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A B S T R A C T   

Engendering stimuli-responsive and green shapable materials is a critical aspect of intelligent, responsive 
packaging technologies. Thermochromism, i.e., the optical response of materials to thermal stimuli, merges the 
visual appearance of the packaging with the temperature of the surroundings and cargo. Herein, sustainable, 
functional two-dimensional (2D) and three-dimensional (3D) hybrids of natural nanoribbons, i.e., cellulose 
nanofibrils (CNFs) and ionic liquids (ILs), were introduced as highly porous hydrothermochromic nanofoams, 
spheres, and flexible films. Hygroscopic ILs of nickel (II) or chromium (III) salts and imidazolium derivatives (1- 
ethyl-3-methylimidazolium chloride) were incorporated into the nanofibrils network, driving reversible color- 
switching via moisture adsorption controlled by temperature (hydrothermochromism, HTC). Multicolored 
HTC hybrids with a vast and adjustable color range from pale green to blue and from green to red with a color 
transition at 20 ◦C–80 ◦C were obtained by tailoring the composition (nickel and chromium chloride chemistry) 
and shape of the CNF–IL samples. These humidity- and temperature-responsive hybrids derived from biobased 
nanomaterials can pave the way toward future green smart packaging, which meets the requirements of sus-
tainable development. The hybrids also provide advanced performance by monitoring and responding to the 
conditions of items and the surroundings.   

1. Introduction 

Chromogenic technologies have been widely harnessed for the 
design of materials with an optical response toward the thermal stim-
ulus, i.e., objects exhibiting thermochromism using inorganic, organic, 
or liquid crystals [1]. The optical attributes of these thermochromic 
architectures can be altered reversibly or irreversibly through a gradual 
change in temperature [2]. Liquid crystals [3], quantum dots [4], leuco 
dyes [5], and ionic liquids (ILs) [6] are some common thermochromic 
materials. For example, well-known transition-metal complexes of 
nickel [7] and copper [8] undergo a thermochromic transition due to 
alternations in metal–ligand configurations and subsequent changes in 
electron excitation energies. 

Thermochromic compounds are desirable for various applications, 
including smart windowpanes [9], coating technologies [10], packaging 

[11], textiles [12], soft displays [13], and aerospace components [14]. 
In particular, sustainable, functional materials displaying a response to 
external stimuli are highly desired for facilitating the targets of the 
emerging green circular economy in green electronics [15], smart food 
and cosmetic casings [16,17], and biomedical products. Smart pack-
aging based on natural resources is an alluring field for creating designs 
that can meet the requirements of sustainable development and provide 
advanced performance by monitoring the conditions of items and 
interacting with their surroundings [11]. 

Recently, cellulose nanomaterials with outstanding intrinsic char-
acteristics, such as excellent stiffness/strength to weight ratio, form-
ability, availability, and renewable origin [18], have been employed in 
the synthesis of two-dimensional (2D) and three-dimensional (3D) green 
architectures. These architectures include ultrathin films [19], nano-
papers [20,21], ultrastrong films [22], highly porous monolith aerogels 
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or foams, and individualized beads [23]. Such biodesigns derived from 
green nanomaterials, which are fundamental structural entities existing 
in almost all biomasses, can be further tailored by incorporating various 
functional additives that endow responsive features [24]. For example, 
composite films of cellulose nanocrystals (CNCs) and polyethylene gly-
col (PEG) with limited chiral nematic domain undergo a color transition 
from blue to red as a response to relative humidity variations [25]. In 
another study, chiral nematic CNC nanocomposite films were created by 
introducing poly-(3,3′-benzophenone-4,4′-dicarboxylic acid dicarbox-
ylate polyethylene glycol) into an aqueous CNC hydrogel [26]. The 
iridescence of the films changed in response to the external light and 
humidity stimuli. Thermoresponsive films were created using a black 
leuco dye and nanocellulose to achieve black and transparent films [27]. 
To date, previous efforts have mainly revealed the thermoresponsive 
properties of 2D sustainable materials with limited adjustability. This 
suggests that the unique nature of nanomaterials based on cellulosic 
biopolymer can be further shaped to more complex 3D structures (than 
those currently available). In fact, alternative photoactive compounds 
can be used to pave the way toward future smart, sustainable packaging, 
and other advanced responsive materials. Ultraporous and the light solid 
gels of nanocelluloses, i.e., nanofoams or aerogels, with very low ther-
mal conductivity are highly desirable green structures for creating 
advanced packaging materials. 

ILs exhibit a tremendous potential for temperature-dependent color- 
switching applications, but the diffusion of the ILs in the surrounding 
media may lead to serious challenges in large-scale productions [28]. 
Therefore, ILs have been infused in solids (usually films) or semisolids (i. 
e., gels) to mitigate the leaching of the specimens. For example, 
combining ILs with a suitable polymer matrix offers an enclosed and 
stable entity that prevents material diffusion. Previously, bis(1-butyl-3- 
methylimidazolium) IL was embedded in a polyvinylidene fluoride 
(PVDF) matrix to synthesize thermochromic films with augmented 
electrical and optical properties [29]. Ion gels with adjustable color 
transition temperature from below 0 ◦C to over 100 ◦C were obtained 
with a mixture of polyurethane and imidazolium ILs [30]. 

Herein, a new generation of optically responsive sustainable hybrids 
with adjustable color transition induced by thermal stimuli is intro-
duced. A network of cellulose nanofibrils (CNFs) was infused with ILs of 
nickel or chromium chloride and 1-ethyl-3-methylimidazolium chloride 
(EMIMCl), ILs with low toxicity and good stability, to create hydro- 
thermochromic, self-standing structures in the form of 3D nanofoams, 
and beads, and 2D film nanolattices. The color-switch was tailored by 
the topochemistry of cellulose nanofilaments, composition of ILs, hybrid 
architecture, and humidity, as revealed by red–green–blue (RGB) color 
values and ultraviolet–visible (UV–Vis) spectroscopy. These shapable 
thermoresponsive materials derived from green nanoentities have po-
tential applications in smart packaging, sensors, insulation, and 
electronics. 

2. Experimental Section 

2.1. Materials 

Commercial bleached birch kraft pulp sheets were used as a raw 
material for producing cellulose nanofibrils. The characteristics of the 
cellulose pulp have been presented elsewhere [31]. Sodium periodate 
(NaIO4) was purchased from Sigma-Aldrich (India), aminoguanidine 
hydrochloride was purchased from Tokyo Chemicals Industry (Japan), 
lithium chloride was obtained from Sigma-Aldrich (UK), and choline 
chloride was obtained from Algry Co. (Spain). Chromium (III) chloride 
hexahydrate, nickel (II) chloride hexahydrate, 1-ethyl-3-methylimidazo-
lium chloride (EMIMCl), and urea were purchased from Sigma-Aldrich 
(Germany). Glycerol and ethanol were purchased from VWR (Belgium 
and France, respectively). All chemicals were used without any addi-
tional purification. Deionized (D.I.) water was used for preparing all the 
samples. 

