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The gas-sensing potential of nanocrystalline SnO2 produced by
a mechanochemical milling via centrifugal action
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Abstract. In this work, the synthesis of undoped nanocrys-
talline tin dioxide powders and the subsequent preparation of
SnO2 thick-films were studied. An initial mixture of SnCl2
and Ca(OH)2 was sealed in a vial for milling in an air at-
mosphere. Heat treatment of the milled powder resulted in
the formation of tetragonal and orthorhombic SnO2 phases,
which was confirmed by X-ray diffraction (XRD) analysis. It
was found that crystallite size could be controlled by vary-
ing the milling time, the rotation speed and the temperature
used for the heat treatment. Crystallite sizes in the range 20
to 30 nm (determined by XRD measurements) were obtained.
The total pore volume was 0.22 ml/g for a measured par-
ticle size of 37 m2/g. No contamination of the powder during
milling was found. The response of the prepared thick-films
to H2S gas in the concentration range 0.5 to 10 ppm in air
was investigated as a function of the preparation conditions.
The advantage of mechanochemical synthesis of powder is
its relative simplicity, low cost and possibility of obtaining
isolated, unagglomerated nanosized grains. It is shown that
chemical reactions, which usually occur in the vibratory mill
to produce the SnO phase, can also be initiated during a short
processing time in the centrifugal mill.

PACS: 81.20.E; 81.20.W; 61.10.N; 07.07.D

It is known that one of the most important factors affect-
ing the gas-sensitive properties of SnO2 samples is the grain
or crystallite size. This size is usually much larger than the
depth of the space charge layer, and electrical conduction is
controlled by the grain boundaries. Nanocrystalline powders,
which may have a grain size less than 100 nm, are prepared at
present using several methods such as sol-gel chemistry, ther-
mal decomposition, physical vapor deposition, crystallisation
of an amorphous precursor and gas condensation. An import-
ant problem with these methods is the control of the size of
agglomerations.
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The synthesis of ceramic powders by mechanical milling
and subsequent heat treatment comprises the content of
mechanochemical processing (MCP) [1]. The repeated ball-
powder collisions induce structural changes and continually
regenerate the reacting interfaces. A chemical reaction can
take place either during the milling process or in the fur-
nace during the heat treatment stage. One advantage of the
MCP method is that the synthesized powder has a large sur-
face area and relatively good porosity, which is important
for the application of this material in gas sensors. Also, the
mechanochemically processed powder is not agglomerated
by shape. This is because the formation of a by-product, of-
ten salt, encapsulates the separated tin dioxide nanoparticles,
stopping their subsequent growth. Removal of the salt ma-
trix is carried out using an appropriate solvent and a powder
is obtained after drying. There are three common types of
high-energy mills used in the MCP: planetary, attrition and
vibratory. Most of the reports that have appeared in the liter-
ature have described the use of either vibratory or planetary
mills. Mechanical alloying, a dry and high-energy milling
process, involves repeated deformation, fracture, and welding
of powdered particles and is a suitable tool for synthesizing
materials on a large scale [2].

In contrast to the high-energy alloying described above,
the present study shows that it may be possible to obtain pow-
ders of nanosized particles using a centrifugal mill of the
conventional type. The effect of milling conditions on pow-
der quality were investigated, including the milling time and
rate, the mass ratio of the balls and powder and the amount
of salt required to be added to the starting material before
processing.

The important factor, associated with the sensing prop-
erties of a prepared SnO2 thick-film, is the grain size and
geometry of connection [3]. For grain sizes much less than
20 nm, the sensitivity to a reducing gas is significantly in-
creased [4], as the grains will be depleted of electrons and the
gas response is related to intergrain conduction. Further im-
provement in the response may be obtained if the depletion
layer thickness is close to the radius of the grain, typically
measured to be about 6 nm [5]. The responses of sensorsmade
from films of SnO2 grains prepared using MCP are reported.
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1 Experimental

