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The Monitoring of Noxious NH, Gas from Agro Industry with Sensors Fabricated

from Fe,0, Nanoparticles at low temperature
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ABSTRACT

0-Fe,0, nanoparticles were synthesized by emulsion precipitation method using
FeCl,, kerosene, SPAN-80 as the precursor and sodium hydroxide as the precipitating
agent. The precipitated samples were dried at 80°C for 24 h. and Calcine at 850°C for 2 h.
The particle properties were characterized by FTIR, XRD, TEM and BET techniques. The
crystallite sizes of 0-Fe,O,were found to be ranging from 10 to 100 nm. Sensing films
were produced by mixing the nanoparticles into an organic paste composed of ethyl
cellulose and terpineol as a vehicle binder and solvent respectively was coated on ALO,
substrate interdigitated with gold electrodes to form thick films by spin coating technique.
The gas sensing of NH, (50-1000 ppm) was studied at room temperatures in dry air. It was
found that the @-Fe,O, sensing films showed higher response of NH, approximately 21.12,
with faster response time (within second). The response increased and the response time

decreased with increasing NH, concentration.

Keyword : (I-Fe,0,, Thick film, Room temperature, NH,, Gas sensor.
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1. IMIAnaznow (Precipitation Method) [8, 9, 10]
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3. 350a-19a (Sol-gel Method) [13]
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4. 35 lalasimoesaea (Hydrothermal Method) [8,14]
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1.1 wedsnnan lsdanays laasa (ron (1) Chloride 6-hydrate : FeClys 6H,0)
CAS No. [231-729-4], assay 97% Haf 1Ag U3HN Panreac

1.2 M@ﬂﬂaﬂmﬂﬂmﬁ) (Sodium hydroxide : NaOH)

CAS No. [011-002-00-6], assay 99% Wan 1a8 UTHN Merck
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CAS No. [1338-43-8], WA lag U5HN Merck
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2.10 pia (Crucible)
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2.13 i3 aenauarsuuyIdanuden (ot plate)
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2.15 10 ue 1¥vh Ju RHF 1400

2.16 1ATDATUAITNIN (Centifuge) 81D ROTINA 420 R
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BET)

Aas = [ 1= d . X
Temamsneymaulueiineenla (Ferric oxide)
an = o ¢ = ) oy oo
Smswisuaymnun Tuwledanesn lya Nanududuvesmsasduainy
= 1 e 1 o 1
A0 Fe,0,.6H,0 : NaOH a1 uduiiy 0.5 ¢o 5 Tuaa3 (Fe,0, - 1) 1oz 0.1 A0 1

Juaas (Fe,0,-2)

s =y day d =]
1.1 IEmanssweymamluesneenlsa Inamsasenvesas Fe,0, - 1
-1 ﬂ' 74 Y T s 1 d
f0Fe,0,°6H,0 : NaOH Naandudunmiu 0.5 ae 5 luaas
= g o o &
L wdeumsazmeesinaan lsdenay lainsa(FeCle6H,0) Tagvin1sHaun
ar 4 = a an
278660 N1 (0.5 Twam3) azataluiinlseanlessu 200 Jaddas
2. GuTefimulyTuTedion (SPAN-80:C,,H,0,) Taosiin13ae 2 niu aslu
9 v ) ' T8 A 4 9 )
A15AZA10T 1 HAIANAIgUANIv AN UMAIe I uasuuY IHANNIOU (Heater +
3 =4 =
Stirrer) 1WA 15 N
3. 15uA 158U (Kerosene : C,H, )4 Hiadans aslumsazaonands 2 imsau
1 3 =3
ADRJUIA130 UIN
= ~ L4 o & W
4 wissyasazate iy laason loa (NaOH) 1ea¥i1n13%9 40.4010 N5 (5
o ¥ o oAan
Tuaa1s) azatwluiinlsieeinlesau 200 Haanns
T ¥
5 yhEsazaeNesauanye 4 Ja1utusn NNHUADENEATITAYAIUDY1

3 A - 2 Y i = =3
Freasluasazanenauwsoylude 3 Taal¥oasilunisvea 1 voa ao 15 719N AU
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9y 3 9 o 9 N 1 3 5 3 W VoW
ﬁ]iagﬂ']flalﬁfdﬁllﬂn@aﬂﬂUﬂ’JﬂLLT’NLiN!T’Tﬁﬂ (Magnetlc stirrer) AIROALIAT 38 pH (M1AU

4 4 3 =
6. famsdsaznoudieiisnen losey uazesslau TavlHasoulumies
g’; o ar 1 A’! o @ :} Ty @
WAl s e niewdaal pH tiefia lesaun ludesnmiseeniinazneu aunszia pH

) @ d%}
WAL 7 32 Idnznou A In1anad

d
3 = a

o = 9 P a o
7. haznouiiihmanaan 1 Tloufgumgil 80 asrwaiwen Wuinal 24

a

£

< 9 cu ] 9 =~ o
$71u4 32 1dnaRd 1 adIn1aLAd
o s ¥ c’ai'. = =4
8. wwada0e19 T laifNgun gl 850 0arIYAIBEELAY 950 DA
= =1 &
Eya@ea 1unal 2 93 1

9. ﬁ'!FNGh@ﬁh&ﬁﬁj’mﬂﬁm'ﬁjW]’i’mﬁ'ﬂﬂﬁ1€ﬂﬂm$LﬂW13Iﬂﬂlﬂﬂﬁﬂ XRD

Al = da d =1
1.2 ’Jﬁmﬁmﬁslmiémﬂmimwaﬁsnaan%ﬂ TABNISIATENVDIET Fe,0, - 2
- = Y v 1w d
fAoFe,0, 6H,0 : NaOH finnudadimiy 0.1 : 1 luaans
= oo o o <
L gseumsazatoessnaan lsdanae lamsaFeCle6H,0) Tagiin1svau
o d g =
5.5732 033 (0.1 Tmmi) azmﬂﬁlumﬂimmﬂ%aau 200 UanaNg
2. 1@u Tarthinu Ty TuToAon (SPAN-80 : C,H,0,) Tagyiin3a 2 niu asly
) ¥ ¥ ' - & y B g
Asazainde 1 udirnualtsunannvdnuumsoaluassuulvianuiou (Heater +
. 3 =1
Stirrer) AIUIR115 YN
= oA = A aa 9/ I3
3. 1A1A 153 (Kerosene: C,IL,,)4 diaaans adluansazalgneun 2 n1inu
1 =~ =
aolurnal 30 W
=) = 4 ° & )
4 wseuarsazate lafeon leasen lad (NaOH) Tagii1n1399 8.0802 nTw (1
4 %’ = an
Tuaa1d) azawlutinlsiren leeeu 200 iadaas
o .:i = ) 1 ~ ?}.‘t 1 ]
5 haTazatewsenane 4 laludusn nluagaueaiiazalengld
) A A 3/ 9 o ! -
saasluasazaenauiwioyludo 3 Taeldaaslumavea 1 vea ao 153U Au

w g ' ' = . 2 @ 1w
a13azate i nauEAef uAIeUN LI Aan (Magnetic stirrer) AADAIA1 1A pH WINY
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9 } x ¥
6. Hinsdsasneualetinsiwein looou uazosd Iau TaglHnieatlumo
g’z 9 % 1 d‘l o a ::‘ g qr.d

wa1anse niouiaat pH iaria leveun ludesniseoniinagnou aunsii pH

o ¥
wnw 7 92 18azneudiiaauns

o = =

b Ay -~ o3
7. mznoudiiaiauasnla lleufiguvgi 80 ssmuaadea 1unal 24

au

& Y o ! Y = ¥
31109 32 Idnedeg1aud adiieanag
o a ' oo = =) I~ &
8. thwsdaede lwuna lmifgumngi 850 esruaarioa dunm 2 99139
0. 1 INIAIDENINMIUNITHINIATIVETDUYIENE AW Taemnalia FTIR XRD

