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Abstract: Zinc oxide and titanium dioxide are materials with strong photocatalytic and antimicrobial
activity. This activity is greater when the material is in nanocrystalline form. It has been seen that
these properties are also present in the ZnO-TiO2 nanocomposite material, and the extent depends
on multiple factors, such as crystallinity, structural composition, crystallite size, and morphology.
These structural properties can be varied by acting on the synthesis of the material, obtaining a wide
variety of composites: random nanoparticles, nanorods, nanowires, nanotubes, nanofibers, tetrapods,
core–shell, hollow spheres, inverse opal structures (IOSs), hierarchical structures, and films. When an
interface between nanocrystallites of the two oxides is created, the composite system manages to have
photocatalytic activity greater than that of the two separate oxides, and in certain circumstances, even
greater than P25. The antimicrobial activity results also improved for the composite system compared
to the two separate oxides. These two aspects make these materials interesting in various fields, such
as wastewater and air treatment, energy devices, solar filters, and pharmaceutical products and in
the context of the restoration of monumental cultural assets, in which their use has a preventive
purpose in the formation of biofilms. In this review we analyse the synthesis techniques of ZnO-
TiO2 nanocomposites, correlating them to the shape obtained, as well as the photocatalytic and
antimicrobial activity. It is also illustrated how ZnO-TiO2 nanocomposites can have a less negative
impact on toxicity for humans and the environment compared to the more toxic ZnO nanoparticles
or ZnO.

Keywords: composite materials; ZnO-TiO2; photocatalyst; antimicrobial

1. Introduction

Both ZnO and TiO2 have received great attention for their unique properties, which
make them suitable for a lot of application. The most common and well/known allotropic
phase of ZnO is the hexagonal wurtzite, which is the stable phase at ambient conditions.
ZnO presents two other cubic allotropic phases: rocksalt and zinc blende [1]. TiO2 has
four natural allotropic phases: rutile, the most stable one, anatase, brookite and TiO2 (B),
and two synthetic high-pressure phases: TiO2 (II) and TiO2 (H) [2]; anatase and brookite
transform into rutile if heated above 750 ◦C [3].

ZnO and TiO2 are semiconductors with a wide band gap energy, they have thermal
stability, antibacterial and photocatalytic properties. They are transparent in the visible
range of the electromagnetic spectrum and absorb in the UV region. Moreover, ZnO is a
piezoelectric material and TiO2 is biocompatible [1–4].

Titanium dioxide in the anatase phase shows reversible wetting behavior when ex-
posed alternately to the dark or to UV irradiation. It is hydrophobic after dark exposition
and hydrophilic after UV exposition. This allows us to create transparent antifogging
coatings [5].

All these excellent properties make them suitable for applications in many fields
ranging from biomedical to environmental remediation, photovoltaics, photo catalysis,
photonic devices, and protective and/or antibacterial coatings.
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ZnO-TiO2 nanocomposites (ZTNCs) have been proposed in most applications already
tested for pure ZnO nanoparticles (ZNPs) and TiO2 nanoparticles (TNPs), in order to
improve performances of the pristine oxides. ZTNCs may present very differentiated
structure and properties because of the combination of different allotropic phases of both
oxides and the coexistence of different allotropic phases of the same oxide. Synthesis
methodologies and strategies have been explored to give rise to a large variety of shape,
structure and composition. The availability of different chemical, physical and hybrid
synthesis methodologies, combined with the possibility of modifying numerous process
variables, make it possible to obtain materials with different structural characteristics, such
as crystalline structure, morphology, particle size, energy gap, and surface area, which
give very diversified properties, and therefore possibilities of applications for the material
itself. All synthesis methods usually use high temperature as a final treatment, and this
can potentially lead to the formation of titanium–zinc mixed oxide: cubic spinel zinc
orthotitanate (Zn2TiO4) [6,7], zinc metatitanate (ZnTiO3) [6] as the hexagonal ilmenite [7]
or cubic perovskite [8,9] and the cubic Zn2Ti3O8 [7]. Moreover, Zn may migrate into the
TiO2 crystal lattice and, vice versa, and Ti can migrate into the ZnO crystal lattice. This last
aspect is specifically faced only in certain studies in the calculation of the lattice parameters,
but most of time it is neglected.

This review collects papers about the synthesis, properties, photocatalytic and bio
activity of ZTNCs; this review does not consider those papers in which ZnxTyOz formation
is relevant. Solid solutions of zinc in titania or of titanium in zinc oxide are, indeed,
considered here, in virtue of the fact that this aspect is not always faced in many papers and
mutual solubility of one oxide in the other may be always present, and probably is, even
when both phases are identified by XRD [10]. This review consists of three parts. The first
one refers to describing synthesis methodology and strategies, and the structural properties
of the ZTNCs, such as structure, crystallite size, surface area, and energy band gap, which
determine synergistic effects between two oxides and influence the final photocatalytic
properties, as described in the second part. Finally, since the use and potential applications
of nanoparticles (NPs) have been increasing in recent years, possible toxic effects on human
and environmental health are taken into consideration in the third part. ZTNCs have been
synthesized in a wide variety of shapes and structures, and in this review we have chosen
to deal with the synthesis methodologies as a function of the shape of the final composite,
considering as a separate section the solid solutions of zinc oxide in titanium dioxide and
titanium dioxide in zinc oxide. The section concerning the photocatalytic reactions has
been addressed by classifying the reactions based on their purpose and, possibly, the target
molecule. Finally, the section about the bio-activity of the ZTNCs will analyze factors
influencing antimicrobial and toxic activity of ZTNCs compared to those of ZNPs and
TNPs. Scheme 1 shows the shapes of the synthesized ZTNCs.

The synthesis could be obtained by a single-step reaction only for the simpler shapes,
such as Zn-doped TiO2 and Ti-doped ZnO, ZnO-TiO2 random nanoparticles, hollow
spheres, French fries, and nanofibers; moreover, some of these shapes have been syn-
thesized with alternative methodologies. In Scheme 2, the synthesis method used to
prepare these simpler shapes is shown.

Appropriate synthesis strategies for more complex shapes, such as core–shell nanos-
tructures, hierarchical structures, hierarchical films on substrate, and composites on tita-
nium dioxide nanotubes, include two or more stages. Furthermore, these shapes often
include several sub-shapes, and a simple schematization of the methodologies used is
not possible. Scheme 3 shows some of the sub-forms included in the more complex
shapes already listed, while the description of the methodologies used is faced in the
Synthesis Section.
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Scheme 1. Different ZnO-TiO2 composite shapes synthetized.
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Scheme 3. Sub-shapes of the more complex shapes. 
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Scheme 3. Sub-shapes of the more complex shapes.

The section concerning the photocatalytic reactions has been addressed by classifying
the reactions based on their purpose: dye degradation, environmental contaminant degra-
dation and energy-generation reaction; additionally, the dye-degradation reactions were
further classified according to the dye itself. In this section it is shown that most of the time
ZTNCs are more photoactive than ZnO and TiO2 NPs, and, sometimes, more than P25 TiO2,
which is considered a standard in photocatalysis. Factors enhancing the photoactivity of
ZnO-TiO2 nanocomposite are considered, such as energy gap, electron–hole recombination,
oxygen vacancies creation, crystallinity, surface area, zero-point charge, catalyst acidity,
and working photocatalysis parameters (catalyst loading, initial dye concentration and pH
solution), as highlighted in Scheme 4.
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The bioactivity section shows how the antimicrobial activity of ZTNCs against bacteria
and fungi also increases compared to TNPs and ZNPs, and, at the same time, reduced
cytotoxicity is found and the factors that influence the different activity are analyzed.

2. Synthesis

This section outlines the preparation methodologies for ZTNCs, categorized by shape.
It considers the main synthesis parameters and characteristics of the final products. While
these synthesis parameters can vary depending on the method, they typically include the
starting materials, synthesis technique, heat treatments, and product composition. The
properties of ZTNCs here examined are those that, as discussed in the photocatalysis
section, significantly affect the material performance in term of photocatalysis and bio
activity. These include crystalline structure, crystallite and particle size, surface area, and
energy gap. Not all materials here presented have been effectively used in photocatalytic
or antimicrobial activities, but we aim to include these as suggestions for future research.

The first paragraph focuses on Zn-doped TiO2 and Ti-doped ZnO. Although these
materials are not typically regarded for their photocatalytic and antimicrobial properties,
they are particularly interesting because there is likely mutual solubility between the two
oxides in all ZTNCs. Therefore, the text analyzes the solubility limits observed in certain
synthesis, though there are few detailed studies on this topic. It also describes how material
properties relevant to photocatalytic performance, such as crystallite size, surface area, and
energy gap, are changed when solubilization occurs.

2.1. Zn-Doped TiO2 and Ti-Doped ZnO

ZnO and TiO2 have different crystal structure and present a misfit in ionic radius,
which is 0.61 Å for Ti4+ and 0.74 Å for Zn2+ [11]. Nevertheless, they can show a moderate
mutual solubility, with relevant results in the context of semiconductor and photocatalysis.
Although the mutual solubility limits of the two oxides are thermodynamic data, the
experimental values found can vary, based on the synthesis conditions.

Zn concentration higher than 0.1 at.% in nanocrystalline anatase gave rise to ZnO
segregation on samples obtained by solid-state reaction between pristine oxides at a tem-
perature of 300 ◦C; a slightly higher solubility (0.1–0.5%) was allowed with a calcination
temperature of 600 ◦C [12].

Zinc was dissolved into anatase lattice up to 10% (at.%) using a sol–gel synthesis
method followed by a drying in supercritical conditions and a calcination treatment at
500 ◦C for 10 h [11]. Increasing the amount of dissolved zinc in the anatase lattice caused it
to distort, which prevented particle growth, and thus a decrease in crystallite size, from
17 nm (pure anatase) to 13 nm (anatase with 10% zinc) and an increase in surface area from
77 to 94 m2 g−1 were found. The increasing amount of dissolved zinc was also associated
with an increase in the energy gap from 2.96 eV to 3.02 eV.

An increase in surface area from 19 to 53 m2 g−1 with increasing zinc concentration
from 0% to 1% (Zn/Ti at. ratio) was also found in anatase microsphere synthetized by
precipitation method and calcinated at 450 ◦C, together with a decrease in crystallite
size [13].

Zn-doped anatase NPs synthesized by the hydrothermal method showed an increase
in d101 spacing compared to pristine anatase, together with an expansion in the <001>
direction and no evidence of ZnO either in XRD or STEM, revealing a homogeneous
dispersion of zinc in the anatase lattice for Zn-doped anatase up to 3% [14].

Zn-doped nanocrystalline porous anatase synthesized using agarose gel with a calcina-
tion temperature of 450 ◦C allowed a maximum solubility of zinc in the anatase structure of
2%; also, in this case, the Zn doping caused a distortion in the anatase lattice and prevented
the growth of the crystallite size [15].

Zn-doped anatase nanotubes (NTs) grown by atomic layer deposition (ALD) using
a polycarbonate (Millipore) as a template and followed by annealing at 450 ◦C, showed
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a Zn solubility of up to 8 at.%, but a surface enrichment of zinc up to 16% with local
amorphization of TiO2 was present [16].

Zn-doped anatase NPs prepared by the polymeric precursor method and calcined
at 500 ◦C, showed surface segregation of ZnO on TiO2. ZnO was detected only by XPS,
and not by XRD. In this case, the surface-segregated ZnO was lixiviated by HNO3 and a
maximum residual bulk solubility of zinc oxide in anatase lattice was limited to 0.39% mol,
with an initial composition of 8.5% [17].

Zn-doped TiO2 properties and synthesis conditions are reported in Table 1.

Table 1. Zn-doped TiO2 properties and synthesis conditions.

Shape and
Particle Size
(PS)

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

Surface Area
(SA) and E
Gap

Ref.

Nanosized
mesoporous
NPs

Sol–gel
method

TTIP, EtOH
DW, ZN,
HNO3

Zn mol.% = 0,
0.1, 0.2, 0.3, 0.5,
1, 2, 5, 10%

Drying:
supercritical
conditions:
Tc = 235.1 ◦C,
Pc = 47.6 bar,
ρc = 0.273 gcm−3;
calcination:
500 ◦C.
10 h, air

CP: anatase.
CS: 17–13 nm,
decreases with
increasing Zn
content.
c dimension
decreases
(9.509–9.493 Å)
with increasing
Zn content

SA = 77–94 m2

g−1, increases
with increasing
Zn content.
E gap:
2.96–3.02 eV,
increases with
increasing Zn
content

[11]

Microspheres.
PS: decreases
with
increasing Zn
content

precipitation
method

ZN, EG, TTIP,
acetone, DW

Zn/Ti at. ratio
= 0, 0.25, 0.5,
1%

Annealing:
450 ◦C, 2 h

CP: anatase.
CS: 15–25 nm
decreases with
increasing Zn
content

SA = 19–53 m2

g−1 increases
with increasing
Zn content

[13]

<001>
elongated NPs

hydrothermal
method

TBT, ZAc,
TEA, DW

Zn/Ti at. ratio
= 0, 3.5, 8, 13.5

Autoclave:
180 ◦C,
16 h

CP: anatase
and wurtzite
(W only in ZnO
mol% = 13.5%)

SA = 43 m2 g−1 [14]

Mesoporous
nanosized
NPs

Hydrolysis
condensation
in agarose gel
template

ZAc, TTIP,
DW, MeOH,
agarose gel

Zn at.% = 0, 0.5,
1, 2, 4, 6, 8

Drying: 60 ◦C,
5 h; calcination:
450 ◦C,
10 h

CP: anatase.
CS: 15–11 nm,
decreases with
increasing Zn
content up to
2% then
remains
constant.
c dimension:
9.490–9.465 Å
decreases for
Zn(%at.) 0–2,
then remains
constant

SA = 60–70 m2

g−1 [15]

TNTs
inner ∅TNTs
~100 nm, wall
thickness
~50–100 nm,
lengthNTs =
10–15 µm

ALD (400
cycles) on
polycarbon-
ate
(Millipore)
template

TiCl4, ZnEt2,
DW, N2

Zn at.% = 1, 2,
3, 8% 450 ◦C, 2 h

CP: anatase
CS: 20–15 nm,
decreases with
increasing Zn
content

[16]



Reactions 2024, 5 686

Table 1. Cont.

Shape and
Particle Size
(PS)

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

Surface Area
(SA) and E
Gap

Ref.

Agglomerated
NPs

Polymeric
precursor
method
(sol–gel
Pechini)

TTIP, EG,
CitrA (citric
acid), ZN,
DW

Zn mol.% = 0,
0.39, 0.85, 4.25,
8.55%

Calcination:
450 ◦C,
5 h + 500 ◦C, 15′

CP: anatase.
CS: 25–10 nm,
decreases with
increasing Zn
content

SA = 27–46 m2

g−1, increases
with Zn
content from 0
up to 5% and
then decreases

[17]

Ti-doped ZNPs synthesized by the Pechini sol–gel method and calcined at 500 ◦C
showed only the wurtzite phase; moreover, the increasing TiO2 content up to 5% (wt.%)
caused distortions in the lattice and a decrease in the crystallite size from 24 to 16 nm [18]. Ti-
doped wurtzite films grown by simultaneous RF and DC magnetron sputtering showed the
wurtzite structure with a preferential (002) orientation with a surface elemental content ratio
Zn/O/Ti = 89.3/9.6/1.1, and amorphization occurred with a higher Ti content [19]. Similar
results were found for films grown by RF magnetron sputtering with a post-annealing
treatment at 700 ◦C; higher crystallinity allowed lower resistivity [20].

Films deposited by ALD showed a wurtzite structure with a Ti/Zn atomic ratio
up to 1/5; moreover, films had a preferential orientation depending on Ti content. The
lower Ti/Zn atomic ratio (1/20) gave rise to the (002) preferential orientation and lower
resistivity [21].

ZnO tetrapods obtained by thermal evaporation were doped with titanium by solid-
state reaction at 550 ◦C, and the titanium dioxide content was 10 wt.%. The effective
titanium doping was confirmed by the shift in the E2 and A1 Raman signals to lower and
higher wavenumbers, respectively [22].

Ti-doped ZnO properties and synthesis conditions are listed in Table 2.

Table 2. Ti-doped ZnO properties and synthesis conditions. The numbering in the synthesis-method
column and starting-material column indicates the succession of steps in the synthesis.

Shape and
Particle Size

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

Agglomerated
spherical NPs
PS = 100 nm

Pechini
sol–gel

ZAc, TBT,
EG, CitrA,
NH4OH

Ti wt.% =
0, 1, 3, 5%

Drying: 120 ◦C;
calcination:
300 ◦C, 3 h,
500 ◦C, 4 h

CP: Wurtzite.
CS: 25–15 nm,
decreases with
increasing Ti
content

[18]

Film on glass

Simultaneous
RF (ZnO)
and DC (Ti
doping)
magnetron
sputtering

ZnO, Ti

Zn/O/Ti at.
ratio =
89.3/9.6/1.1,
88.3/10.0/1.7,
86.6/10.6/2.8,
81.9/14.1/4.0

CP: amorphous
(Ti at.% > 2%),
(002) oriented
wurtzite (Ti
at.% =< 2%);

E gap =
3.39–3.92 eV [19]

Film on
corning glass

Magnetron
sputtering

sintered
(1000–1300
◦C) targets
from ZnO
and TiO2
powder

Ti/Zn/O at.
Ratio =
0.7/46.2/531,
1.4/44.5/54.1,
2.0/43.7/54.3,
2.8/42.5/54.7,
3.4/41.0/55.6

Annealing: 700
◦C, in Ar

CP: amorphous
(Ti at.% > 2%),
(002) oriented
wurtzite (Ti
at.% < 2%);

E-gap =
3.33–4.33 eV,
increases with
increasing Ti
content

[20]
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Table 2. Cont.

Shape and
Particle Size

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

film on quartz
glass, film
thickness =
100 nm

ALD TTIP, ZnEt2,
DW

Zn/Ti at. ratio
= 20, 10, 5, 2, 1

CP: amorphous
(Zn/Ti = 1, 2);
wurtzite
(Zn/Ti ≥ 5),

E gap =
3.26–3.99 eV,
increases with
increasing Ti
content

[21]

Ti-doped ZnO
nanotetrapods
with hexagonal
branches.
branch Ø =
200–300 nm

(1) ZnO
tetrapods by
direct
thermal
evaporation;
(2) Ti doping
by solid-state
reaction

(1) Zn, O2,
Ar;
(2) ZnO
tetrapods,
TiO2

TiO2 wt.% =
10%

CP: anatase
(traces),
wurtzite

[22]

2.2. ZnO-TiO2 Random Nanoparticles (ZT/r/NPs)

In this section, the methodologies used for the synthesis of ZTNCs which do not have
a specific shape, and therefore here called random, are presented. These methodologies are
both physical and chemical, and are introduced in order of increasing complexity.

The mixing of two materials followed by a heat treatment, whether involving or
not a solid-state reaction, is one of the simplest methodologies that can be used in the
synthesis of composite materials. ZT/r/NPs were synthetized by dispersion of ZnO and
TiO2 in water [23] or methanol [24], followed by a simple drying [24] and or calcination at
400–600 ◦C [23,25]. TiO2 was usually present as the anatase phase, with irregular [24] or
spherical agglomerated [25] particles, while ZnO in the wurtzite phase showed rod-like
particles [24,25]. Surface areas were limited to the range 5–60 m2 g−1 [24–26], depending
on the starting material feature and composition and on the calcination temperature.
ZT/r/NPs were also obtained by a direct solid-state reaction between TiO2·xH2Oand zinc
carbonate, performed in a platinum crucible at 600 ◦C [27].

ZT/r/NPs were synthetized by titania impregnation with a water solution containing
a zinc salt, such as nitrate [28,29], acetate [28] or sulphate [30], followed by calcination at
400 ◦C [28–30]. The use of zinc nitrate gave rise to a greater crystallinity of the wurtzite
phase compared to zinc acetate [28]. Surface areas were limited to 50–60 m2 g−1 if anatase
was used as support [28–30] and to 10 m2 g−1 if rutile was used [28]; moreover, surface
area values decreased with increasing zinc content [28,29]. ZnO was not detectable by XRD
up to 10% (mol.%) and prevented anatase-to-rutile thermal transformation [30].

ZT/r/NPs were obtained by the hydrolysis/precipitation method in alkaline [31–35]
or acid [36] solution, usually followed by calcination in the temperature range 300–600 ◦C.
The precipitation process could be assisted by ultrasound [31] or microwave [33] treat-
ment. Surface areas of ZT/r/NPs synthetized by precipitation/hydrolysis could exceed
100 m2 g−1 [31,36], and decreased with increasing zinc content [36]. Typical crystallite sizes
were in the range 6–20 nm for anatase, [32,34,36,37] with decreasing values for increasing
zinc content, and at least 40–65 nm for wurtzite [34,36]

ZT/r/NPs synthetized by the hydrothermal method in autoclave used final thermal
treatment lower than 200 ◦C. The use of lower final-decomposition temperatures helped to
obtain ZT/r/NPs with larger surface area and smaller wurtzite-crystallite size. [38]. Surface
area could reach a value well over 200 m2 g−1 [38–41], and wurtzite crystallite size could
decrease by up to 10 nm [39]. With the increase in the autoclave-treatment temperature
value, the surface area decreased [39], while by increasing the autoclave treatment time, the
surface area could increase or decrease, depending on the composition of the composite
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and the treatment duration itself. The highest value of surface area obtained for ZT/r/NPs
by the hydrothermal method in autoclave was 375 m2 g−1 [41]. The pH of the solution
could affect the final structure and surface area, and the highest surface area value was of
360 m2 g−1, which was associated with the co-existence of anatase and amorphous TiO2
phases and was obtained with alkaline solution during the synthesis [40]. Full spheres were
synthesized by an autoclave treatment of TBT, ZAc and EtOH at 150 ◦C for 24 h, followed
by calcination at 500 ◦C. Spheres were made of anatase and wurtzite, had a surface area
below 10 m2 g−1, and the crystallite size was 5–9 nm [42].

ZT/r/NPs synthetized by sol–gel contained anatase and wurtzite phases, and some-
times rutile phase [10,43–45], and showed a large variety of morphology such as spherical,
agglomeration, hexagonal, pyramidal and rod-like shape. Morphology control could be
obtained by changing the surfactant and/or calcination temperature [44]. The catalyst
obtained with sodium dodecyl benzene sulfonate (DBS) and calcinated at 600 ◦C had a
spherical shape, while using sodium dodecyl sulfonate (SDS) and calcinating at 700 ◦C
meant the morphology changed from cubic to hexagonal nanorods and nanobelts, by
decreasing the zinc oxide content [44]. The calcination temperature was usually set at
500–600 ◦C, while at higher temperatures other phases were formed: ZnTiO3 [10,46], and
Zn2TiO4 [46]. Sol–gel ZT/r/NPs have been synthetized also by limiting the calcination
temperature to 200–220 ◦C [46,47], and in this, the resulting case particle size was smaller.
By increasing calcination temperature from 220 ◦C to 620 ◦C, the wurtzite crystallinity
increased and anatase peak intensity decreased because TiO2 partially dissolved into the
wurtzite structure [46]. Surface area of calcined materials at a typical temperature of
400–600 ◦C ranged from 30–50 m2 g−1 [43,46] up to 130 m2 g−1 [48–50]. ZT/r/NPs ob-
tained by the sol–gel method in the presence of P123 had crystallite size not exceeding
5–10 nm and surface areas of 120 m2 g−1 [51]. Drying in supercritical conditions allowed for
obtaining materials with higher surface area compared to materials obtained by calcination:
140–180 m2 g−1 against 126–130 m2 g−1, but also with a lower crystallinity degree [49].

