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corative performance of UV-
curable coatings with iridescent cellulose
nanocrystal film

Mengyao Chen,ab Haiqiao Zhang ab and Yan Wu *ab

Cellulose nanocrystals (CNC) possess remarkablemechanical properties, a high aspect ratio, a large specific

surface area, and a unique nanostructure, making them a popular choice in various fields. In this study,

a CNC suspension was prepared through acid hydrolysis, and subsequently, a film exhibiting iridescence

and chiral nematic structure was formed on the cured UV-WA surface via evaporation-induced self-

assembly. The mean diameter and length of CNC were determined to be 25.1–33.3 nm and 281.3–

404.2 nm, respectively, through transmission electron microscope analysis. The experimental results

revealed that the color of the film significantly changes with variations in the CNC suspension

concentration. Notably, the formation of the iridescent film is dependent on the concentration of CNC,

with concentrations between 1.2% and 2.9% being optimal, and the aspect ratio of the CNC

nanoparticles being around 11.3. X-ray diffraction analysis confirmed that the CNC nanoparticles possess

the same crystal structure as microcrystalline cellulose (cellulose I). Fourier transform infrared

spectroscopy revealed that the C]C bond present in the liquid UV-curable coating disappeared upon

UV irradiation. The performance of the CNC iridescent film, with varying thickness, was evaluated using

UV-vis spectroscopy. The thermogravimetric analysis results indicate that the addition of CNC enhances

the membrane's thermal stability and heat resistance. The results indicate that as the thickness of the

CNC iridescent film increases, the corresponding UV-vis spectra display a redshift. The UV-WA/CNC

shows potential in the field of decoration and establishing a straightforward, cost-effective, and efficient

method for producing photonic materials with structural colors.
1. Introduction

Cellulose nanocrystals (CNC) exhibit remarkable features such
as biocompatibility, substantial specic surface area, as well as
high Young's modulus and tensile strength.1,2 These qualities
render it a versatile material for an extensive range of applica-
tions, such as medical products,3 transparent conductive
lms,4,5 and nanomaterial-reinforced composites.6 The prepa-
ration techniques for CNC include chemical methods, such as
sulfuric acid hydrolysis and oxidation processes,7,8 mechanical
methods,9,10 and hybrid mechanical–chemical approaches.11,12

Acid hydrolysis has been widely used as a well-established
chemical method for the production of CNC. The characteris-
tics of CNC such as size, aspect ratio, and yield vary with
different feed ratios, sulfuric acid concentration, hydrolysis
temperature, and hydrolysis time.13 Upon reaching a certain
critical concentration, CNC suspension with a specic aspect
ratio can self-assemble and form a chiral nematic liquid crystal
gn, Nanjing Forestry University, Nanjing

fu.edu.cn

t Processing and Utilization of Forest

the Royal Society of Chemistry
phase, also known as a cholesteric liquid crystal phase.14 This
structure can be maintained even aer the CNC suspension
dries, leading to the self-assembly of CNC nanoparticles into
iridescent lms.15,16 The phenomenon can be explained by two
theories, namely Bragg reection and birefringence.17,18 Bragg's
formula, l = nP sin 4, expresses the relationship between the
wavelength of reected light, l, the refractive index, n, the pitch,
P, and the magnitude of the incident angle, 4. The Bragg
reection theory suggests that variations in the pitch and
refractive index of CNC iridescent lm result in changes in the
incident angle 4, thereby reecting different wavelengths of
light, including those within the visible range. This results in
the manifestation of different colors in the iridescent lm.
Birefringence, a phenomenon that occurs when a beam of light
enters an anisotropic crystal and is refracted in two different
directions, is observable when light propagates through
a heterogeneous body. The propagation velocity and refractive
index of light vary with the direction of vibration, and this
phenomenon is known as birefringence. Birefringence theory
indicates that Bragg reection is no longer applicable to wave-
lengths less than the pitch of the chiral structure, which is
typically in the range of 400–800 nm for visible light. Addi-
tionally, thicker CNC lms exhibit a more pronounced
RSC Adv., 2023, 13, 22569–22578 | 22569
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birefringence effect.19 Water-based UV-curable coatings possess
characteristics such as high efficiency, a wide range of appli-
cations, energy-saving features, environmental friendliness,
and cost-effectiveness, as documented in previous studies.20,21

