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Three different Fe-Zr oxide systems were prepared using firstly classical impregnation of
iron nitrates on calcined ZrO, (Fe,/ZrO,, x represents Fe/Zr ratio = 0.01 and 0.11), secondly
impregnation of iron nitrates on dried zirconium hydroxide ZrO(OH), (Fe,/ZrO(OH),) and
finally hydrolysis of aqueous suspension of iron and zirconium salts to coprecipitate iron
and zirconium hydroxides (Fe,-Zr). Thermal decomposition study of dried samples
evidenced a delay in the temperature crystallization of zirconia for Fe,-Zr and Fe,/ZrO(OH),,
the more the iron content in the sample, the more important the delay. For these samples,
the formation and the stabilization of different phases were evidenced by several
characterization techniques : X-Ray Diffraction (XRD), Raman spectroscopy and Electron

Paramagnetic Resonance (EPR).

The interaction of iron species with zirconia was different in accordance with different
preparations. A bulk dispersion of the coprecipitated sample was observed and as a
consequence Zr3* defects in the solid were not produced. In the case of Fe,/ZrO, sample,
production of surface Zr®* ions was established at low temperature of calcination (up to
600°C) and explained by the reaction of NO3 with Zr** on the zirconia surface. However
such interaction did not occur for Fe,/ZrO(OH), since a low dispersion of iron species was
observed by X-ray Photoelectron Spectroscopy (XPS), deposited phase (Fe,O3) forming
preferentially blocks. Temperature Programmed Reduction (TPR) showed that the reduction
of small particles of Fe, O3 and bulk Fe, O3 present in the impregnated samples was easier
than that of iron species well dispersed in the bulk of the coprecipitated solid.
© 2005 Springer Science + Business Media, Inc.

1. Introduction

Zirconium dioxide or zirconia (ZrO,) is an interesting
material used in catalysis. Due to its nature of n-type
semiconductor, ZrO, shows photocatalytic activity in
reactions of liquide-phase oxidation of some organic
substrates [1, 2]. Moreover lability and easiness to ex-
change oxygen atoms of the tetragonal or cubic ZrO,
phase make them suitable for numerous catalytic re-
actions [3]. However the tetragonal or cubic phase of
pure zirconia is only stabilized at high temperatures
(up to 1900°C). The stabilization of the high tempera-
ture phases (cubic or tetragonal at room temperature) is
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possible by introducing in the ZrO, structure suitable
aliovalent cations such as Ca’>*, Mg?*, Gd** and Y>*
(oversized dopants: ionic radii bigger than Zr** radius)
[4]. In these conditions, oxide ion conductor with high
ionic conductivity is obtained. In fact the substitution
of Zr** by cations having a lower charge results in the
creation of oxygen vacancies in order to maintain the
charge balance. The concentration of the stoechiomet-
ric oxygen vacancies equals to half of the concentration
of the aliovalent cation which substitues the Zr ions [5].
The incorporation of Fe* cations induces also a stabi-
lization of high temperature phase of zirconia, but the
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use of undersized dopants (for example Fe3* or Ga>*)
leads to a less efficient stabilization. As a function of
air pressure used for the calcination, Stefanic et al. [6]
showed that the incorporation of Fe3* into ZrO, have
both a stabilizing and destabilizing influence on the
high temperature phase of zirconia.

For Fischer-Tropsch synthesis iron is chosen as the
active metal for its ability to dissociatively adsorb
CO faster than H, which enhances the olefinic selec-
tivity [7]. Moreover ZrO;-supported Fe oxides have
been shown to be highly active at low temperature in
CO+NO reaction and in oxidation of CO [8]. Fur-
thermore, catalysts promoted with iron and manganese
were reported to be 3 orders of magnitude more active
that conventional sulfated zirconia for n-butane isomer-
ization [9]. But the nature of the promoting of these
transition metals remains controversal. Using zirconia
as support, the stabilization of its tetragonal phase is of-
ten mentioned to explain the superiority of the catalyst
in terms of activity or selectivity. The interaction of ac-
tive species with the support is also stated to make clear
the catalytic results [10]. But this stabilization and this
interaction strongly depend on the preparation method
of the sample. For sulfated zirconia catalysts promoted
with iron, iron is deposited either on sulfate-ion-treated
Zr(OH)4 [11] or, previous the sulfation, on pure zirco-
nium hydroxide Zr(OH), [12] using incipient wetness
impregnation with Fe(NO3)3 aqueous solution. Besides
the direct impregnation of Cu on zirconium hydroxyde
ZrO(OH); leads to an effective catalyst in the propene
oxidation [13] having higher catalytic activity than that
measured with classical Cu/ZrO,. However the direct
deposition of palladium on ZrO(OH), leads to a less
active catalyst for the Fischer-Tropsch reaction due to
bigger PdO particles formation compared with those
obtained after deposition of palladium on ZrO, previ-
ously calcined [14].

