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ABSTRACT: The colloidal layer formation on porous materials is a crucial step
for printing and applying functional coatings, which can be used to fabricate
anticounterfeiting paper. The deposition of colloidal layers and subsequent thermal
treatment allows for modifying the hydrophilicity of the surface of a material. In
the present work, wood-based colloidal inks are applied by spray deposition on
spray-deposited porous cellulose nanofibrils (CNF) films. The surface
modification by thermal annealing of the fabricated colloid-cellulose hybrid thin
films is investigated in terms of layering and hydrophobicity. The polymer colloids
in the inks are core−shell nanoparticles with different sizes and glass transition
temperatures (Tg), thus enabling different and low thermal treatment temper-
atures. The ratio between the core polymers, poly(sobrerol methacrylate) (PSobMA), and poly(-butyl methacrylate) (PBMA)
determines the Tg and hence allows for tailoring of the Tg. The layer formation of the colloidal inks on the porous CNF layer
depends on the imbibition properties of the CNF layer which is determined by their morphology. The water adhesion of the CNF
layer decreases due to the deposition of the colloids and thermal treatment except for the colloids with a size smaller than the void
size of the porous CNF film. In this case, the colloids are imbibed into the CNF layer when Tg of the colloids is reached and the
polymer chains transit in a mobile phase. Tailored aggregate and nanoscale-embedded hybrid structures are achieved depending on
the colloid properties. The imbibition of these colloids into the porous CNF films is verified with grazing incidence small-angle X-ray
scattering. This study shows a route for tuning the nanoscale structure and macroscopic physicochemical properties useful for
anticounterfeiting paper.
KEYWORDS: cellulose nanofibrils, thin films, wetting, colloids, colloidal films, surface energy, GISAXS

■ INTRODUCTION

Hybrid porous thin films, composed of a porous template and
polymer or inorganic colloids, have found diverse applications
across various fields due to their unique properties.1 These films
are used for flexible electronics in flexible photovoltaics or
sensors,2 fabricating membranes, e.g., to filter water from dust,
salt, or heavy metals,3 or anticounterfeiting materials.4,5 The
macroscopic properties required for these applications are
inherently determined by the hybrid materials’ morphologies;
for example, they influence surface energy. The surface energy
directly affects the usability of the porous thin films because it
influences the surface’s water adhesion and solvent imbibition
properties of porous films.6,7 Depending on the material’s
topology, the morphology changes during a treatment.8,9 Both
the deposition of colloids and the annealing process above a
critical temperature alter the morphology of a material.10

Therefore, incorporating colloids into the network of porous
cellulose nanofibrils (CNF) is suitable for modifying water
adhesion.11 Embedded nanoparticles give the hybrid material
different properties than surface nanoparticles.12,13

The modified water adhesion is usable as a direct nonvisible
eye feature for anticounterfeiting, where the water adhesion
shows if the surface was correctly treated.14,15

Spray-coated CNF layers with a high surface energy and a high
degree of homogeneity with a defined porosity and roughness
are used.16−18 This results in specific imbibition properties of
different materials and solvents in the CNF layer.12,19

For instance, CNF derived from wood biomass is
biodegradable, sustainable by regrowth, and can serve as
lightweight and flexible nanoscopic building blocks.20−22 CNF
is a bundle of several glucose (C6H10O5)n+2 chains.

23 2,2,6,6-
Tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidized
CNF is functionalized by surface charges. A single CNF is
approximately 3−5 nm in diameter and 500−1000 nm in length,
depending on the surface charge.16,24 The characteristics of thin
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CNF films, water adhesion, or imbibition properties are
governed by the morphology which is given by the surface
charge of CNF and the arrangement of the fibrils.21,25,26 The
CNF layer is not allowed to undergo any morphological changes
below an annealing temperature of 200 °C.27 CNF forms a long-
range network that serves as a good template or carrier for
nanoparticles, making it useful for various applications such as
anticounterfeiting or as a holder for electronic devices.12,13,28−30

Sobrerol methacrylate (SobMA) is used to synthesize wood-
based colloids on the hydration of α-pinene oxide.31 It is
produced sustainably, providing similar glass transition temper-
ature (Tg) and hydrophobic properties as the fossil fuel-
produced PMMA or PS colloids, making it a sustainable
alternative.31 To fabricate monodisperse colloids, polymer-
ization-induced self-assembly (PISA) coupled with reversible
addition−fragmentation chain-transfer (RAFT) polymerization
is employed to fabricate monodisperse colloids.32 The hydro-
phobic polymer PSobMA is combined with a hydrophilic
polymer block of poly(2-(dimethylamino)ethyl methacrylate
(PDMAEMA)) or stabilized by the cationic surfactant
cetyltrimethylammonium chloride (CTAC). This results in
core−shell particles, the core of which is shielded by a
hydrophilic corona. PDMAEMA or CTAC, respectively, define
the shell properties of the SobMA-based colloids and enable the
suspension of the colloids in water, as an ideal green and
nontoxic carrier.33 The main characteristics of the colloid, such
as Tg, electromagnetic properties, and/or photonic character-
istics, are determined by the core. The focus feature of the
colloids in this work is theTg. Polybutyl methacrylate (PBMA) is
used to tune the Tg of the colloids.

