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The aim of this work is the investigation of experimental conditions for mechanochemical
synthesis of spinel zinc stannate (Zn,SnO,). Application of this material include
manufacturing of CO, H,, NO, NO,, i-C4H;q and C,H50OH gas sensors, production of
transparent conducting electrodes, window coatings and anode for use in
photoelectrochemistry. Starting powder mixtures of zinc oxide and tin oxide in the molar
ratio, in accordance with the stoichiometrics of spinel zinc stannate, were mechanically
activated by grinding in a planetary mill for various periods of time in the interval of 0 to
160 min. Changes of physico-chemical characteristics and microstructural parameters in
the Zn0O-Sn0O, system after grinding were followed using surface area analysis and X-ray
powder diffraction, while thermal behavior was examined by differential thermal analysis
and sensitive dilatometer. The beginning of zinc stannate phase formation was noticed
after 40 min of grinding, and prolonged grinding leads to the formation of spinel zinc
stannate as the major phase with insignificant amount of unreacted zinc oxide and tin
oxide. The formation of spinel was accelerated with the increase of sintering temperature,
and monophased zinc stannate was obtained when powder mixture was grinded for

160 min followed by sintering at 1200°C. © 2004 Kluwer Academic Publishers

1. Introduction

Spinel zinc stannate (Zn,SnO,) and zinc stannate-based
materials exhibit sensor properties (detection of com-
bustible gases and humidity) [1], and can also be used
for fabrication of electrical contacts, transparent elec-
trodes and window coatings, and in electrochemistry
[2-4].

Spinel type zinc stannate is a ternary oxide
(Zn""[Zn"Sn'V]04), while the perovskite type zinc
stannate (ZnSnQO3) is unstable and decomposes into
Zn>Sn04 and SnO, at temperatures higher than 700°C
[5, 6]. Many processing routes, including spray pyrol-
ysis, rf magnetron sputtering, sol-gel method etc. have
been used to synthesize spinel zinc stannate-based thin
films [7-9]. Zinc stannate composite-based materials
also show interesting sensor characteristics [10]. Zinc
stannate powders were synthesized by calcination of a
stoichiometric mixture of ZnO and SnO, at 1000°C for
48 h, after the mixture was mechanically activated in
a ball mill for 12 h [11]. Using hydrothermal method
and solution with a Zn:Sn = 7:3 ratio, Fang et al. ob-
tained zinc stannate at 220°C after 72 h [12], while
nano-sized Zn,SnO4 powders were obtained at 244°C
using the coprecipitation method [13].
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Mechanical activation by grinding is a widely used
process in the field of powder processing and alloying
[14, 15]. Investigations on chemical reactions between
oxides point to the fact that those are especially hard
to perform due to their structure and properties, and a
new branch of so-called “soft mechanochemistry” in-
troduces mechanochemical syntheses using solids with
higher reactivity than anhydrous oxides [16].

To our knowledge, mechanochemical synthesis of
spinel zinc stannate has not yet been reported in the
literature. Subject of this work is investigation of the
influence of grinding conditions in a planetary ball mill
on the spinel zinc stannate formation.

2. Experimental

Mixtures of ZnO and SnO, powders (Aldrich, p.a.)
with a molar ratio ZnO:SnO, = 2:1 were mechanically
activated by grinding in a planetary ball mill (Fritsch
Pulverisette 5). The grinding process was performed in
acontinuous regime in air during 10, 40, 80 and 160 min
at the basic disc rotation speed of 320 rpm and a rotation
speed of bowls of 400 rpm. Zirconium oxide balls (ap-
prox. 10 mm in diameter) and bowls (500 cm?) were
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used with a ball to powder mixture mass ratio of 40:1,
and the total weight of powder mixtures of 10 g. Sam-
ples were denoted as ZTO-00 to ZTO-160 according to
the time of activation.

X-ray diffraction patterns of the milled powder mix-
tures and of sintered samples were obtained using a
Norelco-Philips PW-1050 diffractometer, with a Cu K,
radiation and a step scan mode of 0.02°/0.4 s. Specific
surface area of powder samples was measured by the ni-
trogen gas sorption analyzer (ASAP 2000 Micromerit-
ics) using the BET method.

