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A B S T R A C T

Sustainable technologies and the circular economy paradigms require a reduction of waste, and therefore, 
research is focusing on the development of sustainable materials and devices capable of being reused, refurbished 
or recycled.

In the present work, printable ionic liquid (IL)-based polymer composites with thermochromic properties have 
been developed through a more sustainable approach to mitigate the negative impact of advanced functional 
materials and processes. For this purpose, composite films based on a natural polymer, cellulose acetate (CA), 
and different contents of the thermochromic IL, bis(1-butyl-3-methylimidazolium) tetrachloronickelate 
([Bmim]2[NiCl4]), have been processed by a solvent casting method for the development of sustainable tem
perature sensors. The composites are transparent at room temperature, but when exposed to a temperature of 
50 ◦C, the colour changes to blue. Incorporating the thermochromic IL led to the appearance of pores in the 
material’s structure, which increased with increasing IL concentration. Additionally, the Young Modulus de
creases with increasing IL concentration, reaching a value of 840 ± 158 MPa) for the sample with 40 % wt. 
Contrarily, the electrical conductivity strongly increases with the highest DC electrical conductivity, with a 
maximum conductivity of 1.1 × 10–5 ± 1.5 × 10–6 S.cm-1 obtained for the sample with 40 % wt. of 
[Bmim]2[NiCl4].

As a proof of concept, the potential applicability of the developed natural-based nanoparticle-free materials 
was demonstrated with a CA/40[Bmim]2[NiCl4] sample by the development of printable thermochromic tem
perature sensors for thermotherapy applications in the temperature range from 33 ◦C to 50 ◦C.

1. Introduction

Nowadays, the demand for multifunctional materials, required by 
the interactivity and interconnectivity enabled by the Internet of Things 
(IoT) concept, has been increasing in different areas, namely energy [1], 
environment [2], biomedical [3], sensors [4] and actuators [5]. In 
particular, smart materials are particularly interesting in the area of 

sensing, based on their ability to exhibit specific functional responses (e. 
g., colour change or development of electrical potential) triggered by 
changes in their surrounding (e.g. temperature or pressure variations) 
[6,7]. Among the different materials used to develop multifunctional 
materials, both synthetic and natural polymers have been commonly 
employed due to their easy processing, chemical stability, tailorable 
properties, and low cost [3,8].
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Within the circular economy paradigm, materials with multifunc
tional properties should be developed that allow their implementation 
in more than one application after being processed, in another appli
cation after having been used, or recycled [9]. In fact, following these 
principles, biodegradable polymers, such as cellulose acetate (CA), a 
cellulose derivative, gained a significant importance [10] by promoting 
a reduction of the impact on the environment. Natural-based polymers 
combined with green solvents and being nanoparticle-free allow them to 
develop more sustainable multifunctional materials [11]. CA is an 
abundant biodegradable polymer obtained through the acetylation of 
cellulose, one of the essential cellulose derivatives, due to its intrinsic 
properties and wide application areas [12]. CA presents low toxicity, 
high chemical and mechanical stability, and solubility in diverse green 
solvents [13,14]. Cellulose and its derivatives offer design versatility 
due to the presence of hydroxyl groups that can be easily modified with 
other functional groups by hydrolysis, crosslinking reactions, and 
esterification, among others [15,16]. CA has been thus widely employed 
in the development of materials in areas such as biomedical [17], food 
packaging [18], environmental [19], and energy storage [20], among 
others.

The multifunctionality of many polymer-based materials results from 
the combination of a polymer matrix with distinct functional fillers, e.g., 
conductive powders, magnetic nanoparticles or dielectric particles [3]. 
Despite nanoparticles possessing an enormous potential to be applied in 
different fields, several issues related to their toxicity, genotoxicity, and 
ecotoxicity have been massively reported in the literature over the last 
decades, indicating the undesirable impact on humans and the envi
ronment [21–23].

