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Luminescent hydrophobic composite films based on nanocrystalline (CNC) and nanofibrillated (CNF) cellulose matrix with up-conversion MF2:Ho
(M = Ca, Sr) particles and acrylic resin (ACR) as a coating have been synthesized. Flexible, translucent composite films were obtained by molding
from the CNC/CNF suspensions with up-conversion particles. ACR coating was applied to the composite film by spraying. Studies have shown that
ACR coating with a layer thickness of 7 – 10 µm provides hydrophobic properties for the films, increasing the water contact angle up to 100± 2◦

with a simultaneous improvement in the luminescent properties. Transparency of CNC/CNF/MF2:Ho-ACR films in the visible and near IR region
improves by 20 – 25 % without compromising the flexibility and thermal stability. The manufactured water-resistant composite films can be utilized
as potential photonics materials, in particular for visualization of near-IR laser radiation and luminescent labels.
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1. Introduction

Luminescent composite materials based on a nanocellulose matrix have attracted much attention due to environ-
mental problems [1, 2] and their promising for photonics [3–7], optoelectronics [8–11], and biomedicine [12, 13].
Luminescent nanocomposites with a nanocellulose matrix are light-weight, flexible, thin materials with sufficient me-
chanical strength. These nanocomposites can be used in a number of practical applications, including: miniature
biosensors and chemosensors [12–20], photodetectors [21, 22], organic light-emitting diodes [23, 24], organic solar
cells [25], anti-counterfeiting [26] and different photonics devices [27–29].

Cellulose is a widely-spread natural “green” environmentally friendly polysaccharide, which has an amorphous-
crystalline structure. Cellulose nanocrystals (CNC) and cellulose nanofibrils (CNF) are synthesized from wood
and other plant sources, which have nanoscale transverse sizes and lengths ranging from nanometers to microm-
eters [30–32]. The preparation and properties of CNF and CNC are described in detail in numerous review arti-
cles [33–36]. Nanocellulose is a unique platform for nanocomposites producing due to attractive properties such as
renewability, affordability, low density, unique optical properties, excellent mechanical properties, biocompatibility,
and biodegradability. The properties of CNC and CNF make them promising for smart photonic devices [7, 37].
Thin CNC films are one-dimensional photonic crystals [38–40]. Like CNC, the CNF can form optically transparent
films [41, 42]. One of the most specific nanocellulose characteristics is the presence of three free hydroxyl groups in
each monomer unit, which provide a chemically active surface. A large number of hydroxyl groups on the nanocellu-
lose surface is responsible for its inherent hydrophilic nature and possibilities for their modifications [1, 3, 33, 36].

CNF and CNC can serve as a matrix for inorganic phosphors. So Miao et al. developed a simple method for
highly-transparent luminescent nanopaper production with high heat resistance by grafting Eu, Sm, Tb lanthanide
complexes onto TEMPO-oxidized CNF [43]. Chu with co-authors synthesized chiral nematic CNC luminescent films
with YVO4:Eu3+ nanoparticles [44]. Yb (III) doped carbon quantum dots (CQD) grafted oxidized nanofibrillated
cellulose (Yb3+-CQDs-ONFC) was proposed as novel anti-counterfeiting materials. The CQD serve as a visible
emitter and antenna for the Yb3+ ions NIR emission sensitizing. As a result, Yb3+-nanopaper fabricated from Yb3+-
CQDs grafted ONFC by amide condensation show in eight times higher NIR emission than Yb3+-CQDs in solution
with significant aggregation. Further, polystyrene as surface sizing was used to improve the water-resistant property in
those nanopapers [45]. Nguyen with co-authors proposed to use nanocellulose as a matrix for up-conversion photonic
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films production with chiral nematic ordering containing NaYF4: Yb,Er hexagonal nanorods [46]. Films have a
low resistance to water due to the hydrophilic nature of the cellulose. The hydrophilic nature limits their using as
luminescent composite materials based on CNF and CNC. Increase of hydrophobicity by surface modification is very
attractive for manufacture of luminescent composite materials based on a nanocellulose matrix. The purpose of the
modification is to change only the surface of the nanocellulose with preservation of the initial morphology of the
nanocomposite material and the complex structure of internal hydroxyl groups.

This paper is devoted to the studies of hydrophobic composite luminescent nanocellulose films with up-conversion
particles based on calcium and strontium fluorides doped with holmium for identify the hydrophobic agent influence
on the change in the optical and luminescent properties of nanocomposite films.

