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Abstract Zr-doped TiO2 (anatase) was prepared by the

homogenous co-precipitation method of the aqueous solu-

tions containing TiOSO4 and ZrCl4 using urea as the pre-

cipitation agent. Nanocrystallites of Zr-doped TiO2,

6–9 nm in size, intergrown with amorphous phase form

1–2 lm porous spherical clusters. Crystallite size of ana-

tase decreases with increasing Zr content, and the catalyst

becomes totally amorphous at 10 mol.% Zr. All samples

exhibit high specific surface area, which increases with the

addition of zirconium (from 391.3 to 689.1 m2 g–1).

Introduction

Titanium dioxide has a wide range of applications due to its

excellent physical and chemical properties, for example as

white pigment, in cosmetics or catalyst carrier. Further-

more, it is used as semiconductor with photocatalytic

activities with applications in environmental purification,

decomposition of carbon dioxide or hydrogen generation.

Metal oxides, such as ZrO2 or TiO2, modified with sul-

phate, develop strong acidity, and act as a potential catalyst

for low temperature isomeration, esterification, alkylation

and cracking reactions. Sulphate-promoted zirconium

oxide became a centre of investigation due to its high

thermal and mechanical stability, low reducibility as well

as the lower reactivity with respect to the active phases. It

is well known that the chemical and physical properties of

Zr-doped TiO2 are significantly influenced by the prepa-

ration method and calcination temperature [1]. All micro-

structural parameters, such as particle shape and size,

specific surface area and porosity are quite sensitive to pH,

metal ion concentration, temperature and aging time [2].

Daly et al. [3] prepared samples of TiO2–ZrO2 by cal-

cination of hydroxides at 300–700 �C. The co-precipitated

hydroxides were prepared in three ways; by homogenous

precipitation of TiCl4 and ZrOCl2 � 8H2O with urea, by

direct addition of ammonium hydroxide to TiCl4 and

ZrOCl2 � 8H2O and by hydrolysis of metal alcoxides

(titanium (IV) butoxide and zirconium n-propoxide in

n-propanol). Maity et al. [4] and Reddy et al. [5] described

the synthesis of TiO2–ZrO2 by homogenous precipitation

method. TiCl4, ZrOCl2 � 8H2O and urea were used as

starting materials. Subsequently, the reaction products

were calcined. Wu et al. [6] prepared catalysts from

anhydrous alcohol solution containing equal moles of TiCl4
and ZrCl4 by adding 28% aqueous solution of ammonia.

This catalyst was calcined at temperatures between 550 and

1,000 �C. Wang et al. [7] prepared samples of Zr-doped

TiO2 by the sol–gel method using Ti(OC4H9)4 and ZrOCl2
as starting materials. Manrı́quez et al. [8] prepared TiO2–

ZrO2 mixed oxides by the sol–gel method under controlled

pH conditions. Secar et al. [9] synthesized titanyl and

zirconyl hydrazine carboxylates and their solid-solution

precursors which decompose below 300 �C.

Improved photocatalytic properties of Zr-doped nanop-

articulated TiO2 were recently described in several papers

[10–16]. The significant effect of low concentrations of Zr
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Department of Electrotechnology, Faculty of Electrical

Engineering and Information Technology, Slovak University
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in TiO2 nanoparticulate powder or nanostructured films on

photocatalytical activity of these materials is mostly be-

lieved to prevent particle sintering and to optimize pore

structure during necessary thermal treatment. The increase

of the anatase-rutile phase transformation temperature is

also mentioned as a possible explanation of the enhancing

effect of Zr on the photocatalytic activity of annealed

materials. However, in order to synthesise active photo-

catalyst based on zirconium-doped titania, we need a

starting material, amorphous or nanocrystalline, consisting

of a very intimate mixture of Ti and Zr oxide components.

Modifications of the sol–gel method as well as hydrother-

mal procedures are often used to prepare such mixtures [7,

8]. However, both these methods are rather expensive and

potentially environmentally harmful. All the authors [3–9]

described the preparation of Zr-doped TiO2 by thermal

treatment of precursors. Homogeneous precipitation of acid

aqueous solutions of TiOSO4 with urea is a cheap and

ecologically safe method to synthesise nanocrystalline

titanium oxide nanoparticles [17, 18]. In the present study,

we used this method to synthesize TiO2 nanocrystallites

doped with different Zr contents (0–10 mol.%) and studied

the relationship between the conditions of synthesis and the

crystallite size, specific surface area, pore size distribution

and morphology of porous titanium dioxide doped with

zirconium.

