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Photoactive nanomaterials exhibit myriad customized properties, including a photon
converting ability, specific surface area, physicochemical stability, and chemical reactivity,
making them appealing for a wide range of practical applications. Photoactive nanomateri-
als can convert photon to photon (photoluminescence) [1], heat (photothermal effect) [2],
and separated charged carriers (photocatalytic reaction, photovoltaic effect) [3], which is
very important for the manipulation of light and the utilization of solar energy. This Special
Issue collates eleven papers, including nine research articles and two review articles, on
recent research progress in emerging photoluminescent (PL), photothermal, and photocat-
alytic nanomaterials, and their applications in optoelectronics and energy conversion.

The photoluminescent materials investigated include crystalline tris(8-hydroxyquino-
line) aluminum (Alq3) micro-rods (MRs), Fe?*-doped CsPb(ClyBr; )3 nanocrystals (NCs),
organosilica films, and Tm3*-doped SiO,~HfO, [4-7]. Kim et al. fabricated hybrid Alq3/Ag
structures using a self-assembly method under a mixed solution of protic and aprotic polar
solvents [4]. An evident PL enhancement of approximately 26 times was obtained due to the
localized surface plasmon resonance (LSPR) effects between crystalline Alq3 MRs and Ag
nanowires. Rasadujjaman et al. revealed that the PL of organosilica films mainly originates
from the carbon-containing components rather than the oxygen-deficient centers [5]. They
showed that the PL intensity could be improved by increasing the porosity and internal
surface area. Wu et al. prepared Fe?*-doped CsPb(ClBr;_,)3 NCs using a hot injection
method [6]. Since the defect density was reduced by the Fe** doping, the full width at
half maximums declined, while PL quantum yields (QYs) and photostability increased.
Zulfikri et al. deposited Tm**-doped SiO,~-HfO, in the form of nanofibers (NFs) and
thin films (TFs) on a single substrate using the electrospinning and dip-coating methods,
respectively [7]. Compared with single-layered NF and TF structures, the composites
showed an about tenfold improvement in PL intensity. These articles reported the PL
enhancement of different nanomaterials via various approaches, which will not only
promote the applications of these PL materials, but also inspire the development of the PL
modulation method.

Two review articles presented content related to photothermal nanomaterials [8,9].
Thermochromic smart windows that can actively regulate solar radiation according to the
ambient temperature have important application prospects in the field of lower energy
consumption buildings. Both photothermal effects and electrothermal effects can induce
the thermochromic process. Thus, a large number of pioneering investigations have been
conducted to change the optical performance of smart windows based on photothermal or
electrothermal effects at room temperature. Recent advances in photo- and electro-driven
thermochromic smart windows are summarized in these two review articles.

Another main contribution comes in the field of photocatalytic nanomaterials.
Meng et al. fabricated black 3D-TiO; nanotube arrays on Ti meshes using a facile elec-
trochemical reduction method [10]. The black 3D-TiO, nanotube arrays attained a max-
imal photocurrent density of 1.6 mA/cm? at 0.22 V vs. Ag/AgCl with a Faradic effi-
ciency of 100%, resulting in an enhanced photoelectrochemical water-splitting performance.
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Guan et al. prepared molybdenum-doped thin ZnIn,S4-containing S vacancies (Mo-doped
Sv-Znln,Sy) via a one-pot solvothermal method [11]. The cooperation of Mo doping and
S vacancies enhanced light absorption and facilitated the separation of the electron-hole,
while also providing active sites. Thus, the Mo-doped Sv-ZnIn;S; exhibited a high hydro-
gen evolution rate of 5739 umol g~! h~! with a high apparent quantum yield of 21.24%
at 420 nm. Boaretti et al. explored the effects of combinations of different advanced oxi-
dation processes on the degradation of formaldehyde at a low concentration [12]. They
demonstrated that ultrasound treatment improved the kinetics, producing a final abate-
ment of formaldehyde and breaking the bottleneck of photocatalysis. Santis et al. prepared
2D-5nSe; nanoflakes by using solvent-assisted sonication, and then embedded them in
ordered mesoporous titania thin films [13]. The heterostructures formed between SnSe;
and nanocrystalline anatase titania resulted in enhanced photocatalytic activity, which was
used to remove fingerprints from the surface of smartphones, tablets, and computers. These
articles reported highly efficient photocatalysts for water splitting, wastewater treatment,
and anti-fingerprint purposes, which are significant for clean energy development and
environmental protection.

In summary, photoactive nanomaterials, encompassing various applications, have
attracted enormous research interest. This Special Issue mainly covers the applications of
photoactive nanomaterials in photoluminescence, thermochromic smart windows, photo-
catalytic water splitting, photocatalytic degradation, and functional coatings. We hope that
the contributions to this Special Issue enable readers to gain more insight into the recent
advances in this area, and also provide helpful guidance for the future development of
photoactive nanomaterials.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Black 3D-TiO, nanotube arrays are successfully fabricated on the Ti meshes through a
facile electrochemical reduction method. The optimized black 3D-TiO, nanotubes arrays yield a
maximal photocurrent density of 1.6 mA/cm? at 0.22 V vs. Ag/AgCl with Faradic efficiency of 100%,
which is about four times larger than that of the pristine 3D-TiO, NTAs (0.4 mA/ cm?). Such boosted
PEC water splitting activity primarily originates from the introduction of the oxygen vacancies,
which results in the bandgap shrinkage of the 3D-TiO, NTAs, boosting the utilization efficiency
of visible light including the incident, reflected and/or refracted visible light captured by the 3D
configuration. Moreover, the oxygen vacancies (Ti**) can work as electron donors, which leads
to the enhanced electronic conductivity and upward shift of the Fermi energy level, and thereby
facilitating the transfer and separation of the photogenerated charge carrier at the semiconductor-
electrolyte interface. This work offers a new opportunity to promote the PEC water splitting activity
of TiO;-based photoelectrodes.

Keywords: 3D-TiO, nanotube arrays; electrochemical reduction; oxygen vacancies; photoelectrochemical
water splitting

1. Introduction

Photoelectrochemical (PEC) water splitting technology capable of directly converting
and storing the abundant solar energy into energy-dense hydrogen fuel has emerged as a
promising strategy to alleviate the worsening energy crisis and environmental issues [1-9].
To achieve the practical application of this technology, the fabrication of stable and efficient
photoelectrodes are desperately needed [10-17]. Three-dimensional TiO, nanotube arrays
(3D-TiO, NTAs) formed on Ti mesh have been recognized as a competitive candidate in the
design and fabrication of a photoanode for PEC water splitting owing to its larger internal
and external surface areas, efficient charge separation and transportation features, and
optimal adhesion with Ti mesh [18-28]. More importantly, the 3D-TiO; NTAs on Ti mesh
exhibits significant improvement in the utilization efficiency of Ti source compared to the
2D-TiO; nanotube arrays formed on Ti foil [18,20,28]. Besides, the radial nature of 3D-TiO,
NTAs endows it with capability of harvesting the incident, reflected and/or refracted
ultraviolet and visible light from any direction surrounding the Ti wire, rendering a higher
PEC water splitting activity to be achieved [18,20,29]. However, its PEC performances are
still inhibited by the large bandgap (3.2 eV), which results in the photoexcited electron
and hole not being produced by the visible light harvested by the 3D NTAs [30-37]. In
addition, 3D-TiO, NTAs also suffer from poor electrical conductivity, and the bulk and
surface recombination of photogenerated charge carriers, both of which are detrimental
to the PEC water splitting activity [37—41]. Consequently, seeking an efficient strategy to
boost the utilization of visible light and the electrical conductivity is vitally crucial.
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Lately, the introduction of the oxygen vacancies (O-vacancies) has been demon-
strated as an effective tactic to steer the optical and electronic characteristics of the metal
oxide [41-44]. As illustrated by many research groups, the introduction of the O-vacancies
can enable the Fermi energy level to shift toward the conduction band, which leads to
the shrinkage of the bandgap, thus promoting the utilization efficiency of the visible
light [31,41-44]. In addition, the presence of O-vacancies can also increase the electrical
conductivity due to the high donor density, which facilitates the separation and transport
of photogenerated charge carriers [31,38,39,44]. Accordingly, it is anticipated that rational
introduction of the O-vacancies in 3D-TiO, NTAs may be a promising route to tackle
the two abovementioned drawbacks. Unfortunately, the reported available strategies to
produce O-vacancies generally involve the harsh experimental conditions or high-cost
facilities, which are not suitable for the largescale practical application [31,38,39,44]. Hence,
exploiting a simple and economical method to introduce O-vacancies into metal oxide still
requires more endeavors.

Recently, an electrochemical reductive doping process has proved to be a simple and
cost-effective route to introduce O-vacancies into the TiO, NTAs [44-48]. Under an external
electric field, the Ti** is reduced to Ti®*, which leads to the generation of O-vacancies.
Three different reduction electrolytes have been utilized, including acidic (H2SO4), neutral
(NazSOy), and alkaline (KOH) aqueous solution [44—49]. It is found that the alkaline
electrolytes are more favorable to the introduction of O-vacancies because of the occurrence
of a gas-forming side reaction during reduction in acidic solution [47,49]. Nevertheless,
the existing research mainly focused on electrochemical reduction in acidic and neutral
aqueous solution. As such, electrochemical reduction in alkaline aqueous solution have not
been comprehensively understood. For example, the fundamental questions are whether
alkaline aqueous solution is general or just for KOH, which remains unclear so far.

Herein, black 3D-TiO,; NTAs with substantial O-vacancies were prepared via a simple
electrochemical reduction in NaOH solution, where the 3D-TiO, NTAs were reduced by
cathodic polarization for 15 min. As expected, the optimally reduced 3D-TiO, NTAs
generated a photocurrent density of 1.6 mA/cm? at 0.22 V vs. Ag/AgCl with Faradic
efficiency of 100%, nearly four times higher than that of the pristine 3D-TiO, NTAs. Such
boosted PEC water splitting activity primarily originates from the introduction of the O-
vacancies, which results in bandgap shrinkage of the 3D-TiO, NTAs, boosting the utilization
efficiency of visible light including the incident, reflected and/or refracted visible light
captured by the 3D configuration. Moreover, the O-vacancies (Ti®*) can work as electron
donors, which leads to enhanced electronic conductivity and upward shift of the Fermi
level, thereby facilitating the transfer and separation of the photogenerated charge carrier
at the semiconductor-electrolyte interface. This work offers a new opportunity to promote
the PEC water splitting activity of TiO,-based photoelectrodes.

2. Materials and Methods
2.1. Preparation of the 3D-TiOy NTAs

The 3D-TiO; NTAs were fabricated by the electrochemical anodization of Ti meshes.
Briefly, anodization was performed via a conventional two-electrode system, with clean
Ti mesh (Alfa Aesar (China) Chemical Co. Ltd, Shanghang, China, 80-mesh) with size
of 1.5 cm X 1 cm as the anode and Pt mesh as the cathode, respectively. The electrolytes
solution was prepared by dissolving 0.3 wt% NH4F and 2 vol% DI H,O in ethylene glycol.
The Ti mesh was anodized by 60 V for 1 h. After anodization, the as-prepared 3D-TiO,
NTAs were thoroughly rinsed with ethanol and DI H,O, respectively, and then were
annealed in air at 400 °C for 2 h (denoted as pristine 3D-TiO, NTAs).

2.2. Electrochemical Reduction of the 3D-TiOy NTAs

The electrochemical reduction was conducted in a conventional three-electrode sys-
tem. The as-prepared 3D-TiO, NTAs, Ag/AgCl (3 mol L-1 KClI-filled) and Pt mesh were
employed as the working, reference, and counter electrode, respectively. NaOH aque-
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ous solution (1 M, pH = 13.6) was utilized as electrolyte. The electrochemical reduction
bias of —1.2, —1.3 and —1.4 (vs. Ag/AgCl) were used, and the corresponding photoelec-
trodes are denoted as ECR-3D-TiO, NTAs—x, where x = 1.2, 1.3 and 1.4 V. The time of the
electrochemical reduction was 15 min.

2.3. Characterization

Morphologies, microstructures and crystal structures of the as-prepared samples were
characterized by field-emission scanning electron microscopy (FE-SEM, 54800, Hitachi Ltd.,
Tokyo, Japan), field-emission transmission electron microscopy (FE-TEM, JEM-2100, JEOL
Ltd., Tokyo, Japan) and X-ray powder diffractometry (XRD, Xpert, Philips, Amsterdam,
The Netherlands). The diffuse reflectance spectra were measured by a VARIAN Cary5000
spectrophotometer (Varian, CA, USA). The X-ray photoelectron spectroscopy (XPS) data
were collected by the PHI 5000 Versaprobe (Ulvac-Phi, Kanagawa, Japan).

2.4. Photoelectrochemical Measurements

The PEC tests were conducted in a three-electrode configuration connected to a CHI
660E electrochemical workstation (CH Instrument, Chenhua Ltd., Shanghai, China), with
the pristine and ECR-3D-TiO, NTAs with an exposed area of 1 cm?, Ag/AgCl (3 mol L1
KCl-filled), and Pt mesh as the working, reference, and counter electrode, respectively. The
supporting electrolyte was 1 M NaOH (pH = 13.6). The irradiation source was a 500 W Xe
lamp (Solar 500, NBet Group Corp., Beijing, China) with calibrated intensity of 100 mWcm™2.
Moreover, a water filter was used between the lamp and electrochemical cell to remove
solution heating from infrared light. An Ocean Optics oxygen sensor system equipped
with a FOXY probe (NeoFox Phase Measurement System, Ocean optics, Orlando, FL, USA)
was applied to determine the amount of evolved O,. The experiment was carried out
together with the stability tests. Before the O, measurement, the headspace of the anodic
compartment was purged with high purity Nj (99.9995%) for 1 h under vigorous stirring.
PEC water splitting with O, sensing continued for 180 min at 0.22 V vs. Ag/AgCl, and
the O, yield was quantified to calculate the Faradic efficiency. Electrochemical impedance
spectroscopy was carried out to understand the charge transfer process between photo-
electrodes/electrolyte interfaces. All the measurements were performed under the open
circuit condition with the frequency ranging from 0.01 Hz to 100 kHz. Mott-Schottky plots
were derived from impedance potential tests conducted at a frequency of 1 kHz in dark
conditions.

3. Results
3.1. Morphological Characterization of the Pristine and ECR-3D-TiO, NTAs

The morphologies of the 3D-TiO, NTAs before and after electrochemical reduction
were investigated by FE-SEM. The low-magnification overall FE-SEM image of the ECR-
3D-TiO, NTAs—1.3 V displays that the diameter of a single Ti wires is about 0.12 mm and
the percentage of the open area of Ti mesh is calculated to approximately 30%, suggesting
the higher utilization efficiency of the Ti source (Figure 1a). Figure 1c,d are the magnified
FE-SEM images of the area marked by the red ellipse in Figure 1b, which clearly exhibits
that TiO; NTAs are radially grown outward around the Ti wires, leading to the formation
of 3D-TiOp NTAs. This highly ordered structure can be described by the 3D representation
in Figure S1. The top and cross-sectional view FE-SEM images show such ECR-3D-TiO,
NTAs with an average diameter of approximately 150 nm, a wall thickness of about 10 nm,
and a similar length of 6 um (Figure 1c,d and Figure S2), which are identical to those of the
pristine 3D-TiO, NTAs.
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Figure 1. (a,b) Low-magnification FE-SEM images of the ECR-3D-TiO; NTAs—1.3 V. (c,d) Corre-
sponding top and cross-sectional view FE-SEM images; Insets: magnified FE-SEM images. (e) Low-
magnification FE-TEM of the ECR-3D-TiO, NTAs—1.3 V. (f,8) Selected area electron diffraction
(SAED) pattern and HR-TEM image of the area highlighted by the red dashed box in (e). Insets:
Inverse fast Fourier transform filtered TEM image recorded from the area bounded by the red dashed
box in (g).

The effect of the electrochemical reduction on the morphologies and microstructures of
3D-TiO, NTAs were further investigated by FE-TEM. From the low-magnification FE-SEM
images, all the products possess a tightly packed tubular nanostructures with a mean
external diameter of 150 mm, which is consistent with the FE-SEM results (Figure 1e and
Figure S3a,d,g). The selected electron diffraction patterns display very similar diffraction
patterns, which demonstrate the polycrystalline structures of the 3D-TiO, NTAs before and
after electrochemical reduction (Figure 1f and Figure S3b,e/h). In addition, the well-resolved
lattice spacing of 0.305 nm are observed in all the products (Figure 1g and Figure S3c,f,i),
which corresponds to the {101} plane of anatase TiO; [38,39]. The phase transition of the
3D-TiO, NTAs induced by electrochemical reduction were analyzed by XRD. As shown
in Figure 54, all the diffraction peaks match well with crystal structure of the anatase
TiO, (JCPDS 21-1272) and metal Ti [38,39]. No other phase is detected, suggesting no
change in the lattice structures after electrochemical reduction. The above FE-SEM, FE-TEM
and XRD results imply that electrochemical reduction does not destroy the morphology,
microstructures or phase of the 3D-TiO, NTAs.

3.2. Optical Absorption Properties of the Pristine and ECR-3D-TiO, NTAs

We have investigated the UV-vis reflectance spectra of the ECR-3D-TiO, NTAs as
a function of external bias applied in the electrochemical reduction and then compared
with that of the pristine 3D-TiO, NTAs. Clearly, the pronounced absorption can be clearly
observed in the UV region (<390 nm) of all the products, which can be attributed to
the intrinsic band-to-band absorption of TiO; [38,39,44]. Compared with the pristine
3D-TiO, NTAs, the visible light absorption (400-800 nm) is significantly enhanced after
electrochemical reduction. As the applied bias changes from —1.2 to —1.4 V, the visible
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light absorption increases gradually, which are further verified by the color variation of
the ECR-3D-TiO, NTAs. This implies that the ECR-3D-TiO; NTAs may respond to the
visible light region (Figure 2a). Moreover, the bandgaps of the pristine 3D-TiO; NTAs and
ECR-3D-TiO; NTAs—1.2, —1.3 and —1.4 V, estimated from the intercept of the tangents
to the curves of («hv)? vs. photon energy by assuming TiO; as a direct semiconductor,
are about 3.09, 2.95, 2.65 and 2.63, respectively (Figure 2b). These results suggest that the
electrochemical reduction not only promote the visible light absorption, but also reduce the
bandgap of the 3D-TiO, NTAs, which can be ascribed to the presence of the defect state
in the bandgap of TiO, created by the O-vacancies. The boosted visible light absorption
and bandgap shrinkage means that visible light trapped by the 3D configuration can excite
electron-hole pairs and thus effectively improve the PEC water splitting activity of the
3D-TiO, NTAs.
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Figure 2. (a) UV-vis reflectance spectra and photographs (inset) of the pristine 3D-TiO, NTAs and

ECR-3D-TiO, NTAs electrochemically reduced under the different applied bias —1.2, —1.3and —1.4 V.
(b) Corresponding curves of the transformed Kubelka-Munk function vs. the energy of light.

3.3. Surface Oxidation State of the Pristine and ECR-3D-TiOy NTAs

To solidify the presence of O-vacancies in the ECR-3D-TiO; NTAs, the chemical
composition and surface oxidation states of the pristine 3D-TiO; NTAs and ECR-3D-TiO,
NTAs were further examined by XPS. Only Ti, O and C signals are observed in the survey
spectra of all the products, which reveals that electrochemical reduction does not introduce
other impurities (Figure S5a). For the pristine 3D-TiO, NTAs, the Ti 2p core level spectrum
has two peaks centered at 458.3 and 464.1 eV, which are typical for the Ti 2p3,, and 2p1 />
peaks of Ti** in TiO, (Figure 3a) [39,43,50]. After the electrochemical reduction, the Ti
2p3/2 and 2pq /; peaks shift to the low binding energy of 457.9 and 463.7 eV, illustrating
the different bonding environment of the Ti atom. By subtracting the normalized Ti 2p
spectra of the ECR-3D-TiO, NTAs—1.3 V with that of the pristine 3D-TiO, NTAs, two
extra peaks at 457.7 and 463.3 eV were observed, which were indexed to the Ti 2p3,,
and 2py /, peaks of Ti** [39,43,50]. This indicates that O-vacancies are introduced in the
ECR-3D-TiO; NTAs—1.3 V. In addition, the Ols spectra of the ECR-3D-TiO; NTAs—1.3 V
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was also different from that of that of the pristine 3D TiO, NTAs. In the Ols spectra, the
main peak located 529.7 eV is the characteristic peak reported for lattice oxygen of TiO,,
while other peaks centered at 531.4 eV can be associated with oxygen species absorbed at
O-vacancies [39]. As displayed in Figure 3b and Figure S5b, the peaks of area of 531.4 eV of
ECR-3D-TiO; NTAs increase gradually with electrochemical reduction bias reducing from
—1.2 'V to —1.4 V, which suggests that the amount of the O-vacancies increases with the
deceasing electrochemical reduction bias. This is why the visible light absorption increases
gradually with the electrochemical reduction bias reducing from —1.2 to —1.4 V.
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Figure 3. (a) Normalized Ti 2p XPS spectra of the pristine 3D-TiO; NTAs and ECR-3D-TiO,

NTAs—1.3V, and their difference spectrum (ECR-3D-TiO, NTAs—1.3 V minus pristine 3D-TiO,

NTAs). (b) Normalized O1s XPS spectra of the pristine 3D-TiO, NTAs and ECR-3D-TiO, NTAs—1.3 V.

The red circles represent the experimental XPS data. The blue circles are the fitting of the experimental

data and can be divided into two peaks displayed by the green dashed lines.

3.4. PEC Water Splitting Activity of the Pristine and ECR-3D-TiO) NTAs

The influence of the electrochemical reduction bias on the PEC water splitting activity
of 3D-TiO, NTAs were also studied, and the results are shown in Figure 4. All the 3D-TiO,
NTAs-based photoelectrodes display negligible dark currents in comparison with their
respective photocurrents, suggesting no occurrence of the electrocatalytic water splitting.
Under irradiation, the photocurrent densities of the ECR-3D-TiO, NTAs increase steeply
and are distinctly larger than that of the pristine 3D-TiO, NTAs in the whole potential
window from —0.9 to 0.6 V vs. Ag/AgCl, which reveals that the electrochemical reduction
can significantly promote the PEC performance of the 3D-TiO, NTAs. Figure 4b compares
the transient photocurrent responses of the pristine and ECR-3D-TiO; NTAs measured
at 0.22 V vs. Ag/AgCl. It can be seen that all the 3D-TiO, NTAs-based photoelectrodes
show excellent sensitivity to the light irradiation. There is a steep rise in current density
from almost zero in dark conditions to a stable value upon illumination. In addition,
the ECR-3D-TiO, NTAs—1.3 V generate a maximal photocurrent density of 1.6 mA/cm?,
which is about four times larger than that of the pristine 3D-TiO, NTAs (0.4 mA /cm?). This
photocurrent density value is superior or comparable to the previously reported values on
self-doping TiO, NTAs formed on Ti foil (Table S1) [39,43,46—48,51]. This means that the
optimal electrochemical reduction bias is —1.3 V, which can be attributed to the two-faced
effect of the O-vacancies on the PEC water splitting performance, and will be discussed
thoroughly in the following text.

10



Nanomaterials 2022, 12, 1447

=
o]

é-»7—'1.4V

[—e——13V
——-12V
[ —— Pristine
9 —— All Dark

-
o

-
N

o

o©
=)

Current Density (mA/cm?)
(=]
w

o
o

09 06 03 00 03 06
Potential (V vs. Ag/AgCl)

&
E qalB 14V —— 13V
g Lightoff ___ 45y — pristine
15¢
E
> 12}
2 09
Q
E 0.6
g 03
3 0.0
QL e Light on
03 i " . ‘ ;
0 100 200 300 400 500 600
Time (s) =
& 24F C 50 ©
g . ECR-3D-TiO, NTAs-1.3 V . £
Pl =4
< 20t , a0
£ - 1.6 mA/cm e (o]
= e TR A °
> 1.6 i) = 130 ©
= -..- O, Calculated e =
S 121 ¢ O, Experimema‘l"f:” %
e " pristine 30-Tio, NT 120 &
c 08 'y 22 °
] S 0.4 mA/cm €
5 04— 4 ; 1% 3
3 ” ¥
. £
0.0 . \ . . . 0 <
0 30 60 90 120 150 180

Time (s)

Figure 4. (a) Current density vs. voltage (J-V) plots of the pristine 3D-TiO, NTAs and ECR-3D-
TiO, NTAs electrochemically reduced under the different applied bias —1.2, —1.3 and —1.4 V.
(b) Corresponding transient photocurrent responses measured at 0.22 V vs. Ag/AgCl. (c) Pho-
tocurrent vs. time (J-t) curves of the pristine and ECR-3D-TiO, NTAs—1.3 V obtained at 0.22 V
vs. Ag/AgCl. The dashed line and colorful circles are the amount of the evolved O, calculated
theoretically and detected experimentally of the ECR-3D-TiO, NTAs—1.3 V, respectively.

The structural and chemical stability is a critical parameter for a photoelectrode during
the PEC water splitting. To assess this property, the photocurrent density vs. time (J-f)
curves of the pristine and ECR-3D-TiO; NTAs—1.3 V are obtained at 0.22 V vs. Ag/AgCl
under continuous illumination (Figure 4c). No sign of decrease in photocurrent densities
for the pristine and ECR-3D-TiO, NTAs-1.3 V are detected during the entirely measured
180 min. To further identify whether the observed photocurrents derive from the water
splitting reaction, the amount of oxygen evolved from the ECR-3D-TiO; NTAs—1.3 V was
determined by a fluorescence sensor. The amount of evolved oxygen increases linearly
with test time with unity Faradic efficiency. Figure S6 presents the FE-SEM image and
XRD pattern of the ECR-3D-TiO, NTAs—1.3 V after continuous PEC water splitting for
180 min, which prove that the surface morphology and crystal phase of the ECR-3D-TiO,
NTAs-1.3 V remains intact. These results sufficiently confirm that excellent stability of
the ECR-3D-TiO, NTAs—1.3 V, which is suitable for the potential long-term PEC water
splitting application.

To investigate the effect of the electrochemical reduction on the electronic charac-
teristics of 3D-TiO, NTAs, electrochemical impedance spectra (EIS) measurements were
performed and the Nyquist plots are shown in Figure 5a, where the scatter points are the
original experimental data, and the solid lines are the fitted curves utilizing the equivalent
circuit mode in the inset of Figure 5a. It can be clearly seen that the equivalent circuit model
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fits well with the two samples. In this equivalent circuit model, Ry corresponds to the over-
all series resistance of the circuit, and Rt represents the charge transfer resistance [47,52].
As depicted in Figure 5a, the ECR-3D-TiO; NTAs—1.3 V has a smaller semicircle diam-
eter than the pristine 3D-TiO; NTAs under illumination, suggesting the smaller charge
transfer resistance of the ECR-3D-TiO, NTAs—1.3 V. The charge transfer resistance can be
obtained by fitting the Nyquist plots with the equivalent circuit model. As expected, the
charge transfer resistance R¢; of the ECR-3D-TiO; NTAs—1.3 V is reduced from 440.45 to
133.08 (3, which indicates a more effective separation of the photogenerated electron and
hole and/or a faster interfacial charge transfer of the ECR-3D-TiO, NTAs—1.3 V. Moreover,
the electrochemical active surface areas of the pristine 3D-TiO; NTAs and ECR-3D-TiO,
NTAs—1.3 V are estimated from the capacitive region of cyclic voltammograms (CV). The
data shown in Figure S7 reveal that the electrochemically active area of the ECR-3D-TiO,
NTAs—1.3 V is only 1.05 times than that of the pristine -3D-TiO, NTAs, indicating that
both samples have comparable electrochemically active areas. In addition, the slope of
the Mott-Schottky plot collected from the ECR-3D TiO; NTAs—1.3 V is much smaller
than that of the pristine 3D-TiO,; NTAs, which suggest an improvement of donor densities
(Figure 5b). The donor densities were estimated from the slopes of Mott-Schottky plots
using the following equation:

2 d1/c?),
eosso)[id(us) ] M

Np = —(

where ey = —1.6 x 10719, ¢y = 8.86 x 1071% and ¢ = 48 for the anatase TiO,. The calculated
donor densities of the pristine and ECR-3D-TiO, NTAs—1.3 V are about 1.03 x 10" and
1.46 x 10%! cm~3, respectively. The increased the donor density can be attributed to the
generation of the O-vacancies that works as electron donors. The increased donor density
can effectively boost the transport property of the photogenerated charge carrier, which
are of benefit to enhance the PEC water splitting activity. Moreover, the increased donor
densities can also shift the Fermi level of the TiO, toward the conduction band, which
facilitate the charge separation at the semiconductor—electrolyte interface.
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Figure 5. (a) Electrochemical impedance spectra of the pristine 3D-TiO; NTAs and ECR- 3D-TiO,
NTAs—1.3 V under illumination, and (b) Mott-Schottky curves of the pristine 3D-TiO, NTAs and
ECR- 3D-TiO, NTAs—1.3 V tested at a frequency of 1 kHz in dark conditions.

4. Discussion

Based on the above experimental results, the boosted photoelectrochemical water
splitting performance of ECR-3D-TiO; NTAs can be ascribed to the introduction of the
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O-vacancies. Firstly, PEC water splitting performance of the photoelectrode largely depend
on its capability of effectively absorbing visible light. In the present case, the presence of
O-vacancies results in the generation of a new defect energy level near the conduction band,
which lead to the bandgap shrinkage, hence being favorable for the visible light harvesting.
More importantly, the incident, reflected and/or refracted visible light captured by the 3D
configuration is also absorbed by defect energy level near CB created by oxygen vacancy.
Secondly, the introduction of the O-vacancies (Ti**) in ECR-3D-TiO, NTAs generally work
as electron donors, which leads to the enhanced electronic conductivity and upward shift
of the Fermi energy level, thereby facilitating the transfer and separation of photogenerated
charge carrier at the semiconductor—electrolyte interface. Nevertheless, the excess O-
vacancies may be the recombination centers for photogenerated carriers, hence limiting the
generation of photocurrent [53,54]. Therefore, the optimized amount of the O-vacancies
is essential to the PEC water splitting performance. The XPS result illustrates that the
amount of the O-vacancies increases with deceasing electrochemical reduction bias (Figure 3
and Figure S5). Consequently, it can be included that the ECR-3D-TiO; NTAs—1.4 V
may possess excess amount of the O-vacancies (Ti>*), which lead to the recombination
of photogenerated carriers before reaching the TiO,/electrolyte interface. Accordingly,
the optimal electrochemical reduction bias is —1.3 V from the perspective of PEC water
splitting activity.

5. Conclusions

In conclusion, black 3D-TiO, NTAs have been successfully fabricated via an elec-
trochemical reduction and employed as a photoanode for PEC water splitting. The in-
troduction of the O-vacancies results in bandgap shrinkage, which can effectively boost
the utilization efficiency of visible light including the incident, reflected and/or refracted
visible light captured by the 3D configuration. Moreover, the O-vacancies (Ti**) can work
as electron donors, which leads to the enhanced electronic conductivity and upward shift
of the Fermi energy level, thereby facilitating the transfer and separation of photogener-
ated charge carrier at the semiconductor—electrolyte interface. Benefiting from the oxygen
vacancy, the optimized photocurrent density of ECR-3D-TiO, NTAs under white light
illumination generated the photocurrent density of 1.6 mA/cm? at 0.22 V vs. Ag/AgCl,
which is superior or comparable to the previously reported values on self-doping TiO,
NTAs formed on Ti foil.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/nano12091447/s1, Figure S1: 3D schematic diagram of the
3D-TiO, NTAs, which clearly exhibits the growth of TiO, NTAs on Ti mesh in a radially outward
direction.; Figure S2: FE-SEM image of the pristine 3D-TiO; NTAs, ECR-3D-TiO, NTAs—1.2 V and
ECR-3D-TiO; NTAs—1.4 V; Figure S3: FE-TEM image of the pristine 3D-TiO, NTAs, ECR-3D-TiO,
NTAs—1.2 V and ECR-3D-TiO; NTAs-1.4 V; Figure S4: XRD patterns of the pristine 3D-TiO, NTAs
and ECR-3D-TiO, NTAs electrochemically reduced under different applied bias —1.2, —1.3 and
—1.4 V; Figure S5: (a) Survey spectrum of the pristine and ECR-3D-TiO, NTAs electrochemically
reduced under the different applied bias —1.2, —1.3 and —1.4 V. (b) O1s XPS spectra of pristine and
ECR-3D-TiO; NTAs electrochemically reduced under the different applied bias —1.2, —1.3 and —1.4V;
Figure S6: (a) FE-SEM image and (b) XRD pattern of the ECR-3D TiO, NTAs—1.3 V after undergoing
the PEC water splitting reaction for 180 min. The results obviously show that the morphology of the
ECR-3D-TiO; NTAs—1.3 V maintained intact and without observed structural degradation. Figure
S7: Cyclic voltammetry (CV) for (a) ECR-3D TiO, NTAs-1.3 V (b) Pristine-3D-TiO, NTAs under
different scan rates. (c) Relative electrochemical surface areas of the ECR-3D-TiO, NTAs—1.3 V and
Pristine-3D-TiO, NTAs photoanodes: linear relationship between the capacitive current and scan
rate. Table S1: Comparison of the PEC performance for the self-doping TiO, NTAs on formed on Ti
foil [39,43,46-48,51].
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Abstract: The introduction of impure atoms or crystal defects is a promising strategy for enhanc-
ing the photocatalytic activity of semiconductors. However, the synergy of these two effects in
2D atomic layers remains unexplored. In this case, the preparation of molybdenum-doped thin
ZnInyS4-containing S vacancies (Mo-doped Sv-Znln;Sy) is conducted using a one-pot solvothermal
method. The coordination of Mo doping and S vacancies not only enhances visible light absorption
and facilitates the separation of photogenerated carriers but also provides many active sites for
photocatalytic reactions. Meanwhile, the Mo-S bonds play function as high-speed channels to rapidly
transfer carriers to the active sites, which can directly promote hydrogen evolution. Consequently,
Sv-ZnIn,S, with an optimized amount of Mo doping exhibits a high hydrogen evolution rate of
5739 umol g~! h™! with a corresponding apparent quantum yield (AQY) of 21.24% at 420 nm, which
is approximately 5.4 times higher than the original ZnIn,S4. This work provides a new strategy for
the development of highly efficient and sustainable 2D atomic photocatalysts for hydrogen evolution.

Keywords: photocatalytic hydrogen production; element doping; atomic vacancies

1. Introduction

With the acceleration of global population growth and social development, environ-
mental problems and energy deprivation emerged as two major issues that need to be
addressed. Therefore, the search for alternative energy sources is of great significance to
the development of society. H; is considered as an ideal alternative energy source due
to its clean, renewable and transportable advantages [1-4]. However, the conventional
hydrogen production process has high energy consumption, low efficiency and serious
environmental pollution, which seriously restrict the development of hydrogen. In contrast,
photocatalytic fracking is a cleaner and is a more sustainable way of converting sustained
solar energy into chemical energy. Its large-scale application will help alleviate problems
such as the greenhouse effect and environmental pollution [5]. However, the low pho-
tocatalytic efficiency still remains a great challenge for practical applications. Therefore,
in-depth research on hydrogen production by the photocatalytic cracking of water is of
great significance [6-10].

In recent years, 2D semiconductors, such as C3Ny, TiO,, CdS and MoS,, attracted much
attention [11-13]. The two-dimensional matter shows a unique confinement of electrons in
ultra-thin layers, resulting in superior optical and electronic properties. Two-dimensional
ultrathin materials with suitable band gap structure have shown great potential in achieving
efficient photocatalysis due to their unique structure and electronic properties. [14]. ZnIn,Sy
is a classical trimetallic sulfide semiconductor with a tunable band gap of 2.06 eV to 2.86 eV.
Due to its unique crystal growth mechanism and interatomic interactions, it is easy to form
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2D layered structures. Currently, controllable morphologies include nanotubes [15], nanorib-
bons [16] and nanoflowers, and they are assembled from 2D thin nanosheets [17-19]. In
addition, ZnIn,S, has the advantages of being low in toxicity and possesses good photo-
stability. However, similarly to most 2D semiconductors, ZnIn;,S; still has some problems
in practical applications, such as the rapid recombination of light-generated electron-hole
pairs, short carrier lifetime and low light absorption capacity.

To improve the photocatalytic activity of ZnInySy, a series of modifications have been
carried out, including element doping, defect engineering, cocatalyst loading, morphol-
ogy tuning and heterostructure construction [20-24]. Among them, element doping and
defect engineering are considered the most effective means to enhance photocatalytic activi-
ties [25-31]. On the one hand, the concentration and energy distribution of carriers near the
conduction band edge can be adjusted by doping the semiconductor with ions to introduce
donor/acceptor energy levels, thus improving the electronic transition behavior [32-37].
For example, Huang et al. reported Mo-doped ZnlIn,S, flower-like hollow microspheres
for efficient photocatalytic hydrogen evolution, and the results showed that the hydrogen
evolution activity of Mo-doped ZnIn,Sy was 9 times higher (4.62 mmol g~! h™!) than the
pristine ZnIn,S, (0.465 mmol g~ h~!) [38]. They found that the doping of Mo into the
ZnlnyS, crystal lattices can introduce a doping energy level within the band gap. Therefore,
the electronic conversion from the valence band to doping energy levels or from doping
energies to the conduction band can effectively expand the light absorption range and
improve the electronic conversion efficiency of solar energy. In addition, Mo doping can
form Mo-S bonds, which accelerate the photogenerated carrier transport and separation,
thus facilitating the transfer of light-excited carriers to the adsorbed molecules of reactants
for photocatalytic reactions. A similar improvement in photocatalytic activity was also
observed in Ni-doped ZnIn,Sy [39]. On the other hand, surface defects can lead to trapped
photogenerated carriers, tuning their spatial distribution and prolonging their lifetime.
Previous reports validated that S vacancies (Sv) enhances the absorption of visible light
and adds to the photogenerated electric charge density, thereby enhancing photocatalytic
activities [40]. For example, Yang et al. reported an Sv-containing half-cell ZnIn,S,, which
exhibited a 7.8 times enhancement of photocatalytic hydrogen generation performance
under exposure to visible light compared to pristine ZIS. Similarly, improved photocatalytic
activities are also observed in ZnIn,S, with In vacancies [41] and Zn vacancies [42]. Al-
though metal doping and atomic vacancies have been employed separately to improve the
photocatalytic action of ZnIn,S,, the coordination of these two effects is still unexplored.

Herein, a simple one-pot soluble heat method was developed to dope Mo into ZnIn;Sy
nanoflakes containing Sv. An excess of thioacetamide (TAA) was added to the reaction.
The adsorption of thioacetamide on the surface of the crystal hindered the growth of
the crystal, leading to the formation of vacancy structure [43-45]. Meanwhile, Na,MoO,
was added to incorporate Mo atoms into the lattice of ZnInySy. The coordination of Mo
doping and sulfur vacancies not only enhances the light absorption and the separation of
photogenerated carriers but also provides a large number of active sites for photocatalytic
reactions [46,47]. Therefore, the as-prepared Mo-doped Sv-ZnIn,S4 exhibited improved
photocatalytic performance and stability. The photocatalytic hydrogen evolution rate of
Sv-ZnIn,S, with optimal Mo doping amounts reached 5.74 mmol g~! h™! under visible
light irradiation, which is 5.4 times that of pure ZnIn,S, and 2.6 times that of Sv-ZnIn,S,.

2. Results

As shown in Figure 1, ZIS, Sv-ZIS and Mo-Sv-ZIS were obtained by a simple single-pot
soluble heat method. The number of sulfur vacancies was controlled by dosage of TAA. The
amount of TAA during the synthesis was used to inhibit the growth of ZIS primary crystals,
thus introducing Sv in ZIS [6]. The surface morphologies of the obtained ZIS, Sv-ZIS and
Mo-Sv-ZIS are described by a field emission transmission electron microscopy (FE-TEM).
As shown in Figure 2a,d, the basic morphology of the pristine ZIS is made up of a great
number of two-dimensional hexagonal nanoflakes, which facilitates the acquisition of a large
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contact area to expose more reactive sites for the photocatalytic interaction. As shown in
Figure 2b, the introduction of sulfur vacancies hardly changes the morphology. Sv-ZISs are
also irregular flakes. The HRTEM image in Figure 2e shows that the crystal spacing between
the planes of Sv-ZIS is 0.32 nm, which belongs to the (102) plane of ZnIn,S4. As shown in
Figure 2¢, after Mo doping, Mo-Sv-ZIS still maintains thin nanosheet structures. Due to the
thinness of the nanosheets, there are different degrees of curling and bending (Figure S1). The
HRTEM image shown in Figure 2f suggests that the interplanar crystal spacing of Mo-Sv-ZIS
is 0.32 nm, which is similar to that of Sv-ZIS, indicating minor lattice distortions induced
by Mo doping. The elemental distribution in the Mo-Sv-ZIS prototype is further studied by
high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
(Figure 2g). Figure 2h-k show the distribution of the corresponding elements (Zn, In, S and
Mo) for Mo-SV-ZIS, and Figure S2 shows the corresponding energy dispersive spectra (EDS),
showing the existence of Zn, In, S and Mo components. The uniform distribution of Mo
indicates that it is doped successfully into the lattice of ZIS.