2. Experimental section

2.1. Chemicals

Powdered bleached woodkraft cellulose (PCC-0.25 (PC) from Polycell, Vladimir, Russia), filter paper “Blue
Ribbon” (FP), 98 % sulfuric acid, 18 % hydrochloric acid, double distilled water, acrylic varnish (KUDOKU-9002
from Elf Filling, Electrougli, Russia), regenerated cellulose dialysis tubing with 12 – 14 kDa molecular weight cut-
off from Orange Scientific (Graignette Business Park, Braine-l’Alleud, Belgium), up-conversion Ca0.92Ho0.08F2.08

and Sr1−xHoxF2+x (x = 0.08, and 0.10) powders, which prepared by our proposed technique [47, 48] were used as
starting materials.

2.2. Preparation techniques of cellulose nanocrystals and nanofibrills, and nanocellulose films

Initial PC cellulose samples were mixed with double distilled water (cellulose: H2O = 1:10 g/g) in a beaker.
The prepared suspension was placed in an ice bath. Concentrated sulfuric acid (cellulose: H2SO4 = 1:25 g/g) was
added drop-wise to the cellulose suspensions under vigorous stirring until acid concentration reached about 65 wt%.
The resulting suspension was placed in a water bath at 47 ◦C for 60 min under 350 rpm stirring. Hydrolysis was
terminated by addition of 10-fold excess of cold double distilled water. The hydrolyzed suspension was washed with
double distilled water and repeatedly centrifuged (Eppendorf 5804 centrifuge, 8000 rpm, 10 min). The supernatant
was separated from the precipitate and then a new portion of water was added. After 4 – 5 centrifugation cycles,
washing procedure was terminated at pH = 5. The resulting cellulose gel was dispersed in double distilled water
and then placed into a dialysis bag and dialyzed for 7 days. After dialysis, the dispersion was sonicated for 15 min
(UZG13-01/22 sonicator, 110 W, VNIITVCH) in an ice bath. The yield of CNC was about 30 %. The CNC content
in the dispersion was determined gravimetrically. CNF was obtained by hydrolysis of FP with hydrochloric acid
with followed by ultrasonic treatment. FP was preliminarily shredded into small pieces (2 × 2 mm). The aqueous
suspension was prepared at FP:H2O = 1:10 g/g. Hydrochloric acid (FP:HCl = 1:13 g/g) was added drop-wise to the
suspension under vigorous stirring at 80 ◦C for 20 min. The hydrolysis was terminated by adding a large amount of
cold double distilled water (10 times the volume of the suspension). Further, the suspension was washed with double
distilled water and repeatedly centrifuged (10 min at 8000 rpm, an Eppendorf 5804 centrifuge). The supernatant was
separated from the precipitate and then a new portion of water was added. After 4 – 5 centrifugation cycles, washing
was terminated at pH 4.5 – 5.0. The resulting cellulose gel was dispersed in double distilled water and sonicated in
an ice bath for 15 min, then placed into a dialysis bag and dialyzed for 7 days. After dialysis, the suspension was
sonicated according to the above-mentioned procedure. pH value was reached 5.5. The yield of CNF was about 50
%. The CNF content in the dispersion was determined gravimetrically.The resulting CNC and CNF dispersions were
stored in a refrigerator at a temperature < 5 ◦C.

The nanocellulose films were prepared by solution casting technique of CNC, CNF dispersion with concentration
less 3 wt.% in polystyrene Petri dishes with followed drying at ambient temperature for 2 – 3 days. The film thickness
was about 25 – 35 µm.

2.3. Preparation of nanocomposites films

Ca0.92Ho0.08F2.08 and Sr1−xHoxF2+x (x = 0.08 and 0.10) powders annealed at 750 ◦C were carefully ground in
an agate mortar. The ground powders were dispersed in CNC or CNF colloidal solutions by sonication on an ice bath
for 15 min. The colloidal suspensions were poured into polystyrene Petri dishes and dried under ambient conditions
for 2 – 3 days. The air-dried composite films were further dried at 90 ◦C for 40 min to remove residual moisture, so
that hydration would not affect the products’ morphology, physical and luminescent characteristics. The film thickness
was about 25 – 45 µm. The nanocellulose content in the dried films varied from 45 to 90 wt%, while the Ho content in
the dried films ranged from 1.00 to 6.71 wt% for SrF2:Ho samples and from 2 to 8 wt.% for CaF2: Ho samples. The
composite films were designated as CNC:xHo, CNF:xHo, CNC/CNF:xHo, where x = Ho wt%.
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2.4. Surface modification of nanocomposite films by acrylic resin

