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ABSTRACT

In recent years, environmental pollution has been considered a great concern. The

environmental pollution is cleaned by filtration, ozonation, adsorption, and

electrochemical reaction techniques but they cannot completely degrade the

organic pollutants and these techniques are also expensive. Zn-doped TiO2

nanoparticles were synthesized by the hydrothermal method and the photocat-

alytic degradation mechanism of methylene blue (MB) dye under visible light

irradiation was performed. The catalyst was characterized by transmission elec-

tron microscopy (TEM), X-ray diffraction, Raman spectra, UV–Visible reflectance

spectra, and X-ray photoelectron spectroscopy. The XRD and Raman results

indicated that doping Zn into TiO2 nanoparticles could exhibit the anatase phase.

FESEM and TEM reveal the formation of mesoporous spherical nanoparticles.

After doping absorption wavelength extended in the visible region, which is

confirmed from optical spectra. The highest photocatalytic degradation rate was

achieved 94% in 30 min under visible light and also fitted a pseudo-first-order

equation. Zn-doped TiO2 nanoparticles were found to be promising materials for

the photocatalytic decomposition of MB under visible light.

1 Introduction

In recent years, environmental pollution from the

wastewater generated by textiles, industries, domestic

waste, sewage waste, etc. has been considered a great

concern. It is cleaned by filtration, ozonation,

adsorption, and electrochemical reaction techniques.

The degradation of organic pollutants is difficult, and

it is an expensive process [1]. However, the best and

the cheapest method is photodegradation. Mostly

nanostructured wide-band semiconductors like ZnO,

TiO2, CuO, SnO2, and WO3 are apt materials for

photodegradation of organic pollutants under UV,

Visible, and Solar light [2]. Among these, TiO2 is the

best photocatalyst due to its high photoactivity, high

quantum efficiency, chemical, and physical stability,

less toxic, and low cost [3, 4]. TiO2 has three different

phases, such as anatase, rutile, and brookite phase. It
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is found that the anatase phase has the best photo-

catalytic activity. However, a major drawback of TiO2

is that it has a wide bandgap (3.2 eV). The TiO2

requires UV irradiation and as solar light contains a

very less percentage of UV light (4–5%), it is necessary

to develop a photocatalyst that should be activated by

visible light. This could be done by doping with metal

and non-metals [5]. Doping with transition metals,

like Fe2?, Mn2?, Cu2?, and Zn2?, is the most powerful

way to improve the photocatalytic activity of titania.

Among all the transition metal ions Zn2? is the best

dopant for doping due to its ionic radii [6]. Zn-doped

TiO2 is being synthesized by sol–gel [7], co-precipi-

tation [8], the hydrothermal method [9], and solid-

phase reaction [10]. The hydrothermal reaction is the

suitable method for the synthesis of transition metal-

doped titania, and it has some advantages when

compared to other conventional methods, like uni-

form particle size, different morphologies, good

homogeneity, and porosity [11, 12]. The various

reports have demonstrated different catalysts for the

degradation of MB dye, such as Nb-doped TiO2 [13],

CuO/ZnO nanocomposites [14] palladium-doped

TiO2 [15], silver-doped TiO2 [16], (Fe, N, Sb, Ce, S, Zr,

C)-doped TiO2 [17], and Cu-doped TiO2/ZnO [18].

