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ABSTRACT

Nanosize tin dioxide based powders containing sibkéde and palladium have been prepared by copitation
reaction. The material obtained is nanocrystallitgving particle size in the range from 5.21 to27dm and
decreases with increasing amount of doping siltigh selective and sensitive thick-film gas senseese
fabricated and their sensing characteristics fogSHand other toxic gases were investigated at therating
temperature of 70°C. Pd-added, silver doped-Stifixk-film sensor exhibited high sensitivity teSHgas of 1-10
ppm and had good selectivity tgFgas than that of the other gases (1000 ppm). mhterial (Pd+ AgO/SnQ,

Pd = 1.5 wt. %, Ag = 3 wt.% sintered at 600°C wih optimal temperature of 70°C) may prove to have
tremendous potential for43 gas sensing applications.
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INTRODUCTION

Hydrogen sulfide is a colorless, toxic, flammablkes ghat is responsible for the foul odor of rotemgs and
flatulence. It often results when bacteria brealwml@rganic matter in the absence of oxygen, sudn asramps,
and sewers. §$B-producing bacteria also operate in the humannc@ad the odor of flatulence is largely due to
trace amounts of the gas. About 10% of total glamaissions of b5 are due to human activity. By far the largest
industrial route to b5 occurs in petroleum refineries. Other anthrop@geources of b5 include cock ovens, paper
mills (using the sulphate method), and tannerid® threshold level is believed to average arour@3 D ppm.
Personal safety gas detectors are set to alarm apth and to go into high alarm at 15 ppm. Theefonuch
attention has been paid to the search &8 gas sensitive material [1-4].

Semiconductor metal oxide chemical sensors have bédely used for detecting combustible or toxicsem
particularly for low cast and a lower operating perature [5]. It is belived that sensor sensitivign be improved
by increasing the sensor surface areas so thdit firavide more surface sites available for gaadsorbed on these
sites and to make contact with the surrounding gasaerefore, it is essential to improve the seiilsitand
selectivity by means of the use of doping, the o@romoters, specific surface additives, filtersl aoperating
temperature [6-9].

The utilization of heterogeneous interface betw€e®/SnQ [10], CeQ/SnG, [4], for the selective detection of
H,S gas less than 5 ppm is documented in the literaispecially, sensor materials based on,Skith Ag as a
catalyst have been extensively studied using thim structure [11, 12], chemically fixed AQ on SnQ film [13],
and SnG-Ag-SnQ, composite film gate MIS diodes [14]. However, fbe above ES gas sensors [4, 10-13] high
working temperatures are needed for them. They laleng response, recovery time [11], and existngss
sensitivity [14]. Ag/Sn®@ nanocomposite, with quick response and recovehgVdier upon exposure to,H as low
as 1 ppm at working temperature as low as 70°(Qyaguesl by the sol-gel method, has been reported Tt high
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performance has been shown to beginning from eleictand chemical characteristics of silver, whiats a larger
electronegativity difference to sulfur than tin mt@nd has a strong tendency to form a p-n juncfidv aim and
objective of the present investigation is to sttiuly effect of addition of Ag (Ag = 1, 2, and 3 W&) and Pd (fixed
at 1.5 wt.%) promoters on the gas sensing perfocmafi SnQ under the identical conditions wherein very high
values for both the sensitivity and selectivity e@btained. The powder composition was selectedikgen view
the role of Pd as a catalyst and the role of Ag“(Entype dopant which goes into solid solution vinQ) in
lowering the sensors resistance within acceptabili for real life applications. The sensitivity @rselectivity to
H,S of the sensing thick-films were investigatedhat dperating temperature of 70°C and the resulte wempared
with those to other gases (CO, £0PG, and H).

