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Abstract 29 

Luminescent nanocomposite films, containing SrF2:Но up-conversion particles, were prepared 30 

by two different protocols from aqueous dispersions of TEMPO-oxidized cellulose nanofibrils 31 

(TOCNF) functionalized with 3-aminopropyltriethoxysilane (APS) without the use of organic 32 

solvents at pH = 4.0-4.5 and 9.0-9.5, respectively. Proposed synthetic protocols included 33 

formation of the films by drying the dispersions containing pre-hydrolyzed APS adsorbed onto 34 

TOCNF and SrF2:Но particles followed by heating at 105 °C. Hydrophobic (water contact angle 35 

101 ± 2°), strong, and translucent TOCNF/SrF2:Но-APS films were prepared by casting from a 36 

solution at pH = 4.0-4.5. Scanning electron microscopy, energy-dispersive X-ray spectroscopy 37 

with element mapping, Fourier-transform infrared spectroscopy, X-ray diffraction methods 38 

confirmed homogeneous distribution of up-conversion particles in TOCNF matrices as well as 39 

the grafting of linear polysiloxanes via the condensation of silanol groups and OH-groups on the 40 

surface of TOCNF. Differential scanning calorimetry and thermogravimetry data confirmed an 41 

increase in thermal stability of the APS modified nanocomposite films obtained at pH = 4.0-4.5. 42 

Hydrophobic TOCNF/SrF2:Но-APS nanocomposite films exhibited an intense red luminescence 43 

in the visible spectrum range (5I7 level excitation of Ho3+ ions with 1912 nm laser irradiation) as 44 

well as two-times higher laser damage threshold compared to unmodified TOCNF/SrF2:Но 45 

films. TOCNF/SrF2:Но films can be used for visualization 2 μm laser radiation in medicine and 46 

long-distance atmosphere monitoring. 47 

 48 

Keywords 49 

TEMPO-oxidized cellulose nanofibrils; Functionalization; Nanocomposite; SrF2:Но; Up-50 

conversion luminescence 51 

 52 

  53 
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Introduction 54 

 55 

New generation luminescent nanocellulose-based composites and hybrid materials have found 56 

numerous application in optoelectronics (Dias et al. 2020; Vicente et al. 2018; Yang et al. 2018), 57 

organic light-emitting diodes (OLEDs) (Zhang et al. 2019), biosensors and detectors for 58 

monitoring environment and/or food quality control (Dai et al. 2020; Wang et al. 2020), 59 

biomedicine (Guan et al. 2018), latent finger print detection (Hai et al. 2018), anti-counterfeiting 60 

applications (Li and Hu 2019; Xiong et al. 2019; Zhang et al. 2018) and some other areas of 61 

photonics (Eichhorn 2018; Lizundia et al. 2020; Xue et al. 2018; Zhang et al. 2017). Cellulose 62 

nanofibrils (CNF), cellulose nanocrystals (CNC) and TEMPO-oxidized CNF (TOCNF) are 63 

unique matrices for the synthesis of luminescent nanocomposites because of their large surface 64 

areas, high reactivities, good optical properties, mechanical strength and colloid stability (De 65 

France et al. 2020; Kontturi et al. 2018; Thomas et al. 2018). Rare earth-based up-conversion 66 

luminophores, that efficiently transform near-infrared irradiation to visible light (Auzel 2004; 67 

Dong et al. 2013; Ovsyankin and Feofilov 1966; Qin et al. 2017; Reig et al. 2020), can be 68 

utilized for object visualization, biomarkers, luminescent tagging, solar elements, electronic 69 

displays, etc. (Brites et al. 2020; Fischer et al. 2018; Liang et al. 2019; Zhou et al. 2015); this 70 

includes two-micron laser irradiation visualizers, based on holmium luminescent transitions, 71 

implemented in medical equipment and lidars (Belyaev et al. 2016; Lyapin et al 2017; Scholle et 72 

al. 2010; Verber et al. 1971). Metal fluorides are conside red most effective luminophore 73 

matrices because of low phonon energies and high probabilities of the anti-Stokes transitions 74 

allowing visualization of IR- irradiation (Fedorov et al. 2011). 75 

Composites based on nanocellulose and up-conversion luminophores have allowed developing 76 

the novel optical devices because of the synergy between the components. For example, the 77 

combination of CNC and 2.8 wt. % NaYF4:Yb:Er cubic phase was used for chiral up-conversion 78 

luminescent films preparation by evaporation-induced self-assembly (EISA) technique (Jiang et 79 

al. 2016). Up-conversion luminescent films, retaining tunable photonic chiral activity, have been 80 

obtained by self-assembly of CNC and polyvinyl alcohol (PVA)-stabilized hexagonal 81 

NaYF4:Yb,Er nanorods (Nguyen et al. 2017). Up-conversion luminescent nanopaper, comprising 82 

cellulose nanofibrils (CNF) functionalized with NaYF4:Yb,Er nanoparticles, have been 83 

synthesized for prospective applications in sensors and anticounte-feiting labels (Zhao et al. 84 

2014). 85 

Laser damage threshold (Wood 2014) and thermal stability (Delone 1993) are important criteria 86 

of nanocomposite film stability and their applicability as IR-irradiation visualizers. Earlier, we 87 

have developed flexible semitransparent CNC and CNC/CNF composite films with up-88 

conversion SrF2:Но particles (Fedorov et al. 2019) and hydrophobic TOCNF-based alkyl ketene 89 

dimer (AKD) modified composite films with up-conversion MF2:Ho (M = Ca, Sr) particles 90 

(Fedorov et al. 2020). These composites demonstrated intense red luminescence under Ho3+ 91 

excitation with 1912 nm laser irradiation. 92 

Considering that nanocomposite films have to be flexible and thermally stable, we have chosen 93 

TOCNF as the matrix for the incorporation of SrF2:Hо nanoparticles. Significant amount of ОН- 94 

and СОО- groups on TOCNF surface opens opportunity for the surface modification, including 95 

increasing TOCNF thermal stability and hydrophobization of TOCNF surface (Rol et al. 2019), 96 

for example, by silylation. CNF silylation is carried out with various silylating agents, including 97 

methyltrichlorosilane (Orsolini et al. 2018), hexamethyldisilazone (Johansson et al. 2011), 98 

trimethylchlorosilane (Sai et al. 2015), chlorodimethylisopropylsilane (Andresen et al. 2006), 3-99 

aminopropyltriethoxysilane (APS) (Peresin al. 2017) in organic solvents. Salon et al. (2007) 100 

studied modification of microcrystalline cellulose with APS in ethanol/water and established that 101 

APS hydrolysis with the formation of silanol groups was required in order to enhance cellulose 102 

grafting, but covalent bonding of silanol groups with cellulose hydroxyls occurred only after the 103 

thermal treatment at 100-110°С. Also, Robles et al. (2018) studied CNF silylation with APS in 104 

ethanol, water, and ethanol/water media and observed formation of hydrophobic CNF-APS films 105 
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when water was used as a reaction solvent. Khanjanzadeh et al. (2018) performed CNC silylation 106 

with APS in aqueous solutions: at the beginning, APS was hydrolyzed in water, adsorbed onto 107 

CNC with hydrogen bond formation, covalently bound to CNC by forming Si-O-C bonds with 108 

CNC surface after reaction between silanol groups and CNC hydroxyls, resulting in an increase 109 

of thermal stability (by ~10°С) of silylated CNC compared to untreated material. Interestingly, 110 

we have found only a single report of TOCNF silylation with APS in ethanol/water solutions 111 

(Indarti et al. 2019). Whereas silylation of CNC and CNF is an efficient way of their 112 

hydrophobization, and some authors (Khanjanzadeh et al. 2018; Sai et al. 2015) mentioned 113 

increase of thermal stability of organosilylated CNC and CNF, similar effects for TOCNF have 114 

not been reported yet. 115 

In this paper, we chose readily available and inexpensive bifunctional APS monomer with 116 

primary amino-group and easily hydrolizable ethoxysilyl moiety as silylating agent because of 117 

its high reaction capability, good solubility in water and low toxicity.  118 

The purpose of the present study was to develop of up-converting nanocomposite 119 

TOCNF/SrF2:Hо-APS films with hydrophobic properties and enhanced thermal stability as well 120 

as increased laser damage threshold compared to earlier reported composite films (Fedorov et al. 121 

2019, 2020). TOCNF/SrF2:Hо-APS nanocomposite films were obtained by mixing aqueous 122 

