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Abstract: This paper proposes a new strategy for producing thin films of TiO2 with embedded gold
nanoparticles (TiO2/AuNP). One of the main tasks was the synthesis of a stable dispersion of TiO2

and gold nanoparticles in an aqueous solution of ethylene glycol, suitable for inkjet printing—ink
with complex gold nanoparticles (AuCNP ink). The AuCNP were synthesized by a reduction
from tetrachloroauric acid in the presence of TiO2 nanoparticles and ethylene glycol (EG). The final
formation of TiO2/AuNP films occurred during the annealing of AuCNP layers, inkjet printed on a
glass substrate. The TiO2/AuNP films demonstrate absorbance in the yellow-green range due to the
localized surface plasmon resonance (LSPR) and are promising for solar cell application.

Keywords: gold nanoparticles; inkjet printing; localized surface plasmon resonance; perovskite
solar cells

1. Introduction

Gold nanoparticles (AuNPs) have a large field of potential applications due to their
unique optical and electrical properties, different from their bulk form in many ways.
AuNPs have abundant applications in various branches of science, including medicine,
materials science, biology, chemistry, and physics [1,2]. Thin-film solar cells with a total
thickness of 1–2 µm are of great interest because of the variety of available methods
for manufacturing thin layers, the possibility of using different types of materials and
substrates, and the economy of materials. The weak point of all thin-film solar cells is
that they do not absorb as much light as the massive layer. Therefore, it is necessary to
develop methods for capturing light in the submicron layer to enhance the photocurrent
and improve the efficiency of the solar cell. One of the methods of light capture is based
on the introduction of metallic nanostructures in which LSPR can be excited. The metal
nanoparticles (NPs) scatter light, increasing the effective path length within a layer and
enhancing light absorption. In addition, hot electrons, induced by plasmons, can facilitate
electron transport entering the conduction band of electron transport material [3–5]. Au and
Ag metallic nanostructures are the most commonly used because they have good chemical
stability and plasmon resonance frequencies in the visible range [6]. It was demonstrated
that AuNPs improve device performance in thin-film solar cells of perovskite-type, organic,
dye-sensitized ones [6–9]. Therefore, the method of deposition of thin films of metal
oxide with embedded AuNPs, proposed in this work, is promising for thin-film solar
cells applications.

AuNPs of the desired size, shape and spatial arrangement are required for plasmonic
applications. Methods of deposition of AuNPs include spin-coating of NPs synthesized
with various chemical routes [3,6,10], sputtering [11,12], and lithographic techniques [13,14].
A promising method for introducing plasmonic structures into the architecture of an electric
generating cell is inkjet printing [15]. This method allows one to control the concentration
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of NPs in the layer. The introduction of NPs may be performed simultaneously with the
deposition of a dielectric matrix, which serves as a functional layer. AuNPs can be prepared
by several bottom-up liquid phase routes. One of the most popular methods is the chemical
reduction of the precursor salts by sodium citrate (Turkevich’s method [16,17]) or other
reducing agents, e.g., sodium borohydride [18,19]. After the completion of a chemical
reaction, contaminant inorganic salts and ions remain in the product and can be removed
only by precipitation and washing of synthesized nanoparticles. The need for multiple
purifications of the obtained NPs to ensure a required purity is a drawback for further
use in functional layers. Along with the citrate method, the so-called polyol process was
developed when polyalcohols were proposed as a class of compounds to produce metal
NPs, suitable for various applications such as inks and functional protective coatings. In
this process, polyol refers to a diol, such as EG and its derivatives [20]. Basically, a polyol
synthesis reduces a metal salt precursor by a polyol species and has certain advantages.
Due to the high boiling point of the reducing medium, the synthesis can be carried out
at a relatively high temperature. Metal particles are protected from oxidation when they
remain in the medium. The high viscosity of the medium and its ability to coordinate
metal precursors can minimize coalescence and promote a diffusion-controlled regime for
particle growth. All these conditions favor the production of size-controlled crystalline
particles. As a rule, the use of the polyol alone is not sufficient to control the size and
shape of the particles, so capping agents are added to obtain a desired distribution of
NPs. In the early works [21], spherical AuNPs were synthesized in EG in the presence
of polyvivnylpyrrolidone (PVP), which prevented aggregation of NPs. It was shown
that the size of the AuNPs might be controlled by varying the concentration of nonionic
surfactant Tween 80 (polyethylene glycol sorbitan monooleate) during the reduction of
tetrachloroauric acid by maltose [1]. Molecules of Tween 80 interacted with growing gold
nuclei, formed during the initial phase of the reduction process, and blocked their surface.
The formation of new nuclei was preferred over the further growth of the preformed ones.

