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Abstract: The inkjet printing of the functional materials prepared by the sol-gel route is gaining
the attention for the production of the variety of the applications not limited to the printed boards,
displays, smart labels, smart packaging, sensors and solar cells. However, due to the gelation process
associated with the changes from Newtonian to non-Newtonian fluid the inkjet printing of the sol-gel
inks is extremely complex. In this study we reveal in-depth rheological characterization of the WO3

sols in which we simulate the conditions of the inkjet printing process at different temperature of
the cartridge (20–60 ◦C) by analyzing the structural and rheological changes taking place during
the gelation of the tungsten oxide (WO3) ink. The results provide the information on the stability
of the sol and a better insight on the effects of the temperature on the gelation time. Moreover, the
information on the temperature and the time window at which the inkjet printing of the sol-gel
inks could be performed without clogging were obtained. The WO3 ink was stable in a beaker
and exhibited Newtonian flow behavior at room temperature over 3 weeks, while the gelation time
decreased exponentially with increasing temperature down to 0.55 h at 60 ◦C.

Keywords: rheology; inkjet printing; tungsten oxide; sol-gel

1. Introduction

Functional materials are used in wide-ranging industrial fields including, but not lim-
ited to solar cells, energy storage devices, displays, smart windows, catalysts for chemical
reactions and sensors [1]. Among them the tungsten oxide (WO3) represents an inorganic
transition metal oxide with chromogenic and semiconductor properties, which enable
its applicability in numerous applications mentioned above [2–4]. The WO3 layers can
be produced with complex and expensive techniques (physical vapor deposition—PVD,
chemical vapor deposition—CVD and electrodeposition) or by less expensive applica-
tion from a solution phase (sol-gel, mixture of powder and different solvents) [5]. A
variety of the sol-gel chromogenic devices enabling optical modulation of the interior
light in the buildings [6,7], such as electrochromic [7,8], photoelectrochromic [9,10], pho-
tochromic [11–13] and gasochromic [14] have been prepared with the dip-coated WO3
layers from the corresponding sols. This publication focuses on the in-depth study of the
rheological characteristics of the sol-gel derived WO3 inks suitable for inkjet printing [15].

The sol-gel process enables the fabrication of the variety of the functional materials [16].
The process involves the conversion of small molecules (monomers) into a colloidal solution
(sol) that transforms to an integrated network (gel) in which the solvent is trapped. Further
drying of the gel leads to the formation of a solvent free xerogel while annealing of the
xerogel results in the powder. On the other hand, the printing is becoming more and
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more linked with the applications such as printed boards, displays, smart labels, smart
packaging, and various printed electronic such as different sensors, solar cells, etc., which
all require the availability of the functional materials in ink or paste form required for the
planned printing technique [17–20]. Therefore, nowadays, functional sol-gel materials are
entering the printing production, but the area is still new and underexplored. Every ink or
paste should exhibit proper rheological properties, which are essential for every specific
deposition process. The inkjet printing requires low viscosity of the inks (1–30 mPa.s) and
surface tension around 30 mN/m, the ink typically contains a complex mixture of many
solvents with high and low boiling points [18,20]. This allows proper drop generation,
avoids nozzle clogging and provides optimal printing results. However, due to irreversible
behavior of sol-gel material, inkjet printing of functional sol-gel materials is even more
complex and requires a careful gelation control of inks, with necessary fine tuning of their
rheological properties [15].

In 1997, Atkinson and coworkers reported one of the first examples of inkjet printouts
using sol-gel inks [21]. Since then, the research interest in using sol-gel materials for inkjet
printing production of metal oxides has increased, which is demonstrated by numerous
scientific publications over the past decade [19,22–25]. Furthermore, the printability of the
tungsten sol using inkjet printing has been successfully demonstrated [15]. The tungsten
oxide—WO3 printouts with the thickness of around 300 nm were realized of very good
optical quality and enabled the realization of the electrochromic devices [15]. The tungsten
sol used as functional ink has been modified by using 2-propoxy propanol to match the
inkjet printing requirements for proper drop generation (jetting characteristics), smooth ink
transfer through printer and uniformity of deposited films [15].

