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STRUCTURAL CHARACTERIZATION AND GAS
SENSING PROPERTIES OF NANO-SIZED TIN DIOXIDE
MATERIAL SYNTHESIZED FROM TIN(IT) SULFATE

Structural features, surface condition, and gas-sensing properties of the nanocrystalline SnQO2
powders synthesized from SnSO4 precursor by different methods have been studied. XRD, TEM,
BET, and FTIR methods were used for the samples characterization. The gas sensors were
fabricated by the thick-film technology from the synthesized SnOz powders. The responses of
the sensors toward CO and CHy gases are measured. It is revealed that the preoxidation of
SnSO4 powder with concentrated sulfuric acid before the hydrolysis results in the lower particle
size, higher surface area, improved adsorption activity, and higher sensitivity to reducing gases
(CO, CHy) of the synthesized SnO2 materials, than in the case of the SnO2 materials obtained

without the preoxidation stage.
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1. Introduction

Tin dioxide is widely used as a solid-state gas sensor
material due to its physico-chemical properties, chem-
ical stability, and relatively low cost [1-3]. The thick-
film technology is extensively used for the fabrication
of gas sensors [4-6]. A finely dispersed SnOy powder
is required to obtain gas sensors of a good quality by
the thick-film technology. N. Yamazoe and coworkers
showed that the sensors fabricated from tin dioxide
with particle sizes in the interval from 4 to 10 nm
generally possess a higher gas sensitivity, than the
sensors fabricated from coarser SnOq particles |7, §].

One of the most commonly used methods for the
production of SnO, materials is the sol-gel approach
with a SnCly solution as a precursor [9-11]. Howe-
ver, N. Yamazoe revealed that using SnCly precursor
within the unmodified sol-gel method does not pro-
vide the possibility to obtain an SnOy powder cal-
cinated at 600 °C with the sizes of particles smaller
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than 15 nm [7]. C. Xu and coworkers showed that the
crystallite size of SnOs can be stabilized against the
thermal growth, when the stannic acid gel was im-
pregnated with a small amount (5 at. %) of a foreign
metal oxides [8]. In our work, we suggest the SnOq
synthesis route that allows stabilizing the SnOs crys-
tallite size during a thermal treatment without adding
extraneous metal oxides.

G.W. Wang and coworkers showed that the addi-
tion of SO~ ions to tin(IV) hydroxide during the
SnO, synthesis from SnCly caused a notable increase
in the surface area of the calcinated oxide [12]. Ho-
wever, the residual chloride ions can degrade the
gas- sensitive properties of the SnOs sensor materi-
als. H.C. Chiu and C.S. Yeh showed that the presence
of Cl™ ions change the number of the oxygen species
in SnO2 and decrease the sensitivity of the sensor to
ethanol [13]. Thus, using tin sulfate salts as a precur-
sor is reasonable. The presence of Sn(IV) ions in a
solution is necessary for the formation of sols, which
allows one to get SnOgy thin film samples and fine
dispersed SnOs powders. However, tin(IV) sulphate
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is easily hydrolyzed by crystal water and humidity
of air. For this reason, SnSO, salt was chosen as an
initial precursor.

In addition, sulphate ions can modify the surface
and change the adsorption and catalytic properties of
metal oxides. K. Arata and M. Hino found that SnO,,
TiOs, and ZrO> calcinated oxides, which were synthe-
sized in the presence of sulphate ions, are character-
ized by a high concentration of acid centers. The ratio
between Lewis and Bronsted acid sites on these ox-
ides can change under a moisture treatment [14]. Sur-
face acid sites influence the catalytic activities of ma-
terials. The surface sulfate groups can be directly
involved in the process of gas adsorption, or they
can act as an activator of reagents in catalytic re-
actions. An improvement of the sensitivity of FeoO3—
SnO, materials to CH4 under the influence of SO~
ions has been established by M. Takana and cowork-
ers [15].

The present work is aimed at the characterization
of the structure and gas-sensing properties of SnOq
materials that are prepared by different routes from
the SnSO4 precursor and are suitable for the produc-
tion of thick film gas sensors.

