2009 9

Nano SO, Basd Gas Sensor for Formaldehyde GasD etection

ZENGWen, L IU Tianmo
(College of M aterials Science and Engineering, Chongging U niversity, Chongging 400030, China)

Absdtract: Nano S0, powvder was prepared with ©l-gel method The crystallite size and structure of this
material were characterized with X-ray diffraction (XRD) and atomic force microscope (APM). The gas
enorswere made from mixed lid povder which contained nano SO, base doped with nano TiO, pow-
der (molar ratio of S0, © TIO, of 9 1) andAg" (contentof Ag™ of about 0. 2% —0. 4% according 1o
themolar ratio). The fomaldehyde gas sensing properties of thismixed slid powder were characterized
with gas snsing measurament Test results show that S0, based gas snors exhibit good sensitivity o
200 x 10" ° fomaldehyde gas at operating tamperature of 300 - and good gas sensing selectivity © fom-
aldehyde at different operating tenperatures The result of theoretical calculation show's that difference in
orbital energy of gasmolecular is a qualitative factor for gas sensing selectivity at different operating tem-
peratures
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It iswell known that reducing the gases o be detec-
ted ramoves sime of the addrbed oxygen and modulates
the height of the potential barriers, thus changing the
overall conductivity and creating the senr signal ',
Traditionally, metal oxides such as S0, and TiO, have
been used for snors o reduce gas pecies such as CO

and H,. S0, senors utilize lov tanperature cheniom-

: 2009-03-03
(200809Y1B0019) ;
(1982— ),
, mliu@cqu edu cn

tion (belov 400
face, which reaults in electron exchange and a change in

) of enviommental gases on the sur-
its resistance However, over400 , SO, exhibitspoor
ensing perfomance On the other hand, TiO, is stable at
higher temperature but the ensitivity of TiIO, snors is
usually not © good as that of S0, snors!*”.

Recently, =everal attampts b combine the advanta-
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gesof TiO, and S0, by mixing them together have been
reportedls'lo]. a nenv <ensing material
S0,-TiO,Ag" ®lid povder systan was obtained by

mixing nano S0, with TiO, (P25, 99. 9% average grain

In this pgper,

size25 i) and Ag", and the gas sensing properties for
fomaldehyde of thismaterial was tested

1 Experment

1.1 Preparation of nano SO,

Nano SO, powder was prepared with ol-gel tech-
nology SnCl,- 5H,0O (Wako Pure Chamical) was dis
olved in 70 mL ethanol The lution was well stirred
and then refluxed for 3 h at 70 35 mL agueous an-
monia olution (Wako Pure Chemical, 25% —27.9%)
was added dropwise o the refluxed lution and the resul-
ting precipitate waswashed thoroughly with deionized wa-
ter Then S0, colloidal slution was prepared by addi-
tion of deionized water Finally the powder was annealed
in air at 450
1.2 Preparation of gas ssnsng material and gas

for 2 h, at a heating rate of 10  /min
e or

Samples of gas sensing material were prepared by
mixing S0, powder prepared in the above way ‘and TiO,
(P25, 99.5% average grain size 25 rm). - The mixing
processwas carried out by rubbing in the agate mortar for
10 times (1 h each time). The mixed powder was can-
posd of 90% S0, and 10% TiO,.

The paste of mixed povderwas formed by addition of
auitable anount ethanol and AgNO; lution ( content of
Ag’ about 0.2% —0.4%) , which was then coated on
ALO; tubes (4 mm in length, 1. 2mm in external diane-
ter and 0. 8 mm in internal diameter) where A u electrode
wires had been fixed at each end Finally, the ceranic
tubeswere sintered at 300  for 2 h after dried in air ©
ranove ethanol A snall Ni-Cr alloy coil was placed
through A LO; tubes o adjust the heating power.

