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The understanding of the interaction between light and complex, random structures is key for 

designing and tailoring the optical appearance and performance of many materials that 

surround us, ranging from everyday consumer products, such as those for personal care, 

paints and paper, to light diffusers used in LED-lamps and solar cells. Here, we demonstrate 

that light transport in membranes of pure cellulose nanofibrils (CNF) can be controlled to 

achieve bright whiteness in structures only a few microns thick. This is in contrast to other 

materials, such as paper, which require hundreds of microns to achieve a comparable 

appearance.  The diffusion of light in the CNF membranes is shown to become anomalous by 
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tuning the porosity and morphological features. Considering also their strong mechanical 

properties and biocompatibility, we propose such white coatings as a new application for 

cellulose nanofibrils. 

Whiteness is achieved when light is elastically scattered multiple times in random media.[1] In 

general terms, the higher the number and the strength of the scattering events, the brighter the 

material appears.[2] This simple principle explains why many commercially available white 

products, such as paints and sun creams, are typically formulated with high refractive index 

nanoparticles (e.g. TiO2) as scattering enhancers.[3] The use of such promoters improves the 

scattering efficiency of the material, and therefore reduces the volume required to obtain fully 

opaque white coatings. However, the widespread use of TiO2 particles as scattering enhancers, 

for example in food, cosmetics, and paper, has recently raised serious health and 

environmental concerns.[4,5] Therefore, there is a real need to improve scattering efficiency 

using more sustainable and biocompatible materials.[6,7]  

In nature, scattering is optimized in biopolymeric structures by the intricate design of the 

morphology and the spatial arrangement of the scattering elements.[8–10] In particular, dense 

random networks of nanofibers, due to the intrinsic polydispersity and anisotropy of the 

scattering elements, allow efficient packing and represent a particularly convenient strategy to 

optimize brightness in thin coatings. Fibrillar nanomaterials, such as cellulose nanofibrils 

(CNF), are therefore promising candidates due to their inherent morphology, excellent 

mechanical performance, wide availability, renewability, and biocompatibility.[11–15]  

However, paradoxically, research on the optical properties of CNF-based materials has 

focused on the optimization of their transparency.[16,17] Therefore, the possibilities of using 

CNF to construct an efficient scattering medium have not been explored, although recently 
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their potential for high-haze diffusive optical elements for optoelectronic applications has 

been recognized.[18]  

Here, we demonstrate a scalable and versatile approach for light management in CNF 

membranes.  By inducing appropriate porosity and tuning the size distribution of the CNF in 

the membranes, we are able to modify their nanostructure and easily produce membranes with 

completely different optical appearance: from thick, highly transparent membranes to thin, 

bright white ones. The produced membranes are mechanically stable as they retain the 

amorphous domains and hemicelluloses of natural cellulose fibers, in contrast to films based 

on cellulose nanocrystals which are significantly more brittle.[6] Finally, we observe that light 

transport in strongly scattering CNF membranes unexpectedly undergoes anomalous diffusive 

behavior. 

 Membranes with different scattering properties are obtained by fractionating a CNF 

dispersion with a wide distribution of fibril diameters via a sequential centrifugation 

procedure, as schematically illustrated in Figure 1a. The finest fibrils (i.e. smallest diameters) 

are first isolated from the original CNF dispersion by repeated centrifugation, collection of the 

supernatant, dilution, and homogenization. Subsequently, the same procedure is repeated at a 

lower centrifugal speed in order to isolate a dispersion of slightly thicker fibrils, which is 

referred to as “medium fibrils” in the rest of the text. Finally, the sediment is collected, diluted 

and homogenized. The fibrils in this last dispersion are referred to as “coarsest fibrils” in the 

following discussion. The presented sequential centrifugation process results in the three 

dispersions of fibrils, Figure 1b. For a fixed concentration, the turbidity of the dispersions 

correlates with the expected average fibril size. The distribution of the fibril diameters for the 

three dispersions are estimated by Atomic-Force Microscopy (AFM), see Figure S1 and 

Figure S2, Supporting Information. By measuring the diameters of more than 500 fibrils of 
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each dispersion, we observe that their distributions follow, in first approximation, a log-

normal statistics with a long tail, especially for the coarsest fibrils. The mean (and respective 

standard deviation) of the log-normal distributions of the fibril diameters in the three 

dispersions are 4.2 (2.7), 5.6 (3.2), and 19.5 (13.2) nm, going from the finest to the coarsest 

fibrils.  

