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Raman surface vibration modes have been measured for SnO2 nanocrystalline powders with grain
sizes of 3-36 nm and a specific surface area up to 180 m2 g-1, which were prepared by four different
routes of chemical synthesis. The influence on these surface vibration modes of the treatment temperature,
the crystallite size, and the specific surface area has been studied and bands at 245, 257, 286, 310-350,
and 400-700 cm-1 have been identified. The 400-700 cm-1 band intensity has been found proportional
to the surface active area. Likewise, the correlation of the 400-700 cm-1 band intensity with the sensing
mechanisms have been analyzed from the sensor response of the prepared thick-film gas sensors against
reducing CO and oxidizing NO2 species diluted in a N2 carrier. The influence of the nanostructure surface
on the sensor signal exhibits opposite trends for CO than for NO2 detection. As the Raman surface
vibration modes, 400-700 cm-1, band intensity increases, the sensor response for CO increases too,
while that of NO2 diminishes, giving an excellent inverse correlation between the sensor response for
CO and NO2. This correlation is fulfilled for all the samples except those that are distorted by the presence
of an excess of contamination caused by OH- groups together with Cl- ions introduced by the chemical
synthesis procedure.

Introduction

Despite the simple basic idea of the gas detection principle
using semiconductor metal oxide, the involved mechanisms
in the gas sensing processes are rather complex. They are
related mainly with several steps such as gas adsorption,
chemical reactions taking place at the grain surface, and
charge transport. All these processes depend on material
structure, which is usually referenced by the grain size only.1,3

In this framework, it is frequently claimed that nanometer-
scaled materials have significant advantages because of their
small grain size, which becomes important to increase the
adsorption capacity of these materials, but there are only a
few works considering the influence of specific surface area
on gas sensor properties.4,5 However, there is different
experimental evidence suggesting that the peculiarities of
structure and surface composition of nanocrystalline systems
derived from synthesis conditions are behind the discrepan-
cies among the functional properties of these materials. So,

in a previous work devoted to the influence of calcination
procedure on the response of the nano-SnO2 based sensor,6

the hypothesis was already pointed out that the improved
NO2 response with respect to that of the CO could be
attributed to a more important role played by the surface
characteristics than the grain size modification itself.

In this work, to analyze the nanostructure surface influence
on the sensing mechanisms, we have used four synthesis
techniques to obtain different nanocrystalline oxide powders
with grain sizes from 3 to 36 nm and specific surface values
of more than 100 m2 g-1. Then, we have determined and
studied the evolution of Raman surface vibration modes as
a powerful tool to reveal straightforwardly the surface
characteristics of these nanocrystalline powders which
determine the surface reactivity with the target specimens.
The NO2 and CO gas response of these nanomaterials has
also been analyzed. Finally, the relationships between
nanostructure surface, determined by the Raman band
intensity, and the gas response are reported and discussed,
corroborating the significant role played by the surface
characteristics.

Experimental Section

Powders of tin dioxide have been elaborated by four different
modifications of wet chemical synthesis indicated as g, k, h, and s
as shown in Figure 1. SnO2 powder g was prepared by conventional
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hydrolysis of SnCl4. A measured amount of SnCl4‚5H2O was
dissolved in deionized water in an ice bath, and liquid ammonia
was slowly added to the stirred solution to achieve a complete
precipitation ofR-stannic acid. The resulting gel was centrifuged,
washed with deionized water to complete disappearance of the
chloride ions (AgNO3 test), and dried at 100°C during 24 h.

Sample k was elaborated by means of the cryosol technique.7

The stable sol ofR-stannic acid was obtained from the correspond-
ing gel as a result of electrolyte (NH4Cl) elimination during washing
with deionized water.8 The powder was obtained by freeze-drying
of sol in a sublimator (SMH-15, Usifroid) after pulverization in
liquid nitrogen.

