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Assembly of cellulose nanocrystals and clay
nanoplatelets studied by time-resolved X-ray
scattering†

Pierre Munier, ‡ Andi Di, ‡ Seyed Ehsan Hadi, Martin Kapuscinski, Mo Segad
and Lennart Bergström*

Time-resolved small-angle X-ray scattering (SAXS) was used to probe the assembly of cellulose

nanocrystals (CNC) and montmorillonite (MNT) over a wide concentration range in aqueous levitating

droplets. Analysis of the SAXS curves of the one-component and mixed dispersions shows that

co-assembly of rod-like CNC and MNT nanoplatelets is dominated by the interactions between the

dispersed CNC particles and that MNT promotes gelation and assembly of CNC, which occurred at lower

total volume fractions in the CNC:MNT than in the CNC-only dispersions. The CNC dispersions displayed a

d p f�1/2 scaling and a low-q power-law exponent of 2.0–2.2 for volume fractions up to 35%, which

indicates that liquid crystal assembly co-exists and competes with gelation.

Introduction

Nanostructured materials based on nanoscale building blocks
extracted from renewable, non-food sources1,2 have the potential
to mitigate growing concerns about pollution and the depletion of
fossil-based resources3,4 within numerous industrially important
sectors.5

Cellulose nanomaterials (CNM) can be isolated from naturally
abundant and renewable sources, e.g. wood, cotton, bacteria.6,7

The high strength, low density and chemical versatility make CNM
excellent candidates for functional nanomaterials and nano-
composites.8–10 Cellulose nanocrystals (CNC) obtained by sulfuric
acid hydrolysis are rigid rod-like particles that can form chiral
nematic liquid-crystalline phases in aqueous dispersions11 and
yield materials with high specific mechanical strength and
toughness12 and useful optical13–15 properties, making CNC parti-
cularly interesting for a range of high-performance applications.16

Nature provides many examples of multiscale organic–inorganic
hybrid and composite materials with intricate structures and
impressive properties;17 e.g. mechanically strong and tough
vertebrate teeth,18 diatoms with photonic crystal behaviour19

or magnetosomes with directional magnetic properties.20

CNM-based composite and hybrid coatings, films and aerogels
containing various inorganic components can have favourable
mechanical properties.21–25 Furthermore, materials consisting of

CNM with nanoclays, especially montmorillonite (MNT), have
displayed combinations of high strength with heat tolerance,26

fire retardancy,27 dye adsorption,28 and low oxygen29 and water–
vapour30 permeability. While self-assembly has been studied in
single-component CNC and MNT dispersions,11,31–33 including, in
the case of CNC, in confined geometries such as sessile,34

emulsion35 and levitating36 droplets, studies of multicomponent
CNC:MNT systems are sparse.28,37 Exploring and probing how
CNC and inorganic nanoparticles such as clays assemble in aqueous
dispersions is important for the development of processing routes
and new classes of sustainable materials.

In the present work, aqueous dispersions of CNC and MNT
in acoustically levitating and slowly evaporating droplets were
investigated using time-resolved small-angle X-ray scattering (SAXS).
Analysis of the SAXS patterns of the CNC:MNT composite mixtures
have been compared to the single-component dispersions to
elucidate the co-assembly of CNC and MNT.

Materials and methods
Preparation of cellulose nanocrystals

Cellulose nanocrystals (CNC) were obtained by sulfuric acid
hydrolysis of sulfite softwood cellulose dry sheets (Aditya Birla
Domsjö, Sweden) by dispersing 100 g of wood pulp under
mechanical stirring in 1 L of 64% sulfuric acid at 45 1C. The
hydrolysis reaction was quenched by adding approximately
10 L of deionized water after 45 minutes. After approximately
three hours, the dispersion was centrifuged twice at 6000 G for
10 min, and the sediment was collected and dialyzed against
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deionized water for seven days, using dialysis membranes with
a molecular weight cut-off of 14 000 Da (Sigma-Aldrich). After
the dialysis, the dispersion was sonicated for 30 min with an
ultrasonic probe at 60% energy output (QSonica Q500, with a
13 mm wide titanium probe), and filtered through a glass filter.
The resulting CNC dispersion (with a concentration around
2 wt%) was further purified with an additional centrifugation
protocol: the dispersion was diluted to 0.2 wt%, centrifuged
at 450 G for ten minutes and 2500 G for 10 minutes, then
up-concentrated again via rotary evaporation.

