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1. Introduction1)

Titanium oxide is one of naturally occurring mineral and it was first 

discovered in 1795. The commercial production of titanium oxide was 

started way back in 1920s[1]. It was found one of safest material to 

humans hence, widely used for various applications. The disposal of 

titanium dioxide or titanium-based materials to the terrestrial environ-

ment is causing no health hazard that attracts further its utilization in 

variety of products. It is used as a white pigment as it does not absorb 

light in visible region[2]. The present status showed that the titanium 

dioxide is used for pigment, paints, sunscreens, ointments, toothpaste, 

solar panels, vehicle mirror coatings, catalyst and in environmental re-

mediation including air, water and soil etc[3-11]. The titanium dioxide 

occurred in nature to its three different crystalline forms, viz., the ana-

tase (tetragonal), rutile (tetragonal) and brookite (orthorhombic) having 

rutile as most abundant in nature. The rutile is a stable mineral phase 

whereas the anatase and brookite are metastable phase and transformed 

into the rutile at higher temperature[12].

1.1. Crystal structure of titanium dioxide

The structures of titanium dioxide mineral phases are widely studied. 

The basic parameters are compiled in table 1. It is to be noted that 

the two structure of titanium dioxide, i.e., rutile and anatase are having 
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a chain of TiO6 octahedra. In this each Ti4+ is surrounded with octahe-

dron of six O2-. It is further showed that the crystal structures of rutile 

and anatase phases differ in distortion of each octahedron and the as-

sembly arrangement of the octahedron chains. Moreover, slight ortho-

rhombic distortion obtained in the octahedron of rutile whereas sig-

nificant distortion is observed with the anatase phase. The anatase 

shows higher distance of Ti-Ti atoms whereas it possesses shorter dis-

tance of Ti-O than rutile phase. In the rutile structure, each octahedron 

is in contact with 10 neighbour octahedrons (two sharing edge oxygen 

pairs and eight sharing corner oxygen atoms), while, in the anatase 

structure, each octahedron is in contact with eight neighbours (four 

sharing an edge and four sharing a corner). These differences in lattice 

structures has caused different mass densities and electronic band 

structures between the two forms of TiO2[2,13]. On the other hand, ru-

tile phase is found most stable at ambient pressure and temperature in 

macroscopic sizes whereas anatase phase is more stable in nanoscopic 

sizes[14-16]. Furthermore, the melting temperature of rutile is reported 

to be 1,825 ℃ whereas the anatase phase irreversibly transforms to ru-

tile at ca. 500 ℃.

Similarly, the brookite possesses orthorhombic crystal structure and 

the unit cell was demonstrated by the space group Pbca[12]. The struc-

ture of brookite is having octahedra contained with titanium atom oc-

cupied at its centre and oxygen atoms to its corners (Figure 2). The 

octahedra share edges and corners with each other to such an extent 

as to give the crystal structure with correct chemical composition. The 

octahedra are distorted and present the oxygen atoms in two different 

positions[17,18]. The bond lengths between the titanium and oxygen 

atoms are all different.
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Physical Properties
Titanium dioxide mineral phase

Rutile Anatase Brookite

Formula weight 79.890 79.890 79.890

Z formula units 2 4 8

Crystal system Tetragonal Tetragonal Orthogonal

Point group 4/mmm 4/mmm mmm

Space group P42/mnm I41/amd Pbca

Unit cell

a (Å) 4.5845 3.7842 9.184

b (Å) 5.447

c (Å) 2.9533 9.5146 5.145

Volume 62.07 136.25 257.38

Molar volume 18.693 20.156 19.377

Density 4.2743 3.895 4.123

Thermal expansion 
(Volumetric)

Alpha 28.9

a0 0.2890

Table 1. The Physical Parameters of Different Mineral Phases of 
Titanium Dioxide

Figure 1. Lattice structures of rutile and anatase TiO2[13].

Figure 2. Representative octahedron of the crystalline structure of 
brookite[17].

2. Applications of Titanium Dioxide

It was mentioned categorically that energy, water, food, environment 

and poverty are the main issues of mankind on this planet[19,20]. 

Among this the energy is regarded as one of the most important pa-

rameters for the humanities followed by the water. This is important 

because of significant depletion with increasing demand of fresh and 

clean water resources[21]. Further, it was pointed that the issues relat-

ing to fresh and clean water further associated with the environmental 

issues as well due to the elevated level of contaminants of water bod-

ies and at places it reached alarming[22].

The titanium dioxide is widely employed in photo-chemical reactions 

which is basically divided into two ways: (i) it includes the photo-in-

duced redox reactions of adsorbed substances and (ii) the pho-

to-in-duced hydrophilic conversion of titanium oxide itself[23]. Further, 

the advent of advanced analytical methods and use of newer and ad-

vanced materials gained better understanding of phenomenon as well 

the future scope of subject. The present review, therefore critically ana-

lyzes the development of advanced materials based on the titanium di-

oxide in the remediation of water contaminated with variety of pollu-

tants using safer and cleaner options. It further includes the potential 

threat of emerging pollutants in aquatic environments and role of ad-

vanced oxidation process in the remediation using the titanium oxide 

or titanium based advanced materials. Further, the future scope of the 

study is demonstrated for energy efficient viable technology.

2.1. Semiconductor titanium dioxide

Photo induced catalytic reactions are primarily conducted by em-

ploying the heterogeneous photocatalysts having moderately wide en-

ergy gap between the conduction band (CB) and the valence band 

(VB). The separation between the CB and VB is known as the 

band-gap energy (Egap). The absorption of photon energy of certain 

wavelengths by a semiconductor promotes electron transfer from the 

VB to the CB, leaving vacancies (or holes) in the VB. The photo-

generated electron/hole (e-/h+) pairs promotes greatly the reduction and 

oxidation of species adsorbed at the surface of the semiconducting ma-

terials and induces oxidative degradation of species in solution through 

radical induced photo catalytic reactions[24,25]. Therefore, the titanium 

oxide which is a useful semiconducting material having the band gap 

energy of anatase, rutile and brookite is 3.21, 3.0 and 3.13 eV, re-

spectively[26]. The band energy suggested that the titanium dioxide, in 

all its mineral phases, are active in the ultra violet irradiation. Therefore, 

under the solar radiations the flaking of paints and the degradation of 

fabrics contained with titanium dioxide is readily observed[27]. During 

early days, the titanium dioxide is termed as ‘photosensitizer’ because 

it was observed that by absorption of UV light a photo bleaching of 

dyes take place on the surface of titanium dioxide[28].

It was the Fujishima and Honda (1969)[29] who applied the n-type 

of rutile titanium dioxide semiconductor electrode along with a plati-

num black counter electrode. The electrochemical photolysis of water 

was conducted and the detailed photochemical reactions were demon-

strated as:
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TiO2 + hυ → e- + h+ (1)

(at the TiO2 electrode)

2H2O + 4 h+ → O2 + 4H+ (2)

(at the Pt electrode)

The overall reaction was:

2H2O + 4 hυ → O2 + 2H2 (3)

The photo induced reactions were conducted utilizing the photon 

wavelength (415 nm) of shorter than the band gap of rutile titanium 

dioxide (3.0 eV). This concluded that by using the titanium dioxide 

and photon of required energy, the water is possibly decomposed with-

out applying an external potential. This was the pioneering studies us-

ing the semiconductor titanium dioxide for photochemical applications 

which eventually paves the ways for researchers to explore wider ap-

plications of titanium dioxide in diverse area of studies. The literature 

survey reveals that numerous studies were conducted and several use-

ful reviews are appeared in literature[2,23,30-41]. Although a wide 

range of review articles are published for titanium dioxide and its vari-

ous possible applications. However, a scanty of reviews are published 

in the area of modified or nanocomposite of titanium dioxide and its 

applications in environmental studies[36,38,40]. Therefore, the present 

review paper is emphasizing and critically analysing the role of tita-

nium dioxide and its nanocomposites for various environmental 

applications.

The titanium dioxide semiconductor is having wide technological 

implications and it is one of benchmark semiconductor for photo-

catalysis however, the wider applications are limited because of two 

major drawbacks (i) Rapid combination of photo generated elec-

tron-hole pairs makes reasonably low quantum yields and (ii) the high 

energy band gap i.e., 3.21, 3.0 and 3.13 for anatase, rutile and broo-

kite, respectively (iii) the light absorption for anatase is only 4~5% of 

solar spectrum (iv) agglomeration, low surface area and less absorb-

ability restricts the environmental applications of titanium dioxide[26]. 

Therefore, this requires UV light of irradiation and the natural solar 

light contains max. 5% of UV light. Therefore, researchers have in-

troduced various methods to enhance the spatial separation of the pho-

togenerated charge carriers and to provide visible light responsive so 

as to utilize efficiently the solar light[42,43]. Hence, to improve the 

catalytic activity using the visible light, the dopant elements are in-

troduced with the titanium dioxide. The dopants are of non-metals 

(e.g., N, P, S etc.) or the metallic impurities (transition metals, Zn, V, 

Cu, or lanthanides etc.) or even the noble metals (e.g., Ag, Au etc.). 

The mechanism and behaviour of catalytic activity was greatly assessed 

and studied. It was also reported that an ideal morphology and high 

crystallinity of titanium dioxide provides suitable optical response to 

visible light itself. The hydrothermal method gains the well-defined 

and morphology and high crystallinity with high purity of semicon- 

ductor[44-48].

2.2. Non-metal doping with TiO2

The nitrogen was doped with titanium dioxide powder using the urea 

as precursor materials. Thermally, N was doped with the titanium diox-

ide and calcined at 550 ℃[49].

Grinding, ∆
TiO2 + x/2 H2N-CO-NH2 → TiO2-xNx + xH2O + x/2 CO (4)

The powder XRD data showed that the 2 q values of (1 0 1) plane 

of anatase TiO2 was shifted slightly to higher values for N doped sam-

ples and similarly, it showed red shift in the visible region. Moreover, 

the presence of N was confirmed by the XPS spectra that showed 

peaks around 399 eV which was due to the anionic N-making linkage 

with the O-Ti-N[49,50]. The catalyst is efficient in the degradation of 

phenol using the solar light. It was categorically mentioned that the 

band gap of titanium dioxide was shortened by introducing the 2p 

states of nitrogen and oxygen[51]. Other studies showed that the nitro-

gen doping provides unique band above the valence band and the UV 

light would cause excitation from both bands while visible light could 

only excite the higher lying band. They reported that this effect would 

not be seen if the N 2p band overlapped with the valence band form-

ing a single higher lying band[52]. It was pointed that higher the pho-

tocatalytic activity of N-doped titanium dioxide catalysts in the visible 

region is possibly due to higher content of nitrogen, small particle size, 

high specific surface area and naturally the small bandgap energy[54].

On the other hand, the doping of fluorine with titanium dioxide, Ti3+ 

is formed by reduction of Ti4+. The impurities level located at deeper 

potential than the CB of titanium dioxide[55,56]. The doing of carbon 

takes place both at anionic and cationic sites if titanium dioxide which 

forms various types of impurity level between its band gap[51,54,57]. 

This eventually, decreases the excitation energy to enable it in the visi-

ble region. In a line, composite type of photocatalyst F-TiO2/N, C-TiO2 

obtained by a simple physical mixing of the F doped TiO2 (anatase) 

and N and C doped TiO2 (anatase). The materials were characterized 

by the XPS analysis. Further, the material showed fairly a good effi-

ciency in the photocatalytic decomposition of NOx using the visible 

light irradiation[58]. It was interesting to observe that the e-/h+ re-

combination was significantly suppressed due to the charge transfer re-

actions that greatly occurs between two types of semiconductors hav-

ing different band structures. Further, the e-/h+ transfers at the interface 

of composite material by two different path ways: (i) double-charge 

transfer mechanism. In this case the photoexcited e- in CB of semi-

conductor B transfer to CB of semiconductor A, and photoexcited 

holes in VB of semiconductor A transfer to VB of semiconductor B. 

This is due to the e-/h+ they readily accumulate in CB of semiconductor 

A and VB of semiconductor B, respectively. This results a suppression 

of recombination of excited electrons and holes. and (ii) Z scheme 

mechanism where the photoexcited e- in CB of semiconductor A trans-

fer to VB of semiconductor B, and combine with photoexcited holes 

in VB of semiconductor B. Consequent upon e-/h+ are separated and 

accumulated in CB of semiconductor B and VB of semiconductor A, 

respectively (cf Figure 3).
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Figure 3. Schematic diagram of electron-hole separation at the interface
of composite, (a) double-charge transfer mechanism and (b) Z scheme 
mechanism[58].

