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ABSTRACT

SnO, nanowires with diameters of 30 - 200 nm have been synthesized by using carbothermal
process via a thick film of tin dioxide and carbon powder precursor. The nanowires were
characterized by X-ray power diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and Selected Area Electron Diffraction (SAED).
The gas sensing characteristic of nanowires toward ethanol vapor was investigated. The gas
sensitivity experiments have demonstrated that the as-synthesized SnO, materials exhibit
good sensitivity to ethanol vapors, which may offer potential applications in gas sensors. The
details of its sensing characteristics were observed and discussed.
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'INTRODUCTION

Metal oxide has attracted considerable
attention for a long time for their gas sensing
property due to their advantageous features,
such as higher sensitivity to ambient
conditions, lower cost, and simplicity in
fabrication. Among these semiconductors, the
rutile form of SnO; is one of the interesting
materials. It is an n-type semiconductor with
a wide band gap of 3.6 eV at room
temperature, and is well known for its
applications in gas sensors [1], capacitors [2],
transistors [3], and solar cells [4]. So far,
considerable effort has been devoted to the
synthesis of nanostructured SnO, materials,
including nanoparticles, nanowires, nanorods,
and nanobelts [5-8]. At above 200 °C, the
adsorption of negatively charged oxygen will
produce a potential barrier to establish a

resistive electron depletion layer near the
'
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surface of n-type oxide semiconductor. The
interaction between oxidation/reduction gases
and oxygen ion species will create a large
enough change in the electrical conductivity
allowing it to be employed in gas sensor
application. Recently, it has been reported
that SnO, nanowires are promising for gas
sensors due to the high surface-to-volume
ratio, high purity due to its the single
crystalline structure and consistent size which
results in easy to produce a complete
depletion of carriers inside the wire [8].
Therefore, the tin oxide nanowires have been
widely employed as sensors for ethanol, CO
and other gases, mostly in the bulk form [9-
10]. So far single wire form has been reported
only for carbon monoxide sensor, but not
ethanol sensor [11].



EXPERIMENTAL

Synthesxzed

Sn0, | nanowires  were prepared by
carbothefmal process. All commercially
startmgl 'materlals tin dioxide (SnO;) and
carbon' (C) powders were mixed in a ratio of
1:5 (w/w) and then were hand-grounded in an
agate mortar ‘with polyvinyl alcohol (PVA).
After tﬁat the mixture was screened onto the
alumina substrate and placed in an alumina
boat w1th| .copper oxide powder laid
underne‘a'th the substrate. The boat was then
rapidly | heated in a horizontal tube furnace
which had been kept at the temperature of
800 OCr for '1 hr. in normal atmospheric

pressure thhout any inert gas.

|

Charactenzatlon

After coohng down to room temperature, some
white Wool hke scattered thoroughly on the
substrate surface were observed. A Seamens-
D500 dlffractometer with Cu K, radiation at
40 kV (7\. = 0.1542 nm) were employed for
1dent1fy1ng the synthesized products. The
sample \lzvas scanned for a 20 from 10° to 60° in
a step| Off 0i16 Lattice parameters of these
products were| determined from XRD pattern.
The morphologles and sizes of the products
were characterlzed by scanning electron
mlcroscopy (SEM), FEI Quanta 3D (200)
operated‘ at 30 'kV. To obtain more information,
transmission| electron microscopy (TEM) and
the typ1‘ca1 selected area electron diffraction
(SAED): pattern have been taken on JEOL JEM-

2010 operated at 200 kV.

Gas sensor measurements

Gas sedsors were fabricated by coated Au
1nterd1g1tal electrode over an assembly of the
Sn0O, nanow1res Then, they were calcined at
500 °C for 2 h'in air. The operating
temperature of the sensors was varied from
200 to 320 °C. The sensitivity (S) of the
sensors was defined as (Ra /Rg) where R, and
R, are the resistances in air and the gas,
respectwely ‘The gas sensing characteristics

I P . . .
of the S‘C‘I‘ISOI‘ were nvestigated by recording
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online the electrical response of the sensor to
periodical changes between air and saturated
vapors of ethanol using a home-made electric
circuit at room temperature. The electrical
voltage of the sensor was measured by a
Kiethley digital multimeter model 196 and
collected by input into a computer. The
saturated gas vapors were obtained in a bottle
containing the liquids of the ethanol where
gas—liquid equilibrium was regarded to be
achieved after standing for a long time.

