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Abstract: TiO, and TiO,-NiO films were successfully derived by a sol-gel dip coating technology. The
impact of the thermal treatments (300-600 °C) on the structural, optical and electrochromic properties
was investigated. X-ray diffraction (XRD) analysis showed that TiO, films were polycrystalline
and evolved in the anatase phase. The composite TiO,-NiO films, treated at annealing tempera-
tures below 500 °C, contained anatase titania, a small inclusion of cubic NiO and an amorphous
fraction. The formation of NiTiO3 was exposed after the highest annealing at 600 °C. The pres-
ence of Ti-O-Ni bonds was determined in the composite films by Fourier-transform infrared (FTIR)
spectroscopy. The optical properties and the optical band gap of TiO,-NiO films were investigated
and discussed. The transparency of the electrochromic TiO-NiO films was 76.8 and 78.3% in the
380-700 nm spectral range after film thermal treatments at 300 and 500 °C. NiO incorporation led to
the narrowing of the optical band gap. The electrochromic (EC) properties of the composite films were
improved compared to TiO; films. They had higher diffusion coefficients. Their color efficiencies are
37.6 (550 nm) and 52.2 cm2/C (600 nm).

Keywords: sol-gel; titanium dioxide; optical properties; electrochromic material

1. Introduction

Titanium dioxide is known to be one of the most important semiconductors, attracting
scientific research due to its chemical stability, non-toxicity and economical use [1,2]. TiO,
possesses a high refractive index (above 2), high transparency and a large band gap [3].
TiO; thin films can exhibit different crystalline structures: amorphous, anatase, rutile and
brookite phases. These phases determine their physical properties and corresponding
applications. TiO; is studied for utilization in photocatalysis, gas sensors, self-cleaning
coatings, antimicrobial surfaces, microelectronics, lithium ion batteries and solar cells [4,5].
Other interesting applications of TiO; are in semiconductor based photoelectrochemical
water splitting or CO, reduction [1,6] and in electrochromic devices [7,8].

The electrochromic effect is described as a reversible modulation of the optical proper-
ties of certain materials upon an applied external voltage [9]. Based on the electrochemical
double injection/extraction of small size ions (such as H*, Li*, Na*, and K*) and elec-
trons, the electrochromic thin film is switched reversibly between the colored (absorbing)
and bleached (transparent) states by applying weak negative and positive voltages [10].
Generally, an EC device is constructed from five layers: a transparent conducting oxide
(TCO) layer, a cathodic electrochromic film, an ion-conducting layer (liquid, gel or solid),
an anodic electrochromic film (or optically passive), and a TCO layer positioned between
two substrates in a laminated configuration [11]. Electrochromic devices find an enormous
range of practical applications including color displays, sensors, reflectance mirrors, vehicle

Crystals 2024, 14, 192. https:/ /doi.org/10.3390/ cryst14020192

https://www.mdpi.com/journal/crystals


https://doi.org/10.3390/cryst14020192
https://doi.org/10.3390/cryst14020192
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-5602-9019
https://orcid.org/0000-0002-0128-7862
https://doi.org/10.3390/cryst14020192
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst14020192?type=check_update&version=1

Crystals 2024, 14, 192

20f19

sunroofs, smart windows, rear-view mirrors, variable-emittance surfaces for temperature
control of spacecraft, medical imaging detectors, and electrochromic paper [12,13].

TiO; is a cathodic electrochromic material, which changes its color to blue (absorbing
state) upon small cation intercalation, and turns to the transparent (bleaching) state once the
charge is deintercalated (extracted). The electrochromic effect can be described as follows:
under the action of the electrical field applied onto the TiO; films/TCO substrate with a
negative potential, the cations from the electrolyte are inserted into the film structure; and
to compensate the charge, electrons (from TCO layer) are also injected. One of the most
accepted mechanisms of electrochromic reactions is electron-ion double injection/extraction
under the applied voltage into electrochromic functional material, TiO;. This is described
as follows [14,15]:

TiO; + x(M™ + e7) <> MTIO, (1)

where TiO; is in transparent (oxidation) state and MxTiO; is in colored (absorbing) state
and M" are either H* or small ions, such as Li, Na, and K.

NiO is a well-known anodic electrochromic material, which colors (become
absorbing—colored state) upon ion extraction and bleaches (transparent state) upon ion
intercalation. NiO films have high optical modulation, good cycling reversibility, low cost,
and a memory effect, but also show poor stability [16]. To enhance optical properties, elec-
trochromic performance and stability, different ion dopants could be added in NiO [17,18].
NiO anodic electrochromic layers are promising materials as active counter electrodes in
EC devices complementary to WO3 [19,20].

The electrochromic effect in NiO films is complicated and is still under debate. It is
proposed that the transition from the colored to bleached (absorbing) states is affected by
the multiple valances of Ni ions in the NiO structure due to Ni 3d electrons [21]. The basic
coloration electrochemical process of NiO electrodes in an aqueous alkaline solution can be
written as [22]:

NiO + H,O — Ni(OH); )

Ni(OH);(Bleaching) + OH™ «++ NiOOH(Coloration) + HyO + e~ 3)

Throughout this electrochemical process, NiO films undergo reversible color modula-
tion from the transparent to dark brown state. The electrochromic process involves dual
injection or extraction of electrons and ions. A reduction process of Ni** to Ni?* takes place
during the cathodic scan and NiO film is bleached. In the reverse anodic scan, the oxidation
process of Ni 2* to Ni%* results in the coloration of the film.