In this context, ionic liquids (ILs) arise as an exciting approach due to 
their attractive properties, which include high thermal stability, low 
toxicity, high viscosity, and negligible vapour pressure at room tem
perature [24]. Also, IL allow multiple combinations of different cations 
and anions with distinct functionalities to yield different physical- 
chemical properties [25,26] (e.g., solubility, viscosity, density) and 
active-response (e.g. magnetic [27], luminescent [28], piezoionic [29], 
thermochromic [30]).

ILs with thermochromic properties able to change their colour with 
temperature have been explored through their incorporation into 
different polymer matrixes, such as photocurable polymers, aiming their 
potential to be applied in smart packaging, actuators, and sensors 
[29–32]. Despite these efforts, there is a lack of studies exploring their 
scalability to printing technologies.

In recent years, new approaches aiming at developing materials with 
better performance, miniaturization and more environmentally friendly 
devices have led to the search for novel materials and novel processing 
techniques [5]. In this context, additive manufacturing (AM) is mainly 
explored, as it allows the manufacture of devices and components sus
tainably by strongly reducing materials waste [1]. AM enables the 
conversion of digital data into physical objects, manufactured layer by 
layer, opening new opportunities for the industry, namely more efficient 
manufacturing of products from pre-defined files, with greater design 
freedom and great environmental benefits [33,34]. Direct ink writing 
(DIW) is a particular class of additive manufacturing technologies that 
allows the development of precise, cost-effective complex structures. In 
particular, the printing of IL-based solutions by DIW has emerged as a 
relevant technique for developing functional materials for several fields 
of application, including energy, sensors and actuators [35]. This 
method has been effectively used in developing ionogels [36] for 
wearable soft sensors such as electronic skins [37]. Besides ILs being 
characterized by their high viscosity, for printing technologies, in which 
the viscosity is a critical parameter, ionic liquid, polymer and solvent 
ratios must be taken into consideration to achieve the required viscosity 
for stable printing while maintaining the necessary amount of functional 
material for proper functional response.

In this work, considering the demand to develop more sustainable 
alternatives to mitigate the negative impact of processed materials, 

thermochromic materials based on CA and bis(1-butyl-3- 
methylimidazolium) tetrachloronickelate ([Bmim]2[NiCl]4) are pro
posed for temperature sensing applications based on colour variation. 
The IL was selected based on its thermochromic characteristics, 
including colour and transition temperature [29,30]. The effect of IL 
content on the morphological, physicochemical, mechanical, and elec
trical properties of the processed materials was evaluated, and its po
tential applicability in sensor applications has been demonstrated. This 
study contributes to developing a new generation of natural polymer- 
based sensors that are processable by additive manufacturing for a 
wide range of applications.

2. Experimental section

2.1. Materials

The cellulose acetate (acetylcellulose, CA), with an acetyl content of 
39.7 % wt. (Sigma Aldrich, average Mn ~50.000 by GPC) was purchased 
from Sigma Aldrich. The IL bis(1-butyl-3-methylimidazolium) tetra
chloronickelate, [Bmim]2[NiCl4], (99 % purity) was synthesized as re
ported in [38,39]. The solvent acetone (99.7 %) was purchased from 
Merck.

2.2. Films production

CA and CA/[Bmim]2[NiCl4] composites were prepared by a solvent 
casting method [30]. For neat CA film, 1 g of CA was added to 10 mL of 
acetone under magnetic stirring at 30 ◦C. To prepare CA-composites, 10, 
20 and 40 % wt. of [Bmim]2[NiCl4] were dispersed in acetone, and then, 
the CA was added. After the complete polymer dissolution, the solution 
was poured into a glass and spread, followed by overnight solvent 
evaporation at room temperature. After this procedure, films with a 
thickness between 26 and 49 μm were obtained. The thickness was 
obtained by measuring the samples in triplicate using a micrometre 
(Fisher, DKD-K-33101).

2.3. Functional prototype development

Screen printing was used on a PET substrate (Dupont Teijin Melinex 
506), a heater with a length of 100 mm, and an interdigit with a channel 
length of 145 mm and a width of 500 μm. Silver ink (Metalon® HPS- 
021LV from Novacentrix) and a screen mesh with a density of 100 
threads per centimetre were used for this process. The printed patterns 
were subsequently cured in an electric convection oven (P-Selecta) for 
one hour at 80 ◦C.

