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ABSTRACT

In this research, fabrication of graphene-based composite laminates and its flexible
sensor application for volatile -organic compounds (VOC)-detection have been studied.
Graphene was synthesized“on copper. foil | by /chemical vapor “deposition and was
subsequently coated by polymer.-After etching copper foil, the freestand graphene-polymer
laminates were transferred on! SiO,/Si or plastic substrates. The sensor ‘performance of
graphene-polymer laminates.depends on the. type of polymer, dielectric constant and size of
VOCs. Sensing ‘mechanism .is based on-polymer swelling ‘upon  exposure of VOC vapors.
Poly(methyl methacrylat) (PMMA), ethylcellulose (EC) and isoprene were used-in this studied.
Each graphene-polymer = composite = laminate = shows ~ different  response magnitude
corresponding to the' change in its electrical properties -upon- exposure of VOC Vapors.
Graphene-PMMA, graphene-EC, graphene-isopreren and a pristine -graphen show a highest
response magnitude to vapor of lacetone, chroloform, benzene and dichrolomethane,
respectively. These results implied the selectivity of graphen-polymer composite laminates
towards VOC vapors. Moreover, the response-of sensor on plastic substrate shows a 2-time
response improvement when ‘bending substrate. These results can be further used for the

development of sensor to meniter VOC vapors in_household and industry.

Keywords : graphene, polymer, gas sensor, volatile organic compounds
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CVD)

2) 'MISATN Freestand graphene-polymer sensiadsunadwesuunsfiuse
Fsiedeunuuvsuwiss (Spin coating) Laznasin (Etching) Aoulndanodiy
93NIHUDBNVINUNUTOIMBDIUAY

3) . madsviviinumwuwaiwuuiavguanidgreuindans fluaniiun

4)  mweseulsedviamisueiuuutanguaniagaaulnannsuaifium

1.5 Usglonifianadnesldsu

AUAMINTS

1) desdmiFesnisduanginsiiuiasnisdanseiianneulndnnsiituad
e

2) lAesdrnuinadssivgieguwofuuudavguldantannenlndnnifiuand
WA

3)  mstauonasATEluUT TS ULINER 1 naaw

) wavwia 1 ety lunsmsisigudoyslu Scopus
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1) advayugnseaninsiannUssimanuukuiaursvghawayd il
nagnsawInnTIuLazeIRnuilnivfiveaans

2)  advayuulsviswazensmansnsitevesnilunsidenag ity
uinnssu Anssiviuazasdmmuilminainereansuazinalulad

3)  advayuuleveidmunevassguiasnunisiauiazdsaiumsiduslond an

eeand walulad N5 9enay WU uaruinnssy

AULATYIAY/ MY raIMns T

1) MAgamATTuRARRERIGes, NSUmIURNLaTEY 15wugaamnITuiTinde
Tunisuseeineiiy ENﬁ’m‘ﬁL?'m’:{!'aaﬁ’Uﬂﬂwaamﬁ’a‘ua»nmmi“ﬁ'aejmﬁ'ﬂ lgenansa
thineluladiausmsUszAviiainineuges taavatulainisiauagiinmeing
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anvinieluuszendldiieuiiss Saafivainie



P
unm 2
= av o d Y
NHBJUASUIENINLIVDY

af o
2.1 noufjinuados
Tanaouindansiituaniiiug avannsanpuaussEnTBunidsumedisls Taeflaunigu
- T w a ¢ oW o a a¢, o a
vesnalnmsneuauss fie “minesivemedimesiledulaiufnhasardundd” Wonedueioy
L) =3 =) o o v = 4 n‘ all" U
meluussnnmsesinihazasdunidasiianiswesia inliliuiuasiiudy Tunsdlvesiannauln
=l a = - @ a o 1w a ¢ o a ¢ o 0 g % ] v
dnnaruaniiiun Ganslulinsbadaiwiuiunediwes Wiowedweiwesi ssvilvinsitubasonls
o N Ve P 1 v W ol =
FliAnsasuidasdaufuniunsivii uaveaglii salunmi 2. 1 Hunmnsdves

' ‘¢ al A v a ¢ 1
viewlumiveunindousagneaweiogaisldle VOCs

Distributed CNTs

welili f poiymer
due to benzene absorption

-
>

CNTs CNTs Polymer

MW 2, 1 nwnsvesiavensueeslevindaguilua Susutar nealues

v o o 1 . ¢ w M val ' i [T
InathadunesRorsandmediefigauisanesdlaaviols aenees 2 wsiiweslaud
1. widweinisavaruved Hildebrand Solubility Parameter (HSP)
=1 a 4 a o v oas Vel 1 o | =Y ¢ @
Wuwisalimasdmsumavinnenisiindulafsevinuaueesnienediues du VOCs oy
RANTUIINAIATILUANATYB solubility parameter () (0,-0,) MINARIMWANANIDY UaRIT
wadlweiiay VOCs anunsoararisdnlas wedwesanunsanasileuin f1n1snevauasdinguin

g ar ﬁJ
Yy fauansluning 2. 2



Miscibility good bad
HSP 15, - &, low high
Sensor response high low

< o ¢
AN 2. 2 AANNUTHASHNANISADUAUDIURILIULYDT

2. W17AasN15azaI8YauTUYY (Hansen solubility parameter, HSP)
L?Jwé'nmsﬁ'liﬁ‘lum'iﬁwmammaﬁmimmmsaza'mL'ﬂ"lﬁ’uszwiqaﬁaﬁwasaﬂauasﬁ"sqnaxma
Tneuegiumsifinosnsagantves Hansen Saduws fimosindentsstumus 3 vin 16
WIUNINTZAY (dispersion force; G ussdsgasyminsluiana (intermolecular force; 8,) uay

ar @ A o @ 2/, Qs -3 ¥
wuselalasian (hydrogen bond; 5h) Tﬂamwgnmasmafw sanawiuladluiivhazane aeReg
fmaudutalndifesiuanumiutnesiynazais anmmsasatedniulsssuinsihriiazaiy

@ o °

o P a ' 1 .
wazAgmirasangdanlimnaunisi 1 uas 2 Tngnasiiarsand11nAT Relative energy

. » o7
distance, RED wispanilu 3 nsal 631l

(1) nadliAy RED < 1 fimmumiedidvihazansuassgnasansannsafiazasanadnils

\Juaeai

(2) n3dlA1 RED = Liinumanedn Mihazanatasignasaisanantafiazaraneidiu
Ieeaunsdy

(3) nsdlen RED > 1 fimaumingdn snvitavaisuazshgnavarslianunsoazaneudiuls
e

R, = \/4(542 — 84)? + (8, — 5;11)2 + (Op2 — On1)? (1)

R, fip Msdineinisazansvesusueuvesinihazatsuazigninazais



84 fin WisdmesnisazanslusIfUTENOUVBILTINI NTEETBR AT LAY
gnvinazane

J, fin mnllmeinmsazansluosiusznouveussigasswinluanavesiavhazans
uagsgnyinazany

&y fin wislmesnsaranslussdusznavvesiusylelasinuvesdvihararsuazs

gnviazane

RED—R“ 2
= (2)

RED A1D 5¥8¥NNNSNUAUAYS (Relative energy distance)
Ro flo Srildunsnien (Interaction radius) veweaumns

3/
ar

| w
NN 2. 3 WHUNINLARIENWIZVOMTINAY Hansen (Hansen sphere) M1 3 n5gl

A
RED> 1 RN
L e ey RED=R,/R;
Y5sot REDSY “RED < 1the molecules are alike and will dissolve
I i } ® RED = 1 the sysiem will partially dissolve
\ \R/ e '," * RED> 1 the system will not dissalve
d WRED=1

