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ABSTRACT: Aerogels, renowned as ultra-lightweight solids with exceptional porosity and specific surface area,
have emerged as pivotal materials for thermal insulation, catalysis, energy storage, and biomedicine. This review
comprehensively evaluates the recent strides in sustainable, high-performance cellulose-based aerogels, emphasizing
their fabrication, functionalization, and application prospects. It details the extraction of cellulose from diverse sources
and its subsequent processing into nanocellulose (e.g., cellulose nanofibrils and nanocrystals), which serves as the
fundamental building block for aerogel synthesis. The critical sol-gel transition, solvent selection, and the pivotal
role of drying techniques—freeze-drying, supercritical drying, and ambient pressure drying—in determining final
aerogel architecture and properties are systematically analyzed. Special emphasis is placed on the advanced chemical
modification of nanocellulose, including esterification, click chemistry, etherification, silanization, and amidation,
which tailors surface chemistry to impart hydrophobicity, reactivity, or specific binding sites. The profound influence of
cellulose source characteristics (aspect ratio, crystallinity, surface charge) on the pore-forming mechanism and aerogel
performance is thoroughly discussed, bridging raw material selection with microstructure design. The review further
elucidates the engineering of hybrid and composite aerogels by integrating silica, graphene, polymers, semiconductors,
and metal-organic frameworks (MOFs), which synergistically enhance functionalities for targeted applications such
as adsorption, photocatalysis, energy storage, sensing, and biomedical engineering. Despite significant progress, chal-
lenges remain in scalable green fabrication, balancing ultra-high porosity with mechanical robustness, and deepening
the mechanistic understanding in complex applications. This work consolidates the current state-of-the-art, identifies
key knowledge gaps, and provides a forward-looking perspective on the development of cellulose aerogels as versatile
platforms for next-generation sustainable technologies.
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1 Introduction
Aerogels, recognized as among the lightest solid materials, are typically synthesized from organic,

inorganic, or hybrid molecular precursors via a sol–gel process followed by specialized drying techniques.
These materials possess a three-dimensional porous architecture that bridges nanoscale and larger pores,
thereby retaining the intrinsic physicochemical properties of their precursors while endowing them with
characteristic advantages of porous solids, such as high porosity, large specific surface area, ultra-low density,
and extremely low thermal conductivity. Owing to these attributes, aerogels have found broad utility as
thermal insulators, adsorbents, catalyst carriers, energy-storage media, and biomedical scaffolds [1–3]. In
particular, their high specific surface area provides abundant active sites and enhances the contact probability
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between catalysts and reactants, which effectively promotes catalytic efficiency. Consequently, aerogels have
attracted considerable interest as promising heterogeneous catalytic materials.

Two principal strategies are employed for fabricating aerogel-based catalysts: the direct synthesis from
molecular precursors and the self-assembly approach. The former involves the condensation and hydrolysis
of molecular precursors (e.g., alkoxysilanes or metal alkoxides) to form gel networks, a method widely used
for SiO2 aerogels and applicable to certain metal-oxide aerogels (e.g., TiO2, Al2O3, ZrO2) [4–6]. Aerogels
produced via this route generally exhibit relatively low crystallinity. In contrast, the self-assembly strategy,
which often employs pre-formed nanoscale building blocks, yields aerogels with higher crystallinity and
has been successfully extended to metal sulfides, metal oxides, and even metal-free systems. Moreover, the
self-assembly approach offers greater versatility for designing composite aerogels that incorporate diverse
catalytic components [7–9]. Regardless of the strategy, the aerogel preparation process fundamentally
comprises two critical stages: the sol-to-gel transition and the subsequent gel-to-aerogel conversion.

The choice of solvent is very important in the process of sol nanoparticle formation. Taking silica aerogel
as an example, the precursor is first dissolved in solvent, hydrolysis or alcoholysis occurs, and then silane
reagent is added to complete the preparation process. In the preparation process, the solvent selected must
have the ability to dissolve the substrate and form a homogeneous mixture [10]. Common solvents include
ethanol, methanol, acetone, and tetrahydrofuran. As shown in Fig. 1, the three-phase diagram of silane-
water-ethanol shows that when ethanol is used as a solvent, it has a good solubility to the substrate and will
reduce the hydrolysis rate in the esterification reaction. When the solvent is unable to dissolve the silane
reagent, it will lead to the aggregation of nanoparticles [11].

Figure 1: Three phase diagram of silane-water-ethanol [11]. Copyright © 2015 American Chemical Society.

At transition from sol to gel stage, the sol molecules themselves cross-link to form a three-dimensional
frame structure, and then form a stable gel state. In the process of gel formation, it is generally necessary to
evenly stir for 5 to 6 h to achieve its own crosslinking. During the crosslinking process, the stability of the gel
can be changed by adjusting the temperature, pressure or pH value. In addition, the stirring rate and reaction
temperature have significant effects on the shape and structural properties of the gel [12,13].

In the process of sol conversion to aerogel, water and ethanol in the pores need to be replaced into gas
by a specific drying process means, in which the regulation of process conditions is crucial to maintain a
complete 3D pore structure. In the process of solvent removal and drying, if the pore structure collapses, the
physical and chemical properties of the aerogel will be directly reduced [14]. Therefore, in the process of sol
conversion into aerogel, the regulation of drying parameters plays a very important role in the structure of
aerogel [15,16].
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The choice of drying method is equally critical, as it directly determines the pore architecture, mechan-
ical integrity, and economic viability of the final aerogel [17,18]. Common techniques include freeze-drying
(lyophilization), supercritical drying (typically using CO2), and ambient pressure drying. Freeze-drying
preserves the pore structure by sublimating the frozen solvent, but ice crystal growth can introduce
microcracks and larger pores, affecting mechanical uniformity. Supercritical drying, which avoids liquid–gas
interfaces by surpassing the solvent’s critical point, yields aerogels with minimal shrinkage and high specific
surface area, but requires expensive high-pressure equipment and rigorous safety protocols [19]. Ambient
pressure drying is the most cost-effective and scalable option, yet it often necessitates prior solvent exchange
to low-surface-tension liquids (e.g., tert-butanol) and/or surface modification to reduce capillary forces that
cause pore collapse [20]. A comparative analysis of these methods-considering pore stability, processing cost,
energy consumption, and suitability for specific applications-is therefore essential for guiding the scalable
production of high-performance nanocellulose aerogels.

This review aims to provide a comprehensive and critical analysis of recent advances in cellulose-
based aerogels, with a distinctive focus on bridging the gap between fundamental material engineering and
application-driven design. Unlike prior reviews that often segment discussions on synthesis, modification,
or applications, this work presents an integrated narrative that traces the evolution of cellulose aerogels from
raw material selection through tailored chemical and physical functionalization to the rational fabrication of
hybrid and composite architectures. We explicitly address the underexplored yet critical influence of cellulose
source on final aerogel properties-a key variable for reproducible and scalable performance. Furthermore,
by systematically categorizing and comparing hybridization strategies with silica, graphene, polymers, semi-
conductors, and metal-organic frameworks (MOFs), this review elucidates structure-property-application
relationships. This approach not only consolidates the current state-of-the-art but also identifies precise
knowledge gaps-such as the need for cost-effective co-solvent systems, mechanistic understanding in
catalytic applications, and strategies for mechanical reinforcement-thereby offering a roadmap for future
research aimed at unlocking the full potential of cellulose aerogels in sustainable technologies.