Series h was prepared by the method described in ref 9. The
hydrolysis of SnCl4 was realized using an aqueous solution of
hydrazine monohydrate, N2H4‚H2O. A white precipitate was formed
at room temperature and maintained under stirring at reflux for 3
days. As for the g samples the precipitate was submitted to a
centrifugation-washing sequence until the absence of chloride ion.
The resulting gel was dried at 100°C during 24 h.

SnO2 powder s was synthesized starting from SnCl4‚5H2O and
NH4OH with use of cationic surfactant cetyltrimethylammonium
bromide (CTAB) as the organic supramolecular template.10 First
the NH4OH solution was added into CTAB aqueous solution under
stirring until the mixture became homogeneous. Then the aqueous
solution of SnCl4‚5H2O was introduced into the mixture producing
a white sol. After stirring for 5 h the product was aged at room
temperature for 72 h. The resulting gel was centrifuged, washed
with deionized water, and dried at room temperature.

All dried powders were crushed and calcined in the same
conditions: in air at 300, 500, 700, and 1000°C during 24 h. The
sample characteristics are presented in Table 1.

Different techniques were applied to determine the composition,
morphology, structure, and electrical properties of the samples. The
analysis of Cl content in annealed samples was done by laser-
induced mass spectrometry using the EMAL-2 setup.

Thermogravimetric analysis (TGA) was performed using the
DSC-7 (Perkin-Elmer) technique. The samples were heated in air
from room temperature up to 1000°C with a heating rate of 10°C
min-1.

X-ray diffraction (XRD) patterns were recorded using a STOE
diffractometer with monochromatic Cu KR radiation. The results
were processed using STOE WinXPow software. The SnO2 average
grain size (dXRD) was estimated from the XRD data using the
Debye-Scherrer equation applied to the most intense 110 and 101
diffraction lines.

Transmission electron microscopy (TEM) was carried out on a
Phillips CM30 SuperTwin electron microscope operated at 300 keV
with 0.19-nm point resolution. For TEM observations, SnO2

nanopowders were ultrasonically dispersed in ethanol and deposited
on amorphous holey carbon membranes.

Specific surface area value of tin dioxide samples was calculated
from measurements of N2 adsorption-desorption isotherms. The
linear portion of the BET plot was used taking the data belowP/P0

) 0.3. Prior to the measurements all samples were treated under
vacuum at 200°C for 2 h.

Raman spectra were collected using a DILOR XY spectrometer
equipped with a cooled CCD detector. The green line of an Ar
laser (514.53 nm) in micro-Raman configuration (objective 50×)
was used. All spectra were recorded at room temperature in air.
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Figure 1. Scheme of the used synthesis methods for SnO2 powders.

Table 1. Characteristics of SnO2 Samples Prepared by Different
Routes

sample
annealing
temp,°C

Cl content,
at. %

SnO2 av
grain size,
dXRD, nm

specific
surface area,
Ssurf, m2g-1

g300 300 4 122
g500 500 1.0 9 35
g700 700 22 9
g1000 1000 35
k300 300 2.8 4 175
k500 500 1.4 9 65
k700 700 0.04 17 28
k1000 1000 26
h300 300 4 135
h500 500 5.1 11 26
h700 700 34 12
h1000 1000 35
s300 300 3 180
s500 500 11 69
s700 700 22 14
s1000 1000 36
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FTIR transmission spectra were recorded from 400 to 4000 cm-1

with a resolution of 4 cm-1 using a Perkin-Elmer-1600 spectrometer
at room temperature. Sample pellets containing 200 mg of KBr
and 2 mg of SnO2 were prepared to allow a quantitative comparison
of spectra of different samples.

To study the gas sensor properties, thick films were prepared
on polycrystalline Al2O3 substrates with previously deposited gold
contacts. Screen printing technique was used for thick-film deposi-
tion starting from the pastes of powders with a terpineol-ethanol
mixture. Films were dried at 100°C for 24 h and calcined at 500
°C for 6 h. Platinum wires were pressed to the gold contacts for
signal recording. The measurements of electric current proportional
to the conductivity value were performed in dc mode at a fixed
voltageU ) 1 V. The comparison of the conductivity (resistivity)
values in dry airGo (Ro) and in the gas containing atmosphereG
(R) allowed the estimation of electrical responseS(CO) ) (G -
Go)/Go in relation to the CO concentration orS(NO2) ) (R - Ro)/
Ro versus the NO2 concentration.