A A 2, 3 Hansen sphere

MAAT RED A1 RED < 1 waaddamadiuaduay VOCs auasaasanadiulad wedwes

A15ONDIFILANIN NTNBUAUDIULRLLNNTY



2.2 Mideiivadas
2.2.1 msduasizinalulaznisinensiiy
Faquilumivey  Wumilldsumualadmiudufaniminun  udfipa
udiusage daunsahlinldd Teowwzedisdansiin dudunidufaquiluasuouiidurale
dmsududidenlunmsiludszgndldalususieg

tuksusmsdununsitu Tae K. S Novoselov et al. [1] fnisinisidesnnnadansis
fugruitefnwaudiveansily msduasesingitu waznmnhnsuludszgndlgay

dmiumsdunsizingilu vaneis Ineiiiswang Taud

1. Mechanical exfoliation [1]
2. Chemical exfoliation (2]
3. Chemical vapor-deposition [3]

Inewmadin Chemical vapor deposition (CVD) iWlumsduanevinsiuvuutunauas 3
fofindnainduy Ao Insiuludneasiusiy 2 97 wwaslva (Large lateral size) wazldns iy
flgnunmsos (defect) “tios Waisuiviin el annsermuananivasnsWulifinnuahauols
finsesdlogunsalftaninsnusnsaindvunalugld

wieglsfiniu lalawsmbhnsWuiduaseiuuuiunaunslidssondldomildiay asdos
finastiensaily. (Transfern) nafuneguusivessnd TUSurusesmmnsaniumaldoy Wy
nmsgnensulduuiriuddneudmviunsldaudunsudames - msthensfiuluvunszamiliih
dwiunmsldmuudalnilusauay Gudu

n1sthensity (Transfer) e Widunenlpsdavdssaluil (3.4
(Dn1sedounedulafuntunstuitedesiuduns fusevinanseutunts Transfer
(@msiatunsfiuenainvesdvenns Wwaowsd polymer/graphene

(3)M3 Transfer polymer/grapheme awug’lusaaﬁﬁmnﬂﬂ'ﬁ'ﬁu

(4)M13MAR polymer oan

Naiilnymd1ftyues Graphene transfer fa n1sidady Polymer 88n @4 Polymer

@

Wi
Alddulnadio PMMA Tnowuimsida PMMA sanuun 100 Wedeusitu vildean nil PMMA

o ' at o § v a a o fa a ¢
wasanAseguunTiiu Teashlivsransnmmsinuveansiilulugunsaididnnseiindsinas
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Tutegiu  Faldfinsmenowdnwuasimumedinfiawnse  Transfer  @alaelllians
ANFN 1Wu MIuIEnns Transfer Taglalldnedwes (5] msmteuluitdiaslunsyuaunis Transfer
(6,7] wadiansindansiiiuiinndnauunsiiy wifdliiiaiiladudanazihunldauldineg

fudlosmntgmmannfaedueiuuns i Seinsihlasemedweiuasniiiuty
wdAnvikasmnsUssgnaldautuivanyay wunshdanedwedeen  fedhadu s
Graphene-Based Composite Fibers and Laminates anlgfanuiudalvifihiliiauudausauazilii
13 e 1. Viassiouk el at. [8] nwil 2. 4 uansnmwassalWdiaiien (Gr/PMMA) laminates 7
annsauwviumaealn LED vu1a 100 ¢ 16 lnsilan specific strength of > 10 GPa wagf stiffness of

1 TPa wagliananui e 5 x10® S/em

. R i R S T -
This work == *
graphene laminate PrAMA,

- v 1 2 3
Graphene content, (Val, %) Young's modulus, GPa

AN 2, 4 TAlnEiY9n (Gr/PMMAY laminate

2.2.2 maluladfiowugeins iy
fonAdodudwunnilddnifesuanuaselumsldmudueuee i
vonsiitu Tasnsiiuiililumsfinuniivaneguuuy Wy nefluainnisaeneenainsilvld  (mechanical
exfoliation graphene) [9] nifluiiléinmsduamsidhomaiin CvD [10]  asrdulvy [11] wienn
Reduced graphene oxide [12] lag@inwiniseevauswensfusefeie wu wealuds lulnsiaulens
onles Wuiu Taenudinsfuauisanauausdoasnseduldd 1wy nsfluain CVD awnsanovdusise
NO2 lilusey sub-parts-per-million (0.1 ppm)
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dmTumaruinTAUEIMIUAT199U VOCs Wi awdlunisldreulndnuesnsiiu seuandly

d as
715799 2. 1 AeulwdansnWuuazn1snsiain VOCs

= v
A13799 2. 1 Aoulndansilulazn1snsaadn VOCs

Materials VOCs REF.
ZnO/graphene composit{ Formaldehyde 13
PEDOT-PSS/graphene Methanol (35 ppm) 14
SnO,/Graphene Propanal 15
PDA/Graphene tetrahydrofuran  (THF), chloroform (CHCls), meth| 16

(CH3OH), and dimethylformarmide (DMF)

Graphene on Acetone 17

polymer optical fiber

CNT/Graphene methanol, chloroform; tetrahydrofuran (THF), and benj 18

Ag nanoparticles/Graphel MEthanol 19

nMIedeiu agdiuinahnatuluasasdeu VOCs 1w nsriugggnindealusuiuy
@ a1 - o = - < oM - ol o Al 1ala
Janpeulndariou JeTanmenlndnnsituaium imafiveldare sadudtieSeuladig bilisns
adaa v ] ey @ o = v
maaiinguteu axtlildimeueeiasnia VOCs nduszansnmgals
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3.1 M3laudiensiu

v = | W) g [ B T < v
msleudeniflungnugnuuukunosununfaurulday Tiun wiuddneuiiedaude

fuddneulasenlest (SI0,/5) wavusuwaraRnmoAORRUWLII AN (polyethylene terephthalate:

| Y v owod
PET) ﬁQMW?QLlUdLﬂU 2 TUNDUNAN AU

19T

5 -l 1
3.1.1 YundumsnTaunEuldIu

3.1.1.1 MSOTHULKY SiQy/S]

v 1 - . L ] . . ﬂ,
'lum‘mﬁ 3. 1 aNWUEYDILNY SIO2/SILANIaNWEUDIRAL SIO/Si 7

&
U

e as ' b S
AN 3. 1 aNYUEIDILNU SIOL/Si

Thickness of SiO; layer : 625+25 Lm
Type : P-doped
Crientation :11-0-0

-l 1 . ) o o &
MINTVULHY SIO,/Si iNIvm 6 Tunauseluil

1.
2

Ll S

AnuNL SIO,/Si Iiliautn 1.5 X 1.5 asnaeuiuns o

il 3. 1 gudevsausiy Si02/Si dawuTaudaensaiy

Ty S0,/5i Tuvhaudgenafiufindeesla (Acetone) Insldintosdnsdansileting
e 10 wit leddndauiioushag

uwisglolelnamuea (Isopropanal: IPA) sheiadesdnedansilednd Wunan 10 wiil
wigheindulilessu (DI waten fendesdredansiledind Hunan 10 wifl
wWhiiiseielulnsiau

vInmuilauiu Sio,/Si faeAfeendisunatau anulaulunisiteandiounatdun i

| o °
#15199 3.2 Waylun1svinoandaunanaun
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AWl 3. 1 gUdgvetiilu SI0ySi dmstleudensily