2.2. Fabrication and modification of cellulose nanofibrils 

For synthesizing neutral (nonderivatized) and cationic CNFs (NCNF 
and CCNF, respectively), 15 g of bleached pulp sheets were torn by hand 
into small pieces and swollen in 1500 mL of D.I. water at room tem-
perature for 24 h. The disintegrated pulps were washed and filtered out 
using a vacuum filter and dried at 60 ◦C for 24 h in an oven. The NCNFs 
were produced using a deep eutectic solvent (DES) of choline chloride- 
urea as a pretreatment, followed by mechanical disintegration [32]. 
First, 259.9 g choline chloride (1.86 mol) and 195.6 g urea (3.25 mol) 
were melted at 100 ◦C under gentle mixing until a clear solution was 
formed. Afterward, 4.52 g of dried cellulose (abs.) was added to the 
solvent at 100 ◦C under continuous mixing for 2 h. The treated pulp was 
then washed repeatedly with D.I. (~4000 mL) water under vacuum 
filtration, diluted to 0.3 wt%, and then nanofibrillated. The reaction 
yield has been reported around 90% in the previous studies [32]. Ultra- 
Turrax (at 10.000 rpm) was used for mixing the cellulose dispersion for 
30 s. The mixed dispersion was fed through a microfluidizer 
(M− 110EH− 30, USA) three times at a pressure of 1000 bar (with a 
dimension of the inside of the chamber 400 μm and 200 μm), and then 
two times at a pressure of 1300 bar (with a dimension of the inside of the 
chamber 400 μm and 100 μm) to obtain a hydrogel of NCNF. 

For the synthesis of CCNFs, 10 g of washed and dried pulp (abs.) was 
dispersed in an aqueous solution (1000 mL) of sodium periodate (8.2 g, 
3.8 × 10-2 mol) and lithium chloride (18 g, 4.2 × 10-1 mol) at 55 ◦C. The 
beaker was covered with aluminum foil and heated for 3 h under mild 
stirring. The produced dialdehyde cellulose (DAC) was washed with 
1000 mL of a 50 wt% aqueous ethanol solution and then with 500 mL of 
96% ethanol. Afterward, 10 g of DAC was further cationized using a DES 
of aminoguanidine hydrochloride (75 g, 6.7 × 10-1 mol) and glycerol 
(125 g, 1.35 mol). Subsequently, 10 g (abs.) DAC was mixed with the 
DES and allowed to react at 100 ◦C for 10 min, and 250 mL of ethanol 
was then added. The mixture was then filtered and washed with 500 mL 
ethanol and then with 1000 mL D.I. water. The yield of reaction has been 
reported in our previous study [33]. Cationic cellulose was dispersed 
(0.5 wt%) with Ultra-Turrax at 10.000 rpm for 30 s and then passed once 
through the 400 μm and 200 μm chambers of a microfluidizer at a 
pressure of 1200 bar. This process yielded a CCNF hydrogel. The surface 
charge of both CNF hydrogels (neutral and cationic) was measured at 
three pH values (Figure S1) with a polyelectrolyte titration analyzer 
(Mütek PCD 03, USA). 

2.3. Synthesis of thermochromic ILs 

Imidazolium ILs were prepared using the previously reported 
methods with slight modifications [29,34,35]. The chromium and 
nickel-based ILs, [CrCl3-EMIMCl] and [NiCl2-EMIMCl], respectively, 
were synthesized by mixing 0.5 g (3.4 × 10-3 mol) EMIMCl and 0.45 g 
(1.7 × 10-3 mol) of CrCl3⋅6H2O or 0.40 g (1.7 × 10-3 mol) of NiCl2⋅6H2O 
(both with 2:1 mol ratio) at 90 ◦C for 12 h. ILs were cooled and kept in a 
dry atmosphere at room temperature (R.T.) for subsequent use. 

2.4. Preparation of hydrothermochromic hybrid films, nanofoams, and 
beads 

Hydrothermochromic hybrid films (HTCFilms) of CNFs and ILs were 
manufactured by mixing ILs with CCNF or NCNF hydrogels (0.3 wt%) in 
different weights ratios (Table 1) and then casting the dispersion in a 
teflon petri dish. The films were initially dried in an oven (40 ◦C) until a 
viscous gel appeared and then further dried and cured at room tem-
perature for a week to avoid shrinking and the attachment of the film to 
the mold. 

The NCNF hydrogel was used in the preparation of hydro-
thermochromic hybrid bulk nanofoams (HTCFoam) using 
[CrCl3–EMIMCl] and [NiCl2–EMIMCl] ILs (Table 1). First, NCNF (0.3 wt 
%) and ILs were mixed in different weight ratios (Table 1), and then 
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poured into a clean teflon mold placed in liquid nitrogen for ~ 20 min. 
The rigid structure was then dried using a freeze-dryer (Scanvac Cool-
safe, 55–15 Pro, Denmark) set at − 55 ◦C for four days. To create 
spherical thermochromic nanofoams (i.e., beads), the NCNF–IL disper-
sions were dropped into liquid nitrogen using a syringe (needle diam-
eter: 0.5 mm). The frozen spheres were then collected from the liquid 
nitrogen and dried in the freeze-dryer at − 55 ◦C for four days. 

2.5. Characterization 

2.5.1. Optical color microscopy 
The color transition of the nanofoam and film samples was recorded 

using a stereoscopic microscope (Nikon SMZ1500, Japan) under the 
illumination of a photonic cold light source (color temperature: 3250 K). 
All the images were captured at 1 × magnification and a range of tem-
peratures (− 10 ◦C–90 ◦C). Quantification of the color-switch was then 
performed by averaging the RGB [36,37] color values extracted from 
each pixel in the image. 

For the subzero temperatures (− 10 ◦C), the HTC samples were placed 
for 12 h in a cold chamber at − 15 ◦C to ensure the homogeneity of the 
color reversion. For high temperatures (− 10 ◦C–90 ◦C), the samples 
were put in a teflon mold and kept in a silicon bath on a heating plate. 
The microscope was placed on the top of the setup, and images were 
captured in 10 ◦C temperature increments. Nanofoam samples were 
placed in an environmental chamber and left for 1 h at the desired 
temperature to ensure a homogeneous temperature distribution within 
the foam. All temperature changes were monitored using external 
thermometers. 

2.5.2. UV–Vis absorption spectroscopy 
The thermochromic transition of HTC films was assessed through 

UV–Vis absorbance spectroscopy (Shimadzu, Japan) measurements 
performed over a range of wavelengths (200–800 nm) and temperatures 
(− 10 ◦C–90 ◦C). The films were placed between two quartz glass slides 
before being placed in a cuvette stand to ensure that each film was 

perpendicular to the incoming beam and to avoid wrinkling. The films 
were cooled in a cooling chamber or heated in a teflon mold using a 
silicon bath to reach the desired temperature, and the absorbance was 
measured immediately after. 

To elucidate the influence of humidity on the color of the samples, 
UV–vis absorption spectroscopy was conducted for films and nanofoams 
(weight ratio of 1:1) by exposing them 0% humidity (a desiccator filled 
with freshly calcinated silica gel) and 100% humidity (water-filled 
desiccator for 12 h) and immediately analyzed with UV–vis 
spectrometer. 