Among these, Zn-doped TiO2 is the best candidate for

photocatalysis due to its inexpensive, non-toxic, wide

bandgap, high stability, and easy availability. Benjwal

et al. reported that Zn-doped TiO2 nanotube synthe-

sized by anodization method showed 90% degrada-

tion efficiency of MB under the visible light [19]. Seo

et al. reported that photocatalytic activity is increased

with the increasing amount of Zn particles. Especially,

in the case of TiO2:Zn (1:0.1 mmol) mixture photo-

catalyst provide 2 times higher photocatalytic activity

compared with the commercially available TiO2

photocatalyst [20]. Jiang et al. have prepared Zn-

doped TiO2 by one-step hydrothermal decomposition

method. According to the authors, the degradation

efficiency of RhB was achieved 98.7% in 60 min,

under the irradiation of visible light [21]. Rajara-

manan et al. have reported that Zn-doped TiO2 was

prepared by solvothermal method, and it showed

complete degradation of MB within 3 h of solar light

illumination [22]. Li et al. have reported that Bi–Zn-

co-doped TiO2 catalysts were prepared by the

solvothermal route and it showed that Zn acts as a

mediator for internal charge transfer. The degradation

efficiency of toluene was achieved 93% in 200 min

under visible light [23]. Gupta et al. have reported that

ZnO:TiO2 catalysts were prepared by solid-state

reaction method and 92% of quinoline degradation

was achieved in 240 min under UV light [24]. Zhang

et al. reported Potassium bichromate was degraded

40% in 150 min under Fluorescent lamp [25]. Zn-

doped TiO2 was prepared by Nguyen et al. [7] under

sol–gel method. According to author 91.4%methylene

blue (MB) degradation was achieved in 240 min

under black-light blue lamps. Therefore, systematic

investigations on tuning the bandgap of TiO2 by

preparing Zn-doped TiO2 nanocomposites to enhance

the photocatalytic activity is essential. In this article,

Zn-doped TiO2 nanoparticles were synthesized by the

hydrothermal method. The structural, optical, mor-

phological behavior, and the photocatalytic activities

of as-prepared Zn-TiO2 have been studied against MB

under the visible light irradiation and the results are

reported here.

2 Experimental procedure

2.1 Synthesis of Zn-doped TiO2

For synthesis of Zn-doped TiO2 nanoparticles, the

precursors, titanium tetraisopropoxide

[Ti{OCH(CH3)2}4, 98%], Zinc acetate dihydrate

[Zn(CH3CO2)2�2H2O, 98%], Ammonia [NH3, 98%],

Ethanol [C2H5OH, 98%], and MB [C16H18ClN3S, 99%]

were purchased from Merck and were used without

further purification. In typical synthesis Ti(1-x)ZnxO2

with x = 0.1, 0.3, and 0.5 were prepared by the

hydrothermal method. Titanium tetraisopropoxide

and zinc acetate dihydrate were used as the precur-

sors of Ti and Zn, ammonia as a surfactant, and

ethanol as a solvent. The synthesis procedure was

carried out as follows. 5 mL of titanium tetraiso-

propoxide was dissolved in 50 mL of ethanol. Zinc

solution was prepared using zinc acetate at 0.1, 0.3,

and 0.5 wt% in 50 mL of DI water. After complete

dissolution both the solutions were mixed. Ammonia

was added to the mixture to maintain pH = 7 and

then it was transferred to an autoclave which was

heated at 180 �C for 24 h. The obtained precipitate

was separated by centrifugation, washed with

deionized water and ethanol several times, and then

dried at 80 �C for 3 h. The dried samples were

annealed at 400 �C for 5 h. The resulting samples are

labeled as ZT1 for 0.1% Zn, ZT2 for 0.3% Zn, and ZT3
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for 0.5% Zn and are stored in an airtight container for

further studies.

2.2 Characterization

The structure and phase of the synthesized samples

were characterized using an X’ Pert PRO (PAN ana-

lytical diffractometer using Ka (k = 1.5405 9 10–10 m)

radiation at a scan rate of 0.02�/s. The morphology

was measured by FEI Quanta FEG200 Field Emission

Scanning Electron Microscope (FESEM). Transmis-

sion electron microscopy (TEM) images were recor-

ded using a JEOL JEM 2100F microscope at an

accelerating voltage of 200 kV. Functional group

analysis was carried out by Bruker IFS 88 Fourier

Transform Infrared (FTIR) spectrometer equipped

with an MCT cryodetector. Optical absorption stud-

ies were done by Shimadzu UV-2600 spectropho-

tometer. X-ray photoelectron spectra (XPS) were

measured by Shimadzu ESCA 3100.

2.3 Photocatalytic measurement

The photocatalytic activities of the Zn-doped TiO2

nanoparticles were tested against MB dye in an

aqueous solution. The degradation experiment was

carried out by employing an immersion-type pho-

toreactor constructed by a double-layer quartz tube

container. The photocatalytic activity was carried out

using a 150 W (Heber Scientific Suppliers) tungsten

lamp of 400 nm wavelength and the irradiation

intensity measured by lux meter was 23,000 lux. The

aqua MB dye solution (100 mL; 3 ppm) was pre-

pared. The absorption spectrum recorded using a

UV–Visible spectrometer showed maximum absorp-

tion intensity at 664 nm. Then, 10 mg of synthesized

sample was added to the MB dye solution and the

solution was continuously stirred for 10 min in dark

conditions to analyze adsorption and desorption

equilibrium between the catalyst and MB dye. The

stable aqueous dye solution was exposed to visible

light irradiation for 10 min and at every 10-min

interval, the UV absorption spectra were recorded

and continued for a total period of 30 min at the end

of the cycle, the solution was centrifuged to separate

TiO2 particles. The photodegradation percentage of

MB is calculated from the following Eq. (1) [26, 27].