 Porous membranes from the fractioned CNF dispersions are then prepared as 

described in an earlier work.[19] In summary, the dispersion is vacuum filtered into a wet gel 

cake, followed by solvent exchange from water to 2-propanol, and further to octane, after 

which the gel cake is slowly dried in ambient conditions. The thickness of the membranes was 

controlled by the volume of dispersion filtered. For qualitative comparison, photographs of 

the resulting porous membranes of equal thickness (~10 µm) prepared from the dispersions of 

the finest, medium, and coarsest fibrils are shown in Figure 1c,d,e (right-hand side of the 

photographs). The membranes prepared from the finest, medium, and coarsest fibrils are 

referred to as the “transparent”, “semi-transparent”, and “white” porous membranes, 

respectively. The solvent exchange step is crucial for the porosity, and the consequent 

whiteness. For comparison, dense CNF films prepared from an equal volume of the 

corresponding dispersions which have been dried directly from water without the solvent-

exchange process are displayed in Figure 1c,d,e (left-hand side of the photographs). The 

thicknesses of the dense, water-dried films are approximately half of those of the porous, 

octane-dried membranes, while the masses and lateral dimensions of the samples are nearly 

the same, indicating that the density of the films dried from water is approximately double of 

the porous membranes dried from octane. The reason for the densification of the CNF films 

upon drying from water is the combination of the capillary pressure of the evaporating water 

and the disruption of the hydrogen bonding network at the intersections of fibrils by water,[20] 
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as also known from the Campbell effect in papermaking.[21] When the solvent is exchanged to 

octane, the hydrogen bonding network between the fibrils is no longer disrupted by the 

solvent and the fibrils can be considered physically crosslinked, thus allowing the 

microstructure to resist the capillary pressure without collapsing.[19,22,23] 

 The densities of the porous membranes were comparable and in the range (0.81 ± 

0.16) kg m-3. However, the porosity characterization by nitrogen physisorption revealed a 

different distribution of pore sizes. The transparent membranes show the highest specific 

surface area (190 ± 4) m2 g-1 and smallest pores, followed by the semi-transparent membranes 

with a lower specific surface area (175 ± 6) m2 g-1 and slightly larger pores, while the white 

membranes show the lowest specific surface area (122 ± 3) m2 g-1 and the largest pores.  The 

pore size distributions obtained by nitrogen physisorption are shown in Figure S3, Supporting 

Information, and those estimated by image analysis from cross-sectional SEM micrographs 

are shown in Figure S4 and Figure S5, Supporting Information.  

 



     

6 
 

 

Figure 1. (a) Schematic illustration of the preparation procedure of the fractioned CNF 
dispersions by differential centrifugation. (b) Photograph of the resulting fractioned CNF 
dispersions after dilution to an equal concentration (0.9 g / L); left to right: finest, medium 
and coarsest fibrils. Photographs of the compact CNF films (left) and the ~10 µm thick, 
porous membranes of CNF dried from octane (right) when using (c) the finest, (d) the 
medium, and (e) the coarsest fibrils. The outer edges of the membranes and the compact films 
are approximately 1 cm off the paper underneath while the edge at the center of the image is 
in contact with the paper. In (c) the text remains fully legible underneath the transparent 
membrane made from the first supernatant, whereas in (e) the text cannot be resolved from 
under the white membrane fabricated from the coarsest fibrils. The semi-transparent 
membrane in (d) is the intermediate case. Masses of the compact CNF films and the 
corresponding porous membranes are 9.43 and 9.35 in (c), 9.53 and 9.11 in (d), and 8.34 and 
7.95 mg in (e).  
 
 Total reflection spectra for the three types of membranes at a thickness of 

approximately 9 µm are reported in Figure 2a. Additional spectra for different thicknesses 

and a discussion of the wavelength dependence of the scattering properties are reported in 
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Figure S6, Supporting Information. It is important to notice, that the white membrane – 

which is only 9 µm thick - exhibits a high broadband reflectivity (60-80 %) for most of the 

visible range, reaching up to 90 % for the shorter wavelengths, with a wide-angular scattering 

distribution, see Figure S7. Supporting Information. In comparison, common filter paper 

reflects only ~50% of the incident light even though its thickness is 160 µm (Figure S6, 

Supporting Information). Thus, the white membranes can be considered to be between 20 to 

30 times more efficient opacifiers than filter paper. 

