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As a result of titanium and zirconium alcoholates hydrolysis in the presence of dissolved 
Fe(acac)3, amorphous iron-containing gels have been synthesized. Their heat treatment has 
led to polycrystalline double oxides FexZr 1 -o.75x02-6 (C) and FexTil-o.75xO2-a (T) formation. 
It has been shown that oxides (C) and (T) are likely to be solid solutions with 
0.01 < x < 0.17 and 0.01 < x < 0.1 4, respectively. On the basis of X-ray diffraction and 
extended X-ray absorption fine structure data, iron-zirconium and iron-titanium crystallite 
models for gels and oxides have been proposed. It has been found that the crystallization 
process does not lead to a significant change in interatomic distances typical for local 
structures detected in gels. 

1. Introduction 
Much research dedicated to the development of the 
direct synthesis of complex metal oxides, which are 
widely applied in different fields of technology, has 
been carried out [1-3]. One of the promising ad- 
vances in this field is sol-gel processing using metal 
alcoholates. However, sol-gel methods have a num- 
ber of disadvantages (for instance, the instability of 
some alcohola~es, the difficulties of their synthesis, and 
their different hydrolysis rates in the course of alkoxo- 
synthesis). At the same time, one of the significant 
advantages of these methods is the fact that multicom- 
ponent, single-phase metal oxides can be formed at 
relatively low temperatures in comparison with solid- 
phase reaction. For example, it is impossible to obtain 
single-phase compounds by the solid-phase reaction 
between ZrO2 and TiO2 at temperatures up to 
1300 ~ [4]. 

It was shown previously I-5, 6] that metal-contain- 
ing gels are products of the aluminium, titanium, 
zirconium alcoholate hydrolysis with the group VIII 
transition metal acetylacetonates solutions. The heat 
treatment of gels leads to single-phase metal oxides 
formation even at 500~ 1-5, 6]. Therefore, careful 
study of the formation of these compounds, including 
the gel stage, is of interest. In this paper we discuss 
magnetic properties and the structure of iron-contain- 
ing titanium and zirconium gels obtained by the reac- 
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tion mentioned above and the double oxides which 
have been formed from these gels. 

2. Experimental procedure 
The basic reagents were Fe(acac)3 obtained by 
electrolysis [7] and titanium(IV) isobutylate and 
zirconium(IV) isopropylate were used. Absolute 
benzene was used as a solvent. The titanium- and 
zirconium-alcoholate hydrolysis was performed with 
Fe(acac)3 in 80% boiling ethanol. At the end of the 
hydrolysis the synthesized gel was separated from the 
mother liquer by centrifuging, dried in air at room 
temperature and then under vacuum at 50~ The 
oxide compounds were formed by heat treatment at 
500 ~ for 6 h. 

The X-ray diffraction analysis was performed with a 
powder diffractometer using FeK= radiation. The lat- 
tice type and unit cell parameters were determined by 
the procedure described elsewhere [8]. 

The static magnetic susceptibility was measured 
using a home-made Faraday-type magnetic balance 
[-9] in the temperature range 77-570 K. 

The composition of the gels and the metal oxides 
was determined by the atom-absorption spectrometry 
method using a Perkin-Elmer spectrometer. 