In the electrochromic effect of NiO films in the case of anhydrous Li*-containing
electrolytes, ion intercalation is proposed to proceed via two steps [23]. The first step
involves irreversible insertion of Li* in the NiO host structure. The second step includes the
reversible intercalation /deintercalation process along with the electrochromic effect—the
transparent/absorbing state [24]:

NiOy + yLi* +ye~ — LiyNiOx 4)

LiyNiOy + zLi* + ze™ < Liy;,NiOx o)

Mixing the two metal oxides is a technological approach to enhance and extend the
properties of pure materials. Recently, TiO,-NiO composite films are studied as enhanced
electrochromic compounds and as solid electrodes in solar cells [25]. It has also been
reported that Ni doping in TiO, films results in a smoother and more uniform surface as
well as better photocatalytic properties [26]. The EC behavior of mixed TiO,-NiO films
improves cycling stability and enhances the transmittance contrast for visible and near-IR
light EC devices [27].

Combining anodic and cathodic electrochromic metal oxides, the resulting type of
electrochromic response is strongly dependent on the ratio of the two components. Ni-W
oxide is a mixed electrochromic material and it is well studied [28,29]. Increasing the
tungsten component, the electrochromic process with Li * ions is cathodic as established
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for WOj3 [30]. For NiO-TiO, with higher Ni molar concentrations, the electrochromism is
anodic [31].

This paper presents the sol-gel preparation of the composite TiO,-NiO films. The
aim is to determine the impact of Ni addition on the optical and electrochromic behav-
ior of TiO, films. The structural, optical and electrochromic properties of the obtained
nanostructured films are investigated in terms of thermal treatments. TiO, and TiO,-NiO
films are successfully obtained by the sol-gel technology using the dip coating method
on different substrates: Si, glass and glass covered with SnO;:Sb layer substrates. XRD,
FTIR spectroscopy, UV-VIS spectrophotometry and cyclic voltammetry are applied to
characterize TiO; and TiO,-NiO films after annealing at temperatures from 300 to 600 °C.

2. Materials and Methods
2.1. Thin Film Preparation

Sol solution synthesis for depositing TiO, films was reported in detail in [32]. The
precursor used was tetraethyl orthotitanate (>97% purity, Fluka Chemie, Buchs, Germany).
The addition of 1.5 M glacial acetic acid (100%, Merck KgaA, Darmstadt, Germany) caused
acetate modification. Further, the solution was adjusted by inserting a certain amount of
water, causing hydrolysis and condensation reactions. The solution was converted to a gel.
The 1 M acetylacetone (>98%, Sigma Aldrich Chemie, Buchs, Germany) was applied as a
peptizing agent and a stabilizer. Absolute ethanol (Merck KgaA, Darmstadt, Germany) was
used as a solvent. The solution became transparent after aging 1 week without precipitation.
It must be noted that the synthesized sol solution for obtaining TiO, films was verified
to be stable for more than 1 year, maintaining its excellent film-forming properties. The
precursor of the Ni additive was nickel chloride (NiCl,.6H,O, 98 +%, Merck KgaA, Darmstadt,
Germany). The appropriate amount of NiCl, was introduced in the prepared TiO, sol in
order to obtain a TiO,—0.5NiO system in molar parts. The mixed sol solution was stirred on a
magnetic stirrer for 1 h, then ultrasonically treated at 40 °C/30 min. The Ti-Ni solution was
homogenous and transparent.

Different substrates were used: silicon wafers (FZ, p-type, resistivity 4.5-7.5 (3, ori-
entation <100>, diameter 25.4 mm), ordinary glass (size 78 x 25 mm) and conductive
glass substrates (glass covered with SnO;:5b layer, size 70 X 25 mm, sheet resistance
15 Q)/sq). The substrates were cleaned just before film deposition. Si wafers were ap-
plied for structural and vibrational studies, the glass for optical characterization and the
conductive glass substrates for electrochromic properties.

TiO, and TiO;-NiO thin films were obtained by immersing the substrates in the
corresponding sols. Then, they are withdrawn with a withdrawal speed of 10 cm.min~!
(dip coating process). The preheating temperature, chosen to eliminate the organics from the
as-deposited coatings was 300 °C for 30 min. The coating and preheating treatments were
repeated three times. The obtained sol-gel films were finally subjected to high annealing
at temperatures of 300, 400, 500 and 600 °C for 1 h in ambient air. The preheating and the
annealing treatments were carried out in a chamber furnace with controllable heating and a
cooling rate of 10 °C/minute. This technological approach enables obtaining very uniform
and homogeneous TiO; and mixed TiO,-NiO thin films.

2.2. Thin Film Characterization Technigues

X-ray diffraction (XRD) patterns were taken by a XRD diffractometer Bruker D8
(Bruker AXS GmbH, Karlsruhe, Germany), using Cu K radiation with a wavelength of
1.54056 A in the scan range 26 = 20-70°, with a grazing incidence angle of 2° and a step
time of 8 s. FTIR measurements were recorded by using Shimadzu FTIR Spectrophotometer
IRPrestige-21 (Shimadzu Corporation, Kyoto, Japan) in the spectral range 3504000 cm .
A bare Si wafer was employed as background. Optical characterization was performed with
a UV-VIS-NIR Shimadzu 3600 double-beam spectrophotometer (Shimadzu Corporation,
Kyoto, Japan) in the spectral region of 280-1800 nm. The transmittance spectra of the
samples were taken against air. The reflectance spectra were measured by using the
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specular reflectance attachment (5° incidence angle) and an Al-coated mirror as references.
Film thickness was measured with a LEF 3 M laser ellipsometer (Siberian Branch of the
Russian Academy of Sciences, Novosibirsk, Russia), using a He-Ne laser (wavelength
of 632.8 nm).