1.3 M eaaranent and analyses

X-ray diffraction (XRD, XD-5A) analysis of the
mixed 0lid povder was conducted using Cu radiation ©
detemine itsphases and grain size Themicrostructure of
nano SO, was analyzed with atomic force microscope
(ARVI, CSAMM4000).

Gas snsing properties of snrswere characterized
with a static systan. The datic systean consisted of a

practically airtight chanber in which the smple was
placed The gas inlet and the air admittance valveswere
at the base plate in order © inject the test gasand air  In
the satic systam, gas snsing properties of the snor
were tested in the following sequence The temperature of
the nr was controlled by varying the current flov
through the heater The test gaswas injected into the bell
jar through a needle valve ‘The electrical characteristics
of the nr were observed by changing its tanperature
fom 100 10 400

Gas-snsing studies were carried out in the static
systam under laboraiory condition (30 , 40% relative
hunidity) after the gas senorwaspowered at 100  for
120 h in the air In this pgper, gas sensitivity was de-
fined as the ratio of resistance (R,) in air o that in the
tested gas (R).

in air.

2 Realtsand discussion

2.1 Character istics of nano ShO,
2.1.1 XRD pattern of S0,

X-ray diffraction pattern of the SO, powder an-
nealed at 450 for 2 h is shown in Fig L Campared
with JCFDS (41-1445) standard pattern, the pattem re-
veals a rutile SO, phase The sizes of crystallites have

been calculated with Scherrer fomula '**!.  The average
size of crystallites for S0, is30 M.
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Fig 1 X-ray diffraction patternsof SO,

2.1.2 ABRM characterization of S0,

The microstructure of S0, is analyzed with ARM.
Fig 2 shows the ARV image (Fig 2 (a) is ichnogragphy
and Fig 2(b) is stereogrgphy) of the sample annealed at
450 for2 h

S0, grainsare idand like and unifom in size distri-
bution The mean particle size of SO, detemined with
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Fig 2 ARM pattern of SO,

ARM is38 M, which is a bit bigger than the value ob-
tained from XRD pattern Because of the magnifying
effect of ARM, the dianeter of grainswill be bigger than
their real diameter '*'.
2.2 Gassnsing properties

The <engitivities © fomaldehyde, methanol, ace-
tone, tluene and xylene are shown as function of the op-

erating temperature in Fig 3
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Fig 3 Sensitivity vs the operating teamperature

The ensitivity is greatly affected by the operating
tamperature The highest sensitivities 1o methanol, ace-
tone, luene and xylene are obtained at about 320—380

, Whereas the highest snsitivity temperature o fomal-

dehyde islover, atabout300 . Themaximum sensitiv-
ity © 200 x 10" ° fomaldehyde vapor is estimated © be 62
at 300 By changing the operating temperature, it is
possible o predict VOCs(volatile organic campounds).

Fig 4 shows the relationship betveen snsitivity and
tested gas concentration for the senor operated at 300
which is the optimal operating temperature o test fomal-
dehyde The snsr exhibitsa good dependence on fom-
aldehyde gas concentration fram 50 x 10 ° t 400 x 10" °.
The curve for fomaldehyde gas is quasi-linear It shovs
that the sensor exhibits good selectivity for fomaldehyde
gas, the snsitivity of which supasses that of other inter-
fering gases such asmethanol, acetone, luene and xy-
lene at 300 Moreover, the sensitivity © 50 x 10 °
fomaldehyde gas exceeds 20, which can meet practical
danand
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Fig 4 Sensitivity vs concentration at 300

Fig 5 shows the typical repponse-recovery character-
istic of the sensor 200 x10™° fomaldehyde at 300
Regonse tme and recovery tme are the twvo mportant
paraneters © characterize nors Regons time is de-
fined as the time taken © reach 90% of the regponse after
gas is introduced Recovery time is defined as the time
taken © reach 90% of the recovery after the gas is turned
off Itisclearly showvn in Fig 5 that recovery is fast yet
reponse takes more tme Regponse time and recovery
time are 28 sand 17 s regectively.

