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bstract

iO2 is an insulator, but using specific dopants, can modify sharply its electronic structure towards semiconducting behavior. This type of response
s widely applied in many electrochemical and electrocatalytical devices, namely chlorine production, hydrocarbon oxidation, CO and CO2

ydrogenation and as electroactive substrata for biological cell growth.
Combustion synthesis is a very simple, rapid and clean method for material preparation, which will be used in the preparation of the

1 − x)TiO2–xSnO2, x = 0.05–0.3. Tin oxalate and titanium isopropoxide are used as precursors for the synthesis. The as-prepared powders are

ne and homogeneous, the average particle size is in the range of 5–10 nm, powders and ceramic compact bodies are characterized by DRX,
EM–TEM–EDX, DTA–TG and EIS. The impedance spectroscopy of the sample 10 mol% of SnO2 indicates the presence of several phases which
romote a matrix composite based in an electrical TiO2 insulator compatible with an electronic conducting phase tin rich. This could be attributed
o the spinodal decomposition effect observed in TiO2–SnO2 system.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

In the last years, there are an increasing interest in the
iO2–SnO2 system for its potential applications as gas sensor
H2, CH4, and CO),1,2 in photocatalysis due to its important
hotoelectrochemical properties,3,4 and also with the aim of
ontrolling bacterial transport in sandy groundwater aquifers,
n which metal oxides appear an alternative and provide a
ositively charged surface which favours cell adhesion.5 The
iO2–SnO2 phase diagram exhibits a miscibility gap6,7 thus,
amples annealed inside this miscibility gap but outside the
oherent spinodal decomposition can undergo phase separation
y nucleation and thus, undergo precipitation. The materials
roposed in this work are TiO2-rich with a TiO2–SnO2 sec-
ndary phase. The preparation of thin layers of the SnO-rich
hase has been published accomplish with studies on the kinet-
cs of phase transformation in this system, carried out by Yuan
nd Virkar8 and Cohen et al.9 In these studies, the effect of

liovalent dopants on the kinetics of phase separation both
nside and outside the coherent spinodal gap was examined.
he rate of decomposition was drastically altered by the addi-
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ion of + 3 or + 5 cations. It is well known that electrical
onductivity of many ionic and electronic conductors is a sen-
itive function of impurities and atmosphere, but in the case
f this system, it is also important to add the effect of the
pinodal microstructure decomposition on their electrical prop-
rties. Chaisan et al.7 observed that the origin of the unusual
igh permittivity and the non-linear current voltage behavior
f this system could be due to the formation of an electri-
ally heterogeneous structure which is derived from the spinodal
ecomposition. Radecka et al.10 indicated that the chemical dif-
usion coefficient decreased with SnO2 addition, the analysis
f the electrical conductivity over a wide range of temperature
evealed that the experimental data are in agreement with the
opping mechanism in undoped TiO2 and band conduction in
nO2.

Concerning the synthesis methods, the oxide mechanical
ixture and the sol–gel are the most popular routes, Yang et

l.11 promoted a rapid synthesis of nanocrystalline TiO2–SnO2
owders, in which metal precursors were dispersed in the stearic
cid at molecular level. Up to now, multicomponent oxides can
e prepared by combustion synthesis.12 In this study, the com-

ustion synthesis of binary TiO2–SnO2 compositions was used.
he urea is employed as fuel and the nitrates as oxidizers, sin-

ered samples were electrically characterized by electrochemical
mpedance spectroscopy (EIS).

mailto:martin@icv.csic.es
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.011
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Fig. 1. XRD of (a) TiO ; (b) 90TiO –10SnO ; (c) 70TiO –30SnO as-prepared
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. Experimental

The TiO2–SnO2-based ceramics were synthesized by com-
ustion reactions by employing Aldrich Ti (IV) isopropoxide
95%) and Sn (II) Oxalate (99%) as cation precursors. Aldrich
rea, CO(NH2)2 (98%), was used as fuel. Batches were cal-
ulated on a basis of 5 g of titanium isopropoxide, being the
ompositions prepared (1 − x)TiO2–xSnO2, with (x = 0.05, 0.10,
.15, 0.20 and 0.30). The stoichiometric composition of each
ixture was calculated based on the total oxidizing and reduc-

ng valences of the oxidizer and the fuel, in order to release
he maximum energy for the reaction. The reaction produced
ellow white, smooth lacy dry foams, that was easily crumbled
nto powder and sieved through a 100 �m mesh. The powders
s-prepared were pressed into pellets and calcined up to 1450 ◦C
uring 4 h. EIS spectra was obtained (in Pt paste electroded sin-
ered pellets of 1 cm diameter and 2 mm of thickness), by using

