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Abstract 

In this work, we are interested by the photocatalytic activity under sunlight irradiation of 

Fe-doped ZrO2 prepared by co-precipitation. The structural and photophysical properties of 

the catalysts have been characterized by X-ray diffraction (XRD), scanning electron 

microscopy (SEM), X-ray photoelectron spectroscopy (XPS), BET method and UV–Vis 

diffuse reflectance. The results show that Fe-doped ZrO2 exhibits higher photocatalytic 

activity than that of both ZrO2 and commercial TiO2 P25. The best photocatalytic activity is 

obtained with the 50 mol% Fe-content calcined at 600 °C/ 3 h. A total photoreduction of 

Cr(VI) is achieved within 90 min under solar light with the new hetero-junction Fe-

ZrO2/TiO2. The kinetic of Cr(VI) photoreduction is well described by the Langmuir-

Hinshelwood (L-H) model which obeys to pseudo-first-order kinetics with a rate constant of 

0.031 min-1. On the basis of the energy band positions of the hetero-junction Fe-ZrO2/TiO2, 

the detailed reaction mechanism of reduction of inorganic pollutant has been discussed. 

 

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S1010603019310494
Manuscript_703aeb972668f7619a144d85feb2b2e0

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S1010603019310494
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S1010603019310494


 

 

Keywords: Photoactivity; co-precipitation ZrO2; Cr(VI) reduction; XRD; Solar irradiation. 

 

1. Introduction 

In the last two decades, the protection of the environment has become a major economic issue 

for all countries. This is due to population growth where our planet has more than 7.5 billion 

people and an annual growth rate of 1.2%. This increase in the world population requires an 

intensification of agro-industrial activities in order to meet the growing needs. Therefore, 

natural resource management has become nowadays a priority, especially, the water which 

affects our survival and preservation of the planet. Indeed, the water has become a precious 

resource, rare and even subject to tension and conflicts [1-2]. The reuse of wastewater in the 

agriculture industry is an encouraging alternative but requires strict specifications for the 

composition of the polluting water. The removal of pollutants (heavy metals, nitrates, oils, 

pesticides and dyes) from wastewaters has become an important process of first priority [3-5]. 

The conventional water treatment processes are not able to be efficient and cost-effective. In 

this respect, the photocatalysis is an alternative and inexpensive technique, which does not 

need any special set up and activities under soft conditions, close to natural medium [6-8]. In 

this regard, many semiconductor oxides (SC) were used to eliminate a variety of inorganic 

and organic pollutants [9-10]. Nevertheless, the electronic bands of many oxides are 

misplaced and cannot cover the redox levels in solution. To overcome these disadvantages, 

the search of active photocatalysts in the visible region is necessary.  

In this work, we are interested by the photocatalytic reduction of the toxic chromate, 

widely used in many industries like electroplating, leather tanning, batteries and the 

manufacture of steel. Most of the chrome eventually settles and ends up in water or soil. Man 

is exposed to chromium by breathing, eating, drinking or skin contact and the hexavalent state  

is dangerous for the human health. The photocatalyts used in this study are composed of Fe-

doped ZrO2. Zirconia (ZrO2) is a material whose use is growing as thermal barrier coatings 

(TBCs) [11-13], electrolyte for solid oxide fuel cells [14-16], medical field [17-19] and 

heterogeneous catalysis [20-22]. Kaliaraj et al. studied the corrosion behavior of monoclinic 

and tetragonal ZrO2 coating for biomedical applications [17]. Because of its nature as n-type 



 

 

semiconductor, it is used as a photocatalyst for the degradation of both organic and inorganic 

pollutants in water [23-27]. The band gap energy (Eg) of ZrO2 reported in the literature lies 

between 3.3 and 5.2 eV, largely depending on the synthesis method [25, 28-30]. In the light of 

this, ZrO2 is doped by different Fe-content in order to improve the photocatalytic properties 

by decreasing the band gap and shifting the absorption toward the visible light region. To our 

knowledge, Fe-ZrO2 has the subject of several studies but its photoelectrochemical properties 

(PEC) has not been exploited yet. 