2. Material and Methods

Two methods of synthesis of a SnOs powder from the
SnSO, precursor were used.

Method I. The SnOy powder was obtained by the
hydrolysis of a SnSO,4 solution and a subsequent
thermal treatment of the precipitated oxyhydrox-
ide. Here, 100 ml of a SnSO4 solution (C' = 50 g/1)
was prepared by dissolving the freshly recrystallized
SnSO4 salt in distilled water acidified with sulfuric
acid (pH 2). An ammonia solution (C' = 5 wt. %)
was added dropwise to a SnSO4 solution until pH 8
was reached.

The obtained precipitate was separated by the cen-
trifugation and washed 3 times with distilled wa-
ter. 50 ml of distilled water and 0.1 ml of concentrated
sulfuric acid were added to the precipitate. Then
the suspension was ultrasonificated (f = 22 kHz, P =
= 130 W) for 2 min. The resultant precipitate was
dried at 50 °C and calcinated for 1 h at 600 °C
(Sn0»(I)).

Method II. The preoxidation of SnSO4 salt with
concentrated sulfuric acid was carried out before the
hydrolysis. Typically, 5 g of the freshly recrystallized
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SnSO4 powder was added to 5.5 ml of concentrated
H>SO4 acid. The suspension was heated at 200°C
during 10 min. At the end of the reaction, the solution
was diluted with distilled water up to 100 ml. Then
an ammonia solution (C' = 5%) was added dropwise
until pH 8 was reached.

The obtained precipitate was separated by the cen-
trifugation and washed 3 times with distilled wa-
ter. 50 ml of distilled water and 0.1 ml of concentrated
sulfuric acid were added to the precipitate. Then the
suspension was ultrasonificated (f = 22 kHz, P =
= 130 W) for 2 min. A transparent sol was obtained
under such treatment. The resultant sol was dried at
50 °C and calcinated at 600 °C (SnOz(II)). Method II
was developed by us for obtaining a highly dispersed
calcinated SnO, powder.

The phase composition of the materials was charac-
terized by the X-ray diffraction (XRD) analysis. The
XRD analysis was carried out on a PANalytical
X'Pert PRO MRD (multipurpose research diffrac-
tometer, Holland) with a modular construction using
Cu K,-radiation. The fine structural features of the
SnOs crystallites were revealed by the transmission
electron microscopy (TEM). The TEM examinations
were performed on a LEO 906F transmission electron
microscope. The specific area (Sprr) was calculated
by the BET (Brunauer—-Emmett—Teller) method from
nitrogen adsorption isotherms measured by a Gem-
ini V2.00 surface analyzer (Micromeritics Instrument
Corp.) at —196 °C. The state of the surface of samples
was examined by the Fourier transform infrared spec-
troscopy (FTIR). The FTIR analysis was carried out
on an AVATAR FTIR-330 spectrometer supplied with
a smart diffuse reflectance accessory in the wavenum-
ber range from 400 to 4000 cm ™.

The gas sensors were fabricated by the thick-film
technology. The SnOs powders were grinded thor-
oughly with ethanol in an agate mortar. Then the
obtained paste was deposited onto polycrystalline
Al O3 substrates (1.6 x 1.6 x 0.25 mm?) supplied with
a Pt interdigitated electrode on the front side and a
Pt-heater on the rear side. The sensor elements were
annealed at 570 °C for 3 h in air. The thickness of
the oxide sensitive layer was about 15 mkm.

SnO5(I) and SnO4(II) sensors were fabricated from
the SnOs powders synthesized by methods I and II,
respectively. A contact electric potential was applied
to the heater, and a resistance of the sensing layer
was measured in air (R,;;) and in air-gas mixtures
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(Rgas). The sensor response (G) was calculated as
Raix/ Rgas- The response measurements were carried
out in air-gas mixtures with a CH4 concentration of
1000 ppm and with a CO concentration of 1000 ppm
(30% relative humidity) at different working temper-
atures. Concentration dependences of the resistances
ofsensors at the CO detection were obtained at deter-
mined optimal operation temperatures.