2.3. Cyclic Voltammetry Set up and Electrochromic Characteristics

Electrochromic behavior was investigated by means of cyclic voltammetry. The mea-
surements were performed in a standard three-electrode cell arrangement, using a Pt wire
as the counter electrode. The reference electrode was a saturated calomel electrode (SCE).
The used electrolyte was 1 M LiClO4 (Fluka Chemie, Buchs, Germany) in propylene car-
bonate (PC, Merck KgaA, Darmstadt, Germany) (1 M LiClO4+PC). The voltage sweep
potentials were provided by a computer-controlled Bank-Electronik Potentiostat (Bank
Elektronik—Intelligent Controls GmbH, Pohlheim, Germany).

For estimating color change, the equipment was upgraded with an optical system,
consisting of a chipped light source, a monochromator and a lock-in amplifier. The signal
has been automatically measured as a function of the applied voltage. An IR-LED and
a second photodetector provided a reference signal for the lock-in amplifier. The signal
change was controlled by an oscilloscope. This cyclic voltammetry set up enables simulta-
neously measuring the current, the charge and the transmittance change as a function of
the applied voltage. The applied voltage varied from —2 V to +1 V. The voltammograms
were measured using different scan rates in the range of 10-50 mV/s.

Color efficiency (CE) is an electrochromic characteristic that qualifies the modulation
of the optical properties of electrochromic material. The CE characteristic is an important
indicator for the applications and fabrication of electrochromic electrodes. CE is defined as
follows [33]:

AOD
CE=—— 6
0 (6)
where AOD is the optical density and AQ is the injected/ejected electronic charge.
Experimentally, the optical density, AOD, is estimated from the expression:
T
AOD = _10810( bleached ) 7)

Tcol ored

where Tyieached and Tpporeq are the transmittance in the bleached state and in the colored state,
respectively. The color efficiency is spectrally dependent so a comparison is acceptable only
for the CE values determined for a certain wavelength or spectral range.

3. Results
3.1. The XRD Study

The XRD patterns of the TiO, and TiO,-NiO films annealed at 400-600 °C are presented
in Figure 1. The most intense diffraction peaks in the diffractogram of the pure TiO, film
treated at 400 °C (Figure la, black curve) correspond to the tetragonal anatase phase
(according to PDF 01-071-1166). The intensity of the (112) anatase reflection is higher than
would be expected for a random powder pattern. This could be due to a preferential
orientation of crystallization, but there are two weak unindexed reflections, marked by *
symbols. These two reflections (at 44.7° and 65.1°) and the reflection at the position of the
(112) reflection of anatase (38.4°) have similar peak widths and they all display a higher
intensity in the TiO,-NiO film annealed at 400 °C (Figure 1a, pink curve), suggesting that
they could belong to an unidentified intermediate phase. The annealing at 500 °C of the
sol-gel TiO; film results in anatase titanium dioxide without other crystal phases (Figure 1b,
black curve); in agreement with the reference pattern of anatase, the (004) reflection at 37.3°
degrees is more intense than the (112) reflection at 38.4°. The highest annealing temperature
(600 °C) induces the emergence of weak peaks located at 27.4, 54.5 and 56.5° (Figure 1c,
black curve), which correspond to the rutile TiO; phase (PDF 01-089-0552). The crystallite
sizes in the TiO; films were estimated using the Scherrer equation, considering the (101)
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reflection of the anatase phase (25.4°). The crystallites grow larger with an increase in
the annealing temperature. The determined values are 10 nm (after annealing at 400 °C),
13 nm (at 500 °C) and 23 nm (at 600 °C).
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Figure 1. XRD patterns of the sol-gel TiO, films (in black) and TiO,-NiO films (in pink) annealed at
temperatures of (a) 400 °C, (b) 500 °C and (c) 600 °C. The reflections of the anatase (A), rutile (R), NiO
and NiTiO3 phases are labelled with their hkl indices. The unindexed peaks labeled with * symbols
are discussed in the main text. Peaks attributed to the Si substrate are marked by # symbols.

The XRD pattern of the mixed oxide film annealed at 400 °C (Figure 1a, pink curve)
shows a broader and less intense (101) anatase reflection than in the case of the pure TiO,
film. The most intense reflection is the one at the position of the (112) reflection of anatase,
followed by the two unindexed peaks marked with a * symbol. Weak and broad peaks of
cubic NiO are also observed at 37.2 and 43.4° (PDF 00-047-1049). In the XRD pattern of the
mixed oxide film annealed at 500 °C (Figure 1b, pink curve), the two reflections attributed to
cubic NiO are still weak and broad. The main phase is anatase with an estimated crystallite
size of 9 nm, compared to 13 nm for the pure TiO, film. The results at 400 and 500 °C lead
to the conclusion that Ni incorporation delays the film crystallization and the crystallite
growth, and is accompanied by the segregation of a NiO fraction.