The UV curing technology also shares similar features,22,23

which are considered essential for the new green industry in the
21st century, and thus designated as the “5E” industrial tech-
nology by the International Radiation Association.16,24 However,
the decorative performance of these coatings is limited and
cannot satisfy the demand for a wider range of colors.25 To
address this issue, various studies have explored the potential of
using CNC to improve the performance of transparent wood
coatings and water-based varnish formulations.26,27 Despite
these efforts, the currently available color options remain
insufficient, and there is still a need for further improvements
in the decorative performance of these coatings.28 In recent
years, architects and designers have shown interest in using
special effects pigments in wood paints for furniture or oors to
enhance the visual appeal of wood surfaces.29,30 These special
effects paints can create a silky nish that traditional paints
cannot achieve.

In this study, we introduce a novel approach to enhance the
decorative properties of UV-curable waterborne acrylate (UV-
WA) by using CNC lm with iridescent color.21,31 The CNC
suspension was prepared through acid hydrolysis and depos-
ited onto the cured UV-WA surface to form an iridescent lm
with a chiral nematic structure that was evaporation-induced
self-assemble.32,33 The resulting lm demonstrated improved
hardness and more diverse colors. To evaluate the iridescence
of the lm, we utilized a circular dichroism spectrometer to
measure both iridescent brightness and reection.34 We believe
that this iridescent lm can be applied in various settings
including home furnishing, interior decoration, and architec-
ture, such as decorative boards and soened wood oors.35,36
2. Experimental
2.1 Materials

The materials utilized in this research study included micro-
crystalline cellulose (MCC, 50 mm) obtained from Sinopharm
Chemical Reagent Co., Ltd. of China, and sulfuric acid (AR,
98 wt%) procured from Nanjing Chemical Reagent Co., Ltd.
(Nanjing, China). Additionally, the ultra-pure water utilized in
this study was generated by a Plus-E3-10th ultra-pure water
machine (EPED, China). The UV-WA coating employed in the
study was obtained from Jiangsu Haitian Co., Ltd. of China. All
materials were utilized as received without any further
purication.
2.2 Prepared CNC suspension

The present study utilized a method for preparing CNC
suspension that was previously reported in our literature.37

The process involved a feed ratio of 200.0 g of 64 wt% H2SO4

and 20.0 g of MCC. The hydrolysis step was carried out at
a temperature of 45 °C for 60 min. This was followed by
a sequence of treatments including deacidication, dialysis,
22570 | RSC Adv., 2023, 13, 22569–22578
and ultrasonic treatment (Q700, QSonica, Newtown, USA).
The resulting CNC suspension had a nal concentration of
1.2 wt%.

2.3 Prepared UV-WA/CNC iridescent lm

2.3.1 Curing of UV-WA coating. A straightforward spin-
coating system was established by placing 2.0 g of UV-WA into
a 60 mm plastic Petri dish. Initially, the rotational speed of the
coating platform was set to 500 rpm, enabling the bottom of the
Petri dish to be coated with UV-WA. Subsequently, the rota-
tional speed was increased to 1000 rpm, causing the UV-WA to
adhere to the side walls of the plastic Petri dish. This method
provides a practical approach for uniformly coating substrates
with UV-WA.

The plastic Petri dish coated with UV-WA should be sub-
jected to positive radiation curing for 2 min. Subsequently, the
dish should be inverted for radiation curing at the bottom for
30 s. These parameters have been previously reported in the
literature.

2.3.2 Preparation of CNC iridescent decorative layer. In
this study, surface modication of CNC on UV-WA coating lm
was investigated by drying CNC suspensions on the surface of
cured UV-WA lm. The experimental procedure involves
removing the UV-WA lm from the plastic Petri dish and
applying various volumes of CNC suspensions onto the lm
surface. The specimens were subsequently placed in an oven at
a temperature of 50 °C, and ve different groups were exam-
ined. We aimed to achieve CNC iridescent lms with varying
thicknesses using different volumes of CNC suspensions and
evaluate the differences in the decorative modication of CNC
iridescent lms on UV-WA coating lms.

2.4 Characterization

2.4.1 Chemical structure and composition. In this study,
Fourier transform infrared spectroscopy (FTIR) at attenuated
total reection (ATR) mode was employed to analyze the
chemical structures and compositions of the liquid and cured
UV-WA coating as well as the UV-WA/CNC. The FTIR-ATR
spectra were obtained using a Vertex 80 Infrared Spectrometer
manufactured by Bruker in Germany, which has a wavenumber
range of 4000 cm−1 to 400 cm−1 and a resolution of 0.5 cm−1.
The analysis of these spectra allowed for a detailed character-
ization of the molecular composition of the aforementioned
materials.