The purpose of this work is to compare the influ-
ence of iron species onto zirconium oxides structure
developing three different experimental procedures for
the Fe-Zr oxide synthesis. The classical impregnation
of iron salt on calcined ZrO; has been first employed.
The hydrolysis of aqueous suspension of iron and zir-
conium salts was secondly employed to coprecipitate
iron and zirconium hydroxides. Dried ZrO(OH), sup-
port has been thirdly used to add iron species. In situ
thermal analyses like Differential Thermal Analysis
(DTA) and Temperature Programmed Reduction (TPR)
allow to respectively evidence the crystallization of zir-
conia (exothermic phenomenon) and the type of iron
species (reduction at different temperatures of differ-
ent types). X-Ray Diffraction (XRD) and Raman spec-
troscopy give much information about the structure of
molecules and crystals and these investigations provide
the information mainly on the bulk of zirconia. The
transformation from the metastable tetragonal phase to
the monoclinic phase of crystalline ZrO; starting from
the surface region of the particle and extending into the
bulk [15], X-ray Photoelectron Spectroscopy (XPS) has
been also performed in order to study the surface of the
different Fe-Zr systems. The high sensitivity of Elec-
tron Paramagnetic Resonance (EPR) has been used to
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evidence the phase change, the interaction between iron
species and zirconia and Fe’* state as a function of the
preparation method.

2. Experimental procedure
2.1. Samples preparation
Zirconium hydroxide was prepared by adding drop
by drop an aqueous ammonium hydroxide (0.7 M) to
a known solution of zirconium oxychloride ZrOCl,,
8H,0 (0.15 M) up to pH = 9.8. Thereafter, the pre-
cipitated hydroxide (ZrO(OH);) was filtered, washed
and dried at 100°C before a calcination treatment in a
flow of dried air (2 L-h~!) during 4 h at a given tem-
perature. The same procedure was used to prepare zit-
conium and iron mixed hydroxides: a known solution
of ZrOCl,, 8H,0 (0.15 M) and Fe(NO3)3;, 9H,O was
added to an aqueous ammonium hydroxide (0.7 M).
Different Fex-Zr solids were then synthesized where x
is the value of Fe/Zr atomic ratio (0.01 or 0.11). The
impregnated method was also employed to deposit iron
on ZrO; (ZrO(OH); calcined at 600°C) or directly on
ZrO(OH); (not calcined) named respectively Fey/ZrO;
and Fe,/ZrO(OH), where x is the value of Fe/Zr atomic
ratio (0.01 and 0.11). After introduction of iron species,
the samples were calcined at different temperatures.
A chemical analysis of zirconium oxychloride
precursor revealed the presence of iron impurities
(~1 ppm). Chemical analyses of the different samples
give the Fe/Zr expected atomic ratio.

2.2. Samples characterization

The specific areas of solids were determined by the
BET method using a Quantasorb Junior apparatus, and
the gas adsorbed at —196°C was pure nitrogen.

DTA (Netzsch STA 409 equipped with a microbal-
ance) was conducted in flow air (75 mL - min~') at a
heating rate of 5°C min~! from room temperature to
700°C (mass of sample = 50 mg).

The structures of solids were analyzed at room tem-
perature by XRD technique in a Bruker D8 diffrac-
tometer equipped with a copper anode (A = 1.5418 A).
The scattering intensities were measured over an angu-
lar range of 10° < 20 < 80° for all the samples with
a step-size of A(2®) = 0.03° and a count time of 4s
per step. The diffraction spectra have been indexed by
comparison with the JCPDS files.

The Raman spectra were recorded using a Dilor XY
monochromator with substractive dispersion. The sam-
ples were excited using 632.8 nm radiation of a He-Ne
laser.

X-Ray photoelectron spectra of the catalyst samples
were recorded using a VG instrument (anode operated
at 12 kV and 25 mA with fixed analyser transmission
mode) equipped with an aluminum anode (hv = 1486.6
eV). The samples were deposited on an indium support
and the working pressure in the analysis chamber was
maintained at around 10~ mbar. Charging effects were
corrected using Cls peak at binding energy of 285 eV.
Surface atomic ratios were obtained on the basis of the
peak area intensities after correction for instrumental



parameters, photoionization cross sections and electron
mean free paths.