2 Cellulose
Cellulose is the most abundant and widely distributed natural polymer, and its potential for high-value

applications has garnered significant attention from researchers in the fields of chemistry and materials
science. As illustrated in Fig. 2, cellulose is a linear polysaccharide homopolymer, characterized by an
abundance of highly reactive hydroxyl groups. The intermolecular and intramolecular chains of cellulose
are cross-linked through hydrogen bonding, forming supramolecular structures [21–24]. The formation of
these supramolecular polymers is predominantly governed by non-covalent interactions, including hydrogen
bonds, electrostatic forces, and van der Waals interactions. Due to its unique structural properties, natural
cellulose exhibits low density, high durability, exceptional mechanical properties, low production costs, and
good biocompatibility. To expand the range of cellulose’s applications, researchers frequently employ both
physical and chemical modification techniques [25].

Figure 2: Chemical structure of cellulose.
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2.1 Chemical Modification of Cellulose
As shown in Fig. 2, cellulose molecular chains contain abundant hydroxyl functional groups, among

which the primary hydroxyl group at position 6 has high reactivity. The commonly used chemical
modification methods mainly include esterification, etherification, click chemical modification, carbamate
esterification, amidation, silanization modification and polymer grafting [26–29].

2.1.1 Esterification of Nanocellulose
Esterification involves the reaction of the active hydroxyl groups on the macromolecular chains of

cellulose with acids, anhydrides, or acyl halides under acidic catalysis, resulting in the elimination of a
small molecule and the formation of cellulose esters [30]. Following this reaction, the modification of
the hydroxyl groups on the cellulose molecular chains leads to a reduction or complete disruption of
hydrogen bonds, weakening both intermolecular and intramolecular interactions. As a result, the cellulose
exhibits enhanced thermoplasticity. In industrial applications, acylation reagents, such as acyl chlorides, are
commonly used to introduce acyl groups into the cellulose macromolecular chains to produce cellulose
esters. Beaumont et al. reported a method for esterification on cellulose surfaces in aqueous solutions,
avoiding the need for dewatering or drying processes [31]. The method involves the use of a kneading
machine and a reaction at room temperature for 1 h, under mild conditions, making it particularly suitable
for industrial applications [31]. Tian et al. synthesized solid fluorescent materials in three primary colors
(red, green, and blue) via esterification, where spiropyran, fluorescein, and pyrene were grafted onto
cellulose. This modification enabled full-band color development through simple mixing, and by utilizing
a fluorescence energy resonance transfer (FRET) strategy, the energy transfer efficiency was modulated,
allowing reversible control over the material’s color and fluorescence intensity. The modified cellulose-
based material demonstrated excellent performance in applications such as information encryption, secure
printing, and dynamic anti-counterfeiting [32]. Leszczynska esterified cellulose with succinic anhydride,
yielding highly stable modified cellulose. By optimizing reaction time, temperature, and the ratio of succinic
anhydride to cellulose, it was observed that an increased ratio of hydroxyl functional groups in the cellulose
led to a higher degree of substitution. When the reaction time was extended to 240 min, the maximum
proportion of hydroxyl functional groups was reached, significantly reducing the thermal stability of the
cellulose. Consequently, highly thermally stable succinylated cellulose can be synthesized by precisely
controlling the reaction temperature and esterification degree (Fig. 3a) [33]. Additionally, Nawaz et al.
developed a functional cellulose acetate sensor using o-diazepine as the chromophore and diphenylmethane-
4,4′-diisocyanate as the linking agent. This sensor exhibited multiple response fluorescence properties,
detecting not only amines, such as triethylamine, diethylamine, methylamine, aniline, and benzylamine, but
also anions like B4O7

2−, PO4
3− and CO3

2− (Fig. 3b) [34].
Additionally, Jia et al. chemically bonded and grafted fluorescein isothiocyanate (FITC) and protopor-

phyrin (PpIX) to cellulose acetate (CA) via the highly reactive hydroxyl groups present on the cellulose,
resulting in the formation of modified cellulose (CA-FITC and CA-PpIX). By varying the mixing ratios of
CA-FITC and CA-PpIX, a tunable solid fluorescent material was produced, whose color could be adjusted
from red to green. Notably, the fluorescence emission intensity of this material was found to be linearly related
to the logarithm of the amine concentration, enabling it to detect the freshness of seafood (Fig. 3c) [35]. Chen
et al. employed dicyclohexyl carbodiimide and 4-dimethylaminopyridine as catalysts to graft porphyrins
onto carboxylated nanocellulose (CNC-SA-COOH) through an esterification reaction, successfully pro-
ducing functionalized cellulose (CNC-SA-COOC6TPP). This porphyrin-functionalized material exhibited
high sensitivity and selectivity toward Hg2+, suggesting its potential as a promising fluorescence detection
material [36]. Aerogel Implications: Esterification of nanocellulose is a pivotal strategy for engineering the
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surface chemistry of aerogels. By replacing hydrophilic hydroxyl groups with hydrophobic acyl chains (e.g.,
acetyl, succinyl), the modified nanocellulose building blocks impart inherent hydrophobicity to the resulting
aerogel network. This directly mitigates the moisture sensitivity of pure cellulose aerogels, preserving their
thermal insulation performance in humid environments and enabling selective oil absorption from oil-water
mixtures [37]. Furthermore, the introduction of bulky ester groups can disrupt the dense hydrogen-bonding
network during gelation, potentially influencing pore size distribution and enhancing mechanical resilience
by introducing nanoscale flexibility. The grafting of functional molecules like spiropyran or porphyrins
via esterification, as mentioned, transforms aerogels into responsive platforms for sensing and detection,
leveraging their high surface area and porous structure for analyte interaction [38,39].

Figure 3: (a) The preparation process of modified nanocellulose [33]; (b) Fluorescent detection of amine and anions
by cellulose [34] Copyright © 2019 Elsevier B. V. All rights reserved. License number (6196450904105); (c) Cellulose
functionalized by fluorescent groups [35]. Copyright © 2019, The Author(s).

2.1.2 Nanocellulose-Click Chemistry
Filpponen and Argyropoulos were the first to report the modification of nanocellulose using click

chemistry [40]. This reaction offers several advantages, including a simple process, mild reaction conditions,
no requirement for solvents or the use of easily removed solvents, high product selectivity, minimal by-
product formation, a high conversion rate, ease of target product separation, and a low environmental impact.
Li et al. utilized the hydroxyl group in ethyl cellulose and the alkyne group in 1-phenyl-2-allyl-1-ketone to
successfully synthesize cellulose derivatives modified by phenyl-allyl-ether through a click reaction. Within
5 min, 80% of the substrates were substituted, highlighting the high efficiency of the method (Fig. 4a) [41].
Sun et al. employed a double-click reaction strategy to introduce antibacterial groups into cellulose, achieving
functionalization of the material [42]. Initially, under Cu(I) catalysis, a click reaction occurred between the
azide group on cellulose and the alkynyl group on propylglycidyl ether (GPE). Subsequently, the propylene
oxide on GPE-modified cellulose underwent a ring-opening click reaction with the amino group on
polyhexamethylene-monoguanidine phosphate, resulting in the formation of antibacterial group-modified
cellulose (CFs-PHMG) (Fig. 4b). CFs-PHMG demonstrated excellent antibacterial activity against E. coli
and S. aureus bacteria and exhibited extremely high stability. Even after storage at room temperature for 2
months, its antibacterial activity remained at 99%. Aerogel Implications: Click chemistry offers a modular
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and efficient route for post- or pre-gelation functionalization of nanocellulose aerogels. Its high specificity
and yield allow for the precise anchoring of functional moieties (e.g., antibacterial groups, conductive
polymers) onto the cellulose scaffold without compromising the porous network’s integrity [43]. This method
is particularly valuable for creating multifunctional aerogels where the 3D interconnectivity is crucial. For
instance, introducing polymer chains via click reactions can act as nanoscale cross-linkers, reinforcing
the aerogel’s mechanical framework and improving compressive recovery. The modification facilitates the
integration of otherwise incompatible components, enabling the fabrication of complex hybrid aerogels with
tailored properties for catalysis, sensing, or antimicrobial applications, as detailed in Sections 3.4 and 3.5.

