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ABSTRACT ARTICLEINFORMATION

TiO, as a photocatalyst has been widely investigated and applied in many fields such as fuel cells, sterilization, and ~Article history:

environmental decontamination. Some efforts, such as operation pa-rameters, synthesis techniques, and improve- Received 18 November 2020

ments by doping have been made to improve its performance. To have a photocatalyst with high photocatalytic Received in revised form 25 January 2021
activity for environmental purification, the most important step is to know about the synthesis methods and the Accepted 29 February 2021

pa-rameters and conditions that lead to preparing a highly photocatalytic active photocatalyst. This article paves

the way in selecting the best synthesizing technique. In this article, the most common synthesis techniques of Keywords:

TiO,-based photocatalysts, including sol-gel, hydro-thermal, solvothermal, chemical vapor deposition, and phys- TiO,-based photocatalyst

ical vapor deposition have been reviewed. The most important results that have been achieved in the field of Liquid-phase processing
synthesis were collected. Physical production techniques
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. The recent nanotechnology development has shown that nanomate-
L. Introduction rials like nano-sized TiO, photocatalysts can exhibit high performance

. . ) in environmental purification. A fast-developing field in environmental
In the last decades, environmental purification has been one of the

major challenges facing researchers [1-3]. Among the various methods
used for environmental purification, semiconductor photocatalysis has

engineering is TiO, heterogeneous photocatalyst which has excellent po-
tential for environmental purification. Fujishima and Honda discovered

. ’ ) ) the photocatalyst performance of TiO, with the application of TiO,-an-
been known as an effective and environmentally friendly method. TiO . .
W . . ) o1 for h | licati 2 ode in the hydrolysis of water to hydrogen and oxygen [26, 27].

as rec.elYed rnereasing ?ttentl.on .orp otocata ysts. app lcatllon due t(.) .1ts The metal of TiO, is present in nature in various forms. The oxy-
nontoxicity, low cost, high oxidation power, and high chemical stability

[4.25] gens of TiO, have three various molecule structures including brookite,

anatase, and rutile. Rutile is a pigment in white paints that has revealed
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low photocatalytic performance, and anatase is more favorable in using
as the photocatalytic cell. UV-light with 387 nm wavelength or lower is
required for applying anatase [28].

Air conditioning (air purification), water purification, white tents,
tunnel lightning, mirrors (anti-condensation), textile (anti-odor), ceram-
ic tiles (self-cleaning, antibacterial), and self-cleaning glazing are some
of the application of TiO, as photocatalyst. In addition to anti-septical
action and air purifying in which the pollutants are reduced or oxidized,
it is also used to prepare a self-cleaning material. This is because of the
high surface hydrophilicity of TiO, which is the result of activation by
UV-light [29].

Up to now, different methods have been reported to prepare TiO,
and TiO,-based photocatalyst, including physical vapor deposition
(PVD) [30], chemical vapor deposition (CVD) [31], solvothermal [32],
hydrothermal [33-35], and sol-gel method [34]. Indeed, photocatalytic
performance is especially influenced by some factors such as crystallin-
ity, light adsorption ability, pore size, shape, and porosity. Since these
factors are ultimately influenced by the preparation method, significant
consideration should be done to study the effect of preparation meth-
ods, conditions, and parameters on photocatalytic performance [36].
Some reviews on the synthesis of TiO,-based materials exist [37-41],
the works that have been done before 2011.

In this study, we review the latest advances in both liquid-phase pro-
cessing and physical production techniques. Also, the precursors, surfac-
tants, and solvents used in the synthesis process, as well as the operating
parameters of synthesis were extensively studied. The results obtained
from the publications, which can help to select the promotional materials
and operating parameters in the synthesis process are shown.

2. Synthesis method
2.1 Sol-gel method

The sol-gel process is a wet chemical, a low-temperature method that
is used for the synthesis of various nanostructures, especially metallic
oxide nanoparticles. In this method, the precursors are dissolved in sol-
vents and then converted into a gel via hydrolysis and polycondensation
reactions, with or without the use of a catalyst, under heating and stirring
conditions. Inorganic metal salt, metal-organic compounds, and miscel-
laneous titanium-containing [42] are the most common precursors used
for TiO, nano photocatalyst synthesis. Principally, the sol-gel process
includes the following steps: (a) preparation of the initial homogeneous
solution, which is consisted of dissolution of the precursors in solvents
(e.g., water, alcohol, and organic solvent). Sometimes it is necessary to
use the combination of two solvents with a certain ratio, to get a homo-
geneous solution. For example, some metal alkoxides precursors (e.g.
titanium tetraisopropoxide (TTIP)) are dissolved in an organic solvent
(e.g. isopropyl alcohol) that is miscible with water and then dissolved in
water [43]. (b) Hydrolysis of the initial homogeneous solution by adding
water, under acidic, neutral, or basic conditions to provide a sol. Hydro-
lysis replaces an alkoxide ligand with a hydroxyl ligand or oxo ligands.
Depending on the amount of water and catalyst present, hydrolysis re-
action can be complete or partial. The sol complete hydrolysis forms
a rigid gel, which can be heat-treated to form powders. The sol partial
hydrolysis will provide a polymeric viscous liquid, which deposited on
a substrate by dip coating or spin coating and thermally processed to ob-
tain dense crystalline films [44]. Also, when the viscosity of the sol is ad-
justed into a specific range, ceramic fibers are produced. (c) Conversion
of sol by changing the concentration or pH of the sol into a gel which can
be an integrated discrete particles network or network polymer. General-
ly, gelation is involved condensation of hydroxyl and/or alkoxy groups
that lead to the release of water or alcohol and then polymerization. A gel

that is produced from these processes is a nanostructure material. When
the by-products (e.g., water or alcohol) are removed from this nanostruc-
ture via evaporation or the porosity of the gel is improved around the
surfactant such as hexadecyltrimethyl, nanoporose structure material is
produced. The structure of the polymeric gel can be rigid with large void
area (macropores) or weak with smaller void area (micropores). Differ-
ent kinds of surfactants have been used for photocatalysts preparation,
for instance, polyethylene glycol sorbitan monooleate surfactant has
been used for the preparation of highly porous TiO, films. Another type
of surfactant is lauryl amine hydrochloride (LAHC), which has been
used to prepare mesoporous-assembled nano titania (TiO,) thin films
[45, 46]. As a different method, the gel can be formed from stabilized
sol, in which the solvent of the precursor is usually water and very fast
hydrolysis happen as a result of high water/alkoxide molar ratio, in this
condition the synthesized nanoparticles agglomerate very rapidly, these
aggregates can be broken up by peptizing agents such as HCl or NH, and
as a result, the colloidal suspension is produced [47-51]. Complete (Egs.
(1)-(3)) and partial condensation and hydrolysis reactions (Egs. (4)-(6))
of titanium alkoxide precursors are described by the following reactions:

Ti-OR+H,0—Ti-OH+ROH (hydrolysis) nH
Ti-OH+OR-Ti—Ti-O-Ti+ROH (alcohol condensation) 2)
Ti-OH+HO-Ti—Ti-O-Ti+H,O (water condensation) 3)
Ti(OR) +H,0—Ti(OR)  , (OH)+ROH (hydrolysis) )

Ti(OR) +Ti(OR) ln_1)(OH)—>TiZO(OR) on2)
+ROH (alcohol condensation) 5
Ti(OR)

(OH)+Ti(OR),, , (OH)—Ti,0(OR),,,

+H,0 (water condensation) (6)

(n-1) (n-1)

Important factors that can affect the kinetics of the condensation and
hydrolysis reactions of titanium alkoxide and titanium chlorides and
will ultimately lead to the production of material with different struc-
ture, size, and morphology are water/titanium ratio, alcohol/titanium
ratio, concentration, and nature of the precursors (alkoxy groups), pH,
temperature, etc. According to the studies, the type of the alkoxy groups
affects the size of the cluster formed [52]. The hydrolysis and diffusion
rate of the alkoxides with higher alkyl groups is slow. Since polymer-
ization is partial hydrolysis and diffusion-reaction, alkoxides with this
property lead to the formation of oxide components with smaller siz-
es [53]. Hydrolysis and condensation rate are both influenced by pH.
At acidic media, the hydrolysis reaction is improved, and hydrolysis is
faster than condensation. Also, pH can influence the porosity, surface
area, and pore size of the producing oxides. The water/titanium ratio has
the greatest effect on the particle size and a higher water/titanium ratio
leads to the faster gel formation of sol [48, 54]. (d) Aging: when the
solvents are removed from the gel, keeping the pore structure stability is
difficult. Normally in order to improve the strength of the links between
particles, aging step, which takes a few hours or several days is neces-
sary before draying step. (¢) Drying: This step has involved the removal
of solvent from the gel. There are two different methods for removing
the solvent: 1- Drying the gel under ambient conditions. In this method
shrinkage is obvious and the resulted material is called Xerogel which is
a dense material with low porosity. 2- Drying the gel under hypercritical
conditions. In this method, solid network collapse is minimized and the
resulting material is called Aerogel which has high porosity. (f) Thermal
treatment: To improve the structural stability and mechanical property,
different kinds of thermal treatment such as sintering, densification, and
calcinations are used. In a study done by Wetchakun et al, TiO, nanopar-
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Fig. 1. Different sol-gel process steps to control the final morphology of the product.

ticles were prepared via the sol-gel method by titanium tetraisopropox-
ide as the titanium precursor, the results show that the calcination tem-
perature can affect the average particle sizes of the nanoparticles and
anatase to rutile transformation [55]. Different sol-gel process steps to
control the final morphology of the product depicted in Fig 1.