RESULTS AND DISCUSSION
Characterize

There were 8 peaks with 20 values of 26.48,
33.87, 3791, 38.98, 51.72, 54.85, and 57.97
have collected by the X-ray diffraction
(XRD) pattern (Fig. 1). All of diffraction
peaks corresponding to SnO, crystal planes of
(110), (101), (200), (111), (211), (220), and
(002), respectively. These diffraction peaks
can be indexed to the tetragonal rutile
structure of SnO, with lattice constants a = b
=4.734 A and ¢ = 3.185 A, respectively, which
are consistent with the standard values of bulk
SnO, (JCPDS 880287). Thus, the XRD result
implies that the as-synthesized products were
pure rutile SnO,.

Fig. 2 illustrates the images from the
scanning electron microscope (SEM). It
revealed that their geometrical structure were
wire and rod-liked. In the wire-like structure,
their widths were 10 — 120 nm with the
typical size of about 30 nm and their length
were estimated up to several hundred
micrometers. ~ Furthermore, fig. 2c¢ show
bending nanowire that has a function of high
flexibility. In addition to the wire-shape, belts-
likes nanowires were also observed. Typical
widths and thickness of the belts-likes
nanowires were in the range of 30 — 200 nm
and 10-30 nm, respectively.

Transmission electron microscope (TEM)
and area diffraction (SAED) were utilized to
demonstrate the detailed structure of the SnO,
nanowires. Fig.3a shows a TEM bright field
image of a selected nanowire which revealed
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that it was a single crystalline without any
dislocation. The inset SAED pattern of the
nanowires in Fig.3b was recorded with the
clectron beam along [020] .
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Fig. 1. A typical XRD pattern of the SnO,
nanowires obtained from Cu Ko radiation.

Fig. 2. SEM images: (a) a group of nanowires,
(b) Y-shape of nanowires (c) bending nanowire
and (d) nanowire with a tip growth.

From the SAED, the growth direction of
SnO, nanowire was found to be [101], in
agreement with previous reports [12, 13]. The
TEM observations showed that the growth
behavior of the SnO, nanowires might not be
dominated by the vapor-liquid-solid process
proposed for a one  dimensional
nanostructure, in which a catalytic metal
particle was located at the growth front and
acts as the energetically favorable site [13].

Since a significant feature of the VLS
mechanism was, there were no catalytic
droplets observed on neither end of the
nanowires. Consequently, we can hypothesize
that the SnO, nanowires, in this work, prefer
undergo a vapor-solid growth process.

Rutile SnO, belong to the point group

D, and space group P4,/mnm, of which the

normal lattice vibration at the I" point of the

brillouin zone is given on basis of group
theory
I'=Ajg+ Ay + By + By + Eg + 2Ay, + 2B,,+4E,
Among them, the active Raman modes are
Big, Eg Ajg, and By, and consequently four
first-order Raman spectra are observed. In the
Raman active modes the oxygen atoms
vibrate while the Sn atoms are at rest. The
modes of A, and By, vibrate in the plane
perpendicular to the c-axis while the E, mode
vibrates in the direction of the c-axis [14].
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Fig. 3. (a) TEM image of an individual nanowire,
(b) SAED pattern taken along [0 2 0].

The Raman peaks of the starting SnO,
powder were detected at 474.7, 634.6, and
776.6 cm™, corresponding to the Eq, Ajg, and
Byg vibration modes of rutile bulk SnO,,
respectively. While the Raman peaks of the
SnO, nanowires appeared at 475.0, 634.6, and
772.5 cm’.  Thus, these peaks provide
confirmation that SnO, nanowires possess the
crystalline structure of the tetragonal rutile
structure similar to that of the powder. In the
Raman spectrum of the SnO, nanowires, the
mode Aj; and By, shift toward lower wave
numbers while the mode E, shifts toward
higher wave numbers. A small dimension of
the nanowires leads to a downshift of the
Raman peaks, while stress trends to shift
Raman peak to a higher frequency region
[14].