Figure 4: (a) Click reaction on the surface of cellulose [41]; (b) Ring-opening click modification on the fuctionalized
cellulose [42] Copyright © 2020, Springer Nature B. V. License number (6196470582033); (c) The application of
silanized modification of cellulose in oil-water separation [44]. Copyright © 2021, Springer Nature. License number
(6196470820493).

2.1.3 Etherification of Nanocellulose
Etherification refers to the reaction of the alcohol hydroxyl group on the cellulose molecular chain

with vinyl groups, halogenated alkyl groups, or etherifying reagents, leading to the formation of cellulose
ethers with a high degree of substitution under alkaline conditions. Wu et al. were the first to modify
cellulose aerogel with three different silane coupling agents using a one-pot polymerization technique. The
modified aerogels exhibited a unique interspersed macroporous structure, excellent compressive properties,
and superior oleophilic and hydrophobic characteristics. In an oil-water mixture, the contact angle and water
absorption capacity of the material remained stable even after five cycles of absorption and recirculation
(Fig. 4c) [44]. Neves et al. successfully modified microcrystalline cellulose by incorporating 3-aminopropyl
triethoxysilane in varying proportions. After etherification, the surface properties of the microcrystalline
cellulose remained unchanged [45]. Redl et al. used porphyrin radicals to etherify cellulose, anchoring por-
phyrin molecules onto the cellulose to facilitate molecular switching and the conversion of electrochemical
input into chiral optical signals [46]. Silanization, often involving alkoxysilanes like MTMS or VTMS, is one
of the most effective methods to render nanocellulose aerogels hydrophobic and oleophilic [37,47]. The silane
coupling agents form covalent Si-O-C bonds with cellulose hydroxyls and self-condense into a polysiloxane
network, coating the nanofibrils. This nano-coating significantly reduces surface energy, leading to high
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water contact angles (>150○) while maintaining the mesoporous structure essential for high adsorption
capacity. Crucially, this conformal coating strengthens the nanofibril joints, often improving the aerogel’s
mechanical robustness and elastic recovery under compression, as demonstrated in superelastic aerogels
for oil-water separation [48,49]. This direct link between molecular-scale grafting and macro-scale aerogel
performance underscores the importance of surface modification.

2.1.4 Graft Copolymerization Modification of Nanocellulose
Copolymerization modification involves the reaction of the hydroxyl groups on the nanocellulose

molecular chains with a polymer, introducing a polymer chain with distinct properties, resulting in the
formation of a polymer-modified and grafted cellulose material. This modification not only enhances the dis-
persion stability of nanocellulose in both polar and non-polar media, but also imparts unique functionalities.
The graft copolymerization of cellulose can be classified into two types: heterogeneous and homogeneous.
Heterogeneous graft copolymerization typically occurs under heterogeneous conditions, where the reactant
and medium form a two-phase or multiphase system, such as in suspension polymerization, emulsion
polymerization, reverse suspension polymerization, and reverse emulsion polymerization. However, due
to the extensive hydrogen bonding between cellulose molecules, the modified reactant is often unable
to penetrate the crystalline regions of cellulose. Consequently, in heterogeneous grafting, the number of
grafted side chains on the cellulose macromolecules is typically lower. In contrast, homogeneous graft
copolymerization requires that both the reactants and media be dissolved into a homogeneous system,
resulting in a more uniform distribution of modified cellulose macromolecular chains and a higher number
of grafted cellulose macromolecules [50,51].

2.1.5 Modification of Nanocellulose by Free Radical Polymerization
Free radical and ion-induced grafting are commonly used methods for modifying nanocellulose.

However, free radical polymerization has several drawbacks, such as the difficulty in precisely controlling
the reaction course, the molecular weight of the product, and the length of the graft chains. To address these
limitations, reversible deactivation techniques such as Reversible Addition-Fragmentation Chain Transfer
(RAFT), Nitroxide Mediated Polymerization (NMP), and Atom Transfer Radical Polymerization (ATRP)
have garnered increasing attention. Barsbay and Güven successfully grafted vinyl monomers onto lignin
via RAFT grafting polymerization in an aqueous solution. Furthermore, free radical polymerization was
used to induce phenol reactions with lignin in jute fabric, resulting in the formation of modified jute
fabric polymers [52]. Meng et al. successfully acylated cellulose at room temperature using Atom Transfer
Radical Polymerization. The reaction involved 1-allyl-3-methylimidazole chloride as an ionic liquid to
polymerize methyl methacrylate and cellulose with styrene, without the need for catalysts or protective
groups (Fig. 5b) [50].

2.1.6 Silanization of Cellulose
Silane, due to its low cost, has been widely utilized as a coupling agent in composite materials. Silanes

containing active functional groups can form cross-links with composites through covalent or van der
Waals forces [53]. Additionally, the silanized surface of nanocrystalline cellulose is hydrophobic, which
enhances its dispersibility in organic or low-polarity solvents. The coupling of silane with nanocrystalline
cellulose typically occurs in two steps: first, silane undergoes hydrolysis to form silanol, and then the
silanol condenses with the hydroxyl groups on the nanocrystalline cellulose. Zhu et al. prepared cellulose
hydrogels by subjecting nanocrystals, with varying mass fractions (1–3 wt%), to ultrasonic treatment for
5 min. Subsequently, 3-(2-aminoethyl aminopropyl dimethoxy-methylsilane) (AEAPMDS) at different mass
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fractions (2, 4, 6, 8, and 10 wt%) was added for reaction. After t reatment w ith h ot w ater, tert-butanol 
exchange, and other steps, silanized nanocellulose was obtained. The modified cellulose hydrogels 
exhibited high CO2

 adsorption capacity (Fig. 5c)  [54]. Yang and Pan introduced highly active amino 
functional groups onto cellulose via a silanization reaction, followed by reaction with fluorescein 
isothiocyanate or N-hydroxysuccinimide 1-pyrene butyrate to successfully incorporate fluorescence 
emission groups. This material demonstrated excellent fluorescence emission properties (Fig. 5d)  [55]. 
Moreover, the method is versatile: when applied to other cellulose substrates, materials with similarly 
outstanding fluorescence emission characteristics can be synthesized. Lucia et al. employed cellulose 
dialdehyde (DAC) as a derivative and reacted it with (3-amino-propyl) triethoxysilane. Through different 
processing conditions, they obtained silane compounds with varying degrees of hydrolysis [56].