34

The primary objective of the study is to investigate the
alteration of surface energy through the deposition of biobased
colloids, followed by an annealing process. Correlating changes
in water adhesion with the morphological differences between
pristine CNF thin films and CNF-colloid hybrid materials, both
with and without subsequent annealing, constitutes our first aim.
The second aim is to establish a correlation between alterations
in surface energy and morphological changes.
The layer morphology of the colloids on and within the CNF

matrix is analyzed using grazing incidence small-angle X-ray
scattering (GISAXS) and atomic force microscopy (AFM).
GISAXS serves as a sensitive tool for assessing both surface and
bulk morphology. The third aim is to demonstrate that GISAXS
is a valuable tool for verifying the imbibition of biobased colloids
into a porous cellulose matrix, showcasing the sensitivity of
GISAXS to changes in bulk state.35

While the impact of colloids on the surface energy of solid
material is known,34,36 the specific effects of SobMA-based
colloids on the surface energy of porous CNF layers are still
unknown. Similarly, while it is known that water can penetrate
the CNF layer,37 the question of whether colloids can infiltrate
the cellulose matrix is still unanswered. To investigate this,
colloids of different sizes, including those larger and smaller than
the CNF voids, are used in the study.

■ EXPERIMENTAL SECTION
Cellulose Nanofibrils (CNF). CNF are wood-based with a

diameter of around 5 nm and a length between 500 and 1000 nm.24

TEMPO-mediated treatment oxidizes the free CH2OH group to a
COOH group,22 (Supporting Information Figure S1a). CNF with a
surface charge of 1000 μmol/g has the highest surface energy,≈73mN/
m.16 To fabricate these CNF layers, a gel-like CNF dispersion is used.
This dispersion is diluted with water to a 0.07 wt % and treated by
mechanical mixing (12,800 rpm, 10 min, Ultra Turrax, IKA, Germany)
and sonication (10 min, Bandelin Sonopuls HD/UW 2070, Germany)
and finally centrifuged (5000 rpm, 60 min, Rotina 420, Hettich GmbH
&Co. KG, Germany). The CNF suspension is then spray-coated on 20
× 20 mm2 polished and acidly cleaned silicon (Si) wafers (Boron-
doped, (100) orientation, Si-Mat, Germany). For spray deposition of
the CNF on the cleaned Si wafer, a distance of 200 mm between the
spray device (Compact JAU D55000, Spray Systems, Germany) and
the wafer is used.16 A pressure of p = 1 bar for the carrier gas (Nitrogen,
purity = 5.0) is used. During deposition, the silicon wafer is heated to 80
°C (set point 120 °C, heating plate VWR VHP C7), and the CNF
suspension is spray-deposited iteratively 20 times on the heated
substrate. Each spray pulse has a duration of 0.2 s. One spray cycle is
complete when the water is completely evaporated, which takes place
within 2 s. The time between two cycles is set to 5 s to ensure that water
is always completely evaporated between two cycles. The spray-
deposited CNF layer forms a specific CNF network. The CNF network
is visible in optical microscopy and AFM, see Figure S1b,c. The
characteristic thickness of a 150 nm CNF layer38 on the Si wafer results
in blue color. The closely packed morphology, the void structure, and
the buildup of the network have been shown in previous works.16 Three
structures in a spray-deposited CNF layer of 20 spray cycles which
corresponds to a thickness of 150 ± 10 nm are identifiable from the
GISAXS pattern in Figure S1d. These nanostructures are identified as
agglomerations (green curve) with a radius size of 7.5 ± 2.3 nm, a void
structure radius size (magenta curve) of 30 ± 14 nm, and larger
agglomerations radius size (yellow curve) of 100 ± 40 nm. The void
structure and the agglomeration agree with Brett et al.16

Colloids. The colloids are based on sobrerol which is derived from
the terpene α-pinene extracted from birch bark and synthesized to
poly(sobrerol methacrylate) (PSobMA).31 These colloids are charac-
terized by their different glass transition temperatures (Tg) and radius
sizes, see Table 1. These spherical, biobased colloids are comparable to
previous work on poly(methyl methacrylate) colloids concerning the
size used by Engström et al.34 The radii measured by AFM of the
colloids are comparable to the void size of the CNF network.
P(SobMA-co-BMA)1000 colloids are smaller (radius ∼19 nm)31 and
(PSobMACTAC), P(SobMA-co-BMACTAC) colloids are larger (radius
∼38 nm and∼41 nm, respectively)31 than the void structure size inside
the sprayed CNF films.16 To adjust the Tg of the colloids, SobMA is
mixed with butyl methacrylate (BMA, Tg = 36 °C).39 To fabricate the
P(SobMA-co-BMA)1000 colloids controlled radical polymerization-
induced self-assembly (PISA) is used in combination with poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA) for the shell of the
core−shell colloids.31 The (PSobMACTAC) and P(SobMA-co-
BMACTAC) colloids are synthesized via emulsion polymerization with
CTAC as a cationic surfactant for the shell. The name of the
aforementioned polymers includes either CTAC or 1000 as a subscript
to indicate their synthesis process. 1000 denotes the targeted degree of
polymerization of the hydrophobic blocks when PISA was used.
PSobMA and PBMA are both hydrophobic polymers. The used
colloidal ink concentration is 0.1 wt % in an aqueous environment.
To deposit the colloids on the CNF layer the identical spray

deposition setup including the nozzle type for the deposition of the

Table 1. Characteristics of the Used Colloids31,40

name BMA:SobMA Tg [°C] hydrodynamic radius RH [nm] radius size (AFM)31,40 [nm] stabilization