2.5.3. Tensile measurement 
Tensile tests were conducted with ISO 1924–1:1992 (Paper and 

board — Determination of tensile properties) using a universal testing 
machine (Zwick/Roell, Germany) equipped with a 2.5-kN (maximum 
capacity) load cell. Sample stripes (length: 70–100 mm and width: 5 
mm) were obtained by cutting the films with scissors. The average 
thickness of the stripes was measured at three random positions using a 
thickness gauge (Precision Thickness Gauge FT3, Hanatek Instrument, 
UK). A gauge length of 40 mm and a strain speed of 5 mm/min were 
used, and the tensile properties were measured until breakage. Five 
samples per film were analyzed, and the results were averaged. 

2.5.4. Field emission scanning electron microscopy (FESEM) 
FESEM (Zeiss Ultra Plus, Carl Zeiss SMT AG, Germany) was used to 

reveal the surface and the cross-sectional morphology of the hydro-
thermochromic films and the cross-sectional morphology of the nano-
foams. The samples were coated with platinum, and acceleration voltage 
ranging from 3 to 5 kV was applied for imaging. 

2.5.5. Transmission electron microscopy (TEM) 
Transmission electron images of HTC films were obtained using a 

200 kV energy-filtered scanning transmission electron microscope 
(JEOL JEM-2200FS EFTEM). 

2.5.6. Brunauer, Emmett, and Teller (BET) surface area and pore size 
analysis 

The nanofoam surface area and pore size were determined through 
BET analysis conducted with a Micromeritics machine (ASAP 2020 
V4.01, USA). A bath temperature of − 196 ◦C was employed. Prior to the 
analysis, HTC foam samples were gently placed in a glass flask, and then 
vacuum-dried overnight at 50 ◦C. 

2.5.7. Fourier-transform infrared spectroscopy (FTIR) 
The HTC film and nanofoam samples were characterized via FTIR 

(Bruker FT-IR, Germany) measurements performed over wavenumbers 
ranging from 400 to 4000 cm− 1. The samples were placed in the 
analyzer in dry form and compacted to achieve a leveled cross-section 
for an accurate reading. 

2.5.8. Nuclear magnetic resonance (NMR) analysis 
1H- and 13C NMR experiments were carried out on 14.1 T Bruker 

Avance III 600 spectrometer (Bruker, Germany) equipped with a 5-mm 
broad band (BB) probe operating at 600 MHz and 150.9 MHz for proton 
and carbon, respectively. Samples were prepared by mixing the IL’s and 
EMIMCl with D2O and transferred to 5 mm NMR tubes. Experiments 
were conducted at room temperature in D2O and the positions of the 
peaks were referenced to the residual solvent peak. 13C NMR spectra 
were recorded with inversed gate proton decoupling sequence (Bruker 
standard sequence “zgig30”), obtained with a 45 kHz (300 ppm) spectral 
width, 66 k data points and 4000 scans with 30◦ tip angle. Measured 
FIDs were processed via 5 Hz line broadening. Other necessary param-
eters were optimized to ensure flat baseline and if needed small baseline 
distortions were corrected with automated baseline correction algo-
rithm within Bruker Topspin-NMR software (Version 3.6, Bruker, 
Germany). 

Table 1 
Composition of reference and hydrothermochromic CNF(NCNF/CCNF) - IL 
[CrCl3–EMIMCl/NiCl2–EMIMCl] hybrid films (HTCFilm) and nanofoams 
(HTCFoam).  

Specimen NCNF 
(wt%) 

CCNF 
(wt%) 

[CrCl3- 
EMIMCl] (wt%) 

[NiCl2- 
EMIMCl] (wt%)  

RefFilmNCNF 100 – – – 
HTCFilmNCNF- 

Cr1:1 

50 – 50 – 

HTCFilmNCNF- 

Cr1:2 

33.33 – 66.67 – 

HTCFilmNCNF- 

Ni1:1 

50 – – 50 

HTCFilmNCNF- 

Ni1:2 

33.33 – – 66.67 

RefFilmCCNF – 100 – – 
HTCFilmCCNF- 

Cr1:1 

– 50 50 – 

HTCFilmCCNF- 

Cr1:2 

– 33.33 66.67 – 

HTCFilmCCNF- 

Ni1:1 

– 50 – 50 

HTCFilmCCNF- 

Ni1:2 

– 33.33 – 66.67 

RefFoamNCNF 100 – – – 
HTCFoamNCNF- 

Cr1:1 

50 – 50 – 

HTCFoamNCNF- 

Cr1:2 

33.33 – 66.67 – 

HTCFoamNCNF- 

Ni1:1 

50 – – 50 

HTCFoamNCNF- 

Ni1:2 

33.33 – – 66.67  
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2.5.9. Thermogravimetric analysis (TGA) 
A thermogravimetric study of films and nanofoams was conducted 

using a thermal analyzer (Netzsch STA 409PC, Germany). The analysis 
was conducted at temperatures ranging from 40 ◦C to 900 ◦C (heating 
rate: 10 ◦C/min) in an N2 atmosphere using a platinum corundum 
sample carrier with S-type thermocouples. 

2.5.10. Moisture content 
Humidity uptake of the thermochromic films and nanofoams was 

analyzed similarly to the ASTM D5229 method. In brief, small pieces of 
HTC samples (weight ratio of 1:1) and reference samples (neutral and 
cationic nanocellulose films and neutral nanofoams) were conditioned 
at 0% humidity (vacuumed desiccator), 50 % humidity (humidity 
room), and 100% humidity (a desiccator filled with water) for 24 h. The 
moisture uptake was calculated with Eq. (1). 

M(%) =
Wi − W0

W0
× 100 (1) 

in which, M (%) is average moisture content, Wi is specimen mass 
(g), and W0 is oven-dried specimen mass without humidity (g). 

3. Results and discussion 

3.1. Engineering of hydro-thermochromic and nanostructured shapable 
hybrids of CNF and ILs 

Neutral and cationic cellulosic nanofibrils synthesized using DES 
systems were harnessed to immobilize hydrothermochromic ILs and 
design color-switchable, tailorable thermoresponsive self-standing films 
and ultraporous nanofoams (Fig. 1). The optically responsive ILs of 
nickel (II) or chromium (III) salts and the imidazolium derivatives (1- 
ethyl-3-methylimidazolium chloride) incorporated with aqueous nano-
cellulose hydrogels yielded flexible, transparent, or opaque films with 
adjustable thermosensitivity and stability after casting (depending on 
the sample), drying, and curing. Super-lightweight bulk nanofoams and 
spherical beads of nanofoam with an interconnected porous architecture 
were generated after the vacuum freeze-drying of the CNF–IL sols. Fig. 1 
summarizes the fabricated HTC materials and the corresponding 
compositions. 