The extended X-ray absorption fine structure 
(EXAFS) Zr-, Fe-, Ti-edges spectra were registered on 
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EXAFS station of Sibirian Center of SR Storage ring 
VEPP-3, which operated with an electron beam en- 
ergy of 2 GeV and an average current stored of 70 A. 
Data were collected using a cut Si (1 1 1) crystal mono- 
chromator. Harmonics rejection for Ti-, Fe-edges was 
produced by total reflection by a silver mirror 
installed in the monochromatic beam. Harmonics re- 
jection for the Zr-edge (18 keV) was not necessary, 
because the third harmonic (54 keV) is not present in 
the storage ring emission spectrum. Data were ob- 
tained in transmission mode with a step of 2 eV. Ion 
chambers filled up to 1 atm with argon (full adsorp- 
tion) or 5% Ar + 95% He (monitoring) were used as 
detectors. Energy resolution was estimated to be ab- 
out 1.5 eV by the use of an ~-Fe20 3 pre-edge feature. 
The samples were prepared in the form of pellets by 
mixing powder with a small amount of apiezon as a 
binder. The pellet thickness was varied to obtain the 
adsorption jump Ala x = 0.8 for the measured absorp- 
tion edge. Total adsorption was not more than 3. The 
powder fraction did not exceed 0.05 mm. The spectra 
measurements were performed in air. The oscillating 
part of the absorption spectra, x(k), was extracted by a 
standard procedure rio].  The pre-edge region was 
extrapolated to that of, EXAFS with polynomes of 
Victoreen type. The smooth part of the absorption 
coefficient was constructed with three interpolation 
cubic splines. In addition, the remains of the smooth 
part were  removed by smoothing splines, g(k) was 
normalized on the difference between the smooth part 
of the absorbtion coefficient and the background 
absorbtion. The inflection point on the absorbtion 
edge was used as the initial point E o (k = 0). Data 
analysis was made from the amplitude, p(R - ~), of 
Fourier transformation k3~(k) in the wave number 
interval 25-115 nm -1. ~-Fe203 anatase-type TiO 2 
and cubic ZrO 2 + 10% Y203 oxides were used as 
model compounds with known structure [11]. The 
structural data were obtained by a curve-fitting pro- 
cedure [12, 13] for Fe Zr systems and by comparison 
of the radial distribution function (RDF) of atoms in 
unknown compounds with that for model compounds 
for the F e - T i  system. Phase shifts, 6, were determined 
in the last case from EXAFS spectra for model com- 
pounds. 

3. R e s u l t s  a n d  d i s c u s s i o n  
Stained gels were synthesized in titanium and zirco- 
nium alcoholates hydrolysed in the presence of dis- 
solved Fe(acac)3. As pointed out [5, 6], their colour 
intensity was enhanced with increase of the basic 
components concentration. The elementary composi- 
tion analysis and infrared spectroscopy data indicated 
[5, 6] that the chelate organic part, as well as metal, 
are incorporated into the gel. 

Fig. 1 shows the dependence of the iron concen- 
tration in the gel on the ratio of basic reagents 
n = Fe(acac)3/M(OR)4, where M = Ti (IV) or Zr (IV). 
The initial curve up to mole ratio 0.3 is characterized 
by a steep gradient; with n > 0.3 the dependence be- 
came less. 
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Figure 1 The dependence  of iron concentrat ion in the gel on the 
basic reagents ratio n = Fe(acae)3 /M(OR)4  , where M = Ti (IV) or 
Zr (IV). (1) I r o n - z i r c o n i u m  gel, (2) i ron- t i tan ium gel. 

X-ray analysis data have showed that iron-contain- 
ing gels were amorphous. After heat treatment at 
500 ~ for 6 h, gels lost water and organic fragments 
and crystallized. In Tables I and II composition data 
and structural and magnetic characteristics of poly- 
crystalline double oxides are presented. It can be seen 
from the tables that single-phase metal oxides are 
formed during heat treatment of gels in the range 
0 < n < 0.3. XRD analysis data indicate that. they are 
likely to be solid solutions with empirical formula 
FexZrl _0.75xOz_g (C) with 0.01 < x < 0.17, and 
FexTil-o.75xOz-~ (T) with 0.01 < x < 0.14. In the 
above concentration limits, Vegard's law is valid. 

It should be noted that reflex broadening for the 
5C-sample with x = 0.17 was observed. Analysis of 
the influence of the different factors on diffraction line 
broadening has shown that it is caused by a coherent 
scattering region, block dispersivity and crystal lattice 
micro-distortions. 

