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Research Title: Development of air pollution monitoring system using an array of
hybrid carbon nanotube sensors

Researcher: Miss Winadda Wongwiriyapan, Mr. Sirapat Pratontep

Faculty: College of Nanotechnology

ABSTRACT

Nowadays, air pollution became more serious problem. Gas sensing technology plays an
important role in monitoring air pollutants. However, for monitoring such gas pollutants,
conventional gas sensors such as metal oxide thin-film sensor has serious limitations due to
their poor sensitivity and slow response. In recent years, carbon nanotube (CNT) has been
considered as a promising excellent sensing nanomaterial due to its unique properties; a large
effective surface area and a semiconducting quantum wire depending its chirality. In this
research, gas sensor array system for gas detection and identification was developed. Gas
sensor array was composed of various sensing elements based on CNTs and its hybrid
structures (polymer and nanoparticle-functionalized CNTs). Four polymers were employed in
this research, polylmethyl methacrylate), polyvinyl acetate, polyimide and thiophene. Four
nanoparticles were employed in this research, gold, palladium, platinum and zinc oxide. The
fabricated hybrid CNT sensors were exposed to vapours of volatile organic compounds
(dichloromethane, chloroform, acetone, ethanol and methanol). Conductance of sensor
changed upon gas exposure. Gas sensor responses of all sensors were recorded and the

sensor array data were analyzed using pattern-recognition analysis tools for gas identification.

Keywords : hybrid carbon nanotube, gas sensor array, volatile organic compounds, polymer, nanoparticle,
pattern-recognition analysis
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shuiidsuudasly Weluanavesfnudunduime awgfidnanusumudeuliog 2 ega o
gududeandiesiueg sulsun
1) Mmafinnsuanidsulsslniih (Charge transfer)
nsuanasudselniiisering ONTs dufinaluanavdeduluanavedleseme vidlvien
audumuiisundetiovastufuednvestiniun
2 m'im%"auwmmmqaﬁuaa Schottky barrier Sun B ERINsARY CNTSs
defeluanavselassmeiliodhuniuimeudiagvinlinuges . Schottky  barrier
Wasuwasll Sevinliseusumiures ONTs Wisuuuaslushe
fadu mndesnsliiuaumes ONTs fmuaunsalumsnsaavannvanssnntu uaes]
anuansalunsreuauesefuliFty annsovildlaensduiladdy (Function) Ty CNTS
WU MsATaUMENeFWaFUIBNIsANLFIEaYN1ALILY

2.2 yATeiiAgado/msnunauassnssy

weliladiwwuwesiunumddnglumsguasiannznadinden nsvdssfinefivesnnlu
Uinafiunifundinfinesgutvuslissdudunsiodeguammasuashaeiannden Sniaddama
nsemuseETusRAezdinuEnday Miumnududuresig Simslasunensan Taedreulud uas
anunsnudalvmauldesneiuviieit defeimuduiulusssuiidususse wu nesmueuaivues
Uszinelng Tdimusmnanduduves NO, Teglussiuiinindn 17 Tutudiudau (parts per billion)” 1
A

Weianniewuasliiussavinmmunsgiudunaon IWimsvaueureslaglifanun
Tu Wutandmiuiinfne iwu amunluvedanzeanlys” veuilurnsvew’® Wudy Feilderninfie
wuwaslullagtuiindmnanfiduvedavzeenled lusueamgiivhau aunsassdafeifenaddy
Yoeld Faanansansaataaradudu NO, 16Eseiu 1 Tu drududu (parts per trillion)” dhunsaviieu
I¥ifigamgiivies Fsamnsnaneuidsmasnssudadlefifmmin ddduussmagmaniu Yagilésunis
Jusnseakazyinmsideuegnann fe vieuluaisusu (Carbon naotubes; CNTs) waaegnalsiniy N3
fraugeslulinuseiy liifswddsdinuantilumsnsataiifud dupsdaruaunsalunsden
psv¥eadlnfne anansaseyviining asnsavihauldvinansannediifineduansuniu 16ie

Tutlagtiu mewaarmannsalumsidenielitinismevaussiimtusasnsidenanan
iafgiatudiu vldlasnaitsieridulsiiu oNTs Tne fisudn 2 35 fo



2.2.1. MIAEOU CNTs faenadwes
eghmadndwesfivhunld 1wy poly(m-aminobenzene sulfonic acid); PABS,
Poly (methyl methacrylate); PMMA, Poly(ethylene imine); PEIl, Nafion (polymeric
perfluorinated sulfonic acid ionomer) WUy wui1 CNTs flndeudie PABS, PMMA, PEI 9ilnns
povauniso NO, Iiifuunnty Tuvnsd nsindeude Nafion agvilranunsadennsiagey NH; 1§
Tneaglinauausasa NO,
2.2.2. MIvnuseRILeynInuluTadlaveAneia
metnveseumMauluretlaeasazda Wy Pd, Pt vilvawnsadn CHE, H2 16 Tag
CNTs wWantuaglianunsafnfemanile
fudifmeueeswannsarnatafnalivatsdssny  udmshlildnusady  sxdes
amnsoszydafnald  Saldimaihferuseidddsunsiadeunionnudsinseyniaunlunany e
wiln  uUszneuinilugniwuees  wazendedTiieszviesdUseneundn  (Principal component
analysis) 11teTasedt” uegslsinn maihlldd Wuraannsiiemeusasede Tildtng
Soludnuwasiimanauiy sy Weluliess fesdnmsinseinanssnuanfngsuniudie

9-11)



uni 3
ASn1sadiunisise

wanmsifeeenduiaue 5 Juseu Téud

(1) NMseankUY sensor platform

(2) MswereuviaunluAIsUsUASUU sensor platform

(3) nswuuviaulumsusulauiafindauselndueswazanuriswneeynauily
(polymer/SWNTs, nanoparticle/SWNTs)

(4) nsAnwguantRnTinfigvesizwuwesvieuluasusulausausassian

(5) mﬁmiwﬁauﬁ’amﬁmﬁ'\waaﬁ”wwuLmaé’viauﬂum%uaulaﬁmLwiazﬂismmﬁ'amgﬂu,w
nMIRavausIRafYLiaz Yl

3.1 N1528NLUU sensor platform
panuUUNUTasd MmUYl sensor platform Inefmunsnuey (specification) U9
sensor platform Tuidadssaluiilunuideil

(1) vilaidnueeunuses

(2) wiinTanuastalniin

(3) At (gap) vosdlwii

(4) Snunsraananavesda b
)