The hydrophobicity was reached by the simple procedure for applying a double-sided coating of KUDOKU-9002
acrylic varnish, which includes modified acrylic resin (ACR). Procedure consists of acrylic resin spraying from a
balloon from 25 – 30 cm distance onto suspended composite films CNC:xHo, CNF:xHo, CNC/CNF:xHo. One to
three thin layers were applied to each side of the film. The drying time between layers spraying was 5 – 10 minutes,
then the next layer was applied. Dry to stick 20 – 30 minutes, but complete drying in air for 2 hours. The film thickness
varied in the range of 45 – 75 µm, the thickness of the ACR layer was from 2.5 to 16 µm on each side. Designation
of CNC composite films were CNC:xHo-zACR, CNF:xHo-zACR, CNC/CNF:xHo-zACR, where z is the number of
layers deposited, from 1 to 3.

2.5. Characterization techniques and equipments

X-ray diffraction analysis was carried out on a Bruker D8 Advance diffractometer (Bruker AXS GmbH, Karlsruhe,
Germany) using CuKα-radiation in the range 8 – 60 2θ with 0.02 2θ step. The diffraction peak at 22.7 2θ was used
for crystallinity index (IC, %) calculation by Segal’s method according to Eq. (1):

IC =
I200 − IAM

I200
× 100, (1)

where, I200 is the intensity of the 〈200〉 reflex at 22.70 2θ. I200 consist of both crystalline and amorphous phases.
IAM is the intensity at the minimum between the 〈200〉 and 〈110〉 peaks at 18.00 2θ.

The nanoparticle size distribution in aqueous dispersions was determined by dynamic light scattering (DLS) using
a Photocor Complex DLS spectrometer equipped with He–Ne laser. The CNC and CNF dispersions were preliminarily
diluted up to 0.01 wt% concentration and then sonicated for 5 min in an ice bath.

The degree of polymerization (DP) was measured by the viscosity method using diluted solutions of dry cellulose
particles in Cadoxen (cadmium ethylenediamine) [49]. The polymerization degree was determined as the average of
two independed measurements. The relative error was 4 % at p = 0.95.

Film thickness was measured using a micrometer (MKTS-25 0.001, Kalibron, Russia) at seven randomly selected
locations on each film, and mean value was reported for each replication.

Water absorption test carried out for ACR film and without ACR layer nanocomposite films without ACR coatings
were dried at 90 ◦C for 40 min and immersed in distilled water for 2 min. ACR coated nanocomposite films were
immersed in distilled water for 2 min without drying. After immersed in doubly-distilled water, the samples were wet
with FP to carefully remove excess water from the surface and weighed. Water adsorption % (WA) was calculated by
the formula:

WA =
Wwet −Wdry

Wdry
× 100, (2)

where Wdry is the weight of the dried sample, Wwet is the weight of the wet sample after soaked in water for 2 min.
The microstructure of the particles in films was analyzed by scanning electron microscopy (SEM) using a NVision

40 microscope (Carl Zeiss NTS GmbH, Oberkochen, Germany) with simultaneous energy-dispersive spectroscopy
(EDX) (X-Max detector, Oxford Instruments, Abingdon, UK).

Fourier transform infrared spectroscopy (FTIR) with ATR unit (Pike) was performed on a INFRALUM FT-08
spectrometer from 400 to 4000 cm−1. The transmission spectra were recorded using a Cary 5000 spectrophotometer
in the 250 –3000 nm range.

Thermal gravimetric analysis (TG) was performed from 25 to 800 ◦C with a 5 ◦C/min heating rate in air on the
Netzsch TG 209 F1 Libra.

The contact angle was measured using the FTA1000 Drop Shape Instrument B Frame System. The test sample
was placed on a horizontal holder. The water was applied to the surface of the test sample by a special microdosing
syringe. The droplet volume was 100 µl. The image was recorded using a CCD detector of 640× 480 pixels. Images
were obtained 1 s after application of the droplets. The measurements were carried out at room temperature (24±2 ◦C)
and repeated 5 times on various fresh surfaces.