2.1.1 Modified sol-gel method

Generally, highly reactive titanium alkoxide precursors undergo ag-
gressive and exothermic hydrolysis reaction and condensation reaction
leads to the formation of the Ti-O-Ti network. This process can lead
to the precipitation of undesired phases with particles of large size and
uncontrolled structure. Also in the synthesis of nanosized TiO, powder,
the high hydrolysis rate of titanium tetraisopropoxide can cause loss of
optical and photocatalytic properties of nanosized TiO, material [56,
57]. To control the kinetics of hydrolysis and polycondensation reactions
of titanium alkoxide precursors, some modifier ligands such as a diol,
the carboxylic acid (e.g. acetic acid), and diketones (e.g. acetylacetone)
compounds or other complex ligands are used [58, 59]. The most com-
mon modifiers used in the modification of the titanium alkoxide precur-
sors are acetylacetone and acetic acid. Generally, the role of modifier
ligands is to chemically react with alkoxide precursors and as a result,
the reactivity of precursors is modified, and a new precursor is produced.
Also, the shape and size of the primary particles which formed in the
sol-gel of metal alkoxides are described by the interactions on the phase
boundary, that is directed to the properties of ligand [60]. Acetyl ace-
tone is a kind of hydroxylated strong complexing ligands (SCL) that has
a reactive hydroxyl group. Due to this property, the reaction between
acetylacetone and titanium alkoxide precursor results in the protonation
of the oxygen atom in the alkoxide ligand, and as a result alcohol and
a modified alkoxide precursor are produced. The reactions of titanium
tetraisopropoxide with acetylacetone (enolic form) are described in Eq.
(7) [58, 60, 61]. Another modifier is acetic acid. As it is shown in Eq.
(8)-(9) the reactions of titanium tetraisopropoxide with acetic acid lead
to the production of new precursors. In this reaction, due to the replace-
ment of the alkoxy groups bonded to titanium by acetate groups, Ti-OAc
and ROH are formed. Modification of titanium tetraisopropoxide Ti(O-
Pr'), with glacial acetic acid decrease the availability of groups which
condense and hydrolyze easily by stable complex formation, which its
structure was specified to be Ti(OCOCH,)(OPr'), [58, 62]. Esterification
reaction (Eq. (10)) of AcOH with alcohol leads to the releasing of water
in the solution. In the esterification reaction, titanium alkoxide precursor
can be hydrolyzed with water molecules through esterification reaction

followed by condensation reaction to form Ti-O-Ti [63, 64]. The ester-
ification reaction has several drawbacks for example: if the reaction is
not controlled the generated water can lead to precursor condensation
reaction. The hydrolysis and direct condensation reaction which is an-
other route of the formation of Ti-O-Ti condensed bridge is described in
Eqgs. (11)-(12) [56-58, 65].

Ti(OPr')+x(acacH)—Ti(OPr')+xPr' OH (@)
Ti(OPr)+AcOH—Ti(OPr)(OAc)+PrOH ®)
Ti-OR+AcOH—TiOAc+ROH (]
ROH+AcOH—ROAC+H,0 (10)
Ti-OAc+ROH—ROACc+Ti-OH (11)
TiOR+TiOAc—ROAc+Ti-O-Ti (12)

2.1.2 Preparation of photocatalysts with sol-gel method

Several investigations have been done due to the photocatalyst
preparation via the sol-gel method, some of these synthesis processes
are described as following:

Titanium sol was prepared by TiCl, acid hydrolysis, in this route pH
of the medium was adjusted by NH,OH, at pH=6 to 7, followed by pep-
tization of precipitates with HNO,. Stable titania sol was prepared at the
molar ratio [H+]/[Ti]=0.5, 1, 1.5, and 2 with strong stirring at 70 °C for
24 h. To prepared SiO,-TiO, (the content of SiO, was 10 wt%) nanopar-
ticles photocatalyst, the appropriate amount of tetraethylorthosilicate
(TEOS) solution was dropped in the sol of titania followed by drying
and calcination at 400-700 °C for 1-3 h [66]. TiO, based catalyst exhib-
ited the highest photocatalytic performance because of lowest crystal-
lite size, highest surface area, and better crystallization, at calcination
temperature of 400 °C for 3 h. The optimum condition of [H*]/[Ti] ratio
is taken at 0.5. When the pH value increased from 6 to 7, this led to an
increase in surface area.

Both Ni, Co, and Fe-doped TiO, and pure TiO, samples were pre-
pared by the alkoxide route of the method of sol-gel. The precursor of
TiO, was tetraethyl orthotitanate and the solvent was the absolute eth-
anol. The titanium alkoxide hydrolysis took place at room temperature
with a final pH=6 of the solution. Undoped TiO, and 0.5, 1, and 2 wt%
Co, Fe, or/and Ni-doped nanopowders of TiO, were synthesized. The
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Fig. 2. Schematic diagram of a hydrothermal method.

compositions with 0.5 wt% dopants were chosen for this work. The pre-
pared sols dried at 80 °C and the xerogels were thermally treated with
a heating rate of 1 °C/min at 400 °C (1 h plateau). The sample with 0.5
wt% Fe dopant concentration thermally treated at 400 °C showed the
best photocatalytic performance for nitrobenzene removal from water
[67].

To prepare N-doped TiO, samples decorated with N-doped graph-
eme, 17 mL of tetrabutyl titanate was mixed with 30 mL of ethanol with
stirring for 30 min (solution A). A mixture of 28.32 mL absolute ethyl
alcohol, 7.2 mL distilled water, 20 mL of acetic acid, a specified propor-
tion of carbamide and graphene oxide with various graphene proportion
of 0.5wt%, 1wt%, 3wt%, and 5wt% before adding another 20 mL of
acetic acid was added to solution A with 30 min of stirring. The aging
and drying condition was 24 h and100 °C, respectively. The samples
were calcination at (400, 500, and 600 °C) in the furnace under the N,
atmosphere for 2.5 h. The results suggested that N-RGO (0.5wt%)/N-
TiO,-400 °C showed the best photocatalytic efficiency for the decompo-
sition of methylene blue (MB) [68]. In another work, the preparation of
mesoporous Fe,O,/TiO, in the presence of Pluronic P123 as the struc-
ture-directing agent was done by addition of iron (III) nitrate nonahy-
drate (1.52 g) and titanium tetraisopropoxide (5.18 mL) into a mixture
of Pluranic P123 (1 g) and ethanol (60 mL). In this method pH of the
medium was adjusted by a solution of ammonia (8 mL) and distilled
water (36 mL), to pH around 10. After 24 h stirring, the obtained mixture
for nucleation the precipitated was hold in the dark overnight. To get a
fine powder, the product was centrifuged and dried at 100 °C and then
calcination at 400 °C for 5 h in an N, atmosphere. Meso-30 wt% Fe, O,/
TiO, showed highest photocatalytic activity for 4-chlorophenol degra-
dation [69]. A summary of TiO, and TiO,-based photocatalysts prepared
via sol-gel or modified sol-gel method are reported in Tablel.

2.2 Hydrothermal method

The hydrothermal synthesis can be defined as any heterogeneous
reaction in an aqueous media performed at a pressure higher than 1
atm and above room temperature [70]. It should be noticed that with
a non-aqueous solvent (e.g., n-butyl alcohol, ethanol, methanol, tolu-
ene, etc), the process is referred to as the solvothermal method. In com-
parison to the other methods, the solvothermal method involves much
milder conditions and softer chemistry conducted at lower temperatures
[71]. Hydrothermal and solvothermal are techniques to produce TiO,

S
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Fig. 3. Chemical vapor deposition mechanism.

and TiO,-based nano photocatalysts with different morphology such as
nanosheets [72], nanofibers [73], nanotubes [74], films [75], nanopar-
ticles [76, 77], nanorods [78, 79], powder [80, 81], and to process
nanocomposites materials [82-86]. The common Ti-source used in the
synthesis process of nano photocatalysts via hydrothermal and solvo-
thermal methods are titanyl sulfate (TiOSO,) [83], titanium (IV) butox-
ide (TBOT, Ti(OC,H,),) [72, 82, 87] TiCl,[76, 79, 81, 88], titanium
tetraisopropoxide (TTIP, (Ti(OCH(CH,),),) [73, 89], Ti(SO,), [80, 90],
titanium (IV) n-butoxide (TNB, Ti(OBu),) [91], TiO,-P25 [92] and TiCl,
[93]. Precursors which are used in the hydrothermal method are admin-
istered in the form of solutions, gels, and suspensions. These precursors
are heated at a temperature range between (100-200 °C) and pressure (P
< 100 bars), in autoclaves usually with Teflon liners. After the reaction
occurred in the autoclave, the autoclave is cooled and some process such
as centrifuging, drying, washing, etc is done.