Figure 4. UV-visible diffuse reflectance absorption spectra of Ti-NWs, 
Ti-NFs and the precursor samples. The inset shows the enlarged portion
of the absorption edge[44].

The phosphorous doped titanium dioxide is synthesized by the hy-

drothermal process and the nanowires (NWs) are obtained at moderate 

temperature whereas it is annealed at 550 ℃ resulting the nanoflakes 

(NFs) of titanium dioxide. The precursor materials are employed as 

Ti(IV)isopropoxide and phosphoric acid[44]. Further, the absorption 

edge of Ti-NWs shows blue shift whereas the Ti-NFs displays red-shift 

compared to their precursor samples (cf Figure 4). This was due to the 

change in morphology and crystallinity of the samples. It is further 

noted that no absorption peak was observed in the visible region.

The calcination process could also improve the crystallinity and 

hence the morphology of titanium dioxide. It is also pointed that high 

calcination temperatures affects the agglomeration of titanium dioxide 

particles[59-60], phase transformation[61,62] and the loss of the nitro-

gen dopant in the catalyst[63]. Therefore, this weakens the charge sep-

aration resulting with low photocatalytic efficiency. The textile is coat-

Figure 5. The hybridization between TiO2 and g-C3N4 can be clearly 
observed in high-resolution TEM[68].

ed with the N-doped titanium dioxide and the textile shows an en-

hanced tensile strength. This is suggested that the surface of the func-

tionalized textiles with N-TiO2 nanoparticle is relatively rougher and 

the SEM images indicated that the nanoparticles of TiO2 is visible on 

the surface. The roughness of textile surface shows enhanced friction 

hence; provides stronger interlocking which exhibits higher tensile 

strength[64].

The thermal N doping with titanium dioxide, often conducted with 

urea, however, the urea under pyrolysis produces the polymeric γ-C3N4 

and showed fairly good photolytic properties[65-67]. Therefore, the γ- 

C3N4-TiO2 is studied and interpreted the structural aspects of catalyst 

and photocatalytic behavior[68]. The SEM and TEM analytical images 

are indicated that the TiO2 nanoparticles (30~50 nm) and ultrathin 

two-dimensional (2-D) γ-C3N4 nanoflake having length of 50~ 200 

nm are dispersed with the material. Further, TiO2 nanoparticles are 

evenly distributed on the nanoflake surface, and free γ-C3N4 nano-

flakes are appeared occasionally on the surface (cf Figure 5)[68].

2.3. Metal cations doping with titanium dioxide

Metal cations doping with the titanium dioxide network yields useful 

structural changes hence; the photocatalytic activity is significantly 

changed. Rare earth elements are widely utilized in the doping studies 

because of their tendency of forming the complexes through the f-orbi-

tals and functional groups of pollutants and aggregating onto the sur-

face of catalyst. Additionally, it was noted that the rare earth ions dop-

ed titanium dioxide showed redshift in UV-Visible spectra[69]. Several 

rare earth metals (La, Ce, Pr, Nd, Eu, or Gd) are doped with the sepio-

lite clay/TiO2 to obtain the nanocomposite material[70]. The sol-gel 

process was adopted to obtain the nanocomposite material. The dopant 

ions are confirmed with the XPS analysis (Figure 6) and the photo lu-

minescence spectra (PL) is also shown in Figure 7. The PL spectra in-
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Figure 7. PL spectra of RE-TiO2/Sep nanocomposites prepared from 
different rare-earth sources and the reference un-doped TiO2/Sep[70].

dicated two PL peaks around 395 and 468 nm which are due to band 

edge free excitons and the binding excitons[71]. It was suggested that 

titanium dioxide nanoparticles aggregated on the surface of sepiolite. 

This tends to allow free movement of electrons, resulting easier for-

mation of excitons from bind electrons and formation of an exciton en-

ergy level near the bottom of the conduction band. The RE3+ doped 

samples exhibit the lower intensity than the undoped sample, and the 

intensity of Eu-TiO2/Sep is the lowest among all samples. Lower the 

fluorescence intensity, the lower recombination of the photogenerated 

electron-hole pairs. This facilitates for an enhanced photocatalytic 

activity. Therefore, these results suggested that Eu-TiO2/Sep had showed 

excellent photocatalytic ability among these RE3+ doped samples. The 

DRS analysis of these samples showed that the band gap energy was 

eventually remain same or increased slightly (except Gd doped TiO2/Sep), 

however, the photocatalytic activity of these solids is significantly in-

creased at least for the degradation of Orange G using the visible light 

radiations. It was previously noted that the Ti3+ doped titanium dioxide 

mesocrystals caused to increase the charge separation of the photo-in-

duced electron-hole pairs for visible light photocatalytic hydrogen pro-

duction[72-74]. The mesocrystalline titanium dioxide photocatalyst was 

synthesized by the introduction of oxygen vacancy defects for efficient 

visible light photocatalysis[75]. Two phase vapor hydrolysis was con-

ducted to obtain the Ti3+-TiO2 mesocrystals were obtained for visible 

light. The DRS spectra showed that the band gap was varied from 2.9 

to 3.13 eV. The material employed for efficient splitting of H2O for 

H2 production in presence of methanol. The mechanism indicated that 

with the illumination of visible light, the photo-induced electrons from 

the conduction band of titanium dioxide transfers long ways for H2O 

reduction at active sites that restricts the recombination with holes. 

Whereas the holes are efficiently removed by the methanol. It was due 

to the interactions between Ti3+ species and special mesocrystal struc-

tures which significantly enhances the visible light photocatalytic activ-

ity of Ti3+-TiO2[76]. On the other hand, the microwave hydrothermal 

method was adopted to fabricate the TiO2/Sepiolite nanocomposites 

doped rare earth ions (La, Ce, Pr, Nd, Eu or Gd). The structure of 

nanocomposites is dependent to the size of the doped lanthanides. The 

XRD data indicated that nanocomposite materials are predominantly 

with anatase in phase except undoped composite and Gd-doped compo-

site where a small reflection of rutile phase occurred indicating the for-

mation of different crystalline phase of titania[77]. In a line the Nd-doped 

TiO2-C aerogels are synthesized by the combined sol-gel and im-

pregnation process. The TEM images of the solids indicated that 

Nd-doped TiO2-C aerogel possesses uniform nano crystalline structures 

having the particle sizes 5~10 nm (cf Figure 8)[78]. Graphene having its 

unique electron properties was successfully introduced with TiO2 in or-

der to enhance catalytic behavior of semiconductor catalyst[79]. 

Additionally, it was reported that graphene supports in accepting and 

transporting the electrons which is useful to improve the recombination 

time in the semiconductor[80]. The TiO2 was prepared by the sol gel 

process and graphene was in situ introduced in the solution mixture. 

The XRD and Raman data were confirmed that the semiconductor is 

having different structures i.e., 57.6 wt% anatase, 42.4 wt% broo-

kite[81]. It was further reported that the material is useful in the abate-

ment and remediation of NO2 in atmospheric samples.

It was noted that atomic layer deposition (ALD) technique demon-

strates the digital control of the deposited material by the sequential 

self-limiting surface reactions[82]. Moreover, ALD provides accurate 

deposits at sub nanoscale particles on the nanoparticles substrates or 

Figure 6. High-resolution XPS spectra of (a) Ti 2p, (b) RE 3 d (4 d), and (c) O 1s for RE-TiO2/Sep samples[70].
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even within the pores[83]. A uniform surface was obtained using the 

ALD technique and interestingly the original specific surface area or 

pore structure was unaltered and favorably controlled sub nanoparticles 

composition. Moreover, the atomic-level thickness was suitably ach-

ieved[84-86]. Copper was deposited on the surface of TiO2 by the 

ALD process[87]. The simple process was adopted as the Cu2+ was in-

troduced within the titanium dioxide nanoparticles which was sonicated 

and annealed at 500 ℃. Further, the powder CuO/TiO2 was reduced 

to the Cu/TiO2 at 300 ℃ using the 10% H2/N2 flow. The sample was 

again purged with N2 to remove adhered H2 at 650 ℃.

2.4. LSPR or SPR effect with Noble Metal (NPs) doped TiO2

The Surface Plasmon Resonance (SPR) or Localized Surface Plasmon 

Resonance (LSPR) phenomena is basically due to the resonance of in-

cident electromagnetic radiations with collective oscillations in noble 

metal (NPs)/dielectric interfaces[88-90]. These oscillations cause a 

strong electromagnetic field with absorption bands at a certain and 

characteristic wavelength[91], which are sensitive to change the re-

fractive index of surrounding medium[92-94]. The noble metals viz., 
Ag, Au, Pt etc. show strong localized surface plasmon resonance effect 

which enables the material to be utilized in visible light. The localized 

surface plasmon occurs due to the strong electromagnetic field confine-

ment near the doped noble metal nanoparticles (NPs)[95]. A small 

fraction of evanescent field penetrates within the dielectric[95]. This is 

even lower than 10 nm[96,97] and translating in an increase of sensi-

tivity for refractive index changes near the NPs surface[96,98-100]. 

The easiest way of observing the LSPR absorption band is by the 

transmitted electromagnetic radiations, known as transmission LSPR 

(T-LSPR)[101-103]. This is easily detected by a standard spectropho-

tometer[101,104]. It was demonstrated that doped noble metals (NPs) 

with TiO2 network possesses high Schotty barriers within the metals. 

Hence, this traps efficiently the excited electrons and facilitating the 

electron hole separation and promoting electron transfer proc-

ess[105-110]. The other reports indicated that Au NPs stores the elec-

trons generated in titanium dioxide by the UV light excitation and the 

quasi-Fermi level (quasi-EF) of Au (NPs) was shifted upward due to 

the electron interfacial transfer (IT) from titanium dioxide to the Au 

(NPs)[111]. The reduced Ag was deposited with the commercial tita-

nium dioxide (DP25) using the photo deposition method[105]. The sol-

id Ag-DP25 semiconductor showed characteristic plasmon broad ab-

sorption peak within the wavelength range 500~800 nm (Figures 9 & 

10) in addition to the typical DP25 absorption profile. In a line a syn-

ergistic photocatalytic effect was observed by the deposition of Ag 

with N-doped titanium dioxide[112]. The photoluminescence studies 

confirmed the electron-hole recombination inhibited significantly in 

presence of Ag deposition on titanium dioxide and TiO2-xNx surfaces. 

Moreover, the Ag-TiO2-xNx showed enhanced visible-light photo 

catalytic activity compared to the N-doped or even bare titanium 

dioxide. The effect of solvents i.e., distilled water and Zamzam water 

(Zamzam water was claimed to have the most beautiful crystal mole-

cule than other water)[113] was assessed in the structural and photo-

catalytic activity of Au (NPs) deposited and F-doped titanium diox-

ide[114]. The results indicated that the band gap estimated for the cata-

lysts Au-TiO2 was estimated to be 2.78 eV and 2.89 eV respectively 

for the distilled and Zamzam water which was significantly decreased 

from the 3.08 eV obtained for pristine titanium dioxide. Further, the 

Raman spectra showed that the F-modified samples were predom-

inantly possessed with anatase phase and further the blank or Au-de-

posited samples were having the mixed phases i.e., anatase and rutile 

(Figure 11).

Nanocomposite Au/TiO2 thin films were grown by reactive DC mag-

netron sputtering method onto the boron doped glass. The Au/TiO2 thin 

films are having low thickness (~100 nm), and Au content is close to 

13 at.% while it is annealed at 600 ℃. This possessed with well-de-

Figure 8. TEM images of the samples (a: TiO2-C-Nd%-1, b: TiO2-C-Nd%-2, c: TiO2-C-Nd%-3, d: TiO2-C-Nd%-4, e: TiO2-C-Nd%-5, f: 
TiO2-C-Nd%-6)[78].
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Figure 9. Plot of UV-vis absorbance spectra for Ag-DP25 and DP25 
photocatalysts[105].

Figure 10. Plot of % reflectance versus wavelength for Ag-DP25 and 
DP25 photocatalysts[105].

Figure 11. Raman spectrum of (a) Commercial Anatase, (b) F-P-TiO2

(HF), (c) Au(AS)/F-P-TiO2 (HF), (d) P-TiO2, (e) Au(AS)-P-TiO2[114].