Figure S2 presents the H-NMR and C-NMR data for the EMIMCl, 

[CrCl3-EMIMCl], and [NiCl2-EMIMCl] with negligible amounts of im-
purities. 1H NMR spectra were referenced to residual water signal 
(around 4.7 ppm), and a slight shift in ppm was observed when Ni or Cr 
salt was added compared to pure EMIMCl (roughly 0.04 ppm). Previous 
reports have illustrated the role of water in changing values of activation 
energies and diffusivities [38–40]. The shifting might be happened due 
to the quadrupolar impacts but not a result of the salts concentration 
effect, as high concentration and diluted IL spectral overlay at the same 
position. A similar shift can also be observed from 13C when overlayed. 

3.2. Thermochromic response and optical behavior 

Multicolored HTC hybrids with a vast and adjustable color range 
from pale green to blue and from green to red with thermochromic 
transition at 20 ◦C–80 ◦C were synthesized by tailoring the composition 
(IL chemistry) and structure of the CNF–IL designs (Fig. 2). The color 
transition depends on the functionality (topochemistry of nanofibrils) of 
the nanocellulose, as illustrated by comparing panels a & c and b & d in 
Fig. 2. Different hybrid architectures (porous 3D CNF network vs. planar 
2D dense films) yielded different thermochromic characteristics, as 
confirmed through the visual comparison of panels a & e and b & f in 
Fig. 2. The results revealed that humidity played a crucial role in the 
thermochromic behavior. The color change was quantified by per-
forming an RGB analysis on the images (Fig. 2). The temperature 
dependence of the RGB values is shown in Fig. 3. 

In Fig. 2 and Fig. 3, the panels a & b show the color change in 
NCNF–IL hybrids and panels c & d show their cationized counterparts. 
The RGB mean values and shift in the color-switching temperature of 
HTCFilmCCNF-Ni and HTCFilmCCNF-Cr (Fig. 2 c & d) are lower than those 
of their neutral counterparts (Fig. 2 a & b). The imine moiety in the 
aminoguanidine group of cationic nanocellulose may have promoted the 
chelation with metal halides of ILs [41] and the electrostatic interaction. 
Moreover, they may have altered the color response of CCNF–IL hybrids 
(lower transition temperature), compared with that of NCNF, by 
affecting electron transitions in the imidazole ring. Additionally, the 
thin and homogeneous size distribution of cationized nanofibrils 
(compared with that of neutral nanofibrils) contributed to hybrid film 
reflectivity and may have affected the visual appearance of the films 
[42]. This inference was also supported by the lower RGB mean values of 
HTCFilmCCNF-Ni and HTCFilmCCNF-Cr (Fig. 3 c & d) compared with those 

Fig. 1. Synthesis route of hydrothermochromic CNF(NCNF/CCNF)- IL[CrCl3–EMIMCl/NiCl2–EMIMCl] hybrid films (HTCFilm) and nanofoams (HTCFoam).  
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of the corresponding neutral nanocellulose counterparts (Fig. 3 a & b). 
Moreover, owing to the intrinsic characteristics of Ni complexes, the 
decrease in the intensity of the red color led to the blue characteristics 
observed for the hybrids of [NiCl2–EMIMCl] (Fig. 3 a, c, & e) [34,36,37]. 
The RGB intensities of the hybrid nanofoams, i.e., HTCFoamNCNF, were 
also lower than those of the planar film counterparts, owing to light 
absorption and reflection in the void structure of the foam. In addition, 
the color-switching temperature of the nanofoams differed from that of 
the CNF–IL films. For HTC hybrid foams of [NiCl2–EMIMCl] ILs (Fig. 3 
e), the thermochromic transition appeared at a lower temperature than 
that of the corresponding film (Fig. 3 a.); this may have resulted from a 
more open interconnected porous network, which induced humidity 
removal [43]. The color transition of the HTCFoamNCNF-Ni1:1 intensified 
slowly from gray to blue at ~ 10 ◦C–40 ◦C and proceeded from the outer 
layers to the core of the nanofoam (Fig. 2 e). Thus, the more gradual 
optical response of the 3D foams compared with that of the thin 2D films 
resulted from the low thermal conductivity of the foams [44,45]. 
However, the color-switching temperature of HTCFoamNCNF-Cr (Fig. 3 f) 

was higher than that of HTCFilmNCNF-Cr (Fig. 3 b); this may have resulted 
from the more condensed [CrCl3–EMIMCl] specimens in the film struc-
ture and the low reactivity of chromium halides with atmospheric 
humidity. 

UV–Vis transmittance spectra of the films were recorded for wave-
lengths ranging from 220 to 800 nm (Fig. 4). At 550–700 nm, a sharp 
decrease in the transmittance as a function of temperature was observed 
for the hybrid films of [NiCl2–EMIMCl] ILs. Furthermore, the corre-
sponding spectra differed considerably from those of the unmodified 
CNF films (RefFilmCCNF and RefFilmNCNF, Figure S3) [46]. The peak at 
~ 400–500 nm was generated by the opaque green–yellowish color of 
the HTCFilmNCNF-Cr1:1 and HTCFilmCCNF-Cr-1:1 at subzero temperatures. 
UV–Vis spectra of films prepared with [CrCl3–EMIMCl] (Fig. 4 b & d) 
revealed a redshift. This is especially true for the second maximum, 
which shifts from ~ 550–650 nm, indicating a clear switch of film color 
from greenish to red [47–49]. However, the HTCFilmNCNF-Ni1:1 and 
HTCFilmCCNF-Ni1:1 underwent a color shift to blue with a notable 
decrease in transmittance at 600–700 nm [50,51]. At low temperatures, 

Fig. 2. Thermochromic transition of CNF–IL hybrid films and nanofoams: (a) HTCFilmNCNF-Ni1:1, (b) HTCFilmNCNF-Cr1:1, (c) HTCFilmCCNF-Ni1:1, (d) HTCFilmCCNF-Cr1:1, 
(e) HTCFoamNCNF-Ni1:1, and (f) HTCFoamNCNF-Cr1:1. The photos in the left corners show the original CNF–IL dispersions. 

M. Karzarjeddi et al.                                                                                                                                                                                                                           



Chemical Engineering Journal 443 (2022) 136369

6

the peak intensity at 400–500 nm observed for HTCFilmNCNF-Ni1:1 
(which is opaque) was lower than that observed for HTCFilmCCNF-Ni1:1 
due to the opaque nature of the NCNF films compared to the transparent 
CCNF samples (Fig. 4 a & c). 

3.3. Chemical and thermal characteristics of hydrothermochromic films 
and nanofoams 

The thermochromism and color-conversion mechanism of 
[NiCl2–EMIMCl]- and [CrCl3–EMIMCl]-infused CNF hybrid films and 
nanofoams was further explored via FTIR analysis conducted at room 
temperature and 90 ◦C (Fig. 5 and Figure S4). Characteristic peaks at ~ 
3500 cm− 1 (3496–3477 cm− 1) related to the stretching vibrational mode 
of hydroxyl groups in the cellulose molecule and an absorption peak at 
~ 2900 cm− 1 (attributed to the C–H stretching mode [32]) were 
observed for each specimen. The O–H stretching modes of water mole-
cules in ILs probably contributed to the strong absorption band occur-
ring at ~ 3500 cm− 1 [29]. Additionally, for cationic CNFs, a peak 
occurring at ~ 1690 cm− 1 was attributed to carbon–nitrogen double 
bonds arising from the aminoguanidine modification [52]. A peak at ~ 
1170 cm− 1 was generated by the alkyl chain C–C stretching in ILs, while 
the absorbance peak at 1560 cm− 1 was induced by stretching vibrational 
mode C = N bonds of the imidazolium ring [53]. 