TOCNF dispersion, up-conversion SrF2:Hо particles and aqueous APS in different weight ratios 123 

followed by casting, drying under air and thermal treatment. The hydrophobicity, morphological, 124 

structural, and thermal properties of the composite films were studied depending on the pH of 125 

the reaction medium, the content of up-conversion particles and APS. We also studied optical 126 

and luminescent properties of obtained composite films as well as their laser damage threshold. 127 

 128 

Materials and methods 129 

 130 

Starting Materials 131 

 132 

Ash free filter paper (FP) “Blue Ribbon” (Iβ crystal structure, crystallinity index 68.7, degree of 133 

polymerization 1112, particle width 25-30, particle length 200-1500 µm, Table S1); TEMPO 134 

(99% pure; manufactured by NIOCH SB RAS, Russia); 3-aminopropyltriethoxysilane (97% 135 

pure; manufactured by PENTA-91 company, Russia); 19 wt.% sodium hypochlorite solution; 136 

sodium bromide; sodium hydroxide; acetic acid and hydrochloric acid (99.9% pure); double 137 

distilled water (regenerated cellulose dialysis tube, 12–14 kDa molecular weight cut-off, 138 

manufactured by Orange Scientific, Belgium); and up-conversion Sr1-xHoxF2+x (x = 0.08 and 139 

0.10) powders were used as starting materials. Sr1-xHoxF2+x fluoride luminophores were prepared 140 

by the technique proposed earlier (Fedorov et al., 2017). 141 

 142 

TOCNF preparation 143 

 144 

TOCNF was prepared by the previously reported technique (Jiang et al. 2013) with some 145 

modifications. 10.00 g of ground FP were soaked in 312 ml double distilled water, obtained 146 

mixture was diluted with 312 ml 11.7 М HCl, placed in 80°С water bath, hydrolyzed at the same 147 

temperature under constant stirring for 20 min, and quenched with 10-fold excess of cold double 148 

distilled water. Obtained suspension was further washed with double distilled water until pH 149 

value reached about 5.0, and sonicated in an ice bath for 15 min. Cellulose content in the 150 

obtained product was determined by gravimetric analysis. Obtained suspension of 10 g cellulose 151 

in about 800 ml water was treated with 200 ml aqueous solution of 0.1600 g TEMPO and 1.0000 152 

g NaBr, stirred for 10 min at room temperature, oxidized by slowly added 11.9 wt% NaClO (10 153 

mmol/g cellulose) under constant stirring at room temperature. pH (10.0-10.5) was maintained 154 

by adding 0.3 M NaOH. Oxidative treatment was stopped after pH stabilized, and reaction 155 

mixture was mixed with 0.5 M HCl to achieve pH 7. Then, about 100 ml water was added to the 156 

decanted precipitate, stirred up and centrifuged at 7,500 rpm for 10 min. Obtained precipitate 157 
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ultrasonicated in double distilled water in ice bath for 15 min, dialyzed against water flow for 7 158 

days, and once again ultrasonicated in double distilled water in ice bath for 15 min. TOCNF 159 

dispersion was stored at 4 °С. TOCNF content in the dispersion was determined by gravimetry. 160 

TOCNF yield was about 70%. 161 

 162 

Preparation of silylated TOCNF 163 

 164 

We used APS/dry TOCNF 0.44, 0.66, 1.11, 1.22, 1.33, 1.44, 1.48 and 1.55 weight ratio that 165 

corresponds to APS loading of 2.0, 3.0, 5.0, 5.5, 6.0, 6.5, 6.7 and 7.0 mmol/g dried TOCNF. 166 

TOCNF modification was carried out in an aqueous medium at рН = 9.0-9.5 and рН = 4.0-4.5; 167 

silylation was performed as reported elsewhere (Khanjanzadeh et al. 2018; Tan et al. 2016), see 168 

protocols 1 and 2, respectively.  169 

 170 

Silylation in water at pH 9-9.5 (Protocol 1) 171 

 172 

This protocol was based on the report of Tan et al. (2016). APS aqueous solutions (1.19-4.16 173 

wt.%) were prepared by adding APS to double distilled water under intense stirring in 174 

fluoroplastic beaker for 10 min. Then, 10.0000 g of TOCNF dispersion (1.88 wt.%) were added 175 

dropwise to APS solution and stirred with magnetic stirrer at room temperature for 30 min, while 176 

maintaining pH value in 9.0-9.5 range by adding dropwise 0.1 wt% NaOH. APS concentration 177 

increased from 0.49 to 1.71 wt%, while TOCNF concentration was constant (about 1.10 wt%). 178 

The films were formed by pouring the obtained mixture in polystyrene Petri dishes, drying at 179 

room temperature for 2 days and at 105°С for 60 min (Khanjanzadeh et al 2018). Obtained films 180 

(45-55 micron thickness) were cooled in P2O5-dried desiccator in order to prevent the formation 181 

of bicarbonated amino groups through the reaction with water and atmospheric carbon dioxide. 182 

The films were designated TOCNF-bAPSn, where b is means рН= 9.0-9.5 of the reaction 183 

medium, and n is APS loading equal to the ratio of APS to dried TOCNF, mmol/g. 184 

 185 

Silylation in water at pH 4-4.5 (Protocol 2) 186 

 187 

This protocol was based on the report of Khanjanzadeh et al. (2018) with the same precursor 188 

content/concentration as in Protocol 1; while the synthesis was carried out at pH= 4.0-4.5. pH 189 

value was corrected with ice acetic acid, and obtained modified films were labeled as TOCNF-190 

APSn. 191 

 192 

Preparation of modified nanocomposite films 193 

 194 

In order to obtain nanocomposite films, Sr1-xНоxF2+x (х = 0.08 и 0.10) powder, annealed at 195 

750°С, was thoroughly ground in an agate mortar. 0.1000-0.2900 g of ground powder were 196 

dispersed in 10.0000 g TOCNF (1.88 wt.%) colloid suspension under ultrasonication in an ice 197 

bath for 3-5 min until mixture cooling was completed (total treatment time was about 15 min). 198 

Unmodified nanocomposite films with the same holmium content were prepared under the 199 

similar conditions (see Supplementary Information Experimental method SM1). Obtained 200 

dispersion was added dropwise to APS solution prepared by protocol 1 or 2 stirred with a 201 

magnetic stirrer at room temperature for 30 min, while maintaining the pH value of 9.0-9.5 or 202 

4.0-4.5, respectively. Composite films (50-60 micron thickness) were formed by pouring the 203 

obtained mixture in polystyrene Petri dishes, drying at room temperature for 2 days and at 105°С 204 

for 60 min and cooling in desiccator with P2O5. The dried films contained 30-56 wt.% 205 

nanocellulose and 3.0-5.5 wt.% Ho. Films obtained at рН= 9.0-9.5 were labeled as TOCNF:xHo-206 

bAPSn where x is holmium wt% content. 207 

 208 

Characterization 209 
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 210 

X-ray diffraction patterns were recorded with Bruker D8 Advance diffractometer (Bruker AXS 211 

GmbH, Karlsruhe, Germany; CuK-radiation; 8–60° 2Ɵ range, 0.02° 2Ɵ step). The 22.7° 2Ɵ 212 

diffraction peak was used for TOCNF crystallinity index (IC, %) calculation by Segal’s method 213 

(Fedorov et al 2019). 214 

The сarboxylate content (mmol/g) in TOCNF was determined by a conductometric titration 215 

technique according to the protocol described elsewhere (Jiang et al. 2013). The conductivity 216 

values were recorded at room temperature using an Expert-002 conductometer as the mean value 217 

of three measurements. The degree of oxidation of primary hydroxyl groups (DO) was 218 

determined by Equation 1 (Habibi et al. 2006): 219 

NaOH

NaOH

CVV

CVV

×−×
×−×

=
)(36-m

)(162
 DO

01

01
 (1), 220 

where V1 and V0 are the equivalent volumes of NaOH standard solution added (in L); CNaOH is 221 

the exact concentration of NaOH standard solution (mol/L); m is dry TOCNF weight in TOCNF 222 

dispersion (g); and coefficients 162 and 36 correspond to the molecular weight of 223 

anhydroglucose unit (AGU) and the difference between molecular weights of AGU and sodium 224 

anhydroglucuronate moiety, respectively. 225 

The particle distributions in the films were analyzed by simultaneous use of scanning electron 226 

microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) (NVision 40 microscope, 227 

Carl Zeiss NTS GmbH, Germany, with X-Max detector, Oxford Instruments, UK). The surface 228 

morphology, size, and shape of TOCNF particles and the morphology of composite films were 229 

also analyzed using SEM. A drop of dilute aqueous dispersion of 0.01 wt.% TOCNF was applied 230 

onto a single crystal silicon substrate and air-dried for the SEM farther analysis. Particle size, 231 

size of nanofibrils, and pore size were calculated using the ImageJ software as a mean value in 232 