Preparation of clay dispersions

Aqueous dispersions of sodium montmorillonite (MNT, Cloi-
site Na+, BYK Additives) with a concentration of 10 g L�1 were
prepared by stirring using an Ultra-Turrax and dialyzed against
MilliQ water for seven days using dialysis membranes with a
molecular weight cut-off of 14 000 Da (Sigma-Aldrich).

Particle and dispersion characterization

The CNC thicknesses and lengths were determined via Atomic
Force Microscopy (AFM, Dimension 3100, Bruker, USA). Tap-
ping mode images of CNC deposited onto freshly cleaved mica
were analysed by the software Nanoscope Analysis to determine
the thicknesses and lengths of 100 particles.

Transmission electron microscopy (TEM) (JEM-2100F) with
an accelerating voltage of 200 kV was used to image MNT
deposited onto a carbon-coated copper TEM grid. The images
were processed using the Gatan Inc. software.

The charge density of the CNCs was determined by automatic
conductometric titration using the 888 titrando module of Metrohm,
combined with an 856 conductivity module and 800 dosino dosing
device. Based on a method described elsewhere,38 3 mL of CNC
dispersion were diluted with 120 g of 1 mM NaCl solution before
titration. The titrant was a 1.23 mM solution of NaOH. The sulfur
content was estimated to be 0.82 � 0.12%S.

Zeta potential measurements were performed using a Zetasizer
Nano ZS (Malvern Instruments Ltd, UK), equipped with a 633 nm
laser and backscatter detector (at an angle of 1731). The measure-
ments were performed on dispersions diluted with deionized
water, at a total concentration of 0.05 wt%, and sonicated for
ten minutes (USC500TH, VWR International). For each sample,
the final results were averaged from the data obtained from three
measurements of 60 to 100 runs each after 60 seconds of equili-
bration time. The obtained zeta potential values were �60 � 2 mV
for the CNC and �35 � 1 mV for the MNT.

Thermogravimetric analysis (TGA, TA Instruments Discov-
ery) was used to determine the weight fraction of CNC and MNT
in the mother stock dispersions used for the preparation of the
dispersions used for droplet levitation. Alternatively, simple
mass comparison, after water evaporation in an oven at 105 1C
for 3 h, was used to estimate weight fractions.

Drop levitation

Droplets of aqueous CNC and/or clay dispersions were placed
into the acoustic field of a levitator (TEC5, model 13K11,
f0 = 100 kHz). The droplets, with initial volumes of 2 to 3 mL,

were stabilized by tuning the amplitude of the acoustic stationary
field and the distance between the sonotrode and reflector. The
droplet environment was surrounded by an acrylic glass chamber
with four openings to allow the X-ray beam to pass through, and
to allow the video recording of the droplets using a USB camera
(1.3 Mpixels, 200� magnification). The influence of internal flow
and droplet rotation was assumed to be negligible, as a previous
study39 showed identical assembled structures formed in levitating
drops and by drop casting. The processing of the resulting videos
was performed using ImageJ software.40

Small-angle X-ray scattering (SAXS)

In situ small-angle X-ray scattering (SAXS) experiments were
carried out at the ID02 beamline at the European Synchrotron
Radiation Facility (ESRF), Grenoble, France. The droplets were
irradiated by a rectangular beam with a spot size of 60 �
250 mm2 and a wavelength of 1 Å. The data was recorded by a
CCD detector Rayonix MX-170HS covering the following scattering
vector (q) range: 0.0035 o q o 0.374 Å�1. Each frame was acquired
with an exposure time of 30 ms, leading to time-resolved data with
a resolution of 2 s. The collected data was reduced by a data
reduction routine from the SPEC acquisition program. The
reduced data is presented as angular averages of the scattering
patterns (Fig. S1, ESI†). A few patterns showed anisotropic features,
which is further discussed in the results section. The SAXS data
was background corrected using the scattering of a water droplet
of equivalent size.