The X-ray diffraction (XRD) patterns for both MCC and CNC
were obtained using an Ultima IV X-ray diffractometer (Rigaku,
Japan) with CNC powders that were oven-dried. The diffraction
XRD spectra were scanned at a rate of 5° (2q) min−1 within the
range of 5° and 50° (2q). The determination of the crystal
structures for both MCC and CNC was based on the XRD
patterns. All XRD patterns for MCC and CNC were analyzed
using MDI Jade 6.5.

2.4.2 Microscopy investigation. The present study
employed transmission electron microscopy (TEM, JEM-1400,
JEOL, Japan) to investigate the nanoscale morphologies of
CNC nanoparticles. The CNC suspension was utilized with
© 2023 The Author(s). Published by the Royal Society of Chemistry
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0.001 wt% for sample preparation and observation. The sample
preparation involved placing a 300 mesh copper grid onto
a lter paper, transferring a small amount of CNC suspension
onto the grid, adding a staining agent, drying the sample under
an infrared lamp, and subsequently placing it into a sample
rack. The sample was then pushed into the sample chamber
and subjected to vacuum conditions for observation. This
experimental procedure ensured the high-quality characteriza-
tion of the CNC nanoparticles' morphologies with excellent
resolution and delity. The atomic Force Microscope (AFM,
Dimension Edge, Bruker, Germany) was employed to investigate
the micromorphology of CNC lm. The CNC suspension was
dropped on the silicon chip and dried on the surrounding at
40 °C. The size distribution of CNC nanoparticles was deter-
mined using a Zetasizer Nano-ZS ZEN3600 (Malvern, Worces-
tershire, United Kingdom) provided with a 4 mW He–Ne (633
nm) laser with 1 mL 0.005 wt% CNC suspension.

The surface and cross-sectional morphologies of the UV-WA/
CNC lm were examined through the utilization of eld emis-
sion scanning electron microscopy (FE-SEM) equipment, man-
ufactured by Bruker in Germany. The sample was securely
placed on the sample table and subsequently coated with a thin
layer of gold. The examination process was conducted in
a vacuum environment, with an accelerated voltage of 3.0 kV.

The observation of texture was conducted as follows: the
CNC suspension or gel of the intended concentration was
transferred to a at capillary tube and positioned under
a polarizing microscope (POM, BX-41, Olympus, Japan). The
purpose of this observation was to detect the emergence of
either nger texture or plane texture, which is indicative of
a phase transition. This technique is commonly employed in
the eld of materials science to evaluate the structural and
phase characteristics of materials and is a valuable tool for
investigating the behavior of CNC suspensions and gels.

2.4.3 Critical concentration of liquid crystal phase. A glass
Petri dish with a 35 mm diameter was utilized to contain
approximately 1.0 g of CNC suspension. The drying process was
performed at 80 °C for 1 h while conducting two sets of parallel
tests concurrently. The solid content was determined using eqn
(1).

Solid content ¼ m2 �m0

m1 �m0

� 100 (1)

where m0 is the mass of the empty Petri dish, m1 is the total
mass of the CNC suspension and Petri dish, and m2 is the total
mass aer drying.

Based on Table 1, a total of nine sets of CNC suspensions or
gels, each with varying concentrations, are planned to be
established to ascertain the concentration at which the liquid
crystal phase transition occurs. For those suspensions with high
concentrations, they will no longer exist in a state of suspension
but rather as a gel. Subsequently, the CNC suspensions or gels
with different concentrations will be subjected to a drying
process, aiming to achieve a rapid lm formation method. To
concentrate the CNC suspensions, they will be pipetted into
glass test tubes and heated in a 50 °C oven. The outcome will be
CNC suspensions or gels with distinct concentrations.
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.4.4 Physical and mechanical properties
Ultraviolet-visible (UV-vis) spectrum. In this study, the UV-vis

spectra (reection, absorption, and transparency) were
analyzed using a Lambda 950 (PE, USA) instrument for the UV-
vis spectra of the UV-WA coating lm and UV-WA/CNC lm.
Before testing, a circular lm with a diameter of approximately
40 mm was obtained by cutting the UV-WA coating lm
attached to CNC iridescent lm using scissors. The circular lm
sample to be tested was secured onto the sample rack clip and
its position was adjusted to ensure that the optical path passed
through the center of the sample.