Moreover, inkjet printing has complex drying behavior, therefore an appropriative
solvent system, temperature modulation of printer vacuum plates (up to 60 ◦C) and also
cartridge temperature (up to 70 ◦C) should be carefully chosen for each individual system
and substrate in order to form uniform deposited films [18,20]. From this perspective,
it is of paramount importance to perform a rheological study of inks by simulating the
conditions in printing process. An in-depth study of the sol rheology could enable better
insight of the sol-gel inks limitations as well as the control of the sol-gel material stability
(sol-gel transition) which is required for continuous inkjet printing without clogging. The
inks should have Newtonian behavior, which means that viscosity of fluid or ink is constant
with applied shear rates. In the case of the sol-gel inks the transition of the sol to gel occurs
therefore the ink changes from Newtonian to non-Newtonian fluid. In this regard printing
of functional sol-gel materials is even more complex and requires a careful gelation control
of the ink, with necessary understanding of its rheological properties.

To our knowledge, we are the first to reveal in-depth rheological characterization of
the WO3 sols for inkjet printing in which we simulate the conditions of the printing process.
Publication by Karimi-Nazarabad et al. [26] describes the rheological properties of nanoflu-
ids of tungsten oxide nanoparticles in ethylene glycol and glycerol. The authors don’t
report on practical usage of studied nanofluids, neither on the rheological characteristics
of the gelation process of the samples. Moreover, D. Tripkovic et al. [27] demonstrated
tailoring of BaTiO4 sol-gel inks for inkjet printing. The most relevant publication [28],
describes the study of rheological properties of TiO2 sol for direct write assembly in planar
and 3D configuration.

The aim of this study is to characterize the sol to gel transition of the WO3 inks at
various temperatures that the ink could be exposed to during the inkjet printing. The results
were obtained by coupling two measurement techniques, IR spectroscopy and rheological
characterization. Rheological study enabled the insight into the gelation process, while the
IR spectroscopy shed the light on the changes of the chemical structure of the WO3 sols
taking place during the transformation of the sol to the gel.
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2. Materials and Methods
2.1. Preparation of the WO3 Sol

Step one involved the synthesis of a WO3 sol. First, peroxo-tungstic acid (PTA) was
synthesized by reacting 5 g of tungsten monocrystalline powder (mean particle size < 1 mi-
cron, purity 99.95%, Sigma-Aldrich GmbH, Schneldorf, Germany) with 20 mL of hydrogen
peroxide (30%, Belinka). This reaction is strongly exothermic. Sols where then prepared
by adding solvent to the PTA solution at 120 ◦C. The addition of alcohol resulted in the
formation of the W-ether that polymerizes to peroxopolytungstic acid (P-PTA) [29]. Sol-
vent for inkjet printing ink should have boiling point higher than 100 ◦C, therefore WO3
sol used in this study as ink was prepared with a mixture of two solvents with different
boiling points, i.e., 2-propanol (ACS reagent, Sigma-Aldrich GmbH, Schneldorf, Germany)
and 2-propoxy ethanol (Puriss, Sigma-Aldrich, Schneldorf, Germany). The ink appeared
slightly orange and contained 27.7 mmol of tungsten per 30 mL of sol. Figure 1 presents the
WO3 sol and gel state—Figure 1a, the WO3 xerogel dried at RT—Figure 1b and the WO3
powder annealed for 1 h at 450 ◦C—Figure 1c. More details on the preparation of the sols
could, also the ones based solely on ethanol and 2-propanol could be found in Ref [15].

Figure 1. WO3 sol and gel: (a), xerogel (b) and powder (c).

2.2. Thermogravimmetric Analysis of the WO3 Xerogles

Thermogravimetric (TG) measurements of WO3 sols, prepared with different solvents,
were performed using Mettler Toledo TGA/DSC1 instrument (Mettler Toledo, Schwerzen-
bach, Switzerland). Samples were heated from room temperature to 500 ◦C with the hating
rate of 5 K min-1 under the dynamic air flow (100 mL min-1). 75 µL of the prepared sol was
pipetted into 150 µL platinum crucible and dried under air for 24 h. After drying, masses
of the samples used for analyses were around 15 mg. The blank curve was subtracted.

Dynamic TG curves of all three samples are shown in Figure 2. The course of thermal
decomposition is similar for xerogels B and C, where ethanol and 2-propanol were used as
a solvent while the mass-loss curve has a different course in the case of xerogel A, where
the solvent was a mixture of 2-propoxy ethanol and 2-propanol. We ascribe the first step,
which takes place from room temperature to approximately 200 ◦C, to solvent evaporation.
In this step mass-loss rate is higher in the case of xerogel B and C. Up to 185 ◦C, xerogel B
losses 6.0% of the initial mass, while xerogel C 8.10% and xerogel A 4.5%, respectively. The
second and the third step, where condensation reactions continue, are partially overlapped.
For xerogel B mass loss is additional 3.0% in a temperature range from 270 ◦C to 350 ◦C and
from 350 ◦C to 430 ◦C another 0.5%. Similar behavior is observed for xerogel C except that
the second step begins at higher temperature, i.e., 325 ◦C. Successive reactions are much
more overlapped in the case of xerogel A. Second step occurs in a temperature range from
185 ◦C to approximately 270 ◦C with a mass loss of 3.8% and turns then to the third step
with a slower mass loss. Mass for the sample A is not constant even at 500 ◦C.
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Figure 2. TG measurement of the WO3 xerogels prepared with different solvents: xerogel A with
2-propoxy ethanol and 2-propanol; xerogel B with ethanol and xerogel C with 2-propanol.