Results and Discussion

Figure 2 shows the integral curves of thermogravimetric
analysis taken for the samples that were not calcined.
Different mass loss behaviors were observed for different
preparation methods. Series k exhibits the maximum mass
loss value caused by evaporation of water. The presence of
significant water concentration is associated with formation
of SnO2 sol within the synthesis procedure. SnO2 particles
in the sol have the smaller dimension as compared with those
in the gel. That results in an increase of the amount of H2O
molecules forming a hydrate cover around SnO2 particles.
The mass loss in g and h series are associated with
elimination of byproducts NH4Cl, N2H5Cl, N2H4Cl2, and
water desorption. The significant mass loss value in series s
is due to oxidative decomposition of CTAB.

XRD spectra demonstrate that all powders consist of SnO2

cassiterite phase. Average crystallite diameters were obtained
with the Scherrer formula from (110) peaks. As is shown in
Figure 3, the average size of SnO2 crystallites (dXRD) varies
from 3 to 36 nm depending on treatment temperature and
synthesis method. To analyze the temperature dependence
of crystallite size for series h, an additional sample annealed
at 600°C was also prepared; see Figure 3. Series k has the
lowest crystallite size in the temperature range 500-1000

°C. This feature found for SnO2 powders obtained by the
cryosol technique has also been observed in ref 7.

To examine the influence of organic vehicle and additional
thermal annealing during preparation of thick films on
crystallite size, XRD spectra were taken for the powders
g300, k300, h300, and s300 mixed with the terpineol-
ethanol vehicle and annealed in the same conditions as
corresponding thick films. No differences were detected in
XRD spectra of as-prepared and treated powders. So, one
can conclude that powders and corresponding thick films
are characterized by the same size of SnO2 crystallites.

TEM images of samples g300 and g700 are shown in
Figure 4. Sample g300 (Figure 4a) presents a rounded shape,
which corresponds still to the energy minimization for
particle nucleation. From a crystallographic point of view

Figure 2. TGA (mass loss) curves for samples prepared by various routes. Figure 3. Average grain diameter of SnO2 crystallites (dXRD) against
calcination temperature for various synthesis methods.

Figure 4. TEM images of samples g300 (a) and g700 (b).

Table 2. Crystallographic Planes in Different SnO2 Samples

family
planes

SnO2

bulk d (Å)
sample

g300d (Å)
sample

g700d (Å)
sample

k700d (Å)

(110) 3.347 3.379 3.353 3.351
(101) 2.643 2.657 2.653 2.649
(200) 2.369 2.342a 2.336a

(111) 2.309 2.315 2.342a 2.336a

(210) 2.119 2.112 2.108
(211) 1.764 1.768 1.771 1.766
(220) 1.675
(002) 1.593 1.594 1.589
(310) 1.498 1.504 1.501
(112) 1.439 1.433 1.428

a SnO2 has two families of planes with values very close: (200) with a
d spacing of 2.369 Å and (111) with ad spacing of 2.309 Å. For g300
only, appears the family (111), but the samples g700 and k700 both appear,
thus producing a problem in fitting algorithm. So, the obtained values in
this case are basically just an artifact of the fitting procedure.
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the lattice is not yet presenting a well-defined surface faceting
and the particles have a significant lattice distortion at these
finishing layers of the grain. On the contrary, sample g700
(Figure 4b) is already presenting a faceted surface, which
corresponds to a much better defined surface of the nano-
particles.

The families of crystallographic planes obtained from
electron diffraction data for samples g300, g700, and k700
are collected in Table 2. It should be remarked that for the
g300 sample, it was not possible to determine many of its
crystallographic characteristics, due to its complex structure
and to an important lattice distortion for (110) family of
planes.