In the hydrothermal method, some organic or inorganic mineralizers
are used to control pH, also mineralizers with high concentrations (e.g.,
10 m), used to promote solubility. For example, mineralizers such as
NaOH, KOH, HCI, HNO,, HCOOH, and H,SO, are used in the synthesis
of TiO, nanoparticles. Also, to control the shape of the nanomaterial,
some other additives or shape control agents are used [94-97]. For in-
stance, to prepare TiO, with a specific nanostructure, some surfactant
molecules such as ammonia, diamine, dodecane diamine (DDA) [98],
and triethanolamine [99] are used. As another example, in a system
based on ethylene glycol and titanium tetra isopropoxide, the hydrother-
mal method of the base system could fabricate nanowires. In this system,
the addition of ethylenediamine (EDA) with different concentrations led
to a change in the shape of nanomaterial from nanowire to nanorods,
nanofibers, and arrays [71]. To enhance the reaction kinetics or make a
new material, the hydrothermal techniques can be hybridized with other
processes such as microwaves, ultrasound, electrochemistry, etc [95].

A technique to prepare thin films or porous TiO, powder is the sol-
gel method which has a drawback that involves deposition or calcined
sol-gel-synthesized TiO, can readily form particles aggregates rather
than a periodic and continuous inorganic framework. The hydrothermal
method with low reaction temperature has been specified to solve this
problem. The other advantage of the hydrothermal method for nano-
crystalline state synthesis is the possibility to produce the material with
uniform composition, phase, and microstructure [75, 76, 100]. Although
the Hydrothermal synthesis process seems to be very simple, some pa-
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Table 1.
Summary of TiO, and TiO, -based photocatalysts prepared via sol-gel or modified sol-gel method
Catalyst-shape Method The material used for the preparation Model com- Operating condition Main results Ref
pound
Nanoparticles of Modified  TiO, Precursor: TiC, H, O, (titanium sec-butoxide) MB Pd/TiO,;: « Chitosan can [168]
TiO,-CS, Pd/TiO,, as sol-gel The material used in the synthesis process: Drying: at 100 °C over- prevent the ag-
well as Pd/TiO,-CS Solvent for TiO, precursor: ethanol, HCI, and dou- night glomeration of TiO,
ble-distilled water Calcination: for 5 h at nanoparticles
Precipitation agent: ammonia solution 550 °C « Photocatalytic
Pd source and solvent: PdCI, (Pd to TiO, molar ratio: TiO,-CS: activity: Pd/ TiO,
0.03), distilled water (50 mL) Draying: at 100 °C for <TiO,-CS <Pd/
CS source and solvent: 1 g of CS (CS to TiO, molar 24h TiO,-CS.
ratio: 0.03), aqueous acetic acid solution (100 mL Calcinnation: at 550 °C for
of 5%) 5 hin air
pH controller (pH 9): ammonia solution Light source: Xenon lamp
TiO,-P25-nanocompos-  Peroxoti- TiO, Precursor: TTIP (5 mL) Reactive Red  Drying:100 °C in the oven  The photocatalytic ef-  [169]
ite films tanic acid The material used in the synthesis process: 222 (RR222) for 1h ficiency of TiO,-P25
(PTA) Solvents for TiO, Precursor: isopropanol (20 mL) Calcination: 500 °C for 2h  increase due to effec-
modified Hydrolysis agent: deionized water (100 mL) Light source: UV-C lamp tive charge transfer
sol-gel PTA sol: dissolving the precipitate in 20 mL of
aqueous H202
Surface modifier: 0.3 g 10% PEG solution
TiO,~P25 film preparation: substrate based on boro-
silicate glass with the dimension of 4.5 x 39.5 x 0.2
cm and sol of P25 (4 wt.%)
CNS-TiO,-nanoparticles Sol-gel TiO, Precursor: TTIP Ami- Drying: 80 °C, in oven Co-doped TiO, [43]
The material used in the synthesis process: doblack-10B Calcination: 400 °C activity under visible
Solvents for TiO, precursor: isopropyl alcohol dye (AB- Light source: solar light light irradiation is
solution 10B) higher compared to
Hydrolysis agent: deionized water pure TiO,
Precursor and solvents for CNS-TiO, preparation:
thiourea, double distilled water.
N-doped TiO, Sol-gel TiO, precursor: titanium (IV) 2-ethyl-1,3-hexanedi- MB Heating: Optimum condition: [42]
reverse olate (15.71 g) 70 °C for 60 min N/Ti atomic ra-
micelle The material used in the synthesis process: Aging: 24 h t10=0.05
(SGRM) Solvents for TiO, precursor: isopropyl alcohol (30 Drying: 80 °C for 8 h
mL) Calcination: for 1 h at 500
Material for micelle reverse solution preparation: °C in static air with a 5 °C/
cyclohexane (16 mL), aqueous solution of Na2EDTA min heating rate
(14 mL) and TritonX100 (50 pliter) Light source: Mercury/
Xenon lamp
(A=400 nm)
TiO,- fibers Sol-gel TiO, Precursor: TBOT Formalde- Stirring: 2h Optimum condition:  [170]
The material used in the Synthesis process: hyde Oil bath temperature: H,O0:TBOT molar
Solvent for TiO, precursor: anhydrous alcohol (TBT 110-140 °C ratio <2
to EtOH molar ratio: 1:3) Calcination: 500 °C for
Surfactant: solution of PVP and HCI (26 mL) in 90 min
absolute alcohol Light source: UV (A=254
nm)
H-PVA/TiO,-composite Sol-gel TiO, Precursor: TBOT Rhodamine TiO, preparation: Optimum condition:  [167]
films The material used in the synthesis process: B (RhB) Stirring: 2h, 70 °C 180 °C and 16.7
Solvent for TiO, precursor: EtOH, AcOH Aging: 48 h at room mass% of polymer
Hydrolysis agent: deionized water (100 mL) and HCI temperature content
(0.3 mL) Preparation of H-PVA/
Preparation of glass slides based on H-PVA/TiO,: TiO,:
(75 mm x 25 mm x 1 mm), the mass ratio of PVA/ Heat-treating: at 12-240°C
TiO,: 1/5 for 4h in an N, gas flow
Light source: Tung-
sten-Halogen lamp
TiO,-powder Sol-gel TiO, Precursor: TiCl, Phenol Calcination: 450 °C for 4 h 19.6 nm species [171]

The material used in the synthesis process:
Solvent for TiO, precursor: Ethanol/water (volume
ratio of 4:1)

Hydrolysis agent: Ammonia (pH=7.5)

Drying: 80 °C
Light source: sunny day of
summer (April-May)

size demonstrate
good photocatalytic
activity under solar
irradiation
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Table 1. (Continued)