2.3. XRD Analysis of the WO3 Xerogles and Powders

The XRD measurements of the xerogels and powders were performed using a PW
1710 Philips X-ray diffractometer (Philips, Almelo, Netherlands). The XRD spectra of
the WO3 xerogels prepared by either a mixture of 2-propoxy ethanol and 2-propanol
or solely with 2-propanol are presented in Figure 3a, while the corresponding powders
obtained after annealing of the xerogel at 450 ◦C for 1 h are shown in Figure 3b. The results
confirmed that both WO3 xerogels, regardless on the solvent used for the sol preparation
are amorphous while annealing of the xerogels leads to the crystallization. The analysis of
the XRD spectra of the WO3 powders reveals the presence of the monoclinic phase, which
is well in agreement with our previous results for the sample C [12].

Figure 3. XRD patterns of the WO3 xerogel (a) and corresponding powders obtained after annealing
of the xerogels for 1 h at 450 ◦C (b). Xerogel A and powder A denotes WO3 prepared with 2-propoxy
ethanol and 2-propanol. Xerogel C and powder C denotes WO3 prepared with 2-propanol.

2.4. Rheological Characterization

Rheological measurements were performed with a rotational controlled rate rheometer
(Physica MCR302, Anton Paar, Graz, Austria), equipped with a cone and plate sensor
system (CP 50/2◦). Temperature of the measurements was controlled with a Peltier HOOD
(Anton Paar, Graz, Austria).

All samples were tested under rotational and oscillatory shear conditions. Rotational
flow tests were performed with a triangular method by changing the shear rate from
0–1000–0 s−1. Oscillatory stress sweep tests at constant frequency of oscillation (1 Hz) were



Coatings 2022, 12, 112 5 of 15

used to determine the linear viscoelastic range (LVR). Frequency tests were performed at
constant small deformation in LVR by decreasing the frequency from 20–0.01 Hz.

2.5. IR Spectroscopic Measurements

The IR spectra of the sols, xerogels and gels have been taken by FT-IR Perkin Elmer
System 2000 spectrometer (PerkinElmer, Waltham, MA, USA). The samples have been
deposited as thin layers on the double side polished Si-resin.

3. Results and Discussion
3.1. Structural Analysis of the Sols and Gels

A characteristic of a WO3 sol prepared by the peroxo sol-gel route is the presence of
the peroxopolytungstic acid (P-PTA) clusters. The structure of the P-PTA was assessed
in 1991 by Nanba et al. [29]. It is complex and consists of two edge-sharing 3-membered
(W3O13) rings, located above and below the corner-shared 6-membered (WO7 pentagonal
bipyramids) ring. The contact between these species is established via the H-bonds of
water placed between them. The P-PTA structures transform during the sol preparation,
drying and gelation process to the network of the tungsten polyhedra (WO6) connected
via corners and edges. There are numerous factors influencing this transformation, among
them are also the temperature and the alcohol used for the sol preparation.

For the IR spectrum of the WO3 sols a variety of the W-O bond oscillations are charac-
teristic and the bands could be assigned to: the terminal bond, i.e., double bond between
tungsten and oxygen, ν(W = O) at 980 cm−1, single W-O bond of tungsten polyhedra con-
nected via corners, ν(W-O-W) at 630–650 cm−1 or via the edges, ν(W-O-W) at 700–720 cm−1.
In addition, the peroxo bonds are characterized by the absorption peaks of the W-O-O-W
and W-O-O oscillations at 800–830 cm–1 and 560 cm–1, respectively. The presence of water
in the structure is evident from the broad band in the range 3000–3500 cm−1 (ν(O-H)) and
a band at 1630 cm−1 (δ(H2O)) [30–33].