3. Results and Discussion

3.1. Structure, morphology,
and surface state

The X-ray diffraction patterns of the as-prepared
and the annealed at 600 °C samples are shown in
Fig. 1. The structural parameters of the samples are
summarized in Table. According to the XRD data,
the as-prepared sample synthesized by method I con-
tains the SngO4(OH), phase (JCPDS 84-2157) and
SnO; rutile phase (JCPDS 88-0287).

The as-prepared sample synthesized by method II
is characterized by wide diffraction peaks assigned to
the SnOs rutile phase (JCPDS 88-0287). The rutile
phase predominates in the all samples calcinated at
600 °C. Traces of the SnO phase were additionally ob-
served in the SnO2(I) sample. The width of diffrac-
tion peaks in the patterns of the SnOs(II) sample
is much higher, than in the case of SnO3(I) sam-
ple. The average size of the rutile SnOy crystallites
was estimated by the Debye-Scherrer equation from
the width of the (110) reflexion. The SnO4(I) sample
is characterized by an average crystallite size of about
24 nm. The SnOy(II) sample consists from smaller
crystallites (5.5 nm). The lattice parameters were cal-
culated for the calcinated SnO9 samples. The unit cell
parameters of the SnO(I) sample correspond well to
the reference data (@ = 0.4738 nm, ¢ = 0.3187 nm)
[16]. In contrast, the a parameter of the SnOy(II)
sample is slightly lower (0.4723 nm), and the ¢ pa-
rameter is slightly higher (0.3199 nm), than the val-
ues given in the literature [16]. The formation of a
defective lattice is caused by the influence of sulphate
groups under the dehydration and crystallization pro-
cesses of initial particles during the synthesis of the
SnO(IT) sample.

According to the TEM data, the SnOs(I) and
SnO,(II) samples are polycrystalline (Fig. 2). The
particles have a similar morphology close to the spher-
ical one. However, they are characterized by differ-
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Fig. 1. X-ray diffraction patterns of as-prepared (a) and cal-
cinated at 600 °C (b) samples synthesized by method I (1) and
method II (2)

ent sizes. The particle size estimated for the SnO5(IT)
sample is 5.5 nm, and that for the SnO5(I) sample
is 27 nm. The TEM data are in agreement with the
crystallite size calculated from XRD patterns.

The specific surface area of the samples was mea-
sured by means of the BET analysis, which shows
that the surface areas are 17.9 m? /g and 70.4 m? /g for
SnO5(I) and SnO5(II) powders, respectively. Thus,
method II allows one to synthesize a SnOs powder,
which is characterized by a high surface area and a
low crystallite size after the calcination at 600 °C.

The described structural differences of the SnO,
samples are determined by the chemical processes,
which take place during the syntheses.
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Structural characteristics of the SnO»
samples synthesized from SnSO4 by methods I and II

Phase composition Phase composition a c Specific
Method of . daver, NmM daver, nm
synthesis of as-prepared of samples calcinated (XRD) parameter, | parameter, (TEM) surface area,
Y samples at 600 °C nm nm m?/g (BET)
Method I SneO4(OH)4 SnO2 24+1 0.4738 0.3187 27 17.9
SnO- SnO
Method 11 SnOy - zH20 SnOs 5.5+1 0.4723 0.3199 5.5 70.4

Fig. 2. TEM images of the SnO3 samples (600 °C) synthesized
by (a) method I and (b) method II
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In method I, tin(II) oxyhydroxide is precipitated
by the hydrolysis of SnSO,4 with an ammonia solution

(Eq. (1))
6Sn** + 6505~ + 12NH] + 120H~ —
— SngO4(OH)y | +12NH] + 6507~ + 4H,0. (1)

The SngO4(OH)4 crystalline phase with traces of
the SnOy rutile phase is observed in the dried pre-
cipitate. Ultrasonification during the synthesis in-
duces a partial decomposition and the oxidation of
tin(IT) oxyhydroxide to SnOs. According to FTIR
data, a certain amount of SOZ‘ groups is preserved
on the surface of Sn(OH), particles after the drying
(Fig. 3, a). Then tin(II) oxyhydroxide decomposes to
SnO and oxidizes to SnOy under the heating up to
600 °C.