The thermochromic printable materials based on CA/[Bmim]2[
NiCl4] solutions (prepared as briefly described and schematised in steps 
1 and 2 of Fig. 1), with different IL contents, were printed as a rectangle 
on the back side of the printed heater (other side of the PET substrate) on 
top of the interdigit using a 3D deposition printer that was modified 
from the Tenlog TL-D3 model (step 3 and 4). The illustration of the 
processing of the sample is demonstrated in Fig. 1.

Samples having an approximate thickness of 190 ± 10 μm were ac
quired after air drying at ambient temperature. The printed parameters, 
obtained after an optimisation procedure, are presented in Table 1.

2.4. Physical-chemical characterization

The morphology of the CA based materials was evaluated using a 
scanning electron microscope (SEM) Carl Zeiss EVO-40 equipment, with 
an accelerating voltage of 20 kV. Previously, the samples were coated 
with a thin layer of gold using sputter coating (Polaron SC502). Energy- 
dispersive X-ray (EDX) analysis was carried out in a SEM Carl Zeiss EVO- 
40 with EDX de Oxford Instruments.

The materials’ wettability was estimated by measuring the contact 
angle (3 replicates) of a drop of distilled water (3 μL) at room 
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temperature using a DataPhysics OCA 20 contact angle system.
The attenuated total reflection Fourier transform infrared (ATR- 

FTIR) spectra were evaluated using an ALPHA II spectrometer in the 
4000 and 400 cm− 1 range, using 64 scans and a resolution of 4 cm− 1. 
XRD patterns were recorded with a Philips ‘X’Pert MPD Powder detector 
in the 2θ range of 10◦ to 80◦ at room temperature. Monochromated Cu 
Kα radiation (λ =1.541 Å) was used with a resolution of 0.02◦. The 
samples were not subjected to any thermal pre-treatment before anal
ysis. Differential scanning calorimetry (DSC) thermograms were evalu
ated in a Mettler Toledo 822e calorimeter, between 25 and 400 ◦C, at a 
heating rate of 10 ◦C/min in a high nitrogen atmosphere at a constant 
flow of 20 mL/min. The UV–Vis spectra of CA-based films and com
posites were recorded with a UV-2501PC Spectrophotometer (Shi
madzu) at room temperature at 200–900 nm.

The mechanical properties of the films were assessed in the tensile 
mode, in triplicate at room temperature, using rectangular shape sam
ples (thickness between 26 and 49 μm; 30 mm × 10 mm) in a Linkam 
Scientific Instruments TST 360 testing machine (Temperature- 
Controlled), comprising a Tensile Stress Testing Stage, at a speed of 15 
μm/s.

The volumetric electrical conductivity of the samples was evaluated 
using an automated Keithley 487 picoammeter/voltage source, 

measuring the characteristic current-voltage curves (I–V) at room tem
perature by applying voltages ranging from − 10 to +10 V. Previously, 
gold electrodes with 5 mm circular diameter were coated on both sides 
by magnetron sputtering (Scancoat Six SEM Sputter Coater). The elec
trical conductivity values were achieved from the I–V slope using Eq. 
(1): 

σ = 1
/(

R × A
L

)
(1) 

The heater conductivity was evaluated using a Keithley 2400 Source 
meter connected directly to the printed heater, applying a current be
tween − 1 to 1 mA and reading the voltage.

2.5. Functional prototype development and testing

The heater joule effect performance was evaluated using a Keithley 
2400 Sourcemeter, applying a current from 0 to 125 mA and monitoring 
the voltage drop (due to resistance variation with the temperature) for 
calculating the amount of energy produced by the joule effect (Eq. (2)) 

Q = I2 ×R× t (2) 

where Q indicates de joule energy, I is the applied current, R is the 
heater’s resistance, and t is the time in seconds.

The electrical resistance variation with the temperature of the CA/IL 
composites was evaluated using an Agilent 34401 A multimeter. The 
temperature was controlled with a Linkam THMSE 600 at a rate of 
10 ◦C/min.