Figure 4 shows the IR spectra of the freshly deposited WO3 sols based on different
alcohols, the xerogel of the sol that was dried in a recording chamber of the FTIR spec-
trophotometer and the WO3 gel. For the comparison of the influence of different solvents
on the structure of the sols and gel formation we have analyzed beside the printable
WO3 ink prepared by 2-propoxy ethanol (Figure 4a) also the IR spectra of the WO3 sols
based on ethanol (Figure 4b) or 2-propanol (Figure 4c). It should be mentioned, that the
WO3—ethanol and WO3—2-propanol sols have been found inappropriate for the inkjet
printing [15] but are very suitable for dip-coating deposition of the active transparent WO3
layers used in chromogenic devices [7,9–12,14].

To compare how the temperature of the WO3 ink influences the cross-linking of the
tungsten polyhedra and gel formation we have taken the IR spectra after the gelation of the
WO3 sol in a rheometer at the temperatures (20 ◦C, 30 ◦C, 40 ◦C, 50 ◦C and 60 ◦C) at which
the rheological properties of the sols were examined (Figure 5).

In the IR spectra of the wet sols prepared by different solvents (Figure 4) the bands
characteristic for the –CH groups (2840–3000 cm−1) of the alcohol are present. The compar-
ison of the IR spectra of the wet and dried sols-xerogels shows a noticeable difference in
the intensity of the –CH bands. The results confirm that the alcohol entirely evaporates
during drying of the sols at room temperature when the sols are prepared by ethanol or
2-propanol (Figure 4b,c), while it remains present when the 2-propoxy ethanol (Figure 4a)
is used.

The IR spectra of the sols (Figure 4) show the presence of all the peaks characteristic for
the P-PTA structure. However, the intensity of the peaks, characteristic for the crosslinking
of the tungsten polyhedral, differs among the studied sols. The highest intensity of the
band typical for peroxo groups (810 cm–1 and 560 cm−1) is characteristic for the fresh sol
and the sol dried at RT (xerogel) prepared by 2-propoxy-ethanol (Figure 4a) which still
contains some alcohol. While the intensity of the peroxo groups in the xerogel is much
smaller in the case of ethanol and 2-propanol based WO3 xerogel that are solvent (alcohol)
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free. From these we conclude that the decomposition of the peroxo groups present in the
P-PTA structure is associated with drying and evaporation of the solvent from the sol
during the xerogel formation. The evaporation process is fast and complete for the sols
prepared by ethanol and 2-propanol (Figure 4b,c). A slower decomposition of the peroxo
groups has been found in the case of the sol containing 2-propoxy-ethanol (Figure 4a). The
slower evaporation could have resulted also in slower gelation process, but the rheological
studies showed the opposite. The rheological studies showed that the gelation is even
faster in case of the WO3 sol prepared by 2-propoxy-ethanol. The reason for the faster
gelation can be attributed to a different way of cross-linking of the WO3 polyhedra when
different alcohols are used for the sol preparation which has been confirmed by the IR
spectra analysis.

Figure 4. The IR spectra of the WO3 sol, xerogel and gel prepared by different alcohols, (a) 2-propoxy
ethanol, (b) ethanol and (c) 2-propanol.

In addition to the IR spectra of dried sols, xerogel the spectra of the gels (Figure 4)
confirmed that only in the case of the sol containing the 2-propoxy ethanol the alcohol
remains trapped in the gel structure (Figure 4a). The results demonstrate a strong influence
of the solvent on the cross-linking of the tungsten polyhedra. The analysis of the IR spectra
of the gels prepared by ethanol and by 2-propanol reveals that the intensity of the band
attributed to the terminal W = O bond (980 cm−1) strongly decreases during gelation, while
the skeletal W-O bonds typical for the connection of the WO6 polyhedra at 630–650 cm−1

and 700–720 cm−1 increase in the intensity (Figure 4b,c). The results confirm also the lowest
intensity of the terminal W = O bonds for the gels prepared with ethanol (Figure 4b) which
implies that the strongest cross-linking of the tungsten polyhedra took place in the gel
formed from the ethanol-based sol.

On the other hand, in the IR spectra of the gel formed from the sol based on 2-propoxy
ethanol a peak characteristic for the terminal double W = O bond remains intensive as well
as the bands characteristic for the peroxo groups (Figure 4a). This leads to the conclusion
that in the WO3 gel based on 2-propoxy ethanol the P-PTA structure remains present to
some degree, while the cross-linking of the tungsten polyhedra is hindered. In addition, the
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results confirmed the presence of the –CH bonds (peak at 2840–3000 cm−1) characteristic
for the 2-propoxy ethanol meaning that the solvent remained trapped in the cross-linked
WO3 gel structure (Figure 4a).