SAXS peak and pattern analysis

To determine the centre of the structural peaks observed in the
CNC SAXS curves, the second derivative of the signal was
smoothed using a second order Savitzky–Golay filter.41 The
sharper negative peaks in the second derivative, compared to
the corresponding main signal peaks (Fig. S2, ESI†), were fitted
with Gaussian functions where the baseline was fixed at a value
of 0, except for the highest volume fractions where it had to be
set to slightly higher values due to the peak data points having
positive values. The data range chosen for the fittings included
as many points as possible below the set deadline, avoiding
non-converging fitting algorithms and adjusted R2 factors lower
than 0.95. The information extracted from the fittings consists
of both the qmax values (peak centres) and the variance, from
which the vertical error bars are estimated.

The SAXS patterns were fitted using the Sasview software
(version 5.0.2). SAXS signals from both CNC and MNT systems
with low volume fractions were fitted using a parallelepiped
model.42 The scattering length densities of the CNC and MNT
were 1.446 � 10�5 and 1.937 � 10�5 Å�2, respectively. The
dimensions of the CNC and MNT particles could be estimated
using the SAXS data of dilute dispersions. The CNC length was
near or exceeding the available q range and was fixed to 160 nm
using the estimates provided by AFM measurements. The
polydispersity was not accounted for in the fitting process.
The SAXS curves for the dilute CNC : MNT 5 : 1 and CNC : MNT
2 : 1 mixed dispersions were fitted using a sum of two parallelepiped
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models with dimensional parameters obtained from the analysis of
the dilute CNC and MNT dispersions.

The chi-square (w2), which is a measure of the quality of the
fit, is calculated as defined in eqn (1):43

w2 ¼ 1

M

XM
i¼1

Iexp qið Þ � cIðqiÞ
sqi

� �
(1)

where Iexp(qi) and I(qi) are the scattering intensity from experi-
mental measurement and theoretical calculation, respectively,
M is the number of data points, c corresponds to the scale
factor and s is the error of the experimental data.

Results and discussion

The assembly of CNC, MNT and CNC:MNT were probed by SAXS
in shrinking aqueous droplets as the water slowly evaporated over
twenty to forty minutes (the measurement setup is illustrated in
Fig. 1a). The evaporation-driven increase in the nanoparticle

volume fraction (f) allowed for a wide range of volume fractions
to be studied by time-resolved SAXS measurements of a single
shrinking droplet (see ESI† for more information).

Assembly of CNC

The assembly of negatively charged CNC with an average
thickness of 43 � 13 Å and an average length of 1540 � 440 Å
(Fig. S3, ESI†), dispersed in aqueous media at pH = 3, was
studied in levitating droplets over a wide volume fraction range,
from 1% up to about 60% (Fig. 1b). The volume fraction values
above 60% may correspond to the semi-dry regime and were
thus not analysed further.

SAXS patterns (Fig. 1c) of CNC dispersions with lower volume
fractions (1.0, 2.5 and 5.1%) were fitted using a parallelepiped
form factor and a hard sphere structure factor. The best fitted
results corresponded to CNC particles with a cross-section of
(34 � 4) � (181 � 15) Å2. The thickness of the CNC particles
derived from SAXS (34 Å) is slightly lower than that obtained