ZT/r/NPs have been synthetized also by green synthesis. Using extracts of Calo-
pogonium mucunoides leaves in water [52] as reducing and stabilizing agents, allowed
for obtaining TiO2 in the anatase phase and ZnO in wurtzite phase. The structure was
preserved with a calcination temperature in the range 500–800 ◦C. The average crystallite
size decreased in the range 20–10 nm, increasing the calcination temperature or increasing
the TiO2 content. Extracts of Allium sativum leaf in ethanol [53] have been used as capping
and reducing agents and allowed for obtaining ZT/r/NPs with low Zn concentration
(2.5 mol.%). Only the anatase phase with a crystallite size of 4–13 nm was detected, and the
material had a surface area of 134 m2 g−1. Lignin extracted by the soda pulping process [54]
had been successfully used in green synthesis of ZT/r/NPs; the calcination temperature
was limited to 300 ◦C and ZT/r/NPs contained anatase and wurtzite phases.

Pulsed laser ablation in liquid (PLAL) resulted effective for synthesizing ZT/r/NPs
by using a Nd:Yag laser at its first (λ = 1064 nm) [55] or second (λ = 532 nm) [56] harmonic,
and Zn and Ti plates or TNPs and ZnO nanorods (ZNRs) in water were used as starting
materials, respectively. ZT/r/NPs contained anatase and wurtzite phases, had low surface
area (14 m2 g−1) [56] and a large crystallite size (average size = 86 nm) [55].

ZT/r/NPs had been synthesized by glycerol nitrate combustion [57] in the presence
of glycerol syrup and urea with an ignition temperature of 250 ◦C and a post-thermal
treatment of 450 ◦C. Materials were composed of rutile and wurtzite with an average
crystallite size of 34 nm, had a spherical or irregular shape, and were agglomerated to form
bigger particles (87 nm).

ZT/r/NPs with a very low energy gap, 1.17 eV, were synthesized by deposition of
ZNPs in u.s. bath of TNPs cellulose acetate (CA) nanofibers (NFs) in DW, followed by
calcination at 700 ◦C. TNPs CA NFs had been obtained by electrospinning using a solution
of cellulose acetate (CA) in acetic acid (AcA) and acetone, containing TNPs. The final
ZT/r/NPs were made of anatase and wurtzite, with a crystallite size of 21 nm [58].
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ZT/r/NPs have been deposited on a viscose patch by plasma discharge in water
medium. Zinc and titanium metals served as electrodes with an output voltage of up to
10 KV, and the distance between the viscose patch and the electrode was 1 cm. ZT/r/NPs
contained ZnO in wurtzite phase and titania in the anatase phase [59].

ZT/r/NPs properties and synthesis conditions are reported in Table 3.

Table 3. ZT/r/NPs properties and synthesis conditions. The numbering in the synthesis-method
column and starting-material column indicates the succession of steps in the synthesis. The parameter
r, when present, is used to express the composition, and must refer to its own line.

Shape and
Particle Size

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

irregular
(anatase) and
rod-like
(wurtzite) NPs.
PS = 0.1–0.3
µm (TiO2);
∅ZnO = 0.1–0.3
µm, lengthZnO:
0.3–1.5 µm

mixing in
methanol
dispersion

ZnO, TiO2,
KOH, MeOH

ZnO wt.% = 0,
1, 3, 5, 10, 15,
30, 50, 70, 90,
93, 95, 97, 99,
100

drying: 80 ◦C,
3 h

CP: anatase
(ZnO ≤ 99%),
wurtzite
(ZnO > 10%)

SA = 6–15 m2

g−1, decreases
with increasing
Zn content

[24]

agglomerated
NPs.
PS = 75–100 nm
(r = 4/1); 40–70
nm (r = 1/0);
50–80 nm
(r = 0/1)

u.s.
treatment on
water-
dispersed
starting
materials,
followed by
SSR

Nano-sized
TiO2,
nano-sized
ZnO, DW

r = TiO2/ZnO
(mol. ratio) =
1/0, 4/1, 3/2,
2/3, 1/4, 0/1

drying:
100 ◦C,10 h;
calcination:
500 ◦C, 40′

CP: anatase,
wurtzite.
CS = 80 nm
(r = 4/1); 50 nm
(r = 1/0); 60
(r = 0/1)

[23]

PS = 500 nm

2 steps: (1)
TiO2·xH2O
by spray
drying;
(2) mixing
and SSR

SM: (1)
H2TiO3,
NH4OH,
(2) TiO2·
xH2O (from
1), ZnCO3

r = ZnO/TiO2
(mol. ratio) = 1,
2, 3, 4, 5

(2) calcination:
600 ◦C, 1 h

CP: anatase,
wurtzite [27]

rod-like shape
(r = 0/1);
agglomerated
spherical NPs
(r = 1/0);
agglomerated
TNPs on
rod-like ZNPs
(r = 1/1).
PS: Ø = 470 nm
(r = 0/1); 10 nm
(r = 1/0)

2 steps: (1)
TiO2 and
ZnO by hy-
drothermal
method;
(2) mixing
and SSR

(1) ZAc, DW,
NH4OH
(ZnO); TBT,
EtOH, DW
(TiO2); (2)
ZnO (from 1),
TiO2 (from
(1)), PVA

r = TiO2/ZnO
(wt. ratio) =
1/0, 3/2, 1/1,
2/3, 0/1

(2) calcination:
500 ◦C, 2 h

CP: anatase,
wurtzite

SA =
9 m2 g−1

(r = 0/1); 141 m2

g−1 (r = 1/0);
54 m2 g−1

(r = 1/1)
E gap =
3.31 eV (r = 0/1);
3.26 eV (r = 1/0),
3.16 eV (r = 1/1)

[25]

mixing and
SSR ZnO, TiO2

r = ZnO/TiO2
(mol. ratio) =
1/3, 1/2, 1/1,
2/1, 3/1

TT: 400 ◦C

CP: anatase,
wurtzite.
CS = 18 nm
(r = 1/1)

SA = :
58 m2 g−1 (r =
1/1)

[26]
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Table 3. Cont.

Shape and
Particle Size

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

2 steps: (1)
TiO2 by
precipitation
method (2)
composite by
wetness im-
pregnation
method

TiCl3,
NH4OH,
DW: (2) ZAc
or ZN, DW,
TiO2 (from 1)

ZnO mol:% =
0.1, 0.5, 2, 5, 10,
50, 60, 67

(1) drying:
100 ◦C, 24 h;
calcination:
550 ◦C, 48 h,
air (anatase),
calcination:
800 ◦C 24 h air
(rutile); (2)
400 ◦C, 24 h

Anatase (Tcalc
= 550 ◦C) or
rutile (Tcalc =
800 ◦C),
wurtzite

SA <10 m2 g−1

(impregnated
on rutile TiO2),
10–60 m2 g−1

(impregnated
on anatase
TiO2)

[28]

Wetness im-
pregnation
method

ZS, TiO2
(P25), DW

ZnO mol.% =
0.5, 2, 4, 10

drying: 80 ◦C,
12 h;
calcination:
400 ◦C, 3 h

CP: Anatase,
rutile

SA = 49–53 m2

g−1 [30]

Irregular
spherical shape.
PS = 200 nm

Wetness im-
pregnation
method

ZN, TiO2,
DW

Zn%
(unspecified
measure units):
1, 3, 5, 10%

Drying: 110 ◦C,
24 h;
calcination:
400 ◦C, 5 h.

CP: anatase

SA = 8–10 m2

g−1, decreases
with increasing
Zn content

[29]

u.s. assisted
precipitation
method

H2TiO3/TiO2
(2 wt.%),
ZAc, NaOH,
DW

r = TiO2/ZnO
(molar ratio) =
0/1, 1/1, 2/1,
3/1, 4/1, 1/0

Drying: 80 ◦C,
3–4 h;
calcination:
300 ◦C, 2 h

CP: anatase
(except r =
0/1), wurtzite
(r ≤ 3/1).
CS = 44 nm
(r = 1/1)

SA = 125 m2 g−1

(r = 1/1)
[31]

Agglomerated
spherical-like
NPs.
PS = 2 µm

Homogeneous
hydrolysis
method

TOSO, ZS,
TAA, DW,
H2SO4

Ti wt.% =
44–56; Zn wt.%
= 0.5–1.4

Drying: 105 ◦C;
annealing
600 ◦C,
1 h in O2

CP: anatase;
wurtzite in
pristine ZnO
CS = 6–15 nm
(anatase), 63
nm (wurtzite)

SA = 38–110 m2

g−1, decreases
with increasing
Zn content;
6 m2 g−1 in
pristine ZnO

[36]

hexagonal
shaped NPs
PS = 22–23 nm

Modified
ammonia
evaporation-
induced
synthetic
method

TiO2 (P25),
ZN, NH4OH,
DW

Zn%
(unspecified
measure units)
= 7.5%

Calcination:
450 ◦C, 4 h

CP: anatase,
rutile, wurtzite
CS = 23 nm

SA = 65 m2 g−1

E gap = 2.87 eV
[32]

PS < 10 nm

MW (180 W)
assisted
precipitation
method

ZN, DW,
NH4OH,
KTO

r = TiO2/ZnO
(molar ratio) =
1/1, 2/1

Drying: 70 ◦C,
36 h

CP: anatase,
wurtzite [33]
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Table 3. Cont.

Shape and
Particle Size

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

polygonal NPs
(r = 0/1);
polygonal NPs
(r = 1/0); fine
Ps (A),
polygonal and
rod-like NPs
(W) (r = 3/1).
PS = 11 nm
(r = 0/1); 65 nm
(r = 1/0): 11
nm and 69 nm
(r = 3/1,
polygonal),
65 nm
(r = 3/1,
rod-like)

3 steps: (1)
TiO2 by
precipitation
method
(hydrolysis);
(2) oleic
acid-coated
TiO2 by
adsorption;
(3)
ZnO/TiO2 by
impregna-
tion method

(1) TTIP,
EtOH, DW;
(2) TiO2 NPs
(from 1), DW,
oleic acid,
NH4OH; (3)
oleic
acid-coated
TiO2 NPs
(from 2),
n-hexane,
ZnCl2,
NH4OH, DW

r = ZnO/TiO2
(molar ratio) =
1/0, 3/1, 0/1

(1) Drying:
70 ◦C, 12 h;
calcination:
400 ◦C, 2 h air;
(2) drying:
70 ◦C, 24 h;
calcination:
400 ◦C, 2 h, air

CP: anatase
(r = 0/1);
wurtzite
(r = 1/0);
anatase,
wurtzite
(r = 3/1)
CS = 11 nm
(r = 0/1:);
42 nm
(r = 1/0:);
10.3 nm
(anatase in
r = 3/1),
30.2 nm
(wurtzite in
r = 3/1)

[34]

Rod-like NPs
(r = 1/0),
agglomerated
NPs (r = 0/1),
spherical NPs
(r = 3/2, 1/1,
2/3).
PS: ∅ = 44 nm;
length = 1.8 µm
(r = 1/0); 18 nm
(r = 0/1), 32 nm
(r = 3/2, 1/1,
2/3)

precipitation
method

ZAc, DW,
TBT,
MeOEtO,
NaOH

r = ZnO/TiO2
(volume ratio)
= 1/0, 3/2, 1/1,
2/3, 0/1

Drying: 100 ◦C,
15 h;
calcination:
500 ◦C, 4 h

CP: wurtzite
(r > 0), anatase
(r = 0), rutile
(r = 0), traces of
ZnTiO3.
CS = 20–45 nm,
increases with
increasing Zn
content

E gap = 3.1–3.3
eV, increases
with increasing
Zn content

[37]

Deposition–
precipitation
method

TiO2 (P25),
ZN, Na2CO3,
DW

[ZnO wt.%] =
0.5, 2, 5, 20

Drying: 60 ◦C,
overnight;
calcination:
400 ◦C, 3 h

CP: anatase,
rutile, wurtzite
(wurtzite only
ZnO wt.% =
20%)

SA = 50 m2 g−1 [35]



Reactions 2024, 5 692

Table 3. Cont.

Shape and
Particle Size

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

Precipitation
method:
compares
calcination
(C) with
autoclave
thermal
treatment (H)

ZN, TiCl4,
NH4OH, DW

TiO2%
(unspecified
units) = 5, 10,
20, 50, 70, 90,
100%

Drying: 110 ◦C,
overnight;
calcination: 500
◦C, 5 h (C);
autoclave: 150
◦C, 10 h,
drying: 110 ◦C,
24 h (H)

CP: anatase,
wurtzite
(wurtzite not in
all catalysts).
CS: 21 nm
(calcinated
catalysts), 16
nm (autoclave-
treated
catalysts)

SA:
ZnO: close to 0
m2 g−1;
TiO2: 50 m2 g−1

(C), 100 (H);
225 m2 g−1 (H,
TiO2% = 75),
60 m2 g−1

(TiO2% = 90, C)
E gap: 2.95–3.15
eV in calcinated
catalysts, lower
values for
intermediate
composition;
3.05–3.45 eV in
autoclave-
treated catalysts,
higher values for
intermediate
composition (H)

[38]

PS = 10–20 nm
Homogeneous
hydrolysis
method

TBT, ZAc,
AcA, EG

Autoclave: 120
◦C, 6 h;
autoclave:
180–200 ◦C;
drying: 60 ◦C,
in vacuum

CP: anatase,
wurtzite
(TT = 190/200
◦C);
amorphous
(TT = 180 ◦C)
CS = 10 nm
(W),
17 nm (A)

SA =
206 m2 g−1 (180
◦C), 97 m2 g−1

(200 ◦C)

[39]

Hydrothermal
method

TBT, EtOH,
ZAc, DW

r = TiO2/ZnO
(molar ratio) =
1/1 (pH = 12),
3/1
(pH = 12), 5/1
(pH = 12); (3/1
pH = 4, 6, 8, 10,
12)

Autoclave:
120 ◦C, 12 h

CP: anatase
(except r =
1/1),
amorphous (r
= 1/1 and pH
= 12,
r = 3/1 and pH
= 12, r = 3/1
pH = 8, 10)

SA = 120–360
m2 g−1, the
higher values
for anatase and
amorphous
phase
coexistence

[40]

Spherical
shape
PS = 900 nm;
20 (ZnO); 800
nm (TiO2)

Hydrothermal
method

TBT, ZAc,
EtOH

Autoclave:
150 ◦C, 24 h;
calcination:
500 ◦C, 1 h, air

CP: anatase,
wurtzite
CS = 5–9 nm

SA = 8–10 m2

g−1 [42]
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Table 3. Cont.

Shape and
Particle Size

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

Hydrothermal
method

TTIP, ZAc,
NaOH, DW,
IPOH

r = ZnO/TiO2
(molar ratio) =
9/1, 7/3, 3/7,
1/9

Autoclave: 160
◦C, 6 or 12 or
24 h, drying: 60
◦C 6 h

CP: anatase,
rutile (r = 9/1);
anatase,
amorphous
(r = 7/3);
rutile (r = 3/7,
1/9)

SA = 77–375 m2

g−1.
Increases and
then decreases
with increasing
Zn content.
Increases and
then decrease
with increasing
hydrothermal-
time treatment.
Maximum value
for r = 7/3, and
time = 24 h.

[41]

Sol–gel
method
Post
treatment:
H2SO4 0.5M

SM: TBT, ZX,
EtOH, AcA,
polyglycol
(PG); X =
SO4, Cl, NO3.

r = ZnO/(TiO2
+ ZnO) (molar
ratio) = 1, 2, 4,
6, 8, 10%

Gelation
conditions: RT,
24 h;
drying: 80 ◦C,
48 h; 200 ◦C, 1
h; Calcination:
400 ◦C

CP: anatase,
rutile (rutile
absent if
r = 1%)

SA = 32 m2 g−1

(r = 10%)
[43]

Irregular-
shape
aggregated
NPs (no
surfactant);
spherical shape
(DBS 600 ◦C);
cubic shape to
hexagonal
nanorods to
nanobelts with
decreasing
Zn/Ti content
(SDS 700 ◦C).
PS = 200–300
nm (no
surfactant);
300 nm (DBS
600 ◦C); 0.5–1
µm (cubic),
∅ = 500 nm,
length = 1.5
µm (nanorods),
500 × 50 × 8
(nm)
(nanobelts)
(SDS 700 ◦C)

Sol–gel
method

TBT, ZN,
EtOH, DW,
HCl, DBS (or
SDS)

r = ZnO/TiO2
(molar ratio) =
0/1, 0.1/1,
0.17/1, 0.25/1,
0.5/1

Gelation
conditions: 24
h RT;
drying: 70 ◦C;
calcination:
600–700 ◦C

CP: anatase,
rutile:
(DBS/600 ◦C/
r = 0/1, SDS);
wurtzite (r >
0/1)

[44]

Granular shape Sol–gel
method

ZAc, IPOH,
DEA, TiCl4,
HCl, H2O

Drying: 60◦ C;
calcination: 220
◦C or 420 ◦C

CP: anatase,
wurtzite

SA =
51 m2 g−1

(Tcalc = 220 ◦C),
45 m2 g−1

(Tcalc = 420 ◦C)

[46]
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Table 3. Cont.

Shape and
Particle Size

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

Spherical
shape
PS = 6–14 nm

Sol–gel
method

TBT, ZN,
EtOH, P123,
HCl, DW

ZnO wt.% = 0,
10, 30, 50, 70,
90, 100 and

Gelation
conditions: RT,
a few hours;
drying: 80 ◦C,
12 h;
calcination: 500
◦C, 5 h, air

CP: anatase
(ZnO wt.% <
100), wurtzite
(ZnO
wt.% = 50–100)
CS = 4–10 nm
(measured at
low Zn
content)

SA = 20–120 m2

g−1, increases
and then
decreases with
increasing zinc
content.
Maximum value
for ZnO
wt.% = 50%
E gap =
3.25–3.37 eV.
Minimum value
for ZnO wt.% =
70%.

[51]

Sol–gel
method

TTIP, IPOH,
HNO3, ZAc,
MeOH, KOH,
DW

10% ZnO
(unspecified
measure units)

Gelation
conditions: RT,
12 h. Drying:
45 ◦C;
calcination:
500 ◦C, 2 h

CP: anatase,
rutile, wurtzite
CS = 15.3 nm
(ZTNPs), 5 nm
(TNPs); 10.1
(ZNPs)

E gap = 2.91; eV
(ZTNPs), 3.00
eV (TNPs), 3.1
eV (ZNPs)

[45]

agglomerated
NPs (ZT NPs);
irregular shape
(ZNPs by sol–
gel method);
hexagonal
shape (ZNPs
by precip-
itation method)
PS: SG: 8–20
nm (TNPs),
30–40 nm
(ZNPs), 400 nm
(ZT NPs); P: 40
nm (ZnO)

Compares
sol–gel
method (SG)
and
precipitation
method(P)

ZAc, NaOH,
EtOH, TTIP,
IPOH, DW

ZnO wt.% = 10,
20, 33, 50, 67,
80, 90, 100%

Gelation
conditions: 0
◦C + ageing:
3 days, RT.
Drying: 100 ◦C,
overnight;
calcination: 500
◦C, 3 h

CP: anatase
(SG:
r ≤ 10, P: r ≤
33), wurtzite
(SG:
r ≥ 67; P: r ≥
80), amorphous
(SG:
20 ≤ r ≤ 50, P:
0.67 ≤ r ≤ 0.5)

SA = 40–120 m2

g−1 (sol–gel);
110–130 m2 g−1

(precipitation);
decreases with
increasing Zn
content, 270 m2

g−1 (TNPs); 8–9
m2 g−1 (ZNPs)
E gap: 3.5–3.26
eV (sol–gel);
3.23–347 eV
(precipitation);
incre-
ases and then
decrea-
ses with
increasing ZnO
content. 3.32 eV
(TiO2); 3.21 eV
(ZnO)

[48]

PS [nm]: 15–20
(after drying)

Sol–gel
method

SM: ZN,
EtOH, HNO3,
TBT

r = Zn/Ti
(molar ratio) =
0.5, 1, 1.5

Gelation
conditions: RT
1 day.
Drying in
supercritical
conditions (270
◦C, 10 Mpa), 2
h; calcination:
450 ◦C

CP: anatase,
wurtzite

SA = 140–180
m2 g−1 (after
drying);
126–130 m2 g−1

(after
calcination);
increases with
increa-
sing Zn content

[49]
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Table 3. Cont.

Shape and
Particle Size

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

Rod-like shape
(ZNPs); more
or less evident
agglomeration
(ZTNPs)

Sol–gel
method

TTIP, ZAc,
MEA, IPOH,
HNO3, DW

r = Zn/Ti
(molar ratio) =
0/1, 1/3,
1/1,2/1, 3/1,
1/0

Gelation
conditions: 48
h, RT.
Drying: 100 ◦C,
4 h; annealing:
500 ◦C, 4 h +
600 ◦C, 4 h

CP: anatase
(r = 0/1), rutile
(r = 0/1, 1/3),
wurtzite (r >
0/1), traces of
ZnTiO3
(r = 1/1, 2/1).
CS = 21–38 nm

SA = 95 m2 g−1

(r = 1/1), 39 m2

g−1

(r = 0/1), 3 m2

g−1

(r = 1/0)
E gap: direct
3.07–3.20 eV;
indirect:
2.91–3.01 eV
(Z/T = 1 the
lowest value)

[10]

spherical shape
(TNPs);
hexagonal–
pyramidal
shape (ZNPs);
agglomerated
spherical and
hexagonal–
pyram-
idal shape (ZT
NPs)

Sol–gel
method

r = Zn/Ti
(molar ratio) =
0/1, 1/1, 1/0

Gelation
conditions: 24
h stirring.
Drying: 100 ◦C;
calcination: 500
◦C, 2.5 h

CP: anatase,
wurtzite.
CS = 19 nm
(wurtzite, 33 in
ZnO), 8 nm
(anatase, 18 in
TiO2)

SA = 132 m2 g−1

(ZT NPs), 32 m2

g−1 (ZNPs), 98
m2 g−1 (TNPs)

[50]

Spherical-like
NPs.
PS = 17–21 nm

Sol–gel
method

SM: ZnCl2,
EtOH,
BenzylOH,
TiCl4

Gelation
conditions: 60
◦C, 8 h.
Calcination:
200 ◦C, 2 h

CP: anatase,
wurtzite
CS = 18–24 nm

E gap [eV]: 3.05
eV (ZTNPs),
3.48 (ZNPs)

[47]

Green
synthesis

Calopogonium
mucunoides
leaves
(reducing
and
stabilizing
agent), DW,
ZAc, TiO2,
NaOH

Drying: 80 ◦C,
10 h;
calcination:
500, 600, 700,
800 ◦C

CP: anatase,
wurtzite.
CS = 8–20 nm,
decreases with
increasing
calcination
temperature
and decreasing
titanium
content

[52]

Agglomerated
spherical shape.
PS = 4–13 nm

Green
synthesis

TiCl4, ZN,
EtOH,
Allium
sativum
leaves
(capping and
reducing
agent),
NH4OH

O/Ti/Zn (at.
ratio) =
84.2/15.6/0.2

Drying: 3 days,
annealing: 450
◦C,
6 h

CP: anatase
CS = 4 nm

SA = 134 m2

g−1 [53]

Agglomerated
NPs

Green
synthesis

TiClx, ZS,
lignin (soda
pulping
process),
NaOH, DW

300 ◦C, 80 min CP: anatase,
wurtzite

E gap = 2.95 eV
(ZT NPs), 3.18
eV (ZNPs), 3.08
eV (TNPs)

[54]



Reactions 2024, 5 696

Table 3. Cont.