Figure 5. The IR spectra taken after the gelation of the WO3 sol (2-propoxy ethanol) in the rheometer
at the temperatures (20 ◦C, 30 ◦C, 40 ◦C, 50 ◦C and 60 ◦C) at which the rheological properties of the
sols were examined.

To summarize, the IR spectra analysis of the gels showed that the alcohol used for
the WO3 sol preparation strongly influences the cross-linking process taking place in
the gel formation. The WO3 gel based on 2-propoxy ethanol has the solvent kept in the
gel structure, the structure of the P-PTA is to some extent preserved and the bonding of
the tungsten polyhedra is not complete which results in a weaker and softer WO3 gels
compared to the gels formed from the ethanol and 2-propanol tungsten sols (Figure 4).

In a further IR analysis, we followed the gelation of the WO3 sol based on 2-propoxy
ethanol at different temperatures that the WO3 ink could be exposed during the inkjet
processing while adjusting the printing parameters. The IR spectra of the WO3 gels were
obtained after the gelation of the WO3 sol in a rheometer at 20, 30, 40, 50 and 60 ◦C (Figure 5).
In the IR spectra of the gel a high intensity peaks characteristic for the peroxo bonds (peaks
at 810 and 550 cm−1) were observed regardless of the temperature at which gelation took
place. In addition, no significant difference of the skeletal W-O modes typical for corner or
edge shared tungsten polyhedra has been noticed that might suggest different cross-linking
mechanisms taking place at different temperature during the gel formation. Moreover,
regardless of the temperature at which the gel has been formed the solvent, 2-propoxy
ethanol remains trapped in the WO3 gel structure (Figure 5). The IR analysis shows no
significant influence of the temperature, in the range between 20 and 60 ◦C, on the chemical
structure of the WO3 gel.

3.2. Viscosity of WO3 Sols

At all temperatures examined (20, 30, 40, 50 and 60 ◦C), the prepared WO3 sol exhibited
Newtonian viscosity, which exponentially decreased with increasing temperature (Figure 6).
However, after gelation process was finished, the viscosity of all gels, formed at different
temperatures, was in the same range, regardless of the temperature at which the gelation
took place. The formed gels exhibited similar complex viscosity with much higher values
(η *~400 Pa.s) compared to the initial sols (η *~0.001–0.01 Pa.s) (Figure 6). This is well in
agreement with the results of the IR analysis of the gels taken after the rheology study at
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different temperature (Figure 5). The dependencies of the viscosities on the temperature
were for the initial sols as well as for the formed gels expressed by Arrhenius model:

η = η0e(
E

RT ) (1)

where T is temperature, η0 is a material constant, E is the activation energy and R is the
universal gas constant [34].

Figure 6. Temperature dependence of the dynamic viscosity of freshly prepared WO3 sol and complex
viscosity of gels, formed at different temperatures.

3.3. In Situ Rheological Characterization of WO3 Gelation Process

A detailed insight into the progress of the rheological properties of WO3 sols during
gelation process was obtained with in situ oscillatory test in the linear viscoelastic range at
deformation so small that no destruction of the structure could occur. For inkjet printing
we used material deposit system—Dimatix Materials Printer DMP2800 [20]. It enables
temperature modulation of printer vacuum plates (up to 60 ◦C) and cartridge temperature
(up to 70 ◦C), which should be tailored for each material or ink. For inkjet printing of
the sol-gel WO3 ink the most optimal temperature of printer plates was 35 ◦C, which
warmed ink in cartridge up to 26 ◦C. Moreover, to predict stability of inkjet process we
studied temperature dependence of the WO3 sol-gel characteristics. In situ oscillatory
test in the linear viscoelastic range was used for 5 different temperatures: 20 ◦C, 30 ◦C,
40 ◦C, 50 ◦C and 60 ◦C, respectively. The progress of viscoelastic properties, i.e., elastic
G′ and viscous modulus G′′, during gelation process of WO3 sol was similar, especially
for the temperatures from 30 ◦C to 60 ◦C (Figure 7a). Initial sols exhibited “liquid-like”
behavior with low consistency and only viscous contribution G′′ detected. As the gelation
process started the loss modulus G′′ commenced to increase continuously, while the storage
modulus G′ suddenly appeared after a certain time and rose sharply until it intersected
and exceeded the loss modulus G′′. The time at which the both moduli reached the same
value indicated the sol to gel transition point, which is often referred to as a “gel-point” [34].
From this point onward, the elastic behavior G′ dominated and the behavior of the sample
became “solid-like”. Both moduli leveled off as the reaction came to completion; moreover,
at the end of gelation the viscous modulus was too low to be detected. As a result, the
formed gel became brittle without any viscous effects. The gels, formed at 30 ◦C to 60 ◦C
exhibited similar values of G′ and G′′ at the end of sol-gel process, while the gel, formed at
20 ◦C exhibited softer gel structure with lower values of G′ and G′′; moreover, the values
of G′′ were not negligible. We can conclude that the gelation time depended strongly
on the temperature, to which the sol was exposed. Higher temperature leaded to faster
gelation process, i.e., for the sol, which was exposed to 60 ◦C (Figure 7a), the gel formed
after ~0.55 h, while the transition from sol to gel at 20 ◦C was observed not earlier as after
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~10 h (Figure 7b). The final values of G′ were for the gels, formed at temperatures from
30 ◦to 60 ◦C in the range of 3000 Pa, while G′′ was negligible. On the other hand, the gel,
formed at 20 ◦C exhibited the G′ below 1000 Pa, while the G′′ was in the range of 100 Pa.