X-ray patterns ofT-samples with 0 < x < 0.11 were 
identified as anatase-type TiO 2 lattice [10, 11]. In 
contrast, the 6T-sample X-ray pattern is characterized 
by the appearance of the rutile phase and practically 
complete disappearance of the anatase phase. 

Figs 2 and 3 show the inverse magnetic suscept- 
ibility dependence on temperature in the interval 
77-570 K for a number of metal oxides (C, T). A 
X-I(T)  experimental curve was satisfactorily de- 
scribed by the traditional Couri-Weiss law Z = C/T 
- 0 with the help of the best approximation program 

according to the method described elsewhere [9]. For  
samples 2C-6C (Fig. 2) and 3T, 4T, 6T (Fig. 3). The 
obtained Weiss constants, 0, were negative. Absolute 0 
values for oxides being formed in F e - Z r - O  system 
increased proportionally with x (as shown in Fig. 2b). 
Couri constants C for 2C-4C samples (Fig. 2) and 3T, 
4T (Fig. 3) approximately corresponded to the high 
spin state of Fe 3+ ions (electron configuration d 5, 



TAB L E I Structure characteristics and magnetic properties of iron-zirconium oxides 

Sample Treatment Fe Content Type of crystal 
temperature (wt %) structure, a 
(~ (nm) 

Effective magnetic C 0 
moment (BM) (cm 3 K mol- 1) (K) 

290K 77K 

1C ZrO z 500 0 Heterogeneous 
2C Feo.osZro.9602-~, 500 2.3 Cubic 0.502 
3C Feo.o6Zro.9sO2-~ 500 3.1 Cubic 0.506 
4C Feo.laZro.9oO2_~ 500 6.1 Cubic 0.504 
5C Feo.17Zro.svO2_~ 500 7.9 Cubic 0.504 
6C Feo.2sZro.810 2 ~ 500 11.8 Amorphous 

5.36 4.14 4.66 
5.76 4.25 5.09 
5.75 4.16 5.28 
4.76 3.34 4.46 
4.27 3.05 3.88 

- 88.7 
- 92.0 

- 153.0 
- 171.0 
- 186.0 

TAB L E I I  Structure characteristics and magnetic properties of iron-titanium oxides 

Sample Treatment Fe content Type of crystal 
temperature (wt %) structure 
(of) 

a e 

(nm) (nm) 

Effective magnetic C 0 

moment (cm 3 K tool- 1) (K) 

290K 77K 

1T TiO 2 500 0 Tetragonal 
0.376 0.944 

2T Feo.o 1Tio.9902-a 500 0.6 Tetragonal 
0.377 0.944 

3T Feo.osTio.9402 _~ 500 5.0 Tetragonal 
0.377 0.943 

4T Feo.o9Tio.9302 _~, 500 7.1 Tetragonal 
0.377 0.937 

5T Feo.14Tio.9oO2_n 500 9.8 Tetragonal 

6T Feo.lvTio.svO2_ ~ 500 1 7 . 1  Heterogeneous 

4.31 3.80 4.91 

4.71 3.75 3.23 
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Figure 2 (a, b) The inverse molar magnetic susceptibility, X 1, de- 
pendence on temperature for the series FexZrl_o.75xO2_ ~ (C) 
oxides. (V) Feo.05Zro.9602_~, (A) Feo.06Zro.9502_~,, (r]) 
Feo.13Zro.9002_~, (O) Feo.lvZro.8702 _~, (~) Feo.zsZro.8102_ ~ . 
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Figure 3 The inverse magnetic susceptibility, Z-1, dependence on 
temperature for the series FexTil-o.75xOz-~ (T) oxides. (V) 
Feo.o8Tio.9402_~, (•) Feo.o9Tio.9aO2_~, (A) 17.1% Fe. 