Figure 12. Evolution of transmittance in the as-deposited samples and 
in annealed TiO2. (a) Using different deposition times. (b) With different
Au pellet area (including the TiO2 sample without Au). (c) Samples 
deposited with different target current densities[115].

fined LSPR absorption band[115]. It was further observed that the tem-

perature of annealing affected the optical transmittance spectra of the 

thin films. With an annealing temperature of 200 ℃, the interference 

fringes almost disappeared. It was noted that at this temperature (200 

℃), the NPs are significantly small and could not show strong lo-

calized absorption effect. However, the transmittance was increased to 

some extent. Further increasing the annealing temperature at 400 ℃, 

the LSPR absorption band is clearly observed in the transmittance 

spectra (T-LSPR) (cf Figure 12).

The plasmonic activity of the Au/TiO2 photocatalyst largely depends 

upon the crystal form of titanium dioxide and the size of Au 

Nanoparticles[116]. Au/rutile (R)-TiO2 possesses longer lifetime of the 

localized surface plasmon resonance (LSPR)-excited state than Au/ana-

tase (A)-TiO2 because of more effective decoupling between the LSPR 

and inter-band transition mode[117]. Similarly, the Au/R-TiO2 showed 

enhanced plasmonic photocatalytic activity than Au/A-TiO2[117-119], 

for amine oxidation[120], and for water oxidation[121]. On the other 

hand, the dependence of the Au/TiO2 plasmonic photocatalytic activity 

on the Au particle size was affected by the action mechanisms, which 

was classified into the hot-electron transfer mechanism[122] and 

near-filed enhancement mechanism[123]. The hot electron heating 

mainly works at extremely-high light intensity[32]. The effect of elec-

tric field amplification[124], i.e., electron transfer from Au → TiO2 was
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(a)

(b)

Figure 13. (a) TEM image of Au/R-TiO2 (d = 2.1 nm). (b) UV–Vis 
absorption spectra of Au/R-TiO2 with varying mean particle size of 
Au (NPs)[134].

Figure 14. (A) FE-SEM image of surface morphology of Au/TiO2 (the 
insets show size distribution of Au NPs); (B) TEM image of Au/TiO2

sample; (C) HR-TEM image of one Au/TiO2 NR; (D) UV-vis diffused 
absorption spectra of TiO2 and Au/TiO2 samples[135].

a key factor for LSPR-induced catalytic reactions using Au/TiO2. This 

was primarily used for degradation of organic pollutants, hydrogen pro-

duction, water oxidation etc.[125-133]. An interesting study showed 

that the mean particle size of Au (NPs) loaded with TiO2 (rutile) was

Figure 15. (a) SEM image, (b) TEM image, and (c) TEM elemental 
mapping of the nanocomposite Au NPs/TiO2[137].

varied from 2.1 to 14.3 and the LSPR in the visible region was re-

corded[134]. The results are depicted in Figure 13. It is evident from 

the figure 13 that increase in mean particle size, the LSPR remarkably 

intensifies and its peak showed redshifts from 545 nm at d = 2.1 nm 

to 614 nm at a d = 14.3 nm[135]. Hydrothermal method was adopted 

to obtain the Au/TiO2 (rutile) nanorod arrays. The characteristics of the 

Au/TiO2 showed in Figure 14. The FE-SEM images showed that TiO2 

was composed with nanorods having smooth surface which were 

grown on the FTO (fluorine doped tin oxide) glass surface along the 

direction of [0 0 1] of regular tetragons. The Au (NPs) (average size 

Ca. 7.5 nm) are uniformly-distributed on the titanium dioxide surface. 

Further, TEM images indicated that the Au (NPs) are intimately bond-

ed with the TiO2 nanorods. This, perhaps, favor the electron transfer 

between titanium dioxide and Au (NPs). Further, the UV-vis diffusion 

spectra of TiO2 and Au/TiO2 samples showed a sharp increase of ab-

sorption near 400 nm which is due to the intrinsic electron transition 

of TiO2 from the VB to the CB. The Au/TiO2 sample showed addi-

tional LSPR absorption around 550 nm[136]. Similarly, the thin film 

sample of Au/TiO2 was obtained by simple dip coating method showed 

enhanced plasmonic effect and an enhanced photocatalytic behavior 

[137,138]. The TEM analysis indicated that Au (NPs) are ranged with-

in 25~30 nm with an interplanar distance of 0.25 nm (cf Figure 15). 

The Au (NPs) are evenly dispersed within the titanium dioxide nano-

pillars and are not aggregated to form bulk gold[137]. The SERS 

(surface enhanced Raman scattering) has shown the ternary TiO2-gold 

nanoparticle-graphene oxide nanocomposite materials[139]. SERS prop-

erties of materials are mainly attributed to the strong electromagnetic 

field that produced by localized surface plasmon resonance (LSPR) of 

noble metals (Au, Ag). The ternary material TiO2-gold nanoparti- 

cle-graphene oxide nanocomposite was synthesized by the two-step hy-

drothermal process and the material was found as recyclable. The scan-

ning electron microscopy (SEM) images showed uneven surface struc-

ture of solid which is predicted due to the co-existence of TiO2 and 

Au nanoparticles on rGO. Whereas the TEM images of TiO2-Au-rGO 

nanocomposites showed the surface of wrinkled rGO which is as
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Figure 16. (a) SEM image of the TiO2-Au-rGO nanocomposite. (b) 
Element mapping and EDX analysis of the TiO2-Au-rGO nanocom- 
posite. (c) TEM image of the TiO2-AurGO nanocomposite. (d) SAED 
pattern of the TiO2-Au-rGO nanocomposite[139].

sembled by different sizes of nanoparticles distributed homogeneously. 

The SAED pattern indicated the characteristic rings for (211), (201) 

and (110) planes of anatase TiO2 and the (220) and (111) planes of 

Au (cf Figure 16)[139].

Chitosan a natural biopolymer is recently employed as a templating 

agent in the preparation of titanium dioxide under the non-hydrolytic 

process. The chitosan enabled to crystallize the TiO2 at moderate tem-

perature of ca. 200 ℃, giving rise to ~10 nm TiO2 nanoparticles[140]. 

A single-phase rutile TiO2 nanoparticles are synthesized using the chi-

tin and TiCl4 as precursor materials[141]. The material was derived at 

low temperature, i.e., 80 ℃ and the optical band gap and the average 

crystallite size was found to be 3.32 eV and 2.95 nm, respectively. 

Further, the plasmonic nanocomposite chitosan/Ag/TiO2 thin film was 

obtained by the hydrothermal process. The catalyst showed enhanced 

plasmonic behavior with an enhanced catalytic activity for the degrada-

tion of several organic contaminants viz., o-toluidine, salicylic acid and 

4-aminomethyl benzoic acid[142].

2.5. Microbial studies

The use of nanoparticles in the antimicrobial activity is taking mo-

mentum in recent time because of their enhanced physical and chem-

ical reactivities including as ion release, high surface area, sorption ca-

pacity and production of reactive oxygen species (ROS) viz., hydroxyl 

radicals (⋅OH) and superoxide anions (O2
-)[143,144]. The ROS are 

primarily generated by the photoexcitation of semiconductor titanium 

dioxide under the UV illumination. Titanium dioxide nanoparticles or 

nanostructures are widely employed as a photocatalyst and widely used 

in self-cleaning of surface coatings, light-emitting diodes, solar cells, 

disinfectant sprays, sporting goods, environmental remediation, water 

purification and topical sunscreens UV radiations (λ < 400 nm)[145]. 

In a line, the water disinfection is primarily performed using the pure 

cultures of bacteria added to distilled or synthetic water[146]. However, 

few reports intended the photocatalytic inactivation of consortia of bac-

Solar test

Treatment

Solar disinfection 
(Sodis)

T. coliforms 0.106 ± 0.010 0.9583 0.2765

E.coli 0.098 ± 0.007 0.9822 0.1233

Enterococci 0.073 ± 0.015 0.8521 0.2826

TiO2/SiO2

T. coliforms 0.138 ± 0.014 0.9569 0.2747

E.coli 0.146 ± 0.003 0.9983 0.0386

Enterococci 0.077 ± 0.002 0.9974 0.0420

TiO2/SiO2/Au

T. coliforms 0.141 ± 0.022 0.9052 0.4224

E.coli 0.142 ± 0.010 0.9833 0.1178

Enterococci 0.121 ± 0.017 0.9413 0.1919

Table 2. Kinetic Rate Constants and Statistical Parameters Obtained by 
Fitting of Experimental Data in Log-lineal Model[158]

Figure 17. International test method for evaluating the antibacterial 
activity JIS Z2801[160].

teria which is present in real water[147-149] or synthetic water pre-

pared as per the guidelines of WHO[150]. The ROS are highly reactive 

and when contacted with bacterial cell components, e.g., lipids and 

DNA caused to cell death through with its oxidizing capability[151]. 

The titanium dioxide nanoparticles are capable of killing a wide range 

of microorganisms e.g., gram-positive and gram-negative bacteria, in-

cluding the endospores, as well as fungi, algae, protozoa, and viruses 

in aqueous medium[152]. As mentioned previously, the noble metals 

doped titanium dioxide found to be suitable catalyst at visible light 

illumination. Hence, the Au was doped with titanium dioxide and 

shown efficient in the inactivation of several bacteria[153-155]. 

Interestingly, antimicrobial effect of titanium dioxide modified with Au 

in darkness was also recently reported[156,157]. An interesting study 

was conducted to assess the antimicrobial activity of the printed com-

posite materials viz., TiO2/SiO2 and TiO2/SiO2/Au thin films under 

UVA-LED and solar illuminations. The results showed that the anti-

microbial activity of printed coatings was enhanced by increasing the 

thickness of thin films (under UVA-LED radiation). This was showed
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(A)

(B)

Figure 18. S. aureus surviving colonies for pure and doped TiO2 thin 
films (A) in the dark at 37 ℃, 24 h. (B) under UV light at room 
temperature for 1 h. (0) Glass slides (control), (1) Pure TiO2, (2) 3 
V% Fe-TiO2, (3) 4 V% Fe-TiO2, (4) 5 V% Fe-TiO2 and (5) 6 V% 
Fe-TiO2[159].

that the TiO2/SiO2 and TiO2/SiO2/Au films, both had caused to enhance 

the inactivation by 113% (5 layers) for Total coliforms as compared 

to photolysis. It was further observed that E. coli was found most sen-

sitive among these microorganisms. The difference of E. coli in-

activation rate with TiO2/SiO2 and TiO2/SiO2/Au was almost negligible 

(cf Table 2)[158]. Further, since no release of TiO2 was observed from 

the printed materials enhances the applicability of materials in the dis-

infection process. Similarly, the pure and Fe doped TiO2 thin films on 

the glass substrate was assessed in the antimicrobial tests using the E. 
coli and S. aureus using the UV light illumination[159]. The International 

protocol was adopted for the antibacterial activity[160]. The Figure 18 

and 19 showed the photocatalytic inactivation of S. aureus and E. coli, 
respectively using the synthesized catalyst in the dark and UV light. 

It was noted that the doped iron ions have caused for 100% inactivation 

against E. coli (6 V%) and against 97% against the S. aureus (3 V%) 

under UV illumination for 1 h.

The impact of nanoparticles in the biological system is an area of 

interest and a detailed study, in particular, the TiO2 nanoparticles is 

important to demonstrate its impact in natural aquatic environment. 

Therefore, it was categorically demonstrated that in culture medium or 

aquatic environment the structures of nanoparticles that aggregates and 

agglomerates comprising primary nanoparticles are known as NOAAs 

(nano-objects, and their aggregates and agglomerates greater than 100 

(a)

(b)

Figure 19. E. coli surviving colonies for pure and doped TiO2 thin 
films (A) in the dark at 37 ℃, 24 h. (B) under UV light at room 
temperature for 1 h. (0) Glass slides (control), (1) Pure TiO2, (2) 3 
V% Fe-TiO2, (3) 4 V% Fe-TiO2, (4) 5 V% Fe-TiO2 and (5) 6 V% 
Fe-TiO2[159].

nm)[161]. Therefore, an interesting study shown the biological and 

ecological impact of TiO2-NOAAs in the oxidative stress towards the 

yeast. effects of TiO2-NOAAs on yeast under UV irradiation. The 

DNA microarray analysis showed that the yeast cells which are prefer-

entially sorbed onto the TiO2-NOAA under UV irradiation suffered ox-

idative stress. However, the quantitative PCR data indicated that the 

oxidative stress is due to the UV-irradiation rather the TiO2. Further, 

study indicated that TiO2-NOAAs without UV irradiation damaged the 

membranes of yeast cells, which induces yeast cells to synthesize gly-

cogen and trehalose[162].

