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Abstract

Powder mixtures of zinc oxide and tin oxide in the molar ratio, ZnO:SnO, = 2:1, were mechanically activated in a planetary ball mill in the time
intervals of 0—160 min. The adsorption—desorption isotherms, specific surface area, pore volume and pore size distribution spectra of mechanically
activated powder mixtures were established by N, adsorption at 77 K. Microstructure analysis was performed using scanning electron microscopy
(SEM) and digital pattern recognition (DPR) microstructure quantity analysis. The phase composition of the mixed powders was determined by X-
ray analysis. Mechanochemical activation of the ZnO-SnO, system resulted in fine grinding of the starting particles and generation of contacts
between them, mass transfer at contacts zones and formation of Zn,SnO, spinel, which was observed after 40 min of activation.

© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

It is well known that materials based on the ZnO-SnO,
system are widely used for the production of humidity and
combustible gas detection sensors, coatings for the use in
photoelectrochemisty and for fabrication of electrical contacts
[1-4]. Since the wide range of applications of these materials is
markedly influenced by the morphology of the initial powders it
is very important to control the morphology, texture and
particle size distribution during the powder preparation process.
In order to obtain spinel Zn,SnO, various processing routes,
including the conventional high temperature solid-state
reaction between ZnO and SnO,, spray pyrolysis, sol-gel
and coprecipitation method have been proposed [5-7]. The
mechanochemical processing route has been developed
recently for the production of many nano-sized oxides
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including some with a perovskite and spinel structure. The
advantage of this process is that the chemical reactivity of
starting materials can be significantly improved during
mechanochemical activation, so the solid-state reaction could
be activated only due to mechanical energy instead of high
temperatures. Furthermore, as a result of physical-chemical
changes in the material, which occur as a result of
mechanochemical activation, these powders possess much
higher sinterability than those synthesized by a conventional
solid-state reaction and with most wet chemical processes.
Mechanical activation by grinding is a collection of processes
that mostly emerge in four stages: material destruction,
formation of a new surface on the material which is destroyed,
fine grinding and transformation into a new material with a
completely different structure [8]. Finding the optimal
conditions in the first stage of powder processing—preparation
of powders (in this case grinding) gives the opportunity of
shortening the sintering time needed for complete formation of
the desired compound [9]. Having all this in mind, in this article
we investigated the influence of mechanochemical activation
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on the ZnO-SnQO, system, its effect on the microstructure and
development of extensive regions of Zn,SnO, spinel.

2. Experimental

Mixtures of zinc oxide (99.9%, Aldrich) and tin oxide (99.9%,
Aldrich) powders, molar ratio ZnO:SnO, = 2:1, were mechani-
cally activated in a planetary ball mill (Fritsch Pulverisette 5) in
the continuous grinding process regime, in air, and for 10—
160 min. We used zirconium oxide grinding balls (10 mm in
diameter, approximately) and bowls (500 cm3) with a ball to
powder mass ratio of 40:1. Different milled powder mixtures
were denoted according to the applied time of activation as ZSO-
10, ZS0-40, ZS0-80 and ZSO-160. The non-activated powder
mixture containing ZnO and SnO, was marked as ZSO-00.

Phase analysis was carried out in an X-ray diffractometer
(Norelco-Philips PW-1050) with Cu Ka radiation at a scanning
speed of 0.02°/0.4 s.

Nitrogen adsorption isotherms of mixed powders were
determined on a Sorptomatic 1990 adsorption analyzer
(Thermo Finnigan) at —196 °C. All samples were degassed
at 300 °C for 24 h prior to the measurements. Various models
and appropriate software—WinADP were used to analyze the
obtained isotherms. The change of specific surface area, Sggr,
during mechanical activation was calculated according to the
Brunauer, Emmett, Teller (BET) method (Table 1) from the
linear part of the nitrogen adsorption isotherms (0.05 < p/
po < 0.35) [10-12]. The pore size distribution for mesopores
was calculated in the radius range from 0 to 100 nm by the
Dollimore—Heal Poresizes method from the desorption branch
of isotherm [13] while micropore volume was determined from
the Dubinin Radushkevich Line method [14]. The morphology
of obtained powders was characterized using scanning electron
microscopy (JEOL JSM-6460LV) and digital pattern recogni-
tion (DPR) microstructure quantity analysis [15] that was
performed for the obtained SEM micrographs. This method is
based on extraction of the foreground layer of a micrograph, its
grayscale segmentation, extraction of contours of the segmen-
ted object and FFT analysis of the angular distribution of
contour radii. It should be mentioned that the relative estimated
error of volume diameter distribution calculated by this method
is less than 5% for micrographs of very complex systems [16].