S = 5 /2 ,  T a b l e  |) .  These  d a t a  are  c o n f i r m e d  by M 6 s s -  

b a u e r  s p e c t r o s c o p y  d a t a  [6].  T o  desc r ibe  the  m a g n e t i c  

b e h a v i o u r  of  g iven  samples ,  H e i s e n b e r g  h a m i l t o n i a n  
for  inf ini te  cha ins  a n d  two  d i m e n s i o n a l  layers  w i th  

i n t e r m o l e c u l a r  i n t e r a c t i o n  o f  F e  3 § ions  was  used  [9].  

T h e  a t t e m p t  failed. Th i s  resul t ,  as well  as the  absence  

of  any  ; ( - I ( T )  cu rve  pecul ia r i t i es  wi th in  the  s tud ied  

t e m p e r a t u r e  l imits  a l lows  us to  suppose  tha t  in C-  and  

T-samples ,  m a g n e t i c  s h o r t - r a n g e  o r d e r  i n t e r ac t i ons  

occu r  in the  [ F e - O  F e - ] ,  s t ruc tu re  f r agmen t s  

wh ich  are  s ta t i s t ica l ly  d i s o r d e r e d  w i th in  the  ox ide  

f r a m e w o r k .  

1 0 8 9  
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Figure 6 Absorption coefficient g(E)X and oscillating part of absorbtion coefficient kz(k ) for zirconium in (1, 2) ZrO 2 (500 ~ (3, 4) gel 
Zr(OH)x(OR)y, and for iron in sample 4C (5, 6) Fe0.13 Zr0.9002-~ �9 

than that in ZrO 2 + 10% Y203. It should be also 
mentioned that the measured oxide interatomic dis- 
tances are practically equal to that in the gel 
(Table III). 

The insignificant changes in the R D F  curves during 
sample crystallization, points to the fact that structure 
formation has already taken place in the gel. During 
crystallization, only extraction of organic fragments 
occurs, which contributes to the contraction of cubic 
polyhedra in the gel. This results in the appearance of 
cubic metal oxide with small structure distortion. 
Fe 3 + ions are situated on the faces of the oxide and are 
epitaxial. Because of the large difference in the values 
of Z r - O  and F e - O  distance, no more than one Fe 3+ 
layer can exist on ZrO 2 face and the observed F e - F e  
distance (0.312nm) appears to be the meta l -meta l  
bond between iron ions from different ZrO 2 clusters. 

On the basis of the EXAFS data mentioned above, 
as well as magnetic susceptibility and XRD data the 
following model of the iron-containing zirconium 
oxide may be proposed (Fig. 9). In our opinion, it 
consists of crystal blocks of cubic ZrO2, and Fe 3 + ions 
produce epitaxial film on the face of the ZrO2 cluster. 
Different ZrO 2 clusters are connected to each other by 
Fe 3 + films. 

Figs 10 and 11 show EXAFS oscillations and R D F  
functions around titanium and iron in a gel as well as 
in crystal oxide T with x = 0.09. It is necessary to 

emphasize that the R D F  around titanium (Fig. 10) in 
an amorphous gel fully corresponds to the RDF of the 
model anatase-type TiO 2 [12]. Moreover  T i - T i  dis- 
tances up to 0.6 nm can be seen easily. Because of the 
fact that six coordinating spheres for titanium envir- 
onment can be seen in the RDF curves, and at least 
four can be seen for iron environment data, modu- 
lation was not performed because of the inefficient 
reliability of results which can be obtained by this 
method. Thus, Table IV shows only experimental data 
(peaks positions and intensity) as well as interatomic 
distances for model TiO2, i ron- t i tan ium gel and 
Feo.09Tio.9302_~ oxide. These results are obtained 
with the use of crystallographic data and the EXAFS 
spectrum for anatase TiO2. We have also taken into 
account the fact that experimental R - 6 values cor- 
rections are practically similar for titanium and iron. 
The error in the interatomic distances determination 
in this case is more than for zirconium samples, but is 
in the region of 2% and does not exceed 4%. Hence, it 
is possible to say that within the limits of the experi- 
mental accuracy, the RDF curves for the titanium 
environment in the titanium samples fully correlate 
with the RDF curves for massive anatase. Moreover, 
the structure is well formed and distances up to 0.6 nm 
are observed. The RDF curves for the iron environ- 
ment in studied samples 4T, partially coincide with 
one for titanium (peaks with R -  ~ = 0.270 and 