PSobMACTAC 123 ± 2 55 ± 1 38 ± 12 CTAC
P(SobMA-co-BMA)CTAC 83:17 50 ± 2 55 ± 3 41 ± 10 CTAC
P(SobMA-co-BMA)1000 50:50 74 ± 2 44 ± 1 29 ± 6 PDMAEMA
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CNF layer is used. The colloidal layer is spray-deposited using eight
spray pulses with a spraying time of 50 ms. The time between two spray
pulses is larger than the time for the evaporation of the water. The time
between two pulses is set to 300 s to ensure that the water is completely
evaporated. The substrate is kept at room temperature T ≈ 25 °C, the
waiting time is in the minute regime, and the environmental humidity is
RH ≈ 35%. The concentration of the colloidal ink is 0.1 wt %. The
distance between the spray device and the sample is 200 mm.34 The
deposition process is depicted in Figure 1.

Optical Microscopy. Optical microscopy is performed by a
Keyence VHX600 (Keyence corporation, Japan) with a magnification
of 2500.

Atomic Force Microscopy (AFM). NTEGRA probe Nano-
Laboratory (NT-MDT) in tapping mode with HA_NC tips
(ETALON) with a resonance frequency of 140 kHz is scanning the
film surface. The data are analyzed with Gwyddion (v2.56).41

Contact Angle Measurements. Typically contact angle measure-
ments are used to deduce surface energies.42 The contact angle was
measured with an OCA35(Data Physics, Germany) contact-angle-
measuring system. The volume of each water droplet is approximately 5
μL. Each measurement was repeated three times. The measurements
and the analysis of the contact angle are performed by the SCA20 (Data
Physics, Germany) software. The surface energy Es is determined from
the contact angle θ:43

E
4

(1 cos( ))s
l 2= +

(1)

For the water interphase, γl is given by 72.75 mN/m.
Grazing Incidence Small-Angle X-ray Scattering (GISAXS).

GISAXS measurements are performed at the beamline P03 at PETRA
III, DESY using a photon energy of E = 11.8 keV and an incident angle
of αi = 0.4°. For the P(SobMA-co-BMA)1000 colloids, a sample-to-
detector distance of 3930mm, and for the P(SobMA-co-BMA)CTAC and
P(SobMA-co-BMA)CTAC colloids the sample-to-detector distance of
9530 mm is used. An X-ray beam size of 35 × 30 μm2 is used. The
detector is a PILATUS 300k detector (Dectris Ltd., Switzerland) with a
pixel size of 172 × 172 μm2. The in situ annealing GISAXS experiment
with applied temperature started 5 min after achieving the temperature
equilibrium (ambient� 25, 40, 70, 100, 140 °C) to directly observe
the effect of the applied temperature on the nanostructure. The target
temperatures are achieved after ∼0, ∼25, ∼42, ∼58, and ∼74 min
(ambient), respectively. To observe the continuous drying process
without beam damage, the X-ray beam is continuously scanned laterally
over 14mm (center±7mm). Acquisition time per GISAXS image is 0.1
s. The annealing process is similarly observed with an acquisition time

of the detector of 0.1 s while scanning over 14 mm with a step width of
0.5 mm. The details for the GISAXS analysis are in the Supporting
Information. The scattering length densities (SLD) are calculated in
Table S1.

■ RESULTS AND DISCUSSION
The topologies of colloids and the CNF layer govern the
morphological changes of the colloids during both the spray and
annealing processes. Consequently, the topologies of the
colloids and the CNF layer are unaffected during both the
spray and annealing processes. The colloid topology dictates
that the colloids initially exhibit a spherical shape, which
transitions to an unspecified shape upon reaching their glass
transition temperature (Tg). Meanwhile, the CNF topology
governs the arrangement of fibrils within the CNF layer, with a
void size of approximately 30 nm observed for spray-coated
CNF.
Moreover, the objective is to comprehend the topological

principles governing both colloids and the CNF layer, deduced
from the morphological changes observed during particle
annealing. The CNF layer’s topology allows only colloids with
sizes smaller than the CNF voids, exemplified by the P(SobMA-
co-BMA)1000 colloids, to penetrate during the deposition and
evaporation process. Colloids larger than the voids, such as
PSobMACTAC and P(SobMA-co-BMA)CTAC colloids, face
hindrance in penetration.
The morphological changes in the colloidal CNF hybrid

sample significantly impact surface energy. Water adhesion on a
surface is contingent on the surface energy of that particular
surface. Therefore, understanding the morphology and the raw
material contributing to the surface is crucial. Observing the
morphology of colloid−CNF hybrid thin films aids in
comprehending the alterations in surface energy following the
spray coating of colloidal inks onto the hydrophilic CNF.
The adhesion of water on pristine CNF thin films and Si

wafers is modified by the deposition of a colloidal layer on top of
the pristine CNF layer. The results are depicted in Figure 2 and
Table S2. Contact angle measurements are presented in the
Supporting Information, Figure S7, with the corresponding
values listed in Table S2. The pristine CNF film on Si, as well as
the cleaned Si wafer, exhibits the highest surface energy: The