D %ð Þ ¼ 1� Ct

C0

� �
� 100; ð1Þ

where C0 is the initial concentration of the dye solu-

tion and Ct is the concentration of the dye solution at

every 10-min interval during the photocatalytic

reaction.

3 Results and discussion

The phase purity and crystal structure of the Zn-

doped TiO2 nanoparticles (ZT1, ZT2, ZT3) were

determined by XRD as shown in Fig. 1a. The

diffraction peaks are observed at 25.22�, 37.89�,
47.92�, 53.98�, 54.99�, 62.67�, 68.91�, 70.22�, and 75.05�
for ZT3 which corresponds to (1 0 1), (0 0 4), (2 0 0), (1

0 5), (2 1 1), (2 0 4), (1 1 6), (2 2 0), and (2 1 5) lattice

planes of the tetragonal structure of anatase phase

TiO2. These values are well matched with JCPDS

Card No. (21-1272) [28]. It is observed that the

diffraction angle of ZT3 slightly shifts to the lower

angle (less than 0.09 degree) when compared to ZT1

[29]. Figure 1b is the extended view of XRD. It shows

that the diffraction peak position slightly shifts to a

lower angle with increasing Zn concentration. When

the concentration of Zn increases, the particle size

increases due to the formation of ZnO, and the ionic

radius of Zn2? (0.072 nm) is larger than that of Ti4?

(0.061 nm), [30, 31]. The interplanar distance increa-

ses from 0.348 to 0.350 nm which is calculated from

Bragg’s equation. This confirms the size increases

after Zn doping, which reveals the incorporation of

dopants in the host crystal lattice [32].

The crystal phases of Zn-doped TiO2 nanoparticles

can be identified by Raman spectroscopy. Raman

spectra of Zn-doped TiO2 nanoparticles are shown in

Fig. 2. The peak at 143.2 cm-1 (sharp and strong),

197.4 cm-1 (very weak), and 637 cm-1 (weak) corre-

sponds to the Eg mode of symmetric stretching

vibrations of O–Ti–O [33]. The other peaks at

396.7 cm-1 were assigned to B1g mode due to the

symmetric bending vibrations and 515 cm-1 assigned

to A1g mode due to the anti-symmetric bending

vibrations [34, 35]. As Zn content increases, the

intensity of Raman peak decreases as well as a slight

shift is observed in B1g mode (from 396.7 to 399 cm-1)

of TiO2. This confirms the presence of Zn atom in the

TiO2 lattice, which leads to the formation of a new

bond Zn–O–Ti in the lattice [36, 37]. This shift is

responsible for the generation of defects like oxygen

vacancies in the host lattice and an increase in
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crystallite size. A similar trend in XRD confirms the

presence of Zn atom in the TiO2 lattice.

Themorphology of the Zn-doped TiO2 nanoparticles

was predicted by FESEM analysis. The obtained

micrographs are presented in Fig. 3. All the samples are

globular, small aggregate mesoporous nanoparticles

grown one on the other as presented in Fig. 3(1(a)) and

(2(a)). The particle size as measured through imageJ

analysis is found to be in the range of 10–25 nm [38, 39].

When the concentrationofZn increases theTiO2 surface

is densely surroundedbyZnOnanoparticles due to this

cauliflower-like structure formed as shown in

Fig. 3(3(a)). TEM images of the samples reveal that the

particles are agglomerated and have a size distribution

around 10 nm–20 nm [40] as shown in Fig. 3(1(b))–

3(b)). From the HRTEM images [Fig. 3(1(c)) to (3(c))], it

is apparent that the particle are non-uniform and

highly crystalline. The uniform fringes with a lattice

spacing of 0.35 nm corresponding to (101) anatase

phase are observed. Many researchers reported differ-

ent morphologies, like nanorods, nanotube, and nano-

sphere. Among these the catalyst with spherical nature

can provide large surface area, ample transportation,

penetration of light waves deep into the catalyst, and

more reactive sites induced during the photocatalytic

reaction, which can enhance the photocatalytic degra-

dation process [41, 42]. EDAX was performed using

FESEM. EDAX spectra of Zn-doped TiO2 are repre-

sented in Fig. 4a–c. It demonstrates the presence of Ti

and Zn and inserted table shows the approximate

weight percentage of prepared samples.