TEM itag BET A1ua1al

2. maseadlaninlumlasndoonlesd drwdtailulAa (spin-coating)
=1
1. a1aau
o d = £ = At

1% ﬂlqlmﬂml‘i/\l@iiﬂ@@ﬂ”l“ﬁﬂuif}“ﬂﬁ (s5au laadsAnAZNoN)
2 ueanune lTiesa (a-Terpineol : C\;H,;0) CAS No. [10482-56-1], assay 90%
Product of USA.
3. 1aIag lad (Ethyl Cellulose) CAS No. [9004-57-3], assay 48.0-49.5%
Product of USA.

[ =%
4. unauen e

a Y A et F a g
5. a::gumc]mmmwwmxﬂu@mﬂimﬁ (AL,O, substrate/Au electrode)

¢ A oA

2. gilnsnuuazinIe e
1. IATD9%9 4 A 1K1

=1 o s oas
2. inAos 50 Yaaans
3. FOUANAS

A 9 ]

4. pseanumsiun IHanusou
5. 1N

PR
6. NALATT
7. N5TAIYVIENT
8. ASNUAATS

9. 1n309atlulng (Spin-coating)
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A
10. ToganuaY
X - & @ o o, i J 5
11, 193093105 1EHMIIABADUT ITONE (X-ray Diffraction; XRD)
< J »:
12. ﬂé’mﬁ;amﬁﬁumaﬂmauuwﬁmﬂim (Scanning Electron Microscope;
SEM)
i ' o 9/ @ 2 - .
135 L%ﬂuﬂmﬂﬁT%'ﬂﬂ\?ﬂﬂi&iﬂ'ﬂﬂﬂ!@ﬂﬁ?ﬂﬂ’lﬂi-ﬁﬁ!@ﬂ“ﬁ {Energy Dispersive

Spectrometer; EDS

o oy a1 -
M auilsy Tne3satlu1fe (Spin-coating) wivy Iasismaaaae il

= & o ) o 4 2 @ &
1. wieuensazane lasroymaun Tuslesndoon lva Tagtmiin $an ~0.07

2 vheymaniga &l 4o 1 weudsiolszaiu Binden) Fulsznoudivioiia
isng e (Ethyl Cellulose) oz usavune Iniioon (o-Terpineol) 1111111 0.30 Unnans
V] )
wdrvualidndutlunat 30 uih
o P £l P as A 3 a g
3. thansazmoit 1d1u 4o 2 veaasuvezglindumasniinoutudiannsa
4. fimsisouduTaeisatluIfa (Spin-coating) Tealuseui 1 azymsadu
A @ = I = = o Y <
fea31a1057 700 rpm Wuan 10 W wazsoui 2 hinsallungnsInmEd 3000
I~ = =
rpm 1WA 30 N
o = ¢ w ' | o =
5. dhfaudedanlaly 4o 4 mim lvutalagnsnauueeaman (Hotplate) N
= ~ 3 ~
gavnil 80 paraIBYa 1A 10 Wb

a =1

6. ildudaegeii1dlu do 5 lwnfiguugi 400 sarusaidon Wuna 2
T

7. v §ude1ei 1411 40 6 lnadeumsasiasuudauenluile
(NH,) gty 50 84 1000 iy Aquugidewnaziiguugi 100 f3 300

-~ A ~ ' [ I =
DALY R LW@llﬁiﬂﬂlﬂfjﬂﬂTﬂTﬁﬂﬂﬂﬁu@Qﬁ@uﬂﬁiﬂLuﬂ
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XY o= d XY
HANTIIVHLAL IV TVTUNAN T IV

Y < = ] d ) d
L wanldanmadnnzdiasmaiadnssoaudsnlniines (X-ray

Diffractometer, XRD)

[Fe,O, - 1]- 950°C g

{104)

(210)
(m

[Fe,0, - 1]-850°C

(116)

(104

(110)

[Fe,0, - 2]- 850°C

* n- Fe,0, JCPDS No. 21-0920]

il ||I. || "

* g.- Fe,0,[JCPDS No. 89-0399]

| ;

10 20 30 40 50 80 70 80
20 (deer ees)

- I da Y &
Wi 12 319 XRD veseynau luesinoen leananududuvesasas

o 1 Y A a Y 1w ¥ et
AUANNY AB Fe,0,.6H,0 : NaOH NANUANYUININL 0.5 AB 5 Tuamwmumsgm

unalanifiganadl 850 1Az 950 DarUFATY (Fe,0,-1) uay 0.1 @e 1 Twaasnkums

o = =4
AR N MR 850 DIAUTATUE (Fe,0,-2)
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- ~ & = ~ gy =Y o da a o
INANT 12 Han TR EEmsAanandemaiinensssauvan ladines
' ,i} w Ao o
(X-ray Diffractometer, XRD) WU N3lununisinouuuvesssddnguosoyaiau lu

= 9

e ¢ = ¥ o g 9 a : A
L‘V‘l@iﬁﬂﬂ@ﬂ%“ﬂ@ NATIUAANNANTUUDITITAIAY AD Fe,0,.6H,0 A9 NaOH NAINY

Y 9 1T w 1 Pt o =N =
Wiy 0.5 ae 51uaainmumswiuaa leungungil 850 pIrEAKITLAY
= 9 3 Y =1
950 BIEEAIEHA(Fe,0,-1) taaunaved n-Fe,0, uaaslivulassaiuiiuunuenyy
Tnuoa (Hexagonal) iaifivuiudayanini gy JCPDS Ny 21-0920 Haunwle

. : ~ 9 g = A )
a-Fe,0, (Ferric oxide) 1 Inssad1aflunyysenluaaion wWomouiutoyaunsigiu
JCPDS 119183 89-0599
- a ' = =) 3/ =% < I = 4
1IANH 12HaMs IRz MsIRananasematanassanidsn laiiae s
(X-ray Diffractometer, XRD) wfu:i13‘1Jmmﬂm%ﬂqmmm%“a?n%ﬂeﬁmmagmﬂuﬁu

e T ) Loy oA ! -
Lﬂ@ﬁiﬂ@ﬂﬂq“ﬁﬂ NEATUUALA LU LI UUDITTIAIRY A Felog.éHZO @2 NaOH a1y