Catalyst-shape Method The material used for the preparation Model com- Operating condition Main results Ref
pound
TiO,-Fe O, Sol-gel TiO, Precursor: TiOCl, MB Aging: at 80 °C for 4 h Optimum condition: ~ [172]
The material used in the synthesis process: and then settled at room 5 wt% Fe,0, and
FeCl,.6H,0 and FeCl,.4H,0 (Fe*": Fe**=1:2) were temperature for 12 h with calcination at 600 °C
added in distilled water and then added to 20 mL gentle stirring
TiOCl,. Ammonia solution was used to control pH Drying: 80 °C for 24 h in
at9 the thermal oven
Calcination: for 2 h at 400,
600 and 800 °C in a box
furnace
Light source: 100 W
Halogen lamp emitting
wavelengths=350-1050 nm
Zirconium doped Controlled Precursor: TTIP (20 mL) MB, RhB Drying: using IR lamp (250  Doping of 10 at.% Zr  [173]
TiO,-nanopowder sol-gel The material used in the synthesis process: watt) and then pulverization  leading to obtaining
route Solvents for TiO, precursor: 2-methoxy ethanol (40 Calcination: 450 °C for 1 h TiO, nano-powder
based on mL) Light source: high-pressure with the size of 11
halide free ~ Zirconium precursor: Zirconium-oxy-nitrate-hydrate ultra vitalux lamp (300 W, nm rendering energy
non-aque- (0.831 g, 1.754 g, and 2.785 g) peak wavelength: 365 nm) gap of 3.33 eV in-
ous Quenchers: potassium iodide (KI), sodium azide crease photocatalytic
solvent (NA), parabenzoquinone (BQ), and dimethyl sul- efficiency
phoxide (DMSO)
pH controller (pH 3): HNO, and KOH
TiO,-ZnO Sol-gel TiO, Precursor: TBOT H, generation Heating: 100 °C on a hot Optimum condi- [174]
The material used in the synthesis process: plate tion:10% ZnO-TiO,
ZnO precursor: zinc nitrate (Zn (NO,),. 6H,0) Annealing: for 5 h at 500
Catalyst: citric acid °C in a static atmosphere
Solvent: deionized water using a 1 °C/min heating
rate
Light source: UV
TiO,/activated carbon Sol-gel TiO, Precursor: TTIP (2.87 mL) Tetracycline Stirring: 5 min at room *Better electronic and  [175]
The material used in the synthesis process: temperature structural features
Solvents for TiO, precursor: anhydrous isopropanol Drying: 100 °C for 12 h were observed in
(10 mL) Pyrolysis: under N2 gas TiO,/AC
Activated carbon: 250 mg, flow for 2 h at 500 °C * Bandgap ener-
Solvent for activated carbon: water (5 mL) Drying: 100 °C for 24 h gy:3.04 eV anatase
Light source: UV (18 W) phase crystal size:
8.53 nm, and
SBET:129 m?%/g
N-doped TiO, Sol-gel TiO, Precursor: TBOT (10 mL) MO and Stirring: 4 h Optimum condition: [34]

The material used in the synthesis process:
Solvent for TiO, precursor: anhydrous ethanol (20
mL)

Stabilizer: acetylacetone (2.5 mL)

N source: ethylenediamine (N:Ti molar ratios: 0,
3.65,5.21,7.29, 18.23,36.47, 72.94, 109.41)

H, evolution

Aging: 3 days
Drying: 60 °C for Sdays
Calcination: 300-600 °C

for 1-3 h

ethylenediamine to
sintering temperature
of 500 °C and sol

volume ratio of 1:1

rameters such as the type and source of precursors, the hydrothermal
condition (e.g. reaction temperature and time), and the washing proce-
dure, play important roles in controlling the structure of the produced
photocatalysts. [74]. The schematic diagram of a hydrothermal method
of synthesis TiO, matrix is depicted in Fig.2.

2.2.1 Photocatalysts preparation via hydrothermal method

F-doped anatase TiO, nanoparticles were prepared by adding drop-
wise 2.2 mL TiCl, to a solution of 2 mL HF (40%) and 36 mL solution
of HCI (1.0 M) under vigorous stirring for 30 min. Then the resulted
solution was placed in a 50 mL stainless-steel autoclave and maintained
at 120-180 °C for 4-12 h. After the autoclave was cooled to room tem-
perature, the resulted sample was collected by centrifugation, washed
with distilled water various times, and dried in an oven at 80 °C. The
presence of HF led to the formation of the F-doped shuttle-like anatase
nanostructures of TiO, [76].

In another study, nanoparticles of TiO, were synthesized by titanium
tetraisopropoxide hydrolysis using tetramethylamine (TMA) as a pep-

tizer in the hydrothermal technique. In this route, white precipitates of
hydrous oxides were prepared by adding titanium isopropoxide solution
(water/TTIP molar (R) ratio=100) into a solution of trimethylamine and
water with vigorous stirring at 25°C. The mixture was stirred for 2 h.
Then the resulted solution (200 mL) was placed in a 250 mL Teflon
container maintained in a vessel and heated for 4 h at 120-200 °C. The
resulted in TiO, particles were separated using a centrifuge at 10,000
rpm for 10 min, after that washed in distilled water, and dried for 12
h at 105 °C, at last calcined for 3 h at 200-800 °C. The result showed
that titania particles synthesized at 170 °C and calcined at 600 °C, have
the highest performance in the orange II photocatalytic decomposition
under UV light [77].

In yet another study, nanofibers were synthesized from low-cost (0.5-
0.7 dollar/kg) natural ilmenite mineral (FeTiO,) by a simple hydrother-
mal method. In this route, ilmenite mineral (5 g) and 10 M aqueous solu-
tion of NaOH (200 mL) were placed in an autoclave, heated, and stirred
for 72 h at 120 °C. Then the mixture was cooled to room temperature,
and washed with 0.1 M aqueous solution of HCI and deionized water
(DI) several times, and dried at 100 °C for 12 h. The nanofibers calcined
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Fig. 4. Schematic of physical vapor deposition for TiO, coating.

at 300-400 °C presented TiO, , the nanofibers calcined at 500 °C present-
ed a mixture of anatase and TiO, and the nanofibers calcined at 600-1000
°C presented the mixture of Fe,0,, tri-crystalline of anatase, and rutile

[73]. A summary of TiO, and TiO,-based photocatalysts synthesized via
hydrothermal and solvothermal method are reported in Table 2.

2.3 CVD method

Chemical vapor deposition (CVD) is one of the photocatalyst prepa-
ration methods. In this process, one or more volatile precursors are
evaporated to the carrier gasses and transfer into the reaction chamber.
Depending on the reactions, which can occur in the gas phase (homoge-
neous reaction) or near/on a heated substrate (heterogeneous reaction),
either powder or solid thin films are formed. Thermal decomposition
or reaction of gas or vapor phase species occurs at a temperature range
between (500-1000 °C) [101-103]. Preparation of powder and film in-
cludes several steps. It can be noticed that the main steps for nanopar-
ticle formation are: (a) nucleus formation, (b) nucleus growth, and (c)
collection of nanosized powder [104]. Also, the main steps for thin film
deposition on the substrate can be described as follow: (a) volatile pre-
cursors are evaporated into carrier gas and then transferred by the gas
into the reactor; (b) gaseous reactions happen in the reaction zone; (c)
the mass transfer of the reactants is occurred to the heated substrate; (d)
adsorption of the reactants occurs on the substrate; (e) surface diffusion
of sediments is occurred and cussed by surface chemical reactions, nu-
cleation, and layers growth and (f) deposition of unreacted precursors
and by-products from the reaction zone.

There are different parameters, which can control the deposition rate
and quality of a film resulting from a CVD process, such as 1- Carrier
gas (reactant gas or inert gas including H,,N,, and Ar). These kinds of
gases have different prominent features and any of these features have a
typical effect. For instance, the gas flow rate has an effect on the depo-
sition rate, source temperature (effect on the deposition rate and disper-
sion of supporting materials), total pressure gas flows, and carrier gas
composition. 2- Type of the precursors and type and temperature of the
substrates, which have effects on the temperature of crystal structure
transition through TiO, preparation process. 3- Experimental conditions
such as deposition time (long deposition time can cause several prob-
lems, for example, energy consumption) and synthesis temperature (in-
fluence on the visible light performance of TiO, photocatalyst, species
of supporting material, and percentage of anatase and rutile content).
4- Reactor design [105-110].

The selection of a suitable precursor is an essential requirement of
the metalorganic chemical vapor deposition (MOCVD) process. To se-
lect a suitable precursor, several parameters should be considered. For
instance, adequate volatility, thermal stability, conventionally, low haz-
ardous risk, high chemical purity, clean decomposition, and long shelf
life. The common Ti-precursors used to synthesis the TiO, and TiO,-
based photocatalysts by the CVD method are halides such as TiCl, [111-

Substrate with
colloidal monolayer
®:40 rpm

r

Substrate|

holder Laser:355 nm

Target: rutile typed TiO2

Target holder

\ O 4

®:30 rpm
Fig. 5. Schematic illustration of PLD process.

114], alkoxides such as TTIP [105, 115-124], TBOT [101], and titani-
um nitrate. The metalorganic precursors such as titanium isopropoxide
(Ti(OPr'),), are less toxic and pyrophoric and offer the advantage of
lower deposition and reaction temperatures than halides. Titanium iso-
propoxide includes an unsaturated four-coordinate Ti(IV) center, that is
very reactive to moisture and air, and can cause problems in handling
and storage, particularly in solution-based liquid injection MOCVD
applications. TiCl, is toxic and needs safety installations and particular
equipment. Its use can result in severe chloride contamination in CVD
films. Several ligands such as B-ketoesters, 3-keto amides, malonates,
and aminoalkoxides have been used to synthesize the mixed alkoxide
complexes of titanium. These ligands increase the sublimation rate and
decrease the decomposition temperature. Also to reduce the sensitivity
of moisture of the Ti-alkoxide precursors, chelating B-diketone groups
and bidentate donor functionalized ligands including 2-dimethylam-
inoethanol or diolates including 2-methyl pentane-2, 4-diolate, have
been inserted to improve the Ti(IV) coordination sphere saturation [125-
127]. As an example of the photocatalysts, which are produced from
complex precursors in a chemical vapor deposition and photo-assisted
CVD process, titania thin films were synthesized by titanium isopropox-
ide (Ti(OPr'),) and titanium [bis (dipiraloymethanate) diisopropoxide]
(Ti(DPM),(OPri),) complex compound precursors. The result showed
that two crystalline forms, anatase and rutile, could be synthesized by
these precursors, and also it has been observed that surface composition
is different from that of the bulk in the film [128].