Figure 1. Sketch of the colloidal layer formation on the CNF layer. First, the colloidal ink will be applied to the CNF layer (light blue) by spray
deposition. This results in an aqueous colloidal ink film on the CNF layer. The water evaporates with time, and the colloidal layer is formed through
evaporation-induced self-assembly. The three different colloid types used in the study are symbolized by the colloids (1≙P(SobMA-BMA)1000,
2≙(PSobMACTAC), and 3≙P(SobMA-BMA)CTAC). They consist of sobrerol methacrylate (SobMA) [green], butyl methacrylate (BMA) [orange],
and their hydrophilic shell (the connection between the core and shell is presented in Figure S2).
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surface energy of CNF with a surface charge of−1000 μmol/g is
70 ± 1 mN/m, and for acid-cleaned silicon, it is 60 ± 1 mN/m
(see Figure 2). This indicates strong hydrophilicity, with contact
angles of 13± 1 and 35± 1° for the pristine substrates. After the
spray deposition of all colloid types (PSobMACTAC, P(SobMA-
co-BMA)1000, P(SobMA-co-BMA)CTAC) on CNF and bare
silicon, the surface energy decreases (see Table 2).

This behavior is similar to the decrease in surface energy
observed with PMMA-based and PBMA colloids when spray-
deposited on a bare silicon wafer. After applying the colloids on
the CNF surface, the water droplet during the contact angle
measurement interacts partially with the CNF surface and
partially with the colloids. Therefore, the hydrophobic core of
the colloids contributes to a decrease in surface energy.
The annealing process on the CNF-colloid layers induces

opposite trends in surface energy, increasing. The annealing
process also decreases the contact angle on the solid Si wafer
(see the evolution of the darker gray to lighter gray columns in

Figure 2). Remarkably, the surface energy of the P(SobMA-co-
BMA)1000-CNF hybrid material increased nearly to the initial
pristine CNF surface energy during the annealing process (see
Supporting Information Table S2). This demonstrates the
influence of shell chemistry and imbibition of the colloids on the
surface properties of the colloid−CNF hybrid thin films.
P(SobMA-co-BMA)1000, stabilized by a hydrophilic block and
not by CTAC as a low-molecular-weight surfactant, has a
diameter similar to the void size in the CNF network, allowing it
to easily move into the CNF network. Thus, the wetting
properties seem to be mainly governed by the CNF and
additionally by the hydrophilic block. These results are useful for
a quick check to determine the types of colloids applied to the
CNF surface and whether the CNF-colloidal hybrid materials
are annealed.
The surface topography confirming the presence of colloids

on the CNF surface after spray deposition is illustrated in Figure
3. All colloids (PSobMACTAC, (PSobMA-co-BMA)1000, P-
(SobMA-co-BMA)CTAC) display a random distribution on the
CNF template (Figure 3a−c), forming agglomerations of
individually distinguishable colloids.
Upon annealing at 140 °C, the Tg of the P(SobMA-co-

BMA)1000 and P(SobMA-co-BMA)CTAC colloids is sur-
passed. This thermal annealing triggers a transformation of
colloidal spheres into oblate shapes due to the mobility of the
core polymer.34,44 During annealing, both individual colloids
and their agglomerates coalesce, making individual colloids
indistinguishable. In contrast, the shape and size of PSobMAC-
TAC colloids remain unchanged after 10min of annealing at 140
°C.
The coalescence of colloids explains the reduction in surface

energy following thermal treatment on the Si wafer (see
Supporting Information, Figure S8). The polymer chains
undergo rearrangement within the thin film during annealing.
This behavior of PSobMA-based colloids mirrors that of PMMA
and PBMA colloids on Si.34 As the annealing process progresses,
polymer chains gain mobility, exceed the Tg, and lead to
rearranged chains that are more strongly oriented at the air−
polymer interface of the colloids, resulting in a more
hydrophobic deposited layer. The coalescence of colloids
contributes to the observed lower surface energy.
A PMMA-cellulose system, through annealing at 160 °C,

increases surface energy by reducing surface roughness.45

PSobMA, sharing similarities with PMMA in terms of Tg, and
(PSobMA, PBMA)-based colloids (see Supporting Information
Figure S8), exhibit a distribution on the bare Si akin to pure
PMMA and PBMA colloids with a PDMAEMA-shell.34

“GISAXS (grazing incidence small-angle X-ray scattering) is
statistically significant in studying materials. Choosing an
incident angle above the critical angle of the materials of the
sample enables comprehensive observation of both the surface
and bulk states of the sample. The GISAXS pattern is influenced
by the shape of nanostructures within a medium. As a result,
GISAXS proves to be a valuable tool for monitoring changes in
the form of nanostructures inside a material.
When conducted at a synchrotron, GISAXS is particularly

advantageous for observing in situ processes without interrupt-
ing the ongoing process. The scattering events for various
structures in the layer are detected at distinct positions on the
detector. This approach allows for the differentiation of fibrils,
voids, and large agglomerations within the CNF layer. GISAXS
also facilitates a subtle background comparison, which helps

Figure 2. Surface energies are determined over water contact angle
measurements of the pristine CNF layer, the silicon wafer (Si), and the
deposited colloids on the CNF and Si wafer before and after annealing.
The pristine CNF layer and Si wafer show a high surface energy of
70 1 mN

m
± and acid-cleaned 60 1 mN

m
± , respectively. Through the

deposition of the colloids, the surface energy is decreased. After the
annealing at 140 °C, the surface energy is increased for the colloid−
CNF hybrid thin films (green colors) and decreased for the pure
colloidal layers (black and gray colors).