Y 9 [ T S o [=Y =
MUY INING 0.1 19 1 T‘l]ﬁﬂTS‘VINWUﬂ"I'}'tWRLﬂﬂB]ﬁISUW?JmWQSJ 850 DAL aLyY e

E]

=

(Fe,0,-2) naaunavod aFe,0, naaslfifiulassadrehinnuuignige uazd
Tassadaduuuusenludasen wosunuveyanIns g1 JCPDS HINUIAY 89-0599
Faasnazy 18910y 20 AszuID dy,, A (102) (104) (110) (113) (024) (116)
(214) (300) 1Az (220) HazfIT0AAADIRUNIUITEVDY M. Zic nazame [27] AN
o = o o 3 = (==} o

Anuaznanuourlassnaon leadiomaiia XRD wuaunanauesoyniau lumessn

ot T 1 1 =) P =] =8
Elﬂﬂ”l%mgu 20 9YIEHINTIN 20° 03 70° PIzunuaNualusan (102) (104) (110) (113)
(024) (116) (214) 11z (300) AIWFUNY LAZTAITATUINKIVUIADUNIANTUANNITYD
Y v W

o I A £
Scherer ﬁ'lﬂJ"liﬂﬂ']u’]m?‘i']‘lJu?ﬂ%ﬂﬁ@HDWﬂUTIHLWBSSﬂﬂﬂﬂul“ﬁﬂﬂifjﬂ‘ﬁhlﬂm1ﬂﬂ 34.05

W a3



42

5. wantldannisimsizvarmnanasudusaalalnsalall (Fourier

Transform Infrared Spectroscopy, FTIR)

Fe O 7]

% Transmittance {a.u.}

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm’)

Py =Y & Y =% oy Py T
NN 13 HANNNITAATIEHAIUNAUA FTIR “l.l'ﬂ\?'ﬁ]léﬂ’lﬂu'liﬂ!;ﬂﬂﬁﬁﬂﬂ@ﬂllcﬁﬁﬂhhlﬂ'lu

4
mswuaa Tl

= = a (YR
INATNA 13 LAAIHANITIATIZHNITRANAUVEIFITBUNUTA (FTIR) ¥4
o Jealy 11 o v A i
oymnun luwlesineon luah lukumswuna lailuaanunau 400 - 4000 cm
P = o 9y = o
PN 13 HAAIHANIT AT IZHAMATA FTIR v030yn1au Tumledsn
P | o | o e A 1< p=%
sonleai lairuniswiuna oy wuRanFIsaUnaY 3872 3803 11ag 3422 cm” 1WUNA
= a W o o [} ¢ w a A
MRanInn1s duveaiuse 0-H FauflunyfidFuves H,0 nag SPAN-80 N¥Iuavnay

Q@ oA A a < o b ied ' o o
2924 em™ iufinfitfiannn s Fuvesiuse C-H Fuilunyanyuves SPAN-80 1iaz

18 4 =i =] b 3 & ar
Kerosene NBIUAUAAY 1654-1560 cm I UAANAAYLIINMTTUYDINUTL C=C LAY

A

& g v < o P=
C=0 BullunyenFuves CO, uaz SPAN-80 N¥IuAVAA

1
=S A

o] Q@ a g
W 1340 cm” 1uNATINAUY
@ s 5 T o o A
MAMITUVRINUTY C-H 1ag C-0 Fuilunyansuyes SPAN-80 11a¢ Kerosene 1314
& -] @ U X @ o & 4 1 < w
muAdY 1054 cm IHudiniAatuaInnsduYeINu sy C-0 Fuilunylinduves

1 4 BT B R, & @ b
SPAN-80 ¥ UAFY 892 1Ay 797 em” HufinfinauuIAM s THV0INUTE C-H &4



3 1 4w A A B | A e
(flunfileduune Kerosene 12y SPAN-80 ungi¥1avAaY 616 cm  (iluiiniina

NATHUUDINU T M-OH BaaidanIsnanuse Fe-OH [27]

= = o 4 = -~ I's
A58 3 Lﬁﬁﬂ\‘mﬁﬂﬁ’)mi?$ﬁﬂ}@ﬁ!ﬂ%ﬂﬂﬂuw’lﬁﬁﬁlﬂﬂiﬂﬁhLﬁlﬂ‘i (FTIR)
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-

Wavenumber (cm ) Type of Vibration References

3872 3803 and 3422 0O-H H,0, SPAN-80 [35]
(stretching, Free OH)

2924 C-H SPAN-80, [35]
(stretching) Kerosene

1654 and 1560 C=C and C=0 CO,, SPAN-80 [35]
(stretching, C=C conjugation)

1340 C-H and C-O SPAN-80, [35]
(stretching) Kerosene

1054 C-0 SPAN-80 [35]
(stretching)

892 and 797 C-H SPAN-80, [35]
(stretching) Kerosene

616 M-OH Fe-OH [27]
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[Fe O, - 2]

% Transmittance {a.u.)

-l
Fe-0

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber {cm™)

o =y a9t = o el 1
NINN 14 HANNITUATIZHABNAUA FTIR "U?)Q't’]i‘éﬂ'lﬂufiul‘l/‘]?]ﬁﬁﬂ@@ﬂkl“]fﬂ‘ﬂﬂ']u

¢ o =
msenuaa lat hgaurgil 850 eerwalTen

PINNINT 14 HAAIHANIIATIZHAITRANAUVD 15 9TBUN LA (FTIR) ¥D4
o' St 4 =3 = 1
aunin u Tluessnean ladirmumsmuaa laigamvgii 850 ssrusadoa Tuws
UL 400 — 4000 cm’”
- = ¢ = o=
VNN 14UFAINANITIATIZHAUMATIA FTIR vasoynau1 lumesin
S 7 a a =) 4
pon lad irumarnuaalanifgungl 850 esauwaled wukiaNg@UAY (Wave
¥
a

=]

o A a a W 5 o =
number) 550 LD 468 cm Wﬂ‘ﬁ!,ﬂﬂ utlﬁﬂ@aﬁﬂ’ﬁlﬂﬂwuﬁgﬁ Fe-O %ﬂﬂﬂu%ﬂm“ﬁﬂ@ﬂ’ﬁ

= o < > ar o=
Aalassadraveanodsnesn lad (a-Fe,0,) Fiaaandoniniuidounl S.K. Sahoollas
Ay [37] AnuARUeINIIAARLTE Fe-O NYIUAVYAAY 462 1AL 555 cm ' LAZTINUNA
PR A o A A A a4 ) ]
ARV UTRTINAUARY 3744 — 3464 cm | I UNANNAINDITATUUDINUTL O-H Fa3u