Figure 7. Dependence of dynamic moduli G′ and G′′ on time of the WO3 gelation process at different
temperatures: (a) 30 ◦C, 40 ◦C, 50 ◦C and (b) 20 ◦C. The tests were performed in linear viscoelastic
range. Solid symbols represent viscous modulus G”, hollow symbols represent elastic modulus G’.

To evaluate different parameters, important for the sol-gel process, the experimental
asymmetric dependences of phase shift angle δ on the time of gelation could be the best
fitted with five-parameter logistic function [35]:

δ = δ1 −
(δ1 − δ2)(

1 +
(

t
tg

)−W
)s (2)

where δ1 and δ2 are the highest (initial) and the lowest (the end) values of phase shift angle,
respectively, tg is the time of sol-gel transition, while s jointly with W controls the rate of
approach to the δ2 asymptote. The values of the five parameters, obtained by fitting the
experimental data are presented in Table 1, while the experimental data of phase shift angle
δ and calculated values obtained with the above equation are presented in Figure 8. The
results show excellent agreement of the experimental data with the predicted values for all
five temperatures, used in the presented study. The five-parameter logistic model enabled
the exact determination of the time at which sol to gel transition occurs (tg) together with
precise viscoelastic properties of formed gels (δmin). Moreover, the model can be used for
accurate prediction of total rate and time of sol-gel process (W, s).

Table 1. The parameters of the five-parameter logistic model (Equation (1)) for the gelation process at
different temperatures.

20 ◦C 30 ◦C 40 ◦C 50 ◦C 60 ◦C

δmax 90.0 90.0 90.0 90.0 90.0
δmin1 7.4 0.0028 0.0028 0.0023 0.0027
tg (h) 10.06 6.2 3.1 1.5 0.55

W 7.8 26.4 30.18 24.73 18.56
s 0.92 1.43 1.32 1.09 1.06

Gelation times (tg), determined from the Equation (1) are organized as a dependence of
the temperature (Table 1), to which the initial sol was exposed. The dependence (Figure 9)
is very good fitted with the exponential function, which shows that the time of gelation
exponentially decreased with increasing temperature of the gelation process.
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Figure 8. Changing of phase angle d with time of gelation process at different temperatures. Depen-
dence of dynamic moduli G′ and G′′ on time of the WO3 gelation at different temperatures.

Figure 9. Dependence of gelation time on temperature of the gelation process of the WO3 ink.

3.4. Ex-Situ Rheological Characterization of WO3 Gelation Process

In addition to the in-situ rheological characterization the ex-situ rheological tests
were performed for the sol, exposed to the room temperature for several days. Moreover,
we followed the sol stability, prepared with different solvents (ethanol, isopropanol and
a mixture of isopropanol and 2-propoxy ethanol) stored in a 100 mL glass bottle in the
refrigerator. Our observation was that sol-gel transition occurs in 22 days, when using
the mixture of isopropanol and 2-propoxy ethanol, 6 months, when using isopropanol
and 10 months when using ethanol. It should be noted here that the transition from sol to
gel in the bulk of the beaker (sample volume ~100 mL) occurred much later compared to
the transition, which occurred in the sensor system of the rheometer and inkjet cartridge
content, where the whole volume of the sample was considerably lower (cca 1.6 mL).
The stability of the sols could be significantly prolonged by keeping the inks at lower
temperature, for example when kept in freezer (below −15 ◦C) the sols remain stable over
1 year.