The main objective is to use sunlight for the total degradation of inorganic pollutant 

(Cr(VI)). To achieve this goal, the solution is to use hetero-junction by introducing other 

materials such as TiO2. The p-n hetero-junction Fe-ZrO2/TiO2 is built in order to reduce the 

recombination of electron/hole (e-/h+) pairs and to improve the photocatalytic performance. 

By properly positioning the conduction bands of both Fe-ZrO2 and TiO2 semiconductors, the 

energy band diagram of the injection process can be obtained. Indeed, The photoelectrons of 

Fe-ZrO2 -CB (-2.19 VSCE) is negative enough to be injected to HCrO4
-. The Fe-ZrO2 

photocatalysts have been prepared by the co-precipitation and characterized by different 

techniques for a better knowledge about the photocatalytic properties. Finally, the energy 

band diagram at the hetero-junction of Fe-ZrO2/TiO2 was determined to support the proposed 

mechanism of reduction of inorganic pollutant. 

 

2. Experimental 

Fe-doped ZrO2 (3 g) was synthesized byco-precipitation using ZrOCl2
.8H2O (99.5%; 

Sigma–Aldrich), FeCl3
.6H2O (97%; Sigma–Aldrich) and NH4OH as starting materials. All the 

starting reagents were of analytical grade and mixed in amounts according to following 

stoichiometric equation: 

(1-x) ZrOCl2.8H2O + x FeCl3.6H2O + (2+x) NH4OH → Zr(1-x)FexO(2-x /2) + (2+x) NH4Cl + 18 

H2O (x = 0.0, 0.05, 0.1 and 0.5) 

An appropriate amount of ZrOCl2
.8H2O was dissolved in distilled water (100 mL) and stirred 

vigorously for 30 min. After that, three amounts of FeCl3
.6H2O  were added to the first 



 

 

solution. The calculated amount of the corresponding ZrOCl2
.8H2O and FeCl3

.6H2O are listed 

in Table 1. The aqueous suspensions were mixed and stirred slowly for 45 min at 65 °C. 

NH4OH (2.5 M) was added drop wise under continuous stirring for 60 min to adjust the pH 

solution at 10, and to form a solid precipitate with a brown color. The resulting mixture was 

centrifuged for 20 min to collect the precipitate which was filtered and washed several times 

with deionized water. The resulting precipitate was then dried in an oven at 100 °C for 24 h 

and calcined at 600 °C for 3 h. Undopoed ZrO2 (3 g) was also prepared by co-precipitation as 

reported in the literature [28, 30]. The white powder obtained after drying in air oven at 

100°C (12 h) was calcined under air at 600 °C (3 h). TiO2 powder used in the hetero-junction 

was synthesized as reported by Bessekhouad et al. [31]. The method consists of dissolving 

Ti(OC3H7)4 in methanol/ethanol solution in a molar ratio (1/1/10) and stirring for 3 h at 75 °C. 

The gel was dried overnight and heated at 450 °C for 2 h. The hetero-junction Fe-ZrO2/TiO2 

was obtained by mixing both catalysts in the mass ratio (1/1). Commercial TiO2 P25 powder 

(75 wt% anatase and 25 wt% rutile) with a specific surface area of 50 m2 g-1 and an average 

particle sizes of 20 nm was purchased from Degussa (Germany) and used for a comparison 

purpose. 

X-ray diffraction (XRD) was used to characterize the structure of the as prepared 

powders. The patterns were obtained using a Brüker“D8 Advance” powder diffractometer 

with a Cu Kα radiation (λ = 1.54056 Å) and 2θ varying from 20 to 90° by steps increments of 

0.0146° and 0.2 s counting time per step. The Scanning Electron Microscopy (SEM) was 

performed on a FEG-SEM JEOL 7600 in order to evaluate the size distribution as well as the 

morphology of the nanoparticles. We sprinkle a little of the powder evenly but lightly on a 

SEM sample stub with the double-sided sticky carbon tape. The hand blower was used to 

blow away the loose particles. The X-ray photoelectron spectrometry (XPS) was performed 

on a Kratos AXIS Supra spectrometer with a non-monochromatic Al X-ray source under 

vacuum (< 10-8 Pa) at 90° take-off angle. Each analysis started with a survey scan from 0 to 

1200 eV, pass energy of 160 eV at steps of 0.5 eV with 1 sweep. For the high resolution 

analysis, the number of sweeps was increased while the pass energy was lowered down to 20 

eV (steps: 100 meV). The XPS spectra were calibrated in binding energy with C 1s (285 eV). 