Table 2. Values of the Surface Energy of the Colloid−CNF
Layers

colloids

surface
energy
CNF

[mN/m]

surface
energy Si
[mN/m]

surface
energy
CNF

[mN/m]

surface
energy Si
[mN/m]

ambient ambient annealed annealed

P(SobMA-co-BMA)1000 38 ± 3 37 ± 3 69 ± 2 34 ± 2
PSobMACTAC 52 ± 2 52 ± 4 54 ± 1 50 ± 2
P(SobMA-co-BMA)CTAC 39 ± 4 41 ± 4 41 ± 3 38 ± 5
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identify the presence of changes in nanostructures within the
material.”
In 4a, 4b, and 4c, the colloid−CNF hybrid samples are

presented under ambient conditions, while 4d, 4e, and 4f

showcase the same thin films during the annealing process at 140
°C. Different regimes are marked by CNF agglomerations
(Yellow, “agg”), CNF voids (Magenta, “voids”), and CNF
bundles (Green, “CNF”). These markers signify the domination

Figure 3. Atomic force microscopy images visualizing the distribution of the colloids on the porous CNF template before annealing in case of (a)
PSobMACTAC, (b) P(SobMA-co-BMA)1000, and (c) P(SobMA-co-BMA)CTAC, and after annealing at 140 °C in case of (d) PSobMACTAC, (e)
P(SobMA-co-BMA)1000, and (f) P(SobMA-co-BMA)CTAC.

Figure 4.GISAXS data of spray-deposited colloids P(SobMA-co-BMA)1000 (a, d), PSobMACTAC (b, e), and P(SobMA-co-BMA)CTAC (c, f) on the CNF
surface, represented in the relative change format. This representation allows for a comparison of structural changes relative to the pristine CNF layer
(see Supporting Information, 1d).
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of different structures within the GISAXS data corresponding to
the pristine CNF layer. Table S3 summarizes the designation of
the colloids and CNF structures together with their correspond-
ing agglomerates.
The blue rectangle identifies the scattering regime of the

colloids, derived from the GISAXS data of the colloidal layer
deposited on pristine Si. The resolution function (res. fct, cyan)
correlates with the beam size and beam divergence, superposing
with the scattering of large structures in the scattered intensity
for qy ≤ 6 × 10−3 nm−1. The data are logarithmically binned for
better visibility, while unbinned data are presented in Figure S9.
Figure 4 depicts the normalized 1D GISAXS cuts in the

relative change representation for (PSobMA-co-BMA)1000,
PSobMACTAC, and P(SobMA-co-BMA)CTAC, before and after
annealing. After spray deposition, the presence of colloids is
evidenced in the relative intensity change representation by an

increase in the GISAXS signal for 0.05 ≤ qy ≤ 0.9 nm−1 for all
colloids, P(SobMA-co-BMA)1000 (Figure 4a), PSobMACTAC
(Figure 4b) and P(SobMA-co-BMA)CTAC (Figure 4c).
For P(SobMA-co-BMA)1000 (Figure 4a), the GISAXS pattern

intensity in the qy range of 0.02 nm−1≤ qy ≤ 0.06 nm−1 (magenta
area) is relatively reduced after colloidal deposition, while in the
range of 0.008 nm−1 ≤ qy ≤ 0.02 nm−1 (yellow area), the
intensity increases. Evident colloid deposition on the CNF
surface is marked by a signal increase at high qy-values,
specifically 0.05 nm−1 ≤ qy ≤ 1 nm−1 (blue area). The intensity
dips observed for 0.02 nm−1≤ qy ≤ 0.06 nm−1 and 0.006 nm−1≤
qy ≤ 0.02 nm−1 in the relative intensity representation
correspond to CNF void filling and the creation of P(SobMA-
co-BMA)1000-CNF agglomerations, respectively.
In Figure 4b (PSobMACTAC) and Figure 4c (P(SobMA-co-

BMA)CTAC), the relative intensity changes are nearly zero for

Figure 5. Visualization of the annealing process of a single P(SobMA-co-BMA)1000 colloid (orange spheres) which is surrounded by CNF due to
imbibition. (a) Shape evolution of the colloids, (b) shape evolution of the colloids in the presence of CNF after imbibition, (c) shape the evolution of
the colloids without imbibition on top of the CNF layer. (b1) The colloids are surrounded by CNF and (b2) the CNF is surrounded by more than 2
colloids, both together representing the Colloid−CNFHyb hybrid nanocomposite. (For visibility, (b2) scaled by a factor of 7.) At temperatures below
Tg, colloids maintain their shape. If the temperature is equal to Tg, shape changes begin as the colloids enter a mobile phase. The colloids transit into a
mobile phase. If the temperature is higher thanTg, the colloidmelts imbibes into the CNF network and adheres to the CNF. Themelting of the colloids
is corroborated by our previous work.40
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0.006 nm−1 ≤ qy ≤ 0.06 nm−1. However, for 0.03 nm∧-1 ≤ qy ≤
0.9 nm−1, the relative intensity change is positive, indicating
deposition of PSobMACTAC and P(SobMA-co-BMA)CTAC
colloids on the CNF surface (strong scattering colloids-air).
The negligible relative intensity changes between 0.006 nm−1 ≤
qy ≤ 0.6 nm−1 correspond to the absence of colloidal imbibition
in the CNF network. PSobMACTAC and P(SobMA-co-
BMA)CTAC colloids do not form colloid−CNF agglomerations.
The reduction of colloidal agglomerations on porous CNF thin

films is akin to the behavior of silver nanoparticles on CNF,
where a reduced number of colloidal agglomerates is observed.
During annealing at 140 °C, the polymer chains within