FTIR was used to identify the functional groups and

chemical bonding in TiO2 and ZnO nanoparticles in

the wavenumber range of 400 cm-1 to 4000 cm-1.

Figure 5 shows the FTIR spectra of Zn-doped TiO2

nanostructures. The absorption band around

3651 cm-1which is assigned to the stretching vibration

Fig. 1 a XRD pattern of Zn-doped TiO2 samples and b extended

view of XRD

Fig. 2 Raman spectra of Zn-doped TiO2 nanoparticles

J Mater Sci: Mater Electron (2022) 33:9798–9813 9801



of the hydroxyl group (–OH) and 1635 cm-1 is

assigned to the bending mode of hydroxyl group (–

OH) vibrations [43, 44]. The absorption band at

2339 cm-1 can be assigned to anti-symmetric stretch-

ing vibrations of the CO2 band [45]. The peak at

667 cm-1 is assigned to vibration modes of metal–

oxygen bonds like Zn–O and the small peak at

458 cm-1 corresponds to Ti–O–Ti bonds [46, 47]. These

results confirm that Zn is incorporated into the TiO2

structure. Thepeakat 667 cm-1 is assigned tovibration

modes of metal–oxygen bonds like Ti–O–Ti and cor-

responds to Zn–O bonds.

The optical absorption of the samples was studied

by UV–Vis diffuse reflectance spectra as shown in

Fig. 6a. From Table 1, many researchers reported

[7, 16, 24, 53, 60, 62–64] better degradation perfor-

mance under UV. Tariq et al. [48] reported that Zn-

doped TiO2 exhibited the highest Transmittance

value in the visible spectrum (400–800 nm). The

fundamental absorption edge was found to be loca-

ted at 350 nm for pure TiO2, which was noticed to

have a redshift to 396 nm upon Zn doping by

0.1 mol%, thus indicating a reduction in the bandgap

energy (Eg) due to the formation of intermediate

donor levels below the conduction band (CB).

The sample ZT1 displayed an absorption peak at

396 nm. Moreover, the absorption peak shifted to a

higher wavelength of 412 nm for ZT2 and 415 nm for

ZT3. The observed peak shift in UV spectra corre-

sponds to the redshift. The redshift implies that the

introduction of a new impurity level in between the

CB and valance band (VB) of TiO2 by doping of Zn

[49]. When the concentration of Zn increases, the

absorption edge shifted to the visible region. This

may be assigned to the Zn which can dope into the

surface of TiO2 particles and decrease the bandgap

[50]. The bandgap of the samples is calculated using

the Tauc’s plot equation given by

ahtð Þ ¼ Aðht� EgÞn; ð2Þ

where a, m, A, and Eg are the absorption coefficient,

frequency, proportionality constant, and bandgap

Fig. 3 FESEM, TEM, and HRTEM images of ZT1 [1(a), (b), and (c)], ZT2 [2(a), (b), and (c)], and ZT3 [3(a), (b), and (c)]
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energy, respectively. In above equation n = 2 is a

constant for direct transition [51]. The bandgap val-

ues of samples ZT1, ZT2, and ZT3 are 3.13 eV,

3.08 eV, and 2.98 eV as Zn content increases from 0.1

to 0.5 wt% as shown in Fig. 6b. The obtained band-

gap values of doped TiO2 nanostructures of the

present work suggest the enhancement in the pho-

tocatalytic activity.

XPS was used to investigate the surface composi-

tion and chemical states of Zn-doped TiO2 nanopar-

ticles. Figure 7a shows that Ti 2p of Zn-doped TiO2

has two peaks, such as Ti 2p3/2 and Ti 2p1/2. Both of

the peaks can be observed at 458 eV and 464 eV

attributing to Ti4? [52, 53]. These values are much

lower in binding energy compared to other reported

values of pure TiO2, this implies that Zn is present in

the TiO2 lattice. Similar results were reported by

Benjwal et al. [19]. Figure 7b shows the state of the

Zn-doped TiO2 sample. The Zn 2p was divided into

two states such as Zn 2p3/2 and Zn 2p1/2 due to spin-

coupled states. The peak at 1022.1 eV and 1045.4 eV

corresponds to Zn 2p3/2 and Zn 2p1/2, respectively.