Differential thermal analysis was performed using a
Shimadzu DTA-50 during non-isothermal heating from
20 to 1200°C with a constant heating rate of 10°C/min,
in nitrogen atmosphere and the flow rate of 20 ml/min.
Relative shrinkage of samples obtained by uniaxial
pressing of activated powders was followed by sen-
sitive dilatometer (Bdhr Gerdtebau GmbH Typ 702s)
during non-isothermal heating in air up to 1200°C with
a constant heating rate of 10°C/min. Isothermal sinter-
ing experiments were performed at 900 and 1200°C for
2 hin a Lenton furnace LTF 16B in air.

3. Results and discussion
Mechanical activation induces physico-chemical
changes in a material, which have a significant
influence on its properties and hence their application.
It was determined that starting powders have specific
surface area of 7.33 (ZnO) and 9.01 m?/g (Sn0O,), and
with a presumption of a spherical shape, the calculated
equivalent diameter of powder particles is about 145
(ZnO) and 95 nm (SnO,). BET surface area of powder
mixtures shows continuous decrease (7.38, 6.84, 3.75
and 3.06 mz/g for ZTO-00, ZTO-10, ZTO-40, and
ZTO-80 samples, respectively). The decreased surface
area points to the agglomeration during grinding, and
probably due to better sinterability of very fine ZnO
particles in the mixture, as already reported in the
literature [1].

Fig. 1 shows XRD patterns of ZTO powder mixtures,
the initial and those subjected to mechanical activa-
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Figure 1 XRD patterns of ZTO powder mixtures as a function of the
milling time.
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tion. Starting powder mixture exhibits sharp peaks of
hexagonal ZnO (JCPDS PDF 36-1451) and tetragonal
SnO, (JCPDS PDF 41-1445). After 10 min of grind-
ing, all sharp peaks of mixed oxides have vanished,
the strongest peaks were broadened and the their inten-
sity significantly decreased. Broadening of diffraction
peaks indicates that a significant refinement in crys-
tallite size of the initial oxides have been induced by
grinding. Upon 40 min of grinding, new broadened
peaks of spinel zinc stannate phase, Zn,SnO4 (JCPDS
PDF 24-1470), are formed indicating the beginning of
mechanochemical reaction in the system. Prolonged
grinding (160 min) leads to the formation of zinc stan-
nate as a major phase, with insignificant amount of un-
reacted initial oxides. Our former investigations on in-
fluence of mechanical activation (in a vibro-mill) in this
system point to the beginning of the spinel formation
at 160 min [17]. The difference in times characteristic
of the beginning of mechanochemical reaction can be
ascribed to the different energy input of a vibro mill
and a planetary mill.

Analysis of microstructural parameters of the
strongest peaks of initial oxides and of the formed spinel
phaserevealed the following. Crystallite size of the ZnO
(calculated using Scherrer equation from the broaden-
ing of (101) reflection) is reduced from 90 to 15 nm
after 10 min grinding, while the reduction of the crys-
tallite size determined from the broadening of the SnO;
(110) reflection was only from 75 to 65 nm, reaching
the value of 14 nm after 160 min. Since zinc oxide is
more than six times softer material than tin oxide (mi-
crohardness values are 1.5 and 10 GPa for ZnO and
SnO,, respectively [18]), we expected major changes
occurring in ZnO. At the same time, the growth of the
crystallite size of the spinel was observed with prolon-
gation of the grinding (Table I).

Dilatometric analysis (Fig. 2) and differential ther-
mal analysis of activated powder mixtures (Fig. 3) show
thermal behavior of the investigated system.

