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Abstract: Cellulose nanofiber (CNF) sponges or CNF aerogels are promising biocompatible materials with appli-
cations ranging from biomedicine to environmental remediation. The highly porous architecture of these spon-
ges – which is crucial for their functionality – is significantly influenced by the freezing step during fabrication. 
This review explores the critical role of freezing techniques in tailoring pore geometry and, consequently, the 
macroscopic properties of CNF sponges. We discuss conventional directional freezing methods and their limi-
tations, highlighting the advantages of dynamic freezing for achieving isotropic pore structures. Furthermore, 
we examine various crosslinking strategies to enhance the stability and mechanical properties of CNF sponges. 
Finally, we present recent findings from our laboratory demonstrating the successful fabrication of biocompatible 
and crosslinked CNF sponges with tailored pore geometries using a dynamic freezing approach.
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1. Introduction
The growing demand for sustainable materials derived from 

renewable resources has fueled intense research into cellulose 
nanofibers (CNF). As the most abundant biopolymer on earth, 
cellulose offers a compelling platform for developing advanced 
materials with exceptional properties.[1,2] Among these, CNF 
sponges, also known as CNF aerogels, have emerged as a promis-
ing class of three-dimensional nanomaterials. These lightweight, 
highly porous structures possess a high specific surface area and 
a rich density of functional groups making them suitable for a 
wide range of promising applications.[1,3] They can be used for 
heat and sound insulation,[4] as adsorption and absorption agents 
for various pollutants,[5,6] as catalyst supports,[7] for energy storage 
and energy conversion[8] or in the broad field of biomedicine.[9]

In nature, cellulose is found in the cell walls of plants[1] and 
it is also used by some bacteria as a protective envelope around 
their cells.[10] Cellulose in plants exhibits a hierarchical structure 
ranging from the meter to the nanometer scale (Fig. 1a). Macro-
scopic cellulose fibers are composed of micro fibrils, which can 
be further converted into CNFs.[11] The isolation of CNF from 
biomass proceeds via two major steps: first native cellulose fibers 
are pre-treated using strong acidic conditions for hydrolysis to 

occur. Second, CNFs are obtained by applying strong shear forces 
using high pressure homogenizers.[12]

CNF sponges are typically fabricated through a multi-step 
process (Fig. 1b) involving CNF dispersion (1), freezing (2), ly-
ophilization (freeze-drying) (3), and crosslinking (4).

The freezing step is particularly critical as it dictates the fi-
nal architecture of the sponges.[13,14] Conventional freezing tech-
niques are static and often lead to anisotropic pore structures, 
limiting the performance of the sponges in certain applications. 
To address this, innovative techniques such as dynamic freez-
ing, inspired by ice cream manufacturing, have been introduced 
to achieve isotropic pore structures.[15] Alternatively, isotropy is 
achieved by replacing lyophilization by supercritical drying.[16] 
This review provides a comprehensive overview of CNF sponge 
fabrication, with a particular emphasis on the influence of freez-
ing techniques and crosslinking strategies on pore geometry and 
macroscopic properties. We also present recent advances from our 
laboratory, where we employed a dynamic freezing approach to 
synthesize biocompatible and crosslinked CNF sponges.

2. Synthesis of CNF Sponges
The fabrication of CNF sponges involves four fundamental 

steps (Fig. 1b): dispersing the CNF in a suitable liquid (1), freez-
ing the dispersion (2), lyophilizing the frozen structure to remove 
the dispersing liquid (3), and crosslinking the resulting sponge 
to enhance its stability (4).[17] Crosslinking is usually thermally 
initiated using crosslinking agents that have been added before 
freezing.

2.1 Dispersing 
The CNF building blocks are first homogenized in a dispers-

ing liquid by applying shear forces, which cause the fibers to un-
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which they grow to the top. For bidirectional freezing the process 
is initiated from two cooled walls of the molds.[15] Multidirection-
al freezing can improve pore homogeneity, however it still leads 
to predominantly lamellar structures due to the inherent freezing 
nature of water. Furthermore, these static freezing techniques can 
cause CNF segregation, leading to inhomogeneities within the 
sponge.