In thispaper, the stability of gas snr isdefined as
the changing range of the sensitivity in a certain period of
time Sensitivity ismeasured every 5 days and the period
is50 days The reqult is shown in Fig 6

The sensitivity of senor © 200 x 10 ° fomaldehyde
at300 isbetveen 19.7 and 20 A Ithough the sensitiv-
ity decreaseswith time, the changing range of the snsi-
tivity is0. 1—0. 3 The snr shows excellent stability in
detection of the fomaldehyde gas
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Fig.5 Response and recovery behavior of the
sensor to 200 x 10 ¢ formaldehyde at
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Fig.6 Stability of the sensor to formaldehyde

2.3 Gas snsigmechanisn

A s has been generally reported, S0, isa typical n-
type samiconductor, and its gas snsing mechanisn is
aurface controlled W ith the increase of the operating
temperature in the air, the amogheric oxygen is ad-
rbed on the surface and grain boundaries, and exists in
various foms, namely, O, , O, O’ , efe, as the fol-

lowing reactions occur ™! ;

Ozges — Ogzus

Ozats +€ 7 Oaags
Ozats +€ 7 204
Ous +€ Ol

The valence electrons are trgpped by the chami-
rbed oxygen, which reaults in the increase in the resist-
ance When the snrs are exposed o the reduced gas
such as fomaldehyde gas the chenisrbed oxygen can
give riee 0 the folloving reaction:

HCHO (g) = (HCHO) s
(HCHO) o +2(0ms)® =00, +H,0(g) +4e

Electrons are released from the above reactions
Hence, the resistance of gas-sensing materials decreases
and the detection of formaldehyde gas is realized

Gas-sensing properties are affected by the surface
admption which changes the aurface energy and the con-
ductance The <lectivity at different operating tempera-
tures is decided by o factors one is the energy of gas
molecule of the LUMO (lowest unoccupies molecule or-
bit) , and the other is the admption anount of the sns
ing material at different operating tanperatures If the en-
ergy of gasmoleculesof LUMO is lower, the reaction en-
ergy for gas snsing will decrease and the sensitivity will
be enhanced S the gas snsrs can work at lov operat-
ing temperature

In different states of admption, the gas molecules
present different electron affinities which leads o differ-
ent conductances of the gas senr after admption of the
gas The electron affinity is affected by the energy of the
molecule orbit  The lover the energy of LUMO, the
stronger the capability of electron capture

In order to analyze the slectivity of gas snor at
different operating temperatures, the distinction of the or-
bit energy of the VOCs gas has been analyzed with theo-
retical calculation Gas molecule model for calculation
has been built up with the ChenDrav progran The
structure of gasmolecule is showvn in Fig 7.
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Fig 7 Structure of gasmolecule

The calculations are perfomed with Gaussian03 pro-
gran. The ab initio Hartree Fock (HF) level of the theo-
ry has been eanployed with the contracted basis st for
B3LYP/6-31G o calculate the energy of the HOMO
(highest occupiesmolecule orbit) and LUMO.

AsTah 1 shows the capability of electron cgpture
decreases in the order of fomaldehyde, methanol, ace-
tone, tluene and xylene The ability of electric charge
trander betveen the gasmolecule and aurface of the ens
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ing material diminishes in the squence of fomaldehyde,
methanol, acetone, luene and xylene At the low oper-
ating tamperature of about 300 , it has good sensitivity
to fomaldehyde, while the optimal operating tamperature
increases in the detection of other gases It is a qualitar
tive interpretation for the selectivity of gas senor at differ-
ent operating tamperatures

Tab 1 Orbital energy of gasmolecule

Gasmolecule HOMO LUMO
Fomaldehyde - 0.437 28 0.165 72
M ethanol - 0.346 54 0.197 28
Acetone - 0.39 14 0.229 25
Toluene - 0.442 65 0.232 65
Xylene - 0.425 67 0. 265 82