Water contact Angle. In this study, the water contact angle of
the UV-WA coating lm was assessed using a DSA100S drop-
shape analyzer manufactured by KRÜSS, Germany. To
conduct the experiments, small strips measuring approximately
5.0 mm in width were cut out from various locations of the
sample. Subsequently, water contact angles were measured at
ve different locations on each strip, and the average value was
calculated to obtain an accurate representation of the lm's
wetting behavior.

Water resistance of CNC iridescent lm. In order to ascertain
whether the iridescent properties of CNC lm persist aer
exposure to water, it is imperative to conduct appropriate
tests. Given that the CNC lm is hydrophilic, owing to the
presence of a substantial number of hydroxyl groups on its
surface, it is pertinent to examine whether it retains its
iridescence upon contact with water. To accomplish this,
a small quantity of ultra-pure water was dispensed onto the
surface of the desiccated iridescent lm, and the iridescence
of the lm was subsequently evaluated. The lm was allowed
to air-dry naturally, and its iridescent characteristics were
once again analyzed.

Pencil hardness. This study involves the utilization of
a pencil hardness test method to assess the hardness of UV-
WA coating lm, following the guidelines outlined in the
“GB/T 6739-2006 Paints and Varnishes Determination of Film
Hardness by Pencil Test”. To conduct the test, a 400 mesh
sandpaper is rst used to predict the hardness of the pencil
lead core relative to the axial cross-section. The pencil is then
cautiously xed on the tester to ensure that the tester remains
in a horizontal position and that the coating lm in contact
with the lead section is not damaged. The tester is then evenly
pushed forward for a minimum distance of 7 mm. The surface
of the tested coating lm is subsequently inspected using
a magnifying glass and rubber to detect the presence of
scratches of more than 3.0 mm. The hardness of the coating
lm is based on the hardness of the highest pencil grade that
does not produce scratches exceeding 3.0 mm.

Circular Dichroism (CD) spectra. The MOS-500 Circular
Dichroism Spectropolarimeter (Bio-Logic, Seyssinet-Pariset,
France) was utilized to conduct the measurements presented
in this study. A 1.0 mm path length rectangular cell was
employed for the analysis, which was positioned perpendicu-
larly to the incident cross-polarized light. The scanning rate was
set to 100 nm min−1, while the step resolution and bandwidth
were maintained at 0.2 and 1 nm, respectively.
RSC Adv., 2023, 13, 22569–22578 | 22571
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Table 1 The parameters of increasing the concentration of CNC suspensions

Sample number
Original volume
(mL)

Target volume
(mL) Target concentration

1(ctrl) — — 1.2 wt%
2 3 2.5 1.4 wt%
3 2.0 1.8 wt%
4 1.75 2.1 wt%
5 1.5 2.4 wt%
6 1.25 2.9 wt%
7 1.0 3.6 wt%
8 0.75 4.8 wt%
9 0.5 7.2 wt%

Fig. 1 (A) The XRD spectra of MCC and CNC; (B) the FTIR-ATR spectra
of liquid UV-WA coating, cured UV-WA coating film, UV-WA/CNC film,
and CNC film.

Fig. 2 (A–I) The POM images of CNC suspensions with different
concentrations ranging from 1.2 wt% to 7.2 wt%; the digital images of
CNC suspension with different concentrations; (J) before and (K) after
drying.

Fig. 3 The dryness process of CNC suspension of (A) as preparation,
(B) after 0.25 h, (C) after 3.7 h, and (D) after 4.5 h; (E) CNC iridescent
film with water droplets; (F and G) changes in the iridescent film due to
artificial removal and natural evaporation of water droplets.
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Thermogravimetric analysis (TGA). The thermal behaviors of
the lms were analyzed by a TG 209F1 Libra thermogravimetric
analyzer (Necchi, Germany). The analysis was performed at an
N2 ow rate of 50 mLmin−1, from 30 °C to 700 °C, and a heating
rate of 10 °Cmin−1. The power of about 5mg for each cured lm
was used for measurement.

