of composites 
incorporated with cellulose and reduced graphene oxide in the form of 
xerogels and aerogels were fabricated (as shown in Fig. 13b) by unidi
rectional freeze-drying to investigate their dielectric and electro
chemical properties [54]. The resultant denser composite film shows a 
greater dielectric constant, ~85 (270  K) and ~164 (370  K), for a fre
quency of 1  MHz. In-situ polymerized cellulose/polypyrrole aerogel 
with freeze-drying was reported by Fu et al., which shows excellent 
elasticity, compressibility, and microwave absorption [123]. It is noted 
that for aerogels, the complex permittivity can be efficiently altered by 
changing the compression ratios. A low-temperature carbonization 
technique (as shown in Fig. 13c) has been employed to develop CNT/ 
cellulose aerogel, which showed improved dielectric loss and thus 
improved microwave absorption performance [124]. A high- 
temperature pyrolysis method has been reported to fabricate compos
ite aerogels with boron nitride and cellulose-derived carbon via freeze- 
drying technique [125]. The pyrolysis temperature and the boron nitride 
loading directly impact aerogel’s dielectric loss capacity due to the 
ample interfaces and the polarization loss attributed to the pyrolysis- 
generated carbon defects.

Multilayered/ sandwich structured composites

A multilayered/sandwich film structure combines the benefits of 
polymers with dissimilar dielectric performances. The interfacial po
larization between the end-to-end layers and the repressive growth of 
the electrical tree improves the dielectric constant and electric break
down strength of such films[126]. Many researchers explored multi
layered cellulose composites for improved dielectric and energy storage 
performance. Zhang et al. reported a strategy of hydrogen bond 
replacement to weaken the hydrogen bond network in cellulose and 
prepared sandwich-structured multilayered cellulose-based films using 
PVDF and BaTiO3 nanoparticles[127]. The resultant multi-layered 
structure gives a superior energy storage density of 27.2 J cm− 3, 
which is much higher than the single-layered films. The attained 
outstanding energy storage performance arises from the high voltage 
endurance of cellulose and the interfacial polarization-coupled Schottky 
barrier height. The same group also reported multilayered film struc
tures with cellulose/PVDF-BaZr0.2Ti0.8O3 film and cellulose/PVDF- 
Ba0.6Sr0.4TiO3 film via tape-casting technology and attained electrical 
breakdown strength (Eb) of 6.24 MV cm− 1 energy storage density (ESD) 
of 31.07 J cm− 3 and energy storage efficiency (η) of 80.03 % [128]. They 
demonstrated a theoretical basis for high-performing dielectric energy 
storage capacitors with low energy consumption and substituted cellu
lose instead of PVDF-based polymers for such applications. CEC and 
polyetherimide (PEI) based sandwich-structured dielectric films have 
been fabricated by Yan et al. and elaborated the breakdown mechanism 
of thin films [129]. The sandwich film achieved a high dielectric 

constant and an improved breakdown strength, and a high discharge 
energy density of 6.8 J/cm3 at a temperature of 25 ◦C has been obtained. 
For positive sandwich-structured films (as shown in Fig. 14), PEI is used 
as an insulating outer layer to prevent charge injection from electrodes, 
and the CEC is used as a polarized intermediate layer, which can 
enhance the dielectric constant.

For multilayered/sandwich-structured composites, improvements in 
dielectric constants and breakdown strengths have been achieved 
because of the macroscopical interfacial polarization between the 
adjacent layers[130]. In the case of CEC and PEI-based multilayered 
films, a high value of dielectric constants was observed due to the high 
permittivity of CEC. Moreover, the macroscopical interfacial polariza
tion formed by the accumulated charges between the CEC and PEI layers 
further improved the dielectric performance. As shown in Fig. 14, the 
layer interfaces are tightly connected without the presence of defects. 
Theoretically, the εr of a positively sandwiched film will increase with 
the increased content of the CEC layer. Similarly, for a negative sand
wich film, the CEC is used as the outer layers (as shown in Fig. 14) and 
therefore the higher in content, thus high polarization and high tanδ. 
The finite element simulation models were explored to understand the 
breakdown mechanism of multilayered films, and a similar trend was 
observed.

It has already been reported that the suppressive growth of the 
electrical tree becomes wider at the interface and improves the εr and Eb 
of multilayer polymer films [126]. The electrical tree will be further 
extended due to the larger electric field gaps between layers so that the 
electrical trees cannot infuse the multilayered films [131]. In the case of 
CEC and PEI-based positive sandwiched films, the growth of the elec
trical tree is suppressed in the middle layer of the weak electric field due 
to the PEI layer’s excellent insulating properties, resulting in the 
improved value of electric breakdown strength. As a summary, in the 
case of positively sandwiched films, the polarized intermediate layer 
and the insulating outer layer effectively prevent charge injection from 
electrodes, and thus, the polarized middle layer improves the εr of 
multilayer films. The interface between adjacent layers can act as a 
blocking region that traps the space charge and limits the growth of the 
electric tree because of electric field redistribution, which results in the 
improvement of Eb of multilayer films.