=1

' o o A Al A A a 3 o A A a &
nyan Ty H,0 N3I190vARU 1654 — 1508 cm AaNpeAULURANINAINMT T UV

w = d ' o s
HuszUe C=0 Fatlunylanduuas Co,
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= = o A = = J
AT 4 Llﬁﬂ\'m'ﬂﬂ'li'JL?'Iﬁ’l&'ﬁﬁ%@ﬂ&ﬂiﬂﬁ@uwuﬁﬁﬁmﬂI’ﬂﬁJL@l?ﬁ (FTIR)

Wavenumber (cm) Type of Vibration References

3744 and 3464 0O-H H,O [35]

(stretching, Free OH)

1654 and 1508 C=0 CO, (1N [35]
(stretching) 1A58400)
550 and 468 Fe-O Fe,0, [27]

a < Y % dan o 1 v
3. m‘i’JSﬂi13‘ﬁﬂ’JElﬂﬂﬂ&@ﬁﬂﬁiﬁﬂ@!ﬁﬂﬂﬁﬂu!mijEﬁ’NNﬂJ(TEM)

i 1 da o 1 '

MW 15 UEAAINTNENBNINNEDIANTSAUBIANATOWIUVTBIY (TEM) Y990y 1AL
o I e £ o - ~ o
Tulessneon lemizans riumswiuna laninguvgil 850 ornmao Wyl 2

o Ao w ' A ool o
21w Aisidsuens 50000 11 (), (), (3) waziEUMsHLAA LaIRgAML 850 DI

warsed e 2 ¥ e A dauens 100000 1 (), (1) Lag (@)
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- ] =Y 4
INNINN 15 (), (A) Uaz(a) smmmwmwmwﬂmuﬂumlmﬁﬂ@aﬂhlw

T
=\

a £ w ~ = a3 & Ao w
W gnindsnawuna lifgamgl 850 esrnaidon (hunm 2 1 lue hidaves

a

i ' A w 1 a3 = {
50000 111 wuMeyMaidnyuzgaduninay Svnaoyniamas 10 59 50 w1y
= 1 3 1 9/ ] a 9 -~
was nazidnparzHuiluunuwisvnaduiuguinarsnalszua 10 99 50
= =t w oW
v Tuwas e1tlszanal 10 A9 100 w Tuwas uazeynaimamziuiiuagunen

= i oo o
21INAWNA 15 (1), (9) 1Az (@) waasmwarwunsoyniau luleisneen lud

= !Qd @ ) = o at

o 3 < A
W ansudamsrnaa lxingamgi 850 saruwaiFoa 1Wunat 2 $71ue Adiaavee

q a
' ' = o ' 3| = =
100000 Wi wuheymatiansazguilunsanay fvnaeyniamas 10 59 50 ulu

2w ] o3 1 9 L] o 9 =)
was wazlidnsazgiradunumiinaduiuguinaienialdszuna 1094 50

2 =t v 3 19
w Tuwes e1a1azans 10 54 100 W Tuwes gogeymaimsmzauiluaguiou

d tg Y o %)
4. HADINMS IATIEHNUNA D UM IZVBIEN5A 10814 (Specific Surface Area, BET)

"
=

w 9 ::sli 9 1 = = =, d ég;
“lummau “lﬂﬂm';mwa LLﬁ$ﬂ1§@ﬂ‘i.linJﬁ}']ﬂﬂTﬁ?Lﬂ§1$ﬂﬂ1wuﬂﬂ’ﬁjﬂ\‘]’s’ﬁ‘i

3/ F
a’

@ v = J 3 o @ 5 ar 1 = o As o
G]’J'ElfﬂﬁIﬂEieluﬂ‘l'i'uﬂ‘5131’1H'L!]lﬂlﬂﬁ']ﬁ@l'ﬁﬂﬂ']ﬂﬂﬁﬂﬁ']'}iﬂ’fimi13‘]’1’?‘;11!3’1?\1'3%'1&1/‘113115351

be

= 4 A 9 = dw 1
mMsamseruuuian BET) lanaaimsimiiziaade i

o &

Q13197 5 UARINANITUATIEHNUARITUMIZVDIFITAIDOLS

a

A70819 HunHIT U YUIADYAA
(SSA, mzfg) (dBET: nm)
Pure Fe,O, 105.73 10.83

ninamsnaunInmvneeymalagldauns

dppr = 0

SSA x density
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o @ o= ¢ = £ A o 1w
dmsveynau Tuesineen laduignalia1 Auidduwizoiiny 105.73

AT 1WATAINTY AMTAIUIUNIVUIADYMIAMUANNI5YD9T DN (BET) 8111310

[ L) ¢ = £ T
Surarmvavessymau lumedsneon laausgns 1Ay 10.83 U lumwns

A - o da s
MT1N 6 E,Lﬁﬂ\‘iNﬁﬂﬁ’émﬂ%‘lfm1“111!’[@’815ﬂ’lﬂﬂ’ﬂd@gﬂﬁﬂuﬂmﬂﬂi‘iﬂﬂﬂﬂ'lﬁ}f@

f10819 aungi ('C) YLIABYNIA (nm)

XRD TEM BET
Fe,0, -1 950 37.63 - -
Fe,0, -1 850 12.02 -
Fe,0, -2 850 34.05 35.08 10.83

g o 1 =) L3
ﬁﬂﬂﬂ"l'i?f']sllu'lﬂﬂlgﬂ’mﬂl@ﬂﬂHﬂTﬂu'\IULW@Eiﬂ@@f}l{l“ﬁﬂW‘U'ﬂ WANTTAUNTISH

d =2

& w 4 3 v o= £ & T
MRe YRS B (XRD) nuoymaun Tumlesinaen laausgns arums
ot = at Y o o s
wuna laningamall 850 esriraismiiolNAUIUNITUIADYNANNTNNIIIYDS
4 3 v = v oo
150§ Tae1ddoyasinniisl XRD wuhiiunaminy 34.05 w1 uimns
= o oy o da o ¥ 1 [
INN1TUATIZHAENA099aNTTAUDANATOUUVVADINIU (TEM) WU

=

g o A Ao ) Yt 1 I~
oymanTumesinoonladugns nduaszdldiipliuilunsnan vineeynia
= = 1 =] =T o )
wasdszina 35.08 wlumas vazligdstuiluuuuums auuguananiu

dazuna 35.08 wrluwas 812152019 35.08 W luiwas
) A A A o & da
VINMSHIUIBIUVIADYNIA Tagauns ToN (BET) lofmuinniuinmg

o v ' o B L=
PUWIZININY 105.73 AT WUATABNTY ﬂHﬂTﬂUWIuquﬂ‘iiﬂﬂ@ﬂulcﬁﬂNﬂlu}ﬂ@léﬂ’iﬂ