Shape and
Particle Size

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

Agglomerated
irregular
spherical NPs.
PS = 87 nm

Glycerol
nitrate
combustion

SM: TTIP,
ZN, urea,
Glycerol
syrup

Ignition: 250
◦C,
1 h; calcination:
450 ◦C, 3 h

CP: rutile,
wurtzite
CS = 34 nm

[57]

PS = 37 nm

2 steps:
(1) TNFs by
electrospin-
ning; (2) ZnO
NP
deposition by
u.s. treat-
ment/mixing

(1) CA, AcA,
acetone,
TNPs, TBT,
AcA, EtOH;
(2) TNF (from
1), ZAc, DW

(2) drying: 130
◦C, 1 h;
calcination:
700 ◦C, 4 h

CP: anatase,
wurtzite
CS = 22 nm

E gap = 1.17 eV [58]

PS = 100 nm

Plasma
discharge in
water
medium

Metal Zn and
Ti

Anatase,
wurtzite [59]

2.3. Hollow Spheres (or Almost), Yolk–Shell Microspheres and French Fries ZT NPs

ZT NPs synthesized by spray pyrolysis of titania and zinc nitrate exhibited a nearly
complete hollow-sphere aggregation structure [60] with dimensions of nearly 500 nm [60].
These NPs contained TiO2 in the anatase phase [60,61], rutile [60], if already present in
the source material, and wurtzite [60,61]. Increasing Ti content and N2 flow rate reduced
the size of wurtzite crystallites (90–20 nm) and increased agglomeration, resulting in an
increase in particle size. On the other hand, the particle size decreased by increasing the
temperature reactor (500–360 nm), without affecting the crystallite size [61]. No effects of
working conditions on the size of anatase crystallites were detected. Hollow spheres were
successfully synthetized by solvothermal synthesis in ethanol with TBT and zinc sulphide,
followed by heat treatment in an autoclave at 210 ◦C for 24 h. The hollow spheres measured
several microns in size and were formed by the aggregation of TiO2 nanoparticles (8.5 nm)
with even smaller segregated ZnO crystals [62], and had surface area up to 150 m2 g−1.

Yolk–shell microspheres were synthesized by a one-step solvothermal synthesis per-
formed in autoclave at 200 ◦C for 10 h with TBT and zinc acetylacetonate (ZAcAc) as
titanium and zinc precursors, respectively, in acetylacetone (Acacetone) and isopropyl
alcohol. The microspheres were made of anatase and amorphous phases, and were
1–1.5 µm in diameter with a thickness of 70 nm and surface area in the range
214–290 m2 g−1 [63].

Mesoporous French fries-shaped nanoparticles with high surface area (225 m2 g−1)
formed by anatase and a small amount of rutile were synthetized via a polymerization
oxidation reaction at 95 ◦C for 24 h. The titanium and zinc precursors were TTIP and ZnCl2,
respectively, and the reaction was carried out in ethanol in the presence of HNO3 and
P123. Furfural alcohol (FA) acted as the polymerizing agent and furfural resin formed in
the reaction was removed by a final oxidation performed in air at 500 ◦C for 9 h. French
fries, 60 µm long and of 3–4 µm in diameter, were formed by nanoparticles measuring
7–11 nm [64].

Properties and synthesis conditions of hollow spheres and French fries ZT NPs are
reported in Table 4.
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Table 4. Properties and synthesis conditions of hollow spheres and French fries ZTNPs. The parameter
r, when present, is used to express the composition, and must refer to its own line.

Shape and
Particle Size

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

Almost hollow
spheres or
aggregate of
ultrafine
particles
(10–100 nm).
PS = 360–500
nm

Spray
pyrolysis

ZN, DW,
TiO2, N2.
N2, as carrier
gas, (N2 flow
rate: 8.3 ×
10−6–3.3 ×
10−5 m3s−1)

r = Zn/Ti (mol.
ratio) = 10/10,
10/7, 10/5,
10/3, 10/0.1

Treactor =
700–900 ◦C

CP: anatase,
amorphous,
wurtzite.
CS = 20 nm
(anatase);
20–90 nm
(wurtzite)

[61]

Almost hollow
spheres with
spherical
shape, and
micro porous
aggregate.
PS = 100–500
nm

Spray
pyrolysis

TiO2 (P25),
ZN, DW, N2.
N2, as carrier
gas (N2 flow
rate:
5 l min−1)

Zn/(Zn + Ti) at.
ratio: 0, 5, 16,
33, 66, 100 (%)

Treactor = 550
◦C

CP: anatase,
rutile, wurtzite.
CS = 5–20 nm

[60]

Hollow
spheres with
hierarchical
structure:
interconnected
TNPs, with
smaller ZnO
crystals.
PS = several
µm

Solvothermal
synthesis

ZS, EtOH,
TBT Zn at.% = 1.1%

Autoclave: 210
◦C, 24 h,
drying: 80 ◦C

CP: anatase
CS = 8.5 nm SA 150 m2 g−1 [62]

Yolk–shell
microspheres.
PS = 1–1.3 µm
(microsphere),
70 nm (shell
thickness)

Solvothermal
method

IPOH,
Acacetone,
TBT, ZAcAc,

r = Ti/Zn mol.
Ratio = 10, 8, 5,
2

Autoclave: 200
◦C, 10 h

CP: anatase
(r = 1/0, 5, 8,
10), amorphous
(r = 2, 5)

SA = 214–290
m2 g−1,
decreases with
increasing Ti
content

[63]

mesoporous
French fries.
PS = 7–11 nm
NPs
agglomerated
to French-fries
shape,
PS: Ø = 3–4 µm,
length = 60 µm

FAPO
(FA-derived
polymerization–
oxidation)
reaction

TTIP, P123,
ZnCl2,
HNO3, EtOH,
FA

Ti/Zn/O (at.
ratio) =
31.2/0.7/65.1

FAPO Reaction:
95 ◦C, 24 h air,
calcination in
air 500 ◦C 9 h

CP: anatase,
rutile.
CS = 9.5 nm

SA = 225 m2

g−1 [64]

2.4. ZnO-TiO2 Nanofibers (ZTNFs)

ZTNFs have been obtained by electrospinning of an organic solution of a polymer
mixed with solutions of zinc and titanium precursors, zinc acetate, and TTIP, respectively,
followed by calcination at a temperature higher than 500 ◦C, to remove carbon fibers. If
cellulose acetate was used as a polymer, direct calcination was left to the formation of sheet
particles and a hydrolyzation treatment was necessary before the calcination to ensure
ZTNF formation [65]. ZTNFs were obtained with a direct electrospinning method followed
by calcination when Polymethylmethacrylate (PMMA), PVP or Polyvinyl acetate (PVAc)
were used as polymers [66–68]. Typical voltages applied started from 10 KV [65,66], up to
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75 KV [67]. ZTNFs were made up of anatase [65–68] rutile [65–67] and wurtzite [65,67,68]
and had typical diameters in the range 85–200 nm [65,66]. Synthesis conditions and
properties of ZTNFs are reported in Table 5.

Table 5. ZT NF properties and synthesis conditions. The numbering in the synthesis-method column
and starting-material column indicates the succession of steps in the synthesis.

Shape and
Particle Size

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

NFs composed
of grain- like
NPs.
PS: Ø = 85–200
nm

2 steps: (1)
electrospin-
ning. flow
rate:
10 µL min−1,
distance
collector-needle
= 12 cm, V =
10 KV;
(2) hydrolyza-
tion
performed at
T = RT, t = 24
h;

(1) TTIP, ZAc,
CA, AcA,
DMFA,
acetone;
(2) NaOH,
DW

ZnO wt.% = 0,
12.4, 15.8, 22.1.

Drying: 50 ◦C,
5 h; calcination:
500 ◦C, 5 h, in
air

Anatase, rutile,
wurtzite [65]

NFs.
PS: Ø = 100 nm,
length = 50 µm

Electrospin-
ning.
flow rate: = 6
µL min−1, V
= 10 KV

TTIP, ZAc,
PMMA,
DMFA, AcA

(Zn/Ti) at.
Ratio = 0.17

Calcination:
500 ◦C, 3 h

CP: anatase,
rutile [66]

NFs composed
of NPs
PS: Ø = 90 nm

Me: electro-
spinning
distance
collector-needle
= 19 cm, V =
75 KV,
electrode
rotation
speed = 30
Hz

TTIP, ZAc,
AcA, PVP,
EtOH

ZAc content:
(0–0.6 wt.%)

Compares
different
calcination
temperatures:
550, 650, 750,
850 ◦C, 2 h

CP: anatase
(T calc =
550–750 ◦C),
rutile
(Tcalc ≥ 650
◦C), wurtzite.
CS = 10 nm
(T calc = 550
◦C), 150
(Tcalc = 850 ◦C)

SA = 42 m2 g−1.
E gap = 2.97 eV
(ZTNFs
T calc = 550 ◦C),
2.96 eV (ZTNFs
T calc = 650 ◦C),
2.96 eV (ZTNFs
T calc = 750 ◦C),
2.96 eV (ZTNFs
T calc = 850 ◦C),
3.13 eV (T NFs
T calc = 550 ◦C)

[67]

NFs
(flower-like)
PS: Øpetals =
80–147 nm

Electrospin-
ning.
flow rate = 1
mL h−1,
distance
collector-needle
= 10 cm, V =
15 KV

TTIP, ZAc,
PVAc, DMAc,
AcA, EtOH

500 ◦C, 4 h CP: anatase,
wurtzite [68]

2.5. Core–Shell Nanostructures (cs NSs)

Core (TiO2)–shell (ZnO) nanoparticles (cs TZNPs) were synthetized by covering TiO2
(P25) NPs with a shell of ZnO by impregnation and freeze drying in liquid N2 [69] or by
u.s. hydrolysis in multi-bubble sonoluminescence conditions [70]. Particle sizes were in the
range 20–30 nm and the ZnO shell thickness was in the range 0.5–20 nm.

Similarly, core (ZnO)–shell (titania) nanoparticles (cs-ZT NPs) were obtained by cov-
ering ZnO NPs with a titania shell. ZnO was acquired [71] or synthetized by precipita-



Reactions 2024, 5 699

tion [72,73] or by zinc acetate thermal decomposition [74]. Titania shell was deposited
by MW-assisted impregnation [71], or by sol–gel chemical growth [72,74] or by precip-
itation [73]. Crystallite sizes were in the range 16–35 nm, particle size did not exceed
50 nm, and the shell thickness ranged from 2 nm [72] to 18 nm [73]. Surface area values up to
180 m2 g−1 could be achieved [74].

Core–shell ZnO-TiO2 (cs ZT) tetrapods were obtained by coating zinc oxide tetrapods
with a titania layer. ZnO tetrapods were obtained by direct evaporation of Zn pellets in
oxygen/argon atmosphere at 900 ◦C and the titania layer was deposited by a vapor phase
treatment using a dispersion of ZnO, TiO2, TBT and Z-tetrapods in alcohol at 150 ◦C for
10 h. The Cs-ZT tetrapods had the distance between adjacent arms of approximately
30–50 µm, the arm diameter was 500 nm, and the TiO2 layer thickness was 50 nm [75].

Cs ZT nanorods (cs ZT NRs) were obtained by a two-step route: first, the ZNRs were
synthetized by hydrothermal method using zinc chloride, sodium carbonate and deionized
water as starting materials, and the hydrothermal treatment was performed in autoclave
at 140 ◦C for 2 h. Subsequently, the TiO2 layer was deposited by ALD, with alternating
pulses of TTIP at 80 ◦C, N2 and H2O. Finally, materials were calcined at 400 ◦C for two
hours, producing anatase and wurtzite in the structure [76].

Cs ZT Nanotubes (cs ZT NTs) and cs TZ nanotubes (cs-TZ NTs) suspended over a
U-shaped frame were obtained by alternately depositing ZnO and TiO2, or vice versa, using
PLD, onto PVP NFs, followed by PVP removal by calcination in air at 500 ◦C. PVP fibers
were previously obtained by electrospinning in ethanol solution. The PLD chamber was
equipped with a Nd:Yag laser. Cs ZT NTs and cs TZ NTs were made up of wurtzite and
rutile phases and had a diameter of 400–500 nm. The shell thickness was 51 nm and 60 nm
for cs ZT NTs and cs TZNTs, respectively [77].

Properties and synthesis conditions of cs ZT NSs and cs TZ NSs are reported in Table 6.

Table 6. Properties and synthesis conditions of cs ZT NSs and cs TZ NSs. The numbering in the
synthesis-method column and starting-material column indicates the succession of steps in the
synthesis. The parameter r, when present, is used to express the composition, and must refer to its
own line.

Shape and
Particle Size
(PS)

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

cs TZ NPs
PS = 20 nm,
shell thickness
= 0.5 nm

2 steps:
(1) impregna-
tion;
(2) freeze
drying

(1) ZnCl2,
EtOH, TiO2
(P25)

Sintering:
500 ◦C,
1 h

TiO2 (starting
material), ZnO
(XPS)

[69]

cs TZ NPs.
PS = 30 nm;
uncoated TNPs
= 21 nm

u.s.
hydrolysis in
the MBSL
conditions

TiO2 (P25),
ZAc, NaOH,
DW, ROH

Drying: 12 h

CP: anatase,
rutile, wurtzite
CS = 7–8 nm
(wurtzite), 21
nm (anatase)

[70]

cs ZT NPs.
PS = 30–50 nm,
shell thickness
= 6–10 nm

ZnO mw im-
pregnation

ZnO
(MZ500),
EtOH,
NH4OH,
TBT, DW

Annealing: 500
◦C

CP: anatase
(only with
thicker TiO2
shell), wurtzite
CS = 16–22 nm
(wurtzite)

[71]
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Table 6. Cont.

Shape and
Particle Size
(PS)

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

cs ZT NPs.
PS = 40–50 nm,
shell thickness
= 2–6 nm

2 steps: (1)
ZNPs by
precipitation;
(2) TiO2 shell
by chemical
growth from
TiO2 sol-gel

(1) ZAc, DW,
OxA; (2)
TTIP, AcA,
ZNPs (from
1)
Compares
different
shell
thickness

(1) drying: 80
◦C, 2h,
calcination:
400 ◦C, 2 h;
(2) drying: 80
◦C,
12 h,
calcination:
unspecified
temperature, 2
h

CP: anatase
(detectable
only with
thicker shell),
wurtzite
CS = 20 nm
(wurtzite)

[72]

cs ZT NPs. PS
= 24 nm (r =
1/15); 39 nm (r
= 20); 42 nm (r
= 1/25); shell
thickness = 13
nm (r = 1/15);
15 nm (r =
1/20); 18 nm (r
= 1/55)

2 steps: (1)
precipitation;
(2)
precipitation

(1) ZAc,
NaOH, DW,
(2) TTIP,
IPOH, ZnO
NPs (from 1),
DW, HCl

r = ZnO/TiO2
(wt. ratio) =
1/15, 1/20,
1/25

(1) 80 ◦C, 24 h;
350 ◦C, 2 h air;
(2) 90 ◦C, 12 h;
350 ◦C, 3 h air

CP: anatase
CS = 25 nm
(r = 1/15); 32
nm (r = 1/20);
35 nm (r =
1/25)

E gap = 3.2–3.05
eV, decreases
with increasing
TiO2 thickness

[73]

cs ZT NPs in
agglomerated
globular shape

2 steps: (1)
ZNRs by ZAc
thermal de-
composition;
(2) TiO2 shell
by chemical
growth from
TiO2 gel

(1) ZAc; (2)
TTIP, IPOH,
DW, ZNRs
(from 1)

ZnO mol.% =
0.5–20%

(1)
decomposition:
400 ◦C, 3 h, air;
(2) drying: 70
◦C,
24 h;
calcination: 350
◦C, 3 h, air

CP: anatase,
wurtzite
(wurtzite
detectable only
with higher
ZnO content)
CS = 8–18 nm,
decreases with
increasing ZnO
content

SA = 80–180 m2

g−1, increases
with increasing
ZnO content.
E gap =
3.13–3.25 eV

[74]

cs ZT tetrapods
PS: distance
between
adjacent arms
= 30–50 µm,
Øarm = 500 nm,
TiO2 thickness
=
50 nm

2 steps: (1)
ZnO
tetrapods by
direct
thermal
evaporation;
(2) TiO2
coating by
vapor phase
treatment

(1) Zn pellets;
(2) Z
tetrapods
(from 1),
ZnO, TiO2,
TBT, EtOH,
DW

TiO2 wt.% =
7%

(1) 900 ◦C; (2)
vapor phase
treatment: 150
◦C, 10 h;
calcination: 450
◦C, 2 h

CP: anatase,
wurtzite [75]

cs ZT NRs
PS: TiO2
thickness = 4.2,
6.4, 8.5, 125 nm

2 steps:
(1) hydrother-
mal method;
(2) ALD

(1) ZnCl2,
Na2CO3,
DW;
(2) TTIP, N2,
DW

(1) autoclave:
140 ◦C, 2 h,
drying: 80 ◦C,
overnight;
calcination: 400
◦C, 4 h;
(2) Treactor =
150 ◦C,
TTTIP bubbler =
80 ◦C,
calcination: 400
◦C 2 h

different TiO2
thickness

CP: anatase,
wurtzite [76]
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Table 6. Cont.

Shape and
Particle Size
(PS)

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

cs TZ (or ZT)
NTs with large
area and
horizontally
aligned
PS: ∅ NTs =
400–500 nm,
shell thickness
60 nm (cs TZ
NTs), 51 nm (cs
ZT NTs)

2 steps: (1)
electrospin-
ning; (2) PLD.
(laser:
Nd:Yag,
λ = 1064 nm,
distance
target-sub = 70
mm,
Tsub = 300 K,
P = 6 · 10−3

Pa, laser
energy = 470
mJ, f = 10 Hz,
tdep = 5′)

(1) PVP,
EtOH;
(2) TiO2, Zn

calcination: 500
◦C, 1 h air

CP: rutile,
wurtzite [77]

2.6. Hierarchical Structure

Nanocomposites consisting of anatase TNPs on wurtzite ZNRs were synthetized by
direct hydrothermal reaction between TiCl4 and ZnCl2 and urea in ethanol solution. The
mixture was treated in autoclave at 180 ◦C for 16 h and then calcinated at 450 ◦C for
2 h. Composites (Zn/Ti = 1/1 mol. ratio) had a particle size of 20 nm and surface area of
84 m2 g−1. Increasing zinc content decreased surface area and increased particle size [78].

ZnO-decorated TiO2 nanowires (NWs) were obtained by hydrothermal treatment
of P25 TiO2, followed by reflux treatment in a zinc acetate solution. The hydrothermal
treatment was performed in NaOH aqueous solution in autoclave at 200 ◦C for 24 h and
the reflux treatment in a methanol solution of zinc acetate, NaOH and DW. TNWs were
made of anatase and TiO2 (B) phases, and ZnO was in the wurtzite phase. NWs were 4 µm
long and 50 nm in diameter. The ZnO NPs were 20 nm in size, and the surface area did not
exceed 23 m2 g−1 [79].

Urchin-like TiO2/ZnO (UTZs) consisting of ZnO nanospindle-coated TiO2 nanosphere
were synthetized by a double-step hydrothermal route. The first step was to obtain the
TiO2 spheres, and was performed with an aqueous dispersion of P25 titania with NaOH
and H2O2 by an autoclave treatment at 160 ◦C for 2 h. The TiO2 spheres were calcinated
at 450 ◦C for two hours and then treated for the second time in autoclave at 100 ◦C for
3 h in an aqueous solution of ZN and HMTA. The surface area value of UTZs was up to
187 m2 g−1 and the sphere diameter was 1.5–2.5 µm. [80].

The ZNRs on TiO2 arrays were obtained through a hydrothermal synthesis involving
four steps, the first three of which were used to obtain the TiO2 arrays and only the last one
for the growth of the ZNRs. The titanium and zinc precursor were TiF4 and ZS, respectively,
and additional HCl, NaOH, NH4F and distilled water were used. TiO2 arrays are formed
of anatase nanocrystals (20 × 70 nm) which are bounded, perpendicular to the TiO2 array
direction, a few µm in length and a few hundred nm in diameter. ZNRs were 80 nm in
diameter and formed an angle of 50◦ with the TiO2 array direction [81].

Composite ZnO-TiO2 nanotubes (ZTNTs) have been obtained by a double-step hy-
drothermal route: in the first step, TiO2 nanotubes (TNTs) were synthesized using titanium
sulphate (TS) in EtOH, glycerine and Et2O, with an autoclave treatment at 110 ◦C for
48 h; the obtained product was added to a zinc chloride and ammonium hydroxide water
solution, and a further hydrothermal treatment at 95 ◦C for 3 h was performed. Final
ZTNTs were made of anatase and wurtzite, and the nanotube (NT) diameter measured
4–5.5 µm [82].
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Branched hierarchical ZNRs on TNFs were grown by a three-step route. The first step
was the growth of TNFs by electrospinning on a glass substrate, using TTIP as titanium
precursor and polystyrene (PS) in DMF. In the second step, the ZnO seeding was performed
on TNFs by dip coating using a zinc acetate alcohol solution. Finally, ZNRs were grown
by hydrothermal synthesis at 90 ◦C for 8 h, with an aqueous solution of zinc nitrate and
hexamethylenetetramine (HMTA). TNFs were made of polycrystalline anatase and had a
diameter of 150 nm; ZNRs had wurtzite structure, and grew along the [0001] direction [83].

The brush-like ZT structure formed of ZNRs on TNFs was synthetized by a double-
step route. The first step was to obtain TNFs by electrospinning in a conventional way,
using TBT as a titanium precursor, PVP in acetic acid and ethanol, and applying a voltage
of 20 KV; the second step was a hydrothermal synthesis performed in autoclave at 100 ◦C
for 3 h, using an aqueous solution of zinc acetate, HMTA and TNFs. Brush-like structures
were made up of crystalline anatase and wurtzite and ZNRs were 100–300 nm in diameter
and 1–2 µm long, while TNFs are 100 nm in diameter [84].

A self-standing ZT IOS was prepared by a double-step impregnation synthesis. The
first step was performed with an ethanol solution of TTIP and DEA on PS spheres which
were inserted between two glass slides; the PS spheres had a diameter of 300 nm. Then,
the calcination at 500 ◦C gave rise to the formation to an IOS of TiO2. The IOS was then
impregnated in an ethanol/aqueous solution of zinc nitrate and annealed at 400 ◦C for 3 h
in air. The self-standing ZT IOS membrane had a regular pore with a diameter of 205 nm
and was made of the anatase and wurtzite phase. Surface area was 35 m2 g−1 [85].

ZnO quantum dots (Z QDs) onto an IOS in powder have been synthesized by impreg-
nating a layer of self-assembled PS spheres on a filter paper with a suitable Z QDs/TiO2
gel, followed by calcination at 550°C. Z QDs, 5 nm in size, had been previously obtained by
ZAc hydrolyzing and added to a mixture of TTIP, HCl, EtOH and DW to give the suitable
Z QDs/TiO2 gel. The final IOS contained an anatase phase with particle size of 5–15 nm
and Z QDs with a particle size of 5–10 nm. [86].

A hierarchical structure with TNPs on ZnO nanoflakes (ZNFls) was synthesized by the
hydrothermal method in autoclave at 120 ◦C for 8 h, using TTIP and ZN as titanium and
zinc precursors, respectively, together with EtOH, NaOH and DW. Anatase and wurtzite
were present, with an average crystalline size of 30–40 nm, and TNPs were 20 nm in
diameter and ZNFLs were 155 nm long [87].

ZT IOS was used as substrate to grow ZNRs. TiO2 IOS was obtained by chemical bath
deposition (CBD), using an alcoholic solution of TTIP on a deposit of PS microspheres on
FTO, followed by annealing at 550 ◦C. NRs were grown after ZnO seeding; both steps used
ZAc in ethanol solution [88].