25 independent measurements. 233 

The surface morphology and roughness were investigated using NTEGRA Prima atomic force 234 

microscope (NTMDT Spectrum Instruments, Russia) in a tapping mode. All experiments were 235 

carried out under controlled conditions maintained by a TRACKPORE ROOM-05 measuring 236 

complex (purity class 5 ISO (100), the accuracy of maintaining air temperature in the range of 23 237 

± 5 K is ±0.05 K, the relative air humidity is 55 ± 1%). The average roughness (Ra) was 238 

measured using the atomic force microscopy (AFM) images for 10 µm × 10 µm scanning areas. 239 

Zeta potential (ζ-potential) values of the dispersions were measured by electrophoretic light 240 

scattering technique using the phase analysis light scattering (PALS) on the Photocor Compact-Z 241 

analyzer at room temperature. The resulting ζ-potential values are mean values in five 242 

consecutive measurements. 243 

The degree of polymerization (DP) was assessed by viscosity measurements using diluted 244 

solutions of dry nanocellulose films in Cadoxen (cadmium ethylenediamine) (Voronova et al. 245 

2017). DP was determined as an average of two independent measurements. 246 

The thickness of each film was determined by a micrometer (MKTS-25 0.001, Kalibron, Russia) 247 

as the mean value for seven randomly selected locations. 248 

Fourier transform infrared spectroscopy (FTIR) studies were performed on an INFRALUM FT-249 

08 spectrometer equipped with ATR unit (Pike) in the range from 400 to 4000 cm−1. 250 

The transmission spectra were recorded in the 250–3000 nm range using a Cary 5000 251 

spectrophotometer. 252 

Differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) were 253 

performed on a Netzsch DSC 404 F1 Pegasus and Netzsch TG 209 F1 Libra devices in the range 254 

from 25 to 800°C with a 5°C/min heating rate under air. 255 

The water contact angle was measured on a FTA1000 Drop Shape Instrument B Frame System. 256 

The test sample was placed on a horizontal holder. The water was applied onto the surface of the 257 

test sample by a special microdosing syringe. The droplet volume was 100 μl. The images were 258 

recorded using a 640x480 pixel CCD detector. Images were obtained in 1 s and 60 s after the 259 
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application of droplets. The measurements were performed at room temperature (24 ± 2°C) and 260 

repeated for 5 times on various fresh surfaces. 261 

In order to determine holmium content in the synthesized nanocomposite films, they were heated 262 

at 730 °С for 1 hour under air. Obtained annealed fluoride powder residue was converted to 263 

sulphates by heating with concentrated sulfuric acid followed by evaporation of liquid phase 264 

until dryness. Formed sulfates were dissolved in water and titrated with disodium 265 

ethylenediaminetetraacetate (xylenol orange indicator) (see Supplementary Information 266 

Experimental method SM2). 267 

The up-conversion luminescence spectra were recorded with a Horiba FHR 1000 268 

spectrophotometer. A continuous solid-state LiYF4:Tm laser, operating at 1912 nm, was used as 269 

the excitation source for Ho3+ ions. The beam diameter and excitation power of incident laser 270 

radiation were 300 μm and 960 mW, respectively.  271 

The damage threshold, being the characteristic of laser radiation durability, was detected visually 272 

by observation of the film sample destruction under 1940 nm laser irradiation with focused laser 273 

beam with 1500 μm (1.5 mm) diameter. Fiber TLM-10 laser (IPF Photonics) was used as an 274 

excitation source. 275 

 276 

Results and discussion 277 

 278 

Morphology of TOCNF, TOCNF-APS, TOCNF-bAPS films, suspension stability of TOCNF-279 

APS, TOCNF-bAPS, TOCNF:Ho-APS, TOCNF:Ho-bAPS and hydrophobic properties of the 280 

films 281 

 282 

Obtained transparent aqueous TOCNF dispersions (1.20±0.05 mmol/g carboxyl group content; 283 

oxidation degree DO = 0.20 that corresponded to one oxidized primary hydroxyl per five 284 

anhydroglucose units) maintained their stability for at least 6 months (Figs. S1a, b); –50 ± 2 mV 285 

ζ-potential. The colloidal stability was ensured by electrostatic repulsion of COO– functional 286 

groups: both TOCNF chemical structure and selective oxidation of primary hydroxyls at С6 are 287 

well described in the literature (Okita et al. 2010). HCl hydrolysis followed by TEMPO 288 

oxidation lowered TOCNF degree of polymerization down to 123±3 (Table S1), i.e., by about an 289 

order of magnitude. SEM images of TOCNF samples contain entangled nanofibrils (20±6 nm 290 

width, 809±98 nm length) forming porous network (Fig. 1a) which is in a good agreement whith 291 

AFM data. CNC films obtained by previously reported protocol (Fedorov et al 2019), consist of 292 

short needle-type rods with 14 ± 2 nm width and 107 ± 38 nm length aligned in the same 293 

direction (Fig. 1b). CNC thickness is more uniform than TOCNF thickness (Table 1). 294 
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 295 

 296 

Fig. 1 SEM images of 0.01 wt.% dispersions air-dried on a single-crystal silicon substrate: 297 

TOCNF (a), CNC (b). SEM images of films after thermal treatment at 105 °C: TOCNF-APS7.00 298 

(c), TOCNF-bAPS7.0 (d). Insets show the corresponding film images obtained by AFM (1 µm × 299 

1 µm scanning area) 300 

 301 

TOCNF silylation with APS in aqueous medium was carried out according to two protocols. 302 

APS aqueous solutions maintained their stability at рН 9.0-9.5 and/or рН 4-4.5 for at least one 303 

month (Figs. S1c, d). 0.10 wt.% TOCNF and 0.15 wt.% APS mixed dispersions were also stable 304 

within the same time periods (–30 ± 3 mV and –17 ± 2 mV ζ-potentials for TOCNF-bAPS6.7 and 305 

TOCNF-APS6.7, dispersions, respectively; Fig. S1e, f). The decrease in the absolute value of ζ-306 

potential for TOCNF-APS6.7 in comparison with TOCNF-bAPS6.7 was probably caused by 307 

amino-group protonation, leading to the increase in the ionic strength of the system and 308 

contraction of the double electric layer.  309 

1.10 wt.% TOCNF and 0.98 wt.% APS dispersions maintained their stability without 310 

flocculation and/or sedimentation for at least 5 days (Figs. S1g, h). These dispersions were more 311 

transparent and viscous at рН 9.0-9.5 than at рН 4-4.5, due to their three dimensional structure 312 

(T3 units) formed as a result of silanetriol self-condensation (Beari et al. 2001, Salon et al. 2007, 313 

Salon et al. 2010). 314 

 315 

Table 1 Physical properties of TOCNF, CNC, TOCNF-APS7.0, TOCNF-bAPS7.0 films after 316 

thermal treatment at 105°C 317 

Sample Particle size (SEM), nm Particle 
width 
(AFM), nm 

Average 
roughness 
(Ra), nm 

Crystallinity 
index (IC), 
% 

width length 

TOCNF 20 ± 6 809 ± 98 19  ± 5 3 78.2 
CNC 14 ± 4 107 ± 38 13 ± 3 11 84.6 
TOCNF-APS7.0 27±6 818 ± 107 27 ± 5 47 72.2 
TOCNF-bAPS7.0 25±7 n.d.* 25 ± 7 16 73.7 
*No data 318 

 319 
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TOCNF-APS7.0 films consisted of thickened well-distinguishable nanofibrils (width up to 27±6 320 

nm). Size increase of fibrils is apparently due to their coating with linear polysiloxane network 321 

(Fig. 1c), whereas the nanofibrils in TOCNF-bAPS7.0 had their width decreaser down to 25±7 322 

nm and exhibited the tendency to glue to each other (Fig. 1d). AFM images of the TOCNF-323 

bAPS7.0 surfaces show 3D siloxane “islands” formed as a result of self-condensation of the 324 

hydrolyzed APS (Fig. 1d, inset). EDX results showed more uniform distribution of elements 325 

(6.4±0.1 at. % Si, 6.8±0.1 at. % N) in TOCNF-APS7.0 film compared to the similar data for 326 