Dilatometric data show that non-activated mixture
exhibits the most intensive shrinkage of all samples,
which could be ascribed to the sintering of ZnO in the
mixture as a dominant process at lower temperatures
(Fig. 2). Intensive shrinkage due to finely dispersed
ZnO particles in the ZTO-00 sample starts at about
700°C and as a dominant process overlap expansion
due to chemical reaction of spinel formation, which
starts at about 1050°C [19]. Zinc stannate was not yet
formed after 10 min of grinding, as shown in Fig. 1,
and thus spinel formation was initiated after heating at
temperatures higher than 900°C (Figs 4 and 5). Sample

TABLE I Crystallite size of the spinel phase formed during grinding
and subsequent heat treatment. The crystallite size was calculated from
the broadening of the (511) diffraction line

D (nm)
Powder mixture at
Sample room temperature 900°C 1200°C
ZT0O-40 - 830 1660
ZTO-80 620 995 1660
ZTO-160 88 415 995
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Figure 2 Relative shrinkage of samples as a function of the heating
temperature and the milling time.
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Figure 3 DTA curves of powder mixtures as a function of the milling
time.
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Figure 4 XRD patterns of ZTO samples sintered at 900°C for 2 h as a
function of the milling time.

densification takes place simultaneously with the sam-
ple expansion, while after the thermal treatment at
900°C, the expansion is the dominant process due to
chemical reaction. After sintering at 1015°C, intensive
shrinkage starts as the dominant process. Existence of
the spinel phase in a form of agglomerates in the system
reduced the shrinkage rate with the increase of activa-
tion time.

DTA curves of the non-activated sample and mechan-
ically activated mixtures are shown in Fig. 3. It is seen
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Figure 5 XRD patterns of ZTO samples sintered at 1200°C for 2 h as a
function of the milling time.

that the DTA curve of the ZTO-10 sample has different
shape in respect to other activated samples. Exothermal
effect in ZTO-10 sample is a consequence of two pro-
cesses. First one is due to spinel formation at lower tem-
peratures, and second, is due to crystal growth at higher
temperatures. It can also be noticed that the prolonged
grinding leads to the shift of the maximum of DTA
curves to lower temperatures (see DTA curves for ZTO-
40, ZTO-80 and ZTO-160). The observed exothermal
effects could be ascribed to the spinel crystal growth
occurring with the increase of temperature (Table I).

Since characteristic changes in the system were ob-
served in the temperature range from 900 to 1200°C,
X-ray diffraction analysis was performed for the end
points of this interval. The spinel formation was ob-
served in ZTO-10 sample sintered at 900°C for 2 h,
which is in accordance with dilatometric analysis. The
mechanically induced enhancement of the spinel for-
mation at sintering is visible in Fig. 4. Since ZnO is
also detected in all activated samples after the thermal
treatment at 900°C for 2 h, this can be due to the re-
crystallization of the amorphous ZnO detected in ac-
tivated powder mixtures (Fig. 1). When samples were
sintered at 1200°C, spinel formation is observed in all
samples, and residual oxides are present in all samples
except ZTO-160. Thus, the monophased spinel zinc
stannate was obtained when powder mixture mechani-
cally activated for 160 min was sintered at 1200°C for
2 h.

4. Conclusions

Formation of spinel zinc stannate (Zn,SnQOy) and the in-
fluence of grinding conditions on the mechanochemical
reaction in the 2Zn0:1Sn0O; system were investigated.
It was established that the mechanochemical reaction
starts after 40 min of grinding in a planetary ball mill.
After 160 min of grinding, the spinel phase and insignif-
icant amount of tin oxide are detected in the powder.
The spinel formation proceeds slowly for the sample ac-
tivated for 10 min when sintered at temperatures higher
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than 900°C, and monophased Zn,;SnQy is obtained for
sample activated for 160 min and sintered at 1200°C.
Based on our present results and preliminary investiga-
tions on the mechanochemical synthesis of zinc stan-
nate, two routes for obtaining the zinc stannate spinel-
based materials are proposed. First, spinel powder can
be synthesized mechanochemically by grinding of a
stoichiometric oxide powder mixture in a planetary ball
mill for times longer than 160 min, and second, using
mechanical activation for more than 10 min and sin-
tering the pre-activated sample at temperatures higher
than 900°C.
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