Properties and synthesis conditions of ZT hierarchical nanostructures are summarized
in Table 7.

Table 7. Properties and synthesis conditions of ZT hierarchical nanostructures. The numbering in
the synthesis-method column and starting-material column indicates the succession of steps in the
synthesis. The parameter r, when present, is used to express the composition, and must refer to its
own line.

Shape and
Particle Size

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

TNPs on ZNRs
PSTNPs = 10–20
nm (r = 0);
∅NRs = 20 nm,
length NRs = a
few 100 nm (r
= 1/0)

Hydrothermal
method

ZnCl2, TiCl4,
EtOH, H2O,
urea

r = Zn/Ti
(molar ratio) =
0/1, 1/2, 1/1,
2/1, 1/0

autoclave: 180
◦C, 16 h; 450
◦C, 2 h

CP: anatase,
wurtzite

SA=
87 m2 g−1 (r =
1/2); 84 m2 g−1

(r = 1/1); 64 m2

g−1 (r = 2/1)

[78]
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Table 7. Cont.

Shape and
Particle Size

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

ZNPs TNWs
(ZnO-
decorated
TNWs)
PS: ZNPs = 20
nm,: ØTNWs =
50 nm,
lengthTNWs = 4
µm

2 steps: (1)
TNWs by hy-
drothermal
method; (2)
ZnO by
reflux
method

(1) TiO2
(P25), NaOH,
DW;
(2) MeOH,
ZAc, TNWs
(from 1),
NaOH, DW

ZnO (wt.%) =
0, 10, 15, 20, 30,
50, 70%

(1) autoclave:
200 ◦C, 24 h;
drying 80 ◦C,
24 h;
calcination: 500
◦C, 3 h;
(2) reflux: 60
◦C, 6 h; drying:
80 ◦C, 24 h

CP: anatase,
TiO2 (B),
wurtzite

SA = 22–23 m2

g−1

E gap = 2.99 eV
(TNWs); 2.96 eV
(ZNPs TNWs)

[79]

ZnO
nanospindles
coating TiO2
nanosphere.
PS: ∅nanospheres
= 1.5–2.5 µm

2 steps: (1)
TiO2
nanospheres
by hydrother-
mal
synthesis;
(2) ZnO
nanospindles
on TiO2
nanosphere
by hydrother-
mal synthesis

(1) TiO2
(P25), NaOH,
DW, H2O2;
(2) ZN,
HMTA, DW,
TiO2
nanospheres
(from 1)

(1) autoclave:
160 ◦C, 2 h,
drying:
60 ◦C;
calcination:
450 ◦C, 2 h, air;
(2) autoclave:
100 ◦C, 3 h;
drying:
60 ◦C

CP: anatase,
wurtzite

SA = 187 m2

g−1 [80]

ZNRs on TiO2
arrays
PS:
lengthTiO2 array
= a few 100 µm,
ØTiO2 array = a
few hundred
nm;
ØZNRs = 80 nm

4-step hy-
drothermal
route

(1) TiF4, HCl,
DW, NaOH;
(2) gel (from
1), TiF4; DW;
(3) product
(from 2), DW;
(4) product
(from 3), ZS,
NH4F, DW

(1) autoclave:
180◦ C, 48–50 h;
(2) 50 ◦C, 3–20
h
(3) 120 ◦C, 21 h;
(4) 60 ◦C, 7–15
h

CP: anatase,
wurtzite [81]

ZTNTs
PS: ∅ = 4–5.5
µm

2-step hy-
drothermal
synthesis

(1) TS, EtOH,
Et2O,
glycerin,
(2) ZnCl2,
DW, NH4OH,
TNTs (from
1)

(1) autoclave:
110 ◦C 48 h;
drying 70 ◦C
12h;
calcination: 450
◦C 3 h;
(2) autoclave:
95 ◦C, 3 h;
drying: 40 ◦C,
24 h

CP: anatase,
wurtzite

E gap =
3.24 eV (ZnO);
3.22 eV (TNTs);
3.12 eV (ZTNTs)

[82]
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Table 7. Cont.

Shape and
Particle Size

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

ZNRs
branched-
TNFs
PS: ØTNFs =
150 nm; ØZNRs
= 80 nm,
lengthZNRs =
200–400 nm

3 steps: (1)
TNF growth
by electro-
spinning on
glass slide,
using V = 10
V, distance
Al collector -nozzle
= 15 cm;
flow = 20
µL/min; t =
20 min;
(2) ZnO
seeding by
dip coating
(3) ZNR
growth by
hydrother-
mal
treatment

(1) PS, TTIP,
DMFA; (2)
ZAc, IPOH,
TEA, TNFs
(from 2);
(3) ZN,
HMTA, DW,
seeded TNFs
(from 3)

(1) 80 ◦C,
hot-pressed;
120 ◦C;
calcination: 500
◦C, 1.5 h; (2)
drying: 120 ◦ h,
in air;
(3)
hydrothermal
treatment; 90
◦C,
8 h

[83]

brush-like
ZNRs on TNFs
PS: ØTNFs =
100 nm; ØZNRs
= 100–300 nm,
lengthZNRs =
2 µm

2 steps: (1)
TNFs by elec-
trospinning
using V = 20
KV; (2) ZNRs
by hydrother-
mal synthesis

(1) TBT, AcA,
EtOH, PVP;
(2) TNF
(from 1 after
calcination),
ZAc, DW,
HMTA

(1) calcination:
500 ◦C, 2 h, air;
(2) autoclave:
100 ◦C, 3 h;
drying: 60 ◦C

CP: anatase,
wurtzite [84]

self-standing
ZT IOS
membrane
PS: pore ∅ =
205 nm

(1) TiO2
self-standing
by PS sphere
impregna-
tion between
2 slides in a
sandwich
geometry; (2)
Zn impregna-
tion

(1) TTIP,
DEA, EtOH,
PSs) ZN,
EtOH, DW

(1) calcination:
500 ◦C, 2 h;
(2) annealing;
400 ◦C,
3 h, air.

CP: A, W SA = 35 m2 g−1 [85]

M: IOS.
PS: Z QDs 5–10
nm; TNPs =
5–15 nm

(1) Z QDs by
ZAc
hydrolyzing:
(2) Z
QDs@TiO2
by sol–gel;
(3) IOS by PS
impregna-
tion

(1) ZA,
MeOH, KOH,
TEOS, DW;
(2) EtOH.
HCl, TTIP,
DW, Z QDs
(from 1); (3)
gel (from 2),
self-
assembled PS
spheres onto
filter paper

drying: 24 h;
calcination: 550
◦C, 12 h

CP: anatase
CS = 5.5 nm (Z
QDs), 8.5–11.8
nm (anatase)

SA = 33–37 m2

g−1 [86]



Reactions 2024, 5 705

Table 7. Cont.

Shape and
Particle Size

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

TNPs on Z
NFls
PS: TNPs = 21
nm;
lengthZNFls =
155 nm

hydrothermal
method

TTIP, EtOH,
ZN, DW,
NaOH
h

r =
ZnO/TiO2
volume ratio =
1/0, 2, 4

autoclave: 120
◦C,
8 h

CP: anatase,
wurtzite
CS = 32–40 nm,
decreases with
increasing Ti
content

[87]

M: ZNRs on ZT
inverse opal
membrane

4-step route:
(1) FTO
immersion in
ethanol
dispersion of
PSs followed
by
evaporation;
(2) TiO2 IOS
by CBD; (3)
ZnO seeding
by CBD;
(4) ZNRs by
CBD

SM: (1) EtOH,
PSs; (2) TTIP,
EtOH, PSs on
FTO (from 1);
(3) ZAc,
EtOH, TiO2
on FTO (from
2); (4) ZAc,
EtOH,
HMTA, DW,
seeded FTO
(from 3)

(1) drying: 58
◦C; (2)
annealing:
550 ◦C, 2 h;
(3) 450 ◦C, 5′;
(4) CBD: 80 ◦C,
2 h; drying: 60
◦C, 6 h, air

Anatase,
wurtzite [88]

2.7. Films

ZT films have been deposited on quartz by the sol–gel/dip coating method with an
ethanol/aqueous solution of zinc acetate and TBT with HNO3; then, drying and annealing
at 400 ◦C for 10′ were performed, and the procedure was repeated several times, to achieve
the desired film thickness. The final annealing was performed at 400 or 500 ◦C in N2
atmosphere for two hours. The maximum content of Zn was 20 at.%, and only the anatase
phase was detected. Particle size was 5 nm and 10 nm in films annealed at 400 and 500 ◦C,
respectively, and the thickness was of 1.2–1.5 µm [89].

Films with numerous cracks and made of anatase were obtained by dip coating on Ti
plates with an ethanol/aqueous solution of ZN, TBT, DEA and polyethylene glycol (PEG)
2000. The dipping lasted 30 s and was followed by drying at 100 ◦C and annealing at
520 ◦C for 1 h. The procedure was repeated up to five times [90].

No cracks were observed if the dip coating was performed using TTIP and ZnCl2
as titanium and zinc precursors, respectively, in an isopropanol solution containing citric
acid and ammonium hydroxide on a glass slide. Zn/Ti were in an atomic ratio 1/1 and
an annealing treatment was performed in oxygen atmosphere at 500, 600 and 800 ◦C. The
film was made of wurtzite and crystalline TiO2, which was in the anatase phase and (111)
rutile, if the final annealing temperature was up to 600 ◦C, and rutile if the final annealing
temperature was higher than 600 ◦C [91].

ZT films were dip-coated on glass with different compositions (χTi = 100%, 75%, 50%,
25%, and 0%), using an ethanol/aqueous solution of TBT and ZAc with AcA and DEA.
The drying was performed at 100 ◦C for 1 h and the annealing at 500 ◦C for 2 h. The
film was made of anatase (χTi ≥75%), wurtzite (χTi ≤ 50%.), and an amorphous phase
(χTi =25 ÷ 50%) [92].

Composite ZT films were deposited also by sol–gel spin coating [93] and by sol–gel
spray–spin coating [94] on glass. Films with macropores with a diameter of 1.5–8 µm
were obtained using zinc acetate and TBT, as zinc and titanium precursors, respectively, in
ethanol solution in the presence of DEA and HNO3, performing the spin-coating process at
800 rpm for 20 s and 3000 rpm for 30 s, and a final calcination at 500 ◦C for 30′. The film
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presented only the anatase phase if the ZnO/TiO2 molar ratio was 10 and 20%, and only
the amorphous phase if the ZnO/TiO2 molar ratio was 30 and 40% [93].

ZT composite films were grown on Si (100) and Al2O3 substrates by cold-wall chemical
vapor deposition (CVD), using Ti(OiPr)2(dpm)2, and Z(hfa)2*TMEDA as titanium and
zinc precursors, respectively, in a wet oxygen atmosphere and with nitrogen as the carrier
gas [95]. Zinc oxide was deposited first with a vaporization temperature of 60 ◦C and setting
the substrate temperature at 350 or 400 ◦C for 60′. Titanium dioxide was subsequently
deposited at a vaporization temperature of 90 ◦C, a substrate temperature of 400 ◦C, and a
deposition time of 10–30′. The ZT composite films had a columnar growth, with dispersion
of guest TNPs into the host ZnO nanoplatelets. Wurtzite was formed and had the c-axis
preferentially orientated in the growth direction for deposition on the Si substrate. TiO2 in
the anatase phase was detected only for the longer deposition time and higher deposition
temperature on the Si substrate; otherwise, it was amorphous. Film thickness was 140 nm,
and particles were rod-like shaped (10–60 nm) for the shorter deposition time of titania and
spherical-like shaped (50 nm) for the longer deposition time of titania on the Si substrate.

ZT film properties and synthesis conditions are summarized in Table 8.

Table 8. ZT film properties and synthesis conditions. The parameter r, when present, is used to
express the composition, and must refer to its own line.

Shape and
Particle Size

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

ZT films on
quartz
PS = 5 nm
(Tannealing =
400 ◦C), 10 nm
(Tannealing 500
◦C).
Film thickness:
1.2–1.5 µm

N cycles of
sol-gel/dip
coat-
ing/annealing

ZAc, TBT,
EtOH, DW,
HNO3

Zn at.% = 1%,
5%, 10%, 20%.

drying: 100 ◦C,
20′; annealing:
400 ◦C, air; 500
◦C, 2 h in N2

CP: anatase

Egap =
3.25–3.43 eV
(Tannealing = 400
◦C); 3.12–3.24
eV (Tannealing =
500 ◦C);
increases with
increasing Zn
content

[89]

ZT flat films on
Ti plates with
numerous
cracks

1–5 cycles of
sol–gel/dip
coat-
ings/annealing).
Dip-coating
by
immersion
for
30 s

ZN, TBT, DW,
DEA, EtOH,
PEG 2000

T/Zn/O at.
ratio =
47.27/3.64/49.09

drying: 100 ◦C,
30′; annealing:
520 ◦C,
1 h

CP: anatase
CS = 15–20 nm [90]

ZT film on
glass slide, no
crack.
Film thickness:
60 nm per cycle

N cycles of
sol–gel/dip
coat-
ing/drying/
annealing.
Dipping and
withdrawing
speed = 10
cm min−1

TTIP, IPOH,
CitrA; ZnCl2,
NH4OH

Ti/Zn at.
ratio = 1/1

Drying: 80 ◦C
30′; annealing:
500/600/800
◦C,
1 h, O2

CP: anatase
(Tannealing =
500 and 600
◦C), rutile
((111) oriented
when Tannealing
≤ 600 ◦C);
wurtzite

[91]
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Table 8. Cont.

Shape and
Particle Size

Synthesis
Method

Starting
Materials Composition Thermal

Treatments

Crystal Phases
(CP) and
Crystallite
Size (CS)

SA and E Gap Ref.

ZT film on
glass
PS = 15–30 nm
(χTi = 100%);
5–15 nm (χTi =
75%); 100–500
nm
(χTi = 25%);
20–40 m, (χTi =
0%).
Film thickness
= 250 nm(χTi =
100%)

2 cycles of
sol–gel/dip
coating.
Dipping and
withdrawing
speed = 2
mm s−1

h

ZAc, TBT,
H2O, DEA,
EtOH, AcA

χTi = 100%,
75%, 50%, 25%,
0%

Drying 100 ◦C,
1 h; annealing:
500 ◦C, 2

CP: anatase,
(χTi ≥ 75%),
wurtzite
(χT i ≤ 50%.),
amorphous
(χTi = 25 ÷
50%)
CS = 16 nm
(χTi = 100%); 12
nm
(χTi = 75%); 10
nm
(χTi = 50%); 27
nm
(χTi = 25, 0%)

[92]

Macroporous
ZT film on
glass substrate

3 cycles of
sol–gel spin
coating

ZAc, EtOH,
DEA, TBT,
acetone,
HNO3

Drying: 110 ◦C,
30′; calcination:
500 ◦C, 30′ air

r = ZnO/TiO2
mol ratio =
10%, 20%, 30%,
40%

CP: anatase (r
= 0, 10, 20%);
amorphous (r
= 30, 40%)

[93]

Columnar
granular ZT
films, TiO2 into
porous ZnO
Film thickness
= 140 nm

2 steps: (1)
ZnO by
cold-wall
CVD; (2)
TiO2 by
cold-wall
CVD
* Deposition
parameter:
see note at
the end

(1)
Z(hfa)2*TMEDA,
H2O, O2, N2;
(2)
Ti(OiPr)2(dpm)2,
H2O, O2, N2

CP: W
(preferential
orientation
(002) on Si), A
(on Si, longer
deposition
times)

[95]

* Deposition parameters: substrate: Si (100) and Al2O3; P = 10 mbar, Twall = 110 ◦C; ZnO: f(N2) = f(O2 + H2O) =
40 sccm, t = 60′, Tvaporization = 60 ◦C, TSubstrate = 350 and 400 ◦C; TiO2: f (N2) = 40 sccm, f (O2 + H2O) = 80 sccm,
t = 10 and 30′, Tvaporization = 90 ◦C, Tsubstrate = 400 ◦C.

2.8. Layered Films

Layered ZnO on TiO2 film on ITO (ZnO/TiO2/ITO) have been grown by a double-step
route: the first was the TiO2 film deposition onto ITO by CBD [96] or by spin coating [97]
and the second one was the ZnO deposition by a layer-by-layer process (LbL). The LbL
process was carried out by alternating the immersion of the TiO2 film into a zinc tetramine
solution and washing it in distilled water at 90 or 95 ◦C various times, until obtaining the
desired film thickness [96,97]. The LbL process allowed for the wurtzite formation.

Layered ZnO on TiO2 film on FTO has been grown by TiO2 deposition on FTO by
the doctor-blade technique, followed by ZnO deposition by CVD in argon atmosphere at
500 ◦C. The film was composed of anatase, rutile and wurtzite [98].

Layered TiO2 on ZnO films on quartz (TiO2/ZnO/quartz) was grown by calcination
at 500 ◦C of a zinc film deposited inside a quartz tube by vacuum vaporization, followed by
a sol–gel dip coating with an aqueous/ethanol solution of TTIP and HNO3 and a further
calcination at 500 ◦C. The film was made of anatase and wurtzite, with particle size of
30 nm [99].

Layered films ZnO/TiO2, TiO2/ZnO [100] and ZnO/TiO2/ZnO [101] were deposited
on quartz-glass substrate by electron-beam evaporation; the wurtzite phase was detected
with the c-axis preferentially oriented normally to the substrate and the crystallite size



Reactions 2024, 5 708

was in the range of 15–25 nm. The TiO2 layer improved ZnO crystallinity by increasing its
particle size.

Magnetron sputtering has also been used to deposit TiO2/ZnO film on glass substrate.
ZnO and TiO2 films were obtained by oxidation of the successively deposited Zn and Ti
films and contained anatase, rutile and wurtzite when thermal oxidation was performed at
a temperature not lower than 450 ◦C [102].

ZnO nanowires (ZNWs) have been grown by hydrothermal synthesis on TiO2 NP
film [103] or on ZNPs on TNP film [104], which had already been obtained by the screen-
printing method on FTO. Hydrothermal treatment was performed with an aqueous so-
lution of zinc nitrate and HMTA [103] and PEI, ammonium hydroxide and nitric acid at
T = 88–93 ◦C for 10–15 h [104]. ZNWs were in the wurtzite phase and had a diameter of
50–100 nm [103]; the film thickness was 10 µm [103] or 12 µm [104].

Multilayer films of oriented (002) wurtzite ZnO and (200) rutile TiO2 have been
epitaxially grown on (006) sapphire by atomic layer epitaxy (ALE) [105]. Diethyl zinc and
TiCl4 have been used as zinc and titanium precursors, respectively; H2O was used as an
oxidizing agent, and the substrate temperature was 450 ◦C. The film was composed of
10 double layers of TiO2/ZnO.

ZnO-TiO2-layered film properties and synthesis conditions are summarized in Table 9.

Table 9. ZnO-TiO2-layered film properties and synthesis conditions. The numbering in the synthesis-
method column and starting-material column indicates the succession of steps in the synthesis.

Shape and
Particle Size Synthesis Method Starting Materials Thermal

Treatments

Crystal Phases
(CP) and
Crystallite Size
(CS)

SA and E Gap Ref.

TiO2 and
ZnO/TiO2 films
on ITO with
cone-like surface
morphology.
Film thickness =
1.418 µm

2 steps: (1) TiO2
compact film on
ITO by CBD;
(2) ZnO crystalline
film by LbL

(1) TiCl3, HCl, DW,
ITO, NH4OH; (2)
(a) ZnCl2, NH4OH,
H2O2, DW,
(b) H2O 90 ◦C.

CP: wurtzite

E gap: 3.85 eV
(TiO2/ITO), 3.26
eV
(ZnO/TiO2/ITO)

[96]

ZnO/TiO2 film
on ITO,
ZnO.
Film thickness =
300 nm

2 steps: (1) TiO2
films by
spin-coating on
ITO/glass: (2) ZnO
film by LbL.
LbL by 1–10 cycles
of dipping 30 s +
TT 95 ◦C

(1) TiO2 (P25),
Triton X-100, 2–4
pentadiene, DW,
ITO/glass;
(2) (a)
[(Zn(NH3)4]2+

solution 8 (b) 95 ◦C
in water

CP: anatase,
rutile, wurtzite [97]

ZnO/TiO2 film
on FTO

2 steps: (1) TiO2
film on FTO by
doctor-blade
technique; (2) ZnO
on TiO2 by CVD

(1) TiO2 (P25), H2O,
acetone, PEG,
polyethylene oxide
(PEO); (2) Zn
powder

(1) annealing:
450 ◦C; (2) T =
500 ◦C, Ar,
t = 5′, 30′, 60′

CP: anatase,
rutile, wurtzite [98]

TiO2/ZnO film
inside a quartz
tube
PS = 30 nm

2 steps: (1) ZnO by
calcination of Zn
film deposited on a
quartz tube by
vacuum
vaporization; (2)
TiO2 coating by dip
coating

SM: (1) Zn Powder;
(2) TTIP, EtOH,
HNO3, DW

(1) calcination:
500 ◦C, 1 h;
(2) calcination:
500 ◦C, 1 h

CP: anatase,
wurtzite [99]
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Table 9. Cont.

Shape and
Particle Size Synthesis Method Starting Materials Thermal

Treatments

Crystal Phases
(CP) and
Crystallite Size
(CS)

SA and E Gap Ref.

TiO2, ZnO,
TiO2/ZnO and
ZnO/TiO2 films
on quartz glass
substrate

Electron-beam
evaporation using
(ZnO) f (O2) = 60
sccm, working
pressure = 2.4 ×
10−4 torr, working
T = 300 ◦C, V = 7.11
kV, i = 78 mA,
deposition rate =
5.0 Å s−1

(TiO2): f (O2) = 35
sccm, working
pressure =
1 × 10−4 torr,
working
T = 200 ◦C, V = 7.11
kV,
i = 246 mA,
deposition rate =
5.0 Å s−1

ZnO, TiO2, O2

CP: amorphous
(TiO2 film); (002)
wurtzite (ZnO
film); (002)
wurtzite, (102)
rutile (TiO2/ZnO
and ZnO/TiO2).
CS = 15 nm (W in
ZnO film), 20 nm
(W in TiO2/ZnO
film); 25 nm (W
in ZnO/TiO2
film).

E gap:
3.38 eV (ZnO);
3.35 eV
(TiO2/ZnO); 3.32
eV (ZnO/TiO2);
4.0 eV (TiO2)

[100]

ZnO, ZnO/TiO2
and
ZnO/TiO2/ZnO
film on
quartz-glass
substrate

electron-beam
evaporation
WC: TiO2: f (O2) =
35 sccm, p = 9 ×
10−5 torr T = 200
◦C,
i = 220 mA, growth
rate = 5.0 Å s−1

ZnO: f (O2) = 60
sccm,
p = 1 × 10−4 torr
T = 320 ◦C, i = 90
mA, growth rate =
2.5 Å s−1

CP: (100)- and
(002)-oriented
wurtzite
CS: 19 nm (ZnO
film); 22 nm
(ZnO/TiO2 film),
23 nm
(ZnO/TiO2/ZnO).
E gap: 3.26 eV
(ZnO), 3.27 eV
(ZnO/TiO2), 3.34
eV
(ZnO/TiO2/ZnO)

[101]

TiO2/ZnO on
glass substrate.
film thickness =
120–130 nm

ZnO film by Zn
magnetron
sputtering followed
by thermal
oxidation; (2) TiO2
film by Ti
magnetron
sputtering followed
by thermal
oxidation

(1) Zn metal: (2) Ti
metal

400 ◦C, 450 ◦C,
500 ◦C, 550 ◦C

CP: anatase,
rutile, wurtzite
CS: 7–20 nm
(rutile); 16–26 nm
(wurtzite)

[102]

ZnO micro-rod
array or
ZNWs/TNPs
film on FTO.
PS: ØZNWs =
50–100 nm; film
thickness = 10 µm

2 steps: (1) TiO2
compact film by
screen printing on
FTO; (2) Z
micro-rod or NWs
by hydrothermal
synthesis

(1) TiO2 paste; (2)
ZN, HMTA, DW

(1) 325 ◦C, 5′;
375 ◦C, 5′; 500
◦C, 15′;
(2)
hydrothermal
treatment: 88
◦C, 12

CP: anatase,
wurtzite [103]
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Table 9. Cont.

