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Sensor
MiCS- TGS- MiCS- TGS- Chemo-
. IDC Sensor | IDC Sensor
5521 2620 5525 2442 capacitor
Parameter
Figaro Figaro develop- develop- develop-
Manufacturer e2v e2v
USA USA mental mental mental
Selectivity CO/VOC | Cco/voC CO CO VOC VOC H,S/VOC
High High High High .
Sensitivity ; g g g HC/VOC HC/VOC High (H,S)
(CO) (CO) (CO) (CO)
various Ga,0
Sense Layer MO, Sno, MO, Sno, 27 | pAni/BrAIPc
polymers NWSs

Dynamic Range
1-1000 50-5000 1-1000 30-1000 0-20,000 50-3000 | -----me--me-e-

(ppm)
Power (mW) 96 225 96 14 Low Low Low
Operating Temp 450 340 Room Room Room
340 NR
(°C) (Pulsed) (Pulsed) Temp Temp Temp
Response Time . . . .
Quick Quick Pulsed ~3.3min min seconds seconds
(90%)
Recovery Time . . .
< 10 min Short Short <10 min min seconds seconds
(90%)
Cost Moderate Low Moderate Low Low Low Low
Reference [66] [67] [68] [69] [70] [65, 71] G55 ol

\YY




oo.;.gj s B g Wilslsdiay

aolol L (65553 055 55 p8 5 Wl Ll IS 090 50 pe diney (nl 50 G5 S 4 az g L
Sloleidny @lye ydoy el )] BB oliioy Wiz (55 sla K ainej 0 gl 9 Colled
Gl 00iS 05 )05 395 (pl a5 005 e Al K0 olge 5l eolaiul g olge s Jd 5 S
@ S Gl K die) )3 Boiow ) e e (e Cu dpde g2l SO L Sloleiny
g dalys ) K&

Sl Comlas 3525 (R SISy 390 50 S sl Cadgaze SIS (sl oleien
Sl co ley b 5o s Camlar el (wgllas (5,5 Sl 04.5) alisee slo CJUT 45 a4l
Kol oo ol EllT Sy ololid o 3gueS cpran s 4 S o il 4l cdls
o L Goly (g% cnl o 00 Frly (ol Coll @ Lo a5 058 (b ()5b 0ols aSu
o3 55 glo il & erd sl b ol (s (1395000 iy S5 a4 YU Sl
s la wlas 5l (B by amlie Hlnl 5l (S0 092y G 0gh 43S olitsl (Ol b g JoU]
wtle 5B sl S onlply s pdy (Gl o aseis e e bl plo &l 25D
gy ol gl allas el 4 (wglle Fwl 34>9 L) PANI/BIAIPC oy j5.alSeil a0l oo
Ple Ko g5 pl 625 5 4 s S Cll asis Cqax aio g segee slald
Loy Wl e e (Msgiae g @ Bypme ) S I 6l )] g S B
[11] il ate 6 5 Sl ogasy § Comlus

Oley 5 Lol Olie jo Wlgs (o0 a5 (6,500 bl G5 slo K ;0 (pgo Sleing
Ol (o0 Lol Zughy ale il a8 55 )18 )y 090 gl (ol 5o 9wl IS 536 sl

Lyl st S8 oy 090 ol pgasy S S gl gl ol cogb ) 30

™ Electronic Nose

\YY



Ol 5o ilgd co mols lis aS jshailen o 09 ,uSl o alold olasl alS (pauw olpiing
5o alolh b e oSl as o ol e by, all aisb oy B S0 conles
S0 S sl S 2L e 50 1) bog xSl e alols [5G Glgs (o0 0l Cusgae
plas 1,5 aoye ol 0 dad a0 blod 5l 2eS alold b sy 09 aSIl s ls il ols )13 o)y
Dgd o

