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Abstract:   

In the present investigation, we report facile synthesis of ZnO, TiO2 and TiO2-ZnO nanocomposite 

thin films. High density TiO2 nanorods were hydrothermally deposited on transparent conducting oxide 

(TCO) substrate followed by deposition of zinc oxide (ZnO) nanorods by simple chemical reflux method at 

low temperature. The structural, optical, morphological and compositional properties are investigated by 

detailed XRD, UV-Vis-NIR spectrophotometer, photoluminescence (RTPL) spectrophotometer, SEM, 

EDAX, XPS and photoelectrochemical studies. Optical spectra showed strong light absorption in UV 

region. The XRD spectra and TEM examination demonstrated that the deposited sample consist hexagonal 

wurtzite phase ZnO and tetragonal rutile phase TiO2 nanorods. The SEM images confirm a uniform, 

compact and well aligned nanorods grown on the overall substrate surface. EDAX and XPS Spectra confirm 

the formation of pure ZnO, TiO2 and TiO2-ZnO nanocomposite. 

  

IndexTerms - Hydrothermal Synthesis, Single crystalline, Nanocomposite architecture 

1. INTRODUCTION 

There has been increasing interest during the last few decades to find out an alternative cost effective 

renewable energy sources to fulfill the future energy needs of mankind. In this respect synthesis of tailored 

morphological transitional metal oxide (TMO) semiconducting thin films because of their widespread 

applications in optoelectronic fields of science and technology leading to drastic cut in the production cost 

of semiconducting devices[1-2].   

Zinc oxide (ZnO) and Titanium oxide (TiO2) are an important semiconducting materials used for 

variety of technological applications and has received increasing attention due to their unique properties 

such as high chemical stability, wide band gap, high refractive index, optical transparency in UV and visible 

range, semiconducting behavior, photocatalytic activities, high PEC efficiency, biocompatibility, long term 

photostability, non-toxicity and low cost etc [3].  

To date ZnO and TiO2 have variety of applications such as solar cells, nanolasers, transparent 

conductors, photocatalysts, optics, optoelectronics, biological sciences, energy storage, gas sensors and 

biosensors, photodegradation of organic pollutants, hydrogen generation, self cleaning coatings, 

supercapacitors, electronic components, chemical catalysis, paintings, medicines, bactericides etc [4-5].  
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From the literature survey it was found that the investigation made more on binary transition metal 

oxide thin films. In order to enhance the photogenerated charge separation and the photoresponding range of 

such semiconductors, strategies can be adopted as phase and morphological control, doping, surface 

sensitization, composite materials etc. Recently, considerable interest has focused on synthesis of 

nanocomposite films and powders such as TiO2-ZnO, TiO2-SiO2, TiO2-WO3, and TiO2-CdSe which have 

been considered as effective semiconductors [6]. Many attempts have been made to synthesize coupled 

bicomponent ZnO-TiO2 nanocomposite by a physical or chemical process with two aims, (i) extending the 

light adsorption spectrum and improving the using efficiency of the light, and (ii) suppressing the 

recombination of photogenerated electron/hole pairs. This nanocomposite may increase the PEC conversion 

efficiency by increasing the charge separation and extending the photoresponding range [7-8]. In this 

context, there has been considerable effort made toward the investigation of TiO2-ZnO nanocomposite, 

however, to the best of our knowledge, little attention has been paid to the coupling of ZnO and TiO2 

nanorod structures. Therefore considering the above fact and literature survey in the present attempt we 

synthesis and analyze pure ZnO, TiO2 and composite TiO2 – ZnO nanostructure.  

2. METHOD AND MATERIALS 

  Fluorine doped tin oxide (FTO) coated glass substrates with a sheet resistance of 25Ωcm-2 used as a 

conducting substrate support for deposition of ZnO, TiO2 and TiO2-ZnO thin films. All chemical reagents 

used in this work were analytical reagent (AR) grade, and they were used without further purification. Zinc 

acetate dihydrate (Zn(CH3COO)2·2H2O), hexamethylenetetraamine (HMTA) ((CH2)6N4) used as the Zn 

precursor and Titanium tetraisopropoxide (TTIP)(99.98% Spectrochem, India), Concentrated hydrochloric 

acid (35.4% Thomas Baker) used as the Ti precursor.  The aqueous solution was prepared using double 

distilled water. The substrates were washed with detergent and then cleaned with double distilled water and 

acetone separately in an ultrasonic bath. 