The freezing rate, controlled by the temperature gradient, also 
significantly affects pore size.[13,14,19] Typical methods include 
simply placing the mold in a freezer (e.g. –20 °C or –80  °C), 
freezing media with defined temperature,[21] or contact materi-
als with high thermal conductivity.[19] Rapid freezing, such as 
shock-freezing with liquid nitrogen, can preserve the isotropic ar-
rangement of CNFs to a greater extent.[14] However, this method 
is limited to small sponge sizes due to thermal stress and limited 
conductivity.[22,23]

Dynamic freezing offers a promising alternative to overcome 
the limitations of conventional methods. By simultaneously stir-
ring and freezing the dispersion, dynamic freezing promotes the 
formation of isotropic pore structures with enhanced homogene-
ity based on the elimination of the temperature gradient and the 
formation of smaller ice crystals.[15,24]

This approach, inspired by ice cream manufacturing,  
allows greater control over pore geometry, if the structure and  
texture of the frozen dispersion can be preserved during 
lyophilization.[24]

tangle and break into smaller pieces. The choice of the dispersing 
liquid depends on the fiber material. The fibers must be wetted but 
not dissolved.[17] In the case of cellulose, water is commonly used. 
It is suitable due to its high polarity and ability to form hydrogen 
bonds with CNFs.[18,19]

CNF concentrations between 1 and 2 wt% are commonly re-
ported as optimal.[19] In the following processing step the nanofi-
ber dispersion is transferred into a mold and frozen. The selected 
dispersing liquid as well as the fiber concentration influence the 
subsequent freezing process.[17]

2.2 Freezing
The freezing step is pivotal in determining the porous archi-

tecture of the CNF sponge. During freezing, ice crystals grow 
within the CNF dispersion, and the CNF building blocks become 
entrapped between these crystals.[19,20] The morphology of the ice 
crystals, influenced by the freezing technique and the dispersing 
liquid, determines the final pore structure.[17] While water leads to 
a lamellar pore morphology, other dispersing liquids give rise to 
honeycomb[3] or cubic structures.[17]

Table 1 gives an overview of freezing techniques for the 
synthesis of CNF sponges and their impact on the macroscopic 
properties of the sponges. Traditional freezing methods, such as 
unidirectional and bidirectional freezing, often result in aniso-
tropic, lamellar pore structures. Based on the principle that ice 
crystal growth follows the direction of the temperature gradient, 
ice crystals nucleate at the cooled bottom of a freezing mold from 
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Fig. 1. (a) Hierarchical structure of cellulose, adapted from ref. [2]; (b) fabrication steps for the synthesis of CNF sponges; (c) reaction scheme for the 
crosslinking of cellulose with citric acid.

Table 1. Freezing strategies applied for the fabrication of CNF sponges.

Freezing strategy Pore geometry Macroscopic properties Ref.

Unidirectional Anisotropic Reduced thermal conductivity, improved 
elasticity, high air permeability

[25] [26]
[14]

Bidirectional Anisotropic, highly ordered Enhanced mechanical stability [27]

Multidirectional Isotropic, homogeneous Improved thermal insulation [28]

Dynamic freezing Isotropic, globular pores Enhanced mechanical properties [21] [29]
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stability. Crosslinking proved to be very effective in enhancing 
elasticity and water stability.

Compression curves of the CNF sponges show linear elastic-
ity at low stress (ε < 10%) followed by a long collapse plateau 
transitioning into a densification regime with steeply rising stress, 
as known for foams.[40] Our sponges were able to recover to their 
original height even after 80% compression (Fig. 2b). Youngs 
moduli of the CNF sponges were calculated from the slope in 
the linear regime (15% to 20%) resulting in values ranging from 
13.62 ± 0.45 kPa (–196 °C, citric acid) to 70.81 ± 4.69 kPa (dy-
namic, PEI/GPTMS). The Youngs moduli became smaller after 
crosslinking, indicating an enhanced elasticity. With respect to 
the freezing method, the Youngs moduli were smallest for shock-
freezing.

As for water stability, our sponges maintained their full struc-
tural integrity for 48 h. We also tested our sponges for their ability 
to let air through. This property is fundamental with respect to 
their use as filters.

Fig. 2c shows the measured air face velocity, v
air

, plotted 
against the pressure drop ∆p together with a 2nd order polyno-
mial fit. Air permeability depends on pore size and geometry, 
with larger pores allowing increased airflow. The permeability, 
K

air, was calculated according to the Hagen-Poiseuille equation 
for compressible fluids through porous materials. We obtained 
values of 0.28 x 10–10 m2 for unidirectional freezing at –196 °C,  
0.48 x 10–10 m2 for dynamic freezing and 3.23 x 10–10 m2 for 
sponges produced via unidirectional freezing at –20 °C. The ob-
served permeabilities are comparable with those from previous 
studies.[14] With respect to the application of CNF sponges as air 
filters, such high air permeabilities are crucial, together with their 
high filtration efficiency.[14,41,42] 

4. Conclusions
CNF sponges are versatile bio-based materials with a wide 

range of potential applications. The ability to tailor their pore 
structure through controlled freezing techniques opens up ex-
citing possibilities for optimizing their performance in specific 
applications. Dynamic freezing has emerged as a promising ap-
proach for fabricating CNF sponges with isotropic pore structures 
and enhanced properties. Our research demonstrates the feasibili-
ty of producing biocompatible and crosslinked CNF sponges with 
tailored pore geometries using various freezing techniques. These 
findings pave the way for the development of advanced CNF-
based materials for diverse applications in fields such as water 
purification, air filtration, and biomedicine. 