The C1s, O1s, Zr3d and Fe2p lines were recorded for each specimen and further on, the O1s 

and Fe2p lines were subjected to additional fitting procedure with XPSPEK4.1 software. The 



 

 

FT-IR spectra were recorded on a VERTEX 70/70v spectrophotometer (BRUKER) in 

transmission mode between 400 and 4000 cm-1.  

The UV–vis diffuse reflectance spectrawereobtainedwith a UV-visible spectrophotometer 

(Specord 200 Plus).The BET surface areas of the powderswere carried out on a Micromeritics 

3Flex analyzer determined by N2adsorption–desorption isotherm measurement at -196 °C.The 

electrochemical characterization was performed in 0.1 M Na2SO4 electrolyte using a standard 

three-electrode cell usingSolartron 1287 potentiostat and frequency response analyzer 

Solartron 1260; the sweep rate was set at 5 mVs-1. The interfacial capacitance of the 

photocatalyst was studied at a fixed frequency of 10 kHz. The working electrode is prepared 

as 11 mm diameter pellet using uniaxial pressure of 4 MPa and sintered at 600°C for 2 h. It 

was introduced into resin epoxy, polished with SIC paper (1200) and washed with water, only 

one side (1 cm2) is in contact with the electrolyte. The electrical contact was achieved by the 

painted silver lacquer. The electrical conductivity (σ) measurements were performed by the 

two-probe technique over the temperature range (300 - 500 K). 

The photocatalytic tests were conducted in June between 10 am and 3 pm outside our 

laboratory (LIME). The sunlight irradiation was evaluated as 700 W/m2, while the 

temperature averaged 27 °C. The photocatalytic tests were carried out in an open Pyrex glass 

reactor with a double wall. Before irradiation, the suspensions composed of 50 mL of Cr(VI), 

50 mg of catalyst and oxalic acid (10-5 M) were kept in the dark for 60 min under magnetic 

stirring to ensure good adsorption equilibrium on the catalyst surface. Then, the reactor was 

exposed to solar irradiation. The absorbance was measured with a UV-visible 

spectrophotometer (Shimadzu UV-2400). After irradiation, the Cr(VI) solutions were 

centrifuged and filtered through a membrane filter in order to measure the decomposition rate. 

3. Results and discussion 

3.1 Characterization of material 

Fig. 1 shows the XRD patterns of Fe-doped ZrO2 synthesized by co-precipitation. ZrO2 

calcined at 600°C shows that all peaks belong to the monoclinic phase (m-ZrO2) with space 

group P21/c (JCPDS Card N° 07-0343). The substitution of Zr by Fe (5 and 10 mol%) 

confirms the formation of the tetragonal solid solution Zrl-xFexO2-x/2 in agreement with JCPDS 



 

 

Card N° 17-0923. The incorporation of higher Fe content (50 mol%) reveals the presence of 

new peaks of the hematite (α-Fe2O3, JCPDS N° 01-1053) and confirms the results obtained 

by Davison et al. [32], Abraham et al. [33] and Botta et al. [34]. The substitution of Zr4+ by 

Fe3+ ions in the ZrO2 lattice was reported using different preparation methods. The authors 

investigate the stabilization of the ZrO2 cubic structure by 2.5-40 at% of Fe3+ at the same 

calcination temperature than this work [32]. The study confirms the formation of tetragonal 

phase at low Fe3+ concentrations (<10 at%) with the absence of XRD peaks of  α-Fe2O3. 

However, for high Fe3+ content (> 20 at%), the XRD patterns indicate the presence of α-Fe2O3 

phase, which is in total agreement with our results.  