hot-sample holder in the temperature range of 200–900 ◦C
mploying an impedance analyzer Agilent 4294A in the fre-
uency range of 40–108 Hz, the intersection with the Z′in the
Z′′ versus Z′ plot semicircles allow to determine the con-

uctivity curves. Phase indentification of the powders and the
ormed disks was performed by X-ray diffraction (XRD) on a
iemens Powder Difractometer D-5000 operating at 50 kV and
0 mA using the Cu K� radiation and Ni-filter in the range
f 2θ = 10–70◦. The scanning step was 0.05◦, the time/step
.5 s and the rotation speed used was 15 rpm. Powders mor-
hology and microstructure was studied by scanning electron
icroscopy and chemical analyzed by energy-dispersive X-ray

pectroscopy (SEM-EDS) with a Jeol Superprobe (JXA-8900H-
D/ED Combined microanalyzer) microscope, and by Heat
icroscope with a Leitz, model Wetziar.

. Result and discussion

The reaction produced two phases: TiO2 and SnO2 compati-
les but not reacted, so to achieve a single phase it was necessary
o calcined the combustion powders. Titanium and Tin precur-
ors were not found as impurities in the as-prepared powders.
he reaction of the whole process is described in RT:

SnC2O4 (c) + Ti[OCH(CH3)2]4

+ CO(NH2)2 (c) + 20.5O2 (g)

→ SnO2–TiO2 + 15CO2 (g) + 16H2O (g) + N2 (g) (RT)

he combustion reaction of urea is described by the following
quation:

CO(NH2)2 (c) + 1.5O2 (g)

→ CO2 (g) + 2H2O (g) + N2 (g) �H◦

= −129.9 kcal/mol (R1)
hich is exothermic and should supply the heat needed for the
ynthesis reaction, during this process the ammonium nitrates
hould be mixed in the proportion above mentioned, to achieve
he adequate conditions for combustion.

d
a

s

2 2 2 2 2

owders by combustion synthesis; (d) 90TiO2–10SnO2 sintered at 1450 ◦C/4 h
n air.

X-ray diffraction of the as-prepared samples shows the pres-
nce and co-existence of both TiO2 anatase and rutile phase and
lso SnO2 unreacted. On the other hand, in the samples sinter-
zed for each composition, the only reflections obtained (in the
RD pattern) were indexed as TiO2 rutile. The Sn ions were

ncorporated inside the rutile lattice generating a solid solution,
s it was expected by the phase diagram already described in
he literature.9 However, X-ray diffraction of the as-prepared
owders treated at 1450 ◦C showed (Fig. 1), respectively, well
rystallised TiO2–SnO2 (full conversion) as pure single phase.

hen the as-prepared powders were observed by SEM-EDX, a
ery fine homogeneous with sponge features is noted, and parti-
le size is extremely small (∼15 nm), within monodal grain size
istribution.

Heat microscopy measurements were done in the samples
ynthesized with x = 0.10 and 0.30, a different behavior was
ound when comparing both compositions. In case of x = 0.30
he process takes place in one step, this shrinkage observed
orresponds to the TiO2–SnO2 rutile densification. In the case
f x = 0.10, there are two shrinkage patterns, the first one is
ocated at 500–600 ◦C and can be attributed to the presence of
iO2 anatase or TiO2–SnO2 rutile phase separation, the second
hrinkage step is assigned to the densification process of the
iO2–SnO2 rutile. The compact bodies present different densi-
cation behavior and final relative densities which are ranged
etween 80% and 90%. These low densities are associated to
he fact that the particles synthesized by combustion exhibit a
re-sintered effect limiting the particle packing. SEM micro-
raphs of the sintered samples (for x = 0.1 and 0.3) shown in
ig. 2, indicate that both microstructures are homogeneous and

hat the grain shape is rounded. There are significant differences
etween the average grain sizes (15 �m for x = 0.1 and 8 �m for
= 0.3), that fact can be explained due to the diffusion rate of tin

ons into the rutile (x = 0.1) in the phase boundary region which
s higher than in the miscibility gap, and therefore, there is a
uperior grain growth, as Drobeck et al.6 proposed it their phase
iagram. The latter results are in agreement with the impedance

nalysis of these samples.