The up-conversion luminescence spectra were recorded with a Horiba FHR 1000 spectrophotometer with OL IS-
670-LED integrating sphere (Gooch & Housego). A continuous solid-state LiYF4:Tm laser was used as the excitation
source for Ho3+ ions at 1912 nm. The beam diameter of incident laser radiation was 300 µm. The incident excitation
power was 960 mW.
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3. Results and discussion

3.1. Characterization of a hydrophobic agent (ACR)

Acrylic universal gloss varnish KU-9002 was chosen as a hydrophobic agent. It contains xylene, methyl ac-
etate, butanol, propanol, and modified acrylic resin (ACR). ACR is ethylhexyl acrylate, methyl methacrylate and
styrene copolymer. The varnish is transparent, colorless and insoluble in water. KU-9002 designed to create a pro-
tective coating for metal, wood, and plastic products. It allows the masking of surface defects without yellowing and
provides resistance to mechanical stress and abrasion. ACR has excellent surface adhesion and high environmental
resistance [50]. Hardening takes place quickly at room temperature. The first drying came unstuck is 20 – 30 minutes
but complete drying in the air for 2 hours. ACR contains esters of acrylic and methacrylic acids, as well as a phenyl
group. The phenyl group ACR can improve the water-resistance of the film after drying [51]. Negatively polarized
oxygen atoms of the ACR ester group are able to form hydrogen bonds [52]. Hydrogen bonds with the hydroxyl
groups of nanocellulose improve the bonding between the nanocellulose film and the ACR. It ensures the uniformity
of the ACR film on the surface of the nanocellulose. Intra- and intermolecular hydrogen bonds play a decisive role
in the formation of supramolecular structures that affect on the nanocellulose properties. As a result, cellulose chains
are assembled into highly ordered structures [4]. A possible mechanism for the interaction of a nanocellulose film and
ACR in composite materials is shown in Fig. 1.

FIG. 1. Scheme of inter-surface hydrogen bonds between hydroxyl groups of nanocellulose and
oxygen atoms of the ester group of ACR (ethylhexyl acrylate, methyl methacrylate and styrene
copolymer)

3.2. Characterization of dispersions, nanocellulose films, and nanocomposite films CaF2:Ho and SrF2:Ho
with up-conversion particles

The 1.55 – 2.50 wt.% CNC aqueous dispersions are transparent and stable colloidal solutions of nanocrystalline
cellulose, which staying without coagulation during for more than four months. The stability of CNC dispersions
is explained by the presence of negatively charged sulfate groups on the surface of the CNC and an increase in the
surface charge of CNC particles. It leads to a more stable CNC dispersion due to electrostatic repulsion between
sulfate groups. The presence of sulfur in CNC samples (0.71 wt.%) confirmed by EDX analysis (Table 1) as a result
of esterification of cellulose hydroxyl groups by sulfate ions.

Aqueous CNF dispersions with a concentration of 0.94 – 2.07 wt.% with milky hue are stable for a month. After
one month of aging, the dispersion begins to stratify. Mixed aqueous dispersions of CNC/CNF with a concentration
of 1.24 – 2.28 wt.% are transparent and stable colloidal solutions without coagulation for three months.

The hydrodynamic particle radii for CNC and CNF dispersion show a polydisperse particle distribution. CNC
and CNF form whiskers and nanofibrils, respectively. Most particles are 10 – 30 nm and 90 – 170 nm sizes, but a
small portion are aggregated CNCs. As a result of hydrolysis, the CNC particle sizes are reduced one thousand-fold
compared to the initial PC. CNF is characterized by the presence of three groups of particles corresponding to sizes
22 – 32 nm, 90 – 180 nm, and 500 – 1800 nm.

Samples for SEM analysis were prepared by applying a drop of 0.01 wt.% dilute aqueous dispersions nanocellu-
lose on the single-crystal silicon substrate with followed by drying in air. The properties of the initial cellulose (PC
and FP) are shown in Table 2. Rod-like particles with a width of about 15 – 25 nm and length of about 100 – 200 nm,
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TABLE 1. EDX analysis of nanocellulose

Elements
at. % wt. %

CNC CNF CNC CNF

C 53.8± 0.2 56.2± 0.1 46.5 49.1

O 45.8± 0.2 43.8± 0.1 52.8 50.9

S 0.3± 0.1 — 0.7 —

as well as aggregates are determined on SEM images for CNC samples (Fig. 2(a)). Cellulose nanofibrils with a width
of 20 – 35 nm and length of 200 – 1800 nm with a large aspect ratio (ratio of length to smallest transverse size) of
20 – 60 are determined on SEM images for CNF films (Fig. 2(b)), which confirms the production of nanofibrillated
cellulose. Nanocellulose prepared from a mixed dispersion of CNC/CNF = 1/1 present on Fig. 2(c,d). Entangled CNF
fibrils form a porous network with CNC evenly distributed inside the CNF.

