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ABSTRACT 

The effect of transition metal dopants (Mn2+, Fe
2+

, Co2+, Ni2+, and Cu2+) on the photocatalytic properties of ZrO2 was investigated. 
Crystallized powders of photocatalyst synthesized by Sol–gel process with zirconium n-butoxide and tert-butyl alcohol precursors were 
characterized by X-ray diffraction, UV–Vis diffuse reflectance, nitrogen adsorption isotherms and energy dispersive X-ray (EDX) 
analysis. Photocatalytic activity under UV irradiation of undoped and doped ZrO2 powders was tested by degradation of indigo carmine 
dye, chosen as model the organic pollutant. Doping of ZrO2 with Nickel, Cobalt, Manganese and Copper decreases the Crystallite size of 
powders except of Iron. Comparison of photocatalytic activity of undoped and doped ZrO2 photocatalyst shows that doping with 
Manganese and Iron increases the efficiency of degradation of studied pollutant. 
Keywords: Photocatalysis; ZrO2; Transition metals; Sol-gel; Indigo carmine. 
 

1. INTRODUCTION 

 Removal of toxic pollutants from wastewater is a real 

challenge for scientists. Dyes are an important class of aquatic 

pollutants and are becoming a major source of environmental 

contamination [1]. Indigo carmine dye is used in food industry, 

cosmetics industries and also for dyeing of denim and polyester 

fibers. Indigo carmine is a highly toxic which might cause 

irritations vomiting and diarrhoea to human beings [2, 3]. Several 

methods like adsorption, osmosis, flocculation and others have 

been used for dye removal from water [4]. Photocatalysis is one of 

the most promising techniques that can be used efficiently to 

achieve high removal rates of pollutants [5]. Photocatalysis is a 

process based on absorption of energy (visible or UV light) by a 

bulky semiconductor [6].  

 The degradation reactions take place in the interphase 

region between the liquid and photo excited solid. 

Heterogeneously dispersed semiconductor surfaces provide a fixed 

environment to influence the chemical reactivity of a wide range 

of adsorbates and a means to initiate light-induced redox reactivity 

in these weakly associated molecules [7]. This technology can 

provide advantages over other process, but it is limited to low 

concentrations of pollutants [8]. Among various transition metal 

oxides, zirconium oxide (zirconia, ZrO2) has been considered as 

an important material due to several unique properties that make it 

versatile for a number of applications [9]. It was used as a 

photocatalyst in photochemical heterogeneous reactions [10]. ZrO2 

possesses properties such as thermal stability, high specific surface 

area, and other optical and electrical properties that make it an 

attractive photocatalyst [11, 12].  

 The incorporation of dopants into the zirconia structure 

modifies its properties allowing the control of its microstructure 

[13]. Recently, it has been demonstrated that pure ZrO2 

waveguides can be elaborated by the sol-gel method [14, 15]. 

 The present study involves the photocatalytic degradation 

of indigo-carmine by heterogeneous photocatalytic process using 

pure and transition metals doped ZrO2 prepared by a sol-gel 

technique and characterized by X ray diffraction, UV/Vis 

spectroscopy, BET, and SEM/EDX techniques. 

 

2. EXPERIMENTAL SECTION 
2.1. Materials and methods. 

2.1.1. Samples preparation.  

 The typical synthesis procedure of ZrO2 and metal doped-

ZrO2 is as follows: 6mL of deionized water was mixed with 61mL 

of tert-butyl alcohol (Sigma–Aldrich, 99.7%) under continual 

stirring for 10 min. Concentrated HNO3 was added until a pH of 3. 

The solution was heated to a temperature of 70°C and was 

maintained at that temperature for 10 min. It was later decreased 

to 60°C while a drop wise addition of 39 mL of zirconium n-

butoxide was performed (Sigma–Aldrich, 80%). 

 Following the addition, the alkoxide mixture was 

maintained at a temperature of 70°C for 24 h under continual 

stirring and total reflux. This was followed by evaporation of the 

solvent and drying at 80°C in an oven for 24h. 