TOCNF-bAPS7.0 film (6.3±0.4 at. % Si and 6.8±0.4 at. % N, respectively; Figs. S2 and S3). Si/N 327 

ratio in the modified films was close to the same ratio for APS molecules. X-ray diffraction 328 

pattern of TOCNF film contained diffraction peaks at 2θ = 22.5° and 2θ = 14.8−16.8° (double 329 

peak) that corresponded to the (200), (1ī0) and (110) crystallographic planes of monoclinic Iβ 330 

cellulose (Jiang et al., 2013) (78.2% crystallinity degree; Fig. 2a). X-ray diffraction study of 331 

TOCNF-bAPS7.0 и TOCNF-APS7.0 films did not show any essential changes in their TOCNF 332 

crystal structure after modification: whereas line intensities changed, the diffraction angles 333 

remained the same as for the starting TOCNF films (Figs. 2b, c). Changes in amorphous halo 334 

could be explained by amorphous character of APS attached to TOCNF. The same explanation 335 

could also be given for the crystallinity degree decrease in TOCNF-bAPS7.0 and TOCNF-APS7.0 336 

films (Table 1). 337 

 338 

Fig. 2 XRD patterns of the films after the thermal treatment at 105°С: TOCNF (a), TOCNF-339 

bAPS7.0 (b); TOCNF-APS7.0 (c), TOCNF:3.5Но (d), TOCNF:3.5Но-bAPS7.0 (e), TOCNF:3.5Но-340 

APS7.0 (f), and of APS after thermal treatment at 700°C (g) 341 

 342 

Positions of X-ray diffraction peak maxima of Iβ cellulose in X-ray diffraction patterns remained 343 

the same in the modified composites and TOCNF films (Figs. 2d-f). Some changes in the 344 

diffraction lines intensities could be attributed to the presence of fluorite phase in the studied 345 

specimens. The cubic unit cell parameters of the fluorite phases of the same Sr0.92Ho0.08F2.08 346 

composition, а = 5.784(1) Å, calculated from X-ray diffraction patterns of TOCNF:3.5Но, 347 

TOCNF:3.5Но-bAPS7.0 и TOCNF:3.5Но-APS7.0 films, corresponded to the similar data for the 348 

starting Sr0.92Ho0.08F2.08 powder annealed at 750°С and used in the preparation of the 349 

aforementioned films. In other words, one may conclude that cellulose crystal structure as well 350 

as crystal structure and crystal lattice parameters of up-conversion powders remained unchanged 351 

in the course of the composite films preparation, i.e., only TOCNF surface underwent chemical 352 

transformations. 353 
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Correlations between water contact angles (WCA) of TOCNF-APS and TOCNF-bAPS films 354 

after thermal treatment at 105°C, depending on the water droplet contact time, and APS loading 355 

are presented in Fig. 3. TOCNF films are more hydrophilic than CNC films: WCAs of TOCNF 356 

films decreased by 4.9° in 60 seconds, whereas WCAs of CNC changed only by 0.43° (Figs. 3a, 357 

b). Such difference in the films properties could be explained by the difference in the chemical 358 

compositions and structures of the films as well as their surface roughness (Wenzel 1936): the 359 

mean surface roughness value (Ra) for TOCNF, estimated by AFM, was more than three times 360 

lower than Ra for CNC (Table 1; Figs. S4a, b). TOCNF-APS films became hydrophobic for APS 361 

loading of 3.0-7.0 mmol/g (film surface was considered hydrophobic when WCA˃90° (Li et al. 362 

2007), and hydrophobicity increased when APS loading grew up (Fig. 3c). The films retained 363 

their hydrophobicity when water droplet contact time was increased up to 60 seconds, because of 364 

insignificant (about 1.4°) decrease of WCA. Hydrophilicity of TOCNF-bAPS films significantly 365 

decreased after modification, but, in contrast with TOCNF-APS, TOCNF-bAPS films did not 366 

become hydrophobic even for the maximum APS loading (Fig. 3d). TOCNF-APS7.0 and 367 

TOCNF-bAPS7.0 films exhibited an increased roughness compared to the starting TOCNF 368 

roughness (Table 1). Ra of TOCNF-APS7.0 films showed the highest value and exceeded Ra of 369 

TOCNF-bAPS7.0 by factor of about 2 (Table 1; Figs. S4c, d). 370 

 371 

Fig. 3 Correlation between the WCA for different nanocellulose films and the water droplet 372 

contact time 373 

 374 

Hydrophobic properties of the modified composite films can be illustrated by WCA changes 375 

depending from APS loading and the preparation protocol (1 or 2), Table 2. WCAs for the heat-376 

treated at 105°C composite films were measured in 60 s after applications of water drops on the 377 

surfaces of the films. Unmodified TOCNF:Ho films were hydrophilic with WCAs equal to 39-378 

44° (± 3°). The increase of APS loading from 3 to 6 mmol/g TOCNF led to WCA increase from 379 

90 ± 2 ° to 101 ± 2 ° for TOCNF:Но-APS films. The further increase of APS loading up to 7 380 

mmol/g TOCNF did not affect WCA values for the synthesized TOCNF:Но-APS films. After 381 

their modification, TOCNF:Но-APS films became hydrophobic similarly to the changes in 382 

TOCNF-APS hydrophobicity (Fig. 3с). TOCNF:Но-bAPS films remained hydrophilic even after 383 

the increase of APS loading up to 7 mmol/g TOCNF (82 ± 2 ° WCA) as well as TOCNF-bAPS 384 

films (Fig. 3d). We analyzed roughness of the manufactured composite films by AFM technique: 385 

Ra increased from 11 nm for TOCNF:3.5Но (WCA 44 ± 3°) to 16 and 42 nm for the modified 386 

composite TOCNF:3.5Но-bAPS7.0 (WCA 82 ± 2°) and TOCNF:3.5Но-APS7.0 (WCA 101 ± 2°) 387 

films, respectively (Fig. S5a-c). Just for comparison, WCA and Ra of CNC:5.5Но film, obtained 388 

according to previously reported technique (Fedorov et al. 2019), were equal to 67 ± 2 ° (Table 389 

2) and 16 nm (Fig. S5d), respectively. Presumably, WCA values were affected not only by the 390 

chemical modifications, but by the increase of the film surface roughness, too.  391 

 392 
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Table 2 The effect of APS loading on water contact angle and transmittance coefficient of 393 

TOCNF:Но-APS composite films 394 

Sample Film composition Но content*, 
wt.% 

WCA, 
(deg) 

Transmittance 
at 650 nm (%) 

TOCNF:3.3Но 
 

TOCNF:3.3Но 
(27.1 wt.% Sr0.90Ho0.10F2.10) 

3.27 ± 0.09 
 

40 ± 3 23.6 

TOCNF:3.3Но-APS3.0  TOCNF:3.3Но-APS3.0 
(27.1 wt.% Sr0.90Ho0.10F2.10) 

3.25 ± 0.09 90 ± 2 23.5 

TOCNF:3.3Но-APS5.0 

 
TOCNF:3.3Но-APS5.0 
(27.1 wt.% Sr0.90Ho0.10F2.10) 

3.26 ± 0.09 96 ± 2 21.4 

TOCNF:3.3Но-APS6.7 

 
TOCNF:3.3Но-APS6.7 

(27.1 wt.% Sr0.90Ho0.10F2.10) 
3.25 ± 0.09 101 ± 2 19.1 

TOCNF:3.3Но-bAPS6.7 

 
TOCNF:3.3Но-bAPS6.7 

(27.1 wt.% Sr0.90Ho0.10F2.10) 
3.24 ± 0.09 82 ± 2 - 

TOCNF:3.5Нo 
 

TOCNF:3.5Но 
(35.2 wt.% Sr0.92Ho0.08F2.08) 

3.47 ± 0.10 44 ± 3 20.0 

TOCNF:3.5Но-APS5.0 

 
TOCNF:3.5Но- APS5.0 

(35.2 wt.% Sr0.92Ho0.08F2.08) 
3.46 ± 0.12 97 ± 2 18.5 

TOCNF:3.5Но-APS7.0 

 
TOCNF:3.58Но-APS7.0 

(35.2 wt.% Sr0.92Ho0.08F2.08) 
3.45 ± 0.10 101 ± 2 15.7 

TOCNF:3.5Но-bAPS7.0 

 
TOCNF:3.5Но-bAPS7.0 

(35.2 wt.% Sr0.92Ho0.08F2.08) 
3.45 ± 0.10 82 ± 2 - 

TOCNF:4.9Но 
 

TOCNF:4.9Но 
(40.1 wt.% Sr0.90Ho0.10F2.10) 