ZIS, Sv-ZIS and Mo-Sv-ZIS are investigated further by XPS for chemical states and
apparent chemical compositions. Figure S3 displays the full spectrum of ZIS, Sv-ZIS and
Mo-Sv-ZIS containing the typical peaks of Zn 2p, In 3d, S 2p and Mo 34, which is consistent
with the EDS’ results. Figure 3a shows that the Zn 2p characteristic peaks of ZIS are
located at 1022.05 eV and 1045.06 eV, which belong to 2p;,, and 2p; 5, respectively. In
comparison, the Zn 2p XPS peak positions of Sv-ZIS undergo negative shifts of 0.28 eV
and 0.26 eV, separately indicating a decrease in the coordination number of Zn atoms due
to the presence of sulfur vacancies [5]. The doping of Mo shifted the peak positions of
Mo-Sv-ZIS positively by 0.1 eV and 0.08 eV, which means that the Zn atoms returned to
the higher binding energy region after the doping of Mo. As shown in Figure 3b, the In 3d
characteristic peaks of ZIS are located at 445.14 eV and 452.68 eV, which are assigned to
In 3d5,, and 3d3,, respectively. The In 3d peaks of Mo-Sv-ZIS and Sv-ZIS are essentially
the same, with negative shifts of 0.19 eV and 0.15 eV, respectively. After the addition of
Mo, the XPS peak position of In is almost unchanged, while the binding energy of Zn
varies more than that of In, indicating that Mo replaces the position of Zn rather than that
of In. The radius of Zn atom is 1.39 A, and the radius of Mo atom is 1.40 A, which are
very close. Therefore, it is feasible to replace the Zn atom with the Mo atom. As shown
in Figure 3¢, the S 2p characteristic peaks of ZIS are located at 161.88 eV and 163.18 eV,
which belong to 2ps3,, and 2p; /,, respectively. On the other hand, the S 2p XPS bands of
Sv-ZIS underwent negative shifts of 0.09 eV and 0.18 eV, respectively, proving the existence
of S vacancies in ZIS. After doping with Mo atoms, S 2p3,, and S 2p; /, negatively shift to
0.13 eV and 0.14 eV, respectively. The XPS results show that Mo doping leads to a further
reduction in the coordination number of S in addition to the unpaired electrons brought
by Mo. These two effects make the Mo-Sv-ZIS have a high density of unpaired electrons,
which are active sites for photocatalytic reactions [48]. In addition, the atomic contents are
calculated from the XPS peak areas. As shown in Table S1, the atomic ratios of Zn/In/S
in ZIS, Sv-ZIS and Mo-Sv-ZIS are 1/1.6/3.5,1/1.25/2.6 and 1/1.3/2.61, respectively. The
lower S content in Sv-ZIS and Mo-Sv-ZIS supports the existence of a large number of S
vacancies. In addition, the elemental content was tested by inductively coupled plasma
mass spectrometry (ICP-MS) (Table S2). Moreover, the sub-band located at 227.5 eV due to
the formation of Mo-S bonds is observed in the Mo 3d XPS spectrum [49], which further
demonstrates the successful synthesis of Mo-doped Sv-ZIS (Figure 3d). The XPS O 1s peak
of metal-O bonding typically is located at about 530 eV [50,51]. Herein, the O 1s peak
positions of ZIS and Sv-ZIS are 532.36 eV and 532.17 eV, respectively (Figure 54), suggesting
that there is no metal-O bonding.
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Figure 1. Schematic diagram of the synthetic routes for ZIS, Sv-ZIS and Mo-Sv-ZIS. The dotted red
squares highlight the Sv. (The squares show the differences between the crystals).
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Figure 2. (a,d) TEM (a) and HRTEM (d) images of the ZIS. (b,e) TEM (b) and HRTEM (e) images of
the Sv-ZIS. (c,f) TEM (c) and HRTEM (f) images of the 1.5% Mo-Sv-ZIS. (g) HAADF-STEM image of
the 1.5% Mo-Sv-ZIS. (h—k) EDS element mappings of Zn (h), In (i), S (j) and Mo (k) in 1.5% Mo-Sv-ZIS.
(Note: The area inside the red square is the area magnified by HRTEM).
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Figure 3. (a—d) High-resolution XPS spectra of Zn 2p (a), In 3d (b), S 2p (c) and Mo 3d (d) of ZIS,
Sv-ZIS and 1.5% Mo-Sv-ZIS.

The crystal structures of ZIS, Sv-ZIS and Mo-Sv-ZIS are investigated by powder X-
ray diffraction (XRD). In Figure 4a, the XRD motif of ZIS is the same as that of ZnIn;S, in
hexagonal form (JCPDS file card No. 72-0773) without impurity peaks. The characteristic
peaks at 21.6°, 27.6°, 30.5°, 39.8°, 47.1°, 52.2° and 55.6° belong to diffractions of (006), (102),
(104), (108), (110), (116) and (202) crystal planes of ZnIn,Sy, respectively. Among them, the
diffraction peaks of (104), (108) and (116) crystal planes become weaker in the XRD of Sv-ZIS
due to the presence of sulfur vacancies. The diffraction peaks of Mo-Sv-ZIS are similar to
that of Sv-ZIS, which can prove the existence of sulfur vacancies in Mo-Sv-ZIS [39,41]. The
XRD of Mo-ZIS is also measured for comparison. Interestingly, a diffraction peak at 15.5° is
observed in the XRD of Mo-ZIS, which corresponds to the (002) planes of MoS,. Moreover,
the diffraction of (104) planes at 30.4° is noticeable. When an appropriate amount of TAA
is added, no additional S vacancies form in ZIS. The doped Mo atoms tend to bond with S
atoms to form MoS,, which is not conducive to the full incorporation of Mo into the lattice
of ZIS. In other words, the sulfur vacancies induced by the excess TAA can facilitate the
doping of Mo into ZIS lattices. As illustrated in Figure S5, with an increase in Mo doping,
the (006) and (110) crystal planes of Mo-Sv-ZIS shifted to high angles, demonstrating that
the Mo atoms are included in the crystal lattice of ZIS [52,53]. The intensity of the individual
diffraction peak diminishes with the increase in Mo doping. In addition, no significant peaks
of diffraction of Mo species are found for the highly doped 5% Mo-Sv-ZIS. These results
indicate that the Mo elements are uniformly incorporated into the lattice of ZIS and have
not damaged the ZIS crystal structure. The number of unpaired electrons in ZIS, Sv-ZIS and
Mo-Sv-ZIS are evaluated by electron paramagnetic resonance (EPR). As shown in Figure 4b,
the original ZIS does not show any discernible signals. In contrast, Sv-ZIS shows an EPR
indication for a g value of 1.998, confirming the existence of the S-vacancy. In addition, the
EPR signal of Mo-Sv-ZIS is more intense, indicating that the increased number of unpaired
electrons in Mo-doped Sv-ZIS is due to the simultaneous presence of undercoordinated Mo
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and S vacancies [54]. Therefore, the EPR results suggest that the density of active sites for
photocatalytic reactions increased by Mo doping and S vacancies.
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Figure 4. (a) XRD patterns of ZIS, Sv-ZIS, 1.5% Mo-ZIS and 1.5% Mo-Sv-ZIS. (b) The EPR Spectra of
ZIS, Sv-ZIS and 1.5% Mo-Sv-ZIS.

Furthermore, as shown in Figure S6, the analysis of the functional groups on the
surface of the composites is performed by FTIR. The observed peaks at 1633 and 1394 cm ™!
are composed of water and hypdroxyl moieties adsorbed on the surface [55], implying the
ready attraction of free H;O molecules for continuous H,O dissociation and the facilitation
of the reaction kinetics. Meanwhile, Raman spectroscopy is also performed to obtain more
details about the crystalline structure. As shown in Figure S7, in the case of ZIS, the four
Raman peaks are located around 253, 308, 339 and 370 cm~!, which are assigned to the
longitudinal optical mode (LO;), transverse optical mode (TO;), longitudinal optical mode
(LOy) and Alg mode of crystal ZIS, separately. For the Mo-Sv-ZIS, all peaks are relatively
weak, and the peaks located at 308 and 339 cm™~! are barely observable because of the
doping influence and the inferior degree of crystallinity. A new band at 405 cm™!, as
shown in the Raman spectrum of Mo-Sv-ZIS, comes from the coupling of Mo-S stretching
vibrations and Alg modes in Mo-Sv-ZIS, further confirming the existence of Mo-S bonds [5].

The strong light absorption is beneficial to the generation of photogenerated carriers,
which directly contribute to the improvement of photocatalytic performance. To investigate
the optical absorption ability, UV-Vis spectra in the range of 300 to 800 nm are measured.
As illustrated in Figure 5a, the primary light absorption of pristine ZIS and Sv-ZIS occurs
in the wavelength range of 300-550 nm. With the introduction of S vacancies, the optical
absorbance of Sv-ZIS is slightly enhanced compared to that of ZIS. After Mo doping, the
optical absorption of Mo-Sv-ZIS further increased. With the increase in Mo content, the
absorption in the wavelength range of 500 to 800 nm is significantly enhanced, and the
color of the sample gradually deepens (inset in Figure 5a). Meanwhile, the absorption
edge sightly redshifts. ZIS is a type of semiconductor with a direct band gap that can
be computed from the following formula: ahv? = A (hv- Eg). As shown in Figure 5b,
the bandgaps of ZIS, Sv-ZIS and Mo-Sv-ZIS are 2.53 eV, 2.48 eV and 2.45 eV, respectively.
Ultraviolet photoelectron spectra (UPS) are tested to determine the valence band position
(EvB). As shown in Figure 5c, the valence band potentials (Eyg xps) of ZIS, Sv-ZIS and
Mo-Sv-ZIS are 1.38 eV, 1.58 eV and 1.36 eV, respectively. The Eyp of the corresponding
standard hydrogen electrodes relative to ZIS, Sv-ZIS and Mo-Sv-ZIS are then obtained
based on the following equation: Eyg nuE = ¢ + Evp, xps — 4.44 eV; here, ¢ is the power
functional of the apparatus (5.1 eV). Therefore, for ZIS, Sv-ZIS and Mo-Sv-ZIS, the Eyp, NHE
are 2.04 eV, 2.24 eV and 2.02 eV, respectively [56].
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Figure 5. (a) UV-vis absorption spectra of ZIS, Sv-ZIS and x% Mo-Sv-ZIS (x = 0.8, 1.5, 3, 5). (b) (cthv)?
versus hv curves. (c) UPS spectra of the ZIS, Sv-ZIS and 1.5% Mo-Sv-ZIS. (d) PL spectra of ZIS, Sv-ZIS
and 1.5% Mo-Sv-ZIS at 350 nm excitation. (e) Time-resolved PL spectra of ZIS, Sv-ZIS and 1.5%
Mo-Sv-ZIS monitored at 465 nm. (f) Time-resolved PL spectra of ZIS, Sv-ZIS and 1.5% Mo-Sv-ZIS
monitored at 528 nm.

The dynamics of excited carriers is studied through photoluminescence (PL) with
time-resolved PL (TRPL). Two emission peaks at 465 nm and 528 nm are observed in the
PL spectra of all samples, as indicated in Figure 5d. Among these three samples, ZIS has
the highest PL intensity, which suggests an effective recombination of photogenerated
carriers, greatly limiting the photocatalytic activity. However, the PL intensity of Sv-
ZIS is obviously reduced, which suggests that the sulfur vacancy can act as a carrier
trap and promote the separation of photocarriers [56]. It is clear that the PL intensity
of the Mo-doped Sv-ZIS further decreases, indicating that photogenerated carriers can
be also rapidly captured by the undercoordinated Mo, thereby significantly inhibiting
the recombination of photogenerated electron-hole pairs. Time-resolved PL is tested at
465 nm and 528 nm (Figure 5e,f). The average PL lifetime (t4) is calculated according to
the following equation [48]:

= A1T12 + A2T22 + A3T32
A A1+ Ay + Asts

where 71, T; and T3 are the PL lifetimes, and Ay, Ay and Aj are the corresponding amplitudes
obtained by tri-exponential fittings. The fitting details are listed in Tables S3 and S4. The
average PL lifetimes of the pristine ZIS are 5.33 ns and 3.31 ns for 465 nm emission and 528 nm
emission, respectively. For the Mo-Sv-ZIS, the average PL lifetimes of 465 nm and 528 nm
emissions shorten to 0.08 ns and 0.8 ns. The ultra-short PL lifetimes are in good agreement
with the rapid capture of photogenerated carriers by the doped Mo and sulphur vacancies.
To investigate the role of Mo doping and S vacancies on photogenerated carrier
migration, photoelectrochemical tests are carried out by using ZIS, Sv-ZIS, Mo-ZIS and Mo-
Sv-ZIS as photoelectrodes. As shown in Figure 6a, the EIS radius of Sv-ZIS is smaller than
the original ZIS, indicating that S vacancies can reduce the interfacial transfer resistance
(detailed parameters are listed in Table S5). In addition, the EIS radius of Mo-Sv-ZIS is
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less than Sv-ZIS and ZIS due to the presence of both doped Mo and S vacancies [41,56].
The EIS spectra of Mo-Sv-ZIS with different Mo doping levels are further investigated. As
shown in Figure 6b, the EIS semicircle becomes smaller as the Mo doping level increases.
However, when the Mo doping concentration is as high as 5%, the radius of the EIS
semicircle increases, implying that Mo doping that is too high is not conducive to lowering
the surface charge’s transport resistance. As illustrated in Figure 6c, all tested samples
exhibit evident photo-responses. As expected, Mo-Sv-ZIS exhibits the highest photocurrent
density, which is four times higher than that of the pristine ZIS. Therefore, we demonstrate
that the coordination of Mo doping and sulfur vacancies can significantly improve the
photo-response of ZIS due to optical absorption enhancement, accelerated separation and
the transport of carriers. The high photocatalytic activity of Mo-Sv-ZIS is expected in
combination with the dense active sites.
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Figure 6. (a) The Nyquist plot displays the EIS of ZIS, Sv-ZIS, 1.5% Mo-ZIS and 1.5% Mo-Sv-ZIS. (b) EIS
of all the samples. (c) Transient photocurrent responses of ZIS, Sv-ZIS, 1.5% Mo-ZIS and 1.5% Mo-Sv-ZIS
electrodes under visible-light irradiation. (d) Time-dependent hydrogen evolution by photocatalysis
in visible irradiation (>420 nm). (e) Photocatalytic H, evolution rates of ZIS, Sv-ZIS, 1.5% Mo-ZIS and
Mo-Sv-ZIS with different Mo contents. (f) Hydrogen evolution cycle 16 h test on 1.5% Mo-Sv-ZIS.

The photocatalytic activities are assessed by hydrogen evolution in visible light
(A > 420 nm) irradiation. As shown in Figure 6d,e, the original ZIS shows poor hydro-
gen evolution activity of about 887 umol g~! h~1. Mo-ZIS and Sv-ZIS exhibit slightly
higher hydrogen evolution activities of 983 umol g~! h~! and 1607 umol g~! h™!, re-
spectively. Among all the samples, the 1.5% Mo-Sv-ZIS shows the highest photocatalytic
hydrogen evolution rate of 5739 umolg ! h~!, which is 5.4 time more than the original ZIS,
2.5 times better than that of Sv-ZIS, and 4.8 times higher than that of 1.5% Mo-ZIS. AQY
value of 1.5% Mo-Sv-ZIS at 420 nm shows an excellent value of 21.24%. As summarized in
Table S6, photocatalytic hydrogen evolution activities over 1.5% Mo-Sv-ZIS outcompete
most reported photocatalysts based on ZnIn,S;. Moreover, Mo-Sv-ZIS has stable and
sustainable photocatalytic activities. As shown in Figure 6f, the hydrogen evolution rate
over 1.5% Mo-Sv-ZIS did not show a significant decrease after four periods. To verify
the stability of the structure, XRD and XPS of the Mo-Sv-ZIS are tested after continuous
photocatalytic hydrogen evolution for 16 h. As shown in Figures S8 and S9, both XRD and
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XPS results show negligible change after the long-term photocatalytic reaction, verifying
the excellent stability of the Mo-Sv-ZIS.

A scheme to explain the excellent photocatalytic activity of the Mo-Sv-ZIS is shown in
Figure 7. The presence of S-vacancies and doped Mo atoms in ZnIn,S, contribute to the
change in electronic structure, which leads to a shift in the charged potential. In spite of the
change in the position of both VB and CB, their CB potentials are still higher than the H* /Hj
reduction potential and are still capable of photocatalytic hydrogen evolution. To gain more
insight into the change of band positions, the density of states (DOS) of ZIS, Sv-ZIS and Mo-
Sv-ZIS is calculated by using the Castep module of Materials Studio software (Figure 510).
Under visible light irradiation, photogenerated electrons respond with H* to form Hj
(H* + e~ — H,), while holes react with TEOA to form TEOA* (TEOA + ht — TEOA™).
First, Mo doping significantly improves visible light absorption. Second, S vacancy and
undercoordinated Mo can capture photogenerated carriers to inhibit electron-hole recom-
bination. Third, the introduction of S vacancies and the doping of Mo atoms allow the
ZIS system to have a lower coordination number, providing more reaction sites for pho-
tocatalytic reactions. Last but not the least, the formation of Mo-S bonds accelerates the
charge transfer and reduce the internal resistance. As a consequence, Mo-Sv-ZIS exhibits
an extremely high photocatalytic hydrogen evolution activity.
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Figure 7. Schematic illustration explaining the excellent photocatalytic activity of the Mo-Sv-ZIS.

3. Conclusions

In summary, we develop a facile one-pot solvothermal method to synthesize Mo-doped
2D ZnIn;S4 nanoflake with S vacancies. Compared to pristine ZnIn,Sy, the incorporation
of Mo doping and S vacancies into the crystal structure modulates the electronic structure
and photo-response of ZnIn,Sy, resulting in a higher visible light absorption, faster carrier
transfer rate and lower internal resistance. Meanwhile, the doping of Mo atoms with S
vacancies reduces the coordination number of ZnIn;S,, gaining more active sites and, thus,
accelerating the catalytic reaction. Thus, the hydrogen evolution rate of 1.5% Mo-Sv-ZIS
reaches 5739 umol g~ ! h~! under visible light irradiation, which is 5.4 and 2.5 times higher
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than that of pristine ZIS and Sv-ZIS, respectively. The corresponding AQY at 420 nm
reaches 21.24%. Therefore, we demonstrate that the synergy between elemental doping and
surface defects is an effective strategy to enhance the evolution of photocatalytic hydrogen
in two-dimensional semiconductors, providing an additional perspective on the evolution
of photocatalytic materials.
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Abstract: The present work investigates the effect of ultrasounds in the performance of combined
advanced oxidation processes (AOPs) on the degradation of formaldehyde (HCHO)-polluted aqueous
solutions for potential application in wastewater treatment. Different heterogeneous nanostructured
catalysts based on TiO, and FeSO, for photocatalysis and the Fenton process were employed after
electrospray deposition on electrospun nanofibrous membranes. Such systems were tested, without
the use of any added hydrogen peroxide, by varying the combinations among the selected AOPs in a
batch reactor configuration. The results show that, in the absence of a Fenton reaction, ultrasounds
provided a significantly increased formaldehyde photocatalytic abatement, probably by increasing
the concentration of active species through a different set of reactions while providing a favorable
mass transfer regime by the cavitational effect. Due to the faster kinetics of the photo-Fenton process,
thanks to its partial homogeneous nature, such a beneficial effect is more limited for the sono—photo—
Fenton configuration. On the other hand, the employment of a sono—photocatalytic-Fenton process
revealed a synergic effect that provided the best results, reducing the formaldehyde concentration to
less than 99% after 240 min. Further analysis showed that, due to a mutual influence, only a tailored
TiO; /FeSOy ratio on the membranes was able to display the best performance.

Keywords: formaldehyde; titanium dioxide; photocatalysis; ultrasound; Fenton; AOPs; synergy;
nanofibers

1. Introduction

Formaldehyde (HCHO) is the simplest chemical compound of the aldehyde family,
but at the same time, it is one of the most produced chemicals all over the world, with
a global market that reached about 22.6 million tons in 2020 [1]. Such high production
volumes are justified by its widespread employment as a building block for the synthesis
of some of the most important synthetic thermosetting resins (melamine—formaldehyde,
urea—formaldehyde, and phenol-formaldehyde) and for the production of important chem-
icals such as methylene diphenyl diisocyanate for polyurethane production and functional
polyalcohols, such as pentaerythritol and 1,4-butanediol. Therefore, its common use in the
chemical industry in large quantities, combined with its high toxicity, has led to its classi-
fication as a toxic industrial chemical of high hazard [2] due to its potential involvement
in terrorist events [3]. Chemical production plants can produce wastewater with up to
10* mg/L of formaldehyde [4], which is difficult to treat, even in the range of 102 mg/L
using conventional biological processes due to the adverse effect on the cellular structure of
microorganisms [5,6]. Such evidence requires the employment of alternative degradation
strategies to induce formaldehyde decomposition [7-12] and limit its adverse effects on
human health and living organisms.

Advanced oxidation processes (AOPs) is a collective term embracing a wide set of
homogeneous and/or heterogeneous abatement techniques that rely on the generation
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of reactive oxidant species to convert different types of recalcitrant pollutants, such as
pharmaceutical, dyes, pesticides, and so on, into a more biodegradable form or up to their
complete mineralization [13]. To such end, AOPs involve the use of strong oxidizing agents,
a specific catalyst or photocatalyst, and different energy vectors, such as ultraviolet (UV)
light irradiation, ultrasound (US), or electrical sources, under relatively mild operating
conditions. Despite the great debate around the specific species involved in the degradation
mechanism, it is generally considered that the hydroxyl radical plays a pivotal role thanks
to its high oxidizing potential and non-selective nature, which is useful for the treatment
of different types of organics [14]. Therefore, the proper exploitation of such techniques
is based on the maximization of the production of such species, combined with relatively
high reaction rates and possible complete or at least partial mineralization of the targeted
pollutant into non-toxic compounds. From this point of view, the use of single AOPs can
suffer from many possible limitations that still hinder their applicability at an industrial
scale [15]. For example, photocatalysis with suspended particles is known to suffer from
mass transfer limitations, high electron-hole recombination rates, and possible particle
agglomeration [16]; the Fenton process is affected by a slow rate of Fe>* reduction to Fe?*,
high dependence on the pH, the generation of sludge, and the consumption of expensive
hydrogen peroxide (H,O;) [17,18] while ultrasound can provide very limited pollutant
degradation, representing an expensive technology from an economic point of view [19].
However, while an exhaustive solution for a real breakthrough is yet to come, it has been
recognized that a possible compromise to solve some of these issues can be found in the
proper coupling of these AOPs as a possible way to also find synergic effects [20-25].

In such a context, the use of heterogeneous systems based on membranes has been rec-
ognized as a promising approach for wastewater treatment [26]. In this sense, electrospun
nanofibrous membranes are considered an interesting solution in water filtration due to an
ideal combination of different properties in terms of mechanical resistance, high surface
area, porosity, and wettability [27]. Despite this, the main application of these types of
membranes is still related to filtration, the adsorption of contaminants and heavy metals,
and the photocatalytic degradation of organic compounds [28-31]. A less studied solution
is the use of these membranes with a combination of different AOPs. For this purpose,
among the different polymeric substrates that can be employed, PAN has been indicated as
a viable support for both photocatalysts [32,33] and photo—Fenton [34,35] catalysts thanks
to its high UV stability and propensity for surface functionalization.

Many studies dealing with different combinations of AOPs for the degradation of
formaldehyde aqueous solution are present in the literature, often focusing on the anal-
ysis of the effect of different process parameters. Kajitvichyanukul et al. [36] compared
different AOPs based on photocatalysis and Fenton reactions for the abatement of highly
concentrated formalin solution. They observed that the photo-Fenton system had the
best performance both in terms of formaldehyde abatement and complete mineralization
rate. In a second study [37], the same authors investigated the photo-Fenton degradation
of formalin in lab-scale experiments with UV light by analyzing the effects of different
parameters on the oxidation rates of both formaldehyde and methanol. They observed that
formaldehyde removal was less affected by pH, although a pH of 2.6 was necessary to pro-
vide the best efficiency, while generally an increase in both the concentrations of Fe>* ions
and H,O, was able to increase the degradation rate. From their analysis, it was possible
to conclude that methanol was found to be more difficult to oxidize when in competition
with formaldehyde in the aqueous stream to be treated. Sekiguchi et al. [38] analyzed the
degradation of model aldehydes such as formaldehyde and benzaldehyde to assess the
possible synergistic effect between different techniques of advanced oxidation, such as
ultrasounds, UV photocatalysis, and sono—photocatalysis. The results of the study high-
lighted that the sono—photocatalytic process was able to display the best performance with
a first-order degradation rate and a synergic effect on both of the two analyzed pollutants.
Liang et al. [39,40] analyzed the kinetics of formaldehyde degradation using UV-Fenton
oxidation, identifying a suitable model for describing the evolution of formaldehyde con-
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centration as a function of the concentrations of Fe?* and H,O, in the photochemical reactor.
In their conclusions, they highlighted that the main intermediate product of oxidation was
formic acid, whose further oxidation was the main rate-limiting step of complete mineral-
ization. Guimaraes et al. [41] compared the degradation efficiency of formaldehyde with
the employment of different abatement techniques. They observed that formaldehyde
was not possible to degrade by photo-oxidation alone, while peroxidation had a limited
effect due to difficulty with the degradation of the formic acid generated as an intermediate
oxidation product. In terms of performance, the degradation rates for both UV/H,0,
and photo-Fenton were similar, while the latter was found to produce a faster decrease
in the dissolved organic concentration for highly concentrated formaldehyde solutions.
Tymoyrimoghadam et al. [42] degraded formaldehyde in aqueous solutions with the use of
a UV/S,08%~ process in a photoreactor operated in rotary mode. In their experiments, a
certain dependence on pH was noted, which favored a higher removal efficiency under
acidic conditions, while specific persulfate-to-formaldehyde ratios were identified to obtain
the best results. The specific effects of anionic species on the removal efficiency were also
discussed. Deniz et al. [43] analyzed formaldehyde degradation using H,O, as an oxidant
species under UV and fluorescent light irradiation. They noticed a higher dependence of
the performance on pH by using fluorescent light, but the best performance was identified
for conditions of a neutral pH with a combination of UV light and a suitable mass ratio
between formaldehyde and H;O,. Recently, Lai et al. [44] explored an in situ degradation
of formaldehyde by the electro—Fenton process using nitrogen-activated carbon to promote
both H,O; and formaldehyde adsorption. Through nitrogen doping, they enhanced the
degradation of formaldehyde by promoting Fe?* regeneration to improve the production
of *OH at the cathode and achieve a higher probability of interaction with the adsorbed
HCHO. With this solution, they were able to reach a 49% increase in degradation compared
to the unmodified cathode.

The traditional approach in many of these studies has been to improve the degradation
rate of formaldehyde removal but without a specific combination of techniques to achieve
both a synergic effect and a partial overcoming of the limitations of each single AOP
adopted. In this work, we present the use of such a combined strategy, never reported
before, to degrade low concentrations of formaldehyde (90 ppm) in aqueous solutions.
Starting from the conclusions of our previous work [45], we adopted a membrane substrate
to immobilize the catalytic system on a porous support to avoid its suspension, boosting
the production of radical species using both the Fenton reaction and UV light without
any added H,O,, along with the introduction of ultrasound irradiation. More specifically,
we investigated the effect of the latter as it can provide improvements both in terms of
mass transfer conditions and degradation of the selected pollutant. The main aim was to
analyze if an additive or synergic effect can arise on both the formaldehyde degradation
rate and the final conversion by a specific combination of processes involving the use of
ultrasound. The optimal catalytic system composition was also considered, with reference
to the best-performing combination of AOPs involved.

2. Materials and Methods
2.1. Materials

Polyacrylonitrile (PAN, Mw = 150,000 g/mol, Sigma Aldrich, St. Louis, MO, USA)
was used as a nanofibrous support for catalyst deposition and electrospinning, using
N,N-dimethylformamide (DMF, Sigma Aldrich, St. Louis, MO, USA) as a solvent. TiO,
powder Aeroxide® P90 (d = 14 nm, BET = 90 m2/ g, 90:10 anatase/rutile ratio, crystal
size = 11 nm [46]) was supplied by Evonik (Essen, Germany) and used for the photocat-
alytic tests, while ferrous sulfate heptahydrate (FeSO4-7H,0) was supplied by Sigma
Aldrich (St. Louis, MO, USA) and employed as a catalyst for all the tests involving the
Fenton reaction. The catalysts” immobilization on the surfaces of PAN nanofibers was
realized by electrospraying the corresponding dispersions, using ethanol (Sigma Aldrich,
St. Louis, MO, USA) as a solvent and Dynasylan® 4144 (Evonik, Essen, Germany) as a
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dispersing agent. A 90 ppm formaldehyde aqueous solution was employed for all the
abatement tests and realized by the dilution of formalin (37% w/w of formaldehyde and
10% w/w of methanol), supplied by VWR Chemicals (Radnor, PA, USA), with MilliQ water.
Whenever the Fenton reaction was involved, the pH of such a solution was adjusted to
a value of 3 with the use of a 0.2 N sulfuric acid solution (H,SO4 at 98% w/w, Sigma
Aldrich, St. Louis, MO, USA), as such a process is known to be highly favored under
these conditions [47]. For the quantification of the formaldehyde concentration, a specific
derivatization method was employed using 0-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine
hydrochloride (PFBHA-HCI) purchased from Alfa Aesar (Haverhill, MA, USA) and 1,2-
dibromopropane at 97% w/w as internal standards (Sigma Aldrich, St. Louis, MO, USA)
and using hexane (Sigma Aldrich, St. Louis, MO, USA) for the extraction process.

2.2. Methods

Thermogravimetric analysis (TGA) was the technique employed for the quantification
of the amount of photocatalyst deposited on the surface of the electrospun composite
membranes. The analysis was carried out with an SDT-Q600 apparatus (TA Instruments,
New Castle, DE, USA) equipped with alumina pans, employing a 100 cc/min airflow and
a 20 °C/min heating rate from room temperature up to 900 °C. The quantification of the
residual formaldehyde concentration was carried out according to the U.S. Environmental
Protection Agency (EPA) method 556 [48] using a derivatization procedure with PFBHA-
HCI on samples withdrawn from the aqueous solution employed during the degradation
tests. The oxime derivative formed was extracted from water with hexane and processed
with an acidic wash step before being analyzed by gas chromatography-mass spectroscopy
(gas chromatograph TRACE 1300® directly coupled with a single quadrupole mass spec-
trometer ISQ QD®, both from Thermo Scientific, Waltham, MA, USA). The column for the
chromatographic separation was a non-polar DB5 capillary column (0.25 mm i.d., 30 m
length, supplied by Agilent, Santa Clara, CA, USA). The oxime derivative (m/z = 225) and
1,2 dibromopropane (1m/z = 121), used as internal standards, were identified as target analytes
and employed for the quantification of the formaldehyde concentration using a calibration
curve derived from solutions at different but known formaldehyde concentrations. For each
data point, an average value based on three replicates was employed to analyze the trends of
the different tests.

2.3. Nanostructured Membranes Preparation

A 5%wt solution of PAN in DMF was prepared and then electrospun on a rotating
drum collector. After that, a suitable amount of fibers was collected, the electrospinning
was stopped, and electrospraying of the proper catalytic system suspension was performed.
The optimized conditions for all the deposition processes are shown in Table 1, according
to a previous study [45], and identified in order to avoid excessive catalyst agglomeration
with membrane clogging and to obtain tailored amounts on the membrane surface.

Table 1. Deposition parameters for membrane production.

Svstem Flow Rate Voltage Electrodes Relative Deposition
4 (mL/h) kV) Distance (cm) Humidity (%) Time (min)
PAN support 2 23 20-25 30-40 120
Catalyst deposition 2 23 15 20-30 variable

The electrospray deposition of the catalytic systems was realized with 5% w/w con-
centrated suspensions in ethanol. Before deposition, the catalysts dispersions were prelimi-
narily sonicated in an ice-cold bath for 40 min at a 40% amplitude using a 500 W ultrasonic
probe (Vibra-cell VC505® of Sonics & Materials, Newtown, CT, USA), alternating 1 min
of sonication with 1 min of non-sonication to avoid solvent evaporation. Subsequently,
Dynasylan® 4144 was added at a 1% w/w concentration based on the ethanol content,
followed by a further sonication of the resultant dispersion for 15 min. For the follow-
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ing analysis and discussion of the results, the membranes realized are named PAN_TiO,,
PAN_Fe, and PAN_TiO,_Fe, according to the fact that the deposited catalytic systems were
TiO,, FeSOy4, and TiO; + FeSOy, respectively.

2.4. Set-Up for the Formaldehyde Degradation Tests

The set-up for the degradation tests is reported in detail in our previous work [45].
Briefly, about 70 mL of solution containing approximately 90 ppm of formaldehyde was
placed in a Petri dish along with a 50 cm? nanostructured membrane of PAN fibers covered
by the electrosprayed particles of the specific catalytic system. The container with the
formaldehyde solution was then suspended inside an ultrasonic bath (Branson Bransonic
1510, Emerson Electric, Ferguson, MI, USA) with a consumption power of 70 W and a
working frequency of about 42 kHz. For the tests involving the use of UV radiation, a 16 W
UVC lamp (UV Stylo E16, Light Progress, Anghiari, Italy), with Apmax = 254 nm, was placed
on top of the ultrasonic bath and at a distance of 5 cm from the Petri dish, using a parallel
configuration with respect to the surface of the membrane. During all catalytic experiments,
the temperature was controlled by a continuous circulation of the water contained in the
sonication bath.

3. Results and Discussion
3.1. Membrane Analysis

Thermogravimetric analysis was carried out to quantify the amounts of the different
catalytic systems deposited by electrospraying in order to compare the results of the
abatement tests among the different membrane systems as a function of the catalyst weight.
In order to assess the relative quantities of the catalysts employed in the case of the
mixed composition (TiO, + FeSOy), a first analysis was carried out in terms of the typical
degradation profiles of pure materials. As can be seen in Figure 1a, PAN thermo-oxidative
degradation, with a specific heating rate employed (20 °C/min) for the analysis, is a two-
step process that can be identified by the mass-loss intervals of the polymer as a function of
temperature [49]. The material mass was stable up to 250 °C, with an onset degradation
temperature of about 300 °C, above which the decomposition of the material can be
reasonably ascribed to a combination of reactions involving dehydrogenation, cyclization,
and oxidation. The latter two are recognized to occur simultaneously, generating an
unstable and partially hydrogenated cyclic structure, while oxidation, despite preceding
cyclization, is characterized by a slower rate and becomes predominant in the second
degradation stage, which involves PAN cyclization products [50,51]. Due to the high
heating rate adopted in the test, the material was not stabilized, as in the case of carbon
fiber pretreatment [52], and therefore, above 400 °C, the temperature was able to promote
chain scission and the generation of volatile products up to the complete mass loss [53].
TiO, is a stable material with a negligible mass loss (around 2%) at low temperatures
due to the evaporation of adsorbed water, which can be considered not relevant for the
membranes developed due to the relatively low amount of TiO, deposited. On the other
hand, the thermal degradation of FeSO, is known to proceed with two different and
subsequent degradation steps, divided into dehydration and decomposition [54,55]. In
the first phase, crystallization water is lost upon heating at relatively low temperatures,
producing anhydrous FeSOy4 according to the following Equations (1)—(3) [56,57]:

40-90 °C

FeSO4-7H,O ——— FeSO,4-4H,0 + 3H,0O (1)
FeSO,-4H,0 420°C, £a50,-H,0 + 3H,0 @)
FeSO4-H,0 2230 °C, £650,4+H,0 3)
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Figure 1. Weight residues of (a) PAN, FeSO4-7H;0O and (b) PAN_TiO,_Fe (1:1) under air atmosphere.

Above 500 °C, FeSOy starts to decompose by releasing SO, up to 700 °C, and it is
converted in Fe; O3 according to Equations (4) and (5) [58]:

525-650 °C

6 FeSOy ———— Fey (504)3+2 F8203+3 SO, (4)
Fey(S04); 27, Fe,03 43S0, + %OQ )

As can be seen in the thermogram of pure FeSO, in Figure 1a, there were three
distinct but partially overlapping mass losses up to 200 °C that can be associated with the
dehydration reactions. Subsequently, the mass of the sample remained stable up to 400 °C,
when the decomposition reaction occurred, according to the reactions suggested in the
previous equations.

From the stoichiometry of the dehydration and decomposition reactions, it was possi-
ble to quantify the amount of volatile products released from the thermo-oxidative process
and the theoretical residue, which was approximately 28.7%. Such a residue was slightly
different from the final result, reported in Figure 1a, of about 32.5%. This could be explained
as a partial loss of crystallization water during storage as the first dehydration step starts at
a very low temperature. Indeed, according to the total mass loss at 800 °C, the true water
content of the sample corresponds approximately to a FeSO,4-5H,O composition. This
conclusion is in accordance with the fact that the first mass-loss step is around 6.8%, and it
is close to the theoretical loss of 7.4% for the reaction FeSO4-5H,0O — FeSO,4-4H,0 + H,0,
while the total dehydration (40.1% mass loss) is in reasonable agreement with the theoretical
value of 37%. Due to this evidence, the values obtained from the TGA were taken as a refer-
ence for the evaluation of the relative content of iron sulfate during electrospray deposition.

The introduction of FeSO, in the membranes altered the degradation profile be-
tween the first and second mass-loss steps as Fenton reagents can act as hydroperoxide-
decomposing agents during the formation of organic radicals [59-61], promoting a faster
degradation of PAN and, therefore, a lower decomposition temperature. However, by com-
paring the TGA curves of the catalysts with that of the composite membrane PAN_TiO,_Fe
(Figure 1b), the initial weight loss of the latter up to 200 °C, where both TiO, and PAN
were quite stable (i.e., weight loss of less than 1%), can be related to the dehydration of
FeSOy, while the final residue at 800 °C was due to residual Fe,O3 derived from FeSOy
oxidation and TiO;. On the basis of these considerations, it was possible to assess the
relative content of the catalysts deposited on the membranes and the relative mass ratio
between the inorganic components of the catalytic systems. Table 2 summarizes the results

36



Nanomaterials 2023, 13, 435

of these calculations in terms of the catalyst concentration and composition ratios of the
different membranes employed in the tests.

Table 2. Residues, relative compositions, and catalyst concentrations derived from the thermogravimet-

ric (TGA) analysis of the different catalysts and membranes employed for the abatement test.

Sample Residue @200 °C  Residue @800 °C  FeSO4 Content TiO; Content  Fe:TiO, Catalyst
(%) (%) (%) (%) Ratio Conc. (mg/cm?)

TiO, 98.8 98.0 - 100 - -

Fe 59.9 325 100 - - -
PAN_TiO, 99.8 17.6 - 17.6 - 0.141
PAN_Fe 94.4 4.7 14.5 - - 0.124
PAN_TiO,_Fe (2:1) 94.9 16.1 7.7 13.6 0.56 0.135
PAN_TiO,_Fe (1:1) 94.9 9.8 7.7 7.3 0.94 0.133
PAN_TiO,_Fe (1:2) 94.6 7.1 8.1 45 1.81 0.129

After tailoring the deposition amount for the different catalytic systems, it was possible
to control the overall amount deposited on the membranes and the relative composition
between the FeSO,4 and TiO, whenever they were deposited on the same membrane. Since
the TGA results in Table 2 show that the overall quantities were quite similar to each other,
it was decided to test these systems to compare the abatement of formaldehyde without
the necessity of rescaling the amount of pollutant degraded on the catalyst content present
on the surface of the membranes.

3.2. Photocatalytic Tests

Following the results of our previous work [45] on the combined use of different
AOPs, we tried to improve the HCHO abatement performance of composite nanofibrous
membranes by introducing the effect of ultrasound. Such a solution was selected to
obtain improvements in terms of the mass transfer on the surface of the catalytic systems
employed and to evaluate if ultrasound could also provide a chemical effect to promote
the degradation of HCHO. To such an end, the first analysis involved the effect of the neat
ultrasound action on HCHO in the absence of any catalyst and membrane support, in
comparison to the effect of UV radiation and the combination of these two processes.

The results of these tests are shown in Figure 2, where it is possible to observe that the
UV radiation alone did not provide any effect on the residual concentration of HCHO, and
therefore, in the absence of any photocatalyst, it was not able to induce photodecomposition
of the pollutant. On the other hand, ultrasound showed the ability to induce a limited
but constant degradation of HCHO over time, reaching a final conversion of about 20%
over the course of 4 h of treatment, quite independently from the presence of UV light.
On the basis of these results, it is possible to confirm that there was no relevant synergic
effect due to the coupling of the two techniques and that the profile of the concentration of
HCHO was only affected by the action of ultrasound. Such an effect, at a relatively low US
frequency, was also noted by Navarro et al. [62] for formic acid and was explained as the
direct consequence of water sonolysis (Equations (6)—(11), [63]) and the radical scavenging
action of the pollutant on the produced *OH species.

H,O +))) —» H* + *OH (6)
*OH + *OH — H,0, @)
*OH + *OH — H, + O, (8)
H* + O, — HO,* )

H* + HO,® — H,0, (10)
HO,* + HO,®* — Hy,O, + Oy (11)
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Figure 2. Residual concentration of formaldehyde (HCHO) over time for ultra-violet (UV), ultrasound
(US), and UV+US tests (maximum standard deviation, omax = 1.3 ppm).

A further “blank” test was realized with a PAN-TiO, membrane in the absence of US
and UV action to probe any effect related to the photocatalyst, but only a slow decrease
in the concentration was detected over the course of the test and attributed to surface
adsorption of the pollutant.

However, as can be noted in Figure 3, when photocatalysis was coupled with ultra-
sound (US + UV PAN_TiO;), the degradation of the pollutant was more efficient since it
did not increase the initial concentration of formaldehyde, as was the case with an absence
of ultrasound (UV PAN_TiO,).
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HCHO concentration [ppm]
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Figure 3. Residual concentration of HCHO for photocatalysis and sono—photocatalysis tests
(omax = 1.9 ppm).

This initial increase in the formaldehyde content during a photocatalytic test, without US,
was explained as a consequence of the partial oxidation of methanol, used as a commercial
stabilizer from the starting formalin solution, that generates formaldehyde as an intermediate
degradation product due to the reaction with dissolved oxygen (Equations (12)—(13), [8]):

CH30H + *OH — *CH,0H + H,0 (12)

.CHon + 02 — CH20 + HOZ. (13)
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Due to the non-negligible amount of methanol in the formalin solution (about 25 ppm
per 90 ppm of formaldehyde), a specific photocatalytic experiment was also carried out to
test this hypothesis, using an aqueous solution containing 25 ppm of methanol. The results
(not shown) confirm the proposed mechanism with a progressive increase in formaldehyde
formation up to a maximum value after 120 min, in accordance with the findings of
Arafia et al. [8]. This allows for the hypothesis that methanol is preferentially adsorbed
on the surface of hydrophilic nanoparticles of P90 and more rapidly photo-oxidized than
formaldehyde, increasing its concentration over time. From this point of view, the change
in the formaldehyde concentration profile over the course of the reaction promoted by
the presence of ultrasounds can be a consequence of a different degradation mechanism.
Indeed, as observed by Rasshokin et al. [64], in the sonolysis of diluted aqueous methanol
solutions, methanol can be converted into methane during ultrasound treatment, according
to the following Equations (14)—(17) in which thermolysis of the C-O bonds is coupled with
the radical species produced from water sonolysis [63]:

CH;OH — *CH; + *OH (14)
*CH; + H® — CH, (15)
.CH::, + HOZ. — CHy + Oy (16)
*CH; + Hy — CHy + H® (17)

It has to be underlined, however, that those conclusions cannot be strictly applied to
the present case as the sonication frequency was significantly different (724 kHz versus
42 kHz) and also because other elementary reactions, which can lead to the formation of
formaldehyde, had to be taken into consideration (Equations (18)—(21), [65]):

CH3;0H — *CH,OH + H*® (18)
CH;0H + H® — *CH,OH + H, (19)
*CH,OH + H®* — CH,O + H, (20)
*CH,OH + *OH — CH,0 + H,O (1)

In this sense, it was explained [64] that in diluted solutions of methanol, the possible
formation of formaldehyde is only due to the migration of H®* and *OH radicals to the
bulk of the aqueous solution. If the formaldehyde concentration during the experiments
does not increase, as when US and photocatalysis are coupled, it is likely that the extent of
migration within the bulk of the liquid phase is limited. As a consequence, the H* and *OH
radicals recombine or react with methanol at the bubble interface where the temperature
reaction is higher and the *CH,OH radical produced from methanol can be converted into
CO (Equations (22)—(24), [66]):

*CH,OH +M — CH, O+ H* + M (22)
CH,O+M — H®* + *CHO + M (23)
*CHO +M — CO + H* + M (24)

It can therefore be concluded that the high temperatures reached in the cavitation
bubbles during the exposition to ultrasound might have provided a different set of re-
actions involved in methanol degradation, at least in the absence of a concurrent effect
of a photocatalytic nature. In the latter case, a further explanation of the result could
be related to the TiO-promoted production of different active species (i.e., HO,* and
*OH) due to the photocatalytic decomposition of HyO, [67] derived from water sonolysis
(Equations (6)—(11)), possible even at low ultrasonic frequencies [68]. A higher concentra-
tion of such active species can promote the reaction with both methanol and formaldehyde,
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possibly explaining the lower initial degradation rate observed within the first 60 min
of the reaction as a consequence of the balance between formaldehyde degradation and
production from methanol oxidation. The relevance of the two proposed mechanisms
could be verified with proper analytic techniques, such as electron spin resonance [69,70];
however, this was outside of the main aim of this work. It is, however, clear that such
improved reactivity, coupled with the higher mass transfer improvement observed with
the use of ultrasound in heterogeneous reacting systems [71,72], can enhance the overall
efficiency of the degradation process and possibly explain the constant decrease in the
pollutant concentration.