19171 10.83 U THIUAS
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T T s 14 =
5. ANTIAUAUBIABNTITIATIVIVUN el (NH,)

o [ o = 1 =y o oen
wannnsnaaesuay 1 lumsasiedaunauen luie wundaumessn

& s ' o = A 9 9 o
E]?_lﬂhlﬁ'lf@ uﬁmmmmauﬁum@lmmmmnTmumiﬁzmm 21.12 NMANUVVUHUDILUNET

=3 o A a3 = a 9 3/ @ v =1 9
pouTufewhny 1000 ANy Neunairedldnarlunmsesiviaunauen Tuiieriey

a

1 = = = J o o 1 4 [+ = o
1797 10 3UMN LL@$WE13JEW@§'§ﬂ?)@ﬂ“l“Hﬂ L&ﬁﬂﬂﬂ1ﬂ13@@ﬂﬁ1§ﬂ§@ﬂLlﬂﬁLL8NIﬂJmﬂm"lﬂ‘lj

¢
~ a a

=) § ) = o 4
5.31 NYWUHHN 100 DIA UG ALHUT uazﬁ@mﬁnu 200 8% 300 ALY ALT T Wawlos

a U

= o 1 ' ' row o w
‘Sﬂ?]@ﬂulf:lfﬂ uffmmﬂ1sﬂauﬁummauﬂmmnImﬁﬂmm‘u 5.1218% 3.93 AUl

A 1 ar e = = o ) Jat = =
13199 7 uaasiimansniaudaue ludlsvesildaumeisnoon laangumngiiniegy

ar

¥ g GV = Vow A g
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5

¥oas CAS No. Molecular Weight % Assay
FeCl,*H,0 231-729-4 270.30 g/mol 97%
NaOH 011-002-00-6 39.997 g/mol 99%

ﬂ]‘a’ﬁ11ﬂﬂ!ﬂ1i!ﬂ%ﬂi~lﬁ1iﬁ$ﬁ]ﬂ

1. #1198 FeCleH,0 0.1 M

0.1 M/ 1000 ml

Il

1000 ml HAMEUTY 1 mol

A1 200ml  TeAmEwAy = 200mix 0.1 M = 0.02 mol
1000 ml
N n=g : g = nx MW x %Assay

MW

1

0.02 mol x 270.30 g/mol x 100

0/

55732 ¢
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ATARHIN 3

2. 19 FeCl,*H,0 = 0

0.5 M/ 1000 ml

1
1l

1000 ml  HAMMAUTY 1 mol

g7 200ml  BANMUABDY = 200mlx 0.5 M = 0.1 mol

1000 ml

I n=g : g = nx MW x %Assay

MW
= 0.1 mol x 270.30 g/mol x 100

97
= 27.8660 g
3. 1498 NaOH = 1M
~  1M/1000 ml
= 9
1000 ml WU UY 1 mol
N 200ml  FAMMELTL = 200ml x 1M = 0.2 mol
1000 ml

M n=¢g : g = nx MW x %Assay

= 0.2 mol x 39.997 g/mol x 100
99

= 8.0802 g
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ATANUIN I
4. A% NaOH = 5M
= 5M/1000 ml
= 3 9
1000 ml  UANNAUNAIU 1 mol
&1 200ml RNt = 200ml x 1M = 1mol
1000 ml

VM n =g 3 g = nx MW x %Assay

MW
= 1 mol x 39.997 g/mol x 100

99

= 40.4010 g
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Sraauaaan i

1. oumalaiznoonlag Iaduduwes FeCl, 0.1 M/ NaOH 1 M infigaigiigso°c

33.22

33.10

T T 2 T T d 3 T = T T
328 329 330 331 332 333 334 335 336 337

20 (degree)

NNEAUNS
& 3 s
aamldnn B = (20 High) - (26 Low)
B = 33.34-33.10
= 0.24 9371

Mmiddws@euszld 0247 = 0.0042

180



AMANUIN 2
wha gy lugums D = 0.89A
B cos®
9
12 19 D = (0.89)0.154 nm)

0.0042 cos 16.61

= 34.05 nm

o o § =
2. oumaleiinoenlea HauEduduYed FeCl, 0.5 M/ NaOH 5 M H1gai1igil §50°C

33.19

B

32.82 : 33.5

ey

T N L
326 328 330 332 334 336 338 340 342

2t(degrees)
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AMARNHIN D

NNAUNT
& o y
aan1 1@nn B = (20 High)- (20 Low)
B = 335-32.82
~ (.68 991
mldthus@eounszld 068TT = 00119

180

e lduunuluaums D = 089 A
B cosB

221d D = (0.89)(0.154 nm)

0.0119 cos 16.60

= 12.02 nm
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HIARUIN D

3. oumalesinoen lud Hanudutuues Fecl, 0.5 M/ NaOH 5 M nfigangil 950°C

33.12

33.01

¥ i = ¥ ¥ I J 1

x T ' T y T . T
97328 /329 830331 332 8383 334 335
26 (degrees)

MNAUANI
& ¥ .
dan1 1dnn B = (20 High)- (20 Low)
B = 3323-33.01
= 0.22 93

mldilusmeugld 022 = 0.0038
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e ldunuluguns D= 0.89 A

B3 cosB

awld D= (0.89)(0.154 nm)

0.0038 cos 16.56

= 37.63 nm
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2. MIMUIUNIVIIABYAIA lALNALIA TEM

o i ‘a;. d d' :
AMuannnvaeyn i naigauaz@aniiga 9 2.0 em = 100 nm

~ = as 4
auman Ingngadala =4cm

R ) 20x100 = 50nm

4

- S ¥
pynnilaniiganiala = 1.2cm

wld =20x100 = 1160m
1.2
AU DYNADAY =50+166 = 83nm
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AANUIN N

1
= =

o = 1 3
Muannunaeynni lvgingauaziiniga 4 2.0 cm =50 nm

aunniilugigadald =3.4cm
v 1@ = 21x50 = 30.90nm
34
a8 4 Ao ny
aynmiaanganiald - 2.2cem
PG = 21x50 = 47.73nm
2.2

9 [}
Aatil aYMIAmaY 30.90 +47.73  =39.32nm
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%, MIMUIUNIVLIADYNA IAYINATIA BET
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i v
A0Y14 NUNFIT W YUIADYNIA
(SSA, m’/g) (dygp, n)
Pure Fe,0, 105.73 10.83
NINANTHAWITAHIVIIAOYNA dyey = 6
SSA x density

dpgr (Puer Fe,0,)

6

105.73 rnzfg x 5.242 g/(:m3

= 0.010825

10.83 nm

3 % &
em x 10 m

2 3
m cm

0.010825x 10" m

10.825%x10°x 10°m
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a -Fe,O; Thick Film for NH; Gas Sensing at RoomTemperature
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Abstract
a-Fe,O; nanoparticles were synthesized by emulsion precipitation method using FeCls,
kerosene, SPAN-80 as the precursor and sodium hydroxide as the precipitating agent. The
particle properties were characterized by XRD and TEM techniques. The crystallite sizes of
a-Fe;0; were found to be ranging from 60 to 100 nm. Sensing films were produced by
mixing the nanoparticles into an organic paste composed of ethyl cellulose and terpineol as a
vehicle binder and solvent respectively was coated on Al,Os substrate interdigitated with gold
electrodes to form thick films by spin coating technique. The gas sensing of NH;3 (50-1000
ppm) was studied at room temperatures in dry air. It was found that the a-Fe,O; sensing films
showed higher response of NHs, with faster response time (within second) than ZnO and
Cu,0/Zn0O sensing films. The response increased and the response time decreased with

increasing NH3 concentration.
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Keyword : a-Fe,0;, thick film, room temperature, NH3, gas sensing.