3. Results and discussion

Mechanochemical synthesis is a heterogeneous solid-phase
reaction in which dispersion of the components, generation of

Table 1
Porous property of non-milled and milled ZnO-SnO, powder mixtures
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Fig. 1. Change of the specific surface area in the range of 0-160 min of
activation.

contacts between them and mass transfer at contact zones
occurs. As a result of grinding of initial components, change of
the powder morphology, their distribution, interface interac-
tion, as well as the change of specific surface area may appear.
Specific surface area distribution analysis showed that during
grinding of the ZnO-SnO, system, two stages emerge (Fig. 1).
During the first one, an increase of the specific surface area
(SgeT) from 6.47 to 8.29 rn2/g is observed, while during the
second one, the decrease of the Sggt from 8.29 to 2.74 m2/g.
The increase of the Sggr during the first stage of ZnO-SnO,
grinding may be related to breaking of powder particles and
formation of a new surface, while cold-welding of the initial
powder mixture, which arises in the second stage of grinding,
may lead to mechanochemical reactions in the system,
formation of new phases and decrease of the Sggr. These
conclusions are in accordance with the results obtained by XRD
analysis (Fig. 2). The initial powder mixture exhibits sharp
peaks of hexagonal ZnO (JCPDS PDF 36-1451) and tetragonal
SnO, (JCPDS PDF 41-1445), while after 10 min of mechanical
treatment intensities of all starting phases were significantly
lowered. Lowering and broadening of diffraction peaks
indicates significant refinement in crystallite size and defect
formation during the initial stage of mechanochemical
activation. Calculations of the values of mean crystallite size
and the relative lattice strain obtained from the diffraction line
broadening of the non-activated samples and the samples
activated for 10 min pointed out that the mean crystallite size of
SnO, and ZnO phase decreased from 76 to 65 nm and from 93
to 17 nm, respectively, while the relative lattice strain of these
phases increased from 0.126 to 0.148 and from 0.076 to 0.428,

Sample SBET (mz/g) V0.99 (CmS/g) Vmicmpore (Cm3/g) Dmedian (nm) chmu]ative (Cm3/g)
ZS0-00 6.47 0.026 0.0019 26.439 0.0402
ZS0-10 8.29 0.034 0.0031 22.552 0.0458
7S0-40 4.18 0.029 0.0014 52.175 0.0386
ZS0-80 2.94 0.02 0.0012 79.140 0.0247
ZS0-160 2.74 0.02 0.0011 67.497 0.0253
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Fig. 2. XRD patterns of ZSO powder mixtures as a function of the time of
activation.

respectively. In agreement with microstructure analysis, in the
early stages of activation, continuous shearing across interfaces
of ZnO and SnO, resulted in an increase of their interface area
and intermixing of the two components (Fig. 3). As the
activation time increased up to 40 min appearance of the spinel
zinc stannate phase (Zn,SnQ,) besides the ZnO and SnO,
phases was noticed, thus indicating the beginning of mechan-
ochemical reactions in the system. With the increase of the
activation time the intensities of ZnO and SnO, peaks become
lower, while the Zn,SnO, peaks become higher. Calculations of
the values of the mean crystallite size and the relative lattice
strain of Zn,SnO, for the samples activated 80 and 160 min
pointed out an increase of the mean crystallite size of Zn,SnO,
from 14 to 29 nm as the activation time increased, while the
relative lattice strain decreased from 0.520 to 0.260. Constant
collisions and rearrangement of the powder particles provided
by mechanical impact, shock, shear, and deformation created
opportunities for two or more Zn,SnO, nuclei to meet at
favorable positions leading to growth in crystallite size. Thus,
the growth of nanocrystallites is a result of constant collisions
and rearrangement of the nanocrystalline nuclei proceeding as
the activation time increased. After 160 min of mechanochem-
ical activation zinc stannate as a major phase, with insignificant
amounts of unreacted ZnO and SnO,, was observed.