The operating tamperature of the gas sensr is decid-
ed by several factors, auch as the orbital energy of gas
molecule, ad®mtion anount of the sensing material at
different operating tamperatures In order o clarify the
mechanisn of selectivity, it is necessary o conduct fur-
ther research

3 Conclusions

Nano S0, powder has been produced with l-gel
method and the average size of grain isabout 30 rm. The
norsmade from nano S0, doped with TiO, and Ag"
exhibit excellent fomaldehyde sensing perfomance at 300

and the sensitivity reaches62 i 200 x10 ° fomalde-
hyde gas The slectivity to fomaldehyde can be obtained
by snrsoperating at a pecial tenperature (300 ).
The reponse time is28 sand the recovery time is17 sfor
tested fomaldehyde The selectivity of gas senor at dif-
ferent operating tenperatures is affected by the orbital en-
ergy of gasmolecule The lover the energy of LUMO, the
lover the operating temperature in the detection of the
gas

References

[1] Karunagaran B, Periyayya U thirakumar, Chung SJ, et al

[2]

[3]

[4]

[5]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

TiO, thin fim gas senor for monitoring anmonia[ J]. M ate-
rials Characterization, 2007, 58 (8/9): 680-684

ZengW en, L in Zhidong, Geo Junjie Gas sensitivity and the
mechanisn of nano-S0, doped by metallic ions[ J]. Nano-
technology and Precision Engineering, 2008, 6(3):174-179
(in Chinese).

WaghM S, PatilL A, Tanay Seth, etal Surface cupricated
S10,-Zr0 thick films as a H,S gas senor [J]. M aterials
Chen and Phys, 2004, 84(2/3): 228-233

Patil L A, Patii D R Heterocontact type CuO-modified
S0, snor for the detection of appm level H, S gas at roam
tamperature[ J]. Sensors and ActuatorsB: Chenical, 2006,
120(1): 316-323

Fabricio R, Rogério Custodio, EloonLong, etal Electron-
ic and structural properties of S, Ti,.,O, olid lutions A
periodic DFT study [J]. Catalysis Today, 2003, 85(2/3/
4) 1 145-152

Reddy CV Gopal, CaoW, TanO K, etal Selective detec-
tion of ethanol vapor using xTiO,-(1 - x) WO, based snor
[J]. Senors and ActuatorsB: Chemical, 2003, 94(1): 99-
102

Camney Camen M, Yoo Sehoon, Akbar Sheikh A. TiO,-
S0, nanostructures and their H, sensing behavior [J]. Sen-
sors and ActuatorsB: Chemical, 2005, 108(1/2): 29-33
Cai Shanhe, L iu Guoguang, L UW enying, et al Preparation
and characterization of TiO, nanocrystalswith high photocata-
lytic activity by an acid-catalyzed l-gel method [ J].
N anotechnology and Precision Engineering, 2006, 4 (4):
270-274 (in Chinese).

Edeman F, Hahn H, Seifried S, et al
of S0, -TiO, nanocrystalline films for gas senors [J]. Ma-
ter Sci Eng B, 2000, 69: 386-391

ZengWen, Lin Zhidong Study of gas-sensing properties of
nano TiO, doped by SO, [J]. Sensor World, 2007, 13
(9) : 13-16 (in Chines).

KlugH P, Alexande L E X-Ray D iffraction Procedure for
Nev York: Wiley Press,

Structural evolution

Polycrystalline M aterials [M ].
1974

LUWeigang, Li Hulin, YangDequan, et al Ewlution and
guantitative correction of disbortions in atmic force micro-
soope images[ J].  Physics, 2000, 29(4): 237-241

Jing ZH. Synthesis characterization and gas sensing prop-
erties of undoped and Zn-doped FeO,-based gas snrs

[J]. Mater Sci Eng A, 2006, 441(1/2): 176-180