Nanosized SnO2 powder particles were produced by mecha-
nochemical synthesis, where the milling process was per-
formed at room temperature in a centrifugal-type mill. To
date, most authors have used vibratory mills (Spex 8000) or
planetary type mills (Fritsch P5 or P7) for this process. The
chemical reaction induced was

SnCl2 +Ca(OH)2 → SnO+CaCl2 +H2O . (1)

The starting materials (4.7 g of SnCl2, 1.83 g of Ca(OH)2
and 8.92 g of CaCl2) were sealed in a non-metallic vial in an
air atmosphere and milled to produce 10 g of SnO. Milling
was performed using steel balls with a diameter of 12.7 mm.
Two ball-to-powder mass ratios were used, the first of 3:1
with a rotation speed of 75 rpm and the second of 5:1, with
a speed of 100 rpm. The milled powder was subsequently heat
treated at 400 ◦C for 1 h in an air atmosphere to complete the
SnO2 formation. Removal of the CaCl2 by-product was car-
ried out with deionised water using an ultrasonic bath and
a centrifuge. The washed powder was dried in a furnace at
65 ◦C for 8 h.

A Philips PW 1830 X-ray powder diffractometer with
Cu Kα radiation was used to follow the crystallisation of the
powder as a function of heat treatment temperature. X-ray
analysis was important for the confirmation of the microstruc-
ture of the synthesized powder obtained after washing and
removal of all CaCl2 (both added and produced in the reac-
tion). The SnO2 crystallite size was determined using Scher-
rer’s equation [6]. The specific surface area and porosity of
the synthesized powders were measured with a Coulter Om-
nisorp 100CX, using a N2 gas adsorption method at 77 K.
The surface area was obtained by assuming particles to be
spherical.

Thick-film gas sensors were prepared by conventional
hand coating of a paste, the SnO2 powder mixed with an
α-terpineol-based solvent, over the Au sensing electrodes on
an Al2O3 substrate. Subsequently, these substrates were sin-
tered at 500 ◦C, 600 ◦C and 700 ◦C for 1 h in air and one thick
film was sintered at 700 ◦C for 1 h in a N2 gas flow. Pt wires
were attached to the pads of the heater and sensing electrodes
by using an Au paste and heat treatment. The gas response
tests were carried out with a PC-controlled measuring system.
Sensors to be tested were placed in a measuring chamber of
about 0.5 l in volume. Optimum detection temperatures were
determined and thick-film sensors maintained at these fixed
temperatures were exposed to varying test gas concentrations
of H2S in the range 0.5 to 25 ppm, using a gas flow controller
unit with an air flow rate of 0.5 l min−1. Sensitivity, S, to gas
is defined as,

S = (
Rair − Rgas

)
/ (Rair) ·100% , (2)

where Rair is the sensor resistance in clean air and Rgas is the
resistance in the test gas.

2 Results and discussion

For the first milling condition examined, the milling time was
kept at four hours, the relationship of ball-to-powder mass

was 3:1 and the rotation speed was maintained at 75 rpm. The
mixture obtained from this was heat treated at 400 ◦C for 1 h
resulting in the exothermic reaction:

SnO+1/2(O)2(g) → SnO2 . (3)

An XRD pattern of the synthesized powder, after removal of
the CaCl2 mass and drying, is presented in Fig. 1. The tetrag-
onal phase is clearly dominant, with the orthorhombic phase
giving rise to only two very weak peaks. It may be concluded
that the crystallisation has succeeded at this low temperature
of 400 ◦C. The three main peaks are located at 26.6, 33.9,
and 51.8 degrees respectively and show a high degree of crys-
tallinity. The crystallite size, D, was calculated according to
the Scherrer equation,

∆ (2θ) = Kα/ (Dcosθ) (4)

where ∆ (2θ) is the width at half-maximum intensity (in radi-
ans) and θ is the Bragg angle of the (110) plane in the diffrac-
tion pattern of the peak, K is a constant, depending on the line
shape profile (currently K = 1), α is the wavelength of the X-
ray source (in the case of Cu radiation, α = 1.54059 Å) and D
is the crystallite size. The most intense peak, the (110) tetrag-
onal peak, was chosen to minimise the error introduced from
the overlap of peaks from the tetragonal and orthorhombic
phases.