3. Remediation of Aquatic Environment

3.1. Pesticides/fungicides/herbicides and related pollutants

The widespread use of synthetic pesticides or herbicides in variety 

of crops resulted an enhanced level of contamination of the environment. 

Therefore, there is an emergent need of pest resistance to these prod-

ucts since the presence of pesticides residues in food causes severely 

the illicit effects to human and wildlife health[163]. In a line, imazapyr, 

is having chemical structure of imidazolinone, is a non-selective herbi-

cide and prevents plant outgrowth interfering with cell growth and 

DNA synthesis[164]. The residues of imazapyr penetrates deep into the 

groundwater resulting long term ecological pollution with continued
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Figure 20. TEM images of low and high magnification mesoporous 
In2O3-TiO2 nanocomposites at 0.5% In2O3 (a and b), 2% In2O3 (d and 
e) and 5% In2O3 (g and h). HRTEM image of In2O3-TiO2 nanocom- 
posites at 0.5% In2O3 (c), 2% In2O3 (f) and 5% In2O3 (i). The insets 
at (c), (f) and (i) show the SAED patterns for the anatase phase[170].

use[165]. The European Union regulatory limit of herbicides or pesti-

cides in the drinking water is given to 0.1 µg/L[166]. The BASF 

Company is widely producing the fungicides Scala® which targets the 

pathogens viz., gray mold and powdery mildew in a variety of crops 

that includes apples, oranges, strawberries, grape vines etc. The active 

substance is used Pyrimethanil in this pesticide. The Pyrimethanil is 

toxic to aquatic life and the organs of several animals[167]. It is even 

classified as Group C “possible human carcinogen” by the PubChem 

open chemistry database[168]. Therefore, the TiO2 nanoparticles are 

supported with the β-SiC foams and the material is employed in the 

photocatalytic treatment of Scala® a commercial fungicide along with 

the Pyrimethanil under the UV radiations. It was found that at the end 

of 4 hrs of irradiation, 88% of Pyrimethanil and 74% of Scala was re-

moved having 58% of Pyrimethanil and 47% of Scala mineraliza-

tion[169].

Similarly, the mesoporous In2O3-TiO2 nanocomposites was success-

fully synthesized through sol gel approach in the presence of F127 tri-

block copolymer template. The In2O3 was varied in the preparation of 

nanocomposite materials. The TEM images of these solids showed that 

0.1 and 1 wt% In2O3-TiO2 nanocomposites possessed with nano-cubes 

(Figure 20 (a & b) and along with rhombohedra of TiO2 nanoparticles. 

Figure 20(e) illustrated the HRTEM of a 1% In2O3-TiO2 nanocomposite 

showed a homogenous In2O3 dispersion occurred within the TiO2 

network. Moreover, 3% In2O3-TiO2 nanocomposite showed conglom-

eration of TiO2 nanoparticles. Further, HRTEM images of the synthe-

sized rutile and anatase lattices were observed in Figure 20 (d~f). The 

materials were employed in the photocatalytic degradation of imazapyr 

and the results indicated that the highest photonic efficiency values of 

13.5% were obtained for the 0.1% In2O3-TiO2 nanocomposite in com-

parison to the 12% for mesoporous TiO2 and 10.8% for commercial 

UV-100. Further, the degradation reactions were proposed as:

In2O3 + hυ → In2O3 (CBe- + VBh+) (5)

In2O3 (e-) + TiO2 → In2O3 + TiO2 (e-) (6)

TiO2(e
-) + O2 → TiO2 + O2

⋅- (7)

O2
⋅- + H2O → HO2

⋅ + -OH (8)

HO2
⋅ + O2

⋅- + H2O → H2O2 + O2 + -OH (9)

2HO2
⋅ → H2O2 + O2 (10)

H2O2 + hυ → 2 ⋅OH (11)

H2O2 + e- → ⋅OH + -OH (12)

⋅OH + Imazapyr → mineralized products (13)

In2O3 (h+) + Imazapyr → mineralized products (14)

Therefore, heterostructure In2O3-TiO2 nanocomposites are greatly 

promoted the separation of photogenerated charge carriers and caused 

for enhanced degradation of Imazapyr[170].

3.2. Remediation of micropollutants

The micro-pollutants are the organic or inorganic compounds and 

are present in the environment at low level ranged from ng/L to mg/L 

[171,172]. It was reported that the occurrence of these micro-pollutants 

in the aquatic environment is one of serious environmental concerns 

[173-175]. These micro-pollutants are not degraded completely by the 

existing Waste Water Treatment Plants and often escape through and 

enter into the aquatic environment. The micro-pollutants are mostly of 

pharmaceuticals including the antibiotics, endocrine disrupting chem-

icals, personal care products etc. Similarly, the priority substances (PSs) 

are having contaminants of emerging concern (CECs) viz., human 

pathogens and antibiotic resistance genes (ARGs) known to be issue 

of concern affecting greatly the drinking water supplies. Hence, the 

wastewater treatment plants (WWTPs) are found to be the hot spots of 

these contaminations[176,177]. Therefore, in order to provide clean and 

safe water having sustainable water management is known to be the 

United Nations sustainable development goals (https://sustainablede- 

velopment.un.org/sdgs). Therefore, the micropollutants have received a 

serious challenge for water and wastewater treatment technologies. The 

degradation of these recalcitrant micro-pollutants is attracted greater at-

tention in recent past and the role of advanced oxidation process paves 

the way for the efficient and effective removal of these pollutants. 

However, several challenges are encountered, e.g., the complete miner-

alization of target pollutants, the formation of reactive by-products 

which are, sometime, more toxic than the parent or target pollutant, the 

required efficiency etc.

The titanium dioxide or the Nanocomposite of titanium dioxide are 

widely employed in photocatalytic degradation of micro-pollutants. Ti3+ 

self-doped TiO2/graphene nanocomposite was utilized in the degrada-

tion of several micropollutants viz., bisphenol A, acetaminophen and 
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Pollutant taken Material used UV/or visible irradiation used 
(Intensity)

Initial concentration 
of pollutant

Catalyst 
dose Efficiency Rate constant 

(kapp × 10-3) Reference

Ciprofloxacin

TiO2 P25 0.38 mW/cm2 ~98% in 
20 min

[187]

TiO2/MMT 16 W UV Lamp ~71% in 
120 min

[188]

Fe3O4/SiO2/TiO2 1.6 mW/cm2 5 mg/L 1 g/L 95% in 
90 min [186]

Norfloxacin

Fe3O4/SiO2/TiO2 1.6 mW/cm2 5 mg/L 1 g/L ~95% in 
90 min

[186]

TiO2 P25 0.38 mW/cm2 ~100% in 
30 min

[189]

Ibuprofen

Fe3O4/SiO2/TiO2 1.6 mW/cm2 15 mg/L 1 g/L ~60% in 
90 min

[186]

TiO2 P25 3.2 mW/cm2 70% in 120 min [190]

Fe3O4/SiO2/TiO2 0.47 mW/cm2 Less than 
26% in 60 min [191]

Bisphenol A Ti3+-TiO2/graphene 300 W Ce lamp 
(l > 420 nm)

2.0 mmol/L 1 g/L > 99%
12 mins

[178]

Acetaminophen Pt doped TiO2

N doped TiO2

1.8 and 0.7 mW/cm2 
(4 W)(UV) 1 mg/L 0.5 g/L ~100%

20 mins
[192]

Nitrobenzene Fe3+/TiO2 nanotube arrays visible light using a 
500 W xenon lamp 0.2 g/L - - 7.36 [193]

Oxytetracycline Honeycomb-like TiO2@GO 
nanocomposites

300 W halogen lamp 50 mg/L 0.6 g/L 80% in 1 hr [194]

Phenol carbon-TiO2-CeO2 composites 8 W UV black light lamp with 
main energy at 354 nm 30 mg/L 1.0 g/L ~40% after 

240 mins
[195]

Phenol Mesoporous TiO2
xenon lamp (450 W, Osram) was 

employed as UV source 0.08 mmol/L 0.5 g/L 100% after 
2 hrs

0.0058 
Mmol/L/min [196]

Tetracycline Au-nanoparticle/nanopillars TiO2 
meso-porous thin films

UV-A lamp, maximum 
wavelength (l) = 360 nm 

(Model: 9 W, PLS9W BLB/2P 
1CT, Philips)

5.0 mg/L - ~68% after 
2 hrs

7.3 × 10-2 min-1 [197]

Rhodamine B carbon dots and polyaniline 
with TiO2 nanoparticles

LED lamp (50 W) 
visible light 1.0 × 10-5 mol/L 1 g/L 99% after 

90 mins [198]

Phenol Ti3+ self-doped TiO2/
graphene nanocomposite

300 W Xenon lamp 
(λ > 420 nm)

10 mg/L 1 g/L 77% 
40 mins

0.114 min-1 [199]

Acetaminophen
Ti3+ self-doped TiO2/

graphene nanocomposite
300 W Xenon lamp 

(λ > 420 nm) 10 mg/L 1 g/L
100% 

40 mins 0.452 min-1 [199]

Sulfamethaxazole Ti3+ self-doped TiO2/
graphene nanocomposite

300 W Xenon lamp 
(λ > 420 nm) 10 mg/L 1 g/L 52% 

40 mins 0.055 min-1 [199]

     

                                          (A)                                                (B)

Figure 21. (A) degradation rate and (B) removal efficiency and mineralization efficiency of several emerging micropollutants by TiO2-x/rGO-PS-Vis process 
(Reaction conditions: micropollutant concentration = 10 mg/L, photocatalyst dosage = 1.0 g/L, PS = 2.0 mM, light intensity = 2,000 ± 10 w/m2)[178].

Table 3. The Micropollutants and Its Photocatalytic Degradation Using Variety of Catalysts
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sulfamethoxazole using the persulfate and visible-light illumination 

[178]. The material TiO2-x/rGO showed the band gap value of 2.79 eV 

and it is 0.36, 0.28, 0.22 eV narrower than that of pristine TiO2, 

TiO2/rGO, and TiO2-x, respectively (cf Figure 21). This implied that the 

TiO2-x/rGO nanocomposite was due to the formation of Ti3+ impurity 

levels[179-181] and the chemical bonding between TiO2-x and the spe-

cific sites of rGO[182-185]. Further, the photocatalytic activity of 

TiO2-x/rGO-PS-Vis showed that almost 100% of acetaminophen was 

degraded within 40 min of operation having the reaction rate constant 

0.452 min-1. On the other hand, the removal efficiencies of phenol and 

sulfamethoxazole are found to be Ca 77% and 52%. Additionally, a 

high value of mineralization efficiencies was achieved i.e., 60, 53 and 

26%, respectively for phenol, acetaminophen and sulfamethoxazole 

[178]. The antibiotic viz., ciprofloxacin, norfloxacin and anti-inflamma- 

tory drug ibuprofen were chosen to be degraded using the reusable 

Fe3O4/SiO2/TiO2 particles under UV-radiations[186]. Some of the mi-

cropollutants and its photocatalytic degradation using variety of cata-

lysts are summarized in Table 3.

4. Conclusions

The role of titanium dioxide nanoparticles or nanostructure materials 

are widely utilized in the diverse area of research including the photo-

catalyst for self-cleaning of surface coatings, light-emitting diodes, so-

lar cells, disinfectant sprays, sporting goods, environmental remediation, 

water purification, topical sunscreens UV radiations etc. The perform-

ance and efficiency of the materials are widely dependent on the size 

of particles, morphology, mineral phase and nano material structural 

arrangements. Therefore, the present review delivers these aspects of 

nano structured titanium dioxide. Further, the limitations of the semi-

conductor TiO2 in various applications is due to enhanced recombina-

tion rate of e-/h+ and wide band gap energy in order to harness the so-

lar radiations in visible range. The doping of noble nano metals, rare 

earth and non-metals in the synthesis of efficient catalyst was 

demonstrated. Further, the design of efficient photo catalyst or hybrid 

materials of TiO2 is elaborated using the template synthesis route. The 

applications of nanocomposites in the remediation of variety of mi-

cro-pollutants including the pharmaceuticals, personal care products, 

pesticides or endocrine disrupting chemicals is reviewed critically. 