The reflections in the XRD pattern of the TiO,-NiO film annealed at 600 °C (Figure 1c,
pink curve) can be assigned to four crystal phases: anatase TiO,, rhombohedral NiTiO3,
traces of cubic NiO and traces of rutile TiO;. The peaks at 24.20°, 33.1°, 35.7°, 40.9°, 49.5°
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and 54.1° correspond to the NiTiO3; phase in accordance with PDF 03-010-7290. The esti-
mated crystallite sizes of anatase and NiTiO3; were 19 nm ((101) reflection) and 29 nm ((104)
reflection), respectively. The appearance of NiTiO3 in mixed oxide films was previously
reported by others [34]. NiTiOs is studied for its applications in electronics, photoemission,
photocatalysis and sensors [35]. It crystallizes with the ilmenite structure [36]. There are
some reports of the multiferroic properties of NiTiO3, which potentially enable switching
of the direction of magnetization by applying an electric field [37].

It can be concluded from the XRD analysis that the sol-gel TiO, films are polycrys-
talline with the predominant anatase phase in the studied annealing temperatures. The
addition of nickel tends to delay the crystallization of the TiO, phase, with a minor seg-
regation of the cubic NiO phase at 400 °C/500 °C and the appearance of rhombohedral
NiTiOj3 at 600 °C.

3.2. FTIR Spectroscopy

FTIR spectroscopy is used for characterizing the vibrational properties of TiO, and
TiO,-NiO films. The structural and functional data about the sample analyzed can be
obtained from the absorption bands, their shifting, the change in their intensities and
shapes in the recorded spectra. FTIR spectra of annealed TiO, and TiO;-NiO films are
presented in Figure 2.

110 140
. 130_' Ti0,-NiO 400 °C
100 s 500 °C
= 120
B ]
90 < 1104
8 {
£ 901
400 °C
70 é 80—.
=
| = |
60 = 701
| 60
0 |
50T 600 °C 350 400 450 500 550 600 650 700 750 504 350 400 450 500 550 600 650 700 750
400 800 1200 1600 2000 2400 2800 3200 3600 4000 400 800 1200 1600 2000 2400 2800 3200 3600 400C
Wavenumber (cm '1) Wavenumber (cm'l)
(a) (b)

Transmittance (arb.u.)

T T T T T T T T T
400 500 600 700 800 900
Wavenumber (cm'l)

(©)

Figure 2. FTIR spectra of (a) sol-gel TiO,, (b) TiO,-NiO films annealed at 300-600 °C, where the
inserted figures present the spectra in the range 350-750 cm ~!, and (c) the comparison of TiO, and
TiO,-NiO films, treated at 600 °C in the spectral range 350-900 cm™!.
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The observed bands above 1100 cm ! are due to the organic residues, resulting from
the sol-gel process. FTIR spectra reveal absorption bands at 3400 and at 1600 cm !, which
are attributed to the stretching modes and the bending vibrations of hydroxyl groups,
respectively [4]. These absorption features are more well expressed for TiO,-NiO films.
The water present can be as a result of the sol-gel deposition or of the water adsorption from the
environmental moisture. These absorption bands vanish after annealing at the highest temperature,
600 °C. The vibrations of C-H bonds are observed at 2930 and 2855 cm ™! (in the spectra of
TiO, and TiO,-NiO films) [38]. The absorption band at 2360 cm~lis assigned to the C-O
vibrations due to the atmospheric CO; as FTIR measurements are carried out in air [39].
The absorption at approximately 1500 cm ™! is associated with the asymmetric stretching
vibrations of O=C-O bonding and it was found to be stable even after high-temperature
annealing [40].

The infrared absorption features below 1000 cm™" are characteristic of metal-oxygen
bonds. The band at approximately 668 cm~!, in all spectra, can be assigned to Ti-O-Ti
bridges of anatase titania [40]. TiO, film, annealed at 300 °C (Figure 2a), displays weak
absorption bands at 590 and 462 cm~1, which are related to the lattice vibration of anatase
TiO, [40] and the stretching vibrations of Ti-O bonds, respectively. The main absorption
band is split into two bands at 419 and 438 cm~!. These bands are associated with Ti-O
stretching vibrations. In fact, the band at 438 cm ! is associated with the fundamental
Ti-O stretching mode of anatase [41]. TiO,-NiO films, treated at 300 °C, have IR absorption
features at 670, 456, 430, 405 and 360 cm L. It is seen that the addition of NiO changes the
vibrational properties. The new band positioned at 456 cm ™! is attributed to the formation
of Ti-O-Ni bonds [42].

The two bands observed at 405 and 430 cm ™! are related to the Ti-O stretching
modes [43]. Increasing the annealing temperature up to 400 °C results in increasing the in-
tensities of the main absorption bands, signaling the beginning of crystallization. IR bands
in the FTIR spectrum of TiO; are characteristic of anatase titania. The absorption bands in
the TiO;,-NiO spectrum can be assigned to anatase and Ti-O-Ni bonds. A new weak band
at 514 cm™! (TiO,-NiO spectrum) is related to Ni-O bond vibrations [44]. After the thermal
treatment at 500 °C, all IR absorptions in the spectrum of TiO, film are mainly attributed to
the anatase phase and the main absorption band is stronger. In the case of TiO,-NiO films,
a new weak feature at 470 cm ™! is present, which is due to Ni-O bonding [44]. All the other
observed absorption bands are assigned to anatase titania.

There are interesting absorption features in the spectra of the studied films after the
highest annealing temperature of 600 °C. The TiO,-NiO film spectrum has a shoulder at
412 cm~! (due to rutile TiO,), a very strong band at 435 cm ™! characteristic of anatase TiO,,
and a broad strong band centered at 530 cm~! (509-550 cm '), which is most probably
connected to the Ni oxide fraction. IR bands in this spectral range are reported as an
indication for the existence of NiTiO5 [45]. The observed bands at 530 cm !, the shoulder at
450 cm~!, and the band at 357 cm~! have been assigned to nanocrystalline NiTiO3 [46,47].