3. THIN FILM SYNTHESIS 

In a typical TiO2 thin film synthesis titanium tetra isopropoxide (TTIP) was added in aqueous 

solution containing 1:1 HCl and stirred vigerously for 10 min. to obtained clear and transparent solution. 

The resultant solution was added into teflon lined stainless steel autoclave. The conducting FTO glass 

substrate is immersed into autoclave solution and the autoclave was sealed and placed in an oven at 160˚C 

for 5 h followed by natural cooling to room temperature. For the deposition of pure ZnO thin film seed layer 

is applied on cleaned glass substrate using Zinc acetate dihydrate and diethanolamine in ethanol solvent. The 

ultrasonically cleaned glass substrates were dipped in seed solution for 10 sec. then slowly removed and 

overnight dried at room temperature. The seeded films were annealed at 350º C for 10 minute and used for 

deposition of pure ZnO. For the deposition of pure ZnO thin film and TiO2-ZnO nanocomposite, zinc acetate 

dihydrate and HMTA solutions were prepared in double distilled water. These two solutions were mixed and 

stirred for 10 minutes. Seeded glass substrate and TiO2 deposited FTO substrates were dipped in the solution 

and refluxed at 77 ±2 ºC for 5 hours to deposit pure ZnO thin film and TiO2-ZnO nanocomposite thin films. 

Finally, the substrates were washed with double distilled water, dried at room temperature and used for 

further characterization without post annealing treatment. 
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4. RESULTS AND DISCUSSION 

4.1 POSSIBLE REACTION AND GROWTH MECHANISM 

The FTO substrates were used for the growth of 3D nanostructures TiO2 and TiO2-ZnO, because due 

to the lattice mismatch bare glass substrates have been unsuccessful for this purpose [9]. The addition of 

aqueous HCl causes the hydrolysis of the inorganic moieties. It adjusted the pH value of the reaction 

solution and retard hydrolysis of the precursor in the presence of water at low temperatures and reduces the 

surface energy of the crystal plane side wall and promoting anisotropic growth in the (111) direction. Under 

acidic conditions, the transformation of Ti2+ from Ti4+ avoided and stabilizes the oxidation state of Ti4+. 

Initially the TTIP hydrolyzed to titanium hydroxide and alcohol in aqueous acid medium. Titanium 

hydroxide form a complex with water and the rate of complex formation is controlled in acidic medium. The 

chemical reactions involved in the formation of TiO2 is as follows, 

                     Ti(OR)4 +4H2O  Ti(OH)4 + 4ROH (hydrolysis)             (1) 

                           Ti(OH)4   TiO2xH2O + (2−x) H2O (condensation)       (2) 

The Cl- ions adsorbed at the (110) facets having higher density of Ti atoms. Hence there would be an 

interaction between Ti atoms and n-donor base Cl-.  This facilitate the anisotropic growth along (110) facets 

and decreases the growth rate along (001) facets which leads to the formation of rutile phase TiO2 nanorods 

instead of particles [10]. 

       To deposit pure ZnO thin film and TiO2-ZnO nanocomposite thin film aqueous zinc acetate is used. 

Initially, zinc acetate dissociates as Zn2+ and acetic acid in aqueous medium as,  

      Zn(CH3COO)2 + 2 H2O                  Zn2+ + 2 CH3COOH + 2 OH  ̄    (3) 

The HMTA reacts with water and form formaldehyde and ammonia,  

      (CH2)6N4 + 6 H2O   6 HCHO + 4 NH3                 (4) 

                                                      NH3 + H2O    NH4 + OH  ̄                       (5) 

The hydroxide ions formed in above reaction react with Zn2+ ions to formed zinc hydroxide, 

                                                    Zn2+ + 2 OH ̄    Zn(OH)2                            (6) 

During the reflux at 77 ±2 °C for 5 hours zinc hydroxide deposited on the seeded glass and TiO2 deposited 

FTO glass substrate and loses water molecules and form ZnO, as per following reaction, 

                  Zn(OH)2  ZnO(s) + H2O                             (7) 

 The hexagonal wurtzite ZnO nanorods are aggregated and connect with one root leading to formation of 3D 

nanorod flowers on the top surface of TiO2 nanorods. 