MATERIALS AND METHODS

2. 1. Powder and thick-film preparation

The reagent grade chemicals used in preparingatmplss, stannic (IV) chloride (SngB9.9% Qualigen), silver
acetate (AgOOCCH Merk) and palladium (II) chloride (Pdg{IMerk), as a starting materials. Silver (I) acetat
solution (AgOOCCH) was dissolved in £HsOH and PEG as a surfactant was added into S0Gibtain a SnGl
solution. The AgOOCCHkisolution in the ethanol with NJOH was dropped into the SnClolution to form the
precipitate, respectively. Then the precipitate wasoughly washed with dilute NNO; solution and dried at
100°C to form the precursors. In this process tHevalue of 7 was sustained. From the result of TGARnalysis,
the calcination temperature was fixed at 500°C.

The thick-film gas sensor device consisting of embmed Pd to the raw material, £/SnQ has been developed
for detection of HS gas. Mixture of Ag and Pd has been found to beerafficient catalyst to alleviate the phase
transition as compared to using Ag only [16]. THectode prepared by screen-printing method conmgis
combining a base component (alumina substrate) avittetal paste (Ry@nd Pt paste) and heating the paste in the
presences of air for a time sufficient to oxidizeaation of the electrode to produce the metal/in@tale electrode.
Sensing electrodes were formed with metal past¢henopposite side. Hence, the sensing material fermsed
between the electrodes were sintered at 600°Cnlah. The fabrication method of the,$lgas sensor device was
similar to the previously reported one [9].

2. 2. Characterization
X-ray powder diffraction (XRD) patterns were tak&troom temperature (RT) using a model D8 BrukeiSAXing
monochromatic Cu radiation (40 Kv and 30mA).

The Fourier transform infrared spectroscopy (FT-#Ralysis was performed using a Shimadzu-8400 speeter.
Thermogravimetry and differential thermal analy$€&-DTA) were performed by Mettler-Toledo, TGA-SDTA
851.Transmition electron microscopy (TEM) measuneimevere carried out on a JEOL Model 1200EX instrom
operated at an accelerating voltage of 100 kV. Xghotoelectron spectroscopy (XPS, ESCA-3000-VGrbtach
England) was used to study the chemical compositiotihe sample. The sensing performance of theosensas
examined using “injective-type” sensing system. HyS response tests were carried out with a PC-cderol
measuring system. Sensors to be tested were plagedeasuring chamber of about 0.5°dmvolume. Optimum
detection temperature were determined and the-fiiloksensors maintained at this fixed temperatueze exposed
to varying test gas (in the range 1-10 ppm), usingas flow controller unit with an air flow rate 6f5 dni/min.
ResponseS, to gas is defined & = R (air)/R (gas)whereR (air) is the sensor resistance in clean air Bngas)is
the resistance in the test gas.

RESULTS AND DISCUSSION

3.1 Structural properties

In order to understand the phase symmetry in tiog-fiim sintered at 600°C temperature, a systeestiidy on the
X-ray diffraction was undertaken. Fig.1 show XROtpe for pure Sn@thick-film, sintered at 600°C for 1 h in air
reveals the tetragonal phase, which is dominanttagether with the orthorhombic phase giving thee rio only
three very weak peaks. Kersen et al. [17] haveloded that dehydration of the surface of $Ocurs principally
via condensation of adjacent surface hydroxide ggan the (100) plane with secondary condensatioth® (101)
plane. Hydroxide group condensation on these plailétead to the formation of surface Sn-O-Sn lged. It was
concluded that a possible factor, affecting thesiieity to gases, is the formation of strong SrE@-stretching
mode deformation.
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Fig. 1. X-ray diffraction pattern of the synthesizel SnQ, thick-film with typical distribution of the tetrag onal and orthorhombic phases

Fig. 2(a-c) shows the XRD patterns of thick-filna ( wt.% AgO/SnQG, (b) 2 wt.% AgO/SnQ, and (c) 3 wt.%
Ag,0/SnQ with the fixed Pd amount of 1.5 wt.%, sintered6@0°C for 1 h in air. In all cases, the peak posii
agree well with the reflections of bulk polycryditeé SnQ with tetragonal symmetry [18]. No other phasesehav
been detected, indicating that all Ag and Pd cam the crystal lattice of bulk Sp@o substitute for Sn ions. All
diffraction lines are broadened, indicating nanedizrystallites in the samples. The width increaséh the
increase of silver-doping level. It can be expedtet the particles are completely depleted intedes and very
high gas sensitivity will be achieved. The partisiee after sintering did not show much change.rdfoee, to
analyze the relationship between the particle aim sensitivity, we examined the particle sizeaff€éhe average
particle sizes of the powder were calculated uBiabye-Scherrer formula [19].