 For the case of Mn+ modified ZrO2 catalysts (where M = 

Mn, Fe, Co, Ni and Cu), a quantity of nitrate corresponding to the 

ionized metal (Sigma–Aldrich, 99% purity) was dissolved in 

deionized water. The concentration of the resulting solution was 

1% dispersed in the sol–gel zirconium oxide. 

The obtained powders were calcined at 400°C for 12 h in air, 

with increasing rate of 2 °C/min from room temperature. 
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2.2. Samples characterization. 

 To determine the crystal phase and the crystallite size of 

our synthesized powders, X-ray diffraction (XRD) powder 

patterns were obtained using hand-pressed samples mounted on a 

Philips PW 1830 diffractometer using the Cu–Kα line (λ=0.154 

nm). The crystal phases were identified by comparison with 

JCPDS cards and the crystallite size (D) were calculated by X-ray 

line broadening analysis according to the Debye–Scherrer formula 

[16, 17]. 
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Where λ (nm) is the X-ray wavelength and β (radians) is the full width at half-
maximum (FWHM) of the diffraction peak. 

 In order to verify the presence of metals in the doped 

samples, these were analyzed by energy-dispersive spectroscopy 

(EDS), the analysis were carried out using a JOEL JSM-6610. 

 Absorption and reflectance spectra of prepared ZrO2 were 

recorded by a Cary-1 (Varian) UV–Vis–NIR spectrophotometer 

equipped with an integrated sphere. BaSO4 was used as a 

reference. The band gap of all materials can be estimated from the 

absorption edge wavelength of the inter band transition. The most 

accepted method for determining the band gap energy values of an 

insulator or semiconductor is by plotting the square root of the 

Kubelka–Munk function multiplied by the photon energy versus 

the photon energy and extrapolating the linear part of the rising 

curve to zero. For each material the optical band gap (Eg) was 

calculated according the following equation [18]: 
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 The typical N2 adsorption isotherms for the ZrO2 powders 

area are used to obtain detailed information about the pore size, 

the specific surface area, the meso-pore volume and the pore size 

distribution. A N2 adsorption and desorption isotherm were 

performed on the ZrO2 powders. The total surface area and pore 

volume were determined using the BET and the three point 

method, respectively. 

2.3. Photocatalytic experiment. 

 The catalytic photodegradation studies were performed 

using the following procedure: 100 mg of photocatalyst were 

placed in 100mL of a solution of indigo carmine dye (20 mg/L) at 

their natural pH. The suspensions were kept in the dark for 30 

min. The suspension was maintained under continual stirring in 

order to reach the adsorption equilibrium. Irradiation was carried 

out with external lamp (HPK 125 W UV lamp, Black light 

mercury HgV). Between the lamp and the glass reactor, a 

circulating water Pyrex-glass tank cooler was positioned. The 

suspension was homogenized by a magnetic stirrer and remained 

in contact with air [19]. During the photocatalytic test, 5mL of 

samples were taken at 20 min intervals over a period of 2h. Each 

sample was centrifuged at 1500 rpm using a Thermo-scientific SL-

16 instrument for a period of 15 min and analyzed by T80-UV/Vis 

spectrophotometer (λmax= 611 nm). 

 

3. RESULTS SECTION 
3.1. Structural properties.  

 Figure 1 shows the diffraction patterns of the samples 

treated at 400 °C. The presence of the tetragonal phase was 

observed to be dominant for zirconium oxide according to JCPDS 

card 42-1164 [20]. It was characterized by peaks located at 2θ 

value of 30, 35, 51 and 61°. Metal compounds were not observed 

due to the fact that the metal loadings are very small (1%). This 

zirconia phase has been reported to be the most active [21-26].The 

synthesis method used enabled us to obtain this phase at a low 

temperature compared to the much higher temperature (1200°C) 

reported for this phase in the literature [22]. The average size of 

crystallites for the different photocatalysts is calculated from 

Scherrer’s formula based on line broadening analysis and their 

values are tabulated in Table1. The sample Fe/ZrO2 (9.75nm) 

has the lowest size while the higher is that of the sample 

Ni/ZrO2 (14.35nm). 