TABLE 2. Properties of the initial and synthesized nanocellulose

Sample
Particle size (SEM), nm Cellulose

Type
Structure

IC, % DP
Decomposition

temperature

diameter length Tonset/Tendset, ◦C

PC 25 – 50 * 230 – 500 * Iß 69.2 930 300/491

FP 25 – 50 * 200 – 1500 * Iß 68.7 1112 300/486

CNC 15 – 25 100 – 200 Iß 86.2 105 157/567

CNF 22 – 35 200 – 1800 Iß 70.3 154 196/591

CNC/CNF 15 – 35 100 – 1800 Iß 71.6 147 186/567
* Particle sizes of PC and FP are expressed in microns [53].

Particle sizes determined using SEM are consistent with DLS results.
CNC and CNF showed different behaviors during the film formation process due to the different shapes and

lengths. CNCs tend to form the ordered structure, which associated with the self-assembly of CNC during slow
drying. CNC forms transparent but fragile films. At 0.94 wt.% CNF dispersion, the flexible but wrinkled film with a
milky tint is formed with porous network. The non-transparent film is formed at 2.07 wt.% dispersion concentration.
In our earlier study of nanocellulose films was shown [53], that a transparent and flexible film was synthesized from
CNC/CNF = 1/1 mixed dispersions.

Changes in the supramolecular structure of cellulose during hydrolysis are characterized by X-ray diffraction of
cast films, but the monoclinic crystal structure of Iβ cellulose is preserved for all nanocellulose films (Fig. 3).

X-ray diffraction patterns of the CNC (Fig. 3(a)) samples revealed the Iβ crystal structure [54]. The CNC samples
are characterized by a significant increase in the crystallinity index compared to the initial cellulose (Table 2) due to
optimized acid hydrolysis process. A smaller increase in IC for CNF is observed due to the partial destruction of the
amorphous regions of cellulose (Table 2).

The degree of polymerization for cellulose materials after hydrolysis is significantly reduced, namely by 8-fold
for CNC. Moreover, CNC has a degree of polymerization about 1.3-fold less than CNF.

The thermal degradation of the initial cellulose (PC and FB) and nanocellulose (CNC and CNF) showed obvious
differences (Table 2) [53]. Degradation onset temperature (Tonset) in comparison to the initial cellulose was decreased
by 100 and 140 ◦C for CNF and CNC, respectively. The decrease in thermal stability of CNC and CNF compared to
the initial cellulose is probably associated with an increase of heat transfer rate due to an increase in surface area of
smaller particle sizes. Also, it‘s probably due to the introduction of sulfate groups during acid hydrolysis. The lower
temperatures of the Tonset (157 ◦C) for CNC compared to CNF/CNC (186 ◦C) are due to the higher content of sulfate
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(a) (b)

(c) (d)

FIG. 2. SEM images of CNC and CNF: (a) CNC; (b) CNF; (c), (d) CNC/CNF

FIG. 3. X-ray pattern diffractions (a) CNC; (b) CNC-2ACR; (c) CNC: 5.5 Ho; (d) CNC: 5.5 Ho-
1ACR; (e) ACR
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groups in them, which is confirmed by EDX data. The total mass loss for all samples during thermal decomposition
in the air is 100 %.

Finally, the morphology, particle size, the ratio of geometric parameters (sides), the degree of polymerization
and the degree of crystallinity of nanocellulose are determined by preparation technique. Various mechanisms for the
formation of CNC, CNF films affect their optical, thermal and mechanical properties.

Mixing CNC or CNC/CNF with Ca0.92Ho0.08F2.08 particles, or Sr0.92Ho0.08F2.08, or Sr0.90Ho0.10F2.10 particles
with the subsequent ultrasonic treatment result in good distribution of the filler in the nanocellulose matrix. The
resulting dispersion is transparent and stable during the day with 0.28 – 1.57 wt.% content of up-conversion powders.