The colour intensity was evaluated using a Logitech C615 HD Web
cam, and colour variations were analyzed by the ImageJ colour histo
gram function on the RGB colour space and converted in Matlab to the 
CIE 1931 Chromaticity Diagram.

3. Results and discussion

3.1. Samples morphology

The morphology of the prepared films was evaluated by SEM tech
nique, as presented in the cross-sectional images in Fig. 1 for CA and CA/ 
[Bmim]2[NiCl4] composites with different concentrations of 

Fig. 1. Schematic representation of procedure to develop CA and CA/[Bmim]2[NiCl4] films by DIW.

Table 1 
Printing parameter for the CA/IL composites on the modified Tenlog TL-D3 
printer.

Slicer software Ultimaker Cura 
5.5

Needle Tip 0.9 mm
Printing speed 30 mm/s
Flow 30 %
Infill Density 80 %
Infill Pattern Concentric
Infill layer 
Thickness

0.2 mm

Top/Bottom 
Thickness

0 mm

Wall Thickness 0 mm
Temperature Room 

temperature
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[Bmim]2[NiCl4] (10, 20 and 40 % wt.).
The pure CA film (Fig. 2a) presents a smooth, non-porous and dense 

morphology related to the low boiling point of acetone [37], leading to 
the polymer chain occupying the free space left by the acetone, not 
inducing the phase separation. With the incorporation of [Bmim]2[
NiCl4] into the polymer matrix, the films morphology suffers significant 
alterations, with IL leading to the formation of pores, regardless of their 
quantity, as shown in Fig. 2b-d. The porous structure results from the 
interactions between the IL-solvent, leading to a liquid-liquid polymer 
phase separation. During this phase separation process, the strong IL- 
solvent interaction leads to an excess of IL in the solvent-rich regions 
that remain in the pores after solvent evaporation and polymer crys
tallisation [40]. Similar results were observed by incorporating the 
[Bmim]2[NiCl4], IL, into a different matrix such as poly (vinylidene 
fluoride), PVDF, whose porous structure is due to interactions of IL- 
solvent, leading to phase separation [41]. This IL was also incorpo
rated into a photo resin matrix (polyurethane acrylated), and it was 
observed that the [Bmim]2[NiCl4] also causes the formation of a porous 
structure that increases with the increase in the IL content [29].

SEM-EDX mapping, displayed in Fig. 3, accessed the dispersion and 
distribution of the ILs in the different CA composite films.

As shown in Fig. 3, all the samples present the characteristic ele
ments of the IL [Bmim]2[NiCl4], nickel (Ni) and chlorine (Cl). Both el
ements are well dispersed and evenly distributed in the matrix, and as 
expected, as the percentage of IL within the films increased, there was 
also an increase in the amount of Ni and Cl in the polymer matrix. This 
increase is also correlated with the SEM images of Fig. 2, in which an 
increase in the porous structure is observed with the IL content increase.

3.2. Surface wettability

Modifications in the surface roughness and surface chemistry 
contribute to differences in the surface wettability of the composites 
[42]. This wettability was evaluated using the sessile-drop technique, 
which consists of measuring the contact angle of the water droplet with 
the film’s surface [43]. A contact angle above 90◦ indicates a hydro
phobic surface, while a contact angle below 90◦ indicates a hydrophilic 
surface [44,45]. The results of the CA and CA composites are presented 

in Fig. 4a.
Fig. 4a shows that both CA and CA composites are characterized by a 

hydrophilic behaviour. Given the hygroscopic nature of IL [46], this can 
be proven by the absorption band located between 3400 and 3600 cm− 1 

in the ATR-FTIR spectra. Nonetheless, and despite the increase in pores 
in the samples with an increase in the concentration of IL incorporated, 
which could lead to an increase in surface wettability [47], this does not 
occur. This can be explained by the repulsive interactions of the polar 
water molecules with the cation [Bmim]+ of the IL, promoting a slight 

Fig. 2. Cross-section SEM images of CA (a) and CA/[Bmim]2[NiCl4] composites with 10 % wt. (b), 20 % wt. and (c) 40 % wt. (d) IL content.