An important class of materials, usually used as supported metal catalysts, includes
the NPs deposited/embedded onto a solid support. The support material is essential
in determining the catalytic behavior of supported AuNPs; both organic polymers and
inorganic materials got quite a lot of attention in the literature [22,23]. In a typical liquid-
phase synthesis procedure for metal oxide supported AuNPs, preformed metal oxide
particles are mixed with an aqueous solution of HAuCl4, and the necessary additives,
stirring is performed, followed by washing a suspension, drying, and calcining. Similar
methods have been used to deposit Au on oxide supports such as TiO2, Fe2O3, Al2O3, MgO,
and others [22,24,25]. Reduction of Au(III) to Au(0) presumably occurs in several stages. It
begins with the adsorption of gold chloride and gold chloro-hydroxy [Au(OH)4−xClx]−

complexes on a surface of metal oxide particles via electrostatic interaction or ligand
exchange. It was suggested [25,26] that the gold chloro-hydroxy species interact with
surface M–OH groups present at the oxide–water interface by the mechanism:

MOH + [Au(OH)4−xClx]− →MAu(OH)3−xClx−1 + H2O + Cl− (1)

where M is a metal, and the OH group is the result of the dissociative water chemisorption.
With some kind of reducing agent or by irradiation, the Au complex can be subsequently
reduced to Au clusters, agglomerating to AuNPs on the surface of the support oxide parti-
cles. It was demonstrated [26] that HAuCl4 reduced spontaneously in EG in the presence
of preformed ZnO nanoparticles at room temperature, without any additional stabilizers,
forming Au/ZnO nanostructures with a pronounced plasmonic band in the absorption
spectra. Considering the reaction (1), the authors [26] assumed that the electrostatic attrac-
tion between gold chloride (or chloro-hydroxyl complexes) and a positively charged ZnO
surface promoted close contact and chemical adsorption of gold precursors by replacing
one of the chloride ligands with a hydroxyl group on the ZnO surface. The reaction be-
tween Au and EG led to the reduction of Au(III) to Au(I) and eventually to Au(0). The
further agglomeration of Au(0) species resulted in the formation of Au NPs, which was
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confirmed by the appearance of a plasmon band in the absorption spectrum of the solution
of precursors. It was noticed that the plasmon band appeared only after the decay of the
absorbance of Au(III) species [26]. In the liquid-phase reduction method, the combination
of components and the order of their introduction into the reactor affects the size of Au
NPs and, accordingly, the catalytic activity of the obtained materials [27]. Typically, small
Au NPs (2–5 nm) have higher activity, and the catalytic performance is sensitive to the
preparation method and residual chloride content. The metal oxides supported reduction
is a recognized method for preparing catalysts, so the catalytic properties of Au/metal
oxide complex NPs are the most studied [28,29].

However, similar techniques can be used to synthesize NPs for other applications,
particularly for introducing them into thin layers by printing or spin coating to create
functional layers with LSPR properties. In this work, we aimed to develop a method
for synthesizing ink, that is, a stable dispersion of AuCNP in a liquid medium, to print
thin films based on TiO2 with embedded AuNPs. This ink may be further used for inkjet
printing without any additional operations. After deposition and annealing, thin TiO2
layers, including AuNPs surrounded with TiO2 (TiO2 with embedded gold nanoparticles,
TiO2/AuNP), may be manufactured. The interest in a method for synthesizing print-ready
inks is twofold. First, it can provide a direct synthesis of Au NPs with a functionalized
surface. Second, the kinetics of AuNPs growth should be determined by both the synthesis
and deposition conditions, that is, a degree of surface coverage during the deposition of a
layer and further heat treatment processes. We assume that this method of manufacturing
functional layers can find a wide range of applications, for example, in thin-film solar cells,
sensors, and molecular electronics.