The impedance spectra for x = 0.05, Fig. 3(c), contains two
emicircles, the high frequency arc has an equivalent circuit with
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and 0.42 eV from low to high temperature, these values are
connected with two different electronic conduction mechanisms
that can be associated: (a) to a phase-separation effect related
to the TiO2–SnO2 rutile phase in SnO2-rich range (high tem-
ig. 2. SEM of (a) 90TiO2–10SnO2; (b) 70TiO2–30SnO2 sintered at
450 ◦C/4 h in air.

resistance in parallel with a constant phase element (CPE),
nd this is associated to the bulk conductivity contribution.
he second one can be attributed to the presence of interfa-
ial phases (porosity, grain boundaries and interface electrode).
hose resistances obtained decrease as a function of temper-
ture. Concerning the sample x = 0.3 (Fig. 3(a)), from 650 ◦C
he arc associated with the interfacial phases was noticed by the
ormation of a second semicircle at low frequencies, which is
imilar to the spectra of x = 0.05.

However, for the sample x = 0.10, a different spectra was
ound (Fig. 3(b)) depending on temperature. In the range of
50–400 ◦C, it was found a semicircle associated to the bulk
ontribution and another semicircle at intermediate frequencies
hich can be assigned for interface contributions, grain bound-

ry, porosity and electrode (data not shown). In the intermediate
nd high temperature (650–850 ◦C) (Fig. 3(b)) the bulk (high fre-
uency arc) semicircles disappeared converted in a resistance,
hile the low frequencies dispersions observed in the spectra
ill become semicircles ascribed to the CPE in the interface

lectrode material.
The conductivity plot for total conductivity versus recip-

ocal temperature is depicted in Fig. 4. The plot for x = 0.05
Fig. 4) from the resistance data follows an Arrhenius behavior

ith an activation energy of 0.71 eV, which indicates a elec-

ronic band conduction mechanism (extrinsic level is situated
t 0.71 eV), similarly for x = 0.30 extrinsic level is situated at

F
1
e

ig. 3. EIS, from 650 to 850 ◦C, of the samples: (a) 70TiO2–30SnO2; (b)
0TiO2–10SnO2 and the amplified high frequency zone; (c) 95TiO2–5SnO2

intered at 1450 ◦C/4h in air.

.20 eV. The conductivity plot (Fig. 4) of sample x = 0.10 exhibit
quite unusual pattern, because two changes in the conductiv-

ty curve are detected. The activation energies are 0.88, 0.59
ig. 4. Conductivity vs. 1000 T of the samples 70TiO2–30SnO2, 90TiO2–
0SnO2 and 95TiO2–5SnO2 sintered at 1450 ◦C/4 h in air, and their activation
nergies.
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Fig. 5. Conductivity isotherm at 700 ◦C as a function of SnO2 content.

erature); (b) to the TiO2–SnO2 rutile in TiO2-rich phase (low
emperature). Being both processes governed by band electronic
onduction.

Fig. 5 depicts the conductivity isotherm at 700 ◦C as a func-
ion of SnO2 content, it is observed that a maximum conductivity
alue is noted at x = 0.1, that fact is related, as it was mentioned
efore, to the phase boundary composition where a semicon-
ucting phase TiO2 rutile doped with SnO2 governs the transport
rocess. For x = 0.15 the conductivity decreases sharply and then
tarts to increase again at 20 mol% of SnO2, these data are in
ood agreement with the work of Drobeck et al.6 who indicated
hat the diffusion–precipitation is kinetically limited in the range
f 15–30% of SnO2 while from 30 mol% SnO2 the precipitation
tep is energetically limited. On the contrary, Radecka et al.10

eport that in the case the composition with x = 0.1, in thin films, a
inimum conductivity singularity was found. The only discrep-

ncy with their results could be explained due to the synthesis
oute and the preparation of the samples. According to our results
he spinodal decomposition is a narrow compositional effect,
hich means that the composition, forming and impurities fluc-

uation in this region can affect sharply the electronic band
tructure of x = 0.1. This fact may alter the maximum/minimum
eature of this conductivity plot (Fig. 5). Besides, as Radecka et
l.10 performed their dc electrical measurements in thin films,
s difficult to compare both results.

. Conclusions
Ceramic materials from the TiO2–SnO2 system were
chieved by using combustion synthesis. Homogeneous and
ure nanocrystalline powders (15 nm) were obtained. Compact
odies exhibit quite similar microstructure behavior indicating

1

Ceramic Society 27 (2007) 3601–3604

hat porosity, grain size and grain boundaries do not govern the
onductivity change at x = 0.1. The phase boundary located at
= 0.1 is detected by EIS, the conductivity behavior for this com-
osition shows two different mechanisms, the first one found in
= 0.05 and 0.1 is associated to a dopant effect of SnO2 into the
iO2 promoted a electronic band semiconductor feature. The
econd one, is explained by an electronic hopping process for
= 0.3. The EIS and conductivity behavior are correlated with

he phase diagram of the SnO2–TiO2 system, and allow to detect
narrow spinodal decomposition effect.
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