Fig. 3. EDX mapping images of Ni and Cl elements along the cross-section of 
CA/[Bmim]2[NiCl4] (10, 20, 40 % wt.) films.
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increase in contact angle compared with the pure CA samples [48].

3.3. Physical-chemical characterization

ATR-FTIR measurements, shown in Fig. 4b, evaluated the influence 
of the [Bmim]2[NiCl4] on the CA chemical characteristics.

The typical CA absorption bands are observed for all samples, the 
broad absorption band located between 3400 and 3500 cm− 1 being 
attributed to unacetylated cellulose’s hydroxyl groups (-OH) stretching 
[49]. This band increases their intensity with increasing IL content, 
corresponding to the stretching and bending vibration modes of the H2O 
molecules, indicating the high sensitivity to the humidity of the IL [30]. 
Between 2900 and 2950 cm− 1, the absorption band characteristic of the 
C–H stretching of CH2 or CH3 is observed. The absorption band at 1734 
cm− 1 is ascribed to the carbonyl group (C=O) stretching vibration of the 
–COCH3 group and corresponding to the stretching of the acetyl group 
[49,50]. The peak at 1432 cm− 1 is associated with -CH2- deformation 
vibration, and peaks at 1368 cm− 1 and 1216 cm− 1 correspond to CH3 
groups of the acetyl moiety [49,51]. The absorption band appearing at 
1032 cm− 1 corresponds to the ether C-O-C bonds of the glycosidic bond 
[51]. The peaks at 953 cm− 1 and 900 cm− 1 are related to C–O and -C- 
OH stretching vibration, respectively [49].

The absorption bands at 2964, 2941, and 2878 cm− 1 correspond to 
the stretching vibrations of − C–H in both − CH2 and − CH3 groups from 
the IL, located near the nitrogen atoms within the imidazolium ring. 
Additionally, stretching vibrations of the − CH2 groups stemming from 
the imidazolium ring are present at 3140 and 3098 cm− 1, while the 
skeletal vibrations are observed in the range of 1600 to 1340 cm− 1 [30]. 
This confirms the good incorporation of the IL into the CA films, even 
when contents up to 40 % wt. IL are used.

The XRD patterns of neat CA and CA composites are represented in 
Fig. 4c. Neat CA exhibits a weak peak at 2θ = 18–22◦ since CA presents a 
degree of substitution of ~2.5, in which most of the hydroxyl groups in 
cellulose are replaced by acetyl groups, leading to absent or minimal 
intermolecular hydrogen bonding, destroying the ordered crystalline 
structure [52]. Incorporating different contents of [Bmim]2[NiCl4] does 
not significantly alter the crystalline structure of the composite mate
rials, as the peaks remain practically unchanged. This phenomenon has 

already been observed in similar studies with cellulose and ILs [53].
The influence of the IL on the melting behaviour of CA and the 

corresponding composites was also evaluated by DSC (Fig. 4d). The 
melting temperature (Tm) of pristine CA films occurs at around 227 ◦C 
[54]. CA presents acetyl groups that influence the weakening of 
hydrogen bonds and improve the movement of the cellulose molecular 
chain, thus resulting in its melting [55]. With the incorporation of 
[Bmim]2[NiCl4], an endothermic peak between 150 and 170 ◦C is 
observed, which increases with the IL content [56]. The appearance of 
this endothermic peak is related to the water desorption process, indi
cating, in this case, a reversible desorption of water in Ni(II) compounds 
in which H2O molecules are coordinated with metal ions [29,57]. As 
reported by related studies, the absorption and desorption process leads 
to changes in the Ni(II) coordination number from octahedral to tetra
hedral structure [30]. From the DSC thermograms, it is not observed the 
glass transition of the CA that commonly appears at 200 ◦C.

3.4. Mechanical properties

The mechanical properties of CA/[Bmim]2[NiCl4] films were eval
uated by tensile stress versus strain curves to investigate the role of IL in 
composite mechanical response.

Fig. 5a shows the stress-strain curves, and Table 2 shows Young’s 
modulus (E), maximum tensile stress (σy) and elongation at break (εb).