Fig. 2 shows the FEG-SEM images of the synthesized powder. Uniform spherical shape 

and size of nanoparticles of ZrO2 are obtained with an average nanoparticle sizes less than 50 

nm. The powders with Fe content present large agglomerate grains whose is less uniform with 

the presence of large and small compact grains. Furthermore, a very fine agglomerated 

powder is observed and is difficult to be distinguished among the different particles 

constituted the grains. For powder with high content of iron (Fig. 2d), we can observe round   

the surface of large grains, attributed to α-Fe2O3. This observation confirms the XRD analysis 

and is reported also in the study of De Resende et al. [35]. 

The specific surface areas of the as-prepared TiO2 and Zr1-xFexO2-x/2 powders (x = 0.05, 

0.10 and 0.5) were determined using the N2 adsorption–desorption isotherm as a function of 

relative pressure (P/Po) between 0.05 and 0.32; the BET surface areas are listed in Table 2. 

We can observe that the substitution of Zr by Fe increases the surface area; nevertheless, this 

increase is not too high. The addition of 5 mol% Fe to ZrO2 increases the surface area from 

25.25 to 29.02 m2 g-1. After that, the increase of the surface area is too small with values lying 

between 30.02 and 31.88 m2 g-1 for 10 and 50 mol% of Fe, respectively and this should 

improves slightly the photocatalytic activity. The co-precipitation method allowed us to have 

a high specific surface area between 25.25 m2 g-1 for ZrO2 and 31.88 m2 g-1 for Zr1-xFexO2-x/2 

(x= 0.5). The specific surface area of the TiO2 powder used in the hetero-junction was 30.21 

m2 g-1.  

The Fourier transform IR spectra of Zr1-xFexO2-x/2 recorded between 500 and 4000 cm-1 are 

shown in Fig. 3. The peaks observed below 750 cm-1 are attributed to the M–O bonds, Zr−O 



 

 

and Fe-O stretching vibrations [36]. A stronger band in the region (3250-3600 cm-1) 

corresponds to the O–H stretching vibration while the peaks at 1470 and 1560 cm-1 are 

assigned to adsorbed water molecules (Fig. 3b) [37]. A weak peak at 2320 cm-1 is assigned to 

adsorbed carbon dioxide when the sample was handled in air. 

The surface compositions of Zr1-xFexO2-x/2 (x= 0.0 and 0.5) and the chemical states of 

constituent elements have been studied by XPS. The O1s photoelectron lines of oxides are 

showninFig.4. The O1s for ZrO2 (Fig. 4b) was fitted with two components. The first one at 

530.17 eV belongs to oxygen from the lattice while the second one (531.71 eV) is due to 

defects or OH- groups on the oxide surface [38-39]. The O1s photoelectron peaks for Zr1-

xFexO2-x/2 (x= 0.5) are slightly shifted to lower binding energies (Fig. 4c), confirming the 

substitution of Zr4+ ions by Fe3+. The first peak is shifted to 529.70 eV i.e. a displacement is 

0.47 eV. The second peak is shifted to 531.31 eV (0.40 eV). The same trend was observed for 

the Zr3d photoelectron line (Fig. 4e), where the binding energy values (182.33 and 

184.73 eV) and separation (2.4 eV) determined in the Zr3d spectrum of ZrO2 are due to 

Zr3d5/2 and Zr3d3/2 emissions of Zr4+ sites [38]. The Zr3d photoelectron peaks for Zr1-xFexO2-

x/2 (x= 0.5) are slightly shifted to lower binding energies. The first and second peaks are 

shifted to 181.96 and 184.36 eV, respectively.  The value of this displacement is 0.4eV, which 

is more less the same to that obtained in the case of O1s. It was also noticed that the 

intensities of Zr3d5/2 and Zr3d3/2 decrease with Fe doping. The Fe2p photoelectron line is 

complex and was also deconvoluted; the three peaks of Fe2p observed  at 711.1, 719.3 and 

724.3 are characteristic of Fe3+ obtained from Fe2O3 [40] and confirms the XRD analysis 

about the presence of  α-Fe2O3 for the high Fe content (50 mol%). The insertion of Fe3+ cation 

in the ZrO2 lattice favors the formation of oxygen vacancies, as  reported by the density 

functional theory (DFT) of Y3+ doped ZrO2 [41]. 