3D printed composites

The 3D printing technologies deliver the advantage of design flexi
bility and easy processability, which empowers the fabrication of 
dielectric materials in energy storage devices. Kim et al. previously re
ported that the 3D printing method offers homogeneous dispersion of 
ceramic nanoparticles and reduces the voids or cracks in the PVDF 
matrices, thus potentially improving the dielectric and energy storage 
performance of composites compared to conventional fabrication stra
tegies.[132]. They achieved a higher dielectric property than solvent- 
cast PVDF films because of the presence of fewer defects, and the di
poles of polymer molecules are partly aligned during the 3D printing 
process. Recently, Wang et al. developed a 3D printing resin composites 
by grafting CNC into methacrylate malate photocurable resins (MMPR) 
to explore the advantages of design flexibility and high dielectric con
stant [133]. Here, the 3D-printed composites attained a dielectric con
stant enhancement from 4.0 to 10.9 at a frequency of 1 MHz. This would 
be due to the presence of abundant hydroxyl groups from the cellulose 
surface and the interface region between the cellulose-based fillers and 
the MMPR matrix, as shown in Fig. 15a. In addition to the dielectric 
performance, the breakdown strength and the energy density of com
posites show improvement compared to pure resin, which shows that 
the addition of cellulose plays an important role in enhancing energy 
storage performance. This work offers insights into developing 3D- 
printed photocurable resin composites for high dielectric constants ap
plications. Lecoublet et al. studied the influence of the 3D printing 
technique, cellulose filler content, and size on the dielectric properties of 
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composites comprising microcrystalline (MCC) and nanocrystalline 
(NCC) cellulose with polylactic acid (PLA) by fused filament fabrication 
[134]. The addition of cellulosic fillers increases the dielectric constant 
due to the higher crystallinity and polarity of cellulosic fillers. Inter
estingly, the 3D printed samples show reduced permittivity (Fig. 15b) 
compared to hot-pressed samples, which is attributed to the presence of 
printing defects such as voids or cracks through the 3D printing process 
[135].

Summary, Challenges, and outlook

This review comprehensively discusses cellulose composites, incor
porating various filler materials, fabrication methods, structural designs, 
and their impact on dielectric and energy storage properties. The prin
ciples of dielectric and energy storage properties and how polymer 
composites can act as energy storage devices have been clearly 
described. Composites with cellulose as a matrix material and filler 
material are thoroughly reviewed, with different matrices and fillers, 
such as conductive fillers, ceramic fillers, metal oxide fillers, and hybrid 
filler-based systems. The fabrication strategies and structural design of 
such composites for dielectric performances also commence in the 
context of films and aerogels. Since electronic wastage is one of the 
biggest issues of humanity, the incorporation of cellulose-like bio
materials in dielectric and energy storage devices will be an excellent 
choice for the development of renewable dielectrics rather than syn
thetic polymers. Some of the conclusions from this mini-review are 
detailed here. 

1. The general factors that influence the dielectric properties of cellu
lose composites are frequency, temperature, cellulose fiber content, 
humidity, and fabrication techniques.

2. Since different fabrication strategies have their own advantages in 
the dielectric and energy storage performance of cellulose compos
ites, the parallel orientation of hydroxyl groups of cellulose to the 

film/aerogel surface is most important. Such orientation leads to 
stronger hydrogen bonding and excellent dielectric performance. For 
3D printed composites, more research would be needed to optimize 
and improve the dielectric performance.

3. Besides parallel orientation, the hydroxyl groups and hydrophilicity 
of cellulose also play an important role in the dielectric performance. 
Hydrophobic film/aerogels provide good dielectric and energy 
storage performance because poor hydrophobicity leads to higher 
dielectric loss and even short circuits for long-term use.

4. The humidity and density of composites impact their dielectric and 
energy storage performance. Dielectric composites stored in humid 
atmospheres offer inferior performance, whereas a denser and more 
compact structure ensures a higher breakdown strength and results 
in high energy density.

5. For cellulose fiber incorporated composites, the increased cellulose 
fiber content generally leads to an increased matrix–filler interface 
regions, thereby leading to the displacement of polymer chains and, 
finally, an increased interfacial polarization and dielectric constant.

As shown in Fig. 1, substantial improvements have been made in the 
research of dielectric cellulose composites in the last few years, but 
many challenges still exist. Some of the challenges are detailed here. 

1. The main challenge is the lack of commercialization, as the research 
is still restricted to the laboratory, and the fabrication processes are 
still dominated by conventional methods. This makes manufacturing 
more difficult for complicated structures and devices. Moreover, the 
durability and longevity of cellulose composites in energy storage 
and electronic devices require systematic research.

2. It is always challenging to accomplish a high dielectric constant 
whilst retaining a low dielectric loss in developing dielectric mate
rials. For cellulose-based composites, this is even more challenging as 
strong hydrogen bonding tends to decrease dielectric permittivity.

Fig. 14. Schematic of the fabrication process of sandwich-structured polyetherimide (PEI) and CEC dielectric films. The cross-section SEM images of (a) pure PEI 
film, (b) positive sandwich-structured film, and (c) negative sandwich-structured film for the sandwiched films.
Reproduced with permission from Elsevier 129.
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3. Though the 3D network structure of aerogels benefits energy storage 
performance, their fabrication takes longer and consumes more en
ergy, which limits mass production. Moreover, cellulose composite 
aerogels face practical difficulties in their dielectric testing, limiting 
their possible applications.

4. The cost and complexity of the chemical modifications of matrices 
and fillers for cellulose composite limit their dielectric performance.

5. The comparatively low mechanical properties of cellulose compos
ites in commercial products are another barrier to their practical 
applications in electronic devices.

Nevertheless, there is significant progress in cellulose composites for 
dielectric and energy storage applications; there still remain a lot of 
areas to explore to comply with the current trend and future outlook for 
electronic devices. Some of the future outlooks are detailed here. 

1. A more detailed and systematic approach must be established to 
develop the dielectric permittivity at a high-frequency band for mi
crowave applications and to develop 5G communication functions.

2. Polar polymers, like cellulose, persisting in a high dipole density and 
substantial dipole moments, especially on crystalline structures, are 
capable of high-performance dielectric applications such as high- 
voltage capacitors, which are not much explored yet.

3. To further assess dielectric and energy storage performance in 
practice, the research should be combined with the latest simulation 
tools to simulate the performance of obtained cellulose composites.
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