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In powder mixtures of ZnO and ТЮ2 the compounds Zn2Ti04, ZnTiOß, and Z^TißOs can 
be formed as a result of solid state reactions. The formation of the double oxides is essentially 
determined by the microstructure of the powder mixture. Furthermore, the type of the double oxide 
depends on the TiCb modification. There exist structural similarities between Zn2Ti04 (spinel) and 
TÍO2 (anatase) as well as between ZnTiC>3 and T1O2 (rutile). Compound Z^TiaOs is formed only on 
the basis of the Zn2TiÜ4 phase. The Zn2 + ions on the surface of Z^TißOs occupy only tetrahedral 
sites and not octahedral ones, like it was derived for the crystal structure of the bulk. 

The formation of zinc ferrite, ZnFe2Ü4 at room temperature is possible by means of mechanical 
activation in a high-energy ball-milling process of a ZnO—РегОз mixture (mechanosynthesis). The 
surface structure of mechanosynthesized zinc ferrite corresponds to the inverse spinel structure type. 
The structure of inverse spinel type is also created by means of mechanical activation of zinc ferrite 
of the normal spinel type. 

The investigation of regenerable sorbents for the 
desulfurization of hot coal gases is an important task 
in the field of material science in connection with the 
development of environmentally friendly techniques of 
power generation from coal. 

Basically, metal oxides as ZnO, F e 2 0 3 , CuO, SnÜ2 
are suitable as sorbents for H2S forming sulfides. The 
sorbents can be regenerated with O2—N2 mixtures 
which may contain also water vapour, at likewise high 
temperatures. The most frequently investigated sor-
bent for H2S is ZnO. The use of ZnO is limited to gas 
temperatures lower than 900 K, because the rate of 
sublimation of ZnO strongly increases at higher tem
peratures. The undesirable loss of ZnO may be pre
vented to a larger extent, if mixed oxides are used 
instead of pure ZnO. Mixed oxides of ZnO and T i 0 2 

or Fe 2 03 are proved to be universally usable. ТЮ2 
does not react with the components of the coal gas, 
but F e 2 0 3 reacts. Both substances bind ZnO and de
crease its sublimation rate. 

The system Z n O — T i 0 2 is of interest because of 
the possible formation of three double oxides of dif
ferent stoichiometries ( Z n 2 T i 0 4 , Z n T i 0 3 , Z n 2 T i 3 0 8 ) 
and different T i 0 2 modifications as well. 

Dulin and Rase [1] estimated the phase diagram 
ZnO—TÍO2, where above about 870 К the compounds 

Z n 2 T i 0 4 and Z n T i 0 3 are thermodynamically stable. 
Above 1220 К the authors detected the decomposition 
of Z n T i 0 3 to Z n 2 T i 0 4 and T i 0 2 rutile. 

The existence of the metastable compound 
Z n 2 T i 3 0 8 was shown for the first t ime by Bartram 
and Slepetys [2] and they proposed a structure derived 
from the spinel type. By Wallis [3, 4] a new type of 
a defect spinel was derived. The crystal structure of 
Z n 2 T i 3 0 g can be described with a cubic close pack
ing of oxygen ions with completely occupied tetrahe
dral sites ( Z n 2 + ions) *and not completely occupied 
octahedral sites. The unoccupied octahedral sites are 
not arranged statistically, but they are ordered in the 
structure. This order leads to the decrease of the space 
group symmetry from Fd-3m to P 4 3 3 2 . 

The aim of this par t of the contribution is to in
vestigate the relation between the microstructure and 
the kind of the compounds in the system ZnO—TÍO2 
and to investigate the surface structure of Zn2Ti 30s-

The structure and properties of zinc ferrite, 
ZnFe2 0 4 , as a result of mechanical activation in ball 
mills and of the thermal relaxation have been studied 
in previous works [5, 6]. The mechanically induced re
activity of zinc ferrite was clarified in [7, 8]. The novel 
synthesis pathway (mechanosynthesis) to zinc ferrite 
of Z n O — F e 2 0 3 mixtures is described in [9]. 