The diffuse reflectance spectra of Zr1-xFexO2-x/2, ZrO2 and TiO2 are shown in Figs 5a and 

5b. The converted UV-visible absorption data are used to evaluate the optical band gap (Eg) of 

Zr1-xFexO2-x/2 by extrapolating the linear portion of the plots (αhν)2 versus hνto (αhν)2= 0. It 

can be observed that the optical band gap decreases from 2.15 eV (x=0.05, Zr0.95Fe0.05O1.975) 

to 1.77 (x=0.5) (Table 1). The same behavior was obtained by Kambur et al. [42] in the 

photoactivity of binary system ZrO2-TiO2 in which Eg increases from 3.10 to 3.25 eV with 



 

 

decreasing the amount of TiO2. The insertion of Fe3+ in the ZrO2 lattice decreases the gap and 

allows the new compounds to absorb the sunlight more than ZrO2, TiO2 and α-Fe2O3, making 

them more attractive for photocatalytic applications.  

3.2. Photocatalytic activity and kinetic study 

The photocatalytic activities of Zr1-xFexO2-x/2 catalysts are compared with TiO2 P25, 

presented as the one of the efficient (photocatalyst/photocatalysts). The chromate reduction of 

the working solution (HCrO4
-, 30 mg/L) on different photocatalysts (dose = 1 mg/mL, pH ~ 4, 

T = 25 °C) is illustrated in Fig. 6a in the presence of oxalic acid as hole scavenger. One can 

see that pure m-ZrO2 and TiO2 P25 present a low photocatalytic activity under solar light 

irradiation. These results can be explained by their large band gap, 4.01 and 3.21 eV 

respectively, which limits the photoactivity to the UV light. Fig. 6a shows also the effect of 

Fe-doping, the photocatalytic reduction of Cr(VI) is still higher than that of m-ZrO2 and TiO2 

P25 and increases with increasing the Fe-content in the sample, 50 % of Cr(VI) was reduced 

after 90 min. The introduction of Fe3+ in the zirconia structure increases the concentration of 

oxygen vacancies and consequently enhances the photocatalytic efficiency.  

The use of the hetero-junction system is one of the effective ways to improve the 

photocatalytic activity under visible light irradiation. Fig. 6b shows the UV–visible spectra of 

Cr(VI) solutions in the presence of 50 mol%Fe-ZrO2/TiO2 hetero-junctionwith a mass ratio 

(1/1) under solar light irradiation. A rapid decrease of Cr(VI) absorption intensity peak over 

irradiation time at 350 nm is observed, indicating a better photodegradation on the hetero-

junction. Furthermore, 100% of Cr(VI) is reduced in less than 90 min (Fig. 6a), attesting the 

high photocatalytic activity of the new hetero-junction.  

The Cr(VI) concentration in wastewater often exceeds 30 mg/L. At this stage, it is 

important to study the effect of the initial concentration of Cr(VI) solutions on the photo-

reduction using the hetero-system 50 mol%Fe-ZrO2/TiO2 (Fig.7a). The amount of Cr(VI) 

reduction increases with augmenting Cowith a maximum of 50 % of Cr(VI) reduced after 90 

min in the case of 75 mg/L. In contrast, the reduction rate decreases with increasing Co. At 

low concentrations, the number of the surface active sites is higher than that of Cr(VI) ions 

and can explain the complete reduction. On the contrary, the number of Cr(VI) ions becomes 



 

 

higher than that of photocatalytic sites at high concentration and the photoactivity decreases 

again; an optimal concentration of 30 mg/L with a total reduction of Cr(VI) was obtained 

within 90 min. The Cr(VI)reduction rate obeys to a pseudo-first order kinetic: 

tk
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Ln app

0 =






   (1) 

kapp (min-1) is the apparent rate constant, Co and C are respectively the initial concentration 

and the concentration at time (t). 