All materials show increased strain with the applied tensile strength 
increase, with the elongation at break dependent on the IL content. The 
pure CA film shows rigid behaviour, with poor extensibility, with an E, 
σy, and εb being 1909 ± 344 MPa, 75.77 MPa, and 11.07 %, respectively, 
being the obtained values in agreement with the literature [58]. From 
Fig. 5a and Table 2, it is observed that upon the incorporation of IL, the 
elongation at break increases from 11.07 (pure CA) to 21.40 %, 
accomplished by a decrease in the maximum tensile stress (from 75.77 
to 23.88 MPa), leading to a decrease of E with the increase of IL content, 
being this decrease more noticeable with the IL content increase up to 
40 % wt. of [Bmim]2[NiCl4] (840 ± 158 MPa).

The decrease in Young’s modulus is indicative of the plasticising 
effect promoted by the [Bmim]2[NiCl4] [29]. However, when higher 
amounts of IL are added, the maximum elongation decreases from 24.5 

Fig. 4. a) Surface wettability, b) ATR-FTIR spectra, c) XRD patterns, and d) DSC curves of CA and CA/[Bmim]2[NiCl4] composite films.
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% for the sample incorporating 20 % wt. of IL to 21.40 % for the CA/40 
[Bmim]2[NiCl4] composite. Thus, the addition of IL induces variations 
in the morphologies of the polymer matrix, resulting in increasingly 
porous structures and, consequently, the materials have lower levels of 
elasticity [59]. All the films show elastic properties and do not become 
brittle when different amounts of IL are introduced despite their 
increasing porosity.

3.5. Thermochromism effect

The IL [Bmim]2[NiCl4] is characterized by reversible thermochromic 
properties. As observed in Fig. 5b, regardless of the IL content, all the 
developed composites present a colour change from transparent to dark 
blue, with the colour intensity proportional to the IL content.

A UV–Vis analysis was performed to study the influence of temper
ature on the complex geometry of the IL anion, which is responsible for 
the thermochromic effect [29,30]. Fig. 5c and d show the UV–Vis spectra 
at room temperature and 50 ◦C of the CA and CA composite films. 
Heating at 50 ◦C was used considering the intended application in 
thermotherapy and based on previous studies in related materials [30]. 
Upon the processing of composites, and independently of IL content, the 

films are colourless. Still, upon heating up to 50 ◦C, the composites 
change their colour, being this change a reversible and temperature- 
dependent process.

The observed thermochromism effect is explained by the desorption 
and absorption of water from the air. As observed from UV–Vis curves, 
no absorption band is observed at room temperature. However, inde
pendently of the IL content, when subjected to a temperature of 50 ◦C, 
two absorption peaks appeared at 656 and 707 nm. Being these peaks 
attributed to the [NiCl4]2− complex in its tetrahedral conformation (blue 
region of UV–Vis spectrum). The appearance of the two absorption 
bands with increasing temperature indicates the colour change of the 
films from colourless to blue since no absorption peaks are seen in the 
UV–vis spectrum at room temperature [29,30]. The peaks have similar 
intensities. Increasing [Bmim]2[NiCl4] content increases the intensity of 
the absorption peaks.

Thus, the colour change of the composites is directly related to the 
modification of the IL coordination reaction, attributed to the absorp
tion/desorption of water from the [NiCl4]2− , associated with the vari
ation in the coordination number of the Ni (II) from octahedral to 
tetrahedral, depending on the hydrated ([Ni (H2O)6]2+) or dehydrated 
([NiCl4]2− ) state [30]. This change in nickelate configuration by the 
absorption and desorption process can also be corroborated by the ATR- 
FTIR spectrum, in which the absorption band corresponding to O–H 
groups is present. It is also worth noting that the thermochromic effect is 
humidity-governed, as the humidity variation sets the colour change at 
each temperature, presenting a humidity system dependence. Further, it 
is also temperature-activated, the colour change also depends on the 
system temperature [29].

Fig. 5. a) Stress versus strain curves of CA and CA/[Bmim]2[NiCl4] composites, b) Colour intensity as a function of IL content. c and d) UV–Vis spectra of CA/ 
[Bmim]2[NiCl4] composites with different IL contents at c) room temperature and d) 50 ◦C.