The X-ray diffraction pattern of the CNC: 5.5Ho (45.4 wt% Sr0.90Ho0.10F2.10) composite film exhibit diffraction
peaks characteristic of cellulose Iβ and the crystalline fluorite phase Sr0.90Ho0.10F2.10 with unit cell parameter a =
5.7778(1) Å (Fig. 3(c)).

It means that the crystalline structure of cellulose does not change after dispersion since the positions of all reflexes
are preserved but their intensity changes.

The thermal destruction of CNC: 4.4Ho composite film (36.4 wt.% Sr0.90Ho0.10F2.10) begins in the air at 157 ◦C
(Fig. 4(b)). The latter does not differ from the decomposition temperature of CNC film (Table 2). According to TG,
the residue after heating up to 800 ◦C is 36.4 wt.%, which corresponds to the content of up-conversion powder in the
composite film.

FIG. 4. TG measurements in the air at a heating rate of 5 ◦/min for films: (a) CNC: 4.4 Ho-1ACR;
(b) CNC: 4.4 Ho

Scanning electron microscopy images of the surface and cleavage of composite films CNC/CNF: 4.6Ho (37.7 wt.%
Sr0.90Ho0.10F2.10) and CNC: 5.1Ho (34.8 wt.% Ca0.92Ho0.08F2.08) analyzed in topographic contrast (Fig. 5(a, c, e,
g)) and in the Z contrast (Fig. 5(b, d, f, h)).

CNC/CNF: 4.6Ho and CNC: 5.1Ho composite films have a uniform morphology and contain uniformly distributed
up-conversion particles over the entire surface and volume (Fig. 5(c, d, f, h)). The SrF2:Ho and CaF2:Ho particle size
varies between 50 – 200 nm. EDX analysis confirmed that the measured atomic ratio of Sr/Ho and Ca/Ho elements
in composites is very close to that measured in Sr0.90Ho0.10F2.10 and Ca0.92Ho0.08F2.08 powders. Thus, the use
of CNC or mixed CNC/CNF dispersions (1:1) allows to composite films producing with a uniform distribution of
up-conversion particles without losses and changing of the crystal structure.

The thickness of composite films depends on the concentration and volume of CNC and CNC/CNF dispersions,
as well as on the content of up-conversion particles in them. The optimal concentration of nanocellulose dispersions
is 1.8 – 2.2 wt.% with the 0.9 – 1.3 wt.% content of up-conversion particles for preparation of composite films with
a thickness of 35 – 50 µm. Such concentrations ensure the stability of the dispersions and the drying of the film in
during two days.

3.3. Effect of ACR coating on the thermal, structural, optical, and luminescent properties of composite films

The thermal stability of a CNC: 4.4Ho-1ACR composite ACR coated films do not change in comparison to
uncoated film (Fig. 4(a)). An increase in losses during annealing by 6.3 % in comparison to CNC: 4.4Ho film is
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIG. 5. SEM images of CNC/CNF film: 4.6 Ho (a, c) – in topographic contrast, (b, d) – in cleaved
film Z-contrast, (c, d) – cross section of the film.. CNC: 5.1 Ho (e, g) – in topographic contrast, (f,
h) – film cleavage in Z-contrast, (g, h) – cross section of the film
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associated with the burnout of the ACR coating. It was found that the crystalline structure of nanocellulose does
not change after applying the ACR coating since the positions of all reflections are preserved but intensity changes
(Fig. 3(b,d)). An increase of the amorphous halo intensity is also noted, which can be explained by the amorphous
nature of ACR coating. The X-ray diffraction pattern of the ACR film does not have clear reflections (Fig. 3(e)).

The IR spectrum of CNC films contains absorption bands about 2900 cm−1 (stretching modes of the CH and CH2

groups), about 1430 cm−1 (symmetric deformation vibrations of the CH2 group), 1000 – 1200 cm−1 (stretching vibra-
tions of C–O–C and C–O bonds in the pyranose ring) (Fig. 6(a)). The CNC spectrum has a weak band at 1203 cm−1

(S = O), which confirms the introduction of a sulfate group into the cellulose structure during acid hydrolysis [55].