TPR experiments were carried out in a conventional
instrument (AMI 200 from ZETON ALTAMIRA). Be-
fore the reduction, all catalysts were in situ actived at
150°C (heating rate 5°C/min) with a constant flow rate
of pure argon (30 mL/min). Thereafter, samples (100
or 200 mg) were heated from 30°C to 1000°C (heating
rate 5°C/min) under reducing gas (3%vol Hy/Ar) with
a constant flow rate of 30 mL/min.

EPR measurements were performed at 20 and
—196°C on an EMX Bruker spectrometer. A cavity op-
erating with a frequency of 9.3 GHz (X-band) is used.
The magnetic field is modulated at 100 kHz. Precise
g values were determined from simultaneous precise
frequency and magnetic field values. All EPR spectra
were treated using Bruker WINEPR program. Relative
amounts of paramagnetic species, Ns, were estimated
using the normalized double integration. The propor-
tion of superposed EPR signals was estimated calcu-
lating the ratio value of amplitude of non superposed
parts of the corresponding signals.

3. Results and discussion

The thermal decomposition of the dried zirconium hy-
droxide ZrO(OH); has been presented in a previous pa-
per in the same experimental conditions [16]. The com-
plete dehydration of solid was achieved at 450°C. An
exothermic DTA signal was observed at 419°C (with-
out loss of weight). This signal was attributed to the
crystallization of amorphous ZrO; into tetragonal phase
ZI‘OQ.

For Fey/ZrO(OH), and Fey-Zr dried samples, the
exothermic DTA peak is always present but the maxi-
mum is shifted at higher temperature (Fig. 1). Compar-
ing the both preparation method, the delay in the crys-
tallization of zirconia is more pronounced when iron
hydroxide is coprecipitated with zirconium hydroxide.
Indeed Feg ;1/ZrO(OH), and Fey ;1-Zr solids exhibit re-
spectively a DTA signal at maximum temperature of
451°C and 511°C. Moreover the more the iron con-
tent in the sample, the more important is the delay of
crystallization temperature.

These results can be partially connected to the
BET data (Fig. 2). Fe,/ZrO(OH), and Fex-Zr samples
present higher specific area values in comparison with
those obtained for pure ZrO, and iron supported ZrO5.
The increase of iron content in the Fe,/ZrO(OH), and
Fex-Zr samples leads to higher specific area according
to a lower zirconia crystallization. However the spe-
cific area values do not follow in a straight line with
the temperature of zirconia crystallization. Therefore
the formation of iron oxide phase, which contributes
to the specific area value, can be suggested. In order to
evidence the formation of such phase, XRD and Raman
spectroscopy have been performed.

Fig. 3 shows the evolution of the XRD patterns
recorded at room temperature of the coprecipited and
impregnated samples (x = 0.11) calcined at 600°C.
The lines at 260 = 30.4° and 35.3° indicate the pres-
ence of ZrO; into the tetragonal (JCPDS no. 80 2156)
or cubic phases. The tetragonal structure can be dis-
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Figure 1 DTA signals obtained during the calcination of pure
ZrO(OH),, Fey/ZrO(OH), and Fey-Zr.

tinguished from the cubic structure by the presence of
a characteristic splitting of the diffraction peaks. But
at high angles where the angular separation A(20) is
greater, the tetragonal doublet (004)-(400) is not clearly
observed due to the low intensities of these lines. The
Laser Raman spectroscopy allows discriminating the
tetragonal structure from the cubic one [17]. Single
Raman band located at around 460 cm~! and char-
acteristic of the cubic structure (fluorite) has not been
observed in our samples. These results indicate that zir-
conia rather crystallizes in the tetragonal form (marked
T). The lines at 28.5°, 31.5° and 34.4° are attributed to
zirconia in the monoclinic form (marked M ; JCPDS no.
78 0047). The percentage of the tetragonal phase de-
creases according to the following sequence : Fe 11-Zr
> Feq.11/ZrO(OH), > Fe( 11/ZrO;. The XRD pattern of
Fey.11/Z1O, is identical of pure ZrO, calcined at 600°C
suggesting that addition of iron at the surface of zirconia
already calcined do not modified its structure. The more
important stabilization in the tetragonal phase observed
in Feg 1;-Zr and Fe( 1,/ZrO(OH), samples can be ex-
plained by the higher temperature crystallization of zir-
conia which delay the transformation of the tetragonal
phase into the monoclinic one. For Feg 1;/ZrO(OH),
sample another crystalline phase is observed (20 =
33.3°) and is assigned to Fe, O3 (marked F; JCPDS no.
80 307).
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Figure 2 Surface specific areas for pure ZrO(OH),, Fex/ZrO,, Fey/ZrO(OH), and Fey-Zr dried (M), calcined at 450°C () and 600°C ().