Table 2 
Young modulus of CA and CA/[Bmim]2[NiCl4] composites with different IL 
contents.

Membranes E [MPa] σy [MPa] εb (%)

CA 1909 ± 344 75.77 11.07
CA/10[Bmim]2[NiCl4] 1672 ± 185 64.78 11.13
CA/20[Bmim]2[NiCl4] 1356 ± 139 58.13 24.53
CA/40[Bmim]2[NiCl4] 840 ± 158 23.88 21.40
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3.6. Electrical properties

The electrical properties of CA and CA/[Bmim]2[NiCl4] were eval
uated by the current versus voltage (I-V) curves (Fig. 6).

As shown in Fig. 6a, the addition of IL into CA induces changes in the 
I-V curves from a linear to a non-linear regime. Similar results were 
observed for cellulose nanocrystal (CNC)/IL composites [5,60]. This 
non-linear regime is characterized by three main regions: one for lower 
voltages (i), one between − 2.0 V and 2.0 V (ii), and another for higher 
voltages (iii). These regions become more noticeable with increasing IL 
content. The variation in slopes observed upon the incorporation of IL 
can be attributed to the mobility of both the IL cation and anion within 
the CA matrix. The strong interactions between the IL and the CA matrix 
affect this mobility. Specifically, when the applied voltage is below − 2.0 
V or above 2.0 V, these strong interactions favour enhanced mobility, 
allowing the electrostatic interaction between the IL and the polymer to 
be surmounted.

The IL content and CA charge’s effect on the electrical conductivity 
of the CA and CA composite samples was evaluated from the slope of 
I–V curves, Fig. 6b. It is observed that the DC electrical conductivity 
increases with the incorporation of IL in the CA matrix (1.9 × 10− 13 ±

1.0 × 10− 15 S.cm− 1 for pristine CA), increasing with increasing IL 
content. The increase in the electrical conductivity value occurs in all 
three regimes, being more notable for regimes (i) and (iii). The highest 
DC electrical conductivity values are observed for the sample with 40 % 
wt. of [Bmim]2[NiCl4], being: 1.1 × 10− 5 ± 1.5 × 10− 6 S.cm− 1 (regime 
i), 3.0 × 10− 6 ± 1.9 × 10− 7 S.cm− 1 (regime ii), and 8.7 × 10− 6 ± 2.2 ×
10− 7 S.cm− 1 (regime iii). This behaviour has also been observed for 
other naturally derived materials [61].

4. Proof of concept for thermotherapy on finger

Based on colour intensity and higher conductivity, the CA/ 
[Bmim]2[NiCl4] composite film with 40 % wt. of IL was selected to 
obtain electrical resistance as a function of temperature (Fig. 7a-c) and 
evaluate the material’s potential not just as a thermochromic sensor but 
also as a thermo-resistive material.

The Joule heater has a total resistance of 20 Ω and a slight increase in 
the resistance for the operational temperature range (30 to 50 ◦C) of 
approximately 0.026 Ω.◦C− 1. The printed heater could generate a 
maximum temperature of around 50 ◦C for an input energy of 20 J.

The colour was assessed by analyzing the samples’ colour histogram 
(Fig. 7d) at various temperatures. The colour histogram shows that when 
the temperature increases, there is a rise to the blue zone. This result 
suggests that with increasing temperature, the colour of the samples 
transitions towards a cooler and more vivid blue shade. Hence, tem
perature significantly influences the colour properties of the samples 
[30].

The CA/40[Bmim]2[NiCl4] sample printed on top of the interdigit 
allowed the evaluation of the composite resistance as a function of the 
temperature variation, evaluated from 10 to 65 ◦C. As shown in Fig. 7e 
and f, the resistance of the composite drops as the temperature increases. 
This effect is commonly observed in related IL/polymer composites, in 
which the electrical conductivity increases with increasing temperature 
due to increased mobility of the ionic species [30]. The IL sample 
sensitivity is at approximately − 507 Ω.◦C-1 for an interdigit with a 
channel of 145 mm in length and 500 μm width. Also, by analyzing 
Fig. 7f, it is possible to note a higher error in the measurement for the 
low-temperature range. Thus, though further optimisation may be 
necessary to improve the stability and accuracy of the system, these 
results lay the foundation for a new generation of temperature sensors 
based on natural polymers and/or their derivatives.