O 5 09 eS8 iy shls hals gty cnl jo eolaiul 05 yie LCR (o)lez oliny
Ol b Fuly (i8S 3 (Stly ST (o0 (5o b dtingy job v | b GulS 3 ple o ele
3,5 ool JIAF 50 el G Glaie 4 50 Jule ol 51 Gles 0 aS s o

ol b Gmals Caaglie alie slo 515 jgam )0 Sleglie slo K )0 (e Slpiiey
Sl Jolee peplysn ST .0iS oo by psd 55 jeam 0 Ltile) 056l @dly 0 a5 Wb (o
Ol 5 b nl o aS 0l e ol L g o8 Al o I jgax 0 Cud b S sl R o
Sz )3 S8yl liss Gl @8ly jo il ile) 5l 50 s LS 4 Wl oo Sl s
a5 9 AC JUSw Jlesl sl jo (Sowils, Olpss g9, 2 1) 55,05 Ol o0 &5 sl
o el Sl ool anwey cpl o andte gla g, 5l (SOl I8 Dbl 050 Ban I8

IVF] ol ™ Sleowiig mSUI uiloal

™ Electrochemical Impedance Spectroscopy (Dielectric spectroscopy)
YO



(LCR Meter) yio 1 ow JI oliwd 8 y%0

357 ey 65 o3l gly o el (Sg iUl gl Sl Sl o5 e T o I
a dily 0,Slas 4 (S Do) Siig,iS ankad K (R) Cenglivn 5 (C) byl (L) ol
AC 5Ly poio 4 (yg05] Cots axlad Yoome 005 o 1,8 colatul 8,90 el o adlgo opl 51 SO
o 1y dabd 5l g yge by ke s T g S olil onl 5 eole sl a5 058 (oo Juaie
95 (o0 65 o3l it j90 4 (Ol & Sy Cud) uilagal S 4 AC 515 JLeel
g (oo dpmslome (] S8 @ Gl 05> oS g Cbil s b adlse b

(P b 4 S (65 ol ) polie Wi e (S5l b s D50 50 Ay T s I
79 ol (Sosd il iz Ll )l Cudils s 4 (K00 Sy e JT el i K
@bl pae 5l (2l el ) (S p g Sglie (o037 (LS gl (205 (Bl sla (3l ples ol
Dol a8 JT oyl s e 10 09 oo (e I ole U8 & Yoano (g,5] ol 45 il
9 G Sl g0 50 odl (6,5 ol polie wylo Ty (ofe Y Gl yeS) gl e polie DI
ooy (S 50 b g Silge S 0 4z (65 il ogos o e 4 W ESH05 w0 4 Slse
ool LB cdl> g0 o G5l cla, S 6l o)l (RL L RC cdl>) o US55 L 5,50
G ol 58 G e i | (el il b 5 T (mgaile) (S S g5 il (spiie e
Sy sl ald Gils sl S )0 i Slge Sl g (gl Si sle Sas p3 iy
PO IS sk b G SR SO0 a5 Gl g iS5l SO Ll 0,5 oo 18 ool
4z Sl S 5235 b g e O] sl Ao 51 (S 50 s it JWS @ Lo ks S

W83 2 S by Silae Sl o

™ Parallel Plate

\Y#



ol 8 Ysare (Twd glo w555 el agd LB (s5e0g) 5 7 (S £55 90 50 2o ] (o
S s Jl0 S (o0 S g0 dlmgny S @ axkad @y Jlosl gla (uilS 3 5 03l (6508 e gl
oS ol Vo +KHZ g Ve kHZ OKHZ Y HZ O+ v HZ 905] sl (5,8 gllo Voo s jio
B YHZ 5l 3] (uilS)8 olie siesy €55 50 45 (o )0 WS (ool i a5k w
€9 5l i ceond )] Sl S g9 Jlo pl b oS s Wlg o A D90 4 Ve - MHZ
adlge 5l 6 )k 65 o3Il e Jlocl (uilS )8 35 sy LS )3 (Sieeg) E55 Cuie Sl Siaes,
4 Il Jole g (uiliSgail ced )b (Wil 095 o po il ((Sasile; Jio (Gl5 askad la
asd kS S polie SISy e 65 oIl gl s a0 &S J s cel lejes ol
555 drlins w8z b AC > o Susile, polie > 5 el odds
Jie loie 5 S35 S o (slo dilga (6,8 05l 45 Conal e 1S5 ol S5 gl o
o A Led Lzl o (o5 IS8 @ o el Sledlbl (gol> e ] oo JI S8 b b laid
Jloel ol S5l Kas )3 ool 3l slo p3ilSe (o) (G2 9 5 A Sl sl 00
Fdebe il (g g AC Sawsle, (T Jele 92 6508 sle ybl 65 o5l IS

Dgs dlgs

™ Portable

\YY



[']

[¥]

[V]

[¥]

[°]

[7]

[Y]

[A]

[%]

]

V]

Y]

Yamazoe, N., Toward innovations of gas sensor technology. Sensors Actuators
B: Chem., 2005. 108(1): p. 2-14.