The Raman study of the same samples confirms
XRD results: stabilization of the tetragonal phase of
zirconia in Fe( ;1-Zr and Feg 1,/ZrO(OH), samples and
Fe, O3 concentration higher for Feg 11/ZrO(OH), than
for Feo.ll/ZI‘Oz.

For x = 0.01, XRD study reveals also a stabiliza-
tion of ZrO; into the tetragonal phase. But accord-
ing to lower crystallization temperature obtained for
x = 0.01, the percentage of the tetragonal phase is
lower than that measured for x = 0.11. No crystalline
phase of Fe,O3 is observed in the case of this low iron
content.

The Raman spectra of ZrO,, Fego1/ZrO,, Feg o1/
ZrO(OH), and Feg ¢;-Zr calcined at 600°C are shown
in Fig. 4. As observed by XRD, the classical impreg-
nation of iron on ZrO, does not modify the structure
of the support zirconia (monoclinic (M) and tetragonal
(T) phases). The stabilization of the tetragonal phase is
observed for Fe( o-Zr and Feg 1/ZrO(OH), since the
intensity of bands at 277 cm~! and 325 cm™! charac-
teristic of the tetragonal structure increases [18]. The
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Raman spectrum of Fe,O3; compound, obtained after
calcination at 600°C of FeO(OH)), is also presented on
the figure as a reference and because some of its spectral
features (especially 2906 cm~! and 413 cm™') are the
same that those additional bands observed when iron
species are supported. Fe,O3; concentration is higher
when nitrate iron is initially deposited on ZrO(OH),
rather than on ZrO,. For Fe o1-Zr no trace of Fe,O3 is
detected by Raman spectroscopy.

On the contrary to XRD analyses, Raman spec-
troscopy allows to evidence Fe,O3 formation for sup-
ported samples with low iron content (x = 0.01).

The surface composition of our samples was evalu-
ated using X-ray photoelectron spectroscopy. The anal-
yses were obtained by elaboration of the Zr 3d, O 1s
and Fe 2p spectral regions. The binding energy (BE)
values (reference BE of C 1s at 285 eV), are listed in
Table 1. Zr 3ds/, BE at around 182 eV is typically as-
sociated with zirconium in ZrO, sample [19, 20]. Oxy-
gen 1s peaks show, in any case, the presence of retic-
ular O%>~ (photoelectron emission at around 529.8 eV



TABLE I XPS Binding energies (eV) of Zr 3ds/2, O 1s and Fe 2p3,> and atomic surface composition of different iron based samples

XPS Binding energies (eV) Fe/Zr O/Zrx
Sample Zr 3ds)> O ls Fe 2p3» Bulk Surface Bulk Surface
Feq.11/ZrO(OH), (600) 182.2 529.4 710.2 0.11 2.97 2.86 5.07
Fe.11/ZrO, (600) 181.9 529.8 710.3 0.11 0.86 2.49 2.70
Feq.11-Zr (600) 182.1 529.9 710.8 0.11 0.15 2.61 2.19
Feg.11-Zr (450) 181.9 529.8 710.7 0.11 0.12 2.61 2.08
Feq.11-Zr (1000) 182.0 529.9 711.1 0.11 0.23 2.61 2.12
T M+T " u T T
\\‘\/ | |
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€11/ 41 2
N\
M
Fe)11/Zr0, '/Mw \/\_',
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Figure 3 XRD patterns of Feq 11/ZrO;, Feg.11/ZtO(OH); and Feg 11-Zr
calcined at 600°C; M: ZrO; monoclinic phase; T: ZrO; tetragonal phase;
F: Fe,O3 phase.

characteristic of O 1s in ZrO, sample [21]) and OH
groups and/or chemisorbed water (shoulder at around
532 eV). Some differences are observed studying the
iron species since the Fe 2p;,» BE varies from 710.2
to 711.1 eV. Brundle et al. [22] have shown that in
bulk iron oxides (Fe,O3, Fe;04, FeO(OH) or Fe,O)
Fe(III) has a 2p3,» BE of around 711 eV whereas, the
2p3,2 BE of Fe(Il) is rather centered at around 709.7 e V.
The discrimination between Fe(IIl) and Fe(Il) species
makes easier taking into consideration the shake-up
satellite energy. Indeed this satellite structure is cen-
tered at 719.8 eV or 715 eV for respectively Fe(III) or
Fe(II) [23]. For all the coprecipitated or supported iron
samples, satellite peak at around 719 eV was observed
indicating the presence of Fe(IIl) at the surface. So the
binding energy variation observed for Fe 2p;,, core

Figure 4 Raman spectra of Fe,03, Feg 01/ZrO,, Fep 01/ZrO(OH), and
Feg.01-Zr calcined at 600°C; M: ZrO, monoclinic vibration; T: ZrO;,
tetragonal vibration; F: Fe,O3 vibration.

levels (Table I) is probably due to different chemical
environments of Fe(III) ions.