P(SobMA-co-BMA)1000 colloids become more mobile, influ-
enced by the Tg of P(SobMA-co-BMA)1000, which is 74 °C. As a
result, the shape of the P(SobMA-co-BMA)1000 colloids changes.
The relative intensity changes of the annealed P(SobMA-co-
BMA)1000-CNF are negative for 0.2 nm−1 ≤ qy ≤ 0.9 nm−1 and
positive for 0.006 nm−1 ≤ qy ≤ 0.2 nm−1.

Figure 6. Radii distribution of deposited colloids on the porous CNF network during the annealing process up to 140 °C is observed via GISAXS for
(a) P(SobMA-co-BMA)1000, (b) PSobMACTAC, and (c) P(SobMA-co-BMA)CTAC. The radii distribution illustrates the evolution of colloid radii during
the annealing process. After reaching the glass transition temperature (Tg), the colloids transition into their mobile state and begin to coalesce.
P(SobMA-co-BMA)1000 colloids also initiate coalescence but additionally form a new hybrid nanocomposite (“colloids-CNFHyb”) together with the
CNF and the CNFBundles after reachingTg. In the plots, black graphs represent data points, and the colored surface is the interpolation between the data
points. The average radius of the single distribution is marked on the size−temperature plane. Green marks correspond to the radius of the colloidal
structure, while magentamarks denote the average radius of the (“colloids-CNFHyb.”). The average radii and the polydispersity index (PDI) are listed in
Table 3.

Table 3. Summary of the Properties of the Spray-Deposited Colloids as Evaluated via AFM and GISAXS

P(SobMA-co-BMA)1000 PSobMACTAC P(SobMA-co-BMA)CTAC
radiusAFM [nm]
after spraying ∼25 °C 26 ± 19 48 ± 20 40 ± 22
after annealing 116 ± 105 50 ± 14 98 ± 79
radiusGISAXS [nm]
after spraying ∼25 °C 20 ± 3 20 ± 3 41 ± 4
during annealing at
∼40 °C 20 ± 3 39 ± 4 41 ± 4
∼70 °C 20 ± 3 20 ± 3 39 ± 5
∼100 °C 13.5 ± 2.0a 40 ± 5 59 ± 5
∼140 °C 17.5 ± 2.5a 40 ± 6 82 ± 8
PDIGISAXS

after spraying ∼25 °C 0.32 ± 0.03 0.45 ± 0.04 0.35 ± 0.03
during annealing at
∼40 °C 0.32 ± 0.03 0.45 ± 0.04 0.35 ± 0.03
∼70 °C 0.32 ± 0.03 0.44 ± 0.04 0.35 ± 0.03
∼100 °C 0.5 ± 0.1a 0.43 ± 0.03 0.5 ± 0.1
∼140 °C 0.7 ± 0.1a 0.43 ± 0.03 0.6 ± 0.1
imbibition into the CNF layer
after spraying yes no no
after annealing yes no no
coalescence after annealing in and on the CNF layer no on the CNF surface

aColloid−CNF−hybrid particle.
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The negative intensity changes in the range 0.2 nm−1 ≤ qy ≤
0.9 nm−1 suggest a reduced number of particles in the size range
of both CNFBundles and P(SobMA-co-BMA)1000 colloids. On the
other hand, the positive intensity change corresponds to a size
range slightly larger than the size of CNFBundles and slightly
smaller than the size of the P(SobMA-co-BMA)1000 colloids.
This indicates interactions between P(SobMA-co-BMA)1000
colloids and CNFBundles after reaching the Tg of the colloids.
Hence, the GISAXS data reveals the formation of a

nanocomposite of P(SobMA-co-BMA)1000 and CNFBundles due
to the coalescence of CNF bundles andmobile polymer colloids.
The colloids, surrounded by CNF through imbibition, foster the
hybrid formation. These structures are named colloids-CNFHyb.,
as visualized in Figure 5.
During the annealing process, the PSobMACTAC colloids

maintain their shape. The GISAXS data in Figure 4e indicates
neither imbibition of colloids into the CNF (no negative relative
intensity values between 0.02 nm−1 ≤ qy ≤ 0.06 nm−1) nor
coalescence of the colloids during annealing (which would be
visible in the range 0.008 nm−1 ≤ qy ≤ 0.02 nm−1).
In the case of P(SobMA-co-BMA)CTAC, a positive relative

intensity change is observed for qy ≥ 0.01 nm−1 (Figure 4f).
Agglomerations of only colloids are formed solely on the CNF
surface, with no penetration into the CNF network. Thus, for
both PSobMACTAC (Figure 4e) and P(SobMA-co-BMA)CTAC
(Figure 4f) colloids, no formation of agglomerations with CNF
is observed.
The size evolution during the annealing of the colloids is