Shape and
Particle Size Synthesis Method Starting Materials Thermal

Treatments

Crystal Phases
(CP) and
Crystallite Size
(CS)

SA and E Gap Ref.

ZNWs/mesoporous
TZNPs film on
FTO.
film thickness =
12 µm

2 steps: (1) ZNPs
by hydrolysis; (2)
ZT mesoporous
film on FTO by
screen-printing
method, (3) ZNWs
on (2) by
hydrothermal
treatment (5–10–15
h)

(1) ZAc, KOH,
MeOH, FTO; (2)
mesoporous ZnO
film on FTO (from
1), TiO2 paste (3)
ZN, HMTA, DW,
PEI, NH4OH,
HNO3

(2) sintering:
325 ◦C, 5′; 375
◦C, 5′; 450 ◦C,
30′;
(3)
hydrothermal
treatment: 93
◦C, 5, 10 or 15 h

CP: anatase,
rutile, wurtzite [104]

10 bilayers of
(001) ZnO/(200)
TiO2 on (006)
sapphire
substrate

ALE ZnEt2, TiCl4, DW Tdep = 450 ◦C [105]

2.9. Core–Shell Structures on Substrate

Core (ZnO)–shell (titania) nanowires (cs ZT NWs) have been deposited on a sub-
strate by a two- or three-step route: (1) ZnO substrate seeding (facultative step), (2) ZnO
nanowires (ZNWs) growth on substrate and (3) ZNWs titania coating.

cs ZT NWs were synthetized by seeding of ZNPs (4–5 nm) on a conductive glass by
dip coating using an ethanol Z QDs dot dispersion, and then NWs were grown by CBD
in a continuous-flow reactor, with a water solution of zinc nitrate, HMTA and PEA at
92 ◦C for 24 h, followed by thermal treatment at 400 ◦C for 30′. The TiO2 shell was grown
by atomic layer deposition using TiCl4 and distilled water at T = 300 ◦C. The cs ZT NWs
were 15 µm long and 150 nm in diameter, and the shell thickness was governed by the
number of ALD cycles and was found to be amorphous TiO2 when the thickness was less
than 5 nm; otherwise, it was polycrystalline anatase. Skeletal ZnO NWs resulted in wurtzite
single crystal [106].

Cs ZT NWs were grown by ZnO seeding on an FTO on glass by spin coating of a
zinc acetate ethanol solution followed by ZNW growth by the hydrothermal route with a
solution of similar composition to the previous one, at 88 ◦C for 2 h. The TiO2 outer layer
was then deposited by sol–gel with TTIP in BuOH, together with acetyl acetone. At the
end, a final calcination at 350 ◦C for 2 h was performed. The NWs were formed by oriented
(002) wurtzite and polycrystalline anatase and had a length of 1.5–2 µm and a diameter of
100–150 nm, with a shell thickness of 20–50 nm [107].

Almost vertically aligned cs ZT NWs were deposited on steel mesh by a double-
step hydrothermal route: the first one, for the ZNW skeletal structure, used zinc nitrate,
ammonia and distilled water and the second one, for the titania shell, used TBT, DW, and
DEA. At the end, the calcination was performed at 500 ◦C. Wurtzite was clearly detected,
and anatase was present in a small amount. Cs ZT NWs had a diameter of 150 nm and a
length of 9 µm [108].

Completely aligned cs ZT NWs on a carbon-coated silicon wafer were obtained
by thermal evaporation of zinc wire at 700 ◦C in a mixture of Ar and O2 gases (flow
rate = 0.6 Lmin−1, deposition time = 30′′) to obtain the ZNWs, followed by chemical vapor
deposition of titania from TTIP and with N2 as a carrier gas, with a furnace temperature of
450 ◦C, to form the outer TiO2 coating. The shell thickness varied in the range of 5–50 nm
using different times of deposition, and the final Cs ZT NWs contained (002) wurtzite and
were 5 µm long and 60 nm in diameter [109].
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TiO2 coating on ZNWs obtained by hydrothermal growth was also performed by
thermal evaporation of titanium. The Cs ZT NWs were 3 µm long and 30–250 nm in
diameter, and were formed by (002) wurtzite; the resulting titania coating was amorphous,
with a thickness in the range of 5–50 nm [110].

Similarly to the cs ZT NWs, core (ZnO) shell (titania) nanorods (cs ZT NRs) have been
synthesized by a two- or three-step route. cs ZT NWs vertically oriented (within 5–10◦)
were grown on textured ZnO-seeded ITO by CBD, followed by titania coating. Textured
ZnO-seeded ITO was obtained by dropping an ethanol solution of zinc acetate and by
subsequent heating at 350 ◦C for 30 min in air. The ZNR growth was performed by CBD by
using zinc nitrate, HMTA and PEA in water solution at 80 ◦C for 3 h. The TiO2 outer coating
was deposited by ALD using TiCl4 and water at 300 ◦C. The cs ZT NRs were 150–225 nm
long and 15-to-25 nm in diameter and the shell thickness was 2–30 nm, and cs ZTNRs were
formed by wurtzite and anatase if the TiO2 layer was thicker than 4 nm; otherwise, the
TiO2 was amorphous [111].

In a similar way, cs ZT NRs were grown on silicon substrate, growing the outer TiO2
layer by spin coating, using an ethanol solution of TTIP and with a subsequential annealing
at 400 ◦C for 1 h in air [112].

Cs ZT NRs have been obtained by ZnO seed deposition on the FTO substrate by
magnetron sputtering, followed by ZNR growth, performed by hydrothermal reaction
using an aqueous zinc nitrate solution in the presence of HMTA. The hydrothermal reaction
was carried out at 80 ◦C and lasted 8 h; then, the TiO2 coating was accomplished by
magnetron sputtering, followed by annealing at 500 ◦C for 10′. The cs ZT NRs were made
of wurtzite with the [0001] direction along the growth direction, and anatase; the cs ZT NR
diameter was 80–120 nm, the length was 1.5 µm, and the shell thickness was 11 nm and
resulted in NPs with a size of 5 nm [113].

Cs ZT NR arrays made of oriented (002) wurtzite and (004) anatase were obtained by
spin coating of ZAc in MEA to accomplish the ZnO seeding on glass substrate, followed
by a hydrothermal growth of ZNRs at 93 ◦C for 8 h, making use of an aqueous solution of
ZAc and HMTA. The TiO2 coating was performed by sol–gel spin coating using an ethanol
solution of TBT, DEA and water. Uncoated and coated NRs had a diameter of 200 nm and
220 nm and a surface area of 16.4 and 16.7 m2 g−1, respectively [114].

Cs ZT NRs with a diameter of 40–45 nm were deposited by ZnO seeding on glass
substrate by thermal decomposition of zinc acetate, at 350 ◦C, followed by ZNR growth
by CBD with an aqueous solution of zinc nitrate and ammonia; the outer TiO2 layer was
grown by multiple cycles of sol–gel/spin coating, with an ethanol solution of TTIP, AcA,
DW and MeOEtOH. Wurtzite formation was evident, and anatase was detectable only for
thicker TiO2 layers [115].

Cs ZT NRs were grown by ZnO urchin-like seeding by the electrochemical method,
followed by hydrothermal treatment, to grow the ZNRs and sol–gel dip coating, to obtain
the outer TiO2 coating. The ZnO urchin-like seeding on the ITO substrate was made by
soaking the substrate in a zinc acetate water solution and applying a constant potential of
1.2 V versus a calomel electrode, followed by annealing at 300 ◦C for 1 h. The hydrothermal
process was performed in autoclave at 80 ◦C for 2 h, with an aqueous solution of zinc
nitrate and ammonia. The TiO2 coating was performed by dipping the ZNRs in a TiO2
sol–gel mixture, and the immersion was carried out for 6 h or by repeating the 30′ cycle
3 times, to form a rugged or continuous TiO2 layer, respectively. The cs ZT NRs were made
of (002) and (103) preferentially oriented wurtzite, and anatase was barely detectable only
when the TiO2 layer was continuous. The length of NRs was 1.3–2.2 µm and the diameter
was in the range 100–300 nm; the TiO2 coating had a thickness of 25–40 nm, and was made
up of NPs with a size of 3–8 nm [116].

Cs TZ NFs were obtained by a two-step route involving the skeleton TNF synthesis
and the outer ZnO coating deposition performed by electrospinning and ALD techniques,
respectively. TNFs were deposited using TTIP in a solution of PVAc (polyvinyl acetate)
in AcA and DMFA (dimethylformamide), onto silicon placed on an Al collector placed
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20 cm away from the syringe needle. The needle had a positive voltage of 15 V, while the
collector had a negative voltage of −10 V. The syringe was then operated using a pump at
0.2 mL h−1. The ZnO coating was deposited by ALD, using diethyl zinc, H2O and N2; the
temperature of the substrate was 150 ◦C, and the pressure was 0.3 torr. Cs TZ NFs were
made up of wurtzite and anatase and had a final diameter of 250 nm [117].

Properties and synthesis conditions of cs ZTNWs, ZTNRs and TZNFs on substrate are
reported in Table 10.

Table 10. cs ZTNW, cs ZTNR and cs TZNF on substrate properties and synthesis conditions. The
numbering in the synthesis-method column and starting-material column indicates the succession of
steps in the synthesis. The parameter r, when present, is used to express the composition, and must
refer to its own line.

Shape and Particle
Size Synthesis Method Starting Materials Thermal Treatments

Crystal Phases (CP)
and Crystallite Size
(CS)

SA and E Gap Ref.

cs ZT NWs on
conductive glass
PS: ∅NWs = 150 nm,
length NWs = 15 µm,
TiO2 thickness:
5–40 nm

3-step route: (1) ZNPs
seeding by dip coating;
(2) ZnO NWs by CBD in
a continuous flow reactor
using T = 92 ◦C, t = 24 h;
(3) TiO2 coating by ALD
using Tdep = 300 ◦C,
pulse dep time = 1 s,
purge time = 12 s

(1) ZNPs, EtOH,
conductive glass; (2) ZN,
DW, HMTA, PEA, ZnO
seed on conductive glass
(from 1); (3) TiCl4, DW, Z
NWs on glass (from 2)

(2) 400 ◦C, 30′

CP: anatase, (if shell
thickness is more than
5 nm) amorphous TiO2
(if shell thickness is
lower than 5 nm),
wurtzite (single
crystal)

[106]

cs ZT NWs (vertically
oriented) on FTO layer
on glass.
PS: ∅NWs = 100–150
nm; lengthNWs = 1.5–2
µm, TiO2 thickness =
20–50 nm

3-step route: (1) ZnO
seeding by spin coating;
(2) Z NWs by
hydrothermal method;
(3) TiO2 coating by
sol–gel deposition

(1) ZAc, EtOH; (2) ZN,
HMTA, DW, NH4OH;
ZnO seed on glass (from
1); (3) TTIP, AcA, BuOH,
DW, Z NW on glass
(from 2)

(1) 350 ◦C 20′ , air;
(2) hydrothermal
treatment: 88 ◦C,
2 h; (3) annealing:
450 ◦C, 30′ , air or N2

CP: (002) wurtzite,
anatase E gap = 3.25 eV [107]

cs ZT NWs (almost)
vertically aligned
arrays on steel mesh
PS: ∅NWs = 600 nm,
lengthNWs = 9 µm

2 steps: (1) ZNWs by
hydrothermal method;
(2) TiO2 coating by
hydrothermal method

(1) ZN, NH4OH, DW,
steel mesh; (2) TBT, DEA,
EtOH, DW, ZNWs (from
1)

(1) 83 ◦C, 24 h;
drying: 60 ◦C;
(2) drying: 60 ◦C;
annealing 500 ◦C,
1 h, air

CP: anatase, wurtzite E gap = 3.22 eV (cs ZT
NWs); 3.25 eV (ZNWs) [108]

vertically aligned cs
ZT NWs on Si.
PS: ∅NWs = 60 nm;
lengthNWs = 5 µm;
TiO2 thickness = 15 nm

2 steps: (1) ZNWs by
thermal evaporation
using f: 0.6 l min−1, Tdep:
700 ◦C, t: 30 s; (2) f (N2):
0.55 l min−1, Tbubbler =
RT, Tdep = 450 ◦C, t = 30′ ;
(3) TiO2 coating by CVD

SM:(1) Zn wire; (2) TTIP,
N2

CP: (002) wurtzite [109]

cs ZT NWs film on
substrate
PS: ∅NWs = 30–250 nm;
length NWs = 3 µm;
TiO2 thickness: 0, 5, 10,
20, 30, 50 nm

3 steps: (1) ZnO seeding
on substrate by spin
coating; (2) ZNWs by
hydrothermal growth;
(3) TiO2 coating by
thermal evaporation
using Tfilament = 1800 ◦C,
P = 2 × 10−5 mbar

SM: (2) ZN, HMTA, DW
(3) Ti

(2) hydrothermal
growth: 95 ◦C, 7 h;
(3) annealing:
350 ◦C

CP: (002) wurtzite [110]

M: cs ZT NRs on ITO
substrate
PS: ∅NRs = 15–25 nm,
lengthNRs = 150–225
nm

3 steps: (1) ZnO
nanocrystal textured
seeding by dropping
with ZAc/EtOH; (2) Z
NRs by chemical-bath
growth; (3) TiO2 coating
by ALD. ALD performed
with P = 300–500 mtorr, T
= 300 ◦C, growth rate:
0.9 Å/cycle

Me: (1)
SM: (1) ZAc, EtOH, ITO;
(2) ZN, DW, HMTA, PEA,
seeded ITO (from 1);
(3) TiCl4, DW, ZNRs
(from 2)

(1) 350 ◦C,20′ ;
(2) 80 ◦C, 30′

CP: anatase (if shell is
thicker than 4 nm),
(002) wurtzite

[111]

cs ZT NRs
PS: ∅NRs = 30–60 nm;
TiO2 thickness:
10–20 nm

3-step route: (1) ZnO
seeding by solution
dropping (2) Z NRs by
chemical-bath growth:
(3) TiO2 coating by spin
coating

(1) ZAc, EtOH; (2) ZN,
PEA, HMTA DW;
(3) TTIP, EtOH

(1) annealing:
350 ◦C, 20′
(2) chemical-bath
growth: 90 ◦C, 2.5 h;
(3) annealing:
400 ◦C, 1 h

[112]
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Table 10. Cont.

Shape and Particle
Size Synthesis Method Starting Materials Thermal Treatments

Crystal Phases (CP)
and Crystallite Size
(CS)

SA and E Gap Ref.

cs ZT NRs (arrays)
film on FTO, ZnO
growth direction along
[0001] direction
PS: ∅NRs = 80–120 nm,
length NRs = 1.5 µm,
TiO2 thickness = 11
nm, TiO2 NPs = 5 nm

3-step route: (1) ZnO
seeding by magnetron
sputtering: f (Ar) =
20 sccm, P = 0.5 Pa, RF
power = 100 W;
(2) Z NRs by
hydrothermal-bath
deposition; (3) TiO2
coating by magnetron
sputtering: fAr = 20 sccm,
P = 0.5 Pa, RF power =
100 W, Tsub = 450 ◦C,
t = 9′

SM:(1) ZnO target, Ar;
(2) ZN, HMTA, DW (3)
TiO2 target, Ar

(1) annealing:
350 ◦C, 30′ ;
(2) hydrothermal
condition: 80 ◦C, 8 h;
(3) annealing:
500 ◦C, 10′

Anatase, wurtzite [113]

cs ZT NRs arrays on
glass substrate
PS: ∅NRs = 200 nm (Z
NRs), 220 nm (ZT
NRs)

3-step route: (1) seed
layer by spin coating
(2) ZNRs by
hydrothermal method;
(3) TiO2 layer by sol–gel
spin coating method

SM: (1) ZAc, MEA,
MeOEtOH; (2) ZAc, DW
HMTA; (3) TBT, DEA,
EtOH, DW

(1) 350 ◦C, 30′ ;
(2) hydrothermal
treatment: 93 ◦C 6 h;
drying: 60 ◦C, 10′ ;
(3) sintering: 550 ◦C,
1 h

CP: (004) anatase, (002)
wurtzite, traces of
Zn2TiO4 and Zn1.7SiO4

SA = 16.4 m2 g−1 (Z
NRs), 16.7 m2 g−1 (ZT
NRs)

[114]

cs ZT NRs on glass
substrate
PS: ∅NRs = 40–45 nm

3-step route: (1) seed
layer by thermal
decomposition at 350 ◦C;
(2) NRs by CBD at 90 ◦C
1 h; (3) TiO2 layer by
sol–gel spin coating, with
speed 2000 rpm. Ncycles =
1, 3, 5

SM: (1) ZAc; (2) ZAc,
HMTA, DW; (3) TTIP,
2-MeOEtOH, AcA, DW

(3) 500 ◦C, 2 h CP: anatase
(ncycles > 1), wurtzite [115]

cs ZT NRs (oriented)
on ITO
PS: ∅NRs =
100–300 nm, lengthNRs
= 1.6–2.2 µm, TiO2
thickness = 25–40 nm
(sol–gel 30′ × 3), TNPs:
3–8 nm (sol gel 6 h)

3-step route:
(1) urchin-like Zn
seeding by
electrochemical method,
V = −1.2 V (versus
calomel reference
electrode;
(2) hydrothermal process;
(3) immersion in sol–gel
6 h, or 30′ 3 times

(1) ZAc, DW, O2; (2) ZN,
DW, NH4OH; (3) TBT,
IPOH, ZNRs (from 2)

(1) 300 ◦C, 1 h;
(2) autoclave: 80 ◦C,
2.5 h; drying: in air;
calcination: 300 ◦C;
(3) calcination:
450 ◦C

CP: A, (002), (103)
preferentially oriented
W

E gap: 2.86–2.93 eV
(sol–gel 6 h),
2.78–2.85 eV (sol–gel
30′ × 3)

[116]

cs TZ NFs on Si wafer
PS: ØNFs = 250 nm

2 steps: (1) TNFs by
electrospinning using
Vneedle = 15 kV.
Vcoll = −10 KV,
distanceneddle/col = 20 cm,
feed rate: 0.2 mL h−1; (2)
ZnO coating by ALD
using Tdep = 150 ◦C, P =
0.3 torr, alternating
pulses,
ZnEt2/N2/DW/N2

SM: (1) TTIP, PVAc,
DMFA, AcA; (2) ZnEt2,
DW, N2

(1) calcination:
600 ◦C, 8 h, O2

CP: anatase, wurtzite E gap: 3.31 eV [117]

2.10. Hierarchical Films on Substrate

A bottlebrush film on glass substrate consisting of TNW-coated ZNRs was grown by
a three-step route. The first step was a ZnO seeding-layer deposition performed by mag-
netron sputtering using ZnO as target. Subsequently, ZNRs were grown by a hydrothermal
synthesis with an aqueous solution of zinc nitrate, HMTA, nitric acid and ammonium
hydroxide. The hydrothermal treatment was performed at 95 ◦C for 4 h. In the end, TNWs
were grown by magnetron sputtering using TiO2 as target to give the final bottlebrush
morphology. The ZNRs had a length of 2–3 µm and were made of (002)-oriented wurtzite;
the TNWs, made of rutile, were 90–100 nm long [118].

ZT NC arrays on Ti fabric were synthesized by hydrothermal treatment of TiO2
nanotubes (TNTs) with a zinc acetate aqueous solution. TNTs, 60 µm long, with a diameter
of 50 nm and a wall thickness of 10 nm, had been previously synthetized by anodic
oxidation of Ti fabric using a V = 60 V for 24 h. The hydrothermal treatment was performed
in autoclave at 120 ◦C for 2 h and the final ZT nanocomposite was made of anatase and
wurtzite phases [119].

Radiolarian-like porous ZnO microspheres (RPZMs) were grown on a compact TiO2
film on a glass substrate. TiO2 film was deposited by spin coating with an ethanol solution
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of TTIP and nitric acid followed by calcination at 450 ◦C for 30′. RPZMs were obtained
by hydrothermal treatment of the compact TiO2 film with an aqueous solution of zinc
nitrate and MEA, performed in autoclave at 95 ◦C for 4 h. RPZMs were in the wurtzite
phase, with a diameter of 7–9 µm; macropores of 200–500 nm were formed by ZnO sheets
(500 × 100 × 50 nm) and NWs with a diameter of 20–30 nm were also present [120].

ZNRs and the flower-like microstructure in the wurtzite phase were grown by double-
hydrothermal treatment on porous TiO2 film previously screen-printed on FTO. The hy-
drothermal treatment was performed with an aqueous solution at pH = 11.3 of zinc nitrate
and ammonium hydroxide in autoclave at 70 ◦C for 12 h. The hydrothermal treatment
was repeated in the same conditions, except for the pH and time, which were set to 6 h
and 10.8, respectively. The TiO2 porous film was formed by spherical-like anatase particles
with a diameter of 16–35 nm. The ZNRs had diameters of 60–110 nm and were 500–700 nm
long; meanwhile, the flower-like microstructure had a total dimension of 5–7 µm; the petal
diameter was 100–200 nm and they were 0.73–2 µm long [121].

Properties and synthesis conditions of hierarchical ZnO/TiO2 films on substrate are
reported in Table 11.

Table 11. Hierarchical ZnO/TiO2 films on substrate: properties and synthesis conditions. The
numbering in the synthesis-method column and starting-material column indicates the succession of
steps in the synthesis.

Shape and Particle Size Synthesis Method Starting Materials Thermal Treatments
Crystal Phases (CP)
and Crystallite Size
(CS)

Ref.

Bottlebrush films on glass
substrate, consisting of
TNWs on ZNRs.
PS: lengthZNRs = 2–3 µm;
lengthTNWs = 90–100 nm

3-step route: (1) ZnO
seeding by magnetron
sputtering using p = 2.67
Pa,
RF = 13.56 MHz, RF
power = 500 W, t = 30′;
(2) ZNRs by
hydrothermal treatment;
(3) TNWs by magnetron
sputtering using T = RT,
p = 10 mtorr, f = 10 sccm;
carrier gas = Ar

(1) ZnO target; (2) ZN,
HMTA, HNO3, NH4OH,
DW, ZnO seeded glass
(from 1); (3) TiO2 target,
ZNRs on glass (from 2)

(1) hydrothermal
treatment: 95 ◦C, 4 h

CP: rutile, (002)
wurtzite [118]

Nanocomposite array on
Ti fabric
PS: TiO2 array: Ø = 80 nm

2 steps: (1) TNTs
synthesis by anodic
oxidation of Ti fabric with
working electrode: Ti
fabric, counter electrode:
Pt, V = 60 V, t = 24
(2) ZnO deposition by
impregnation and
hydrothermal treatment

SM: (1) Ti fabric; (2) ZAc,
DW

(1) drying: 60 ◦C, 12 h;
(2) drying: 100 ◦C, 1 h;
autoclave: 120 ◦C, 2 h;
drying: 70 ◦C, 6 h

CP: anatase, wurtzite [119]

Radiolarian-like porous
ZnO microspheres
(RZMPs)
PS: RZMP: 7–9 µm;
macropores: 200–500 nm;
ZnO nanosheets:
500 × 100 × 50 nm; NWs:
Ø = 20–30 nm

2 steps: (1) compact TiO2
film on glass by spin
coating;
(2) hydrothermal method

(1) TTIP, HNO3; (2) ZN,
MEA, DW, TiO2 film on
glass (from 1)

(1) 450 ◦C, 30′; (2):
autoclave: 95 ◦C, 4 h wurtzite [120]
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Table 11. Cont.