This confirms the presence of Zn2? in the prepared

sample [54]. The peak was shifted toward higher

binding energies, and this indicates the presence of

Zn species interstitially on the host lattice [55]. Fig-

ure 8a–c shows the core-level spectra of the O1s, and

the peaks at 529.6 eV (ZT1), 529.6 eV (ZT2), and

529.7 eV (ZT3) corresponds to lattice oxygen (OL) of

TiO2 and 530.1 eV (ZT1), 530.2 eV (ZT2), and

Fig. 4 EDAX analysis of Zn-doped TiO2: a ZT1, b ZT2, and c ZT3

Fig. 5 FTIR spectra of Zn-doped TiO2
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530.4 eV (ZT3) is assigned to the binding oxygen (OB)

of ZnO. The O1s peak of ZT3 was slightly shifted to

higher binding energy compared to ZT1. This implies

that the oxygen atoms increase on the surface of the

TiO2. It indicates that sample ZT3 possesses a more

oxygen defect state compared to ZT1. Hence, sample

ZT3 has more oxygen vacancies which enhance the

photocatalytic activity [56]

3.1 Photocatalytic activity of Zn-doped
TiO2

Methylene blue was considered as a model dye to

evaluate the photocatalytic activity of the photocata-

lysts under visible light irradiation and the results are

shown in Fig. 9. Three ppm of aqueous MB was

prepared by 100 mL using deionized water. The dye

solution with the catalyst was stirred in the dark for

10 min until adsorption–desorption equilibrium is

achieved. To achieve an absorption–desorption

equilibrium state the solution need to be kept in the

dark before light irradiation. This is then commonly

analyzed in terms of the Langmuir model for

absorption and subsequently, in terms of the Lang-

muir–Hinshelwood model from the point of view of

kinetics. Although in many cases the absorption–

desorption equilibrium is achieved very rapidly,

some cases may take longer, thus the reason for rel-

atively long periods is being left in fundamental

studies. No significant decrease in the concentration

of the dye was observed after 10 min for all the

samples. Initially, degradation of MB in presence of

10 mg/100 mL of catalyst was tested without light

for 30 min. For all the samples, the decrease in

absorbance was only 13%–15% in absence of light.

The decrease in absorbance can be attributed to the

adsorption of dye on the catalyst surface and not

because of the photodegradation activity of the cat-

alyst. Figure 9a–c shows time-dependent UV–Visible

absorption spectra of the MB solution in the presence

of Zn-doped TiO2. The dominant absorption of MB is

registered at 664 nm. After 10 min absorption is

rapidly decreased to 640 nm due to the hyp-

sochromic effect. The highest degradation efficiency

is 94%. Different contents of Zn on the photodegra-

dation of MB under visible light are shown in Fig. 9d.

When Zn dopant increases from 0.1 to 0.5%, its

photocatalytic activity increases. The degradation

percentage is calculated to be 93% for ZT1, 79.5% for

ZT2, and 94% for ZT3, respectively. The comparison

was made between the photocatalytic decomposition

performed in this work and other reported work as

shown in Table 1.

Photocatalytic activity mainly depends on the

recombination rate of photogenerated electrons and

holes produced in the subject of photodegradation of

MB under visible light. Zn and TiO2 are both wide

bandgap semiconductors. Even though the bandgap

of Zn (3.37 eV) is larger than TiO2 (3.2 eV) the Fermi

level of TiO2 is lower than that of ZnO [57]. It means

that the photogenerated electrons readily transfer

from ZnO to TiO2 due to the sub-energy level lying

Fig. 6 a UV–Vis diffuse reflectance spectra Zn-doped TiO2 nanoparticles and b Tauc plot of Zn-doped TiO2 nanoparticles
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very close to the CB of TiO2, and the photogenerated

electrons at the CB can be transferred to the doping

energy level. Thus, the dopant acts as efficient elec-

tron traps, which promote the separation of photo-

generated electrons and holes and enhance the

photocatalytic activity. Figure 9e shows the pho-

todegradation of MB solution for different photocat-

alysts. A quantitative relationship of the enhanced

photocatalytic activity was studied using the Lang-

muir–Hinshelwood kinetics model. Figure 9f shows

Table 1 Comparison on the photocatalytic performances of Zn-doped TiO2 nanostructures in this research with that of those reported in

various literatures

S.no Year Author Material Morphology Light source Dye Irradiation

time (min)

Degradation

percentage (%)

1 2011 Nguyen et al.

