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Abstract— The present work investigates Zn doped TiO2 (1.0, 
5.0, 10.0, 12.0 and 30.0 wt.% Zn) photocatlaysts were prepared 
by low cost sol-gel auto-ignition method and systematically 
investigate their structural, optical and surface morphological 
properties with X-ray diffractometer, UV-Vis spectrophotometer, 
Fourier Transform Infrared spectrometer (FTIR) and Scanning 
electron microscopy (SEM) with energy dispersive X-ray 
spectroscopy (EDX). The photocatalytic H2 evolution of the TiO2-
ZnO suspensions was evaluated in an aqueous ethanol medium 
(50 vol. %) under UV illumination. The Zn+2   concentrations 
utilize to prepare TiO2-ZnO nanocomposites were found to have 
significant effect on the specific surface area, and photocatalytic 
activity. The H2 evolution results obtained with TiO2-ZnO 
nanocomposites were compared with H2 generation using 
commercial TiO2 P25 and individual TiO2 nanoparticles. The 
photocatalytic activity of TiO2-ZnO composite enhanced 
significantly as compared to bare TiO2 nanoparticles and 
commercial TiO2 P25. With respect to an increment in Zn+2   
doped, the photocatalytic activity of the composite increased and 
reaching an optimal H2 production of 1048 µmol.h-1 of catalyst 
for the TiO2-ZnO composite containing 10 wt.% Zn. These 
catalyst were proved in the photocatalytic water splitting and 
resulted seven times more active (1048 µmol.h-1) than the 
reference TiO2 (150 µmol.h-1) and two times more active than 
TiO2 P25 (595 µmol.h-1 ) semiconductors. 

Keywords— Hydrogen production, Photocatalysts TiO2–ZnO, 
Photoconductors TiO2–ZnO, Water splitting. 

I. 	  Introduction	  	  
In the past four decades the world population has doubled, 

which led to increased consumption of energy. The life style 
for people depends on energy which comes from oil, natural 
gas, methane and coal; therefore, renewable energy, such as 
solar, biofuel and nuclear should be utilized to resolve the 
issue of future energy demand because petroleum and all fossil 
fuels will be exhausted at some point [1]. When considering 
fuel sources, hydrogen is considered  to be a promising carrier 
of solar-derived energy, and the use of hydrogen as an energy 
carrier has become so widespread that the term “hydrogen 
economy” has been coined [2-3]. Titanium dioxide is 
considered a promising photocatalyst for dye degradation [4-
9], pesticides [10-12], atmospheric pollutants degradation [13] 
as well as for the inorganic pollutants removal from 
wastewater [14-15]. However, its use as a photocatalysts for 

water splitting is limited due to its redox potential referring to 
the normal hydrogen electrode (NHE). A lot of studies have 
been made to increase the photocatalytic activity of titanium 
dioxide for the water splitting reaction. For this purpose, 
doped, mixed and co-catalysts with Fe, Zn, Cu, Ni, V, Mg, Be 
and Ni [16-17] and Pt, Pd, Ir, Rh, Ru [18] respectively were 
prepared to enhance the efficiency of hydrogen production. 
Recently, extraordinary attention has been focused on the 
synthesis of titania mixed oxides like CuO, ZnO, NiO and 
CeO [19–22] because these materials show important 
photocatalytic properties as well as potential applications in 
the water splitting. Here in this present work, ZnO has been 
chosen because it has the same band gap as TiO2 and a slightly 
negative conduction band potential and, in principle, will have 
higher redox potential generating higher voltages [23-24]. 
Moreover, ZnO has direct band gap semiconductor with high 
exciton, binding energy and electron mobility than TiO2 [25]. 
Up to now, ZnO based photocatalysts are limited due to 
photocorrosion upon irradiation but on the other hand, the 
efficiency of TiO2 in solar processes are limited due to wide 
band gap and charge carrier recombination [26-27]. The main 
aim of the present work is to synthesize Zn doped TiO2 
photocatlaysts using low cost sol-gel auto-ignition method and 
systematically investigate their structural, optical and surface 
morphological properties with x-ray diffractometer, UV-vis 
spectrophotometer, Fourier Transform Infrared spectrometer 
(FTIR) and scanning electron microscopy (SEM) with energy 
dispersive x-ray spectroscopy (EDX). In addition, the 
photocatlaytic performance towards hydrogen generation is 
studied under Photochemical reactor connected with the gas 
chromatography. 