The lower value of O 1s at 529.4 eV for Feg i/
ZrO(OH), is well explained if oxygen signal is mainly
due to the presence at the surface of Fe,O3 phase. In-
deed, studying different metal oxides (in the same ex-
perimental conditions), Wagner et al. [24] observed a
lower binding energy of 0.8 eV for O 1s from Fe,03 in
comparison with O 1s from ZrO;.

In Table I, the atomic surface and bulk compositions
are presented. For the coprecipitated sample, the quan-
titative analysis reveals an homogeneous distribution of
iron in the solid since the surface Fe/Zr ratio is closed
to the bulk one (Table I). But when the calcination tem-
perature increases, the XPS Fe/Zr ratio enhances grad-
ually, indicating iron species migration at the surface
in relation to zirconium. The O/Zr ratio of ~2 is in
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Figure 5 EPR spectra (recorded at room temperature) of ZrO,,
Feo.11/ZrO,, Fe.11/ZrO(OH); and Fey 1-Zr calcined at 600°C.

agreement with the ZrO, formation. Consistent with
the impregnation method, iron enrichment is observed
for the both supported samples. For Feg 1/ZrO(OH),,
the XPS O/Fe ratio equal to 1.71 is in agreement with
the major presence of Fe, O3 at the surface. However the
iron enrichment is striking because the Fe/Zr ratio in-
creases 26 times (7.8 times for Feg 1 1/ZrO;). This strong
enrichment could be explained by a change in the mode
of the Fe, O3 dispersion on the ZrO; surface. The higher
enrichment for Fe( 11/ZrO(OH), is well explained if the
deposited phase forms preferentially blocks of differ-
ent height (at low content some fraction of the support
could remained uncovered) rather than covers of the
support to lead uniform deposition (Feq ;1/ZrO,).

So the more visible bands of Fe,O3; (Raman)
and diffraction lines of Fe,O3 (XRD) observed for
Feo.11/ZrO(OH); than for Fe( 11/ZrO, is probably due
to a lower dispersion of iron species on the zirconia
surface using this method of preparation.

Fig. 5 depicts the EPR spectra of ZrO,, Fe,/ZrO;,
Fe,/ZrO(OH), and Fey-Zr for x = 0.01 and calcined at
600°C. Around 1500 G, two signals (A1 and A2) with g

values (g; = 4.80 and g, = 4.27) are clearly observed
and assigned to isolated Fe>* ions [25] with two differ-
ent symmetries. Indeed it has already been shown [16]
that the Fe>* ions present in ZrO,structure as impurities
can be used as probes to follow the change in the zir-
conia change. Similar signals have been obtained and
attributed to the presence of iron in a monoclinic (g; =
4.80) and tetragonal environment (g, = 4.27). So, iron
species added are present in two different types of sites
in different proportions (excepted for Feg o;-Zr solid).
Table II shows the values of the ratio of A1 and A2 sig-
nals amplitudes (/(a1)/1(a2)) as a function of the prepa-
ration method and the calcination temperature (600 and
1000°C). These results confirm the higher stabilization
of the tetragonal phase for Fe,/ZrO(OH), and Fey-Zr
samples in comparison with pure ZrO, and Fe,/ZrO;
observed previously by XRD and Raman spectroscopy.
EPR results indicate also that higher temperature of cal-
cination (1000°C) leads to the partial transformation of
the tetragonal ZrO, phase into the monoclinic one. This
transformation has already been observed using XRD
or Raman spectroscopy for pure zirconia [16].

For Fey g-Zr sample, a second signal is clearly ob-
served around 3500 G (g3 = 2.1). This signal, denoted
A3, can be attributed to the presence of Fe** in inter-
action [26].