The Fe, Ni, Co, Mn and Cu incor-poration and their 

percentage in doped ZrO2 samples were analyzed by energy-

dispersive X-ray (EDX) spectroscopy. The EDS spectra (Figure 2) 

show the characteristic peaks of Zr and O in all samples and they 

confirm the presence of doping elements in the doped samples 

with low percentage (Table 1). In general, by EDX microanalysis, 

the major elements are quantitatively determined [27]. 
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Figure 1. XRD patterns of undoped and doped ZrO2 powders. 
 
 However, the accurate knowledge of the minor elemental 

composition down to trace concentration levels cannot be 

identified unambiguously by this technique because of the 

bremsstrahlung radiation that restricts the detection limit [28]. 
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 Figure 3 depicts the optical absorbance spectra for pure 

and doped ZrO2 samples in the 200-600 nm wavelength regions. It 

can be seen that the maximum absorption for all materials is 

located in the UV light wavelength range. The energy values 

corresponding to the band gap levels (Eg) were calculated for the 

catalysts treated at 400°C. Their behavior was studied and their 

results are shown in (Table 2). We observe that the doped samples 

of ZrO2 with iron and copper show decreased values of Eg in 

comparison to the reference (ZrO2 , Eg=4.0 eV). The lowest 

values were obtained for iron, the most active catalyst, at 

temperatures of 400°C. When zirconium oxide was doped with 

manganese, we observed a decrease in Eg. In the spectra of the 

samples containing manganese, iron and cobalt treated at 400°C, 

bands in the visible region of the spectra were observed. This may 

be because the metal is located on the surface of the support and 

may have a different oxidation state. This is not observed for the 

materials containing Cu, Ni and the pure oxide. With respect to the 

value of Eg there did not appear to be a trend with respect to the 

electronegativity of the dopant metal. This may be due to the fact 

that the dopant metals used were very similar. However, we 

should take note that the results obtained by XPS [6] show that the 

only metal not detected on the surface was nickel together with 

cobalt, these metals had the highest value for Eg in the studied 

temperature. The objective, which we pursued by decreasing the 

value of Eg, was to increase the photocatalytic activity [29, 30]. In 

addition, this would imply that in the future, radiation having a 

lower energy might be used in order to extend the response of the 

materials to include the visible region. 

 

 
Figure 2. SEM and EDX analysis spectrum of undoped ZrO2 powders. 
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Figure 3. UV-Vis absorption spectra of pure and doped ZrO2. 

N2 adsorption–desorption isotherms pattern of undoped 

ZrO2 and doped ZrO2 samples with different transition metals are 

shown in Figure 4. All samples exhibit a typical type IV behavior, 

showing pore condensation with pronounced adsorption-

desorption hysteresis loops. This indicates the existence of 

mesopores [31]. 
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Figure 4. N2 adsorption/desorption isotherms for undoped and doped 
ZrO2. 
 

 Specific surface area of the synthesized materials was 

determined using the Brunauer, Emmett, and Teller (BET) 

method. The specific surface area values are provided in Table 2. 

By comparison between the specific surface of the non-doped 

material and those of doped materials, we notice a decrease of the 

specific surface area due to the doping with the exception of iron 

that’s the sample has a high specific surface. 

3.2. Photocatalytic activity. 

 We have studied the photodegradation of indigo carmine 

over a period of 2h. The results of this study are shown in Figure 5 

it was observed that degradation occurs only following the 

adsorption of radiation [23]. Over a 2 h-period only 45% of the 

compound could be removed. However, in the presence of 

Mn/ZrO2, 70% of the indigo carmine could be removed in half the 

time. The behavior of ZrO2, Co/ZrO2 and Cu/ZrO2 is very similar.  
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Figure 5. Degradation of Indigo Carmine as a function of time, where C0 is the 
initial concentration (mg L-1) and C is the concentration at the time t. 