*Presented at the Solid State Chemistry '96 Conference, Bratislava, July 6—12, 1996. 
**The author to whom the correspondence should be addressed. 

Chem. Papers 52 (3)147—151 (1998) 147 



U. STEINIKE, P. DRUSKA, В. WALLIS, D.-CHR. UECKER. V. ŠEPELÁK 

The part devoted to zinc ferrite in this paper fo
cuses on the surface structure of mechanically acti
vated as well as mechanosynthesized zinc ferrite. 

E X P E R I M E N T A L 

For the preparation of zinc ferrite two synthetic 
routes were used, a conventional thermal method as 
well as a high-energy ball milling. Stoichiometric mix
tures of powdered reactants (products of Merck) were 
used as starting materials. 

The experiments were carried out with powdered 
oxides of different particle sizes and specific surface 
areas s(Ti02)/(m2 g"1): 9, 30, and 50; s(ZnO)/(m2 

g _ 1) : 3 and 70. The ТЮ2 powders consisted of ru-
tile or anatase or mixtures of both phases. The pow
dered oxides were mixed in ball mills with mole ratios 
n(ZnO)/n(Ti0 2) = Ъа = 2/1, 1/1, and 2/3. 

The milling process for the mechanical activation 
of crystalline zinc ferrite as well as the mechanosyn-
thesis to zinc ferrite of ZnO—Fe203 powder mixtures 
was carried out in a planetary ball mill AGO 2 (Insti
tute of Solid State Chemistry, Novosibirsk). A stain
less steel vial (150 cm3 in volume) and balls of 5 mm 
in diameter were used. The ball-to-powder mass ratio 
was 20:1. The milling was done in air. 

The courses of the phase formations were inves
tigated by temperature-dependent X-ray diffraction 
(XRD) methods. The initial stage of the solid state 
reactions was detected by in situ XRD measurements. 

X-Ray diffraction patterns were collected using 
a URD 6 diffractometer (Seifert-FPM, Germany), a 
STADI P (Stoe, Germany), and a Guinier-Lenné cam
era (Nonius, The Netherlands). The radiations were 
CuKa and CoKa. Data interpretation was carried out 
using the database of the JCPDS with software by 
Stoe. 

The surface analytical studies were performed 
by an ESCALAB 220ÍXL spectrometer (Fisons In
struments, Great Britain) consisting of two vac
uum chambers: the analyzer and the fast entry air 
lock/preparation chamber. The powdered samples 
were fixed on a carbon tape (carbon conductive tape, 
Pelco International) at the top of the sample holder 
and transferred into the UHV. The X-ray source was 
monochromatic A\Ka radiation (1486.6 eV) with an 
input power of 300 W. The emerging charge of the 
sample was equalized with the installed charge com
pensation. The final peak position was determined us
ing the Cls peak (shifted to 285.0 eV) corresponding 
to absorbed carbon species. The XPS measurements 
were performed at a constant pass energy of 25 eV. 
The ESCALAB was calibrated routinely with the ap
propriate XPS lines of Au, Ag, and Cu as given in Ref. 
[10]. 

After background correction according to [11] the 
XPS spectra were described and the correct peak posi
tions were determined by Gaussian—Lorentzian peaks 

if necessary with a tail function to take care of the 
asymmetry of the XPS signal of transition elements 
[12]. The information depth of these surface studies 
was estimated by the mean free path of electrons in 
solid state with approximately 7.5 nm. 