Cleaver, K.D., The analysis of process gases: a review. Accreditation and
quality assurance, 2001. 6(1): p. 8-15.

Fine, G.F., et al ,.Metal oxide semi-conductor gas sensors in environmental
monitoring. Sensors, 2010. 10(6): p. 5469-5502.

Taylor, R.F. and J.S. Schultz (1996), Handbook of chemical and biological
sensors. CRC Press. p. 145

Zhang, J., et al., Nanostructured Materials for Room-Temperature Gas Sensors.
Adv. Mater., 2016. 28(5): p. 795-831.

Huang, X.-J. and Y.-K. Choi, Chemical sensors based on nanostructured
materials. Sensors Actuators B: Chem., 2007. 122(2): p. 659-671.

Zhang, L. and T.J. Webster, Nanotechnology and nanomaterials: promises for
improved tissue regeneration. Nano today, 2009. 4(1): p. 66-80.

Yamazoe, N., New approaches for improving semiconductor gas sensors.
Sensors Actuators B: Chem., 1991. 5(1): p. 7-19.

Smulko, J.M., et al., New approaches for improving selectivity and sensitivity of
resistive gas sensors: a review. SeRv, 2015. 35(4): p. 340-347.

Halek, G., M. Malewicz, and H. Teterycz. Methods of selectivity improvements

of semiconductor gas sensors. in Students and Young Scientists Workshop"

Photonics and Microsystems”, 2009 International. pp. 31-35

Arshak, K., et al., A review of gas sensors employed in electronic nose
applications. SeRv, 2004. 24(2): p. 181-198.

Capelli, L., S. Sironi, and R. Del Rosso, Electronic noses for environmental

monitoring applications. Sensors, 2014. 14(11): p. 19979-20007.
YA



7]

[ ¥]

[Ye]

7]

Y]

['A]

4]

[Y:]

[YV]

[YY]

[Y¥]

[Y¥]

Zohora, S.E., A. Khan, and N. Hundewale, Chemical sensors employed in
electronic noses: A review, in Advances in Computing and Information
Technology. 2013, Springer .p. 177-184.

Nagle, H.T., R. Gutierrez-Osuna, and S.S. Schiffman, The how and why of
electronic noses. Spectrum, IEEE, 1998. 35(9): p. 22-31.

Zhang, W., et al., Research on electronic nose system based on continuous wide
spectral gas sensing. Microchem. J., 2018. 140: p. 1-7.

Liu, X., et al., A survey on gas sensing technology. Sensors, 2012. 12(7): p.
9635-9665.

Wang, C., et al., Metal oxide gas sensors: sensitivity and influencing factors.
Sensors, 2010. 10(3): p. 2088-2106.

Korotcenkov, G., Metal oxides for solid-state gas sensors: What determines our
choice? Mater. Sci. Eng., B, 2007. 139(1): p. 1-23.

Li, J., et al., Carbon nanotube sensors for gas and organic vapor detection.
Nano Lett., 2003. 3(7): p. 929-933.

Kreno, L.E., et al., Metal-organic framework materials as chemical sensors.
Chem. Rev., 2011. 112(2): p. 1105-1125.

Adhikari, B. and S. Majumdar, Polymers in sensor applications. Prog. Polym.
Sci., 2004. 29(7): p. 699-766.

Torsi, L., et al., Conducting polymers doped with metallic inclusions: New
materials for gas sensors. Sensors Actuators B: Chem., 1998. 48(1-3): p. 362-
367.