¥ oo
= o

(5) WuiiandmIunsI133ning (sensing area)

3.2 nswmseuviaunlua1suauasu sensor platform
Tnevlunswdeimenluasueuasuy sensor platform ansnsevilél 2 33 1o (1) s
duasgvviounlumsusuasuy sensor platform laemse (direct growth) fedSduATIEAdY
chemical vapor deposition (CVD) uaz (2) mswIsNannaIsazalevisuilunsuoulaziluEesn
VU sensor platform (dispersion) MeAd134 Wiy dip coating, spin coating, printing, drop casting
W
Tuddeil Ievnaeasssuriounluniiuouasuy sensor platform v 2 335

3.2.1 mMsduAsIziviounluansuauaIul sensor platform Iaense (direct growth)

2835 chemical vapor deposition (CVD)
% chemical vapor deposition (CVD) WuFnilslunsduaseiveuluaiuou
TunmAdeilddnunisdunseieunlumiueuuuwivianeulael flemuoaduuwasnsuou Tagld
Anwnansenuvawilinvansazdarednuasvanioulunsvey  wiavesneasianidonuldl 3



i 1Aun wdn (Fe), Iifia (N warlauead (Co) Tnefdulasiflouwasfing (Cr/N) Ywihiduda
a3 (buffer layer) Fduvadlanenepedaviadaildlumuddod 16n3entulag?s electron
beam evaporation wagld@anau () Wuukusessvdmiunsdaansiviounlumsusundaainng
dupsizviviounluaiueuleeds CVvD um Idiwiewnlumsueulyiiasieidng scanning electron
microscopy (SEM), transmission electron mlcroscopy (TEM) 8y Raman spectroscopy AT 3.1
LLﬂmLLNUN\‘NJEN‘iu‘UU oD Aldluauidy nmil 3.2 wansduvesiidunsmedavinmequuuniudanou
wazA15197 3.1 wanadeulazes VD

{diin
AADG
Coarol System & Display

AN 3.1 LHURURITTUL CVD

Ni= Snm o , Co=5nm

Al=5nm ~ Al=Snm

o

Gl
"*""‘;”"’s

oo A il T ]

= 5 a6 = = 1 1 =
AN 3.2 ‘uu%aawamxmaawmmmuuumu Si
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= a
A131991 3.1 Waulywas CVD

Substrate i

Catalyst :Ni, Co, Fe
Pressure 1 atm

Growth temperature 700, 800, 900°C
Growth time 20 min

Carbon source Ethanol

Ar flow rate for ethanol vapor carrier | 800 sccm

3.2.2 NawRBuINEITazatevisuluarTuauLazda lui3e9AuY sensor platform
(dispersion)
w3sdeansazatsvioulun TusulasiiluiFeesauu sensor platform (dispersion) #ie3s
drop casting FupaumswisndFalud
(1) nMsiwssnansazatevioulums Uy
wisnasaransvaiouluaiueu Insldviewlumsusuniafes (single-walled
carbon nanotube (SWNTs) (Aldrich) Ssfisminevialu 14 dichloroethene  Huivhavans Tng
wisumsazamevioulunfueufimadudu 0.3 me/l udminduinluganileda unaedales
3 hr Wiolivieuluasusuazaelu dichloroethene 167
(2) Msm3sRianriawlua1iuauuL sensor platform
Sensor platform  fdenldvinann printed circuit board (PCB) #isiimlwin
Seudosudn veamsazatgveaieulunsusuATULLEY PCB auAmmiumuegiUssanm 100

Q) winilveuiigumgdl 100°C WHunan 1 Awdieldansazaedinndsedszivesanlvivun

=l ' & a o & o a ¢ v v
3.3 mimmuwauﬂuﬂ’ﬁuaulauWWILﬂaa‘umEl‘waaL:Ja‘igtazmnumﬂwaqmﬂu'ﬂu
(polymer/SWNTs, nanoparticle/SWNTSs)
wseuviauluatsusulausa 3 Uszuan

3.3.1 manisuviounluansuaulauiafiindoudswediuas
wodesfldluanuide WWun wedumBummeseiian (poly(methyl methacrylate;
PMMA) wedlhilaezdiam (polyvinyl acetate; PVA) waddlus (polyimide; PI) uag nlafiu (thiophene) ds
wodeih 4 viadaduagilifuisuieeiussinmeauefih vyl (Gas sensor based on conducting
polymer) A15197 3.2 uaneTeasBunvamedweiurazeliefildlunsive
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A15197 3.2 S18aPunTINaduasLAaz Tl

Name Structure Molecular Molecular Maker
structure Weight (g/mol)
Poly(methyl | (C5 HgOy),, 97000 Acros Organics
methacrylate; O =
PMMA)
n
(*)
Polyvinyl Q (Ca HeO),, 140000 Aldrich
acetate; PVA HBC)LQ
i
(7)
Polyimide; Pl o 0 400000 Aldrich
Rz)J\ITIJJ\R3
Ry
{***)
Thiophene H\C_C,H C4HaS 84.14 Aldrich
LB
H= ‘Q-S'y' PNH
i

* http://en.wikipedia.org/wlks’/PoLy(methyl_methacrylate)

** http://en.wikipedia.org/wiki/Polyvinyl_acetate

*¥** http://en.wikipedia.org/wiki/Polyimide
¥ http://en.wikipedia.org/wiki/Thiophene

s svieunlumsueulaudafiedaudmenediweiwiteandu 2 Tumeulsun
(1) nswenasaratevenediaes
BuRumenMeisnaTazatsemedLesudavyinfinaututy 1wt taeldlngdudu

fviazane wazilunu (stiring) falifiunan 24 hr

(2) nMsasuaUIlUANSUBUAIENDALLDT
Tansaraneneduasuiarsianwseulalude 3.3.1.1 nldluniswedeuvieuilumsuau
ngldansazanenediuasusuns 50 ml wwasuasuureunliuamsuauiwseulilude 3.2.1 w50 2.2.2
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§e3% Spin coating fidouAu3s 3,000 rounds per minute (rpm) Wukan 5 minwdilueui
gaumindl 100 °C Wuian 24 hr ieszmesnhasaisosnluanied vieunlumiveulauinad
LpdausenedlLesulaa199 1A PMMA/CNTS, PVA/CNTS, PI/CNTs, Thiophene/CNTs viauluy
miveulsudnilndousmensdiuefuiiafieg gnihludinseisneimaia SEM, TEM, Raman
spectroscopy Wag Fourier transform infrared spectroscopy (FTIR) Al 3.3 uanauauiaag
mawReNwwgesioulunfuaulauiandaumenedues