RESULTS A N D DISCUSSION 

Format ion of Zn-Ti-Double Oxides and Surface 
S t ruc ture of Z n 2 T i 3 0 8 

At temperatures below 1220 К mixtures of 
Zn 2 Ti0 4 , ZnTi0 3 or Z n 2 T i 3 0 8 are formed from ZnO 

T — 1 — 1 — j — t - r — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — I I I I f 
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F i g . 1. Photoelectron spectra of model substances with zinc in 
tetrahedral and in octahedral coordination, a) ZnO (Zn 
tetrahedrally coordinated), b) Zn2TÍ30e (Zn tetrahe-
drally coordinated), c) ZnTiC>3 (Zn octahedrally coor
dinated), d) Zn2TiC>4 (Zn octahedrally coordinated). 
ZnW = Zn tetrahedrally coordinated, Z n ^ = Zn octa
hedrally coordinated. 
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Fig. 2. XRD patterns of the ZnO—Fe-2C>3 mixtures. The intensity in total counts in dependence on 2 G/°. XRD patterns generated 
by URD 6 diffractometer with Си Ко. radiation, XRD diagram created by Stoe software, a) Unmilled, b) ball-milled for 
8 min, с) ball-milled for 18 min, d) ball-milled for 18 min followed by the thermal treatment (400 min at 1100 K). 
F e 2 0 3 , ZnO, Z n F e 2 0 4 . 

and TÍO2 as a result of solid state reactions. The for
mation of double oxides takes place in the tempera
ture range between 870—1220 K. That temperature 
at which the solid state reaction starts decreases with 
an enlargement of the specific surface areas and a de
crease of the particle sizes. The lowest temperatures 
are obtained with nanocrystalline powders and very 
homogeneous mixtures. 

Compound Zn2Ti308 originates only from the 
Zn2Ti04 phase. The double oxide formation with ZnO 
is overlapped by the transformation of the modifica
tion anatase —>• rutile taking place in the temperature 
range between 800—1100 K. The speed of transforma
tion depends on the temperature and the particle size 
of the anatase powder. 

There are correlations between the Ti0 2 modifica
tion and the formation of certain titanium-zinc-double 
oxides. The formation of Zn2Ti04 and Zn2Ti308 is 
confined only in the presence of anatase, while ZnTi03 

is only formed in the presence of rutile. Between Ti0 2 

anatase and Zn2Ti04 , or Zn2Ti308 on the one hand 
and Ti0 2 rutile and ZnTi03 on the other, structural 
similarities could be demonstrated. The symmetries 
of packing of the oxygen ions (cubic close packing and 
hexagonal close packing) show already fundamental 

relationships between the structures of anatase and 
Zn2Ti04 , or Zn2Ti308 as well as rutile and ZnTi03 

(ilmenite). The structures of Ti0 2 , Zn2Ti04 , and 
ZnTi03 consist of TiOe octahedra which are con
nected over common edges. In rutile and in ZnTi03 

the connection of the T'IOQ octahedra leads to chains 
and/or layers, but in anatase and in spinel (Zn2Ti04 

and Zn2Ti308) to three-dimensional frameworks. 
Fig. lb shows the photoelectron spectroscopic sur

face studies of Zn2Ti308 in comparison to ZnO, 
Fig. la, ZnTi03 , Fig. lc, and Zn2Ti04 , Fig. Id. It is 
known that the Zn2+ ions occupy in ZnO only tetra-
hedral sites and in ZnTi03 and Zn2Ti04 octahedral 
sites. The Zn2+ ions in Zn2Ti308 have the same peak 
position and structure of the Zn 2p3/2 signal like the 
well known ZnO with zinc only in tetrahedral posi
tions. This is another indication of the tetrahedral 
coordination of zinc in the defect spinel structure of 
Zn2Ti308 [3, 4]. 

Format ion and Surface S t ruc tu re of Zn Ferri te 

ZnFe204 is formed in ZnO—Fe203 mixtures at 
temperatures above 1100 K. Results of the investiga
tion of the influence of mechanical activation of ZnO— 
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Fig . 3. Photoelectron spectra of ZnO—Fe2Ü3 mixtures and of zinc ferrite. a) ZnFe2 04, normal spinel structure, b) ZnFe2 04, 
inverse spinel structure, created by mechanical activation (18 min) of ZnFe2Ü4 with normal spinel structure [5, 6], c) 
ZnO—Fe2Ü3, xn = 1:1, nonmechanically activated, d) ZnO—РегОз, xn = 1:1, 8 min activated, e) ZnO—РегОз, Zn = 
1:1, 18 min activated. Z n ^ = Zn tetrahedrallly coordinated, Zn^i = Zn octahedrally coordinated. 