There are at least two models that can be
proposed to describe the growth mechanism
of the one-dimensional materials, such as
VLS (vapor-liquid-solid) and V'S (vapor—
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solid) mechamsms It was proposed that a way
to ver1fy 'the mechamsms 1s the present of a tip
growth] The' SEM in this work reveals that both
mechams’ms :are possible. Fig.2 (d) illustrate a
tip growth which represents VLS mechanism,
although' not ‘much but it is likely that the
growthl of SnOz nanowires is dominated by

the vapo%—sohd (VS) mechanism [13].

Slnce the results were confirmed that SnO,
nanowires performed single crystal. There are
2 condltlons concerned nanostructure and
single: crystal One 1s single crystal basically
grow \from‘ ‘vapor and the other one is
mﬂuenc‘e| b}‘l the content of O,, therefore this
would [have an effect on its size. A
carbothermal reduction is' typically an
approac‘h: to the synthesis of a wide range of
nanostructure metal oxides. However, it is
unclear,| how the role of carbon will be
employed to .produce nanostructure. Let us
consider the enthalpy between the following
reactlons‘

Cls)+ 02 — COy(g) : AH =-393.3 kcal/mol

Sno(g)+ 1/202 9) —’—Snoz( s) : AH = -134.9 kcal/mol
One can 'see that O, favors the reaction with

C rather than SnO. This suggests that the
carbon ‘ahd oxygen reaction will decrease the

amount‘ of 02 in the system so the required
condltlon‘ of nanostructure would be
supportecll To construct SnO, the source
vapor constructlng SnO, nanowires should be
supphed from the source materials. Hence,
the source materials could be Sn (g) + Oy,

SnO (g) + ®2 or SnO; (g) depending on the
process‘ In' this work, SnO, powder was
firstly reduced by active carbon powder at
700 °C yield Sn0 and CO, described in (1).

C(s) + 80, (s) —— SnO(g)+CO@@) (1)

Normﬁllly, tthe phase transformation from
SnO to "S}nOz in an ambient atrnosphere may
be occurred‘as low as 370 °C but usually in

the powd'er form not the nano form if heated
alone. Then SnOz powder will continue to be

reduced| by‘ ithe CO gas formed from
reaction (1)
CO(9) + SnOz()—SnO(g)+Coz(g) 2)

SnO vapor is the common resultant of
these two reactions, shown above.
As we all know SnO is metastable, it will
decompose into Sn and SnO; above 600 °C,
as shown in reaction (3). Considering the low
melting point of Tin (231.9 °C), Sn particles
are still liquid at reaction temperature. These
Sn droplets fell on the substrate and can
provide the energetically favored sites for
adsorption of SnO; vapor. Subsequently, the
decomposition of SnO will result in the
precipitation of SnO; and the SnO, nanowires

are formed.
SnO (g) — Sn (1) + Sn0, (g) 3)

Ethanol Sensing

It 1s well known that metal oxide-based gas
sensors changes their conductivity in the
presence of a gas. Typically, in vacuum metal
oxide exhibit as a conductor but in the normal
atmosphere it acts like semiconductor. This
effect is believed that adsorbed oxygen ions

(07, 0° andO, ) have a dominant role in

the response of metal oxide to a
reducing/oxidizing gas. Sensing mechanism
can be described as oxygen when it is first
adsorbed on any surface (including the metal
oxide surface) at room temperature in normal
atmosphere. Since metal oxides were heated
to the operating temperature, higher than 150
°C, the absorbed oxygen can be interacted
with electrons at the surface via thermal
energy. In the case of an n-type
semiconductor such as SnO,, the electrons are
drawn from ionized donors via the conduction
band. So the charge electrons density at the
crystal surface is transferred to the adsorbed
oxygen, resulting in an increase in resistivity.
Thus, surface potential is formed to serve as a
potential barrier against electron flow as
shown in Fig. 5. There are three possible
species of charged oxygen detected on metal
oxide surface in an oxidizing environment.
The chemical reaction between oxygen and
electron can be described as following
reactions:

02+e-—> 02_
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Fig. 4. Comparison of Raman pectrum.
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Fig. 5. Model of charge carrier concentration in
SnO, grains.

The different oxygen ion species
adsorption depends on temperature for

example O~ and O’ reaction will occur at
temperature higher than 150 °C. Whereas,

0, reaction will take place at any temperature

lower than 150 °C, as shown by EPR
(Electron Paramagnetic Resonance) results
[15]. In the presence of reducing gas these
oxygen ion species will be deprived. Consider
a simple reducing gas like H, or CO, which

deprives the oxide surface of one O ion per
molecule, as describe in the following
reaction.