II. Experimental	  
A. Catalyst Preparation 
The nanostructured TiO2–ZnO samples were prepared by the 
sol–gel method. Samples of Zn doped TiO2 with nominal 
compositions Ti1-xZnxO2 (x=0.0, 1.0, 5.0, 10.0, 12.0,  and 30.0 
%) have been prepared by sol-gel self-ignition method. 
Analytical grade of zinc nitrate [Zn(NO3)2.6H2O], 
titanium(IV) butoxide and citric acid [C6H8O7] were used as 
starting materials to prepare the nominal compositions. For 
this purpose, all materials according to their stoichiometric 
ratios were dissolved in de-ionized water. Citric acid was used 
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as catalyst to ignite the materials. Solution was heated at 100 
°C on a hot plate with continuous magnetic stirring. As water 
evaporated, the solution became viscous and finally formed a 
highly viscous gel. Increasing the temperature up to about 300 
°C led to the ignition of the gel. The dried gel burnt in a self-
propagating combustion reaction until all the gel was 
completely burnt out to form a voluminous and fluffy powder 
with large surface area. Experimentally, it was observed that 
all the samples showed combustion behavior and burnt out 
completely to form a loose powder then the solid was ground 
to a fine powder in an agate mortar. Finally the as-burnt 
powders were annealed at 500 °C during 5 h in a static air 
atmosphere using a heating rate of 1 °C/min to convert them 
into anatase phase; finally the product was ground again. As 
reference pure TiO2 sample was prepared in the same way 
described above but without Zn precursor. 

B. Catalyst characterization 
In order to elucidate the difference in catalytic activities of 

catalyst, the prepared samples were characterized by various 
characterization techniques. The detail of these techniques is 
discussed below: 

The crystalline structure of prepared samples were 
characterized with powder X-ray diffraction (XRD) on a 
Bruker D8 Discover X-ray diffractometer equipped with Cu 
Kα radiation source operated at 40 Kv and 40 Ma. The 
diffraction intensity as a function of diffraction angle (2θ) was 
measured between 10-80o, using a step 0.03o and a counting 
time of 0.3 s per step. The specific surface area, pore volume 
and average pore diameter of the catalyst was measured in 
Micromeritics Tristar II 3020. Surface area and porosity 
analyzer by N2  adsorption data at 77 K (-196 0C) according to 
the standard Brunauer Emmett Teller (BET) procedure. For 
each analysis 0.3 g of catalyst was used. Degassing of the 
samples was done at 250 0C for 3 h to remove the moisture 
content and other adsorbed gases from the surface of catalyst. 
The pore size distribution was calculated from desorption 
branch of the corresponding nitrogen isotherm by applying the 
Barrett, Joyner, and Halenda (BJH) method. Morphology of 
the prepared catalyst was observed using JEOL Scanning 
Electron Microscope system JEM-7600F. Elemental and 
chemical analysis of a sample obtained by EDS Analysis. 
Infrared spectrum of photocatalyst absorption was obtained by 
spectrum 100, Perkin Elmer Instruments. Perkin Elmer 
LAMBDA 35 UV-Visible diffuse reflectance spectroscopy  
was used to estimate band gap energy. 

