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ABSTRACT 

The application potential of cellulose nanofibril (CNF) aerogels has been hindered by the slow 

and costly freeze- or supercritical drying methods. Here, CNF aerogel membranes with 

attractive mechanical, optical and gas transport properties are prepared in ambient conditions 

with a facile and scalable process. Aqueous CNF dispersions are vacuum-filtered and solvent 

exchanged to 2-propanol and further to octane, followed by ambient drying. The resulting CNF 

aerogel membranes are characterized by high transparency (> 90 % transmittance), stiffness (6 

GPa Young’s modulus, 10 GPa.cm3/g specific modulus), strength (97 MPa tensile strength, 161 

MPa.m3/kg specific strength), mesoporosity (pore diameter 10–30 nm, 208 m2/g specific 

surface area) and low density (~0.6 g/cm3). They are gas-permeable thus enabling collection of 

nanoparticles (for example, single-walled carbon nanotubes, SWCNT) from aerosols under 

pressure gradients. The membranes with deposited SWCNT can be further compacted to 

transparent, conductive and flexible conducting films (90% specular transmittance at 550 nm 

1 
 





  
is only possible with materials that do not absorb visible light, such as cellulose, nor scatter 

significantly, which is achieved by limiting aggregation to nanoscale structures. 

A crucial step in the preparation of aerogels is the removal of the liquid phase, for 

example via supercritical drying or freeze-drying, without disrupting the original network 

structure.[3,20] These drying processes can limit the production scalability as they inherently 

involve slow batch processing, demand specialized equipment and operation at extreme 

pressures and temperatures.[20] More recently, ambient drying of aerogels has become relevant 

in silica aerogels after the technique was introduced in 1995 by Prakash et al. [37–39] This route 

relies on reinforcement of the silica gel skeleton prior to drying by suitable chemistry, 

suppression of crosslinking reactions and reduction of the capillary pressure during drying by 

surface modification and solvent exchange.[39] In order to make feasible a more broad utilization 

of aerogels their scalable production needs to be resolved and ambient drying is an attractive 

solution.  

Cellulose nanofibrils (CNF also denoted as cellulose nanofibers, nanofibrillated 

cellulose, NFC) have drawn significant attention in recent years due to the fact that they exhibit 

a desirable combination of properties such as high mechanical properties (i.e. elastic modulus 

of 29-36 GPa and tensile strength 1.6 – 3 GPa in the longitudinal direction for individual fibrils), 

high transparency in films, renewability, availability and potential biocompatibility.[40–44] 

Previously CNF have been used to prepare tough and flexible aerogels by freeze-drying and 

supercritical drying.[13,25–28] Transparent CNF aerogels have been recently shown to be possible 

by using TEMPO-oxidized CNF and supercritical CO2 drying.[26,28] Porosity of films of 

microfibrillated cellulose can be increased if dried from organic solvents, for example, an 21 % 

increase in porosity has been achieved upon drying from acetone at 55 °C under 

compression.[45] Surprisingly, to date, no ambient drying of CNF aerogels has been reported. 

Aerogel membranes, in contrast to bulk aerogels, could offer the possibility to allow 

substantial gas-flow through and enable filtration or collection of aerosol particles. A valuable 
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line of application for this property, as demonstrated in this work, is the preparation of flexible 

transparent and conductive aerogel membranes and further compacted films by collecting 

directly on the aerogel substrate high-quality single-walled carbon nanotubes (SWNTs) 

obtained from aerosol synthesis. SWNT networks are promising components for a variety of 

flexible electronics applications.[46,47] SWNT networks show potential to replace the current 

industry standard material indium-tin oxide (ITO) in applications of high value such as touch-

sensors with improved flexibility, while enabling maximum transparency and high raw material 

availability.[48–50] Furthermore, more complex devices can be fabricated by patterning and 

further processing of the conductive SWNT network.[51–53] As a fascinating direction of further 

research, biocompatibility of CNF may open possibilities in completely new biomedical 

devices for cell culturing, neurotransmitter monitoring and conformable, responsive 

biosensors.[54–57] 

Here we report on the preparation of gas-permeable, transparent and mesoporous CNF 

aerogel membranes that display high strength, remarkably in tension, and high stiffness, 

through ambient drying after solvent exchange, i.e., not needing freeze-drying or supercritical 

drying. We further demonstrate their use as a platform for transparent, flexible conductive films 

upon collection of SWNTs from an aerosol synthesis stream. We characterize the relevant 

properties of the aerogel membranes for filtration and, if needed, show their ability to turn into 

dense and transparent films upon rewetting and drying from water. The tensile and optical 

properties of the aerogel membranes and those of the compacted film with and without SWNTs 

are characterized. In addition, we determine the electrical properties of the CNF-SWNT hybrid 

films under mechanical deformation. 