Figure 5: (a) The preparation process of PEG-functionalized cellulose [57]. Copyright © 2001 American Chemical
Society. License number (6196480284048); (b) Atom transfer radical polymerization modification of cellulose [50];
(c) The flow chart of silanized modified nanocellulose hydrogel [54]; (d) The preparation process of cellulose of
functionalized by fluorescence groups [55]. Copyright © 2010 Wiley Periodicals, Inc. License number (6196480808807).

2.1.7 Amidation of Cellulose
Amidation is a widely used method for surface modification of cellulose, typically catalyzed by sulfuric

acid or hydrochloric acid to facilitate the conjugation of carboxyl and amino groups. Araki et al. prepared
cellulose through acid hydrolysis, followed by TEMPO oxidation treatment and subsequent grafting of
PEG-NH2 onto the cellulose via acylation. Characterization using thermogravimetric analysis and infrared
spectroscopy revealed that approximately 20%–30% of the carbonyl functional groups in the modified
cellulose participated in the amidation reaction. After PEG grafting, the dispersion stability of cellulose was
significantly improved, and even after freeze-drying treatment, the modified cellulose could be re-dispersed
in water or chloroform. This improvement in dispersibility provides strong support for the material’s
potential industrial applications (Fig. 5a) [57]. Aerogel Implications: Amidation introduces carboxyl or
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amine functionalities onto nanocellulose, dramatically altering its surface charge and interaction potential.
In aerogel formation, this enhances the dispersibility of nanocellulose in various solvents, leading to
more homogeneous gels and, consequently, aerogels with uniform pore structures. The introduced ionic
groups (e.g., –COO−, –NH3

+) can facilitate electrostatic cross-linking or enable the electrostatic assembly
of oppositely charged nanomaterials (e.g., graphene oxide, MOFs) into hybrid aerogels with hierarchical
pores [58,59]. Furthermore, these functional groups serve as active sites for anchoring catalytic nanoparticles
or dye molecules, directly contributing to the aerogel’s application in catalysis and adsorption, as discussed
in Sections 3.4 and 3.5 [60,61].

2.2 Physical Modification of Cellulose
Physical modification refers to the enhancement of the diffusion and penetration capabilities of reac-

tants in cellulose through processes such as microspherification, micropulverization, or film processing [58].
Common methods of physical modification include ammonia blasting, electron beam radiation, high-
pressure beating, solvent exchange, and dry or wet ball milling. Among these, the ball milling method
has become one of the most widely employed techniques due to its broad applicability and relatively low
cost. Compared to chemical modification, physical modification offers several advantages, including milder
reaction conditions, simpler operation, environmental sustainability, and feasibility, making it more suitable
for industrial applications and widespread adoption [62,63].

Non-covalent modification of cellulose through polymer adsorption can impart new functionalities
to the material. This approach has found widespread application in the papermaking industry, where it
enhances the mechanical properties of paper. The functional molecules typically modified by cellulose
adsorption include polymer electrolytes and non-ionic polymers [64]. Xia et al. synthesized an amphiphilic
copolymer composed of hydrophilic methoxy-polyethylene glycol (MPEG) and hydrophobic polydimethyl-
siloxane (PDMS), which was physically adsorbed onto cellulose nanocrystals via non-covalent interactions.
When the modified cellulose was mixed with silicone oil, the compatibility between the two was significantly
improved, and the method also enhanced the viscosity of the silicone oil [65]. Sun et al. integrated multiple
stimuli-such as photochromic, wet chromic, thermochromic, and electrochromic properties-into a series
of light-emitting 1,8-naphthalenediimide-violet binary compounds. These compounds exhibited unique
double photochromic and wet chromic switching behaviors when embedded in a cellulose matrix in the
solid state. The material demonstrated reversible solid-state fluorescence hydrochromism with changes in
relative humidity and reversible solid photochromism upon the formation of stable violet radical cations.
Moreover, these dyes could be printed onto cellulose paper via inkjet printing or cast into thin films
based on cellulose powder, allowing for a one-way cyclic transition between three distinct states, thus
enabling visualization under ultraviolet or visible light [66]. Wendler et al. reported that, compared to N-
methylmorpholin-n-oxide-hydrate (NMMO), which is commonly used as a solvent, ionic liquids offer better
solubility for cellulose, higher thermal stability, and superior chemical tolerance. Cellulose form can be
controlled through physical modification via ionic liquid dissolution [67]. Aerogel Implications: Physical
modification methods like ball milling primarily affect the morphology and aspect ratio of nanocellulose,
which are critical parameters governing aerogel microstructure. Longer, more flexible nanofibers (CNFs)
tend to form entangled networks leading to smaller, more numerous pores and higher mechanical strength,
while shorter nanocrystals (CNCs) create more brittle structures with different pore geometries. Techniques
like ammonia blasting or ionic liquid treatment can partially decrystallize cellulose, increasing amorphous
regions and enhancing solubility. This allows for the regeneration of cellulose II aerogels, which often exhibit
different mechanical and adsorption properties compared to native cellulose I aerogels [68,69]. Controlling
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the nanocellulose precursor’s physical state is thus a fundamental first step in tailoring the aerogel’s density,
porosity, and mechanical performance.

2.3 Influence of Cellulose Source on Aerogel Pore-Forming Mechanism
The pore architecture of nanocellulose aerogels is profoundly influenced by the intrinsic properties of

the cellulose source, including aspect ratio, crystallinity, and surface charge. These parameters dictate the
assembly behavior during gelation and the final porous morphology.

Aspect ratio: Nanocellulose with high aspect ratio, such as cellulose nanofibrils (CNFs, length >1 μm,
diameter 2–20 nm), tends to form entangled networks through physical intertwining and hydrogen bonding,
leading to aerogels with smaller, more numerous pores and enhanced mechanical strength. In contrast,
cellulose nanocrystals (CNCs, length 100–250 nm, diameter 5–70 nm), with lower aspect ratios, assemble
into more brittle structures with larger, irregular pores due to limited fiber entanglement [70,71]. Bacterial
nanocellulose (BNC) exhibits an ultrafine, high-aspect-ratio fibrillar network, often resulting in aerogels with
hierarchical, well-interconnected pores and high transparency.

Crystallinity: Highly crystalline CNC (crystallinity >80%) contributes to rigid network junctions,
favoring the formation of micropores (<2 nm) and enhancing thermal stability. However, excessive crys-
tallinity may reduce flexibility and limit pore connectivity. Partially amorphous CNFs or regenerated
cellulose (cellulose II) contain more disordered regions, which promote swelling and solvent retention
during gelation, leading to mesoporous (2–50 nm) and macroporous (>50 nm) structures with improved
compressibility [59,72].

Surface charge: The surface charge, often modulated by chemical pretreatment (e.g., TEMPO-oxidation,
sulfonation), affects colloidal stability and inter-fibril repulsion during gelation. Highly charged nanocellu-
lose (e.g., TEMPO-oxidized CNF, zeta potential< −30 mV) exhibits strong electrostatic repulsion, facilitating
homogeneous dispersion and forming aerogels with narrow pore size distribution [73]. Conversely, low
surface charge may lead to aggregation and heterogeneous pore formation. The introduction of anionic
groups (–COO−) or cationic modifications (–NH3

+) further enables electrostatic cross-linking or interaction
with oppositely charged additives (e.g., graphene oxide, MOFs), creating hybrid aerogels with tailored pore
hierarchies [74,75].