3. Results and discussion
3.1 Chemical structure and composition

Fig. 1A displays a comparative analysis of the XRD patterns
between MCC and CNC. The XRD patterns exhibit typical
diffraction peaks, with corresponding 2q values of 14.9°, 16.3°,
22.6°, and 34.5°, which correspond to the (1 1�0), (110), (200), and
22572 | RSC Adv., 2023, 13, 22569–22578
(004) lattice planes of MCC and CNC, respectively. These results
are consistent with previous studies.38 Notably, the peak positions
of CNC are identical to those of MCC, indicating that the crys-
talline structure of CNC remains unchanged, and it belongs to
cellulose I.39

The FTIR spectra (Fig. 1B) were utilized to analyze the chemical
structure of liquid UV-WA coatings and cured coating lms. The
disappearance of the characteristic peaks of C]C vibrations at
1634, 1407, and 808 cm−1 aer UV irradiation suggests that the
radicals reacted with C]C bonds in the liquid UV-WA coating.40

The appearance of a new absorption peak at 1631 cm−1, and the
shi of the peak of C]C vibrations from 1634 cm−1 to 1631 cm−1

aer UV irradiation was caused by the residual moisture present
in the cured coating lms. The O–H vibrations of the residual
moisture can be attributed to the absorption bands at 3437 and
1631 cm−1.41 The assigned molecular vibrations for specic peaks
observed in the spectroscopic analysis can be summarized as
follows. The peaks located at 2955 cm−1 and 2870 cm−1 are
indicative of the C–H stretching vibration occurring in CH2 and
CH3 groups. Likewise, the peak observed at 1458 cm−1 corre-
sponds to the C–H deformation vibration in CH2 and CH3

groups.42 Furthermore, the absorption bands appearing around
1720 cm−1 and 1106 cm−1 can be attributed to the vibrations
associated with –C]O and C–O–C, respectively.

Fig. 1B displays the FTIR spectra of CNC. The spectra reveal
the O–H stretching vibration peak at 3428 cm−1, as well as the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) TEM image of CNC nanoparticles; (B) the size distribution of
CNC nanoparticles; (C) 3D and (D) 2D AFM images of CNC film; (E) the
profile of CNC nanoparticles based on 2D AFM image; (F) the cross-
sectional FE-SEM image of UV-WA/CNC film (part I: CNC film, inset:
high magnification FE-SEM image of CNC film, P = 331.6 ± 10.5 nm;
part II: UV-WA film); (G) the surface FE-SEM image of UV-WA/CNC
film.

Fig. 5 (A) UV-vis absorption spectra, (B) water contact angles, and (C)
pencil hardness of UV-WA/CNC films.
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peak at 1372 cm−1 representing the O–H bending vibration.
Additionally, multiple vibration peaks occur at 2901 cm−1,
2856 cm−1, and 897 cm−1, corresponding to the symmetric and
antisymmetric stretching vibrations and the deformation
vibrations of C–H in cellulose.43 Despite efforts to remove
adsorbed water in CNC, the strong hydrogen bonding between
the –OH of CNC and –OH of water made complete removal
difficult. As a result, a peak near 1637 cm−1 attributed to the
O–H bending vibration of the remaining water in CNC was
present. The FTIR-ATR spectra indicated that UV-WA/CNC
detected functional groups of both the CNC lm on the
surface and the coating lm below, as evidenced by the peak
value near 1722 cm−1, which was absent in CNC alone. This
peak was attributed to the C]O group in the coating lm.
3.2 Analysis of critical concentration of liquid crystal phase
of CNC suspension

The results of the present study demonstrate the POM obser-
vations of nine groups of CNC suspensions with varying
concentrations, as depicted in Fig. 2. As depicted in Fig. 2A–D,
the POM images of CNC suspensions with concentrations
ranging from 1.2 wt% to 2.1 wt% did not exhibit any distinct
planar texture, indicating isotropy within this concentration
range. However, in Fig. 2E–I, the planar texture was observed in
the visual eld of CNC suspensions with a concentration of
2.4 wt%, suggesting the emergence of the liquid crystal phase of
CNC suspension. Furthermore, the critical concentration of
transition was approximately 2.4 wt%, which was consistent
with previous literature reports.44
© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. 2J depicts the varying concentrations of CNC suspen-
sion, which range from 1.2 wt% to 7.2 wt%. Specically, the
concentrations are 1.2 wt%, 1.4 wt%, 1.8 wt%, 2.1 wt%, 2.4 wt%,
2.9 wt%, 3.6 wt%, 4.8 wt%, and 7.2 wt%, respectively. It is
observed that the color of the suspension transitions from
colorless and transparent to light blue and translucent as the
concentration increases. Meanwhile, Fig. 2K illustrates the
dried CNC suspensions with different concentrations aer
being subjected to an oven at 80 °C. The original CNC suspen-
sion had a golden yellow color when dried, but the color of the
resulting lm changed from blue to colorless as the concen-
tration increased. However, CNC suspensions with concentra-
tions of 3.6 wt%, 4.8 wt%, and 7.2 wt% did not form iridescent
lms and only le partial traces aer drying. Consequently, the
experimental approach of forming an iridescent lm by thick-
ening the CNC suspension before drying to expedite the drying
process could not be realized.