Shape and Particle Size Synthesis Method Starting Materials Thermal Treatments
Crystal Phases (CP)
and Crystallite Size
(CS)

Ref.

Flower-like and NR
arrays of ZnO on
nanoporous TiO2 film on
FTO
PS: ØTNPs = 16–35 nm;
ZNRs on the bottom:
ØZNRs:: =60–110 nm,
lengthZNRs = 500–700 nm;
ZnO flower-like
microstructure on the top:
Ø = 100–200 nm, length =
0.73–2 µm, flower-shaped
total structure: 5–8 µm

3 steps: (1) TiO2 film on
FTO by screen-printing
method; (2) hydrothermal
synthesis on porous TiO2
film with
pH = 11.3 (3)
hydrothermal treatment
with pH = 10.8

SM: (1) TiO2 paste; (2)
ZN, DW. NH4OH, TiO2
film (from 1); (3) ZN, DW,
NH4OH, Ti/Zn film on
substrate (from 2)

(2) autoclave: 70 ◦C, 12 h;
(3) autoclave: 70 ◦C, 6 h Anatase, wurtzite [121]

2.11. Composite on TNTs on Substrate
2.11.1. ZNPs and ZNRs on TNTs

ZNPs into the TNTs (ZNPsTNTs) have been obtained by a hydrothermal treatment of
TNTs in autoclave at 70 ◦C for 24 h with an aqueous solution of zinc nitrate and ammonia,
followed by drying in air. TNTs were previously synthetized by anodic oxidation of a
titanium foil in ammonium sulfate/fluoride electrolyte solution with a constant V = 20 V
for 4 h, followed by calcination at 500 ◦C for 1 h. ZNPsTNTs were formed of anatase and
wurtzite, had a diameter of 60–80 nm, and were 300 nm long [122].

ZNPs have been deposited onto TNTs also by CBD, performed by dipping TNTs in an
aqueous solution of ZN and HMTA at 65 ◦C for 15′ several times. Increasing the number
of dips increases ZNP dimension. TNTs, made of anatase, were 90 nm in diameter and
4 µm long. ZNPs were made of wurtzite; they were rice-shaped, with dimensions of 1 µm
in length and 100 nm in width [123].

ZNRs embedded in highly ordered TiO2 nanotubes (ZNRs in TNTs) were obtained
by a direct cathodic electrodeposition of ZNRs on TNTs already synthetized by anodic
oxidation, followed by calcination. The direct cathodic electrodeposition was performed in
a three-electrode cell, and the TNT on the Ti sheet was the working electrode. The TNTs
were 200–300 nm long, with a wall thickness of 10 nm and a diameter of 30–90 nm. Z
NRs were formed inside the TNTs and spilled out of 100–200 nm. Crystalline anatase and
wurtzite phases were present [124].

ZNRs in TNTs were synthetized also by ZnO crystal seeding on TNTs, obtained by an-
odic oxidation, followed by ZNR hydrothermal growth. The ZnO seeding was performed
by the sol–gel method with a zinc acetate ethanol solution dropped and spun on the TNTs.
The hydrothermal growth of ZNRs was performed with ZN in a water solution contain-
ing HMTA, with an autoclave treatment at 90 ◦, and the duration of the hydrothermal
treatment was varied to control the quantity of ZNRs grafted on the TNT surface. The
TNTs were made of anatase and rutile and had a diameter of 50–90 nm and a thickness of
10–15 nm. The gap between the NTs was 20 nm. The ZNRs were made of wurtzite, and
had a diameter up to 50 nm and a length up to 1–2 µm, depending on the lasting time of
autoclave treatment [125].

ZNRs were grown inter- and intra-tube in TNTs by crystallization from an aqueous
solution of zinc nitrate and HMTA at 70 ◦C with ultrasonic treatment, for 10 min. TNTs
were obtained by anodic oxidation of Ti foil, DEG in the electrolyte solution allowed to get
larger tube diameter, 200–300 nm. An annealing post-treatment was essential to crystallize
TNTs from amorphous phase to anatase, and to obtain the subsequent ZNR growth. By
increasing the crystallization time from 2 to 4 h, ZNRs, in the wurtzite phase, enlarged from
10–30 nm to 30–50 nm and elongated from 100–300 nm to 300–500 nm [126].

Properties and synthesis conditions of composites on TNTs are reported in Table 12.
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Table 12. Hierarchical ZnO/TiO2 films on substrate properties and synthesis conditions. The
numbering in the synthesis-method column and starting-material column indicates the succession of
steps in the synthesis. The parameter r, when present, is used to express the composition, and must
refer to its own line.

Shape and Particle
Size Synthesis Method Starting Materials Thermal

Treatments

Crystal Phases (CP)
and Crystallite Size
(CS)

SA and E Gap Ref.

ZNPs into the TNTs
on Ti foil
PS: inner ØNTs =
60–80 nm, lengthNTs
= 300 nm

2 steps: (1) TNTs by
anodic oxidation
method using
working electrode: Ti
foil, counter electrode:
Pt, electrolyte
(NH4)2SO4/NH4F,
using V = 20 V t = 4 h;
(2) ZNPs by
hydrothermal synth-
esis on TNTs (from 1)

(1) Ti foil; (2) ZN,
NH4OH, DW

(1) calcination:
500 ◦C, 1 h;
(2) autoclave: 70
◦C,
24 h; drying: air

CP: anatase,
wurtzite [122]

ZNPs (nanorice-
decorated) TNTs on
Ti foil
PS: ∅TNTs = 90 nm,
lengthTNTs = 4 µm;
ZNPs = 1 nm × 100
nm × 1 µm

M: (1) TNTs by anodic
oxidation using
working electrode: Ti
foil, counter electrode:
Pt, V = 30 V,
3 h; (2) ZnO nanorice
by 0–8 cycle of CBD at
65 ◦C, 15′

(1) Ti foil, EG, NH4F,
DW; (2) ZN, HMTA,
DW

(1) drying: 80 ◦C;
annealing: 450 ◦C,
1 h, air

CP: Anatase,
wurtzite [123]

ZNRs embedded in
highly ordered
TNTs on Ti sheet
PS: ∅TNTs = 30–90
nm, thickness wall
= 10 nm,
length∅TNTs =
200–300 nm;
lengthZNRs = 200
nm

2 steps: (1) TNTs by
anodic oxidation
using working
electrode: Ti sheet,
counter electrode: Pt,
V = 20 V, t = 20′;
(2) ZNRs by direct
cathodic
electrodeposition on
TNTs using working
electrodes: TNTs, ref.
electrode; calomel,
counter electrode: Pt,
V = −1 V, t = 20′−60′,
T = 350 K

(1) Ti sheet, HF, DW;
(2) TNTs (from 1), ZN,
DW

(1) annealing:
500 ◦C, 1 h, dry
O2

CP: anatase,
wurtzite [124]

Surface-grafted
flower-like ZNRs
on TNTs
PS: ∅TNTs = 50–90
nm, thickness wall
=
10–15 nm, NTs gap
= 20 nm; ∅ZNRs =
50 nm, lengthZNRs =
1–2 µm

2 steps: (1) TNTs by Ti
foil anodic oxidation
using V = 20 V,
electrode: Ti foil,
counter electrode: Pt;
t = 3 h; (2) ZnO
seeding by
sol–gel/spin coating
with speed
100 rpm, 10 s, 10
times;
(3) ZNR growth by
hydrothermal
synthesis

(1) Ti foil; (2) TNTs
(from 1) ZAc, EtOH;
(3) seeded TNTs (from
2), ZN, HMTA, DW
TT

(1) Annealing:
500 ◦C, 5 h, O2;
(2) 350 ◦C, 0.5 h;
(3) autoclave: 90
◦C, 0–12 h

CP: Anatase, rutile,
wurtzite

E gap = 3.26 eV
(TNTs), 3.19–3.3 eV
(ZNRs on TNTs)

[125]

ZNRs intra- and
inter-TNTs
PS: ØTNTs = 200–300
nm, wall thickness
= 30 nm; ØZNRs =
10–30 nm
(t = 2 h) 30–50 nm
(t = 4 h), lengthZNRs
= 100–300 nm (tCBD
= 2 h), 300–500
(tCBD = 4 h)

2 steps: (1) TNTs by Ti
foil anodization using
V = 60 V; (2) ZNRs by
CBD at 70 ◦C, for 2–4
h

(1) Ti foil; (2) ZN,
HMTA, DW

(1) annealing:
450 ◦C, 3 h, air

CP: anatase,
wurtzite

SA = 0.32 m2 g−1

(TNTs), 0.45 m2 g−1

(ZNRs/TNTs)
[126]
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2.11.2. ZnO on Lateral TNT Surface Composites

ZnO nanocrystals were deposited on the lateral surface of TNTs by the filtered cathodic
vacuum-arc technique. TNTs, obtained by anodic oxidation of a Ti foil, were previously
annealed at 550 ◦C for 3 h in air to obtain a porous crystalline anatase structure. ZnO
nanocrystals, made of wurtzite, were 30 nm in diameter; the TNTs were 3.5 µm long and
had a diameter of 120 nm before the ZnO deposition and 180 nm after ZnO deposition [127].

Coaxial TiO2/ZnO NTs (TZNTs) were obtained by an electrochemical deposition of
ZnO inside TNTs, which had been previously obtained by anodic oxidation of Ti foil and
annealing at 450 ◦C for 2 h. The electrochemical deposition of ZnO was performed with
an aqueous solution of ZN and EDTA with a cathodic potential V = −1 V. Coaxial TZNTs
were made of anatase and wurtzite and had an inner diameter of 130 nm, a wall thickness
of 15 nm and a wurtzite ZnO layer thickness of 30 nm [128].

Nanocrystals, with an average diameter of 50 nm, were grown on the framework of
TNTs by dipping TNTs, with an inner diameter of 76 nm, in aqueous/ethanol solution
containing ZN, followed by pyrolysis at 400 ◦C for 2 h. The final composite was formed by
anatase and wurtzite [129].

The hydrothermal method was also used to deposit ZnO crystals on the side surface
of TNTs. The hydrothermal treatment was performed with an aqueous solution of ZN,
HMTA and citric acid at 70 ◦ for 2 h and was followed by annealing at 300 ◦C for 100′. The
final structure contained only the anatase phase. [130].

Properties and synthesis conditions of ZnO on the lateral TNT surface composites are
listed in Table 13.

Table 13. Properties and synthesis conditions of ZnO on the lateral TNT surface composites. The
numbering in the synthesis-method column and starting-material column indicates the succession of
steps in the synthesis. The parameter r, when present, is used to express the composition, and must
refer to its own line.

Shape and Particle
Size Synthesis Method Starting Materials Composition Thermal Treatments Crystal Phases (CP)

and E Gap Ref.

ZnO crystals onto
lateral surface of
porous TNTs.
PS: ∅TNTs = 120 nm,
length TNTs = 3.5 µm;
∅ZTNTs = 180 nm;
ZNPs = 30 nm

2 steps: (1) TNTs by
anodic oxidation using
working electrode: Ti foil,
counter electrode: Pt,
V = 20 V, t = 3–12 h
(increasing time increases
tube length); (2) ZnO
nanocrystal by filtered
cathodic vacuum-arc
technique

(1) Ti foil; (2) TNTs (from
1), Zn metal, O2

(1) annealing: 550 ◦C,
3 h, air CP: anatase, wurtzite [127]

Coaxial TZNT arrays.
PS: inner
ØTNTs = 130 nm, wall
thickness = 15 nm,
ZnO thickness (inside
TNT pore) = 30 nm

2 steps: (1) TNTs by Ti
foil anodic oxidation
using working electrode:
Ti foil, T = RT;
(2) electrochemical
deposition using
working electrode: TNTs,
counter electrode: Pt,
reference electrode:
calomel, V = −1 V, t = 1 h

SM: (1) Ti foil; (2) TNTs
(from 1), ZN, EDTA, DW
h

(1) annealing: 450 ◦C, 2
CP: anatase, wurtzite

E gap: ~3.2 eV
[128]

ZnO nanocrystals
inside and outside
well-aligned TNTs
PS: ØinnTNTs = 76 nm,
ZNPs = 50 nm

(1) TNTs by Ti foil
anodization using
working electrode: Ti foil,
counter electrode:
graphite sheet, V = 40 V,
t = 10 h; the procedure
has been repeated twice,
the first time TNT
formation is removed;
(2) CBD followed by
pyrolysis

SM: (1) Ti foil; (2) ZN,
EtOH, DW; (3) TNTs
(from 1), ZN, EtOH, DW

ZnO/TiO2
(wt.% = 5, 10, 15, 20)

(1) annealing: 450 ◦C,
3 h, air; (2) pyrolysis:
400 ◦C, 2 h, air

CP: anatase, wurtzite [129]
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Table 13. Cont.

Shape and Particle
Size Synthesis Method Starting Materials Composition Thermal Treatments Crystal Phases (CP)

and E Gap Ref.

ZNPs (hexagonal
flake) lateral decorated
TNTs
PS: ∅TNTs = 70 nm,
length = 2 µm

(1) TNTs by Ti foil anodic
oxidation using working
electrode: Ti sheet,
counter electrode
graphite sheet, V = 30 V,
t = 2 h; (2) ZNPs on/in
TNTs by hydrothermal
method

(1) Ti foil, EG, NH4 F,
DW; (2) TNTs (from 1),
ZN, HMTA, citrA, DW

Ti/O/Zn (at. ratio)
=
35/65/0,
36/62/2,
30/64/6, 26/55/19,
22/54/24

(1) annealing: 450 ◦C,
3 h, air;
(2) hydrothermal
treatment: 70 ◦C, 2 h;
annealing: 300 ◦C, 100′

anatase [130]

3. Photocatalysis

When an electromagnetic radiation of suitable energy hits a semiconductor metal
oxide, some electrons of the valence band undergo excitation and pass to the conduction
band. This process gives rise to the formation of electrons and holes available for chemical
reactions with the surrounding species. Oxygen and water are always present in a real
environment and react with electrons and holes, respectively, giving rise to the formation
of reactive oxygen species (ROS).

H2O + h+ → H+ + HO·

O2 + e− → ·O−
2

·O−
2 and HO·, as radical species, are extremely reactive, and can start desired (and

undesired) reactions; moreover, they may diffuse into the surroundings, expanding the
reaction zone compared to the catalyst place.

The photocatalytic activity of mixed titanium and zinc oxides has traditionally been
tested with molecules acting as probes to determine their actual photocatalytic capabili-
ties and factors influencing their performance; methyl orange (MO) is the most common
molecule tested, in this sense. ZT photocatalytic activity has been also studied on the
degradation of dyes used in the textile, biological and geological industries, with the aim
to determine the effective ability of ZT to treat wastewaters. Although these catalysts have
demonstrated their ability to photodegrade dyes, the toxicity has been shown to persist in
water, even after their disappearance [131], probably due to the presence of fragments not
completely removed [132], but studies about the exact determination of the degradation
products do not yet appear in the literature. Research has focused also on exploring the
potential of titanium–zinc mixed oxides for reducing environmental contaminants like
Cr6+ [30,133], trichloroethylene (TCE) [60], antibiotics [134–136], herbicide [137], pesti-
cides [132], landfill leachate [25], lignin [138], PCP [90] and NO [66,139]. Additionally, these
oxides have been investigated for their role in energy-generation processes, including CO2
photo-reforming to produce methane [64], hydrogen production by water splitting [108]
and methanol reforming [51] reactions.

Photocatalytic activity of ZTNCs is reported in Table 14. They are more active than
the respective pristine oxides, ZnO [10,25,27,31,34,37,39,40,44–46,51,54,56,60,68,72,74,80,85,
99,116,127,129,136,137,140] and TiO2 [10,25,27,31,34,37,39,40,44,45,54,56,60,65,72,74,80,85,
90,93,99,127,129,136,137,140] and, sometimes, more than P25 TiO2 [39,51,62,64,67,68,78,80,
85,129], which is considered a standard reference in photocatalysis. Many factors have
been involved in explaining the boosting of photocatalytic activity of ZTNCs.

ZTNCs often show a lower energy gap than ZnO and TiO2 [45,58,67,73,116] because
of the smaller particle size [89] and the creation of the energy level in the gap, due to lattice
defects [116]. The smaller energy gap facilitates the photoexcitation of electrons from the
valence band to the conduction band, thus contributing to increasing the reaction speed.
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Table 14. ZTNC photocatalytic performances and catalyst properties.

MO Degradation

Ref.
Catalyst
Crystal phases
Synthesis method

Measurement parameters Main results

[43]
ZT/r/NPs
Anatase, rutile
Sol–gel method

In 250 mL beaker
C0 (cat) = 10 g L−1

C0 (dye) = 0.1–1 mg L−1

P = 160 W
Rad = UV Hg lamp

t = 5 h
deg = 50–70%
zinc sulfate as precursor gives more active
photocatalysts than zinc chloride and nitrate

[44]

ZT/r/NPs
Anatase, rutile, wurtzite
Sol–gel method (with SDS or DBS
surfactant)

Fixed-film batch reactor
C0 (dye) 5 mg L−1

P = 6 W
LI = 3.0 mW cm−2

Rad = UV lamp

ZT/r/NPs more active than pristine oxides
K = 1.81 h−1 (Zn/Ti at. ratio = 0.25/Tcalc = 600 ◦,
DBS)
DBS allows higher K than SDS

[39]
ZT/r/NPs
Anatase, wurtzite
Hydrothermal method

Quartz-glass reactor
C0 (cat) = 2.5 g L−1

C0 (dye) = 0.02 g L−1

P = 125 W
d = 20 cm
Rad = UV Hg lamp

t ~20′

deg ~80%
ZT/r/NPs more active than TNPs
ZT/r/NPs more active ZNPs
ZT/r/NPs a little more active than P25
ZT/r/NPs more resistant than P25

[34]
ZT/r/NPs
A W
Precipitation method

C0 (cat) = 0.2 g L−1

C0 (dye) = 0.01 M
P = 4 × 8 W
LI = 1.4 W m−2

Rad = UVA Phillips TL

t = 140′

deg = 100%
K = 1.86 × 10−2 min−1

ZT/r/NPs more active than TNPs,
K = 0.1 × 10−2 min−1

ZT/r/NPs more active ZNPs,
K = 1.23 × 10−2 min−1

[24]
ZT/r/NPs
A, W
Mechanical mixing

Photoreactor with 250 mL beaker
C0 (cat) = 0.5 g L−1

C0 (dye) = 40 ppm
P = 375 W
Rad = UV Hg lamp

t = 20′

deg = 45–50%
with increasing ZnO content degradation
decreases, increases, and decreases
Maximum deg.: ZnO wt.% = 95%
minimum deg.: ZnO wt.% = 5%

[48]

ZT/r/NPs
A, W, Am
Sol–and precipitation, (different
composition) methods

100 mL beaker
C0 (cat) = 0.5 g L−1

C0 (dye) 10−5 M
P = 40 W
LI = 413 W cm−2

Rad = UV VL 340 lamp

t = 5 h
deg = 100%
χZn ≤ 0.67: precipitate catalysts more active than
sol–gel catalyst
χZn ≥ 0.67: precipitate catalysts less active than
sol–gel catalyst, amorphization and high E gap
decreases MO photodegradation

[62]
hollow spheres
anatase
Solvothermal method

C0 (dye) = 10 mg L−1

Rad = UV light

t = 9′

deg = 100%
ZT hollow spheres much more active than TiO2
hollow spheres
ZT hollow spheres a little more active than P25
ZT hollow spheres more resistant than P25

[112] Cs ZT NRs on Si substrate
Hydrothermal/spin coating

C0 (dye) = 0.25 mg L−1.
P = 66.2 W cm−2, 16.7 W cm−2.
Rad = black-ray UV light and oriel solar
simulator

Cs ZTNRs less active than ZNRs

[80]
UTZs (urchin-like TiO2/ZnO)
Anatase, wurtzite
Hydrothermal method

C0 (cat) = 0.5 g L−1

C0 (dye) = 10 mg L−1

P = 300 W
Rad = UV Xenon lamp
d = 15 cm

t = 25′

deg = 100%
UTZs more active than ZNPs
UTZs more active than P25
UTZs more active than TiO2 urchin-like
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Table 14. Cont.

MO Degradation

Ref.
Catalyst
Crystal phases
Synthesis method

Measurement parameters Main results

[56]
TNPsZNRs
Anatase, wurtzite
PLAL

C0 (cat) = 0.5 g L−1

P = 500 W
Rad = Xenon lamp (UV)

TNPsZNRs with ZnO/TiO2 (wt. ratio) = 9/1 the most active
t = 35′

deg = 100%
K = 0.1142 min−1

more active than other composition
more active than pristine ZNRs
(K = 0.04062 min−1)
s more active than TNPs (K = 0186 min−1)

[124]

ZNRs embedded in TNTs on Ti sheet
Anatase, wurtzite
TNTs by anodic oxidation method;
ZNRs by direct cathodic
electrodeposition on TNTs

Photo-electrocatalytic measurements
WE: ZNRs/TNTs
WE area = 1.0 cm2

CE: Pt
RE: SCE
C0 (dye) = 5 × 10−5 M
P = 11 W
LI = 10 mW cm−2.
Rad = UV lamp

t = 90′

deg = 100%
ZNRs embedded in TNTs slightly more active
than TNTs

[126]

ZNRs/TNTs (intra- and extra-tube)
Anatase, wurtzite
TNTs by Ti foil anodization; ZnO NRs
by CBD

C0 (dye) = 5 × 10−5 M
P = 400 W
LI = 23 mW cm−2

Rad = Hg lamp
d = 12 cm

t = 105′

deg = 75–80%
ZNRs/TNTs more active than TNTs
2nd cycle
t = 105′

deg. = 20–25%

[119]

ZT NCs arrays on Ti fabric
Anatase, wurtzite
Anodic oxidation followed by
hydrothermal treatment

C0 (cat) = 1 × 1 cm2/100 mL
C0 (dye) = 20 mg L−1

P = 300 W
Rad = UV Xenon lamp

t = 60′

deg = 100%
ZT NCs more active than TNPs (at pH 7)
pH = 10 more active than other pH
Reusable

[92]

ZT film on glass
anatase, (χTi ≥ 75%), wurtzite
(χT i ≤ 50%.), amorphous
(χTi = 25 and 50%)
Sol–gel/dip coating

In small beaker
C0 (dye) = 2.5 × 10−5 M
P = 20 W
Rad = UV lamp

t = 3 h
deg = 90–95%
The higher the titanium content, the higher the
MO photodegradation
Films with poorest crystallization show lowest
photocatalytic degradation

[93]

ZT macroporous film
anatase (ZnO/TiO2 = 0, 10, 20%),
amorphous (ZnO/TiO2 = 30, 40%)
Sol–gel/spin coating

Water-cooled reactor
C0 (cat) = 1 g L−1.
C0 (dye) = 10.3 mg L−1

P = 100 mWcm−2

Rad = solar simulator with an AM1.5 filter

ZT macroporous film with ZnO/TiO2 (molar
ratio) = 10% the most active
t = 280′

deg = 70–80
more active than TNPs
more active than other compositions
(ZnO/TiO2 = 20, 30 and 40%)
less active then P25

[85]

self-standing ZT photonic crystal with
IOS
Anatase, wurtzite
Self-standing TiO2 by impregnation of
PS sphere between 2 slides and Zn
impregnation

C0 (cat) = 3 cm × 2 cm/10 mL
C0 (dye) = 5 mg L−1

P = 500 W
Rad = Xe arc lamp/IR cut-off solar-light
simulator

t = 120′

deg = 90–100%
self-standing ZT more active than ZNPs
self-standing ZT more active than TNPs
self-standing ZT more active than ZTNPs
self-standing ZT more active than TPC
self-standing ZT more active than P25

MB degradation

Ref.
Catalyst
Crystal phases
Synthesis method

Measurement parameters Main results

[78]
ZNRs TNPs
Anatase, wurtzite
Hydrothermal method

3 mL quartz-glass vessel photoreactor
C0 (dye) = 1 × 10−5 M
P = 100 W
LI = 35 mW cm−2

Rad = UV vis Hg lamp light
d = 12 cm

ZNRs TNPs with Z/Ti (at. ratio) = 2/1 the most
active
t = 180′

deg = 90%
k = 1.37 × 10−2 min−1

more active than other composition
more active than ZNPs and TNPs
more active than P25
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Table 14. Cont.