= - o
M1919% 3.2 LQE)UI‘?Jﬂ"!'WI'\@E]ﬂ%L%UWﬂ'IﬂN']

a ¢ ]
Wsines wanlvlunisnaaas
finey : DBNJLIU
Aanuaulugyyne : 4000 mtorr

Radio frequency power level | Low

JYyLLIAT - 60 Ju

31,12 M5 3eney PET

A ar r = s J
Tum5799 3.3 LandanuwasveInay PET ﬁ'l'ﬁ"tumm%ﬂu

d o 1
ANT19N 3.3 SNULUDINNY PET

Thickness of PET layer : 500 ltm

Type : PP2900

Funsunswiouusy PET Sidunouselus
1. 1wy PET wdalulaaunn 1.5 X 1 e579eufiuns
2. thlvvhanuavenaiuiialnenisdradeieniuea (Ethanol) shewadesdnadansilefing (u
va1 15 i Lﬁaﬁwﬁmﬁaﬂunﬁauﬁﬁqq
3. &wheiindulslessu (DI waten feadpsdnsdanslvind Wunan 15 widl
4. wWhlvusismeinglulnsau
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A’ = 1 7 aal 4 o @
5. NIAUUYIAURINAY PET AEITRONARUNANEUN mmqau’lﬂmwwaan%muwmam 28
<l
1319 3.2

3.1.2 umaunstaudansiiuy

nsmlugnugndremaiinnisanavauleninadl (Chemical vapor deposition;
CVD) vuLHUNBIUAY Yinsuildsuandalildoun 7 X 7 msnedadwns wdniluvianisioude

b

al a 1] J
AUTURBURINDLUT

1. \Adaudsazaty PMMA MedBiedotiuumyuivissasuuniiity dodouly ainddl 1 14
AI1A5759U 500 39UADUNT (rounds per minute: rom) {Winaa 5 Juadl wavamui 2
AMIE250Y 6000 rpmduiaan 5 wait wasialUeungumgil 100 ssmuwades Wuan
24 3l

2. duiunsuiiadeusae PMMA wiluvnisniaidghsendiounaian iemm nsity
Snsunileitlallfiadou PMMA san Tunissdl 3.4 uasaloulvuaeendiumandan

d J o ar 1 [ 3
M15199 3.4 NaulvesndRunalauidmsunans uuLNuAsUUes

wWisdines Waulalun1snagay
i : DONFLAU
dmsnslva : 5'scem
ATLAUUTTEINA : 460 Hadvies
i .25 ¥ndh
987 2 30 Ui

3. dhwsumowasiiiidunsiunas PMMA ndevettindedt 2 luudluasarareminaaslsd
(Ferric () chloride) andudu 1 Tuand Tnslisuiidunsuesdudatuaisarans ud
Wunanethe 1 dalus fanwd 3.2

a. Wwildaudeda 3.1.1 Wy Si0/Si Fouudunsfutuanarsazaeinreuivesiuugluth
ndul¥lesey e 10 wit Wusau 3 ada

5. douukunsituiunminduldlessussuiuiiasiluldausely Udesielfauwiadunan
19
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6. thnifuvuuiuiuanilute 5 luuderdlauflgamgi 80 ssrwaiioa iWuian 10 wfl
dievihmsindatuneduied PMMA vunsiitulivaneenty

7. Whiliwissefielulnsiou

8. WhaTItuiUTIAvIanediues PMMA lUindovaisasatelwilolowsy (polyisoprene: Plp)
seAsiadaunuumyunisnuiaulyaiuiaseu 6000 rpm Wunat 5 Wit uazhleui
aaumgdl 100 asruwaldea WWunan 24 dalu

a a a o O = ala
Tunsalmdulausansfunasnediues PMMA aumdsudsdunouil 5 waslunsdlidungn
a9 o
Ay uwIsudaiunaun 7
o v o - = a & 'S P
Tunsdinaeanisialavsansfusaynediues nealueiloniawaglaa (Ethyl cellulose: EC)

al ar al - L) A -
zdltuneumilounuiumsinioulevsaniutasnodiwes PMMA e Udsunediwas PMMA 1y
wofiawaglaa (Ethyl cellulose: EC) waylalawiu

Fl’at ony \\q:er 10 mig

“ - Sensorgmptiene/ PMMA

Remove PMMA

Lapeto one

et A TRV

Flaat ap Di'warer 10 min (sbibstrate _s"”»)---f - ‘. I -

Ly 30
@hleal 120 Sozkn a_-_-wr-

é
Kor ST 560 %0 10 mf #i5enser graghene

<l & [y < a o =
i 3.2 lnezunsutunsunisleufrenfudfieustivgiamueningity waglouiansiluuay
WoAMBT PMMA

3.2 msasdeuRuUAvasiaglauiansfunaswediues

= [V ) a wa <
MIAATIZALATIAT dyguInNgn LLasauumaqnswﬂummmmwaau‘lﬁman’mﬂugn
s ' @ 1] % s ] = b ar - o
IE)NE]']EJWIH’\]’IFILLNUWENLLﬂ\liJ’]%NU‘IJLLN'U SiO,/Si WDa9Inn1TiATIEilasaas1euasy AfEIuINegInIg

A - ] = v < 1 I ! 2 @ -
iwsestlounsrialiaunsaiwseilifionsiituaguuusiu PET Wumsglassaiedysninetvan
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al L v L3 L < a 27 =l vV a o =l
flusnenaeagansiminuulduas iwelunistuduinawnsaloudonsiuunlaieds Jedndudeed

LY}

o 4 =l o a) -ﬁl‘ - o - L3 -"
LATRNNBATIVED UVILUNNSEU T‘IN'I‘IJ'H]EJN 'ﬂLﬂ‘iﬁQﬂJE}iuﬂWi‘?Lﬂi’]ﬁﬂﬂﬂu

3.2.1 MsnsvaavanUAnl

vogeildannisteudemndausulden Wy Si0/Si ivinsnTivaeuausd

4’ L 1Y d oS e T .
VINlWﬁ'lL‘UﬂQNUﬂ'J giATDINaRNmeS (Multimeter)

3.2.2 nsnsvdaUusTINAliNe I 3ds

L 1

L (3 » ) =y a
U'WnE)U']QU'WITJ'{laauwuﬁﬁﬂa\Tﬂquauﬂ?ﬂLWﬁUﬂiﬁu']uaLUﬂimsaIﬂU Iﬁﬂlﬂiaﬂ
<lg v o ; i
aalnalaUnldfie 1wToe DXR™ Smart Raman spectiometer, Thermo Scientific A211877

| o
pduTRLaeS Tl Ae 532 wnlulms

as 4’ o
3.2.3 NMINTIIADUANWUYWUNY

ATTdBUAnuMy NURLGTA WAL e NIHUABNARIENITAUNIINEL NEDY
JanTsmudiann sounuudeinIIa wazndnsgansiaiiseyany TnenisnsaaaounsTiiuuu Ly
Si0./Si fendasganssmimauaniu dunsisnmsinnsifiteiian Tnsdanasnauiansiees
AouMSIAEUULAY SI0/Si Fufianisinmysauasiinnatusendninsfuuasey S0,/S yenaninig
ASIVADUNTIUAIBNADIFAVSSALLS D nBsILaY NdDIRansIFiBiannsauwUvdatnsn virlvinsu
Avuvesksung Wuiln3ouls Ingluuidendasgansamivsadiiliie OLYMPUS EX51 ndos
qanssmididnnseuiuudoanseitifagu JEOL JSM-7800F Uasndasganssatiusiavaouilddesy
Spi - spad0o

3.3 msshviinuwugeflauiansaiunasneiiued
as J < n.j = < = « « 8 4 &
i fifuneuluniswisumaiienisusrivigunsal Muwuigasuazdunauns

Tuidy
- o &
nsIvERUUTEANENMYBIgUnsalnaralUil

3.3.1 mawlzugunialinfgugeidetanlauiansfluwasnodwes

-l € e o o 1 1 4 ! ' .
nswssuguniaiiaiewuieed dinaiuilouievuukiuldauliun Sioy/si

1 4 1 I‘J’ as J
uay PET wdnusadaluih danand 3. 3
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[
e

nssieta vl SIO,/Si Hluneusinaluil

1. iy SI0,/Si Afin1sarslounduns fudeudosuds 1mIn1IUINE NS IuEY
Si0,/Si wdniluAnuuusy PCB foenuuulilfidugiu