1. Introduction
As one of the most important transition metal oxides with a bandgap of 2.2 eV, hematite
(0-Fe05) have received extensive attention due to its good intrinsic physical and chemical
properties, such as its low cost, stability under ambient conditions, environmentally friendly
properties and ectc [1]. Due to these properties, a-Fe;O3; nanostructures can have wide
applications in many fields including magnetic recording materials, catalysis, optical devices,
gas sensors, photochemical and pigments [1-6]. Moreover, it has been found that the
morphology of nanomaterials have an important effect on their properties [7] and it is
expected that tailoring the external morphology of nanocrystals would endow them with
unique properties [8—10]. So, the design and synthesis of a-Fe;O; nanomaterials with

different morphologics is still a great challenge in materials science.

In recent years considerable attention has been focused on use of metal oxide semiconductors
for the purpose of gas sensing application. Iron oxide, metal oxide semiconducting material,
can exist in various forms such as a- Fe,Os, y-Fe»O3 and Fe;O4. The gas sensing properties of
o & y forms are still not established and contrast are available in Iron oxide literature [11, 12].
Some papers attribute to gas-sensing properties of y-Fe,O3 and Fe,O4 rather than to a-FeyOs.

The a-Fe>O; form has been recognized as having minimal gas-sensing response [11] It has
been reported that the thermal stability of the y-Fe;Os limits its use as gas sensor [12] Iron
titanium oxide solid solutions have shown response to ethanol [ 13].Some report says a-Fe;Os,
the most stable iron oxide with n—type semiconducting propertics under ambient conditions,
is extensively used as gas sensor, catalysts [14, 15-19]. In metal oxide semiconductor thick
film gas sensor, surface structure of the film and surface to volume ratio play very important
role in sensing performance. In present work nano Fe;Os;, being smaller in size, was
especially studied to observe the effect of change in surface to volume ratio on the gas
sensing performance of the material. As it is known a specific arza is sharply increased with
decrease of grain size. A high specific surface area and comparabpility of grain size (D) with
the thickness surface charge layer can take great advantage for the development of
high-sensitive gas sensors [20]. It is known that the surface of nano structure with high
surface to volume ratio is very unstable and it easily adsorbs foreign molecules for
stabilization [19, 20]. Structural factor for nanoscaled material is complicated conception and
apart from size, crystallite shape, nanoscopic structure, crystallographic orientation of
nanocrystallites planes forming gas sensing surface affect sensing performance of the sensing
material [21].

2. Experimental
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Particles synthesis and characterization

Anhydrous FeCl;, NaOH, SPAN-80 (all of Analytical grade) and kerosene were used without
further purification. 200 mL of FeCl; solution of 0.1M was taken in a 1000 mL beaker. 2g of
SPAN-80 was added with vigorous stirring and the contents were stirred for 15 minutes. 4
mL kerosene was added and stirring was continued for another 30 minutes. The system
transformed to turbid emulsion of milky brown colour. NaOH solution (1M) was added drop
wise till the pH reached up to 10-10.5. Reddish brown precipitate of iron hydroxide started
forming from pH 3 onwards. Precipitate became thick as pH increased. After reaching the
desired pH, addition of NaOH was stopped and the stirring was continued for Ih. The
contents in the beaker were then left undisturbed for 30 min to allow the precipitate to settle.

The precipitate was filtered and washed with distilled water till free of ions and excess alkali.
Then it was washed with acetone to remove kerosene and surfactant and kept in an oven at
80°C overnight. The dried precursor was subjected to calcination at various temperatures
850°C for two hours. Powders of a-Fe;O; sample was characterized by X-ray diffraction
(XRD), high resolution transmission electron microscope (HRTEM), and the specific surface
area (SSAggr) of the nanoparticle was measured by nitrogen adsorption (BET analysis).

Preparation of thick films and sensing test

Paste for sensing film fabrication was prepared by mixing the nanoparticles into an organic
solution composed of cthyl cellulose and a-terpineol, which aced as a vehicle binder and
solvent, respectively. The resulting pastc was spin-coated on ALO; substrates with
predeposited interdigitated Au electrodes. The films were then annealed at 400°C for 2 h (with
heating rate of 2 °C/min) for binder removal. The particle size of films was grown slightly atter
the films were annealed at 400°C in air. An external NiCr heater was heated by a regulated dc
power supply to different operating temperatures. The operating temperature was varied from
room temperture to 300°C. The resistances of various sensors were continuously monitored
with a computer-controlled system by voltage-amperometric technique with 5 V dc bias and
current measurement through a picoammeter. The sensors were characterized towards NH3 in
the concentration ranging from 50 to 1000 ppm. The sensors were exposed to a gas sample for
~5 minutes at each gas concentration and then the air flux was restored for 15 min. The gas
sensing behaviors were analyzed in term sensor response defined as the ratio of the resistance
of a sample upon exposure to the original resistance in air to the gas sample for a reducing gas
NHs.
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3. Results and discussions

X-Ray Diffraction Studies

The crystallographic structure of a-Fe,Os nanostructure was characterized by powder XRD
(Philips X-ray diffractometer) with a 1.5 kW Cu X-ray source, 20 range of 20°-80°, scan step
of 0.01° and step time of 120 s. Figure 1 shows the XRD patterns of a-Fe 03 nanostructures.
It can be seen that all o-Fe;O3 peaks exhibit sharp and pronounced XRD peaks, indicating
high degree of crystallinity. The corresponding X-ray diffraction peaks for (012), (104), (110),
(113), (024), (116), (018), (214), (300), (220) and (036) planes confirm the formation of
rhombohedral structure of a-Fe;O; (JCPDS Card No. 89-0599). The crystallite size of
a-Fe,03 nanoparticles are then estimated from the full width at half maximum (FWHM) of
the peaks using the Scherrer formula [22] (d(A )= kA/Bcos@) where 4 is the wavelength of
incident beam (1.5406 A ), 3 is the FWHM of the peak in radian, 0 is the diffraction angle and
k is Scherrer constant (0.9)). The average crystallite size of a-Fe;O;1s calculated from (104)

Fe,>0; peak of a-Fe,O3 nanoparticles to be 74.49 nm,

*Fe,0, [JCPDS No. 89-0599]
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Figure 1. XRD patterns of a-Fe»Oz nanopowder.