 

2. Results and Discussion 

Gas-permeable, mesoporous and transparent CNF aerogel membranes were prepared by 

vacuum filtration of an aqueous CNF dispersion followed by solvent exchange of the formed 
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gel cake from water to 2-propanol and further to octane, followed by drying in ambient 

conditions, as summarized in Figure 1a. The solvent exchange process took approximately 20 

minutes for completion. Slow drying of the resulting stiff CNF-in-octane organogel on a smooth 

support resulted in a transparent CNF aerogel membrane, as shown on the left in the photograph 

in Figure 1b. By contrast, if the CNF aerogel membrane was re-wetted with water and allowed 

to dry from water, a transparent, compacted CNF film resulted, as shown on the right in Figure 

1b. Upon such spontaneous, capillary compaction the thickness of the membranes typically 

halved. No lateral shrinkage of the membranes was observed upon drying from either octane or 

water. The in-plane alignment of the CNF network along the lateral dimensions of the filtered 

gel-cake is likely to contribute to the resistance to shrinkage as this anisotropy makes the in-

plane direction stronger compared to the case of an isotropic, unfiltered gel. This is supported 

by easily observable shrinkage of a non-filtered CNF gel (2.1 wt. %) upon drying from octane 

after a comparable solvent-exchange process (see Figure S1), although a difference in 

concentration might be another relevant factor.  
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aerogels prepared by freeze- or supercritical CO2 drying.[13,25–27] These results clearly show that 

even without any surface modification or crosslinking CNF aerogels can be prepared by a facile 

and rapid solvent exchange process followed by ambient drying. If needed, it seems likely that 

lower density and higher pore size are possible by strengthening and stiffening the CNF gel prior 

to drying, for example by chemical or supramolecular crosslinking.[39,58]  

The small size of the pores and the absence of large aggregates is evident also in the 

representative SEM images of top surfaces and fracture surfaces of both CNF aerogel membranes 

and compacted films (see Figure 2), where no large voids or aggregates are observed. The pore size 

is too small to be seen clearly from SEM images. The fracture surface of the aerogel had a lamellar 

morphology as is typically observed in CNF films but, somewhat surprisingly, the average thickness 

of CNF lamellae is clearly larger in the fracture surface of the CNF aerogel membrane in 

comparison to that of the compacted CNF-film. The reason for this is not clear, but it might be 

suggested that increased porosity correlates with increased lamellar thickness at the fracture surface.  

The tensile behavior of the compacted CNF films dried directly from water, the aerogel 

membrane and the compacted film are shown in Figure 1c and the mechanical properties are 

summarized in Table S1. The tensile stress-strain curve of the film after compacting is practically 

indistinguishable from that of the films dried directly from water, suggesting that the CNF fibrils 

are not altered by the solvent exchange process or drying from octane and the structure of the 

transparent film resulting from compacting with water is very similar to a transparent film dried 

directly from water without any solvent exchange. Not surprisingly, taken the external dimensions 

of the sample, the aerogel membrane shows reduced nominal Young’s modulus, ultimate tensile 

strength and maximum strain when compared to the compact films, which is explained by the lower 

density of the former. Nonetheless it is important to note that the strength of roughly 100 MPa and 

Young’s modulus of 6 GPa are very high for an aerogel, which cannot typically even be tested in 

tension. Dividing the stresses by corresponding material densities gives more proper account of the 

porosity effect, and the resulting specific strength of the aerogel membrane is 36 % larger than that 

of the compacted film, see Figure S3 and Table S1. A possible explanation for this could be a 
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SWNTs (see Figure S4) were synthesized in the gas-phase floating catalyst-chemical 

vapor deposition (FC-CVD) process and collected from the process stream directly on the CNF 

aerogel which was subsequently washed with acetonitrile and compacted by drying from a 1:1 

(w/w) water-acetonitrile mixture. The resulting CNF/SWNT hybrid films are highly conductive 

and transparent (see Figures 4 and S5). The FC-CVD synthesis and collection of the ready 

SWNT network enables straightforward fabrication of high performance, flexible transparent 

and conductive films (TCF) while avoiding the complex, costly and often detrimental liquid 

dispersion steps relying on high intensity sonication in surfactant solutions, which reduce 

integrity and performance of SWNT TCFs.[50,59] In previous works the delicate SWNT network 

has been collected on a filter and transfer of the delicate network to the final substrate has been 

necessary.[50] Using a compactable aerogel membrane eliminates the latter step, thus improving 

processing efficiency and reducing material consumption and the risk of breaking the SWNT 

network.  

The CNF/SWNT hybrid film’s sheet resistance was further reduced by a factor of 0.23 by 

gold salt doping, resulting in a coefficient of light transmittance at 550 nm versus sheet resistance 

that are in the same order of magnitude as the highest reported in the literature for SWNT networks 

(see Figure 4e, where relevant comparisons are drawn). The combination of high conductivity and 

transparency is a result of high connectivity of the SWNT network with minimal thickness. The 

structure of the CNF/SWNT hybrid film is shown in the SEM images in Figure 5. 
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