The histograms of the grain size distributions of the
powder are Ze presented in Figure 5. The SnO2 average grain
sizedTEM are in agreement with the values estimated for these

samples from XRD spectra (dXRD, Table 1). As expected,
the increase of annealing temperature leads to grain growth
and broadening of grain size distribution. Nevertheless, it is
worth remarking that synthesis method has a strong influence
on the grain size evolution in relation with the thermal
treatment. Powder prepared using the cryosol technique
(sample k700) is characterized by a narrow grain size
distribution as compared with sample g700 obtained by
conventional hydrolysis and calcined at the same temperature
of 700°C. This fact is in agreement with the thermal stability
of series k.7

The SnO2 powders treated at 300°C are characterized by
specific surface areaSsurf of 120-180 m2g-1. These values
decrease monotonically as annealing temperature increases
for all series (Figure 6). This correlates with the grain size
variation. It should also be noted that the k and s series show
a higherSsurf than g and h samples annealed in the same
conditions. So, k and s synthesis methods seem to be
preferable to obtain SnO2 materials with high surface area.
The size of SnO2 agglomerates whose surface is really open
for gas adsorption can be estimated fromSsurf values using
an approach of spherical particle shape:

wheredBET (nm) is this equivalent size or BET size andF )
6.95 g/cm3 is the SnO2 density.

The obtained results are presented in Table 3. In all cases
dBET > dXRD. The agglomeration degree, defined asdBET/

Figure 5. Nanoparticle size distribution extracted from the TEM analysis
of g300, g700, and k700 powders.

Figure 6. Specific surface areaSsurf vs calcination temperature depending
on synthesis methods.

Table 3. Comparison of SnO2 Crystallite Size and Agglomeration
Degree

sample dXRD, nm dBET, nm dBET/dXRD

g300 4 7 1.8
g500 9 25 2.8
g700 22 96 4.4
k300 4 5 1.3
k500 9 13 1.4
k700 17 31 1.8
h300 4 6 1.5
h500 11 33 3.0
h700 34 72 2.1
s300 3 5 1.7
s500 11 13 1.2
s700 22 62 2.8

dBET ) 6 × 1000
FSsurf
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dXRD, depends on synthesis method and annealing temper-
ature. Samples of k series exhibit the minimum agglomera-
tion degree as well as a minimum grain size.

Figure 7 shows the evolution of Raman spectra versus the
treatment temperatureTc for k series. The spectrum of well-
crystallized k1000 sample, grain size 26 nm, is similar to
that of microcrystalline SnO2. The three detectable Raman
active modes of tin oxide have been observed: Eg (476
cm-1), A1g (629 cm-1), and B2g (772 cm-1). Spectra of k300,
k500, and k700 samples exhibit also around the A1g mode a
broad feature attributed to surface modes.11,12 In addition,
bands, which, as far we know, never have been reported,
appear in the 310-350 cm-1 region. These bands appear as
a single broad feature composed of at least two components
in the powders heat-treated at 300°C. For powders treated
at higher temperatures, three other bands are observed at 245,
257, and 286 cm-1, together with the broad feature located
at the region 310-350 cm-1, which has lost most of its
intensity. The Raman spectrum of thick films, which have
been treated at 500°C during 6 h to remove the organic
vehicle of the prepared pastes, show only the bands at 245,
257, and 286 cm-1 (Figure 8) and no signal in the region
310-350 cm-1, which is only found at low-temperature
treated materials. In all cases, these bands disappear for
samples heat-treated at 1000°C. The origin of these bands
is not yet elucidated. Liu et al.13 have reported, besides the
expected Eg and A1g bands, Raman bands located at 216,49
and 232,92 cm-1 in rutile SnO2 nanorods, which were
attributed to Eu (TO) and Eu (LO) active modes. On the
contrary, Hu et al.,14 working in similar SnO2 nanoribbons,
have only pointed out the existence of a considerable shift,
∼10 cm-1, in the nanoribbons Raman spectra, which present
only narrow peaks located at 425 (A2g), 462 (Eg), 620 (A1g),
and 762 cm-1 (B2g), whereas Zheng et al.15 pointed out the
modes A1g and B2g in SnO2 nanowires synthesized inside of