MB degradation

Ref.
Catalyst
Crystal phases
Synthesis method

Measurement parameters Main results

[128]

Coaxial TZNTs arrays film
Anatase, wurtzite
TNTs by Ti foil anodic oxidation; ZnO
nanocrystal by filtered cathodic
vacuum-arc technique.

C0 (dye) = 5 mg L−1
t = 150′

deg = 80%
Coaxial TZNT-array film more active than TNTs

[33]
ZT/r/NPs
Anatase, wurtzite
MW precipitation method

C0 (cat) = 14.3 g L−1

C0 (dye) = 5 × 10−6 M
P = 18 W
Rad = UV lamp

t = 150′

deg = 95%

[116]

cs ZT NRs (oriented) on ITO
anatase, (002) and (103) preferentially
oriented wurtzite
Urchin-like Zn seeding by
electrochemical method; ZNRs by
hydrothermal process; TiO2 shell by
sol–gel

C0 (cat) = in a quartz cuvette
C0 (dye) = 10 mM
Rad = LED
LI = 140 mW cm−2

d = 2 cm
International standard procedure

cs ZT NRs with a non-uniform layer (nul) of
TiO2, the most active
t = 180′

deg = 80–85%
k = 1.2 × 10−2 min−1

cs ZT NRs on ITO (nul) more active than ZNRs
on ITO
cs ZT NRs on ITO (nul) more active than pristine
ZnO, k= 0.2 × 10−2 min−1

cs ZT NRs on ITO (nul) more active than
uniform layer (of TiO2) on NRs on ITO,
k= 0.7 × 10−2 min−1

[45]
ZT/r/NPs
Anatase, rutile, wurtzite
Sol–gel method

Batch reactor
C0 (cat) = 0.5 g L−1

LI = 42 (UV) 121 (vis) Wm−2

Rad = UV and visible light

t = 30′

deg = 90%
K = 0.07 (UV), 0.008 (vis) min−1

ZT/r/NPs more active than ZNPs
ZT/r/NPs more active than TNPs
In UV and vis light

[73]
ZT cs NPs
anatase, (W before TiO2 precipitation)
double-step precipitation

C0 (cat) = 0.16 g L−1

C0 (dye) = 10 ppm
pH = 8
P = 2 × 18 W
LI = 115 mW cm−2

Rad = Philips UV lamp

ZT cs NPs with ZnO/TiO2 (wt. ratio) = 1/25 the
most active
t = 120′

deg = 59.56%
more active than ZNPs

[37]

ZT/r/NPs
Wurtzite (ZnO/TiO2 vol. ratio > 0),
anatase, rutile (ZnO/TiO2 vol.
ratio = 0), ZnTiO3 (traces).
Sol–gel method

50 mL borosilicate glass
C0 (cat) = 5 mg L−1

C0 (dye) = 10 mM
LI = 862 W cm−2

Rad = solar light

ZT/r/NPs with ZnO/TiO2 (mol ratio) = 4/6 the
most active
t = 75′

deg = 90%
more active than TNPs (deg. = 77%)
more active than ZNPs (deg. = 74%)

[87]
TNPs/ZNFls
Anatase, wurtzite
Hydrothermal method

C0 (cat) = 1 g L−1

C0 (dye) = 10 mg L−1

pH = 7
P = 100 W
Rad = vis W bulb

Catalyst with Zn/Ti (volume ratio) = 4 the most
active
t = 6′

deg = 100%
more active than ZNFls
more active than catalyst with Zn/Ti
(volume ratio) = 2

[10]

ZT/r/NPs
Anatase (Z/Ti mol ratio = 0/1), rutile
(Z/Ti = 0/1, 1/3), wurtzite
(Z/Ti > 0/1), ZnTiO3 (traces
Z/Ti = 1/1, 2/1)
Sol–gel method

Glass beaker
C0 (cat) = 0.5 g L−1

C0 (dye) = 20 mM
P = 413 mWcm−2

LI = 413 mW cm−2

Rad = UV
d = 12 cm

ZT/r/NPs with Zn/Ti mol ratio = 1 the most
active
t = 6 h
deg = 100%
K = 9.5 × 10−3 min−1 (Zn/Ti mol ratio = 1)
more active than TNPs, deg. = 60%,
K = 3.06 × 10−3 min−1 (TiO2)
more active than ZNPs, deg = 65%,
K = 2.64 × 10−3 min−1 (ZnO)
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Table 14. Cont.

MB degradation

Ref.
Catalyst
Crystal phases
Synthesis method

Measurement parameters Main results

[25]

ZT/r/NP
Anatase, wurtzite
SSR (TiO2 and ZnO by Hydrothermal
synthesis)

Tot. volume 250 mL
C0 (cat) = 0.8 g L−1

C0 (dye) = 2 mg L−1

P = 300 W
Rad = UV Xe lamp

ZT/r/NPs with Ti/Zn wt. ratio = 1 the most
active
t = 150′

deg = 91.6%
K = 1.412 × 10−2 min−1

more active than other composition
more active than ZNPs, K = 0.424 × 10−2 min−1

more active than TNPs, K = 1.041 × 10−2 min−1

[140]
ZnO-decorated TiO2, NPs
Anatase, wurtzite
Sol–gel method + reflux

50 mL quartz glass
C0 (cat) = 2.5 g L−1

C0 (dye) = 2.9 mg L−1

t = 30’
deg = 70%
Rad = UVA light

K = 5.86 × 10−2 min−1

ZnO-decorated TNPs more active than ZNPs,
K = 3.67 × 10−2 min−1

ZnO-decorated TNPs more active than TNPs,
K = 2.09 × 10−2 min−1

RhB degradation

Ref.
Catalyst
Crystal phases
Synthesis method

Measurement parameters Main results

[65]
TZNFs
Anatase, rutile, wurtzite
Electrospinning

C0 (cat) = 0.5 g L−1

C0 (dye) = 20 ppm
P = 12 W
Rad = UV lamp Philips 365
D = 10 cm

ZNFs with ZnO (wt.%) = 15.8% the most active
t = 25′

deg = 100%
K = 0.7467 mg L−1 h−1

more active than T NFs, K = 0.5733 mg L−1 h−1

[129]

ZTNTs
Anatase, wurtzite
Anodic oxidation and pyrolysis
approach

SA (cat) = 3 × 1 cm2

C0 (dye) = 5 mg L−1

pH = 7
P = 300 W
Rad = UV Xe lamp
D = 15 cm

t = 150′

deg = 70–80%
ZTNTs more active than TNTs
ZTNTs more active than P25 film
ZTNTs more active than ZnO film

[67]

TZNFs
Anatase (T calc = 550–750 ◦C), rutile
(Tcalc ≥ 650 ◦C) wurtzite.
Electrospinning

In Luzchem CCP-4 photo-chemical reactor
C0 (cat) = 1 g L−1

C0 (dye) = 10−6 M
P = 8 × low P UV Hg lamps

t = 75′

deg = 100%
TZ NFs more active than P25
TZ NFs calcinated at 650 ◦C more active than TZ
NFs calcinated at 550, 750 and 850 ◦C

[86]

IOS Z QDs TiO2
anatase
Impregnation on self-assembled PSs
on filter paper

C0 (cat) = 400 mg L−1

C0 (dye) = 10−3 M
P = 6 × 18 W
LI = 6 ×1250 lm
Rad = UV lamp

t = 25 ‘
deg = 100%
more active than P25, deg = 40–45%

[123]

ZNRsTNTs film on Titanium
Anatase, wurtzite
TNTs by anodic oxidation; ZnO
nanorice by CBD

3 mL quartz cuvette in Luzchem
photoreactor
C0 (dye) = 5 mg L−1

Rad = UVC, UVB, UVA and visible region
lamps

ZNRsTNTs with 2 ZnO CBD cycles the most
active
t = 240′

deg = 90–95% (UVA)
K = 0.011 min−1

more active than TNTs
more active than catalyst with 4, 6, 8 CBD cycles

[82] ZTNTs
Anatase, wurtzite
Double step hydrothermal route

C0 (dye) = 10−5 M
Rad = visible light

ZTNTs more active than TNTs, ZnO, P25
t = 180′

deg = 89% (ZTNTs); 77% (TNTs), 61% (P25), 31%
(ZnO)
K = 0.011 (ZTNTs). 0.085 (TNTs), 0.0059 (P25),
0.0023 (ZnO)

[54]
ZT/r/NPs
Anatase, wurtzite
Green synthesis

In 250 mL Pyrex glass photochemical reactor
C0 (cat) = 1 g L−1

C0 (dye) 0.3 mM
Rad = halogen light lamp

t = 3 h
deg = 59%
ZT/r/NPs more active than ZNPs, deg = 39%
ZT/r/NPs more active than TNPs, deg = 45%
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[31]

ZT/r/NPs
Anatase: except Ti/Zn (at. ratio) =
0/1, wurtzite: Ti/Zn ≤ 3/1
Us precipitation method

CI basic blue 41 degradation
C0 (cat) = 10 g L−1

C0 (dye) = 20 mg L−1

pH = 6.21
Rad = solar light

ZT/r/NPs with Ti/Zn (at. ratio) = 1/1 the most
active
t = 1 h
deg = 99%
K = 0.08256 min−1

more active than TNPs
more active than ZNPs
more active than all other compositions

[38]
ZT/r/NPs
Anatase, wurtzite
Precipitation method

Procyon red MX oxidation in Teflon-sealed
borosilicate vials
C0 (cat) = 0.5 g L−1

C0 (dye) = 15 mg L−1

pH = 6.8
P = 4 × 8 W
Rad = UV
D = 7.6 cm

Catalysts with composition close to pristine
oxides the most active

[68]
TZ NFs (flower like)
Anatase, wurtzite
Electrospinning

Degradation of ARS (alizarin red S)
C0 (cat) = 20 mg L−1

C0 (dye) = 20 mg L−1

Rad = UV lamp
D = 15 cm

t = 70′

deg = 100%
TZ NFs more active than P25
TZ NFs more active than ZNPs

[46]
ZT/r/NPs
Anatase, wurtzite
Sol–gel method

Congo-red degradation in 50 mL opened
Pyrex vessel
C0 (cat) = 0.5 g L−1

C0 (dye) = 5 ppm
P = 30 W
Rad = UVC lamp
D = 15 cm

t = 5′ and 10′

deg = 80% and 98%
ZT/r/NPs more active than ZNPs
with Tcalc = 420 ◦C higher performance than
Tcalc = 220 ◦C or 800 ◦C (Zn2TiO4 formation)

[36]
ZT/r/NPs
Anatase
Homogeneous hydrolysis method

OII degradation in aqueous slurry
C0 (dye) = 0.02 M
P = 8 W
Rad = florescent lamp (λ = 254 and 365 nm)

λ = 254 nm
ZT/r/NPs with Ti/Zn (at. ratio) = 1.55/54.97 the
most active
t = 25′

deg = 100%
K = 0.1235 min−1

more active than P25
λ = 365 nm
ZT/r/NPs less active than P25

[23]
ZT/r/NPs
Anatase, wurtzite
SSR

Acid-red degradation in 50 mL tot. volume
C0 (cat) = 1 mg L−1

C0 (dye) = 10 mg L−1

pH = 7
US: t = 100 min

t = 100′

deg = 75% (TNPs)
deg = 35–40% (ZNPs)
degradation decreases with increase in ZnO
content

[71]

cs ZT NPs
Anatase(at highest TiO2 loading),
wurtzite
ZnO mw impregnation method

Orange G degradation
P = 5 × 15 W
Rad = UV light

t = 90′

deg = 100%
Increasing amorphous titanium dioxide-layer
thickness, decreasing photocatalytic degradation

[32]

ZT/r/NPs
Anatase, rutile, wurtzite
Modified ammonia
evaporation-induced synthetic
method

Cyanides
MB
SY
RB
C0 (cat) = 0.8 g L−1

C0 (dye) = 50 ppm
P = UV: 150 W; vis: 8 W
Rad = UV: W halogen lamp; vis: Hg lamp

Cyanides
t = 150 min
deg = 25%
ZT/r/NPs more active than P25

MB, SY, RB
ZT/r/NPs less active than P25

[27]
ZT/r/NPs
Anatase, wurtzite
mixing and SSR

BGY in 50 mL borosilicate glass/batch
reactor
C0 (cat) = 6 g L−1

C0 (dye) = 20 mg L−1

Rad = solar light

ZT/r/NPs with Zn/Ti (mol ratio) = 1/1 and 3/1
the most active
t = 2 h
deg = 100%
more active than ZNPs
more active than TNPs
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[72]

Cs ZT NPs
Anatase (detectable only with thicker
shell), wurtzite
ZnO by precipitation, TiO2 by
chemical growth from TiO2 gel.

Acridine orange (AO) in homemade
photo-reaction apparatus
C0 (cat) = 1 g L−1

C0 (dye) = 0.03 mM
Rad = solar light irradiation

t = 120 ‘
deg = 100%
Cs ZT NPs with the thickest TiO2 (anatase) layer
the most active
more active than ZNPs (deg = 87%)
more active than TNPs (deg = 80%)

Phenol degradation

Ref.
Catalyst
Crystal phases
Synthesis

Measurement parameters Main results

[90]
ZT compact film on Ti plate
Anatase
Sol–gel/dip coating

PCP degradation
600 mL photoreactor
WE: ZT film on Ti
CE stainless steel
RE: SCE
C0 (dye) = 5 mg L−1

P = 300 W
Rad = Hg lamp

K = 0.0144 min−1 (ZT film photocatalysis)
K = 0.0309 min−1 (ZT film electrophotocatalysis)
K = 0.0249 min−1 (TiO2 electrophotocatalysis)
More active than TNPs

[75]

TZ cs tetrapods
Anatase, wurtzite
Z tetrapods by thermal evaporation;
TiO2 layer by VHM

Phenol photooxidation in 400 mL Pyrex
photoreactor
C0 (cat) = 0.36 g L−1

C0 (dye) = 100 mg L−1

pH = 6.56
O2 = 100 mL min−1

Rad = UV light with and without filter glass
(λ < 340 nm).

Without cut-off
t = 90′

deg = 100%
Slightly more active than P25
More active than Z tetrapods
With cut-off (λ < 340 nm).
t = 300′

deg = 100%
More active than P25
More active than Z tetrapods

[125]

Flower-like ZNRs on TNTs
Anatase, rutile, wurtzite
TNTs by Ti foil anodic oxidation,
ZNRs by sol–gel/dipping and
hydrothermal method

PEC oxidation of Bis Phenol A in 100 mL
quartz electrolytic cell
WE: ZNRs on TNTs
SA (cat) = 4.5 cm2

CE platinum
RE: calomel
C0 (dye) = 25 mg L−1

P = 300 W UV lamp
LI = 3 mW cm−2

Rad = UV lamp

t = 180′

deg = 90%
Flower-like ZNRs on TNTs more active than
TNTs

[74]

Cs ZT NPs
Anatase, wurtzite
ZNRs by thermal decomposition; TiO2
shell by chemical growth from TiO2
gel.

4 Cl phenol degradation in 250 mL glass
photoreactor
C0 (cat) = 0.4 g L−1

C0 (dye) = 40 ppm
LI = 2.0 mW cm−2

Rad = UV Hg lamp

t = 1 h
deg = 90.6%
Cs ZT NPs with ZnO (mol.%) = 6%, the most
active
more active than ZNPs, deg. = 54.2%
more active than TNPs, deg = 32.3%
more active than other compositions

[80]

Urchin-like hierarchical ZT
architectures
Anatase, wurtzite
Hydrothermal method

nitrophenol in aqueous solution
C0 (cat) = 0.5 g L−1

C0 (dye) = 10 mg L−1

P = 300 W
Rad = Xenon lamp
D = 15 cm

t = 25′

deg = 100%
Urchin-like ZT more active then ZNPs
Urchin-like ZT more active than TiO2 urchin-like
structure
Urchin-like ZT 2 more active than P25

[65]
TZ NFs
Anatase, rutile, wurtzite
Electrospinning

phenol degradation in aqueous solution
C0 (cat) = 0.5 g L−1

C0 (dye) = 20 ppm
P = 12 W
Rad = UV lamp Phillips 365
D = 10 cm

t = 30′

deg = 75–80%
K = 1.833 mg L−1 h−1

TZ NFs more active than pure TNFs,
K = 0.5733 mg L−1 h−1
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[138] Mixing
ZT/r/NPs

Lignin degradation
P = 5 × 30 W(UV), 35 W m2 (solar light)
Rad = UV and solar light

less active than ZnO in UV and solar light

[127]

ZnO crystals onto TNTs
Anatase, wurtzite
TNTs by anodic oxidation; ZnO
nanocrystal by filtered cathodic
vacuum-arc technique

humic acid degradation
C0 cat = 2.5 × 1 cm2 in 10 mL bottle
C0 (dye) 50 mg L−1

P = 8 W
Rad = UV light (λ = 254 nm)
D = 5 cm

t =65′

deg = 100%
K = 0.015 min−1

More active than ZNRs, deg = 80%
More active than TNTs, deg = 55%
Catalyst stability: photocatalytic activity
decreases 10% after 20 catalytic cycles, recovery
with 10 min of darkness

[30]
ZT/r/NPs
Anatase, rutile
Wetness impregnation method

Cr6+ reduction in 200 mL Pyrex photoreactor
C0 (cat) = 1 g L−1

C0 (Cr6 +) = 20 mg L−1

pH = 5.5
P = 10 W
Rad = UV Hg lamp (λ = 365 nm)

ZT/r/NPs with ZnO (mol.%) = 2% more active
than other compositions (ZnO (mol,%) = 0, 1, 4,
10)
K = 1.2 × 10−2 min−1

[60]
Hollow sphere (or almost)
Anatase, rutile, wurtzite
Spray pyrolysis method

TCE degradation
C0 (TCE) = 58.56 ppm
Rad = UV lamp (λ = 300–420 nm)

Hollow sphere with ZnO (mol,%) = 5%, the most active
more active than ZNPs
more active than P25
more active than Hollow sphere with ZnO
(mol,%) = 0, 16,33,66,100

[136]
ZT/r/NPs
Anatase, wurtzite
Precipitation method

Flumequine (antibiotic) degradation
C0 (cat) = 4 g L−1

C0 (Fl) = 10 mg L−1

P = 2 mW cm−2

Rad = UV lamp (λ = 260 nm)

t = 240′

deg = 67%
more active than TNPs, deg = 23%
more active than ZNPs deg, = 11%
still more active if supported on sepiolite,
deg = 85%

[26]
ZT/r/NPs
Anatase, wurtzite
mixing and SSR

Quinoline degradation in 250 mL
borosilicate beaker batch reactor
C0 (cat) = 2.5 g L−1

C0 (dye) = 100 mg L−1

Rad = UV Hg bulb (l = 365 nm)
Distance = 10 cm
pH = 8

ZT/r/NPs Ti/Zn (molar ratio) = 1 more active
than other compositions (Ti/Zn = 1/2, 1/3, 3/1
or 2/1)
t = 240′

deg = 82%

[134]
Layered TiO2/ZnO/ITO
Anatase, wurtzite
Magnetron sputtering

Ciprofloxacin removal
C0 (cat) = 1 × 1 cm2/50 mL
C0 (dye) = 10 mg L−1

P = 300 W
LI = 208.5 mW cm−2

Rad = Hg lamp
Distance = 10 cm
pH = 7

t = 120′

deg = 100%
more active than ZnO film
more active than TiO2 film on ITO

[137]
ZT/r/NPs
Anatase, wurtzite
Deposition–precipitation method

Bentazon (herbicide) degradation
C0 (cat) = 0.5 g L−1

C0 (B) = 5 mg L−1

Rad = UV lamp

t = 60′

deg = 100%
K = 0.0649 min−1

more active than TNPs
more active than ZNPs

[25]
ZT/r/NPs
Anatase, wurtzite
SSR

Landfill leachate (from Yiyang city)
degradation, diluted 1/100
Cat.: 200 mg in diluted landfill leachate
Rad = Xenon lamp

ZT/r/NPs with TiO2/ZnO (wt. ratio) =1
t = 40′

deg = 90%
K = 2.84 × 10−2 min −1

more active than TNPs: K = 2.19 × 10−2 min−1

more active than ZNPs: K = 0.95 × 10−2 min −1

[67]

TZ NFs
Anatase (T calc = 550–750 ◦C), rutile
(Tcalc ≥ 650 ◦C) W
Electrospinning

NO oxidation in continuous flow reactor
dish 150 × 25 mm
[NO] = 1000 ppb
Total flow = 3 l min−1

P = 300 W
Rad = solar-light simulator (W halogen
lamp)

t = 30′

deg = 34%
catalyst calcinated at 650 ◦C more active than
catalyst calcinated at T = 550 ◦C (deg = 23%),
750 ◦C (deg = 24%), 850 ◦C (deg = 19%)
More active than P25, deg. = 18%)
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[139]
ZT/r/NPs
Anatase, rutile, wurtzite
Mixing by ball milling

NO oxidation to NO3 in in continuous-flow
reactor
[NO] = 1 ppm
Total flow = 3 l min−1

P = 1 mW cm 2

Rad = UV Philips lamp (λ = 365 nm), vis
Philips lamp

ZT/r/NPs more active than P25

fuel production reaction

Ref.
Catalyst
Crystal phases
Synthesis

Measurement parameters Main results

[64]

Mesoporous French fries
Anatase, rutile
FAPO (furfural alcohol derived
polymerization-oxidation) reaction

CO2 photo-reforming to CH4
cat = 0.1 g/8.1 cm2

total volume = 390 mL
H2O (liquid) volume = 0.8 mL
Reactants: CO2 + H2O
P = 300 W
LI = 60 mWm2

Rad = Xe lamp

CH4 yield = 55 µmol g−1 h−1

More active than P25 (9.3 µmol g−1 h−1)
More active than ZT NCs by SSR
(5 µmol g−1 h−1)

[51]

ZT/r/NPs
Anatase
(%TiO2 > 0), wurtzite (%ZnO 50–100)
Sol–gel method

H2 generation in aqueous methanol solution
in 5 mL quartz semi-batch reactor
cat = 2 mg
H2O = 1.6 mL
CH3OH = 0.4 mL
P = 300 W
Rad = UV Xe lamp (240 < λ < 400 nm)

ZT/r/NPs with ZnO (wt.%) = 30% the most
active
t = 10 h
H2 yield = 17.3 mL g−1

more active than P25, H2 yield = 8.01 mL g−1

More active than ZNPs, H2 yield = 0 mL g−1

[40]
ZT/r/NPs
Anatase, amorphous
Hydrothermal method

H2 evolution in Labsolar II photocatalytic
water-splitting testing system
cat = 10 mg
H2O = 90 mL
CH3OH = 10 mL
P = 300 W
Rad = UV Xe lamp nm

ZT/r/NPs with Ti/Zn (at. ratio = 3) more active
than other compositions (Ti/Zn at. ratio = 1, 2, 5,
7)
H2 yield = 865 µmol g−1 h−1

[108]

Cs ZT NWs (vertically aligned on steel
mesh)
Anatase, wurtzite
2-step hydrothermal route

H2 evolution in Perfect Light Labsolar IIIAG
photocatalytic reaction system
(piezo-photocatalytic Perfectlight
labsolar-IIIAG)
cat = 220 mg (5 × 9 cm2)
H2O = 120 mL
CH3OH = 30 mL
P = 50 W
Rad = Xe lamp (200 < λ < 2500)
Ultrasound: 50 A 50 W

H2 yield = 3.05 µmol g−1 h−1

Piezo-photo reaction more active than photo
reaction (1.98 µmol g−1 h−1)
Cs ZT NWs more active than piezo-photo Z
NWs (1.86 µmol g−1 h−(1)

Cs ZT NWs less active than P25 (11 µmol g−1

h−1)

[79]

ZnO-decorated TNWs
anatase, TiO2 (B), wurtzite
TNWs by P25 hydrothermal treatment;
ZnO by reflux method

Water splitting in the presence of sacrificial
methanol in jacketed British purple-glass
reactor
cat = 50 mg
H2O = 72 mL
CH3OH = 8 mL
P = 300 W
Rad = Xe lamp

ZnO-decorated TNWs with ZnO (wt.%) = 20%
the most active
H2 yield = 193 µmol g−1 h−1

more active than TNWs, H2 yield = 145 µmol
g−1 h−1

more active than other compositions

The greater photocatalytic activity of the ZT nanocomposite compared to the pure
oxides has often been attributed to the coupling of two oxides, which causes an inter-
face creation with a transfer of electrons and which prevents electron–hole recombina-
tion [78,106,127]. ZnO and TiO2 have similar band gap energy; ZnO and TiO2 are n-type
semiconductors, direct and indirect [141], respectively. The energy levels of conduction and
the valence band of zinc oxide are slightly higher than those of titanium dioxide. When
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the ZT nanocomposite is passed through by UV–vis radiation, a stronger excitation occurs,
mainly by ZnO, as a direct semiconductor, rather than by TiO2. Due to the presence of the
interface, the excited electrons can migrate from the conduction band of ZnO to the conduc-
tion band of TiO2 and the holes from the valence band of TiO2 to the valence band of ZnO.
TiO2, as an indirect semiconductor, offers a reduced electron–hole recombination compared
to ZnO, and the overall mechanism enables a more efficient photocatalytic pathway. The
electrons and the holes created can start the desired reaction or can be useful to create
active oxygen species, ·O−

2 and HO·, which can generate the desired reaction, making use
of an aqueous medium. Efforts have been made to understand which species effectively
start the reaction, using scavenger molecules [85]. For example, it was proved that HO·
plays an important role in methylene blue (MB) degradation using isopropanol [10] or
methanol [116] scavengers with ZT/r/NPs and cs ZT NRs, respectively.