FTIR analysis supports the findings from the XRD study that the NiO fraction exists
in TiO,-NiO films annealed at lower temperatures of 300-500 °C. The formation of nickel
titanate is shown after the highest-temperature treatment at 600 °C. The composite film
structure becomes more complicated with the appearance of more phases: anatase and
rutile TiO,, nickel titanate (NiTiO3) and NiO.

1

3.3. Optical Properties

Transmittance and reflectance spectra are measured for the sol-gel TiO; and TiO,-NiO
films, deposited on glass and conductive glass substrates. Figure 3 presents the optical
spectra of TiO, and mixed TiO,-NiO films annealed at 300, 500 and 600 °C and deposited
on glass substrates.
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Figure 3. Transmittance and reflectance spectra of sol-gel (a) TiO, and (b) TiO,-NiO films, de-
posited on glass and thermally treated at 300, 500 and 600 °C. The corresponding spectra of
bare glass substrates are given as references. Solid lines present transmittance and dotted lines
present reflectance.
Transmittance and reflectance spectra of bare glass substrate are given as references.
The spectra are taken against air. The average transmittance and reflectance values (for
visible spectral range 450-750 nm) of the studied films are estimated and given in Table 1.
The best transparency is observed for TiO, annealed at 300 °C—Tayerage is 83.1%. It can be
seen that TiO; films (Figure 3a) exhibit the lowest transmittance after annealing at 600 °C.
The highest reflectance is observed for TiO, films annealed at 300 °C, 14.4%. Increasing the
annealing temperature results in lowering the reflectance. Similar optical behavior is found
for the mixed oxide films. TiO,-NiO films annealed at 300 and 500 °, show an average
transmittance of 76.8 and 78.3% in the spectral range 450-750 nm. The transparency is
sharply diminished after 600 °C thermal treatment. The average reflectance of the composite
films is below 10% for all the samples (see Table 1).
Table 1. The average transmittance (Taverage) and reflectance (Raverage) of sol-gel TiO, and TiO,-NiO
film in the spectral range 450-750 nm, depending on the annealing temperature. The used substrates
are glass and conductive glass.
Glass * Conductive Glass #
Annealing Temperature (°C) Taverage (%) Raverage (%) Taverage (%) Raverage (%)
300 83.1 15.2
TiO, 500 79.9 9.8 76.3 19.5
600 65.8 13.5
300 76.8 8.2 68.7 7.7
TiO,-NiO 500 78.3 9.3 62.3 7.3
600 55.5 4.1

* Bare glass substrate: Taverage = 90.5% and Raverage = 5.8%. # Bare conductive glass: Taverage = 81.0% and
Raverage = 10.2%.

It has been found that pure TiO, films are more transparent than TiO,-NiO films.
This can be related to the multiphase structure of the composite films, inducing structural
defects and disorder. An increase in light scattering and absorption of the composite films
is expected.

Figure 4a exhibits UV-VIS spectra of TiO,-NiO films, treated at 300 and 500 °C and
deposited on the conductive substrates, together with the corresponding spectra of the
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bare conductive glass. It is observed that increasing the annealing temperature results in
lower film transparency. A comparison of the transmittance and the reflectance spectra of
TiO; and TiO;-NiO films annealed at 500 °C and deposited on conductive glass is shown
in Figure 4b. The transmittance of TiO, films is better than the transparency of TiO,-NiO
films, as has been observed for ordinary glass substrates. The Tauc relation is employed to
estimate the optical band gap of the sol-gel films [48]:

(whv) = B (hv — Eg)™ (8)

where ‘B’ is a constant, h is Plank’s constant, v is the photon frequency, « is the absorption
coefficient and Eg is the optical band gap. The constant m is the power factor characterizing
the nature of electronic transitions between the valence band and the conduction band. It
can take the following values: 1/2 for allowed direct, 2 for allowed indirect, 3 for forbidden
direct and 3/2 for forbidden indirect optical transitions.
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Figure 4. Transmittance and reflectance spectra of (a) TiO,-NiO films, deposited on conductive
glass and thermally treated at 300 and 500 °C and (b) the comparison of the optical spectra of
TiO, and TiO,-NiO films annealed at 500 °C. Solid lines present transmittance and dotted lines
present reflectance.

The absorption coefficient, «, has been estimated by using the film thickness, d, the
transmittance, T, and the reflectance, R [48]:

1. ((1=R)?
—Hln (T) 9)

The film thickness of TiO, and TiO,-NiO films is found to be comparable. The samples
annealed at 300 °C are 120 nm thick. After thermal treatments at 500 and 600 °C, the film
thickness is 100 nm.

It has been established that TiO; has direct and indirect band gaps [49,50]. The indirect
and direct band gap of the sol-gel deposited films are determined by plotting (ahv)!/2 vs.
hv and (ahv)? vs. hv curves and by extrapolating the linear portion of the graphs to the
energy axis, respectively.

Sol-gel deposition requires annealing procedures. Usually, the heat treatment decreases
the film thickness and results in a denser structure due to the evaporation of the solvents
and the removal of the residual organic groups or organic compounds [51]. Our previous
study [52] of the sol-gel spin-coated TiO;-V,0O5 films reveals the same tendency. The film
thickness and the film porosity decrease with increasing annealing temperatures [52].