Experimental

Synthesis

First, two solutions were prepared: (1) 100 g of TiOS-

O4 · H2O was dissolved in 300 mL of hot water acidified

with 30 mL of 96% H2SO4, (2) zirconium tetrachloride

ZrCl4 was dissolved in 96% H2SO4 (see Table 1 for details

on sample charges). Second, the two solutions were mixed

together and water was added to reach final volume of 4 L.

Subsequently, 250 g of urea (99.5% purity) was added into

the solution to act as the precipitation agent. The gradual

decomposition of urea at 70–80 �C homogenously raises

the pH of an aqueous solution by releasing ammonium

ions, and thus suppresses the rapid precipitation [19]. Urea

was added each hour until the pH stabilized at 7. The

experiment was carried out in a 4 L glass vessel at 98 �C,

under constant stirring, for a minimum of 7 h (Table 1).

The final co-precipitate was filtered, washed with distilled

water and dried at 105 �C for approximately 12 h.

Sample preparation procedure is outlined in the flow

chart (Fig. 1) and the reaction conditions are summarized

in Table 1.

Analytical methods

X-Ray powder diffraction was performed on a Siemens

D5005 diffractometer (Bruker AXS, Germany) using Cu

Ka radiation (40 kV, 30 mA) and a diffracted beam

monochromator. Data were collected from 5� to 90� in a

step-scan mode (step 0.02�, time per step 2.4 s). Qualita-

tive phase analysis was performed with HighScore soft-

ware package (PANalytical, the Netherlands, version 1.0d),

Diffrac-Plus software package (Bruker AXS, Gernamy,

version 8.0), and JCPDS PDF-2 database [20]. For quan-

titative phase analysis, Diffrac-Plus Topas software pack-

age (Bruker AXS, Germany, version 2.1) with structural

models based on ICSD database [21] was used.

Table 1 Experimental conditions and reactant charges used for

synthesis of samples T/Z(0)–T/Z(20)

Sample Precipitation

time [h]

ZrCl4 [g] H2SO4 [mL] Urea [g]

T/Z(0) 6 0 0 250

T/Z(4) 7 18 100 250

T/Z(8) 10 35 200 900

T/Z(12) 12 53 300 900

T/Z(16) 12 70 400 1,100

T/Z(18) 14 79 450 1,400

T/Z(20) 16 88 500 1,500
Fig. 1 Flow diagram of sample preparation of Zr-doped TiO2
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Structural morphology of the samples was revealed by

SEM (scanning electron microscopy). A Philips XL30 CP

microscope equipped with EDX (Energy Dispersive

X-ray), Robinson, SE (Secondary Electron) and BSE (Back

Scattered Electron) detectors. The EDX information is

correct to about ±3%.

Transmission electron microscopy (TEM) was carried

out on a JEOL JEM 3010 microscope operated at 300 kV

(point resolution 1.7 Å) with an EDX (Energy Dispersive

X-ray) detector attached. Samples were reground in agate

mortar, the powder was dispersed in ethanol and the sus-

pension was treated in ultrasound for 10 min. A drop of

very dilute suspension was placed on a carbon-coated grid

and allowed to dry by evaporation at ambient temperature.

Electron diffraction patterns were evaluated using the

Process Diffraction software package [22].

The specific surface area of the samples was determined

by nitrogen adsorption-desorption isotherms at liquid

nitrogen temperature using the Coulter SA 3100 instrument

with 15-min outgas at 120 �C. The specific surface area

was calculated by the BET (Brunauer–Emmett–Teller)

method. Pore size distribution was measured from the N2

desorption isotherm using cylindrical pore model

(BJH—Barret–Joyner–Halanda). The samples were out-

gassed for 30 min at 120 �C.

Results and discussion

X-ray powder diffraction (XRD)

The XRD patterns of Zr-doped TiO2 nanocrystals are

shown in Fig. 2. All correspond to anatase structure (ICDD

PDF [20] card 21-1272), with a dominant 011 diffraction

line at 25.01� 2Q, except catalyst T/Z(8), which most

probably corresponds to titanium hydrogen oxide H2Ti8O17

(ICDD PDF [19] card 36-0656) with a dominant diffraction

line at 23.57� 2Q. Incomplete crystallization of sample

T/Z(8) may have been caused by inadequate time needed

for better crystallization at the same pH = 7. A diffusion

maximum at around 30� 2Q hints at the presence of

amorphous phase in all samples. The intensities of anatase

diffraction lines decrease with increasing Zr concentration

(Fig. 2) as does the crystallite size (Table 2). Concomitant

diffraction line broadening may be due to a fine nature of

crystallites. Finally, sample T/Z(20) has mostly amorphous

character.

Calculated lattice parameters are presented in Table 2.