It was found that an excess of zinc oxide can inhibit such a mechanism towards
Rhodamine B (RhB) degradation by ZT NFs, because it hinders the contact between the
TiO2 surface and reacting species, and this favors the electron–hole recombination [65].

This mechanism has been proposed for the ZTNCs with TiO2 in the anatase phase.
Nonetheless, it was found that rutile co-presence in ZT/r/NPs could further improve
photocatalytic activity towards MO degradation [43]. Again, it was shown that the rutile
phase, together with anatase in ZTNFs, played a crucial role in enhancing photocatalytic
activity in NO degradation, because rutile has a lower energy gap than anatase, with
the conduction band at a lower energy and the valence band at a higher energy. The
rutile phase can therefore enter in the electronic exchange by collecting electrons in the
conduction band and providing holes from the valence band towards the anatase phase. In
contrast, an excess of rutile phase decreased photocatalytic activity, since it became a center
of electron–hole recombination [67].

The TiO2(B) in TNWs (anatase and TiO2(B))/ZNPs also played a role in the electronic
change in the water-splitting photocatalytic reaction with the anatase phase. Since TiO2(B)
has the conduction and valence-band levels located between those of zinc oxide and
anatase, it was supposed that it could give electrons to the anatase phase and holes to zinc
oxide, increasing the lifetime of charge carriers, and thus contributing favorably to the
photocatalytic activity [79].

ZT/r/NPs synthesized by wet impregnation showed lower photoluminescence than
pure TNPs, because the coupling between two oxides hinders electron–hole recombination.
The magnitude of this decrease was relevant at lower ZnO concentrations and decreased at
higher ZnO content, as recombination was enabled by the excess of ZNPs. The decrease in
photoluminescence in ZTNCs was associated with an increase in photocatalytic activity
towards the reduction of Cr6+ [30]. A reduction in photoluminescence associated with
higher photocatalytic activity of ZTNCs compared to pristine oxides was also found for
ZTNF behaviors calcinated at different temperature in the range 550–850 ◦C towards NO
removal [67].

As is obvious, crystallinity plays a crucial role in determining photocatalytic activity. It
has been demonstrated that titanium–zinc oxide composite films with a poor crystallization
show lower photocatalytic activity, and that the photocatalytic activity is enhanced by a
longer-lasting calcination treatment, which improves crystallinity [92]. On the other hand,
small crystallite sizes are required to achieve good photocatalytic activity [45]. Increasing
the thickness of titanium dioxide in cs ZT NPs increased the photocatalytic activity if the
outer shell of TiO2 was in the crystalline anatase phase [73]; it was also shown, coherently,
that the photocatalytic activity decreased if the outer shell of TiO2 was an amorphous
phase [71]. On the other hand, it was highlighted that the presence of amorphous TiO2,
together with the anatase phase, could increase the photocatalytic activity in ZT/r/NPs
synthetized by the hydrothermal method, because it helped to obtain higher surface
areas [40].

The higher surface area and pore volume [40,51] can contribute to enhance photocat-
alytic activity, because it allows higher light harvesting. When the surface area decreased
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because of increasing calcination temperature, a clear decrease in photoactivity was ob-
served [30]. On the other hand, when the difference in surface area was due to different
values of catalyst composition, other factors could play a role in determining the final
photocatalytic activity, and the catalyst with largest surface area may not be the most active
one [78].

The zero-point charge can influence the photocatalytic activity, especially if the reacting
species have an anionic structure. If the surface of the catalyst is charged, it can generate
electrostatic repulsions towards the reacting species and block the reaction. This point was
highlighted by comparing the use of ZT/r/NPs with various compositions obtained by
calcination and hydrothermal treatment in the photodegradation reaction of Procion Red
MX-5B. It was observed that catalysts with a composition close to pristine oxides, which
had a less negative value of zero-point charge, had a greater photocatalytic efficiency [38].

The acidity of the catalyst surface influences its photoactivity. It was shown that MO
degradation by ZT/r/NPs obtained by the sol–gel method was enhanced if zinc sulphate
was used during the synthesis instead of zinc chloride or nitrate. Moreover, the photo-
catalytic activity was enhanced by a sulphating treatment. The enhanced photocatalytic
activity was related to the measured higher-acidity behavior of the surface [43].

The creation of oxygen vacancy in the interface ZnO/TiO2 is a factor enhancing
photocatalytic activity. The oxygen-vacancy presence has been estimated by a PL study in
MO degradation by TNPs/ZNRs composites, which were obtained by integrating TNPs
and ZNRs by PLAL. It was argued that oxygen vacancies could create donor levels which
could improve electron–hole separation [56]. Oxygen vacancies were specially created in a
ZT powder mixture by applying a high-pressure torsion, and subsequently, their presence
was effectively detected by ESR. In this way, it was established that oxygen vacancy in
ZT/r/NPs can increase photocatalytic H2 production in a water-splitting reaction [142].

The photocatalytic activity may be enhanced or decreased by changing photocatalytic
working parameters, such as catalyst loading, solution pH, and dye concentration. The
effect of catalyst loading on the photodegradation of CI basic blue 41 by ZT/r/NPs was
studied [31]. Increasing the catalyst loading increased photodegradation, but at higher
catalyst loading a saturation effect prevailed, due to the loss of transparency of the solution,
which decreased the effective intensity of the light. A similar effect had been observed for
photodegradation of BGY [27] and quinoline [26] by ZT/r/NPs.

The pH can influence the photodegradation of the dye: the photodegradation of CI
basic blue 41 by ZT/r/NPs resulted as optimized at 6.21 [31]. It was the result of various
factors: the zero-point charge of the catalyst, which influenced its ability to adsorb the
cationic dye, the stability of the dye, and the stability of ZnO, which could undergo photo
corrosion at pH lower than 6. BGY [27] and bentazon (a herbicide) [137] photodegradation
on ZT/r/NPs had their optimal pH at 7.0. No pH effect was found on photodegradation of
quinoline [26].

The initial dye concentration has effects on its degradation because it influences the
transparency of the solution and the pH of the same. So, it was proved that higher initial
dye concentrations decreased degradation of CI basic blue [31], BGY [27], quinoline [26]
and by ZT/r/NPs [137].

ZTNC photocatalytic performances, together with catalyst properties, are reported in
Table 14.

4. Bioactivity

Zinc oxide and titanium oxide are bioactive materials; zinc oxide is an antimicrobial,
thanks to the ability to give electrostatic interactions, to produce ROS, and the release of
Zn2+ ions [143]. Titanium oxide is antibacterial, thanks to the ability to produce ROS [144].
They are both biocompatible, and zinc oxide is a disinfectant. Both ZnO and TiO2 are
known as non-toxic compounds [4,145], so they have been widely used in sunscreens
and cosmetic products; due to their photoprotective properties, they are also used for
wastewater treatment. Since they are not transparent, they were subsequently replaced by
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the respective NPs, which have a better aesthetic appearance. When they are used in the
form of nanoparticles, the risk related to the possibility that they break cell membranes
causing damage to living systems must be considered. Furthermore, their bioactivity as a
composite system can change, compared to the behaviour of the individual oxides. In this
part of the work, the topic of the antimicrobial activity of the composite ZTNPs is addressed
and compared to the activity of the individual oxides, as well as the repercussions of their
use and release on human and environmental health. It should be noted that studies on
bioactivity began later than those on photocatalysis, and that, therefore, their treatment
in the literature is less conspicuous. Therefore, it is not possible to carry out a capillary
analysis comparable to the previous one relating to photocatalysis. However, this section
provides some interesting common lines found.

Antimicrobial activity of ZTNCs has been tested on Gram-positive and Gram-negative
bacteria and on fungi, also comparing behaviors in the dark and in UV light [66,102,146].

Antimicrobial activity of ZnO and TiO2 NPs is due to electrostatic attraction between
NPs and the cell wall and to the action of the produced ROS; moreover, ZNPs can release
Zn2+ ions. All these species can contribute to interacting and damaging the cell wall and to
successively attacking and disrupting the vital internal part of the cell [102]. It has been
seen that the antimicrobial activity of ZTNFs increases in the presence of UV radiation,
because it increases the production of ROS [66].

ZTNPs show higher antimicrobial activity than the respective pristine oxides [50,59,
66,102,147–150]. The increased activity was ascribed to the increased ROS production,
which was due to the reduced electron–hole recombination at the ZnO-TiO2 interface [66].
The increased surface area value and decreased crystallite size value of ZTNPs compared
to pristine oxides contributed to increased ROS production [50]. Equally, ZT bi-layered
films exhibited higher antimicrobial activity than pristine oxides, because of the smaller
crystallite size [102]. Also, it had been pointed out that the increased antimicrobial activity
of ZTNPs, with respect to pristine oxides, could be due to the lower zeta-potential value,
which promoted the electrostatic interaction with the cell [150], and to the smaller particle
size, which promoted an easier penetration of the ZTNPs into the cell [59].

Comparing antimicrobial activity of ZTNPs against Gram-positive (S. aureus) and
Gram-negative (E. coli), it was found that efficiency was higher towards Gram-negative
bacteria, due to the difference of the cell wall in terms of thickness, strength and composi-
tion [55,59,150]. Anyway, different results were also found, and sometimes the antimicrobial
activity of ZTNPs resulted in being higher towards Gram-positive bacteria; in this case, the
higher activity was associated with an active transport of the species through the cell wall,
more than with a diffusion mechanism [151].

Antimicrobial activity of ZTNPs towards E. coli could be activated also by visible light,
and was higher than the antimicrobial activity of P25 TiO2 [32].

The effect of ultrasound irradiation on antimicrobial activity of ZTNPs, ZNPs and
TNPs towards S. mutans has been explored, and has shown a synergistic effect of ultrasound
irradiation and NPs. Also, in this case, the increased activity was ascribed to the higher
ROS production [152].

The antimicrobial properties of ZTNCs make these materials candidates for bio-
implant coatings. However, it is necessary to consider what activity these materials may
exert on the human cells with which they come into contact. In the case of Z-decorated
TNTs, the antimicrobial activity increased with the increased quantity of ZNPs. However,
only the higher doses of ZNPs caused the non-proliferation of stem cells, resulting, thus,
in being cytotoxic, while medium or lower ZNP quantities did not inhibit the stem cell
proliferation. In this way, the maximum usable amount was determined as the highest
amount of ZNP that allowed stem cell proliferation [130].

Cell viability on human osteoblast treated with ZT/r/NPs for three days was 92%,
which was even higher than the value found treating human osteoblast with Z NPs
(81%) [55].
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Cell viability was tested also for the ZT multi-shell hollow sphere, and compared
with cell viability of ZNPs and TNPs. In this case, a higher cell viability was found for the
composite system, 97%, compared to those of pristine oxides, which was 82% and 83% for
ZNPs and TNPs [153].

Zinc and titanium oxide nanoparticles are used in multiple fields, which include
cosmetic products and sun creams, photocatalytic materials to purify water and air, and
pigments in paints, such as pesticides and, fertilizers. This can cause cytotoxic effects
on human health, due to direct use [154,155], and, potentially, also on the environment,
because of the inevitable dispersion associated with the use. ZNPs and TNPs are often
co-present in sunscreens; due to their small size, they penetrate the skin. Adverse-effect
studies have shown that ZNPs decrease skin cell viability, causing changes in morphology,
mitochondrial activity and cell cycle distribution. The dose limiting is 15 mg L−1 and
10 mg L−1 in the short-term and long-term, respectively. TNPs do not cause these ef-
fects [156], even if TNPs can penetrate more deeply [157]. Again, it was shown that ZNPs
damage DNA and prevent cell proliferation. ZnO damage is caused by the Zn2+ release
and by the non-aggregated ZNPs. However, co-exposure of ZNPs with TNPs reduces ZNPs
damage because the released Zn2+ ions and non-aggregated ZNPs can aggregate on the
TNP surface [158].

When inhaled, ZNPs have greater long-term toxicity than TNPs on lung epithelial
cells, in terms of cell viability, proliferation and membrane integrity [159]. TNPs induce
oxidative stress in a time- and dose-dependent manner [159]. Acute airway inflammation
in mice by ZNPs is much higher than by TNPs [160]. ZNP toxicity is mainly caused by its
dissolution and consequent Zn2+ release [161,162]. ZNP toxicity of for the nanorod-like
shape is higher than that of the spherical ones, and TNP toxicity depends on crystalline
structure, in the order rutile < anatase < amorphous [163]. ZNP toxicity on lung epithelial
cells was decreased by depositing an outer layer of amorphous TiO2 [164].

The continuous use of ZNPs and TNPs in cosmetic, pharmaceutical and industrial
products inevitably causes their presence in aquatic and terrestrial environments. Both
have been shown to have toxic effects on zebrafish. Also, in this case, ZNPs are more toxic
than TNPs, and ZnO and ZNPs are equally toxic. TNP toxicity is due to the generation of
hydroxyl radicals, without entering the cell membrane. ZNPs can release Zn+ ions, but this
is not the only toxicity element [145,165]. TNPs reduce ZNPs and Zn2+ concentration in
the water medium, because they can adsorb both on the surface [166]. As a result, ZNPs
toxicity in water is reduced in the presence of TNPs [167]. On the other hand, Zn-doped
TNPs have greater toxicity on zebrafish compared to TNPs, and in a greater extent if TiO2
is in the rutile phase compared to the anatase phase [168].

So, in this last section, it has been shown that ZTNCs may have higher antimicrobial
activity and lower toxicity compared to the pristine oxides ZNPs and TNPs.

5. Conclusions

This review reports the syntheses of ZTNCs, and their photocatalytic activity for
the degradation of dyes, pollutants and for reactions to produce fuels, as well as their
bioactivity. It has been shown that, in most cases, ZTNCs have greater photocatalytic and
antimicrobial activity than pure oxides. The greater photocatalytic activity is attributable
to various factors, such as the lower energy gap due to the formation of smaller particles,
the lower electron–hole recombination due to the creation of the interface between the two
semiconductors, the increase in surface area, the creation of oxygen vacancies, and the
zero-point charge value. The antimicrobial activity of ZTNCs is also increased compared
to that of pure oxides, because of the increased ROS production. Furthermore, ZTNCs
present lower toxicity towards the environment and towards humans, when compared to
ZnO nanoparticles and ZnO itself. The reduced toxicity is due to the action of the TNPs,
which can aggregate Zn2+ and ZNPs on its surface; Zn2+ and ZNPs are responsible for the
strong toxicity of ZnO. To conclude, ZTNCs have superior properties to those of single
oxides, and can be used for the same applications which are valid for single oxides, such
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as wastewater treatment, decontamination of pollutants, filters in sunscreen, protective
coating for various materials in the field of cultural heritage [169], and prothesis [170].
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Lists of Abbreviations

List of dye abbreviations
MB Methylene blue
MO Methyl orange
PCP Pentachlorophenol,
RhB Rhodamine B
TCE trichloroethylene
List of molecule abbreviations
AcA acetic acid
Acacetone acetylacetone,
BuOH butyl alcohol
CA cellulose acetate
CitrA citric acid
DBS sodium dodecyl benzene sulfonate
DEA diethanolamine
DMAA N,N-dimethyl acetamide
DMFA N,N-dimethylformamide
DW distilled water
EG ethylene glycol
EtOH ethyl alcohol
FA Furfural alcohol
HMTA hexamethylenetetramine
IPOH isopropyl alcohol
KTO Potassium titanium oxide oxalate
MEA monoethanolamine
MeOH methyl alcohol
MeOEtOH 2 methoxy ethanol
OxA oxalic acid
PCP penta-chlorophenol
PEG poly(ethylene glycol)
PEI polyethanolimine
PEO poly(ethylene oxide)
PG polyglycol
PMMA poly(methyl methacrylate)
PVA polyvinyl alcohol
PVAc polyvinyl acetate
PVP polyvinyl pyrrolidone
PS polystyrene
SDS sodium dodecyl sulfonate
TAA thioacetamide
TBT tetrabutyl titanate
TCE trichloroethylene
TEA triethanolamine
TEOS tetraethylorthosilicate
TEA triethylamine
Ti(Oi Pr)2(dpm)2 Oi Pr: iso-propoxy; dpm: 2,2,6,6-tetramethyl3,5-heptanedionate
TOSO titanium oxosulphate
TS titanium sulphate
TTIP titanium tetraisopropoxide
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ZAc zinc acetate
ZAcAc zinc acetylacetonate
ZN zinc nitrate

Zn(hfa)2‚TMEDA
hfa: 1,1,1,5,5,5-hexafluoro-2,4-pentanedionate; and TMEDA:
N,N,N′,N′-tetramethylethylenediamine

ZS zinc sulphate
List of synthesis method abbreviations
ALD Atomic layer deposition
ALE Atomic layer epitaxy
CVD Chemical vapor deposition
DC Direct current
CBD Chemical Bath deposition
FAPO Furfural alcohol-derived polymerization–oxidation
LbL Layer-by-layer
MW Microwave
PLAL Pulsed laser ablation in liquid
PLD Pulsed laser deposition
RF Radio Frequency
RT Room temperature
SSR Solid-state reaction
List of structure abbreviations
ZT ZnO-TiO2
Cs TZ Core (TiO2)–shell (ZnO)
Cs ZT Core (ZnO)–shell (TiO2)
IOS Inverse opal structure
NFls Nanoflakes
NFs Nanofibers
NPs Nanoparticles
NRs Nanorods
NTs Nanotubes
NWs Nanowires
T TiO2
TNFs TiO2 nanofibers
TNPs TiO2 nanoparticles
TNTs TiO2 nanotubes
TNWs TiO2 nanowires
UTZs Urchin-like TiO2/ZnO
Z ZnO
ZTNCs ZnO-TiO2 nanocomposites
ZNFls ZnO nanoflakes
ZNPs ZnO nanoparticles
ZNRs ZnO nanorods
ZNWs ZnO nanowires
Z QDs ZnO quantum dots
ZTNFs ZnO-TiO2 NFs
ZNFls ZnO nanoflakes
ZTNTs ZnO-TiO2 nanotubes
ZT/r/NPs ZnO-TiO2 random nanoparticles
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156. Kocbek, P.; Teskač, K.; Kreft, M.E.; Kristl, J. Toxicological Aspects of Long-Term Treatment of Keratinocytes with ZnO and TiO2
Nanoparticles. Small 2010, 6, 1908. [CrossRef] [PubMed]

157. Monteiro-Riviere, N.A.; Wiench, K.; Landsiedel, R.; Schulte, S.; Inman, A.O.; Riviere, J.E. Safety Evaluation of Sunscreen
Formulations Containing Titanium Dioxide and Zinc Oxide Nanoparticles in UVB Sunburned Skin: An In Vitro and In Vivo
Study. Toxicol. Sci. 2011, 123, 264–280. [CrossRef]

158. Liang, Y.; Simaiti, A.; Xu, M.; Lv, S.; Jiang, H.; He, X.; Fan, Y.; Zhu, S.; Du, B.; Yang, W.; et al. Antagonistic Skin Toxicity of
Co-Exposure to Physical Sunscreen Ingredients Zinc Oxide and Titanium Dioxide Nanoparticles. Nanomaterials 2022, 12, 2769.
[CrossRef]

159. Kim, I.-S.; Baek, M.; Choi, S.-J. Comparative Cytotoxicity of Al2O3, CeO2, TiO2 and ZnO Nanoparticles to Human Lung Cells. J.
Nanosci. Nanotechnol. 2010, 10, 3453–3458. [CrossRef]

160. Larsen, S.T.; Jackson, P.; Poulsen, S.S.; Levin, M.; Jensen, K.A.; Wallin, H.; Nielsen, G.D.; Koponen, I.K. Airway Irritation,
Inflammation, and Toxicity in Mice Following Inhalation of Metal Oxide Nanoparticles. Nanotoxicology 2016, 10, 1254–1262.
[CrossRef]

161. Simón-Vázquez, R.; Lozano-Fernández, T.; Dávila-Grana, A.; González-Fernández, Á. Analysis of the Activation Routes Induced
by Different Metal Oxide Nanoparticles on Human Lung Epithelial Cells. Future Sci. OA 2016, 2, FSO118. [CrossRef] [PubMed]

162. Remzova, M.; Zouzelka, R.; Brzicova, T.; Vrbova, K.; Pinkas, D.; Rőssner, P.; Topinka, J.; Rathousky, J. Toxicity of TiO2, ZnO, and
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