Spin coating of P(}Wm&r
CNTs polymer solu’cion> — CNTS
Sior PCB » Si or PCB

AN 3.3 LEURPIDE19NISIAS BuE U RS YIoUluAISUBUlausSAAa UM ENe LS

3.3.2 mawaseavisuluarsusuleudaiianursdagayniauily

symauiluildluandded 4 via 1dun nes (Au) wianfies (Pd) uwaithi (P uae
Fadeanlyn (ZnO) lnanawisaoyniauilures Ay, Pd uag Pt iadpuasuuvieunluaisuauvhlagld
TWeswmeansieddidnnsoegaania (Electron-beam evaportion) firnamun 5 nm dwnsiesey
symaves ZnO wienlngliisatinmese (Sputtering) inaumun 5 nm wleuluauauiinnuss
fveymaunlusiianeg gaiiluiesisisaemeada SEM, TEM wag Raman spectroscopy n1wdl
3.5 uanawwusn s s ueeulumsusuinausgaymaulurindian lHu Au/CNT,
Pd/CNT, Pt/CNT, ZnO/CNT

. EB evaporation GO @B B8 @ AuorPdorPt

Sior PCB SiorPCB
| , ' XTXTXYY Wae
CNTs Sputtering CNTs
: e
Sior PCB Sior PCB

o & 3 5 « g - [T <
BN TIIATHIG AT TVIB U HA TIUS ?.éi??’iﬁ TR IHEWENRNEN
1

afl 3.4 e

3.3.3 MSLATENVBUUATSUBUNIANUAIATEBLYNIAUITULASANLAAIEWDRINDS
dwewlufinnussmeounauluiseuisaudmuduseulude 3.3.2 nuedaude
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wodwes PMMA mudumeuluds 3.3.1 mudiiu A et 3.5 wamawnuianisiasougueviounly
AsuaulauIafinnussitsaynIAuluLazifioumenedwes laun PMMA/AW/CNT, PMMA/PA/CNT,
PMMA/Pt/CNT, PMMA/ZNO/CNT

PMIMA
' ~Auor Pd or ZnO z e :
S Nanoparice QGG 8SSO S Spin coatingof @06 86 08 &
CNTs deposition CNTs : polymer so!utign - CNTs
Sior PCB Sior PCB Sior PCB

AN 3.5 URudseg N SR sNTuga eulumveulauiannustmsa AU luLAzIAGDY
Menaiiues

3.4 nMsAneAnaNTAN1sTIaingvesitvwuwevioutlumiusulauiaudasUssnm
af1eszuuiasugesifiensiaialszanimitafevesiouluasvevlauiausias
Yszian dvieunlulausais 3 Uszan saedeuUszans nannsesiataineiivlessineves
asdunidszinedrevingneg laun laaaalsdivu (dichloromethane;  DCM) Aaslswosy
(Chloroform) audlay (Acetone) L@yuea (Ethanol) Waztumuea (Methanol)
Tunsiadseansannsnsiaiaine svsinlaemsidlulasiau (N,) 1 base lne wazazadu
losemeadlulussuufufanenng 180 s Tasviastonun 3 loida Tumsadislossmevesasiidomnis
3 2¢1435 bubbling #e N, uaglimuiouunasiifieanisinionmgdl 00% vesmiionvasansiug
AW 3.6 uanwunuiwessEULinfie uagn il 3.7 wansenudisiusseninanaiuagnnsivavesfing
Tussuuinfing

Multimeter

Solenoid ﬁ} (UNIT; UT74D)
Valve 1. i :
Fiow Meter . - L]
| vocs Q ]
| fiquid gtf:‘::;:::? =l
[y
Hot Plate Sensor Exhaust
Selenoid ____{H Data Acquisition System
Vaive 2
Flow Meter Detection Chamber

AN 3.6 LRUSSTUUIRAND
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N, VOCs N, VOCs N, VOCs N,

> time
180 360 540 720 900 1080 1260

o v W & ] o
AW 3.7 ANUEURUSTENINIALaENNS IMaTDIANY

ms¥auszansamnsanatafneiu vlneamanu i umuuesi s sesiou
wasndsduiianulosymve Taafinuarn1snevaud (Sensor response; S) fALNST 3.1 wazA1519f]
3.3 uansdoulviildlumsnadeudszansnmnnsinfeveasugesieulumsuaulousa
R -R,
S=— (3.1)
RO
8 Ry ALY TS LG U0 ULDS

Ress: AU UTR RS Hadudanulessive

A15199 3.3 Weulvnisneaaauyseansnnnisiafeveaeuwasvounlurisuaulausa

Sensors PMMA/CNTs, PVA/CNTs, PI/CNTs, Thiophene/CNTs

Au/CNTs, Pd/CNTs, Pt/CNTs, ZnO/CNTs

PMMA/AU/CNTs, PMMA/Pd/CNTs, PMMA/ZNO/CNTs

VOCs target dichloromethane, chloroform, acetone, methanol, ethanol
Detection temperature RT
Temperature of VOCs 90% of its boiling point

3.5 MsAAszRanUAnsinfngvesinwuwasvisun luansuaulauiaudazUszian
LﬁamgﬂLL‘U‘umimauauawiaﬁ'lsumiawﬁﬂ
ﬁﬁsﬁ'ayjamimauauaaﬁumﬁ”ﬂsmw%awﬁmuﬁLﬂiwxﬁl,ﬁamgﬂLLUUﬂ'rimauauawiaﬁ”w

wiazadn esennislumveaes ldaunsanuauanuiduduveslessimelfesnauiug dady
nsMdayates Sensor response ABlABIHATITUTE AN IRaUALDITLAa Ty aziTud
nMspevaueiafeiaudIduuanmaiy daiulunmanauieseisdudosiannuiuniuain
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auddufiuaneaiy Joya Sensor response fithunies1eiieinnts normalized daeA1AIn
utuvelosziienau (sensor response/concentration)

uenant ilesmniuesurasiiianyliiaios awnsavmsmaasild ludosdu 39
IessufinguesviounluasvaulauiaUszinvag 3 M LaginnsinUsz@nsninnisneuaussse
e aehslsiinumudn Sallanuuandnewes sensor response sywirteweed dululunisiesen
#u PCA FalfiBendoyairumes 2 fiifidnuas sensor response adefuLlHluNTATI9Y