4.87 ± 0.14 - 17.2 

TOCNF:4.9Но-APS5.5 

 
TOCNF:4.9Но-APS5.5 

(40.1 wt.% Sr0.90Ho0.10F2.10) 
4.86 ± 0.14 98 ± 2 15.4 

TOCNF:5.5Но 

 
TOCNF:5.5Но 

(45.0 wt.% Sr0.90Ho0.10F2.10) 
5.46  ± 0.15 - 12.3 

TOCNF:5.5Но-APS6.0 

 
TOCNF:5.5Но-APS6.0 

(45.0 wt.% Sr0.90Ho0.10F2.10) 
5.45 ± 0.15 101 ± 2 8.7 

CNC:5.5Но 
 

CNC:5.5Но**  
(45.0 wt.% Sr0.90Ho0.10F2.10) 

-. 67 ± 2 22.0 

TOCNF:4.9Но-AKD30 TOCNF:4.9Но-AKD30*** 
(40.0 wt.% Sr0.90Ho0.10F2.10) 

- 123 ± 2 11.3 

* Но content was determined by chemical analysis (see Supplementary Information method SM2) 395 

** (Fedorov et al. 2019) 396 

*** (Fedorov et al. 2020) 397 

 398 

Earlier (Fedorov et al. 2019), we have shown that formation of hydrogen bonds between F- ions 399 

from SrF2:Нo and ОН- moieties from nanocellulose was the key factor determining dispersion 400 

stability. Semitransparent bluish dispersions, formed at 1.10 wt.% TOCNF, 0.70 wt.% APS and 401 

0.2 wt.% SrF2:Нo concentrations, were stable for at least 5-day periods (Figs. S1i-j). Increase in 402 

APS concentration up to 1.27 wt.% and SrF2:Нo concentration up to 1.27 wt.% resulted in 403 

formation of viscous opaque TOCNF:Ho-bAPS gels (Fig. S1k). Opaque TOCNF:Ho-APS 404 

dispersions, stable for the same 5-day period, were formed under the similar conditions without 405 

any signs of flocculation or sedimentation (Fig. S1 l): stability of TOCNF:Ho-APS dispersions 406 

was the key factor for the homogeneous distribution of the up-converting particles in the 407 

synthesized films casted from solutions. 408 

Analysis of experimental results obtained confirmed the influence of film modification on the 409 

morphology and wettability of TOCNF surfaces: TOCNF-APS and TOCNF:Но-APS acquired 410 

hydrophobicity in contrast with TOCNF-bAPS and TOCNF:Но-bAPS films. 411 

 412 

Characterization of chemical structures and thermal properties of TOCNF/SrF2:Ho-APS и 413 

TOCNF/SrF2:Ho-bAPS composite films 414 
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 415 

FTIR-spectra of unmodified and modified composite films after their thermal treatment at 105°С 416 

are presented in Fig. 4. 417 

 418 

Fig. 4 FTIR-spectra of TOCNF (a), TOCNF:3.5Но (b), TOCNF:3.5Но-APS7.0 (c), and 419 

TOCNF:3.5Но-bAPS7.0 (d) films after their thermal treatment at 105°С 420 

 421 

FTIR-spectrum of TOCNF comprises absorption bands typical for cellulose macromolecules 422 

(Fig. 4a): bands at 3273-3338 (wide), 2899 and 1644 cm-1 have been assigned to the stretching 423 

vibration of O-H hydrogen bond, C–H stretching, OH bending of the absorbed water vibrations, 424 

respectively. Three bands at 1422 cm−1, 1367 cm−1 and 1315 cm−1 are associated with cellulose 425 

parent chain. 1158 cm−1 band corresponds to the asymmetric bridge C–O–C stretching. 1104 cm-
426 

1 band corresponds to the asymmetric ring stretching. 1055 and 1026 cm-1 bands are related with 427 

C–O–C pyranose ring skeletal vibrations. A small sharp band at 898 cm−1 is attributed to the β-428 

glycosidic linkages between the anhydroglucose rings in the cellulose (Chen et al. 2016; Liang 429 

and Marchessault 1959; Oh et al. 2005). The band at 1606 cm−1 corresponds to COO− stretching 430 

in sodium form (Jiang et al. 2013). The FTIR spectrum of TOCNF:3.5Но composite film (Fig. 431 

4b) is similar to that of TOCNF except for a small shift from 3273 cm−1 to 3282 cm−1 of 432 

3282−3338 cm−1 band for the composite film; this confirms the formation of interfacial hydrogen 433 

bonds between F- ions of the up-conversion particles and OH groups of TOCNF (Fedorov et al. 434 

2019). 435 
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Modification of TOCNF:3.5Но-APS7.0 film resulted in appearance of additional adsorption 436 

bands in FTIR spectrum (Fig. 4c): two weak bands at 2928 cm−1 and 2860 cm−1 corresponded to 437 

asymmetric and symmetric stretching of СН2 fragment of APS aminopropyl groups (Kim et al. 438 

2011; Masmoudi et al. 2013); strong 1550 cm−1 band corresponded to N–H bending vibration of 439 

primary amine groups (Khanjanzadeh et al. 2018; Robles et al. 2018); and weak 1626 cm−1 band 440 

corresponded to the deformation mode of the NH2 groups that are hydrogen-bonded to the OH 441 

groups of cellulose. Such band assignment is in an agreement with previously reported data 442 

regarding treatment of SiO2 and copper surfaces with APS (Culler et al. 1985, Masmoudi et al. 443 

2013). The presence of 1606 cm−1 band (COO-Na+) allowed us to assume that non-oxidized 444 

primary and secondary OH groups took part in the condensation reaction, whereas oxidized C6 445 

primary hydroxyls did not participate in the latter process. Also, 1333 cm−1 and 1231 cm−1 bands 446 

corresponded to C–N bond bending modes (Hokkanen et al. 2014); and 1465 cm−1 weak bend 447 

corresponded to CH2 bending of the aminopropyl groups (Ishida et al. 1982; Pavia et al. 2009).  448 

The absence of 1575 cm−1 and 1485 cm−1 absorption bands, corresponding to the vibrational 449 

modes of bicarbonated amino groups associated with atmospheric water and carbon dioxide 450 

confirmed removal of moisture and СО2 after the thermal treatment at 105°С followed by drying 451 

in the desiccator (Kim et al. 2011). Essential intensity increase of the bands within 1000-1150 452 

cm−1 indicated formation of Si─O─Si siloxane bonds and covalent Si─O─Ccellulose bonding. 453 

However, overlapping of strong absorption bands, corresponding to C─O─C stretching and 454 

pyranose ring skeletal vibrations of cellulose, prevented the unequivocal identification of the 455 

typical Si─O─Si и Si─O─Ccellulose bonds giveng absorption bands in the same spectrum range. 456 

According to the previous reports (Masmoudi et al. 2013; Vandenberg 1991), the presence of 457 

Si─O─Si absorption band at the higher frequencies (ca. 1148 cm−1 and above) was caused by 458 

formation of the three dimensional siloxane units, while lower frequency band (1034-1050 cm−1) 459 

indicated formation of long linear Si─O─Si chains, and 1000-1012 cm−1 bands pointed out at the 460 

very low degree of self-condensation. Thus, appearance of the new absorption band at 1002 cm−1 461 

in the TOCNF:3.8Но-APS7.0 spectrum, shift of the other band from 1055 cm−1 to 1050 cm−1 462 

along with its intensity increase confirmed formation of linear Si─O─Si chains with various 463 

degree of condensation (chain length). Shift of 1028 cm−1 band up to 1030 cm−1 was caused by 464 

Si–O–Si linear self-condensation and covalent Si─O─Ccellulose bonding (Rachini et al. 2012). 465 

Very low intensity of 920 cm−1 band, corresponding to Si–O stretching, indicated an 466 

insignificant content of Si–OH groups (Masmoudi et al. 2013). The latter observation, as well as 467 

ethoxy group absence, is in agreement with literature data (Beari et al. 2001, Salon et al. 2007, 468 

Salon et al. 2010) that lowering pH down to 4.0-4.5 promoted APS hydrolysis and delayed Si–469 

