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Abstract: In this paper, Ti-doped ZnO nanostructures are synthesized using citric acid sol-gel (citrate route) method. 

Synthesized nanostructures are calcined at two different temperatures; 400 and 600 C. A comprehensive study of the 

effect of Ti incorporation on the crystal structure, nanostructures size, shape, and elemental composition, as well as the 

optical properties of the doped ZnO nanostructures is reported. Mixed phases of hexagonal ZnO and cubic ZnTiO3 are 

detected at high Ti concentrations (≥12%) and calcination temperatures of 600 C. This is further confirmed by optical 

studies where absorbance as well as diffuse reflectance edges characteristic of ZnTiO3 are detected. XRD studies confirm 

the successful doping and provide a clear indication that Ti is replacing the Zn atoms substitutionally. Doped ZnO 

morphology changed from nanoflakes to nanostructures with porous nature as Ti content increases. EDX analysis shows 

the Ti content to increase as the Ti/Zn molar ratio increases in the synthesized samples. The optical bandgap is found to be 

sensitive to the Ti content and can be tuned by varying the Ti concentration. 

Keywords: Ti-doped ZnO nanostructures, ZnO – ZnTiO3 nanocomposites, XRD, SEM, EDX. 
 

1. Introduction 

Zinc oxide (ZnO) is a wide bandgap semiconductor material 

(Eg ~ 3.37 eV), with a high transmission in the visible region, 

high electron mobility as well as excellent photoluminescence 

properties [1, 2]. ZnO doped with transition metals has the 

potential to be a highly functional material with coexisting 

magnetic, semiconducting, electromechanical, and optical 

properties [3]. Meanwhile, ZnO nanomaterials coupled with 

other metal oxide semiconductors facilitate enhanced 

photocatalytic activity [4].  

Titanium doping of ZnO oxide has recently drawn a lot of 

attention due to the fact that, unlike group III elements (such as 

B, Al, Ga, and In), Ti-doping can provide two loosely-bound 

electrons per atom which, in turn, enhances the conductivity 

and photoresponse of the ZnO host [5]. It has been previously 

reported that, in comparison with pure ZnO, Ti-doped ZnO has 

enhanced green emission [6, 7]. Furthermore, Ti-doping of 

ZnO has been heavily investigated because of ZnO wide 

applications in gas sensors, light-emitting diodes, solar cells, 

UV lasers, UV photodetectors, field-effect transistors, 

piezoelectric transducers, antibacterial and UV protection, as 

well as many other biomedical and optoelectronic applications. 

Incorporation of Ti in ZnO nanostructures may also result in 

the formation of mixed oxide nanocomposites of ZnO-TiO2. In 

fact, Ti incorporation into the ZnO structure, both as a dopant 

or in the form of a mixed oxide, is not yet fully understood. In 

addition, upon calcination of ZnO-TiO2 composites  at 500, 

600 and 700 C, different products are synthesized [7, 8]: 

𝑍𝑛𝑂 +  𝑇𝑖𝑂2  →  𝑍𝑛𝑇𝑖𝑂3                   (1) 

2𝑍𝑛𝑂 +  𝑇𝑖𝑂2  →  𝑍𝑛2𝑇𝑖𝑂4                (2) 

2𝑍𝑛𝑂 +  3𝑇𝑖𝑂2  →  𝑍𝑛2𝑇𝑖3𝑂8                                           (3) 

Zinc titanate (ZnTiO3), for example, has superior electrical 

properties that are useful for applications towards 

microwave dielectrics. 

Interest in ZnO-TiO2 compounds arises from the fact that 

they have characteristics common to both individual oxides 

[2, 9-13]. Moreover, ZnO as well as TiO2 nanostructures 

are known to have enhanced performance over the bulk 

material with numerous applications in photocatalysis, 

biomedicine, optical detection and bioimaging [14-21]. 