As mentioned above, chemical reactions can happen in both the gas
phase (homogeneous reactions), which leads to powder formation (poor
film morphology) and on the surface of the substrate (heterogeneous
process). As the decomposition reaction is strongly dependent on the
pressure, it is true to say that the selection of the low pressure (~Torr)
can lead to heterogeneous reactions. Various types of CVD reactions
consist of thermal decomposition reactions (pyrolysis reactions), reduc-
tion reaction, oxidation, hydrolysis, oxidation, nitride and carbide for-
mation, and disproportionation [90]. Pyrolysis is involved the thermal
dissociation of a gaseous compound into solid material and a gaseous
reaction product. This reaction does not attack the substrate chemical-
ly. Pyrolysis reaction of a halide is described in Eq. (13). According to
reduction reaction (Eq. (14)), in the presence of an adequate amount
of reducing agent such as hydrogen, chemistry occurs primarily on the
substrate. Oxidation (Eq. (15)) and hydrolysis reactions (Eq. (16)) is
greatly used to deposit oxide materials. The most common oxidizing
agent which is used in these reactions is oxygen and water. In dispropor-
tionation reaction (Eq. (17)), the oxidation number of an element both
increases and decreases through the formation of two new species.

TiL, (2)—Ti (s)+21, (13)
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Table 2.

Summary of TiO, and TiO, -based photocatalysts synthesized via hydrothermal and solvothermal method

Photocatalyst-shape

Method

The material used for the
preparation

Model com-
pound

Operating condition

Main results

Ref.

WO,/TiO,

SnS,/TiO,

TiO

2
-nanosheets

N, S-doped TiO,
-powders

Core-shell TiO, @
Znln,S,

La/TiO,-graphene
composites

Hydrother-
mal

Solvothermal

Hydrother-
mal

Hydrother-
mal

Hydrother-
mal- ultra-

sonication

Hydrother-
mal

TiO, Precursor: titanyl sulfate
(TiOSO,)

The material used in the synthe-
sis process: double distilled water,
titanyl sulfate (weight ratio=
4:5:1), and absolute ethanol
WO, precursor: ammonium
tungstate

TiO, Precursor: TBT
Material used in the synthesis
process: SnCl,.5H,0 (5 mmol),
thioacetamide (10 mmol) and 5

vol% acetic acid aqueous solution
(40 mL). SnS, nanoparticles
(0.4 g), TBT (0.5-2.0 mL) and
a solution (38.0-39.5 mL) of
ethanol (34.0 mL) and acetic acid
(4.0 mL)

TiO, Precursor: TBOT
The material used in the
synthesis process: distilled water
(80 mL), NH,OH, and a solution
of titanium (IV) butoxide mixing
with acetylacetone

TiO, Precursor: Ti(SO,),
Materials used in the synthesis
process: CS (NH,),, and an of
Ti(SO,), (12.0 g), and distilled
water (100 mL) solution

TiO, Precursor: TiO,
Materials used in the synthesis
process: TiO,, deionized
water (60 mL), ZnCl, (1 mmol),
In(NO,), 4.5H,0 (2 mmol), and
excessive thioacetamide (TAA,
6 mmol)

TiO, Precursor: TBT
Materials used in the synthesis
process: a suspension of TBT (15
mL), ethanol (80 mL), distilled
water (40 mL at pH 3.0), and
La(NO,),.6H,0. A solution of
graphene oxide (20 mg), distilled
water (80 mL), ethanol (40 mL),
and TiO, (200 mg)

MO and 2,
4-dichlorophe-
nol (2, 4-DCP)

Aqueous Cr
(VD

concentration

MO

MB

MB

Stirring: 24 h at 25 °C
Autoclave conditions: 140 °C, 16 h,
Teflon-inner-liner stainless steel
Washing: water and ethanol
Drying: 40-50 °C (overnight)
Calcination: 500 °C
Light source: visible and UV light
(A <420 nm)

The hydrothermal reaction for
SnS2: 150 °C for 24 h
Autoclave conditions: 180 °C, 12 h
Cooling: at room temperature
Washing: deionized water
Drying: 100 °C, 4 h, in vacuum
Light source: visible light (A >
420 nm)

Stirring: 5 minutes
Autoclave conditions: 120 °C for
12 h, Thai made
Cooling: at room temperature
Washing: distilled water and 0.1
M of HCI
Drying: 100 °C for 12 h in an oven
Heating: 300, 400, 500, 600, 700
and 800 °C for 2 h

Oil-bath temperature: 120 °C
Hydrothermal treatment: 24 h
Washing: distilled water
Drying: 60 °C for 10 h, ina
vacuum
Calcination: 400, 500, 600, and
700 °C in the air for 3 h
Light source: sunshine
irradiation
Autoclave conditions: 160 °C
for 6 h
Cooling: at room temperature
Washing: distilled water and
absolute ethanol
Drying: 80 °C for 6 h in a vacuum
Light source: visible light (A =
420 nm)

Synthesis of TiO, nanopowder:
Stirring:1 h
Autoclave condition: 180 °C for
6h
Washing: deionized water
Driying:100 °C in the vacuum
oven for 12 h
Calcination: 450 °C
Synthesis of La/TiO, graphene
composites:

Stirring: 2 h
Autoclave conditions:120 °C for
3h
Washing: deionized water
Drying: 70 °C for 12 h.
Light source: Visible light (A >
420 nm)

Optimum condition: 5.0%
composite

Optimum condition: SnS2/
TiO,-B with the TiO,
content of 25.5 mass%

Specific surface area:
360.28 m2/g, average pore
diameter: 3-5nm

, pore volume 0.275 cm3/g

Optimum condition: 3%
N, S-TiO, calcined at
500 °C

Compared to TiO,, Core-
shell TiO, @ ZnIn2S4
showed higher photocata-
lytic activity

Photocatalytic activity
of La/TiO,-graphene
composites was higher
than TiO,

[83]

[82]

[72]

[80]

[176]

[177]
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Table 2. (Continued)