OH self-condensation (Fig. S6). TOCNF:3.8Но-bAPS7.0 spectrum (Fig. 4d) differed from the 470 

one of TOCNF:3.8Но-APS7.0 by the absence of 1626 cm−1 and appearance of 1644 cm−1 weak 471 

absorption band, corresponding to the bending vibrations of adsorbed water molecules (Fedorov 472 

et al. 2019), and 1391 cm−1 absorption band, corresponding to deformation vibrations of CH3 473 

methoxy groups from -O-CH2CH3 moieties (Kim et al. 2011). Intensity increase of 1150 cm−1 474 

weak band and the absence of 1030 cm−1 in TOCNF:3.5Но-bAPS7.0 film spectrum confirmed the 475 

formation of the three-dimensional siloxane units along with linear oligomers. Analysis of FTIR 476 

spectrum of the thermally treated at 105°С TOCNF:3.5Но-APS7.0 film confirmed the presence of 477 

the linear APS oligomers and formation Si─O─Ccellulose covalent bonds as a result of the 478 

condensation with TOCNF hydroxyls. Ethoxy group presence in TOCNF:3.5Но-bAPS7.0 films 479 

indicated the presence of physically adsorbed unhydrolyzed APS. 480 

Both primary and secondary hydroxyl groups of cellulose can participate in the silylation 481 

reaction (Pereira et al. 2020), whereas, in TEMPO oxidation, only primary hydroxyls can 482 

undergo chemical transformations. Schematic structure of TOCNF:Но-APS films is presented in 483 

Fig. 5. 484 
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 485 

Fig. 5 Mechanisms of the composite TOCNF:Ho-APS film formation: schematic representation 486 

of TOCNF:Ho-APS film structure (a); linear polysiloxane, bound to TOCNF by Si-O-C covalent 487 

bond, with chemosorbed polysiloxane (b); hydrogen bonds between TOCNF and SrF2:Ho (c) 488 

 489 

Our studies have shown that pH value of the first step of the silylation in aqueous medium 490 

significantly affected hydrophobic properties of the modified composite APS films. The higher 491 

WCA values of TOCNF:Но-APS films, compared to the similar data for TOCNF:Но-bAPS 492 

films, has been confirmed by the results of FTIR spectroscopy. Perhaps, hydrophobicity of 493 

TOCNF:Но-APS films was caused by evenly distributed layer of chemosorbed linear 494 

polysiloxane and hydrogen bonds between NH2 moieties of aminopropyl groups and OH groups 495 

of TOCNF. The latter bonds changed the APS configuration at the film surface: aminopropyl 496 

groups were bent, and their polar NH2 moieties were oriented toward TOCNF surfaces, whereas 497 

propyl fragments were oriented along the surface (Culler et al. 1985; Indarti et al. 2019; 498 

Masmoudi et al. 2013; Rachini et al. 2012). 499 

According to TGA data, solid APS, obtained by drying under air at 25°C and further annealing at 500 

105°C (see Supplementary Information, method SM1), lost about 16.4% of its weight at 150 °C 501 

(Fig. 6a). DSC curve comprised endo-effects at 84°C and 131 °C, corresponding to the 502 

evaporation of ethanol formed during the hydrolysis of residual APS, as well as adsorbed water. 503 

The further heating at 150–270°C caused the additional weight loss of 5.8% and it was 504 

accompanied with the exo-effect at 265°C corresponding to the evaporation of water, formed in 505 

the course of the self-condensation process and Si─O─Si bond formation, and to the oxidation of 506 

amino groups to imino-groups. Heating at 270–700°C caused additional 38% weight loss, and it 507 

was accompanied by the three exo-effects at 416°С, 470°C and 606°C associated with 508 

aminopropyl group oxidation, oxidative thermal decomposition with Si─O─Si bond cleavage 509 

and oxidation of residual carbon (Peña-Alonso et al. 2005; Qiao et al. 2015). The residue after 510 
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700°C annealing was about 39.8% of the initial weight. EDX analysis of this residue indicated 511 

the presence of O and Si only with O:Si ratio being to 2:1 (Fig. S7). XRD has confirmed that the 512 

residue was single-phase amorphous SiO2 (Fig. 2g). 513 

 514 

Fig. 6 TG and DSC curves for APS (a) and TOCNF:3.3Ho (b), TOCNF:3.3Ho-APS6.7 (c), 515 

TOCNF:3.3Ho-bAPS6.7 (d) composite films after drying at 105°C 516 

 517 

According to TGA and DSC data, onset thermal degradation (Tonset) of TOCNF:3.3Ho and 518 

TOCNF:3.3Ho-APS6.7 films under air started at 204°C and 216°C, respectively (Figs. 6b and 519 

6с). At the first step (25–150°C), TOCNF:3.3Ho film demonstrated only a little weight loss 520 

(about 4.4%) because of evaporation of adsorbed water (Fig. 6b). The higher weight loss for 521 

TOCNF:3.3Ho-APS6.7 film (about 5.7%) was caused by additional water evaporation produced 522 

by the condensation of remaining silanol groups (Fig. 6с). The weight loss of TOCNF:3.3Ho 523 

film was about 39% in the 150–330°C temperature range. It was accompanied by two 524 

exothermic effects in DSC curve at 240°C and 304°C (Fig. 6b), that corresponded to the thermal 525 

degradation of cellulose due to decarboxylation of TOCNF, depolymerization and cleavage of 526 

glycosidic linkages of cellulose (Fukuzumi et al. 2010; Lichtenstein and Lavoine 2017). The 527 

third exothermic effect at 472°C was due to the residual carbon oxidation. The weight loss of 528 

TOCNF:3.3Ho film at the third stage of decomposition (330–510°C) was about 29.5%. 529 

According to TGA, the residue weight after the decomposition of TOCNF:3.3Ho film under air 530 

was 27.1%, which corresponds to the initial content of up-conversion powder in the composite 531 

film (as confirmed by quantitative chemical analysis for holmium content, Table 2).  532 

For TOCNF:3.3Ho-APS6.7 film, TGA study showed 23.4% weight loss in 150–380°C 533 

temperature range (Fig. 6с). The weight loss in this temperature range was multi-stage, and it 534 

was accompanied by several exothermic effects in DSC curve, which occurred almost 535 

simultaneously. These complicated processes corresponded to the oxidative destruction of 536 

cellulose and amino-group oxidation with imino-group formation. The further 29.9% weight loss 537 

of TOCNF:3.3Ho-APS6.7 film at 380–650°С proceeded in a multi-step manner and was 538 
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accompanied with four exothermal effects at 406, 416, 440 and 468°C, which were related to the 539 

aminopropyl group oxidation, Si─O─Si bond cleavage and oxidation of residual carbon. 540 

According to TGA, the residue weight after the decomposition of TOCNF:3.3Ho-APS6.7 film 541 

under air was 41.3%, which included Sr0.90Ho0.10F2.10 and SiO2. EDX analysis of residue 542 

indicated the presence of oxygen and silicon (O:Si = 2:1 ratio) (Fig. S7). The holmium content in 543 

TOCNF:3.3Ho-APS6.7 film was 3.25 ± 0.09 wt.% as determined by quantitative chemical 544 

analysis (Table 2), which corresponded to the initial 27.1 wt.% content of Sr0.90Ho0.10F2.10 545 

powder in the composite film. The difference between the residue after the decomposition of 546 

TOCNF:3.3Ho-APS6.7 film (41.3%) and the content of Sr0.90Ho0.10F2.10  powder in the composite 547 

film (27.1%) was 14.2% and corresponded to SiO2 content of the residue after the said film 548 

decomposition. The value of 14.2% SiO2 corresponded to its theoretical content calculated on the 549 

basis of the initial APS loading during the preparation of the composite film (the theoretical 550 

calculation took into account the drying loss of APS at 105 °C; (see Supplementary Information, 551 

method SM1). 552 

TGA data for TOCNF:3.3Ho-bAPS6.7 film decomposition included 7.4% weight loss at 150°C 553 

(Fig. 6d) and 4.6% at 150–200 °C (i.e., 12.0% weight loss at 200 °C). Endo-effect at 173°C 554 

corresponded to the evaporation of ethanol, formed in the course of hydrolysis of remaining 555 

APS, adsorbed water and physically adsorbed APS (Peña-Alonso et al. 2005; Qiao et al. 2015). 556 

TOCNF:3.3Ho-bAPS6.7 film lost 19.7% weight at 200–380°C. Two exothermal effects at 232°C 557 

and 300°C were attributed to the beginning of cellulose oxidative destruction and amino-group 558 

oxidation with imino-group formation. The thermal decomposition of TOCNF:3.3Ho-bAPS6.7 559 

film started at about Tonset of 200°C. Weight loss of TOCNF:3.3Ho-bAPS6.7 film at 380–650°C 560 

(27.1%) was accompanied by two exo-effects at 450°C and 536°C related to aminopropyl group 561 

oxidation, -Si─O─Si- bond cleavage and residual carbon oxidation. According to the TGA data, 562 

the residue after thermal decomposition of TOCNF:3.3Ho-bAPS6.7 film (41.2%) comprised 563 