ﬁ?’fumaumm‘%fﬂm’fa;\.;aﬁm%’uﬁmﬁmsﬂsﬁ PCA

(1) wiseyanisneuauatsafinefimsnd 4.10

(2) A1l normalized sensor response (sensor response/concentration)

(3) 1hAn normalized sersor response TUmANRds 10 g9 9w 8 30 1ads 10 90 luFenq

(a) vhdoyafildluAins1zsidy PCA

= o < A o ¢
M50 3.4 asuimwuweiuazloszveniiunliiinizd PCA

Sensor | PMMA/SWNTSs, PVA/SWNTs, PI/SWNTSs, Thiophene/SWNTs
AU/SWNTs, Pd/SWNTs, Pt/SWNTs, ZnO/SWNTs

VOCs Dichloromethane, Chloroform, Acetone, Methanol, Ethanol




Ui 4
NAN1SILUAZNISIATISVNG

Kan1Suoandustamn 5 @l

(1) Sensor platform

(2) nawseuviounluAISUBUAIUY sensor platform

(3) MmswSuuviownluansusuleuiefindoumeTndme suasanudsisayniauily
(polymer/SWNTs, nanoparticle/SWNTSs)

(4) nsAnwRuandEnmyiafievasiggugesiaulluaiusulauiausazUszian

(5) MsIATEiaLTRNTInfaresfmirureSvioulumdusulausaurasUssinvidion
suuvumsnevausrefwisazuin

4.1 Sensor platform

=

Tunuideiuiusosdmsuvimihiidu sensor - platform 3 2 wila fio &&neou (S) way
printed circuit board (PCB)

dwsU Si sensor platform W adwanevalwinlaeds photolithography - dsanunsaadisans
T Naziden TszervinesenintainiAnauniiwuy PCB 1a Tnafitaludi@s Ti Aruviesening

Tauszunes 50 m ildneasdiugund (nterdigitated electrades) $1uu 10 4 (5 ¢)

@ PCB sensor platform dudunisviguwuudalnilaie3s Direct laser writing (maskless
lithography) 1asditluliinAe AuwCu Hiszagvinssewiretnlniiszanm 250 pm dfdnuasdugy
w1 (Interdigitated electrodes) $1uu 10 & (5 A)

Tunrsimdsuvioulupnsueutud miusfssuiresiu arunsavinld 2 38 e 359 1 s
Fumsrerivieunlumiveuatuy sensor platform Tagmsengds Vb dieulvmnufougs (700-
900°C) Wagd3 2 MalrFeuTnnmsazaevieulluniueuudIas 1 ialaTU USRI AEmATiafee
U drop casting, dip coating, spin coating \Jugu faiu Si sensor platform FumnzuAnsIHIoY
e3Rd 1 isizanunsemugamgildigendn TuvastFieadu PCB sensor platform ffidelfiuTeauldis
yaerudelunsinIen dnway (specification) ¥4 sensor platform uiazsiauandlunisned 4.1
WAz 4.1 WAAINIWEEUDY sensor platform Wsiazyiia
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A3 4.1 dNuadzand Sensor platform usazulin

Anwuy Sensor platform
wiindi 1 wiinfi 2
YA TanU UNUTDY Si PCB
yinTaguosdalni Ti Au/Cu
ANUVY (gap) Vot 50 Um 250 Pm

Anwaizalrnanyvetn i

Interdigitated electrode
(10 pairs)

Interdigitated electrode

(10 pairs)

Patterning technique

Photolithography

Markless lithography

8

ol

1. tADUsRBAIIUSOULAY
&
AN

= 1 4

2. nugnmgiigile

Yo

3. anusaassarnaeda Ll
azidualazinuLLue

1. 1wluniswse

JoLde

1. tnAlla Photolithography
Tndusodddiniosdovunnlng
LAZHITIALNY

1. ldd1u1sndasneainane
avdaala

2. Liinugamgiige (300 °C)

(a)

AR 4.1 AwEnevas Sensor platform (a) Si wae (b) PCB
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4.2 viaunluasuauuu sensor platform

4.2.1 visunlumnsuauuu sensor platform lnen1sdauasizilnense (direct growth)

TaduasziviounluASUBUUULKY Si mmﬁ chemical vapor deposition (CVD)
TnowIsuidieulavsrznzda 3 wilafie Ni, Co uaz Fe Al 4.2 uasn1wdl 4.3 uanwn ey SEM
uag TEM ‘uanaﬁ}uﬂumwawmmﬂwmniawxﬂzmzaa'*ﬁuﬂmqqmumm‘u oy (@), (b), () Ao
Famunlumiuauiidunsizsisng Ni fgumadl 700, 800 wag 900 °C mudsy (d), (e), () Ae Taqu
Tumsusuiidunasigisng Co figamgil 700, 800 wag 900 °C mwddy ua (h), (), () AoTanunlu
mfusuiidiassisneg Fe figamgil 700, 800 Lag 900 °C muddy n il 4.4 suuaUnm3uYes

Taguilursusuiduneingaumgisnaiy tasduaseinnlavzreazia (a) Ni, (b) Co uag (c) Fe

M3 4.2 asudeyadnvasnidlasEaing Awdsdurigudnan tagmanuaiysaivesiagunly
AsUaundLATIZNRa Ul

AW 4.2 Ameang SEM sasianuilumsveuiidunsieiainlavengnedaviinenag laun Ni 7 (a)

700, (b) 800, (c) 900 °C , Co 7 (d) 700, (&) 800, () 900 °C waz Fe i (g) 700, (h) 800, (j) 900 °C
AUEIAU



L= il . &
AW 4.3 nmene TEM vasTamunlunisusuiidunseiainlangasasdaniioingg 1iun Ni
(a) 700, (b) 800, (c) 900 °C , Co 7 (d) 700, (e) 800, (f) 900 °C waz Fe 7 (g) 700, (h) 800, ()

s i

900 °C MUAIRU ATNLNIAARAIW TEM N8 u8186

(a) A A (b) g ; (c) A
AN Dol 200 /S 1= /)N -
=z & 800°C f:
[ & 8 800°C
: :

500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Raman Shift (cm) Raman Shift (cm™) Raman Shift (cm™1)

d . a dl ot d‘ a1
A 4.4 sunuaUneduvesiaguilumsveuiiduaneiviguminnniu wasdungiann

TavigAzaead (a) Ni. (b) Co wag () Fe audnsau

o]
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24 s

d 14 1 a L7 1 3 J L3 s
MIN 4.2 ajutayadnunenalanaie AtededurinAudna wazAAuaNysaivesagunly