2. Experimental Section

The TiO2 NPs (TNP) were synthesized with a sol-gel method, described in the Supple-
mentary Materials (SM), using titanium isopropoxide (Ti[OCH(CH3)2]4, 99.995%, Alfa Ae-
sar, Lancashire, UK), nitric acid (HNO3 70%, Daejung, Siheung-si, Korea) and isopropanol
(C3H8O Carlo Erba, Cornaredo, Italy). Ink with gold complex nanoparticles (AuCNP) was
synthesized from hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·3H2O 99.99%, Alfa
Aesar), ethylene glycol (Daejung), and surfactant Tween 80 (Sigma-Aldrich, Hamburg,
Germany). Bidistilled water (DI) (Milli-Q® IQ 7003, Merck, Darmstadt, Germany) was
used in all experimental procedures.

2.1. Preparation of AuCNP Ink

The ink presenting a dispersion of AuCNP and TNP in the mixture of EG and water
was prepared with a modified polyol method on TiO2 support [25]. The 0.125 g of TiO2 NPs
xerogel (see Supplementary Materials) was dissolved in 6 mL EG and 2 mL DI water. The
prepared colloid solution was heated till 150 ◦C in a flask immersed in an EG bath; vapors
were cooled in a jacketed double coil condenser (44 cm length) with circulating water at
15 ◦C and returned to the flask. The acid solution consisted of 0.0677 g HAuCl4·3H2O
mixed with 2 mL DI water and 1.2 µL Tween 80, which was quickly injected into the flask
with boiling TiO2 colloid. The mixture was boiled for 10 min under constant intensive
stirring (500 rpm) with a magnetic stirrer. Next, the resulting dispersion of AuCNP was
cooled to room temperature and stored at 8 ◦C in a lab refrigerator.

2.2. Printing Methods

Continuous AuCNP ink layers were deposited on 25 mm × 25 mm Soda Lime (Corn-
ing, Corning, NY, USA) glass substrates with Dimatix Materials printer DMP 2850 (Santa
Clara, CA, USA) with a 10 pL cartridge. The substrates were preliminary cleaned according
to the protocol, presented in Supplementary Materials, and treated for 2 min in RF plasma
(Plasma Cleaner, MTI Corporation, Richmond, CA, USA) in residual oxygen at air pressure
in the chamber at 200 mTorr, “High” mode for 2 min. Before filling a cartridge, the AuCNP
ink was filtered with a 0.22 µm filter (Jet Biofil, Guangzhou, China). The printing process
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was carried out with a jetting frequency of 5 kHz, and the voltage on the nozzles was
varied in the range of 19 to 25 V. The ink was printed on glass substrates with a drop
spacing of 40 µm in three layers. As the contact diameter of a single drop on glass was
about 80 µm, that is, larger than the drop spacing, jetted drops merged and formed a
continuous layer. After deposition, the samples presenting a continuous thin layer of ink
on glass substrate were sintered at 550 ◦C for 30 min with a continuous 10 sccm oxygen
flow (ALIMC-500 ccm, Alicat Scientific, Richmond, CA, USA) in the tube furnace KJ-T1200
(Zhengzhou Kejia Furnace Co., Ltd., Zhengzhou, China). Estimates carried out on the
assumption that all components of the ink had completely reacted and all AuNPs were
embedded in the TiO2 matrix after printing and annealing, give 23 wt% of the Au content
in the TiO2 matrix after film annealing.

2.3. Characterization Methods

Particle size and zeta potential values were measured using Lightsizer™ 500 instru-
ment (Anton Paar GmbH, Graz, Austria). All dispersions were diluted 1:30 with DI water.
Particle size measurements were performed by the dynamic light scattering (DLS) method
at 10 ◦C, the refractive index of a solvent was set as for water [30]. The stability of NPs
in dispersion was evaluated by the zeta potential using electrophoretic light scattering
(ELS) [31]. The ELS measurements were made at 25 ◦C with a maximum voltage of 200 V.
The rheological and physical properties were evaluated to determine the ink printability.
The viscosity of the AuCNP ink was evaluated with a DVE viscometer (Ametek Brookfield,
Middleborough, MA, USA) at 100 rpm of spindle S18. A Sigma Attension 703D tensiometer
(Biolin Scientific, Gothenburg, Sweden) was used for the surface tension measurements by
Du Nouy’s method. The density of the AuCNP dispersion was calculated from mass and
volume measurements with a pycnometer 10 mL. All measurements were completed at the
same conditions at 25 ◦C.