 
Over a period of 1h they can degrade between 40 and 45% of the 
indigo carmine. The Fe/ZrO2 catalyst shows an intermediate 
behavior, i.e degradation of 75% of the indigo carmine after 2h 
period. The results showed that Mn2+, and Fe2+ ions can trap both 
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electrons and holes thus avoiding their recombination [32]: thus, 
doping ZrO2 with these metal ions may contribute to a better 
activity than doping with Cu, Co, and Ni ions. The enhancement 
of the photocatalytic activity can be explained by the substitution 
of Zr4+ by Mn3+, Fe2+, and/or Fe3+ in the lattice. Also it would 
cause the formation of oxygen vacancies in the ZrO2 lattice in 
order to maintain charge neutrality. Since the O2- anion is much 
larger than the cations, its removal upon vacancy formation would 
cause lattice contraction [33]. 
 Photocatalytic degradation of organic contaminants 
usually follows pseudo-first order kinetics [24, 25]. By plotting 
ln(C/C0) as a function of time a straight line is obtained (Figure 6) 
being the slope of the different plots proportional to the rate 
constant of the photodegradation reaction. The apparent rate 
constant for photodegradation of the indigo carmine (Table 3) is 
0.718 x 10-2 min-1 for ZrO2, for Co/ZrO2 and Ni/ZrO2 it is 0.702 x 
10-2 and 0.626 x 10-2, this indicating that the modification of the 
zirconia phase with cobalt or nickel does not influence significatly 
the catalytic activity of the main phase. On the contrary on doping 

with manganese or iron the catalytic activity of the ZrO2 phase is 
greatly enhanced being the apparent rate constant equal to 
1.18×10-2 mn-1 and 0.978×10-2 mn-1 respectively. 
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Figure 6. The plot of ln (C/C0) as a function of time. 
 

Table 1. Compositional analysis of ZrO2 of pure and doped ZrO2 powders. 
Samples ZrO2 Mn/ ZrO2 Fe/ZrO2 Co/ZrO2 Ni/ ZrO2 Cu/ ZrO2 

Oxygen (mass %) 24.26 25.07 26.13 24.59 25.52 24.88 

Zirconium (mass %) 75.74 74.77 72.74 75.32 74.34 75.02 
Dopant (mass %) - 0.16 1.03 0.10 0.14 0.10 

 
 

Table 2. The particle size, Eg and surface area of pure and doped ZrO2. 
Photocatalyst ZrO2 Mn/ ZrO2 Fe/ZrO2 Co/ZrO2 Ni/ ZrO2 Cu/ ZrO2 

Crystallite size (nm) 9.86 11.66 9.75 12.72 14.35 10.11 

λ (nm) 307 276 335 227 249 334 

Eg (eV) 4.0 4.5 3.6 5.4 4.9 3.7 

BET surface Area (m2/g)  92 78 96 65 57 83 

 
Table 3. Kinetic parameters in photocatalytic degradation of Indigo Carmine. 

Photocatalyst ZrO2 Mn/ZrO2 Fe/ZrO2 Co/ZrO2 Ni/ZrO2 Cu/ZrO2 Photolysis 

k1(min-1) 0,00718 0,00718 0,00718 0,00718 0,00718 0,00718 0,00718 

k2(min-1) 0,00718 0,01188 0,00972 0,00702 0,00626 0,00749 8,47E-04 

k2/k1 1 1,655 1,354 0,978 0,872 1,043 0,118 

Standard Error 1,72E-04 3,43E-04 3,14E-04 2,44E-04 1,08E-04 2,26E-04 2,71E-05 

Adj. R-Square 0,996 0,994 0,993 0,992 0,998 0,994 0,993 

 

4. CONCLUSIONS 
 In this work, we confirm that Heterogeneous 

photocatalysis can be employed as a promising method for the 

decolorization of indigo carmine dye. All oxides synthesized and 

used as photocatalysts have a very large chemical stability and a 

high specific surface area which increases the amount of adsorbed 

dye. The energy values corresponding to the band gap levels (Eg) 

were calculated for the catalysts treated at 400°C. We observe that 

the doped samples of ZrO2 with iron and copper show decreased 

values of Eg in comparison to the reference (ZrO2 , Eg=4.0 eV), 

The lowest values were obtained for iron, the most active catalyst, 

at temperatures of 400°C. Doping ZrO2 with Mn and Fe showed 

high activity in the photodegradation of indigo carmine. We note 

that doping ZrO2 with these metal ions may contribute to a better 

activity than doping with Cu, Co, and Ni ions. These results can be 

improved by increasing the doping level as well as the 

experimental conditions that can be considered in another study. 
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