Kaushik, A., et al., Organic-Inorganic Hybrid Nanocomposite-Based Gas
Sensors for Environmental Monitoring. Chem. Rev., 2015. 115(11): p.4571-
46006.

Hosseini, M., S. Zeinali, and M. Sheikhi, Fabrication of capacitive sensor based
on Cu-BTC (MOF-199) nanoporous film for detection of ethanol and methanol

vapors. Sensors Actuators B: Chem., 2016. 230: p. 9-16.

AR



[Ye]

[¥7]

[YV]

[YA]

[Y4]

V]

[VY]

ARN

[T¥]

[Ve]

Ld, Y., et al., MOF-templated synthesis of porous Co304 concave nanocubes
with high specific surface area and their gas sensing properties. ACS Appl.
Mater. Interfaces, 2014. 6(6): p. 4186-4195.

Sapsanis, C., et al., Insights on capacitive interdigitated electrodes coated with
MOF thin films: Humidity and VOCs sensing as a case study. Sensors, 2015.
15(8): p. 18153-18166.

Yassine, O., et al., H2S Sensors: Fumarate-Based fcu-MOF Thin Film Grown
on a Capacitive Interdigitated Electrode. Angew. Chem. Int. Ed., 2016. 55(51):
p. 15879-15883.

Altenberend, U., et al., Towards fully printed capacitive gas sensors on flexible
PET substrates based on Ag interdigitated transducers with increased stability.
Sensors Actuators B: Chem., 2013. 187, p. 280-287.

Matsuguchi, M ,.et al., Characterization of polymers for a capacitive-type
humidity sensor based on water sorption behavior. Sensors Actuators B: Chem.,
1998. 49(3): p. 179-185.

Gilda, N.A. and V.R. Rao. Comparison of capacitive versus resistive mode of

sensing for vapor phase explosive detection. in Electron Devices and Solid-State
Circuits (EDSSC), IEEE International, 2015. 1: p. 778-781

Seena, V., et al., Polymer nanocomposite nanomechanical cantilever sensors:
material characterization, device development and application in explosive
vapour detection. Nanotechnology, 2011. 22(29): p. 295501.

Boisen, A., et al., Cantilever-like micromechanical sensors. Rep. Prog. Phys.,
2011. 74(3): p. 036101.

Amrani, M. and P. Payne, Multi-frequency interrogation technique applied to
conducting polymer gas and odour sensors. IEE Proceedings-Science,
Measurement and Technology, 1999. 146(2): p. 95-101.

Ishihara, T. and S. Matsubara, Capacitive type gas sensors. J. Electroceram.,
1998. 2(4): p. 215

Torsi, L., et al., Organic field-effect transistor sensors: a tutorial review. Chem.

Soc. Rev., 2013. 42(22): p. 8612-8628.
VY-



[V7]

V]

[TA]

AN

AR

V]

[YY]

[¥¥]

[Y¥]

[¥e]

[¥7]

[¥V]

Amrani, M., K. Persaud, and P. Payne, High-frequency measurements of
conducting polymers: development of a new technique for sensing volatile

chemicals. Meas. Sci. Technol., 1995. 6(10): p. 1500.
Amrani, M.H., et al., An intelligent gas sensing system. Sensors Actuators B:
Chem., 1997. 44(1-3): p. 512-516.

Musio, F., M.E. Amrani, and K.C. Persaud, High-frequency ac investigation of
conducting polymer gas sensors. Sensors Actuators B: Chem., 1995. 23(2-3): p.

223-226.

Amrani, M., et al., Frequency counting interrogation techniques applied to gas
sensor arrays. Sensors Actuators B: Chem., 1999. 57(1-3): p. 75-82.

Kitsara, M., et al., Single chip interdigitated electrode capacitive chemical
sensor arrays. Sensors Actuators B: Chem., 2007. 127(1): p. 186-192.

Im, Y., et al., Investigation of a single Pd nanowire for use as a hydrogen
sensor. Small., 2002. 3(2): p. 356-358.

Ho, K.-C., C.-M. Chen, and J.-Y. Liao, Enhancing chemiresistor-type NO gas-
sensing properties using ethanol-treated lead phthalocyanine thin films. Sensors

Actuators B: Chem., 2005. 108(1): p. 418-426.