A second set of tests was carried out by combining the ultrasound irradiation with the
photo-Fenton process, as shown in Figure 4. It is well documented that UV-C radiation is
able to assist the regeneration of the Fenton cycle by the photo-reduction of ferric ions under
acidic pH, increasing the efficiency of the process and reducing the consumption of H,O,
needed to sustain the process [73-76]. On the other hand, the aforementioned effect of
the HyO, concentration increase as a consequence of the introduction of ultrasound might
directly promote the Fenton reaction, inducing a higher amount of radical species [77]. For
the purpose of the present study, it was decided to take advantage of such an effect as a
way to improve the efficiency of the formaldehyde degradation obtained in the absence of
any added HyO5, as highlighted in our previous study [45].
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Figure 4. Residual concentration of HCHO over time for photo—Fenton and sono—photo—Fenton tests
(omax = 1.3 ppm).

In this case, the results of the tests in Figure 4 show that the introduction of ultrasound
can improve, although to a limited extent, both the rate and the final conversion in compar-
ison to the photo—Fenton process, with an evident additive effect. This can be ascribed to
the high initial degradation rate of the pure photo—Fenton reaction, which does not suffer
from the limitations shown by the heterogeneous nature of the photocatalysis process. On
the basis of these results, it is possible to affirm that the ultrasound had a beneficial effect
for both processes, i.e., photocatalysis and photo-Fenton, although to different extents, and
therefore, it was plausible to analyze the performance of abatement due to the combination
of these different AOPs in a single system, realizing the sono—photocatalytic-Fenton abate-
ment of formaldehyde. The results of these tests are shown in Figure 5, in comparison with
other tested systems, where the sono—photocatalytic-Fenton system was employed using a
tailored deposition of FeSO4 and TiO, in order to respect a Fe/TiO; mass composition ratio
of 1:1. This may provide a simpler explanation if the combined process shows a synergic or
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simply additive effect; as already reported before, the total amount of catalysts was about
the same in all the tested systems.
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Figure 5. Comparison of the residual concentration trend of HCHO over time for tested advanced
oxidation processes (AOPs) (0max = 1.9 ppm).

As can be seen, there were distinct performances of the different systems. In particular,
the trends with the best results were ranked as follows: sono—photocatalytic-Fenton >
photocatalytic-Fenton > sono—photo-Fenton > sono—photocatalysis. This ranking reflects
the improvements both in the initial degradation rate, calculated as the average value from
the data in the 0-120 min range, and the final conversion (Table 3), indicating that the
contribution of the ultrasound improved each single AOP.

Table 3. Initial degradation rate and final conversion of HCHO for the different combined AOPs tested.

Initial

System Process Degradatior} Rate Convl;i-:ia(}n (%)
(ppm/min)
US + UV PAN_TiO, Sono—photocatalysis 0.195 67
US + UV PAN_Fe Sono—photo-Fenton 0.353 79
UV + PAN_TiO,_Fe Photocatalytic-Fenton 0.437 87
US + UV PAN_TiO;_Fe (1:1)  Sono-photocatalytic-Fenton 0.531 99

A possible explanation of the contribution provided by ultrasounds can be understood
not only in terms of higher mass transfer conditions but also as a way for promoting further
pollutant degradation by both *OH and H,0O, formation [63].

On the one hand, such HyO, can be photo-catalytically decomposed by UV radiation
to generate a new active radical species that can oxidize the organic pollutant, and on the
other hand, it can be involved in a synergic cascade effect. Indeed, while iron is able to limit
the electron—hole recombination of TiO,, the H,O, derived from water sonolysis can be
involved in promoting the iron oxidation from Fe(II) to Fe(Ill) [78,79], while UV radiation
allows for the photo-reduction of Fe(Ill) to Fe(Il) in order to restart the Fenton cycle [80].
This effect could be important for producing H,O, in situ without any addition of the
oxidant at the beginning of the process, although the relevance of such an effect has to be
carefully evaluated as a function of the pollutant concentration and processing conditions.

A further consideration can be made in terms of the possible products derived from formalde-
hyde oxidation according to the different findings reported in the literature [40,41,45,70,81]. For
the present case, due to the nature of the processes involved and the liquid phase medium,
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the probable reaction intermediate was formic acid, which can be subsequently oxidized to
CO;. Such an intermediate has commonly been reported for the photocatalysis, Fenton,
and photo—Fenton processes in aqueous solutions [40,41] and is consistent with the pH
fluctuation observed over the course of the reaction [45]. On the other hand, the effect
of ultrasound in combination with photocatalysis on product distribution, although not
specifically addressed in the literature, has been proven not to inhibit the degradation of
HCHO for low concentrations in aqueous solutions [38] and, therefore, does not represent
a main concern for the present study:.

Due to the good results obtained with the employment of the sono—photocatalytic—
Fenton process, a further analysis regarding the effect of the composition ratio between the
TiO; and FeSO4 was carried out. According to the previous synergic effect, altering the com-
position ratio may have led to a different contribution to the catalytic activity of the systems.
In this sense, Figure 6 reports the abatement profiles of the sono—photocatalytic-Fenton
systems for different Fe/TiO, mass ratios in comparison to the 1:1 reference composition.
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Figure 6. Comparison of the residual concentration trend of HCHO for the sono—photocatalytic—
Fenton systems with different TiO, /FeSO, mass ratios (Omax = 2.3 ppm).

The results show that the optimal performance, in terms of the abatement rate, oc-
curred when the relative composition ratio was 1:1. The second-highest performing system
was the one with a higher FeSO, content (1:2), which, however, over the course of the
experimental time analyzed, provided a similar final conversion as the system with a
higher TiO; content (2:1). It is evident that altering the composition of the catalytic system
influenced the HCHO abatement performance as a consequence of the different kinetics of
the involved processes. The lower abatement rate, with a 1:2 mass ratio composition, can
be explained by the higher FeSO, relative content shielding the UV absorption of TiO, and
reducing its photoactivity, similar to the trend of the sono—photo-Fenton process, but with
a more limited final conversion due to the lower iron content. On the other hand, increasing
the amount of TiO, (a 2:1 mass ratio) worsened the abatement rate because the photocatalytic
process, characterized by lower kinetics also in the presence of US, became predominant over
the photo—Fenton reaction and slowed down the overall rate of the process.

4. Conclusions

The present work investigated the effects of the combinations of different AOPs on the
degradation of aqueous solutions with a low concentration (90 ppm) of formaldehyde. Sev-
eral strategies based on the employment of UV photocatalysis, the Fenton reaction without
added H,O,, and ultrasound irradiation were considered with the use of heterogeneous

42



Nanomaterials 2023, 13, 435

membranes made of electrosprayed TiO, and FeSO, particles supported on electropsun
PAN nanofibers. The results show that ultrasound can improve the kinetics and final
conversion of formaldehyde, overcoming the limitations of photocatalysis, with a synergic
effect possibly related to the higher mass transfer efficiency and combined degradation
promoted by sonolysis. This effect was less marked in the case of the sono—photo-Fenton
reactions since the photo—-Fenton process is characterized by faster kinetics, and the con-
tribution to the trend of conversion over time was rather additive than synergic. The
combination of the different AOPs for the sono—photocatalytic-Fenton abatement tests
showed that it was possible to combine the previous improvements to obtain a system
that was able to provide a 99% decrease in the formaldehyde concentration in 240 min.
However, this effect was achieved only when the relative concentrations of the Fe and TiO,
were balanced to allow for a synergic contribution and avoid a possible photo-shielding
effect from the Fe source or predominance of the photocatalysis over the better-performing
photo—Fenton reaction. Such findings can provide new detailed insight into the rationale of
combining efficiently different AOPs and overcoming the limitations that affect each one of
these processes.
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Abstract: The design of functional coatings for touchscreens and haptic interfaces is of paramount
importance for smartphones, tablets, and computers. Among the functional properties, the ability
to suppress or eliminate fingerprints from specific surfaces is one of the most critical. We produced
photoactivated anti-fingerprint coatings by embedding 2D-SnSe;, nanoflakes in ordered mesoporous
titania thin films. The SnSe, nanostructures were produced by solvent-assisted sonication employing
1-Methyl-2-pyrrolidinone. The combination of SnSe; and nanocrystalline anatase titania enables
the formation of photoactivated heterostructures with an enhanced ability to remove fingerprints
from their surface. These results were achieved through careful design of the heterostructure and
controlled processing of the films by liquid phase deposition. The self-assembly process is unaffected
by the addition of SnSe;, and the titania mesoporous films keep their three-dimensional pore or-
ganization. The coating layers show high optical transparency and a homogeneous distribution of
SnSe; within the matrix. An evaluation of photocatalytic activity was performed by observing the
degradation of stearic acid and Rhodamine B layers deposited on the photoactive films as a function
of radiation exposure time. FTIR and UV-Vis spectroscopies were used for the photodegradation
tests. Additionally, infrared imaging was employed to assess the anti-fingerprinting property. The
photodegradation process, following pseudo-first-order kinetics, shows a tremendous improvement
over bare mesoporous titania films. Furthermore, exposure of the films to sunlight and UV light
completely removes the fingerprints, opening the route to several self-cleaning applications.

Keywords: SnSe;; 2D materials; titania; photocatalysis; anti-fingerprint

1. Introduction

The photocatalytic activity of anatase nanocrystalline titania is a well-known phe-
nomenon with manifold applications, such as energy conversion, photonics, and photoin-
duced antimicrobial activity [1]. In particular, the technologies based on thin films are
successful examples of applications of the photocatalytic properties of titania [2]. A thin
layer of transparent TiO, deposited on window glasses or lenses enables the so-called self-
cleaning effect [3], which causes the decomposition of the organic compounds on the glass
surface thanks to the sunlight absorption [4]. Several products based on this phenomenon
are already on the market; however, their ability to completely decompose solid pollutants
on lenses and glass facades has not yet fully developed, and the main benefit is the need of
less-frequent cleanings of the surfaces. On the other hand, efficient self-cleaning materials
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can also be applied as anti-fingerprint and anti-smudge surfaces [5,6] which are highly
requested in many applications, such as in touchscreens for smart phones [7], photovoltaic
devices, and anti-smudge eyeglasses [8]. At the moment, the technological challenge is
still the fabrication of thin photoactive layers that do not modify some key properties of
the surface, such as optical transparency and reflectance. Nonetheless, the most common
coatings developed for this purpose are fluorinated [9] or polymeric films [10], which have
adhesion and/or durability problems on glass surfaces.

The use of an ordered mesoporous titania layer instead of a dense thin film provides
a strong improvement of the photocatalytic self-cleaning effect, which is up to four times
faster than that measured on the nonporous coating [11,12]. Further developments are now
envisaged thanks to the possibility of fabricating titania-based heterostructures in meso-
porous layers. The potential of 2D layered materials, especially metal chalcogenides, has
been investigated across many fields, such as photocatalysis [13-15], optoelectronics [16],
and sensing [17]. The formation of heterostructures using 2D materials has been confirmed
as a promising strategy to enhance the photocatalytic response in thin transparent meso-
porous ordered titania films [18,19]. Several 2D layered materials, depending on their
bandgap, can be combined with nanocrystalline titania to yield photoactive heterostruc-
tures with a tailored light-harvesting capacity. The fabrication of optically transparent
thin films integrating 2D materials is a challenging goal. For several applications, as
we previously underlined, the photoactive layer must preserve the transparency. This is
a mandatory property for photovoltaic devices, self-cleaning coatings on window glass, or
touch screens. Titania-based heterostructures that employ metal nanoparticles (i.e., gold or
silver) also work well to improve the photocatalytic performances, but, regrettably, they
reduce the overall transmittance by coloring the films. In previous works, we successfully
formed photoactive heterostructures by fabricating mesoporous titania nanocomposites
embedding 2D materials [20-22]. Graphene, boron nitride, and WS; materials have been in-
corporated into mesoporous titania thin films. By adopting a one-pot synthesis, the method
we devised enables the fabrication of transparent films that include 2D components as the
dispersed phase.

Here we report the synthesis of SnSe,-loaded mesoporous ordered TiO; films through
liquid phase deposition. The choice of SnSe;, is based on its intrinsic ability to trigger
surface chemical reactions, as in the case of chemical sensors [23], and its narrow bandgap
that ensures a broad absorption in the whole solar spectrum. Moreover, theoretical studies
have shown that SnSe; can efficiently act as co-catalyst in water-splitting reactions, as it
promotes charge separation and provides trapping and reduction sites for protons. SnSe,,
however, also exhibits a fast electron recombination and has a low conduction band (CB)
level (—0.16 eV vs. the normal nitrogen electrode (NHE)); therefore, it has to be coupled
with other semiconductors, such as TiO,, to reduce the recombination of charge carriers and
increase the rate of radical formation [24]. The formation of SnSe, / TiO, heterostructures in
thin mesoporous films allows us to improve the self-cleaning capability while keeping the
level of transparency the same. Achieving such a condition, however, requires a careful
design of the coating to avoid SnSe; aggregation. Furthermore, the as-deposited titania
films, after dip- or spin-coating, must be thermally annealed to form the anatase crystallites.
The annealing process, however, has to be finely tuned to avoid oxidation of the SnSe;.
The addition of few-layer SnSe; into the titania precursor sol allowed us to achieve great
control over the final chemo-physical properties of the nanocomposites with a remarkable
improvement of the photocatalytic performance. The resulting heterostructure was used to
fabricate highly efficient self-cleaning and anti-fingerprint optically transparent thin films.

2. Materials and Methods
2.1. Materials

Powder SnSe; crystals (Ossila Ltd—Sheffield, UK, CAS 20770-09-6), 1-Methyl-2-
pyrrolidinone (NMP), (Sigma-Aldrich, Milano, Italy, CAS 872-50-4), titanium(IV) chloride
(TiCly) (Sigma-Aldrich, Milano, Italy, CAS 7550-45-0), ethanol (EtOH), (Sigma-Aldrich,
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Milano, Italy, CAS 64-17-5), Pluronic F-127 (~12,600 g-mol_l, Sigma-Aldrich, Milano, Italy
CAS 9003-11-6), stearic acid (Sigma-Aldrich, Milano, Italy, CAS 57-11-4), Rhodamine B
(RhB), (Sigma-Aldrich, Milano, Italy, CAS 81-88-9), and deionized water were used as re-
ceived, without further purification. (100) oriented, P-type/Boron-doped silicon wafers and
synthetic fused silica slides (Suprasil®, Hanau, Germany) were employed as the substrates.

2.2. SnSep-Nanomaterial Synthesis

A total of 0.020 g of SnSe, powder was dispersed into 40 mL of NMP used as solvent
and sonicated by a bath sonicator for 6 h (Elmasonic P, working at 37 kHz) in a thermostat
bath to prevent temperature rise (T 25 °C). After sonication, the suspension was centrifuged
at 500 rpm for 20 min to precipitate the non-exfoliated material. The supernatant was then
filtered (nitrocellulose filter with 0.45 um pore size) and subsequently washed several times
with ethanol to remove the residual NMP solvent. Finally, the filtered SnSe, powder was
dried at 60 °C overnight. For microstructural characterization of the exfoliated flakes, SnSe,
nanosheets were redispersed in ethanol and spin-coated on silicon substrates.

2.3. Synthesis of Mesoporous Ordered SnSe)-TiO, Heterostructures

An evaporation-induced self-assembly method was used to synthesize the mesoporous
films. Initially, a titania—stock solution (Ti-stk) was prepared by adding 4.4 mL of TiCly in
40 mL of EtOH. Then 248 mg of Pluronic F-127 was dissolved in 5.07 mL of ethanol, and
after 15 min of stirring, 4.23 mL of Ti-stk and 0.687 mL of deionized water were dropped
into the mixture, following this sequence. The final solution (10 mL) was stirred for 2 h
to obtain the precursor sol. Then 0.02 g of powdered SnSe; nanoflakes was added to the
precursor sol.

Silicon wafers and silica glass were used as substrates for the deposition of thin films
via dip-coating. Before the film deposition, the silicon wafers were rinsed with ethanol
and dried with compressed air. The fused silica glass slides were cleaned with an aqueous
solution containing an ionic detergent, rinsed with acetone, washed with ethanol, and then
dried with compressed air.

The substrates were immersed in the SnSe,-titania sol for 30 s and withdrawn at a
10 cm min~! rate. During the process, the relative humidity was kept below 25% by a
dried air stream within the deposition chamber. Lastly, the obtained films were thermally
annealed in air at 400 °C for 3 h in an oven; the samples were inserted directly into the
oven at 400 °C. The overall process is illustrated in Figure 1.

(a) Bulk SnSe, ‘\ J’

in NMP

Bath sonication Centrifugation Filtration

Dip-coating Thermal treatment

400°C 3h

N
qu

e, precursor sol

TiO,-SnSe, mesoporous film

Figure 1. The schematic process of (a) exfoliation process of SnSe, powder and (b) preparation of
mesoporous ordered titania films containing dispersed nanoflakes of SnSe;.
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In the article, the mesoporous ordered films are indicated as m-TiO,, and the meso-
porous ordered films containing the SnSe, nano flakes as m-TiO,-SnSe;.

2.4. Characterizations of the Materials

The microstructure of bidimensional SnSe; flakes and mesoporous films was investi-
gated by scanning electron microscopy (SEM) (Gemini FESEM 500), working at an accel-
erating voltage of 2 kV. An element analysis was performed by using energy-dispersive
X-ray spectroscopy (EDS).

Transmission electron microscopy (TEM) with an accelerating voltage of 100 kV and
0.34 nm resolution (TEM Philips CM100) was used to investigate the morphology and
mesoporosity of TiO, and TiO,-SnSe; films.

Flake thickness was estimated by Atomic Force Microscopy (AFM); the measures were
performed in air by using a NT-MDT Ntegra AFM operating in tapping mode.

The N; sorption isotherms of the dried and 400 °C annealed sol were obtained using
a Quantachrome Nova 1200e, and the specific surface area was determined with the
Brunauer-Emmett-Teller (BET) method.

X-Ray Diffraction was performed by XRD-PAN Analytical X'PERT Pro, using Cu K41
radiation (A = 1.5406 A) with an angle step of 0.013°.

Raman spectra were acquired using a Senterra confocal Raman microscope in the
65-1555 cm~! range, with a laser excitation wavelength of 532 nm, 50X objective, and
nominal power of 12.5 mW.

An o-SE-Wollam spectroscopic ellipsometer with fixed-angle geometry (Complete
EASE v. 4.2 software) was used to measure the refractive index, thickness, porosity, and
SnSe; loading of the films. Two or three component models with void and Cauchy film
were used to fit the data.

Dataphysics OCA 20 was used to evaluate the contact angle. For the measure, 2 uL
water droplets deposited on the film surface were employed. The final value was obtained
by averaging three measurements.

Bruker infrared Vertex 70 V interferometer was used to obtain Fourier-transform
infrared (FTIR) absorption spectra. The spectra were acquired in the range 400-4000 cm !
(scans average of 128 and 4 cm ™! of resolution).

UV-Vis spectra in the 200-800 nm range were recorded by using a Nicolet Evolution
300 UV-Vis spectrometer, with an integration time of 1.5 s per step, using a fused-silica
glass substrate.

Micro-FTIR imaging of fingerprints deposited on films was performed using a Thermo
Fisher Nicolet iN10M spectrometer in transmission mode, equipped with an MCT-A de-
tector (7800-650 cm ! spectral range). The fingerprints were obtained using an aqueous
solution of stearic acid (5 g L™!) to wet the fingers. The area used of the collected image
was 150 x 150 um, with a spectral resolution of 8 cm ! for 128 scans; the spectra were
normalized using the stearic acid band peaking at 2919 cm~! versus the Si-O-Si substrate
band peaking at 1111 cm ™.

2.5. Evaluation of Photocatalytic Activity of the Films

Stearic acid and Rhodamine B were chosen as target molecules to evaluate the room-
temperature photocatalytic activity and anti-fingerprint property of TiO, and TiO;-SnSe;
mesoporous films deposited on Si substrates.

Stearic acid was dissolved in EtOH (5.0 g L1, and 100 pL of solution was deposited on
the titania films by spin-coating at 1500 rpm for 30 s. The backside of the slide was cleaned
with ethanol to remove residual solution. After deposition, the films were irradiated using
a UV lamp (365 nm) (nominal power density of 470 pW cm ™2 at 15 cm) at a distance of 1 cm
for different illumination times, 0-15 min. FTIR spectra were recorded after each 2.5 min
illumination step.

The photodegradation of stearic acid on the films was evaluated by FTIR analysis by
considering the change of the vibrational modes at 2945 and 2845 cm~! (-CH, and -CHj3
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stretching, respectively) by averaging 128 scans with 4 cm ™! of resolution. The change in
the corresponding area of the infrared bands as a function of irradiation time was estimated
using the FTIR spectra. The integral of the areas, ranging from 2800 to 3010 cm ™!, were
used for the evaluation.

Rhodamine B (RhB) was also used as a target molecule to evaluate the photocatalytic
activity of films deposited in fused silica slides. The integral of the absorption bands,
ranging from 450 to 625 nm, was used to monitor the changes induced by the UV exposure.

The Rhodamine B solution for the photocatalytic test was prepared by dissolving RhB
powder in EtOH (5-1073 mol L1); 100 puL of solution was spin-coated at 1500 rpm for
30 s on the selected substrate. The backside part of the films was cleaned with ethanol to
remove the eventual presence of the residual solution. After the deposition, the films were
irradiated under 365 nm, using a UV lamp for 0-50 min, and the UV-Vis spectra were re-corded
immediately after illumination. To obtain a precise readout on the photodegradation kinetics
of RhB, a baseline subtraction was carried out with the use of a spline fit. This procedure was
employed to suppress the interference pattern produced by the thin films. Calculation of the
baseline is critical because it affects the evaluation of the photocatalytic activity.

2.6. Evaluation of Rhodamine B Degradation in Liquid Phase

The photodegradation test of Rhodamine B in water (2.5:10~® mol L~!) was carried
out in a UV-Vis cuvette. The degradation of Rhodamine B in aqueous solution caused
by UV light exposure was compared to that resulting from the addition of bidimensional
5nSe, flakes to the solution. For the test, a 3 mL aqueous solution and a concentration of
0.07 g L~! SnSe, were employed. The UV lamp (365 nm, Led Zolix instruments, M365L
420 mW, 90% power) was positioned at a distance of 3 cm. To avoid sedimentation of
SnSe; flakes, the cuvettes were stirred during the UV exposure. The integral of Rhodamine
B absorption spectra in the range of 400-650 nm was used to evaluate the effect of UV
irradiation; the data were smoothed using the Savitzky—Golay algorithm.

3. Results and Discussion

The synthesis of m-TiO,-SnSe; heterostructures requires well-exfoliated SnSe; nanos-
tructures, which can be uniformly dispersed in the titania precursor sol. Among the several
exfoliation processes used to obtain 2D materials, liquid-phase exfoliation (LPE) stands out
due to its scalability and reproducibility. Small fragments of SnSe,, in the shape of flakes,
were obtained by LPE. These nanostructures were characterized by combining different
techniques.

3.1. Microstructural Characterization

Figure 2a shows the high-resolution SEM image of representative 2D-SnSe; stacked
flakes exfoliated in NMP solvent. The statistical analysis (Figure 2b) displays that the
flakes have an average lateral dimension of 0.738 4 0.022 pum, similar to what reported in
previous works [25]. The thickness of the flakes, as evaluated by AFM (Figure 2c), follows
a log-normal distribution peaking at ~ 30 nm (Figure 2d). Considering a theoretical
thickness of a SnSe, monolayer at room temperature of 1.2 nm [26], the nanoflakes consist
of roughly 25 layers. The width-to-thickness ratio is 24.6, which is consistent with previous
reports for bidimensional SnSe; flakes synthesized in a similar manner [27,28].

The Raman analysis was used to study the structure of bulk and exfoliated SnSe;
samples (Figure 3a). The SnSe, bulk shows a strong band peaking at 181.5 cm~! due to
out-plane stretching of the Ajg mode and a second band of smaller intensity at 108.8 cm !
assigned to the Eg mode of the in-plane stretching [29]. The position of the SnSe; Eg Raman
shift is indicative of the polytypes [30]: 2H-SnSe; crystals have an Eg mode located at
~108 cm !, while 1T-SnSe, crystals exhibit an Eg mode located at ~118 cm ™! [31]. The
observed Raman shift of the Eg peak at 108.8 cm~! indicates that, in the present case, the
bulk is a 2H-SnSe;, polytype.
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Figure 2. (a) High-resolution SEM image of representative SnSe, nanoflakes. (b) Statistical analysis
of lateral dimension calculated from SEM images. The blue curve represents the Gaussian fit.
(c) Representative AFM image of SnSe, nanoflakes. The inset shows the height profile of the flake
indicated by the segment in white. (d) Statistical analysis of the SnSe; flake thickness distribution
calculated from AFM images. The blue curve is the log-normal distribution fit.
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Figure 3. (a) Raman spectra of bulk SnSe; (black line) and exfoliated SnSe;, nanoflakes (red line)
(Aex = 532 nm). The blue dot line is a guide for eyes. (b) UV-Vis absorption spectrum SnSe; flakes
dispersed in ethanol (0.83 g L™1).

Previous research has shown a correlation between the Eg band strength and the
number of SnSe; layers. Nevertheless, this relationship does not follow a linear trend;
in fact, for flakes thicker than ten layers, the intensity does not grow any longer or even
decreases due to the interference effect. [32] The ratio of Ajg and Eg band intensities is
consistent with a flake thickness greater than ten layers in agreement with SEM observations.
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A comparison between the Raman spectra after and before exfoliation process also reveals
a ~3.5 cm ™! redshift of the Ajg band. The shift is compatible with a reduced number of
layers with respect to the bulk, in accordance with previous findings [24].

Figure 3b displays the UV-Vis absorption spectra of exfoliated SnSe, nanoflakes in
ethanol between 270 and 800 nm. The spectrum shows an absorption band at ~350 nm [33]
emerging from an intense broadband absorption. The extended interval of absorption
suggests that SnSep-based materials can be efficiently used as a light absorber in a wide
range from, UV-Vis up to the red region [34,35]. The band at 350 nm, in accordance with
previous findings, is attributed to the transition from the crystal field split selenium pyy-like
levels into tin p-like levels [36].

The film thickness was evaluated by spectroscopic ellipsometry, which allows us to also
calculate the porosity and the loading percentage of SnSe;. The data were collected from
a series of three samples prepared in the same conditions to evaluate the reproducibility.
The data were fit while keeping the mean squared error (MSE) below 25. The average
thickness of bare m-TiO, films is ~120 nm, which is ~20 nm lower than that of the SnSe,-
loaded samples (Table 1). The change in the sol viscosity induced by the addition of
2D nanoflakes explains the increase in thickness. The residual porosity in the m-TiO,
-5nSe; nanocomposites is around 10% lower than that of the m-TiO; films; the difference is
attributed to the incorporation of ~ 7% of exfoliated SnSe, nanoflakes.

Table 1. Thickness, porosity and SnSe; loading measured by ellipsometry for three m-TiO, and
m-TiO,-SnSe; films (Samples 1, 2, and 3).

m-TiOz m-TiOz-SI‘lSez
Thickness (nm) Porosity (%) Thickness (nm) Porosity (%) SnSe; (%)
Sample 1 121.3 £0.3 371+0.1 138.7 £ 0.3 2754+0.1 6.5+0.1
Sample 2 1179 £ 0.6 38.8+0.2 142.0 +£ 0.3 26.4 +0.1 8.1+0.1
Sample 3 124.1 £ 09 395+0.2 1399 £ 04 273 +0.2 89+0.1

Figure 4a shows the transmittance spectra of m-TiO, and m-TiO,-5nSe; films. The
spectra perfectly overlap with each other, with a cutoff around 350. The transmittance is
higher than 85%, indicating that loading the mesoporous films with ~7% of bidimensional
SnSe; flakes (see Table 1) does not cause any sensible change in the transparency of the
film, as shown in the insets in Figure 4a [19,37]. This result is not surprising considering
the low percentage of loading and the low film thickness. The dispersion curves of the
refractive index, n, also confirm that the loading process does not affect the optical prop-
erties (Figure 4b). The value of n is 2.25 for both samples at 550 nm, and this is in line

with previous works that reported for anatase TiO; films a refractive index in the range
of 2.10-2.50 [31].
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Figure 4. (a) UV-Vis spectra and refractive index (b) of m-TiO; film (blue line) and m-TiO,-5nSe; film
(red line). The two curves overlap. The inset in (a) shows the snapshots of the films deposited on
silica glass slides.
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The high optical transparency is a critical requirement for most applications, such
self-cleaning and anti-fingerprint layers that also need significant photocatalytic activity.

The surface morphology of the nanocomposite films was investigated by SEM anal-
ysis (Figure 5a). The picture displays that the titania self-assembled films achieve a well-
organized mesoporous structure (surface area of 112.60 m? /g, obtained by the BET equation
fit for N; gas adsorption isotherm reported in Supplementary Figure S4), and the orga-
nization is not disrupted by the presence of the SnSe; flakes. These results have already
been observed for mesoporous titania films embedding exfoliated graphene [19] and can
be explained by considering that the mesopores size (5-6 nm) is much smaller than the
lateral size of 2D-SnSe; flakes (/700 nm). The self-assembly process of the block copolymer
occurs on a smaller scale with respect to the flake size and, therefore, is not affected by
the addition of 2D-5nSe; to the sol. On the other hand, the presence of a bidimensional
material in the precursor sol favors the micelle nucleation lowering the interfacial energy
through heterogeneous nucleation [38]. The mesopore organization is clearly visible from
the SEM surface images and shows the typical grid-like structure, with partial merging of
some pore walls on the topmost layer, in agreement with previous results [39]. The images
obtained by the TEM analysis (Figure 5b) confirm the formation of spherical mesopores
with a body-centered cubic ordered structure (Im3m) within the titania films [40]. The
appearance of the channel-like pore arrangement is an effect generated by the transmission
microscope that projects the Im3m spherical pore array in the [110] direction.
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Figure 5. (a) FESEM and (b) TEM images of m-TiO,-SnSe; film. (c¢) Raman comparison of m-TiO,
film (blue line) and m-TiO,-SnSe; film (red line). (d,e) FESEM image and EDS analysis of SnSe;
flakes into m-TiO; film and (f) GI-XRD pattern of m-TiO,-SnSe; film. The asterisk indicates the (200)
diffraction of the Si substrate.

The existence of an organized mesoporosity is crucial, as the large surface increases the
photocatalytic activity, while the pore organization promotes the diffusion processes [41].
The highest diffusivity within the mesoporous matrix is achieved when the pores are
ordered in a body-centered cubic fashion, whereas 2D hexagonal arrays of cylindrical
channels provide limited diffusion due to pore packing defects [42,43]. The presence of
5nSe; within the titania matrix was confirmed by the FESEM analysis of a scratched area
of the film (Figure 5d). The SEM picture confirms the presence of exfoliated SnSe; flakes,
as also confirmed by the EDS analysis (Figure 5e), which detects Sn and Se atoms (see
Supplementary Figure S2). The successful incorporation of the SnSe; nanoflakes into
m-TiO; film is also supported by the Raman analysis (Figure 5c). The pure mesoporous
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titania films show a Raman mode located at 144 cm ™~ that is the signature of the typical Eg
vibration mode of TiO; anatase phase (blue line) [44]. This mode shows the same intensity
and position in the nanocomposite m-TiO,-SnSe; films (red line). Additionally, the Raman
spectra show a new mode located at ~183 cm ! that is attributed to the Ajg mode of SnSe;
nanoflakes (Figure 3a) [26].

The microstructure of the m-TiO,-5nSe, films was further assessed by GI-XRD analysis
(Figure 5f). The X-ray pattern indicates the crystallization of titania in anatase, as shown
by the main diffraction peak at 25.3 attributed to the (110) plane of TiO, anatase phase
(# JCPDS No. 01-071-1167) [45]. The average crystallite size of the TiO, nanoparticles
is ~15.5 nm, calculated using the Scherrer equation. Additionally, the diffraction peaks
detected at 14.3 and 31.1° in 26 h were assigned to the (001) and (101) planes of the SnSe;
nanostructures (# JCPDS No. 96-154-8806) [46].

The XRD data, in combination with SEM, FESEM, TEM, and Raman, allow us to obtain an
overall characterization of the nanocomposite mesoporous films. After the thermal treatment
at 400 °C, titania crystallizes into anatase, which is the active photocatalytic phase. At the
same time, the phase transformation keeps the organization of the mesopores, while the SnSe;,
flakes are homogeneously distributed within the matrix. It is important to underline that the
introduction of the bidimensional SnSe; flakes via the one-pot route does not interfere with
the self-assembly process, particularly with the organization of the supramolecular template
that triggers the formation of the mesophase (see Supplementary Figure S3).

Contact angle measurements were used to investigate the surface wettability of the
films (see Supplementary Figure S5), since this is, in fact, an important property to be
assessed for anti-fingerprint coatings. Despite the presence of loaded SnSe, nanoflakes, the
contact angle remains the same as that of the unloaded film (~23°) [17], indicating that the
surface keeps the hydrophilic properties.

3.2. Photocatalytic Degradation of Rhodamine B by SnSe, Nanoflakes

The self-cleaning properties of the nanocomposites films were tested by following the
photocatalytic degradation under UV irradiation of two different molecules, Rhodamine
B (RhB) and stearic acid (Figure 6). The RhB degradation kinetic was tracked by UV-Vis
spectroscopy, adopting the main absorption band with a maximum around 550 nm as a
reference. Furthermore, the decomposition of stearic acid was monitored using the CHj
stretching mode of FTIR.

Figure 6. Chemical structure of Rhodamine B (a), Rhodamine 110 (b), and stearic acid (c).

The photocatalytic property of bare SnSe, was verified before testing that of the m-
TiO,-5nSe; nanocomposite films. As already mentioned, nanostructured SnSe; was rarely
studied as a photocatalyst because of the fast electrons-holes recombination [47,48]. As a
control, an aqueous solution of RhB was exposed to UV radiation for increasing periods of
time. The results were compared to those obtained using another aqueous RhB solution,
which also contained the SnSe; flakes (Figure 7a,b).
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Figure 7. (a) UV-Vis absorption spectra of an aqueous solution of RhB (2.5 x 107® mol L™ 1) as a
function of UV (365 nm) exposure time. (b) UV-Vis absorption spectra of the aqueous RhB solution
containing dispersed SnSe; flakes (0.07 g L™!) as a function of UV exposure time. (c,d) Percentage
absorbance decrease and wavelength shift as a function of the UV exposure time. The data were
taken from (b), using the maxima at 560 nm as reference for the calculation of the percentage decrease
and wavelength shift. The line is a guide for the eyes.

Rhodamine B is a xanthene dye that is characterized by a strong absorption in the
visible range, with a band around 550 nm [49] attributed to m — 7* transitions. We used a
2.5 x 107% M concentration to avoid dimerization of the dye, which has a strong tendency
to aggregate with the increase of the concentration, whereas monomers and dimers degrade
at a different rate [50].

The absorption spectra show that only the monomeric form of Rhodamine B is present
in solution (Figure 7a); RhB dimers have a strong absorption peaking around 530 nm
that is not detected. The spectra in the 450-650 nm range are characterized by a broad
and intense absorption band with a maximum around 550 nm, due to the delocalization,
which involves the amines groups of the dye, and a vibronic shoulder peaking around
510 nm. The RhB control solution shows about 15% degradation after exposure to UV light
for 90 min, in agreement with the photostability reported in the literature. The 550 nm
absorbance measured in the RhB aqueous solution containing dispersed SnSe, flakes
decreased by 73% after 90 min of exposure, demonstrating that SnSe; has a significant
role in the photocatalytic activity (Figure 7c). At the same time, the maximum of the
spectrum gradually shifts to around 500 nm (60 nm of blueshift) when the exposure time
is longer than 90 min. (Figure 7d). The solution gradually turns from intense orange to
green (Figure 8). The direct observation of the color change in the RhB aqueous solutions
(Figure 8a,b) shows no differences after 90 min of exposure, confirming that RhB is not
significantly degraded by UV in this exposure time. On the other hand, the color changes in
the presence of bidimensional SnSe; flakes indicate that the dye was chemically modified
by the irradiation process (Figure 8c—e).
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Figure 8. Optical images of RhB aqueous solutions (a,b) and RhB solution containing dispersed SnSe;
flakes (c-e) at different UV illumination times, t0 (before exposition), t90 (90 min), and t130 (130 min).

The decrease in intensity and the blueshift of the absorption maximum with the irradi-
ation time indicate that RhB degradation occurs via de-ethylation [51,52]. As previously
reported, the gradual blueshift (Figure 7b) suggests that the de-ethylation process acti-
vated by SnSe, occurs stepwise, with the ethyl groups of RhB being removed in different
stages [53]. When all the four ethyl groups have been removed from the dye, the molecule
has the physical properties and chemical structure of Rhodamine 110 (Figure 6b). The
final green color appearance of the dye suggests that an almost complete conversion of
RhB into Rhodamine 110 has been achieved [54]. It has been observed that this peculiar
photoactivated reaction is mostly related to a surface process which occurs when RhB is
absorbed on the photocatalyst and allows radical water species (especially *OH) to directly
attack the ethyl groups of the dye structure. On the contrary, when the RhB is not absorbed
on the photocatalyst, oxidative degradation of the dye chromophore prevails in solution,
causing a general decrease of the absorbance, with no significant blueshift of the main
absorption band [48]. Hence, the effective UV-photodegradation of RhB can be explained
by the strong affinity between the SnSe; flakes and the dye molecule.

Rhodamine B [55] has also been used as a test molecule to demonstrate the photo-
catalytic efficiency of the loaded film in comparison to the unloaded titania film. In both
m-TiO; and m-TiO,-5nSe; systems, we observe that the RhB absorbance decreases and
blueshifts as a function of the UV exposure time (Figure 9). On the nanocomposite film, the
dye absorption band completely disappears after 30 min of irradiation; however, on the
m-TiO, film, a faint absorbance is detectable even after 70 min of UV exposure.
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Figure 9. UV-Vis spectra of Rhodamine B deposited on m-TiO, (a) and m-TiO,-SnSe; (b) films as a
function of UV exposure time.

To achieve a more detailed analysis of the photochemical changes occurring to the RhB
deposited on the samples and UV-irradiated, we fitted the absorption in the 400-650 nm
region, with two Gaussian functions taking into consideration two main contributions: one
centered on 520 nm and the other with a maximum around 565 nm. (Figure 10a).

57



Nanomaterials 2023, 13, 1406

| 100
029 — 520 nm § = RhB onm-TiO, (b)
° ggser:g;)e //\ S e 801 e RhBon m-TiO,/SnSe,
o S~
c experlmental Q
® data 3 g 601
-g 0.1 S S
o 40
3 g 8
< | =4 =
S (] 204
9
(1o E— i £ 04
400 450 500 550 600 650 0 10 20 30 40 50 60 70

Wavelength / nm UV exposure / min

Figure 10. (a) Optical absorption spectrum of RhB deposited on m-TiO; film and curve fit with
2 Gaussian functions. (b) Decrease of the integrated absorbance calculated from the Gaussian
function peaked at 565 from the spectra of RhB deposited on m-TiO; and m-TiO,-SnSe; films
(black squares and red dots, respectively). The lines depict the exponential decay fit of the
experimental data.

The contribution at shorter wavelengths is attributed both to the vibronic shoulder
of the Rhodamine B and the de-ethylated rhodamine forms that show a blue-shifted main
absorption, as seen before. The contribution at 565 nm, on the other hand, is unambigu-
ously correlated with the electronic transition of not-photodegraded RhB and can thus
be monitored to determine a more accurate photodegradation kinetic. Figure 10b is a
plot of the integrated absorbance of the Gaussian function centered at 565 nm vs. the
irradiation time. To estimate the photocatalytic efficiency, we used a decay law which
follows pseudo-first-order kinetics [56-58]:

I(t) = [p-e ™~ 1)

where k is the degradation rate of pollutant molecules. The k-value of loaded films is
3 times higher than that of the unloaded sample (~0.182 min~! vs. ~0.066 min~! for
m-TiO;-5nSe; and m-TiO,, respectively). These results suggest that the heterostructure
between SnSe; and the nanocrystalline anatase titania increases the dye photodegradation.

Notably, the UV-Vis spectroscopy monitoring of RhB photodegradation does not
effectively offer information on the total removal of the organic molecule but rather on
the chemical changes occurring on the dye molecule as a result of photodegradation. To
acquire a better understanding of the self-cleaning properties of the nanocomposite films,
stearic acid solution (5.0 g L~!) was spin-coated onto the films as a model pollutant to be
decomposed by UV irradiation. FTIR spectroscopy was used to evaluate the photocatalytic
degradation of stearic acid by monitoring the intensity of the -CH stretching mode, as
shown in Figure 11a,b for m-TiO; and m-TiO,-SnSe;, respectively.
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Figure 11. (a) Degradation rate (lines are a guide for eyes) obtained by measuring the decrease in
intensity of the 2945 cm~! C-H, stretching mode and (b) decay law (dashed lines represent the decay
fit) of stearic acid deposited on the different samples.
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Figure 11 displays the degradation rate of stearic acid (stearic acid/%), which is
evaluated by the following:

Stearic acid/% =1;/1y-100 2)

where I;/]Ij is the ratio between the infrared absorption intensity at t irradiation time, I,
and the absorption intensity before exposure, I.

m-TiO, (blue line in Figure 11a) is able to remove more than 80% of stearic acid from the
surface after 10 min of exposure. Nevertheless, the m-TiO,-SnSe; film degrades the pollutant
at a quicker rate, achieving a 90% degradation after only 7.5 min. The dashed straight lines in
Figure 11b represent the decay law that follows a pseudo-first-order kinetics (1).