Fig. 7b shows the plot of Ln (Co/C) vs.timefor different Cr(VI)concentrations. The line fits 

well the experimental data and theapparent rate constants kappdecreases with the increase of Co 

(Table 3). The kinetic of the Cr(VI) reduction on the new hetero-junction follows the L-H 

model [43]. 
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kr and ks are respectively the reaction rate and adsorption constant. 

The linear plot 1/kappvs. Co (Fig. 7b Insert) allows us to calculate the constants kr (3.2375 

mg L-1 min-1) and ks (0.3637 L mg-1). It can be seen that the photoactivity decreases with time 

and can be attributed to the blocking of the photo-electrochemical sites by Cr(OH)3 owing to 

its low solubility (5.4×10-31) and can be precipitate for pH> 5. Another explanation is that the 

Cr(VI) reduction may in competition by the water reduction reaction [44]. 

The position of the conduction and valence bands of each catalyst on the energy band 

diagram is the best way to predict and explain the reaction mechanism of the photoreduction 

of Cr(VI) over the new hetero-system Fe-ZrO2/TiO2. The valence band position of 50 

mol%Fe-ZrO2 is calculated as reported in our previous studies [44-46].  

EVB = 4.75 + Efb+ 0.059(pH − pHpzc) + Ea         (3) 

Where Ea(= 0.15 eV) is the activation energy obtained from the plot log (electrical 

conductivity) vs. temperature (Fig. 8b), confirming a semiconductor behavior of the sample. 

The point of zero charge pHpzc (pHpzc= 6.3) is the pH for which 50 mol% Fe-ZrO2 exhibits 



 

 

zero charge on the surface; it was determined at the equilibrium of a solution with an excess 

of 50 mol%Fe-ZrO2 powder. The flat band potential Efb (-0.44 VSCE) is obtained from the 

intercept of the linear part of the plot of the reverse of the capacitance (C-2) vs. the potential 

(Fig. 8a). The negative slope confirms the p type behaviour of 50 mol%Fe-ZrO2 material. 

Fig. 9 shows the energy band diagram of the novel II-type hetero-junction 50 mol% Fe-

ZrO2/TiO2. The Cr(VI) removal under sunlight irradiation is enhanced by the photocatalytic 

activity of the hetero-junction and synergistic effects between Fe-ZrO2 and TiO2. The band 

positions of the two photocatalysts match well, and provid the force needed to the transfer of 

photo-generated carriers, thus facilitating the Cr (VI) reduction. 

When the photocatalyst absorbs an energy higher than the gap (hν> Eg), the CB electrons 

(e−
CB) and VB holes (h+

VB) are generated. CB of 50 mol% Fe-ZrO2-CB is positioned below 

TiO2-CB (Fig. 9). In such a case, the thermodynamic conditions for a charge transfer between 

50 mol% Fe-ZrO2 and TiO2 are respected and the improved photoactivity is due to the facility 

of electrons transfer due to a band bending close to the ideal value of ~ 0.5 V. The photo-

induced electrons (e−
CB) on CB of 50 mol% Fe-ZrO2 (-2.19 V) are injected to that of TiO2 

(TiO2-CB, -0.98 V) and subsequently transferred to adsorbed Cr(VI) ions inducing the 

reduction process. As a result, the holes and electrons were separated and accumulated on 

different photocatalysts. The position of CB and VB of 50 mol% Fe-ZrO2 and TiO2 which 

formed the p-n hetero-junction is favorable for the separation of (e-/h+) pairs and reduces the 

recombination process. This is attributed to the more negative potentials of CB (-2.19 V) and 

VB (-0.42 V) for 50 mol% Fe-ZrO2 compared to those of CB (-0.98 V) and VB (2.23 V), for 

TiO2. Additionally, the presence of oxalic acid as hole scavenger prevents the charge 

recombination. The electrons collected on TiO2-CB layer can reduce Cr (VI) into Cr (III) 

while the holes collected on 50 mol% Fe-ZrO2-VB can oxidize H2O. The detailed 

reactionsoccurring on the new hetero-junction are the following: 

Fe-ZrO2+ hν → Fe-ZrO2 (e-
CB, h+

VB)     (4) 