In method II, Sn* ions are oxidized to Sn** ions
by concentrated sulfuric acid at the first stage of the
synthesis (Eq. (2) and (3))

Sn?t — 2e — Sn*t, (2)
2HT + H5S04 + 2e — SO9 + 2H50. (3)

After this treatment, Sn** and SO}~ ions, as well
as traces of non-oxidized Sn?* ions, present in the re-
sultant solution. The amount of the remained Sn?*
ions can be varied by the duration of the heat-
ing. A polymerized tin oxyhydroxide is formed during
the hydrolysis of Sn** ions by an ammonia solution

(Eq. (4))
Sn? + 40H™ — SnO, - 2H,0. (4)

The product consists of polynuclear complexes in-
terconnected by bridging OH-groups, in which HoO
molecules are located in the coordination environ-
ment of tin ions. In the core of the generated par-
ticles, tin atoms have coordination of oxygen atoms
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similar to SnO oxide. Hydroxyl groups and hydrogen
bonded water molecules cover the SnO» core. Sulfate
ions are intercalated in these particles and coordi-
nated by tin ions. Annealing the sample at 600 °C in-
duces the dehydration of the initial particles and the
crystallization and growth of tin dioxide crystallites.

FTIR spectra illustrated in Fig. 3 show that
sulfate ions are observed in both SnO,-2H>O and
SngO4(OH)4 precipitates after the washing and dry-
ing. However, as-prepared SnOz(I) and SnOq(II)
samples are characterized by quantitative and qual-
itative differences in the interval of the vibrational
mode of [SO4|*~ groups.

A free sulfate ion is characterized by the Ty sym-
metry. Two vibrational modes (v3 and vy4) of four fun-
damental oscillations are active in IR spectroscopy.
When sulfate ions are bounded with particles, their
symmetry decreases from Ty to Cay or Cgy, and ad-
ditional bands can appear in IR spectra. The vibra-
tional modes of bidentate bonded sulfate groups are
observed in the IR spectra of the as-prepared SnOz(I)
sample: v; = 948 em !, v3 = 1015, 1115, 1246 cm ™,
and v4 = 605, 661 cm ™! [17]. The bands assigned to
vy = 948 cm~ !, v3 = 1027, 1105, and a shoulder at
1182, v4 = shoulders at 600 and 642 cm ™! vibrations
of bidentate bonded [SO4]?>~ groups are detected in
the FTIR spectra of the as-prepared sample synthe-
sized by method II. The frequencies of the bands vary
from sample to sample due to the difference in the
energy state of surface tin atoms, which coordinate
sulfate groups.

The intensities of the 11 and v3 vibrational modes
of [SO4]?>~ group are considerably higher for the as-
prepared SnO(II) sample, than for the as-prepared
SnO4(I) sample. This is due to a higher sorption ca-
pacity of the particles in a sol, than in a precipi-
tate. In the case of the sol, sulfate ions can be in-
corporated in the micelle structure and remain in the
structure during the subsequent drying of the sample

(Eq. (5))
{(SnO2-nH50),,-2zHT - (x—1)SO2~}2¥*.4S02~. (5)

The IR spectra of the as-prepared samples show the
absorbance in the interval from 2500 to 3750 cm™1.
This broad band is assigned to the stretching OH
vibrations in hydroxyl groups and adsorbed water
(v(OH)) [17]. The band at 1660 cm~! characterizes
the deformation HOH vibrations (§(HOH)). The in-
tensity and width of the ¥(OH) bands are noticeably
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Fig. 3. FTIR spectra of as-prepared (a) and calcinated at
600 °C (b) samples synthesized by method I (1) and me-
thod II (2)

higher for the as-prepared SnO(II) sample, than for
the as-prepared SnO(I) sample. Furthermore, the lo-
cal maxima of the absorption at 3445, 3216, 3062, and
2872 cm ™! in the band of ¥(OH) vibrations and ad-
ditional bands for §(HOH) vibrations are observed in
the IR spectrum of the as-prepared SnOs(II) sam-
ple. The features of the spectrum related to the posi-
tion of the v(OH) and ¢(OH) vibrations indicate the
formation of hydrogen bonds between SOf and OH-
groups. In addition, the presented IR data confirm
the assumption that sulfate ions are incorporated in
the micelle structure of SnO5-nHO hydrosol.