The calculated k-value for m-TiO, film is ~0.092 min~!, while for m-TiO,-SnSe; film,
it is ~0.160 min~!. This confirms that the SnSe; flakes enhance the photoactivity of titania
mesoporous film by increasing the degradation rate more than 70% with only 7% of loading
(see Table 1).

The experiments with the stearic acid are complementary to those with the organic dye.
The measurement obtained by FTIR on stearic acid provides a quantitative indication of
the organic removal from the surface, simulating a real self-cleaning process. Moreover, the
absorbance variations of Rhodamine B provide evidence for the hypothesis that interactions
between the dye and the nanocomposite films’ surfaces are critical for boosting photocatalysis.

The photocatalytic activity shown by the m-TiO,-5nSe; film can be applied to produce
anti-fingerprint coatings. This function has been evaluated by immersing the finger in a
stearic acid solution, pressing the finger to the substrate, and observing its removal under
exposure to sunshine or ultraviolet radiation [59,60]. We selected this testing method to
obtain a direct comparison and more reproducible findings in contrast to direct human
fingerprints, whose chemical composition is more challenging to duplicate.

Figure 12a,b,f,g display some representative images of m-TiO, and m-TiO,-5nSe; films
before and after fingerprint degradation under ambient conditions (sunlight). The observation
of a latent fingerprint on the surface of the m-TiO,-5nSe; film (Figure 12g), as opposed to the
clear residual pattern detected in the m-TiO, film (Figure 12b), indicated that the fingerprint
was fully degraded after 24 h. The test validates the nanocomposite’s improved photocatalytic
degradation performance compared to that of the bare m-TiO, film.

24h sunlight As deposited 1h UV exposure 3h UV exposure
7 WL PN ALETE AN A PN A L) o 100%
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Figure 12. Photographs of human fingerprints on m-TiO; (a,b) and m-TiO,-SnSe; (f,g) films before
and after exposure to sunlight in air for 24 h. Infrared images of a human fingerprint deposited
on m-TiO; (c—e) and m-TiO,-SnSe; (h-1) films. The images were taken by integrating the area of
the -CH, stretching bands of stearic acid. The fingerprint was produced by immersing the finger
in a stearic acid solution. The infrared images were detected at different times: as deposited, after
1 h and after 3 h of UV exposure, respectively. The color scale bar shows the intensity scale in
false colors; the red and blue colors represent the highest and the lowest absorbance of the infrared
signal, respectively.
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Figure 12c—e,h—1 show the infrared images performed to evaluate the degradation
of a fingerprint deposited on m-TiO; and m-TiO,-5nSe; films at different UV exposure
times (Figure 12). The infrared images were taken by integrating the area of the -CHj
stretching bands of stearic acid. After 1 h of UV exposure, the infrared images showed that
the m-TiO,-SnSe; film almost completely cancelled the fingerprint that is still detected on
the m-TiO; film (Figure 12d).

Figure 13 outlines the possible mechanism of photocatalysis occurring in the nanocom-
posite films [61]. When the UV light is absorbed by the titania matrix, the valence band
(VB) electrons are excited to the conduction band (CB) and then transferred to that of
5nSe;. The UV light also interacts with SnSe, nanoflakes, which have a broad absorption
up to the infrared range. However, we observed that a 7% SnSe; loading has no effect on
the films’ absorbance. This implies that the primary impact of SnSe; is not to boost the
light-harvesting efficiency but rather to decrease the total hole and electron recombination
rate in the heterojunction. As a consequence of the light absorption, photogenerated elec-
trons (e7) and holes (h*) on the surface of the photo-catalyst generate free radicals such
as hydroxyl radicals (¢OH) and superoxide radical anions (¢O; ™). The ¢OH radicals are
produced by the reaction between e~ /h* pairs and OH™ /H,O in the VB. At the same time,
the excited electrons in the CB react with the dissolved oxygen in the solution to form
¢0O, ", which reacts with H* to form other hydroxyl radicals (¢OH and O,e"). These highly
active hydroxyl radical species can oxidize the organic molecules, hence promoting the
self-cleaning effect [62].
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Figure 13. Hypothesis of the Rhodamine B degradation mechanism in presence of SnSe; nanoflakes
under UV-Visible light. NHE, normal nitrogen electrode; CB, conduction band; VB, valence band;
LUMO, lowest unoccupied molecular orbital; HOMO, highest unoccupied molecular orbital.

4. Conclusions

The photophysical properties of bidimensional SnSe; make it an excellent candidate
for the development of photoactive heterostructures in combination with titania. Bidimen-
sional SnSe; flakes in solution have a high photocatalytic activity towards xanthene dyes
such as Rhodamine B. The flakes can be directly added to a titania precursor sol to fabricate
nanocomposite mesoporous ordered films via one-pot self-assembly without disruption of
the mesophase organization. Remarkably, the optical quality of the films is not affected by
the SnSe; addition, and the difference in the film transmittance is negligible, ensuring the
transparency of the coatings in the whole visible range. The nanocomposite films show a
higher photocatalytic activity in comparison to mesoporous titania films. The cooperative
effect of the two photocatalysts reduces the recombination rate of the photogenerated
electron/hole couple. The effective degradation of human fingerprints on the film surface
confirms that the specifications for anti-fingerprint coatings are met excellently by titania
mesoporous nanocomposite films.
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Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/nano13081406/s1, Figure S1. Calculation of the band gap from UV-Vis
spectra; Figure S2. EDS analysis of SnSe; flakes into m-TiO, film; Figure S3. SEM characterization of
the m-TiO,-SnSe, samples; Figure S4: N2 gas adsorption isotherm of the m-TiO,-5nSe; nanocomposite;
Figure S5. Contact angle images. References [63,64] is cited in the supplementary materials.
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Abstract: Coatings with tunable refractive index and high mechanical resilience are useful in optical
systems. In this work, thin films of HfO, doped with Al,O3; were deposited on silicon at 300 °C by
using plasma-enhanced atomic layer deposition (PE-ALD). The mainly amorphous 60-80 nm thick
films consisted Al in the range of 2 to 26 at.%. The refractive indexes varied from 1.69 to 2.08 at the
wavelength of 632 nm, and they consistently depended on the composition. The differences were
higher in the UV spectral region. At the same time, the hardness of the films was from 12-15 GPa;
the modulus was in the range of 160-180 GPa; and the mechanical properties did not have a good
correlation with the deposited compositions. The deposition conditions, element contents, and
refractive indexes at respective wavelengths were correlated. The results indicated that it is possible
to tune optical properties and retain mechanical properties of atomic layer-deposited thin films of
HfO, with Al,O3 as doping oxide. Such films could be used as mechanically resilient and optically
tunable coatings in, for instance, micro- or nano-electromechanical systems or transparent displays.

Keywords: atomic layer deposition; thin film; mechanical properties; nanoindentation; hardness;
modulus; refractive index

1. Introduction

Hafnium oxide is a scientifically and technologically important material. It has been
researched or applied as an optical coating, a dielectric material in capacitors, transistors,
and processors; a material in bio-sensors, a resistive switching medium, ferroelectric or
pyroelectric material, etc. [1-15]. Among other applications, such coatings could be used as
optical interference filter material in lab-on-chip for targeted biological sensors [16]. HfO,
has been proposed as an environmentally protective and reflectivity-enhancing coating
for aluminum micromirrors [17]. A thin film applied to an optical system is expected to
possess certain mechanical stability, or, generally, resilience [18].

Several different methods have been used to produce HfO,. For instance, hy-
drothermal or wet-chemical routes [8,9,19], magnetron sputtering [3,4,10,15,20] and
atomic layer deposition (ALD) [1,5,7,8,21,22]. It has appeared as fibers [9], nanoparti-
cles [19], and thin films [1,3-5,8,10,12]. HfO, can possess amorphous [4,23] or nanocrys-
talline forms [3,8,10,19,21]. HfO, has also been produced in various doped variants
with Si, Zr, Y, or Al as the dopant [8,12,23-27].

Different precursor combinations have been used for ALD of hafnia. Typical are halides of
Hf [21,22,27-29] and metal-organic precursors, such as amino compounds [1,23,26,30]. Water
vapor, ozone, O,, or Oy plasma have been used as oxygen sources [7,22,23,26,27,30]. The
variety in crystallographic phases of ALD hafnia includes (X-ray) amorphous, monoclinic,
tetragonal, and cubic phases [8,21,27,29-31]. The phase composition tends to depend on the
used precursors and deposition temperature. Other phases, such as orthorhombic, have been
reported for Si-doped and post-deposition annealed HfO, thin films [23].
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HfO; has good transparency in the infrared to ultraviolet spectral range [32]. The
transmittance of ALD hafnia has been shown to be near 80%, but it depends on the film
growth temperature [1,29]. The refractive index for ALD hafnium oxide is usually above 2.
The thin-film growth temperature has a minute influence on the refractive index [21].

Hardness values of HfO, on silicon have been reported to be 8.3-9.7 GPa and
9.5 + 2 GPa [30,33]. It has also been shown that rapid annealing can increase the
hardness up to 14.4 GPa [30]. As for the elastic modulus, the results varied from
163-165 GPa to 220 £ 40 GPa [30,33]. In these examples, the film thicknesses ranged
from 60 to 100 nm. HfO, was deposited on silicon substrates using tetrakisdimethy-
lamidohafnium/water and tetrakisethylmethylaminohafnium/ozone processes at
300 °C or less. In a previous work, HfO; on glass substrates (deposited using a
HfCly /water process) had a modulus of 111(11) GPa and a hardness of 9.1(0.7) GPa.
The thin-film thickness was approximately 160 nm [34].

Despite the fact that for years ALD has been used to deposit HfO, and its doped
versions, including Al as the dopant, there are fewer reports on mechanical properties of
such films. In a previous work about Al,O3-doped ZrO;, it was shown that Al,O3 can
induce and stabilize a metastable tetragonal phase of zirconia [35]. The same has been
claimed about Al,O3-doped HfO; [8]. Metastable phases might have higher hardness and
modulus and, therefore, could improve the mechanical resilience of thin films.

In the current work, plasma-enhanced atomic layer deposition was used to produce
HfO, thin films doped with Al,O3. The aim was to determine the mechanical and optical
properties of the films in relation to their elemental and phase compositions. Such thin films
could be used as functional coatings in micro- or nano-electromechanical devices [36,37].

2. Materials and Methods

The HfO; and Al,Oj3 thin films were deposited using an R200 Advanced (Pico-
sun, Masala, Finland) ALD reactor equipped with a load-lock and oxygen plasma gen-
erator. Hf was deposited from tetrakisethylmethylaminohafnium (TEMAH, 99% pu-
rity, Strem, Bischheim, France), and aluminum was deposited from trimethylaluminum
(TMA, 99% purity, Volatec, Porvoo, Finland). The pulse sequence for HfO, deposition
was 0.3/4/15/4 s (TEMAH/N,/O; plasma/Ny), and for Al,O3 it was 0.1/4/15/4 s
(TMA /N3 /O, plasma/Nj). The substrate Si (100) temperatures during depositions were
300 °C; two samples were deposited at 200 °C and 400 °C. The total cycle count was 700 cy-
cles, or the closest possible to that. The deposition rate of HfO, was 0.113 &+ 0.002 nm/cycle,
and that for Al,O3 was 0.091 £ 0.002 nm/cycle.

In the following text, HfO; is abbreviated as H and Al,O3 is abbreviated as A. The
respective number in front of the designation is the deposition cycle count of a single oxide.
The first number in front of the parenthesis indicates the repetition of hafnia and alumina
cycles (sometimes called super-cycles). Also, samples designated as 233 x (1H + 2A) and
233 x (2H + 1A) were deposited and measured after the first batch of samples had been
characterized, aiming to verify the developed model for refractive index calculation with
regard to elemental compositions.

The crystallographic phase composition and the thickness of the films were determined
using X-ray diffraction (XRD) or reflectivity (XRR) methods with a diffractometer (Rigaku
SmartLab™, Rigaku, Tokyo, Japan) working at 8.1 kW (Cu K« radiation, A = 0.154178 nm).
An asymmetric 26-scan at a fixed grazing incidence (GIXRD) angle of w = 0.42° was used
for phase composition analysis. GlobalFit 2.0 was used for XRR model fitting. The element
content was measured using X-ray fluorescence (Rigaku ZSX-400).

A spectroscopic ellipsometer (Semilab Sopra GES-5E, Semilab, Budapest, Hungary)
with arms at 70 degrees, was used to measure thin film refractive indexes and thicknesses.
Since the measured material systems are simple enough (extinction coefficients were k = 0),
a Sellmeier double-parameter model was used for theoretical fitting (WinElli II v2.2.0.7
software, Semilab, Budapest, Hungary) of the measurements [38]. The worst fit had a
coefficient of determination of R? = 0.989.
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The hardness and elastic modulus of the Al,O3-doped HfO, films were investigated
by using nanoindentation (Bruker Hysitron Triboindenter TI 980, Billerica, MA, USA;
Minneapolis, MN, USA). The samples were measured using a Berkovich diamond tip.
The device was calibrated using a fused silica standard (Bruker) with a defined hardness
of 9.25 GPa and a reduced modulus of 69.6 GPa. The 20 calibration measurements in
dynamic mode (continuous stiffness measurements) and subsequent testing on the silica
indicated that the valid displacement range was approximately 8 nm to 75 nm. A single
measurement in dynamic mode includes 60 separate data points. The standard deviations
for a single measurement remained near 3 GPa for modulus and 0.3 GPa for hardness at
displacements of approximately 10 nm. The deviations were somewhat reduced towards
higher displacements. Thirty separate continuous stiffness measurements were performed
on each prepared sample. Any low-quality measurements were removed, reducing the
count of acceptable measurements by 3 to 8§ measurements. Scanning probe microscopy
(SPM) was performed with the same device using the same Berkovich-type diamond
tip for probing. In addition to SPM images, a scanning electron microscope (SEM, FEI
Helios™ NanoLab 600 DualBeam, FEI, Hillsboro, OR, USA) was used to investigate the
surface morphology.

3. Results
3.1. The Element Content

The X-ray fluorescence analysis (Table 1) showed that there was no residual nitrogen
detected at trustable levels in the thin films. The carbon content was, in most cases, near the
respective detection limit, but only the films deposited at 200 °C and 400 °C had a carbon
level 4-5 times higher than the limit; for the latter, the detection limit was 0.2 and the
measure was 0.83 ug/ cm?. Therefore, the carbon content of those films could be considered
trustworthy. The noticeable carbon levels in 200 °C and 400 °C deposited films could
come, respectively, from incomplete reactions at 200 °C or some thermal decomposition
of TEMAH or TMA at 400 °C. However, as the thin films deposited at these temperatures
actually did not create any remarkable variety in any of the discussed properties, most of
the attention was later turned to samples deposited at 300 °C.

Table 1. The elemental contents of Al,O3-doped HfO, thin films (deposited at 300 °C if not noted
otherwise) measured by XRF.

Amount of an Element, pug/cm?

Deposition Scheme - Al o Al at.%

700 x A 0 8.66 + 0.02 7.7 +0.2 40.1

233 x (1H + 2A) 183 +0.2 7.00 = 0.02 10.0 = 0.2 25.9

350 x (1H + 1A) 29.7 £ 0.2 6.86 £ 0.02 12.14+0.2 21.6

233 x (2H + 1A) 469 £ 0.2 5.09 £+ 0.02 14.7 £ 0.3 13.8

140 x (4H + 1A) 55.8 + 0.4 2.22 +0.03 13.9 £ 0.5 6.5

70 x (9H + 1A), 200 °C 60.2 + 04 1.34 £0.02 14.8 £ 0.5 3.8

70 x (9H + 1A) 65.3 +£0.3 1.16 +0.02 14.8 0.5 3.2

70 x (9H + 1A), 400 °C 53.8 + 0.4 1.24 +£0.02 12.7 £ 0.5 4.1

47 x (14H + 1A) 64.8 0.3 0.74 +0.02 13.8 £0.5 2.2

35 x (19H + 1A) 66.6 = 0.4 0.59 + 0.02 143 + 0.6 1.7

28 X (24H + 1A) 64.6 = 0.3 0.70 = 0.02 13.8 0.5 2.1
700 x H 78.15 £ 0.3 0 16.21 £ 0.6

The amount of Al atoms in the first deposited batch varied from 2 at.% up to 26 at.%
out of total amount of elements (Table 1). The error for an element’s content is given
as plus-minus the triple of the respective detection limit. Checking the stoichiometry
indicated that, in pure Al,Oj3, the ratio of O/ Al was 1.5, which can be considered a fully
stoichiometric oxide. Pure HfO, had some excess of oxygen with an O/Hf ratio of 2.3,
which is approximately 15% more oxygen than stoichiometrically expected. The samples
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with alumina addition had O/Hf ratios, mostly in the 2.1-2.2 range. The actual reason for
such an inconsistency was not investigated but taken as is. The excess oxygen presence in
the same precursors has been reported in a previous study [31], where the O/Hf ratio varied
from 2.0 to 2.2 and depended on the deposition temperature. The ratio of 2.0 was obtained
for samples deposited at 350 °C. At the same time, it was shown that the deposition rate
increased at higher substrate temperatures due to some pyrolysis of the Hf precursor. In
another study, it was shown that HfO,, using the same ALD process but deposited at 160 °C,
had over 10 at.% of impurities [39]. That amount did not change during post-deposition
annealing (in nitrogen or air) at 300 °C. X-ray photospectroscopy showed that the films
had a certain amount of oxygen bound to hydrogen and carbon. During annealing in air,
the O/Hf ratio had an increasing tendency, over the stochiometric value (approx. 2.05).
Sub-stochiometric HfO, from tetrakis(dimethylamino)hafnium and O, plasma, deposited
at 250 °C, has also been reported [40]. Therefore, with this precursor combination, some
excess elements and imbalanced ratios of those can be expected.

The anion/cation ratio in metal oxides is important. Copper oxides are a typical
example. CuO is an n-type conductor, whereas CupO is a p-type conductor [41]. As the
O/Cu ratios change from 1 (CuO) to 0.75 (CusOs3) to 0.5 (CuyO), the optical band gaps
change by 2.11 eV, 1.34 eV, or 2.47 eV (depending on the analysis method) and 2.45 eV,
respectively. A similar trend occurs in electrical resistivity, which reduces in the same
row as 10 x 10% pQcm, 6.2 x 108 uQcem, and 3 x 10% pQcem, respectively [42]. In the case
of HfO; thin films, Hildebrandt et al. have shown that the band gap for a stochiometric
compound is 5.7 eV, but it reduces if oxygen vacancies or interstitials are present [43]. They
achieved p-type conductivity in oxygen-vacant HfO, thin films with a band gap down
to 4.5 eV and resistivity of 400 pQdcm. Unfortunately, they did not report the elemental
composition of their thin films or point out any other influence on properties caused by
oxygen interstitials.

3.2. Film Thickness and Phase Composition
3.2.1. Film Thickness, Density, and Roughness

The results of film thickness and density are summarized in Table 2. Examples of
XRR measurement and fitting results can be seen in Figure 1. A set of XRR measurements
and respective fits can be found in Supplementary part S1 (Figure S1). The density value
for pure hafnia corresponds to the density of monoclinic HfO,, the phase confirmed by
the diffraction pattern. The alumina density corresponds approximately to a previously
published value [35]. The deviations for thickness values were 1 nm or less and 0.2 g/cm3
or less for density. Roughness values for alumina and doped films were approximately
1 nm and approximately 3.5 nm for pure HfO,.

Table 2. Al,O3-doped HfO, thin-film thickness and density, derived from XRR measurements.

Formula Thickness, nm Density, g/cm®
700 x A 63.8 3.08
233 x (1H +2A) 60.8 5.24
350 x (1H + 1A) 62.4 6.30
233 x (2H + 1A) 69.1 7.75
140 x (4H + 1A) 70.2 8.52
70 x (9H + 1A), 200 °C 75.5 8.66
70 » (9H + 1A) 73.5 9.10
70 x (9H + 1A), 400 °C 62.2 9.14
47 x (14H + 1A) 70.9 9.12
35 x (19H + 1A) 69.2 9.13
28 x (24H + 1A) 67.3 9.32
700 x H 78.8 9.68
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Figure 1. Examples of XRR measurements and fitting results.

Table 2 indicates that the deposition rate of HfO, was 0.113 £ 0.002 nm/cycle and that
for Al,O3 was 0.091 £ 0.002 nm/cycle.

3.2.2. Phase Composition

The HfO, diffraction pattern shows that it deposited mainly in the monoclinic phase
(ICDD PDF-2 card #01-075-6426, Figure 2).
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Figure 2. Diffraction patterns of thin films deposited at 300 °C.

Only a few reflections could be observed for thin films with a hafnia to alumina cycle
ratio of 24 + 1 to 9 < 1. All four reflections on the patterns of samples 47 x (14H + 1A)
and 70 x (9H + 1A) match with the strongest reflections of cubic or tetragonal metastable
phases of hafnia (ICDD PDEF-2 cards #53-0560 and #01-078-5756, correspondingly). The same
could be claimed for 70 x (9H + 1A) deposited at Tg = 400 °C (Figure 3). The strongest
reflections of monoclinic hafnia were present in the case of samples 35 x (19H + 1A) and
28 x (24H + 1A). The metastable phases of samples 47 x (14H + 1A) and 70 x (9H + 1A),
detectable by a reflection at 20 ~ 30.2° and indexed as 111 of the cubic or 101 of the tetragonal
HfO, phase, disappeared when the concentration of hafnium increased or decreased. The
samples with an Al content of ~6 at.% and more were X-ray amorphous and did not show
any diffraction reflections. It was undetermined how much of the amorphous nature was
caused by interstitial oxygen. The pure HfO, pattern indicates a reasonably well-crystallized
thin film, even though it had the highest O/Hf ratio, but adding Al in a few percent levels
changed that remarkably.
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Figure 3. Phase composition evolution for the same deposition scheme but different growth temperatures.

3.3. Refractive Index

Spectroscopic ellipsometry (SE) allows the determination of the refractive indexes n of
the thin films for a range of wavelengths. The measurements show that most of the change
in n between wavelengths of 225 and 770 nm (photon energies of 5.5-1.6 eV) appears for
thin films with HfO, to Al,Os cycle ratios of 1 < 1 and 4 <+ 1 (Figure 4). The difference is
marginal between pure HfO; and films with HfO, cycle ratios of 9 and up. Throughout
the compositions, the refractive indexes change consistently, with alumina possessing the
lowest and hafnia the highest values. (See also Supplementary part S2, Figure S2)
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Figure 4. Refractive index calculated from ellipsometry data in relation to the cycles of HfO,
and A1203.

Sun et al. have shown that the refractive index does not depend much on the O/Hf
ratio [44]. Their samples had O/Hf ratios ranging from 1.98 to 2.09, and the highest differ-
ence in refractive indexes was approximately 0.02 at 775 nm. They also showed that the
extinction coefficient k is 0 for the samples, which is a presumption in the discussion below.

Deposition temperature had a low effect on the refractive index compared to composi-
tion change (Figure 5).
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Figure 5. Refractive index relation to thin film deposition temperature.

3.4. Hardness and Modulus of Thin Films
3.4.1. The Substrate and Single Oxides

The nanoindentation of Si (100) indicated that the substrate hardness was approxi-
mately 13 & 1 GPa and the (reduced) modulus was 145 + 10 GPa.

The alumina indentation results show the non-uniform behavior of the material system
(Figure 6). Initially, the hardness was approximately 10.5 £ 0.8 GPa, and the (reduced)
modulus was 137 £ 7 GPa. (Hereafter, the values are given at ~10 nm of displacement, if
not stated otherwise.) These values are similar to previously published results [35].
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Figure 6. Hardness and modulus of Al,O3 and HfO, on silicon deposited at 300 °C, as measured
by nanoindentation.

The initial hardness of hafnia was approximately 10.5 + 1.5 GPa, and the (reduced)
modulus was 160 £ 20 GPa (Figure 6). The initial lower hardness value might be influenced
by surface roughness since the X-ray reflectivity showed hafnia to have the highest roughness.

3.4.2. The Doped Films

The averaged moduli and hardness values are presented in Figure 7. (The full set is
presented in Supplementary part S3, Figure S3) It can be seen that the moduli were in the
approximate range of 150 to 190 GPa and the hardness values ranged from 11 to 14 GPa.
Somewhat exceptional is sample 140 x (4H + 1A) with a hardness value of approximately
15 GPa.
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Figure 7. Averaged modulus and hardness values of Al,O3 doped HfO, thin films as measured
by nanoindentation.

The growth temperature did not have a large effect on the modulus for samples
deposited at 300 °C and 400 °C (formula 70 x (9H + 1A)). At 10 nm of displacement,
the moduli remained between 160 and 170 GPa, and the hardness values were 12 and
13 GPa, respectively. The thin film deposited at 200 °C had a modulus of ~150 GPa, and
the hardness was approximately 10 GPa.

3.5. Surface Morphology

SPM images (created by using the Gwyddion 2.62 freeware program) sized 1 x 1 pm and
5 x 5 um were taken of some samples to confirm or deny any pile-up or surface roughness
effects. In Figure 8, it can be seen that the amount of surface features increased with the relative
increase in HfO, content. (A closer look at 28 x (24H + 1A) can be seen in Supplementary
part 5S4, Figure S4) The profiles, presented at the bottom, show that pure, pristine Al;O3 had a
smooth surface (black line), and the surface roughness increased with the increase in HfO,
content. Profiles were taken across a sample. The residual depth of the indent on Al;O3/5i
was approximately 30 nm (respective indentation force 1.5 mN) and was similar to depths for
other objects. In the case of alumina thin film, a rise on the indent (red line) edges can be seen,
which is an indication of material pile-up around the indent mark. The height of the piled-up
material on the left side of the indent was approximately 9 nm. This is a considerable amount
compared to the total indentation depth of 70 nm. Therefore, in the case of alumina, only the
first few indentation datapoints could be representative of the material system. (Note that
the dimensions of the x and y axes in the profile images differ; y is in tens of nanometers, x
in hundreds.)

As the tip of the triboindenter is rather blunt (radius approximately 100-150 nm), the
SPM images provide a surface morphology description that is rather like a pseudo-surface.
Scanning electron microscope images of the same samples were taken to supplement SPM
(Figure 9). It can be seen that the surface gets rougher as the amount of deposited HfO,
increases. This confirms the previously deduced trend. Micrographs indicate that, in the
case of hafnia, for instance, there are grains of crystallites rather than three-sided pyramids
on the surface. It is reasonable to consider the triangular features on SPM images as having
a convoluted indenter tip shape.

The doped thin films have different morphology compared to pure hafnia surface.
Note that the alumina-containing samples have grains alternated with smoother regions.
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Figure 8. SPM images and respective horizontal profiles of films deposited at 300 °C. The black line
indicates plane surface, while red is horizontal profile across the indent. The residual depth of the
indent on Al,O3 was approximately 30 nm, and was similar to depths for other objects.
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Figure 9. SEM images of selected thin films deposited at 300 °C. The presented area is approx. 1 x 1 mi-
crometer for all samples.

4. Discussion

The densities of the thin films correlate linearly to the compositions (Figure 10). The
best fit had a coefficient of determination over 0.99. This is visualized by the narrow band
of deviations in fit parameter errors, also plotted in the image. A model that has hafnia
and alumina densities of 9.68 g/cm? and 3.08 g/cm3, respectively, as inputs is also shown.
The model itself is a derivation of a simple rule of mixture known from composite material
theory. The Voigt rule of mixture could be used to predict properties of material systems
(mixtures), including density.

During nanoindentation, some influence from the substrate could be expected at 10 nm
of tip displacement. At the same time, the properties of the substrate are similar to those of
the thin films. Therefore, it could be proposed that the substrate influence was reduced
compared to, for instance, that of a substrate possessing a hardness of 20 GPa or a modulus
of 340 GPa. This suggests that the values given at approximately 10 nm displacement
actually closely resemble those of a thin film.
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Figure 10. Thin film XRR densities in relation to the Al,O3 deposition cycle fractions.

In several cases, a sudden reduction in hardness can be seen. For pure alumina,
this happened at approximately 50 nm of displacement. It has been shown in previous
publications that this could be a consequence of coating delamination or cracking [45-48].
Considering that the pop-in happened during indentation and the SPM images show some
material pile-up near the indents, it is likely that the pile-up was caused by thin film
delamination and buckling.

Nanocrystals could reinforce a material and increase its hardness, modulus, and
fracture toughness. These effects have long been known, for instance, in glass-ceramics
research [49-55]. The amount of crystalline phase and actual phase composition also
influence mechanical properties [49-52]. It has been shown that the appearance of softer
phases can reduce hardness but might not ultimately affect the modulus [49]. Also, the
modulus can reduce with an increase in crystallinity without having a significant influence
on hardness [51].

Overall, the deposition recipe or respective elemental composition did not uniformly
correlate with hardness or modulus (Figure 11), especially if measurement errors were con-
sidered. The general trend seems to be that the doped films had a higher modulus/hardness
than pure single oxides.
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Figure 11. Thin-film moduli in relation to the alumina cycle fractions.
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On average, 140 x (4H + 1A) has a hardness of approximately 15 GPa and a modulus
of 184 GPa, making it the hardest and stiffest thin film. Currently, the cause is not clear.
Based on effects seen in glass-ceramics, it could be speculated that 140 x (4H + 1A) has a
higher hardness and modulus due to the appearance of some short-ordered crystallinity.
In the case of 47 x (14H + 1A), it could be that there was some increase in the crystalline
phase volume part, compared, for instance, with 70 x (9H + 1A), which was softer. The
next mixtures already show different phase compositions based on diffraction patterns.
The appearance of different phases, such as monoclinic and cubic/tetragonal in sample
35 x (19H + 1A), could create additional defective interphases around crystallite grains,
which could have a detrimental effect on the mechanical properties. This would explain
the reduction in hardness/modulus in samples 35 x (19H + 1A) and 28 x (24H + 1A)
compared to 47 x (14H + 1A).

A better correlation could be drawn between the specific modulus (modulus divided
by density) or specific hardness and the alumina cycle fraction (Figure 12). Here again, a
linear correlation was suitable to model the data. In principle, the best-fit line in both cases
goes through all data points, but the scatter is wider. Therefore, the equations shown in
Figure 12 have approx. 5% error.
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Figure 12. Specific modulus and hardness in relation to the deposited Al,O3 cycle fractions.

4.1. Surface Morphology Influence on Nanoindentation

Several areas with different morphologies were selected by using the indenter SPM ca-
pability. Indentations were performed on grainy and other areas of sample 70 x (9H + 14A),
grown at 300 °C (Figure 13). The paired images show the surface before and after indentation,
respectively. It can be seen that in the case in which the indent is made on a plane surface,
the moduli are rather high (near 250 GPa). If the indent is basically on top of the grains, the
moduli drop to the 120 GPa level. If the indent is close to some grains but not directly on top,
the results tend to be intermediate. The defect density is probably higher near grains. Therefore,
a reduction in mechanical resilience should be expected. Any enhancing effects that could be
attributed to, for instance, a dislocation movement impediment, were not noticed in any of
the samples.
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Figure 13. The influence of surface morphology to modulus; sample 70 x (9H + 1A). The paired SPM
images show surface before and after indentation.

The corresponding hardness values have a similar tendency (Figure 14), but not
as consistent as in the case of the moduli. Note that the presented results are from the
same locations.

20

16

12

70 x (9H + 1A), hardness, GPa

Displacement, nm

Figure 14. The influence of surface morphology to hardness; sample 70 x (9H + 1A). The paired SPM
images show surface before and after indentation.

4.2. Correlation of Refractive Index to Composition
The refractive indexes n and compositions correlate well within the initial batch of
thin films deposited at 300 °C. That batch was used to create a relationship between the

two-term Sellmeier formula (for refractive index) and the compositions. In WinElli II
v2.2.0.7 software, the Sellmeier parameters A and B are given as:

(A2 —1)A2

n(A) =4/1+ 2B
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Bx10?

where A is wavelength in micrometers; the formula considers the imaginary part to be zero.

The relations of A and B to their respective compositions can be seen in Figure 15.
The best-fit line is given as the respective formula on a graph. The error range of a fit was
calculated from the formula parameter errors and is depicted as minimum and maximum
lines (thinner lines on the graph:s).
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Figure 15. Sellmeier parameters in relation to the thin film compositions.

Based on the equations shown in Figure 15, parameters for samples 233 x (1H + 2A)
and 233 x (2H + 1A) were calculated (using the cycle part formulas), and respective indexes
n versus wavelength were constructed and compared to direct measurements to check the
predictive power of the equations. The results are summarized in Table 3.

Table 3. Sellmeier parameters and respective limits from the A and B correlations to the compositions.

Deposition . . Best Fit B Min/Max B
Scheme Best Fit A Min/Max A (x10-2) (x10-2)

233 x (1H + 2A) 1.782 1.774/1.789 1.387 1.293/1.474

233 x (2H + 1A) 1.912 1.907/1.918 1.830 1.739/1.884

The initial derivation of A and B values from measurements had an accuracy of ap-
proximately 1%, which has to be added/subtracted from the Table 3 minimum/maximum
values. Figure 16 shows the results of the measured data (black and grey crosses) and the
predictions from models (black and grey lines) as minimum and maximum values. It can
be seen that the measurements fit the model within error.
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Figure 16. Measured data (crosses) and modeled results (black and grey lines) based on derived
Sellmeier parameters.

5. Conclusions

Aluminum and hafnium oxides were atomic-layer-deposited using metal-organic
precursors with oxygen plasma. Plasma ALD of aluminum oxide resulted in stochiometric
oxide. ALD of hafnium oxide had excess oxygen in the thin film.

The linear correlation between density and composition means that a simple rule of
mixture, known from composite material theory, could also be used to model the results.
The agreement between experimental and theoretical approaches was very high. This
is an indication that a simple rule of mixture can be used at the nanoscale for density
predictions/calculations. In principle, the same applies to specific modulus and hardness,
but with a somewhat higher error.

The alumina addition changes crystallography and surface morphology even at
2 mol.% levels. If metastable phases (cubic, tetragonal) are of interest, the hafnium to
aluminum cycle ratio should be from approximately 8 + 1 to 15 + 1. At lower ratios,
the films tend to be X-ray amorphous, and at higher ratios, hafnia starts to form a mono-
clinic phase.

The doped thin films had ~30% higher hardness and modulus values compared to
those for alumina. The highest hardness and modulus values were measured for thin films
over with 6 mol.% of Al in the thin film. Higher surface roughness hindered analysis and
generated larger deviations in the modulus and hardness results. The areas in-between
grains had approximately 30% higher modulus (/2240 GPa) and approximately 25% higher
hardness (=15 GPa) compared to the averaged results (=170 GPa and ~12 GPa, respec-
tively) of the same sample. The change in material phase composition, increase in interfaces
between them, have detrimental effects on the mechanical properties.

Aluminum oxide has a refractive index of approximately 1.70 £ 0.04 in the spectral
range of 770225 nm. This steady value could be employed in the practical design of
optical coatings. HfO, had a refractive index in the same wavelength range of 2.07 to 2.33,
respectively. A change in the hafnia to alumina deposition cycle ratio changed the refractive
index but had a minute effect if the alumina amount was below 4 at.%. The indexes can be
predictively computed from composition data by using Sellmeier’s formula, which helps
select a suitable coating for an optical system. The models have errors of up to £3%.

Overall, HfO, with Al,O3; dopant provides the possibility to develop relatively
hard and stiff thin films with tunable optical properties, which could be used in micro-
electromechanical systems, for instance.

Supplementary Materials: The following supporting information can be downloaded at: https:

/ /www.mdpi.com/article/10.3390/nano13101607/s1, Figure S1: X-ray reflectance (XRR) of all
samples; Figure 52: Refractive indexes of all samples; Figure S3: Nanoindentation modulus and
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hardness results of all samples; Figure S4: Close-up view of sample 28 x (24H + 1A) SPM image and
respective cross-profiles.
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Abstract: UV-induced photoluminescence of organosilica films with ethylene and benzene bridging
groups in their matrix and terminal methyl groups on the pore wall surface was studied to reveal
optically active defects and understand their origin and nature. The careful selection of the film’s
precursors and conditions of deposition and curing and analysis of chemical and structural properties
led to the conclusion that luminescence sources are not associated with the presence of oxygen-
deficient centers, as in the case of pure SiO,. It is shown that the sources of luminescence are the
carbon-containing components that are part of the low-k-matrix, as well as the carbon residues
formed upon removal of the template and UV-induced destruction of organosilica samples. A good
correlation between the energy of the photoluminescence peaks and the chemical composition is
observed. This correlation is confirmed by the results obtained by the Density Functional theory. The
photoluminescence intensity increases with porosity and internal surface area. The spectra become
more complicated after annealing at 400 °C, although Fourier transform infrared spectroscopy does
not show these changes. The appearance of additional bands is associated with the compaction of the
low-k matrix and the segregation of template residues on the surface of the pore wall.

Keywords: low-k dielectrics; organosilica glass; interconnects; photoluminescence; oxygen deficient
centers

1. Introduction

Porous organosilica films have many different applications, from catalysis and drug
and gene delivery to microelectronics [1]. One of their most economically significant
applications is with ultra-large-scale integration (ULSI) devices where porous low-dielectric
constant (low-k) materials are used to reduce signal propagation delay in metallization
wires [2]. However, the integration of porous low-k materials with metal wires faces
numerous challenges, and the most important problems are related to the degradation of
their dielectric properties and reliability. The most studied factors that degrade leakage
current and reliability are related to structural modifications and adsorbed moisture in
“plasma-damaged” low-k dielectrics and hydrocarbon residues formed during sacrificial
porogen removal [3-15]. Photon irradiation increases the intrinsic defect density and creates
trapped charges inside the low-k material, which can lead to reliability issues [16,17]. The
knocking-off of atoms from the low-k material network can also occur during the ion
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sputtering process leading to the formation of Si vacancies such as EX centers or dangling
carbon bonds, where the carbon-related defects contribute to higher leakage [18]. In
addition, the formation of surface oxygen vacancies, probably due to the removal of
terminal organic groups after Ar* sputtering, leads to the formation of sub-gap surface
states at 5.0 and 7.2 eV [18]. Atomic defects such as non-bridging oxygen hole centers
(NBOHC) and oxygen vacancies (E’centers) have been studied by electron spin resonance
(ESR) spectroscopy, and the results of these studies of low-k materials are discussed and
summarized in Refs. [17,19,20]. Recently, the UV-induced photoluminescence (PL) of a
mesoporous organosilica low-k dielectric was studied [21], and it was concluded that the
formation of oxygen-deficient centers (ODCs), ODC(I) (=Si-Si=) and ODC(II) (=5i:) centers,
similar to those observed in pure SiO; [22,23] can explain the leakage current mechanism
studied in Refs. [24,25]. However, it is not always easy to distinguish between the influence
of atomic defects and residual carbon on the critical properties of organosilicate glass (OSG)
low-k dielectrics.

So far, most defect studies have been performed with so-called methyl-terminated
organosilica glasses: silica-like materials, where some oxygen bridging atoms in the silica
matrix are replaced by two methyl groups (=Si-O-Si= — =5i-CHj3 ... CH3-Si=). This re-
duces the matrix density but makes the films sufficiently hydrophobic. These materials are
mainly deposited by plasma-enhanced chemical vapor deposition (PECVD) [26]. However,
the need to improve the mechanical properties and reliability of low-k dielectrics stimulated
the extensive study of materials with different types of carbon bridges between silicon
atoms [27-34]. Replacing the oxygen bridge with carbon allows for a significant improve-
ment in mechanical properties due to the higher bending rigidity of the =Si-C-Si= bonds
compared to the =Si-O-Si= bonds [31]. Evaporation-induced self-assembly (EISA) [35]
using carbon-bridged alkoxysilane precursors has been shown to produce periodic meso-
porous organosilica (PMO) with ordered porosity and hydrocarbon bridges in the film
matrix are formed. Their properties, including the thermal and chemical resistance of
different carbon bridges, have been extensively evaluated [36-38].

The present research aims to study the origin of ultra-violet (UV)-induced PL in porous
organosilica films containing various organic components. The films deposited had a well-
defined chemical composition and porosity. Using materials with different and controlled
compositions and porosities (Figure 1), we hoped to understand the physical nature of the
optically and electrically active defects.

Three different types of organosilica glasses were used in this research. The first
type (1-1, 1-2, 2-2, 2-3) includes periodic mesoporous organosilica with ethylene and 1,4~
benzene bridges in their matrix. The second type (2-1) film includes a recently proposed
“hyperconnected structure” based on 1,3,5- and 1,3-benzene bridges [33]. The third type
of film (3-1, 3-2) has a “classic” low-k structure with methyl terminal groups and random
porosity [2,3]. The conditions of their preparation and properties are described in the
experimental part and in the Supplementary Materials, and even more detailed information
can be found in the original publications cited.
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Figure 1. Schematic presentation of the samples used in this research where, Me is a methyl group
(-OCH3), OMe is a methoxy group, OEt is an ethoxy group (-OCH,CHj3), MTMS is methyltrime-
thoxysilane, BTMSE is 1,2-bis(trimethoxysilyl)ethane, BTESB is 1,4-bis(triethoxysilyl)benzene. First
type samples (1-1, 1-2, 2-2 and 2-3): Ethylene and 1,4-benzene bridged PMO materials with ordered
porosity and methyl terminal groups on pore wall surface. Second type sample (2-1): Hybrid OSG
films containing both 1,3,7-benzene and 1,3-benzene bridges. Third type samples (3-1, 3-2): methyl
terminated OSG materials.

2. Materials and Methods
2.1. Material Preparation

i. The first type of sample includes ethylene-bridged PMO materials (Figure 1).
The precursor solutions were prepared by co-hydrolysis of alkylenealkoxysilane—1,2-
bis(triethoxysilyl)methane (BTMSE) with alkylalkoxysiloxane—methyltrimethoxysilane
(MTMS) (Fluka, Buchs, Switzerland) under acidic conditions as described in detail in
Refs. [39,40]. Due to the presence of both BTMSE and MTMS, the film contains both ethy-
lene bridges and methyl terminal groups (Figure 1). This approach is used for low-k film
preparation since the materials containing only a carbon bridge do not have sufficient
hydrophobicity. Conversely, materials with only terminal methyl groups have insufficiently
good mechanical properties due to the reduction in matrix connectivity. All films were
deposited on Si (100) wafers, and film preparation was completed by a two-step annealing
process: (1) soft-bake at 150 °C for 30 min on a hot plate to remove the solvent, (2) hard-bake
at 400 °C for 30 min in a dry air oven. After deposition and curing, the wafers were cut for
analysis by different techniques.