Sr0.90Ho0.10F2.10 and SiO2. 3.24 ± 0.09 wt.% holmium content (chemical analysis data) 564 

corresponded to the initial content of Sr0.90Ho0.10F2.10 powder (27.1 wt.%, Table 2); and 14.1 565 

wt.% difference corresponded to SiO2. 566 

Thus, TGA/DSC data confirmed an increase in the thermal stability of TOCNF:3.3Ho-APS6.7 567 

modified film compared to the thermal stability of the unmodified film. TOCNF:Ho-APS films 568 

have also shown the higher thermal stability (Tonset 216°C) and hydrophobicity (WCA 101 ± 2°). 569 

The said increase in thermal stability of TOCNF:Ho-APS films was caused by the formation of 570 

Si─O─Ccellulose covalent bonds with the surface OH groups of TOCNF as well as the presence of 571 

homogeneous coating with linear APS oligomer network. 572 

 573 

Optical properties and morphology of TOCNF:Но-APS composite films 574 

 575 

Transparent and flexible TOCNF, TOCNF-APS3.0 и TOCNF-APS7.0 films were obtained without 576 

cracks (Figs. 7a-c). Their transmittance coefficients at 650 nm were 89.4%, 70.0% and 61.9%, 577 

respectively (Figs. 8 a-c); transmittance coefficients decreased with the increase in APS loading. 578 
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 579 

Fig. 7 Appearance of the films: TOCNF (a), TOCNF-APS3.0 (b), TOCNF-APS7.0 (c) 580 

TOCNF:3.3Но (d), TOCNF:3.5Нo (e), TOCNF:5.5 Но (f), TOCNF:3.3Но-APS3.0 (g), 581 

TOCNF:3.5Но-APS7.0 (h), TOCNF:5.5Но-APS6.0 (i) 582 

 583 

The transmittance coefficients of the films depended on both the APS loading and the content of 584 

the up-conversion powder (Table 2). Comparison of the transmission spectra of the composite 585 

films with the same content of up-conversion powder (27.1 wt.% Sr0.90Ho0.10F2.10) 586 

TOCNF:3.3Ho and TOCNF:3.3Ho-APS3.0 at a loading of 3.0 mmol APS per 1 g of dried 587 

TOCNF showed that the decrease in transmittance was mainly due to the upconversion powder 588 

content (Figs. 8d, e). 589 

The further increase of APS content exhibited the more explicit effect on the film transmission 590 

spectra. Comparison of the transmission spectra of the composite TOCNF:3.5Ho and 591 

TOCNF:3.5Ho-APS7.0 films with the same content of up-conversion powder (35.2 wt.% 592 

Sr0.92Ho0.08F2.08) revealed decreasing of the transmittance of modified films decreases with 593 

increasing APS loading (Figs. 8f, g; Table 2). Composite films with an APS loading of 3-7 mg/g 594 

TOCNF were yellowish color, homogeneous, strong, flexible and translucent (Figs. 7g-i). 595 

Content of the up-conversion powder affected the composite film transmittance at higher extent 596 

than the APS loading. 597 

 598 
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 599 

Fig. 8 Transmission spectra of the films: TOCNF (a), TOCNF-APS3.0 (b), TOCNF-APS7.0 (c) 600 

TOCNF:3.3Но (d), TOCNF:3.3Но-APS3.0 (e), TOCNF:3.5Нo (f), TOCNF:3.5Но-APS7.0 (g) 601 

 602 

The morphology of surface and cross-sections of the films, distribution of up-conversion 603 

particles and elements (N, Si) in the hydrophobic nanocomposite TOCNF:Ho-APS films were 604 

analyzed by SEM and EDX. Compared to unmodified TOCNF films (20 ± 8 nm nanofibril 605 

width, Fig. 1a), TOCNF:3.3Ho-APS5.0 films retained the fibrillar structure of TOCNF with 606 

thickened nanofibrils (27 ± 7 nm nanofibril width) due to continuous and uniform coverage with 607 

a polysiloxane network with up-conversion particles located between fibrils (Fig. 9a). The cross-608 

section of the TOCNF:3.3Ho-APS5.0 film had a mesoporous structure with a pore size of 51 ± 20 609 

nm (Fig. 9 c). Cracks on the film cleavage were formed as a result of mechanical action during 610 

the film splitting. Samples of the TOCNF:3.3Ho-APS5.0 composite film had a homogeneous 611 

morphology with uniformly distributed up-conversion particles, which was confirmed by the 612 

film surface and the cros-section Z-contrast imaging (Fig. 9 b, d). The size of most up-613 

conversion particles ranged from 30 to 79 nm with a small amount of agglomerates (154 ± 34 614 

nm).  615 
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 616 

Fig. 9 SEM images and EDX maps of TOCNF:3.3Ho-APS5.0 film: surface (а, b); cross-section 617 

(c, d); images in topographic contrast mode (a, c); images in Z-contrast mode (b, d); EDX maps 618 

for N (e), Si (f) and Ho (g) elements distribution across the surface. SEM images of 619 

TOCNF:3.3Ho-bAPS5.0 film surface (h) and cross-section (i) 620 

 621 

The uniformity of N, Si and Ho element distribution in TOCNF:Ho-APS films was confirmed by 622 

elemental mapping (Fig. 9e-g) and EDX analysis (Fig. S8). EDX analysis indicated that the 623 

measured Sr/Ho atomic ratio in the composite films was very close to that measured in 624 

Sr0.90Ho0.10F2.10 powder. The EDX results confirmed the presence of N = 4.8 ± 0.2 at.% and Si = 625 

4.7 ± 0.4 at.%. 626 

The surface morphology and cross-section of TOCNF:3.3Ho-bAPS5.0 films are presented in Figs. 627 

9h and 9i for comparison with TOCNF:3.3Ho-APS5.0 film. The TOCNF:3.3Ho-bAPS5.0 film 628 

surfaces were formed by glued together nanofibrils, 3D siloxane “islands”, and non-hydrolyzed 629 

APS. Cross-sections were formed by dense layers of glued nanofibrils. 630 

Composite films TOCNF:Ho-APS with an optimal combination of hydrophobic, optical and 631 

mechanical properties were obtained with an up-conversion powder content of up to 45 wt.% and 632 

an APS loading of 5.0 - 6.0 mmol/g TOCNF. 633 
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 634 

Luminescent properties and laser damage threshold of TOCNF:Ho-APS films 635 

 636 

Analysis of the up-conversion luminescence spectra of hydrophobic TOCNF:Ho-APS films and 637 

hydrophilic TOCNF:Ho films, heat treated at 105 °C, showed that the films with the same 638 

amount of holmium demonstrated similar luminescence intensity (Fig. 10). 639 

 640 

 641 

Fig. 10 Up-conversion luminescence spectra of the composite films (a); and IR light 642 

visualization by the composite films: TOCNF:5.5Ho (b), TOCNF:5.5Ho-APS6.0 (c). Laser 643 

excitation of Ho3+ ions 5I7 energy level at a wavelength of 1912 nm, beam diameter 10 μm 644 

 645 

The laser damage threshold (LDT) (Wood 2014) as the radiation intensity leading to irreversible 646 

changes in the film was determined by visual observation of damage/darkening spots (λ = 1940 647 

nm, beam diameter 1500 µm) for five composite up-conversion films. The 1940 nm wavelength 648 

was selected based on the location of the holmium absorption maximum for SrF2:Ho solid 649 

solution (Lyapin et al 2017). The highest laser radiation durability (104.71 W/cm2) was 650 

registered for a TOCNF:5.5Ho-APS6.0 composite film (Table 3). 651 

 652 

Table 3 Laser damage threshold of composite films based on CNC and TOCNF 653 

Sample Н2О content 
determined by 
drying at 150°С, 
wt.% 

Onset 
thermal 
degradation 
Tonset, °С 

The power at 
which the film 
burns or 
darkens, W 

LDT, 
W/cm2 

Transmittance 
at 650 nm 
(%) 

TOCNF:5.5Ho 4.4 204 0.84 47.3 12.3 
CNC:5.5Ho 2.3* 157* 0.80 45.3 22.0* 
TOCNF:4.9Но-AKD30  3.0** 210** 0.95 53.7 11.3** 

TOCNF:5.5Ho-bAPS6.0 7.4 200 0.83 47.3 - 

TOCNF:5.5Ho-APS6.0 5.7 216 1.85 104.7 8.7 
TOCNF-APS7.0 5.7 216 > 3 >168 61.9 
TOCNF 4.4 204 1.845 104.4 89.4 
* (Fedorov et al. 2019) 654 