3.3 Macro characteristics of UV-WA/CNC iridescent lm

During the evaporation-induced self-assembly process, the
formation of an iridescent lm was repeatedly observed and
recorded through photography. The drying process of suspen-
sions containing CNC was monitored in Petri dishes 1-5, which
contained 2 mL, 3 mL, 4 mL, 5 mL, and 6 mL of CNC suspen-
sions, respectively, as illustrated in Fig. 3A–D. The iridescent
lm displayed hydrophilic characteristics, which can be attrib-
uted to the hydroxyl group's hydrophilic nature on the CNC
surface, as depicted in Fig. 3E–G. Following the evaporation of
water, the iridescent properties reappeared, and a boundary
emerged, corresponding to the edge of the original droplet. This
boundary is known as the coffee ring phenomenon, which is
associated with the droplet's prole height during the drying
process. The outcomes suggest that the CNC iridescent lm is
not water-resistant; nonetheless, it still retains the iridescent
properties aer being dried again.

Based on the information presented in Fig. 3E, it is evident
that the iridescence lm exhibited notable hydrophilic charac-
teristics, resulting in the swi disappearance of iridescence in
the water-stained region. This phenomenon is attributed to the
hydroxyl group's hydrophilicity on the surface of the CNC.45

Moreover, as illustrated in Fig. 3G, the removal of water droplets
during the re-evaporation process caused a disruption in the
original structure and led to the disappearance of iridescence,
indicated by the blue circle. However, aer the water had dried,
the iridescence characteristic reappeared in the orange circle,
and a boundary corresponding to the original droplet's edge
emerged, which is known as the coffee ring effect. This effect is
RSC Adv., 2023, 13, 22569–22578 | 22573
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Fig. 6 (A) The CD spectra of UV-WA and UV-WA/CNC; (B) the UV-vis
reflectance spectra of UV-WA and UV-WA/CNC; (C) the absorption
and transmittance spectra of UV-WA/CNC.
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linked to the droplet's prole height during drying.46 The nd-
ings suggest that although the CNC iridescence lm is not
water-resistant, it can still exhibit iridescence features aer
drying again.
Fig. 7 The thermal properties of the cured UV-WA coating film, UV-
WA/CNC film, and CNC film.
3.4 Morphology of CNC and UV-WA/CNC

Fig. 4 depicts the microstructure of CNC examined in the
present study. The CNCs acquired in this investigation exhibi-
ted a rod-like shape with both their length and diameter
measuring in the nanoscale range, which is consistent with the
literature ndings.47 Recent research has emphasized the criti-
cality of the aspect ratio of rod-shaped CNCs in producing
iridescent lms during suspension drying.48,49 In particular,
when the aspect ratio of CNC is either too small or too large, the
color complexity of the CNC suspension-derived lm aer
drying is reduced.14 Notably, the aspect ratio of the CNCs
prepared in this study was around 11.3, providing a crucial
foundation for their iridescence upon drying.

The TEM image and size distribution of CNC nanoparticles
are shown in Fig. 4A and B. The average size of CNC nano-
particles is 79.9 nm, and the maximum mean Intensity is
11.5%. Fig. 4C and D show the 3D and 2D AFM images of CNC
lm, respectively. The prole of CNC nanoparticles based on
a 2D AFM image is shown in Fig. 4E, the results are consistent
with the TEM image results, but different from the particle size
analysis, because the particle size analysis test is the result of
simulated particle size, not the true size of CNC. The FE-SEM
images presented in Fig. 4F depict the microscopic
morphology of a CNC iridescent lm on the UV-WA surface.
Specically, Fig. 4F illustrates the cross-sectional view of CNC
iridescent lm on the UV-WA surface, revealing a layered
structure resulting from the chiral spiral self-assembly process.
The orderly arrangement of the lm's surface further exem-
plies its intricate structure. The UV-WA coating exhibits
a pronounced interaction with CNC, as depicted in Fig. 1B,
where carboxyl groups are present on the coating lm and
hydroxyl groups are present on the CNC. The compatibility
between these functional groups facilitates the formation of
robust hydrogen bonds. The SEM images reveal a tight and void-
free adhesion between the coating and the CNC, further con-
rming the strength of their interaction. Fig. 4G displays the FE-
SEM image CNC iridescent lm's surface. The CNC nano-
particles on FE-SEM showed a locally ordered arrangement, and
the particle size was consistent with the TEM image.