To prepare the films with different porosity but the same matrix composition, the
matrix solution was divided into four parts, and different amounts of Brij®30 surfactant
(Sigma-Aldrich, St. Louis, MO, USA) were added and stirred. The added surfactant acts
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as a porogen, directing the structure forming a micelle-forming structure and interacting
with the precursor. After the bulk structure was assembled, the surfactant was removed,
leaving pores or channels embedded in the material framework. The formation of hybrid
OSG films is based on the hydrolysis and condensation of MTMS and BTMSE precursors:

=5i-OCH3 + H,O — =S5i-OH + CH3-OH (hydrolysis) @D

=Si-OH + HO-Si= — =Si-0O-Si= +H,0 (condensation) 2)

As-deposited (AD) films contain silanol groups formed as a result of precursor hy-
drolysis (Reaction (1)) and some unreacted methoxy (-OCHj3) groups from precursors.
The concentration of these groups can still be significant after the soft bake at 150 °C (SB)
but almost not detectable after the final curing at 400 °C (HB). SB films mainly reflect the
non-relaxed structure determined by reactions (1) and (2). HB increases the degree of
cross-linking of the organosilicate matrix with a significant improvement in the bonding
structure of the Si-O-5i network [8,41]. At this stage, the matrix compaction occurs, ac-
companied by the segregation of unassembled porogen residues from the low-k matrix.
Photoluminescence was measured from AD samples, SB and HB samples. Samples termed
“as-deposited (AD)” were dried at room temperature and 60-80 °C for 10 min. Destruction
of the ethylene bridge during AD and SB is not expected, and these samples cannot contain
ODC centers.

ii. Pure 1,4-benzene-bridged films (2-2 and 2-3 in Figure 1) were deposited using 1,4-
bis(triethoxysilyl)benzene (BTESB). The “dense” version of the films had an EP-measured
porosity (free volume) of about 10% (1,4-BB), while the sample deposited with 30 wt%
porogen had a porosity of about 29% (1,4-BB-p). In contrast to the ethylene-bridged and
methyl-terminated samples, the benzene-bridged films had an extremely small pore size of
about 0.5 nm against 3 nm in MTMS-p (3-2) samples. It also had much better mechanical
properties, as demonstrated in the paper [42]. Furthermore, all the details related to the
film deposition, including curing conditions and measurement procedures, can be found in
Ref. [42].

iii. Recently, hyperconnected structures developed by groups at IBM and Stanford
University have attracted particular interest [33]. These films were deposited using a
mixture of 1,3,5-tris(triethoxysilyl)benzene and 1,3-bis(triethoxysilyl)benzene as described
in Refs. [43,44]. The architecture of the hyperconnected network has been achieved through
the use of 1,3,5-silyl benzene precursors, where each silicon atom can be connected to
the five other nearest silicon neighbors. Thus, the 1,3,5-benzene bridging group structure
connects each silicon atom to two others via carbon bridges that share one common Si—C
bond while maintaining the ability of a silicon atom to connect with three others via Si-O-5i
bonds (Figure 1b in Ref. [33]). The films with different ratio of 1,3,5- and 1,3-benzene bridges
were deposited and analyzed.

iv. The films containing only terminal methyl groups (3-1 and 3-2 in Figure 1) were de-
posited using pure MTMS precursor. Film 3-1 was deposited as “dense” (without sacrificial
porogen) and film 3-2 by the addition of 30 wt% Brij®30 surfactant C1,H,5(OCH,CH,)4,OH.
The samples deposited with porogen had an open porosity of about 33% as measured by
ellipsometric porosimetry (EP) [45], while the “dense” sample had micropores with an
open free volume of about 8% [42].

The physical properties of all deposited materials used are summarized in Table S1.
All samples were thermally cured; UV light and plasma were not used for curing.

2.2. Analysis

The chemical compositions of the films (1-1, 1-2, 2-1) were analyzed by Nicolet 6700
(Thermo Electron Corporation, Waltham, MA, USA) Fourier transform infrared spec-
troscopy (FTIR) in the range 4000-400 cm ™! with a resolution of 4 cm~! (64 scans) in
transmission mode. The optical characteristics of the films, including thickness and refrac-
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tion index (RI) were measured with a spectroscopic ellipsometer SE850 (Sentech, Berlin,
Germany) (A = 300-800 nm) using the Cauchy polynomial function. The porosity and pore
size distribution of the films were characterized by atmospheric pressure EP [45]. Isopropyl
alcohol (IPA) vapors (and heptane vapors, in some cases) diluted with dry N carrier gas in
a specially designed bubbler were used as an adsorptive. The open porosity of the films is
calculated as the volume of adsorbed liquid adsorbate from RI values measured during
IPA adsorption using a modified Lorentz—Lorenz equation [45]:

2
n; —1

n2 +2

2
ngg—1

2 _
y Jads 1+(1—V) 3)

2 - 2
Do +2 Nads +2

where nqg—is the measured RI of the porous film when the pores are gradually filled by
adsorbate at different relative pressures, n,qs—is the RI of the liquid adsorbate, ns—is
the matrix RI, and V—is the volume of the condensed adsorbate. The calculation of
the pore size distribution (PSD) is based on the analysis of adsorption isotherms. The
analysis is based on the Kelvin equation, which describes the dependence of relative
pressure (P/Py) on meniscus curvature similar to the standard Barrett—Joyner—-Halenda
(BJH) procedure used in nitrogen adsorption porosimetry [46]. The micropore size uses the
Dubinin-Radushkevich approach based on Polanyi’s potential theory of adsorption. EP
also allows us to calculate the so-called cumulative surface area. The specific surface area
of each small group of pores dA; are calculated from the corresponding pore volume and
pore radius as dA; = dV;/r; (for cylindrical pores). A value of the cumulative surface area
is obtained by assuming the values of dA; over the whole pore system.

UV-induced luminescence of samples with ethylene bridge (1-1 and 1-2) and 1,3,5-
and 1,3-benzene bridge (2-1) samples were measured on a FP-8300 spectrofluorometer
(JASCO, Tokyo, Japan) using a continuous output Xe arc lamp with shielded lamp housing
(150 W) and holographic concave grating in a modified Rowland mount monochromator.
The radio-photometer system using monochromatic light was used to monitor the output
intensity of the Xe lamp. The samples were mounted in a standard 10 mm rectangular cell
holder SCE-846,/D061161450 provided by JASCO. The wavelength accuracy and maximum
resolution are 1 nm. The excitation and emission spectra are in the range in the energy
range from 6.2 to 1.65 eV and the slit width is 5 nm-5 nm. Measurements were performed
at room temperature and fully controlled using a Spectra Manager. The excitation and
emission bandwidth were 5 nm at a scan speed of 1000 nm/min.

The methyl-terminated (3-1, 3-2) and 1,4-benzene-bridged samples (2-2 and 2-2) were
measured at excitation energies of 6 to 10 eV using different systems. Luminescence and
luminescence excitation spectra were measured with the photoluminescence end station
of the FinEstBeAMS beamline at the 1.5 GeV storage ring of the MAX IV synchrotron
facility [47]. The luminescence excitation spectra were measured with a spectral resolution
of no less than 4 meV using fused silica and MgF, optical filters in the energy range of
4.5-7.0 eV and 6.5-11 eV, respectively. The samples were placed in an ARS closed-cycle he-
lium cryostat equipped with a LakeShore 325 temperature controller, and the measurement
temperature was equal to 7K. Before measurements, the samples were degassed at 350K
in a vacuum of 10~ mbar. An excitation flux curve obtained using a factory-calibrated
AXUV-100G diode (OptoDiode Corp, Camarillo, CA, USA) was used to correct the ex-
citation spectra. The luminescence spectra were recorded using a fiber-coupled Andor
Shamrock SR-303i (Andor Technology Ltd., Belfast, UK) spectrometer equipped with a
Hamamatsu H8259-01 photon counting head. The luminescence spectra were corrected
for the spectral sensitivity of the registration channel. It is necessary to mention that by
using photons with higher energy, we confirmed that we are not missing transitions that
cannot be excited by photons with an energy of 6.2 eV. Cryogenic temperature reduces
thermal noise and, therefore, should allow to detection of PL peaks of low intensity if they
are present. The ability to generate detailed PLE spectra helps to better understand the
origin of PL transitions. Using this system, we found a correspondence between the results
obtained in these systems, which makes our conclusions more reliable.
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It is necessary to mention that all other characteristics of the films, like dielectric con-
stant, mechanical properties, surface roughness, pore ordering, plasma and VUV properties,
have also been studied by using different instrumentations. These data are not discussed
in this work but can be found in the references [36-40,48,49].

2.3. Calculation of the Energy Diagram of UV-Induced Processes

Density Functional Theory (DFT) calculations were carried out systematically, employ-
ing the PBEO density functional [50-52]. The way in which the PBEO functional is derived
and the lack of empirical parameters fitted to specific properties make the PBE0 model a
widely applicable method for quantum chemical calculations. The molecular geometries,
energies and electronic structure of the molecules were studied at the PBE0/6-31G** level
of theory, as implemented in the Jaguar 9.6 program [53]. This computational model has
already been used successfully for calculations in our previous work [54,55]. Frequency
calculations were performed at the same level of theory to obtain the total enthalpy (H)
and Gibbs free energy (G) at a standard temperature of 298.15K using unscaled frequencies.
The reaction enthalpies (AH) and Gibbs free energies of the reaction (AG) of the studied
molecules were calculated as the difference in calculated H and G between the reactants
and products, respectively. The energy of the excited states and oscillator strength (f) of
transitions were calculated in the gas phase at the optimized ground state structure of
model molecules using the time-dependent (TD) DFT method [56] at the PBE0/6-31G**
level of theory. The excited states calculations were performed using the Full Linear Re-
sponse (FLR) approximation [57], as implemented in the Jaguar 9.6 program. The number
of excited states was set to 100 for two reasons: the first is that the initial guess might not
accurately reflect the final states; the second is to ensure that the near-degeneracies are
accounted for.

3. Results
3.1. Ethylene-Bridged PMO [39,40]

The FTIR spectra of fully cured ethylene-bridged PMO films (1-1, 1-2) are shown in
Figure 2. The absorption band at 1250-1000 cm ™! corresponds to Si~O stretching modes.
The soft baked (SB) at 150 °C films show the presence of hydroxyl and silanol groups (O-H,
Si~OH) at 3700-3100 cm ™! and C=O group at 1750 cm~!, which are removed after the hard
bake (HB). The Si-OH concentration in SB films is higher in the films deposited without or
with a small concentration of porogens. The possible reason is that the remaining porogen
makes the films more hydrophobic. It can be seen that SB films still contain a significant
amount of C-Hy (x = 2 or 3) groups in the wavenumber range (3000-2800 cm 1) and C-H
(1460 cm~1). They mainly originate from the template (Brij®30), and this is the reason why
their concentration increases with initial porogen concentration (Figure 2b). HB reduces
those group concentrations (Figure 2d). The presence of Si—-CHj terminal groups can be
seen from the peak at ~1275 cm ™!, and Si—CHj groups also contribute to the intensity of
the hydrocarbon peaks at ~2970 and ~2920 cm 1.

Figure 3 shows the adsorption—desorption isotherms of heptane vapors measured by
EP. The isotherms of all samples deposited with 0-30 wt% template do not have a hysteresis
loop, indicating that the pores are cylindrical in shape. However, the samples deposited
with a 50 wt% template have pronounced hysteresis loops typical for the formation of
internal voids leading to “ink bottle”-like effects in isotherms [58].

A clear difference can be seen between the samples deposited with a BMTSE/MTMS
ratios of 47/53 and 25/75. The isotherms in samples with a BTMSE/MTMS ratio of 25/75
have critical slopes at higher relative pressures P/Py, indicating a larger pore size. They
also have higher porosity than the samples deposited with a BTMSE/MTMS ratio of 47/53,
and this difference becomes even more pronounced for the samples deposited with 30 and
50 wt% templates (Figure 3). A reasonable explanation is that the ethylene bridge increases
the stiffness of the matrix and hinders the agglomeration of template molecules during
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matrix formation. However, no principal differences in the photoluminescence spectra are
observed between 47/53 and 25/75 samples (Figure 4).
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Figure 2. FTIR spectra of OSG low-k samples deposited with a BTMSE/MTMS precursor ratio
of 25/75 and different porogen concentrations (0-50 wt%) after soft bake at 150 °C (SB) in the air
(a,b) and hard bake at 400 °C (HB) in the air (c,d). FTIR spectra of the samples deposited with a
BMTSE/MTMS ratio of 47/53 are qualitatively similar.
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Figure 3. Adsorption—desorption isotherms of heptane vapor in the OSG low-k films deposited with
BMTSE/MTMS ratio of 47/53 (a) and 25/75 (b) and different porogen concentrations (0-50 wt%).

The measured luminescence spectra clearly show three peaks located near 4.3, 3.3, and
2.9 eV. The position of these peaks is the same as in the paper [21], where the films of the
same series (BTMSE/MTMS = 25/75 ratio, porosity 30%) were studied upon excitation by
synchrotron radiation. The only differences relate to the relative intensities of the peaks,
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but it is likely a sample storage issue. The peaks interpretation in Ref. [21] is based on
information reported for SiO;. According to [22,23], the peaks at 4.3 and 3.2 eV are often
observed in SiO; and can correspond to ODC(I) defects (=S5i-5i=), and the peak at 2.9 eV
was interpreted as emission from ODC(II) defect (=5i:).
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Figure 4. UV-induced room temperature luminescence of PMO low-k films containing both methyl
terminal and ethylene bridging groups. The films have different porosity and were cured in air. The
samples were deposited with a BTMSE/MTMS ratio of 25/75 (top line) and 47/53 (bottom line) with
different porogen concentrations (10-50 wt%) as deposited (AD) after soft bake at 150 °C (SB) in air
and hard bake at 400 °C (HB) in air, upon excitation with light of 6.2 eV. The data are reproduced
from the paper “Effect of methyl terminal and ethylene bridging groups on porous organosilicate
glass films: FTIR, ellipsometric porosimetry, luminescence dataset” by Md Rasadujjaman, J. Zhang,
K. P. Mogilnikov, A. S. Vishnevskiy, J. Zhang, M. R. Baklanov (Data in Brief 35 (2021) 106895) with
granted permission from ELSEVIER [40].

In our case, the positions of the 2.9 and 3.2 eV peaks are constant in all three types (AD,
SB, HB) of films but the position of 4.3 eV changes during curing. This peak corresponds
to 4.3 eV in as-deposited (AD) films and then decreases to ~4 eV in SB samples at 150 °C
and HB samples at 400 °C. This shift is too significant to be assigned to only ODC(I). The
shift of the 4.3 eV peak, in principle, can be interpreted as the result of the formation
of additional peaks at E < 4 eV, which can be assigned to specific carbon-containing
residues [59-63]. In the general case, the formation of (=Si-Si=) type defects should occur
due to the destruction of certain bonds of Si atoms. It can be assumed that they can be
formed due to the destruction of carbon bridges, which have the lowest thermal stability in
this system. However, the -Si—(CH,),—Si— bonds are sufficiently stable and certainly cannot
be destructed in AD and SB films (T < 200 °C). Therefore, the assignment of this peak to
ODC(I) (Ref. [21]) is doubtable. The peak at 2.9 eV in BIMSE/MTMS = 47/53 sample
increases drastically during SB and remains quite high after HB. It also generates doubt
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on the assignment to ODC(II) since, according to Ref. [22], ODC(]) is typically much more
abundant than ODC(II) because ODC(II) might be a product of a partial transformation
of ODC(I).

Effect of Storage and ICP Oxygen Plasma

The evolution of PL intensity in a sample with a BTMSE/MTMS ratio of 45/53 (HB)
is shown after storage in air in a clean room environment (Figure 5a). The PL intensity
gradually increased every week and finally increased ~10 times after 1 month. Figure 5b
shows that the first PL measurement of a sample stored after one month reduces the PL
intensity by about 10%. The following measurements, one after another, with a break of a
few minutes, slightly reduce the intensity.
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Figure 5. (a) Effect of storage in a clean room environment on the PL intensity for the OSG films
deposited with a BTMSE/MTMS ratio of 47/53 and (b) PL measurements one after the another with
a break of a few minutes.

The corresponding change in chemical composition during sample storage can be
seen in FTIR spectra (Figure 6a). Air storage accumulates hydrocarbon residues from the
clean room environment. Such an effect is well known for porous low-k materials: capillary
forces enhance the adsorption and condensation of hydrocarbons and other residues. The
observed decrease in PL intensity in air-stored samples after the first measurement may be
related to the UV-induced desorption of part of the carbon residue.

When this sample is exposed to soft oxygen inductively coupled (ICP) plasma (Figure 6b),
the concentration of the hydrocarbon-containing species is reduced. At the same time, also
some loss of Si-CHjz groups and hydrophilization is also observed (see Supplementary
Materials Figure S1). The thickness of the low-k film before exposure to O, ICP plasma
was equal to 466 nm; then, it reduced to 435 nm after 5 min and 399 nm after 10 min.
Meanwhile, the corresponding reductions of Si-CHj3 /Si—-O-Si peaks ratio were from 0.173
to 0.163 and to 0.154, respectively. The changes of hydrocarbon residues peaks in the region
2800-3000 cm~! were about three times larger. These observations suggest that the used
plasma conditions were sufficiently soft to minimize plasma damage of the low-k matrix (a
small change in Si-CHj3 /Si—O-S5i ratio), and the ICP-generated oxygen radicals are mainly
consumed on the accumulated carbon residue.

Reducing the carbon concentration leads to a reduction in PL intensity at 4.2 eV
(Figure 7). The change happening in the PL intensity during storage and exposure to O, ICP
plasma clearly shows that the intensity of the peak near 4.1-4.2 eV is related to hydrocarbon
residues accumulated during the template removal (pristine sample) and storage in air.
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PL of hydrogenated carbon has been extensively studied in the past. According to these
publications, in addition to the well-known broad PL bands at 2.1-2.33, 2.85-2.92 eV, and
3.17-3.22, other peaks located at 3.64-3.70, 3.93—4.01 and 4.34-4.56 eV in the UV region can
also be found [64]. The observed change in PL spectra in the carbon-rich films deposited
with high template concentration (50 wt%) and high BTMSE/MTMS ratio (Figure 4) and
the increase in the intensity of certain peaks during thermal curing and exposure in O, ICP
plasma most probably reflects the modification of carbon-containing components of the
studied films.
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Figure 6. Accumulation of hydrocarbon residues from a clean room environment (a) and removal of
these residues by ICP oxygen plasma (b).

BTMSE/MTMS =47/53, E,, = 6.2 eV
260

208
156
104

52

2.9eV 10 min O, ICP

4.2eV

345 F
230
115

PL Intensity (a.u.)

One month storage 4.2eV
1740 F

1160

580

0

20 25 30 35 40 45 50 55

Photon Energy (eV)

Figure 7. Reduction of 4.2 eV PL intensity during exposure to ICP oxygen plasma. The excitation
energy of the photon was 6.2 eV.
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3.2. Benzene-Bridged Organosilica Films
3.2.1. 1,3,5- and 1,3-Benzene-bridged Films [33,43,44]

The films with different molar ratios of 1,3,5-tris(triethoxysilyl)benzene to 1,3-bis(triet-
hoxysilyl)benzene bridging organic groups (1:3 and 1:7) were deposited by spin-on coating
followed by a soft bake in the air at 150 °C (SB) and hard bake in the air at 400 °C (HB). The
concentrations of the non-ionic template (Brij®30) varied from 0 to 41 wt%. The chemical
composition of the matrix of the films was evaluated and discussed, as well as refractive
indices, mechanical properties, k-values, porosity and pore structure [43,44]. The films
containing benzene bridging groups keep the pore size constant and equal to 0.81 nm
while their porosity changes from 0 to 30%. The films containing a benzene bridge have
a higher Young’s modulus than plasma-enhanced chemical vapor deposition (PECVD)
methyl-terminated low-k films with the same porosity [33]. The fabricated films show
good stability after a long time of storage. FTIR spectra and porosity data generated by
ellipsometric porosimetry are presented in the SI as Figures S2 and S3.

Figure 8 shows photoluminescence spectra for 1:3 and 1:7 samples. This means that
the 1:3 sample has a 2.3 times higher concentration of 1,3,5-benzene rings than the 1:7
sample. The most important difference from ethylene-bridged films is that AD and SB films
contain only 1 pronounced peak at around 3.9 eV. Looking at the PL spectra of samples
AD and SB, one can conclude that the intensity increases with increasing porosity. The
PL spectra of HB films are becoming more complicated, and new peaks near 2.3, 2.9 and
4.85 eV are observed.
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Figure 8. Photoluminescence spectra of OSG films containing 1,3,5- and 1,3-benzene bridges (samples
2-1 in Figure 1) and different porosity upon excitation with light of 6.2 eV. The porogen concentration
varied from 0 to 41 wt%. The ratio of 1,3,5- and 1,3-benzene bridges is equal to 1:3 on the top line
and 1:7 on the bottom lines. AD, SB and HB have the same meaning as in the samples with ethylene
bridge (Figure 4).
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3.2.2. 1,4-Benzene-bridged Films [42]

Two different types of 1,4-benzene-bridged films were prepared. The first one (1,4-BB)
was prepared from pure BTESB (1,4-bis(triethoxysilyl)-benzene) without porogen and
without methyl terminal precursors and had an intrinsic porosity of about 10%. The second
type of film (1,4-BB-p) was also prepared with BTESB, but 30 wt% porogen was added into
the precursor. As a result, the film has EP measured porosity of 30%. FTIR and EP data
can be found in the SI, as Figures 54 and S5. All of these samples were fully cured: they
went through the SB and HB processes. PL spectra of 1,4-BB film were measured at the
photoluminescence station of the FinEstBeAMS beamline at the 1.5 GeV storage ring of
the MAX IV synchrotron facility [47]. The measurements were done at 7K after outgassing
in an ultrahigh vacuum (10~Y mbar) at 350K. PL was excited by UV photons with energy
from 4 to 10 nm (PLE). PL spectra of non-porous films have clearly defined bands at 3.67 eV
(at excitation by 5.6 eV) and 3.69 eV (at excitation by 7.3 eV) (Figure 9a). The UV damage
threshold in OSG low-k films close to 6.0-6.2 €V [19,65].
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Figure 9. PL spectra of non-porous hard baked OSG film with 1,4-benzene (1,4-BB) bridge upon
excitation by 5.6 and 7.3 eV photons (a) and porous films with 1,4-benzene bridge (1,4-BB-p) upon
excitation by 5.6, 6.2 and 7.2 eV (b) and PL excitation spectra (PLE) for 1,4-BB film upon detection
2.76-2.48 eV and 4.13-3.76 eV and for 1,4-BB-p film upon detection 2.76-2.48 eV (c).

The results presented in Figure 9a show that PL intensity decreases approximately five
times after exposure to 7.3 eV in comparison with the 5.6 eV exposed sample. However, the
band position remains the same. A possible explanation is that 7.3 eV photons remove (de-
struct) part of the component responsible for PL emission at 3.67 eV. Similar conclusions can
be made about the porous benzene-bridged films (Figure 9b). These films were irradiated
by 5.6, 6.2 and 7.2 eV photons, but the difference in PL bands position is not remarkable.
However, the emission intensity drops very much when comparing PL intensity after 6.2
and 7.2 eV excitation in comparison with 5.6 eV. Deconvolution shows the presence of a
2.86 eV peak, and there are also traceable emissions with wavelengths 2.24 and 4.2 eV. The
introduction of porogen changes the main emission to 3.76-3.78 eV, and the presence of
4.20 eV is becoming more pronounced (Figure 9b). It supports our previous conclusion that
emission at 3.9—4.2 eV is related to hydrocarbon residue: removal of porogen always tends
to leave a certain amount of porogen residues [8-10]. The similarity of the PL spectra of
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these samples to the PL spectra of HB samples with 1,3,5/1,3-benzene bridges (Figure 8)
shows that the key role is played by the presence of the benzene bridge rather than the type
of their bond with Si atoms. Interesting information can also be obtained from PLE spectra
(Figure 9c). The most important excitation bands in all cases correspond to 5.8-6.0 eV
photons, but the 2.78-2.48 eV emission peaks also have excitation bands at 7.3 eV.

3.3. Methyl-Terminated Organosilica Films [66]

The films with only methyl terminal groups were fabricated using pure MTMS to
prepare dense films and also with 30 wt% added porogen (MTMS-p). All of these samples
were fully cured: they went through the SB and HB processes. FTIR spectra are shown in
the SI in Figure S6. The measured porosities were equal to 7.5% and 33.1% (SI, Figure S7).
The PL measurements were also done on the system used for 1,4-BB films. MTMS films
at 7.0 eV photoluminescence excitation (PLE) showed only one peak with emission at
2.83 eV (Figure 10). The samples excited by UV light with an energy of 6.2 eV show an
additional peak at 4.35 eV. The last peak is much more pronounced in the films prepared
with a porogen, which also supports our previous conclusion that this peak can be related
to the presence of porogen residue. MTMS-p also shows the presence of emission bands at
495 and 5.16 eV.
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Figure 10. PL spectra of non-porous hard-baked OSG film with methyl terminal group (MTMS) upon
excitation by 6.2 and 7.0 eV photons and porous methyl-terminated film (MTMS-p) upon excitation
by 6.2 eV (a) and PL excitation spectra of MTMS films upon detection 3.10-2.48 and 4.59—4.13 eV and
MTMS-p films upon detection 3.10-2.48 eV (b).

Dense MTMS samples excited with 7.0 eV photons have much lower PL intensity than
the sample excited with 6.2 eV photons. The intensity of the 2,83 PL band has significantly
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reduced, and the band with an energy of 4.35 eV almost disappeared. This also suggests
that the light of 7.0 eV is removing the PL component. It should be noted that 6.2 eV UV
photons strongly reduce PL intensity in 1.4 BB films but not in the MTMS film. The most
likely explanation is the higher UV resistance of the methyl terminal groups in comparison
with the carbon bridges of PMO materials [36,37].

The excitation spectra (PLE) are shown in Figure 10b. Photoluminescence at 3.10-2.48 eV
in both dense and porous samples have very pronounced excitation bands at 6.2 eV and
also shoulders corresponding to 5.5 and 7.25 eV. The 4.59-4.13 emission bands in the dense
MTMS film have a selective excitation band at 6.8 eV. The MTMS sample excited by 7.0 eV
UV photons shows no emission band at 4.35 eV, and, therefore, it is reasonable to assume
that this component is destroyed or removed during the exposure.

4. Discussion

The presented results allow us to discuss the origin and nature of the observed lumi-
nescence bands. The main results are summarized in Table 1. A clear correlation of PL
bands with types of organic groups is observed. 1,4-benzene-bridged films (2-2) show the
presence of 3.68 and 3.78 eV PL peaks. Similar emissions at 3.9 eV have demonstrated
the films containing both 1,3,5- and 1,3-benzene bridges. It suggests that these emission
bands are related to benzene bridges. However, HB (400 °C) films show the appearance of
small intensity PL peaks near 2.9 and 4.2 eV. It is reasonable to assume that the appearance
of these peaks is associated with the compaction of the film matrix, which occurs during
calcination at 400 °C and initiates the segregation of unassembled porogen fragments and
other residues from the low-k matrix to the surface of the pore walls [8,41].

Table 1. General characteristics of used OSG films and PL energy as a function of the carbon groups.
For example, peaks at 3.78-3.9 eV are only observed in films with benzene bridges, so they can be
attributed to the benzene bridge. A similar approach is used for other groups. The brackets show the
low-intensity peaks, which appear mainly after HB.

Sample Terminal Bridging
Numb Sample ID Group G Porogen Characteristics PL Peaks (eV)
umber roup
(-CH3)
1-1 BTMSE/MTMS =47/53 YES Ethylene YES - 3.3 2.9 4.2
1-2 BTMSE/MTMS = 25/75 YES Ethylene YES - 3.3 2.9 4.2
2-1 1,3,5/1,3-BB NO Benzene YES 39 - (2.90) (4.85)
2-2 1,4-BB NO Benzene NO 3.68 - (2.86) -
2-3 1,4-BB-p NO Benzene YES 3.78 - (2.86) 4.2
3-1 MTMS YES NO NO - - 2.85 (4.35)
3-2 MTMS-p YES NO YES - - 2.78 4.35
Assignment of PL peaks Benzene  Ethylene —CHs C-Hy

bridge bridge terminal

The samples with only terminal methyl groups show a PL band at 2.8-2.9 eV. Dense
MTMS films only show the presence of this peak when PL is excited by 7.0 eV photons
but also have a small peak at 4.2 eV when PL is excited by 6.2 eV photons. The porous
MTMS-p films deposited with porogen show an increase in relative intensity of 4.25 eV
peak compared to dense materials. The peaks with even higher energy are observed in this
sample. An important observation (Table 1) is that all samples deposited with porogen
have a strong peak at 4.2-4.3 eV, and this support our conclusion (Section 2.1) that it is
related to porogen residues and other hydrocarbon residues.

Ethylene-bridged samples give emissions at 2.9, 3.3 and 4.2 eV. We already showed
that PL peaks at 2.9 and 4.2 eV correspond to methyl terminal groups that are present
in these films and porogen residues because the sample was deposited with a porogen.
Therefore, the 3.3 eV peak reflects the presence of an ethylene bridge.
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Diagrams of the Enerqy Levels Calculated by Using Density Functional Theory

Figure 11 shows energy level (Jablonski) diagrams calculated for model molecules
reflecting the studied materials.
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Figure 11. Calculated Jablonski diagram for model molecules containing: 1,4-benzene bridge (a),
1,3,5-benzene bridge (b), ethylene bridges (c), methyl-terminated (d,e). (F) is fluorescence, (P) is
phosphorescence, ISC—intersystem crossing, SR—structural relaxation.

Figure 11a,b show the energy levels for 1,4-benzene and 1,3,5-benzene bridges. After
excitation to the first excited singlet S state, the molecule undergoes ISC to the excited
triplet T!" state. The T!" state undergoes further structural relaxation to a more stable
T state due to the adjustment of molecular geometry to change the electron distribution
upon excitation. Due to the large energy gap between ground S” and excited S! states, the
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deactivation of energy from the S! state may be observed by fluorescence. Otherwise, when
ISC occurs, deactivation of energy by the phosphorescence of both T'" and T! can be ex-
pected. Interestingly, the energy levels of all transitions in the 1,4-benzene and 1,3,5-benzene
bridges are very similar despite the difference in bond structure. UV-induced excitation
that initiates the singlet-singlet (5°-S!) transition has energies of 5.35 and 5.22 eV, which is
very close to the maximum PLE energy of 5.4-5.5 eV measured for 1,4-benzene-bridged
OSG materials. (Figure 9c). The energy of the PL photons measured for these films was
equal to 3.7 £ 0.1 eV and 3.9 eV for 1,4- and 1,3,5-benzene-bridged OSG, respectively. The
calculated energies for the triplet—singlet (T'"~S°) transition have very close values equal
to 3.94 and 3.91 eV. Taking into account that model molecules were used for calculations,
one can conclude that the agreement between the calculated and measured PL and PLE
energies is perfect. Therefore, the energy diagrams presented in Figure 11a,b most likely
correctly reflect the electronic transitions leading to PL.

Figure 11c shows the energy diagram for a molecule having both ethylene bridge
and methyl terminal groups. After excitation to the first excited singlet S! state, molecules
undergo ISC into the excited triplet T'" state. However, the T!" state is very unstable due
to the high energy and undergoes Si-O bond cleavage during optimization instead of
relaxing into a more stable T! state. Due to the large energy gap between ground S” and
excited S! states, deactivation of the energy from the S! state through fluorescence may
be observed. Otherwise, if ISC into T'" state occurs, deactivation of the energy from T1*
through phosphorescence may be expected. The calculated energy for the singlet-singlet
(S°-S!) transition for this molecule (6.26 eV) is quite close to the measured PLE energy for
the sample 1-2 (BTMSE/MTMS 47/53), equal to 6.2 eV (Figure S8). However, we do not
observe the emission of 6.19 eV corresponding to transition T''-S’. Moreover, after the
relaxation of T!" to the T! state, this molecule dissociates, forming the radicals shown in
Figure 11c. Nevertheless, the bond dissociation energy (BDE) is equal to 3.6 eV, which is
close to PL observed with this compound ~3.3 eV. A simulation by Density Functional the-
ory makes this radiative transition doubtful because of energetically preferential molecular
destruction from the triplet state. It can be assumed that the destruction of these molecules
occurs in parallel with UV radiation, and therefore the intensity of the characteristic 3.3 eV
emission in the films with an ethylene bridge has a relatively low intensity (Figure 4).

Figure 11d,e show the energy diagrams for two different molecular structures repre-
senting methyl-terminated OSG materials. The first one reflects a model SiO,-like structure
where one Si bond is terminated by the methyl radical. In the second structure, we selected
tetramethylcyclotetrasiloxane as a model to take into account the possibility of the second
(hydrogen) terminal group being bonded to silicon. However, the energy diagrams in these
two cases were very similar: 7.07 eV for the S’-S! transition and 6.83 eV for the T!" state.
Only a small difference can be seen in BDE energy: 4.24 eV and 4.13 eV, respectively. It
is obvious that the calculated values are quite different than the measured ones (6.2 eV
for PLE and 2.8 eV for PL), although the PLE spectrum contains a band at 7.25 eV able
to provide a S’-S! transition in these molecules. The most important feature is that ac-
cording to the DFT calculations, molecules in the TY state become unstable and dissociate
to form radicals, as shown in Figure 11d,e. The most reasonable assumption that can
explain the observed PL bands 2.78 eV in samples 3-1 and 3-2, and also the PL bands of
2.9 eV in samples 1-1 and 1.2 is PL of dissociation by-products. This mechanism needs
further investigation. However, PL measurements of the MTMS samples were carried
out at 7K, while the DFT calculations correspond to room temperature. Our estimations
showed that temperature has little impact on the BDE, while the change in the Gibbs free
energy of the reaction is significant. The dissociation of the Si-CHj3 bond in S° ground state
DG(298K) = 78 kcal/mol and DG(7K) = 90 kcal/mol. For the dissociation from the triplet
state DG(298K) = —104 kcal/mol and DG(7K) = -86 kcal/mol. Therefore, the probability of
the Si—-CHj dissociation reaction at 7K is much lower and therefore, parallel UV emission
can also be expected. Similar phenomena were reported in the papers [67,68]. The calcu-
lated energy of the emission is about 4.2 eV, which overlaps with the peak attributed to
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carbon residue radiation. For this reason, these peaks are observed in all samples deposited
with porogen and containing CHj terminal groups.

Therefore, the characteristic PL emissions of mesoporous organosilica films correspond
to the introduced carbon fragments. It is most likely that they do not include emissions
from oxygen-deficient centers (ODC), as was concluded in a recent publication [21]. This
conclusion is based on our sample preparation strategy: the samples were not exposed to
high-energy impacts capable of generating oxygen vacancies (no UV curing, no exposure to
ion and plasma radiation). The curing temperature was not higher than 430 °C, and it is too
low for the formation of oxygen-deficient centers [22]. It should be noted that our conclusion
is consistent with the results of the ESR studies of various OSG low-k materials [17,32,69-73],
which show the presence of carbon dangling bond-related signals in low-k films deposited
using sacrificial porogen. A more detailed discussion of these defects and their effect on
electrical properties can be found in the review [19] and the corresponding references
cited in this paper under the numbers (306, 307, 316-324). The presence of carbon in the
film in various forms ranging from the terminal and bridging carbon groups to clusters
of elemental carbon originating from porogen or template residues, can give rise to deep
energy levels in the insulator bandgap that causes low-field leakage currents [9,10,74].

Finally, similar conclusions were drawn based on the results of studying the PL in
SiCxOy films deposited using thermal CVD [70]. Films deposited in this way should
have properties similar to our MTMS (3-1, 3-2) films, which contain random porosity and
methyl terminal groups. Using a parallel study of PL and ESR, the authors concluded
that typical structural defects in the oxides, e.g., Si-related neutral oxygen vacancies or
non-bridging oxygen hole centers, cannot be considered the dominant mechanism for
the white luminescence from SiCOy. It was concluded that PL from SiCyOy thin films
can result from the generation of carriers due to electronic transitions associated with
the C-S5i/C-5i-O bonds during optical absorption, followed by recombination of these
carriers between energy bands and in their tail states associated with Si-O-C/Si—C bonds.
Although the detailed mechanism may differ from ours, the key importance of the Si-C
and Si-O-C bonds is also emphasized.

5. Conclusions

The UV-induced photoluminescence of organosilica films with various combinations
of ethylene and benzene bridging groups in their matrix and terminal methyl groups
on the pore wall surface was studied to reveal optically active defects and understand
their origin and nature. The careful selection of the films’ precursors and conditions of
deposition and curing, excluding breakage of chemical bonds and analysis of chemical and
structural properties, led to the conclusion that luminescence sources are not associated
with the presence of oxygen-deficient centers, as in the case in pure SiO,, and has also been
predicted for low-k organosilica films [21-23]. It is shown that the sources of luminescence
are the carbon-containing components that are part of the low-k matrix (3 different types
of benzene bridges), as well as the carbon residues formed upon removal of the template
and destruction of organosilica samples containing ethylene bridge and methyl terminal
groups. A fairly good correlation between the energy of the photoluminescence peaks and
the chemical composition is observed (Table 1). This correlation is also confirmed by the
results of density functional theory calculations. The spectra become more complicated
after annealing at 400 °C, although Fourier transform infrared spectroscopy does not show
these changes. The appearance of new peaks after annealing at 400 °C is associated with the
segregation of hydrocarbon residues from the low-k matrix on the pore wall surface [8,41].
Therefore, photoluminescence spectroscopy can potentially be used as effective instrumen-
tation to study the modification of these films. The use of photoluminescence spectroscopy
can be important to understand the optical and electrical properties and reliability of
integrated low-k dielectrics.

Photoluminescence intensity depends on the internal surface area. The correlation
between the photoluminescence intensity of the 4.3 eV peak and the measured surface area
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calculated for the films measured immediately after full curing can be seen in SI, Figure S9.
Further investigations of luminescence sources are planned, including their correlation
with dielectric properties, the reliability of low-k dielectrics, and their evolution during
various technological treatments, including the use of plasma, UV light and ion irradiation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nano13081419/s1, Table S1: Physical properties of organosilicate
glass (OSG) films: first type: both ethylene bridges and methyl terminal groups with different
precursor ratios (BTMSE/MTMS = 47 /53 and 25/75); second type: a mixture of 1,3,5- and 1,3-benzene
groups with a ratio of 1,3,5/1,3 = 1:3, 1,3,5/1,3 = 1.7 and 1,4-benzene bridges without porogen (1,4-BB)
and with 30 wt% porogen (1,4-BB-p); third type: contains only methyl terminals without bridging
groups (MTMS—without porogen, MTMS-p—with porogen). All films are completely cured in the
air; Figure S1: Effect of chemical composition during storage of film (BTMSE/MTMS = 47/53, 20 wt%
Brij®30) in a clean room environment and after soft oxygen ICP plasma. Loss of Si-CHj groups and
hydrophilization was observed for films by using soft oxygen ICP plasma (remove the chemical
residue). The thickness of low-k film before exposure to O, ICP plasma was equal to 466 nm, then it
reduced to 435 nm after 5 min and 399 nm after 10 min. Meanwhile, the corresponding reductions
of Si-CHj3/Si-O-Si peaks ratio were from 0.173 to 0.163 and to 0.154, respectively. The changes
in hydrocarbon residue peaks in the region 2800-3000 cm ! were about three times larger. These
observations suggest that the plasma conditions were sufficiently soft to minimize plasma damage of
the low-k matrix (small change Si-CHj3/Si—O-Si ratio), and the ICP-generated oxygen radicals are
mainly consumed on the accumulated carbon residue. The equivalent depth of the CH3 depleted
region was estimated by using the approach described in the paper (F. Leroy et al. Journal of Physics
D Applied Physics 48(43):435202) and was equal to ~27 nm after 5 min and ~45 nm after 10 min
plasma exposure; Figure S2: FTIR spectra of 1,3,5- and 1,3-benzene-bridged ratio of 1:3 (bottom) and
1:7 (top) organosilica films with different porogen concentration s (0—41 wt%), soft bake at 200 °C
and hard bake at 400 °C in air. The spectra are generally quite similar, but the films containing
less 1,3 benzene bridges (1:3) are more hydrophilic; Figure S3: Adsorption-desorption isotherms
for determining the value of open porosity, generated by ellipsometric porosimetry, of 1,3,5- and
1,3-benzene bridges ratio of 1:3 (a) and 1:7 (b) organosilica films with different porogen concentrations
(17-41 wt%), soft bake at 150 °C and hard bake at 400 °C in air. The films containing less 1,3 benzene
bridges (1:3) always have larger pore size at the same porogen concentration; Figure S4: FTIR spectra
of pure 1,4-benzene-bridged organosilica films: dense (1,4-BB) and with 30 wt% porogen content 1,4-
benzene-bridged (1,4-BB-p) organosilica films, both the films were completely cured in air. The porous
1,4-BB-p film contains a larger concentration of adsorbed water; Figure S5: Adsorption—desorption
isotherms for determining the value of open porosity (a) and pore size distribution (b), generated
by ellipsometric porosimetry, of pure 1,4-benzene-bridged organosilica films: dense (1,4-BB) and
with 30 wt% porogen content 1,4-benzene-bridged (1,4-BB-p) organosilica films, both the films were
cured completely in air; Figure S6: FTIR spectra of pure methyl-terminated organosilicate: dense
(MTMS) and with 30 wt% porogen content methyl-terminated (MTMS-p), both the films were cured
completely in air. The films with methyl terminal groups are much more hydrophobic than the films
with benzene bridges, as expected; Figure S7: Adsorption—desorption isotherms for determining the
value of open porosity (a) and pore size distribution (b), generated by ellipsometric porosimetry, of
pure methyl-terminated organosilica films: dense (MTMS) and with 30 wt% porogen content methyl
terminated (MTMS-p) organosilica films, both the films were cured completely in the air; Figure S8:
UV-induced PL spectra measured at the different excitation energy for the ethylene-bridged films
(BTMSE/MTMS = 47/53); Figure S9: Correlation between 4.3 eV UV-induced (upon excitation with
light of 6.2 eV) room temperature PL emission with the measured surface area in hard-baked OSG
low-k films containing both methyl terminal and ethylene bridging groups (BTMSE/MTMS ratio
of 25/75) with different porosity. However, the PL bands at 2.9, 3.3 and 4.85 eV have the highest
intensity in highly porous films. It can be assumed that the reason is that the terminal methyl groups
and hydrocarbon residues are mainly located on the pore wall surface. However, this assumption
needs further study.
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Abstract: An enhancement of the local electric field at the metal/dielectric interface of hybrid
materials due to the localized surface plasmon resonance (LSPR) phenomenon plays a particularly
important role in versatile research fields resulting in a distinct modification of the electrical, as well
as optical, properties of the hybrid material. In this paper, we succeeded in visually confirming
the LSPR phenomenon in the crystalline tris(8-hydroxyquinoline) aluminum (Alqs) micro-rod (MR)
hybridized with silver (Ag) nanowire (NW) in the form of photoluminescence (PL) characteristics.
Crystalline Alqz MRs were prepared by a self-assembly method under the mixed solution of protic
and aprotic polar solvents, which could be easily applied to fabricate hybrid Alqs/Ag structures.
The hybridization between the crystalline Alq3 MRs and Ag NWs was confirmed by the component
analysis of the selected area electronic diffraction attached to high-resolution transmission electron
microscope. Nanoscale and solid state PL experiments on the hybrid Alqs/Ag structures using a lab-
made laser confocal microscope exhibited a distinct enhancement of the PL intensity (approximately
26-fold), which also supported the LSPR effects between crystalline Alqz MRs and Ag NWs.