These studies indicated that the use of thin films in the remediation 

process is found to be efficient and showed enhanced applicability in 

the multiple/reuse of the materials. Further, the mechanistic aspects in 

the photo-catalytic degradation processes are need to be studied to pin 

point the degradative route using the fast techniques. Moreover, the 

newer hybrid nanocomposites are to be explored in the efficient use of 

titanium dioxide for the varied applications.

References

1. M. J. Gázquez, J. P. Bolívar, R. Garcia-Tenorio, and F. Vaca, A 
review of the production cycle of titanium dioxide pigment, Mater. 
Sci. Appl., 05, 441-458 (2014).

2. X. Chen and S. S. Mao, Titanium dioxide nanomaterials: Synthe- 
sis, properties, modifications, and applications, Chem. Rev., 107, 
2891-2959 (2007).

3. A. Salvador, M. C. Pascual-Marti, J. R. Adell, A. Requeni, and 
J. G. J. March, Analytical methodologies for atomic spectrometric 
determination of metallic oxides in UV sunscreen creams, Pharm. 
Biomed. Anal., 22, 301-306 (2000).

4. R. Zallen and M. P. Moret, The optical absorption edge of broo-
kite TiO2, Solid State Commun., 137, 154-157 (2006).

5. J. H. Braun, A. Baidins, and R. E. Marganski, TiO2 pigment 
technology: A review, Prog. Org. Coat., 20, 105-138 (1992).

6. S. A. Yuan, W. H. Chen, and S. S. Hu, Fabrication of TiO2 nano-
particles/surfactant polymer complex film on glassy carbon elec-
trode and its application to sensing trace dopamine, Mater. Sci. 
Eng. C, 25, 479-485 (2005).

7. M. L. de Souza and P. Corio, Effect of silver nanoparticles on 
TiO2-mediated photodegradation of Alizarin Red S, Appl. Catal. 
B, 136-137, 325-333 (2013).

8. M. Hdidar, S. Chouikhi, A. Fattoum, M. Arous a, and A. Kallel, 
Influence of TiO2 rutile doping on the thermal and dielectric 
properties of nanocomposite films based PVA, J. Alloys Compd., 
750, 375-383 (2018).

9. R. Chandrasekar, L. Zhang, J. Y. Howe, N. E. Hedin, Y. Zhang, 
and H. Fong, Fabrication and characterization of electrospun tita-
nia nanofibers, J. Mater Sci., 44, 1198-1205 (2009).

10. M. R. Hoffmann, S. T. Martin, W. Choi, and D. W. Bahnemann, 
Environmental applications of semiconductor photocatalysis, Chem. 
Rev., 95, 69-96 (1995).

11. J. B. Zhong, Y. Lu, W. D. Jiang, Q. M. Meng, X. Y. He, J. Z. 
Li, and Y. Q. Chen, Characterization and photocatalytic property 
of Pd/TiO2 with the oxidation of gaseous benzene, J. Hazard. 
Mater., 168, 1632-1635 (2009).

12. A. Tiwari, A. Shukla, S. S. Choi, and S. M. Lee, Surface modi-
fied nanostructured-TiO2 thin films for removal of congo red, 
Korean J. Chem. Eng., 35, 2133-2137 (2018).

13. A. L. Linsebigler, G. Lu, and J. T. Yates Jr., Photocatalysis on 
TiO2 surfaces: Principles, mechanisms, and selected results, Chem. 
Rev., 95, 735-758 (1995).

14. R. D. Shannon and J. A. Pask, Kinetics of the anatase-rutile 
transformation, J. Am. Ceram. Soc., 48, 391-398 (1965).

15. M. Lazzeri, A. Vittadini, and A. Selloni, Structure and energetics 
of stoichiometric TiO2 anatase surfaces, Phys. Rev. B, 63, 155409 
(2001).

16. N. Rahimi, R. A. Pax, and E. M. Gray, Review of functional tita-
nium oxides. I: TiO2 and its modifications, Prog. Solid State 
Chem., 44, 86-105 (2016).

17. X. Bokhimi, A. Morales, M. Aguilar, J. A. Toledo-Antonio, and 
F. Pedraza, Local order in titania polymorphs, Int. J. Hydrogen 
Energy, 26, 1279-1287 (2001).

18. A. D. Paola, M. Bellardita, and L. Palmisano, Brookite, the least 
known TiO2 photocatalyst, Catalysts, 3, 36-73 (2013).

19. T. Wintgens, F. Salehi, R. Hochstrat, and T. Melin, Emerging 
contaminants and treatment options in water recycling for indirect 
potable use, Water Sci. Technol., 163, 99-107 (2008).

20. R. E. Smalley, Future global energy prosperity: The terawatt 
challenge, MRS Bull., 30, 412-417 (2005).

21. S. Malato, P. Fernandez-Ibanez, M. I. Maldonado, J. Blanco, and 
W. Gernjak, Decontamination and disinfection of water by solar 



274 Alka Tiwari⋅Alok Shukla⋅Diwakar Tiwari⋅Suk Soon Choi⋅Hyun-Gon Shin⋅Seung-Mok Lee

공업화학, 제 30 권 제 3 호, 2019

photocatalysis: Recent overview and trends, Catal. Today, 147, 
1-59 (2009).

22. G. Sanzone, M. Zimbone, G. Cacciato, F. Ruffino, R. Carles, V. 
Privitera, and M. G. Grimaldi, Ag/TiO2 nanocomposite for visible 
light-driven photocatalysis, Superlattices Microstruct., 123, 394-402 
(2018).

23. K. Hashimoto, H. Irie, and A. Fujishima, TiO2 photocatalysis: A 
historical overview and future prospects, Jpn. J. Appl. Phys., 44, 
8269-8285 (2005).

24. M. L. de Souza and P. Corio, Effect of silver nanoparticles on 
TiO2-mediated photodegradation of Alizarin Red S, Appl. Catal. 
B, 136-137, 325-333 (2013).

25. J. Zhao, C. Chen, and W. Ma, Photocatalytic degradation of or-
ganic pollutants under visible light irradiation, Top. Catal., 35, 
269-278 (2005).

26. D. Reyes-Coronado, G. R. Gattorno, M. E. E. Pesqueira, C. Cab, 
R. de Coss, and G. Oskam, Phase-pure TiO2 nanoparticles: Anatase, 
brookite and rutile, Nanotechnol., 19, 145605 (2018).

27. E. Keidel, The fading of aniline dyes in the presence of titanium 
white, Farben der Zeit, 34, 1242-1243 (1929).

28. C. F. Doodeve and J. A. Kitchener, The mechanism of photo-
sensitisation by solids, Trans Faraday Soc., 34, 902-908 (1938).

29. A. Fujishima and K. Honda, Electrochemical photolysis of water 
at a semiconductor electrode, Nature, 238, 37-38 (1972).

30. A. Fujishima and D. A. Tryk, Photoelectrochemical conversions. 
In: K. Honda (ed.), Functionality of Molecular Systems. 2. From 
Molecular Systems to Molecular Devices, 196, Springer, Tokyo, 
Japan (1999).

31. L. M. Peter, Photoelectrochemical kinetics at semiconductor elec- 
trodes. In: R. G. Compton and G. Hancock (eds.), Applications of 
Kinetic Modeling, 223, Elsevier, Amsterdam, Netherlands (1999).

32. A. Millis and S. J. Le Hunte, An overview of semiconductor pho-
tocatalysis, Photochem. Photobiol. A, 108, 1-35 (1997).

33. M. R. Hoffmann, S. T. Martin, W. Choi, and D. W. Bahnemann, 
Environmental applications of semiconductor photocatalysis, Chem. 
Rev., 95, 69-96 (1995).

34. M. A. Fox and M. T. Dulay, Heterogeneous photocatalysis, Chem. 
Rev., 93, 341-357 (1993).

35. A. Fujishima, T. N. Rao, and D. A. J. Tryk, Titanium dioxide 
photocatalysis, Photochem. Photobiol. C, 1, 1-21 (2000).

36. A. Mishra, A. Mehta, and S. Basu, Clay supported TiO2 nano-
particles for photocatalytic degradation of environmental pollu-
tants: A review, J. Environ. Chem. Eng., 6, 6088-6107 (2018).

37. R. Qian, H. Zong, J. Schneider, G. Zhou, T. Zhao, Y. Li, J. Yang, 
D. W. Bahnemann, and J. H. Pan, Charge carrier trapping, re-
combination and transfer during TiO2 photocatalysis: An over-
view, Catal. Today, DOI: 10.1016/j.cattod.2018.10.053 (2018).

38. N. R. Khalid, A. Majid, M. B. Tahir, N. A. Niaz, and S. Khalid, 
Carbonaceous-TiO2 nanomaterials for photocatalytic degradation 
of pollutants: A review, Ceram. Int., 43, 14552-14571 (2017).

39. Y. Wei, J. Zhu, Y. Gan, and G. Cheng, Titanium glycolate-derived 
TiO2 nanomaterials: Synthesis and applications, Adv. Powder 
Technol., 29, 2289-2311 (2018).

40. R. Singh and S. Dutta, A review on H2 production through photo-
catalytic reactions using TiO2/TiO2-assisted catalysts, Fuel, 220, 
607-620 (2018).

41. M. R. Hoffmann, S. T. Martin, W. Choi, and D. W. Bahnemann, 
Environmental applications of semiconductor photocatalysis, Chem. 

Rev., 95, 69-96 (1995).
42. N. O. Gopal, H. H. Lo, T. F. Ke, C. H. Lee, C. C. Chou, J. D. 

Wu, S. C. Sheu, and S. C. Ke, Visible light active phospho-
rus-doped TiO2 nanoparticles: An EPR evidence for the enhanced 
charge separation, J. Phys. Chem. C, 116, 16191-16197 (2012).

43. R. Asahi, T. Morikawa, H. Irie, and T. Ohwaki, Nitrogen-doped 
titanium dioxide as visible-light-sensitive photocatalyst: Designs, 
developments, and prospects, Chem. Rev., 114, 9824-9852 (2014).

44. N. O. Gopal and M. H. Basha, TiO2 nano-flakes with high activ-
ity obtained from phosphorus doped TiO2 nanoparticles by hydro-
thermal method, Ceram. Int., 44, 22129-22134 (2018).

45. X. Wang, Z. Li, J. Shi, and Y. Yu, One-dimensional titanium di-
oxide nanomaterials nanowires nanorods and nanobelts, Chem. 
Rev., 114, 9346-9384 (2014).

46. W. G. Yang, Y. H. Yu, M. B. Starr, X. Yin, Z. D. Li, A. Kvit, 
S. F. Wang, P. Zhao, and X. D. Wang, Ferroelectric polariza- 
tion-enhanced photoelectrochemical water splitting in TiO2-BaTiO3 

core-shell nanowire photoanodes, Nano Lett., 15, 7574-7580 (2015).
47. Z. Yang, B. Wang, H. Cui, H. An, Y. Pan, and J. Zhai, Synthesis 

of crystal-controlled TiO2 nanorods by a hydrothermal method: 
Rutile and brookite as highly active photocatalysts, J. Phys. 
Chem. C, 119, 16905-16912 (2015).

48. C. B. D. Marien, T. Cottineau, D. Robert, and P. Drogui, TiO2 
nanotube arrays: Influence of tube length on the photocatalytic 
degradation of Paraquat, Appl. Catal. B, 194, 1-6 (2016).

49. L. G. Devi and K. E. Rajashekhar, A kinetic model based on 
non-linear regression analysis is proposed for the degradation of 
phenol under UV/solar light using nitrogen doped TiO2, J. Mol. 
Catal. A, 334, 65-76 (2011).

50. C. Burda, Y. Lou, X. Chen, A. C. S. Samia, J. Stout, and J. L. 
Gole, Enhanced nitrogen doping in TiO2 nanoparticles, Nano 
Lett., 3, 1049-1051 (2003).

51. R. Asahi, T. Morikawa, T. Ohwaki, K. Aoki, and Y. Taga, 
Visible-light photocatalysis in nitrogen-doped titanium oxides, 
Science, 293, 269-271 (2001).

52. H. Irie, Y. Watanable, and K. Hashimoto, Nitrogen-concentration 
dependence on photocatalytic activity of TiO2-xNx powders, J. 
Phys. Chem. B, 107, 5483-5486 (2003).

53. T. Suwannaruang, K. Kamonsuangkasem, P. Kidkhunthod, P. 
Chirawatkul, C. Saiyasombat, N. Chanlek, and K. Wantala, 
Influence of nitrogen content levels on structural properties and 
photocatalytic activities of nanorice-like N-doped TiO2 with vari-
ous calcination temperatures, Mater. Res. Bull., 105, 265-276 (2018).

