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Abstract 

Zn and Cr doped TiO2 nanoparticles have been prepared by combustion method and characterized by surface analytical 

methods such as X-ray diffraction (XRD) and Brunauer-Emmett-Teller (BET) nitrogen-gas adsorption method. The band gap 

energy of Zn and Cr doped TiO2 obtained by UV-DRS was 2.7 and 2.3 eV, respectively. The photocatalytic activity of catalyst 

was tested by photocatalytic degradation of phenol. Results show doped TiO2 is more efficient than pure TiO2 at photocatalytic 

degradation of phenol. Ti0.9Cr0.1O2 showed enhanced activity. This enhanced activity was attributed to smaller crystallite size 

(12.6 nm), synergistic effect between anatase and rutile phases and larger specific surface area (160.11m
2
/g). 
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Introduction 

In recent years, contamination of water by phenol is a serious 

and widespread issue. Phenol is also a priority pollutant and 

is included in the list of Environmental Protection Agency 

(EPA) since 1979. The origin of phenol in the environment is 

both industrial and natural. Phenol pollution is associated 

with pulp mills, coal mines, refineries, wood preservation 

plants and various chemical industries as well as their 

wastewaters
1
. Natural sources of phenol include forest fire, 

natural run off from urban area where asphalt is used as the 

binding material and natural decay of lignocellulosic 

material. The presence of phenol in water can cause toxic 

effects on aquatic flora and fauna
2
. Phenols are toxic to 

human beings and affect several biochemical functions
3
. 

 

Many technologies have been investigated for removal and 

degradation of phenolic compounds in wastewater. They 

included, adsorption
4
, biodegradation

5
, UV/Fe (III)

6
, 

extraction by liquid membrane
7
, oxidation

8-10
. Apart from 

these technologies, the photodegradation technology has 

shown their potential to destroy phenol completely in 

wastewater. Photodegradation of phenol in presence of UV 

light using semiconductor metal oxides (such as ZnO, SnO2, 

Fe2O3, CdO, TiO2 etc) is an efficient technique in wastewater 

treatment. Among semiconductor metal oxides, TiO2 has 

been the focus of photocatalysis under UV irradiation due to 

its superiority in the oxidation capacity, non-toxicity, and 

long-term stability
11

. The surface as well as intrinsic 

properties of TiO2 plays an important role in influencing the 

course of a photochemical reaction. Various doping methods 

have been extensively utilized for modifying the electronic 

structures of TiO2 nanoparticles to achieve new or improved 

catalytic activities and the other chemical and physical 

properties. There have been many reports on transition 

metal
12, 13

, noble metal
14, 15

 and rare earth
16-20

 doping of TiO2. 

 

In this work, we focus on the investigation of the effect of 

Zn
2+

 (divalent) and Cr
3+

 (trivalent) ions doping on the phenol 

degradation activity of TiO2. Ti1-xMxO2 (M = Zn
2+

 and Cr
3+

) 

nanoparticles were synthesized by combustion method. 

Combustion synthesis is rapidly emerging as one of the 

most-convenient methods for the preparation of oxide 

materials. The main advantage of using this technique is due 

to the simplicity, the broad applicability range, the self-

purifying feature due to the high temperatures involved, the 

possibility of obtaining products in the desired size and 

shape. The powders of pure TiO2, Ti1-xZnxO2 and Ti1-xCrxO2 

were synthesized and effect of calcination temperature and 

pH of phenolic solution on photocatalytic activity of TiO2 

was discussed. 

 

Material and Methods 

Synthesis of photocatalyst: Pure as well as Ti1-xMxO2 (x = 

0.05 0.1; M = Zn
 
and Cr) nanoparticles were synthesized via 

a combustion method. Briefly, doped TiO2 nanoparticles 

were synthesized from titanium iso-propoxide (Ti (OC2H5)4) 

zinc nitrate (Zn (NO3)3) and cerium nitrate (Ce (NO3)3) were 

used as metal sources. The appropriate amount of titanium 

iso-propoxide was added to the equimolar mixture of citric 

acid (CA) ethylene glycol (EG) and glucose. The molar 

ratios of CA/Ti and CA/EG were kept constant at 2:1 and 

1:1, respectively. The mixture was kept on hot plate and 

stirred at 60°C for 1 h. While stirring, the salts of dopants 

were added to this solution and the stirring was continued for 

the next 1 h. The amounts of dopants viz. Zn
2+

 and Cr
3+

 are 

0.25 mol%. The dopant stoichiometry was controlled prior to 
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the mixing to titanium salt solution. The pH of solution was 

maintained in the range 6-7. Stirred solution was further 

heated at 85°C to get the mixture in gel form. So obtained gel 

was further baked at 120°C followed by the combustion at 

270°C in muffle furnace. The porous powders obtained on 

combustion in the furnace operating between 500°C in 

ambient atmosphere for 3 h. The calcined samples were 

pulverized to fine powders using agate mortar and 

codification of powders was done and details are presented in 

Table-1. 
 