Keywords: Alqs; crystalline micro-rod; Ag; nanowire; hybridization; surface plasmon resonance

1. Introduction

Luminescence, the spontaneous emission of light, arises from the transition of electrons
from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO). Various types of luminescence have been identified, including chemi-
luminescence, where electron excitation is caused by the energy released in a chemical
reaction, electroluminescence, which is a result of the passage of an electric current, and
photoluminescence (PL), which is generated by the absorption of photons [1-3].

Significant efforts have been dedicated to enhancing the PL efficiency of light-emitting
organic materials by exploiting surface plasmon polaritons (SPPs), which are hybridized
excitations propagating at the interface between metals and dielectrics when collective elec-
tron oscillations (i.e., SPs) couple with photons in metallic nanostructures [4-8]. Matching
the energy of the SPPs in the metallic nanostructures with that of the emitted photons of
the organic luminescent materials allows resonance to occur, thus leading to a significantly
enhanced PL efficiency at the resonant wavelengths [9,10]. The resonant wavelength can be
easily tuned by altering the materials, the geometric parameters of the metallic nanostruc-
tures, and the surrounding media, etc. [11-14]. These localized surface plasmon resonance
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(LSPR) effects have been reported in various research fields, such as color change sensors
for lights, DNA sensors, and color barcode nanowire (NW) [9-11,13,15-18].

The optical and electrical properties of tris(8-hydroxyquinoline) aluminum (Alqs),
which is one of the most widely used organic small molecules in diverse opto-electronic
devices [19-21], were increased by modifying the chemical structures or changing the
crystal structures [22-24] Furthermore, it has also been reported that the LSPR phenomena
of Alqs and metal nanostructures influence its optical properties [25]. After the report
on a crystalline form of the organic small molecules was published, such as rubrene,
exhibiting highly stable and increasing PL characteristics [26-29], a single crystal based on
a benzene derivative showed efficient and planar optical waveguiding capabilities, i.e., the
lateral propagation of normally incident photon energy, which is very different from the
axial waveguiding commonly observed in optical fibers [30]. These reports would imply
that the crystalline organic small molecular structure can be an excellent and potential
candidate for dielectric counterparts in hybridization, which is essential for the LSPR
procedure [18,31-33].

This paper reports a large enhancement of the LSPR phenomenon in crystalline Alqgs
micro-rod (MR) hybridized with silver (Ag) NWs, which are denoted as “hybrid Alq;/Ag
NWs-MR” hereafter. Crystalline Alqs MRs were fabricated by a self-assembly method with
the aid of a surfactant, as well as an amphiphilic solvent. For the hybrid Alqz /Ag NWs-MRs,
surface-functionalized Ag NWs were attached on the surface of the Alqz MR. The formation
and hybridization between the crystalline Alqz MRs and Ag NWs were investigated using
elementary analyses and high-resolution electron microscopy experiments. The nanoscale
and solid state optical properties of the pristine Alqzs MRs (i.e., without Ag NWs) and
hybrid Alq;/Ag NW-MRs were also compared to support the LSPR effects in the developed
hybrid systems.

2. Materials and Methods
2.1. Synthesis of Hybrid Alq3/Ag NWs-MRs

Algs (Co7H13AIN3 O3, purity 99.995%) and cetyltrimethylammonium bromide (CTAB;
Cy9HypBrN, purity 99.0%) were purchased from Sigma Aldrich (St. Louis, MO, USA) and
used without further purification. For the crystalline Alqs MRs, 8 mg of Alqs powder was
dissolved in 1 mL of tetrahydrofuran (THF). Next, an aqueous CTAB solution was prepared
with a concentration of 1 mg-mL~! in which CTAB acted as a surfactant. Subsequently,
an Alqz solution was injected dropwise into an aqueous CTAB solution, resulting in a
homogeneously dispersed crystalline Alqs MRs solution due to the amphiphilic nature
of the THEF, as well as the CTAB surfactants. It should also be noted that only Alqs
nanoparticles (NPs) were obtained without a surfactant [10,11,24,34].

For the hybrid Alqs/Ag NWs-MRs, 0.5 wt% of the Ag NWs-dispersed aqueous solu-
tion was added into 0.5 mL of the Alqs MRs dispersed solution. Ag NWs were fabricated
with polyol methods, in which the surface of the each Ag NW was encapsulated by a
thin layer of polyvinylpyrrolidone [35-37]. Thus, surface-functionalized Ag NWs were
compatibly attached onto the surfaces of the crystalline Algs MRs. The length and diameter
of the Ag NW were a few tens of micrometers and approximately 40 nm, respectively.

2.2. Formation of Crystalline Hybrid MRs

The surface morphology of the crystalline Alqs MRs was analyzed using field emission
scanning electron microscope (FE-SEM; Hitachi, Tokyo, Japan, SU-8010) at an acceleration
voltage of 15 kV. The crystalline structures of the pristine and hybrid MRs were analyzed
using a high-resolution transmission electron microscope (HR-TEM; Tecnai G2, Fei) with
an acceleration voltage of 200 kV and selected area electron diffraction (SAED). X-ray
diffraction (XRD; X'Pert Powder Diffractometer, PANalytical) patterns were acquired at a
voltage of 40 kV and current of 40 mA using Cu-Ko radiation (A = 1.540 A). The scan rate
was 0.02 degree-s !, and the 26 range was 2—80°. Luminescent color charge-coupled device
(CCD) images were acquired using an AVT Marlin F-033C (Aex = 435 nm) instrument.
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2.3. Photoluminescences of Crystalline Hybrid MRs

The PL spectra were acquired using a lab-made laser confocal microscope (LCM)
instrument. The 405 nm line of an unpolarized diode laser was used to excite the samples.
The crystalline Alqz MRs were placed on a glass substrate mounted on the XY stage of
the LCM. An oil immersion objective lens (N.A. of 1.4) was used to focus the unpolarized
laser light on the samples with a spot size of approximately 200 nm. The scattered light
was collected using the same objective lens, and the excitation laser light was filtered
out through a long-pass edge filter (Semrock, Rochester, NY, USA). The red-shifted PL
signal was focused onto a multimode fiber (core size = 50 pm), which acted as a pinhole for
confocal detection. The other end of the multimode fiber was connected to a photomultiplier
tube for the acquisition of the PL image or the input slit of a 0.3 m long monochromator
equipped with a cooled CCD for acquisition of the PL spectra. To compare the brightness
(i.e., luminescence intensity) of the CCD images of the pristine and hybrid MRs, the
irradiation time was fixed at 0.1 s. For a quantitative comparison, the incident laser power
and acquisition time for each LCM PL spectrum were fixed at 5 uW and 1 s, respectively, in
all the LCM PL measurements [38,39]. For statistical justification, more than 20 spectra for
the pristine and hybrid sample were averaged by using data plotting software (Gnuplot
Ver 5.4).

3. Results and Discussion

The shapes and surface morphologies of the pristine Algs MRs and hybrid Alqz/Ag
NWs-MRs were confirmed through SEM experiments. The crystallinity and structural
characteristics were verified using HR-TEM and SAED experiments. The pristine Alqs
MRs exhibited a uniform and continuous one-dimensional array, with a mean length of
approximately 10 um, as shown in the side view SEM image in Figure 1a. We observed that
the pristine Alqz MRs exhibited a hexagonal cross-section, with a diameter of 0.5—1 um,
as shown in the magnified SEM image in Figure 1b. From the crystalline lattice image of
the HR-TEM shown in Figure 1c, we can conclude that the Alqs MRs were well grown in a
crystalline form. The SAED pattern in Figure 1d also demonstrates the intrinsic hexagonal
crystallinity of Alqs.

To obtain more convincing evidence of the hybridization of the Alqz MRs and Ag NWs,
the morphology of the hybrid Alqs;/Ag NWs-MRs was carefully investigated using SEM,
as shown in Figure 2a,b and the HR-TEM in Figure 2c. The surface-functionalized Ag NWs
were intertwined with the crystalline Alqs MRs, which can be well observed in Figure 2b,d.
HR-TEM acquires images through the transmitted electrons, which facilitated the obser-
vation of the coexistence of two different materials with distinct electron transmissions
characteristics. As shown in Figure 2c, the Ag part in the hybrid MR is relatively dark due
to the low electron transmission, whereas the Alqs part with good transmission is brighter
than the Ag NWs are. Figure 2d—g present the energy-dispersive X-ray spectroscopic (EDX)
mapping experiments conducted in the red, dashed box in Figure 2c, which shows the
primary element distribution. The red color in Figure 2e, the yellow in Figure 2f, and the
blue in Figure 2g denote aluminum (Al), carbon (C), and Ag, respectively. Three strands of
the Alqs MRs can be identified in Figure 2e,f. In addition, Al and C were homogeneously
distributed in each strand of the MR. The blue color distribution of Ag matches well with
the shape of the Ag NW attached on the crystalline Alqz MRs, as shown in Figure 2g.
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Figure 1. (a,b) show SEM images of the pristine Alqs MRs with different magnifications; (¢) HR-TEM
image of the single crystalline Alqz MR. (d) Corresponding SAED pattern of (c).

A ' ' ' | '
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Figure 2. (a,b) show SEM images of the hybrid Alqs3/Ag NWs-MRs. (c¢) HR-TEM image of a single
hybrid Alqs/Ag NWs-MR. (d—-g) EDX mapping images in the red dashed box of (c), exhibiting Al (e),
C (f), and Ag (g), respectively.
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Figure 3a shows the normalized ultraviolet (UV)-visible absorption spectra of the Ag
NWs, pristine Alqz MRs, and hybrid Alqs/Ag NWs-MRs. In the absorption spectra of
the Ag NWs and pristine Alqz MRs, absorption peaks were observed at 355 and 371 nm,
respectively.
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Figure 3. Comparison of the (a) UV absorption spectra and (b) XRD patterns of the pristine Alqs
MRs (black), Ag NWs (blue), and hybrid Alqs;/Ag NWs-MRs (red), respectively.

It should be noted that there exists a relatively large overlap in the absorption spectrum
of the pristine Alqs MRs with that of the Ag NWs, which are beneficial for energy transfer
between them. The absorption at 355 nm due to the 7-7t* transition plays an important
role in the bright green emission of Alqs, which corresponds to the plasmon band energy
of Ag (Eg = 3.34 eV). Owing to the good matching of the energy levels, the interaction
between Alqz and Ag contributes to the LSPR phenomenon. The spectrum of the hybrid
Alqs/Ag NWs-MRs showed an absorption peak at 389 nm. Compared with the intrinsic
absorption of Ag NWs and Alqs MRs, the spectrum of the hybrid Alq;/Ag NWs-MRs
exhibited a relatively red shift, and a broader full width at half maximum because of the
strong interaction between Alqgs and Ag during LSPR coupling [5,9,40,41].

The XRD analysis shown in Figure 3b was performed as another method to determine
the crystalline properties of the samples. Since the distances between the atoms and lattice
structures are different depending on the materials, Miller indices were evaluated using
Bragg’s diffraction law and were compared with the measured 26 values obtained using
the XRD equipment. The black line in Figure 3b shows the XRD data of the pristine Alqs
MRs. Algs has d spacing values of 13.79, 7.68, and 4.97 A, which were associated with the
lattice planes of the (001), (011), and (021) directions, respectively. According to these XRD
peaks, we can find that crystalline Alqzs MRs grew with a typical pattern for x-Alqs [20].
In the case of Ag NWs, the XRD result shows that the d spacing values were 2.36, 2.05,
1.45, and 1.22 A and their lattice planes were (111), (200), (220), and (311), respectively, as
seen from the blue line of Figure 3b [37,42]. In the hybrid Alqs;/Ag NWs-MRs, we can find
the XRD patterns of each material such as 26 values of 6.4, 11.5, 17.8, 38, 44, and 64°, as
shown in the red line of Figure 3b. These values of the hybrid Alq;/Ag NWs-MRs coincide
with individual XRD results of the Alq; and Ag, indicating the successful completion of
hybridization in the crystalline form.

Figure 4a presents the PL spectrum of a single pristine Alqz MR. The maximum PL
peak was observed at 511 nm, which is in good agreement with the relatively weak green
light shown in Figure 4c. In Figure 4b, the PL intensities are compared with the hybrid
Alqs/Ag NWs-MR and pristine Alqs MR. The maximum PL peak of the hybrid Alqs/Ag
NWs-MRs was at 524 nm, which was slightly more red shifted compared to that of the
pristine Alqzs MR. However, the PL intensity of the hybrid Alqs/Ag NWs-MR dramatically
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LCM PL intensity

increased by approximately 26-fold. From the color CCD attached to LCM equipment,
the luminescence images of the pristine Alqz MRs and hybrid Alqs/Ag NWs-MR were
directly obtained, as shown in Figure 4c,d, respectively. The luminescence image of the
pristine Alqs MRs exhibited a weak green emission, whereas that of the hybrid Alq;/Ag
NWs-MRs was significantly brighter than the pristine ones were. When the plasmon
activation energy of Ag NWs and the optical absorption energy of Alqsz are well matched
and harmonized, a plasmon resonance interaction occurs, and excited excitons are formed
by the collective excitation of electrons [9-11,40,41]. Consequently, the emission efficiency
of the hybrid Alqs/Ag NWs-MRs was significantly increased, which could confirm the
LSPR phenomenon through the improvement of the LCM PL intensities and brightness
of the color CCD images. For quantitative comparison, the structural characteristics and
optical features of the various organic/metal hybrid structures exhibiting a distinct PL
intensity enhancement are listed in Table 1. Undoped poly (2-methoxy-5-(2'-ethylhexyloxy)-
p-phenylene vinylene) (MEH-PPV) hybridized with gold (Au) NPs showed an approximate
30-fold enhancement of the PL intensity without a PL peak shift because the LSPR only
results in the resonant energy transfer between MEH-PPV and Au [11]. However, PL
peaks of the hybrid structures consisting of the doped polymeric nanostructures, e.g.,
electrochemically synthesized nanotubes (NTs) or NWs, were significantly increased and
red shifted [4,5]. These results are attributed that the LSPR influences on both energy and
charge transfer effect [9,10]. For the undoped organic small molecules, the enhancement of
the PL intensity are only caused by the energy transfer effect. Therefore, it is very important
to precisely control the crystalline nature of light-emitting organic small molecular materials,
as well as metallic nanomaterials.
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Figure 4. (a) PL spectrum of the pristine Alqz MRs. (b) Comparison of PL spectra of the pristine Alqs
MRs and hybrid Alq;/Ag NWs-MRs. (c,d) show the corresponding color CCD images of the pristine
Algqs MRs (a) and hybrid Algz/Ag NWs-MRs (b), respectively.
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Table 1. Comparison of the structural characteristics and typical PL features in the various hybrid
organic/metal structures.

Organic Materials Type Metal Type PL Peak Shift PL Enhancement (Fold) Refs.
Alqs MR Ag NWs X ~26 This Work
Alqs NW Ag NPs X 4-5 [19]
Rubrene 1-dimensional MR Au NPs X ~2 [18]
MEH-PPV NP Au NPs X ~30 [11]
Polythiophene NT Co/Cu/Ni NT O 40-70 [4]
Poly (3-methylthiophene) NT Ni NT O ~350 [5]

4. Conclusions

Ag and Alqz, which are well matched with the plasmon excitation energy of metals
and the band gap of organic semiconductors, were hybridized to improve the luminescent
properties using the LSPR phenomenon. HR-TEM and SAED observations confirmed that
Alqs grew in a crystalline form. The hybrid formation of the Ag NWs and crystalline Alqs
MRs was confirmed through EDX and XRD analyses. The strength of the PL and color CCD
images of the hybrid Alqs/Ag NWs-MRs measured in the LCM PL equipment increased
by approximately 26-fold compared to that of the pristine MRs, and they were significantly
brighter. This indicated that strong LSPR coupling occurred. Future work would focus
on the development of nanocomposite materials, where hybrid Alq;/Ag NWs-MRs are
embedded in dielectric matrices for the further enhancement of the photoluminescence by
the LSPR and local field effects [43,44].
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Abstract: The doping of impurity ions into perovskite lattices has been scrupulously developed
as a promising method to stabilize the crystallographic structure and modulate the optoelectronic
properties. However, the photoluminescence (PL) of Fe>*-doped mixed halide perovskite NCs is
still relatively unexplored. In this work, the Fe2+—doped CsPb(ClBr;_y)3 nanocrystals (NCs) are
prepared by a hot injection method. In addition, their optical absorption, photoluminescence (PL), PL
lifetimes, and photostabilities are compared with those of undoped CsPb(Brj_Cly)3 NCs. We find
the Fe?* doping results in the redshift of the absorption edge and PL. Moreover, the full width at half
maximums (FWHMs) are decreased, PL quantum yields (QYs) are improved, and PL lifetimes are
extended, suggesting the defect density is reduced by the Fe?* doping. Moreover, the photostability
is significantly improved after the Fe2+ doping. Therefore, this work reveals that FeZ* doping is a
very promising approach to modulate the optical properties of mixed halide perovskite NCs.

Keywords: photoluminescence; perovskite nanocrystals; Fe?* doping

1. Introduction

Lead halide ABX; (X = Cl, Br, I) perovskites are very competitive semiconductors
for solar cells, lighting, and photodetectors owing to their tremendous optical properties,
such as a tunable fluorescent color across the whole visible range, strong absorption, high
photoluminescence (PL) quantum yields (QYs), narrow PL bandwidths, and suppressed
PL blinking [1-8]. Although the perovskites exhibit extraordinary potential and there are
already many exciting progresses, the further commercialization of these promising semi-
conductors still confronts severe challenges. One is the inclusion of toxic Pb and another
one is the instability against moisture, oxygen, heat, and electric current/irradiation [9-14].
In particular, for the mixed halide perovskites, the photo- or electric-induced ion migra-
tion is ineluctable, resulting in phase segregation [15-17]. Therefore, during the past
years, many research works have been conducted to decrease the use of toxic Pb and
improve the stability of perovskites [18-20]. To avoid the utilization of toxic lead, various
lead-free perovskites, such as SnZ*, Sn**, Min?*, and Cu?*-based perovskites have been
exploited [18-20]. Among them, tin-based perovskites have been the most explored [19].
However, the Sn?* in perovskite is easily oxidized to Sn**, causing poor stability [21]. The
PL QYs of tin-based perovskites and power conversion efficiency (PCE) of solar cells based
on tin-based perovskites are very low [11].

Doping of other metal ions to partially replace Pb is another effective way to reduce the
utilization of toxic lead, while maintaining or even enhancing the excellent optical and pho-
toelectrical properties. The incorporation of appropriate impurity ions into host lattices has
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been exploited as a promising method to stabilize the crystallographic phases while modu-
lating the optical, electronic, and magnetic properties of diverse semiconductors [22-28].
Regarding the halide perovskites, the partial substitution of Pb?>* by divalent metal ions,
such as Cu?, Mg2+, Fe2*, Co%*, Ni?*, and Mn?2* at the B sites of the perovskite lattice have
been demonstrated [29-36]. Klug et al revealed that the perovskite films retain an excellent
photovoltaic performance if less than 3% Pb?* ions are substituted by homovalent metal
species due to the high tolerance of the perovskite lattices [31]. To date, many different
research groups have recently demonstrated that Mn?* ions can be doped into the B sites
of perovskite lattices by using a facile approach [32-35]. Moreover, a broad PL peak at
about 600 nm is induced by the 4T, to ®A; transition of Mn?*, which can be applied for
multicolor luminescence [35]. After anion exchange reactions between Mn-doped CsPbCls
and CsPbBrs, fluorescence color gamut almost covering the entire visible spectrum are
obtained [35]. Thanks to the high stability and wide color gamut, color converters for
light-emitting diodes (LEDs) were constructed. Similarly, the doping of Ni?* ions into all
inorganic perovskite nanocrystals (NCs) can also modulate the PL. Sun et al have a general
strategy for the synthesis of Ni-doped CsPbCl; NCs, which shows a strong single-color
violet emission with a maximum PL QY of 96.5% [36].

Fe ions, as the earth-abundant elements, are eco-friendly and low-cost. The doping of
Fe ions in perovskites has also attracted research interests. CH3NH;3PbCl; single crystals
with different concentrations of Fe?* /Fe** doping were synthesized by Cheng et al [37].
In addition, the crystal structure, optical, and optoelectronic properties were investigated.
They revealed that Fe?* is prone to replacing Pb?* and the optoelectronic properties are
seriously deteriorated. On the contrary, Hu et al. reported that an appropriate amount of
Fe?* doping into the lattice of CsPbCl3 NCs not only improved the homogeneity of the
size of the NCs, but also enhanced the PL QY and average PL lifetimes [38]. Therefore, the
impact of Fe?* doping on the optoelectronic properties of perovskite NCs is still unclear.

In this work, the Fe?*-doped CsPb;_Fex(Br;_,Cly)3 NCs are prepared by mixing
FeCl; (x mmol) and PbBr; (1—x mmol) during the hot injection process. When x is not zero,
Pb?* at the B sites are partially replaced by Fe?*; meanwhile, the X sites are also partially
occupied by Cl-. Therefore, the PL properties of Fe**-doped mixed halide perovskite
NCs are investigated. To our knowledge, the PL of Fe?*"doped mixed halide perovskite
NCs is studied for the first time. The morphology and size distribution of the Fe?*"doped
perovskite NCs are investigated by a transmission electron microscope (TEM). The optical
absorption, PL, PL lifetimes, and photostabilities of the Fe?*-doped perovskite NCs are
measured, which are compared with those of the undoped CsPb(Br;_4Clx)3 NCs.

2. Materials and Methods
2.1. Synthesis of CsPby_yFex(Br;_xCly)3 (x =0, 0.1, 0.2, and 0.3) NCs

Cs-oleate was prepared by dispersing Cs,CO3; powders (0.407 g, 1.25 mmol) into a
mixture of 18 mL octadecene (ODE, Aladdin, 90%) and 1.74 mL oleic acid (OA, Aldrich,
90%), which was then heated to 150 °C under N; atmosphere until all Cs,CO3; powders
were reacted. Then, FeCl, (x mmol, x =0, 0.1, 0.2, and 0.3) and PbBr; (1—x mmol) were
mixed with OLA (1.5 mL), oleylamine (OLA, 70%, 1.5 mL), trioctylphosphine (TOP, 90%,
1 mL), and ODE (10 mL) in a 100 mL 3-neck flask. The mixture was then degassed at 110 °C
for 40 min. After that, the mixture was heated to 170 °C under N, atmosphere. After
reaction for 15 s, the hot Cs-oleate precursor (1 mL) was quickly injected. Subsequently, an
ice-water bath was used to cool down the reaction. The resulting solution was centrifuged
at 5000 r/m for 5 min, the supernatant was discarded. To remove the residual reactants,
the solids were redispersed in hexane and centrifuged again for 5 min. When x = 0.4, well-
shaped perovskite nanocrystals cannot be obtained. The reaction was conducted under
protection of N and no other oxidant was added. Thus, the oxidation of feeding Fe?* to Fe3*
is negligible. Moreover, Fe?* is expected to replace Pb?* as confirmed previously [37,38]. It
is reasonable that the main valence of doping iron is bivalent.
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2.2. Characterizations

Transmission electron microscope (TEM) images were captured on the JEM-2100F
electron microscope (JOEL, Japan Electronics Co., Ltd, Tokyo, Japan). Elemental analysis
was conducted using energy-dispersive X-ray spectroscopy (EDS) coupled on the TEM. The
absorption spectra were measured by using a Shimazu UV2600 UV-Vis spectrophotometer,
Shimazu Co., Ltd, Tokyo, Japan). The PL spectra were measured by a Maya 2000 Pro high
sensitivity spectrometer (Ocean Optics Co., Ltd, Orlando, USA). The time-resolved PL
decay curves were measured by a PicoHarp 300 time-correlated single photon counting
(TCSPC) system (Pico Quant Co., Ltd, Berlin, Germany).

3. Results and Discussion
3.1. Structure

Figure 1a,b show the TEM and size distribution of the CsPb(Brg gCly2)3 NCs without
the Fe?* doping. The Fe?*-doped perovskite NCs were prepared by a hot injection method.
The feeding ratio between the FeCl, (x mmol) and PbBr, (1—x mmol) was adjusted to
simultaneously control the doping concentration and halide composition. Figure 1c shows
the TEM image of the CsPb_,Fex(Br;_xCly); NCs when x = 0.2. It shows that the NCs are
monodispersed with regular cubic shapes. In addition, a size distribution is obtained based
on the TEM image. As shown in Figure 1d, the sizes of the CsPbg gFeq 2(BrpsCly2)s NCs
are about 9.3 nm with a relatively uniform distribution. The elemental distributions are
measured by energy-dispersive X-ray spectroscopy (EDS) equipped on the TEM. The result
shown in Figure le suggests the homogeneous presence of Fe, indicating the Fe?* ions are
successfully doped into NCs. The actual atomic ratio between Pb and Fe determined by the
whole EDS mapping of Figure 1e is about 4.3:1 in Figure 1f. Both the shape and size distri-
bution of the CsPb(Brj_4Cly)3 NCs are very similar to those of the CsPb;_,Fex(Br;_«Cl)s
NCs. Therefore, we found the doping of the Fe?" ion at a low concentration has a negligible
influence on the growth of perovskite NCs.

CsPb(Bry Cly,)3

Al

4868890092 9.4 9.6 9.810.010.210.4
Size (nm)

CsPbygEey 2(BrosCly2)s

el

84 86 8.8 9092 94 96 9.810.010.210.4
Size (nm)

_ Atomic Pb:Fe

Nominal 4:1
Actual 4.3:1

Figure 1. (a,b) TEM image (a) and size distribution (b) of the CsPb(BrygCly2)3 NCs. (c,d) TEM
image and size distribution of the CsPbggFeq2(BrggCly2); NCs. (e) Elemental mappings of the
CsPbg gFe(»(BrggClyo); NCs. (f) Atomic ratio between Pb and Fe of the CsPbg gFe( »(BrygClg )3 NCs.
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The absorption spectra of the CsPby_yFex(Br;_«xClx); NCs are shown in Figure 2a.
All the absorption spectra show a sharp edge with a negligible Urbach tail, indicating
the low density of defect trapping. When x is not zero, Pb?* at the B sites are partially
replaced by Fe?*; meanwhile, the X sites are also partially occupied by C1~. Typically, as the
fraction of C1~ increases, the bandgap of the perovskite increases and the PL peak position
blueshifts [39]. The relationship between the absorption edge position and x value is
presented in Figure 2b. Surprisingly, the absorption edge of the CsPbyg gFeq 1(Brp 9Cio.1)3 NCs
redshift slightly compared to that of the CsPbBrs. As x increases from 0 to 0.3, the absorption
edge slightly redshifts first and then blueshifts. Mixed halide CsPb(Br; _4Cly)3 perovskite
NCs without the Fe doping are also synthesized by mixing PbCl, (x mmol) and PbBrp
(1—x mmol) during the preparation. The absorption edge positions of the CsPb(Br;_«Cly)3
NCs without the Fe?* doping are added for comparison. The absorption edge position
gradually blueshifts as x increases. All the absorption edges of the Fe>*-doped NCs redshift
compared to those of the corresponding perovskite NCs without the Fe?* doping.

(a) 4 7/_________C'_51::b1—xFex03rl—xC1x)3 (b) 5201 - b CsPb, Fe (Br, CL),
5154 CsPb(Br, ,CL);
E 510
o g
g g 505 -
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S 3 500
2 g =]
= —
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=
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Figure 2. (a) Absorption spectra of the CsPb;_Fey(Br;_4Cly); NCs. (b) Absorption band edge
positions of the CsPby_,Fey(Br;_4Cly)3 NCs at different x. Absorption band edge positions of the
CsPbj_yFex(Bri_xCly)s are also plotted for comparison.

3.2. Photoluminescence Properties

Photos of the CsPb;_xFex(Br;_«Cly)3 NC solutions under natural daylight and UV
light are shown in Figure 3a. As x changes from 0 to 0.3, the fluorescent color turns from
green to cyan. The corresponding PL spectra of the CsPb;_,Fey(Br;_«Cly)3 NCs with x =0
to 0.3 are displayed in Figure 3b. For x = 0, the PL peak position of the CsPbBrz NCs appears
at about 519 nm, which is in good agreement with previous work. Similar to the shift
of the absorption edge, when x = 0.1, the PL peak position of the CsPb;_yFex(Brj_xClx)3
NCs redshifts to 521 nm. As x increases to 0.2 and 0.3, the PL peak positions apparently
blueshift. When x = 0.3, the peak position appears at 490 nm, explaining the cyan fluorescent
color. The PL spectra of the CsPb(Br; _,Cly)3 NCs without the Fe?* doping are shown in
Figure 3c. The PL peak position monotonously blueshifts as the x value increases without
any exception. The dependencies of the PL peak position on the x value for these two groups
of perovskite NCs are plotted in Figure 3d. For the same x value, the PL peak position of
the CsPbj_yFex(Br;_xClx)3 NCs always redshifts compared to that of the CsPb(Br; _«Cly)3
NCs, which is again in good agreement with the shift of the absorption edge. Therefore, we
can conclude that the Fe?* doping results in the redshift of PL.
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Figure 3. (a) Photographs of CsPb;_,Fex(Br;_4Clx); NC solutions under natural light (top) and
UV light (bottom). (b) Normalized PL spectra of CsPb;_,Fex(Br;_4Cly)s NC solutions. (c) Nor-
malized PL spectra of CsPb(Br;_4Cly)s NC solutions. (d) Comparison of PL peak positions of
CsPby_yFex(Br;_4xCly); and CsPb(Br;_,Clx)3 NC solutions at different x (x =0, 0.1, 0.2, 0.3). The
excitation wavelength kept as 405 nm.

Many different effects can be responsible for the PL redshift. For example, the large
size means a narrowed bandgap due to the size effect, which can explain the PL redshift [39].
Moreover, photon reabsorption is another possible reason for the PL redshift [40,41]. As
revealed previously [41], evident photon reabsorption prevailingly exists in various halide
perovskite materials due to their high absorption coefficient and small Stokes shift. The
Fe?* doping may increase the aggregation of NCs, leading to the PL redshift. However,
the TEM images do not show either an increased size or increased aggregation, excluding
these factors. In addition, the element doping may expand the lattice spacings, causing
the shrinkage of the bandgap. However, here, the doping element is Fe?* with a radius of
~0.76 A, which is smaller than the Pb2* with a radius of ~1.33 A. In fact, previous work
has reported that the doping of Fe?* in CsPbCl3 NCs results in a slight blueshift of the
PL peak position [38]. Furthermore, the surface defects generally induce shallow traps,
leading to a narrowing of the bandgap. The Fe?* doping may induce shallow traps in the
perovskite lattices, which leads to the PL redshift. This kind of possibility is evaluated by
our further investigation.

The PL spectra of the CsPb,_, Fex(Br;_,Clx); NCs and CsPb(Br;_,Cly); NCs are
separately compared in Figure 4a—c for x = 0.1 to 0.3. It can be clearly seen that, not only the
PL peak position redshifts but also the bandwidth decreases in the Fe?*-doped samples. The
full widths at half maximums (FWHMs) are compared in Figure 4d. Especially when x = 0.3,
the FWHM of the PL of the CsPb(Br;_,Cly)3 NCs is about 26 nm, which decreases to about
18 nm after the Fe?* doping. The PL bandwidth depends on both intrinsic effects, such
as electron—phonon interactions, shallow defect states, and extrinsic factors, such as size
polydispersity. Herein, the size distribution is little changed by the Fe?* doping. Therefore,
the reduced FWHM is mainly attributed to the intrinsic effects. It is well supposed that
both the doping of Fe?* improves the crystallinity and diminishes the defect states. To
verify this point, the PL QYs of the perovskite NCs before and after the Fe>* doping were
measured and compared. As shown in Figure 4e, the PL QYs are improved after different
concentrations of the Fe?* doping. Therefore, both the FWHMSs and PL QYs suggest the
density of defects is reduced by the appropriate Fe?* doping.
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Figure 4. (a—c) Comparison of PL spectra of the CsPb;_,Fex(Br;_4Cly)s and CsPb(Br;_4Cly)s NC
solutions with x = 0.1 (a), 0.2 (b), and 0.3 (¢). (d) FWHM of the two kinds of NCs with different
x values. (e) PL QY of the two kinds of NCs with different x values.

To further understand the PL of the CsPby_yFex(Br;_,Clx)3 NCs, the time-resolved PL
decay spectra were measured. As shown in Figure 5a, all the time-resolved PL decays are
fitted by an exponential function. The PL lifetimes are shown in Figure 5b. The PL lifetimes
of the undoped CsPb(Br;_xClyx)3 NCs are also added for comparison. The PL lifetimes
of the undoped CsPb(Br; _«Cly); monotonously decrease as x increases, which has been
widely reported previously [39]. However, for the CsPb;_yFeyx(Br;_«Cly)3 NCs, the PL
lifetimes increase to about 70 ns when x = 0.1 and 0.2, which are significantly longer than
those of the undoped CsPb(Br;_4Cly)3. The time-resolved PL decay spectra indicate the PL
lifetimes of the mixed halide perovskite NCs are increased by the Fe doping. The defect
trapping usually leads to a short PL lifetime [42,43]. Thus, a longer PL lifetime implies a
lower defect density [42,43]. Therefore, the PL lifetime further suggests the defect density
is decreased after the Fe?* doping, which is in good agreement with the decreased FWHMs
and improved PL QYs. Back to the PL peak positions shown in Figure 3, the redshift of the
emission cannot be attributed to the shallow traps caused by the Fe?* doping.
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Figure 5. (a) Time-resolved PL spectra of the CsPby_Fey(Bri_4Cly)3; (b) PL lifetime parameters of the
CsPb; _xFey(Brj_4Cly)3 obtained from numerical fitting on (a). PL lifetimes of the CsPb(Br; _«Cly)3

are also plotted for comparison.
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As is well known, the photostability of the CsPb(Br;_4Cly); NCs is generally worse
than that of the CsPbBrCl3; NCs due to the phase segregation [15-17]. After continuous
irradiation, the mixed CsPb(Br;_4Cly)3 NCs transform to a separated Br rich phase and Cl
rich phase, and the PL shows typical redshifts and quenches largely. As shown in Figure 6a,
the PL intensity of the CsPb(Br;_«Clx)3 NCs quenches to about half of the original intensity
after 1 W UV irradiation for 30 minutes. After the Fe?* doping, we find the photostability
is significantly improved. The PL intensity only decreases by ca.15% after UV irradiation
for 30 minutes. The doping of the appropriate concentration of Fe?* (~0.76 A) with an
ionic radius smaller than Pb?* (~1.33 A) can enhance the formation energies of perovskite
lattices and, thus, essentially improve the structural stability [44,45]. Moreover, the stability
usually depends on the crystal quality. The improved photostability is consistent with the
decreased defect density.
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Figure 6. (a) PL spectra of CsPb(Br;_,Cly)3 NCs under continuous UV irradiation. (b) PL spec-
tra of CsPbj_yFex(Br;_«Cly)3 NCs under continuous UV irradiation. Insets: PL intensity versus
irradiation time.

4. Conclusions

In summary, the Fe?*-doped perovskite NCs are prepared by a hot injection method. In
addition, their optical properties, including absorption, PL, and PL lifetimes are compared
with those of the undoped CsPb(Br;_,Cly); NCs. We find that Fe?* doping results in
the redshift of the absorption edge and PL. Moreover, the FWHM s are decreased and PL
QYs are improved by the Fe?* doping, suggesting the density of defects is reduced. The
extended PL lifetimes further verify the defect density is decreased after the Fe?* doping.
Moreover, the photostability is significantly improved after the Fe doping. Therefore,
this work reveals that Fe>* doping is a very promising approach to modulate the optical
properties of mixed halide perovskite NCs.
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Abstract: Multilayering of optical thin films is widely used for a range of purposes in photonic tech-
nology, but the development of nanofiber structures that can outperform thin films and nanoparticles
in optical applications cannot simply be disregarded. Hybrid structures composed of Tm3*-doped
S5i0O,-HfO, in the form of nanofibers (NFs) and thin films (TFs) are deposited on a single substrate
using the electrospinning and dip-coating methods, respectively. Ultrafine nanofiber strands with
a diameter of 10-60 nm were fabricated in both single and multilayer samples. Enhanced photolu-
minescence emission intensity of about 10 times was attained at wavelengths of around 457, 512
and 634 nm under an excitation of 350 nm for NF-TF-NF* hybrid structures when compared with
single-layered NF and TF structures. The arrangement of nanofibers and thin films in a multilayer
structure influenced the luminescence intensity and spectral bandwidth. High transparency in the
range of 75-95% transparency across the wavelength of 200-2000 nm was achieved, making it ideal
for photonic application. Theoretical findings obtained through IMD software were compared with
experimental results, and they were found to be in good agreement.

Keywords: nanofiber; thin film; photoluminescence; rare earth; optical materials; multilayering;
thulium,; silica-hafnia

1. Introduction

Thin-film deposition is a very common technique used in a variety of applications,
including telecommunications, solar cells, integrated circuits, semiconductor devices, wire-
less communications, photoconductors and light crystal displays, light emitting diodes,
transistors and other emerging technologies [1]. To meet the demands of modern technol-
ogy, thin films have undergone numerous modifications throughout the years. One of the
most well-known techniques that produces notable results is layering. In fact, multilayer
optical thin films have been widely exploited to obtain specific optical characteristics for
certain applications in a variety of fields of optical technology. Numerous studies on
thin-film stacking using a variety of compositions, designs and approaches have been
conducted. The general concept of multilayering thin-film structures is based on the fact
that optical interference is made of two layers of high and low refractive indexes that are
arranged alternately onto a single substrate [2-4]. Moreover, a previous study conducted by
Rahmani and Ardyanian [5] discovered that as the number of thin-film layers of ZnO and
TiO; increases, the band gap of sample also increases, leading to a higher reflective index
and absorbance. Thus, a multilayer structure is the best choice for photonic applications.

The optical applications of electrospun nanofibers have sparked much interest, because
they can be used in sub-wavelength components for light generation, confinement, guiding
and detection [6,7]. The excellent performance of nanofiber structures in terms of charge
and energy transfer makes them preferable to nanoparticles and thin films due their unique
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physical properties; namely, high surface-to-volume ratio and high porosity. Owing to
their physical properties, compact-sized optical circuits and photonic components can
be constructed [8-10]. Moreover, due to their high-porosity structure, they can transport
ions rapidly and are capable of aiding long-lasting electrolyte storage [11], resulting in a
significant improvement in the efficiency of the energy-related nanofiber-based devices.
Electrospun nanofibers have a refractive index of 1.5 to 2.5 at visible wavelengths, which is
comparable with that of a normal optical fiber. When surrounded by air or a medium with
a lower refractive index, they can direct light through total internal reflection [12].

Furthermore, nanofiber can be simply fabricated using electrospinning method as
it is a straightforward technique that can control the nanofiber size and morphology to
attain the preferred properties. The electrospinning method is the most favorable, because
it is a cost-effective technique that can produce high surface-to-volume ratio, has tunable
porosity and adaptability. The sol-gel method is among the common methods used in
producing nanofiber solutions due to its versatile route for synthesizing inorganic and
organic-inorganic structures, including glasses, ceramics and films [13].

Rare earth (RE) ions have attracted much attention in the development of optical
amplifiers and solid-state lasers because of their sharp emission lines due to an electronic
transition in the 4f band and their capacity to amplify weak signals [14-16]. Prior re-
search has demonstrated that materials that include quantum dots and nanostructures
can emit narrower photoluminescence (PL) peaks with a high quantum yield, larger ab-
sorption bands and significant effective Stokes shifts [17]. Qin et al. [18] demonstrated
that the presence of an active RE ion in the 1D structure of Eu** /Tb* co-doped LabBO;
nanofibers results in a luminescence intensity that is more intense and has a longer decay
time compared with the powder sample of the same composites.

In the present work, we fabricated a multilayer nanofiber/thin-film structure com-
posed of Tm3*-doped silica-hafnia. The idea of stacking both nanofiber and thin-film
structures is to enhance the emission intensity without causing an unwanted effect, such as
concentration quenching. Thus, the optical properties of the fabricated hybrid structures
were analyzed, and a comparison with theoretical results, which was obtained through IMD
software, is provided. Additionally, the morphological, structural and optical properties of
thin films and nanofibers are also compared.

2. Materials and Methods
2.1. Solution Preparation

In this study, the amounts of SiO, and HfO; used were 90 mol% and 10 mol%,
respectively. A sol-gel solution was firstly made by combining two solutions, which
are referred to as solution A (sol A) and solution B (sol B). Sol A represents 20 mL of a
silica solution that was made by mixing tetraethylorthosilicate (TEOS), ethanol (EtOH),
ultra-pure water (H,O) and hydrochloric acid (HCI) with a molar ratio of TEOS:HCI:EtOH:
H,O0 of 1:0.01:37.9:2. The role of HCl in sol A was to act as a catalyst, whereas EtOH acted
as a solvent. The solution was then hydrolyzed for 1 h with a stirring rate of 400 rpm at
65 °C. At the same time, 20 mL of HfO, solution (sol B) was prepared by mixing hafnium
(IV) chloride (HfCly) powder with ethanol (EtOH). The solution was stirred at the rate
of 400 rpm until HfCly powder dissolved. Once sol A and sol B were done, aqueous
thulium (III) chloride hexahydrate (TmCl;-6H,0O) was added into sol A. Sol B was then
transferred into the sol A using a syringe. The resultant mixture was stirred for 16 h at
room temperature with a stirring speed rate of 400 rpm. An additional step was required
before depositing nanofibers, in which poly (vinyl) alcohol (PVA) solution was added into
the sol-gel solution to produce continuous nanofiber strands.