ZnO-TiO2 nanocomposite formation has been previously 

studied by many research groups [22-40] where 

improvement in Sun Protection Factor (SPF) [23], higher 

transparency in the visible region [24], and greater 

photocatalytic activity [25-29] have been reported. Further 

applications in dye-sensitized solar cells, ink and herbicide 

degradation, gas sensors, and photocatalysis for water 

splitting have been extensively investigated [30-40]. 

In the meantime, various methods have been employed to 

synthesize ZnO-TiO2 nanocomposites such as chemical 

vapor deposition, sol-gel, combustion, ultrasonic spray 

pyrolysis, hydrothermal, coprecipitation, electrospinning, 

thermal decomposition of salts, etc. [13, 29, 41-47]. The 

synthesis mechanism, however, has a deep impact on the 

structure, physical and chemical properties of the 

nanocomposites [24, 48].  

Sol-gel, which is the synthesis method employed in this 
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work, is considered as one of the most popular methods to 

grow metal oxide nanostructures because of its simplicity, 

reliability, reproducibility, and cost effectiveness [49-53]. 

In the citric acid sol-gel (citrate route) method, citric acid 

which is an effective chelating agent is mixed with an 

aqueous metal salt and the prepared solution is heated up to 

form a viscous solution or Gel. As the "metal-citrate" gel is 

heated, the organic component burns at ~ 250 – 300 °C. 

Milling and then annealing the resulting powder produce 

the metal oxide nanostructures. During the sol-gel synthesis 

process, citric acid acts as a chelating agent for metal ions 

as well as an organic fuel during the calcination process.  

In the present work, ZnO nanoflakes and Ti-doped ZnO 

nanostructures with different titanium content were 

synthesized using citrate route method. The synthesized 

nanostructures are calcined at two different temperatures: 

400 and 600 C. The Ti-doping effect on the crystal 

structure, nanostructures size, shape, and elemental 

composition, as well as the optical properties of the doped 

ZnO nanostructures are studied using X-ray diffraction 

(XRD), scanning electron microscopy (SEM) and energy 

dispersive X-ray (EDX) analysis, and UV-V is 

spectroscopy, respectively. The lattice parameters, 

crystallite size, micro-strain, Zn–O bond length, and d-

spacing of the obtained samples are calculated using 

Williamson-Hall [54] and Rietveld-refinement method 

(MAUD program) [55]. The crystallite plot of undoped as 

well as Ti-doped ZnO nanostructures synthesized at 

different Ti content is obtained using the anisotropic size-

strain model (Popa rules model) [56].     

2. Experimental Details 

2.1 Chemicals and Synthesis  

Chemical reagents used are of analytical grade (purchased 

from Techno PharmChem) and were used as received 

without additional purification. Zinc acetate dehydrates; Zn 

(AC)2.2H2O and citric acid (H3Cit or C6H8O7) with molar 

ratio 1:2 is dissolved in 25 ml deionized water, separately. 

The citric acid solution is kept on a magnetic stirrer at room 

temperature and the zinc acetate dehydrates solution was 

added dropwise, then the reaction mixture is maintained at 

room temperature for about an hour [57]. For Ti-doping, a 

specific amount of titanium isopropoxide is added to the 

mixture. After 1 h, the solution is heated to 85 °C, then to 

120 °C, until it turns more and more viscous and finally 

becomes a xerogel, and then heated again for 1 h at 250 °C 

for complete drying. The obtained precursor is grounded 

into a powder then calcined at 400 °C for 1 h then cooled 

down until room temperature is reached. Doping with 

titanium content ranging from 2 % to 20 % is investigated.  

2.2 Characterization 

X-ray Diffraction (XRD)  

XRD measurements were carried out using JEOL X-ray 

unit (Model JSDX-60PA) equipped with a Cukα-radiation 

(λ = 0.154184nm). X-ray source was operated at 40kV and 

35mA. Samples were scanned from 30o to 100o with 

continuous slow scanning rate (1o min-1) and a small (1 sec) 

time constant. 