anodic alumina membrane. A more detailed analysis of these
spectra obtained in these nanostructured SnO2 materials also
suggests the presence of the 310-350 cm-1 band although
it was not discussed by the authors. On the contrary, other
authors16 associated the appearance of a 327 cm-1 centered
band to the forced hydrolysis of SnCl4 solutions although
other ones propose that this band is related to the surface
defects17 or the SnO2 nanocluster formation, which might
constitute a new kind of vibration mode.18 It is well known
that some inactive modes in bulk material can be active
because of the size effect in very small particles or in
nanostructures with some reduced dimension. So, it is
plausible to take into account that this band could be due to
an active mode from the inactive Eu mode.11,12Nevertheless,
more work is still needed to clarify the origin of this band
in very tiny SnO2 structures that, recently, has also been
found in the Raman spectra of nanobelts19 obtained by
thermal evaporation of Sn powders. It seems to strengthen

(11) Abello, L.; Bochu, B.; Gaskov, A.; Koudryavtseva, S.; Lucazeau, G.;
Rumyantseva, M.J. Solid State Chem.1998, 135, 78-85.

(12) Diéguez, A.; Romano- Rodrı`guez, A.; Vila, A.; Morante, J. R.J. Appl.
Phys.2001, 90, 1550-1557.

(13) Liu, Y.; Zheng, C.; Wang, W.; Yin, C.; Wang, G.AdV. Mater.2001,
13, 1883-1886.

(14) Hu, J. Q.; Ma, X. L.; Shang, N. G.; Xie, Z. Y.; Wong, W. B.; Lee, C.
S.; Lee, S. T.J. Phys. Chem. B2002, 106, 3823-3826.

(15) Zheng, M.; Li., G.; Zhang, X.; Huang, S.; Lei, Y.; Zhang, L.Chem.
Mater. 2001, 13, 3859-3861.

(16) Ristic, M.; Ivanda, M.; Popovic, S.; Music, S.J. Non-Cryst. Solids
2002, 303, 270-280.

(17) Ocan˜a, M.; Serna, C. J.; Garcia-Ramos, J. V.; Matijevic, E.Solid State
Ionics 1993, 63-65, 170.

(18) Yu, K. N.; Xiong, Y.; Liu, Y.; Xiong, C.Phys. ReV. B 1997, 55, 2666-
2671.

(19) Sun, S. H.; Meng, G. W.; Zhang, G. X.; Gao, T.; Geng, B. Y.; Zhang,
L. D.; Zuo, J.Chem. Phys. Lett.2003, 376, 103-107

Figure 7. Raman spectrum evolution with the calcination temperature for k series.

Figure 8. Low-frequency Raman spectra of powders and thick films for h
series.
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the association of this band with the effects due to the
nanostructure size against those due to the synthesis proce-
dure.

The other peculiarity of Raman spectra of nanocrystalline
SnO2 is the very broad feature between 400 and 700 cm-1,
now called band of the surface modes. In this region also
appear the volume modes (i.e., those appearing in large
crystals) of SnO2. The origin of these bands has been
connected to the low particle dimension of the materials. In
a previous work,11 some of us attempted to connect the bands
to Raman forbidden and/or corner zone modes becoming
active because of the loss of long-range periodicity in
nanocrystals. Alternately, Die´guez et al.12 proposed that
surface modes were due to the existence of a lattice softening
taking place in the outer part of the grain, which is like a
disordered lattice skin around each grain. On the other hand,
studies of nanocrystalline tin oxide reactivity versus H2S have
shown that the relative intensity of surface bands depends
strongly on the interactions with gases,20,21which can modify
the outer layers of the grain. So, to analyze these perfor-
mances at the present cases, the relative intensity of surface
modes have been taken as the ratio of the sum of their

intensitiesIS to the intensity of A1g modeIV. These intensities
are calculated by fitting A1g mode and the B2g mode when
needed with Lorentzian-shaped peaks, and the surface modes
with five large Gaussian peaks with Peakfit software.IV was
taken as the area of the Lorentzian A1g peak, whileIS was
the sum of the five Gaussian peak areas.