Intensity (a.u.)

Two Tetha (degree)

Fig. 2. X-ray diffraction patterns of thick-films (a) 1 wt.% Ag,O/SnG; (b) 2 wt.% Ag.0O/SnO,, and (c) 3 wt. % AgO/Sn0, with the fixed
Pd amount of 1.5 wt.%, sintered at 600°C for 1 h imir

It was shown that the average particle sizes ofntocrystalline powders decreases with increaaingunt of
doping AgO. The average particle size is form 5.21 to 7.42 This apparent fall in average particle size lfeig
surface area) indicates the possible reason fanthémum sensitivity for the samples with 3 wt.%Aaf,0.

Table 1 The variations of particle size of Sn@

*Doping amount (wt. %) 0 1 2 3
D [nm] 7.92 7.42 6.02 5.21
d (110) [nm] 0.3345 0.3635 0.3550 0.3226

*Sintered material, Pd (1.5 wt. %) §0/SnQ.

From the XRD patterns, the effect of the silverdidgpguantities with the fixed Pd amount on the ager particle
size and the (11@}-spacing is shown in Table 1.

3.2 FT-IR spectra

Fig. 3(a-d) shows the FT-IR spectra of thick-filja@ pure Sn@ (b) 1 wt.% AgO/SnQ, (c) 2 wt.% AgO/SnQ,
and (d) 3 wt.% AgO/SnQ with the fixed Pd amount of 1.5 wt.%, sintered®@®9°C for 1 h in air. The spectra show
that Sn@spectrum (Fig. 4a) is similar to the other samplg.(4b-d) which is doped with silver.
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Fig. 3. FT-IR spectra of thick-film (a) pure SnG (b) 1 wt.% Ag,0/SnO; (c) 2 wt.% Ag0/Sn0;, (d) 3 wt. % Ag.0/SnO; with the fixed Pd
amount of 1.5 wt. %, sintered at 600°C for 1 h inia

A broad absorption band in the range 3750-2500 sntue to the asymmetric hydroxide stretching mande the
band between 820 and 1300 tis assigned to the hydroxide deformation mode. Mbécular water deformation
mode is located at 1640 &mThe band at 1450 ¢his most probably an overtone of the asymmetricOS8n
stretching mode of a surface-bridging oxide fornbgdcondensation of adjacent surface hydroxide ggoiine
SnG, stretching vibrations are observed at 625 @nd lattice modes of Sp@ppears at 690 chmFig. 4(a and b-d)
are matching with each other. This reveals thabAd Pd dissolved into the Splattices and form a solid solution.
These results are in agreement with the XRD points.

3.3 Microgtructural analysis

Fig. 4(a-b) shows the TEM micrograph of 3 wt. %,8¢5nQ nanocrystalline powder sintered at 600°C for hh i
air and the electron diffraction pattern, which fions the nanometric size of the particles. It i®wn that the
morphology of nanocrystalline silver-doped Srarticle is basically spherical, and the crysiaé glistribution of
sample is uniform. The crystal size measured by TiEMccordance with that of the sample examinedkR{D.
Compared with the chemically pure Sh@QuO/SnQ and Ce@Sn(,, the AgO/SnQ nanoparticles in the present
work has nanosize microstructure and uniform sig&ildution, it is greatly good for the selectiviapnd sensitivity
of the chemical sensors.