Fig. 1 Time-resolved volume fraction and scattering patterns of aqueous CNC levitating droplet dispersions. (a) Schematic illustration of the time-
resolved SAXS measurements of acoustically levitating droplets. (b) Temporal evolution of the equivalent square diameter (d2, the black squares
correspond to measurements, the black line corresponds to a parabolic fit), and estimated volume fraction of the droplets (blue line, error bars calculated
from single measurements in red). Log–log visualization of time-resolved SAXS data of CNC aqueous dispersions at; (c) low/intermediate volume
fractions (1.0–11.8%) and; (d) high volume fractions (24.0–56.5%), and in a ‘‘dry’’ state. The black lines correspond to fits using; (c) a parallelepiped form
factor and a hard-sphere structure factor and; (d) the ‘‘broad-peak’’ function (see eqn (1)), respectively.
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from the AFM images (43 Å) (Fig. S3, ESI†). The absence of a Guinier
region (a plateau in the low-q range) in the SAXS patterns indicates
that the characteristic dimension of the CNC particles (here, the
length of the particle) is at least partially outside of the investigated q
range. Furthermore, the low-q slope (between 0.0035 and 0.008 Å�1)
gradually diverged from a q�1 dependence, which is characteristic of
rod-like objects, to higher negative exponents as the volume fraction
increased; this trend is attributed to the transition from essentially
non-interacting to strongly interacting CNC particles with increasing
volume fraction in the shrinking levitating droplet.44

The 2D SAXS patterns (Fig. S1, ESI†) for volume fractions
above 3% were anisotropic, which is commonly observed in
systems with localized nematic arrangements.45

At volume fractions above 24.0%, the reduced SAXS data was
fitted to a ‘‘broad-peak’’ function (Fig. 1d), see eqn (2):46,47

IðqÞ ¼ A

qn
þ B

1þ x q� qmaxj jð Þm þ background (2)

The first term corresponds to low-q correlations extending to
distances larger than hundreds of Å,48 with a low-q power-law
exponent (also called Porod exponent), n, and a low-q scale factor,
A. The second term is a Lorentzian-type function that describes
the high-q broad peak corresponding to length scales from 10 to
100 Å, with a Lorentzian exponent, m, and a Lorentzian scale
factor, B, where qmax is the peak centre and, x, called the

Lorentzian screening length, can be interpreted as the mesh size
in case of a gel-like network.49

The fit yielded a low-q power-law exponent of ca. 2.2 (Table 1)
that is characteristic of gel-like systems.50,51 The Lorentzian screen-
ing length, or mesh size, decreased with increasing volume frac-
tion, from 29 to 20 Å for volume fractions between 24.0 and 56.5%.
The decrease in mesh size is probably related to a compression of
the assembled network. The scattering pattern collected for the
CNC droplet (Fig. 1d) in the semi-dry or ‘‘dry’’ stage (when the
droplet volume became constant as shown in Fig. 1b) displayed
two weak but separated bumps at around 0.020 and 0.040 Å�1,
which could be indicative of a short-range ordering. The SAXS
pattern for the ‘‘dry’’ beads also displayed a power-law dependence
of Bq�4 in the Guinier (low-q) region, which suggests that the
assembled structures are larger than what the investigated q range
can probe, and a high-q region dependence of Bq�2.3, which is
indicative of mass fractal structures. These features differ from the
CNC dispersions reported by Rodrigues et al., where the observed
power-law dependence of Bq�3.7 over the investigated q-range was
attributed to a disordered structure.52

The position of the main SAXS intensity peak shifted towards
higher q values with increasing volume fraction (Fig. 1c and d),
which implies that the centre-to-centre separation distances
between the CNC particles decreased. These distances, also
commonly called d-spacings (d), were calculated using the qmax

values obtained from the intensity peak analysis via eqn (3):

d ¼ 2p
qmax

(3)

The peaks of the structure factors, which could be obtained by
dividing the intensity of the experimental SAXS patterns by the
fitted form factor (black line in Fig. S4a, ESI†), were used as a
comparison (Fig. S4b, ESI†). The d-spacings decreased from
570 Å at f = 1% to 63 Å at f E 60%, (Fig. 2a). A power-law

Table 1 Fitting parameters obtained with the broad-peak model for the
aqueous CNC droplet

Volume
fraction (%)

Low-q power-law
exponent, n

Lorentzian
exponent, m

Mesh
size, x (Å)