** (Fedorov et al. 2020) 655 

 656 

LDT depends on the optical, mechanical, thermal properties, morphology of the irradiated 657 

material, and the presence of absorbing inclusions (Emmert and Rudolph 2014). For materials 658 
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based on unmodified cellulose, the predominant cause of damage is thermal degradation due to 659 

evaporation of moisture and subsequent charring of the films in the illuminated spot (Emmert 660 

and Rudolph 2014). For the composite films subjected to 0.84 W irradiation, the damage did not 661 

occur only for the TOCNF:5.5Ho-APS6.0 film (Fig. 11d). 662 

 663 

 664 

Fig. 11 Images of composite films after laser irradiation with a power of 0.84 W: CNC:5.5Ho 665 

(a); TOCNF:5.5Ho (b); TOCNF:5.5Ho-bAPS6.0 (c); TOCNF:5.5Ho-APS6.0 (d) 666 

 667 

The reasons for the lowest laser radiation durability of the CNC:5.5Ho films were the low Tonset 668 

and the low H2O content. However, LDT of CNC:5.5Ho films slightly differed from LDTs of 669 

TOCNF:5.5Ho and TOCNF:5.5Ho-bAPS6.0 films, despite the significant difference in their 670 

thermal stability. The difference in surface roughness was not so important because the 671 

nanoroughness (measured by AFM) was too little compared to the laser wavelength (1940 nm) 672 

to cause significant scattering and absorption of laser radiation. The optical properties of the 673 

composite films with the same content of up-conversion particles differed insignificantly (Table 674 

3). The highest transmittance coefficient was observed for unmodified TOCNF film (89.4%) 675 

with LDT 104.4 W/cm2. The highest LDT value of 168 W/cm2 belonged to modified non-676 

composite TOCNF-APS7.0 film. The presence of absorbing SrF2:Ho particles greatly reduces the 677 

LDT of composite films. The functionalization of TOCNF films by APS significantly increases 678 

their durability to laser radiation. 679 

The main factors affecting the LDT value of nanocellulose-based nanocomposite films were the 680 

surface morphology, the presence of a uniform amorphous, thermostable coating, and the 681 

formation of a mesoporous film structure. As it has been already mentioned, surface of 682 

TOCNF:5.0Ho-bAPS6.5 films exhibited the tendency to glue nanofibrils to each other and form 683 

3D siloxane islands as a result of self-condensation of the hydrolyzed APS, and the film cross-684 

section was formed by layers with a dense structure (Figs. 9h, i). In contrast to these films, on the 685 

surface of thickened nanofibrils of the TOCNF:5.5Ho-APS6.0 film, a homogeneous polysiloxane 686 

layer was formed mainly due to linear oligomers grafted on the TOCNF surface. Mesopores are 687 

clearly visible in the film cross-section (Figs. 9a, c). Such a coating has increased resistance to 688 

thermal oxidative degradation. A similar phenomenon in the study of laser damage to 689 

antireflection SiO2 coatings was reported earlier (Li et al 2014). 690 

Thus, we developed up-conversion hydrophobic nanocomposite TOCNF:Ho-APS films, which 691 

possess comparable luminescence intensity to the CNC/SrF2:Ho and TOCNF:SrF2:Ho-AKD 692 

films obtained earlier (Fedorov et al. 2019, 2020), while having the higher resistance to laser 693 

radiation. 694 
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 695 

Conclusions 696 

 697 

In conclusion, we have developed a novel preparation technique of luminescent composite 698 

cellulose films. The films were prepared by solution casting technique from precursor dispersion 699 

(SrF2:Ho up-conversion particles in APS-modified aqueous TOCNF solution at pH = 4.0-4.5) 700 

followed by the thermal treatment at 105 °C. This technique produced thin (50-60 microns), 701 

hydrophobic (WCA = 97±2о – 101±2о), strong, and flexible semitransparent composite 702 

TOCNF:Ho-APS films with a uniform distribution of up-conversion particles (30-45 wt.% 703 

SrF2:Ho content, and APS loading of 5.0-6.0 mmol/g dry TOCNF). TOCNF:Но-APS film 704 

hydrophobicity has been caused by evenly distributed layer of chemosorbed linear polysiloxane 705 

on TOCNF surface as well as by changed configuration of aminopropyl groups with propyl 706 

hydrophobic fragments oriented along the film surface, and NH2 moieties formed hydrogen 707 

bonds with TOCNF free hydroxyls and became oriented away from the external polysiloxane 708 

layer. Luminescence intensities of TOCNF:Но-APS films (Ho3+ 5I7 level excitation with 1912 709 

nm laser irradiation) coincided with that of CNC/SrF2:Ho and TOCNF:SrF2:Ho-AKD films 710 

(Fedorov et al. 2019, 2020). The thermal decomposition (216°C) and LDT (104.7 W/cm2) for 711 

TOCNF:Но-APS film were higher than CNC/SrF2:Ho (157°C; 45.3 W/cm2) and 712 

TOCNF:SrF2:Ho-AKD (210°C; 53.7 W/cm2) films. TOCNF/SrF2:Но films are eco-friendly, and 713 

they can be used for visualization of 2 μm laser radiation in medicine and long-distance 714 

atmosphere monitoring. 715 
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Figures

Figure 1

SEM images of 0.01 wt.% dispersions air-dried on a single-crystal silicon substrate: TOCNF (a), CNC (b).
SEM images of �lms after thermal treatment at 105 °C: TOCNF-APS7.00 (c), TOCNF-bAPS7.0 (d). Insets
show the corresponding �lm images obtained by AFM (1 μm × 1 μm scanning area)



Figure 2

XRD patterns of the �lms after the thermal treatment at 105°С: TOCNF (a), TOCNF-bAPS7.0 (b); TOCNF-
APS7.0 (c), TOCNF:3.5Но (d), TOCNF:3.5Но-bAPS7.0 (e), TOCNF:3.5Но-APS7.0 (f), and of APS after
thermal treatment at 700°C (g)



Figure 3

Correlation between the WCA for different nanocellulose �lms and the water droplet contact time



Figure 4

FTIR-spectra of TOCNF (a), TOCNF:3.5Но (b), TOCNF:3.5Но-APS7.0 (c), and TOCNF:3.5Но-bAPS7.0 (d)
�lms after their thermal treatment at 105°С



Figure 5

Mechanisms of the composite TOCNF:Ho-APS �lm formation: schematic representation of TOCNF:Ho-
APS �lm structure (a); linear polysiloxane, bound to TOCNF by Si-O-C covalent bond, with chemosorbed
polysiloxane (b); hydrogen bonds between TOCNF and SrF2:Ho (c)



Figure 6

TG and DSC curves for APS (a) and TOCNF:3.3Ho (b), TOCNF:3.3Ho-APS6.7 (c), TOCNF:3.3Ho-bAPS6.7
(d) composite �lms after drying at 105°C



Figure 7

Appearance of the �lms: TOCNF (a), TOCNF-APS3.0 (b), TOCNF-APS7.0 (c) TOCNF:3.3Но (d),
TOCNF:3.5Нo (e), TOCNF:5.5 Но (f), TOCNF:3.3Но-APS3.0 (g), TOCNF:3.5Но-APS7.0 (h), TOCNF:5.5Но-
APS6.0 (i)



Figure 8

Transmission spectra of the �lms: TOCNF (a), TOCNF-APS3.0 (b), TOCNF-APS7.0 (c) TOCNF:3.3Но (d),
TOCNF:3.3Но-APS3.0 (e), TOCNF:3.5Нo (f), TOCNF:3.5Но-APS7.0 (g)



Figure 9

SEM images and EDX maps of TOCNF:3.3Ho-APS5.0 �lm: surface (а, b); cross-section (c, d); images in
topographic contrast mode (a, c); images in Z-contrast mode (b, d); EDX maps for N (e), Si (f) and Ho (g)
elements distribution across the surface. SEM images of TOCNF:3.3Ho-bAPS5.0 �lm surface (h) and
cross-section (i)



Figure 10

Up-conversion luminescence spectra of the composite �lms (a); and IR light visualization by the
composite �lms: TOCNF:5.5Ho (b), TOCNF:5.5Ho-APS6.0 (c). Laser excitation of Ho3+ ions 5I7 energy
level at a wavelength of 1912 nm, beam diameter 10 μm



Figure 11

Images of composite �lms after laser irradiation with a power of 0.84 W: CNC:5.5Ho (a); TOCNF:5.5Ho
(b); TOCNF:5.5Ho-bAPS6.0 (c); TOCNF:5.5Ho-APS6.0 (d)
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