An increase in milling time results in the decrease in pow-
der crystallite sizes, as seen in Fig. 2. Nevertheless, the XRD
crystallite size evolution on increasing the milling time from
2 to 6 h seems to be limited, and it is necessary to change
the milling conditions, because it is likely that a milling time
of more than 6 h will not reduce the crystallite size greatly.
Some degree in reduction of crystallite size can be obtained
by heat treating below 400 ◦C, as shown in Fig. 3. Above this
temperature, the crystallite size moderately increases in the
temperature range 300 ◦C to 500 ◦C, but heating at higher
temperature causes much faster crystallite growth.

An interesting relationship between the synthesized crys-
tallite size and the amount of CaCl2 added to the reagents
before the milling is presented in Fig. 4. Here the milling con-
ditions have been modified: the ball-to-powder mass ratio was
5:1, and a rotation speed of 100 rpm was used. For minimum

Fig. 1. X-ray diffraction pattern of the synthesized SnO2 powder (8.92 g of
CaCl2 in the milling composition) with the typical distribution of tetragonal
(+) and orthorhombic (−) phases
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Fig. 2. Synthesized crystallite size evolution as a function of the milling
time. After processing in a ball mill, all milling compositions were heat
treated at 400 ◦C for 1 h and salt the matrix was removed

Fig. 3. Synthesized crystallite size evolution with higher heat treatment
temperature. All milling compositions were milled for 4 h

Fig. 4. Synthesized crystallite size evolution as a function of CaCl2 mass
in milling composition. The relationship of ball-to-powder mass was main-
tained at 5:1 and the rotation speed at 100 rpm

particle sizes, about 20 nm, 30.9 g of salt is needed. How-
ever, it should be noted that the addition of large amounts of
salt requires a much longer washing procedure. The powder
X-ray diffraction patterns for two different masses of salt re-
moved are presented in Figs. 5, 6. There is no noticeable shift
in the angle for the corresponding tetragonal and orthorhom-
bic peaks in these figures, but the surface crystallisation pro-

Fig. 5. X-ray diffraction pattern of the synthesized SnO2 powder (3.9 g of
CaCl2 in the milling composition)

Fig. 6. X-ray diffraction pattern of the synthesized SnO2 powder (30.9 g of
CaCl2 in the milling composition)

cess performed at 400 ◦C has resulted in different degrees of
crystallinity. It is clearly seen from this work that prolonged
milling causes crystallites and particle size to decrease con-
siderably if there is a sufficient amount of salt surrounding the
particles during the milling. Also, it seems that the porosity of
the powder is increased by having a much longer processing
time, while the crystallinity of the surface is decreased. Thus,
by selecting the appropriate milling conditions, it is possible
to obtain a more acceptable surface structure for subsequent
gas sensor applications.

As mentioned before, the series of pure thick films were
prepared and sintered in air and in nitrogen within the range
500–700 ◦C. These thick films revealed a moderately good
response and recovery times dependent on operating tempera-
ture. Fig. 7 represents a typical response of a SnO2 thick-film
sensor, operating at temperature of 250 ◦C and exposed to
10 ppm of gas. Both response and recovery times can be de-
termined to be 15 min. The maximum sensitivity to H2S may
be viewed as a function of the sintering conditions as shown
in Figs. 8, 9 below. The sensitivity to H2S is to a large degree
influenced by changes in the sintering temperature. Firing
at higher temperature gives rise to a sensing film. Compar-
ing with previous work on tin oxide ceramics [7], sintering
in the temperature range 500 to 700 ◦C does not substan-
tially change the average pore size, but above this temperature
range the pore size begins to grow. Although the grain size



562

Fig. 7. Response of the thick film sintered at 700 ◦C for 1 h to 10 ppm of
H2S gas in air