U
cal o

AsuBUN&LATIEANRaUlmNg

Sample Temp. {°C} Time (sec) CNFs Bamboo MWNTs g, (nm} 1{G}/i{D)
700 10 - ] i a.83 0.85
700 20 J i 9.35 0.73
Nifalfcr 700 40 - { J 1042 0.79
200 20 - = i 7371 118
400 20 ¢ - ~ 470 1.05
700 20 r 4 i 30.20 0.42
Cofal/Cr 800 20 4 - 4 2272 1.13
200 20 4 - ¢ 3132 0.94
700 20 - - i 43,67 0.49
Fafalfcr 800 20 { - ¢ 3148 1.07
00 20 L . h < 1.03

*CNF: Carbon nanofiber
Bamboo: Bamboo-liked carbon nanotube
MWNT: multi-walled carbon nanotube

IS

NNWANINARBITNIIL WuhTiavesnzardad gungil Tbianulumsusuiidunsig
Widnwnissneg  fu - Januilumsueuiidaesieils  dxwiolud ensusuuilulviues  (Carbon
nanofibers; CNFs) ﬁau’ﬁ,uﬂﬁmmLLUUNﬁWﬁ’]EI‘E?u (Multi-walled carbon nanotubes;

MWNTSs) uag Bamboo-liked carbon nanotubes; BCNTs) dwisulademissnuviinvasnemydan
ounndl selassadrwesfaquiluarivendu Sududiedinneiludedndoly

dmdueniafeil Widenidoululanzrzesda Ni auvgh 700°C Wudeulalunmsduames
viewluasusuiiodunldlunsinuussansnmmsnsiaiafneseld

4.2.2 visunluarsuauanndrsazanrsuazinluiieedauu sensor platform
(dispersion)
AWM 45 uAMNWEIBYRMRY  PCB wInvEnansazanavioutluauauLdn
A 4.6 wansTnuaEnaSuveiouluAIsUBUU LN PCB

d 1 1 at 1
AN 4.5 MNENEVDILHY PCB MasannvesaIsazaneviounluaIsuau



SWNT

Intensity

500 1000 1500 2000 2500 3000 3500
Raman Shift (cm™)

dl ot 1 &
AN 4.6 NS uTesvisunlumISUBU

PNAMT 4.5 AWAEVDUHY PCB NEIINRAATTAZATEVOUUATTUBULAINUIURY
PCB 9z3idm191499
i s 1 =l 1 '1 =l
NAMNA 4.6 FNUAUNATN WuRANUTZIA 1350 waz 1590 cm Wawdl RBM peaks

= -1 t I 1 L3 = 1 1 1 L3 5 =
fiUssuee 100 -300 cm wasabiiuaiiveulurniveufnagunusy PCB wasvisulumsuauiufe
viouluA1susuUsEAvKTaLReT (single-walled carbon nanotube;SWNT)

4.3 maessuisunluasveulevinfinfouielnawesuazanudsdasauniaunly
(polymer/CNTs, nanoparticle/CNTs)

4.3.1 visunluArsvauiadousaewediues (Polymer/CNTs)

4.3.1.1 ¥aunTuASUIURTIVATE YU IATIZWUULEY Si

AaUAI8ND RS
(Polymer/MWNT/Si)

dvioulunsUsuMaIente (multi-walled carbon nanotube; MWNT) il
NA1TENATISREEAS VD lupRaudiawedwes laun PMMA, PVA, Pl Wag Thiophene AW 4.7
WAAINWANEY SEM Ua3 MWNT/Si fitaiaunigwoalos uinma



A 4.7 nwene SEM 183 MWNT/SI flndeushenediwesuiasiiea), (b)
PMMA, (), (d) PVA, (e), () PI, waz (g), (h) Thiophene
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NI SEM  siundudiulasiaindnvasvievesieunluaivousy Ieduiugiuld
#@09981970 (1) wodweasunsndnluaiudesingseningvieutluaisueu %ie (2) wedmesindauuuyie
wilum$ususeanavunfiunmng

uenanil Welulieseidhe TEM wihduiulassaiavesiouluaiveusgesieiaian
wansviouTuasueulailignihanetiosannisiadeusenedwes udvieiinamain TEM laianunsn
LenAINLLANASEwIduYemedlesirdeuuueunluaiueuld  waranmaswuanndy
WuimEinndeusieneduesuds wuRinfiuszana 1350 way 1590 cm wansivieunlumsuey
"Lm”lﬁgﬂﬁ'la'\aLﬁaaﬁmm'il,ﬂﬁauﬁfmwaﬁma% agdlsAmunisfneinssuninmeunluaniusuLasned
wes interaction atuvality sududewihnsinuiluddndoly st 4.8 wansiaognanm
TEM wagsiuuaunasuuas PMMA/MWNTS

1{G)1(D)=0.82+0.01

(b)

500 4000 1500 2000 - 2500 3000
Raman Shift cm™T)

AW 4.8 (3) Py TEM wag (b) 51snuaunmsuuns MWNT/S fiadeusae PMMA

TunsinsIEimeis FTIR Weadu  tovaen PMMA/MWNT/SE weewiafenllvinnns
A58 Tnen Iy 4.9 wane FTIR anasueoe PMMA/MWNT/SI

M

PHMA{(TWIZIMWNTs

Absorbance (A.U)

g T ¥ 't 't
500 1000 1500 2000 2500 3000 3508 4000

Wavenumber (cm")

AR 4.9 FTIR awnasuvewisuilumiueu (MWNTs) uazvieuluaiuouiindeu
f8PMMA (PMMA/MWNTS)
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NanTIATEAnemAda FTIR vasveunluasusulazviaulumivoufindaudie PMMA
1wt%  wuannduvasiounlundusuieulazuduadouds PMMA 1 fidnwazvosiiadil
uaneefi AafinammMaIdamenn (1) Bmswieumedwesasuuviounlupnsuou e
nanliludiuvesnisnaasstneiu ldaiunsavinbivieuluaisuounas PMMA  innnsasnanuse
semineiu Soililinuindieladifiety (2) ieannswdsuiaogfithluiesest Wesnnng
381 PMMA asuuviounlun1iuauses spin coating 1 1ululén PMMA drilwgldiadouas
B3 ALY ietnluA UL suatULLHLEARBUWINTY LasdlothfednsluTased
e FTIR Ssmsimsievidnawaded sxlivsuuimeiafisadndosviny onseedululiindetis
figniluiiesnest Hunquineteililéd PMMA wadpuasuusieunlueiuey

4.3.1.2 viaunTua1susuniTavuLRoa U LY PCB WAABURIENDALNDS
(Polymer/SWNT/PCB)
AIweny SEM - 983 SWNT/Si flwdausienedimesuilnnne tuldlaunse
Juiinld ewnainfinnis charge up usdrauniitufavosusiu PCB Suduauau fadudsladl
Toyauuandlusigay eglsinudsnausuussunialuemapfiodmsuninene SEM auindauvie
wluadusuuueut i udBainluiinmeyt niemsasdldnmemiaunadiudieanuundinun
T
A 4.10 wanefiag19318 uAUNATNTEY SWNT/PCB fadaufanedies PMMA,
Thiophene Liigufu SWNT

Thiophene/SWHNTs

:z il "N . N W AL N S S SIS
.