The variations ofIS/IV value versus SnO2 crystallite size
dXRD and specific surface areaSsurf for g, k, and h series films
are presented in Figure 9. The following features should be
noted: (i) There is a monotonic diminution of the surface
modes as the grain sizedXRD increases, which confirms a
general trend. (ii) There is an excellent correlation between
IS/IV andSsurf, which suggests that surface modes are related
to available surface sites to interact with target gas speci-
ments. Therefore, it should be corroborated from the behavior
of the sensor response versusIS/IV.

With this aim, the values of sensor response of SnO2 thick
films toward N2 and gas mixtures 900 ppm CO/N2 and 90
ppm NO2/N2 have been measured and collected in Table 4.
The measurement temperatures (380°C for CO detection
and 200°C for NO2 detection) were chosen from previous
results.22-24 The electrical response value toward COS(CO)
exceeds the corresponding values measured toward pure
nitrogen at 380°C S(N2).

Figure 10 presents theS(CO) value as a function of SnO2
crystallite size (a), specific surface area (b), and Raman
parameterIS/IV (c) for g, k, and h series. One can observe a
general trend of the sensor response diminution as the SnO2

crystallite size increases. The g, k, and h samples withdXRD

) 3-5 nm (prepared at 300°C) are characterized by a
similar sensor response value toward CO. However, for the
larger crystallite sizedXRD > 6 nm, the series prepared by
different routes display a differentS(CO) - dXRD behavior
(Figure 10a). So, it is necessary to conclude that crystallite
size value estimated from XRD spectra is not ever the more
adequate parameter to predict the gas sensing properties. On
the contrary, the dependency onSsurf value appears to be more
informative to characterize gas sensor properties of these tin
oxide samples. All results independently on synthesis method

(20) Pagnier, T.; Boulova, M.; Galerie, A.; Gaskov, A.; Lucazeau, G.Sens.
Actuators, B2000, 71, 134-139.

(21) Pagnier, T.; Boulova, M.; Galerie, A.; Gaskov, A.; Lucazeau, G.J.
Solid State Chem.1999, 143, 86-94.

(22) Safonova, O. V.; Rumyantseva, M. N.; Kozlov, R. I.; Labeau, M.;
Delabouglise, G.; Ryabova, L. I.; Gaskov, A. M.Mater. Sci. Eng., B
2000, 77, 159-166.

(23) Safonova, O. V.; Delabouglise, G.; Chenevier, B.; Gaskov, A. M.;
Labeau, M.Mater. Sci. Eng., C2002, 21, 105-111.

(24) Safonova, O.; Bezverkhy, I.; Fabritchny, P.; Rumyantseva, M.; Gaskov,
A. J. Mater. Chem.2002, 12, 1174-1178.

Figure 9. Raman relative intensity of surface modesIS/IV value vs SnO2
crystallite sizedXRD (a) and specific surface areaSsurf (b).