Fe-ZrO2 + hν → CB- Fe-ZrO2 (e-) + VB- Fe-ZrO2 (h+)              (5) 

CB- Fe-ZrO2 (e-) + n-TiO2→ Fe-ZrO2 + TiO2 (e-)   (6) 

TiO2 (3 e-) + HCrO4
-+ 7H+ → Cr3+  + 4 H2O + TiO2   (7) 



 

 

TiO2 (2 e-) + 2 H2O  → TiO2 +  H2 + 2 OH-    (8) 

HCrO4
- + 7 H+ + 3 e− → Cr3+ + 4 H2O  (9) 

2H2O+ 2 e− → H2 + 2 OH-      (10) 

C2H2O4 + 0.5 O2 + 4 h+→ 2 CO2 + H2O + 4 H+     (11)       

4. Conclusion 

The physicochemical properties of the as-prepared nanoparticles by co-precipitation of 

Zr1-xFexO2-x/2 were studied by physical techniques. The XRD analysis confirmed the 

formation of the tetragonal Zr(l-x)FexO(2-x/2) solid solution for low Fe-content while the 

presence of hematite α-Fe2O3 was detected for higher Fe-content. The specific surface areas 

of the prepared powders were between 25.25 and 31.88 m2 g-1. The optical band gap increased 

with decreasing the Fe content from 1.77 to 2.15 eV. The photoreduction of Cr(VI) by the 

system Zr1-xFexO2-x/2 under solar light confirmed the high photocatalytic efficiency compared 

to TiO2 P25 and undoped ZrO2. The use of p-n hetero-junction improves the photoactivity by 

enhancing the separation of (electron/hole) pairs and reducing the recombination process. The 

photocatalytic mechanism of the degradation of hexavaent chromium was proposed. A total 

photodegradation of Cr(VI) was obtained in less than 90 min. 
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Table 1. The calculated amount of the corresponding ZrOCl2
.8H2O and FeCl3

.6H2O used for 
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Table 2: Band gap energy and specific surface areas of the as-prepared powders. 

Table 3: First-order kinetic constant (kapp) and R2 under different initial concentrations of 

HCrO4
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Figures captions: 

 

Fig. 1. Powder X-ray diffraction results of Zr1-xFexO2-x/2 (x=0.05, 0.10 and 0.5) powders. 

Fig. 2. Scanning Electron Microscopy of Zr1-xFexO2-x/2 (x=0.05, 0.10 and 0.5) prepared by co-

precipitation method. 

Fig. 3.a) FT-IR spectra of Zr1-xFexO2-x/2 (x=0.05, 0.10 and 0.5) prepared by the co-

precipitation method, b) Enlargement of the region 500-900 cm-1. 

Fig. 4.XPS results of Zr1-xFexO2-x/2(x=0.0 and 0.5) prepared by the co-precipitation method. a) 

XPS survey scan, b) O 1s of ZrO2, c) O 1s of 50 mol% Fe-ZrO2, d) Fe, e) Zr 3d. 

Fig. 5.a) The diffuse reflectance spectrum of Zr1-xFexO2-x/2 (x=0.05, 0.10 and 0.5). b) ZrO2 and 

TiO2. Inset the estimated direct band gap transition. 

Fig. 6. a) Influence of the catalyst typeon the HCrO4
- photoreduction (30 mg/L, dose = 1 

mg/mL, pH ~ 4, oxalic acid ~10-5 M T = 25 °C), b) UV–vis spectra of the chromate 

solution (30 mg/L) on the hetero-system 50 mol% Fe-ZrO2/TiO2). 



 

 

Fig. 7.a) Effect of initial concentration of (VI) on the photo-reduction on the hetero-system 50 

mol%Fe-ZrO2/TiO2 in the presence of oxalic acid (OA ~ 10-5 M, T = 25 °C, pH ~ 4, 

catalyst dose =1 mg/mL. b) Kinetics of the HCrO4
-photoreduction. Inset:  Plot of 1/kapp 

vs. Co according to the modified L-H model. 