These source-dependent characteristics underscore the importance of selecting appropriate nanocel-
lulose types for targeted applications. For instance, CNF-based aerogels are suitable for mechanical
reinforcement and adsorption, whereas CNC-based systems benefit catalytic supports requiring high surface
area. This understanding bridges the gap between raw material selection and aerogel microstructure,
providing a guideline for reproducible and application-specific design. Nevertheless, achieving an ultra-
high specific surface area often comes at the expense of mechanical robustness. For instance, aerogels
with porosity >99% and specific surface areas exceeding 500 m2/g tend to exhibit fragile frameworks,
limiting their applicability in load-bearing or cyclic environments. The aspect ratio and crystallinity of
nanocellulose play pivotal roles in this balance: long, flexible CNFs can form entangled networks that better
withstand deformation, whereas short, rigid CNCs yield more brittle structures despite their high surface
area. Similarly, excessive chemical modification (e.g., oxidation) can introduce excessive surface charge and
repulsion, leading to highly porous but mechanically weak gels. Therefore, the selection of cellulose source
must align with the performance priorities of the intended application—for example, CNF-based aerogels
are preferable for compressive recovery, while CNC-based systems may be optimized for catalytic supports
where surface area is paramount.
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2.4 Influence of Drying Methods Impact on Aerogel Properties
The final step in aerogel production is the removal of solvent from the wet gel while preserving its

porous architecture. The choice of drying technique profoundly influences the pore structure, mechanical
stability, specific surface area, and overall performance of the resulting aerogel, as well as its production cost
and scalability. The three most common drying methods-freeze-drying, supercritical drying, and ambient
pressure drying (as summarized in Table 1), each present distinct advantages and limitations, which must be
considered in relation to the target application.

Table 1: Comparison of common drying methods for nanocellulose aerogels.

Drying Method Freeze Drying Supercritical
Drying Ambient Drying

Typical porosity 90%–99% 95%–99.8% 85%–95%

Pore structure stability
Moderate;

ice-crystal artifacts
possible

Excellent; minimal
shrinkage, uniform

nanopores

Good with
chemical

pretreatment;
some shrinkage

Specific surface area
(typical) 100–400 m2/g 300–600 m2/g 50–300 m2/g

Cost & scalability
Moderate cost;

lab-scale friendly;
limited scalability

High cost;
specialized

equipment; low
throughput

Low cost; highly
scalable; short

cycle time

Recommended
applications

Adsorbents,
biomedical
scaffolds,
insulation

High-end
insulation, catalyst
supports, sensors

Industrial
absorbents,
packaging,
composites

Freeze-drying (lyophilization) involves freezing the wet gel and subsequently sublimating the ice under
vacuum. This method typically yields aerogels with high porosity (≈90%–99%) and a hierarchical pore
structure containing both mesopores and macropores. However, the growth of ice crystals can sometimes
cause partial pore-wall collapse or irregular pore shapes, especially if the freezing rate is not controlled [76].
Freeze-dried aerogels generally exhibit moderate specific surface areas (100–400 m2/g) and good mechanical
resilience, though they may be comparatively brittle. The process is relatively low-cost at laboratory scale and
does not require high-pressure equipment, but the long processing time (24–72 h) and energy consumption
during prolonged vacuum operation limit its industrial throughput [77]. Freeze-drying is widely adopted for
biomedical scaffolds, adsorbents, and thermal insulators where interconnected macroporosity is beneficial,
and where the balance between performance and cost is acceptable.

Supercritical drying (usually with CO2) avoids liquid-vapor interfaces by bringing the solvent to a
supercritical state, thereby eliminating capillary forces that cause pore collapse. This method produces
aerogels with exceptionally high specific surface areas (300–600 m2/g), uniform nanoporosity, minimal
shrinkage, and excellent structural fidelity [18,78]. The resulting materials often show superior thermal
insulation, mechanical strength, and pore stability. Nevertheless, supercritical drying demands specialized
high-pressure equipment, involves significant operational costs, and requires extensive solvent exchange
prior to drying [79]. It is therefore a high-cost, low-throughput technique reserved for applications where
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extreme porosity, precise pore control, or exceptional performance are critical, such as in advanced thermal
barriers, catalyst supports, or high-sensitivity sensors.

Ambient pressure drying is the most economical and scalable approach, where the solvent is evaporated
at room or slightly elevated temperature [80]. To reduce capillary stresses, the gel is usually subjected to prior
solvent exchange with low-surface-tension liquids (e.g., tert-butanol, acetone) and/or chemical modification
(e.g., silylation) to reinforce the pore walls. Aerogels dried under ambient conditions often show higher
density, lower porosity (≈85%–95%), and some shrinkage, leading to moderate specific surface areas (50–
300 m2/g) [81,82]. Recent advances in precursor cross-linking and solvent-exchange protocols have enabled
ambient-dried nanocellulose aerogels with improved pore stability and acceptable performance. This method
is particularly attractive for large-scale production of absorbents, packaging materials, or composite fillers,
where cost-effectiveness and production speed outweigh the need for ultra-high porosity.

The choice of drying method not only dictates porosity and surface area but also directly influences
the mechanical durability of nanocellulose aerogels. Freeze-dried aerogels, while highly porous, often
exhibit microcracks and irregular pores due to ice-crystal growth, leading to reduced compressive recovery
after repeated loading. Supercritical-dried aerogels achieve the highest specific surface areas and uniform
nanoporosity, yet their networks can be brittle, with limited elastic recovery under large strains. In contrast,
ambient-dried aerogels, though possessing lower porosity, typically show higher density and improved
mechanical robustness due to reduced capillary collapse and the potential for in-situ cross-linking during
solvent exchange. Therefore, applications requiring long-term durability (e.g., reusable adsorbents, wearable
sensors) may benefit from ambient drying with tailored cross-linkers, whereas ultra-high-surface-area
applications (e.g., catalyst supports) may prioritize supercritical drying despite its mechanical limitations.