Table 4. Sensor Response of SnO2 Thick Films toward N 2 S(N2), 900
ppm CO/N2 S(CO), and 90 ppm NO2/N2 S(NO2)

sample S(N2) S(CO) S(NO2)

g300 3.7 23 15
g500 12 60
g700 8 110
g1000 130
k300 2.8 26 168
k500 15 190
k700 18 77
h300 2.8 23 14
h500 3.4 19 25
h700 2.4 7 48
s300 53
s500 41
s700 130
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can be presented as a linear functionS(CO) - Ssurf taking
even into account the accuracy of specific surface area and
sensor response measurements (Figure 10b). Surprisingly, a
better linear correlation is obtained plotting the sensor
response against the Raman parameterIS/IV than with the
specific surface area (Figure 10c). It confirms the usefulness
of Raman spectroscopy for the characterization of nano-
crystalline tin oxide interactions with gases. Moreover, it has
to be pointed out that the specific surface area was measured
on powders and not on thick films, while Raman spectra
were taken on both, powders and films. Figure 11 shows
the changes that are observed for the Raman spectra taken
on powders or on films. It corroborates that the film

processing has some influence on the nanostructure of the
materials, especially on the surface modes, likely due to the
500 °C during 6 h applied treatment to remove the organic
solvent used for the paste preparation.

Another important conclusion, which can be drawn from
this strong correlation betweenS(CO) andIS/IV, is that the
surface modes (IS) are straightforward connected with the
outer layers of the grain, which, according to these results,
depend on the synthesis processes. Moreover, these outer
layers are modified due to the interaction with the atmo-
sphere.

The sensor response toward NO2 S(NO2) of all series is
plotted versusdXRD (Figure 12a),Ssurf (Figure 12b), anddBET

(Figure 12c). It is found that behavior of k samples toward
NO2 molecules is different from that shown by the other
series. The peculiarity of the encircled points in Figure 12
will be discussed below. The g, h, and s series show the
common relationships between sensor response and micro-
structure parameters:S(NO2) increases asdXRD values rise
too andSsurf diminishes. But, even for these series, there is
no any common monotonic function applicable to a full set
of obtained results.

The examination of nanostructure influence on the sensor
parameters of SnO2 exhibits the opposite trends for detection
of reducing CO and oxidizing NO2 molecules. TheS(CO)
increases with the specific surface area growth, and vice
versa,S(NO2) increases as the specific surface area dimin-
ishes. These results correlate well with data6 and can be
explained from the mechanism of CO and NO2 detection,
which have recently analyzed in the literature from the point
of view of the adsorption kinetics25 or from the temperature
treatment influence.26 So, in the same conditions, materials
with higher effective surface area offer for CO gas molecules
a higher probability of interaction with adsorbed oxygen and
hence they are able to have a higher electrical conductivity
change via reaction 1. Moreover, the excellent correlation

with the Raman surface mode intensity also reveals the

(25) Starke, T.; Coles, G.IEEE Sens. J.2003, 3, 447-453.

Figure 10. Sensing properties toward COS(CO) vs SnO2 crystallite size
dXRD (a), specific surface areaSsurf (b), and Raman parameterIS/IV (c).

Figure 11. Raman spectra of h300 powders and thick films.

CO + Osurf
2- ) CO2 + 2e (1)
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existence of a relationship between these modes and the
density of the available oxygen adsorption sites.

On the contrary, the situation concerning NO2 sensing
mechanisms is quite different. In general, the density of
adsorbed nitrate groups is influenced, on one hand, by the
concentration of available electrons to form and absorb the
NO2

- group and, on the other hand, by the amount of
available adsorption sites at the grain surface that can be
altered by the competition with the oxygen. For example, a
nanograin surface that is highly covered by adsorbed
oxygenssee the high intensity of the Raman surface modes

according to the data given in Figure 10cshas already a high
density of negative charge that can prevent or render more
difficult any action for increasing the surface negative charge
such as is required by the NO2 molecule adsorption.

Therefore, the existence of an inverse correlation is quite
plausible between the sensor responses for CO and NO2,
except for some cases that will be discussed below (Figure
13a). So, experimental results seem to corroborate that for
high IS/IV values the sensor response to NO2 is low and it
increases when the surfaces modes diminish (Figure 13b) in
agreement with the previous arguments. Moreover, it is again
proved that there is a better correlation between the sensor
response for NO2 and the active surface (Figure 12b) than if
it is considered against the grain size,dXRD (Figure 12a).