1091 



0.40 

0.20 

/ 
0.00 
1.10 

0.55 ~ l 
0.00 
1.40 

0.70 l 

0.00 
0.00 0.20 

(a) 

(b) 

(c) 

0.40 0.60 0.80 
R-8 (nm) 

Figure 7 Radial distribution function (RDF)  of atoms around zir- 
conium (Fourier transformation k3z(k) in wavenumber interval 
25 120 n m -  1) for (a) ZrO 2 gel, (b) sample 1C and (c) ZrO z + 10% 
Y203 �9 

0.46 nm), but not fully. In particular, the 0.34 nm peak, 
which can be attributed to the main period of the 
lattice of anatase along the a-axis, is not observed. So 
it is concluded that iron ions are not incorporated in 
the TiO2 framework, but that an Fe 3 + ions epitaxial 
film exists on the face of the TiO2 cluster, as in the case 
of the F e - Z r - O  system samples. As observed above, 
TiO 2 particles are mainly flattened along the c-axis 
and iron ions appear  to stabilize on the (1 1 0) plane. 
The filling of the plane by iron ions is not complete, 
otherwise a distance of 0.38 nm would be observed. 
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Figure8 RDF of atoms around (a,c) zirconium (k3z(k), 
25-120 n m -  1) and (b, d) iron (k2z(k), 25-120 n m -  1) for the sample 
4C in (a, b) gel and (c, d) crystalline form. 

T A B L E  I I I  Basic structural parameters of gels and oxides pre- 
pared by sol-gel and solid phase reactions (EXAFS) 

Zr interval, R, A 0.9-4.15 ZrO2 + 10%Y203 

N 
R,A 
10" Ac~ 2, A 
AEo, ev 

Zr interval, R, A, 0.9-4.2 
N 
R,A 
10" A~ 2, 
AEo, ev 

Zr interval, R, ,& 0.9-4.2 
N 
R,A 
10* Ac~ 2, A 
AEo, ev 

Zr,Fe interval 
R, A 0.6-3.8, 
0.9-4.3 

Z r - O  
N 9.2 
R, ~ 2.16 
104 Ao "2,/~ 9 
AEo, ev - 2 . 6  

Zr,Fe interval 
R,/~ 0.94.2,  
0.9-3.8 
N 9.2 
R,/~ 2.16 
104 AO "2, A 24 
AEo, ev 3.3 

Z r - O  Z r - Z r  
8.0 12.0 
2.16 3.66 
0 0 
0 0 

ZrO z gel 
8.6 8.8 
2.15 3.49 

20 36 
0.6 - 6.0 

ZrO2 oxide (500 ~ 
8.8 10.1 
2.14 3.61 

22 35 
6.5 1.5 

F e - Z r - O  gel 

F e - O  Z r - Z r  
6.5 8.2 
1.94 3.52 

24 
- 2 . 7  

FeoA3Zro.900. 9 oxide 

F e - Z r  Fe -Fe  
3.8 2.6 
3.30 3.12 

8.0 8.2 4.5 3.0 
1.98 3.54 3.30 3.13 

26 
--3.6 

However, we do not exclude the shift of iron ions from 
crystallographic positions of Ti 4+ being caused by 
differences in oxygen coordination and leading to the 
appearance of two additional distances F e - T i  0.4 and 
0.45 nm for gel and 0.38 and 0.43 nm for oxide. 
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Figure 9 The model of the iron-containing zirconium gel and oxide. 
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(a-c) t i tanium (k2z(k), Figurell  RDF of atoms around 
25-126 nm 1) and (d, e) iron (k2z(k), 3 0 - 1 1 0 n m  -1) for (a) TiO 2 
(anatase), (b, d) 4T gel sample, (c, e) 4T oxide Feo.ogTio.g30 2. 