[7]

Zn-doped TiO2 Spherical Black-light

blue lamps

Methylene blue 240 91.4

2 2017 Khaki et al.

[60]

Cu-doped TiO2/ZnO Nanorod Fluorescent

lamp

Methylene blue 150 76.8

Methyl orange 150 87.43

3 2016 Chen et al.

[53]

ZnO/TiO2 Nanofiber UV light Rhodamine B 16 92.57

4 2012 Zhang et al.

[61]

TiO2/ZnO Nanofiber Mercury

light

Methyl orange 40 85

4-Nitropheno 40 95

5 2013 Pant et al. [62] TiO2/ZnO Nanoflower UV light Methylene blue 120 68

6 2012 Pan et al. [63] ZnO Nanoflower

containing TiO2

Nanoflower UV light Methylene blue 180 69.7

7 2019 Zhang et al.

[25]

transition metal (Cu,

Fe, Zn)-doped TiO2

Nanoclusters Fluorescent

lamp

Potassium

bichromate

150 40

8 2007 Huimin et al.

[64]

Zn-doped TiO2 Nanotube Visible light Pentachlorophenol 120 18.4

UV light Pentachlorophenol 120 73.5

9 2020 Gupta et al.

[24]

ZnO:TiO2 mixed

oxide

Spherical UV light quinoline 240 92

10 2018 Nguyen et al.

[15]

Palladium-doped TiO2 Spherical UV light Methylene blue 120 99.4

Methyl orange

11 2012 Nainani et al.

[16]

Silver-doped TiO2 Spherical UV light Methyl orange 180 91.5

12 2014 Bhosale et al.

[17]

Doped TiO2 Spherical Solar light Methylene blue 60

Fe- 93.1

N- 91.3

Sb- 85

Ce- 80

S- 37

Zr- 80

C-TiO2 98.7

13 2018 Khaki et al.

[18]

Cu-doped TiO2/ZnO Nanoparticle Visible light Methylene blue 120 73.2

Methyl orange 85.5

14 Present work Zn-doped TiO2 Spherical Visible

light

Methylene blue 30 94

C-TiO2 corresponds to carbon decorated TiO2 nanostructure and Zn-TiO2 is present work reported in this manuscript are given in bold
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the kinetic curve of photocatalytic degradation of MB

with different catalysts. The degradation of MB

under visible light obeyed the pseudo-first-order

reaction kinetics as follows,

ln
C0

Ct

� �
¼ Kobst; ð3Þ

where C0 is the initial concentration of the dye solu-

tion, Ct is the concentration of the dye solution at

every 10 min, and Kobs is the apparent rate constant.

The values for the degradation rate constant are

shown in Table 2. The higher rate constant of about

0.07625 min-1 at ZT3 against MB dye solution is due

to the presence of relatively higher OH- ions which

readily react with holes to form free radicals [51].

3.2 The plausible photocatalytic
mechanism of Zn-doped TiO2

nanoparticles

The Plausible photocatalytic mechanism of Zn-doped

TiO2 nanoparticles toward the degradation of MB

under visible light is illustrated in Fig. 10. The Zn-

doped TiO2 sample is exposed to visible light electron

transfer from VB to CB, leaving a hole in the VB at

both the catalysts. Electron transfer from the CB of

ZnO to the CB of TiO2 and holes transfer from the VB

of TiO2 to the VB of ZnO. Moreover, the electron may

react with dissolved oxygen forming superoxide

radicals (�O2
-). The hole in the VB reacts with a water

molecule to produce hydroxyl radicals (OH�). After

doping sub-bands are formed into the forbidden

band of TiO2 lattice, as a result the bandgap energy

decreased. When increasing the content of Zn pho-

tocatalytic activity increases up to optimum weight of

Zn. The optimum content of Zn is the important

factor for photocatalytic performance. Beyond the

optimum weight, Zn acts as a recombination center

where it induces the electrons/holes pair recombi-

nation, thus reducing the photocatalytic activity as

shown in Fig. 10. Due to that recombination of charge

carriers was suppressed and enhanced the photocat-

alytic efficiency [53]. The steps in the mechanism of

the photocatalytic degradation equation are shown

below [58].