The elevated temperature altered the peak width at ~ 3500 cm− 1 in 
the [CrCl3–EMICl]-containing film, suggesting that the water content of 
the HTC samples had changed (Fig. 5). However, owing to the high 
hygroscopicity of [NiCl2–EMIMCl], the detection of this temperature- 
dependent alteration in [NiCl2–EMIMCl] was difficult. In addition, a 
small peak at 1643 cm− 1, presumably related to the scissors-type 
bending in water molecules [54], was absent for heated 
HTCFoamNCNF-Ni1:1 (Fig. 5 c) but remained for HTCFoamNCNF-Cr1:1, 
owing probably to the slow H2O removal in Cr (III) complexes. Overall, 
similar spectra features were observed for [NiCl2–EMIMCl] and 
[CrCl3–EMIMCl] IL hybrids of NCNF and CNFC, and the IL mole ratio 
had only a minor influence on the spectra. Compared with cationic films 
with the higher humidity uptake, the detection of water elimination in 
NCNF (indicated by the narrowing of the peak at 3500 cm− 1) was more 

challenging. It is seen from the Figure S5 that the samples behaved 
differently when they were subjected to 0% humidity (Figure S5 left) 
and 100% humidity (Figure S5 right). However, the transmittance 
showed a sudden drop in both conditions at around 300 nm with the 
chromium filled cationic nanocellulose samples (drop from 300 nm up 
to 450 nm). This drop is likely due to the opaque nature of the cationic 
samples and the chromium ability to block UV radiation [55]. 

Ni filled samples changed their color to blue when exposed to 0% 
humidity (similar to the films in Fig. 4 a and c), indicating that the low 
humidity affected the optical performance of the samples. The chro-
mium filled samples in turn showed a low transmittance (40% at the 
beginning of the UV spectrum) and a peak around the 500–600 nm at 
low humidity, indicating a slight color change to red (similar to the red 
shift in Fig. 4 b and d). Interestingly, the film transmittance at the 100% 
humidity level exceeded the 100% transmittance level at the beginning 
of the UV–Vis spectrum. This peculiar behavior is likely due to fact that 
the samples were almost liquid-state at this high humidity conditions, 
making the film loose its integrity affecting the reliability of the results. 

The thermal behavior of the HTC films and nanofoams was further 
revealed via thermogravimetric analysis (Fig. 6). The onset temperature, 
associated with water evaporation from a sample, varied from 88 ◦C to 
114 ◦C and decreased with IL incorporation into the CNF designs. The 
combustion of cellulose nanofibrils occurred at ~ 220 ◦C, as reported in 
many research reports [56]. The decomposition of imidazolium salts 
begins at elevated temperatures (295 ◦C–359 ◦C) and proceeds stepwise 
depending on the characteristics of complexes [57]. However, the ac-
curate determination of the decomposition temperature is difficult. 
Interestingly, nickel-based hybrids exhibited better stability than 
chromium-based ones, and the second degradation step started above 
350 ◦C (vs. ~ 259 ◦C for Cr). The remaining part of the hybrids was 
decomposed and carbonized at temperatures above 430 ◦C. 

3.4. Morphology and mechanical properties of hydrothermochromic films 
and nanofoams 

Cross-sectional (Fig. 7) and surface (Figure S6) images of platinum- 
coated HTC hybrid film samples were obtained via FESEM. The images 

Fig. 3. RGB mean color values of (a) HTCFilmNCNF-Ni1:1, (b) HTCFilmNCNF-Cr1:1, (c) HTCFilmCCNF-Ni1:1, (d) HTCFilmCCNF-Cr1:1, (e) HTCFoamNCNF-Ni1:1, and (f) 
HTCFoamNCNF-Cr1:1. Blue dashed lines indicate the thermochromic transition temperatures. 
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revealed microstructures characterized by a typical layered ordering of 
assembled CNF 2D sheets, with a relatively dense and uniform nano-
fibrils packing without any visible clusters of ILs. The incorporation of 
ILs into the CNF network (loading levels: 50–67 wt%) had only a minor 
influence on the appearance and architecture of the films. However, the 
structure of each film synthesized from NCNF was slightly more het-
erogeneous and loose than that of the films fabricated from CCNF. 
Additionally, the NCNF films exhibited partial pull-out behavior, i.e., 
unlike the smaller bundles, the assembled larger CNF bundles protruded 
from the cross-sections (Fig. 7 b & c). The stacked layers were partly 
separated in the HTCFilmNCNF-Ni1:1 creating large voids in the cross 
section of the film (Fig. 7 b). However, only small pores occurred in the 
CCNF films (Fig. 7 f). Initially, the assumption was that the electrostatic 
repulsion between the cationic guanidine groups of the CCNF and 
cationic molecules in ILs mitigated the interaction and adhesion be-
tween ILs and CCNF, but SEM images suggested otherwise. TEM imaging 
also illustrated that the NCNF and CCNF network structure was infused 
by the ILs (Figure S7). 

All the hybrid nanofoams possessed a highly porous, interconnected 
open void structure, despite the addition of ILs, producing a denser 
structure than that of the original nanofoams. In addition, ILs seemed to 
enhance the aggregation of CNFs to large entities, as shown in the cell 
structure of the nanofoams (Figure S8). 

The BET analysis results of the hydrothermochromic NCNF 

nanofoams are shown as a linear isotherm plot in Figure S9 and sum-
marized in Table 2. As expected, after [NiCl2–EMIMCl] and 
[CrCl3–EMIMCl] ILs were introduced into the CNF nanofoams, the ILs 
filled the voids of the nanofoam and the high surface area of the inherent 
CNF network decreased significantly. However, the adsorption average 
pore size associated with nanopores changed only slightly. 

All the HTC films had a self-standing and solid appearance despite 
the high mass percentage of ILs (50–67 wt%), and exhibited the required 
durability of being easily bent without substantial defects generated in 
their structures. However, the ILs led to considerable deterioration in 
the strength properties of the hybrid films owing possibly to disruptions 
in the interfibrillar hydrogen bonding of the CNFs. The tensile strength 
and modulus of the films decreased when ILs were infused into the 
structure. However, the average strain for all HTC films was higher than 
that of the original films (Table 3). The tensile strength of the 
[NiCl2–EMIMCl]-filled films was lower than that of the 
[CrCl3–EMIMCl]-loaded hybrid films. This may have resulted from the 
tetrahedral nature and lower volume of the NiCl2 salt compared with 
that of octahedrally coordinated CrCl3 with intermediate-range order 
after being subjected to humidity [51,58]. The reduced volume may 
have hindered the interfibrillar movement and rearrangement of 
nanofibrils under loading and reduced the tensile strength. 