C. Photocatalytic H2 production 
The photocatalytic hydrogen evolution over bare TiO2 , 

commercial TiO2-P25 nanoparticles and coupled TiO2-ZnO 
nanocomposites was investigated  in an aqueous media in the 
presence of ethanol as an electron donor under UV-light 
irradiation. The presence of an electron donor other than water 
is crucial for photocatalytic H2 production. In this set-up, 
ethanol functions primarily as hole traps to prevent the rapid 
electron-hole recombination. The set-up consists of 1100 ml 
quartz semi-batch reactor provided with inner chamber placed 
inside the reactor for the lamp and jacket around the lamp for 
controlling temperature of the lamp. The reactor  is a 7874.38 

quartz Immersion Well, provided by Ace Glass Incorporated 
ACE. The irradiation was made using a high pressure Hg pen-
lamp (with radiation of 254 nm and intensity of 2.2 mW/cm2) 
encapsulated in a quartz tube and immersed in the water 
solution. This lamp has part number 90-0012-01 provided by 
Ultra-Violet Products Ltd (UVP). 

In a typical experiment, 0.8 g of  TiO2- ZnO photocatalyst 
was dispersed in 400 ml water and 400 ml ethanol (50 vol. %) 
and placed in a quartz reactor. Prior to irradiation, the 
suspension of the catalyst was degassed with ultrapure 
nitrogen (N2) for 30 minute to completely remove the 
dissolved oxygen. The amount of hydrogen produced was 
followed by gas chromatography using a gas chromatograph 
(Trace GC Ultra) from Thermo Scientific equipped with a 
thermal conductivity detector and with a 5A column molecular 
sieve. 

III. Results	  and	  Discussions	  
A. X-ray diffraction analysis (XRD) 

The diffraction intensity as a function of the diffraction 
angle (2-θ degrees) was measured between 10° to 80° using a 
step width of 0.03°.  Figure 1 shows the x-ray diffraction 
patterns of the Zn (0, 1, 5, 10, 12 and 30%) doped TiO2 
calcined at 500°C temperature.  The powder XRD patterns 
show anatase titania phase formed which is confirmed by the 
peaks at (101) at 2θ= 25.4° and (200) at 2θ= 48.0° [28]. 
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Fig. 1. X-ray diffraction patterns of the Zn (0, 1, 5, 10, 12 and 30 

%) doped TiO2 XRD profiles of TiO2- ZnO composites prepared with 

different Zn +2  loading and calcined at 500 oC for 5 h. 

 It is noted that at highest Zn content (30 wt %), no 
diffraction peak of hexagonal ZnO appeared which is in line 
with studies of [29]. The XRD data of all the samples were 
Rietveld refined with HighScore Plus software version 3.0 e 
using a pseudo-Voigt profine function [30]. Figures 2,3 and 4 
shows the Rietveld refined patterns of Zn (1, 5, 10, 12 and 30 
%) doped TiO2. 
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Fig. 2. Rietveld refinement of  Zn (1, 5  and 10 %)  

doped  TiO2 
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Fig. 3. Rietveld refinement of  Zn 12% doped  TiO2 
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Fig. 4. Rietveld refinement of  Zn 30% doped  TiO2 

 

 It is clearly evident from the Rietveld-refinement that all 
the samples exhibit single-phase hexagonal structure. The 
Rietveld refinement factors of all the compositions are 
summarized in the Table I. Table I is showing the structural 
parameters lattice constant, R (expected, profile and weighted 
profile) with goodness of fit (GOF) which are extracted from 
Rietveld refinement . It is clear that there is a decrease in 
lattice parameters along c-axis due to the small ionic radius of 
zinc as compared to titanium [31].  

 

Table I. Rietveld refined parameters. 