To fully  characterize light transport in such systems, the total transmittance is measured as a 

function of the sample thickness: we fabricate different membranes and, for each type, the 

optical response is characterized in 5-6 samples. Figure 2b shows that the light transport in 

the transparent membrane can be described by diffusion approximation theory,[24] with a 

scattering mean free path of about 13.5 µm which is similar to that of paper (13 – 22 µm).[6,10] 

Surprisingly, the diffusion approximation, which generally describes the behavior of the 

majority of scattering materials, fails to describe the data obtained for the other two 

membranes. Therefore, to explain the experimental results we adopt an extended formalism, 

which describes light transport in super-diffusive and sub-diffusing systems,[25,26] where the 

total transmittance (T) scales with the sample thickness (L) as:[27] 𝑇𝑇 = 11+𝐴𝐴𝐿𝐿𝛼𝛼/2        (1) 

where A is a constant which depends on the scattering mean free path, the extrapolation 

length (a parameter that accounts for the internal reflections at the boundaries of the sample) 

and the absorption (the latter is negligible for cellulosic fibers),[25,26,28,29] and α is a parameter 

that describes the diffusion behavior, see Supporting Information. Notably when α = 2, the 

scaling behavior is equivalent to the one in the standard diffusion approximation.[24] As 

mentioned above, the data for the transparent samples is nicely fitted with α = 2, while those 
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for the two other membranes α is smaller than two. More specifically, we obtain α = 1.35 ± 

0.10 and A = 0.14 ± 0.01 for the semi-transparent membrane, and α = 1.34 ± 0.15 and A = 

0.65 ± 0.10 for the white one. Details of the fitting routines and the formula used for the fit 

are presented in the Supporting Information and in Figure S8, Supporting Information. 

 

 

Figure 2. Optical characterization of the three types of membranes. (a) Total reflectance 
spectra at an approximate thickness of 9 µm. (b) Total transmittance at 500 nm as a function 
of sample thickness. The transmittance data series have been fitted according to Equation 1 by 
least-square regression (black lines). The transparent membranes (black squares) show a 
behavior very close to normal diffusion, α = (2.00±0.20) and A = (0.004±0.005). As the 
presence of inhomogeneity increases in the semi-transparent membranes (green triangles), the 
transmittance decays more steeply, α = (1.35±0.10) and A = (0.14±0.01). For the white films 
(blue circles), α = (1.34±0.15) and A = (0.65±0.10). The gray lines indicate the upper and 
lower bound for the value of the α parameter. 
 

 To further understand the anomalous diffusive behavior of the samples and the 

unusual scaling law, we analyze the morphology of the membranes by scanning electron 

microscopy (SEM) (Figure 3, and Figure S4 and Figure S5, Supporting Information) and 

nitrogen physisorption (Figure S3, Supporting Information). The typical anisotropy (i.e. 

transversely isotropic in-plane orientation of fibrils) of CNF–based materials is observed for 
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all membranes when comparing the top-view SEM images (Figure 3a,b,c) and the cross-

section exposed by either uniaxial tensile fracture (Figure 3a,b,c) or by cryo-microtoming in 

cyclohexane and freeze-drying (Figure S4 and Figure S7 Supporting Information).[22,30]  

 The SEM images reported in Figure 3a,d show that the transparent membranes are 

composed of a homogenous network of fine fibrils interspaced by small air voids. The pore 

size distribution clearly peaks around 30 nm (Figure S3, Supporting Information), whereas 

the average diameter of the fibrils is approximately 4 nm (see Figure S2a, Supporting 

Information). From the morphological analysis and scattering cross-section calculations 

(Figure S10, Supporting Information) we infer that the scattering in this case is mainly caused 

by the presence of the small air pores.  

 In contrast, in the case of the semi-transparent membranes (Figure 3b,e), we observe 

in the SEM images a certain number of significantly larger pores. This is confirmed by the 

broader distribution of pore sizes, extending up to 700 nm, as observed by nitrogen 

physisorption (Figure S3, Supporting Information) and image analysis of the cross-sectional 

SEM (Figure S4 and Figure S5, Supporting Information).  

 Similarly, in the SEM images of white membranes (Figure 3c,f, Figure S4, and 

Figure S9, Supporting Information), we recognize several anisotropic large pores (up to 

thousands of nanometers), as confirmed by the porosity characterization (Figure S3 and 

Figure S5, Supporting Information). In this case, the main fraction of the volume is occupied 

by the network of fine fibrils interspaced by small pores. However, individual thicker fibrils 

(100-500 nm) are also sparsely embedded in this matrix in less dense regions.  

 We therefore speculate that the anomalous light transport for the semi-transparent and 

white membranes is induced by the combination of the anisotropy of the scatterers (i.e. in-

plane orientation of fibrils and pores, see Figure S4, Figure S5, and Figure S9 in Supporting 
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Information), and the rather wide distribution of sizes of both pores and fibrils, which 

consequently leads to a sparse spatial distribution of the stronger scatterers.  