Bouvet, M., et al ,.Electrical transduction in phthalocyanine-based gas sensors:
from classical chemiresistors to new functional structures. J. Porphyrins

Phthalocyanines, 2009. 13(01): p. 84-91.

Bai, H. and G. Shi, Gas sensors based on conducting polymers. Sensor., 2007.
7(3): p. 267-307.

Wu, A., H. Kolla, and S.K. Manohar, Chemical synthesis of highly conducting
polypyrrole nanofiber film. Macromolecules, 2005. 38(19): p. 7873-7875.
Ishihara, T., et al., Mixed oxide capacitor of BaTiO3-PbO as a new type CO2
gas sensor. Chem. Lett., 1990. 19(7): p. 1163-1166.

Ishihara, T., et al., Mixed oxide capacitor of CuO—BaTiO3 as a new type CO2
gas sensor. J. Am. Ceram. Soc., 1992. 75(3): p. 613-618.

AR



[YA]

[¥4]

[©+]

[2V]

[5Y]

[57]

[5¥]

[6°]

[57]

[oY]

Ishihara, T., et al., Mixed Oxide Capacitor of CuO-BaSnO3 as a Sensor for CO2
Detection over a Wide Range of Concentration. Chem. Lett., 1991. 20(10): p.
1711-1714.

Ishihara, T., et al., Application of mixed oxide capacitor to the selective carbon
dioxide sensor |. Measurement of carbon dioxide sensing characteristics. J.
Electrochem. Soc., 1991. 138(1): p. 173-176.

Ishihara, T., et al., Application of a Mixed Oxide Capacitor to the Selective

Carbon Dioxide Sensor Il. Sensing Characteristics of a Oxide Capacitor. J.
Electrochem. Soc., 1992. 139(10): p 2881-2885.

Ishihara, T., et al., Capacitive Gas Sensor of Mixed Oxide CoO-In2 O 3 to
Selectively Detect Nitrogen Monoxide. J. Electrochem. Soc., 1996. 143(6): p.
1908-1914.

Ishihara, T., et al., SrSnO3-WO3 as capacitive-type nitrogen oxide sensor for
monitoring at high temperature. Sensors Actuators B: Chem., 2000. 65(1-3): p.
319-324.

Ishihara, T., et al., The mixed oxide A1203 - V205 as a semiconductor gas
sensor for NO and NO2. SeAc, 1989. 19(3): p. 259-265.

Lin, J., S. Moller, and E. Obermeier, Thin-film gas sensors with organically
modified silicates for the measurement of SO2. Sensors Actuators B: Chem.,
1991. 5(1-4): p. 219-221.

Igreja, R. and C. Dias. Capacitance response of polysiloxane films with

interdigital electrodes to volatile organic compounds. in Mater. Sci. Forum.
2004. 455: p.420-424.

Chen, Y., et al., Novel capacitive sensor: Fabrication from carbon nanotube

arrays and sensing property characterization. Sensors Actuators B: Chem.,
2009. 140(2): p. 396-401.

Wang, H.Y., et al., Capacitive humidity sensing properties of SiC nanowires
grown on silicon nanoporous pillar array. Sensors Actuators B: Chem., 2012.

166: p. 451-456.

\YY



[oA]

[24]

[7+]

[7V]

[7Y]

[7¥]

[7¥]

[7e]

[77]

[7Y]

[7A]

Bindra, P. and A. Hazra, Capacitive gas and vapor sensors using nanomaterials.
J. Mater. Sci. - Mater. Electron., 2018: p. 1-20.

Azim-Araghi, M.E., S. Pourteimoor, and S. Riyazi, Influence of temperature and
frequency on electrical properties of electron beam evaporated bromoaluminum
phthalocyanine, BrAlPc, thin films. J .Mater. Sci. - Mater. Electron., 2013.
24(9): p. 3204-32009.

Zhang, L., X. Fang, and C. Ye (2007), Controlled growth of nanomaterials.
World scientific. p. 45

Dhanaraj, G., et al. (2010), Springer handbook of crystal growth. Springer
Science & Business Media. p. 78

Liu, F., et al., Controllable fabrication of copper phthalocyanine nanostructure
crystals. Nanotechnology, 2015. 26(22): p. 225601.