Scanning Electron Microscopy (SEM) and Energy 

Dispersive X-ray (EDX) Analysis 

Nanostructure size and elemental composition of the 

synthesized samples were studied using JEOL Scanning 

Electron Microscope (Model JSM – IT 200) with an 

operating voltage of 25 kV.  

Ultraviolet-Visible (UV-Vis) spectroscopy 

The optical characterization was carried out by measuring 

the absorbance as well as the diffuse reflectance 

spectroscopy in UV-Vis range, which result from the 

electronic transitions of a solid structure when irradiated 

with ultraviolet or visible light. With the help of the 

resulting absorption/ diffuse reflectance spectra, the 

magnitude of the bandgap is calculated [58]. Spectra were 

obtained using JASCO V-670 UV-Vis-NIR 

spectrophotometer in the range from 200 nm to 800 nm, at 

100 nm/min scanning speed. Barium sulfate (BaSO4) was 

used as the reference material. 

3. Results and Discussion 

3.1 X-ray Diffraction 

The powder XRD pattern (Fig. 1a) of the prepared samples 

calcined at 400 °C for 1 h with different Ti concentrations 

shows pure hexagonal wurtzite ZnO structure with a main 

(101) reflection and eight other reflections characteristic of 

the (100), (002), (102), (110), (103), (200), (112), and (201) 

planes (JCPDS card No. 80-0075). However, the XRD 

pattern of the sample with 14% and 20% Ti concentration 

calcined at 600 °C (Fig. 1b) shows mixed ZnO and ZnTiO3 

phases, with new reflections characteristic of the (220), 

(311), (400), (422), and (440) planes of the ZnTiO3 cubic 

phase (JCPDS card No. 39-0190). The content of the ZnO 

and ZnTiO3 phases in each XRD pattern are determined 

using the following equations [6]: 

𝑍𝑛𝑂 (%) =
𝐼𝑍𝑛(101)

𝐼𝑍𝑇(311)+𝐼𝑍𝑛(101)
× 100                                  (4) 

𝑍𝑛𝑇𝑖𝑂3 (%) =
𝐼𝑍𝑇(311)

𝐼𝑍𝑇(311)+𝐼𝑍𝑛(101)
× 100        (5) 

where 𝐼𝑍𝑛(101) and 𝐼𝑍𝑇(311) denote the relative integral 

intensities of (101) and (311) for the ZnO and ZnTiO3 

phases, respectively. 

We have observed that at low Ti concentration, only Ti-

doped ZnO nanostructures are formed while at high 

concentrations (≥12%) mixed oxide nanocomposites of 

ZnO – ZnTiO3 are formed. Table 1 indicates that the 

content of zinc titanate (~ 42%) is independent of the Ti 

concentration, which means that, at high Ti content, part of 

the Ti4+ ions are still replacing Zn2+ ions substitutionally in 
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the ZnO host and Ti-doping coexists with mixed oxide 

formation of ZnO – ZnTiO3. Formation of mixed zinc oxide 

– zinc titanate composites at high Ti content and high 

calcination temperature has been previously reported [6, 7].  

Table 1: ZnO and ZnTiO3 phases content of samples 

calcined at 600 °C. 

Ti – content I311 I101 ZnO% ZnTiO3% 

14 % 570 790 58.08 41.91 

20 % 560 775 58.05 41.94 

ZnO – TiO2 as well as other Zn – Ti mixed oxide formation 

at high Ti content has also been reported [8, 59]. ZnTiO3 

cubic and hexagonal phases have also been detected at high 

calcination temperatures [60, 61]. The proposed mechanism 

for ZnTiO3 formation at high calcination temperatures is 

the following [61]: 

3𝑍𝑛𝑇𝑖(𝑂𝐻)6
       <400 °𝐶       
→         𝑍𝑛2𝑇𝑖3𝑂8  (𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) + 𝑍𝑛𝑂 + 9𝐻2𝑂    (6) 