2.2. Deposition of Nanofiber/Thin-Film Multilayer Structure

Nanofibers were deposited using a standalone NE-1000 Programmable Single Syringe
Pump. The deposited samples were then annealed using a CARBOLITE Shimaden CWF
11/5 chamber furnace, in which (i) temperature was ramped up slowly at the rate of
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5 °C/min to 950 °C, (ii) temperature was maintained at 950 °C for 1 h and (iii) temperature
was then ramped down at the rate of 10 °C/min. Meanwhile, a single layer of the thin film
comprising stacks of 20 nanoscale layers was deposited using a computerized KSV dip
coater system. The dipping/withdrawal speed was kept constant at 40 mm/min. After
the final nanoscale layer was deposited, the resulting film underwent heat treatment using
CARBOLITE three-zone furnace for 30 min at 950 °C. The purpose of the annealing process
is to eliminate the presence of the OH™ group, to improve the thin-film surface properties,
and to strengthen the network structure through densification [19].

A few layers of nanofibers and thin films were deposited on a fused silica substrate
and were arranged alternately. The deposited samples were identified as single-layered,
nanofiber (NF), thin-film (TF), dual-layered NF-TF*, TF-NF* and three-layered NF-TF-NF*
and TF-NF-TF*. The asterisk (*) symbol indicates the final top layer deposited on the
substrate. Figure 1 illustrates the sequence of deposition of nanofibers and thin films on
a fused silica glass substrate, as follows: (a) NF, (b) TF, (c) NF-TF*, (d) TF-NF*, (e) NF-
TF-NF* and (f) TF-NF-NF*. Both structures were composed of 0.8 mol% of Tm3*-doped
90Si0,—-10HfO;.

Tm3*-doped SiO,—HfO, Tm3*-doped SiO,—HfO,

nanofiber (NF) thin film (TF)

glass substrate

(a)
<—TF
NF
(c) (d)
<—TF
< —NF
< —TF

(e) ()

Figure 1. The sequence of deposition of nanofibers and thin films on fused SiO, glass substrate:
(a) NE, (b) TF, (c) NF-TF*, (d) TF-NF*, (e) NF-TF-NF* and (f) TF-NF-NF*.

2.3. Sample Characterization

X-ray diffraction (PANalytical X'pert PRO, Almelo, The Netherlands) was used to
examine and compare the crystallinity of the single-layered nanofibers and thin films, and
Fourier transform infrared spectroscopy (FTIR) (PerkinElmer Spectrum One, Wellesley, MA,
USA) was employed to obtain the infrared absorption spectra of the produced materials.
Field-emission scanning electron microscopy (FESEM, Joel JSM-7600F, Tokyo, Japan) was
utilized to examine the morphology of the electrospun nanofiber samples, and Image J
software (Version 1.53k, U.S. National Institutes of Health, Bethesda, MD, USA) was used
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to determine the diameter of the deposited nanofibers. The elemental composition of the
samples was determined using energy-dispersive X-ray spectroscopy (EDX). The optical
transparency of the samples was evaluated using a UV—vis NIR spectrophotometer (Varian
Cary 5000, Palo Alto, CA, US) at a range of 200-2000 nm. By using a xenon lamp as
an excitation source with a wavelength of 350 nm, PL spectroscopy (FLS920 Edinburgh
Instrument, Livingston, UK) was employed to determine the luminescence spectra.

2.4. Theoretical Aspects

The optical characteristics of the deposited samples were compared with theoretical
results. The experimental results of transmission and absorbance of the samples were
compared with the theoretical results obtained using IMD software, (Version 5.04, Bell
Laboratories, Murray Hill, NJ, USA) whereas the PL emission intensity data were fitted to
the Voigt function. The IMD software calculated the reflection, transmission and absorption
of an electromagnetic plane wave at the interface of a multilayer structure based on the
transfer matrix method (TMM) [20]. Fresnel’s equations for s-polarization, where electric-
field amplitude, E, is perpendicular to the plane of incidence, were as follows:

|E;| njcos®; —nscos by

rS - - 7 (1)
|Ei|  n;cos6; + nycos b
E 2n; 0;

b= |E¢| _ n; cos 0; , o)
|Ei|  n;cos6; + ntcos b

Fresnel equations of p-polarization, where E is parallel to the plain of incidence, were

as follows:
_ |Ey| _ njcosf; — ntcosb;

TR T 3

g |Ei|]  njcos 0+ ntcosb; )

|y = B _ 2n; cos 0; @
|Ei|  njcos 0+ ntcosb;

where r represent the reflection coefficient and t is the coefficient of transmission. The
refractive indices of a medium of incident light and transmitted light are denoted as n; and
n;, respectively. The optical function of the multilayer stack was obtained by the derivation
of Fresnel’s equation by considering the thickness, interfacial roughness/diffuseness and
optical constant of each layer.

3. Results and Discussion
3.1. Comparing Thin-Film and Nanofiber Results

The X-ray interference patterns of single-layered nanofiber and thin-film structures
were compared, as shown in Figure 2a. The patterns of the two structures were identical,
and neither showed a prominent high peak of crystallization, suggesting that the produced
samples were in the amorphous phase. Both NF and TF exhibited the same two noticeable
humps, which were situated at 20 = 10° and 22°. However, NF samples had a substantially
higher intensity than TF samples, which could be due to the present of PVA in the nanofiber
samples. The appearance of such diffraction patterns in PVA, according to Gupta et al. [21],
can be attributed to the presence of a very minor degree of crystallinity, which suggested
the coexistence of a small PVA nanocrystalline phase with the amorphous phase material.

The OH™ group was not present in the single-layered TF and NF structures based
on the FTIR analysis of the Tm3*-doped SiO,~HfO, samples shown in Figure 2b, as no
apparent peaks were seen in the range of 3700-3200 cm~!. Peaks in the TF sample were
identical to those in the NF sample, suggesting that the bonds that existed in both samples
were the same. Both samples had peaks located at 740, 614 and 450 cm ! assigned to the
presence of Hf-O bond, which was around 700-400 cm~! [22,23]. Based on Figure 2b, both
TF and NF samples had prominent peaks at around 810 and 1200 cm !, corresponding to
the longitudinal optical (LO), whereas peaks located at 1100 and 1180 cm~! were assigned
to transverse optical (TO) components of asymmetric stretch of the SiO4 unit [22-24].
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Furthermore, both TF and NF samples also had a shoulder at around ~970 cm !, which
corresponded to Si-O-Hf bond [23,25]. An additional peak was observed at ~2260 cm~ L,
which was assigned to Si-H stretching [26], and this may be related to TEOS, as silicon
alkoxide precursor may result in SiH after hydrolysis and condensation of the sol-gel
process [27,28]. During the sol-gel process, the partial oxidation of Si-H bonds might result
in the formation of 5iO4 units through the formation of new Si-O bonds [29,30].
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(a) (b)
Figure 2. Both NFs and TFs were analyzed using (a) XRD and (b) FTIR.

The emission spectra of a single-layered Tm>**-doped SiO,~HfO, thin-film and nanofiber
structure under excitation of 350 nm are shown in Figure 3. The full width at half maximum
(FWHM) was labeled with a blue arrow. Both nanofiber and thin film structures were
able to emit distinctive emission around 457, 512 and 634 nm, which corresponded to
1D, — 3F,, 'Dy, — 3H;5 and 1G4 — 3F, transition, respectively. A few weak emission peaks
were observed at around 578 nm, corresponding to D, — 3Hs transition. Despite having
the same amount of Tm3* ion, the emission produced by nanofibers was at a substantially
higher intensity than that of the thin-film structure.

Based on Figure 3, the emission peaks produced by the thin-film structure demon-
strated broader spectral bandwidth compared with nanofiber. As previously stated, the
high-emission intensity of the NF sample was mostly attributable to its physical features,
i.e., its high surface-to-volume ratio. The excited spontaneous emission in the light-emitting
nanofibers can partly be explained as waveguides moving along the fibers and being trans-
mitted into neighboring fibers, thus causing the emission produced to increase. This
finding was also proven by previous studies, in which the absorption rate of the incident
photons became greater when compared with thin films, because the excitation light was
propagated through nanofibers [14,31]. Moreover, Sun [32] stated that when particle size
decreased, the band gap enlarged, resulting in an increment in the photoluminescence (PL)
and photoabsorption (PA) spectra.
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Figure 3. The emission spectra and full width at half maximum (FWHM) of Tm3+-doped SiO,—
HfO, single-layered (a) thin-film (TF) and (b) nanofiber (NF) structures under excitation of 350 nm.
Inset shows the emission around 578 and 634 nm. Coloured lines (yellow, green, blue and pink)
represents the convoluted peak that were present in emission spectra (black line), whereas red line is

the cumulative fit peak.

3.2. Morphological and Structural Properties of Multilayer Structures

A smooth and crack-free thin film of Tm3*-doped SiO,~HfO, was produced in all
multilayer structures even after being annealed at 950 °C, as shown in Figure 4. All
multilayer structure samples of the deposited electrospun nanofibers had uniform, smooth
fibers with random orientation and ultrafine strands with a range diameter of 10-60 nm.
Figure 5 shows the cross-section of the TE-NF-TF* multilayer structure. The thickness of
the deposited thin film was around 1.85 um, whereas the thickness of the nanofiber layer
was approximately 100-120 nm. The thin film was expected to be much thicker compared
with the nanofiber layer, as it contained a 20-nano layer of thin film.

Figure 6 shows the elemental analysis of the NF-TF-NF* multilayer structure com-
prised of Tm3*-doped SiO,~HfO,, which was performed using EDS. The desired elements,
Si, Hf, O and Tm, were present in the sample, whereas the appearance of element C in the
EDS result was due to the carbon tape needed for FESEM-EDS analysis. Table 1 summa-
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rizes the elemental composition of samples of NF and NF-TF-NF*. The NF-TF-NF* sample
contained more Tm than the NF sample, showing that the Tm>* ion was effectively doped
into each deposited layer of the NF-TF-NF* sample. Figure 7 depicts the EDS mapping of
the individual element present in the scanned area, which confirmed that the ions were
equally distributed throughout the host matrix.

(c) NF-TF*

(e) TF-NF-TF*

Figure 4. The field emission field scanning electron microscopy (FESEM) images of the top view
of a multilayer structure sample at magnification of 15 kX: (a) TF, (b) NF, (c) NF-TF*, (d) TF-NF*,
(e) TF-NF-TF* and (f) NF-TF-NF*.
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Figure 6. The energy dispersed spectroscopy (EDS) result of NF-TF-NF* multilayer structure Tm3*-
doped SiO,-HfO,. The inset image is the area scanned.
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Table 1. The elemental composition of NF and NF-TF-NF* samples.

Atomic%
Element (Line Type)
NF NEF-TF-NF*
CK 8.10 9.04
OK 47.13 40.18
SiK 27.71 28.63
TmL 0.99 1.67
HfM 16.07 20.48

(b)

(9 (d)
Figure 7. The element distribution of (a) Si, (b) O, (c¢) Hf and (d) Tm ions in the NF-TE-NF* sample.

3.3. Optical Properties of Multilayer Structures

The obtained photoluminescence emission peak of single-layered and multilayer
structure samples is depicted in Figure 8. All samples were able to produce similar major
peaks, which were around 457, 512 and 634 nm. The photoluminescence intensity of
nanofibers significantly increased when paired with thin-film structures. From the obtained
results, NE-TF-NF* had the most significant PL emission, followed by TF-NF-TF*, TF-
NF*, NE-TF*, NF and finally TF. This indicated that the emission peak increased with an
increasing number of layers of nanofiber/thin film. This also suggested that the increase
in emission intensities was caused by the emergence of nanoscale nanofiber structures,
which amplified emission intensities, whereas the increase in spectral bandwidth was
caused by the presence of 2D thin-film structures. In earlier studies, Abd-Rahman and
Razaki [14] discovered that the embodiment of nanostructured layers, which changed the
energy levels of Tm3* due to the confinement of the ions in a low-dimensional structure,
combined with the effect from thin film, leading to the spectral expansion and enhancement
of emission intensity.

The results obtained showed that the emission intensity of TF-NF* was higher com-
pared with that of NF-TF*. This occurrence was probably due to the light trapped in the
active nanofiber layer on the thin-film layer. Prior research by Chang et al. [7] revealed
that the major enhancement of the emission intensity was related to the prolonged light
path of the absorbed incoming light in the nanofiber layer [14], which caused multiple
scattering events to occur inside the nanofiber layer. However, TE-NF-TF* still had a lower
emission intensity when compared with NF-TF-NF* despite having nanofiber trapped
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between active thin films, indicating that the involvement of a nanofiber layer played a
huge role in producing significantly high-emission intensity.
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Figure 8. Emission spectra of Tm3+—doped Si0,-HfO, multilayer structure at range of (a) 430-680 nm
and (b) 540-680 nm under an excitation of 350 nm.

Furthermore, NF-TE-NF* multilayer structure was discovered to have the largest
intensity peak, which was about 10 times more than that of the single-layered structure. This
was believed to be the outcome of an increase in active ion interactions, which increased
the chance of net photon capture during the excitation process [14,31]. Moreover, this
response was mediated by the surface contacts between fibers, thereby indicating that the
two nanofiber layers in the sample were the main contributors to the enhancement of the
emission intensity of the NF-TF-NF* sample. A few weak peaks were observed at around
the 550-600 region (Figure 8b), which might correspond to D, - 3H4,5 and 'G; — 3F,
transition [33]. Figure 9 illustrates the mechanism of light excitation that propagated
through active fiber strands in the nanofiber layers, thereby showing that the absorption
points in nanofibers were much higher compared with that in the thin-film structures due
to the high surface-to-volume of the nanofiber structures. This finding proved that the
higher the absorption was, the higher the number of molecules promoted to the excited
state was, thereby causing higher emission production.

Emission

Nanofiber

Thin film

Nanofiber

PR N N — —

Fused silica substrate

Figure 9. Mechanism of light excitation propagates through active fiber strands in nanofiber layers.
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The transmittance of single-layered and multilayer structures at a region of 200-2000 nm
is demonstrated in Figure 10. All fabricated samples exhibited a drastic increment of optical
transparency in the UV-visible wavelength, whereas in the infrared region (700-2000 nm)
the transparency remained relatively constant. The sample that had the highest transmit-
tance percentage was NF, followed by TE, NF-TF*, TF-NF*, TF-NF-TF* and NF-TF-NF*.
This demonstrated that the percentage of transmittance decreased as the number of layers
increased, which was expected since the resulting sample structure becomes thicker. How-
ever, NF-TF-NF* was discovered to have a lower transmittance than TF-NF-TF*, despite its
smaller resultant thickness. This was probably due to light scattering that contributed to the
decline of transmittance percentage of the NF-TF-NF* structure. The low transmittance of
the NF-TE-NF* sample was mainly due to the large surface-to-volume ratio of the nanofiber
structure, which caused light to deflect in all directions, thus leading to the increment of
the absorption rate on a single substrate. Considering that the NF-TE-NF* was composed
of two nanofiber layers that “sandwiched” the thin-film layer, a higher absorption rate was
obtained. Nevertheless, single-layered NF was still the most transparent, because it had a
lower density and was far thinner than a single-layered thin film.

95
20

551 ——NF

50 —TF

45 ] —— NF-TF*

40 ] —— TF-NF*
- NF-TF-NF*
: TF-NF-TF*

30 T T T T T T T T T T T T T T T T T

200 400 600 800 1000 1200 1400 1600 1800 2000

Wavelength (nm)

Transmittance (%T)

Figure 10. Transmittance of single-layered and multilayer structures at 2002000 nm region.

3.4. Comparison of Experimental and Theoretical Results

The experimental data were compared with the multilayer stack computation pro-
duced by the IMD software. The thickness of thin films was fixed at 1.80 um, whereas
the thickness of nanofibers varied from 100-120 nm. Other parameters involved, such as
optical constant, atomic weight, composition and density of each material, were taken from
data stored in the IMD software and were kept constant. The transmittance results, both
experimental and theoretical, of (a) single-layered, (b) dual-layered and (c) three-layered
structures in the range of 200-2000 nm are shown in Figure 11. The pattern of the calculated
transmittance shows a similar result to the experimental data of Tm>*-doped SiO,-HfO5.
The only difference was that the slope of the calculated transmittance gradually increased
in the UV region towards the IR region, whereas the experimental result showed that
the transmittance increased drastically towards the IR region before remaining constant
throughout the IR region. This finding signified that the fabricated multilayer structure
obeyed the modified Fresnel’s equation where the interface imperfections were considered.
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Figure 11. Transmittance of both experimental (E) and theoretical (T) of (a) single-layered structure,
(b) dual-layered structure and (c) three-layered structure at the range of 200-2000 nm.

Similar to the experimental result, the transmittance decreased with the number of
active layers due to light scattering. Killada [34] mentioned that the amount of light that
is transmitted is influenced by the material’s thickness and the way that photons interact
with the structure of the material. Additionally, HfO, leads to the high refractive index
of the layers. An increase in the refractive index concurrent with an increase in thickness
demonstrates the dense uniformity and adhesion of both deposited structure layers. As a
result, the absorbance and refractive index of the sample increases along with the number
of layers, causing the percentage of light transmitted through the sample to be lowered,
except for in the NF-TF-NF* structure, as discussed earlier.

The absorbance was also estimated using IMD software, and the results are as shown
in Figure 12. In this study, the roughness of nanofibers was varied until they achieved
the optimum degree, which was around 14.0-15.0 nm. Surface roughness significantly
influences the rate of light absorption, as high roughness causes less light to reflect and
more light to penetrate into the active layers. According to Liaparinos [35], the degree
of roughness influences surface behavior, which affects the overall optical performance
of the system. Based on Figure 12, the results obtained were similar to the experimental
results. For single-layered samples, the absorbance of TF was higher compared with that of
NF; however, it was notable that as the number of layers increased, the absorbance of the
sample that consisted of nanofibers on the topmost layer had higher absorbance.
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Figure 12. Absorbance of both experimental (E) and theoretical (T) of (a) single-layered structure, (b)
dual-layered structure and (c) three-layered structure at the range of 200-2000 nm.

Therefore, a great variation of performance was present, and this depended on the
resultant thickness of the sample and the surface roughness. The theoretical prediction
and the experimental findings had a reasonable degree of coincidence. Photoluminescence
intensity was fitted using the Voigt function. Figure 13 shows PL emission intensity data
(dotted line) and the Voigt function profile (solid colored line). The parameters of the
calculated data are tabulated in Table 2.

Based on Figure 13, the Voigt function provided the best match for the PL emis-
sion peak produced from the experiment, with just a small difference. Hence, the fitted
graphs were acceptable. Based on tabulated data in Table 2, the peak that was present
at 600-680 nm in the NF samples had a bigger area under the graph (peak 5 = 10,401 a.u.)
when compared with the emissions of TF samples (peak 5 = 4854 a.u.). This finding showed
that the low dimensional size indeed increased the emission intensity. However, the emis-
sion peaks emitted by the TF samples were broader compared with that of the NF samples.
For instance, peak 5 of the NF sample had a FWHM of 29.9 nm, whereas that of the TF
sample was 31.3 nm, which was 1.4 nm higher. The same held for peak 1 of the NF sample
with a FWHM of 21.4 nm, which was 4.6 nm narrower compared with peak 1 of the TF
sample (26.0 nm).
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Figure 13. PL emission intensity data (dotted line) and the Voigt function profile (solid colored line)
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Table 2. Parameters obtained from Voigt function profile.

No. of Peak Centered Gaussian FWHM, Lorentzian
Sample Peak (nm) Area (a.u.) wG (am) FWHM, wL (nm) FWHM (nm)
. 45851 27,398 19.13 412 014
+0.07 + 1698 +1.16 +213 :
513.08 13,052 18.56
2 + 043 + 1140 +0.75 0 18.6
532.95 2528 20.68
NF 3 + 2.64 + 2835 +18.82 0 207
580.41 1132 30.13
4 +1.87 + 377 + 5.49 0 301
5 637.36 10,401 9.74 26.54 299
+ 0.46 + 2629 +13.38 +10.68 :
458.74 17,969 25.99
1 + 1.66 + 7419 +2.14 0 260
) 485.11 5888 30.91 2.77 34
+3.07 + 2341 + 41.94 +1.68 :
3 511.22 18,428 25.02 3.25 268
TF + 1.46 + 3535 4297 4329 :
580.05 3139 4832
4 +2.05 + 1140 +521 0 483
5 637.53 4854 27.25 7.23 313
+ 0.46 + 4224 + 14.24 + 33.02 :
. 458.87 104,418 21.91 0.68 3
+0.20 + 3352 +0.97 +1.39 :
) 511.82 53,223 16.31 5.67 195
. +0.12 + 2962 +1.42 +215 :
NF-TF 2 480.16 13,518 18.26 25.69 256
+1.13 + 2126 +1.98 +5.07 :
637.91 38,169 12.85
4 +0.36 + 4925 0 + 7.54 129
455.65 91,357 21.69
1 +0.10 + 7848 +0.57 0 217
477.17 176,679 43.43
2 +1.06 + 11,901 +2.04 0 434
§ 3 513.86 221,347 6.44 23.24 250
TF-NF +0.08 + 5633 +1.72 +1.07 :
A 575.29 4302 17.17 0.13 17
+0.81 + 2304 + 8.34 +15.30 :
5 640.07 101,948 25.73 16.86 259
+0.13 + 8665 4247 +415 :
455.88 234,669 20.95
1 +0.15 + 15,351 +0.38 0 209
478.79 241,217 36.35
. 2 +0.92 + 19,747 4252 0 363
NE-TE-NF 3 512.73 229,082 17.04 9.52 .
+0.15 + 6521 +0.78 +1.02 :
A 637.27 118,194 33.35 2.02 244
+0.15 + 6626 +1.92 + 3.44 :
) 457.34 209,130 17.843 2.29 101
4-- 4-- 4-- 4-- :
475.96 41,046 28.86
. 2 + 3.50 4-- + 20.02 0 28.9
TE-NF-TF 3 510.91 157,012 5.0485 34.67 254
+1.36 +-- 4-- +-- :
A 637.43 164,533 31.57 2425 165
+2.59 + 35,765 + 63.36 +122.79 :
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The emission peak of the TF-NF* sample had a larger emission intensity when com-
pared with that of the NF-TF* sample. Based on the computed data, the total area
under the graph of the TF-NF* sample (peak 1 + peak 2 + peak 3 = 489,383 a.u.) at
430-550 nm region was 318,224 a.u. larger compared with that of the NF-TF* sample
(peak 1 + peak 2 + peak 3 = 171,159 a.u.). In fact, the emission emitted at 600-680 nm in the
TE-NF* sample (peak 5 = 101,948 a.u.) also had a bigger area under the graph, with a differ-
ence of 63,779 a.u. when compared with that of the NF-TF* sample (peak 4 = 38,169 a.u.).
The FWHM of peak 5 of the TF-NF* sample (35.9 nm) was almost three times bigger when
compared with the FWHM of peak 4 of NF-TF* (12.9 nm) samples. This finding showed
that having nanofibers on the topmost layer prolonged the light path of the absorbed
incoming light in the nanofiber layer compared with a single layer of nanofibers (NFs).
However, when nanofibers were added onto NF-TF*, which produced NF-TF-NF*, the
emission intensity was two times bigger compared with that of TF-NF-TF*.

The NF-TF-NF* multilayer structure had a larger emission intensity compared with
other samples, as the areas under the graph for all peaks were larger compared with other
peaks present in other samples. This finding was proven when compared with TF-NF-TF*,
where both emissions had broad emission peaks at around 430-550 nm. NF-TF-NF* had
three peaks (peaks 1, 2 and 3) at the mentioned emission region. The total areas under
the graph of each peak were added, thereby producing an area of 704,968 a.u. Similar to
NEF-TF-NF*, TE-NF-TF* also had three peaks (peaks 1, 2 and 3) and had a total area under
the graph of 407,188 a.u. When single-layered samples were compared with three-layered
samples, the area under the graph of the single-layered samples increased by a factor of
about 10, indicating that a significant increase in emission intensity was possible as the
amount of multilayer increased. Hence, it was theoretically shown that the intensity of
the PL emission generated increased with the number of layers in the multilayer structure.
However, the FWHM of TF-NF-TF* was the widest among the samples. This was observed
at the 600-680 nm region, where the FWHM of peak 4 of the TF-NF-TF* sample was 46.5 nm,
which was 12.1 nm bigger when compared with the FNHM of peak 4 of the NF-TF-NF*
sample (34.4 nm). This occurrence was likely due to the involvement of two thin-film layers,
which caused the emissions to have a wide FWHM. The broad emission intensity could
also be due to the presence of an overlapping emission peak at that particular region.

4. Conclusions

Significantly enhance PL emission intensity was successfully achieved owing to the
structural properties of both nanofiber and thin-film structures and also a high amount of
active ions doped in a single substrate. A comparison between nanofibers and thin films
shows that nanofibers are able to produce higher emission intensity compared with thin
films due to the following: (i) nanofibers had higher absorption points due to their high
surface-to-volume ratio and (ii) the prolonged light path of the absorbed incoming light
in the nanofiber layer. Nanofibers produced a narrow emission intensity compared with
thin films. Therefore, specific applications were possible when constructing a multilayer
structure and choosing the composite material. Moreover, the experimental and computed
results reached a satisfactory agreement with accurate values of parameters such as the
emission peak, FWHM and area under the graph.
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Abstract: Thermochromic smart windows are optical devices that can regulate their optical properties
actively in response to external temperature changes. Due to their simple structures and as they do
not require other additional energy supply devices, they have great potential in building energy-
saving. However, conventional thermochromic smart windows generally have problems with
high response temperatures and low response rates. Owing to their great effect in photothermal
conversion, photothermal materials are often used in smart windows to assist phase transition so that
they can quickly achieve the dual regulation of light and heat at room temperature. Based on this,
research progress on the phase transition of photothermal material-assisted thermochromic smart
windows is summarized. In this paper, the phase transition mechanisms of several thermochromic
materials (VO,, liquid crystals, and hydrogels) commonly used in the field of smart windows are
introduced. Additionally, the applications of carbon-based nanomaterials, noble metal nanoparticles,
and semiconductor (metal oxygen/sulfide) nanomaterials in thermochromic smart windows are
summarized. The current challenges and solutions are further indicated and future research directions
are also proposed.

Keywords: thermochromic; smart window; photothermal materials; phase change

1. Introduction

According to the report published by the China Association of Building Energy Ef-
ficiency in 2021, building energy consumption accounted for 46.5% of the country’s total
energy in 2018 of China. Among them, 21.7% is used for energy consumption in the
building operation stage [1], that is, the energy consumed by terminal equipment, such as
heating, refrigeration, ventilation, and lighting in the building. Additionally, the proportion
is still increasing. In the environment of a global energy shortage, the increase in building
energy consumption has become a weakness that has restricted the development of the
Chinese economy. The percentage of energy lost from windows directly or indirectly is
60%. Therefore, scholars have invented a variety of smart windows [2-7] to improve the
energy-saving effect of building windows.

In recent years, with energy-saving and green development being vigorously pro-
moted, smart windows have attracted much attention due to their outstanding energy-
saving effect. The concept of “smart windows” was introduced by Granqvist in the 1980s [8].
They are energy-saving windows that regulate solar radiation by combining a dimming
material [9-11] with a base material, such as glass. As optical devices, their core is the
sensitive material attached to the glass. Under external excitation by light, electromagnetic
radiation, and temperature, the sensitive materials will color or fade, thereby changing
the windows’ colors and other optical properties so that they can automatically adjust the
indoor temperature and light intensity according to the surrounding environment and
ultimately achieve the purpose of saving energy consumption.
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At present, most typical smart windows require an external power supply or heating
device to dynamically tune the optical properties of materials in response to external stim-
uli. However, these additional devices have significant disadvantages, such as a complex
structure, low lifespan, and high energy consumption, which also greatly hinder their
commercial utilization. In contrast, solar-driven thermochromic smart windows can adjust
the optical properties actively through the strong absorption of solar energy by photother-
mal materials, achieving a dual response to light and temperature. The features of low
cost, simple structure, and low energy consumption are more conducive to large-scale
applications in the future.

Smart windows assisted by photothermal materials are extremely important for the
development of smart windows. However, systematic summaries of this aspect are rela-
tively rare. Therefore, in this review, several thermochromic smart windows with different
substrates are presented, the auxiliary effects of different kinds of photothermal materials
on the phase change of smart windows are reported, and, finally, future research trends
are proposed. This will provide references and suggestions for overcoming the prob-
lems of a high response temperature and low response rate of traditional thermochromic
smart windows.

2. Thermochromic Materials for Smart Windows

There are many kinds of thermochromic materials that play an important role as sub-
strates for smart windows. However, only those materials with phase change temperatures
adjustable to room temperature (about 28 °C) can be used for building energy efficiency [12].
Therefore, the most widely used photothermal materials for smart windows are vanadium
dioxide (VO,), thermochromic hydrogels, and liquid crystals, as shown in Figure 1.

Figure 1. Types of thermochromic smart windows. (a) Metal-insulator phase transition (MIT) of
vanadium dioxide (VO,). (b) Liquid crystal changes transmittance by adjusting molecular orien-
tation in response to temperature. (c) Thermochromic hydrogels change transparency reversibly
with temperature.
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Vanadium dioxide (VO3) is a kind of metal-insulator phase transition (MIT) mate-
rial, which is extensively utilized in thermochromic smart windows [13-16]. Its phase
transition temperature is close to room temperature at 68 °C [17]. As the temperature
rises, VO, will undergo a phase transition from a semiconductor to a metal (Figure 1a),
with a sudden change in infrared transmittance while keeping the visible transmittance
unchanged [18]. Although VO, films have great practical value, which are used in smart
windows [19], photoelectric switches [20,21], and infrared stealth [22—24], the high phase
transition temperature and poor optical properties are still problems to be solved.

Liquid Crystal (LC) is a special material between traditional liquids and crystalline
solids. Its optical, electrical, and mechanical characteristics are anisotropic, and it can
also be employed in smart windows [25-28]. From the molecular point of view, the
thermochromism of Liquid Crystals can be achieved by anisotropic molecules responding to
temperature and adjusting their orientation (Figure 1b). For example, the molecules inside
the polymer network Liquid Crystals (PNLC) are arranged in order at low temperatures,
and the refractive index of the liquid crystal and the polymer are the same, showing a highly
transparent state. As the temperature rises, the liquid crystals transform into a blurred state
due to the disorder of molecular orientation, and the transmittance, including near-infrared
light, can change by more than 20%.

Hydrogels are both hydrophilic and hydrophobic and have been commonly em-
ployed in the field of smart windows [29-32]. Thermochromic hydrogels, such as poly(N-
isopropylacrylamide) (PNIPAm) and hydroxypropyl methyl cellulose (HPMC), have a lower
critical solution temperature (LCST) of around 32 °C to 40 °C. When the temperature is
below the LCST, hydrophilic groups in the hydrogel form hydrogen bonds with water
molecules, presenting a highly transparent state. Above the LCST, the hydrogen bonds
are broken and polymers aggregate, resulting in a significant decrease in transmittance
in the entire spectral range [33] (Figure 1c). Thermochromic hydrogels can reversibly
change transparency with an increase in temperature, making them ideal materials for
smart windows.

3. Common Photothermal Conversion Materials

Photothermal and thermochromic materials are often combined for sunlight-driven
thermochromic smart windows. The strong light-absorption characteristics or localized
surface plasmon resonance effects [34,35] of photothermal materials can convert solar
energy into heat energy, increase the surrounding temperature, and achieve the purpose of
assisting the phase transition.

3.1. Carbon-Based Nanomaterials

Carbon-based nanomaterials are a new type of photothermal material developed in
recent years, such as carbon dots [36,37], graphene, and graphene oxide [38—40]. They have
strong absorption in visible and near-infrared light and can transform solar energy into heat
energy rapidly owing to their unique structures. Therefore, they show a wide range of
applications in smart windows [41-46], photocatalysis [47], and tumor-targeted therapy [48].

Graphene oxide (GO) is a two-dimensional nanomaterial with a single atomic thickness
obtained by the oxidation and dispersion of natural graphite. Under sunlight, most of the
energy photons in visible light can be absorbed by electrons, so they are excited. When the
excited-state electrons fall back to the ground state, they release heat and raise the local
temperature, producing a significant photothermal effect.

The excellent photothermal performance of GO was verified by Kim [49] through the
control experiment. In the experiment, the aqueous graphene oxide (GO) could convert
solar energy into heat energy under sunlight, raising the solution temperature by 5 °C in
8 min, while the temperature of pure water had little change (Figure 2a).
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Figure 2. (a) Temperature change of pure water and 2.5 mg/mL GO aqueous solution under visible
light irradiation [49]. (b) Photo of the transparency transition of PNIPAMm /GO hydrogel window
(left) and PNIPAm hydrogel window (right) under sunlight [41]. (c) Photo of the PNDV /GO hydrogel
window transmittance gradient change with light intensity [43].

Based on this, GO/PNIPAm hydrogels were successfully prepared [41]. The GO
dispersed in the PNIPAm hydrogels allowed the originally transparent films to reach the
LCST at room temperature (30 °C) and complete the phase change in 2 min (Figure 2b). It
is worth noting that similar research was conducted by Zhu [42]. The results showed that
the heating effect and rate were positively correlated with the GO concentration, but had
no significant effect on the conversion temperature of the composite hydrogel.

In order to obtain a wider phase transition temperature range, Lee [43] et al. prepared
multicomponent copolymers with a composition gradient. Then, NIPAm-co-NDEAm-co-
VP(PNDV) hydrogel and graphene oxide (GO) composites were sealed in double-layer
glass to assemble a new type of embedded glass. Compared with ordinary hydrogel glass,
this novel glass achieved step-by-step solar control of the smart window in response to
sunlight intensity (Figure 2c), providing users with more choices.

Although hydrogels have been widely studied in the field of smart windows, the
poor mechanical properties of traditional hydrogels greatly limit their applications. Near-
infrared light (NIR)-responsive (L-PNIPAm/GO) hydrogels were prepared [44] by the
in situ polymerization of N-isopropylacrylamide (NIPAm), in which laponite (L) was
the crosslinking agent and graphene oxide (GO) was the photothermal conversion agent.
The addition of GO not only improved the hydrogels” photothermal sensitivity, but also
raised the system’s cross-linking point, resulting in a more flawless structure. Through the
characterization of multiple samples, it was found that the prepared L-PNIPAm/GO-12.0-
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0.21 hydrogels had high strength and good toughness when the contents of laponite and GO
were 12.0% and 0.21% of the mass of NIPAm. Under NIR irradiation, it could be heated from
20.3 °C to 48.5 °C within 300 s, with good temperature sensitivity and photothermal effect.
Thus, it has great potential in the fields of smart windows and light-controlled switches.

Graphene oxide can also be an effective auxiliary in the phase transition of VOs,.
A series of tungsten-doped vanadium dioxide/graphene composites was prepared by
a hydrothermal method using graphene oxide powders (GO), vanadium pentoxide, oxalic
acid, and ammonium tungstate as raw materials [45]. Due to the doping of tungsten
and the addition of GO, VO; is uniformly loaded on the surface of graphene as spherical
particles, the particle size is significantly reduced, and the agglomeration is improved.
When the atomic percentage of tungsten was 2.5% and the content of GO was 4%, the phase
transition temperature of VO, was reduced from 66.0 °C to 32.2 °C. In addition, the thermal
conductivity reached the maximum value of 16.341 W /(m-K), which effectively improved
the heat dissipation effect of the coating. Such an improvement in properties allows it to
better meet the required functionality of an intelligent thermal insulation coating.

There are many varieties of carbon-based nanomaterials, and different structures afford
them different characteristics. Among them, carbon dots (CDS) are identical to GO in many
ways, including the chemical structure and physical qualities. As a new zero-dimensional
carbon nanomaterial with a size of less than 10 nm, it has good photothermal properties.
A light-responsive material was reported by Shen [46], which was obtained by incorporating
carbon dots (CDs) into hydroxypropylmethyl cellulose (HPMC). Through a series of studies,
it was found that the ultrasmall size of CDs guaranteed the considerable transparency of
CDs/HPMC and enhanced light absorption. Moreover, chloride-modified CDs (Cl-CDs)
can greatly shorten the response time and lower the LCST, which also provides a new idea
to improve the material’s function by regulating the surface characteristics of CDs.

3.2. Noble Metal Nanoparticles

Noble metal nanoparticles are the most researched near-infrared photothermal ma-
terials, such as Au [50,51], Ag [52], Pd [53,54], etc. Their photothermal effect is mainly
derived from the strong localized surface plasmon resonance effect of nanoparticles, which
is a unique phenomenon occurring in metal structures. When the frequency of the incident
light matches the eigenfrequency of the free electrons in the metal, the electrons will be
collectively excited and resonated. Vibrating electrons will convert kinetic energy into heat
energy due to the damping effect, thus increasing the local temperature [55].

The most common noble metal nanomaterials exhibiting the plasmon resonance effect
are gold nanocrystals (AuNCs). Sunlight-responsive thin HPMC/AuNCs films, combining
the thermochromic properties of HPMC and the photothermal effect of AuNCs, have been
prepared successfully via a simple and low-cost method [56]. Under laser irradiation,
the temperature of HPMC films containing AuNRs was observed to increase rapidly
and reach a steady state within 80 s. Their steady-state temperature was close to 69 °C,
however, the temperature of the film without AuNRs only increased by 1 °C under the
same conditions (Figure 3a). Additionally, the switching temperature and colors of the
film could be flexibly controlled by adjusting the concentration of AuNCs and the type of
thermochromic material (Figure 3b).

Compared with gold nanospheres (AuNPs), aspheric AuNRs are anisotropic and
exhibit different LSPR properties. Based on this, novel, random-filled composite nanohy-
drogels were obtained by an in situ reduction method. The nanohydrogels were mainly
composed of AuNRs and PNIPAm [59]. It was found that there were two completely
separated plasmon resonance absorption peaks on the absorption spectra of AuNRs. With
an increase in temperature, the transverse LSPR peaks altered slightly, while the longi-
tudinal LSPR peak had a strong red shift. Additionally, the amplitude of the resonance
enhancement increased with an increase in the length-to-diameter ratio of AuNRs.
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Figure 3. (a) Temperature rise curves of PVA/dye films with and without AuNRs [56]. (b) Digital
photographs and infrared photographs of PVA/dye/AuNRs films and PVA /dye films before and
after laser irradiation [56]. (c) Schematic representation of the structural shrinkage and deformation
of PNIPAm acrylic/AgNRs when the temperature is higher than LCST [57]. (d) SEM images of
PNIPAm-acrylic acid/ AgNRs hydrogels at different temperatures [57]. (e) Color patterns constructed
from arrays of Ag nanodiscs on silica films at different temperatures [58].

Furthermore, noble metal nanoparticles can be improved to exert their photothermal
effects more efficiently by building particular structures or coatings. Wei et al. developed
a new strategy for thermal-responsive PNIPAm-acrylic/ Ag NR hybrid hydrogels [57]. The
hydrogels had full-wavelength thermal management functions, which can be used for
smart windows. Initially, AgNRs are coated with polymers and point in different directions.
When the temperature rises above the LCST, the hydrogel structure shrinks and deforms,
causing the AgNRs to stand up like flowers (Figure 3d,e), and their IR emissivity slightly
increases from 0.947 to 0.958. In addition to this, the hydrogels can be fully transparent at
room temperature, with a high solar modulation capability (AT, = 59.24%) and ultrahigh
luminous transmission (17, = 61.36%) after phase transition. Therefore, they can be used
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for solar radiation modulation between the visible, near-infrared (NIR), and mid-infrared
(MIR) regions.

The combination of noble metal nanoparticles and VO, also has significant application
potential in the field of smart windows. Periodic arrays of Ag nanodiscs on VO, films
were fabricated by Shu [58], and their LSPR effect brought afforded absorption to the films
in the visible regions. Moreover, by tuning the diameter of the Ag nanodiscs and spatial
periodicity of the arrays, various colors could be actively adjusted in the whole visible
spectrum (Figure 3c), greatly increasing the color diversity of the VO, films.

Moreover, a vanadium dioxide (VO,) and gold nanotriangle composite sandwich
structure (VO,/Au/VO,) was prepared via nanosphere lithography [60]. The gold nan-
otriangles in the films exhibited periodic arrangement, and their sharp edges and tips
promoted the occurrence of LSPR. This sandwich architecture may provide enlightenment
for the design of temperature-sensitive smart windows.

With the in-depth study of nanoscience, it has been found that composites pre-
pared by mixing two or more noble metal nanoparticles often combine their respec-
tive advantages and have superior physicochemical properties than single nanoparticles.
Au@AgNR@PNIPAM microgels, with Au@AgNR as the core and cross-linked PNIPAM as
the shell, were prepared via seeded precipitation polymerization [61]. The combination of
the two metals not only improves the antioxidant capacity of AgNRs, but also overcomes
the problem of the weak enhancement of the electric field on the surface of AuNRs.

Although noble metal materials, such as Au, Ag, and Pd, have an excellent theoretical
basis in the fields of catalysis [62,63], photothermal devices [64], biomedicine [65], etc., their
scarce reserves and high prices seriously limit their large-scale promotion. This is also the
greatest problem in the practical application of noble metal nanomaterials.

3.3. Semiconductor Nanomaterials

Due to the wide energy gap, conventional semiconductor materials need to absorb UV
light with higher energy to excite the electrons and release heat in the process of falling back
to the ground state. However, with the study of more kinds of semiconductor materials, it
has been found that localized surface plasmon resonance (LSPR) exists not only in noble
metals, but also in semiconductor materials with appreciable free carrier density, such
as tin-doped indium oxide (ITO) [66,67], copper sulfide (CuyS) [68,69], titanium nitride
(TiN) [70,71], etc. Compared with conventional noble metals, semiconductors can exhibit
LSPR in both the ultraviolet-visible (UV-vis) and near-mid-infrared (IR) spectral regions,
which significantly extends the light absorption range.

3.3.1. Metal Oxide

Visible light transmittance (1},,,) is an important indicator for smart windows. There-
fore, when selecting photothermal materials, their impact on transparency should also be
given priority. Antimony-doped tin dioxide (ATO) is a transparent N-type semiconductor
with special photoelectric effects and excellent light absorption properties. Its UV absorp-
tion is caused by the material’s inherent wide bandgap, and the NIR absorption is attributed
to the localized surface plasmon resonance (LSPR) induced by N-type doping [72].