Measurements of acidity/basicity of ink solutions with and without adding HAuCl4—
pH and oxidation rate reaction (ORP)—were carried out with a Multi parameter Analyzer
DZB-712 (INESA Scientific Instrument, Shanghai, China) at room temperature.

The contact angle was measured with optical microscope MXB 5000REZ (Hirox Co.,
Tokyo, Japan), for a 5 µL droplet placed on a glass substrate, cleaned the same way as for
printing. Measurements were made for three solutions: EG:H2O 3:2 (liquid base of the ink),
TiO2 colloidal NPs in the liquid base, and AuCNP ink.

Thermal decomposition and compounds scans experiments were performed with
a thermogravimetric analysis (TGA) (Pyris 1, PerkinElmer, Waltham, MA, USA). TGA
measurements were carried out in the temperature range from 35 to 600 ◦C, at a heating
rate of 10 ◦C/min, and a gas flow (N2) of 20 mL/min.

The morphology of AuCNP ink films was studied with a TESCAN MAIA3 (Brno,
Czech Republic) scanning electron microscope in SEM and scanning transmission electron
microscopy (STEM) mode. The crystalline structure of the films was determined with an
XRD Rigaku SmartLab SE (Rigaku, Tokyo, Japan) diffractometer with a CuKα source. The
size distribution of AuNP embedded in the TiO2 matrix was evaluated by analysis of SEM
images with ImageJ (version V 1.53, 2021, University of Wisconsin, Madison, WI, USA)
software using a modified “Particle size” plugin. The absorbance of the films was measured
with a spectrophotometer UV-Vis GENESYS 10 (Thermo Scientific, Waltham, MA, USA)
in the wavelength interval from 400 to 800 nm. The Raman spectra were recorded with
Enspectr R532 (Enhanced Spectrometry Inc., Meridian, ID, USA) in a scanning range of
160–1600 cm−1.

3. Results and Discussion
3.1. Characterization of the AuCNP Ink

The synthesized dispersion of AuCNP, including inorganic and organic species, was
stable and repeatable. To study the composition of the dispersion, five types of solutions
were prepared, described below, and their parameters were measured and compared:
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• N1—The solution of EG/H2O 3:2 by volume, that is the ink’s base liquid components.
• N2—The colloid solution of TNP in EG/H2O 3:2 without adding HAuCl4.
• N3—The AuCNP precursor, which is the mixture of all ink components without

heating and boiling, with stirring only.
• N4—The water AuCNP ink without EG.
• N5—The AuCNP ink.

The detailed description of the samples N1–N5 is presented in Supplementary Materi-
als (see Figure S1).

The mean hydrodynamic diameter (HDD) of particles, measured with “Lightsizer™
500”, for N3, N4, and N5 dispersions, is presented in Figure 1A. Immediately after the
synthesis, the HDD of AuCNP ink (N5) was about 270 nm with a relatively wide size
distribution. Unlike the N5 ink, the scattering plots from the N4 and N3 dispersions
include two maxima, indicating the presence of two groups of particles of different sizes
in the solutions. The first group with an average diameter of 40 nm corresponds to TNP
(see Figure S2), and the other (370 nm) to AuCNP. Therefore, adding EG and heating and
boiling the ink precursor is necessary for forming the homogeneous AuCNP dispersion.

Figure 1. (A)—Particle size distribution and (B)—zeta potential of colloidal AuCNP obtained by DLS and ELS, respectively,
ink precursor—black curves, AuCNP ink—red curves, and AuCNP ink without EG—blue curves.