54. C. D. Valentin and G. Pacchioni, Trends in non-metal doping of 
anatase TiO2: B, C, N and F, Catal. Today, 206, 12-18 (2013).

55. W. Wang, C. Lu, Y. Ni, M. Su, and Z. Xu, A new sight on hy-
drogenation of F and N-F doped {0 0 1} facets dominated ana-
tase TiO2 for efficient visible light photocatalyst, Appl. Catal. B, 
127, 28-35 (2012).

56. C. D. Valentin and G. Pacchioni, Reduced and n-type doped TiO2: 
Nature of Ti3+ species, J. Phys. Chem. C, 113, 20543-20552 (2009).

57. G. Wu, T. Nishikawa, B. Ohtani, and A. Chen, Synthesis and 
characterization of carbon-doped TiO2 nanostructures with en-
hanced visible light response, Chem. Mater., 19, 4530-4537 (2007).

58. S. Komatsuda, Y. Asakura, J. J. M. Vequizo, A. Yamakata, and 
S. Yin, Enhanced photocatalytic NOx decomposition of visi-
ble-light responsive FTiO2/(N,C)-TiO2 by charge transfer between 
F-TiO2 and (N,C)-TiO2 through their doping levels, Appl. Catal. 



275Titanium Dioxide Nanomaterials and its Derivatives in the Remediation of Water: Past, Present and Future

Appl. Chem. Eng., Vol. 30, No. 3, 2019

B, 238, 358-364 (2018).
59. M. Hu, M. Fang, C. Tang, T. Yang, Z. Huang, Y. Liu, X. Wu, 

and X. Min, The effects of atmosphere and calcined temperature 
on photocatalytic activity of TiO2 nanofibers prepared by electro-
spinning, Nanoscale Res. Lett., 8, 548 (2013).

60. X. F. Lei, X. X. Xue, H. Yang, C. Chen, X. Li, M. C. Niu, X. 
Y. Gao, and Y. T. Yang, Effect of calcination temperature on the 
structure and visible-light photocatalytic activities of (N, S and C) 
co-doped TiO2 nano-materials, Appl. Surf. Sci., 332, 172-180 (2015).

61. A. M. Selman and M. Husham, Calcination induced phase trans-
formation of TiO2 nanostructures and fabricated a Schottky diode 
as humidity sensor based on rutile phase, Sens. Biosensing Res., 
11, 8-13 (2016).

62. A. A. Cavalheiro, L. C. S. Oliveira, and S. A. L. dos Santos, 
Structural aspects of anatase to rutile phase transition in titanium 
dioxide powders elucidated by the Rietveld method, Magdalena 
Janus, IntechOpen, DOI: 10.5772/intechopen.68601 (2017).

63. Y. Hu, H. Liu, X. Kong, and X. Guo, Effect of calcination on 
the visible light photocatalytic activity of N-doped TiO2 prepared 
by the sol-gel method, J. Nanosci. Nanotechnol., 14, 3532-3537 
(2014).

64. E. Katoueizadeh, S. M. Zebarjad, and K. Janghorban, Investiga- 
tion of mechanical characteristics of functionalized cotton textiles 
by N-doped TiO2 nanoparticles, Mater. Chem. Phys., 218, 239-245 
(2018).

65. A. Sudhaik, P. Raizada, P. Shandilya, D.-Y. Jeong, J.-H. Lim, 
and P. Singh, Review on fabrication of graphitic carbon nitride 
based efficient nanocomposites for photodegradation of aqueous 
phase organic pollutants, J. Ind. Eng. Chem., 67, 28-51 (2018).

66. X. Wang, K. Maeda, A. Thomas, K. Takanabe, G. Xin, J. M. 
Carlsson, K. Dome, and M. Antonietti, A metal-free polymeric 
photocatalyst for hydrogen production from water under visible 
light, Nat. Mater., 8, 76-80 (2008).

67. J. Wen, J. Xie, X. Chen, and X. Li, A review on g-C3N4-based 
photocatalysts, Appl. Surf. Sci., 391, 72-123 (2017).

68. H. Zong, T. Zhao, G. Zhou, R. Qian, and J. H. Pan, Revisiting 
structural and photocatalytic properties of g-C3N4/TiO2: Is surface 
modification of TiO2 by calcination with urea an effective route 
to “solar” photocatalyst? Catal. Today, DOI: 10.1016/j.cattod.2018. 
12.015 (2018).

69. A.-W. Xu, Y. Gao, and H.-Q. Liu, The preparation, character-
ization, and their photocatalytic activities of rare-earth-doped TiO2 
nanoparticles, J. Catal., 207, 151-157 (2002).

70. F. Zhou, C. Yan, Q. Sun, and S. Komarneni, TiO2/Sepiolite nano-
composites doped with rare earth ions: Preparation, character-
ization and visible light photocatalytic activity, Microporous 
Mesoporous Mater., 274, 25-32 (2019).

71. C. Karunakaran and P. Gomathisankar, Solvothermal synthesis of 
CeO2-TiO2 nanocomposite for visible light photocatalytic detox-
ification of cyanide, ACS Sustain. Chem. Eng., 1, 1555-1563 
(2013).

72. F. Zuo, L. Wang, T. Wu, Z. Zhang, D. Borchardt, and P. Feng, 
Self-doped Ti3+ enhanced photocatalyst for hydrogen production 
under visible light, J. Am. Chem. Soc., 132, 11856-11857 (2010).

73. Y. Zhou, C. Chen, N. Wang, Y. Li, and H. Ding, Stable Ti3+ 
self-doped anatase-rutile mixed TiO2 with enhanced visible light 
utilization and durability, J. Phys. Chem. C, 120, 6116-6124 (2016).

74. K. Li, Z. Huang, X. Zeng, B. Huang, S. Gao, and J. Lu, Synergetic 

effect of Ti3+ and oxygen doping on enhancing photoelectroche- 
mical and photocatalytic properties of TiO2/g-C3N4 heterojunctions, 
ACS Appl. Mater. Interfaces, 9, 11577-11586 (2017).

75. I. Justicia, P. Ordejon, G. Canto, J. L. Mozos, J. Fraxedas, G. A. 
Battiston, R. Battiston, R. Gerbasi, and A. Figueras, Designed 
self-doped titanium oxide thin films for efficient visible-light 
photocatalysis, Adv. Mater., 14, 1399-1402 (2002).

76. X. Yu, X. Fan, L. An, Z. Li, and J. Liu, Facile synthesis of 
Ti3+-TiO2 mesocrystals for efficient visible-light photocatalysis, J. 
Phys. Chem. Solids, 119, 94-99 (2018).

77. F. Zhou, C. Yan, H. Wang, S. Zhou, and S. Komarneni, 
Fabrication and characterization of TiO2/sepiolite nanocomposites 
doped with rare earth ions, Mater. Lett., 228, 100-103 (2018).

78. X. Shao, F. Pan, L. Zheng, R. Zhang, and W. Zhang, Photocatalytic 
applications of TiO2-C hybrid aerogels and their photocatalytic 
properties, New Carbon Mater., 33, 116-124 (2018).

79. Y. Yao, G. Li, S. Ciston, R. M. Lueptow, and K. A. Gray, 
Photoreactive TiO2/carbon nanotube composites: Synthesis and 
reactivity, Environ. Sci. Technol., 42, 4952-4957 (2008).

80. K. Zhou, Y. Zhu, X. Yang, X. Jiang, and C. Li, Preparation of 
graphene-TiO2 composites with enhanced photocatalytic activity, 
New J. Chem., 35, 353-359 (2011).

81. A. Giampiccolo, D. M. Tobaldi, S. G. Leonardi, B. J. Murdoch, 
M. P. Seabra, M. P. Ansell, G. Neric, and R. J. Ball, Sol gel gra-
phene/TiO2 nanoparticles for the photocatalytic-assisted sensing 
and abatement of NO2, Appl. Catal. B, 243, 183-194 (2019).

82. H. Van Bui, F. Grillo, and J. R. van Ommen, Atomic and molec-
ular layer deposition: off the beaten track, Chem. Commun., 53, 
45-71 (2017).

83. J. Lu, J. W. Elam, and P. C. Stair, Atomic layer deposition - 
Sequential self-limiting surface reactions for advanced catalyst 
“bottom-up” synthesis, Surf. Sci. Rep., 71, 410-472 (2016).

84. B. J. O’Neill, D. H. K. Jackson, J. Lee, C. Canlas, P. C. Stair, 
C. L. Marshall, J. W. Elam, T. F. Kuech, J. A. Dumesic, and G. 
W. Huber, Catalyst design with atomic layer deposition, ACS 
Catal., 5, 1804-1825 (2015).

85. Z. Gao and Y. Qin, Design and properties of confined nanocatalysts 
by atomic layer deposition, Acc. Chem. Res., 50, 2309-2316 (2017).

86. S. D. Elliott, G. Dey, Y. Maimaiti, H. Ablat, E. A. Filatova, and 
G. N. Fomengia, Modeling mechanism and growth reactions for 
new nanofabrication processes by atomic layer deposition, Adv. 
Mater., 28, 5367-5380 (2016).

87. F. Gao, J. Jiang, L. Dua, X. Liu, and Y. Ding, Stable and highly 
efficient Cu/TiO2 nanocomposite photocatalyst prepared through 
atomic layer deposition, Appl. Catal. A, 568, 168-175 (2018).

88. K. Jia, J.-L. Bijeon, P.-M. Adam, and R. E. Ionescu, Large scale 
fabrication of gold nano-structured substrates via high temper-
ature annealing and their direct use for the LSPR detection of 
atrazine, Plasmonics, 8, 143-151 (2012).

89. D. Mortazavi, A. Z. Kouzani, and K. C. Vernon, A resonance 
tunable and durable LSPR nano-Particle sensor: Al2O3 capped sil-
ver nano-disks, Prog. Electromagn. Res., 130, 429-446 (2012).

90. B. Sepúlveda, P. C. Angelomé, L. M. Lechuga, and L. M. 
Liz-Marzán, LSPR-based nano biosensors, Nano Today, 4, 244-251 
(2009).

91. A. J. Haes and R. P. Van Duyne, A unified view of propagating 
and localized surfaceplasmon resonance biosensors, Anal. Bioanal. 
Chem., 379, 920-930 (2004).



276 Alka Tiwari⋅Alok Shukla⋅Diwakar Tiwari⋅Suk Soon Choi⋅Hyun-Gon Shin⋅Seung-Mok Lee

공업화학, 제 30 권 제 3 호, 2019

92. C. Huang, K. Bonroy, G. Reekmans, W. Laureyn, K. Verhaegen, 
I. De Vlaminck, L. Lagae, and G. Borghs, Localized surface plas-
mon resonance biosensor integrated with microfluidic chip, Biomed. 
Microdevices, 11, 893-901 (2009).

93. E. Kazuma and T. Tatsuma, Localized surface plasmon resonance 
sensors based on wavelength-tunable spectral dips, Nanoscale, 6, 
2397-2405 (2014).

94. M. Manzano, P. Vizzini, K. Jia, P.-M. Adam, and R. E. Ionescu, 
Development of localized surface plasmon resonance biosensors 
for the detection of Brettanomyces bruxellensis in wine, Sens. 
Actuators B, 223, 295-300 (2016).

95. M. C. Estevez, M. A. Otte, B. Sepulveda, and L. M. Lechuga, 
Trends and challenges of refractometric nanoplasmonic biosensors: 
A review, Anal. Chim. Acta, 806, 55-73 (2014).

96. L. B. Sagle, L. K. Ruvuna, J. A. Ruemmele, and R. P. Van 
Duyne, Advances in localizedsurface plasmon resonance spectro-
scopy biosensing, Nanomedicine, 6, 1447-1462 (2011).

97. S. J. Zalyubovskiy, M. Bogdanova, A. Deinega, Y. Lozovik, A. 
D. Pris, K. H. An, W. P. Hall, and R. A. Potyrailo, Theoretical 
limit of localized surface plasmon resonance sensitivity to local 
refractive index change and its comparison to conventional sur-
face plasmon resonance sensor, J. Opt. Soc. Am. A, 29, 994-1002 
(2012).

98. K. A. Willets and R. P. Van Duyne, Localized surface plasmon 
resonance spectroscopy and sensing, Annu. Rev. Phys. Chem., 58, 
267-297 (2007).