Characterization of photocatalyst: The crystalline phase 

and particle size of TiO2 nanoparticles (doped and undoped) 

were analyzed by X-ray diffraction (XRD) measurements 

which were carried out at room temperature by using 

Siemens X-ray diffraction D5000 with Cu Kα radiation (λ = 

0.15478 nm). The particle lattice parameters were obtained 

by the Bragg law (Eq. 1). Besides, the effect of the dopants 

on the rutile and anatase concentrations in TiO2 structure was 

determined from XRD analysis. The mass fraction of rutile 

(Xr) in the samples was calculated, based on the relationship 

between the integrated intensities of anatase (101) and rutile 

(110) peaks using equation: Xr  =  1/(1 + K(Ia/Ir))      (1) 
 

where, Ia and Ir are the integrated peak intensities of the 

anatase (101) and rutile (110) peaks, respectively. The 

constant K (0.79) was determined by XRD analysis of 

Degussa P-25 of known proportions of anatase and rutile 

(80:20). Particle size calculations were carried out using 

Scherrer’s equation: t = 0.9λ/βcosθ        (2) 
 

where, λ is a wavelength of the radiation, β is full width at 

half maxima (FWHM) and θ is the diffraction angle. The 

SEM image of doped and undoped TiO2 were recorded with 

SEM LEO 440 i. The values of specific surface areas (SBET) 

of the calcined powders were measured by Brunauer-

Emmett-Teller (BET) nitrogen-gas adsorption method.  
 

Photocatalytic activities:  The photocatalytic activity of 

phenol was studied from photodegradation of phenol from its 

0.005 M solution in distilled water. The concentration of 

phenolic solution was confirmed by spectrophotometer 500 

nm. The pH value of the solution was adjusted using the 

solutions of ammonium hydroxide (0.1 M) and hydrochloric 

acid (0.1 M). Phenol degradation experiments were 

conducted in the photochemical cell consisted of pyrex-glass 

beakers with 250 cm
3
 capacity. During the photocatalytic 

reaction, the solution was irradiated using a 250 W UV light 

(λ=365 nm). Temperature of cell was maintained at 25°C. A 

high-pressure mercury lamp was placed in a 50 mm diameter 

quartz tube. Each beaker was filled with 200 cm
3
 of 0.005 M 

phenol solution. To this solution, 0, 0.050 and 0.100 g/dm
3
 

pure and doped TiO2 nanoparticles were added as a catalyst. 

Before the light is turned on, the solution was stirred for 15 

min to ensure good adsorption equilibrium between the 

catalyst and the solution. During the photocatalytic reaction, 

the solution was aerated by bubbling air. The magnetic stirrer 

was employed to keep the solution uniform. Solutions were 

radiated by UV–vis light for specific time intervals. 

Experiments were performed for 120 min. At the irradiation 

time intervals of 15 min., the samples of phenol solution 

were drawn and analyzed to determine the concentration of 

phenol. 
 

Results and Discussion  

The crystallite sizes of the prepared samples were calculated 

from both XRD data using Scherrer’s formula and BET 

analysis. Table-1 shows the values of undoped and doped 

TiO2 particle sizes. The average particle size ranges between 

12 to 36 nm.  The crystal structures and average size were 

confirmed. Besides the range scans (2θ  = 20°–50°), high 

resolution scans for anatase (101) and (200) peaks were 

carried out with scan speed of 0.05° min and short point 

interval of 0.002°. 

 
Figure-1a 

XRD patterns of pure TiO2 calcined at temperatures a) 

500°C, b) 550°C, c) 600°C, d) 650°C, e) 700°C 

 
Figure-1b 

XRD patterns of a) Ti0.95Zn0.05O2, b) Ti0.9Zn0.1O2, c) 

Ti0.95Cr0.05O2 and d) Ti0.9Cr0.1O2 calcined at temperature 

550°C 
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XRD pattern of pure TiO2 powders are shown in Figure-1a. 