X =
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The determined direct and the indirect optical band gaps of the studied sol-gel films
obtained on the glass substrates are presented in Figure 5. As can be seen, the indirect
optical band gaps are smaller than that of the direct gap values. TiO; films have direct
Eg values ranging from 3.96 to 3.89 eV, slightly narrowing with increasing annealing
temperatures. The corresponding indirect optical band gaps vary from 3.80 to 3.59 eV.
TiO,-NiO films were found to possess smaller values for optical band gaps, as shown in
Figure 5. The Eg of TiO»-NiO films are 3.86-3.81 eV (direct) and 3.58-3.32 eV (indirect),
varying with the annealing temperature. The optical band gaps are significantly narrowed
after annealing at the highest temperature, 600 °C. Similar behavior of the narrowing of the
optical band gap with annealing was previously reported [53]. This effect could be related
with the structural modifications, increasing the crystallite sizes and the variation in the
film density. The sharp drop in the optical band gaps (direct and indirect) after the highest
annealing at 600 °C can also be connected to the inclusion of the rutile phase (in the case of
TiO; films) and with the presence of the NiTiO3 phase and the traces of rutile titania in the
composite film structure of TiO,-NiO. It is well known that the rutile TiO, structure has a
direct band gap of 3.06 eV and an indirect band gap of 3.10 eV [54]. On the other hand, for
NiTiO3, lower optical band gaps are reported: direct Eg = 2.7-3.1 eV [55,56] and indirect
Eg =2.02-2.62 eV [56,57]. The obtained optical band gaps of TiO, and TiO,-NiO films are
in good agreement with the reported values in the literature [57,58].

4.0 == —— = = = = = TiO,
~39 S <m
I T
= 3.8 Direct i0,°Ni0 -\‘e
=) ]
e 37 TiO,
E
2
E 3.6 ./.
£ e
& 3.5 Indirect

3.4

Ti02-NiO

331 , : 9

300 400 500 600

Annealing temperature (°C)

Figure 5. Optical band gap (Eg) values (direct and indirect) of TiO, and TiO,-NiO films, depending
on the annealing temperature. Solid lines present indirect Eg and dotted lines present direct Eg.

The optical constants, extinction (k) and refractive (n) coefficients of sol-gel TiO, and
TiO,-NiO films are estimated from the spectrophotometric data [48]:

aA
k== 1
= (10)
1+R 4R
n= +
1-R (1-R)?

— K2 (11)

where « is the calculated absorption coefficient, A is wavelength of radiation and R is the
measured reflectance.

Figure 6 exhibits the results of optical constant determination dependent on the
annealing temperature. The extinction coefficient is strongly affected by the annealing
temperature. Its values are highest for the thermal treatment at 600 °C. The refractive
index dispersions of the sol-gel TiO; and TiO,-NiO films (Figure 6b) show some peaks
in the spectral range 388-418 nm (for the titanium dioxide films) and 370-465 nm for the
composite samples. The intensity of these refractive index peaks decrease with annealing
temperatures. These features can be due to the defects in the film structure and the
material stoichiometry [59]. The inset figures in Figure 6b show the refractive index
values in the visible spectral range. It can be observed that the sol-gel dip-coated TiO,
films have refractive index values between 1.58 and 1.85 at a wavelength of 550 nm and
1.88-2.18 at 632.8 nm and the corresponding data for TiO,-NiO films is 1.61-1.77 at 550 nm
and 1.43-1.92 at 632.8 nm (see Table 2). The refractive index of TiO; films is lower than the
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characteristic value of 2.52 for anatase bulk titania, and this can be due to structural defects
and the presence of an amorphous phase [60]. The obtained results for the refractive index
are in an agreement with the reported refractive index of TiO, films, deposited by different
methods [59-62]. The composite films have smaller refractive index values than TiO, films
after annealing at 300 °C and 500 °C. The tendency is reversed for the samples treated at
the highest temperature.
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Figure 6. The extinction coefficient (k) of (a) TiO; and (b) TiO,-NiO films and the refractive index
(n) of (c) TiO, and (d) TiO,-NiO films, depending on the annealing temperature. The inserted figures
shows the k and n values in the visible spectral range 450-750 nm.

Table 2. The refractive index and porosity of sol-gel TiO, and TiO,-NiO films on glass substrate.

Tanneating (°C) n, A = 550 nm n, A = 632.8 nm Porosity [%]
300 1.85 1.95 55.8
TiO, 500 1.58 2.18 40.8
600 1.67 1.88 60.2
300 1.70 1.60 754
TiO,-NiO 500 1.61 143 83.5
600 1.77 191 58.2

XRD analysis determines that the composite films have lower crystallinity at an
annealing temperatures below 500 °C and the presence of the NiO fraction. After annealing
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at 600 °C, there is a mixture of several phases: anatase, rutile, NiO, and NiTiO3. The
refractive index of the amorphous material is smaller than that of the crystalline phase [63].
For NiO bulk, n = 2.1818 [63]. NiO films are reported to have a refractive index of 1.871 [63],
1.55-1.65 [64] and approximately 1.9 [60] at 550 nm. The refractive index of NiTiOj is
2.42 (at 632.8 nm) [65]. TiO,-NiO films have a higher refractive index than pure TiO, due
to the presence of the nickel titanate, rutile titania and nickel oxide crystalline phases.

The porosity of TiO, and TiO,-NiO films is estimated from the following equation [60]:

”2; 1) % 100 (%) (12)

o—1

Porosity = (1 —

where # is the calculated refractive index at a wavelength of 632.8 nm and 1, is the bulk
value 2.52. The obtained porosity results are given in Table 2.