 

 
 

B. Surface area and porosity analysis 
The pore volume and pore size are calculated from 

desorption branch of the corresponding nitrogen isotherm by 
applying the Barrett, Joyner, and Halenda (BJH) method. 
Effects of ZnO loading on the BET specific surface areas, pore 
volumes (P.V), and pore diameters (P.D) are listed in Table II. 
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Table II. Textural properties of nanocompsite of TiO2-ZnO 

 
 Both the surface areas and pore volumes increased 

systematically with ZnO contents. Similar trends were 
observed after loading or mixing TiO2 with ZnO or ZrO2 
[32,33]. The surface area and pore volume of TiO2-ZnO 
composite reached maximum with the 10 wt.% ZnO loadings. 
It was also found that the specific surface areas obtained from 
1.0%, 5.0%, 10.0%, 12.0% and 30.0% wt.% Zn loadings were 
significantly higher than pure TiO2. Generally, higher surface 
area material is favorable for superior photocatalytic activity 
[34]. 

C. Scanning electron microscopy (SEM)/	  Energy dispersive x-
ray spectroscopy (EDX) investigations 
Topography of the doped samples is found using Scanning 

Electron Microscope (SEM) JEOL Scanning Electron 
Microscope JEM-7600F. Figure 5 shows the SEM 
micrographs of Zn (0, 1, 5, 10, 12 and 30 %) doped TiO2. 
SEM micrographs for (B, C, D, E and F) confirm that Zn is 
uniformly distributed in TiO2 without disturbing the anatase 
phase of TiO2 as is also clear in the XRD patterns.  

 

 

 

 

 
 

Fig. 5. SEM micrographs of Zn (0, 1, 5, 10, 12 and 30 %) 
doped  TiO2. 

 

Energy dispersive X-ray spectrometry (EDX) analysis of all 
the samples shows peaks of titanium, oxygen and zinc. There 
is no trace of any other impurities found within the detection 
limit of the EDX as shown in the Figure 6.   

 
Fig. 6. EDX analysis of Zn (0, 1, 5, 10, 12 and 30 %) doped 
TiO2. 
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The quantitative elemental analysis of all the samples are 
assembled in Table III.  

 

Table III. Quantitative EDX analysis of Zn (0, 1, 5,10, 12, and 
30 %) doped TiO2. 

  

D. Fourier Transform Infrared Spectroscoy (FTIR) 
Absorption spectrum of the Zn doped samples was 

observed by spectrum 100, Perkin Elmer Instruments. The 
results are shown in Figure 7. 
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Fig. 7.  FTIR spectra of Zn (0, 1, 5, 10, 12 and 30 %) doped 
TiO2 

 
The broad absorptions around 3440 and 1680 cm-1 are 

assigned to the hydroxyl groups of chemisorbed and 
physisorbed water molecules on the samples. A strong 
absorption band near 495 cm-1 reveals the vibration properties 
of ZnO. Other unmarked peaks are attributed to organic 
species in the samples. 

E. UV-Vis Diffuse Reflection Spectroscopy 
In order to study the optical response of pure TiO2 and Zn 

(0, 1, 5, 10, 12 and 30 %) doped TiO2 samples, the UV-Vis 
spectra were measured as shown in the Tauc plot in Figure 8.  

 
 
 

 
 

Fig. 8. Tauc plot of Zn (0, 1, 5, 10, 12  and 30 %) doped     
TiO2 photocatalysts. 

 
All the samples reveal an optical absorption below 400 nm 

which is attributed to electron Ti-O transition of 
nanocrystalline TiO2. The results show a small shift to the red 
region (3.12-3.09 eV) for the TiO2-ZnO samples in 
comparison to TiO2 reference sample (3.25 eV) [35] and  
results are listed in Table IV. 

 
                Table IV. Band gap energy results 
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Incorporation of ZnO to TiO2 only results in small 
variations in the energy band gap [36]. On increasing the 
percentage of Zn, the band gap decreases a little but remain in 
the UV-region, it means that ZnO is present in the samples but 
not detected in the XRD pattern, might be due to the  high 
dispersion on the titania surface [37].  
 

 

IV. Photcatalytic	  Hydrogen	  
Production	  

The photocatalytic H2 evolution from doped ZnO into TiO2 
was compared with that of bare TiO2 and P25 as benchmarks. 
Figure 9 shows the hydrogen production as a function of the 
irradiation time for bare TiO2, P25 and coupled TiO2-ZnO 
(1%, 5%, 10%, 12% and 30%) nanocomposites.  