𝑍𝑛2𝑇𝑖3𝑂8  (𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) + 𝑍𝑛𝑂
       400 °𝐶−500°𝐶       
→              𝑍𝑛2𝑇𝑖3𝑂8  (𝑐𝑢𝑏𝑖𝑐) + 𝑍𝑛𝑂    (7) 

𝑍𝑛2𝑇𝑖3𝑂8  (𝑐𝑢𝑏𝑖𝑐) + 𝑍𝑛𝑂
       600 °𝐶−700°𝐶       
→              3𝑍𝑛𝑇𝑖𝑂3 (𝑐𝑢𝑏𝑖𝑐)                              (8) 

3𝑍𝑛𝑇𝑖𝑂3 (𝑐𝑢𝑏𝑖𝑐)
       700 °𝐶−900°𝐶       
→              2𝑍𝑛𝑇𝑖𝑂3 (𝑐𝑢𝑏𝑖𝑐) + 𝑍𝑛𝑇𝑖𝑂3 (hexagonal)     (9) 

It is worth noting that the observed decrease in the peak 

intensity of the doped samples is attributed to a decrease in 

the crystallinity of the ZnO nanostructures with Ti-doping, 

especially at high Ti content.  

The micro-strain (ε) of the obtained samples is calculated 

using Williamson–Hall method [54]:  

𝐵 𝑐𝑜𝑠𝜃 = 𝐾 𝜆/𝐷𝑐 + 2𝜀 𝑠𝑖𝑛𝜃        (10) 

where Dc is the average crystallite size, ε is the strain 

introduced inside the sample, θ is the Bragg angle, λ is the 

wavelength, K is a constant (= 0.89), and B is the full 

width at half maximum (FWHM).  

As shown in Fig. 2a, the crystallite size decreases with 

increasing Ti content in the ZnO host. Apparently, the 

presence of Ti4+ ions decrease the number of reactive Zn2+ 

ions which, in turn, results in a slow nucleation process due 

to the lack of zinc citrate complex formation. This will 

result in a smaller crystallite size. That is why the crystallite 

size decreases (from 44.3 nm to 17.28 nm) as the Ti content 

increases (from 0 % to 20 %). It is worth noting that a 

polymeric zinc citrate complex, [Zn(H2Cit)(H2O)]𝑛, is 

usually formed at low pH [62]: 

Zn2+ + H3Cit + H2O  ⇌  [Zn(H2Cit)(H2O)]𝑛      (11) 

Thermal decomposition of the zinc citrate complex leads to 

the formation of zinc oxide [63]. The lack of zinc citrate 

complex will also have a negative impact on the 

crystallinity of the Ti-doped ZnO samples as indicated by 

the decrease in the XRD peak intensities observed in Fig. 

1a. 

 

 

Fig. 1: XRD patterns of Ti-doped ZnO nanostructures 

synthesized at different Ti content: (a) calcined at 400°C; 

(b) calcined at 600°C. 

Interestingly, lattice micro-strain is observed to vary in an 

opposite manner to that of the crystallite size (Fig. 2a). This 

can be explained when a decrease in crystallite size 

typically results in an increase in grain boundary regions. 

These regions are highly defective in nature. As a result, 

many defects/dislocations are introduced, and the micro-

strain increases with increasing Ti content in the ZnO host. 
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Fig. 2: a) Crystallite size and micro-strain; b) Lattice 

parameters of Ti-doped ZnO nanostructures synthesized at 

different Ti content. 

Fig. 2b shows the lattice parameters as a function of Ti 

content. As expected, the lattice parameters increase 

slightly with Ti content due to the fact that the ionic radius 

of Ti4+ is about 74.5 Å, whereas that of the Zn2+ is about 74 

Å [64]. Similar behavior has been detected for the unit cell 

volume of the hexagonal structure of Ti-doped ZnO 

samples (Fig. 3a). To confirm the successful doping of ZnO 

with Ti, the interplanar d-spacing of different planes of Ti-

doped ZnO nanostructures synthesized at different Ti 

content is calculated and shown in Fig. 3b. 