depicted in Figure 6. After reaching the Tg for P(SobMA-co-
BMA)1000 colloids (Figure 6a), these colloids coalesce and form
a hybrid material with the fibrils and the CNF bundles in and on
the CNF layer. Their size is indicated by the magenta line in
Figure 6a. The colloid−colloid coalescence on the pristine Si
wafer is shown in Figure S10.
In the case of PSobMACTAC (Figure 6b), the colloids do not

coalesce at all nor change their shape or size during the annealing
process. For P(SobMA-co-BMA)CTAC (Figure 6c), the colloids
coalesce only on the surface of the CNF film or the silicon
surface. Hence, the PSobMACTAC and P(SobMA-co-BMA)CTAC
colloids do not form hybrid nanocomposite colloids-CNFHyb.

The coalescence of the colloids (PSobMACTAC and P-
(SobMA-co-BMA)CTAC) is visible in the AFM images (Figure
3) and the size evolution via GISAXS; see Figure 5b,c. Table 3
summarizes the findings concerning coalescence and imbibition.
The coalesce of P(SobMA-co-BMA)1000 with the CNF into a
nanocomposite inside the network is the reason why the surface
energy for the annealed P(SobMA-co-BMA)1000 CNF hybrid
material is slightly smaller than for the pristine CNF layer. The
P(SobMA-co-BMA)1000 colloids more effectively penetrate the
CNF layer due to annealing, making the CNFmore visible at the
colloid−CNF surface toward the air.
The formation of the colloidal layer during the drying process

is tracked in situ via GISAXS, as illustrated in Figure 7. After the
deposition of colloidal inks, water evaporation commences. The
drying dynamics of the CNF surface after each pulse are
influenced by humidity (RH = 35 ± 2%), surface temperature
(25± 2 °C), liquid volume (20± 2 μL), and the topology of the
underlying substrate.
The CNF layer exhibits a nonstructured network, allowing

water and smaller colloids to penetrate during spray deposition.
The drying of the CNF layer added during one spray pulse is
completed after 140 ± 10 s, while on the Si wafer (Figure 7b),
the drying process concludes after 250 ± 10 s. Water is imbibed
into the CNF layer, and the water on the CNF surface
evaporates faster than on the silicon surface.
Immediately after deposition, droplets of the colloidal ink on

the CNF and Si wafer coalesce into a liquid film on top of the
surface, marking the initial phase of the drying process (I). After
the droplets’ coalescence (9± 2 s on the CNF layer and 11± 2 s
on the Si wafer), the sample surface is covered with the
deposited liquid dispersion. In this phase, water evaporates, and
colloids move freely in the liquid. This second phase (II) of the
drying process takes 117± 10 s for the bare Si wafer and 64± 5 s
for the CNF film.
The third phase (III) of the drying process starts when the

colloids begin to interact with each other, and the colloidal layer
develops. In this phase, sufficient water is evaporated, and only a
thin water film remains. Eventually, the water evaporates, and
the colloidal layer forms on top of the surface. The evaporation
of water ensures that the colloids form agglomerations during
this process.

Figure 7. Formation of the P(SobMA-co-BMA)1000 colloidal layer on top of (a) the CNF layer and (b) the nonporous Si wafer is monitored as a
function of drying time observed with GISAXS. In the mapping presentation, the horizontal line cuts from the 2D GISAXS data are displayed as a
function of qy and time. The reference time (t� 0 s) corresponds to the spray deposition and the start of the drying process of the first spray pulse. The
drying process of the spray-deposited colloidal layer is finished for CNF after 140 ± 5 s and for deposition on silicon after 250 ± 10 s.
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Phases I, II, III, and IV are comparable with phases 2, 3, 4, and
5 observed in previous work by Zhang et al.45 Due to the
topology of the CNF layer, the colloids, which are smaller than
the CNF void structure, and the water itself have penetrated the
CNF layer (see Figure 4a). The colloidal layer comprises
individual single colloids and their agglomerations. In the
context of sustainability, it is crucial for anticounterfeiting
features to be derived from renewable resources. Therefore, in
this work spray-deposited sustainable wood-based colloidal inks
are used to alter the hydrophilic characteristics of porous CNF
thin films. This is useful to prove the exactness of the biobased
surface. This work presents three possibilities to prove the
trueness of a modified paper. The trueness can be proved by the
spreading of a simple droplet, the scanning of the nanostructure,
and the X-ray scattering with the nanostructure.
The surface’s water-wetting behavior and imbibition are

intricately linked by the surface energy, which is altered by the
presence of colloids within the CNF network. The choice of
colloidal material (PSobMACTAC, P(SobMA-co-BMA)1000, P-
(SobMA-co-BMA)) and the corresponding annealing process
are pivotal factors influencing this modification in surface
energy. Colloid deposition leads to a significant reduction in the
surface energy of the CNF layer, reminiscent of the effects
observed with PMMA polymers sharing a similar core−shell
colloidal structure. Notably, P(SobMA-co-BMA)1000 emerges as
a promising candidate for paper modification.
The surface energy manifests itself when the test surface is

exposed to a water droplet, providing a means to detect any
missing process steps in the surface modification. Generally, the
surface energy of the CNF-colloid hybrid material exhibits a
slight increase after the annealing process, with the exception of
P(SobMA-co-BMA)1000, which maintains a similarity to pristine
CNF (Figure 2). This observation underscores the intricate
interplay between colloidal material, annealing conditions, and
surface energy modifications in the development of sustainable,
wood-based anticounterfeiting features.