The porosity of the composite films is higher for the samples treated at annealing
temperatures of 300 and 500 °C. The porosity values after annealing at 600 °C are closed
for TiO, and TiO,-NiO films. As the electrochromic process is associated with the double
injection (extraction) of ions and electrons to (from) the thin film structure, the porosity
can enhance this process. TiO, and TiO,-NiO films are transparent in the visible spectral
range. The annealing treatment at 600 °C causes a decrease in film transmittance. Higher
transparency is obtained for the sol-gel films treated at lower temperatures up to 500 °C.
The studied sol-gel films have optical properties suitable for electrochromic applications.

3.4. Electrochromic Investigation

Electrochromic characterization is performed by voltametric measurements. The
electrolyte used is 1 M LiClOy4 + PC. Different scan rates are applied. Figure 7 shows the
cyclic voltammograms (CVs) of the pure TiO, and mixed TiO,-NiO films treated at 300 °C.
Stability testing was performed for up to 1200 cycles at a scan rate of 10 mV/s. TiO; and
TiO,-NiO retained their electrochromic properties during testing.

1
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Figure 7. Cyclic voltametric curves of TiO, and TiO,-NiO films, recorded at scan rates of 10, 20 and
50 mV/s. The films are annealed at 300 °C for 1 h.

The diffusion coefficient (D) of Li* ions during intercalation and deintercalation is
calculated by using the Randles-Sevcik equation [66]:

ip =272 1075 x n¥2 x D'/% x ¢, x v!/2 (13)

where i), is the peak current density (A/ cm?), n is the number of electrons per reaction
species (it is 1 for Li*), C, is the concentration of active ions in the solution (mol/cm3),
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Optical modulation (%)

[\
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and v is the scan rate (V/s). The peak current density is determined from the CV curves
(Figure 7).

Table 3 presents the obtained results for the diffusion coefficient, Dy;, and for the
electrochromic characteristics: the optical modulation, AT, and the color efficiency, CE,
estimated for a wavelength of 600 nm.

Table 3. The peak current density, i, the diffusion coefficient, Dy;, the optical modulation, AT, and
the color efficiency, CE, of sol-gel TiO, and TiO,-NiO film at different scan rates, v. The films are
annealed at 300 °C/1 h. The electrochromic characteristics are estimated for A = 600 nm.

v (mV/s) ip (Alem?) Dy, (cm?/s) AT (%) CE (cm?/C)
10 0.27 9.85 x 10710 12.78 9.54
TiO, 20 0.44 13.08 x 10710 20.21 22.06
50 1.42 5450 x 10~10 13.20 13.59
10 0.03 0.12 x 1010 25.29 40.71
TiO,-NiO 20 0.05 0.17 x 10~10 31.23 52.17
50 0.09 0.22 x 10710 6.59 9.51

It was found that the peak current density is dependent on the scan rate as expected from
the Randles-Sevcik equation. A linear dependence of i, vs. v!/2 is determined, especially
for TiO,-NiO films. This is evidence for the chemically reversible redox process [67]. The
mixed oxide films have higher diffusion coefficients in respect to TiO, films. The diffusion
coefficients for Li* ions are reported to be in the range of 0.35 x 10719-2.46 x 10719 cm?/s
for the sol-gel TiO; films [68] and from 1 x 107! up to 4 x 107! em? /s for MOCVD TiO,
films [66].

The electrochromic characteristics are dependent on the scan rates. The highest optical
modulation (AT) and color efficiency (CE) are obtained at a scan rate of 20 mV/s. Based
on these results, other electrochemical experiments have been carried out at this scan rate.
TiO; films treated at 300, 400 and 500 °C have been electrochemically measured and their
electrochromic characteristics were estimated. Figure 8 presents the optical modulation
and the color efficiency values in the spectral range of 450-850 nm.

[N}
~
1

[\
()
1

—_
(o)
1

. [ T
1 TiOp 45 TiO; [ ] 100°C
I 300 °C 401
.\. 35 a
] ~¢ ]
[
[ )

50

304
254

Color Efficiency (cm2/C)

] ° 0 1 .
12 . / \ 400 °C 20 -
84 \.m ¢ '\ 151
im - ® 101
44 —n 5 1
4 0 -
O T T T T T T T T T T T T T T ISO(') (lj 0 ] |5()()'0 T T T T T T T T T T T T T T T
450 500 550 600 650 700 750 800 850 450 500 550 600 650 700 750 800 850
Wavelength (nm) Wavelength (nm)
(a) (b)

Figure 8. Electrochromic characteristics of sol-gel TiO; films annealed at 300, 400 and 500 °C, where
(a) presents the optical modulation and (b) color efficiency values.

The electrochromic characteristics significantly decreased for films annealed at higher
temperatures. After thermal treatment at 500 °C, the sol-gel TiO; films show very low
AT and CE, indicating that their electrochromic properties worsen. As shown above, the
optical transparency of the annealed film is also rapidly decreased (Figure 3).
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The optical modulation, AT, and the color efficiency, CE, of the mixed TiO,-NiO films
annealed at 300 °C are given in Figure 9 compared with the electrochromic characteristics
of the pure TiO; films.
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Figure 9. Comparison of (a) the optical modulation and (b) the color efficiency values of sol-gel TiO,
and TiO,-NiO films annealed at 300 °C.