2. suilgamgdl 150 asmuaaidsa WWuan 5w

3. mAuinaveunsiuilevidudaiiivisassdng Ineiszayinaseninadaysyana
5 Haguns

a. vhanddumundadiuiane udnhluRnseninstainntuuasdruuwsiy Pcs

< N =
B, BUNGUNNN 120 BIFNTRLTUE Wuan 15 ui

a1 8 1 o P i o P a a
TunsaldedrInfrunuey PET umeiu PET Niunsafudsusonuda umin1iduusine
‘J o Q’; 5 2 1 1 Q.s - o= o o
vou nsfwieydudivitastna TnediseasuisseninadaUseains 3 Tadiwns wavthumsiuniy

' & & o P = = o a
awoidud ntduirleuiinamagll 85 sewniwaidea e 1 43l 45 uail

o o -4 3/ 4
NN 3. 3 SUa Mg Inganlgau

3.3.2 AMYIAUSEAMBN MM SRDUAURIADANSBUNS T2 MEd e

TuaAdsifnwU sEanEnImAIS R VAN DA LB UL DS A DANTDUNSE S MY

Tneilszuuiafaionn 2 szuu Tiud ssuufafeuuuilinnimnlessmeesinsivaeuiing
o - w o« @ Y v v o v o dew =
sEUU Mn i 3. 4@) Wussuuiafiaunsadaldinnududuge wazuuussuuinfenldnigda
¥y ) < = o o 9 < v ooy
419028193198 ULTNG sEUU Aanmi 3. 4b) Faduszuuiafiarusadaldianudududi ne

d o oa s - 1
b E]ulﬂm‘t‘f‘lUﬂ'l‘i%ﬂﬁE]Uﬂiﬁﬂﬂﬁﬂ']Wﬂ’]'iﬂ‘i’]'ﬂ]')ﬂﬁ’ﬁ’t}uﬂ%ﬁlﬂ?&‘L‘VIEN’IEJ wanalu
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d d = L5 a }
M13790 3.5 L\?E]U‘L?Jm‘ml‘lﬂ'l51’]ﬂﬁﬂﬂﬁigaﬂﬁﬂﬂwﬂ"l'Wﬁ'ﬁ]?ﬂa'l'iﬂquglaiﬂmﬂ\'l'w

Wouly Juauden t
loszive : odlou paslsviosu lnnaslsivnu wasiuudy
AUTNTY : 5 ppt* - 500 ppt
gamaiiluszuuia | UNINDY

*ppt: parts per thousand

(a) E

FLUKE NETDAQ Logger

Solenoid

Detection ‘
| Chamber

Nz
flow

Qutlet
Solenoid

Valve 2

Hot plate

FLUKE NETDAQ Logger
Soelenoid

T TR

Valve1 - Flow meter

Detection

Chamber. Outlet
Syringe pump

d @ “© o - '3 L a 4/
AN 3, 4 LURERITEUUNAaDUUSEANENTNTIIRaTs UV Isemednn (a) seuuiafigdinduld

al

o v oW v @ v o Vo & v o8
MMNEANNTNEY (b) ssuuinmedmiuldinfiennududun
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Wwegduvumsiafivvosszuuiatuldielulasiauduiiedede udaldlessive

v00:8lau raslsvesu laraslsfivny uaziuvudululesuensisaoy Tasiiguuuunisiafine &

< o ) & w1 =1
NN 3. 5 Iﬂ&lﬁ‘ﬂuﬁaumnﬂ 6 TJUWE]UQQWQIUU

1.
2.

2 [ - o Y a vas a '
Witnglulasiaudiszuuieufiwdds Taelisnsnislva 3 nsdeundl Wunal 5 und
o U s o kol A o kel
dmivuszuuinfirgaudutugs (wi 3. 4@) vinsliflessmgerdlaulwadiluly
sruuin laglidnsinisiva 1.5 Gasnoundl Wunan 20 uiil daudmivszuuiafiedmiu
Vo e v v 8 = o i v )
lEinfnemdududi (1wl 3. 4b) awvinisdnansararsesdlaudngssuufeni
3/ 2/ ‘:J 1 4 = A 3/ [ u‘:
LTNTU 500-2000 ppm 74l 5 wiivielwansavanesumoilulesuiveyiavun
- Uaesiglulanaudllussuudu nan 30 wiidmivssuuiameninududuge waz 10

° ) e W v 4§ 4 e da 1l <
u"lﬁ ATNTUITEUUIANHAINULTNVURT L‘WBVI"ﬂ"Iilﬂnh.ltﬂf]aﬂ']'ﬁm'i?ﬂﬁal]ﬂﬂﬂﬂﬂﬂaﬂﬂ'imﬂ’i‘ﬁ
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*(https://www.accudynetest.com/solubility_table.html)
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(Hansen dispersion solubility parameter)

& o winlimeinisararslusadusznaureausadigassnindluianavesfivhasaeuay
Agmitagaty (Hansen polar solubility parameter)

8y fn winiiweinsazanslussiusznouveaiusylalanauvasinhasmeuarigniasany
(Hansen hydrogen bonding solubility parameter)

e e = . n —3 g
IAUBUNTNTEN (Interaction radius) YeawaaNes
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Wutuluszeuiudiut nmd 4. 8 uaninsnTnaUaUBILaE Normalized sensor response M9



-v a4 o o ¢ v v o 1
loszmeivosdlnuiiviasedu ppt veosfiiwiguwas Graphene/PMMA Tnomandutudilieg

Tuta9 2.5 - 10 ppt

35

(a) oooz0 A T ——L : :
] i i :{195@
0.0015 £ 3 ¥
i o i
0.0010 : Pl
o i :
2 g0005 H
o : ;
g of =
0.0000 : P ‘
2 i ! i :
= ] t HE i 3
© -0.0005 4 - i i e
g ; P b i g
-0.0010 3 h i ' : P i -
¢n 0001 @ 2 8 P ® i 8 3
2 i B o
-0.0015 g % ‘g' f‘g; E
N, 8. N, 8 N i&iN, SN}
-0.0020 —t———t
0 800 1200 1800 2400 3000 3600 - 4200
Time (s)

(b)

Sensor Response

2

I L Leasssliy L L L Licsaslssausl

0.0008
0.0008

0.0007

SdE 2 £ g2
A RRR

0.0001

00000 Fryrir

= Acstone
Log3P1 fit of acetone

P

P

oy = 80210°4)In(X + 0.98894) - (7.48x10°%)

R? = 0.98759

Concentration (ppt)

l:‘ 1 ) ar L3 2/
MW 4. 8 uanIAINITRavALalBTE MY L lnuY9TER UAILTLIY 2.5, 5, 7.5 uaz 10 ppt 94 (a)

nswulees Graphene/PMMA (b) nsluwaliinisnevavsdlessiveiwssdinussrunududy

2.5, 5,7.5 gy 10 ppt Y9N U3 eraphene/PMMA

a s o ar L
AW 4. 8(a) LLE‘IﬂﬂNﬁﬂ'ﬁ'ﬂ'ﬁ?ﬁl'Jﬂlﬂi“&Ll#’iﬂﬂﬂmﬁlu‘ﬂ'ib'ﬂl]ﬂ?'mt‘ﬂﬂﬂ]u 25,5 7.5 unz 10

Ve ' . (G [V REY) o v &
ppt wuirihelwuga ilifnsnevaussdiduledudanulosymevesasdlauneuiduduniniy uag