At 500°C, the anatase phase is prominent in as synthesized 

pure TiO2 structure. On the other hand, along with anatase 

phase, rutile phase was also detected by XRD at 550°C. One 

can see that, as the calcination temperature increases from 

600°C to 700°C, rate of anatase to rutile transformation also 

increases. A complete transformation of anatase TiO2 into 

rutile TiO2 occurs at 700°C. The average particle size for 

pure TiO2 samples used in the study was found to be about 

45 nm. XRD pattern of doped TiO2 powders calcined at 

550°C are shown in Figure-1b. Zn doped catalyst showed the 

presence of only anatase phase though its concentration is 

increased to 0.1 %. It is well known that the anatase phase is 

thermodynamically stable for smaller crystallites
21

. This 

suggests that Zn stabilized anatase phase irrespective of their 

nature, oxidation state and electronic configuration. 

Moreover, introduction of Zn as dopant also decreases the 

crystallite size of TiO2 to 18.9 nm. On the other hand, Cr 

doped catalyst shows the presence of anatase as well as rutile 

phases even at 550°C. The transformation anatase phase to 

rutile phase is accompanied by a crystallographic re-

arrangement in TiO2 lattice which in turn affect its 

photocatalytic activity. Broad XRD peaks indicate formation 

of nanosized particles of TiO2 and their average particle size 

have been estimated ∼12 nm by using Debye–Scheerer 

equation. No separate dopant related phases were found 

suggesting little or no dopant oxide phase within the XRD 

detection limit. This indicates that the doping process did not 

induce the formation of separate impurity phases and that the 

specific dopant could be considered to be fully incorporated 

into TiO2 lattice. Also, Cr
3+

 ions may be easily substituted 

into Ti site of TiO2 because the ionic radius of Cr
3+

 (61.5 pm) 

is similar to that of Ti
4+

 (60.5 pm). 
 

BET surface areas of the as synthesized samples ranged from 

63 to161.4 m
2
/g. Powders with smaller particle size had 

higher surface are. Highest surface area was measured for 

sample TC-10 with crystallite size 12.6 nm. The surface area 

of Zn doped samples (TZ-05 and TZ-10) was recorded 

between 153-162 m
2
/g.   

 

The optical properties of various the samples PT-60, TZ-10 

and TC-10 were probed by UV-DRS as shown in Figure-2. 

The main absorption edge of TiO2 was estimated to at about 

388 nm which corresponds to band gap of 3.2 eV. UV 

absorption spectral studies indicated the band gap extension 

of the doped samples to visible region. This is due to the 

creation of impurity levels by the dopant within the band gap 

states of TiO2. The samples TZ-10 and TC-10 showed a 

shoulder peak at a wavelength of around 600 − 450 nm, 

which was not observed in the spectrum of sample PT-60. 

The shoulder peaks in the spectrum of doped TiO2 are 

probably due to the absorption by the doped metal and 

oxygen vacancies created by substitution of Ti
4+

. The energy 

band gaps estimated from the UV-vis spectra of Zn and Cr 

doped TiO2 were 2.7 and 2.3 respectively. The photocatalytic 

activity of catalysts was evaluated by the degradation of 

phenol solution (0.005M). The degradation rate was 

calculated based on an irradiation of the catalyst added 

phenol solution for 2 h. The change in the photocatalytic 

activity of TiO2 by doping Zn
2+

 and Cr
3+

 ions is shown in 

Figure-3. One can see that, Ti0.9Cr0.1O2 (sample TC-10) is a 

good photocatalyst for phenol degradation. Zn doped TiO2 is 

also a good catalyst for phenol degradation compared to 

undoped TiO2. The phenol degradation in 6 min with 

catalysts PT-60, TZ-05 and TZ-10 was about 34%, 37% and 

45% respectively. On the other hand, catalyst TC-05 showed 

56% phenol degradation in the same irradiation time. It is 

clear from the results that doping of Zn
2+

 and Cr
3+

 

significantly changes the photocatalytic activity of TiO2 

towards the phenol degradation. The optimum degradation 

was observed for sample TC-10. The increase in 

photocatalytic activity on doping is probably due to 

prevention of electron–hole recombination and the existence 

of a synergistic effect between anatase and rutile. The highest 

enhancement in photoreactivity was obtained Ti0.9Cr0.1O2 

which may be in favor of the most efficient separation of the 

charge carriers. 