The values of zeta potential and pH of the N2–N5 dispersions are presented in
Figure 1B and Table 1, correspondingly. Let us pay attention to the fact that the pH
for all these dispersions is acidic (see Table 1) since they are based on the N2 dispersion.
The zeta potentials of the samples N2, N3, and N5 differ insignificantly and are close to
30 mV, which, according to [31], corresponds to dispersions with optimal stability, whereas
the zeta potential of the N4 dispersion is much less and equals 5.8 mV, which is one of
the reasons for its instability. Indeed, visible precipitation of the N4 dispersion occurred
within an hour after preparation, while the N2 and N5 dispersions remained stable even
after several months. This fact indicates the decisive role of EG in the formation of stable
AuCNP ink. We supposed that the particles with a size range from 250 to 400 nm are an
agglomerate of TiO2 NPs, nascent Au clusters, ionic species of HAuCl4 decomposition, and
EG molecules (AuCNP) [25–27,32–35].



Coatings 2021, 11, 1525 6 of 16

Table 1. pH and zeta potential values.

Sample Composition pH, ±0.01% Zeta Potential, mV

N2 TiO2 colloid 0.45 30.0 ± 0.3

N3 Ink precursor 1.04 37.4 ± 1.0

N4 AuCNP without EG 1.94 5.8 ± 0.3

N5 AuCNP ink 0.62 31.4 ± 0.3

The Raman spectra of the N1, N2, and N5 dispersions are presented in Figure 2. Recall
here that the N5 is the final AuCNP ink, the N2 is the TNP (colloid solution of TiO2 NPs in
EG/H2O 3:2), and the N1 is the solution of EG/H2O 3:2 by volume, which is the liquid
base for both N5 and N2. The Raman lines at 348, 481, and 525 cm−1 present in the spectra
for all dispersions were assigned to a C–C–O torsional and bending modes in EG [36].

Figure 2. The Raman spectra of the N1, N2, and N5 dispersions.

Comparative analysis of the presented Raman spectra revealed two characteristic
features. The first is the presence of bands at 324 and 348 cm−1 in the spectrum of N5, which
correspond to the stretching of Au–Cl in [AuCl4]−, indicating the presence of these species
in the AuCNP ink even after heating and boiling [32]. It should be emphasized here that the
348 cm−1 peak is also present in the Raman scattering spectrum of EG. However, for the N5
dispersion, this peak is more intense than for N1 and N2 since it is a superposition of the
corresponding EG and Au–Cl peaks. Thus, this suggests that during the synthesis of the
ink, some of the gold remains unreduced. In the N5 spectrum, the absence of peaks in the
range of 560–580 cm−1, related to the stretching vibrations of Au–OH, is consistent with the
chloro-hydroxyl compounds of gold identified in solutions containing gold(III) chloride at
low pH [32,33]. Note that the isoelectric point (IEP) of the support is of great importance in
the metal-oxide-assisted reduction of Au NPs. When the pH of the solution is higher than
its IEP, the adsorption of cations on the surface of the support particles occurs; otherwise,
anions are adsorbed [34]. The IEP of TiO2 is 6.0, and the pH values of both N5 and N2
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dispersions are less than 1 (see Table 1); therefore, it is quite possible that the formation of
a surface gold complex is initiated by the [AuCl4]− anion adsorption on the TiO2 surface.
The other feature is the presence of peaks at 398 and 637 cm−1 in the N2 spectrum, which
are characteristic of the TiO2 anatase phase [35], and a significant reduction in the intensity
of these peaks in the N5 dispersion. This fact is one more evidence of TNP participation in
the formation of AuCNP agglomerates.

For ink, in addition to the characteristics of suspension, surface tension and viscosity
are important parameters. Surface tension, viscosity, and density of the dispersion are
the basic properties defining the formation and behavior of liquid jets and drops. The
combination of these parameters, expressed by the dimensionless Ohnesorge number, is
usually used for evaluating the printability of ink:

Oh =
1
Z

=
η√
γρd

(2)

where η is the fluid’s viscosity, γ—surface tension, ρ—density, and d—the characteristic
dimension (diameter of the jet nozzle or drop). The rheological properties of the ink are
presented in Table 2. The Z parameter for the reciprocal Ohnesorge number defines the
range over which liquids can be printed as 10 > Z > 1 [37–39]. d is the size of the silicon
nozzle and is approximately 21.5 µm. It can be concluded (see Table 2) that the rheological
properties of the AuCNP ink are in a stable range for printing.

Table 2. Rheology parameters of the synthesized AuCNP ink.