 

 

Fig. 3: a) Unit cell volume; (b) d-spacing of different 

planes of Ti-doped ZnO nanostructures synthesized at 

different Ti content. 

It is evident that no significant change in the d-spacing 

values is detected for all Ti content. Similar observation is 

noted for Zn–O bond length calculated for undoped as well 

as Ti-doped samples, as enlisted in Table 2. 

Table 2: Crystallite size and microstructural parameters obtained from the XRD analysis using Rietveld method. 

Ti – content 
Crystallite 

size (nm) 
Micro-strain 

Lattice parameters (Å) 

Zn  ̶  O bond 

length 

ℓ (Å) 

Unit cell 

volume 

V (Å3) 

a c   

0 % 44.3 0.004057 3.2489312 5.2066493 1.977436 47.59455 

2 % 30.8 0.004706 3.2488317 5.209232 1.977706 47.61524 

4 % 19.9 0.005234 3.247817 5.2083735 1.97718 47.57766 

6 % 20.11 0.00504 3.2514105 5.213851 1.979334 47.73315 

8 % 21.8 0.005485 3.2508147 5.2148943 1.979212 47.72521 

12 % 23.4 0.004925 3.2452602 5.2047534 1.975682 47.46977 

14 % 23.2 0.005253 3.2518897 5.2135525 1.979497 47.74449 

16 % 18.11 0.004844 3.2488356 5.2150855 1.978412 47.66886 

18 % 23.09 0.005569 3.2519338 5.2129827 1.979447 47.74057 

20 % 17.28 0.005179 3.250057 5.2125783 1.978618 47.68178 

Bearing in mind the very similar ionic radii of Zn2+ and Ti4+ 

ions, all these observations embody a clear indication that 

Ti is replacing the Zn atoms substitutionally (not 

interstitially) which confirms the successful doping. Our 

observations agree well with other reports in the literature 

[65]. 

Crystallite plot using anisotropic size-strain model (Popa 

rules model) for undoped as well as Ti-doped ZnO 

nanostructures synthesized at different Ti content is shown 

in Fig. 4. Obviously, crystallites are completely anisotropic, 

especially at low Ti concentration. This agrees well with 

the findings of the SEM study, as will be discussed in the 

next section. 
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Fig. 4: Crystallite plot using Popa rules model for Ti-doped ZnO nanostructures synthesized at different Ti content. 

 

Fig. 5: SEM images and average size histograms of Ti-doped ZnO nanostructures synthesized at different Ti content. 
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3.2 SEM Measurements and EDX analysis 

Fig. 5 shows SEM images and nanostructure size 

histograms of undoped as well as Ti-doped samples 

synthesized with different Ti content. It is evident that 

besides undoped ZnO samples, samples with 2% Ti-

doping have nanoflakes morphology which has very 

important applications especially in sensors and dye-

sensitized solar cells [66-68]. However, at higher content 

of Ti,  doped samples show diverse morphology with 

porous nature which may be advantageous for 

photocatalytic reactions [4, 69, 70]. This could be due to 

the formation of nanoparticles with small size grown on 

the surface of the ZnO nanoflakes or due to spherical TiO2 

nanoparticles embedded in the ZnO matrix. The size 

distribution of the nanoflakes/nanostructures is estimated 

from the SEM images and analyzed using the ImageJ 

program  [71]. The average size of the 

nanoflakes/nanostructures has been determined from the 

histogram and enlisted in table 3.  

Clearly, as table 3 indicates, the average size of the 

nanoflakes/nanostructures estimated from the SEM 

images agrees will with the crystallite size estimated from 

the XRD measurements, except for high Ti-content where 

mixed oxide nanocomposites of ZnO – ZnTiO3 are 

formed, which is expected due to the observed diverse 

morphology and porous nature of the samples, as 

previously discussed. 

Table 3: The particle size is estimated by SEM Vs. the 

XRD calculated crystallite size. 