Table-1 

Synthetic condition, phase composition, phase content, average crystallite size and specific surface area 

Photocatalyst Code Calcination 

temperature 

(°C) 

Phases Phase 

composition 

(%) 

Average 

crystallite size 

(DXRD) nm 

Average 

crystallite size 

(DBET) nm 

Specific 

surface area 

(m
2
/g) 

TiO2 PT-50 500 A 100 45.9 36.9 63.45 

TiO2 PT-55 550 R/A 12/88 43.2 35.5 97.2 

TiO2 PT-60 600 R/A 79/21 25.2 29.9 133.47 

TiO2 PT-65 650 R/A 67/37 26.1 33.6 129.33 

TiO2 PT-70 700 R 100 35.1 36.1 88.20 

Ti0.95Zn0.05O2 TZ-05 550 A 100 20.7 21.6 146.5 

Ti0.90Zn0.10O2 TZ-10 550 A 100 18.9 14.4 150.52 

Ti0.95Cr0.05O2 TC-05 550 A/R 75/72 13.5 12.6 160.11 

Ti0.90Cr0.10O2 TC-10 550 A/R /29 12.3 19.8 161.45 
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Several factors can have a positive impact on the 

photocatalytic activity doped TiO2. The particle size and 

surface area of catalyst were the two important parameters 

influencing the photocatalytic activity of nanocrystalline 

TiO2 (table-1). The particle size of doped TiO2 samples 

decreases with the concentration of Zn and Cr. Reduction in 

crystallite size leads to larger surface area which increases 

the available surface active sites consequently resulting in 

higher photonic efficiency. Among all the synthesized 

samples, particle size of sample TC-10 is smallest (12.3 nm) 

with surface area 150.21 m
2
/g. It was reported that, 10 nm is 

the optimum particle size of TiO2 to obtain maximum 

photocatalytic oxidation rates of organic compounds
21

. 

However, in our case, the optimum photocatalytic activity 

was observed for sample TC-10 though its particle size is 

slightly larger than the optimum value.  

 

The experimental results of the work showed that, the TiO2 

catalyst with dopant concentration x = 0.1 has better 

photocatalytic activity as compared to catalyst with x = 0.05. 

This is because the dopants concentration plays an important 

role in enhancement of photocatalytic activity of TiO2. As 

the concentration of dopant ions increases, the surface barrier 

becomes higher and the electron-hole pairs within the region 

are efficiently separated. The main objective of doping is to 

decrease of the band gap or introduction of intra-band gap 

states, which results in more visible light absorption. In 

doping, metal ion with smaller ionic radius can penetrate 

deeply into TiO2 lattice which can cause a lattice 

deformation and produce defects in the crystal
23

 by 

substitution of Ti
4+

. The defects can inhibit the 

recombination of the electron-hole pairs and, eventually, 

enhance the activity. The ionic radius of Cr
3+

 ion is smaller 

(61.5 pm) than that of Zn
2+

 (74 pm) which results in 

enhanced photocatalytic activity of nanocrystalline TiO2.
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Figure-2  

UV-vis diffuse reflectance spectra for samples a) PT-60, b) TZ-10 and c) TC-10 
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Figure-3  

Influence of Zn and Cr doping concentrations on photocatalytic activity of TiO2 for phenol degradation 
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Our experiments confirmed the synergetic effect was one of 

the causes behind the high photocatalytic activity of sample 

TC-10 for phenol degradation. As the results from XRD 

studies showed Zn doped TiO2 samples consist only anatase 

phases. On the other hand, rutilation starts with Cr doping 

even at low concentration x = 0.05. The photocatalytic 

activity of such mixtures mainly depends upon the amounts 

of anatase and rutile phases. TiO2 with anatase/rutile ratio of 

70/30 showed highest activity for p-coumaric acid 

degradation 23. The highest phenol degradation activity of 

TC-10 could be due to its anatase/rutile ratio (71/29) which 

is much closer to the ratio reported by earlier researchers
23

. 

The smaller band gap of rutile phase captures the photons 

generating electron/hole pairs. The anatase phase traps the 

electron transferred from the conduction band of rutile phase. 

This mechanism inhibits the recombination of electron as 

well as holes and the photocatalytic activity is improved. 

   

Conclusions 

Pure and Zn and Cr doped TiO2 nanoparticles have been 

synthesized by combustion method. The photocatalytic 

activities of the catalysts were tested under UV light for the 

degradation of phenol as a probe molecule. XRD results 

confirmed that Zn doping significantly inhibit the anatase-to-

rutile phase transformation and rutilation was promoted with 

Cr doping. Present study shows improvement of TiO2 

photocatalytic activity upon Zn and Cr doping compared to 

pure TiO2. The difference in photocatalytic activity of pure 

TiO2 and doped TiO2 can be attributed to the characteristic 

such as particle size and anatase/rutile ratio.  

 

The highest enhancement in photoreactivity was obtained for 

Ti0.9Cr0.1O2 nanoparticles consists of mixed phases with 25% 

rutile shows the highest photocatalytic activity, which 

suggests the existence of a synergistic effect between anatase 

and rutile phases. Moreover, the fine particle size and large 

specific surface area of Ti0.9Cr0.1O2 are the other probable 

causes for high photocatalytic activity of the catalyst. 
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