Zn� TiO2 photocatalyst þ hm ! hþ þ e� ð4Þ

hþ þH2O ! OH� þ Hþ ð5Þ

hþ þOH� ! OH� ð6Þ

hþ þ dye ! Oxidation products ð7Þ

O2 þ e� !� O�
2 ð8Þ

�O�
2 þ 2Hþ ! H2O2 ð9Þ

e� þ H2O2 ! OH� ð10Þ

Dyeþ e� ! Reduction products ð11Þ

OH� þDye MBð Þþ O2! CO2þH2O
þ other degradation products

To study the photocatalytic process under visible

light, active species generated during the reaction

were identified by electron and hole scavenging

experiments. To detect the active species during the

photocatalytic reaction, benzoic acid (BA) and the

Fig. 7 XPS core-level spectra of Zn-doped TiO2 for a Ti 2p

and b Zn 2p
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sodium salt of ethylenediamine tetraacetate (EDTA)

were introduced into the catalyst solution as scav-

engers, respectively, of electrons and holes. The

photodegradation of MB catalyzed by ZT3 in the

presence of these various scavengers under visible

light illumination is shown in Fig. 11. Compared with

the scavenger-free system, the dye degradation effi-

ciency in the presence of Electron scavenger BA was

54.26%. In contrast, the reaction with the addition of

hole scavenger EDTA was almost inhibited with

72.43% of MB degradation after 30 min. This may be

concluded that hole (h?) radical is the major oxida-

tive species responsible for photooxidative conver-

sion of MB [59]

3.3 Reusability

Studying the stability and reproducibility of the

photocatalyst is very important. Hence, the photo-

catalyst was monitored by repeating the reaction

procedure. At the end of each reaction, the photo-

catalyst was cleaned using ethanol and distilled

Fig. 8 XPS spectra of Zn-doped TiO2 for O 1s: a ZT1, b ZT2, and c ZT3

cFig. 9 a–c for ZT1 to ZT3, time-dependent UV–Visible

absorption spectra of the MB solution in the presence of Zn-

doped TiO2. d Different contents of Zn on the photodegradation

efficiency of MB under visible light. e Photodegradation of MB

solution for different photocatalysts. f Kinetic curve of the

different photocatalysts
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water to get precipitate. Then dried in hot air oven 80

�C for 1 h to reuse for the next reaction. The degra-

dation rate was detected at 94% for the first time, the

second time slightly decreased to 92.8%, and the third

time 91.3% as shown in Fig. 12. This clearly shows

that ZT3 has a better stability.

4 Conclusion

Zn-doped TiO2 nanostructures were synthesized by

hydrothermal method with different Zn concentra-

tions. XRD and Raman analyses confirm the forma-

tion of a pure anatase form of TiO2 with a tetragonal

structure. FTIR was used to identify the functional

groups of metal–oxygen bonds, like Ti–O and Zn–O

bonds. When the concentration of Zn increases the

TiO2 nanocrystals are densely surrounded by ZnO

nanoparticles and this was confirmed by the

Table 2 Observed pseudo-first-order rate constants, R2 values, maximum degradation (%), and time required for maximum degradation of

Zn-doped TiO2 nanostructures

Sample Kobs (min-1) R2 Maximum degradation (%) Time taken for maximum degradation (min)

ZT1 0.07066 0.9869 93 30

ZT2 0.03481 0.7596 79.5 30

ZT3 0.07625 0.9898 94 30

Fig. 10 Plausible mechanism of the MB degradation using the Zn-doped TiO2 nanoparticles

Fig. 11 Effect of MB degradation over ZT5 in the presence of

various scavengers
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formation of a cauliflower-like structure from

FESEM. From the optical absorption spectra, the

binding energy of the synthesized samples decreased

from 3.13 eV to 2.98 eV, as the Zn content increases.

The shift in XPS analyses confirms the incorporation

of Zn in TiO2 lattice. Photocatalytic activity of the

samples was studied and the sample ZT3 showed a

higher apparent rate constant of about 0.07625 min-1

and degradation efficiency value (94%) in 30 min

under visible light.
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