99. S. S. Acimovic, M. A. Ortega, V. Sanz, J. Berthelot, J. L. 
Garcia-Cordero, J. Renger, S. J. Maerkl, M. P. Kreuzer, and R. 
Quidant, LSPR chip for parallel, rapid, and sensitive detection of 
cancer markers in serum, Nano Lett., 14, 2636-2641 (2014).

100. J. N. Anker, W. P. Hall, O. Lyandres, N. C. Shah, J. Zhao, and 
R. P. Van Duyne, Biosensing with plasmonic nanosensors, Nat. 
Mater., 7, 442-453 (2008).

101. A. Kalyuzhny, M. A. Vaskevich, and I. Schneeweiss, Transmission 
surface-plasmon resonance (T-SPR) measurements for monitoring 
adsorption on ultra thin gold island films, Chemistry, 8, 3849-3857 
(2002).

102. I. Doron-Mor, H. Cohen, Z. Barkay, A. Shanzer, A. Vaskevich, 
and I. Rubinstein, Sensitivity of transmission surface plasmon 
resonance (T-SPR) spectroscopy: Self-assembled multilayers on 
evaporated gold island films, Chemistry, 11, 5555-5562 (2005).

103. M. Lahav, A. Vaskevich, and I. Rubinstein, Biological sensing 
using transmissionsurface plasmon resonance spectroscopy, Lang- 
muir, 20, 7365-7367 (2004).

104. G. Cappi, F. M. Spiga, Y. Moncada, A. Ferretti, M. Beyeler, M. 
Bianchessi, L. Decosterd, T. Buclina, and C. Guiducci, Label-free 
detection of tobramycin in serum by transmission-localized sur-
face plasmon resonance, Anal. Chem., 87, 5278-5285 (2015).

105. L. G. Devi and K. M. Reddy, Enhanced photocatalytic activity of 
silver metallized TiO2 particles in the degradation of an azo dye 
methyl orange: Characterization and activity at different pH val-
ues, Appl. Surf. Sci., 256, 3116-3121 (2010).

106. A. Sclafani and J. M. Hermann, Influence of metallic silver and 
of platinum-silver bimetallic deposits on the photocatalytic activ-
ity of titania (anatase and rutile) in organic and aqueous media, 
J. Photochem. Photobiol. A, 113, 181-188 (1998).

107. A. Wold, Photocatalytic properties of titanium dioxide (TiO2), 
Chem. Mater., 5, 280-283 (1993).

108. C. Y. Wang, C. Y. Liu, X. Zheng, J. Chen, and T. Shen, The 
surface chemistry of hybrid nanometer-sized particles I. Photo- 
chemical deposition of gold on ultrafine TiO2 particles, Colloids 
Surf. A, 131, 271-280 (1998).

109. J. M. Hermann, J. Disdier, M. N. Mozzanega, and P. Pichat, 
Heterogeneous photocatalysis: In situ photoconductivity study of 
TiO2 during oxidation of isobutane into acetone, J. Catal., 60, 
369-377 (1979).

110. A. Henglein, Reactions of organic free radicals at colloidal silver 
in aqueous solution. Electron pool effect and water decomposition, 
J. Phys. Chem., 83, 2209-2216 (1979).

111. V. Subramanian, E. E. Wol, and P. V. Kamat, Catalysis with 
TiO2/gold nanocomposites: Effect of metal particle size on the Fermi 
level equilibration, J. Am. Chem. Soc., 126, 4943-4950 (2004).

112. L. G. Devi, B. Nagaraj, and K. E. Rajashekhar, Synergistic effect 
of Ag deposition and nitrogen doping in TiO2 for the degradation 
of phenol under solar irradiation in presence of electron acceptor, 
Chem. Eng. J., 181-182, 259-266 (2012).

113. P. S. Ritonga, Air sebagai sarana peningkatan imtaq (Integrasi ki-
mia dan agama) - Water as means of increasingly “faith and fear”, 
Jurnal Sosial Budaya, 8, 267-276 (2011).

114. R. A. Zayadi and F. A. Bakar, Comparative study on the per-
formance of Au/F-TiO2 photocatalyst synthesized from Zamzam 
water and distilled water under blue light irradiation, J. Photochem. 
Photobiol. A, 346, 338-350 (2017).

115. M. S. Rodrigues, D. Costa, R. P. Domingues, M. Apreutesei, P. 
Pedrosa, N. Martin, V. M. Correlo, R. L. Reis, E. Alves, N. P. 
Barradas, P. Sampaio, J. Borges, and F. Vaz, Optimization of 
nanocomposite Au/TiO2 thin films towards LSPR optical-sensing, 
Appl. Surf. Sci., 438, 74-83 (2018).

116. L. Liu, X. Zhang, L. Yang, L. Ren, D. Wang, and J. Ye, Metal 
nanoparticles induced photocatalysis, Nat. Sci. Rev., 4, 761-780 
(2017).

117. K. Kimura, S. Naya, Y. Jin-nouchi, and H. Tada, TiO2 crystal 
form-dependence of the Au/TiO2 plasmon photocalyst’s activity, 
J. Phys. Chem. C, 116, 7111-7117 (2012).

118. E. Kowalska, S. Rau, and B. Ohtani, Plasmonic titania photo-
catalysts active under UV and visible-light irradiation: Influence 
of gold amount, size and shape, J. Nanotechnol., 361853 (2012).

119. J. B. Priebe, J. Radnik, A. J. J. Lennox, M.-M. Pohl, M. Karnehl, 
D. Hollmann, K. Grabow, U. Bentrup, H. Junge, M. Beller, and 
A. Brückner, Solar hydrogen production by Plasmonic Au-TiO2 
catalysis: Impact of synthesis protocol and TiO2 phase on charge 
transfer efficiency and H2 evolution rates, ACS Catal., 5, 
2137-2148 (2015).

120. S. Naya, K. Kimura, and H. Tada, One-step selective aerobic oxi-
dation of amines to imines by gold nanoparticle-loaded rutile tita-
nium(IV) oxide Plasmon photocatalyst, ACS Catal., 3, 10-13 
(2013).

121. S. Wang, Y. Gao, S. Miao, T. Liu, L. Mu, R. Li, F. Fan, and 
C. Li, Positioning the water oxidation reaction sites in plasmonic 
photocatalysts, J. Am. Chem. Soc., 139, 11771-11778 (2017).

122. Y. Tian and T. Tatsuma, Mechanisms and applications of plas-
mon-induced charge separation at TiO2 films loaded with gold 
nanoparticles, J. Am. Chem. Soc., 127, 7632-7637 (2005).

123. T. Torimoto, H. Horibe, T. Kameyama, K. Okazaki, S. Ikeda, M. 
Matsumura A. Ishikawa, and H. Ishihara, Plasmon-enhanced pho-
tocatalytic activity of cadmium sulfide nanoparticle immobilized 



277Titanium Dioxide Nanomaterials and its Derivatives in the Remediation of Water: Past, Present and Future

Appl. Chem. Eng., Vol. 30, No. 3, 2019

on silica-coated gold particles, J. Phys. Chem. Lett., 2, 2057-2062 
(2011).

124. Z. Liu, W. Hou, P. Pavaskar, M. Aykol, and S. B. P. Cronin, 
Plasmon resonant enhancement of photocatalytic water splitting 
under visible illumination, Nano Lett., 11, 1111-1116 (2011).

125. A. Subramanian, Z. Pan, H. Li, L. Zhou, W. Li, Y. Qiu, Y. Xu, 
Y. Hou, C. Mu, and Y. Zhang, Synergistic promotion of photo-
electrochemical water splitting efficiency of TiO2 nanorods using 
metal-semiconducting nanoparticles, Appl. Surf. Sci., 420, 631-637 
(2017).

126. C. Hu, X. Zhang, X. Li, Y. Yan, G. Xi, H. Yang, and H. Bai, 
Au photosensitized TiO2 ultrathin nanosheets with 001 exposed 
facets, Chemistry, 20, 13557-13560 (2014).

127. J. S. Du Chene, B. C. Sweeny, A. C. Johnston-Peck, D. Su, E. 
A. Stach, and W. D. Wei, Prolonged hot electron dynamics in 
plasmonic-metal/semiconductor heterostructures with implications 
for solar photocatalysis, Angew. Chem. Int. Ed., 53, 7887-7891 
(2014).

128. K. Qian, B. C. Sweeny, A. C. Johnston-Peck, W. Niu, J. O. 
Graham, J. S. DuChene, J. Qiu, Y.-C. Wang, N. H. Engelhard, 
D. Su, E. A. Stach, and W. D. Wei, Surface plasmon driven wa-
ter reduction: Gold nanoparticle size matters, J. Am. Chem. Soc., 
136, 9842-9845 (2014).

129. S. I. Naya, T. Niwa, T. Kume, and H. Tada, Visible-light-induced 
electron transport from small to large nanoparticles in bimodal 
gold nanoparticle-loaded titanium (IV) oxide, Angew. Chem. Int. 
Ed., 53, 7305-7309 (2014).

130. H. Wang, T. You, W. Shi, J. Li, and L. Guo, Au/TiO2/Au as a 
plasmonic coupling photocatalyst, J. Phys. Chem. C, 116, 6490-6494 
(2012).

131. X. Zhu, B. Cheng, J. Yu, and W. Ho, Halogen poisoning effect 
of Pt-TiO2 for formaldehyde catalytic oxidation performance at 
room temperature, Appl. Surf. Sci., 364, 808-814 (2016).

132. J. Low, S. Qiu, D. Xu, C. Jiang, and B. Cheng, Direct evidence 
and enhancement of surface plasmon resonance effect on Ag-loaded 
TiO2 nanotube arrays for photocatalytic CO2 reduction, Appl. 
Surf. Sci., 434, 423-432 (2018).

133. Z. Zhang, L. Zhang, M. N. Hedhili, H. Zhang, and P. Wang, 
Plasmonic gold nanocrystals coupled with photonic crystal seam-
lessly on TiO2 nanotube photoelectrodes for efficient visible light 
photoelectrochemical water splitting, Nano Lett., 13, 14-20 (2013).

134. S. Naya and H. Tada, Dependence of the plasmonic activity of 
Au/TiO2 for the decomposition of 2-naphthol on the crystal form 
of TiO2 and Au particle size, J. Catal., 364, 328-333 (2018).

135. B. Liu, J. Wang, J. Yang, and X. Zhao, Charge carrier interfacial 
transfer pathways from TiO2 and Au/TiO2 nanorod arrays to elec-
trolyte and the association with photocatalysis, Appl. Surf. Sci., 
464, 367-375 (2019).

136. S. C. Chan and M. A. Barteau, Preparation of highly uniform 
Ag/TiO2 and Au/TiO2 supported nanoparticle catalysts by photo-
deposition, Langmuir, 21, 5588-5595 (2005).

137. Lalliansanga, A. Tiwari, A. Shukla, D. Tiwari, and S. M. Lee, 
Nanocomposite Au NP/TiO2 thin film in the efficient remediation 
of aqueous solutions contaminated with emerging micro-pollu-
tants, Environ. Sci. Pollut. Res., 25, 20125-20140 (2018).

138. A. Tiwari, A. Shukla, Lalliansanga, D. Tiwari, and S.-M. Lee, 
Au-nanoparticle/nanopillars TiO2 meso-porous thin films in the 
degradation of tetracycline using UV-A light, J. Ind. Eng. Chem., 

69, 141-152 (2019).
139. L.-L. Qu, N. Wang, G. Zhu, T. P. Yadav, X. Shuai, D. Bao, G. 

Yang, D. Li, and H. Li, Facile fabrication of ternary TiO2-gold 
nanoparticle-graphene oxide nanocomposites for recyclable sur-
face enhanced Raman scattering, Talanta, 186, 265-271 (2018).

140. Z. Hamden, S. Bouattour, A. M. Ferraria, D. P. Ferreira, L. F. 
V. Ferreira, and A. M. B. do Rego, S. Boufi, In situ generation 
of TiO2 nanoparticles using chitosan as a template and their pho-
tocatalytic activity. J. Photochem. Photobiol. A, 321, 211-222 
(2016).

141. U. Nwankwo, R. Bucher, A. B. C. Ekwealor, S. Khamlich, M. 
Maaza, and F. I. Ezema, Synthesis and characterizations of rutile- 
TiO2 nanoparticles derived from chitin for potential photocatalytic 
applications, Vacuum, 161, 49-54 (2019).