‘(a)

50 _nm

Fig. 4(a-b) TEM micrograph of the sample 3 wt. % AgO/SnO, containing Pd fine particles prepared by the copreipitation method,
sintered at 600°C for 2 h in air

As shown in Fig. 5(a-c), Ag3d, Sn3d and P#&gh resolution XPS spectra of as-prepared thikksishow peak
position at binding energies of 368.0 and 487.4tlet correspond to pure AQ and Sn@ [20, 21], respectively.
The spectra of Pd3dvel is very broad and shows the asymmetric tosvaiigher binding energy side. The spectra
could be deconvoluted into two components with eespe binding energies of 335.0 and 336.1 eV. bineling
energy value of first and second peak is well matchwith the reported binding energy value of P@][2
corresponding to Pd of different oxidation stafed and P&. The reduction of Pdto Pd might be due to metal-
metal oxide interaction at higher temperature. Hmygeat least a part of Pd is not incorporated putycrystalline
SnG, and remains as separate phase, which is reduced @t 500°C. XPS study reveled the presence &f,Pd
which indicate a reoxidation of Pih the surface layer during cooling. Fig. 5(d) iited the XPS spectra for the
O1s region. The O1s peak shows broadening herthéospectra could be deconvoluted into two compisndrhe
binding energies values are 530.5 and 533.8 eVeotisply. These are assigned a$ flom oxides and OH™
species preset on the surface respectively. tiisladed that the ratio off@H~ and higher dispersion of Blétd’
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sites may represents the relative gas adsorptipabiiity of AgO/SnQ thick-film sintered at 600°C and can be
derived to obtain a relative concentration of stefadsorption sites, which adsorbed oxygen willaty occupy.
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Fig. 5. High resolution XPS spectra of 3 wt.% AgO/SnO; thick-film with the fixed Pd amount of 1.5 wt.% (a) Ag3d XPS spectra, (b)
Sn3d XPS spectra, (c) Pd3d (d) Ols XPS spectra, tared at 600°C for 1 h in air

3.4 Sensing characteristics of the Ag,O/SnO, composite thick-films

Fig. 6 shows the gas sensitivities with Ag concatidn (1, 2, and 3 wt.%), thick-film sintered at08C to HS gas
at concentration of 1 ppm. The gas sensitivityhoé¢ kinds of silver-doped Sa@Im showed high sensitivity to
H,S gas at the operating temperature of 70°C. Thaémam values have relation to the particle sizehia thick-
film. For the thick-films withD = 6.02 and 5.21 nm, very high sensitivity was achigvas shown in Fig. 6(c) and
6(d). The particle size for the sample with 3 wA#0/SnG is smaller than the rest of the samples.

5.0
(d) 5.2 nm
——0—®
451 ././'
./ (c) 6.0 nm
4.0 H—0—0—0—0
* o)
3.5
i O/
/ (b) 6.7 nm
3.0 1 . / _e—0—0—0
)] o P
"2 / o
q 257 ¢4/ (@) 7.9 nm
o ] / hd —0—0—0—0
2.0 A / _O0—
d e}
1 . O/
1.5 /'/ o /
4 '/2/0/0
1.0 gio/
05 — T T T T T 1

— T T 1
0 20 40 60 80 100 120

Time (sec.)
Fig. 6. Response transients of sensing thick-filmie 1 ppm H,S at 70°C with wt. % of Ag. (a) pure Sn@ (b) 1 wt.% Ag,0/Sn0; (c) 2 wt.%
Ag.0/Sn0; (d) 3 wt.% Ag,0/SnO;, with the fixed Pd amount of 1.5 wt.%