1 v vy a wan dow ¢ w1 v &
fienenuinunuthgannsiudude hwguweindug meldussenimedulnsiou nnuyuives

s ' | ) 3 L7 &
Graphene/PMMA Eyaunsanavausisialassngoz@launsyduninndudu 25 ppt 16 venand

o 1 ' v =i [ BV R Y 1 o ¢
Awn 4. 8 (b) WU’J’1F’]"iﬂ')’lﬁ.lL‘Ui]‘?.lu'lﬂia’L‘ViEJEJS‘(iIG]uﬁJﬁlIWNﬁ'ﬂUﬂWﬂ'ﬁﬂaUEIUEN‘UOQﬂ']‘ﬁl.‘tiUL‘ﬁE}iLLUU

a o o - P9 o ' o™ a4 [
duN138eANIaNY F991NAUNITRIIUIAIUILWRIAITAI 1A N150599 Alasy i ne azdlnuvas

\uees Graphene/PMMA |éfeglt 0.215 ppt



36

4.4 fnuwuweinsinialesuveesdlay aaslsvodu lanaslsiinu uasuudu feag
lauiansrWunaswadiuas EC uuwsiu SiO/Si
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AW 4.9 (3) udnansAsUTsuLiBUATTRE VAL AEYe AN TITULY D
Graphene/EC nalasiaasdlau (a), naslswadu (), laraslsiivnu (O, waviuudy (d) waznwi
4.9 (e) wanaA1 Normalized sensor response UpafingLaulges Graphene/EC #aR19RTIIAOULARY
4tla Wwen1niiAINITnavaLRIReYRTIvdaUMISAIBATAILTNIuTatlaTEma fansidau TasAl

Aududuvadlassvens 4 ‘U‘IJﬁILfJHlUﬂ\‘]ﬂ'ﬁ’NVI 4.9

< ' vy W o P o > P
A19790 4. 9 uﬁﬂ\iﬂqﬁ']quhﬂﬂﬂulai:t“ﬂﬂa\iﬂ'}ﬁ'ﬁUQﬁq@ﬁ MIﬂuﬂqimﬁﬁaunq'ﬂﬁﬁULﬁai
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loszwmane
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nInIadinlesziveiiguesfiigigulees Graphene/EC asvinduigliunisnsrainle
sumpfeesiiugutesnTfiulasfimeuides Graphene/PMMA 20 Wi 4.9 (a-d) wuindlefing
\WULwas Graphene/EC ﬁfhn'l'mauaumqaﬁmﬁaé’nﬁaﬁ‘ﬂaizmwm fing laafinin1snavauene
funaslsviesuldifian amdolaraelsiiny Mewudu uazerdlou awddy Seaanndesiuna
Normalized sensor response fanTwil 4.9 (e) uananismuinfnaigulees Graphene/EC 1912a1
lunsmevaussdeinvlanaslsiimuidiign wagldnafudse feezdlaulaliiian feaseil 4. 10
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d 1 ar [ 1 o
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WANN1INISNBUAUBILE U UIEDS Graphene/EC falaTsivnefignininiasie iy

anunsnedurglacag udan1suandavesmedwes (Polymer swelling) Wuiianfundnnisnauauas
o @ = 1 v ow

VBIN1YIYULYDS Graphene/PMMA Taslun15199 4. 11 udasarauaiuisalunisazatadaiu

swinanedimes EC Aulessmevesfivedannag smonsdualdanaunisi 1 uas 2

d 1 oy - ar - J
A58 4. 11 Awisilmesnisazasvesuaulruvaswaaiues EC Aulassvsfiveiindieg

Polymer Hansen solubilly parameter, HSP
RED
and (MPal/2)* Ro Ra
(Ry/Ro)
Soltvent 6[) Gp 6H
EC 19.0 5.6 4.9
0.9
Acetone 155 10.4 7.0 6.8
EC 19.0 56 4.9
0.3
Chloroform 17.8 ol &7 2.9
7.9
EC 19.0 5.6 4.9
0.2
DCM 18.2 6.3 6.1 1.6
EC 19.0 56 49
0.8
Benzene 18.4 0.0 2.0 6.3

*(https://www.accudynetest.com/solubility. table html)
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= | a P a g . N w a 1
MIW 4. 14 UanipmnsiiineinTiazaneveeusIYBmaRwes isoprene (Pip) fulassneriindneg
[19]

Polymer Hansen solubiliy parameter, HSP
RED
and (MPa1/2)* Ro R. ( )
R./R
solvent (SD 5p GSH ’
Plp 16.6 14 -0.8
1.2
Acetone 15.5 10.4 7.0 11.9
Plp 16.6 1.4 -0.8
0.7
Chloroform 17.8 31 S 6.8
9.6
Plp 16.6 1.4 -0.8
0.9
DCM 18.2 6.3 6.1 8.6
Plp 16.6 1.4 -0.8
‘ 0.3
Benzene 18.4 0.0 2.0 3.6

*(https://www.accudynetest.com/solubility_table.html)

Tnelun5197 4.18 WudrAn RED, a9 i iwisiges Graphene/isoprene fuualtudaselui
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Va3 1M9uLIYas Graphene/isoprene nannTsi 2 Aern ladldnnsavodlasyive nands Saatsle
suweilFlaldnvisauan E‘iaﬁﬂﬁ'ﬁmsmauauawa«,wwas‘@iaﬁ'lsmuﬁmﬁ"’umﬂ%yuﬁw Failons9aay
A ladianvsnvesleseiudunassia ‘wm"laxﬂmuﬁﬁﬂmé‘nw?ﬂqaﬁqm §9915719% 4.5 Fuvauarili
\WULEe3 Graphene/isoprene dveinsanaauesneodlavldeglunmsiin RED 18tlesumuaralay

dAwnnan 1
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Graphene/PMMA sensor on PET
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Abstract

In this study, graphene and poly(methyl methacrylate)
(GR/PMMA) composite laminates on fexible substrates
were fabricated for the use in volatile organic conipounds
detection, The CYD-grown graphene on Cu foil wis
transferred on polyethylene. terephthalate (PET) sub-
strate by PMMA-assisted wet transfer process, Without
PAINA removal, the GR/PMINLA composite laminates on
PET were gbtained. Graphene and GR/PMMA sensors
show completely different semsor response to VOU vapors.
The resistance of graphene sensor decreases, while that of
GR/PMMA increases upon VOC exposure. The graphene
and GR/PMMA sensors show the highest magnitude of
sensor response to dichloromethane, The sensor response
of the GR/PNMA 1o acetone, chloroform and benzene are
greatly suppressed, resulting in the selectivity improye-
ment. The sensor response of graphene ¢an be explained
in terms of the dielectric constant of VOCs and electron
hopping effects on defect graphene. while that of the
GR/PNIMA would be attributed o swelling mechagism.

1. Introduction

Recently, graphene, a perfect nvo-dimensional stractire
with a one layer of carben atams, have been unteresting ma-
terials for gas sensor applications, dueto its high charge mo-
bility and thermal conduenivity, high dégree of nansparency.
as well as mechanicul flextblity [1-2). Fo'wse the chemical
vapor deposition (CVD)sgrown graphene on:Cudoil for the
device application. the polymer-assisted wet transter process
is emploved to wansfer graphene ontorarbittary substrate
However, graphene was depraded according o Wrinkles,
cracks and the residues of the metal and the supporting poly-
meers during transfer process [3], To overcome this problem,
utilization of the graphiene and supporting polymer composite
and maximizing their property is a challenge [4-5].

In this research. 1o overcome the ramsfer issues and ex-
ploring the use of graphene and polymer composites to flexi-
ble device fabrication, graphene and polvimethy! nwthacry-
late) composite laminates on polyethylene terephthalate
(PET) substrates was fabricated for volatile organic com-
pounds (VOC) detection.