Photocata- Method The material used for the Model com- Operating condition Main results Ref.
lyst-shape preparation pound
(N-F) codoped Solvothermal TiO, Precursor: TBT MO Stepl: Mesopores like a prison, [178]
TiO,-nanobelts Materials used in the synthesis Aging: for 24 h in a static condition ~ wormbhole-like, enhanced
process: Drying: 80 °C in air absorption of light and
Stepl: TBT (2.2 mL), a mixture of Step 2: larger surface area in the
sodium chloride solution (0.4 mL Stirring: about 30 min case of N-F codoping in-
0.1 M) and ethanol (100 mL). Autoclave conditions: 180 °C for creasing the photocatalytic
Step2: TiO, (0.8 g), ammonium 72 h performance
fluoride (0.37 g), 10 M sodium Cooling: down to room tempera-
hydroxide solution (50 mL) ture
Washing: with ethanol and deion-
ized water
Drying: in the air at 80 °C
Light source: visible solar irradia-
tion (A > 420 nm).
Ag/TiO,/ZnO com- Hydrother- TiO, Precursor: P25(TiO,) The aqueous Stirring: for 1 h Ag/TiO,/ZnO compos- [179]
posite particles mal Materials used in the synthesis solution of re-  Autoclave condition:140 °C for 2 h ite decrease the rate of
process: aqueous suspension active black 5 Cooling: at room temperature electron-hole separation
of the mixture of TiO, (20 mg) Washing: alcohol and distilled and prevent the loss of
in ethanol (10 mL), 0.058 M water photocatalyst during
bis-hexamethylene triamine (40 Drying: 130 °C for 12 h recovery
mL), 5.8810- 3 M AgNO, (10
mL), and 0.063 M zinc nitrate
hexahydrate (40 mL)
Anatase nano-TiO, Hydrother- TiO, Precursor: TiCl, RhB Autoclave condition:140 °C for2h  Increasing the hydrother- [81]
-powder mal Materials used in the synthesis Drying: 60 °C in vacuum mal synthesis
process: TiCl, (20 mL), ethanol Washing: distilled water time and the sol concen-
(200 mL), H,0, (80 mL), and 10 Light source: (A =553 nm) tration lead to an increase
wt% ammonia in particle size
Nitrogen-doped tita- Micro- TiO, Precursor:TiCl, MO Autoclave condition: 160-230 °C  The reaction time could be [93]
nia -nanoparticles ~ wave-assisted ~ Materials used in the synthesis for Smin using a 1000 W micro- reduced resulting from the
solvothermal  process: hexamethylenetetramine wave reaction apparatus high microwave irradia-
process (HMT, 2 g) and 20 wt% TiCl, Washing: distilled water and tion heating
solutions (10.75 cm3), 12.5 cm3 acetone
of distilled water, methanol, and Vacuum drying: at 80 °C overnight
ethanol Light source: simulated solar radia-
tion Xenon-lamp (A =465 nm)
Urchin-like titania One-step TiO, precursor: TiO, particles MO Stirring: 10 min at room tem- « At temperatures of 130 [180]
hydrothermal ~ Materials used in the synthesis perature and 150 °C, thick and
method process: 10 M NaOH solution Autoclave condition: 100 mL Tef- small holes were present
with TiO,: NaOH molar ratio of lon autoclave and an H,O, solution  on the urchin-like surface.
1:333 (30 wt%) was added followed by * Adding H,0, form finer
rinsing with hydrochloric (0.1 M) urchin-like surface and
Drying: 10 h at 50 °C hydrogenation increase
Annealing: at 550 °C for 2 h in air photocatalytic efficiency
and reducing atmospheres (10% H,
+90% Ar) respectively
TiO,/graphene One-step hy- TiO, precursor: TiO, particles Hydrogen Ultrasonication: (150W, 50 kHz) TiO,/graphene quantum [181]
quantum dots drothermal Materials used in the synthesis evolution for 4 h and additional sonication dots H, evolution rate and
process: 0.5 g of TiO, nanopar- for2h photocurrent response at
ticles, a suspension of 15 mg of Autoclave condition: Teflon-lined optimal GQDs content
1,3,6-trinitropyrene (TNP), and autoclave (100 mL), 200 °C for is 7 and 3 times higher
0.2 M NaOH aqueous solution 10h than TiO,
(80 mL) Washing: water and ethanol
Drying: in the air for overnight
Light source: 250 W high-pressure
mercury lamp
G-C,N/TiO, hetero-  Hydrother- TiO, precursor: TiCl, RhB Stirring: 30 min and then at 3-5°C < For 0.5 mL of TiCl,, op- [182]
junction composites mal Materials used in the synthesis for 2 h in an ice bath timum melamine content

process: 0.5 mL of TiCl,, a
solution of melamine containing
0.5, 1,2, 3, or 4 g melamine, and

60 mL of DI

Autoclave condition: stainless steel
autoclave lined with Teflon (100
mL). 180 °C for4 h
Drying: 100 °C for 10 h
and then heating in the crucible
for 2 h at 550 °C at a 5 °C/ min
rate in a muffle furnace under air
atmosphere

was3 g

* Specific surface area: up

to 115.6 m2/g
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Table 2. (Continued)

Photocata- Method The material used for the Model com- Operating condition Main results Ref.
lyst-shape preparation
Bi-TiO, nanotube/  One-step hy- TiO, precursor: Degussa P25 Dinoseb (phe- Autoclave condition: Teflon-lined 2-wt% bismuth shows [6, 183]
graphene com- drothermal Materials used in the synthesis  nolic herbicide) autoclave and heated for 24 h at improvement in photocat-
posites process: | g of Degussa P25, a 140 °C alytic activity
suspension of GO (2 wt%), and Washing: double distilled water
30 mL of double distilled. various followed by acid washing with HCI
amount of bismuth nitrate and (0.1 M)
NaOH Drying: 80 °C for 16 h, dry over-
night at 80 °C
Annealing process: 350 °C for 6 h
Light source: visible light 500 W
(9500 lumens) linear halogen lamp
Graphene/TiO,/CdS Hydrother- TiO, precursor: TBT Stirring: 12 h at room temperature The surface area of [184]

nanocomposites mal Materials used in the synthesis  and parachloro- another stirring 1.5 h GO-Ti0,-0.55CdS (157.5
process: GO (15 mg), TBT phenol (4-CP) Washing: water/ethanol m?%g) result in higher
(2.63 mmol), diethylene glycol Autoclave condition: 120 °C for photocatalytic activity
(60 mL). A solution of acetone 12h
(180 mL) and deionized water Light source: a visible-light
(600 pL). A suspension of
Cd(NO,),.4H,0/L-cysteine
(0.2/0.6, 0.4/1.2, 0.6/1.8 mmol)
and deionized water (80 mL)
CVD is called PECVD (plasma-enhanced CVD). Another type of CVD
SiCl, (g)+2H, (g)—Si (s)+4HCl (g) (14) method is metalorganic CVD (MOCVD) which uses metalorganics as
the precursor. The pressure for MOCVD is usually around 10°-10° Pa
TiCl, (2)+20, (g)—TiO, (s)+Cl, (g) (15) and the temperature range is between~300-800 °C. In this type of reac-
tor, reactants are volatile at relatively low temperatures.
TiCl, (g)+2H,0 (g)—TiO, (s)+4HCl (g) (16) Thermally activated CVD is a usual CVD process in which thermal
energy in a cold wall or hot-wall reactor by inorganic chemical precur-
2TiCl, (g)—Ti (s)*+TiCl, (g) 17 sors led to the initiation of the chemical reactions. A hot wall reactor is

The CVD process can be operated in either a close or open system.
Closed systems can be utilized for reversible reactions, for example,
metal purification. However, it can be said that close systems are less
common in comparison with open systems. In open systems, the carrier
gasses flow through the reactor and after deposition, by-products and
unreacted precursors are carried by carrier gas, and then go out from the
reactor [129]. Main equipment in the open systems can be classified into
three basic components:1- Delivery system, which is used to produce
vapor precursors and deliver them to the reactor. 2- The effluent gas han-
dling system. To provide the low pressure or high vacuum pressure for
the CVD method, some systems such as a mechanical pump (van pump)
are used [105]. Many precursors used in the CVD method are toxic and
pyrophoric, in this respect, a liquid nitrogen trap is employed to neutral-
ize or entrap the hazardous by-product and unreacted precursors, before
being released to the environment [107, 130]. 3- CVD reactor.

Conventional CVD reactors including distributing and delivering
reactive gases through a substrate, and a system of heating with tem-
perature control. Regarding the performance of CVD reactors, it is high-
ly important to be considered, that precursors must be injected into the
reactor, also carrier gasses with a certain flow rate and temperature must
be injected into the reactor. The volatile precursors are carried out by
carrier gas toward the substrate and then decomposed on the surface of
the substrate, after that the extra vapor precursors and exhausted gasses
are removed from the reactor, then the reactor is purged by inert gas
[105-108, 131]. There are several types of CVD methods, which are
classified based on the activation energy of the reaction. Various activa-
tion energies can be included: thermal (RF heating, infrared radiation,
and resistive heating), photons (UV lamp-laser), and plasma (DC cur-
rent-frequency, pulses-microwave). Thermally activated CVD is called
TCVD, photonic activated CVD is called LCVD and plasmatic activated

usually tubular and surrounded by an isothermal furnace and is used
mostly for an exothermic reaction. The advantage of this reactor is close
temperature control and the disadvantage is that deposition can occur on
the wall of the reactor because the wall and the substrate have the same
temperature. The cold wall reactor is bell-jar shaped and used for endo-
thermic reactions. In this reactor, the substrate is heated directly either
by electricity (induction) or by glowing heating, as a result, the rest of
the reactor remains cold and the substrate has the highest temperature.
The processes of thermally activated CVD can be subdivided based on
the pressure range of deposition. The operating pressure can be consid-
ered as (a) low-pressure CVD (LPCVD), the pressure range is between
10-1000 Pa; (b) atmosphere pressure (APCVD) and (c) high vacuum
pressure (HPCVD), the pressure is less than 10~ Pa. The difference be-
tween LPCVD/UHVCVD and APCVD is the ratio of the mass transport
velocity and the velocity of reaction on the surface. It can be said that
the diffusion of a gas is inversely proportional to the pressure [125, 132].

In PECVD temperature is between 100-700 °C and pressure is 1-80
Pa. PECVD processes by metal-organic precursors have gained atten-
tion due to their potential in lowering the deposition temperatures, as
a result, this process is used in the coating of the temperature-sensitive
substrates. In a DC plasma-assisted and thermally activated CVD pro-
cess by titanium isopropoxide as a precursor, the TiO, film deposition
has been under investigation. The result shows that the pulsed DC plas-
ma has several advantages such as: nanostructured of crystalline TiO,
are deposited at a lower temperature, the plasma-assisted CVD produced
dense microstructure even in amorphous deposits and enhanced desorp-
tion of residual surface contamination [123].

The LCVD is a CVD derivative in which the global heat source for
the furnace is replaced with a localized spot heated by a laser [133].