The high sensitivity is due to the dispersion of &gl Pd promoters, the oxides (8yand PdO) formed in air
interact with the Sn@surface to produce an electron-deficient spacegehdayer. The sensor with 3 wt.%
Ag,0/SnQ was observed to be most sensitive and shows arkgjhtivity in air, which drastically drop in the
presence of hydrogen sulfide. This could be attebuo optimum number of p-n heterojunctions fornoedthe
surface, which induces an electron-deficient spaaege layer at the surface of the thick-filmslevident from the
XPS study, a lot of adsorbed®@H~ on a SnOsurface. The presence of chemisorbed oxygen a#so cause
electron-deficient space-charge layer in the tlilck-surface and the building up of a Schottky aod barrier; as a
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result, the electrical resistance of the thick-fillecreased to a minimum value. Moreover, the stmengase of gas
sensing over the 3 wt.% AQ/SnQ sample with lower content of Pd at about 70°C wassribed to the higher
dispersion of P& and P8 phases. Thus, the higher contribution of lattisggen and possible local change in
oxidation state of Pd can be a reason for the erdthgensitivity. To what extent, the above effeldminate the
general theory for optimization of concentratiort.(%) of additives needs further experimentatioowdver, in our
work, we have added Ag metal in Sn@hich on sintering gives AQ/SnQ system with tetragonal phase of SnO
at optimized concentration of 3 wt.% of Ag with tfieed Pd amount of 1.5 wt.%. Further, the besea@lity
values for HS were observed at 2 wt. % of Ag.

Fig. 7 shows the sensitivities of the 3 wt. %,@¢5nG thick-film sintered at 600°C to 43 gas at concentrations of
0.1, 0.5, 1, 5, and 10 ppm. The fabricated,@Q&nQ thick-film showed high sensitivity to 43 gas in the
concentration of 1-10 ppm at the operating tempegatf 70°C.

80 77.10

3 wt.% Ag,0/Sn0,

0.01ppm 0.1ppm 0.5 ppm 1ppm 5 ppm 10 ppm
Gas concentration (ppm)

Fig. 7. Sensitivity of the 3 wt. % AgO/SnG,; thick-film sintered at 600°C as a function of HS gas concentration
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Fig. 9. Response and recovery of 3 wt. % A@/SnO, thick-film upon exposure to 1 ppm HS at 70°C

Fig. 8 shows the variation of selectivity with 3. Wt AgO/SnQ thick-film for H,S (1 ppm) to other gases such as
CO, CQ, LPG and H of 1000 ppm. The high selectivity to,8l gas at 70°C seems to be due tg@\geacts to
produce the corresponding £/ the tarnish that forms on silver when exposetihéohydrogen sulphide gas. This
produce no major change in response due to integfgases used additionally. The 3 wt. %,@&5nQ thick-film
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revealed high response and recovery times. Asnitbgaseen in Fig. 9, the thick-film have quick ms® (10 s)
towards 1 ppm of k6 gas at 70°C, and the sensor could recover wiiis after heating at 120°C.

CONCLUSION

Our studies on AD/SnQ gas sensor system revealed that

1.The silver-doped SnOnanoparticles were prepared by the coprecipitateaction and subsequent thermal
treatment from the silver acetate and tin chloride.

2.The average particle is in the range from 5.21 .#2 /m. It is shown that the average particle sifze¢he
nanoparticles decreases with amount of silver-dppin

3.The thick-film gas sensor prepared with .84SnQ material exhibited good sensitivity, high seleityiy and
quick response and recovery behavior toward loveentration of HS at 70°C.

4.These high sensitivity and wider rang charactesstire achieved by using Ag and Pd additive withigger
surface area due to small average particle sizehnhiexpected to increase the formation of p-erogtinctions and
adsorption of &/OH~ species on a Sp6urface to produce an electron-deficient spacegehiayers.

5.The thick-film sensor with 3 wt.% Ag could detecf3Hgas concentration as low as 0.01 ppm, whichsss tlean
its occupational exposure limit.

6.The surface properties of silver-doped $m@nocrystalline powder have been examined using§ %kh regard
to H,S gas sensor. A higher Ag, Pd and gifr@ctions are found to be present on the surfds®osing materials
suggests that the enrichment in Ag, Pd and,Si®s in the sensing characteristics of the sensor
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