24.0 � 1.9 2.2 � 0.1 3.4 � 0.1 29 � 2
32.0 � 2.8 2.1 � 0.1 3.2 � 0.1 26 � 2
35.7 � 3.2 2.0 � 0.1 3.5 � 0.1 23 � 1
56.5 � 6.2 2.2 � 0.1 3.2 � 0.1 20 � 1

Fig. 2 Assembly of CNC in aqueous dispersions. (a) Centre-to-centre separation distances between CNC particles, d, versus volume fraction,
highlighting the logarithmic d p f�1/2 scaling. (b) Centre-to-centre separation distances between CNC particles, d, versus inverse volume fraction,
with the slope of the linear fit indicated on the graph.
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scaling of d p f�1/2 was observed over almost the entire volume
fraction range, up to around f = 35%. The scaling exponent
increased at very high volume fractions, approaching d p f�1.
Power-law scaling with a gradually changing exponent from
d p f�1/3 (characteristic for isotropic contraction of randomly
oriented particles) to d p f�1 (attributed to unidimensional
consolidation) was previously observed by Liu et al.,36 but over a
more narrow volume fraction range. Here, the extended region
with a d p f�1/2 scaling, which is characteristic of rod-like
colloids in nematic arrangement,53 indicates that there is a
competition between the assembly of liquid crystalline (anisotropic)
phases and gel formation over a wide volume fraction range. The
peak analysis from the structure factor curves (Fig. S4b, ESI†)
corroborated the d p f�1/2 scaling up to around 20% (Fig. S4c,
ESI†). The scaling exponent then increased at volume fractions
above 20%, which is in line with the volume fraction at which close-
packed networks were first observed (24%). At higher volume
fractions, it was not possible to determine a single structure peak
centre. Fig. 2b shows that the CNC d-spacings varied linearly with
inverse volume fraction, which has been suggested to represent an
estimate of the average thickness of anisotropic nanoparticles, such
as rods and platelets.32,54,55 The estimated thickness obtained
from the slope, 31 Å, is in good agreement with the average CNC
thickness obtained by fitting the low-volume fraction SAXS
patterns (34 Å).

Assembly of MNT platelets

The average diameter of the MNT platelets was estimated to be
1220 � 650 Å by TEM with average x–y dimensions of 1510 �
930 Å2 (Fig. S5, ESI†). The MNT platelets are very thin and their
thickness is usually close to 10 Å55,56 which corresponds to
one Al octahedral layer surrounded by two Si tetrahedral layers
(Fig. S6, ESI†). Fitting the SAXS pattern of a MNT aqueous
solution droplet at a low volume fraction of 0.4% (Fig. S7, ESI†)
to a parallelepiped model42 yielded a thickness of 9.6 Å and an

average plate size of (1319 � 130) � (985 � 120) Å2, which is in
good agreement with the TEM measurements.

The SAXS curves at low volume fractions (f = 0.4 and 1.8%)
and high volume fractions (f = 35.0%) of the MNT dispersions
displayed a power-law behaviour with exponents of �2.2, �2.1,
and �2.7, respectively (Fig. 3a). The close to q�2 behaviour at
low volume fractions can be related to the bidimensional (plate-
like) morphology of the scattering objects,57 and confirms that
the MNT particles were well dispersed within the droplet at the
start of the measurement. At intermediate volume fractions
(f = 4.3%) the scattering curve deviated from power-law behaviour
in the medium-q range.