 

 

Figure 3. SEM micrographs of top surfaces of membranes (a-c) and their corresponding 
cross-sectional fracture surfaces (d-f). The micrographs show the transparent (a,d), semi-
transparent (b,e), and white membranes (c,f). The layered structures observed in the cross-
sectional fracture surfaces are likely to be caused by the fracture process and are not present 
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in the material prior to deformation,[20] as supported by the cross-sections exposed by cryo-
microtoming and freeze-drying shown in Figure S9, Supporting Information. 
 

 To further demonstrate that the observed anomalous diffusion of light is not merely 

due to artifacts introduced in the sample preparation (e.g. due to the dependence of the 

morphological features on sample thickness), a speckle statistic experiment is performed.[31]  

The speckle patterns produced by the laser light transmitted through the investigated samples 

is imaged and recorded at more than 2000 separate locations (see Experimental section in 

Supporting Information and Figure S12 and Figure S13). To better understand the data, we 

compare the response of white CNF membranes with standard filter paper (which is known to 

be a conventional diffuser with α = 2 and scattering mean free path ≈ 18 µm at the 

wavelength used).[6] 
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Figure 4. Statistical analysis of the speckle patterns for the white CNF membrane (blue, 
anomalous light diffusion) in comparison to standard filter paper (red, normal diffusion). (a) 
Distribution of the radii, R, of the speckle images normalized to their average Raverage. (b) 
Distribution of the intensity, calculated as the ratio between the maximum intensity Imax and 
the total image intensity Itot. For filter paper both histograms show a narrow distribution, as 
expected for a normally diffusive medium. In contrast, the population is considerably wider 
for the white CNF membranes, as expected for anomalous transport. (c) A scheme of a 
skewed random walk in which light (in red) is scattered more often in areas where the CNFs 
(in white) are more densely packed. 
 

 When light is transmitted through a standard diffusing sample, the individual speckle 

pattern varies between different sample locations but on average the radius (here measured by 
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the full width at half maximum of the intensity, FWHM) and intensity of the patterns are 

roughly constant as the light transport properties are the same across the specimen. In 

contrast, for an anomalously diffusive sample, the difference in speckle patterns between 

different sample locations is greater as the light paths can differ significantly depending on 

the local characteristics of the specimen, as shown in the literature.[27,31] As expected, the 

speckle statistics differ greatly for the white CNF membrane as compared to white filter paper 

(see Figure 4a,b). The high degree of spatial and intensity variability between the different 

speckle patterns from different locations on the sample further confirms the anomalous 

diffusive behavior of the CNF system. For the standard diffusive samples the radii and 

intensities of the speckle patterns are fairly constant at different positions, while for the white 

CNF membranes a broad distribution of values is observed (note that the radii and intensity 

have been normalized for better comparison). The speckle pattern intensities are inversely 

correlated with their radii as shown in Figure S14. 

 Therefore, we speculate that the observed anomalous diffusion response in white and 

semi-transparent CNF samples is due to three main factors: (i) the inhomogeneity in scattering 

strength due to the polydispersity of the fibrils (here we reasonably assume that each fibril  can 

be considered a single scattering center); (ii) the inhomogeneity in the spatial distribution of 

fibrils, which could introduce longer steps between scattering events (Figure S9, Supporting 

Information); (iii) the anisotropy of the system due to in-plane orientation of the fibrils and 

anisotropic pores,[22,30] which implies that light propagation and scattering proceed differently 

when occurring across the plane or parallel to the plane of the membrane, see scheme in 

Figure 4c.  We feel confident of excluding that the intrinsic birefringence of cellulose (i.e. 

refractive index of 1.539-1.596 along the fiber and 1.519-1.538 in the transverse direction) 

contributes strongly to this effect, as this would generate only negligible differences in the 
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scattering cross-section (see the calculations in Figure S10 and the measured transmittance of 

s- and p-polarized light in Figure S11, both in Supporting Information).[32–34]    

 

 In conclusion, we report a cellulose-based system in which it is possible to manipulate 

light transport by simply tuning the morphology and the distribution of the CNF fibrils in 

porous membranes. A transition from standard to anomalous diffusion is observed in the 

disordered photonic nanostructures when larger anisotropy in the fibril distribution was 

introduced. Even though further optimization by fine-tuning of the porosity and of the 

diameters distribution the fibrils could lead to even thinner and brighter white membranes, we 

already obtain extremely high scattering efficiency in only few micron thickness,[6,9] and the 

white membranes can be considered between 20 to 30 times more efficient scatterers than 

white filter paper. We believe that our observation showcases the potential of using CNF and 

anomalous diffusion to produce next-generation efficient bright sustainable and biocompatible 

white materials. 

 

Experimental Section 

Experimental details can be found in the Supporting Information. 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 

All the research data supporting the publication are available from the University of 

Cambridge data repository (http://dx.doi.org/10.17863/CAM.XX). 
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