Fig. 8. Dynamic response of SnO2 thick films sintered at 500 ◦C (a);
600 ◦C (b); and 700 ◦C (c) in an air atmosphere for 0.5 h to increasing
concentrations of H2S gas in air

Fig. 9. Dynamic response of a SnO2 thick film sintered at 700 ◦C in an N2
atmosphere for 0.5 h to increasing H2S concentrations in air. An air flow
rate was kept at 0.5 lmin−1

of the thick film increases at higher sintering temperature,
the observed enhanced sensitivity to gas (S = 20, curve (a) in
Fig. 8) can be explained by the greater porosity produced by
sintering at 700 ◦C.

It is known that a change in oxygen partial pressure causes
a change in oxygen vacancy concentration in these samples.

Sintering in a reducing gas atmosphere at lower temperature
may remove bridging oxygen, while use of higher tempera-
ture removes oxygen on the surface. H2 is occasionally used
as an effective reducing gas [8], but due to its explosive char-
acter it is not widely used and a better alternative could be
to use N2 gas. Sintering at 700 ◦C for 1 h with this and using
a flow rate of 50 ml min−1 yields non-stoichiometric SnO2−x ,
where x denotes the oxygen deficiency. The nitrogen cylin-
der used for sintering this thick film layer has, in addition
to nitrogen gas, a very low oxygen content of about 0.1 ppm
O2, which is equivalent to a considerably reduced p(O2).
Heating to temperatures above 500 ◦C starts a substitution of
removed bridging oxygen with oxygen vacancies (Vo

..) [9].
In SnO2−x , these defects are majority carriers and are charge
compensated by conduction electrons (e′). The oxygen ex-
change equilibrium may be written as

Oo = Vo
.. +2e′ +1/2O2(g) (5)

where Oo represents lattice oxygen. Since the formation of
Schottky defects may occur at higher temperatures, these are
not used [10].

One can see in Fig. 9 that good gas-sensitivity was
achieved, with sensitivity S = 33 upon exposure to 10 ppm
of H2S. This is due to the increased concentration of oxygen
vacancies on the surface, caused by sintering in the nitro-
gen atmosphere instead of air. It can be seen in Fig. 7 that
the response time to 10 ppm of gas is 5 min (at the level of
0.9). There are few results in the literature on the response
time of SnO2 materials to H2S gas. Some authors [11] have
not presented their measured quick dynamic responses (be-
low 1 min) and/or that response has not been sufficiently fast
(over 1 h) [12]. Although the total measured pore volume of
the synthesized powder was 0.21 ml g−1, it seems that sinter-
ing at a higher temperature has nevertheless resulted in loss of
porosity to some degree, resulting in the sintered microstruc-
ture not having sufficient porosity and causing the response
time to be prolonged by up to 5 min. It is obvious that re-
placing the grinding phase by ball milling of the synthesized
powder results in less agglomeration and a film with a more
porous structure.

3 Conclusions

Mechanochemical processing in a centrifugal action of pre-
determined stoichiometric amounts SnCl2 and Ca(OH)2 in an
excess of CaCl2 resulted in the formation of the desired mass
of SnO. After separation, non-agglomerated particles were
oxidised to SnO2 powder with a tetragonal phase. The quality
of the synthesized powder was determined by the energy in-
put: the ball-to-mass weight relationship and the milling time.
It was shown that SnO2 processing is possible in air, i.e. with-
out the requirement of an argon or a nitrogen atmosphere and
this resulted in no contamination of the powder from the vial.
The SnO2 thick-film sensor’s response to H2S gas may be im-
proved by: 1) synthesising powder grains smaller than 15 nm
by using more input energy for the milling; 2) introduction
of a grinding phase for the synthesized powder before paste
preparation; and 3) using a screen-printing technique instead
of hand-coating to produce thinner films. The long-term sta-
bility of the sensor and cross-sensitivity to O2, H2O, CO and
other reducing gases remains a topic for future work.
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