Kratky plots (q2 � intensity against q) (Fig. S8, ESI†) high-
light that a diffuse peak, which is indicative of structures with
short range order,32 dominated the SAXS patterns at intermediate
volume fractions (approximately between 3 and 10%), but dis-
appeared at higher volume fractions. Similarly, the 2D scattering
patterns displayed anisotropy at these intermediate volume fractions,
but not at higher volume fractions. The increasing intensity of the
high-q correlation peak (q = 0.33 Å�1) with increasing volume
fraction suggests that the MNT formed a stacked structure, probably
driven by attractive van der Waals interactions.58

The correlation peak that corresponds to repeat distances
decreased to approximately 19 Å at the highest measurable
volume fractions, as shown in Fig. 3b. Similar values have
previously been reported and attributed to 10 Å thick aqueous
layers between the MNT particles in the stacked structure.57,59

The average number of MNT platelets per tactoid, hNi, can be
estimated by the Scherrer relation (eqn (4)):55

Nh i ¼ qmax

FWHM
(4)

where FWHM is the full-width at half-maximum of the Gaus-
sian fitted correlation peak and qmax is obtained from SAXS
intensity curves. Fig. 3b shows that hNi increased with increasing

Fig. 3 Aqueous dispersions of MNT platelets. (a) SAXS curves and power-law fitting (black lines) of MNT dispersions at volume fractions between 0.4 and
35.0%. (b) Repeat distances between MNT platelets (d, black circles) and average number of platelets per tactoid (hni, red squares) as a function of MNT
volume fraction. Inset: Correlation peak (black) and corresponding Gaussian fit (red) for a volume fraction of 34.9%.
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volume fraction up to a value slightly higher than 7 at f = 30%.
The obtained hNi values are in agreement with reported values
for analogous plate-like clay systems.60,61

The SAXS pattern of the ‘‘dry’’ bead (Fig. 3a) displayed no
correlation peak and had a power-law exponent (Bq�3.2) that
persisted over a very wide q range. Such a power law behaviour
cannot be related to any of the well-defined mesoscale structures,62

but is possibly related to the formation of solvent-rich and -poor
regions within the levitating droplet, which has been observed in
both dispersions63 and solutions.58,64

Co-Assembly of mixed CNC:MNT dispersions

The co-assembly of CNC : MNT mixed dispersions with mixing
ratios of 5 : 1 and 2 : 1 (the MNT content being identical in both
dispersions) was studied by SAXS in levitating droplets with
initial volume fractions of 1.8 and 1.6% for the 5 : 1 and 2 : 1
mixtures, respectively. The SAXS patterns for the dilute dispersions
could be fitted using a model for two different parallelepipeds with
a scale factor (Fig. 4a and b). The SAXS curves displayed broad
peaks at all the investigated volume fractions, which suggests

that the dispersed particles were interacting even at the lowest
measured volume fractions. The obtained scale factors corre-
sponded to a ratio of 5.46 for the 5 : 1 mixture and 1.86 for the
2 : 1 mixture, which correlates relatively well with the mixing
ratios of CNC and MNT.

The SAXS curves for both of the investigated mixed CNC:MNT
dispersions displayed a structural peak that gradually increased
in intensity and moved to higher q values when the total volume
fraction increased (Fig. 4a and b). The intensity of the scattering
peak for the 5 : 1 mixture was significantly stronger than the 2 : 1
mixture, which suggests that the structural peak is dominated by
the interactions between the dispersed CNC particles. In fact, the
characteristics of the concentration-dependent structural peak
for the CNC:MNT mixtures resemble the scattering behaviour
of the pure CNC dispersions (Fig. 1c). Unlike for the pure CNC
dispersions, the 2D scattering patterns corresponding to the
mixed dispersions were isotropic at all volume fractions. The
isotropic scattering patterns can be related to the higher
scattering length density of MNT compared to CNC, which
could obscure nematic CNC arrangements.

Fig. 4 SAXS curves with combined parallelepiped and broad peak fitting for CNC:MNT mixtures. SAXS curves and corresponding combined
parallelepiped fits (black lines) for lower volume fractions of CNC:MNT; (a) 5 : 1 mixtures and; (b) 2 : 1 mixtures. SAXS curves and corresponding broad
peak fits (black lines) for higher volume fractions of CNC:MNT; (c) 5 : 1 mixtures and; (d) 2 : 1 mixtures.
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The SAXS patterns of the CNC:MMT dispersions of a total
volume fraction of 15.7% could be fitted with the broad-peak
model (Fig. 4c and d), with a mesh size of 47 Å for the 5 : 1
mixture and 39 Å for the 2 : 1 mixture (Table 2). The mesh sizes
of 35 Å for the 2 : 1 mixture and 29 Å for the 5 : 1 mixture at
32.4% (Table 2) were slightly larger than the 26 Å obtained for
the pure CNC dispersion (Table 1), which suggests that an
increasing MNT content inhibits the formation of tightly
packed CNC domains. At very high total volume fractions, e.g.
at 48.4%, the peak became very broad, which indicates a
disordered structure.