The interaction between a water droplet and different surfaces
provides visual insights into surface properties.Water behavior is
contingent upon the surface material, prompting the mod-
ification of the surface such as, for example, a 5 € note using the
same treatment as described for the silicon wafer. The topologies
of the colloidal layer, CNF layer, and CNF-colloidal layer are
presumed to be to a large extent independent of the substrate
material, such as silicon or a 5 € note. Optical microscopy images
(Figure 8) reveal different droplet types, presenting two
identification features for anticounterfeiting, namely, the droplet
shape and the optical thickness. For higher surface energies, the
water droplet of 0.5 μL is brighter. This shape corresponds to a
flatter droplet and the droplet has spread further on the surface
and the covered surface is higher (see Table 4). The water
adhesion results on the 5 € agree with the surface energy (Figure
2) and the contact angles results (Figure S7)
The pure CNF (Figure 8d) and the annealed colloids on CNF

(Figure 8f) have a higher surface charge than the 5 € surface
(Figure 8a), the colloidal surface (Figure 8b), the colloidal
surface after the annealing (Figure 8d), and the colloidal surface
on CNF without annealing (Figure 8e).

Figure 8. Optical microscopy images of 0.5 μL water droplets on a 5 € note: The water is colored red for improved visibility. (a) Pristine 5 € note,
modified with (b) P(SobMA-co-BMA)1000, (c) P(SobMA-co-BMA)1000 after annealing, (d) pure CNF layer, (e) CNF together with P(SobMA-co-
BMA)1000, and (f) CNF together with P(SobMA-co-BMA)1000 after annealing. The 5 € notes ((g) unannealed and (h) annealed) were coated from (up,
left) to (down, right) with [Colloids, CNF + colloids, pristine, CNF]. The scale bar corresponds to 1 mm. The blue lines in (a−f) are markers for the
author to put the water droplet at the right positions of the 5 € note (g, h). The white circle in the droplet is the reflection of the microscope lamp.

Table 4. Calculated Contact Angles and Surface Energies
form the Optical Microscope Images in Figure 8

avg. radius of the
droplet [mm]

contact
angle
[deg]

surface
energy
[mN/m]

pristine 5 € note 0.85 ± 0.05 70 ± 5 32 ± 5
P(SobMA-co-BMA)1000 0.9 ± 0.05 65 ± 5 37 ± 5
P(SobMA-co-BMA)1000 after
annealing

0.9 ± 0.05 65 ± 5 37 ± 5

CNF layer 1.2 ± 0.1 11 ± 3 71 ± 2
CNF together with
P(SobMA-co-BMA)1000

0.95 ± 0.06 50 ± 3 49 ± 3

CNF together with
P(SobMA-co-BMA)1000 after
annealing

1 ± 0.08 22 ± 4 68 ± 2
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By distinguishing the water droplets, it is possible to recognize
whether colloids and/or CNF have been applied to the surface
of the object and whether the system has been tempered.

■ CONCLUSIONS
The deposition of the utilized colloids (PSobMACTAC, P-
(SobMA-co-BMA)1000, P(SobMA-co-BMA)CTAC) induces mod-
ifications in the surface energy of the TEMPO−CNF layer.
Additionally, annealing the CNF-colloidal system brings about
further alterations in surface energy. The shifts in surface energy
are closely linked tomorphological changes occurring during the
deposition and annealing processes, which are discernible in the
corresponding AFM and compared GISAXS data. AFM
distinguishes if the colloids are present on the CNF surface
and if the colloids are unannealed or annealed. Thereby the
AFM reveals a random distribution of colloids on the CNF
surface. At the same time, GISAXS differentiates between
imbibition and the absence of colloids inside the CNF layer.
The nonzero difference in the compared GISAXS data is

attributed to the morphological change.
The nonzero difference following deposition of colloids can

be ascribed to the presence of colloids on the CNF surface, the
filling of CNF voids with colloids, and the creation of
agglomerations comprising colloids and CNF. Notably, the
behavior of P(SobMA-co-BMA)1000 colloids illustrates that
colloids with a smaller radius than the CNF voids can infiltrate
the CNF layer during deposition. Subsequently, during
annealing, these colloids undergo coalescence with other
colloids and the CNF.
On the other hand, observations from P(SobMA-co-

BMA)CTAC highlight that colloids with a larger radius than the
CNF voids do not imbibe the CNF layer; instead, they coalesce
on the surface. Consequently, the morphological changes
observed can be attributed to the coalescence of colloids on
and within the CNF layer.
This project establishes that the water adhesion of porous thin

films of CNF is modifiable through the spray deposition of
colloidal inks on the CNF layer surface and subsequent
annealing. Furthermore, it demonstrates that the imbibition of
colloids into a porous film and resultant morphological changes
are observable through GISAXS. The combination of surface
energy, and AFM serves as a nontrivial comprehensive validity
series. A water droplet test indicates the correctness of surface
energy, and AFM reveals the presence of the colloids or the
impact of the annealing process.
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