 

4.2. OPTICAL ABSORBANCE STUDY 

UV-Vis-NIR absorption spectra of the deposited ZnO, TiO2 and TiO2-ZnO film were recorded in the 

range of 300-800 nm is shown in Fig.1(a). The absorption spectra revels the strong absorption at 370 nm 

indicated a charge transfer process from the valence band to conduction band in the UV region. Generally, 

the wide band gap semiconductor materials such as, TiO2 and ZnO shows the maximum light absorption in 

UV region of the solar spectrum. Using the absorption edge value, band gap was calculated according to the 

Tauc relation,             
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Where, ‘A’ is an energy dependant constant, ‘Eg’ is the band gap energy and ‘hν’ is the photon energy. The 

absorption coefficient is near the fundamental absorption edge, which allows absorption of light even for a 

small thickness [11]. The plot of (αhν)2 vs. hν gives straight line at higher energies indicating direct type of 

transition. The intercept of the extrapolation to zero absorption with the photon energy axis is taken as the 

value of band gap (Eg) shown in Fig.1(b, c and d). The band gap of deposited ZnO, TiO2 and TiO2-ZnO thin 

films were found 3.3, 2.95 and 3.05 eV respectively. 

 

Fig.1 (a) Shows an UV-Vis-NIR absorption spectra of ZnO, TiO2, and TiO2- ZnO thin films, 

         (b, c and d) Shows plot of (αhν)2 vs. hν of  the ZnO, TiO2, and TiO2- ZnO thin films. 

4.3. PHOTOLUMINESCENCE STUDY 

Fig. 3, Shows PL spectra of ZnO, TiO2 and TiO2-ZnO samples respectively, obtained over the 

wavelength range of 310–600 nm. The PL emission intensity can be related to the recombination dynamics 

of the excited electron and hole pairs. It is the emission of light, initiating from the recombination of 

photogenerated electron hole pairs. The PL spectrum of the TiO2 nanostructures exhibits blue shift. All the 

samples possess the first intense peak at 322 nm assigned to direct transition of electron from conduction 

band to valance band. Higher the PL emission intensity, lower is the electron hole pair separation 

consequently lower the PEC performance. Furthermore the other peaks appeared at longer wavelength 400, 

438 and 468 nm can be attributed to the recombination that occurred at oxygen vacancies which are formed 

on the surface of TiO2 and TiO2-ZnO due to crystal defects formed during the synthesis and these defects  

 

              Fig. 3 Shows photoluminescence (PL) spectra of ZnO, TiO2, and TiO2- ZnO thin films. 
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act as the traps to cause luminescence [12]. The luminescence spectrum of pure TiO2 thin films was not 

found to be too different from the TiO2-ZnO nanocomposite but the increase in the intensity clearly suggests 

a greater number of charge carriers in the pure TiO2 samples. 

4.4. STRUCTURAL STUDY 

The crystallite size and crystal structure of ZnO, TiO2 and TiO2-ZnO thin films were confirmed from 

the XRD analysis. Fig. 4 shows XRD pattern of all the samples. XRD patterns exhibited strong diffraction 

peaks at 27.55°, 36.79°and 55.40° indicating formation of pure hexagonal wurtzite phase ZnO and 

tetragonal rutile phase of TiO2 material. The intense peak at 27.550 is the representative peak for (110) plane 

of rutile TiO2. All other peaks observed at 36.790, 39.120, 41.420, 44.290, 55.400, 62.720 and 64.290, 

represents (101), (200), (111), (210), (220), (002) and (310) planes respectively which confirms  

 

                         Fig. 4 Shows XRD pattern of ZnO, TiO2, and TiO2- ZnO thin film samples. 

the hexagonal wurtzite phase ZnO, tetragonal rutile structure of TiO2 and TiO2-ZnO nanocomposite consist 

pure rutile phase tetragonal TiO2 nanorods and wurtzite phase hexagonal ZnO nanorods.. All peaks are in 

good agreement with the standard JCPDS data (Card no. 80-0078 and Card No. 00 001-0562) [13-14]. The 

other peaks shown by asterisks are due to the FTO substrate marked by *. No other impurity peak in XRD 

pattern indicating no traces of secondary phases were observed. The presence of broad XRD peaks is an 

indication of small crystallite size in the range of nanoscale, affirming the nanocrystalline nature of the 

samples. The rutile phase of TiO2 is tetragonal and exhibits symmetry characters of the space group with 

two TiO2 molecules per unit cell. Average crystallite size of ZnO, TiO2 and TiO2-ZnO samples were 

calculated by using Scherrer’s formula shown in equation (9). 