Conclusions

The time-resolved SAXS study of evaporating levitating droplets
provided information over a very large volume fraction range on
the structural evolution of aqueous dispersions of CNC rod-like
particles with an average thickness of 43 � 13 Å and an average
length of 1540 � 440 Å, and plate-like MNT particles with a
thickness of 10 Å.

The CNC dispersions displayed a d p f�1/2 scaling up to
f = 20%, indicating the presence of nematic arrangements
competing with gelation, and the d p f�1 scaling that is
characteristic of unidimensional helicoidal consolidation only
occurred at high volume fractions. The low-q power-law exponent
of 2.0–2.2 and a Lorentzian screening length, x, between 29 and
23 Å supported the notion of gel-like structures at high volume
fractions. The relatively weak and diffuse peak at intermediate
volume fractions of the MNT dispersions shows that the MNT
platelets were only weakly coordinated but the appearance of a
sharper high-q correlation peak at higher volume fractions
indicates that the MNT formed stacks. Scherrer analysis sug-
gested that the stacked domains, i.e. the tactoids, contained an
average of 7 platelets.

The scattering behaviour of the CNC:MNT dispersions
indicates that the co-assembly is dominated by the interactions
between the dispersed CNC particles. The applicability of the
broad-peak model occurred at lower total volume fractions in
the CNC:MNT than in the CNC-only dispersion, which indicates
that MNT promotes gelation and the assembly of CNC. Probing
the small-angle scattering behaviour of composite mixtures in
shrinking levitating droplets over a very broad volume fraction
range can elucidate structural transitions and be useful for
establishing structure–property relations in assembled nano-
composite materials.
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11 Y. Liu, C. Schütz, G. Salazar-Alvarez and L. Bergström,
Langmuir, 2019, 35, 3600–3606.

12 A. Tripathi, B. L. Tardy, S. A. Khan, F. Liebner and O. J.
Rojas, J. Mater. Chem. A, 2019, 7, 15309–15319.

13 T. Abitbol and E. D. Cranston, Handbook of Green Materials,
Vol. 3: Self- and Direct-Assembling of Bionanomaterials, World
Scientific, 2014, pp. 37–56.

14 M. Giese, L. K. Blusch, M. K. Khan and M. J. MacLachlan,
Angew. Chem., Int. Ed., 2015, 54, 2888–2910.

15 A. Tran, C. E. Boott and M. J. MacLachlan, Adv. Mater., 2020,
1905876.

16 W. Y. Hamad, Cellulose Nanocrystals: Properties, Production
and Applications, John Wiley & Sons, 2017.

17 M. Faustini, L. Nicole, E. Ruiz-Hitzky and C. Sanchez, Adv.
Funct. Mater., 2018, 28, 1704158.

18 Y. Politi and J. C. Weaver, Science, 2015, 347, 712–713.
19 S. Cassaignon, R. de Maleprade, N. Nassif and J. Livage,

Mater. Today Proc., 2014, 1, 209–215.
20 D. Faivre and T. U. Godec, Angew. Chem., Int. Ed., 2015, 54,

4728–4747.
21 S. Islam, L. Chen, J. Sisler and K. C. Tam, J. Mater. Chem. B,

2018, 6, 864–883.
22 B. Wicklein and G. Salazar-Alvarez, J. Mater. Chem. A, 2013,

1, 5469–5478.
23 E. Kontturi, P. Laaksonen, M. B. Linder, Nonappa, A. H.
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