3 Cellulose Based Aerogel
Aerogels can be broadly classified into three categories based on the materials used in their synthesis:

inorganic, organic, and organic-inorganic hybrid aerogels. Traditional inorganic aerogels, such as silica
aerogels, exhibit a high degree of porosity and specific surface area. However, their pore structure is prone
to collapse, which limits their utility in manufacturing and storage applications. To address these limitations
and meet the growing demand for sustainable, robust, and multifunctional porous materials, research has
increasingly focused on biopolymers. Among these, cellulose stands out as a premier candidate due to its
natural abundance, renewability, biodegradability, and excellent intrinsic mechanical properties. Cellulose,
a pure organic biomass polymer, is characterized by its abundant hydroxyl groups, low thermal expansion
coefficient, excellent mechanical properties, and high optical transparency. Due to the presence of numerous
highly reactive hydroxyl groups, cellulose can be functionalized through chemical modifications such as
etherification, grafting, and crosslinking, as well as the introduction of carboxyl, sulfonic, and amino
groups. Consequently, cellulose has become a widely utilized material in the preparation and synthesis of
aerogels [83]. Compared to traditional aerogels, such as SiO2, carbon, and TiO2, nanocellulose aerogels
exhibit superior resistance to brittleness. They also possess favorable characteristics, including hydrophilicity
(while remaining insoluble in water), excellent mechanical properties, biocompatibility, and biodegradability
[84–86]. The properties of nanocellulose aerogels can be dramatically expanded through hybridization and
composite formation. The chemical and physical modification strategies detailed in Section 2 provide the
essential toolkit for this purpose. For instance, hydrophobically modified nanocellulose forms the backbone
of oleophilic aerogels for oil spill remediation. Conversely, introducing charged groups via amidation
enables the electrostatic assembly of functional guests like graphene oxide or MOFs. Using cellulose as a
functionalizable scaffold, and incorporating organic polymers, inorganic materials, metals, or metal oxides
as guest substances, it is possible to synergistically preserve the inherent advantages of cellulose-such as
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its mechanical strength, degradability, and non-toxicity-while also enhancing its physical and chemical
properties to impart specific functionalities. This approach significantly broadens the application potential of
cellulose-based aerogels [3,87]. These functionalized cellulose and regenerated cellulose aerogels have found
widespread use in various fields, including antibacterial applications, water purification, catalysis, separation
processes, bioengineering, medical diagnostics, and photonic devices, demonstrating substantial promise for
future applications [88–90]. We have summarized and discussed the functionalized part of the nanocellulose
composite aerogel in the form of a table, which is shown in Table 2 below:

Table 2: Functionalization of nanocellulose composite aerogels.

Raw Materials of
Aerogel Preparation Method Composite Aerogel Properties Ref.

SiO2 CNF Sol-gel method, Freeze-drying
method

Compression modulus
12.43 MPa, compressive

strength 2.59 MPa
[91]

GO TOCNF Two-way freezing method,
freeze-drying method

Plastic deformation of 0.1% and
8.2% at 20% and 50% strain
(1 × 104 compression cycles)

[92]

PVA GA CNF Hydrothermal method,
freeze-drying method

Thermal conductivity
0.044 ± 0.005 W/m K thermal
diffusivity 0.333 ± 0.001 mm2/s

(30○C)

[93]

GNS PANI TOCNF
In situ polymerization

technology freeze-drying
method

Electrical conductivity
11.78 S/cm [94]

OA Fe3O4 CNF Physical Mixing
freeze-drying method

Saturation magnetization value
53.69 emu/g [95]

AgNPs Chitosan CMC Coaxial 3D Printing Technology
reeze-drying method

Effectively inhibits the
proliferation of Escherichia coli

and
Staphylococcus aureus

[96]

Protein hydrolase AgNPs
CNF, TO-CNF cationic

CNF
Freeze-drying method Inhibits the growth of 92% of

bacteria (E. coli). [97]

3.1 Silica-Cellulose Based Aerogel
Silica aerogels, one of the earliest types of aerogels, are typically prepared from silica gel in a specific

solvent, followed by CO2 supercritical drying. Although cellulose aerogels exhibit excellent thermal insula-
tion properties, their hydrophilic nature allows them to absorb moisture from the surrounding air, which
can negatively affect their thermal performance. In contrast, silica aerogels are considered highly efficient
insulating materials due to their exceptionally low thermal conductivity. The incorporation of silica into
cellulose aerogels effectively mitigates moisture absorption, thereby preserving their thermal insulation capa-
bilities. Demilecamps et al. synthesized cellulose–SiO2 aerogels by introducing polyoxodisiloxane (PEDS)
into a cellulose–alcohol gel, employing both molecular diffusion and forced flow induction methods. The
aerogels produced by these two methods exhibited low thermal conductivities of 0.026 and 0.028 W/(m⋅K),
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respectively. While the thermal conductivity of the cellulose–SiO2 aerogels was increased by 11% compared
to pure SiO2 aerogels, their tensile strength was enhanced by 25%–40%, making them more suitable for
industrial applications [98].

3.2 Graphene-Cellulose Based Aerogel
Graphene and its derivatives, including reduced graphene oxide (rGO) and graphene oxide (GO), have

been extensively studied as additives in cellulose aerogels. The incorporation of graphene into aerogels
can enhance their resistance to water and improve their electrical conductivity. The resulting composite
aerogels, which combine graphene with cellulose, exhibit significant advantages and potential across various
applications. Wang et al. utilized the high aspect ratio and negative charge characteristics of nanocellulose to
separate graphene oxide sheets through steric hindrance and electrostatic repulsion, eliminating the need for
chemical linkers. This innovative approach not only simplifies the preparation process but also enhances the
material properties. The composite aerogels demonstrate excellent adsorption capabilities, with maximum
adsorption capacities of 111.2 mg/g for methylene blue and 47.3 mg/g for tetracycline, highlighting their
promising application in water purification [99]. Wu et al. prepared graphene-cellulose-based aerogels by
incorporating graphene into bacterial cellulose and applied them to light, heat, and electricity conversion.
Their studies revealed that adding 0.5 wt% graphene to bacterial cellulose increased the thermal conductivity
from 0.3 to 1.17 W/(m⋅K), enhanced the energy storage capacity by 96%, and achieved a photothermal
energy conversion output power of 1.8 mW with a maximum photothermal conversion efficiency of 90.3%
(Fig. 6) [100]. Yao et al. obtained graphene-composite cellulose aerogels via ultrasonic self-assembly of
nanocellulose and graphene in a one-pot process. This three-dimensional aerogel structure is formed by the
interconnection of two-dimensional graphene nanosheets and multiple hydrogen bonds in nanocellulose,
resulting in strong adsorption and degradation effects on antibiotics, with a removal efficiency exceeding
69%. The adsorption process is primarily driven by electrostatic attraction, π-π interactions, and hydrogen
bonding [101].

Figure 6: Self-made thermoelectric sensing device and sample thermoelectric conversion curve, (a) Schematic dia-
gram of self-made thermal difference device. (b) Thermoelectric conversion curve of sample (inset: the variation
curve of voltage and current with time) [100]. Copyright © 2022 Elsevier Ltd. All rights reserved. License number
(6196481158391).
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3.3 Polymer-Cellulose Based Aerogel
Polymers are typically categorized into inorganic and organic types and are commonly employed as