Ti – 

content  

Nanostructure 

average size 

estimated from 

SEM (nm) 

Crystallite 

average size 

estimated from 

XRD (nm) 

0 % 43.53 44.3 

2 % 32.56 30.8 

8 % 25.00 21.8 

14 % 16.00 23.2 

The elemental composition of undoped ZnO as well as Ti-

doped ZnO samples synthesized with different Ti content is 

studied using EDX analysis. As shown in Fig. 6a, the only 

observed peaks in the EDX spectra of undoped ZnO 

samples are those of Zn and O at 0.98, 8.63, 9.55, and 0.52 

keV, respectively. No impurities have been detected which 

ensures the purity of the samples. In the EDX spectra of Ti-

doped samples (Fig. 6b-e), Ti peaks are detected at 4.5 keV 

and 4.95 keV. As shown, the intensity of the Ti peaks 

increases as the Ti/Zn molar ratio increases. This is further 

substantiated in table 4, which enlists the elemental 

composition of Ti-doped ZnO nanostructures synthesized at 

different Ti/Zn molar ratios. This again confirms the 

successful Ti-incorporation in the ZnO matrix.  

Table 4: Elemental composition of Ti-doped ZnO 

nanostructures synthesized at different Ti/Zn molar ratios. 

 

 

Fig. 6: EDX spectroscopy of Ti-doped ZnO nanostructures 

synthesized at different Ti/Zn molar ratios: a) 0, b) 0.02; c) 

0.08; d) 0.14; e) 0.20 

3.3 Optical Measurements 

Fig. 7 shows the room temperature UV–V is absorption 

spectra of Ti-doped ZnO nanostructures synthesized at 

different Ti content. All samples show sharp absorption 

edge around 400 nm with a blue shift that is observed to 

increase with Ti doping. This absorption edge is clearly 

characteristic of ZnO. Another less prominent absorption 

edge around 320 nm (Inset of Fig. 7) is observed for doped 

samples with high Ti content ≥12%. This absorption edge is 

characteristic of the ZnTiO3 phase [6, 59-61]. This 

corroborates our findings from the XRD analysis that at 

low Ti concentration, only Ti-doped ZnO nanostructures 
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are formed, while at high concentrations (≥12%) mixed 

oxide nanocomposites of ZnO – ZnTiO3 are formed.    

 

Fig. 7: Absorption spectra of Ti-doped ZnO nanostructures 

synthesized at different Ti content. 

Fig. 8 shows UV–Vis diffuse reflectance spectra of Ti-

doped ZnO nanostructures synthesized at different Ti 

content. Similar to the absorbance spectra, a blue shift is 

observed around 400 nm that increases with Ti doping.  

Furthermore, a second reflectance edge is formed around 

320 nm for doped samples with high Ti content ≥12%.  

 

Fig. 8: Diffuse reflectance spectra of Ti-doped ZnO 

nanostructures synthesized at different Ti content. 

In order to determine the bandgap of the synthesized 

samples using the diffuse reflectance spectra R, the 

Kubelka–Munk function 𝐹𝐾𝑀(𝑅) is calculated using the 

formula [6, 58]: 

𝐹𝐾𝑀(𝑅)  =  
(1−𝑅)2

2𝑅
               (12) 

𝐹𝐾𝑀(𝑅) is proportional to the absorption coefficient . The 

absorption coefficient  is related to the incident photon 

energy ℎ𝜈 as: 

α =
𝐾(ℎ𝜈 −𝐸𝑔)

𝑛/2

ℎ𝜈 
  (13) 

where K is a constant, 𝐸𝑔 is the optical bandgap, and n is 

equal to 1 for direct bandgap material semiconductors. 

Since ZnO is a direct bandgap semiconductor material, the 

modified Kubelka–Munk function (𝐹𝐾𝑀(𝑅) ℎ𝜈)
2 is plotted 

as a function of the energy ℎ𝜈 (in eV) as shown in Fig. 9.  

 

Fig. 9: Bandgap calculations of Ti-doped ZnO 

nanostructures synthesized at different Ti content. 