Nevertheless, the ILs promoted the plasticity of the rigid CNF films 
[59]. This behavior was considerably enhanced by the humidity 

Fig. 4. UV–Vis transmittance of (a) HTCFilmNCNF-Ni1:1, (b) HTCFilmNCNF-Cr1:1, (c) HTCFilmCCNF-Ni1:1, and (d) HTCFilmCCNF-Cr1:1.  
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resulting from the interactions of the water molecules and the cations 
and the consequent increase in the ductility of the films. Moreover, the 
incorporation of water in the ILs may have also influenced other physical 
and structural properties of the HTC hybrids [60,61]. Average moisture 
contents for the reference and HTC samples (weight ratio of 1:1) is 
presented in Figure S10. The moisture uptake was enhanced rapidly by 
exposing samples in 50% and 100% humidity. For example, the films 
with ILs had eight times higher average moisture content than the ref-
erences films. 

3.5. Mechanism governing the hydrothermochromic transition 

Hydrous metal chlorides, such as CoCl2⋅6H2O, CuCl2⋅2H2O, and 
FeCl3⋅6H2O, undergo color-switching when exposed to dehydrating 
agents [62]. Additionally, thermal stimuli can induce the exchange of 
chloride ions in the ion complexes of some metal chlorides, causing a 
hydrothermal color transition [63]. As revealed by the TGA data, the 
fabricated CNF–IL hybrids absorbed H2O molecules at room tempera-
ture, possibly altering the structure of the chromium and nickel EMIMCl- 

based ILs through Cl ion substitution. The hydration was facilitated by 
the hydrophilic nature of cellulose molecules [64] (surface hydroxyls 
and quaternary ammonium groups of NCNF and CCNF) and the large 
surface area of cellulose nanofibrils. These two factors triggered the 
sorption of water molecules from the atmosphere into the 
[NiCl2–EMIMCl] and [CrCl3–EMIMCl] IL complexes. However, an in-
crease in temperature resulted in the dehydration of the hygroscopic ILs 
and induced a plausible transformation in the coordination of the IL 
complexes, as depicted in Fig. 8. 

The coordination of EMIMCl with metal halides is intervolved by the 
extra chlorine ion from hydrated metal halides [65]. The octahedral 
coordination of Ni2+ switched to a tetrahedral structure when the ma-
terial was heated, as demonstrated previously, while the complex 
octahedral structure of Cr3+ was most likely maintained [35]. In addi-
tion to the hydrous and anhydrous coordination structures, other equi-
librium structures may form depending on hydrogel, nanofoam, and film 
conditions. For example, [CrCl3–EMIMCl] may contain species such as 
[Cr(H2O)5Cl]Cl2, [Cr(H2O)4Cl2]Cl, and [Cr(H2O)3Cl3] [66]. [NiCl4]2−

anions in turn coupled via hydrogen bonding to H2O molecules and 

Fig. 5. FTIR analysis of (a) RefFilmNCNF, HTCFilmNCNF-Cr1:1, HTCFilmNCNF-Ni1:1 and (b) RefFilmCCNF, HTCFilmCCNF-Cr1:1, HTCFilmCCNF-Ni1:1.  

Fig. 6. TGA of the reference and hybrid HTC CNF–IL (a) films (HTCFilmNCNF) and (b) nanofoams (HTCFoamNCNF).  
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changed the structural geometry from octahedral to tetrahedral [29,35]. 
The dependence of color transition on hydration was elucidated and 

confirmed by placing hybrid films in a desiccator at room temperature 
under vacuum. This resulted in the color-switching of the hybrid- 

containing [NiCl2–EMIMCl] from white to blue and corroborated that 
the optical response was also achieved without a temperature change. 
However, no switching occurred in the [CrCl3–EMIMCl] films or nano-
foams owing probably to the slow Cr (III) complex reaction [67]. 
Overall, the hydrothermochromic mechanism attributed to the hydra-
tion of Ni2+- and Cr3+-based ILs enabled adjustable, multicolor, and 
reversible optical responses to the thermal stimuli. 

These advanced characteristics of the 2D and 3D hybrids of green 
nanosubstrates can potentially be outreached in the future hi-tech 
biomedical and food applications such as responsive packaging and 
health monitoring [68]. For instance, color-tunable cellulose nanofoams 
have a substantial potential as shelf-life indicator materials, which can 
be used in various medical and pharmaceutical purposes such as ther-
mosensitive drugs. Transparent HTCF films could in turn be used in 
packaging as the fast visual sensing of proper storage of food and 
pharmaceutical products. 

4. Conclusions 

A novel platform for hydrothermochromic hybrids was derived from 
a network of cellulose nanofibrils and the ILs of [NiCl2–EMIMCl] or 
[CrCl3–EMIMCl] generated sustainable and shapable optically respon-
sive 2D and 3D structures. Multicolored materials with an adjustable 
visual appearance from pale green to blue or from green to red were 
obtained by manipulating the surface topochemistry of nanofilaments, 

Fig. 7. Field emission scanning electron microscopy (FESEM) cross-sectional images of (a) RefFilmNCNF:, (b) HTCFilmNCNF-Ni1:1, (c) HTCFilmNCNF-Cr1:1, (d) 
RefFilmCCNF, (e) HTCFilmCCNF-Ni1:1, and (f) HTCFilmCCNF-Cr1:1. The insets show the appearance of the films at room temperature. 

Table 2 
Adsorption average pore diameter and Brunauer, Emmett, and Teller (BET) 
surface area of reference and hydrothermochromic hybrid CNF–IL nanofoams.  

Specimen Adsorption average pore diameter 
(nm) 

BET surface area (m2/ 
g) 

RefFoamNCNF  12.04  20.76 
HTCFoamNCNF- 

Cr1:1  

8.47  6.30 

HTCFoamNCNF- 

Cr1:2  

9.93  1.41 

HTCFoamNCNF- 

Ni1:1  

10.43  2.73 

HTCFoamNCNF- 

Ni1:2  

11.26  1.21  

Table 3 
Mechanical properties of reference and hydrothermochromic hybrid CNF–IL 
films.  