Kadish, K., K. Smith, and R. Guilard (2003), The Porphyrin Handbook,
Phthalocyanine: Properties and Materials, Academic Press Inc. p. 87

Isago, H. (2015), Optical spectra of phthalocyanines and related compounds.
Springer. p. 45

Mazeina, L., et al., Functionalized Ga203 nanowires as active material in room
temperature capacitance-based gas sensors. Langmuir, 2010. 26(16): p. 13722-
13726.

e2v. MiCS-5521 CO/VOC Sensor Datasheet. 2010 [cited 2017 4 Feb]; Available
from:http://www.e2v.com/assets/media/files/sensors_datasheets/Metal Oxide/m
ics-5521.pdf.

Figaro. TGS-2620 CO/VOC Sensor Datasheet .2010 [cited 2017 4 Feb];
Available from: http://www.figarosensor.com/products/2620pdf.

e2v. MiCS-5525 CO Sensor Datasheet. 2010 [cited 2017 4 Feb]; Available

from:

http://www.e2v.com/assets/media/files/sensors_datasheets/Metal _Oxide/mics-
5525.pdf.

\YY



[74]

[V+]

[VV]

[YY]

[Y¥]

Figaro. TGS-2442 CO Sensor Datasheet. 2010 [cited 2017 4 Feb]; Available
from: http://www.figarosensor.com/products/2442pdf.pdf.

Patel, S., et al., Chemicapacitive microsensors for volatile organic compound
detection. Sensors Actuators B: Chem., 2003. 96(3): p. 541-553.

Mazeina, L., et al., Interaction of functionalized Ga203 NW-based room
temperature gas sensors with different hydrocarbons. Sensors Actuators B:
Chem., 2010. 151(1): p. 114-120.

Baselt, D., et al., Design and performance of a microcantilever-based hydrogen
sensor. Sensors Actuators B: Chem., 2003. 88(2): p. 120-131.

Grandler, P. (2007), Chemical sensors: An introduction for scientists and

engineers, p. 123-132.

\Yf






Abstract

The introduction of chemical gas sensors in our environment is a process that started
many years ago. However, although the process has been rather slow over the years, the
interest for chemical gas sensors is rising due to the growing environmental awareness.

The need to detect gas components in our surrounding is becoming more and more

important as the technological levels increases in the world.

The fabrication and improvement of the sensitivity and selectivity of gas sensors
for detection of H>S gas have been the focus of this thesis. In this framework, we
devoted particular attention to design of polymer based nanocomposites and AC
electrical measurements of the device (like capacitance and dissipation factor) on
exposure to gas rather than resistance measurement.

Two types of polymer nanocomposite based on organic matterial, bromo-
aluminum phthalocyanine, were synthesized as PPy/BrAlPc and PANI/BrAlPc to detect
hydrogen sulfide gas. Gas sensing performance of the nanocomposite device
PPy/BrAlPc results in fast response and good stability over the first 2 months to 100
ppm H2S gas by monitoring the changes in capacitance at the 1 kHz frequency. It
produces 61% and 28% of the first response after 2 and 4 months, respectively which
indicating lack of long-term stability.

The performance of PANI/BrAlPc nanocomposite was investigated by making 8
sensors with different interdigitated electrodes to detect hydrogen sulfide gas. Much
effort was spent on optimization of the design (interdigitated electrodes) and
measurement parameters (like capacitance and dissipation factor) for the sensor when
detecting different gas concentration. The obtained results show that the sensitivity of
the PANIi/ BrAIPc nanocomposite to detect hydrogen sulfide gas at various
concentrations depends heavily on the applied frequency and shape of the interdigitated
electrodes. The best performance for detecting hydrogen sulfide gas at various
concentrations was obtained for spiral electrodes at a frequency of 1 kHz. It also has a
good selectivity in detecting hydrogen sulfide gas between methane, ethanol and

acetone.

Keywords: nanocomposite; Capacitive sensor; Phthalocyanine; Conductive polymer
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