By extrapolating the linear part to the energy axis, the value 

of the bandgap 𝐸𝑔 is obtained for each sample. In 

agreement with the observed blue shift, the bandgap is 

found to increase with the Ti content as summarized in 

table 5. 

Table 5: The bandgap of Ti-doped ZnO nanostructures 

synthesized at different Ti content. 

Ti – content Bandgap 𝐸𝑔 (eV) 

0 % 3.15 

2 % 3.15 

4 % 3.16 

6 % 3.17 

8 % 3.19 

12 % 3.20 

14 % 3.21 

This result proves that the bandgap is sensitive to the Ti 

content and can be tuned by varying the Ti concentration. 

The obtained bandgap values agree well with previous 

results reported in the literature [4, 6, 59-61]. The observed 

bandgap increase with the increases of titanium 

concentration is attributed to the Burstein-Moss effect, 

where excessive carriers introduced by Ti doping fill the 

conduction band edge and leads to a displacement of the 

Fermi level which in turn widens the optical bandgap [59, 

72-75].  

4. Conclusions 

The effect of Ti incorporation on the crystal structure, 

nanostructures size, shape, and elemental composition, as 

well as the optical properties of Ti-doped ZnO 

nanostructures is thoroughly studied using XRD, SEM, 

EDX, and UV-Vis Spectroscopy. 

http://www.naturalspublishing.com/Journals.asp


 8                                                                                                                                      H. Ibrahim et al.: A Study of Ti Incorporation in…  
 

 

 

© 2024 NSP 

Natural Sciences Publishing Cor. 
 

Mixed phases of hexagonal ZnO and cubic ZnTiO3 are 

detected at high Ti concentrations (≥12%) and calcination 

temperatures of 600 C. This is further confirmed by optical 

studies where absorbance as well as diffuse reflectance 

edges characteristic of ZnTiO3 are detected. The crystallite 

size of the Ti-doped ZnO decreases (from 44.3 nm to 17.28 

nm) as the Ti content increases in the ZnO host (from 0 % 

to 20 %). This is attributed to the presence of Ti4+ ions that 

decrease the number of reactive Zn2+ ions which, in turn, 

results in a slow nucleation process due to the lack of zinc 

citrate complex formation. Consequently, many 

defects/dislocations are introduced, and the micro-strain 

increases with increasing Ti content in the ZnO host. 

The lattice parameters as well as the unit cell volume of the 

hexagonal structure of Ti-doped ZnO samples increase 

slightly with Ti content because the ionic radius of Ti4+ is 

about 74.5 Å, whereas that of the Zn2+ is about 74 Å. No 

significant change is observed in the calculated interplanar 

d-spacings or the Zn–O bond length of Ti-doped ZnO 

nanostructures synthesized at different Ti content, which 

provides a clear indication that Ti is replacing the Zn atoms 

substitutionally (not interstitially) and confirms the 

successful doping. 

SEM studies show undoped ZnO as well as samples with 

2% Ti-doping to have nanoflakes morphology, while at 

higher content of Ti,  doped samples have diverse 

morphology with porous nature due to the formation of 

nanoparticles with small size grown on the surface of the 

ZnO nanoflakes or due to spherical TiO2 nanoparticles 

embedded in the ZnO matrix. The intensity of the EDX Ti 

peaks detected at 4.5 keV and 4.95 keV and, accordingly 

the Ti-content, increases as the Ti/Zn molar ratio increases, 

which again confirms the successful Ti-incorporation in the 

ZnO matrix.  

A blue shift is detected in the UV–Vis absorption and 

diffuse reflectance spectra of Ti-doped ZnO nanostructures 

synthesized at different Ti content. This shift is found to 

increase with Ti doping. Accordingly, the optical bandgap 

is found to be sensitive to the Ti content and can be tuned 

by varying the Ti concentration. The observed bandgap 

increase with the increases of titanium concentration is 

attributed to the Burstein-Moss effect.  
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