The use of precursors with better deposition routes is more import-
ant than the utilization of less volatile precursors, in this respect, some
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Table 3.

Summary of TiO, and TiO, -based photocatalysts prepared via CVD method

Photocatalyst-shape

Reactor design

Model Operating conditions
compound

Main results Ref.

TiO, films covered
by noble metal
nanoparticles silver,
platinum

TiO, thin film de-
posited on silica gel

Radiofrequency
(RF) low-pressure
PECVD reactor

Radiofrequency
circulating fluid-

Acid Orange 7 Precursor: TTIP
(AO7) Substrate: glass slide and silicon wafer
Temperatures: 40, 300 °C
Liquid heated evaporator temperature: 50 °C
Oxygen flow rate: 25 to 200 sccm
Working gas: a TTIP vapors and oxygen mixture
Pressure: 8-20 Pa
Bias on the substrate: about -50V at 20 W
Light source: UV-A lamp (15 W, =365 nm)

MB Precursor: TTIP
Deposition temperature: 250 °C

Treated or untreated films synthe-  [122]
sized at higher
temperature (300 °C) showed
enhanced antibacterial properties

The optimum condition for [121]
anatase phase deposition was 3.6
vol.% of 02, 0.4 g/min of TTIP,
and 8.18 vol.% of Ar

powder ized bed PECVD Supplying power: 13.56 MHz
reactor Bubbler temperature: 95 °C
Light source: ultraviolet lamp (15 W/cm?, =365
nm)
TiO, coating of AP-MOCVD (hot- MO Precursor: TBOT

activated carbon wall reactor)

N-doped titanium APCVD (cus- Stearic acid

thin film tom-built, hori-
zontal cold wall
reactor)
Needle-like TiO, / APCVD- Stearic acid
WO, cold wall reactor

3x

Deposition temperature: 600 °C
Light source: UV lamp (1.2 15 mW/cm?, A=356 nm)

Deposition temperature:500 °C
Bubbler temperature: 40 °C and 70 °C

Precursor: TiCl4
Deposition temperature: 500 °C
Bubbler temperature: 200 °C
Light source: UVC light (200 W Xenon lamp, A=254 nm)

« The particles size is ranging [101]
from 10 to 50 nm
* The optimum loading of TiO,

was 12 wt%

Precursor: TiCl, Selective doping at the interstitial ~ [112]
site (ionization 400 eV by XPS)
shows a dominant impact on the

enhancement of photocatalysis

The increase in activity of films [113]
is explained in terms of effective
vectorial charge separation at
the interface of the two oxide
semiconductors

delivery systems are used to generate vapor precursors and deliver them
to the reactor. Different types of delivery systems are classified based
on the phase of the precursors (liquid, solid, and gas). The method for
gas precursor delivery is to use a cylinder containing the right compo-
sition of the precursor with a mass flow controller to control the vapor
phase concentration. The liquid precursors with low pressures must be
heated in an oil bath or placed in a bubbling chamber, to evaporate to
their evaporation temperature. Also, carrier gasses must be used to de-
liver volatile precursors to the reactor [132, 134]. It can be said that the
precursor’s flow rate should be controlled by adapting the temperature
of the bubbling chamber or/and the flow rate of carrier gasses [103]. If
the vapor pressure of the liquid reactant is specified, its partial pressure
may be designed and controlled by controlling the flow rate and volume
of the carrier gas. On the other hand, like a flash vaporization method,
the flow rate of the precursors must be controlled by a syringe pump or
other equipment, and carrier gas with mass flow controlled can be used
to deliver volatile precursors towards the reactor [105, 132]. If the phase
of the precursors is solid precursors, the precursor must be sublimated
and then transferred by the carrier gas to the reactor [107].

2.3.1 Preparation of photocatalysts by CVD Method

TiO, nanoparticles were coated onto a glass bead using a CVD meth-
od with T-junction apparatus and using TTIP as a precursor. The pre-
cursor was vaporized in a bubbler using argon gas at 90 °C and then
carried with carrier gasses (argon and nitrogen) through an alumina tube
which was heated at 900 °C and connected to a horizontal T-junction
containing soda lime glass beads. The deposition time was regulated to
10, 30, 60, and 120 min. The result showed that the sample with the 60
min coating time had the best photocatalytic performance (~52%) for the
decomposition of acetaldehyde. Another result is that TiO, nanoparticles
were deposited with a uniform shape onto the glass bead, and the coating

time was decreased with this simple process [116].

TiO, /silica gel photocatalyst was synthesis by the CVD method, ac-
cording to three steps: (a) the support materials pretreatment by adding
water dropwise to silica gel and then drying for 20 min at 110 °C; (b)
CVD reaction and (c) calcination at 500 °C for 3 h in airflow. In the
synthesis process, TTIP was stored in a separate container (bubbler at 80
°C) and introduced into the reactor of CVD (300 °C) by the carrier gas
(nitrogen) under vacuum. The result showed that the size for all the TiO,
/silica gel samples is uniform in the 10-20 nm range [120]. The mech-
anism of chemical vapor deposition is illustrated in Fig.3. A summary
of TiO, and TiO,-based photocatalysts prepared via the CVD method is
reported in Table 3.

2.4 PVD method

In processes of physical vapor deposition (PVD), the coating is de-
posited in a vacuum using condensation from a flux of ionized or neutral
metal atoms. The basic PVD processes fall into two general categories:
(a) thermal methods (evaporation and electron-beam evaporation) and
(b) mechanical methods (cathodic sputtering). For the evaporation pro-
cess, the substance to be evaporated is heated in an evacuated chamber
so that it attains a gaseous state. The coating material is moved along the
transport area and condenses on the substrate surface. For sputtering,
atoms are ejected mechanically from a target with the ions impact or
energetic neutral atoms.

Electron-beam evaporation (EBE) [135-137], ion-assisted elec-
tron-beam evaporation [138-140], pulsed laser deposition (PLD) [31,
141], radio frequency (RF) magnetron sputtering [142-145], direct cur-
rent (DC) magnetron sputtering [146-148], and pulse magnetron sput-
tering [ 149, 150] are the common PVD methods, which are used to syn-
thesis photocatalysts. Fundamental of PVD process is like CVD, except
that in PVD method the raw materials, which are going to be deposited
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start in solid form. Also in comparison with the CVD method, the PVD
process does not produce harmful by-products and it can be noticed that
the operating temperature of the PVD method (200 to 300 °C) is less
than the CVD method [151, 152]. The main disadvantage of processes
of PVD (with EB-PVD exception) is the low deposition rates. The sche-
matic of physical vapor deposition for TiO, coating is depicted in Fig.4.

2.4.1 Pulsed laser deposition (PLD)

In the PLD method, a focused pulsed-laser beam illuminates one or
more targets and thin films are prepared by the ablation of these targets.
There are different parameters affecting film properties such as laser
fluence, pressure, background gas, substrate temperature, target-to-sub-
strate distance, wavelength, and pulse duration [153]. The experimental
apparatus used in the PLD method contains: a deposition chamber that is
evacuated to a base pressure using a mechanical pump and a Cryopump
and the chamber is filled with gasses (e.g., oxygen, nitrogen, etc). Other
components are a pulsed laser (Nd: YAG laser, KrF laser), which is used
to irradiate the target, and a substrate (part to be coated) that is set apart
from the target and heated by an instrument (e.g., IR lamp or laser).
The advantages of the PLD technique are that this method causes the
growth of high-quality thin-film materials. PLD as a thin film deposition
technique possesses some disadvantages including droplet deposition
on the film and the formation of non-homogeneous films [154]. Several
investigations have been done on photocatalyst synthesis via the PLD
method. For example, nitrogen-doped titanium oxide photocatalyst was
synthesized using PLD. With this regard, the TiN target in a gas mix-
ture of N,/O, was used. According to the results, the N, ratio in the gas
mixture and target material have significant effects on the film structure
and properties. Additionally, the absorption edges of the films shifted
from 320 nm to 360 nm for TiO, and TiO, N_films, respectively [155].
Mn-doped ZnO/TiO, multilayer nanostructures (photocatalyst) were de-
posited on Si (100) substrates by this method. To prepare the nanostruc-
ture, a multi-target carousel system was used following by post-growing
annealing in O, or N, atmosphere at a pressure of 1 bar and temperatures
0f 400-800 °C. It was found that the thicknesses of grown nanostructures
by the pulsed laser deposition technique were about 2 and 15 nm [156].
Fig.5 shows a schematic illustration of the PLD process.