2 Experimental- method
The €VD-arowth procedure of graphene on Cu foil was
deseribed elsewherc (6], In preparing sensor on tlexible sub-
strate. graphene was_transterred o PET by conventional
PMMA-assisted wet uanster process. Bricfly, PMMA (M-
erochem. 2S0PNINA A6) was spin-coated onto the graphene
as a stupporting layer with a spin speed of 6000 rpm for 300 <.
The sample was then eured by heating on ahot plate ac 100 -C
for 24 hr, The Cu toil was etched away using a L N ferie (1T
vhioride solution. Lhe samplé was rinsed in deionized water
for 10min. Finally. the sample was tansferred onto the PET
substite and dricd a1 room temperature. resulting in trans-
ferred. graphene and PMMA composite laminwes on PET
(hereafter referred to as GR PMMA)Y. Regarding sensor based
on graphene. PMMA was removed by soaking in acetone at
150.5C for 5 main, followed by N: drving, The Ag paste with
Cuwires werg used as the eontact electrodes for the sensing
characterizanon with the sensing of 1%0.5 em?,

The sensorrespotises to VOCS (acetone, benzene, ¢hloro-
formand dichloromethane tREND) were mvestigated a1 room
temperature by recording the electrical resistunce during cy-
cles of allernating supply of drv N; gas and VOC vapor. The
voneentrtion of VOCs was in a range of 50 tol 30 parts per
thousand (ppty-The sensor response (SR) was defined as SR
= (Ryoc = Ry R, where Rya md Reare the resistances of
the sensor after and-before VOC exposure, respectively. To
comparg.the responses of all sensors, the sensor responses
were pormalized by the VOC goncentration. The normalized
sensor response CNSR) was defined as the ratio between the
SeNsOr responseat a me of 540 5 (SRwq) and the VOU con-
centration (Cyoc) 28 NSR = SR

Cvac

3. Results and Discussion
Fig. la=1b show sensor responses as a function of time of
the graphene and GR PMMA sensors under alternating sup-
ply of N gas and VOC vapor, respeetively. The results show
that the resistance of graphene sensor decreased upon VOCs

- 1051 -
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exposure and increased after recovery with N. gas. Mean-
while. the resistance of the GRPMMA increased and de-
creased upon VOC exposure and afier replacing VOC with
N: gas, respectively. Fig. l¢ shows the normalized sensor re-
sponse of graphene and GR PMMA sensor 1o VOC vapors.
The order of the sensor response magnitude of graphene sen-
sors 1s in the following order: DCM - ¢hloroform -~ acetone
> benzene, while that of the GR PMMA is in the following
order: DCM >> acetone > chloroform > benzene. Interest-
ingly, the sensor response of the GR PMMA sensors 1o DCM
significantly increased, while those to acetone, chloroform
and benzene were mostly suppressed. These results imply - that

the PMMA layer acts as a membrane to select VO molecules,

resulting in the selectivity improvement [7].

The sensing mechanism of the graphene to VOCs 15 al-
tributed to the adsorption of VOC molecule on the defect site.
Charge transfer on graphene by electron hoppmg-eftects.on
graphene sheet results in adecrease in electrical resistance of
graphene [8]. For the GR'PMMA. the sensing meehanism can
be ascribed 1o polymer swelling due 10 VOO adsomption and
Hamsen solubility parameter (HSP). A hypothesis based on
polymer swelling can be described as follows. After VOC ad-
sorption, polyvmer coatings-on graphene is swollen. thus pos-
sibly increasing the polynier volume and bending of graphene
sheet, resulting in an increase i electrical résistance [9]. The
higher solubility. the larger magnitude of sensor response,
The solubility of the-vapors in PMMA 15 in the following or-
der: DCM = acetone > chloreform = benzene [10), which
coincides with the sensor response, Marcover, the difficulty
of the GR PMMA to recover to baseline atter DUM exposure
indicates the high solubihtvof DCM.

3. Conclusions

In summary, we successfully fabricated graphene and
PMMA compesite laminates on PET substrate for the Use in
VOC detection. The graphene and GR/PMMA sensors show
the highest magnitude of sensor response to dichloromethane
in the opposite signal. The sensor response of the GR/PMMA
to acetone, chloroform and benzene are greatly suppressed.
resulting in the seleetivity improvement. These preliminary
results show the potential use of the graphene and GRPMMA
array for VOC discrimination
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In this paper, we present a gas sensor for volaliie ofganic: pound (VOC) basedion graphene and poly(methyl methacrylale) (GR/
PMMA) composite laminates fabricated using CVDsgrown g G was transferred ln a pn!g[ hyle ) (PET) substrate
by PMMA-supported wel Iransfer process withoul PMMA namouai in ordar lo achieve the deposition of GR,'PMMAoompusm laminates on PET.
Tha GR/PMMA and graphene sensors show completely difierent sensfiivitias 1o VOC vépors. The GR/PMMA and graphene sensors showed the
highest sensitivities to dichloromethane (DCM). The response of the GR/PMMA ssnsor 1o DCM was 3 times highee than that of e graphens
sensor but the GR/PMMA sensor hardly responded laacalone; orb The' g mechanism of the graphene sensor can be
based on the dielectric constant of VOCs. the size'of VOC malecule, and electron hoppingieffects on.defect graphene, while that of the GR/PMMA
sensor can be explained in terms of the polymer sweling owing fa the Hansen solubiity parameter. © 2018 The Japan Society of Appked Physics

1. Introduction

Volatile organic compounds (VOCs) ave organic chemicals
that have a high vapor pressore al room emperataes and they
are found in many imdustrial and commercial processes! In
addition. VOCs are-the main causes of air pollution und are
harmlul o our heilth cansing disorders. such as eye. nose.
and throat irritations. dizziness, yomiung: and unconscious
ness: they can also-damage the liver and central nervous
systen, and present a'risk.of eancer ¥ From the tepor-of
the Pollution Conwrol Departmient, Fhuiland in 2015, there
were various VOCs whose concentrations were higher than
the standard eoncentrations.such as benvene, chloroform. 1.3
butadiene, and 1.2-dichlorocthane, The gas sensor technol-
ogy for VOC detection has gained more, attention. becduse
ol its applicability to real-time monitering. dev ice portability.
and low cost. Commiercial YOC gas semsors fabriCaied using
metal oxide materials have détection limits downao the parts
per million (ppm) level. but the disadvantages are their dlow
response. nomselectivity. and “high.‘operating  temperature
(>200°C).%

Graphene has a perfect wvo-dimensional struciure with a
one layer of carbon atoms. The muin synthesis method for
graphene is chemical vapor deposition (CVD) due o the
controllable quality of graphene (monalayer graphene cov
erage. >953%), lurge growth arca (>30in%nand casento
scale-up for industrial production. In the ypical VD
growth of graphene, metals such as Cu, Ni. Pr, ind Ir are
used as the growth substrate, and methane and ethylene as
carbon  sources. The application of graphene requires
graphene wanster onto wbitrary substrates using a polymer-
assisted wet transfer process. For example. eraphene was
trmsferred onto Si0-/Si for wansistor devices, GaN for
light-cmitting  diodes (LED). conducting glass for dye-
sensitized solar cells. and flexible substrates for flexible
devices. ™" However. the transfer process has many draw
backs including the requirement of the polymer coating in
the beginning of the process and the removal of polymer

04FP10-1

tesidues ‘mthe finab-process. which a5 a timeconsuming
priocess, wspecially in wimkled and erached praphene.'
Theretore. the uulization of graphene and its supporting
polymer, composite  and: mekimizing their popertics are
challenges tha should be,"™

Recently. graphene has been regarded assan interesting
mawerial for ous sensor applications Owing 0 i unigue
charaeteristics. such as its high charge mobility and thermal
conductivity. bigh mansparency, us well as wechanical
flexibilny ™% Gus senson bused o sraphene_have been
demonsirated 10 be sensitive 10 oxidizing gases on the onder
of parts per billion (ppb) at room temperature.'*17) In
addition, Hong et al. ¥ demonstrated the fabricition of 4 gas
seisor by (he functicnalization of paly (methylbmethacrylue)
(PMM A} ad-palladivmn nanopitrticles (Pd NPsy wath single-
layer praphete (SLG) Tor selectivity o hydiogen gas. Their
resuhts showed that the PMMA layer acls s a gasaselective
filration luyer, Moreover. the flexible sensor was applicable
1o o broad rnge ol Systems with ddemanding mechanical
flexibility- and ~dumbility. For .cxamples Chung et al.'
demonstiated the Fabrication o flexible hydrogen sensors
using graphene with palladivm nanopanicle.