These results agree with the model for explaining the
influence of heat treatment on the material sensitivity to NO2

as supposed in ref 6. Apparently, the thermal treatment
procedure gives rise to surface modification, which is
revealed by the diminution of the surface disorder or by the
faceting of the grains. Both mechanisms decrease the oxygen
adsorption sites in comparison with the case of small
nanograin without or with low-temperature treatments and
it facilitates the availability of electrons and specific sites
for NO2 adsorption. A similar situation occurs due to the
material grinding process what modifies the surface. Then,
after annealing at high temperature, 700-1000°C, the sensor
response to NO2 is also improved.6

(26) Cha, G.; Bui, A.; Baek, W.; Lee, S.; Huh, J.Met. Mater. Int.2004,
10, 149-152

Figure 12. Sensor response toward NO2 S(NO2) vs SnO2 crystallite size
dXRD (a), specific surface areaSsurf (b), and agglomerate sizedBET (c).

Figure 13. Sensor response toward NO2 S(NO2) vs sensor response toward
CO S(CO) (a) and Raman parameterIS/IV (b).
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The peculiarities of the encircled points in Figures 12 and
13 can be derived from different compositions of corre-
sponding samples. The samples k300 and k500 (encircled
points) are characterized by maximum mass loss (TGA),
which can be attributed mainly to water elimination. The
first step of weight loss is a conversion of water to surface
OH groups.27 For this reason, the presence of OH groups
was checked by FTIR spectroscopy. Figure 14 shows the
FTIR spectra taken with KBr (2 mg of SnO2 per 200 mg of
KBr), corresponding to the samples g300, k300, h300, and
s300. The spectra exhibit a broad band around 3450 cm-1

in the νOH vibration range (Figure 14a) and an intensive
band close to 1640 cm-1 (Figure 14b) associated with the
presence of adsorbed water. The comparison of band
intensities indicates that k300 contains much more OH
groups than other samples. It is known that surface OH
groups play an electron donor role.30 This situation enhances
the probability of capturing one electron by NO2, and, hence,
under this situation, it increases the sensor response. It is
clear and accepted that OH groups play an important role in
sensor characteristics,31 but a detailed analysis of it is a matter
for other specific analysis rather related to the origin of the
other Raman bands found below 400 cm-1. However, it is
out of the scope of this work. The samples k300 and k700

also stand out because of their higher Cl content (Table 1)
that could also suggest a combined effect with the excess of
the OH groups in these samples.

Conclusions

SnO2 nanocrystalline powders with the grain size of 3-36
nm and specific surface area up to 180 m2 g-1 have been
prepared by four different routes of wet chemical synthesis.
High-resolution TEM and electron diffraction experiments
have shown that SnO2 powders were composed of nano-
crystals with distorted rutile structure. Crystallite size was
derived from X-ray diffraction and HRTEM, which also
provided a size distribution of the particles. The influence
on the intensity of Raman surface vibration modes of the
calcination temperature, crystallite size, and specific surface
area has been studied and an excellent correlation was found
between the Raman surface vibration mode intensity and the
active surface. It has been considered to corroborate that the
Raman surface vibration modes reveal the availability of
active surface sites for interaction with the target gas. It has
been corroborated from the sensor response of corresponding
thick films which has been measured toward reducing CO
and oxidizing NO2 molecules in N2-based gas mixtures. The
nanostructure influence on the sensor parameters exhibits
opposite tendencies for CO and NO2 detection. High specific
surface area/Raman surface vibration mode intensity in-
creases the sensor response value for CO and reduces the
detection for NO2. It was found that the intensity of Raman
parameterIS/IV shows the best linear correlation with gas
response of materials to CO. The better correlation than that
with specific surface area is explained by the fact that Raman
spectra were taken from finished sensors, while specific
surface area was measured on as-obtained powders. Adsorbed
species such as OH groups and Cl originating from the
synthesis procedure seem to also present a significant impact
on sensor properties.
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Figure 14. FTIR spectra of different SnO2 samples calcined at 300°C.
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