                                                                                      𝐷 =
0.94 𝜆

𝛽 cos 𝜃
                       (9)                                                                                          

Where ‘D’ is the crystallite size, ‘𝜃’ is peak position of X-ray used, ‘𝛽’ is full width at half maxima 

(FWHM) and ‘𝞴’ is wavelength of X-ray used (0.154 nm). The calculated crystallite size of ZnO, TiO2 and 

TiO2-ZnO for (110) planes are found to be 20, 16.47 and 16.68 nm respectively. 

4.5. MORPHOLOGICAL STUDY 

Fig. 5(a, b) shows SEM images of the ZnO nanorods it clearly show that formation of uniform 

hexagonal ZnO nanorods on the overall substrate surface. The average length and diameter of ZnO nanorods 

is found to be 50 nm and 10 nm respectively. Fig. 5(c, d) shows SEM images of the TiO2 nanorods. It 
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clearly shows uniform, compact and well aligned nanorods on the overall substrate surface. Fig. 5(e, f) 

shows SEM images of the composite TiO2-ZnO nanorods. It shows smooth, completely grown and regularly 

arranged TiO2 and ZnO nanorods at the surface layer with irregularly arranged TiO2 and ZnO nanorod 

flowers on their top surface [15-16].  

 

Fig. 5 (a to f) Shows SEM image of ZnO, TiO2, and TiO2- ZnO nanostructure samples. 

4.6. COMPOSITIONAL ANALYSIS 

An elemental composition of ZnO, TiO2 and TiO2-ZnO thin films was analyzed by EDS. Fig. 7 (a to 

c) shows an EDS pattern obtained for TiO2, ZnO and TiO2-ZnO samples respectively. There is no trace of 

any other impurities could be seen within the detection limit of the EDS as presented in Fig. 7 (a to c). The 

corresponding EDS results confirm the formation of ZnO, TiO2 and TiO2-ZnO thin films [17-18].  

 

Fig. 7 (a to c) Shows Energy Dispersive X-ray (EDX) spectrum of TiO2, ZnO and TiO2- ZnO thin films. 

The XPS analysis of ZnO, TiO2 and TiO2-ZnO thin films were performed to identify the composition and 

valence state of elements. The survey spectrum of TiO2-ZnO sample is presented in Fig. 8(a) it shows 

presence of Zn, Ti, O and a small amount of adventitious carbon. The carbon peak is attributed to the 

residual carbon from XPS instrument itself. The peak at binding energy 284.87 eV corresponds to 

amorphous carbon. Fig. 8(c) represents core level spectrum of Zn2p. The peaks at 1021.25 eV and 1044.36 

eV in the Fig. 8(c) assigned to the electronic states of Zn2P3/2 and Zn2P1/2, respectively. It indicates that Zn 
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ions exist in +2 oxidation state. Ti 2p spectrum is shown in Fig. 8(b) consists of the distinct Ti /2p1/2 and Ti 

/2p3/2 signals that are located at 464.4 and 458.6 eV respectively. The spin orbital splitting between these 

peaks is 5.8 eV which is comparable with that of 5.74 eV reported values, indicates Ti4+ oxidation state of 

titanium in TiO2 [19-20]. 

 

Fig. 8 (a) Experimental survey spectrum of TiO2-ZnO ; (b) core level spectrum of Ti2p and;  

                     (c) core level spectrum of ZnO thin film 

5.  CONCLUSIONS 

We have successfully demonstrated a simple and low cost synthesis method for deposition of ZnO, 

TiO2 and composite TiO2-ZnO thin films having well aligned nanorod morphology using hydrothermal and 

low temperature chemical reflux method. Optical measurements allowed to evaluate the energy gap values 

and to appreciate the occurrence of scattering effects due to the high surface area of the different structures 

coupled with their characteristic dimensions. Photoluminescence study suggests a better charge transporting 

ability of pure TiO2 thin films. SEM analysis evidenced the structural differences and the high degree of 

crystallinity of these materials. Therefore present investigation demonstrate that pure nanocrystalline TiO2 is 

a better promising alternative with superior PEC performance than pure nanocrystalline ZnO and 

nanocomposite TiO2-ZnO materials so it may be allowed for the development of low cost 

photoelectrochemical devices in future.  
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