4. C o n c l u s i o n  
Amorphous iron-containing gels have been synthes- 
ized by titanium and zirconium alcoholates hydrolysis 
in Fe(acac)3 solution. It has been demonstrated that in 
these gels polyhedra with interatomic distances typical 
of crystalline ZrO2 and TiO2 structures, are formed. 
Fe 3+ ions stabilize the cubic structure in the i ron-  
zirconium gel. 

On the basis of XRD and EXAFS data, an 
i ron-zirconium oxide crystallite model has been pro- 
posed. In accordance with this model crystallites are 
flattened cubic zirconium oxide clusters with a coher- 
ent scattering region of 10-12 nm. Iron ions are situ- 
ated on the faces of these clusters. 
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T A B L E  IV Basic experimental EXAFS data  for TiOz and F e - T i - O  systems 

TiO2, anatas  Feo.o9Tio.930 2 
Type of R-8 ,  J, abs R, Type of R-~,  
bonds /~ /k bonds ~, 

Feo.o9Tio.93Oz 
J, abs R, Type of R-~,  J, abs 

/~ bonds /~ 

T i - O  1.55 0.27 1.97 
T i -T i  2.67 0.19 3.00 
T i -T i  3.39 0.12 3.77 
Ti -Ti  4.58 0.05 4.84 
T i -T i  5.12 0.04 5.33 
T i -T i  5.64 0.03 6.06 

gel 
T i - O  1.63 
T i -T i  2.70 
Ti -Ti  3.34 
Ti -Ti  4.53 
T i -T i  5.02 
T i -T i  5.62 

oxide 
T i - O  1.55 
T i -T i  2.68 
T i -T i  3.38 
T i -T i  4.39 
T i -T i  5.08 
T i -T i  5.62 

gel 
0.28 2.05 F e - O  1.50 0.17 
0.21 3.03 Fe-Ti  2.78 0.09 
0.10 3.72 F e - M *  3.72 0.02 
0.04 4.79 F e - M  4.12 0.01 
0.04 5.23 F e - M  4.60 0.04 
0.03 6.04 

oxide 
0.25 1.97 F e - O  1.50 0.17 
0.16 3.01 Fe-Ti  2.70 0.09 
0.10 3.76 F e - M  3.47 0.03 
0.03 4.65 F e - M  3.99 0.04 
0.03 5.29 F e - M  4.53 0.03 
0.02 6.04 

* Where M - F e ,  Ti. 

In iron-titanium gel EXAFS spectra, one can ob- 
serve the long-range order anatase-type TiO 2 struc- 
ture. Oxide crystallization process does not lead to a 
significant change in interatomic distances, typical for 
structures detected in gels. 

The amount of iron included into the gel appears to 
be the main, and the only, factor which determines the 
phase composition of the crystal oxides formed from 
the gels. From gels with iron concentrations from 
1.75-5.46 mass %, one can obtain single-phase double 
oxides FexZrl-o.75xO2-g characterized as solid solu- 
tions. In the case of iron-titanium gels with iron 
concentrations from 0.4-5.9 mass %, solid solutions 
of FexTil_o.75xO2_~ are obtained. These compounds 
are magnetically uniform and antiferromagnetic ex- 
change interactions between Fe 3+ ions are realized. 
An increase in iron concentration in the gels causes the 
formation of amorphous and multiphase products 
at 500 ~ 

The main advantage of the studied chemical reac- 
tion is the formation of intermediates with clearly 
defined structural phase characteristics in the gels. It is 
this phenomenon that permits single-phase double 
oxides, which possess structural characteristics of the 
intermediates formed, to be prepared under low tem- 
peratures compared to those used in traditional ce- 
ramic technology. 
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