The solution with the highest IL content was selected to be printed by 
DIW, as it displays a more intense blue colour upon heating (Fig. 8 and 
video S1). The developed heater with the thermochromic layer was 
attached to a finger joint. In clinical applications, the temperature 
required to increase extensibility is above 40 ◦C (40 to 45 ◦C) and 
maintained for at least 5 min [62]. The heater’s power was controlled 
based on the previous experience to be below 50 ◦C, controlling the 
applied current and preventing the probability of skin burns [63]. The 
current was applied directly to the heater by a Keithley 2400 
sourcemeter.

The thermochromic material starts to change colour around 35 ◦C 
with a lighter blue hue that shifts to a more saturated blue hue with 
increasing temperature and time. This colour change allows the patient 
to be visually aware of the temperature increase.

5. Conclusions

Smart and multifunctional natural-based materials combined with 
ionic liquids are suitable for sustainable digitalization. In this work, a 
temperature-sensing application has been successfully developed by 
combining screen printing and DIW techniques.

With the incorporation of [Bmim]2[NiCl4] in the cellulose acetate 
matrix, a porous structure is obtained without relevant physical- 
chemical changes in the polymer matrix or the IL. Furthermore, the 
incorporation of IL influences the mechanical and electrical properties. 
An increase in the electrical conductivity is observed with the incorpo
ration of IL in the CA matrix from 1.95 × 10− 13 ± 1.07 × 10− 15 Scm− 1 

for pristine CA to a maximum value of 1.14 × 10− 5 ± 1.54 × 10− 6 S. 
cm− 1 for the sample with 40 % wt. [Bmim]2[NiCl4]. Further, the Young 
Modulus decreases with increasing IL content, from 1909.5 ± 344.5 
MPa for the pristine CA sample to 840.4 ± 158.1 MPa for the sample 
with 40 % wt. [Bmim]2[NiCl4] content.

A thermochromic effect was observed for composites containing 
different IL contents. This process is directly related to the absorption/ 

Fig. 6. a) Current vs voltage curves and b) electrical conductivity of the CA/[Bmim]2[NiCl4] composites as a function of [Bmim]2[NiCl4] content.
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desorption of water from the [NiCl4]2− , which is associated with the 
variation in the coordination number of the Ni (II) from octahedral to 
tetrahedral depending on the hydrated ([Ni (H2O)6]2+) or dehydrated 
([NiCl4]2− ) state.

The composite material exhibits a significant degree of colour change 
with the concentration of IL. This variation is more pronounced at 
greater concentrations of IL and is positively related to increased elec
trical conductivity.

The developed composite materials enable the advancement of 
thermochromic sensing with associated thermoresistive response, 
allowing applications as optical temperature sensors for thermotherapy 
in the temperature range from 33 ◦C to 50 ◦C. Thus, this work 

demonstrated the suitability of natural polymers, cellulose acetate, and 
hybrid materials for smart and multifunctional materials sensor appli
cations by additive manufacturing technologies.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.susmat.2024.e01101.
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CA/[Bmim]2[NiCl4] as a function of the applied temperature.

Fig. 8. Demonstration of the potential of CA/40[Bmim]2[NiCl4] DIW printed 
sample for thermotherapy applications with a temperature variation from 33 ◦C 
to 50 ◦C within 84 s.
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[42] N.S. Kasálková, P. Slepička, Z. Kolská, V. Svorcik, Wettability and Other Surface 
Properties of Modified Polymers, 2015.

[43] Y. Yuan, T.R. Lee, Contact angle and wetting properties, in: G. Bracco, B. Holst 
(Eds.), Surface Science Techniques, Springer Berlin Heidelberg, Berlin, Heidelberg, 
2013, pp. 3–34.
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