Transmission Electron Microscopy

The accurate morphology and structure of the synthesized powders were further examined
using high resolution transmission electron microscopy (HRTEM). HRTEM images as shown
in Figure 2 demonstrate that the synthesized a-Fe;O; nanoparticles a-Fe,O3; nanoparticles
were not agglomerated and this interesting feature would make them effective for gas-sensing.
Moreover, the a-Fe;O; nanoparticles are seen to have diverse morphologies including
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spherical structures. The sizes of spherical a-Fe,Oj3 particles are found to be ranging from 60
to 100 nm.

(a)

200nm

Figure 2. HRTEM image of a-Fe>O; nanoparticles with different magnification (a) 50000x
and (b) 100000x.

BET analysis

The BET surface area (SSAggr) of the nanoparticles was measured by nitrogen adsorption at
77 K (Micromeritics Tristar) after degassing the sample for 1 h at 150°C under nitrogen. The
equivalent average primary particle diameter dgpr was calculated by dpgr = 6/(SSAggr X
Pre203) [23]. It can be seen that SS4ger of a-Fe;O3 was 17.39 mz/.g and dger of 65.82 nm.

Gas Sensing Properties
From figure 3, the responses of all sensors almost increase with concentration, confirming that
they confirm to the typical power law of metal-oxide gas sensors. In addition, the a-Fe,O;

sensor gives the highest sensor response of 2 1.12 at the high concentration of NH; of 1000

ppm at room temperature while the 0.25 wt% Cuy0-loaded ZnO, unloaded ZnO and 1.0 wt%
Cu;O-loaded sensors exhibit correspondingly lower responses of 7.90, 3.82 and 1.15,
respectively. The attained performances of optimally all sensor is moderately high over the
high NHj concentration range (50-1000 ppm) compared with some reported NH3 sensors based
on a-Fe-O; prepared by different methods [24-34]. Thus, a-Fe,O; sensor is a practical
alternative for high-concentration NHj detection at pollutant source due to low material cost,

good selectivity, high stability, and modest operating temperature.

Figure 4, show the responses of a-Fe;O; sensors with different the operating temperature
between RT to 300°C. In addition, the a-Fe,Os sensor gives the highest sensor response of

21.12 at the high concentration of NH; of 1000 ppm at room temperature while the operating
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temperature of 100°C, 200°C and 300°C exhibit correspondingly lower responses of 5.31, 5.12
and 3.93, respectively. In the other hand, when the operating temperature are increase the
response of a-Fe;Os sensors are decrease. Thus the a-Fe;Os sensor show the enhance response
of NHj gas detection at room temperature.

For n-type semiconducting metal oxides, the gas sensing mechanism can be explained by the
space-charge region mode [35]. At certain temperature, oxygen ionosorbs over metal oxides
in different forms, such as O°", O, which is corresponding to a high resistance of the sensor.
When the target gas comes into contact with the surface, it will react with the 1onosorbed
surface oxygen, releasing electrons from surface state to the conduction band, induce the
decrease in the resistance of the sensor. The sensitivity of the sensor is affected by many
factors, such as grain size and interface structures [36].

Room temperature

B InQ
EF0,

023 wt'e Cn,0°'Zn0
& 1 uthe Cu0Zn0

20.00 -

Response

10.00

Concentration of NH; (ppm)

Figure 3. The response of a-Fe,O, sensor at different concentration of NHj (50-1000 ppm) at

room temperature 2
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Figure 4. The response of 0-Fe,Os sensor at different operating temperature towards 50-1000

ppm of NHs.

4, Conclusion
In conclusion, a gas-sensing characteristic of the a-Fe,O; nanoparticles was systematically
investigated. XRD studies confirmed that the nanoparticles are highly crystalline with the
rhombohedral phase of a-Fe,Os. In addition, HR-TEM images demonstrated that the a-Fe2O3
nanostructures are spherical sharp (60—100 nm). A gas-sensing study shows that a-Fe;Os
sensor can greatly improve the NH; response as well as NH3 selectivity. The a-FeaOs sensor
exhibits the highest response of 21.12 to 1000 ppm of NH3 at room temperature. However,

low the operating temperature led to considerably higher enhancement of NH; gas-sensing
performance.

Acknowledgments
The authors gratefully acknowledge the Program in Materials Science, Faculty of Science,
Maejo University. Thailand National Electronics and Computer Technology Center
(NECTEC) and Materials Science Research Center, Faculty of Science, Chiang Mai
University is also acknowledged.

Reference

[1] Wu, J.J., Lee, Y.L., Chiang HH. and Wong, D.K.P. 2006. Growth and magnetic
properties of oriented a-Fe,O3 nanorods, J. Phys. Chem. B, 110, 18108-18111.

340



[2] Tang, B., Wang, G.L., Zhuo, L.H., Ge J.C. and Cui L.J. 2006. Facile route to a-A-FeOOH
and a-Fe,Os nanorods and magnetic property of a-Fe;O3 nanorods, Inorg. Chem., 45,
5196-5200.

[3] Huo, L.H., Li, W., Lu, L.H., Cui, HN., Xi, $.Q., Wang, J., Zhao, B., Shen Y.C. and Lu
Z.H. 2000. Preparation, Structure, and Properties of Three-Dimensional Ordered
a-Fe,03 Nanoparticulate Film, Chem. Mater. 12, 790—794.

[4] Gong, C.R., Chen, D.R., Jiao X.L. and Wang Q.L. 2002. Continuous hollow a-Fe;0; and
a-Fe fibers prepared by the sol—gel method, J. Mater. Chem. 12, 1844-1847.

[5] Faust, B.C., Hoffmann M.R. and Bahnemann D.W. 1989. Photocatalytic oxidation of
sulfur dioxide in aqueous suspensions of 0-Fe;Oz..  J. Phys. Chem. 93, 6371-6381.

[6] Siroky, K., Jiresova J. and Hudec L.O. 1994. Iron oxide thin film gas sensor, Thin Solid
Films, 245, 211-214.

[7] Hulliger, J. 1994, Chemistry and Crystal Growth, Angew. Chem. Int. Ed Engl, 33, 143~
162.

[S]IZheng, Y.H., Cheng, Y., Wang, Y.S., Bao, F., Zhou, L.H., X. Wei, F., Zhang, Y.Y. and
Zheng, Q. 2006. Quasicubic or-Fe;O3 nanoparticles with excellent catalytic performance,
J. Phys. Chem. B, 110, 3093-3097.

[9] Wang, Y.Q., Zhang, Z.J., Zhu, Y., Li, Z.C., Vajtai, R., Ci L.J. and Ajayan, P.M. 2008.
Nanostructured VO, photocatalysts for hydrogen production, ACS. Nano., 2, 1492-1496.