Specimen Average 
modulus 
(GPa) 

Average 
tensile 
strength 
(MPa) 

Average 
strain (%) 

Average 
thickness 
(µm) 

RefFilmNCNF 4.60 ± 2.2 124.6 ± 14.0 4.5 ± 0.7 28.5 ± 0.2 
HTCFilmNCNF- 

Cr1:1 

0.16 ± 0.05 14.4 ± 3.3 15.8 ± 1.6 87.6 ± 0.3 

HTCFilmNCNF- 

Cr1:2 

0.25 ± 0.08 4.4 ± 0.9 4.5 ± 1.2 85.7 ± 0.2 

HTCFilmNCNF- 

Ni1:1 

0.10 ± 0.04 3.5 ± 1.4 8.6 ± 2.8 94 ± 0.2 

HTCFilmNCNF- 

Ni1:2 

0.25 ± 0.1 9.4 ± 2.1 9.56 ± 1.2 67.8 ± 0.1 

RefFilmCCNF 0.83 ± 0.6 110.9 ± 13.1 2.3 ± 0.5 30.5 ± 0.3 
HTCFilmCCNF- 

Cr1:1 

0.25 ± 0.04 2.7 ± 0.7 8.2 ± 3.7 47.3 ± 0.1 

HTCFilmCCNF- 

Cr1:2 

0.71 ± 0.5 8.8 ± 4.1 10.7 ± 10.9 42 ± 0.2 

HTCFilmCCNF- 

Ni1:1 

0.20 ± 0.14 3.4 ± 1.1 22.1 ± 7.3 51.5 ± 0.3 

HTCFilmCCNF- 

Ni1:2 

0.020 ± 0.002 0.84 ± 0.08 18.8 ± 3.3 56.1 ± 0.1  

Fig. 8. Optical microscopy images of spherical HTCFoamNCNF-Cr/N1:1 at 
different temperatures, mechanism of hydrothermal transition, and the struc-
tural symmetry of Ni2+ and Cr3+ complexes. 
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chemistry of ILs, hybrid architecture, and humidity. HTC frameworks 
presented a self-standing and flexible structure even with a high mass 
percentage of ILs (50–67 wt%), demonstrating the desirable capture of 
the intervolved liquid ILs in nanofibrous substrates. Color trans-
formation resulted from the substitution of Cl− ions with water mole-
cules in the coordination structure of ILs and was controlled by the 
humidity transfer in the hybrids. The alluring stimuli-responsive optical 
properties, green origin of nanoribbons, and shapable architecture of the 
HTC hybrids offer a novel route for developing advanced sustainable 
applications for smart packaging and other purposes. 
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[46] J.A. Sirviö, M. Visanko, J.P. Heiskanen, H. Liimatainen, UV-absorbing cellulose 
nanocrystals as functional reinforcing fillers in polymer nanocomposite films, 
J. Mater. Chem. A. 4 (2016) 6368–6375, https://doi.org/10.1039/C6TA00900J. 

[47] N. Phonchai, C. Khanantong, F. Kielar, R. Traiphol, N. Traiphol, Low-Temperature 
Reversible Thermochromic Polydiacetylene/Zinc(II)/Zinc Oxide Nanocomposites 
for Colorimetric Sensing, ACS Appl. Nano Mater. 2 (2019) 4489–4498, https://doi. 
org/10.1021/acsanm.9b00876. 

[48] X. Wang, Y. Zhang, Z. Shi, T. Lu, Q. Wang, B. Li, Multifunctional Zr-MOF Based on 
Bisimidazole Tetracarboxylic Acid for pH Sensing and Photoreduction of Cr(VI), 
ACS Appl. Mater. Interfaces. 13 (2021) 54217–54226, https://doi.org/10.1021/ 
acsami.1c18130. 

[49] M.-S. Wang, G. Xu, Z.-J. Zhang, G.-C. Guo, Inorganic–organic hybrid photochromic 
materials, Chem. Commun. 46 (2010) 361–376, https://doi.org/10.1039/ 
B917890B. 

[50] Y. Ding, Y. Shi, J. Nie, Z. Ren, S. Li, F. Wang, J. Tian, X. Chen, Z.L. Wang, 
Thermochromic triboelectric nanogenerator enabling direct visualization of 
temperature change during operation, Chem. Eng. J. 388 (2020), 124369, https:// 
doi.org/10.1016/j.cej.2020.124369. 

[51] X. Wei, L. Yu, X. Jin, D. Wang, G.Z. Chen, Solar-thermochromism of 
Pseudocrystalline Nanodroplets of Ionic Liquid-Ni II Complexes Immobilized inside 

Translucent Microporous PVDF Films, Adv. Mater. 21 (2009) 776–780, https://doi. 
org/10.1002/adma.200801816. 

[52] K. Zhang, S.D. Hujaya, T. Järvinen, P. Li, T. Kauhanen, M.V. Tejesvi, K. Kordas, 
H. Liimatainen, Interfacial Nanoparticle Complexation of Oppositely Charged 
Nanocelluloses into Functional Filaments with Conductive, Drug Release, or 
Antimicrobial Property, ACS Appl. Mater. Interfaces. 12 (2020) 1765–1774, 
https://doi.org/10.1021/acsami.9b15555. 

[53] S. Achour, B. Hamada, S. Baroudi, A. Abdelaziz, I. Rezazgui, D. Trache, 
Spectroscopic characterization andthermal decomposition kinetics of 1,3-dibutyl- 
imidazolium bromide synthesized through a solvent-free and one-pot method, 
J. Mol. Liq. 339 (2021), 117266, https://doi.org/10.1016/j.molliq.2021.117266. 

[54] B.L. Mojet, S.D. Ebbesen, L. Lefferts, Light at the interface: the potential of 
attenuated total reflection infrared spectroscopy for understanding heterogeneous 
catalysis in water, Chem. Soc. Rev. 39 (2010) 4643, https://doi.org/10.1039/ 
c0cs00014k. 

[55] B. Yang, D. Ouyang, Z. Huang, X. Ren, H. Zhang, W.C.H. Choy, Multifunctional 
Synthesis Approach of In:CuCrO 2 Nanoparticles for Hole Transport Layer in High- 
Performance Perovskite Solar Cells, Adv. Funct. Mater. 29 (34) (2019) 1902600. 

[56] S. Qian, K. Sheng, PLA toughened by bamboo cellulose nanowhiskers: Role of 
silane compatibilization on the PLA bionanocomposite properties, Compos. Sci. 
Technol. 148 (2017) 59–69, https://doi.org/10.1016/j.compscitech.2017.05.020. 

[57] T.-L. Ren, X.-W. Ma, X.-Q. Wu, L. Yuan, Y.-L. Lai, Z.-H. Tong, Degradation of 
imidazolium ionic liquids in a thermally activated persulfate system, Chem. Eng. J. 
412 (2021), 128624, https://doi.org/10.1016/j.cej.2021.128624. 

[58] Q.-J. Li, D. Sprouster, G. Zheng, J.C. Neuefeind, A.D. Braatz, J. Mcfarlane, D. Olds, 
S. Lam, J. Li, B. Khaykovich, Complex Structure of Molten NaCl–CrCl 3 Salt: Cr–Cl 
Octahedral Network and Intermediate-Range Order, ACS Appl. Energy Mater. 4 
(2021) 3044–3056, https://doi.org/10.1021/acsaem.0c02678. 

[59] M.P. Scott, C.S. Brazel, M.G. Benton, J.W. Mays, J.D. Holbrey, R.D. Rogers, 
Application of ionic liquids as plasticizers for poly(methyl methacrylate), Chem. 
Commun. (2002) 1370–1371, https://doi.org/10.1039/b204316p. 

[60] Y. Shao, Y. Wang, X. Li, A.K. Kheirabad, Q. Zhao, J. Yuan, H. Wang, Crosslinking of 
a Single Poly(ionic liquid) by Water into Porous Supramolecular Membranes, 
Angew. Chem. 132 (2020) 17340–17344, https://doi.org/10.1002/ 
ange.202002679. 