The v[SO4)*>~ bands have a low intensity in the
FTIR spectrum of the calcinated SnOs(I) sample,
whereas a high intensity of these bands is revealed
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Fig. 4. Scheme of acid centers on SnOg surface modified with
sulphate groups
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Fig. 5. The dependences of response vs working temperature
for SnO2 (I and II) sensors at the detection of CO (1000 ppm)
(a) and CH4 (1000 ppm) gases (b)

in the spectrum of the SnO (1) sample after the cal-
cination (see Fig. 3, b). The triplet of [SO4]?~ vibra-
tional bands is observed for the calcinated SnOq(II)
sample, but the maxima of the bands are shifted to
higher wavenumbers (979, 1038, 1139 cm~!) com-
paring to the as-prepared sample. Moreover, in the
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Fig. 6. Dependences of the electric resistance of SnOy (I)
sensor (a) and SnOg2 (II) sensor (b) on the concentration of
CO in air

spectrum of the SnOs (1) sample annealed at 600 °C,
a wide band attributed to v(OH) vibrations is ob-
served. Note that the local maxima are resolved less
in this interval, than for the as-prepared sample. The
adsorption maximum of the ¥(OH) band is observed
at 3470 cm~!, and the small peaks are detected at
2915, 2855, 2405 cm~!. These peaks indicate that
hydrogen-bonded OH groups are presented on the ox-
ide surface. The interaction between SO3 -ions and
OH-groups influences the state of the surface adsorp-
tion centers of SnO4 oxide.

Thus, according to the IR data, the surfaces
of the SnOs(I) and SnO5(II) samples contain un-
equal amounts of [SO4]?~ groups. The as-prepared
SnO,(IT) sample has a high amount of surface hy-
droxyl groups and adsorbed water, which forms hy-
drogen bonds with [SO4]?>~ groups. Furthermore, sul-
phate groups are included directly in the micelle
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structure. Sulphate groups influence the processes of
dehydration and crystallization of oxide. As a result,
the SnO2(II) sample calcinated at 600 °C is char-
acterized by a low particle size and a high surface
area and contains a high amount of surface sulfate
groups. The sulphate groups are bidentates bound
with tin cations. Surface SO;~ ions create Bronsted
acid sites and improve acceptor properties of the sur-
face Sn*t lattice cations (Lewis acid sites) due to
the inductive interaction (Fig. 4). Surface acid sites
are active in the adsorption and dissociation of gas
molecules. Kustov and coworkers showed that the
modification of ZrO, with SO7~ anions results in a
strengthening of the surface Lewis acid sites repre-
sented by low-coordinated zirconium ions, which pro-
motes the adsorption of CO molecules [18].

Gas-sensing properties

We now consider the gas-sensing properties of SnOs
thick-film sensors. In order to determine the optimum
operating temperatures, the response of the sensors
to CO and CH,4 (1000 ppm) are tested as a function of
the operating temperature, as shown in Fig. 5. The
response of the SnOy(II) sensor to CO and CHy is
about 2.5 times higher, than the response of the
SnO4(I) sensor over a wide interval of working tem-
peratures (see Fig. 5, a, b). The response maxima
of the SnOy(II) sensor to both gases are observed
at lower temperatures, than iforn the SnOs(I) sen-
sor. The former has the maximum response to CO at
a lower operation temperature, than to CHy. In the
interval of temperatures from 350 to 375 °C, the high-
est difference between the responses of the SnOq(II)
sensor to CO and CH, is observed. This operation
mode is suitable for the selective detection of carbon
monoxide.