[10] Zhou, Q., Li, Z.C., Yang Y. and Zhang Z.J. 2008. Arrays of aligned, single crystalline
silver nanorods for trace amount detection, J. Phys. D-Appl. Phys., 41, 152007:1—
152007:4.

[L1] Telipan, G. 1999. The structure and gas sensing characteristics of y-Fe;O3
semiconductor oxide, fnt. Sym. Digital Earth. Sci. Press, 1-4.

[12] lvanvokaya, M., Kosikau, D., Fagila, G. and Nelli, P. 2003. Gas sensing properties of
thin film hetrojunction structure based on FeyOs - InyOs nanocompsites, Sens.
Actuators B: Chem., 93, 422-430

[13] Tan, O.K., Cao, W., Zhu, W., Chai, J.W. and Pan, J.S. 2003. Ethanol sensors based on
nano-sized a-Fe,03 with SnO,, ZrO-, TiO; solid solutions, Sens. Actuators B: Chem., 93,
396401.

[14] Gou, X.L., Wang, G.X., Kong, X.Y., Wexler, D., Horvat, J. and Yang J. 2008. Flutelike
Porous Hematite Nanorods and Branched Nanostructures: Synthesis, Characterization
and Application for Gas-Sensing, J. Chem. Eur., 14, 5996-6002. '

[15] Liu, H., Wang, G.X., Park, J.,, Wang, J.Z. and Zhang, C. 2009. Electrochemical
performance of alpha-Fe;O3 nanorods as anode material for lithium-ion cells,
Electrochim. Acta, 54, 1733 —1736.

341



[16] Chun, L., Wu, X.Z., Lou, X.M. and Zhang, Y.X. 2010. Hematite nanoflakes as anode
electrode materials for rechargeable lithium-ion batteries, Electrochim. Acta, 55,
3089-3092.

[17] Yu, J.G., Yu, X.X., Huang, B.B., Zhang, X.Y. and Dai, Y. 2009. Hydrothermal synthesis
and visible-light photocatalytic activity of novel cage-like ferric oxide hollow spheres,
Cryst. Growth Des., 9, 1474—1480.

[18] Gu, J.M., Li, SH., Wang, EB., Li, Q.Y., Sun, G.Y., Xu, R. and Zhang, H. J. 2009.
Single-crystalline a-Fe>O3 with hierarchical structures: Controllable synthesis, formation
mechanism and  photocatalytic properties, Solid State Chem., 182, 1265-1272.

[19] Reddy, M.V., Yu, T., Sow, C.H., Shen, Z.X_, Lim, T, Rao, G.Y.S. and Chowdari, B.Y .R.
2007. a-Fe>03 Nanoflakes as an Anode Material for Li-lon Batteries, Adv. Funct. Mater.,
17, 2792-2799.

[20] Korotcenkov, G. 2007. Metal oxides for solid stategas sensors:What determines our
choice, Mater. Sci. Eng. B, 139, 1-23.

[21] Kortcenkov, G. 2005. Gas response control through structural and chemical modification
of metal oxides: State of the art and approaches, Sens. Actuators B: Chem., 107, 209—
281

[22] Chen, C., Liu, P. and Lu, C. 2008. Synthesis and characterization of nano-sized ZnO
powders by direct precipitation method, Chem. Eng. J., 144, 509-513.

[23] Siriwong C., Tamackong N., Phanichphant S. 2012. Characterization of single phase Pt—
doped Zn, TiO4 nanoparticles synthesized by Flame Spray Pyrolysis, Mater. Lett., 68,
97-100.

[24] Han, J.S., Davey, D.E., Mulcahy, D.E. and Yu, A.B. 1999. An investigation of gas
response of a-Fe,O3(Sn)-based gas sensor, J. Mater. Sci. Leti., 18, 975-977.

[25] Telipan, G. 1999. Proceedings of the International Symposium on Digital Earth 1
Science Press, 1-4.

[26] Tang, H., Yan, M., Zhang, H., Li, S., Ma, X., Wang, M. and Yang, D. 2006. A sclective
NH; gas sensor based on Fe)03-ZnO nanocomposites at room temperature — Sens.
Actuators B: Chem., 114, 910-915.

[27] Rezlescu, N., Doroftei, C.E. and Craus, M.L. 2008. y-Fe;O3 and y-Fe;03-TiO; ultrafine
particle films as reducing gas sensor, Rom. Phys., 60, 1041-1052.

[28] Huitao, F., Tong, Z., Xiujuan, X. and Ning, L. 2011. Fabrication of N-type F'e;0; and
P-type LaFeOs; nanobelts by electrospinning and determination of gas-sensing properties,
Sens. Actuators B: Chem., 153, 83-88.

[29] Golovanov, V.C., Liu, C., Kiv, A., Fuks, D. and Ivanovskaya, M. 2009. Microfabricated
One-Electrode In;O; and Fe,0s-In,O; Composite Sensors, Comput. Model New
Techno., 13, 68-73.

[30] Ivanvokaya,M., Kosikau,D. Fagila,G., Nelli, P. and Irkaev. 2003. Gas sensing properties

342



of thin film hetrojunction structure based on Fe;03-1nxO;3 nanocompsites, Sens.Actuators
B: Chem., 93, 422-430.

[31] Patil, L.A., Shinde, M.D., Bari, A.R., Deo, V.V, Patil, D.M. and Kaushik, M.P. 2011.
Fe,O; modified thick films of nanostructured SnO» powder consisting of hollow
microspheres synthesized from pyrolysis of ultrasonically atomized aerosol for LPG
sensing, Sens. Actuators B; Chem., 155, 174-182.

[32] Sun, B., Horvat, J., Soo K.H., Kim, W.-S., Ahn, J. and Wang, G. 2010. Synthesis of
mesoporous o-Fe,O3 nanostructures for highly sensitive gas sensors and high capacity
anode materials in lithium ion batteries, J. Phys. Chem. C, 114, 18753-18761.

[33] Pawar N.K. and Jain, G.H. 2011. Study of nano Fe,O3; MOS thick films as ethanol gas
sensor, Proceedings of 5th International Conference on Sensing T echnology, ICST 2011,
121-124.

[34] Pawar, N.K., Kajale, D.D., Patil, G.E., Wagh, V.G., Gaikwad, V.B., Deore M.K. and
Jain, G.H. 2012. Nanostructured Fe,O;3 Thick Film as an Ethanol Sensor, Inter. J. Sen.
Intell. Syst., 5,441-457.

[35] Shimizu, Y. and Egashira M. 1999. Basic aspects and challenges of semiconductor gas
sensors, MRS. Bull., 24, 18-24.

[36] Yamazoe, A. and Miura, N. 1992. Some basic aspects of semiconductor gas sensors in
chemical sensor technology, in: S. Yamauchi (Ed.), Chemical Sensor Technology,
Elsevier, Kodansha, Tokyo, 4, 19—41.

343



	titlepage
	abstract
	acknowledgement
	content
	maincontent
	bibliography
	appendix