2 PMMAISWNTSs
w

[

- A

-

£

SWNTs
500 1000 1500 000 2500 3560 3500

Raman shift (cm"‘)

A 4.10 snuane3uYes SWNT/PCB fiadaudig PMMA, Thiophene Wigufu SWNT

= s i o aa a -1 =
HARINANTUATIZY WUMSWIUALUNASULNANUSSHIY 1350 WAy 1590 cmn WasiRBM
d‘ ’1 8 1 a1 L3 U = 1 1 1
peaks NUsganed 100 -300 cm Lia@‘ﬂmLﬁu’]qﬂﬂ@u’ﬂu‘ﬂquE]uENWﬂE]g]{U‘ULLNu PCB LLE‘]%V]'P]H']IU
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afusuliildgnianetilasainmisiadeusnenedues sgslsimumsanyinseninsvieunluaduey
wasnodesil interaction intundeliiu Suduesinsdnuludedndely

Tunsiaseidaes FIR  esdu 16iden PMMA/SWNT/PCB  itseflaiderluviinns
WAed Wueatunsdives PMMA/MWNT tiufle adnaduvesieuluasusunaulaznduadou
fae PMMA Ty Tdnvazvosiinfiliuandnaty Mnradsndnaiadndamauiannisnisavuned
wasasuurieuluasuauseiings spin coating JelianunsavilivieunTunfueuuas PMMA LAn
nMyadeiusysywinaiu Seililinuhifalmlfiagu

4.3.2 visunluansusulauinaflanuasfiasayniaunlu (Nanoparticle/CNTS)
4.3.2.1 vieurluarfusurtimarsdudiiaseiouuiu si anudsasauniautly
(Nanoparticle/MWNT/Si)
AW 4.11 WARIAINEY SEM %89 MWNT/Si finnusissnsayniaunlusde
#1199 (a) Au, (b) Pd, () Pt uaz (d) ZnO muaau

AWl 4.11 amane SEM 993 MWNT/SI finnussseaynaunlurianie
(@) Au, (b) Pd, (c) Pt wag (d) ZnO uaAu

NN SEM  2iudnlAsIaineveaioun luA1s ua uMaIINAnLAwE BN AU LULEEIA
dnvauelaswainavioudy d1miu AWMWNT zdunadfiueyniauiluves Au fnegfintdaves MWNT
pgedAluLAazaYMALILUYEY Au InRnagB NalELENaBAA2MMETIVBY MWNT
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AP 4.12 uananmeng TEM w83 MWNT/Si imnusssaeyniauilusiasieg @) Au, (o)
Pd, (0) Pt uaz (d) ZnO awasy

Al 412 atman TEM 499 MWNT/SI fianusssgayniaunlusiianeg (a) Au, (b) Pd,
(c) Pt wag (d) ZnO MNEIRNY ANALNINABNTW TEM Ainasuenadn

N TEM asiiuiilasaadsvesvieutluansuaumianinanuaiiigayn1au lundaiang
fnwnuglassaiwvisldudin wazintdslleynirulufined wuiwwineynayes Pd, Pt vy
routsashie Svuiaussann 4.35:1.07 nm wag 3.34 £1.07 nm muddy duaynia Au il
Feoynpuunalugussanal 10 nm dufuaymadnuuassdy 2:3 nm fdudaduamgfianuse
fanmiuouniaves Au liognsiaimuainain SEM du zn0 dudhlidnwiniuaumenindun
{osniinms Charge up UUBYA1ATSY ZnO BNABYAIA ZnO Uszanas 3.49 £0.07 nm

AW 4.13 uansTInuANATITRY SWNT/PCB ﬁmmwiqﬁwaqmﬂuﬂwﬁﬂﬁi’w=1 (@) Au, (b)
Pd, (0) Pt uag (d) ZnO AwdAY
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{a} AuiMWNTs 1{G)A{D}=0.8620.04 {b) PA/MWNTs 1{G}HD)=0.7820.04
2
g =
£ £
500 | 1000 4500 2000 2500 300 500 1000 1500 2000 2500 3000
Raman Shift {em™ 1} Raman Shift cm™1)
(<) PUNWNTS HG)ID}=0.9720.01 {d) ZnO/MWNTS HGIN(D}=0.8120.02
: ! -
[73 0
i~ | =
£ z
560 10‘05 15’09 20‘50 L 25‘00 f 3060 500 10‘0!] 15‘09 ZE‘UU 25‘“0 3000
Raman Shift (cm") Raman Shift (cm'1)

AR 413 SEUAUNASIYEY MWNT/SI ﬁmmwiqﬁaaaqmﬂmiwuﬁﬂ@mﬂ (@) Au, (b) Pd, (c) Pt ua
(d) ZnO AwEGY

= ] v aa § 1 =
NAIINNSIATIEN WU uaUNRsudNANUSEUad 1350 wag 1590 cm WasiiRBM
= -1 (Y T '3 'Y ° 2 " v
peaks NUsgunad 100 -300 c¢cm LLﬂﬂﬁI‘lﬂL‘Vl‘u'«]']’Vlau']IUF“I'TSUE]UthﬂQﬂVl"Iﬁ']ElLU@\ﬁ]']ﬂﬂ'ﬁﬁ]ﬂLLﬂ\‘lﬁnﬂ
aynIAUILY

4.3.2.2 siounTuansusuntstuideavunsiy PCB anudedasayniauly
(Nanoparticle/SWNT/PCB)