Further, we measured changes in the sensor resis-
tance at different concentrations of CO at the opti-
mal operation temperature. Figure 6 shows the de-
pendences of the electric resistance of the sensors on
the concentration of CO in air. The SnOz(II) sensor
is characterized by a higher sensitivity to CO as com-
pared with the SnOx(I) sensor. Carbon monoxide can
be detected by the SnO(II) sensor at concentrations
smaller than 10 ppm.

The gas-sensing properties of the SnOq(II) sensor
are caused, on the one hand, by structural features
of the SnOy powder. The small size of SnO4 particles
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(d = 5.5 nm), which is comparable with the dou-
bled thickness of the space-charge layer (L ~ 3 nm)
[7], provides a high sensitivity of the SnOy(II) sensor
to reducing gases. The high surface area of the pow-
der promotes the absorption of gases. On the other
hand, surface sulfate groups increase the strength of
the Lewis acid sites and promote the CO adsorption
on the oxide surface.

4. Conclusions

SnO4 powders were synthesized from tin(II) sulphate
by different routes. The preoxidation of a SnSO4 pow-
der with concentrated HoSOy4 prior to the hydrolysis
stage allowed us to obtain the SnOs powder, which is
characterized by the 5.5-nm average particle size and
a high surface area (70.4 m?/g) after the calcination
at 600 °C. The high concentration of SO?{ groups
is observed on the surface of this sample. The thick-
film SnO4(IT) gas sensor is characterized by a higher
response to CO and CHy gases and a lower optimal
working temperature as compared to the SnO(I) sen-
sor. The SnO4(II) sensor can be used for the detec-
tion of CO concentrations smaller, than 10 ppm. The
improvement of the gas sensing properties of tin(IV)
oxide layers is caused by their structural features and
the effect of SO}~ ions on the adsorption properties
of the oxide surface.

This work was performed within the framework of
an international Ukrainian-Belarusian grant (Belaru-
sian RFFR grants No. X21YKPI'-002).
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CTPYKTYPHI XAPAKTEPUCTUKN

I TABOYYTJIMBI BJTACTBOCTI HAHOPO3MIPHIIX
MATEPIAJIIB JIOKCUAY OJIOBA,
CHUHTE30BAHUX I3 CYJIB®ATY OJIOBA

HocniizkeHo cTpyKTypHI 0COOJIMBOCTI, CTaH IIOBEPXHI Ta raso-
9yTJIUBI BJIACTUBOCTI HAHOKPUCTAIIYHUX MOPOIIKiB SnOg, cuH-
Te30BaHUX i3 npekypcopa SnSO4 pisaumu meromamu. s Bu-
MipIOBaHHS XapaKTEPUCTUK 3Pa3KiB BUKOPUCTOBYBAJIUCS METO-
nu XRD, TEM, BET i FTIR. I'azoBi ceHCOpH BHIOTOBJISINCS
3a TOBCTOILTIBKOBOIO TEXHOJIOTI€I0 3 CHHTE30BAHUX IIOPOIIKIB
SnOs. ITpoBeneno BuMiproBaHHS peakIlil OTPUMaHUX JaTINKIB
va rasu CO i CHy. Busasieno, mo nonepemsHe OKUCIEHHS I10-
pouky SnSO4 KOHIIEHTPOBAHOIO CipYAHOIO0 KHCJIOTOIO IIEPe Ii-
OPOJIi30M IPUBOAUTH [0 MEHIIOTO PO3MIpy UaCTHUHOK, O1/IBIIOL
IJIONII TTOBEPXHi, MOJIMIIIEHOT aIcopOIiiHOl aKTUBHOCTI 1 61/1b-
ol 4y TauBocTi g0 BigHoBHEX rasiB (CO, CHy) cunTe3oBannx
marepianiB SnOsq, mixk y Bunanky marepianis SnOg, orpuma-
HuX 0e3 crail ImonepegHbOr0 OKHUCJIEHHS.
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