Fig. 8. a) The Mott Schottky characteristic of 50 mol% Fe-ZrO2 plotted in the working 

solution (pH ~ 4) at a frequency of 10 kHz. b) The thermal variation of the electrical 

conductivity 

Fig.9. The energy band diagram of the hetero-system 50 mol% Fe-ZrO2/TiO2/HCrO4
- 

electrolyte. 

 

 



 

 

Table 1. The calculated amount of the corresponding ZrOCl2
.8H2O and FeCl3

.6H2O used 
for the synthesis of 3 g of Zr1-xFexO2-x/2 powders. 

Samples 

Zr1-xFexO2-x/2 

 

x 

ZrOCl2
.8H2O  

(mol) 

FeCl3
.6H2O 

(mol) 

ZrO2 0.00 0.0243 0 

5mol% Fe-ZrO2 0.05 0.0235   0.0012 

10 mol% Fe-ZrO2 0.10 0.0227   0.0025 

50 mol% Fe-ZrO2 0.50 0.0148 0.0148 

 

 

Table 2. Band gap energy and specific surface areas of the as-prepared powders. 

 

Samples 

Band gap energy, 

Eg (eV) 

Specific surface area 

(m2 g-1) 

ZrO2 4.01 25.25 

TiO2 3.21 30.21 

Zr0.95Fe0.05O1.975 2.15 29.30 

Zr0.9Fe0.1O1.95 2.00 30.02 

Zr0.5Fe0.5O1.75 1.77 31.88 

 

 

Table 3: First-order kinetic constant (kapp) and R2 under different initial concentrations of 
HCrO4

-. 

Co (mg) 30 45 60 75 90 

kapp (min-1) 0.0309 0.0141 0.009 0.0065 0.0038 

R2 0.991 0.996 0.994 0.992 0.976 
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Fig. 1: Powder X-ray diffraction results of Zr1-xFexO2-x/2 (x=0.05, 0.10 and 0.5) powders. 

 
 

  

  
 

Fig. 2. Scanning Electron Microscopy of Zr1-xFexO2-x/2 : a) x=0, b) x=0.05, c) x=0.10 and 
d) x=0.5 prepared by co-precipitation method. 

a) b) 

d) c) 
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Fig. 3. a) FT-IR spectra of Zr1-xFexO2-x/2 (x=0.05, 0.10 and 0.5) prepared by the co-

precipitation method, b) Enlargement of the region 500-900 cm-1. 
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Fig. 4. XPS results of Zr1-xFexO2-x/2 (x=0.0 and 0.5) prepared by the co-precipitation method. 

a) XPS survey scan, b) O 1s of ZrO2, c) O 1s of 50 mol% Fe-ZrO2, d) Fe, e) Zr 3d. 
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Fig. 5: a) The diffuse reflectance spectrum of Zr1-xFexO2-x/2 (x=0.05, 0.10 and 0.5). b) ZrO2 and 
TiO2. Inset the estimated direct band gap transition.  
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Fig. 6: a) Influence of the catalyst type on the HCrO4

- photo reduction (30 mg/L, Dose = 1 
mg/mL, pH ~ 4, oxalic acid ~10-5 M, T = 25 °C), b) UV–vis spectra of the chromate 
solution (30 mg/L) on the hetero-system 50 mol% Fe-ZrO2/TiO2). 
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Fig. 7: a) Effect of initial concentration of chromium (VI) on the process of photo-reduction on 

the hetero-system 50 mol% Fe-ZrO2/TiO2 in the presence of oxalic acid (OA ~10-5 M, 
T = 25 °C, pH~ 4, catalyst dose =1 mg/mL. b) Kinetics of the HCrO4

- photoreduction. 
Inset:  Plot of 1/kapp as a function of Co according to the modified L–H model. 
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Fig. 8: a) The Mott Schottky characteristic of 50 mol% Fe-ZrO2 plotted in the working solution 

(pH ~ 4) at a frequency of 10 kHz. b) The thermal variation of the electrical conductivity. 
 

 
 
 
 
 



 
Fig. 9: The energy band diagram of the hetero-system 50 mol% Fe-ZrO2/TiO2/HCrO4

- 
electrolyte. 
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