2.4.2 Electron-beam and ion-assisted electron-beam evaporation

In EBE, to evaporate the material, a beam of electrons with high
kinetic energy is directed to the target material. On the surface of the
components or substrates, the evaporated material is condensed causing
the formation of a deposit. In the EBE method, the deposition rate can
be varied simply by adjusting the beam current and during the depo-
sition process also it does not particularly need the specific gas atmo-
sphere. The other advantages of the EBE method are the high deposition
rate, excellent economy, and practicability [157-159]. EBE is one of the
methods that are preferred among different physical vapor deposition
techniques to deposit TiO, films to achieve high-quality optical thin
films [140]. An annealing treatment is essentially required after deposi-
tion to control the morphology, structure, and thereafter photocatalytic
activity of the films that have been prepared [158]. EBE unit consists of
main components namely, EB-gun assembly, a substrate that is usually
held with a rotating substrate holder, a (vacuum) chamber, and a target
[160]. EBE method is used in the deposition of thin films on a substrate.
For example, on a substrate of quartz glass with a temperature of 200 °C,
TiO, thin-film was deposited at oxygen gas pressure accounting for 6.7 x
10-3 Pa. TiO, was used as a target, and the base pressure of the chamber
was 8.0 x 10—4 Pa. The results exhibited higher photocatalytic activity
of GO/TiO, in the UV-violet compared to the visible range [136]. Us-
ing an ion-assisted EBE system, TiOxCy films were deposited by using

carbon monoxide (CO) and the source material of rutile TiO, powder

flowing through a dopant source (ion gun). According to the results, the
CO ion beam can produce TiOXCy films with visible-light responsiveness
[139]. Another result is that the film crystallinity deteriorated because of

the increasing ion-beam current.

2.4.3 Magnetron and reactive magnetron sputtering

In the sputtering method, materials are eliminated from objects by
transferring energy in energetic atomic projectile collisions. In magne-
tron sputtering, the magnetron field can be created by permanent mag-
nets, electromagnets, or a combination of both [161]. Magnetron sput-
tering of TiO, films is one of the most favorable techniques because this
industrial process provides the ability of large-area deposition rendering
good adhesion to substrates. Also, with this technique, high-quality TiO,
films could be obtained even at low substrate temperatures. Both DC
and RF sputtering techniques have attracted extensive attention recent-
ly because of the very smooth surface that is achieved by sputtering
[143, 161-163]. In the magnetron sputtering technique, the sputtering
gas is an inert gas (e.g., Ar) and in the reactive magnetron sputtering
a second gas (O,), which can react with the target material is added to
the sputtering gas. In DC reactive sputtering method, plasma is created
between the anode (substrate holder) and the cathode, and positive ions
in plasma sputter off the atoms from a target (cathode) that is connected
to a potential source. These atoms react further with the particles of the
reactive gas and deposit on the substrate under an oxidized form [164].
Properties and structure of the DC-magnetron-sputtered TiO, films can
be controlled and modified by regulating process parameters including
coating thickness, sputtering gas Ar: O, ratio, sputtering power, and
sputtering pressure [165].

2.4.4 Preparation of photocatalysts by PVD Method

Pansila et al. [166] used the DC reactive magnetron sputtering meth-
od with a variation in the sputtering power to synthesize TiO, films.
The Ti target (120 mm) was sputtered in the Ar + O, gas mixture. In
this study, the deposition of the TiO, thin films was carried out on the
unheated substrate (silicon wafer) at 210 W and 230 W sputtering power.
The deposition happened in the vacuum chamber (at 3 h, base pressure:
5.0 x 10~ mbar and total pressure: 5.0 x 10~ mbar). The result showed
that the sputtering power strongly affected the TiO, thin film crystalline
structure. With an increase in the sputtering power of the cathode, the
TiO, thin film structure was transformed from anatase to mixed structure
of anatase/rutile.

In a work done by Huang et al. [143], the influence of the deposition
parameters, such as substrate temperature, argon-oxygen ratio (O,/(Ar +
0,), RF power, and deposition time, on the decomposition of methylene
blue, was studied. In this study, titanium oxide films were applied on
non-alkali glass (temperature: 100 °C) by RF magnetron sputtering with
the base pressure of 0.67 x 10~ Pa and sputtering power of 20 W using
a Ti metal target. Sputtering and reactive gases were Ar and O,. It was
found that parameters that had a dominant influence on the absorbance
of MB were argon-oxygen ratio and RF power.

In another study done by Nair et al. [142], the deposition of TiO, thin
films was performed onto cleaned quartz substrates by RF magnetron
sputtering method following post-annealing at 873 K using TiO, ceram-
ic target, which was synthesized by pelletized TiO, powder sintering
for 4 h at 1673 K. The authors investigated the influence of sputtering
pressure and the RF power on the optical and structural properties of the
films. The results indicated that the films contain anatase phase, also the
results show that a decrease in sputtering pressure and the increase in RF
power leads to a decrease in the optical bandgap.

Su-Shia et al. [167] employed the simultaneous DC magnetron sput-
tering of W and RF magnetron sputtering of TiO, to heavy doping of
the TiO, films with W (TiO, :W). This type of deposition method offers
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Table 4.
Summary of TiO, and TiO, -based photocatalyst prepared by PVD method
Photocatalyst Method Model compound Synthesis condition Main results Ref.
TiO, thin films Electron-beam MB Target: TiO, (99.99% pure) Incident deposition angle up to 60° [135]
deposited on evaporation Substrate-to-target distance: 650 mm led to the enhanced photocatalytic
quartz glass Evaporator pressure: 6x107 Torr activity while a further increase to 75°
Working oxygen gas pressure: 5 x 10 °Torr decreased the photocatalytic activity
Deposition temperature: 200 °C resulted from a lack of the crystalline
The voltage of electron gun: 7.0 kV phase
Current: 200 mA
Substrate rotate vertical axis: 15 rpm
Deposition rate: 1.50-2.05 A°/s, at an incident angle of
0-75°
Annealing: 600 °C in air, 1 h
Light source: black-light lamps (20 W) with A=352 nm
TiO,/ Electron-beam MB Deposited temperature: 200 °C Due to more trap levels in the SiO_ [137]
SiO /TiO, evaporation Distance between the substrate and target: 580 mm (80 nm) inter-layer and higher surface
multi-layers Base pressure: 6.0 x 10 Torr roughness, the TiO,/SiO (80 nm)/TiO,
deposited on The partial pressure of oxygen: 2.5 x 107 Torr for the multi-layer showed promising photocat-
quartz glass TiO_ layer, 6.0 x 10~ Torr for the SiO, layer, and 5.0 x alytic activity
10~ Torr for the TiO, layer deposition
The voltage of electron gun: 7.0 kV
Current: 110 mA for SiO,, and 220 mA for TiO,
Substrate rotate vertical axis: 15 rpm
Deposition rate: 0.25 nm/s, 1.00 nm/s and 0.25 nm/s
Annealing: in air and at 600 °C for 1 h
Light source: 20W-black-light lamps, 2=352 nm
Thin films Pulsed laser depo- Malachite green Laser: Nd: YAG with emission at the third harmonic Bi: TiO, thin films [31]
based on Bi: sition and thermal solution (355 nm), pulse duration: 10 ns, focal length spherical reduced the bandgap energy and also
TiO, evaporation lens: 60 cm, incidence angle: 45°, laser fluence: 10.0 J/ favored the formation of segregated
cm? anatase and b-Bi,O, phases
Base pressure: 2 x 10~ Torr
Substrate-to-target distance: 5 cm
Light source: Hg lamp, A=404 nm
TiO, films RF magnetron MB Target: TiO, with 50.8 mm diameter and 99.995% purity The optimal condition was 10 mTorr [185]
deposited on sputtering Deposition time: 180 min sputtering pressure, power of 200 W,
non-alkali Base pressure: 5.0 x 10 Torr 50% argon-oxygen ratio, and 450 °C for
glass Gas: O, (99.995%), Ar (99.995%) substrate temperature
Distance between the substrate and target: 8 cm
Rotate vertical axis of substrate: 10 rpm
Light source: blacklight lamp, 2=365 nm
Boron-doped Reactive magne- MB Target and power: 99.99% titanium (SDIC) metal, 200 Ti,BO, enhanced the photocatalytic [186,
titanium diox-  tron co-sputtering W. 99.5% TiB,, 30, 60, 90, 120, 150 and 180 W activity of TiO, under visible-light 187]

ide (B-TiO,)
films

Substrates: glass or fused quartz slides and polished Si
(100) wafers

Distance between the substrate and the targets: 100 mm

Base pressure: 4.0 x 107 Pa or lower
Substrate temperature: 100 °C

Gas flow rates and pressure: 8 scem for O, and 20 scem

for Ar. 4.0 x 107" Pa (3.0 x 107 Torr).
Thicknesses of the films: 300 nm
Light Source: UV

the capability of changing the W content in a wide range. A summary
of TiO, and TiO,-based photocatalyst prepared by the PVD method are

reported in Table 4.

investigation.

3. Conclusions

TiO, is a promising material for environmental applications. Several
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