For ZrO,, Feg ¢1/ZrO; and Fey ¢, /ZrO(OH), samples,
around 3500 G, the spectrum is also the superposi-
tion of two signals, denoted B1 and B2. The B1 signal
(g = 2.00) is attributed to the perpendicular compo-
nent of EPR spectrum of Cu? ions present as impuri-
ties in the solid. The B2 signal (see also Fig. 6) of axial
symmetry (g, = 1.979 and g, ~ 1.96) is assigned
to Zr** jons which are presented as defects in solids
that should mainly contain Zr** ions (ZrO,) [27]. Zr**
cations were not detected by XPS analysis probably be-
cause of their low concentration. They can be identified
only by EPR spectroscopy, which is a more sensitive
technique and which detects only paramagnetic species,
i.e., Zr*t and not Zr**. The presence of Zr** ions has
been associated to the occurrence of anionic vacancies.
Indeed O%~ vacancies (V(O?7)) and Zr>* formation are
usually described by the following reactions [28]:

1
0 & 3 0, + V(O*) + 2¢~ (1)
ittt + e o Zr¥t )

Fig. 6 shows EPR spectra (only B2 signal assigned
previously to Zr** ions) of Feg/ZrO(OH), sam-
ples calcined at different temperatures and recorded at
—196°C. For the sample calcined at 450°C, large signal
with approximate g,, value of 1.960 is measured. The
difference observed in g/, value for this temperature of
calcination, in comparison with that obtained at higher

TABLE II Ia1)/I(a2) ratio as a function of the preparation method and calcination temperature

Sample ZrO(OH), Feg.01/ZrO, Feg.01/ZrO(OH); Feg.01-Zr
Calcination temperature (°C) 600 1000 600 1000 600 1000 600 1000
Ia1y/I(a2) ratio 0.25 0.72 0.22 0.67 0.12 0.54 0 0.43
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Figure 6 EPR spectra (recorded at —196°C) of Fe 11/ZrO(OH), as a
function of calcination temperature.

temperatures (see below), can be connected to the zirco-
nia structure. Indeed with reference to pure ZrO(OH),,
a delay of crystallisation temperature of about 30°C
for Fe,01/ZrO(OH), sample has been observed and at
450°C zirconia is still probably in amorphous phase or
low crystallized.

Contrary to g; (g1 (M,T) = 1.979 for all tempera-
tures of calcination), two different g,, values are ob-
served for calcination temperature of 600 and 1000°C.
These signals were earlier studied in pure ZrO; [29] and
assigned to Zr’* ions in monoclinic (g; (M) = 1.979;
g/ M) =1.964) and tetragonal (g, (T) =1.979; g, (T)
= 1.957) environment. For Fe ¢1/ZrO(OH), calcined
at 600°C, Zr>* ions are essentially located in tetrag-
onal environment. But increasing the temperature, the
transformation of the ZrO, tetragonal phase into the
monoclinic one takes place since the parallel compo-
nent of Zr** in monoclinic environment (g /) (M)) pre-
dominates at 1000°C. Moreover, the comparison of the
Zr** EPR signals obtained for Fe;/ZrO(OH), and
for Feg 91/ZrO, samples at the same temperature con-
firms the higher stabilization of the tetragonal zirconia
phase (in relation to the monoclinic one) when iron
species are deposited on ZrO(OH),. Indeed at 600 and
1000°C, the ratio of parallel component amplitudes of
Zr** in a monoclinic environment and Zr** in a tetrag-
onal environment is lower for Feg o;/ZrO(OH), than
for Feq 91/ZrO;. Finally let us note that for Fe( ¢/ZrO;
sample, the Zr** EPR spectrum is similar for 450 and
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Feg /21O,

99 +

T+ 40
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+
w
(=1

mass loss (%)
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96 +— T —it L T L 0
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Figure 7 Evolution of amount of Zr** species (Ns (Zr3T)) as a function
of calcination temperature (single lines) and mass loss (%) obtained
during the calcination of dried Fe( ¢1/ZrO, (dotted underline).

600°C according to the previous calcination of the sup-
port ZrO, at 600°C.

Fig. 7 depicts the evolution of relative amounts of
Zr3* (Ns (Zr*")) versus calcination temperature for
pure ZrO(OH); and for Fe/Zr = 0.01 samples. For pure
ZrO(OH),, slight increase of Zr** concentration is first
observed. In fact the departure of OH ™, during the dehy-
dration of zirconium hydroxide, can reduce some Zr**+
ions into Zr3T before the formation of ZrO, and H,O.
During the dehydration, a first mechanism of Zr** cre-
ation can be proposed according the following reaction:

4+ - 3+ 1
27Zr"" +20H™ — 2Zr +H20+202(g) 3)

At higher temperatures (600 and 1000°C), the Zr’*
formation becomes more significant but we must ex-
clude the participation of OH™. Indeed in this tempera-
ture range the thermal decomposition of ZrO(OH); into
ZrO, is complete and then Zr** formation is associated
to the transformation of the zirconia tetragonal phase
into the monoclinic one.