In the ex-situ characterization various rheological tests were performed under destruc-
tive and non-destructive shear conditions. First, the flow behavior was followed with flow
tests under destructive shear conditions (Figure 10). One day after the sol preparation,
the sol (Figure 10, initial) exhibited Newtonian flow behavior with constant viscosity of
0.0054 Pa.s (at T = 23 ◦C). 14 days after the preparation the sol maintained the Newtonian
character, while the value of the viscosity slightly increased to 0.0065 Pa.s (at T = 23 ◦C).
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Higher increase of the viscosity and the first deviation from Newtonian flow behavior
was observed on the 21st day after the preparation. The next day (22nd day) the viscosity
again slightly increased with similar flow behavior, while 24th day after the preparation
the flow behavior of the solution significantly changed to pronounced shear thinning flow
behavior, where the viscosity decreased for almost three decades as the shear rate increased
from 0.1 to 1000 s−1. A constant decreasing of the viscosity curve from the low to the
high shear rates indicates that these solutions showed some structure stability at rest [34],
while hysteresis loop during the decreasing of the shear rate towards initial value (0.1 s−1)
indicates time-dependent flow properties during structure recovery.

Figure 10. Flow curves (the dependence of viscosity on shear rate) for WO3 sols at T = 23 ◦C.

The rheological properties of WO3 sols were, at different times during the gelation pro-
cess, followed also with non-destructive oscillation tests in the range of linear viscoelastic
response (Figure 11). At the beginning, immediately after the preparation, the sol exhibited
Newtonian flow behavior as only viscous contribution G′′ was present, which linearly
increased with the frequency of oscillation. As it was observed during flow tests, at 21st
day some changes were observed also with frequency tests. Newtonian character of the
sol changes to viscoelastic liquid as the dynamic storage modulus G′ occurred with lower
values compared to the loss modulus G′′; moreover, the moduli exhibited similar, linear
dependences with frequency of oscillation. The next day (22nd day) the values of the mod-
uli increased and their dependences on the frequency changed. The G′ equaled G′′, and
both moduli depended on the frequency of oscillation by the order of 0.45. Such behavior
is characteristic for weak gels, which resemble the strong gels in their mechanical behavior,
particularly at low frequencies, but as the deformation increases, their networks undergo
a progressive breakdown into smaller clusters. As a consequence, the system can flow
with flow properties typical of a disperse system [36]. Gel was formed after 26 days, when
the sample exhibited “solid-like” behavior with much higher values of storage modulus
G′ compared to the loss modulus G′′; moreover, the moduli were frequency independent,
i.e., G′~G′′~ω0. Such behavior is characteristic for strong gels [37], which are usually, due
to lack of viscous contribution, also very hard and brittle. Under the conditions of small
deformation, strong gels manifest the typical behavior of viscoelastic solids and, above
a critical deformation value, they rupture rather than flow [37]. At other temperatures
examined, the sol to gel transition was similar to the one, explained in Figure 11; except
that the time of gelation process was shorter.
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Figure 11. Dependence of dynamic moduli G′ and G′′ on the frequency of oscillation in the range of
linear viscoelastic response of the WO3 ink. Solid symbols represent viscous modulus G′′, hollow
symbols represent elastic modulus G′.

For chemical, i.e., covalently cross-linked gels formed in our study, linear viscoelastic
behavior has been extensively investigated in the vicinity of the sol-gel transition point.
Winter and Chambon [38,39] showed that at critical gel point dynamic moduli follow
a simple power law: G′ (ω) ≈ G′′ (ω)~ωn, where n depends on the particular gelation
mechanism. In our work, the transition from sol to gel was observed for the sol at 23 ◦C
(Figure 11), where after 22 days the G′ and G′′ depended on the frequency by the order of
0.5 (G′~G′′~ω0.5).

At the end of gelation process the initial Newtonian structure of the sol changed to
solid-like gel at all temperatures examined. The formed gels were examined with oscillatory
tests in linear viscoelastic range to evaluate the influence of the temperature on the structure
of formed gels. For the sake of clarity only gels, formed at temperatures 60 ◦C, 40 ◦C and
20 ◦C, respectively, are presented in Figure 12. The results indicate that all formed gels
exhibited similar dependences of G′ and G′′ on the frequency of oscillation. The differences
in the structure can be observed regarding consistency of the gels. Higher temperature of
the gelation process led to faster gelation process and higher consistency of formed gel.
Thus, the gel, formed at the highest temperature exhibited the highest consistency with the
most “solid-like” structure, while the gel, formed at 20 ◦C, exhibited softer gel structure
with lower consistency.