additives to modify the properties of cellulose aerogels [102]. Polypyrrole (PPy) and polyvinyl alcohol (PVA)
are two widely used organic polymers. Zhuo et al. prepared a polypyrrole/cellulosic carbon composite aerogel
supercapacitor in a 1 M H2SO4 solution. The integration of conductive polymers, such as polypyrrole (PPy)
and polyaniline (PANI), represents a prominent strategy to endow inherently insulating cellulose aerogels
with electrochemical activity for energy storage applications. This functionalization leverages the high
porosity of the cellulose scaffold for efficient ion transport and the conductive polymer for charge storage via
faradaic reactions. Zhuo et al. provided a compelling case study by preparing a polypyrrole/cellulosic carbon
composite aerogel (Cell@PPy) supercapacitor. As illustrated in Fig. 7, the electrochemical characterization-
including cyclic voltammetry curves with distinct redox peaks (Fig. 7a,d) and nearly triangular galvanostatic
charge-discharge profiles (Fig. 7b,e)-confirms the successful integration of PPy and the hybrid material’s
capacitive behavior. The composite achieved a high specific capacitance of 387.6 at 0.5 A/g and an outstanding
cycling stability of 92.6% capacitance retention after 10,000 cycles [93]. This performance is competi-
tive within the landscape of polymer-cellulose aerogels for supercapacitors. For instance, as summarized
in Table 2, polymer-cellulose aerogels can achieve specific capacitances in the range of several hundred
F/g. The value reported for Cell@PPy compares favorably and highlights how the in-situ polymerization of
PPy on a conductive cellulosic carbon aerogel scaffold creates a synergistic architecture conducive to both
electrical conductivity and ionic accessibility. Other works, such as the incorporation of polyaniline (PANI)
with graphene and TEMPO-oxidized cellulose nanofibrils (TOCNF), have also yielded aerogels with high
conductivity (up to 11.78 S/cm) suitable for electrode materials, underscoring the versatility of the polymer
hybridization approach [103]. These examples collectively demonstrate that polymer functionalization is a
potent tool for expanding cellulose aerogels into the realm of flexible and sustainable electroactive devices.

Figure 7: (a,d) Cyclic voltammetry curves of cell and polypyrrole/cellulosic carbon aerogel (Cell@PPy); (b,e) Charge
and discharge of the battery; (c,f) Specific heat capacity [93]. Copyright © 2019 Elsevier Ltd. All rights reserved. License
number (6196490600425).
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Chitosan and alginic acid are two common organic polymers that, like cellulose, are derived from
renewable and biodegradable natural sources. Chitosan is produced by deacetylation of chitin, which is
abundantly available from crustacean shells and fungal biomass, and is recognized for its biocompatibility,
biodegradability, and non-toxicity [104]. Similarly, alginic acid is a natural polysaccharide extracted from
brown seaweed (e.g., Laminaria spp.) and is widely used in biomedical and environmental applications due to
its renewable origin, biodegradability, and gel-forming ability [105]. These intrinsic properties, coupled with
their renewable sourcing and ecological safety, make chitosan and alginic acid highly suitable for the prepa-
ration of sustainable cellulose-based aerogel materials. Pan et al. successfully prepared cellulose-chitosan
composite aerogels using a high-concentration ionic liquid, LiBr, in combination with co-solubilization
and renewable processes. In this composite aerogel, cellulose serves to construct the porous structure and
enhance the mechanical strength, while chitosan provides amino reaction sites and adsorbs formaldehyde
through chemical bond anchoring. The resulting cellulose-chitosan composite aerogel exhibits a high pore
structure and a large specific surface area of 245 m2/g [106]. The results demonstrate that when the mass ratio
of chitosan to cellulose is 1:2, the composite aerogel can rapidly and irreversibly adsorb formaldehyde, with
an adsorption capacity of up to 7.5 mmol/g (224 mg/g), indicating excellent adsorption performance.

Zhang et al. prepared cellulose type II aerogels in LiBr solution through dissolution and regeneration
strategies. The resulting pure cellulose aerogel exhibits a high pore structure, a large specific surface area
(221.3 m2/g), and excellent flexibility. By varying the chitosan content in cellulose, they observed that when
the cellulose-to-chitosan ratio was 1:8, the voltage output increased by 269%, and when the ratio was 1:2, the
voltage output rose by 311%. These findings suggest that chitosan enhances the voltage output capacity of the
aerogel material [107]. Additionally, the authors investigated the combination of cellulose and alginate-based
aerogels and found that the incorporation of alginate also significantly improved the voltage output. These
results indicate that the introduction of electron-absorbing or electron-donating polysaccharide polymers
into cellulose can enhance the electrical properties of the material. This composite aerogel shows promising
potential for applications in fields such as power calculation, light-emitting diodes (LEDs), capacitors, and
human motion monitoring.

3.4 Semiconductor-Cellulose Based Aerogel
Integrating semiconductors (e.g., TiO2, BiOBr) with nanocellulose aerogels creates advanced functional

materials where the cellulose scaffold plays an active role beyond mere support [108]. The synergy lies
in combining the photocatalytic/photothermal activity of semiconductors with the high porosity, surface
reactivity, and design flexibility of cellulose aerogels. A key advantage is using cellulose as a bio-template to
control semiconductor morphology and dispersion, preventing nanoparticle aggregation [109].

For instance, Zhou et al. synthesized flower-like BiOBr/microcrystalline cellulose (BiOBr/MCC)
composites via an in-situ method (Fig. 8). The hydroxyl groups on cellulose coordinated with Bi3+ ions,
templating the growth of interconnected BiOBr nanosheets [108]. This unique petal-like morphology
provides a high surface area and enhances light harvesting through multiple internal reflections, leading to
superior adsorption and visible-light photocatalytic degradation of Rhodamine B. The primary mechanism
involves pollutant adsorption onto the cellulose matrix followed by oxidation by photogenerated holes (H+).
This case exemplifies how cellulose directs semiconductor architecture for improved performance.
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Figure 8: Schematic illustration of the morphology and photocatalytic performance of semiconductor-cellulose
composite aerogels.

The surface chemistry of cellulose is crucial for interfacial engineering. Maimaiti et al. grew TiO2
nanoparticles on ethylenediamine-functionalized nanocellulose (TiO2/NCC-EDA) [110]. The aminated
surface improved TiO2 dispersion, enhanced CO2 adsorption, and facilitated charge separation, resulting
in efficient photocatalytic CO2 reduction to methyl formate (yield: 68.3%). Furthermore, semiconductor-
cellulose aerogels are expanding into photothermal applications. In a recent study, a conjugated polymer
(PM6) was coated on a CNF/PDMS aerogel, creating a bilayer evaporator. The PM6 layer provided strong
light absorption (>95%), while the cellulose-based scaffold ensured mechanical robustness and efficient water
transport. This synergy achieved a high solar evaporation rate of 2.53 kg m−2 h−1 with 98.1% efficiency,
demonstrating the versatility of these hybrids for solar-driven desalination.

In summary, semiconductor-cellulose aerogels leverage cellulose as a structural director, dispersant,
and functional modifier. The enhanced performance originates from tailored semiconductor morphology,
improved interfacial charge transfer, and the hierarchical porous network of the aerogel. This aligns with the
functionalization strategies in Section 2 and the performance trends summarized in Table 2. Future work
should focus on elucidating interfacial charge kinetics and developing scalable fabrication for applications
in environmental remediation and energy conversion.

3.5 Cellulose-Based Aerogel Composite with Other Materials
To further enhance the performance of cellulose-based materials, researchers frequently incorporate

other functional materials, such as functional molecules, metal-organic frameworks (MOFs), and metal
nanoparticles [111]. Seo et al. physically mixed UiO-66 and TEMPO-oxidized cellulose nanofibers (TOCN),
and even with a MOF loading as high as 50%, the resulting aerogel maintained high stability. The function-
alized cellulose aerogel exhibited a high specific surface area of 483 m2/g and demonstrated the ability to
degrade nerve agents efficiently [112]. Zou et al. synthesized a dopamine-complexed cellulose-based aerogel
(PDA-CA), which exhibited strong hydrophilic properties. Under sunlight, the solar evaporation rate of the
aerogel reached 1.36 kg⋅m−2

⋅h−1, indicating excellent seawater evaporation efficiency. Moreover, PDA-CA
displayed significant adsorption capacity for organic dyes [113]. Shi et al. polymerized pyrrole monomer
onto nanocellulose via vapor phase polymerization, producing a black NCG/PPy composite material. To
assess the neural repair potential of the NCG/PPy composites, they utilized PC12 cells in their studies.
The experimental results demonstrated that the pyrrole-loaded nanocellulose exhibited enhanced nerve
repair capabilities, primarily due to the improved electrical conductivity of the NCG/PPy composite. Under
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electrical stimulation, the material facilitated nerve duct formation, mimicking the conduction properties of
nerve myelin, thereby promoting nerve growth and axon regeneration, and ultimately contributing to nerve
injury repair (Fig. 9a) [114].