For Fe( 91/Zr0O,, dried at 100°C, the quantity of 73t
defects is similar to that observed for ZrO(OH), cal-
cined at 600°C. This result indicates that impregna-
tion of Fe(NO3)s solution followed by a drying at
100°C does not modify the support ZrO, already cal-
cined at 600°C. However a further calcination up to
600°C leads to a significant increase of Zr’**T quan-
tity, higher than these achieved for pure ZrO(OH),
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and Fe( ¢1/ZrO(OH); solids. This result suggests reac-
tion between surface deposited species and the support
ZrO, which only takes place during the decomposi-
tion of iron salt and the iron oxide formation. Zr’*+
species are probably partly superficial. Indeed, as it has
been observed that the temperature range 100-600°C
corresponds to the decomposition of Fe(NO3)3/ZrO;
(observed by thermogravimetric analysis), one may
suggest the following reaction at the surface of
zirconia:

Zrjl e + NOY — Zrif o + NO(g) + 0x(g) 4)

This hypothesis is emphasized since high mass loss
(100-450°C) corresponds to high Zr3* formation
whereas low mass loss (450-600°C) matches well with
low Zr*t creation. Besides, in order to explain the for-
mation of Zr>* ions in the sulfated zirconia, Chen et al.
[30] have sug§ested the reduction of Zr**+ into Zr3+
species by SO;~ ions.

When iron hydroxide is coprecipitated with zirco-
nium hydroxide Zr** defects are not created whatever
the temperature of calcination. The reduction of Zr*+
into Zr3* by the released electrons (reaction (2)) does
not occur in the presence of Fe’T ions well dispersed
in the bulk. In fact Fe’>* ions must be preferentially
reduced in comparison with Zr** according to the fol-
lowing reaction:

Fe’t +e~ o Fe?t  (2)

Correspondingly, Labaki et al. [13] mention the ab-
sence of Zr*t ions studying coprecipitated copper-
zirconia system. In this case, the presence of Cu** in
the bulk must prevent the reduction of Zr** into Zr’*.
Finally, let us note that nitrates can not interact with
Zr** because these ions were eliminated by washing
before the heating (see the experimental part).

The direct impregnation of Fe(NO3)3; on ZrO(OH),
seems not provide the same interaction as that observed
with impregnation of Fe(NO3)3; on ZrO; since the quan-
tity of Zr3* created during the heating seems to be
similar to that observed for pure ZrO(OH),. This re-
sult is consistent with XPS result which suggests that,
for Fe/ZrO(OH), sample, Fe,O3 forms preferentially
blocks of different height and consequently the initial
contact between Fe(NO3)3 and ZrO(OH); is probably
weak. But some iron species should interact with ZrO,
matrix since a delay of zirconia crystallization was ob-
served for this preparation (crystallization temperature
higher of 5 and 27°C for respectively x = 0.01 and
x = 0.11). So a small layer of solid solution contain-
ing zirconia and Fe** in low concentration is proba-
bly formed during the calcination of Fe/ZrO(OH); and
leads to the delay of solid crystallization.

Finally it must be pointed out that at 1000°C (ex-
cepted for Fe-Zr sample), the same relative amount of
Zr3t was obtained. So at this temperature, the main
mechanism of defect creation is connected to the zirco-
nia structure (pure monoclinic), iron species deposited
at the surface having no influence, certainly because of
the drop of the specific area.
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Figure 8 TPR profiles of Fe;03, Fex/ZrO,, Fex/ZrO(OH), and Fex-Zr
calcined at 600°C.

As previously mentioned EPR technique allows to
evidence at least 2 types of iron species : isolated Fe3*+
and Fe’* in interaction. But EPR measurements can not
detected the entire iron species because some of them
may be in antiferromagnetic interaction or in diamag-
netic state.