Fe 203 mixtures on the formation of zinc ferrite have 
shown that it is possible to achieve the mechanosyn-
thesis of zinc ferrite (from zinc oxide and iron oxide 
powders) at room temperature in a planetary mill [9]. 

Before milling the size of the powder particles of 
the Fe203—ZnO mixture varies from 10 /mi to 50 /ли. 
After a relative short time of milling (8 min) the ma
terial consists of agglomerates of many small particles 
(1—3 /mi) with a rounded shape. With further milling 
the powders become much finer and uniform in shape 
with an average particle size of about 1 /mi. 

XRD pattern (Fig. 2 a) of the starting powder 
is characterized by the sharp crystalline peaks cor
responding to ZnO (JCPDS 36-1451) and a-Fe 2 0 3 

(JCPDS 33-664). During the early stages of milling 
XRD reveals only a decrease of the intensity and an 
associated broadening of the Bragg peaks of the indi
vidual oxides. 

With increasing milling time, the weak diffraction 
lines of both phases completely disappear and the 
strongest diffraction lines gradually merge together 
producing two broad peaks and new peaks of ZnFe204 
(JCPDS 22-1012) are formed (Fig. 26, c). The results 
of Mössbauer spectroscopy give an additional confir
mation on the formation of ZnFe204 during the me
chanical activation of the oxides at room temperature 
[9]. Fig. 2d shows for comparison the XRD diagram of 
crystalline zinc ferrite. 

Under standard conditions zinc ferrite forms the 

structure of a normal spinel with zinc in the tetrahe-
dral sites and iron in the octahedral sites of a cubic 
close packing of oxygen atoms Zn'4lFet6l204, shown in 
Fig. 3a. It is the same peak position like the tetrahe
drally coordinated zinc in ZnO (Fig. la). The mechan
ical activation leads to a change of the normal spinel 
structure to the inverse spinel structure [5] with zinc 
in octahedral sites and iron in tetrahedral and octa
hedral sites of the cubic close packing oxygen matrix 
Zn[6lFe[4'6]204. 

The mechanoactivated zinc ferrite has a disor
dered structural state. The ESCA investigation of 
mechanoactivated zinc ferrite (Fig. 36) indicates that 
there are two signals. One is the signal with the same 
peak position like the tetrahedrally coordinated zinc 
in ZnO (Fig. la) or in normal zinc ferrite (Fig. 3a) 
and an additional peak is that with the same position 
like the octahedrally coordinated zinc in ZnTiOß or in 
Zn2Ti04 (Fig. lc, d). Zn2+ ions in mechanically ac
tivated zinc ferrite are tetrahedrally and octahedrally 
coordinated. This means that a part of the surface 
structure (< 7.5 nm) of the mechanically activated 
zinc ferrite corresponds already to the structure of the 
inverse spinel. 

The mechanical activation of a mixture of zinc ox
ide and iron (III) oxide shown in Fig. 3 c—e leads to the 
same result of the surface analytical studies like the 
mechanical activation of the normal spinel of ZnFe204 
and of the coordination sphere of zinc. In the oxide 
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mixture (Fig. 3 c) zinc is tetrahedrally coordinated, 
but in the mechanically activated mixture the Z n 2 + 

ions occupy octahedral positions (Fig. 3d, e). Zinc is 
octahedrally coordinated in mechanosynthesized zinc 
ferrite. This means t h a t also the surface structure of 
mechanosynthesized zinc ferrite corresponds to the in
verse spinel type. 
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