Figure 12. Dependence of dynamic moduli G′ and G′′ on the frequency of oscillation in the range of
linear viscoelastic response for gels, formed at 60 ◦C, 40 ◦C and 20 ◦C, respectively. Solid symbols
represent viscous modulus G”, hollow symbols represent elastic modulus G’.
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4. Conclusions

The IR analysis of the WO3 sols showed the difference of the cross-linking of the
peroxopolytungstic acid (P-PTA) clusters for the sols based on different alcohols. The most
pronounced cross-linking of the tungsten polyhedral is found for the ethanol, followed by
the 2-propanol based sol. In the WO3 sol based on 2-propoxy ethanol the cross-linking of
the P-PTA is hindered which is demonstrated by the strong presence of terminal W = O
bonds and the peroxo groups in the IR spectra of the corresponding sol. The drying of the
2-propoxy ethanol based WO3 sol at room temperature was not complete as is the case for
ethanol and 2-propanol. The slower evaporation could have slowed down the gelation
process, but the rheological studies show that the gelation was even faster in case of the
WO3 sol prepared by 2-propoxy-ethanol. The reason for the faster gelation can be attributed
to a different way of cross-linking of the tungsten polyhedra through corners and edges
when different alcohols are used. The IR spectra analysis of the gels shows that the WO3
gel based on 2-propoxy ethanol has the solvent kept in the gel structure, the structure of the
P-PTA clusters is to some extent preserved and the cross-linking of the tungsten polyhedra
is not complete which results in a weaker and softer WO3 gel compared to the gels formed
from the ethanol and 2-propanol tungsten sols.

The IR analysis of the 2-propoxy ethanol WO3 gels performed after the gelation of
the WO3 sol in a rheometer at 20 ◦C, 30 ◦C, 40 ◦C, 50 ◦C and 60 ◦C showed no significant
difference on the chemical structure of the WO3 gel which is well in accordance with the
rheological studies confirming similar progress of viscoelastic properties, i.e., elastic G′ and
viscous modulus G′′, during gelation process of WO3 sol. Initial sols exhibit “liquid-like”
behavior with low consistency and only viscous contribution G′′ while during gelation
process the elastic modulus G′ suddenly appeared after a certain time and rise sharply until
it intersected and exceeded the loss modulus G′′. The gelation time decreases exponentially
with the temperature, the gelation of the sol exposed to 60 ◦C was completed in 0.55 h,
while the transition from sol to gel at 20 ◦C was observed not earlier as after ~10 h. To
evaluate the parameters, important for the sol-gel process, the experimental asymmetric
dependences of phase shift angle δ on the time of gelation were fitted with five-parameter
logistic function [35]. The results show excellent agreement of the experimental data with
the predicted values for all five temperatures which enabled the exact determination of the
time at which sol to gel transition occurred (tg), the precise viscoelastic properties of formed
gels (δmin) and the accurate prediction of total rate and time of sol-gel process (W, s).

The ex-situ rheological characterization of WO3 sols prepared with different alcohols
was performed to study the stability of the sol during ageing at RT. The results show that
the fastest gelation for the 2-propoxy ethanol-based sol (22 days), while the 2-propanol
and ethanol remain stable up to 6 and 10 months, respectively. The fresh sol (1 day after
preparation) exhibited Newtonian flow behavior with constant viscosity of 0.0054 Pa.s, after
14 days the sol maintained the Newtonian character, while the viscosity slightly increased
to 0.0065 Pa.s. The first deviation from Newtonian flow behavior was observed on the 21st
day after the preparation. On the 22nd day the G′ equaled G′′, and both moduli depend
on the frequency of oscillation by the order of 0.45 which is characteristic for weak gels.
Gel was formed after 26 days, when the sample exhibited “solid-like” behavior with much
higher values of storage modulus G′ compared to the loss modulus G′′; moreover, the
moduli were frequency independent, i.e., G′~G′′~ω0. Such behavior is characteristic for
strong gels [37], which are usually, due to lack of viscous contribution, also very hard
and brittle.

In overall the results of this study confirmed that in-depth rheological characterization
linked with the IR spectroscopy of the sol-gel inks could provide the information on the
stability of the sol and a better insight on how the temperature influences the gelation
time. It provides the information on the temperature and the time window at which the
continuous inkjet printing of the sol-gel inks could be performed without clogging. The
WO3 ink was stable in a beaker and have Newtonian flow behavior at room temperature
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over 3 weeks, while the gelation time decreases exponentially with the temperature down
to 0.55 h at 60 ◦C.
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11. Hočevar, M.; Opara Krašovec, U. A photochromic single glass pane. Sol. Energy Mater. Sol. Cells 2018, 186, 111–114. [CrossRef]
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