Figure 9: (a) The synthesis process of NCG/PPy composite aerogel [114]. Copyright © 2014 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. License number (6196490050541); (b) The pressure sensing responsiveness test on
Ag/CNF [115]. Copyright © 2017 Elsevier Ltd. All rights reserved. License number (6196490301274).

Yao et al. demonstrated the anchoring of silver (Ag) nanoparticles onto nanocellulosic aerogel (Ag/CNF)
via multiple hydrogen bonding interactions. This approach imparts the material with exceptional structural
stability, as evidenced by its ability to rapidly recover its aerogel structure after undergoing 100 cyclic com-
pression tests, thereby highlighting its robust compressive properties. Additionally, the composite exhibited
an extremely sensitive stress-sensing response (Fig. 9b) [115]. Matsuyama et al. successfully synthesized a
highly dispersed composite cellulose aerogel containing silver nanoparticles using CO2 supercritical drying
technology. This material displayed excellent antibacterial efficacy against Escherichia coli and Aspergillus
niger, which can be attributed to the uniform dispersion of Ag nanoparticles within the aerogel, significantly
enhancing its antibacterial properties [116].

3.6 Systematic Comparison of Hybrid/Composite Aerogels and Their Performance Metrics
Table 3 illustrates how hybridization tailors aerogel properties for targeted applications. Silica-cellulose

aerogels combine the low thermal conductivity of silica with the mechanical toughness of cellulose, making
them suitable for insulation where moisture resistance is critical. Graphene-cellulose aerogels leverage
graphene’s high conductivity and large surface area to achieve exceptional adsorption and electrochemical
performance, but their mechanical brittleness may require further reinforcement. Polymer-cellulose aerogels
offer excellent flexibility and biocompatibility, enabling uses in wearable sensors and drug carriers, though
their thermal stability is often limited. Semiconductor-cellulose hybrids introduce photocatalytic activity,
but their porosity must be optimized to ensure light penetration and reactant diffusion. Finally, MOF-
or nanoparticle-loaded aerogels provide multifunctionality (e.g., antibacterial, sensing), yet the dispersion
uniformity of the additives remains a challenge for scalable production.
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Table 3: Performance comparison of nanocellulose-based hybrid aerogels.

Hybrid Aerogel
Type

Key
Components Porosity/Density Mechanical

Properties
Functional

Performance
Notable

Applications Ref.

Silica-cellulose CNF, SiO2
>95% porosity,
≈0.1 g/cm3

Compressive
modulus:

12.43 MPa;
strength:
2.59 MPa

Thermal
conductivity:
0.026–0.028
W/(m⋅K);
moisture
resistant

Thermal
insulation,
reinforced
lightweight
materials

[91,98]

Graphene-cellulose CNF, GO/rGO ≈99% porosity,
3–15 mg/cm3

Elastic recovery
>90% after

compression;
anisotropic

layered structure

Adsorption:
111.2 mg/g

(methylene blue);
conductivity: up

to 11.78 S/cm;
photothermal

efficiency: 90.3%

Water
purification,
conductive
scaffolds,

photothermal
devices

[92,99–
101]

Polymer-cellulose CNF,
PVA/PPy/chitosan

High porosity
(≈90%–98%),
tunable pore

geometry

Shape recovery
>90%; flexible,
compressible

Specific
capacitance:

387.6 F/g;
formaldehyde

adsorption:
7.5 mmol/g;
antibacterial

activity

Supercapacitors,
air filters, wound

dressings

[93,106,
107,117]

Semiconductor-
cellulose

CNF,
TiO2/BiOBr

Hierarchical
pores, high
surface area

Moderate
strength, often

brittle

Photocatalytic
dye degradation
>90%; CO2

conversion to
HCOOCH3

(yield 68.3%)

Photocatalysis,
environmental

remediation

[108–
110,118]

MOF-
/nanoparticle-cellulose

CNF,
UiO-66/AgNPs

Porosity >95%,
SSA up to
483 m2/g

Compressive
recovery >95%
after 100 cycles

Antibacterial
efficiency
>99.9%; Hg2+

detection limit
<1 ppm;

stress-sensing
capability

Gas adsorption,
antibacterial

materials,
pressure sensors

[112,115,116]

This systematic comparison underscores that both the hybrid component and the nanocellulose
source should be selected based on the desired application. For example, silica–CNF aerogels benefit
from CNF’s high aspect ratio and entanglement, yielding mechanically robust insulators, while silica–
CNC composites may exhibit higher surface area but lower toughness. Similarly, graphene–CNF hybrids
leverage CNF’s fibrous network for elastic recovery, whereas graphene–CNC systems favor charge transport
due to CNC’s high crystallinity and dispersibility. Future research should focus on optimizing the synergy
between nanocellulose and these additives to achieve balanced properties-e.g., high porosity with mechanical
robustness, or high adsorption capacity with recyclability-while considering cost-effective and scalable
fabrication routes.

4 Conclusion and Outlook
Cellulose aerogels have emerged as a potential class of materials with exceptional properties that

make these attractive for a wide range of applications. Because of their high porosity, specific surface area,
remarkable mechanical strength, and thermal stability, cellulose aerogels have demonstrated substantial
potential in various fields including energy storage, thermal insulation, absorption, and biomedical engi-
neering. Although significant progress has been made in the synthesis and characterization of cellulose
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aerogels, further research is required to fully understand their properties and optimize their performance for
specific applications. Herein, a combination of materials is integrated into cellulose aerogels. With continued
advancements in this field, it is anticipated that cellulose aerogels will continue to play an increasingly
important role in addressing the current societal challenges and facilitating sustainable development.

In conclusion, cellulose-based aerogels represent a rapidly advancing class of sustainable porous
materials with immense potential across energy, environmental, and biomedical sectors. To fully realize
this potential and enable their transition from laboratory to industry, future efforts must prioritize several
interconnected challenges. First, advancing cost-effective and green fabrication protocols is essential, partic-
ularly through innovations in solvent systems and drying technologies to improve scalability and economic
viability. Second, a deeper fundamental understanding of structure-property-performance relationships is
needed to unlock their full capability in complex applications such as heterogeneous catalysis and sensing.
Finally, reconciling the inherent trade-off between ultra-high porosity and mechanical robustness remains
a central task. Innovative strategies in nanoscale engineering and hybrid material design will be key to
developing aerogels that are both highly functional and sufficiently durable for practical use. Addressing
these challenges will be pivotal in harnessing cellulose aerogels to meet pressing needs in sustainable
technology and materials science.
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