Due to the difference in ionic radii of zirconium and tita-

nium (Zr4+ = 72 pm, Ti4+ = 61 pm [23]), increasing con-

centration of zirconium in the structure of anatase is

expected to lead to a growth of lattice parameters and

introduction of lattice deformations as reported by Wang

et al. [7] and Lukac et al. [24]. However, it appears that in

this case increasing Zr content does not have a profound

effect on anatase lattice parameters, which suggest that Zr

is only partially incorporated into the anatase structure

while the rest of it concentrates in the amorphous phase.

Nevertheless, the limited substitution of Zr ions for Ti ions

might create some structural defects, such as vacancies,

mainly on the surface to partially compensate the lattice

strain [13].

Cluster morphology and the effects of preparation

Figure 3 presents SEM micrographs of pure TiO2 and

Zr-doped TiO2 grown by precipitation. Measured contents of

Zr for all prepared samples by EDX spectrometry are listed in

Table 2. In addition, the EDX spectra show that in all sam-

ples sulphate and chloride ions are absent. As it has been

shown earlier [18], the urea precipitation method leads to the

formation of colloid nanoparticles assembled in 1–2 lm

porous spherical clusters. Particles in some regions of the

clusters are submicron-scale balls, consisting of densely

packed smaller particles. The clusters are spherical in shape

and uniform in size. Structural changes in the material, e.g.,

growth of anatase nanocrystals and change of porosity, take

Fig. 2 X-ray powder diffraction patterns of the samples T/Z(0),

T/Z(4), T/Z(8), T/Z(12), T/Z(16), T/Z(18), and T/Z(20)
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place inside the clusters. Samples T/Z(0), T/Z(4) and T/Z(8)

are uniform in morphology, with spherical shape and size of

3–4 lm. All other samples, T/Z(12), T/Z(16), T/Z(18),

T/Z(20), are irregular in shape, and their size ranges from 6 to

15 lm. However, samples T/Z(12) and T/Z(16) show small

areas with spherical shape clusters. Samples T/Z(18) and

Table 2 Results obtained by

characterization of samples

T/Z(0)–T/Z(20)—percentage

content of Zr in TiO2 (from

EDS), cluster size (from SEM,

TEM), crystallite size (from

XRD, TEM), specific surface

area (from BET) and lattice

parameters (from XRD)

Sample Zr [mol.%] Cluster

size (lm)

Crystallite

size (nm)

Surface

area—BET [m2 g–1]

Lattice parameters [Å]

a c

T/Z(0) 0 2 8.7 391.3 3.794 9.482

T/Z(4) 2.5 3–4 8.2 618.2 3.785 9.505

T/Z(8) 5.1 3–4 8.0 660.7 – –

T/Z(12) 6.4 6–7 7.6 493.8 3.784 9.495

T/Z(16) 7.5 2–8 6.4 506.5 3.790 9.487

T/Z(18) 8.1 4–15 7.7 516.2 3.780 9.466

T/Z(20) 10.2 3–10 – 689.1 – –

Fig. 3 SEM images of the

samples: (a) T/Z(0), (b) T/Z(4),

(c) T/Z(8), (d) T/Z(12),

(e) T/Z(16), (f) T/Z(18) and

(g) T/Z(20)
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T/Z(20) are conspicuous by their irregular morphology. We

assume that the clusters consist of anatase nanoparticles

interlaid by a small fraction of amorphous material. Small

amount of Zr doping in TiO2 (up to 5.1 mol.%) leads to the

formation of spherical clusters, while elevated Zr doping

causes the growth of irregular clusters. The different mor-

phology of particles (clusters) may be explained by adsorp-

tion of sulphate anions on solid surface [19].

Fig. 4 Electron diffraction of

sample T/Z(12): (a)

diffractogram, (b) electron

diffraction pattern processed in

Process Diffraction with

markers indicating position of

diffraction lines of anatase

Fig. 5 HRTEM observations of

sample T/Z(12): (a) a cluster of

anatase crystallites, (b) high-

resolution image of anatase

crystallites (inset—FFT of the

whole image)

Fig. 6 TEM observations of sample T/Z(8): (a) image of a cluster

composed of two phases, (b) high-resolution image of area 1

(inset—electron diffraction from area 1 corresponding to amorphous

phase), (c) EDX analysis from area 1, (d) high-resolution image of

area 2 (inset—electron diffraction from area 1 corresponding to

anatase) and (e) EDX analysis from area 2
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High-resolution transmission electron microscopy

(HRTEM) was used to close up on the phase composition

and microstructure of the samples T/Z(12) and T/Z(8). In

sample T/Z(12), electron diffraction confirms that the only

crystalline phase present in the sample is anatase (Fig. 4).