A novel, fully autonomous light-driven thermochromic material was proposed, con-
sisting of hybridizing poly-N-isopropylacrylamide (PNIPAM) hydrogel and antimony-tin
oxide (ATO) [72]. Even when the outdoor temperature is far lower than the transition
temperature, PNIPAM/ATO (PATO) composite hydrogels can also use ATO as a nanoheater
to induce the optical switching of the hydrogel under sunlight. Furthermore, by increas-
ing the Sb dopant content, the free electron concentration can be increased and the NIR
absorption efficiency can be enhanced, which means that the ATO can convert more solar
energy into heat. It is worth noting that the 10 atom % Sb-doped PATO not only showed
the best response speed and solar modulation ability, but also achieved a subtle balance
between thermal comfort and visuality. On this basis, Xu [73] prepared supramolecular
nanocomposite hydrogel films by integrating ethylene glycol-modified pillar arene (EGP5)
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and antimony-tin oxide (ATO) nanoparticles (Figure 4a). The obtained films displayed
good initial luminous transmission (77.2%) and excellent solar modulation ability (56.1%)
under 100 mW /cm? xenon lamp irradiation owing to the thermal responsiveness of EGP5
and plasma heating induced by NIR absorption of ATO (Figure 4b). At the same time, the
host—guest interaction between EGP5 and pyridinium units efficiently avoids the collapse of
and damage to the hydrogel structure, resulting in a film that possessed high repeatability
and durability.
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Figure 4. (a) Schematic diagram of the chemical structure and working principle of the photochromic
supramolecular hydrogel smart window [73]. (b) Photographs of ATO composite hydrogel films
with EGP5 contents of 2, 5, and 8 mol%, respectively, before and after irradiation at 100 mW /cm? for
10 min [73]. (c) Transmittance variation of CsxWO3/PAM-PNIPAM film with temperature at 550 nm
wavelength [74]. (d) Transparency changes of CsxWO3/PAM-PNIPAM films with different PNIPAM
concentrations at 22 °C (above) and 36 °C (below) [74].
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ATO can also be used in other types of smart windows. Novel smart window films
were successfully prepared by doping ATO nanoparticles into polymer-stabilized Liquid
Crystal (PSLC) [75]. These films had a wider waveband modulation function, covering the
visible and infrared regions (380-5500 nm), and the transmittance could be altered in the
visible region from a highly transparent (78.5%) state to a strong light-scattering (10%) state.
In addition, owing to the LSPR of ATO nanoparticles, up to 80.7% of the IR light could be
effectively shielded.

Tin-doped indium oxide (ITO) is a promising NIR shielding material similar to ATO.
A flexible, multi-responsive material was invented by creating a compatible interface
between ITO nanocrystals and polar syrup. Polar syrup is a Liquid Crystal material that
initially combines the good mechanical strength of PDLC with the high transparency of
PSLC [76]. The Liquid Crystal molecules in it can change from homeotropically oriented to
a focal—conic texture in response to the electric field and temperature, achieving a rapid
transition from the transparent state (78%) to the opaque state (1.5%).

Cesium tungsten bronze (CsxWO3) is an excellent photothermal material with high
absorption in both the UV and NIR regions. A spectrally selective smart window using
CsxWOj3 as the photothermal component and PAM hydrogel matrix embedded with thermally
responsive PNIPAM microgels as the photocontrol switch was designed [74] (Figure 4c,d).
Under solar irradiation, the steady-state surface temperature of the CsyWO3; /PAM-PNIPAM
window can remain at 47 °C. It can shield about 96.2% of the near-infrared radiation while
ensuring good visible light transmission, so that the room temperature is maintained at
about 25°C.

Moreover, a novel roll-to-roll fabrication of multi-responsive flexible Liquid Crystal
material was presented [77]. It can not only control the transmission of visible light by the
stimulus of voltage, heat, or NIR light, but also shield nearly 95% of the NIR radiation in the
800-2500 nm band. Excellent properties of the films were achieved by forming a compatible
poly(vinylpyrrolidone) (PVP) tuning layer between Cs,WO3 nanorods (NRs) and polymeric
syrup containing liquid crystals. It also offers a wide working temperature range, improved
flexibility, long-term stability, high mechanical strength, and large-area processability. These
studies on the combination of CsxWOj3 and smart windows point toward a new route for
the development of multifunctional and energy-efficient smart windows.

3.3.2. Metal Sulfide

Metal sulfides, such as PbS [78], MoS; [79], and Cuy;S,4 [80,81], have the advantages of
low cost, good photothermal stability, and shape-controlled particle sizes. These features
are beneficial to reduce the cost and the difficulty of the large-scale preparation of smart
window films.

PbS is a narrow band gap semiconductor with a bandwidth of 0.4 eV. Its absorption
band covers the main area of solar energy, making it an excellent light-absorbing coating.
The PVA-PbS-VO, (M) composite film was fabricated by Qi [82] using the casting film
method. It can effectively absorb sunlight from 0.3 to 2.5 um through the interaction of
solar photons with PbS nanostructured phonons and convert it into heat energy so that
VO, undergoes a phase transition at room temperature.

Molybdenum disulfide (MoS,) is a semiconductor material with a two-dimensional
layered structure similar to graphene, which has strong absorption of near-infrared light.
The MoS, /PNIPAM composite hydrogels were prepared by incorporating chemically
exfoliated MoS; nanosheets into poly(N-isopropylacrylamide) (PNIPAM) hydrogels [83]. It
not only inherits the good thermal-responsive properties from the PNIPAM hydrogel, but
also significantly shortens the response time. However, due to the black color of MoS,, the
coordination of the MoS, content and the transparency of smart windows will be the focus
of future research.

CuyS4 nanocrystals are a p-type semiconductor nanomaterial with an indirect bandgap.
Because of their localized surface plasmon resonance (LSPR) properties in the NIR region,
they have broad application prospects in solar cells, environmental pollution treatment,
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and photothermal treatment. CuyS,/poly (N-isopropylacrylamide) (PNIPAM) composite
films with fast optical /thermal response were prepared by Zhu [84]. When the temperature
exceeds 32 °C, the smart window can quickly change from transparent to opaque within
3 min based on the wide absorption of sunlight and the high photothermal conversion
efficiency of Cu;S; nanoparticles. As long as the sunlight is strong enough, this smart
window can even raise the indoor temperature by absorbing and converting sunlight in
cold weather.

Through research on the shape-controlled synthesis of CuzSy, it was found that there
was an obvious size dependence on its localized surface plasmon resonance [85]. That is,
by increasing the crystal size, the maximum resonance absorption peak shifted to red and
the absorption intensity also increased. This research is beneficial to further improve the
light absorption properties of Cu;S4 nanomaterials.

3.4. Others

Transition metal nitrides, such as titanium nitride, are versatile metal-ceramic mate-
rials with high-temperature durability, chemical stability, corrosion resistance, electrical
conductivity, and also localized surface plasmon resonance properties [86-88]. It can re-
place noble metal plasmas to generate LSPR and promote material phase changes under
light conditions, resulting in lower-cost thermochromic materials that are available at
room temperature.

Vanadium dioxide/titanium nitride (VO,/TiN) smart coatings were produced by
Hao [89] via coating TiN nanoparticles with pure monoclinic-phase (M-phase) VO; films.
These coatings can control the infrared (IR) radiation dynamically, depending on the
ambient temperature and light intensity. The photothermal conversion effect of TiN nano-
materials will induce VO; to change from a monoclinic phase to a tetragonal phase under
strong light or higher temperatures (28 °C), which can effectively block IR radiation by
nearly 70%; conversely, these coatings show good IR transparency at 20 °C (Figure 5a).
In addition, the visible light transmittance of these coatings at 2000 nm is 51%, and the
infrared conversion efficiency is 48%. These unique features result in VO,-TiN having great
potential in the field of energy-saving windows.
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Figure 5. (a) Schematic diagram of a VO, /TiN smart window [86]. (b) UV-Vis-NIR absorption and
transmission spectra of PNIPAm hydrogels containing different levels of PDAPs at 20 °C and 40 °C [87].
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Not only can inorganic materials be used as photothermal materials, but also organic
polymers, such as polydopamine nanoparticles (PDAPs) [90,91]. Compared with con-
ventional materials, PDAPs have excellent near-infrared responsivity and high thermal
conductivity, as well as good biocompatibility and oxidation resistance. They also have the
characteristics of easy preparation, low cost, and high yields.

Based on this, a new, fully autonomous thermochromic smart window containing
PDAPs was constructed via a one-step in situ polymerization method (Figure 5b) [92].
It was shown that the addition of PDAPs not only ameliorated the microstructure and
mechanical properties of the hydrogel, but also improved its photothermal conversion
ability. It could also trigger the smart window to quickly adjust the indoor light and
temperature, even if the ambient temperature was below the LCST of the hydrogel. This
bold attempt provides a new idea for the research into multifunctional thermochromic
smart windows.

4. Conclusions and Perspectives

In recent years, great progress has been made in the research into the phase tran-
sition of photothermal material-assisted thermochromic smart windows. In this review,
an overview of several thermochromic materials from VO,, Liquid Crystal, and hydrogel is
provided. The photothermal conversion efficiency of carbon-based nanomaterials, noble
metal nanoparticles, and semiconductor (metal-oxygen/sulfide) nanomaterials (Table 1), as
well as their applications in thermochromic smart windows (Table 2), were summarized.
The current challenges and solutions are further pointed out and future research directions
are also proposed.

Table 1. Conversion efficiency of photothermal materials.

Power of Excitation Light

Type Source Efficiency Reference
GO NSs Simulated sunlight (0.1 W/cm?) 63.2% [93]
AML.5 Standard sunlight o
CDs (0.1 W/cm?) 23.46% [46]
Au NRs 808 nm laser (1.27 W /cm?) 39.2% [94]
Au STs 808 nm laser (2 W/cm?) 42% [95]
ATO Hollow ball 1064 nm laser (-) 30.69% [96]
Csp33WO3 980 nm laser (1.66 W/cm?) 23.1% [97]
CugS5 NCs 980 nm laser (0.51 W /cm?) 25.7% [98]
CuyS4 NPs 808 nm NIR laser (1 W/cm?) 56.32% [99]
Cu754 Nano 2 o,
Superlattice 808 nm NIR laser (1 W/cm*?) 65.7% [99]
Au@Cu7S4 2 o,
Yolk—shell NPs 980 nm laser (0.51 W/cm#) 63% [100]
TiN 808 nm NIR laser (1.5 W/cm?) 38.6% [101]
PDAPs 808 nm NIR laser (2 W/cm?) 40% [102]
Table 2. Performance comparison of thermochromic smart window.
Thermochromic Photothermal
Material Material Trum,1 Tram ATsol Te Reference
HPMC - 98.94% 89.32% 6.52% 40°C [46]
PNIPAM - 73.2% 48.58% 26.88% 31.4°C [58]
VO, - 47% 52% ATNIR = 51% 68°C [86]
PNIPAM GO 97.8% 3.0% - 32.5°C [41]
HPMC CDs 82.11% 3.50% 65.55% 45°C [46]
HPMC AuNCs 85.4% 3.5% 62.6% 40°C [56]
VO, Au 74.1% 66.6% 13.2% 50°C [60]
PNIPAM Ag NRs 61.36% 3.43% 59.24% 32.9°C [58]
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Table 2. Cont.

T o™ T few S Mo Koo
Izi\(IJI"ZékI)\;[ ATO NPs 83.0% 55.3% 35.7% 33.6°C [72]
PNIPAM ATO NPs 77.2% 18.6% 56.1% 32.1°C [73]

PSLC ATO NPs 78.5% 10% - - [74]
PDLC-PSLC ITO NCs 78% 1.5% - 28.3°C [75]
PAM-PNIPAM CsyWO3 78.2% 45.3% - 30°C [76]
PT-LCs CsxWO3 NRs 67% 1.5% - 30.5°C [77]
PNIPAM CuyS4 NPs 79% 41.1% 31.2% 32°C [84]
VO, TiN NPs 49% 51% ATNIR = 48% 28°C [85]
PNIPAM PDAPs 92.58% 3.41% 88.9% 33°C [92]

The use of thermochromic smart windows has been discussed for many decades. Typi-
cally, the high response temperature, poor solar modulation, and slow optical switching are
considered as the main drawbacks of traditional thermochromic smart windows. Therefore,
researchers are trying to introduce photothermal materials into smart windows and use
the photothermal conversion effect to assist the phase transition of smart windows. This
can not only achieve the dual regulation of light and heat at room temperature, but also
greatly shorten the response time and drive the development of smart windows toward
low energy consumption and high universality. The outlooks and prospects for future
research on the phase transition of photothermal material-assisted thermochromic smart
windows are suggested as follows:

(1) Improvement of morphology (size and shape) of photothermal materials.

Owing to the size and shape dependence of photothermal nanomaterials, the optical
absorption characteristics can be effectively adjusted by changing the particle size or
adopting different structures, such as cages, core—shells, and so on. For example, in Table 1,
the photothermal efficiency of a Cu;S4 Nano Superlattice is significantly higher than that
of CuySs NPs [99]. In addition, photothermal nanoparticles of different sizes can also
be mixed together so that their extinction spectrum can be better matched with the solar
radiation spectrum, and as much solar energy can be harvested as possible.

(2) Composites of different kinds of photothermal materials.

Based on the absorption spectrum characteristics of various photothermal materials,
composite photothermal materials could be incorporated into the smart window system.
Au@CuyS, yolk-shell NPs [100] not only retain the respective absorption peaks of Au
and CuyS, in UV-Vis-NIR spectra, but also show significantly enhanced absorption in the
near-infrared region. Additionally, the photothermal conversion efficiency is also higher,
which shows that the total is greater than the sum of parts.

(3) Construction of bionic anti-reflection structure.

In addition to improving the conversion efficiency of photothermal materials, the solar
absorption efficiency is also an important parameter. In the field of solar cells, bionic anti-
reflection periodic structures, such as butterfly wings and moth eyes, are often used on the
surface of solar panels [103]. These rough nanostructures can effectively eliminate reflection
and help them absorb more sunlight than smooth surfaces. Similarly, this structure is also
applicable to smart windows, which will significantly shorten the response time.
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Abstract: Thermochromic smart windows can automatically control solar radiation according to
the ambient temperature. Compared with photochromic and electrochromic smart windows, they
have a stronger applicability and lower energy consumption, and have a wide range of application
prospects in the field of building energy efficiency. At present, aiming at the challenge of the high
transition temperature of thermochromic smart windows, a large amount of innovative research has
been carried out via the principle that thermochromic materials can be driven to change their optical
performance by photothermal or electrothermal effects at room temperature. Based on this, the
research progress of photo- and electro-driven thermochromic smart windows is summarized from
VO;-based composites, hydrogels and liquid crystals, and it is pointed out that there are two main
development trends of photo-/electro-driven thermochromic smart windows. One is exploring the
diversified combination methods of photothermal materials and thermochromic materials, and the
other is developing low-cost large-area heating electrodes.

Keywords: photo-/electro-driven; thermochromic; smart windows; research progress

1. Introduction

Rapid increasing energy consumption leads to an energy shortage, accompanied by
environmental pollution. In developed countries, building energy consumption accounts
for 20-40% of the total energy consumption [1]. Nowadays, some new technologies have
been developed to adjust the indoor temperature and reduce building energy consumption,
such as smart windows. In 1985, M. Lampert and C. G. Granqvist et al. [2] first proposed
electrochromic materials for smart windows. Smart windows are composed of glass or
transparent materials as substrates and dimming materials. Under certain conditions, the
transparency can be adjusted to regulate the amount of sunlight, which can effectively
save energy. According to different excitation means, smart windows can be divided into
electrochromic, photochromic and thermochromic smart windows. Thermochromic smart
windows have been widely investigated by researchers due to their simple structure, low
preparation cost and active response to external temperature stimulation. However, when
the external temperature is lower than the switching threshold, the optical performance
of the thermochromic smart window is difficult to change. Therefore, many experts and
scholars have combined photothermal or electric heating control to assist in driving the
thermochromic smart window to achieve the transformation of optical performance at room
temperature, further enhancing the applicability of the thermochromic smart windows.

At present, photo-/electro-driven thermochromic smart windows are mainly divided
into VO,-based composites, hydrogels and liquid crystals.

VO, is the most widely used inorganic thermochromic material, and is used for
its metal-to-insulator transition in smart windows, which is accompanied by significant
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changes in its electrical, optical and magnetic properties. This transition is due to a struc-
tural change from a monoclinic semiconductor phase to a metallic tetragonal rutile structure
when the sample temperature is above 68 °C. Based on its excellent metal-insulator tran-
sition (MIT) properties, VO, has attracted widespread attention from researchers in the
field of smart windows [3-6] and infrared camouflage stealth [7-12]. However, in practical
applications, VO; still has challenges, such as its high phase transition temperature and
poor optical performances.

Hydrogels with a low critical temperature have a wide range of tunable chemical
and physical properties, making them ideal for use in smart windows. Hydrogels can
reversibly shift between transparent/opaque states through hydrophilic/hydrophobic
phase transitions, responding to changes in the ambient temperature. At low temperatures,
the hydrogels show a transparent state due to the formation of hydrogen bonds between
hydrophilic groups and water molecules. When the temperature rises to a critical temper-
ature, the hydrophobic group leads to an opaque state due to hydrogen bond breakage.
Compared with VO,, hydrogels are easy to prepare and have a low critical temperature.
The lower critical solution temperature (LCST) of PNIPAm is only 32 °C. Therefore, they
are also widely used in the field of smart windows [13,14].

However, the visible light transmittance of hydrogels at a high temperature is low,
so it is necessary to adjust its thickness and design a suitable glass panel to increase the
transparency of hydrogels before it can be used in the field of smart windows [15].

Similar to hydrogels, liquid crystals are mainly controlled by visible light. In thermo-
dynamics, liquid crystals are between the crystalline solid state and the isotropic liquid
state, and can simultaneously show the anisotropy of the crystals and the flow charac-
teristics of the liquids. Thermochromic liquid crystals can change the arrangement and
orientation of anisotropic molecules in response to the stimulation of temperature and
voltage at the same time. Liquid crystal/polymer materials have multiple responsiveness
and good mechanical properties, which make them widely used in smart windows [16].

Based on this, the paper mainly reviews photo- and electro-driven thermochromic
smart windows, from the three aspects of VO,, hydrogels and liquid crystals, as shown in
Figure 1.
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Figure 1. Types and working principle of photo- and electro-driven thermochromic smart windows.
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2. Photo-Driven Thermochromic Smart Windows

The photo-driven thermochromic smart windows can actively adjust its optical prop-
erties in response to the changes in light radiation intensity and temperature, which is
a completely passive way of light modulation. Compared with the single response of
the traditional thermochromic smart windows, the photo-driven thermochromic smart
windows realize the dual response of light and heat. It can respond to stimulation in areas
with strong light radiation and a low temperature, and can regulate the sunlight, which
further expands the application range of thermochromic smart windows.

2.1. VO,-Based Smart Windows

In order to be close to practical applications, researchers usually reduce the phase
transition temperature of VO, via doping elements, but this will also lead to a decrease
in its optical properties [17-19]. However, by combining VO, with photothermal materi-
als and using photothermal conversion, the sunlight is converted into heat energy, and
VO, can be driven to change the optical performance at room temperature. Ji et al. [20]
designed and assembled a composite film of PbS and VO,. The UV-Vis-NIR light can
be absorbed through the interaction of solar photons and PbS phonons and converted
to heat energy, thus allowing for VO, to undergo a phase change at room temperature.
Subsequently, in order to further improve the optical performance of the photo-driven VO,
film, Hao et al. [21] prepared VO, /TiN smart coatings for room temperature applications
by hybridizing thermochromic VO, with plasmonic TiN nanoparticles (Figure 2a). The
VO, phase transition was accelerated by the strong plasma absorption in the near-infrared
region of the TiN plasmonic nanoarray (Figure 2b). In addition, the VO, /TiN coating had
a visible light transmittance of approximately 50% and an infrared conversion efficiency of
48% at 2000 nm, which effectively improved the optical performance of the light-driven
VO, composite films (Figure 2c).
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Figure 2. (a) Schematic diagram of VO, /TiN smart windows. (b) UV-Vis spectra of TiOx (0 h),
TiOxNy (2 h), TiN (10 h) nanoarrays on quartz substrate. (c) Transmission spectra of VO, /TiN
coatings at 20 °C and 80 °C. Reproduced with permission from [21]. Copyright 2018, Wiley.

2.2. Hydrogel Smart Windows

Hydrogels are popular materials for photo-driven thermochromic smart windows.
The combination of hydrogels with graphene oxide (GO) [22-25], antimony-doped tin
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oxide (ATO) [26-28], CsxWO3 [29] and other high-absorption materials can stimulate the
transformation of the optical properties of the hydrogels, thereby improving the conversion
rate of the hydrogels.

GO is a common photothermal material. Under medium-intensity visible light ir-
radiation, the fully reversible volume phase transition of the hydrogels can be triggered
by the photothermal effect of GO [22]. Kim et al. [22] first studied the optical properties
of hydrogels driven by the heat generated via GO. Thus, we can develop the switch-
able glazing of a novel photothermotropic mechanism that screens strong sunlight and
heat radiation in response to the sunlight intensity, as well as the temperature. Subse-
quently, Kim et al. [23] prepared a photo-driven thermochromic smart window by using
GO and poly(N-isopropylacrylamide) (PNIPAm). Lee et al. [24] prepared a gradient copoly-
mer hydrogel containing GO by manipulating the monomer composition to control the
hydrophilic-hydrophobic balance of the copolymer. Copolymer hydrogels exhibit different
thermal behaviors according to the monomer composition. With changes in the tempera-
ture and light radiation, copolymer hydrogels can be gradually dehydrated, resulting in
almost linear transmittance changes. Besides, in order to create a more comfortable and
colorful life, the color change in thermochromic smart windows, such as the warm/cool-
tone, is also the focus of research. As can be seen from Figure 3a,b, GO embedded within
the thermotropic hydrogels can absorb the colored organic solvent, can prepare the smart
glasses with arbitrary color and can further promote the development of color-tuning smart
windows [25].

When choosing photothermal materials, it is necessary to consider its influence on
the visible light transmittance of windows and to avoid materials that act on the visible
light region. ATO mainly regulates near-infrared light. Compared with PNIPAm/GO film,
PNIPAm/ATO film has better solar modulation in the near-infrared region [26]. Besides,
the effect of Sb doping in ATO on its photothermal properties was also studied. The results
showed that the PNIPAm/ATO film with 10% Sb doping had the best response speed and
solar modulation ability [26,27] (Figure 3c). With the increase in ATO content and film thick-
ness, the solar modulation ability and response speed will also increase [28]. Subsequently,
a supramolecular nanocomposite hydrogel film was prepared by integrating ethylene
glycol-modified pillar [5] arene (EGP5) and ATO [28]. Owing to the thermo-responsiveness
of EGP5 and plasmonic heating induced by the near-infrared absorption of ATO, the film
exhibited an outstanding photo-thermochromic effect, with an excellent solar modulation
ability (56.1%) and initial luminous transmittance (77.2%) (Figure 3d). The dynamics and
reversibility of the host-guest interaction between EGP5 and the pyridinium unit can avoid
the collapse and damage of the polymeric hydrogel structure, which solved the problem of
its poor durability and the repeatability of the hydrogels. Then, Wu et al. [29] prepared
CsxWO3/PAM-PNIPAm smart windows, in which CsyWO3 was the photothermal compo-
nent, PNIPAm was the optical control switch and polyacrylamide (PAM) hydrogel was
the skeleton of the hydrogel matrix, so as to prevent any damage to the hydrogel structure.
This smart window system was mainly heated by the near-infrared(NIR) light. While main-
taining a good visible light transmittance, nearly 96% of the near-infrared light can be
shielded by this window, and the indoor temperature can be maintained at approximately
25 °C. It can greatly reduce energy consumption from sources such as air conditioning
and heating.

Photothermal materials, such as GO and Cs,WOj3, mainly use high absorption char-
acteristics to convert light energy into heat energy. However, AuNRs and Cu;S; used a
local surface plasmon resonance effect to convert absorbed light energy into the kinetic
energy of electron resonance, and then converted it into the vibration energy of the lat-
tice through the lattice scattering of electrons [30]. The heat energy of lattice vibration
was transmitted to the surrounding environment, thereby increasing the temperature of
the environment. Cao et al. (Figure 3e,f) [31] prepared polyvinylalcohol/thermochromic
dyes/AuNRs sunlight-responsive smart window films through combining the thermal dis-
coloration property of the thermochromic material and the photothermal effect of AuNRs.
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Then, this composite material was combined with hydroxypropyl methylcellulose (HPMC)
to prepare a smart window model with good optical properties. This model can achieve
a stable optical performance transition under sunlight, and by controlling the content of
AuNRs and the type of dye, a prototype of color smart windows with different switching
temperatures can be achieved. (Figure 3g). Using a similar principle, Zhu et al. [32] pre-
pared a smart window based on CuyS;/PNIPAm hydrogel with a lower price and cost
(Figure 3h). Based on the good light and heat effect of CuyS,, this smart window can not

only respond quickly at room temperature, but can also improve the indoor temperature in
the cold.
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Figure 3. (a) Photos of the transparency/opacity transition of PNIPAm glass and GO/PNIPAm glass
before and after 5 min of sunlight. Reproduced with permission from [25]. Copyright 2017, Elsevier.
(b) Color GO/PNIPAm glass. Reproduced with permission from [25]. Copyright 2017, Elsevier.
(c) Ultraviolet—visible-near infrared absorption spectra of 0.025 wt% SnO, with Sb doping content of
0, 5 and 10%. Reproduced with permission from [27]. Copyright 2017, American Chemical Society.
(d) Transmission spectra of SHATO films at different temperatures. Reproduced with permission
from [28]. Copyright 2018, Elsevier. (e) PTCSWs prototype and pure HPMC in the hot summer
(left), digital photos of soft sunny summer days (middle) and cloudy days (right). Reproduced
with permission from [31]. Copyright 2018, Elsevier. (f) Temperature rise trajectory of PVA/dye
film with or without AuNRs. Reproduced with permission from [31]. Copyright 2018, Elsevier.
(g) UV-Vis-NIR spectra of PTCSWs prototype. Reproduced with permission from [31]. Copyright
2018, Elsevier. (h) Photos of CuySs/PNIPAm and PNIPAm hydrogels under real sunlight in summer
(31 °C). Reproduced with permission from [32]. Copyright 2019, Elsevier.

2.3. Liquid Crystal Smart Windows

Liquid crystals respond to temperature stimulation by adjusting the orientation of
anisotropic molecules. They show a high transparency at a low temperature and become
blurred due to strong light scattering at a high temperature. They have broad application
prospects in the field of smart windows. Through combining the liquid crystal polymer and
the photothermal properties of CsxWOs3, a flexible multi-response smart film with excellent
mechanical strength was obtained [33]. In actual application, the transmittance of visible
light through temperature and infrared light can be controlled, and 95% of near-infrared
radiation in the range of 800~2500 nm can be shielded by this film. This film can achieve a
mass production by using a roll-to-roll process, which had great significance in the field of
smart windows.
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In addition, liquid crystals are often combined with azo dyes to prepare UV-driven
liquid crystal devices. Azo dye is an ultraviolet (UV) photochromic material that can
change its molecular shape when irradiated by light. The trans-formed form azo deriva-
tives is rod-shaped, which can stabilize the liquid crystal phase, whereas the cis form
is curved, and when it exists, will destroy the stability of the liquid crystal phase [34].
Under UV irradiation, the directional alignment of liquid crystal molecules can be induced
by the photoisomerization of azobenzene molecules, thereby driving its phase transition.
Oh et al. [35] proposed a photoelectrically adjustable cholesteric liquid crystal doped with
push-pull azobenzene. These liquid crystals can be stimulated by light or heat to achieve a
reversible conversion between transparency and opacity. Then, Oh et al. [36] further doped
push-pull azobenzene and chiral liquid crystals to prepare liquid crystal smart windows
controlled by ultraviolet light and temperature. Under UV irradiation, the transformation
of the liquid crystals, from the transparent chiral smectic phase (SmA* phase) to the opaque
chiral phase sequence (N* phase), was induced by the trans-cis photoisomerization of push-
pull azobenzene (Figure 4a). In addition, Kuang et al. [37] prepared a stable azobenzene
copolymer brush, which was used as a substrate to prepare UV-driven polymer-stabilized
liquid crystal (PSLC) smart windows (Figure 4b).
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Figure 4. (a) Self-occlusion shutter schematic and POM images [36]. (b) Preparation process of
polymer-stabilized liquid crystal (PSLC) smart window. Reproduced with permission from [37].
Copyright 2017, American Chemical Society.

2.4. Chapter Summary

A recent progression of photo-driven thermochromic smart windows is introduced
in this section. In order to achieve the transformation of the optical properties of ther-
mochromic materials at room temperature, through using the photothermal conversion
performance of photothermal materials, the surface temperature of the composite device
was increased, and the optical performance of the composite device was changed. Research
from single-band light-absorbing materials to multi-band light-absorbing materials has
improved the optical performance of smart windows to the greatest extent.
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At present, the research on photo-driven thermochromic smart windows is still in the
preliminary stage, and its research is mainly concentrated on three types of VO,, hydro-
gels and liquid crystals. In the future, it is still necessary to explore the combination of
different photothermal materials and thermotropic materials to further improve the optical
performances and durability of smart windows, and to realize large-scale, industrialized
production. So far, most of the research is still focused on the photothermal performance
and optical performance of composite devices, whereas there is less research on the dura-
bility and mechanical performance of the composite device. This is an aspect that needs to
be focused on.

3. Electro-Driven Thermochromic Smart Windows

Compared with the photo-driven thermochromic smart windows, the electro-driven
thermochromic smart windows adds active regulation, which can independently adjust the
transparency of the windows. The selection of electric heating materials and the structure
of the electric heating layer were mainly researched in electro-driven thermochromic smart
windows. The electrode materials with a low cost, mature preparation technology and high
electrical and thermal conductivity tended to be selected. The structure of the electro-driven
thermochromic smart windows was more complicated than those that were photo-driven,
and its structure was also the focus of research. Further research is still needed in order to
avoid the influence of the electric heating layer on the optical performance of the composite
device and to increase the electric heating rate.

3.1. VO,-Based Smart Windows

Due to the advantages of high transparency, high thermal conductivity and high elec-
trical conductivity, electrothermal materials such as ITO and AgNWs have been integrated
into different kinds of electro-driven thermochromic smart windows. Beydaghyan et al. [38]
prepared VO, films with a high transmittance and excellent thermochromic switching
performance on the ITO layer. A VO, phase transition was induced by Joule heating with
ITO layer as the conductive layer. The transmittance of VO, /ITO films at 2500 nm has
a reversible conversion from as high as 65% to near to zero. The particle size of VO,
deposited on ITO was smaller than that deposited on the glasses, which reduced the phase
transition temperature of VO, to a certain extent. Compared with the heating plate, the
phase transition temperature of VO, deposited on ITO is lowered by 4~7 °C. On this basis,
Li et al. [39,40] studied the optical properties of VO,-based electro-driven thermochromic
smart windows with AgNWs and ITO as conductive materials. The decrease in the in-
frared spectrum can be observed in the AgNWs/VO, device at the voltage of 6.5-8 V
(Figure 5a,b), and a further increasing of the voltage no longer leads to a decrease in the
infrared spectrum. The same phenomenon was produced in ITO/VO, devices at approxi-
mately 12.5-15 V. However, when the voltage was applied, the ITO substrate had a strong
absorption rate at 2500 nm, and its infrared switching performance could be extended to
near infrared regions.

In practical applications, how to reduce production costs and realize large-area heating
is a problem to be considered in electric-driven thermochromic smart windows. The prepa-
ration technology of ITO has become mature, but the price is expensive. Therefore, using
ITO as an electric heating device will greatly increase the preparation cost. Generally,
the use of cheap and stable electrodes, such as fluorine-doped SnO, (FTO) [41,42], Al:
ZnO (AZO) [43,44], will be more conducive to the development of electrically driven
thermochromic smart windows.

Both FTO and ATO were transparent conductive oxides that were easy to prepare
and had a low cost. The optical constant of FTO is between VO, and glass, and the
dielectric constant is similar to VO,. Therefore, the optical performance of VO, can be
effectively improved by introducing an FTO buffer layer between glass and VO,. It has been
proven that that VO, phase transition can be driven by applied voltage on FTO/VO,/FTO
multilayer films [38]. However, the threshold voltage also increased with the increase in
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the area of FTO and VO, [41,42]. Then, Xu et al. [42] directly deposited VO, on FTO glass.
The experiment results showed that the rapid phase transition of VO, in a large area can
be achieved by applying a voltage below 6 V.

Similarly, studies have shown that, as long as a weak electric field is applied to the
AZO/VO; film, the fine control of the phase transition of the VO, film can also be real-
ized [43]. Furthermore, the structure of the AZO/VQO, film is also the focus of research.
A suitable structure can reduce the voltage demand and further reduce energy consump-
tion. The optical properties of AZO/VO, multilayer films with different structures were
studied [44] (Figure 5c). The results showed that depositing AZO on the edge of VO, can
maintain the Joule heating effect and the phase transition amplitude. The phase transition
temperature of VO, was reduced by introducing strain at the same time. Compared with
depositing VO, on AZO, this structure was more suitable for electric-driven thermochromic
smart windows.

In addition to using the Joule heating effect to drive the phase transition of ther-
mochromic materials, the phase transition can also be regulated by directly using bias
voltage. In order to overcome the limitation of the high phase transition temperature
of VO,, Chen et al. [45] adopted the method of directly growing VO, on layered mica
sheets and integrating it with highly transparent single wall carbon nanotube (SWNT)
films (Figure 5d). By adjusting the bias current, it is possible to change the starting local
temperature and shift the initial situation close to the “phase transition boundary”, re-
sulting in the decreased energy barrier in order to trigger the MIT behavior. This device
has important application prospects in the future. Further, Chen et al. [46] modulated
the reversible form of H from the VO, lattice with a solid electrolyte layer assisting gat-
ing treatment. The insulation—metal-insulation tristate phase transitions of VO, were
realized (Figure 5e). The transition between H,VO, and HVO, can produce an obvious
electrochromic effect at room temperature. The dramatic increase in the visible/infrared
transmittance due to the phase transition from the metallic (lightly H-doped) to the insu-
lating (heavily H-doped) phase results in an increased solar energy regulation ability of
up to 26.5%, while maintaining a 70.8% visible luminous transmittance (Figure 5f). This
effectively overcame the defects of the traditional VO, intelligent windows. In addition,
Lee et al. [47] integrated electrochromic materials and thermochromic materials into a
single device to achieve a single or dual response, but this device failed to achieve effective
control of the VO, phase transition. Therefore, Jia et al. [48] combined electrochromic and
thermochromic materials to design an all-solid-state VO;-based multilayer device with
a VO, /LiTaO3/WOj; sandwich structure. The reversible doping of Li in the VO, lattice
was controlled by the bias voltage. This not only avoids the degradation of the optical
performance of VO, caused by doping, but also effectively realizes the regulation of the
phase transition temperature of VO5.

3.2. Hydrogel Smart Windows

Traditional hydrogels, such as PNIPAm, are easily dehydrated in harsh environments.
Therefore, they have a poor thermal stability. At 60 °C, the total weight of PNIPAm
decreased by 90% after 30 min due to the poor water retention ability [49]. In the photo-
driven part, some researchers have already proposed solutions for this [28,29], and in the
electro-driven part, Gyenes et al. [50] prepared an electrically driven polymer gel smart
window. The polymer gel was composed of two thermally induced gel layers. The active
hydrogel layer was used to adjust the optical performance of the window, and the inactive
gel layer prevented the active gel from generating spatial separation after phase separation,
which was used to improve the stability of the device. The optical properties of the gel layer
can be controlled by changing the audio frequency alternating current. In this way, the
electrolysis and gas generation of hydrogels can be avoided, and the durability of hydrogel
smart windows can be further improved. Besides, Chen et al. [51] designed a thermo- and
electro- dual response smart window system based on P(NIPAM-Dav) (diallyl-viologen)
ionic liquid (IL) gel. The transmittance change in the fabricated devices was observed to be
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greater than 50% at a wavelength of 580 nm. After 20 continuous cycles, the transmittance
had no obvious decay, indicating that the device had good stability.
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Figure 5. (a) The preparation process diagram of VO,NF/AgNWS electrochromic film on glass
substrate. Reproduced with permission from [39]. Copyright 2014, Royal Society of Chemistry.
(b) Transmission spectra of VO,NF/AgNWS electrochromic films under different applied voltages.
Reproduced with permission from [39]. Copyright 2014, Royal Society of Chemistry. (c) VO, /AZO
multilayer structure, AZO at the bottom and edge diagram. Reproduced with permission from [44].
Copyright 2020, Springer Nature. (d) CNT-VO,-MICA film preparation process schematic diagram.
Reproduced with permission from [45]. Copyright 2017, Elsevier. (e) Gate control diagram of VO,
device with source, drain and gate. Reproduced with permission from [46]. Copyright 2019, The
American Association for the Advancement of Science. (f) Optical transmission spectra of VO,
H, VO, and HVO, films. Reproduced with permission from [46]. Copyright 2019, The American
Association for the Advancement of Science.

Furthermore, in order to improve their optical performance and the response rate
of electro-driven hydrogels smart windows, it is necessary to focus on the materials and
structures of the electric heating layers [52-57]. Zhou et al. [52] prepared transparent
conductive grids by using silver nanoparticles through a simple room temperature prepa-
ration process (Figure 6a) and studied the electrothermal effects of conventional grids
and honeycomb structures. The results showed that the initial light transmittance of the
honeycomb was 30% lower than that of the grid structure, but the heating efficiency was
higher (Figure 6b). Then, in order to seek lower cost electrode materials, using Sn [53] and
Cu [54] as conductive materials, a high connectivity metal wire mesh was prepared on the
HPMC hydrogel layer by means of crack lithography. (Figure 6¢,d). The Sn electrode had a
light transmittance of approximately 80%. With the 8 V voltage applied, the transformation
of the optical properties can be driven by the Joule heat generated by the Sn electrode.
Similar electro-driven characteristics can be produced in the Cu electrode at a voltage
of 4.5 V. Importantly, the variation of hydrogel optical properties can be driven by the
two electrodes, with approximately only a 0.2 W/cm? power consumption. They are
inexpensive, and can be used as a substitute for electrodes such as Ag and ITO.

3.3. Liquid Crystal Smart Windows

Cholesteric liquid crystals are also called spiral liquid crystals, and can selectively
reflect the light incident along the spiral axis. Chen et al. [58] demonstrated a generally
transparent smart window based on a cholesteric liquid crystal with negative dielectric
anisotropy (Figure 7). The transparency of this window can be controlled through the
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field strength. When there was no voltage, it showed a well-arranged plane cholesteric
texture, showing a transparent state. When applying voltage, it presented a diffuse state
and became blurred.
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Figure 6. (a) Ag mesh electrode square and honeycomb arrays. Reproduced with permission
from [52]. Copyright 2016, Wiley. (b) Sunlight transmittance of conventional and honeycomb
arrays [52]. (c¢) Schematic diagram of the manufacturing steps of Sn/hydrogel devices. Reproduced
with permission from [53]. Copyright 2017, Elsevier. (d) Cu/HPMC hydrogel before and after Joule
heating [53]. Reproduced with permission from [53]. Copyright 2017, Royal Society of Chemistry.

In recent years, liquid crystal polymers have attracted extensive research interest due
to their excellent physical and chemical properties. Liquid crystal polymers are mainly
divided into polymer-dispersed liquid crystal (PDLC) and polymer stabilized liquid crystal
(PSLC). PDLC has good mechanical properties, but, in the absence of electric field, its
molecular arrangement is disordered and presents a fuzzy state. PSLC can stabilize the
initial orientation of liquid crystal molecules through the network, showing a transparent
state. Based on this, mesogenic functionalized graphene (MFG) is integrated with PSLC to
prepare a film with a self-assembled chiral structure. The optical properties of this film can
be controlled by electricity heat and near-infrared light [59]. Later, the good mechanical
properties of PDLC were combined with the high initial transparency of PSLC to prepare a
composite film of a phase-deposited polymer network [60], which had a good mechanical
strength and processability. This film can regulate the visible light and near-infrared by
responding to the stimulation of electricity, heat and ultraviolet light, has a region of
400-2500 nm and has excellent optical properties.

3.4. Chapter Summary

Compared with the photo-driven thermochromic smart window, the electro-driven
thermochromic smart window added active regulation, which can independently adjust the
transparency of the windows. The selection of electric heating materials and the structure
of the electric heating layer were mainly researched in electro-driven thermochromic smart
windows. Electrode materials with a low cost, mature preparation technology and high
electrical and thermal conductivity tended to be selected. The structure of the electro-driven
thermochromic smart windows was more complicated than that of the photo-driven; in
order to avoid the influence of the electric heating layer on the optical performance of the
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composite device and to increase the electric heating rate, its structure was also the focus
of research, and further research is still needed.
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Figure 7. (a) Schematic diagram and photo of CLC smart window (d ~ 45 um). Reproduced with
permission from [58]. Copyright 2018, Optica. (b) Schematic diagram of preparation and response of
ITOncs/liquid crystal. (a—c): a single ITO NC is encapsulated with a hydrophilic silicon barrier to
form a core/shell structure, and then subjected to methacryloylpropyl-trimethoxysilane (MPTMS)
surface treatment; (d-k): Preparation procedures for the smart film: a homogenous polymeric
syrup is sandwiched between two plastic transparent substrates (d), and the film is irradiated with
ultraviolet light to form a porous polymer network and LCs droplets (e,f). Then, an electric field
is applied to perpendicularly orient the LCs (g), meantime, a second step of UV polymerization is
carry out to complete the cross-linking between PLCs in the LCs droplets to form orientated liquid-
crystalline polymer networks in the porous structure (h). According to temperature or electric field,
the original film (1) can be reversibly changed between transparent (n) and opaque (m). Reproduced
with permission from [60]. Copyright 2017, Royal Society of Chemistry.

4. Conclusions

Aimed at the problem of thermochromic smart windows responding to high temper-
atures in practical applications, this paper summarized the research progress of photo-
/electro-driven thermochromic smart windows. It is generally accepted that photothermal
materials or electrothermal materials were used to cooperate with thermochromic materials
to control the incidence of sunlight at room temperature. This method can effectively
solve the problem of an excessively high response temperature of thermochromic smart
windows, further increasing the application range of thermochromic smart windows. This
can promote the development of smart windows in terms of no energy consumption and
a high popularity. However, the current photo-/electric-driven thermochromic smart
windows are still in the preliminary stage of development. To commercialize the photo-
/electric-driven smart windows as soon as possible, future research should focus on the
following three aspects.

(1) Photo-/electro-driven thermochromic smart windows were still limited by the char-
acteristics of the materials, and each material used in reports now has certain shortcomings.
In the future, it is still necessary to modify these materials and develop novel photothermal
materials, and it is urgent to explore the combination of different photothermal materials
and thermotropic materials in order to improve the optical performance of smart windows;

(2) To promote the commercialization of photo-/electro-driven thermochromic smart
windows, smart windows that have good mechanical effects, a low cost, are easy to promote
and have long-term stability need to be prepared. Therefore, reducing the cost of materials
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and improving the stability and mechanical properties of devices are crucial in promoting
commercial production;

(3) Photo-/electro-driven thermochromic smart windows have greatly promoted the
development of smart windows in the direction of no energy consumption. The next
development trend is to combine them with energy storage devices to collect energy and
further promote energy conservation.
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