AW 4,14 WARINTENY TEM Y83 SWNTI finnussiooymaulusiingae
(a) Ay, (b) Pd, (c) Pt was (d) ZnO maadrdiu-aanamw TEM aztiudnlaseadnaues SWNT wdsann
anusiasheynAuTluudiindnuuslnsevioudy  wasindsdioyniauiludeey wuitwue
ouMAYes Au, Pd, Pt Suunfiroudnsesise dwu zno duffviinaeynafiimyuus SWNT oe
ﬂ':haigmﬂﬁmﬁuﬁ] uagauNIA Zno 514Lﬁ1411l°fj’ﬂwhﬁ’uaumﬂmﬁmﬁuq lowniAans Charee up
UUDYNIATDY ZNO
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AW 4.14 AN TEM ¥83 SWNT/PCB ﬁmmwiﬁwaqmﬂuﬂu (@) Au, (b), Pd, () Pt wag (d) ZnO

4.3.3 U1 lUAISUDUNUSTULALIVLLEY PCB 1ARDUAI8WD AL SHASANLAIAIY
aun1AUTTU(Polymer/Nanoparticle/SWNT/PCB)
1Lw3a1 PMMA/AW/SWNT, PMMA/PA/SWNT Wag PMMA/ZnO/SWNT
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4.4 aulinsinfingvasfirgwuwaiiouiluaisuaulaudaudazuszam
osnUszautaniluniswdeniidulanzazadadmsuriouasuoudaeds cvb
lunis@nwiauaudfnisiafng Fadnansingieuredvourluaiiveulausa SWNT/PCB unld
VagauLeagaAen leun
(1) Polymer/SWNT: PMMA/SWNT, PVA/SWNT, PI/SWNT, Thiophene/SWNT
(2) Nanoparticle/SWNT: Au/SWNT, Pd/SWNT, Pt/SWNT, ZnO/SWNT
(3) polymer/nanoparticle/SWNT: PMMA/Au/SWNT, PMMA/Pd/SWNT,
PMMA/ZNO/SWNT
Mnuan1saaautlosdunud1 polymer/SWNT  silshadios devuvihnismeassadinil
wi wueshiauseiius deduwhdeiitowhnsutlalueman lumiddeifionadeudodu
Wentuauantanisiaie Sdddeseufasweeslaudausussianodisas 3 & feldlunmsvaass
4.4.1 Sensor response Y84 polymer/SWNT
M99 4.3 uamannasUanuduveslossmelundasmavinaeu il 4.15
AR sensor response UIPMMA/SWNT sialessimeviinsnslusuves sensor response siataan Tu
1 NI WAIAIAN sensor response  TBNTLEDS 3 6 (samplel, 2, 3) AT 4.16 uand sensor
response w83 PVA/SWNT sisleszmeaiiandluzued sensor response foraan Al 4.17 wan
sensor response 94 PI/SWNT dalessmeaiinsndlusuues sensor response delaan Laznmi
4.18 W@MI sensor response VB3 Thiophene/SWNT sialosziveaiinsndlugUuod sensor response
Rt

d 2/ £ v 1 1
15197 4.3 anudutuvedlessivefltluwdasnisnaaeu gy ppm?*

PMMA/SWNT PVA/SWNT PI/SWNT Thiophene/SWNT
Dichloromethane 2038-2895 2315-2438 2298-2316 2057-2192
Chloroform 2004-2102 2221-2328 2232-2270 1988-2264
Acetone 1102-1301 1075-1174 1176-1201 983-1155
Methanol 309-448 333-357 340-377 354-397
Ethanol 204-267 238-256 230-236 173-211

*ppm: parts per million
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1 st test - Dichloromethane Chloroform
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delta RIRg

; : i i ] :
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H i f 5 sample 13
(e) E : i ‘: sample 14

04 i : | ! e sample 15

0.2 : | { | |

delta RIRg

-0'1-N: :FN‘r :N': ?Nz

T T T T T
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AWl 4.15 Sensor response U83 PMMA/SWNT soleszmeuliasdlugUues sensor
response WigufiuL3an (a) dichloromethane, (b) chloroform, (c) acetone, (d) ethanol

iLay (e) methanol
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AW 4.16 Sensor response 184 PVA/SWNT solassimpuiasialusuves sensor
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Dichloromethane Chioroform
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AT 4.18 Sensor response V84 thiophene/SWNT solosewmeviinsdluuves sensor
response WeuiuLan (a) dichloromethane, (b) chloroform, (c) acetone, (d) ethanol uag

(e) methanol
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NnuanITMaaes Welruwesdudatulessiveuds Aranudumussiuualtudfuanniy
Usnanmsiutuiuudusvilavessueswaseiiavodlossive wasasiiuindlefinisiadoudoned
wesudr nsnevausssislessveusaseliaasuly whidesanlummaasdliannsarueunin
Wuduvesleszmeldegnaudugt awduinlunmeasdasads mududuvedlessvelaivinty &
Funaldannansnsd 4.3 Fafufiovisuaruauselumansetafeudasein iRsauufguia
sensor response WUsunTaiuALTLTUYDIRA1E (sensor response OF concentration) fatuld
normalized A7 sensor response  WaNWUIBUWBURL AT 4.19 uanenIsiBuiBunS
RoUAURRIYLLULLRS polymer/SWNT mslosziveuiingnas

POLE ST, il g itinrnnns

e i

ool e, W, )

o KRl Kidieae T G R

Normalized Sensor Response

DLM EMaretum

PUSWNT

Hethanol Eihannl
SUGSRTe.,  WN ppewny SR PPN, PR — COPPPPDS TP .wnxm‘—é(uw.—m..‘...—. g N EAT e e e vvsesni ...ii..&.“.\.....‘\?\’&i".....-.'-“‘?'.’3".-“
Aenione Tl LF
—___ o F puisha U (0 I

sew Chisutarm B hizeotolm L

AW 4.19 MELUSEUiBUN S AR UAUEIYBIRTLLEDS polymer/SWNT nalosviviavingigg
(@) SWNT, (b) pristine/SWNT, (c) PVA/SWNT, (d) Pt/SWNT and (e) thiophene/SWNT