Fine-grained anatase crystallites closely intertgrown with

amorphous phase form clusters (Fig. 5a, b). The size of

individual crystallites is about 6 nm (Fig. 5b), which closely

corresponds to the size of crystallites derived from XRD

patterns (Table 2). In Fig. 5b, lattice fringes corresponding

to anatase are observed. Namely, the lattice fringes of the

area 1 and 2 have spacing of 3.52 Å corresponding to (011)

lattice planes of anatase. In fact, when the FFT (Fast Fourier

Transform) is applied to the whole image, it can be observed

that all the lattice fringes on the image represent (011) lattice

planes of anatase (Fig. 5). On the contrary, sample T/Z(8)

appears very inhomogeneous (Fig. 6). It consists of areas

containing amorphous (Zr > Ti)O2, such as area 1 in Fig. 6a

(enlarged in Fig. 6b, EDS analysis in Fig. 6c), as well as

areas containing finely crystalline Zr-doped anatase, such as

area 2 in Fig. 6a (enlarged in Fig. 6d, EDS analysis in

Fig. 6e). The inhomogeneity of the sample is also reflected

by the XRD data, which are anomalous, compared to the

other samples. This was probably caused by imperfect,

incomplete precipitation.

Effect of aging time and concentration of reagents

It is well known that temperature governs particle gener-

ation and crystal growth rate. The rate of precipitation

obviously increases at a higher temperature. The crystal

shape, size and morphology may also change with

Fig. 7 Pore size distribution of

samples T/Z(0), T/Z(4), T/Z(8),

T/Z(12), T/Z(16), T/Z(18), and

T/Z(20)
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temperature [25]. In the present case, conditions of pre-

cipitation lead to the generation of either uniform, spherical

clusters of nanocrystallites and/or irregular clusters.

Spherical clusters result from isotropic aggregation while

irregular clusters are a consequence of oriented aggregation

[26]. It was observed that precipitation time influences the

formation process of Zr-doped TiO2 nanocrystallite clus-

ters (Table 1, Fig. 3). During the preparation of precursors,

the temperature and the rate of stirring were constant.

Therefore it was concluded that the effect of aging time,

concentration of ZrCl4, concentration of urea and concen-

tration of sulphuric acid are the factors responsible for the

change in morphology. At higher concentrations of reac-

tants irregular shape of clusters is observed rather than

spherical (Table 2).

Specific surface area and porosity

The specific surface areas are listed in Table 2. BET surface

area of pure anatase sample T/Z(0) has been determined as

391.3 m2 g–1 which confirms the results of Wang et al. [7],

who noticed that the BET surface area of pure TiO2 is lower

than that of mixed oxides. The homogenous co-precipitation

method leads to high specific surface area. This is expected

since the hydrosol is formed with a minimum of local

hydroxide ion concentration gradient and this reduction in

concentration gradients permits the growth of smaller

crystals [3]. With the addition of zirconium to titania, the

surface area of the resulting oxide increases sharply (from

391.3 to 689.1 m2 g–1). The observed significant changes

could be due to strong mutual interaction between titanium

and zirconium oxides when precipitated together, which

inhibits their individual crystallization [27]. The specific

surface area correlates with the content of Zr in anatase. Let

it be stressed that the highest surface area among the binary

samples was observed in the amorphous sample T/Z(20).

It is well known that micropores have pore sizes from

0.3 to 2 nm. Mesopore substances have pore sizes from 2

up to 50 nm, and the sizes of macropores range from

50 nm up to about 105 nm [28]. In samples T/Z(0), T/Z(4)

and T/Z(8), the pore size distributions show that the total

surface area is mainly attributed to micropores (Fig. 7),

while the specific surface area increases gradually. It is

likely that these micropores are present inside the spherical

clusters nanocrystals. In the other samples, macropores are

dominant.

Conclusions

Zr-doped TiO2 nanopowders have been successfully pre-

pared by homogenous co-precipitation and characterized

by several analytical methods. The following conclusions

can be drawn: (i) X-ray powder diffraction and transmis-

sion electron microscopy detect polycrystalline anatase

structure mixed with amorphous phase in all samples,

except in the Zr-richest sample (10 mol.% Zr) which is

amorphous. (ii) Scanning electron microscopy shows that

samples with Zr content lower than 5.1 mol.% develop a

uniform spherical morphology of the clusters whereas the

irregular cluster morphology is observed at higher Zr

contents. (iii) The BET surface area of pure TiO2 is lower

than that of the Zr-doped oxides. (iv) The BJH measure-

ments show that samples with Zr content lower than

5.1 mol.% Zr contain dominantly micropores whereas

samples with higher Zr contents are mainly mesoporous.
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