The electrochromic properties of TiO,-NiO films are improved, especially for wave-
lengths of 550, 600 and 650 nm. This is encouraging as it is known that the human eye has
the highest sensitivity at a wavelength of 550 nm. For TiO,-NiO films, AT = 23.3 and 31.0%
and CE = 38 and 52 cm? /C for 550 and 600 nm, respectively. Other authors [69] claim that
the sprayed deposited NiO-TiO; films show optical modulation (from 48.5 to 27.5%) and
color efficiency (123-267 cm?/C at 600 nm) depending on Ni concentration. It must be
noted that the sprayed films are much thicker (over 350 nm).

The cyclic voltametric study of the sol-gel TiO,-NiO films annealed at 500 °C reveals
that the intercalation/deintercalation of Li* ions is accomplished, but there are only slight
changes in film transmittance, supposing that TiO,-NiO films annealed at this temperature
are optically passive.

Table 4 presents a comparison of the EC characteristics of the sol-gel deposited TiO,
and different mixed films from our previous works [70-72]. It can be clearly observed that
the mixed system of TiO,-NiO possesses the greatest electrochromic characteristics among
these investigated thin films.

Table 4. The optical modulation, AT, and the color efficiency, CE, of sol-gel TiO; and mixed TiO,
films. The films are annealed at 300 °C/1 h. The electrochromic characteristics are estimated for
A =600 nm.

AT (%) CE, (cm?/C) Reference

TiO, 20.21 22.06 This work

TiO,-NiO 31.23 52.17 This work
TiO,-MnO 19.80 32.30 [70]
TiO,-V, 05 - 483 [71]
TiO,-ZrO, 8.9 125 [72]

The possible reason for the improved electrochromic performance of TiO,-NiO films
is their amorphous-like and disordered structure compared to pure TiO,. The amorphous
disordered structure of metal oxide thin films favors the electrochromic effect. In the case
of the sol-gel TiO; and TiO,-NiO films, annealing is shown at the lower temperature
(300 °C), where crystallization begins in the presence of the amorphous fraction. The
electrochromic characteristics are better than those of well-crystallized samples. It is
known that the amorphous electrochromic materials are attractive due to higher atomic
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disorder and interstitial spacing. This microstructure may enhance electrochemical cyclic
durability [73,74]. For example, other authors [75] found that amorphous sol-gel TiO,
films have the optimum electrochromic properties. WOj is the most studied cathodic
electrochromic material and it has been proved that amorphous tungsten oxide favors ion
diffusion [9,76]. A recent study [77] reveals that amorphous/crystalline heterostructured
WO3 showed the best EC performance. Their explanation is that the amorphous phase in
the amorphous/crystalline heterostructure of the studied film is more loosely packed with
a randomly ordered atomic structure, resulting in faster Li ion diffusion and, respectively,
better EC properties. Other authors reported that the sol-gel-derived NiO films treated
at 300 °C exhibit optimum electrochromic behavior due to their small crystallite sizes and
they are more conducive to ion implantation [78]. In this study, it has been found that the
diffusion coefficients for Li* ions of mixed Ti-Ni oxide films are higher than those of TiO,
films. The better electrochromic properties of the composite films can also be influenced
by the porosity (see Table 2) and the presence of hydroxyl groups in the film structure
(see Figure 2). The hydroxyl ions and water play an important role in the electrochromic
mechanism [79]. It is observed that during Li* intercalation/deintercalation, the sol-gel
TiO; and TiO,-NiO films show only cathodic-type electrochromism. In the case of mixed
oxide films, the following reaction probably takes place [80], similarly to pure TiO; (1):

NiO-TiO, (bleached) + xLi*" +xe~ — Li,NiO-TiO, (colored) (14)

The structural, optical and electrochromic study of the sol-gel composite TiO,-NiO
is promising as there is an improvement in their properties compared to individual metal
oxide. Their enhanced electrochromic behavior was determined.

4. Conclusions

Electrochromic thin films of TiO; and TiO,-NiO were deposited on silicon, glass and
conductive glass substrates by the sol-gel dip coating method. The XRD study proves
that TiO, films crystallized in the anatase phase. The structure of the composite TiO,-NiO
films treated at lower annealing temperatures (400 and 500 °C) consisted of the anatase
phase, cubic NiO and a small amorphous fraction. After thermal treatment at 600 °C,
the appearance of the rhombohedral NiTiO3; phase in TiO,-NiO films is established along
with anatase, rutile TiO, and cubic NiO. FTIR investigation confirms the conclusion of
XRD analysis.

Optical characterization reveals that the film transparency of the composite films
deteriorates with an increase in the annealing temperature. The direct and indirect optical
band gaps of the sol-gel films are determined. The reduced optical band gaps of the mixed
Ti-Ni oxide films are associated with the presence of the rutile titania and the nickel titanate
fractions in their structure. The refractive index values are within the reported range
for TiO5.

The electrochromic characteristics of TiO,-NiO films are higher than those of pure
titanium dioxide films after low-temperature treatment at 300 °C. The color efficiency
values reach 38 (550 nm) and 52 cm?/C (600 nm) and the corresponding optical modulation
values reach 23.3 and 31.0%. The best EC characteristics of the sol-gel TiO,-NiO films
are determined in the spectral range 550-650 nm. Meanwhile pure TiO, films show their
best EC characteristics at wavelengths of 650 and 700 nm. The enhanced electrochromic
behavior is suggested to be due to NiO inclusion. The diffusion coefficients are estimated as
a function of the scan rates during cyclic voltametric measurements. This research confirms
that sol-gel TiO, and TiO,-NiO films have potential as electrochromic and optoelectronic
functional materials.
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