Sample Composition Viscosity, cP,
±0.2

Surface Tension,
N/m, ±0.5

Density, g/cm3,
±0.05

Z,
±0.1

Contact
Angles, ◦, ±0.5

N1 EG/H2O 3:2 4.9 54.2 1.10 7.30 13.9

N2 TNP 5.2 53.4 1.11 6.87 16.7

N5 AuCNP ink 9.7 52.8 1.11 3.60 18.3

Besides the rheological properties, the wettability is also critical for the formation
of a uniform layer. The contact angle measurements presented in Table 2 show that the
contact angles of the TNP and AuCNP inks are only slightly larger than for the EG/H2O
solution, and in all cases, are less than 20◦. Consequently, TNP and AuCNP dispersions
perfectly spread over the surface of the glass substrate, which contributes to the formation
of uniform continuous layers.

In addition to the dispersion characteristics and the methods and modes of deposition
of layers, the determining factor for forming homogeneous uniform films is the procedure of
their temperature treatment (drying and annealing). In order to correctly set the parameters
of the temperature treatment of the layers and reveal the process of the film formation, a
TG analysis of dispersions N1, N3, and N5 was carried out. The TG and DTG data are
presented in Figure 3A,B, respectively.
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Figure 3. (A) The data of TG analysis: the gray insertion demonstrates the peculiarities of the high-
temperature tails. (B) The data of DTG analysis: the green arrows point to the hidden features in
TG data.
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The thermogravimetric (TG) and differential thermogravimetric (DTG) analyses show
thermal mass loss and its rate during thermal decomposition. For all samples, the interval
of 30–200 ◦C corresponds to the continuous mass loss due to the evaporation of water, EG,
and other volatile components. The mass lost for the N1 sample was 99.7% which means
that all the EG/H2O solution was evaporated during the heat treatment. For dispersions
N3 and N5, the mass loss during the TG analysis was 98.05% and 97.94%, respectively.
Consequently, about 2% of solid sediments remained after the heat treatment of each of
the dispersions (see gray insertion in Figure 3A). These values are positively correlated
with the theoretical estimate (1.76 wt%) of the NPs mass contained in the AuNCP ink. The
displacement of the evaporation point for dispersions N3 and N5 to higher temperatures
than N1 and the presence of inflections in the temperature range of 300 and 500 ◦C is
due to the presence of solid nanoscale formations, from which the removal of volatile
components requires more energy. The DTG analysis revealed several temperature regions
at temperatures about 65, 100, 130, and 195 ◦C, which are highlighted with green circles
in Figure 3B, and are associated with the predominance and overlap of the evaporation
processes of various volatile components, the reduction of AuNP, and the formation of
AuCNP in the N3 and N5 dispersions. These temperatures were considered for developing
the film annealing regime presented in Figure 4.

Figure 4. The annealing thermogram for the AuCNP ink.

Based on the ongoing processes, the presented thermogram can be divided into four
ranges. In the temperature range from 30 to 100 ◦C, including 10 min stabilization shelves
at 65 and 100 ◦C, the process of water evaporation prevails. In the second temperature
range (from 100 to 195 ◦C) with stabilization shelves at 130 and 195 ◦C, the evaporation
of EG/H2O solution and other volatile composites occurs, and the TiO2-supported Au
reduction processes continues. In the third temperature range (from 195 to 550 ◦C with
a 30 min shelf at 550 ◦C), the final removal of volatile residues and the formation and
annealing of the TiO2 matrix with embedded AuNPs is completed. Note that the entire
temperature treatment process of the films was carried out with continuous blowing of
the furnace chamber with dry air at a flow rate of 10 sccm. The heating rate was 1 ◦C/min
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from 30 to 250 ◦C, then it was increased fivefold for the range of 250 to 500 ◦C and finally
maintained at 2 ◦C/min at temperatures from 500 to 550 ◦C. The cooling rate was 5 ◦C/min.

In order to elucidate the morphology and size of the particles in the ink, as well as the
particles forming on a substrate during drying and annealing, the AuCNP ink was dripped
on Cu grids and treated at different temperatures. The STEM images of drops of ink on
copper grids after different treatments, i.e., dried at room temperature, heated to 200 ◦C,
and annealed at 550 ◦C, are presented in Figure 5. We emphasize that the temperature
treatment of the samples was carried out in the same furnace, under the same blowdown
modes, and according to the corresponding stages shown in the thermogram (Figure 4).