H,-TPR could confirm the presence of different types
of iron species (isolated Fe3*, small or large particles)
obtained from the three preparations. In order to make
easier the attribution H,-TPR experiment of standard
substance Fe,Os (type o evidenced by XRD analysis)
was first performed (Fig. 8). It is well known that the
reduction of bulk Fe,O3 by hydrogen proceeds through
the following steps:

3Fe, 05 + Hy, — 2Fe3;04 + H,O (5)
2Fe;04 + 2H, — 6FeO + 2H,0 (6)
6FeO + 6H, — 6Fe + 6H,O @)

In these three processes, the ratio of hydrogen con-
sumptions is 1:2:6. For bulk o Fe O3, TPR profiles
exhibit a maximum in H, consumption at about 360°C.
This peak could be easily attributed to the partial reduc-
tion of Fe, O3 into FezOy4 (step (5)) since the resultant
H, consumption corresponds to 11% of total H, con-
sumption. At higher temperatures broader peaks are
attributable to the reduction of Fe;0O,4 into metallic Fe
(steps (6) and (7)). TPR profiles of samples Fe,/ZrO,,
Fe,/ZrO(OH), and Fey-Zr calcined at 600°C are also
exhibited in Fig. 8. With respect to that observed on



bulk Fe,03, the reduction of Fe3* species in the pres-
ence of zirconia shown significant variations. TPR pro-
files change with the iron content in the solid but also
with the method of preparation. With regard to H,-TPR
obtained with the standard Fe,0Os3, the reduction peak
maximum at 340°C (signal “b”) observed in all the im-
pregnated samples (Fey/ZrO, and Fe,/ZrO(OH),) can
easily attributed to the reduction of bulk Fe,O3, phase
identified by XRD and Raman spectroscopy. Moreover
for the same samples a shoulder at around 275°C is
present indicating the reduction of some iron species
at a lower temperature. Using H,-TPR and Mossbauer
technique, Chen et al. [31] proposed that three different
iron species exist on the surface of Fe,03/ZrO; cata-
lysts : small Fe, O3 particles, bulk phase Fe, O3 and sur-
face iron oxide species. Reduction of the small Fe,O3
particles is easier than that of the bulk Fe,O3 phase,
surface iron species being much more difficult to re-
duce because of their strong interaction with the sup-
port. So the shoulder at 275°C (signal “a”) can be at-
tributed to the reduction of small Fe,O3 particles. This
contribution is more significant for Fe,/ZrO, than for
Fe,/ZrO(OH),. This result can be connected to XRD,
Raman spectroscopy and XPS results which evidenced
a higher dispersion of iron species in Fe,/ZrO, than in
Fe/ZrO(OH),. The presence of surface iron species in
strong interaction with zirconia can be suggested for
Fey.01/ZrO; since an additional maximum of reduction
at 450°C (signal “c) is observed in comparison with
bulk Fe,O3. The H,-TPR profiles from the coprecip-
itated samples are very different from those observed
from the impregnated samples. For the both samples
and according to XRD and Raman results, the absence
of bulk phase Fe,O3 is confirmed by the lack of signal
“b”. A strong interaction of iron species with zirconia
matrix is observed for Feg ;-Zr since the total reduc-
tion of Fe** into Fe® is not complete at 1000°C. The
more difficulty to reduce iron species can be connected
to the bulk dispersion of these species in the zirconia
matrix. Besides, for x = 0.11, the first signal observed
between 200 and 500°C can be attributed to the reduc-
tion of Fe’* into Fe?* (steps 5 and 6 corresponding
to 33% of total H, consumption) whereas the second
peak can be ascribed to the reduction of Fe>* into Fe’
(step 7).

4. Conclusion
Zirconia-iron samples have been synthesized from
three different methods.

In the case of the coprecipitated samples, a delay of
zirconia crystallization temperature was evidenced as
a function of iron content. At room temperature, the
tetragonal phase of zirconia was stabilized. Even low
content of Fe’* ions well dispersed in the zirconia pre-
vented Zr**+ defects formation whatever the tempera-
ture of calcination. In fact the reduction of Fe’* by the
released electrons is probably favored in comparison
with the reduction of Zr#+.

The direct impregnation of Fe(NO3)3; on ZrO(OH),
provided a less stabilization of zirconia structure in the
tetragonal phase which could be first explained by a

very poor dispersion of iron species since Fe,O3 phase
was clearly evidenced at very low content of iron in
the sample. As a consequence poor interaction between
iron and zirconia was also established.

On the contrary, in the case of Fes/ZrO, sample, in-
teraction of iron precursor with the surface of zirconia
was demonstrated : production of surface Zr** ions was
found at low temperature of calcination and explained
by the reaction of NOJ with Zr*".

The reduction of iron species is strongly depen-
dant of the synthesis method. The impregnated sam-
ples led to the formation of small Fe,O3 particles, bulk
phase Fe,;O3 and surface iron oxide species (Fex/ZrO,)
whereas the coprecipitated sample led rather to isolated
and Fe*" in interaction well dispersed in the bulk and
more difficult to reduce.
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