[61] D. Guo, Y. Han, J. Huang, E. Meng, L. Ma, H. Zhang, Y. Ding, Hydrophilic Poly 
(vinylidene Fluoride) Film with Enhanced Inner Channels for Both Water- and 
Ionic Liquid-Driven Ion-Exchange Polymer Metal Composite Actuators, ACS Appl. 
Mater. Interfaces. 11 (2019) 2386–2397, https://doi.org/10.1021/ 
acsami.8b18098. 

[62] D.R. Bloomquist, R.D. Willett, Thermochromic phase transitions in transition metal 
salts, Coord. Chem. Rev. 47 (1982) 125–164, https://doi.org/10.1016/0010-8545 
(82)85012-1. 

[63] M.-E. Sun, Y. Li, X.-Y. Dong, S.-Q. Zang, Thermoinduced structural-transformation 
and thermochromic luminescence in organic manganese chloride crystals, Chem. 
Sci. 10 (2019) 3836–3839, https://doi.org/10.1039/C8SC04711A. 

[64] Y. Chu, Y. Sun, W. Wu, H. Xiao, Dispersion Properties of Nanocellulose: A Review, 
Carbohydr. Polym. 250 (2020), 116892, https://doi.org/10.1016/j. 
carbpol.2020.116892. 

[65] Y. Zhang, E.A. Pidko, E.J.M. Hensen, Molecular Aspects of Glucose Dehydration by 
Chromium Chlorides in Ionic Liquids, Chem. Eur. J. 17 (2011) 5281–5288, https:// 
doi.org/10.1002/chem.201003645. 

[66] L. Sun, J.F. Brennecke, Characterization of Imidazolium Chloride Ionic Liquids Plus 
Trivalent Chromium Chloride for Chromium Electroplating, Ind. Eng. Chem. Res. 
54 (2015) 4879–4890, https://doi.org/10.1021/ie505026v. 

[67] Q. Lin, Q. Wang, M. Liao, M. Xiong, X. Feng, X. Zhang, H. Dong, D. Zhu, F. Wu, 
Z. Mu, Trivalent Chromium Ions Doped Fluorides with Both Broad Emission 
Bandwidth and Excellent Luminescence Thermal Stability, ACS Appl. Mater. 
Interfaces. 13 (2021) 18274–18282, https://doi.org/10.1021/acsami.1c01417. 

[68] T. Li, C. Chen, A.H. Brozena, J.Y. Zhu, L. Xu, C. Driemeier, J. Dai, O.J. Rojas, 
A. Isogai, L. Wågberg, L. Hu, Developing fibrillated cellulose as a sustainable 
technological material, Nature 590 (2021) 47–56, https://doi.org/10.1038/ 
s41586-020-03167-7. 

M. Karzarjeddi et al.                                                                                                                                                                                                                           

https://doi.org/10.1039/b715763k
https://doi.org/10.1038/s41598-017-07373-8
https://doi.org/10.1016/j.apsusc.2019.04.147
https://doi.org/10.1016/j.apsusc.2019.04.147
https://doi.org/10.1021/jp900902n
https://doi.org/10.1021/jp900902n
https://doi.org/10.1021/jp5112108
https://doi.org/10.1039/c0cp00486c
https://doi.org/10.1016/j.biortech.2012.11.012
https://doi.org/10.1016/j.biortech.2012.11.012
https://doi.org/10.1002/adma.201905600
https://doi.org/10.1002/adma.201905600
https://doi.org/10.1002/adfm.202004460
https://doi.org/10.1002/adma.202001839
https://doi.org/10.1002/adma.202001839
https://doi.org/10.1126/sciadv.aar3724
https://doi.org/10.1126/sciadv.aar3724
https://doi.org/10.1039/C6TA00900J
https://doi.org/10.1021/acsanm.9b00876
https://doi.org/10.1021/acsanm.9b00876
https://doi.org/10.1021/acsami.1c18130
https://doi.org/10.1021/acsami.1c18130
https://doi.org/10.1039/B917890B
https://doi.org/10.1039/B917890B
https://doi.org/10.1016/j.cej.2020.124369
https://doi.org/10.1016/j.cej.2020.124369
https://doi.org/10.1002/adma.200801816
https://doi.org/10.1002/adma.200801816
https://doi.org/10.1021/acsami.9b15555
https://doi.org/10.1016/j.molliq.2021.117266
https://doi.org/10.1039/c0cs00014k
https://doi.org/10.1039/c0cs00014k
http://refhub.elsevier.com/S1385-8947(22)01864-2/h0275
http://refhub.elsevier.com/S1385-8947(22)01864-2/h0275
http://refhub.elsevier.com/S1385-8947(22)01864-2/h0275
https://doi.org/10.1016/j.compscitech.2017.05.020
https://doi.org/10.1016/j.cej.2021.128624
https://doi.org/10.1021/acsaem.0c02678
https://doi.org/10.1039/b204316p
https://doi.org/10.1002/ange.202002679
https://doi.org/10.1002/ange.202002679
https://doi.org/10.1021/acsami.8b18098
https://doi.org/10.1021/acsami.8b18098
https://doi.org/10.1016/0010-8545(82)85012-1
https://doi.org/10.1016/0010-8545(82)85012-1
https://doi.org/10.1039/C8SC04711A
https://doi.org/10.1016/j.carbpol.2020.116892
https://doi.org/10.1016/j.carbpol.2020.116892
https://doi.org/10.1002/chem.201003645
https://doi.org/10.1002/chem.201003645
https://doi.org/10.1021/ie505026v
https://doi.org/10.1021/acsami.1c01417
https://doi.org/10.1038/s41586-020-03167-7
https://doi.org/10.1038/s41586-020-03167-7

	Adjustable hydro-thermochromic green nanofoams and films obtained from shapable hybrids of cellulose nanofibrils and ionic  ...
	1 Introduction
	2 Experimental Section
	2.1 Materials
	2.2 Fabrication and modification of cellulose nanofibrils
	2.3 Synthesis of thermochromic ILs
	2.4 Preparation of hydrothermochromic hybrid films, nanofoams, and beads
	2.5 Characterization
	2.5.1 Optical color microscopy
	2.5.2 UV–Vis absorption spectroscopy
	2.5.3 Tensile measurement
	2.5.4 Field emission scanning electron microscopy (FESEM)
	2.5.5 Transmission electron microscopy (TEM)
	2.5.6 Brunauer, Emmett, and Teller (BET) surface area and pore size analysis
	2.5.7 Fourier-transform infrared spectroscopy (FTIR)
	2.5.8 Nuclear magnetic resonance (NMR) analysis
	2.5.9 Thermogravimetric analysis (TGA)
	2.5.10 Moisture content


	3 Results and discussion
	3.1 Engineering of hydro-thermochromic and nanostructured shapable hybrids of CNF and ILs
	3.2 Thermochromic response and optical behavior
	3.3 Chemical and thermal characteristics of hydrothermochromic films and nanofoams
	3.4 Morphology and mechanical properties of hydrothermochromic films and nanofoams
	3.5 Mechanism governing the hydrothermochromic transition

	4 Conclusions
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