142. A. Jbeli, Z. Hamden, S. Bouattour, A. M. Ferraria, D. S. 
Conceição, L. F. V. Ferreira, M. M. Chehimi, A. M. B. do Rego, 
M. R. Vilar, and S. Boufi, Chitosan-Ag-TiO2 films: An effective 
photocatalyst under visible light, Carbohydr. Polym., 199, 31-40 
(2018).

143. M. Horie, H. Kato, K. Fujita, S. Endoh, and H. Iwahashi, In vitro 
evaluation of cellular response induced by manufactured nano-
particles, Chem. Res. Toxicol., 25, 605-619 (2012).

144. U. Arellano, M. Asomoza, and F. Ramirez, Antimicrobial activity  
of Fe-TiO2 thin film photocatalysts, J. Photochem. Photobiol., 222, 
159-165 (2011).

145. US EPA, Nanomaterial Case Studies: Nanoscale Titanium Dioxide 
in Water Treatment and in Topical Sunscreen, EPA/600/R-09/057F 
(2010).

146. J. Blanco-Galvez, P. Fernández-Ibanez, and S. Malato-Rodríguez, 
Solar photocatalytic detoxification and disinfection of water: Recent 
overview, J. Sol. Energy Eng., 129, 4-15 (2006).

147. R. Dillert, U. Siemon, and D. Bahnemann, Photocatalytic dis-
infection of municipal wastewater, Chem. Eng. Technol., 21, 
356-358 (1998).

148. J. H. Melián, J. D. Rodrıguez, A. V. Suárez, E. T. Rendón, C. 
V. Do Campo, J. Arana, and J. P. Peña, The photocatalytic dis-
infection of urban waste waters, Chemosphere, 41, 323-327 (2000).

149. A. Rincón and C. Pulgarin, Bactericidal action of illuminated TiO2 
on pure Escherichia coli and natural bacterial consortia: Post-irra-
diation events in the dark and assessment of the effective dis-
infection time, Appl. Catal. B, 49, 99-112 (2004).

150. World Health Organization, Guidelines for Drinking-Water Quality, 
4th Ed. (2011).

151. U. Arellano, M. Asomoza, and F. Ramirez, Antimicrobial activity 
of Fe-TiO2 thin film photocatalysts, J. Photochem. Photobiol., 
222, 159-165 (2011).

152. A. F. Howard, B. D. Iram, V. Sajnu, and S. Alex, Photocatalytic 
disinfection using titanium dioxide: Spectrum and mechanism of 
antimicrobial activity, Appl. Microbiol. Biotechnol., 90, 1847-1868 
(2011).

153. J. Š. Ogorevc, E. Tratar-Pirc, L. Matoh, and B. Peter, Antibacterial 
and photodegradative properties of metal doped TiO2 thin films 
under visible light, Acta Chim. Slov., 59, 264-272 (2012).

154. L. Guo, C. Shan, J. Liang, J. Ni, and M. Tong, Bacterial mecha-
nisms of Au@TNBs under visible light irradiation, Colloids Surf. 
B, 128, 211-218 (2015).

155. J. Zhang, X. Suo, J. Zhang, B. Han, P. Li, Y. Xue, and H. Shi, 
One-pot synthesis of Au/TiO2 heteronanostructure composites with 



278 Alka Tiwari⋅Alok Shukla⋅Diwakar Tiwari⋅Suk Soon Choi⋅Hyun-Gon Shin⋅Seung-Mok Lee

공업화학, 제 30 권 제 3 호, 2019

SPR effect and its antibacterial activity, Mater. Lett., 162, 235-237 
(2016).

156. G. Wang, H. Feng, A. Gao, Q. Hao, W. Jin, X. Peng, W. Li, G. 
Wu, and P. K. Chu, Extracellular electron transfer from aerobic 
bacteria to Au-loaded TiO2 semiconductor without light: A new 
bacteria-killing mechanism other than localized surface Plasmon 
resonance or microbial fuel cells, ACS Appl. Mater. Interfaces, 8, 
24509-24516 (2016).

157. G. Wang, H. Feng, W. Jin, A. Gao, X. Peng, W. Li, H. Wu, Z. 
Li, and P. K. Chu, Long term antibaterial characteristics and cy-
tocompatibility of titania nanotubes loaded with Au nanoparticles 
without photocatalytic effects, Appl. Surf. Sci., 414, 230-237 
(2017).

158. I. Levchuk, M. Kralova, J. J. Rueda-Márquez, J. Moreno-Andrés, 
S. Gutiérrez-Alfaro, P. Dzik, S. Parola, M. Sillanpaa, R. Vahala, 
and M. A. Manzano, Antimicrobial activity of printed composite 
TiO2/SiO2 and TiO2/SiO2/Au thin films under UVA-LED and nat-
ural solar radiation, Appl. Catal. B, 239, 609-618 (2018).

159. S. M. H. AL-Jawada, A. A. Taha, and M. M. Salim, Synthesis 
and characterization of pure and Fe doped TiO2 thin films for an-
timicrobial activity, Optik, 142, 42-53 (2017).

160. Japanese Standards Association, JIS Z 2801: Antibacterial Pro- 
ducts-Test for Antibacterial Activity and Efficacy (2010).

161. I. Yamada, K. Nomura, H. Iwahashi, and M. Horie, The effect 
of titanium dioxide (TiO2) nano-objects, and their aggregates and 
agglomerates greater than 100 nm (NOAA) on microbes under 
UV irradiation, Chemosphere, 143, 123-127 (2016).

162. A. Moriyama, I. Yamada, J. Takahashi, and H. Iwahashi, Oxidative 
stress caused by TiO2 nanoparticles under UV irradiation is due 
to UV irradiation not through nanoparticles, Chem. Biol. Interact., 
294, 144-150 (2018).

163. J. M. Gerage, A. P. Gasques Meira, and M. V. da Silva, Food 
and nutrition security: pesticide residues in food, Nutrire, 42:3 
(2017).

164. R. M. Wersal and J. D. Madsen, Comparison of imazapyr and 
imazamox for control of parrotfeather (Myriophyllum aquaticum 
(Vell.) Verdc.), J. Aquat. Plant Manag., 45, 132-136 (2007).

165. M. Streal and D. J. Horner, Adsorption of highly soluble herbi-
cides from water using activated carbon and hypercrosslinked 
polymers, Process Saf. Environ. Prot., 78, 363-382 (2000).

166. F. L. Souza, T. Q. Teodoro, V. M. Vasconcelos, F. L. Migliorini, 
P. C. F. Lima Gomes, N. G. Ferreira, M. R. Baldan, R. L. A. 
Haiduke, and M. R. V. Lanza, Electrochemical oxidation of im-
azapyr with BDD electrode in titanium substrate, Chemosphere, 
117, 596-603 (2014).

167. I. Bernabò, A. Guardia, R. Macirella, S. Sesti, A. Crescente, and 
E. Brunelli, Effects of long-term exposure to two fungicides, pyr-
imethanil and tebuconazole, on survival and life history traits of 
Italian tree frog (Hyla intermedia), Aquat. Toxicol., 172, 56-66 
(2016).

168. National Center for Biotechnology Information, PubChem Com- 
pound Database; CID=91650, https://pubchem.ncbi.nlm.nih.gov/ 
compound/91650.

169. I. Christian M’Bra, P. Garcia-Munoz, P. Drogui, N. Keller, A. 
Trokourey, and D. Robert, Heterogeneous photodegradation of 
Pyrimethanil and its commercial formulation with TiO2 immobi-
lized on SiC foams, J. Photochem. Photobiol. A, 368, 1-6 (2019).

170. M. W. Kadi, A. A. Ismail, R. M. Mohamed, and D. W. Bahnemann, 

Photodegradation of the herbicide imazapyr over mesoporous 
In2O3-TiO2 nanocomposites with enhanced photonic efficiency, 
Sep. Purif. Technol., 205, 66-73 (2018).

171. P. Hlavinek, O. Bonacci, J. Marsalek, and I. Mahrikova, Dan- 
gerous pollutants (Xenobiotics) in Urban Water Cycle, Springer, 
Netherlands (2007).

172. P. A. Wilderer, Treatise on Water Science, Elsevier Science 
(2011).

173. Y. Luo, et al., A review on the occurrence of micropollutants in 
the aquatic environment and their fate and removal during waste-
water treatment, Sci. Total Environ., 473, 619-641 (2014).

174. W. M. M. Mahmouda, T. Rastogi, and K. Kümmerer, Application 
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Photocatalytic degradation of recalcitrant micropollutants by reus-



279Titanium Dioxide Nanomaterials and its Derivatives in the Remediation of Water: Past, Present and Future

Appl. Chem. Eng., Vol. 30, No. 3, 2019

able Fe3O4/SiO2/TiO2 particles, J. Photochem. Photobiol. A, 345, 
27-35 (2017).

187. T. An, H. Yang, G. Li, W. Song, W. J. Cooper, and X. Nie, 
Kinetics and mechanism of advanced oxidation processes (AOPs) 
in degradation of ciprofloxacin in water, Appl. Catal. B, 94, 
288-294 (2010).

188. A. Hassani, A. Khataee, and S. Karaca, Photocatalytic degrada-
tion of ciprofloxacin by synthesized TiO2 nanoparticles on mont-
morillonite: effect of operation parameters and artificial neural 
network modeling, J. Mol. Catal. A, 409, 149-161 (2015).

189. T. An, H. Yang, W. Song, G. Li, H. Luo, and W. J. Cooper, 
Mechanistic considerations for the advanced oxidation treatment 
of fluoroquinolone pharmaceutical compounds using TiO2 hetero-
geneous catalysis, J. Phys. Chem. A, 114, 2569-2575 (2010).

190. A. Achilleos, E. Hapeshi, N. P. Xekoukoulotakis, and D. 
Fatta-Kassinos, UV-A and solar photodegradation of ibuprofen and 
carbamazepine catalyzed by TiO2, Sep. Sci. Technol., 45, 1564-1570 
(2010).

191. K. Kang, M. Jang, M. Cui, P. Qui, B. Park, S. A. Snyder, and 
J. Khim, Preparation and characterization of magnetic-core tita-
nium dioxide: Implications for photocatalytic removal of ibupro-
fen, J. Mol. Catal. A, 390, 178-186 (2014).

192. J. Choi, H. Lee, Y. Choi, S. Kim, S. Lee, S. Lee, W. Choi, and 
J. Lee, Heterogeneous photocatalytic treatment of pharmaceutical 
micropollutants: Effects of wastewater effluent matrix and cata-
lyst modifications, Appl. Catal. B, 147, 8-16 (2014).

193. Y. Zhang, D. Gu, L. Zhu, and B. Wang, Highly ordered Fe3+/TiO2 
nanotube arrays for efficient photocatalytic degradation of nitro-
benzene, Appl. Surf. Sci., 420, 896-904 (2017).

194. Q. Zhen, L. Gao, C. Sun, H. Gong, P. Hu, S. Song, and R. Li, 
Honeycomb-like TiO2@GO nanocomposites for the photodegra- 
dation of oxytetracycline, Mater. Lett., 228, 318-321 (2018).

195. Y. Lara-López, G. García-Rosales, and J. Jiménez-Becerril, Syn- 
thesis and characterization of carbon-TiO2-CeO2 composites and 
their applications in phenol degradation, J. Rare Earth, 35, 551-557 
(2017).

196. R. M. Mohamed, A. A. Ismail, M. W. Kadi, and D. W. Bahnemann, 
A comparative study on mesoporous and commercial TiO2 photo-
catalysts for photodegradation of organic pollutants, J. Photochem. 
Photobiol. A, 367, 66-73 (2018).

197. A. Tiwari, A. Shukla, Lalliansanga, D. Tiwari, and S.-M. Lee, 
Au-nanoparticle/nanopillars TiO2 meso-porous thin films in the 
degradation of tetracycline using UV-A light, J. Ind. Eng. Chem., 
69, 141-152 (2019).

198. S. Feizpoor, A. Habibi-Yangjeh, and K. Yubuta, Integration of 
carbon dots and polyaniline with TiO2 nanoparticles: Substantially 
enhanced photocatalytic activity to removal various pollutants un-
der visible light, J. Photochem. Photobiol. A, 367, 94-104 (2018).

199. L. Yang, L. Xu, X. Bai, and P. Jin, Enhanced visible-light activa-
tion of persulfate by Ti3+ self-doped TiO2/graphene nanocomposite 
for the rapid and efficient degradation of micropollutants in wa-
ter, J. Hazard. Mater., 365, 107-117 (2019).