To overcome the wansfer issues and exploring the use of
graphene and  polymer composite laminates Tor flexible
device Fabrication, graphenermd poly(methy]l methacrylate)
(GR/PMMAy eomposite Taminates on polytethylene tereph-
thalate) (PETY subsuates Tor volatile organic compound
(VOC) detection have been proposed.™ The GR/PMMA
sensor showed a high sensitivity to dichloromethane (DCM),
a low sensitivity 0 acetone, and chloroform, and non-
response Lo benzene, implying that the PMMA layer acts as a
membrane that is selective w DCM molecules. In addition o
our previous work, the relationships between the response of
the sensors and DCM concentration were studied. Moreover,
o understand the sensing mechanism based on the swelling
phenomenon. the emission properties of the GR/PMMA
and graphene sensors in response o VOC exposure were
characterized by fluorescence spectroscopy.

© 2018 The Japan Society of Applied Physics




68

Jpn. J. Appl. Phys. 57, 04FP10 (2018)

C. Rattanabut et al.

GRIPMMA
=i
PAMMA-assisted
— E——
CVD-grown M‘A Cu eidung Wel ransier process
graphens on Cufod  coating i Oraphono
e
FMMA
remow

Fig. 1. (Color online) Schematic diagram of sensor fabrication process for
the GR/PMMA and grapheme sensors

2. Experimental methods

2.1 Fabrication of GR/PMMA and graphene on PET
substrate

Graphene was grown on Cu foib by ahe CVD method
using methane (CHy as o carhon source. The proeess ot the
CVD growth of graphene/was” described indetailclse
where 2! For the fabrication of the sensor on a PET subsirite,
the graphene layer was trapsterred w PET by @ conventional
PMMA-assisted wet wansfer process: PMMA (Microchem
S50PMMA - A6 way couted onto the. graphene layer gis
supporting layer by spin coating at a spin speed o F 6000 N
lor 300s, Then, the sample was heatedat 100 °C Tor 240 ona
hot plate. To wemove Cu, the Cu'foil was etched away using
I M fervie (1) chlovide solution, Then, the swmple was rinsed
three times i detonized water Tor 10min. Finally, the sample
was transferred tocthe PET substite smd dried at moom
temperaure, resuliing in tansfened graphene, aad: PMMA
composite laminates on PET. (herealier referred 1o a5 GR/
PMMA). The adhesion between the samiple and the PET
substrate wis improved by heating on x hot plate of 85°C tor
0min. Regarding-the sensop basedon graphene. PMNA
was removed by sonking in agetone at 150-C for Smin,
followed by Na drving. The contact electrodes wene formed
ustng Ag paste with Cu wires [or, semsing chaaetenzation
the sensing of | @03 em®. Figurel shows a sehemutic
diagram of fabrication process of qhe GRAPMMA- and
graphene-based: sensows.” Since eraphene can | moderate the
color contrast o $i0: ‘eapsed by light interderence. ) the
graphene ind GRAPMMA Layers were also anslered on
Si0,/Si substrate for graphene identification.

2.2 Characterization of GR/PMMA and graphene

The ransferved  graphene and  GRZPMMA - LiversWere
charaeterized by optical wisroseopy Qlympus EXSL, The
carbon structure and thickness ol graphene and-GR/PMMA
were  characterized by Ramane, spestroscapy - (Therme
SCIENTIFIC DXR) at an Ar ion Jaser “wavelength of
5320m (2.33¢V), The emission property of the GRZPMMA
layer due to VOO exposure was characterized by fuekes
cence spectroscopy (Perkin Elmer LS35).

2,3 Gas sensor measurement

The sensor response o acetone, henzene, chloroform, and
DCM were investigated at om temperature by recording
electrical reststance using a FLUKE NetDAQ logger during
cyveles ol aliernaing supply of dry Na gus and VOC vapor,
The concentrations of VOCs were in the range from S00 parts
per million (ppm) to 160 parts per thousand (ppt. Na gas was
intreduced into the chamber at a flow wte of 300pm lor
10min s the baseline, Then, Ny was released with VOC by
bubbling liquid VOC with N cavier gas at a flow wae of
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Raman onitt fem ')

Fig. 2. (Color Onliney Oplical microscopy intages of (ay GR/PMMA and
() graphene Livers on S0SE (¢) Ruman speetricol the GR/PMMA and
griphene layers.

LS Ipwy o 20 mun. Finully. the sensors were recoyered under
Na for 3 Seosorrespanse (S8) was defined as

_ Ry = Ry

Ry 0
where Ky aned Rycie are the senser resistance before amd alier
VOO exposure. respectively. To compare the responses of
alt sensors, the sensor responses were normalized by VOC
copcentration, The nomalized sensor response. (NSR) was
defimed @ the ratio ol the sensorresponse at 12005 (SR )
1w VOC concentration (Cyagl:

SR (hH

NSR =

SRizoo : )

Cvoe

3. Results and discussion

3.1 Characterization of GR/PMMA and graphene

The surtace wvrphologies of e GR/PMMA aud graphene
layers.on S10;/81 we eharucterized on'the busts of optical
microscopy images, shown in Figs, 20ay and 2(b). respec
tively. Two different arcas of GR/PMMA and Si0y/Si (the
light-green  indeviolel arcas. respectively) are  clearly
observed in Fige 200, On theother hand, the dark and bright
violet areas in Fig. 2(b) correspond to graphene and Si0,/Si,
respectivelys These results show ghat the GR/PMMA and
graphene ayers were suceeasfully wanslerred by the wel
wanster progcess: The earbon structure, purity, wd erystal
Tinity of the GRPMMA and graphene layers were analyzed
by Raman spectroscopy. Figure 2(¢) shows the Raman
spectra obtained from the GR/PMMA wnd graphene layers,
The graphene layer clearly shows G oand 2D peaks at
approximately 1390 and 2682 cm™!, respectively. The G peak
arises from primary ~p: hybridized carbon bonds in graphene
and the 2D peak arises from the second onder of the D band.
which is related to zone boundary defects. ™ In addition o
the G and the 2D peaks. the GR/PMMA layer shows the
PMMA peak i o Ruman shilt of 20953cm™! due w the
PMMA coating.™ The D bund arising from defects is very
small in both samples. The number of graphene layers can be

{© 2018 The Japan Society of Applied Physics
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(a) GR/IPMMA sensor on FET (b) Graphene sensor on PET
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Fig. 3. (Color online) Sensor resportses of ) GR/APMMA and (b) graphene sensors 1o scetone (160 pptl. benzene (100 ppty, ehloroform (85 ppt), and
dichloromethane { 100 ppiras fanetions of exposume disration, tcf Nomalized sensor response of each senser. (d) Sensorresponses of the GRZPMMA and

graphene sensars a8 a lunction of DOM concentrtion.

inferred from the watio of T to 7757 The Fap /1 ratio of.
the GR/PMMA and grapliene tayeis waies 214 and 2
respectively. These tesulis imply thay graphene is o single
layer.