Figure 5. STEM images of the AuCNP evolution in the process of different thermal treatments: (A)—drying at room
temperature, (B)—200 ◦C heating, (C)—annealing at 550 ◦C.

The diameter of AuCNPs dried at room temperature (Figure 5A), is in the range
obtained from the DLS measurements. Their shape was not spherical but more like a drop
spreading over a surface. Moreover, it can be seen that the adsorption contrast of the inner
parts of AuCNP particles is not uniform, so they actually look like merged, smaller NPs.
After heating at 200 ◦C and evaporation of EG/H2O (Figure 5B), there was no significant
change in the diameter of the AuCNPs. In this case, we registered bright scattered signals
over all the surfaces of the particles, which look like an inhomogeneous 2D agglomerate
of smaller AuNPs. During the annealing at 550 ◦C (Figure 5C), the agglomerated NPs
merged and formed globular AuCNPs with an average diameter of about 100 nm. In all
three images, the AuNPs are embedded in a TiO2 film, the lower absorption contrast of
which, in comparison with the AuNPs, causes its darker display on STEM images. During
the subsequent heat treatment, volatile components are removed, and the film becomes
more compact and thinner, and, as a result, its signal (Figure 5C) becomes more intense.

3.2. Characterization of TiO2/AuNP Films

Three layers of AuCNP ink sequentially, one on top of the other, were inkjet printed
onto a glass substrate. After the printing of each layer, it was dried for two minutes
at room temperature. Then, this composite layer was temperature treated according to
the thermogram (Figure 4) to form a TiO2/AuNP film with a thickness of 120 nm (see
Figure S3). The thickness of the films was estimated from the cross-sectionional SEM data
(see Figure S4).

The XRD analysis of the TiO2/AuNP films is presented in Figure 6. The synthesized
coatings were continuous homogeneous transparent polycrystalline films.
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Figure 6. XRD pattern from TiO2/AuNP film inkjet printed with 7-day-aged ink on a glass substrate
and annealed at 550 ◦C. The black line is the raw X-ray data. The red line is the fitted data as a result
of the peak deconvolution analysis. The blue, green, pink, and orange lines present the peaks that
belong to Ti10O18, Anatase, TiO2, and Au (Fm3m) phases, respectively.

A pronounced halo in the low-angle region and a peak at the position 2θ = 25◦371′

correspond to a superposition of diffraction reflections from three phases of titanium
oxide: Ti10O18, TiO2, and anatase constituting 21, 75, and 4% of the matrix, respectively.
The Ti10O18 and TiO2 phases are ultradisperse with a coherent scattering region (CSR)
of 6 Å and 12 Å, respectively, the CSR of the anatase phase is 50 Å. Sharp, well-defined
peaks in the diffractogram correspond, in angular positions, to the fcc gold phase. The
CSR of this phase is 127 Å. Thus, according to the X-ray diffraction analysis data, the
TiO2/AuNP film consists of three TiO2 phases, two of which are ultradisperse, and the fcc
phase of AuNP. The aging stability of the ink and, as a consequence, the reproducibility
of the printed films is the cornerstone of their applicability. The XRD analysis did not
reveal a significant difference in the films printed with 1-, 2-, and 7-day-aged inks. The
corresponding diffractograms are presented in Figure 7.

A full-profile analysis of the 7 day diffractogram is shown above in Figure 6. Note
that the positions, shapes, and intensities of both the TiO2 halo and the gold peaks did
not change with the aging of the ink. More informative in this regard were the results of
SEM studies of the morphology of TiO2/AuNP films. The SEM images of the surface of
TiO2/AuNP films printed with 1-, 2-, 7-, 10-, and 19-day-aged inks and labeled D1, D2, D7,
D10, and D19, respectively, are shown in Figure 8. It has been found that the age of the
AuCNP ink, meaning how many days have passed since the ink was prepared, is a critical
parameter affecting the AuNP size distribution in the TiO2/AuNP films.
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Figure 7. The XRD data of TiO2/AuNP films printed with 1-, 2-, and 7-day-aged AuCNP inks.