2.3 Lyophilization 
Once the nanofiber dispersion is fully frozen, the next step in-

volves the removal of the frozen pore fluid. Here it is important to 
preserve the structural properties and to minimize structural deg-
radation during sublimation. Lyophilization is a gentle process, 
that preserves the porous structure formed during freezing.[30] 

2.4 Crosslinking
The lyophilized CNF sponges are often fragile due to weak 

non-covalent inter-fiber interactions. Thus, it is vital to rein-
force the intersection points of the fibers.[3] This can be achieved 
through chemical crosslinking, which involves the formation of 
covalent bonds between CNFs using crosslinking agents or physi-
cal crosslinking,[30,31] e.g. through thermal phase transition[16,32] or 
solvent vapor welding.[33] Further methods include ions for strong 
electrostatic interactions, enzymes or radiation to induce chemical 
bonds between the polymer fibers.[3,30,31]

Table 2 displays crosslinking agents and reaction conditions 
to reinforce CNF sponges for their final applications, e.g. in aque-
ous medium.[32] Given the OH functional groups of cellulose, 
polycarboxylic acids or acid anhydrides are widely used to form 
crosslinks through esterification. Citric acid is particularly inter-
esting due to its antibacterial properties, biodegradability and 
non-toxicity to cells.[34] Polyethyleneimine (PEI) is a frequently 
encountered modifier with high water solubility, good environ-
mental compatibility and a rich density of reactive amino groups. 
CNF crosslinking is achieved by combining PEI with GPTMS. 
PEI modified CNF sponges are used as adsorption agents, sen-
sors or in bioengineering applications.[36] Further crosslinking 
agents are epichlorohydrin and glutaraldehyde. However, con-
cerns like cytotoxicity in the case of glutaraldehyde or insuffi-
cient mechanical stability have limited the use of these 
crosslinkers.[31]

3. Recent Advances
In our work, we investigated the influence of different freez-

ing techniques, including dynamic freezing, on the properties of 
crosslinked (citric acid or PEI/GPTMS) CNF sponges (Fig. 2a). 
We fabricated sponges with varying pore geometries and bulk 
densities from 14 to 61 mg cm–3, achieving porosities of up to 
99%. Static unidirectional freezing led to lamellar channels of dif-
ferent widths: shock-freezing at –196 °C resulted in significantly 
smaller channels (51.3 μm) than freezing at –20 °C (392 μm). 
In contrast, dynamic freezing resulted in an isotropic pore struc-
ture with globular pores (103 μm). Independent from the freezing 
technique our sponges displayed excellent elasticity and water 

Table 2. Examples of chemical crosslinking agents used for CNF sponges. Crosslinking is either performed prior or after lyophilization (freeze-
drying).

Crosslinker Fiber material Reaction conditions Application / property Ref.

Citric acid CNF/PLAa Post FDg, 140 °C, 2 h Biomineralization [9]

TOCNFb Pre FD, 80 °C, 20 min Antibacterial effects [34]

BTCAc TOCNF Post FD, 170 °C, 3 min Enhanced elasticity [35]

PEId / GPTMSe CNF Pre FD, rt, 2.5 h
Pre & post FD, rt, 2.5 h,
110 °C, 30 min

Cu2+ / microplastic removal
Flame retardant

[6,36]
[37]

Diisocyanate CNF Pre FD, rt, 48 h Water purification (CHCl
3
) [38]

Epichlorohydrin MCf Pre FD, 50 °C, 4 h Energy storage [39]

Glutaraldehyde CNF Post FD, rt, 1 h Catalyst support for the reduction of 
4-nitrophenol

[7]

apolylactide (PLA); bTEMPO-oxidized CNF (TOCNF); cbutane-1,2,3,4-tetracarboxylic acid (BTCA); dpolyethyleneimine (PEI);  
e(3-glycidoxypropyl)trimethoxysilane (GPTMS); fmethyl cellulose (MC); gfreeze-drying (FD).
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