Additionally, as observed through the FE-SEM images, the
thickness of the lm produced following the drying of varying
22574 | RSC Adv., 2023, 13, 22569–22578
amounts of CNC suspension was found to be non-uniform. The
thickness of the lm is a signicant factor affecting the
smoothness and levelness of the UV-WA lm upon drying.
Hence, the approximate thickness of the CNC lm can be
ascertained through FE-SEM examination. In this study, the
mean values of various test locations were computed to obtain
the groups of CNC suspension of 2 mL, 3 mL, 4 mL, 5 mL, and 6
mL. The thicknesses of the resulting lms upon drying were
determined as 21.3 mm, 32.8 mm, 38.3 mm, 45.1 mm, and 69.6
mm, respectively.
3.5 Analysis of physical and mechanical properties

Based on previous research,50 the UV-vis absorption spectrum of
CNC iridescent lm is subject to numerous factors, and the
resulting UV-vis spectrum is directly linked to the color of the
CNC iridescent lm.51 This investigation aimed to evaluate the
UV-vis performance of CNC iridescent lm with varying thick-
nesses. The observed trend demonstrated a redshi phenom-
enon in the corresponding UV-vis spectrum as the thickness of
the CNC iridescent lm increased, as shown in Fig. 5A. The
naked eye was able to perceive changes in the lm's appearance
with increased thickness. When the original volume of CNC
suspension was 3mL or 4mL, the resulting UV-vis spectra of the
dried lms were comparable, as were the cases when the volume
of the original CNC suspension was 5 mL or 6 mL. This is
attributed to the uneven deposition of the CNC suspension on
the coating lm's surface, resulting in uneven lm thickness.
The attest region was selected for UV-vis spectrum testing in
this experiment.

Fig. 5B presents the experimental ndings for the water
contact angle of UV-WA coated surfaces, demonstrating both
the angle of the water droplets upon initial contact with CNC
iridescence lm and the water contact angle aer 1 s. Results
indicate that the water contact angle of the UV-WA/CNC lm
was notably lower than that of the UV-WA coating lm. Specif-
ically, the maximum and minimum contact angles observed for
CNC iridescent lm were 45.8° and 39.4°, respectively, repre-
senting a 17.3° and 23.7° decrease compared to the UV-WA
coating lm. Aer 1 s of contact, the water contact angle of
the UV-WA/CNC lm was measured at 57.5°. The results
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Pyrolysis parameters of UV-WA, UV-WA/CNC, and CNC films

Film T5% (°C) T50% (°C)

1st deg. stage 2nd deg. stage
Residue
(%)Tmax (°C) DTGmax (%/°C) Tmax (°C) DTGmax (%/°C)

UV-WA 196.6 430.6 — — 439.6 16.16 10.91
CNC 157.6 413.6 180.56 9.38 388.6 3.08 36.71
UV-WA/CNC 191.6 420.4 323.6 6.66 440.6 14.81 15.82
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demonstrate that CNC iridescent lm as a surface modication
material for UV-WA paint can signicantly reduce the water
contact angle. This decrease in contact angle is primarily
attributed to the hydrophilic hydroxyl group present on the
surface of CNC. By attaching a layer of CNC lm onto the
modied UV-WA coating lm surface, the water contact angle is
signicantly altered. The outcome of this study is consistent
with the established fact that the chemical composition and
surface roughness of the solid are key factors inuencing the
water contact angle.52

Fig. 5C displays the outcomes of the pencil hardness test
performed on the UV-WA coating lm. The unaltered UV-WA
coating exhibits a pencil hardness of 2H, while the UV-WA/
CNC lm demonstrates a pencil hardness of 4H aer being
dried with CNC suspensions of 2 mL and 3 mL. Furthermore,
the UV-WA/CNC lm coating shows a pencil hardness of 5H
when dried with CNC suspensions of 4 mL, 5 mL, and 6 mL.
This nding signies that the surface modication hardness of
the CNC iridescent lm surpasses expectations. Pencil hardness
is an advantageous method for evaluating the hardness of a lm
surface,53 as it allows for accurate testing. During the exami-
nation, the hardness of the substrate is closely related to that of
the surface lm. The test outcomes of this study demonstrated
that the pencil hardness reached 5H, which exceeded expecta-
tions, and was attributed to the hardening of the UV-WA coating
lm during the drying process of the CNC suspension at 50 °C.