FIG. 6. IR spectra of (a) ACR, CNC-ACR (b), and (c) CNC films

The spectrum for CNC is characterized by a wide absorption band in the region 3284 – 3335 cm−1 (stretching
modes of hydroxyl groups included in the hydrogen bond). In the IR spectrum of the ACR film, wide bands at 2868,
2933 and 2951 cm−1 are caused by aliphatic regions (C–H), such as CH2 and CH3 (Fig. 6(a)). Absorption spectrum
contains band at 1725 cm−1 (stretching vibrations of the C=O ester group), at 1128 and 1183 cm−1 (stretching
vibrations of C–O groups), and at 1452 and 1340 cm−1 (symmetric and asymmetric stretching vibrations of C–CH3).
The absorption band at 698 and 756 cm−1 are associated with the out-of-plane transverse vibrations of the phenyl
ring and out-of-plane peak CH, respectively [56]. The shape of the complicated peak at 3273 – 3356 cm−1 for the
CNC-ACR film becomes wider and shifts along compared to pure CNC. It can be explained by the formation of inter-
surface hydrogen bonds between CNC hydroxyl groups and oxygen atoms in ACR ester group. It confirmed by the
shift of the bands of C–O groups to 1108 and 1157 cm−1 (Fig. 6).

A comparison of the transmittance spectra of the same composition films with ACR coating (Fig. 7(a, c, d)) and
without coating (Fig. 7(b, e, f)) confirms that the transparency of films with ACR coating significantly (by 20 – 25 %)
improves in the visible and near IR spectral regions.

Comparison of the SEM images of the CNC: 5.1Ho (34.8 wt.% Ca0.92Ho0.08F2.08) surface without coating
(Fig. 8(a)) and with ACR coating shows that the coating of the transparent acrylic resin provides good surface smooth-
ness. ACR fills all of the irregularities of the composite films (Fig. 8(b)), which resulted in increase in the transparency
of composite films with ACR coating. However, the uniformity of the coating depended on the thickness of the ACR
layer. The triple-layer coating resulted in cracks on the film (Figs. 8(c, d)), which did not affect on the optical trans-
mission but reduced the water-resistance of the films (Table 3).

Films of CNC/CNF: 4.6Ho (37.7 wt.% Sr0.90Ho0.10F2.10) (Fig. 9(a)) and CNC/CNF: 4.6Ho-2ACR (Fig. 9(b))
are flexible, uniform, and wrinkle-free. The film without ACR is translucent, while the film with ACR is almost
transparent.

The luminescence intensity of composite films with ACR coating (CNC/CNF: 8.4Ho-2ACR, CNC/CNF: 6.8Ho-
2ACR) is higher than films without ACR coating (CNC/CNF: 8.4Ho (57.5 wt.% Ca0.92Ho0.08F2.08), CNC/CNF:
6.8Ho (55.8 wt% Sr0.90Ho0.10F2.10) with the same amount of holmium (Fig. 10). The ACR coating protects the
nanocomposite film from atmospheric moisture and prevents luminescence quenching.

Finally, it was determined that the ACR coating improves the optical transmission and luminescent properties of
up-conversion nanocomposite films based on nanocellulose.
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FIG. 7. Transmission spectra of films: a) CNC/CNF-2ACR; (b) CNC/CNF; (c) CNC: 5.4 Ho-
2ACR; (d) CNC/CNF: 6.8 Ho-2ACR; (e) CNC: 5.4 Ho (54.5 wt.% Sr0.92Ho0.08F2.08); (f)
CNC/CNF: 6.8 Ho (55.8 wt.% Sr0.90Ho0.10F2.10)

(a) (b)

(c) (d)

FIG. 8. SEM images of film surface: (a) CNC: 5.1 Ho; (b) CNC: 5.1 Ho-2ACR; (C, d) CNC: 5.1 Ho-3ACR
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TABLE 3. Wetting angle and water adsorption of nanocomposite films with different number of
applied acrylic resin layers

Film composition
Film

thickness,
µm

ACR,
wt.%

WA,
wt.% Wetting angle

CNC/CNF: 4.6 Ho
(37.7 wt.% Sr0.90Ho0.10F2.10) 50± 2 — 46.8

CNC/CNF: 4.6 Ho-1ACR
(37.7 wt.% Sr0.90Ho0.10F2.10) 59± 2 9.8 0

CNC: 5.1 Ho
(57.5 wt.% C0.92Ho0.08F2.08) 42± 2 — 53.0

CNC: 5.1 Ho-2ACR
(57.5 wt.% C0.92Ho0.08F2.08) 58± 2 21.5 0

CNC: 5.1 Ho
(57.5 wt.% C0.92Ho0.08F2.08) 35± 2 — 53.3

CNC: 5.1 Ho-3ACR
(57.5 wt.% C0.92Ho0.08F2.08) 65± 2 48.3 6.1

(a) (b)