The agglomerates of AuNPs with mean sizes of 80 and 40 nm and a standard deviation
(SD) of 30 nm were detected in the D1 and D2 films, respectively. Aging of the ink
within seven days of preparation or more led to a significant decrease in the SD and an
improvement of the AuNPs size distribution in the TiO2/AuNP films. The AuNP particles
with mean sizes of 63, 29, and 33 nm with a SD of 15 nm were revealed in the films D7, D10,
and D19, respectively. We emphasize that, within the measurement error, the mean sizes
of AuNPs particles in TiO2/AuNP films printed with 10 and 19 day ink did not change
and, on average, were equal to 30 nm. The size distribution and SD of the AuNP in the
TiO2/AuNP films for the inks at the different storage time, restored from the corresponding
SEM images, are presented in Figure 8. Importantly, note that regular monitoring of ink
during storage and immediately before printing did not reveal sedimentation processes in
them. The HDD of AuCNP particles in dispersion did not change, and the ink remained
stable even four months after synthesis (see Supplementary Materials, Figure S5).

The absorption spectra of the TiO2 and TiO2/AuNP films printed with TNP dispersion
and 10-day-aged inks, respectively, and spherical-shaped AuNPs in water (W/AuNP) [40]
are shown in Figure 9. The absorption at 571 nm in TiO2/AuNP film and 543 nm in
W/AuNP are explained by localized surface plasmon resonance (LSPR) of AuNPs.
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Figure 8. SEM images of the TiO2/AuNP films printed with the inks of different day-age and the day-age dependence of
the size distribution of AuNPs in these films. The bars in the plot correspond to the standard deviation of the size. D1, D2,
D7, D10 and D19 on subfigures correspond to 1-, 2-, 7-, 10-, and 19-day-aged inks.
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Figure 9. Normalized absorbance spectra of TiO2, D10 TiO2/AuNP ink-jet printed films, and 40 nm
AuNPs dispersed in water [40].

The peak position of plasmonic absorption is sensitive to the size of AuNPs and the
surrounding dielectric environment [41,42]. The average diameter of the AuNPs in the D10
TiO2/AuNP film is 29 nm (see the plot in Figure 8); however, the corresponding plasmon
absorption peak is shifted to the red region, relative to the one of the W/AuNP dispersion,
the average particle size of which is 40 nm. This shift is caused by the fact that AuNPs in
D10 TiO2/AuNP films are surrounded by the TiO2 matrix, whose dielectric constant [43]
is higher than that of water. The AuNPs are embedded in the TiO2 matrix and cause the
LSPR absorption of light by the TiO2/AuNP films in the yellow-green wavelength range.
Moreover, by varying the AuNP size, shape, and dielectric environment, this range can be
tuned to improve SC absorption.

4. Conclusions

A new strategy for depositing thin TiO2 films with embedded AuNPs for SC applica-
tions was proposed. The films were inkjet printed with AuCNP ink on glass substrates. The
method of polyol synthesis of gold nanoparticles on a metal oxide support was modified
and optimized to produce the AuCNP ink, which is a dispersion of AuCNP and TNP
in the mixture of EG and water. Despite the ink stability, it was revealed, that the ink
age factor was critical for the AuNPs size distribution in the TiO2 matrix. In order to
obtain the AuNP imbedded in TiO2/AuNP film with a mean size of 30 nm and minimal
standard deviation, it was necessary to store the ink for at least 10 days after the synthesis.
The TiO2/AuNP films demonstrated a LSPR absorption in the yellow-green wavelength
range. The proposed strategy opens up new possibilities for modifying the architecture
of perovskite solar cells by introducing LSPR structures. That is a promising approach to
increase the efficiency of photovoltaic devices.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/coatings11121525/s1, Figure S1: The images of the samples N1, N2, N3, and N5, Figure S2:
Particle size distribution of colloidal TNP obtained by DLS, Figure S3: The image of the TiO2/AuNP
film ink-jet printed with 10-day-aged AuCNP ink on a glass substrate, Figure S4: The SEM images
of the cross-section of the TiO2/AuNP film, Figure S5: The day-age dependence of the AuCNP
nanoparticles’ HDD. The bars on the plot correspond to standard deviation. Reference [44] is cited in
the supplementary materials.
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