It should be noticed that, simultaneously with the formation
of the new Zn,SnO, phase, secondary agglomeration occurred
as well, resulting in a continuous decrease of Sggr during the
second stage of ZnO-SnO, system grinding. This observation,
as well as the ones obtained by microstructure analysis of the
influence of the mechanochemical activation on powder
morphology evolution—SEM (Fig. 3), is also in accordance
with the results obtained by the XRD analysis.

In the case of non-activated samples we noticed that the
initial mixture consisted of two homogeneously distributed
particles types: smaller ones, with a spherical shape and

Fig. 3. SEM micrographs of samples: (a) ZSO-00; (b) ZSO-10; (c) ZSO-160.

average size of 0.15 pm, which belong to ZnO and longer ones,
with a polygonal shape and average size of 0.25 wm, which
belong to SnO, (Fig. 4). Activation longer than 10 min brings
about an increase in the specific surface area and chopping of
particles especially those with a spherical shape. The dominant
decrease in the number of spherical particles, after 10 min of
activation, appears primarily because they belong to the ZnO
phase that is a more than six times softer material than tin oxide
(microhardness values are 1.5 and 10 GPa for ZnO and SnQO,,
respectively). For the samples activated 160 min, according to
histograms obtained by DPR analysis (Fig. 4C) four peaks at
0.15, 0.3, 0.7 and 1.2 pm were noticed. They were ascribed to
the average grain size of ZnO, SnO, and Zn,SnO, phase and
agglomerates, respectively.

Fragmentation and aggregation of particles, occurring
during mechanochemical synthesis, have also been observed
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Fig. 4. Digital pattern recognition (DPR) histograms for ZSO-00; ZSO-10; ZSO-160.

from the shape of the adsorption isotherms (Fig. 5). We have
noticed that all adsorption isotherms, according to the IUPAC
[12,17] classification belong to the Type IIb, which is
commonly related to mono-multi layered adsorptions on a
clear and stable powder surface, which may exhibit fractured
particles, aggregates and macro pores or even in limited micro
pores. All isotherms have a reversible part at low relative
pressures and hysteresis loops at higher relative pressures
which is characteristic of aggregates plane particles in forming
slit shape pores [11,12]. Namely, physical adsorption is in most
cases reverse. With isothermal decrease in pressure desorption
is happening along the same isotherm. However, in very porous
adsorbents inside fine pores and capillaries condensation can
occur on lower pressures than the equilibrium pressure.
Desorption is then harder and the adsorption curve shows a
hysteresis during desorption [18]. Our analysis showed that
pores with the biggest total bulk volume were determined in the
samples activated for 10 min. Decrease of the pore bulk
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Fig. 5. Nitrogen adsorption—desorption isotherms of different activated powder
mixtures.

condition decreases the total pore volume. A lower total
porosity (volume) was observed in samples activated 80 and
160 min (0.025 £ 0.003 cm*/g) versus other sample porosity.
Mean mesopore diameters, according to the Dollimore—Heal
method, vary from 22 nm for samples activated 10 min to
79 nm for the samples activated 80 min. The volume share of
the biggest pores (mesopores) decreased for higher activation
times so samples activated for 80 and 160 min had smaller
amount of the big pores. The increase of the activation time did
not lead to further texture development and porosity improve-
ment. Figs. 5 and 6 shows the adsorption—desorption isotherms
and pore size distribution spectra (PSD) of the analyzed powder
mixtures. Textural properties obtained from N, isotherms, PSD
curves and by Dubinin—Radushkevich method are summarized
in Table 1.
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Fig. 6. Pore size distribution (PSD) spectra of different activated powder
mixtures.
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4. Conclusion

In this article the influence of mechanochemical activation
on the ZnO-SnO, system has been investigated. Mechanical
activation in the observed ZnO-SnO, system resulted in fine
grinding of the starting particles and generation of contacts
between them, mass transfer at the contact zones and synthesis
of Zn,SnO, spinel, which was observed after 40 min of
activation. XRD and specific surface area distribution analysis
pointed out that during mechanical activation of the ZnO-SnO,
system two processes emerged. The first one was related to
breaking of the powder particles and formation of a new surface
while the second one led to mechanochemical reactions in the
system and formation of a new phase. Fragmentation and
aggregation of the particles, which occur as a result of
mechanochemical synthesis, has been investigated by SEM,
DPR and pore morphology evolution from adsorption isotherm
analysis. As a result of this analysis it is possible to optimize the
best conditions of powder preparation prior to the sintering
process as well as to optimize the processing route for the
advanced mechanochemical synthesis of zinc-stanate spinel.
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