FIG. 9. Film photos: (a) CNC/CNF: 4.6 Ho; (b) CNC/CNF: 4.6 Ho-2ACR

3.4. Effect of ACR coating thickness on the hydrophobic properties of composite films

The cleaved composite films with a different number of ACR coating layers demonstrate the strong adhesion of
the ACR to the surface of the nanocellulose film (Fig. 11). This indicates a good interaction and compatibility of
nanocellulose with ACR due to the presence of hydrogen bonds between the hydroxyl groups of CNC and oxygen
atoms of ACR ester group, which is confirmed by IR spectra (Fig. 6). ACR layer thicknesses are 3 – 5 µm, 7 – 10 µm
and 14 – 17 microns for single, double, and triple-layered coatings, respectively. Cracks appear in the ACR layer for
the triple-layered coating (Fig. 11(d)), which are also visible on the film surface (Fig. 8(c, d)).

The use of ACR coatings provides an easy way to impart hydrophobic properties to nanocomposite films (Table 3).
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FIG. 10. Up-conversion luminescence spectra of composite films: (a) CNC/CNF: 8.4 Ho-2ACR;
(b) CNC/CNF: 8.4 Ho; (c) CNC/CNF: 6.8 Ho-2ACR;(d) CNC/CNF: 6.8 Ho

(a) (b)

(c) (d)

FIG. 11. SEM image of cleaved films: (a) CNC/CNF: 4.6 Ho-1ACR; (b) CNC/CNF-1ACR; (c)
CNC: 5.1 Ho-2ACR; (d) CNC: 5.1 Ho-3ACR
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The ACR uncoated nanocomposite film is hydrophilic and easily wetted by water. Water adsorption and water
contact angle of CNC/CNF: 4.6 Ho and CNC: 5.1Ho films are 47 and 53 %, and 15 and 0◦, respectively. After a
single-layer ACR coating, the film acquired hydrophobic properties. This was confirmed by the water contact angle
(93◦) and the absence of water adsorption. After a two-layer coating of the film, the water contact angle increased
up to 100◦ without water adsorption. Three-layer coating demonstrate the water contact angle (92◦), but the water
adsorption of the film was 6 %. This behavior is associated with a presence of cracks in the thick ACR layer. Water
penetrates into the composite film via cracks. Studies have shown that a two-layer ACR coating with a layer thickness
of 7 – 10 µm provides good hydrophobic properties of up-conversion composite films with simultaneously improving
transparency and luminescent properties.

4. Conclusions

By spraying a two-layer ACR coating with 7 – 10 µm thickness onto up-conversion CNC/CNF/MF2:Ho composite
films, the hydrophobic composite films with a water contact angle of 100±2◦ and good water resistance were prepared.
The water adsorption of up-conversion composite films after applying a two-layer ACR coating decreased from 53 to
0 %. The thickness effect of the ACR layer on the film water-resistance is established. After applying a three-layer
ACR coating, the thickness of the ACR layer is approximately 14 – 17 µm with water adsorption increase. It associated
with the presence of cracks in the ACR layer. Using TGA and X-ray diffraction, it was shown that the deposition of
ACR coatings did not affect on the thermal stability of the films and the crystal structure of CNC, CNF, and up-
conversion particles. SEM studies show strong adhesion of ACR to the surface of a nanocellulosic film. This indicates
good adhesion and interaction of nanocellulose with ACR due to the presence of hydrogen bonds between hydroxyl
groups in CNC/CNF and oxygen atoms of the ACR ester group. The transparent acrylic resin coating led to a smoother
surface, which contributed to an increase in the transparency of composite films with ACR coating by 20 – 25 % in the
visible and near-infrared spectral range with a simultaneous improvement in luminescent properties. Water-resistant,
flexible, uniform, translucent up-conversion films with a thickness of 50 – 65 µm were prepared. These films can
be used as a potential material for the photonics, as a luminescent label, luminescent detector, and in particular for
imaging near-IR laser radiation, etc.
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