A+0_ —» AO+e
Electron from this reaction will create
changes in the resistivity. Thus, when a
reaction take place between metal oxide and
reducing gas, one should observed the

changing in electivity. So in the presence of a

reactive gas the surface density of the
negatively charged oxygen may decrease as a
consequence of the reduction in the
resistance.

The mechanism of ethanol sensing is
complex and not yet completely established.
Jinkawa et al. [16] reported that the
decomposition of ethanol at elevated
temperatures depended on the acid-base
properties of the oxide catalyst used.
C,H;0H(g) — CH3;CHO(g) + Ha(g)

(basic oxide) (1)

C;HsOH(g)—C,Hy(g) + H0(g)
(acidic oxide) (2)
It was suggested that the higher gas
response of the basic-oxide reaction shows
that the oxidation of CH;CHO+H, with the

negatively charged surface oxygen ( O_,)

induces a larger increase in conductance than
that of C,Hy, as shown below.

CHOH + 0, — CH;CHO + H,0 +¢

Since SnO, exposure with ethanol vapor at
operating temperature, one can expected a
decrease in electrical resistance.

Gas sensor characterization usually requires
two kinds of measurements:

* determination of the temperature at which
the sensor reaches the maximum sensitivity
to a given gas at the constant concentration.

R
= =2

R
9

here R, is the electrical resistance of sensor
m air and R, is the electrical resistance of

sensor in ethanol-air mixed gas.

* time response are measured for the sensor
operating at the constant temperature and gas
concentration,

Tgo:Tg - T
In this work, the sensing curves of ethanol
sensors were detected under an ethanol vapor
at various concentration 100 - 1000 ppm and
operating temperatures between 200-320°C as
shown in fig. 6. As describe above, oxygen

. . - 2—
ions species (O , O

andO, ) have a




dommant role in the response of metal oxide
and thls ev1dence cause an increasing in
re51st1v1ty However at operating temperature
thermal‘ energy is high enough to shift
electron tfro‘m valence band to conduction
band. | Henc:e the decreased in -electrical
re31stance was normally observed when the
operatmg temperature increased. Explicitly,
the character]l]stlcs of sensor depend on the
operatnhlglt ‘temperatures Fig.3a, shown
ethanolr‘sensmg characteristic of the sensor at
concehtratlolrli* of 100 ppm in various
operatlng temperatures. It was found that, at
operatmg‘ temperature of about 280°C

presented tt‘he highest sensitivity of the
sensors‘m every concentration. The response

to 100, 500 z‘in]d 1000 ppm ethanol was 26, 48

and 5;4,} relspectlvely, which increased
approxnn:ate‘ly linearly with increasing
ethanol concentratlon In order to screen

1nt0x1ea‘tted drlvers the ethanol sensor should
| t

be able, to detect [C,HsOH] > 200 ppm, which
corresponds‘> 0.5 g of C,HsOH per liter of
blood [17, 18].
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Fig.6. a) Sensing characteristics of sensors under
an ethanol vapor at concentration of 100 ppm in
various operating temperatures b) Sensitivity
characteristics  of sensors in  different
concentration.

The response time (7r7,,) and also

recovery time (7',) as a function of

operating temperature of 200-320°C of
sensors was plotted in fig.7 (a) and (b),
respectively. The plot showed that the
recovery time decreased with increasing
operating temperatures.
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Fig.7. Plot of
recovery time (¢, ) of the sensors under

response  time (77, ) and

ethanol vapor at concentration of 100 ppm and at
various operating temperatures of 200-320°C.




M .Monajjmi et al. / J.Phys. Theor.Chem.IAU Iran, 6 (1): 1 - 7, Spring 2009

CONCLUSION

The carbothermal reduction process was
employed to synthesis SnO, nanowires. Since
The experimental results implied that these
nanowires were single crystalline with pure
fabrication of nanostructure required the
optimum amount of O; thus the carbon and
oxygen reaction will support as diminution
the amount of O; in the system.

Rutile SnO, which undergoes Vapour-
Solid growth process. The sensor performed
highest sensitivity at operating temperature
about 280 °C for every ethanol vapor
concentration. It was found that response
time and recovery time are In the future, it is
possible for SnO; nanowires to be utilize for
gas sensing application as the the function of
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