 

 
Fig. 9. H2 evolution of bare TiO2 , Degussa P25,  1% Zn ,   

5% Zn , 10% Zn, 12% Zn and 30% Zn samples. 

 

It is clear that production of hydrogen increases with the 
increase of Zn contents. The mixed oxides give more active 
results better than bare TiO2 already discussed by Larios et al 
[38]. Samples (0, 1, 5 and 10 %) have band gap of 3.24, 3.17, 
3.12. and 3.09 eV respectively, so these phases can be excited 
by UV light. In these samples (0, 1, 5 and 10 %)  the surface 
area increased systematically with increases of ZnO content  
32.53, 52.08, 63.44. and 69.93 m2.g-1 respectively. Generally, 
higher surface area material is beneficial for superior 
photocatalytic activity. On comparing these Samples (1, 5 and 
10 % wt.% Zn) with Degussa P25, we observed P25 has 
product activity more than 1% Zn  and 5% Zn  but lower than 
that of 10% Zn content.  

Despite the lower surface area of the commercial Degussa P25 
(46 m2.g-1)  than 1% Zn (52 m2.g-1) and 5% Zn (63 m2.g-1), this 
commercial product has a higher photoactivity in our specific 
testing conditions. This result tends to confirm that the 
morphology and interface of P25 anatase (80 wt.%) and rutile 
(20 wt.%) have an impact stronger than the surface area on the 

H2 photocatalytic generation. Since the obtained  10% Zn has 
activity higher than P25, it gives a clear indication that the 
amount of Zn has improved the evolution of hydrogen and got 
more activity than P25. On the basis of these results, it can be 
concluded that excited electrons from ZnO are trapped to 
conduction band of TiO2 and produced electron-hole pair 
generation [38].  Hence, TiO2-ZnO  composites with higher 
than 10 wt.% ZnO (12% and 30%) were found to be not 
favorable to obtain reasonable photocatalytic activity towards 
hydrogen generation as specific surface area was drastically 
decreased. Similar trends were observed after loading or 
mixing TiO2 with ZnO or ZrO2 [32-33]. Table V. sums up the 
features of the tested samples. 

 

Table V. Textural properties, band gap energy (Eg) and H2 
production for the TiO2–ZnO samples. 

 
 

V. Conclusion	  
In this study, develop and characterization of Zn doped in 

TiO2 photocatalyst nanocomposites with various compositions 
is carried out. These photocatalysts were investigated for 
photocatalytic H2 generation from aqueous ethanol solution as 
electron donor under UV-light irradiation. In this setup, 
ethanol functions primarily as hole traps to prevent rapid 
electron-hole recombination. All TiO2- ZnO nanocomposites 
exhibited significant photocatalytic activities towards H2 
evolution. However, the relative hydrogen yield over TiO2- 
ZnO composites varies with the percent composition of ZnO 
to TiO2. The doped TiO2-ZnO  photocatalysts with 10% Zn 
have shown enhanced H2 production compared to individual 
TiO2 and commercial Degussa P25.  The hydrogen evolution 
and performance of photocatalyst increased with the moderate  
increase in Zn2+  content, indicating that doping had a positive 
synergic effect on improving photocatalytic activity in TiO2-
ZnO composites. With an appropriate Zn2 +  loading, the 
specific surface increased, consequently resulting in a large 
number of reaction sites on the composites leading to 
enhanced photocatalytic activity. Among the photocatalyst 
nanocomposites investigated, the 10 % ZnO photocatalyst 
exhibited higher H2 generation over a time period of 9 h and 
its H2 generation capability was found to be highest among 
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other photocatalyst materials. Our experimental results 
demonstrated that the excessive Zn+2  above the optimal 
loading would result in a sharp decrease in specific surface 
and total pore volume consequently leading to reduction in 
photocatalytic activity. 
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