3.6 Characterization of lms by circular dichroism

The optical characteristics of CNC lms arise from their chiral
nematic structure, which reects circularly polarized light. As
demonstrated in Fig. 6A, the presence of three distinct peaks at
wavelengths of 653, 693, and 720 nm results in a red appear-
ance. Additionally, the lms exhibit a peak at 435 nm, corre-
sponding to the color purple. Notably, Fig. 6B demonstrates
that the CNC lms possess superior decorative properties as
they transmit visible light above 380 nm.54 The presence of
a peak at 638 nm indicates a red hue, which corresponds to the
peak at 653 nm observed in the CD diagram. Based on the data
presented in Fig. 6C, it is evident that a conspicuous absorption
peak prominently emerges at a wavelength of 385 nm, which
illustrates that the CNC lms possess commendable aesthetic
attributes, as they exhibit high transmittance of visible light
beyond the 385 nm threshold.

3.7 Thermal stability

The thermal properties of the cured UV-WA coating lm, UV-
WA/CNC lm, and CNC lm were examined through TGA and
© 2023 The Author(s). Published by the Royal Society of Chemistry
derivative weight loss (DTG) curves, as depicted in Fig. 7.
Supplementary data were recorded in Table 2 to further inves-
tigate the degradation characteristics of these lms. This
included the temperatures at which 5% and 10% mass loss
occurred (referred to as T5% and T10%, respectively), the
percentage of residual mass at 700 °C, and the maximum rate of
weight loss and the corresponding temperature during the
degradation stage.

The experimental ndings indicate that UV-WA exhibits
a weight loss phase that resembles a characteristic peak at
approximately 440 °C. Within the temperature range of 291 °C
to 522 °C, a weight loss of 72% was observed. At 700 °C, the
residual mass percentages for UV-WA, UV-WA/CNC, and CNC
lms were determined as 10.91%, 15.82%, and 36.71%,
respectively. These results indicate that CNC demonstrates the
highest level of thermal stability, while the UV-WA/CNC lm
exhibits slightly greater thermal stability compared to the UV-
WA lm alone. Therefore, the incorporation of CNC in UV-WA
lms is shown to enhance their thermal stability and heat
resistance.

4. Conclusions

CNC is a renewable material with high potential in many
applications. Due to its unique self-assembly and optical
properties, CNC tends to behave as an iridescent pigment. The
innovation of this experiment lies in the excellent decorative
performance of CNC coated on the coating surface. It provides
an excellent application prospect for pulp and paper, which is
a renewable resource. The decorative performance of UV-WA
coating lm is limited, thus failing to satisfy the demand for
richer colors. To address this issue, CNC iridescent lm is
employed in this study to modify the UV-WA coating lm. The
resulting UV-vis spectrum exhibits a red shi phenomenon,
which becomes more prominent with an increased thickness of
CNC lm. The CNC suspension used in the study was prepared
via acid hydrolysis, yielding a CNC suspension concentration of
1.2 wt%, with a liquid crystal phase transition concentration of
2.4 wt%. The CNC iridescent lm possesses pronounced
hydrophilicity, and upon evaporation of the water on its surface,
the iridescent characteristics are restored, leaving behind
a boundary position of water droplets. Compared to unmodied
UV-WA lm, the water contact angle of UV-WA/CNC lm is
smaller, yet its pencil hardness improves by 3 grades, from 2H
to 5H, indicating an enhancement in mechanical properties.
The color of the UV-WA/CNC lm surface was characterized
using a circular dichroism spectrometer, which revealed that
the iridescent lm possesses a range of wavelengths of visible
RSC Adv., 2023, 13, 22569–22578 | 22575
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light, thereby demonstrating its exceptional decorative proper-
ties. This modied lm has potential applications in various
settings, such as interior decoration, architecture, and decora-
tive boards, including soened wood oors.
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