PN 4.19 annsnagUukanangldrerelui
(1) Mmswrdeumelndmefilvinnsmevaussiefivusasefindsuly
(2) PMMA/SWNT vhlsinsmeuauesse dichloromethane wag chloroform ity
(3) polymer/SWNT ¥inl#n1snauaussse ethanol waz methanol anatetafiulddn aniunsdl
PI/SWNT finszdfumssauauassa methanol fiau 1.5 wh

dw¥u mechanism Tun1sneuaussslossneusazaiadu Slinsudaay widullegIuin
nmsduiatulessimevasfrethasiinarinlinededifinnisvenenianisvasa Favziinavilinisii
Iniiuituvteanas lurngiiuansdiliannsonouaussdelesamneldiy o1v9flavginduned
wasunAuly
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dmdunsdl PMMA/SWNT w3a PI/SWNT fifinisnevauasrelosziveitiubu dufvgi
ielossmelududatudunediueiudr wodwefiinnanesia liszesinseninsluanavawed
westuvinetunngy uonandfiviild SWNT fifteglinedweivinetuiinmnntudg Suildaain
frumuvesgulreifiunInty wagmsreuuanRuNINTy AW 4.20 uansnsidsundastes
polymer/SWNT Wladufiaruloseine

Distributed SWHT

=
4\ ..,Jﬁ,,. Swelfing of polymer
duets ion of

top & cross section view
* swelling of PMMA
* yolume expansion

* increase in distance between adjacent SWNT
* increase resistance of PMMA/SWNTs

A 4.20 nisiUAeuilaaes polymer/SWNT Wiaduiaduloszine

4.4.2 Sensor response of nanoparticle/SWNT

MW7 4.4 Lansnsuasuauduvedlessmeluusarmmaaey awd
4.21 Ugn4 sensor response 183 Au/SWNT sialaszimeuiinsnaluguves sensor response sanian
T4 1 n519 LARYAT sensor response YouULYeT 3 61 (samplel, 2, 3) AWl 4.22 uAAY sensor
response U8Y Pd/SWNT Gialasmﬂ"nﬁﬂﬁi’lﬂugﬂﬁtlaa sensor response MBLIAN AT 4.23 uang
sensor response U83 PA/SWNT Eialaigmemﬁﬂﬁhﬂugﬂmad sensor response MaLIAN waznwd
4.24 uan sensor response 184 ZnO/SWNT malaszinertinaneluguvas sensor response siaLian
AW 4.25 wanansiUsuifieunismeuaunsteafinisulyes nanoparticle/SWNT  elossimeviln
149

A519N 4.4 Anutuduvedlaszmanldluniaznisvnaaudmiu nanoparticle/SWNT g ppm*

AWSWNT Pd/SWNT Pt/SWNT ZnO/SWNT
Dichloromethane 2194-2303 2001-2207 2001-2203 1663-2242
Chloroform 2198-2219 2126-2211 2160-2306 2153-2297
Acetone 1081-1227 1081-1101 1014-1080 1088-1165
Methanol 349-355 348-357 354-378 352-367
Ethanol 237-264 258-283 227-305 238-329

*ppm: parts per million
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4.4.3 Sensor response of polymer/nanoparticle/SWNT
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Abstract

Sensor based on poly(methylmethacrylate) decorated single-walled carbon nanotubes
(PMMA/SWNTs) was developed and applied for volatile organic compounds (VOCs)
detection. For PMMA/SWNTSs preparation, firstly SWNTs dispersed in 1,2-
dichloroethane were dropped onto printed circuit board (PCB) substrate and PMMA
(My, 97000) was subsequently spin-coated on the pre-dropped SWNTSs network with a
spinning speed of 3000 rounds per minute. PCB substrate consists of interdigitated
copper electrodes with a gap of 250 pm. PMMA/SWNTs exhibited fast and high
response to dichloromethane, chloroform, acetone and methanol vapors with an
increase in resistance while non-response to ethanol vapor. These results implied
PMMA/SWNTs as a promising material for selectivity of VOCs detection.

Keywords: Volatile organic compounds, Sensor, Polymethylmethacrylate, Single-
walled carbon nanotube
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Abstract. Carbon nanomaterials (CINMs} were synthesized by alcohol catalytic chenucal
vaper deposition {CVD) at atmospheric pressure using different metal catalvsts N1, Co
and Fe) at growth remperature of 700+C. Ni and Fe exhibited as active catalysts for mmlu-
walled carbon nanotubes (MWNTs} growth, while Co acted as an active catalyst for
bamboo-like MWNTs and carbon nanofibers {CNFs). The CNMs synthesized from Ni
catalyst showed the highest crystallinity with a small amount of byproducts. These results
amply that metal catalyst is key parameter to the structure, merphology and crystallinity of
CNMs. The different effect of metal catalyst on growth of CNMs can be described in term
of the difference m the change in Gibbs free energy for metal carbide formation.

Keywords: Carbon nanomaterials, multi-walled carbon nanotibes, carbon nanofibers,
alcohol catalvtic chemical vapor deposition
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Polymer-coated single-walled carbon nanotubes for ethanol and dichloromethane
discrimination

Worawut Muangrat', Thanawee Chodj arusagvadl, Rungroj Maolanon®, Supanit Porntheeraphat’,Sirapat
Pratontep'* and Winadda Wongwiriyapan'*

!College of Nanotechnology, King Mongkut’s Institute of Technology Ladkrabang, Ladkrabang, Bangkok
10520, Thailand

*National Nanotechnology Center, Khlong Luang, Phathumthani 12120 Thailand

National Electronics and Computer Technology Center (NECTEC), Khlong Luang, Phathumthani 12120
Thailand

‘Nanotec-KMITL Center of Excellence on Nanoelectronic Device, Ladkrabang, Bangkok 10520, Thailand

ABSTRACT

Sensor response and pattern recognition of polymer-coated single-walled carbon nanotubes
(SWNTs) were investigated. Printed circuit board (PCB) with Cu/Au interdigitated electrode was used as
sensor platform. SWNT network was firstly formed on PCB by drop-casting. For polymer-coated SWNTs
preparation, poly(methyl methacrylate) (PMMA) and thiophene were employed as polymers to coat on
SWNTs by spin coating; PMMA/SWNTs and thiophene/SWNTs. Raman spectra showed no obvious
structure changes of SWNT after polymer coating. Next, gas sensing test was conducted. Pristine SWNTs,
PMMA/SWNTs and thiophene/SWNTs were exposed to vapors of ethanol and dichloromethane at room
temperature. From normalized sensor response results, it was found that SWNT was highly sensitive to

ethanol, while PMAA/SWNT was highly sensitive to dichloromethane. In order to discriminate vapors

between ethanol and dichloromethane, pattern recognition technique was utilized.
KEYWORDS: single-walled carbon nanotubes; (poly)methylmethacrylate; thiophene; ethanol;

dichloromethane; discrimation; pattern recognition
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