3.2 Gas sensing properties

Figures 3tarand 3(h) show.senson respondes as4 fanetion of
duration of ‘exposureof the GR/PMMA ind grapheoe
sensors (o cach of the VOCs of different concentrations
lacetone (160 ppu, benzene (100 ppti. chloroform, (S3ppt).
and DCM (100ppt)]|. Theoinitial rsistances of the GRY
PMMA  and  graphene sepsame. between | elecirodes <are
approximately 110 and 10.75kQ, respectivelys The ineréise
in the initial resistance of the graphene:sensor may be due to
the degradation durmg polymer removal. which caused the
wrinkling or cracking of the graphene sheel. Aher VOC
exposure. the resistances of the, GRY/PMMA wnd_graphene
sensors changed in the opposite. diregtion. namely; the
resistance of the GR/PMMA sensor increased, while that
of the graphene sensor decreased. For eximple, n thecuse
of DCM exposure, the resistance of the GR/PMMA Sensor
increased 0 L25KQ while that of the graphene sensor
decreased o 10.30KQ. Figure 3(a) shows that the resistance
of the GR/PMMA gas sensors increises upon exposure 1o
VOC vapors tor 20 min at room temperature and then slowly
decreases after restoration of N2 gas for 30min. On the other
hand. the  electrical resistance of the  graphene  sensor
decreases upon VOC exposure and increased after recovery
with Nz gas for 30min [Fig. 3tb)]. It is scen the GR/PMMA
sensor exhibits the highest response 0 DCM at wom
temperature but cannot recover owing to DCM absorption
in the PMMA layer. Figure 3(¢) show the normalized sensor

04FP10-3

response, ol the_ GR/BEMMA” and (graphene  sensors. The
nomitdlized sewsor  rfespuonse ol -both - GR/PMMA | and
graphene, sensors was_highest for DEM.The response of
the GRY/PMMA sensor to DOM was (hree-times-higher than
thw ol the graphenc sensor. In_uddition. the 'GR/PMMA
sensor showed low responses o acetone, and chloroform. and
hardly any sespanse to bengene. On the other hand, the
praphenc sensor respoded 10wl VOC vapors, including
DEM. acetonds chloroform: and benzene. The order of (he
sénsor respopse magnitudes of graphene sensors is: DCM >
chlorotorm > acetone >‘benzene, while that _of the GR/
PMMA sensor st DEM > acetone >chlorolorm > benzene,
These resuliy-imply that the GR/PMMA sensor was highly
sensitive 10 DOM and the PMMA fayeracts as a membrane
selective 10 VOCs, implying high DEOM selectivity against
these gases.'®

Figure 3(d} shows the responses of the GR/PMMA and
graphene’ sensors as acfunction of tour different concen
trations of DEM At roem temperature. The sensing character-
istic_was recorded at concentrations of 500, 1000, 1500, and
2000 ppm. The sensor responses at various DCM concen-
trations showed a linear relationship. The sensor response ol
the graphene sensor increased with increasing concentration,
Conversely. the sensor response of the GR/PMMA sensor
decreased with increasing concentration,

The lowest detectable concentration was linited by the
existing expenimental setup. However, the lint of detection
(LOD) can be derived from the signals of sensor perform-
ance. ¥ Acconding w the IUPAC definition. when the signal
w-noise ratio s equal 10 3, the signal is considered 1o be a
true signal. Therefore, the LOD can be evaluated from the

€ 2018 The Japan Society of Applied Physics
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linear cahibration curve when the signal is equal © 3 times
noise level. The caleulation ol LOD is ax follows: the sensor
noise is derived using the variation in the sensor response at
the baseline before vapor exposure and the root-mean-square
deviation (rms). 300 dua points at the baseline belore vapor
exposure were plotted and fitted by a fifth-order polynomial.
The deviation is caleulated us

N
V=3 =0 (3

where v; is the measured value of the sensor response

baseline and y is the corresponding value calculated from the

filth-order polynomial fit. Then, rms noise is obtuined as

o

1} 2

()

M pppe = ",‘-x,-.

where N is the number of data points used Tor curve fitting

(N = 300). Finally, the LOD can besealculated as
LOQE g (3
slope

where slope is the slope of the lmear regression fit onthe plot
between the sensor reSponse and vapar concentration. j.e.. the
sensitivity of the sensor fassshown in Fig. 3tdi]. Using the
above signal pracess. the LOD ol the GRAPMMA . and
zraphene sensors are calculated fo be 72.46-and 175,27 ppm.
respectivelys

3.3 Sensing mechanism of graphene and GR/PMMA
sensor

The VOC sensing mechanism ol the grapheie sensor at wopm
temperaure can-be anributed 1w the adsoiption ot VOC
molecoles on deledt sites. Eleetrans can mnge casily eansfer
charges on graphene layer by eleciron hopping when VOU
molecules are adsorbed at the delect sites, resulting i’ the
decrense i the eleotrical resistanee off graphene xensor i
For the GR/PMMA sensor, thiemain seising mechaaism can
be described in tenns of poly mer swelling dae o) VOC
adsorption and  the” Hansen Solubility - parameter, (HSP)
similarly 1o polymier-coated  carbon, nariohes 00 A
hypothesis based on polyier swelling van bel descnbed ‘as
follows. Alter VOC adsorption. PMMA on graphene layer
becomes swollen. resuliing in an ncrease’ e eleciieal
resistanee due @ the incredse in polymer velmime und
graphene sheet bending, For ahe hypothesis hused o HSP,
HSP is the relative energy difference (RED) used to_predict
the solubility of a solvent ‘with & palymer. The RED i
defined as

R

RED = (6)

(Ru )2 o 4(‘""1].[:-!_\'“-:! - 'iul.snl\ml):

+ (S potymer — Spaotven)”

+ (6h.pi4)rm-r = Bsly rnzr‘- (N
where Ry, Ry. 4. 8. and 8, are the distance between Hansen
parameters in the Hansen space., interiction radius, dispersion
lorce, mtermolecular force. and hydrogen bond, respee
tively.™ Table 1 shows HSP und RED between PMMA and
various VOCs, A RED of less than | means a high miscibility
ol 4 VOC in a polymer. Moreover, a small RED implies a
high miscibility. The REDs of the GR/PMMA sensor are in
the following order as defined in Table I: DOM < ucetone <

04FP104

Table 1. HSPand RED hetween PMMA and various VOCs ™
Polymer HSP (MPa! £ A R RED
and solvent 5 B By % iRy Ry
PMMA 179 0.1 54 £ s
Acetone 155 10.4 70 - B
PMMA 179 1.1 54
17 (K]
Benzene 184 0,0 20
1
PMMA 179 0.1 5
. 5 ” 10 06
Chlorolorm 178 31 53
PMMA 179 1.1 54 30 03
DEM 18.2 6.3 6.1
DCM exposure = = = before exposure
E e altor wx LY
$
é
s H 1o (]

B
Wavelength (nm)

Fig. 4 (Colornating) Fluprescence speetn of the GRy PMNLA sensor
belore (hlack) and [0muin alter DOM expeosure (red

chloroform < henzene.Hence. -the- GRYPMMA scnsor re-
sponds, wiore seasiively o DEM than ' other-VOCS, In
addition, the order of the HSP wadues of the GR/PMMA
sensor conformied W that of sensor wesponse (1. VOCs To
prove ! this mechamsny the swelling ol ‘the polymer was
analyzed by a fluorescence speetroscopy technigue with the
change i luorcscence intensity-in response to VOC. ' The
GR/PMMA sensor Wwas analyzed belore and alter DCM
exposure foc10min to obtain-he spectrac The palvmer layer
was swollen and the suucture of the bagkbone of the polymer
changed alter VOO adsorption, resulting in gm increased in
emission specirl peak & This changetin the polymer gives
different information of emitied light. Figare 4 shows the
change’in the fluorescence-ntensity in terms of the cmission
mtemsity ol the GRAPMMA sensor an response 10 DCM
vapor. Upon DCM exposures the emission intensity ol the
GR/PMMA senvor w398 nuincrensed by 22.94%, These
results prove thatahe ingreitse in emission intensity coincided
withe VOC - indueed change in the shape of the polymer
huckbone.

However, there are other lactors for the sensing mecha-
nisms of the GR/PMMA and graphene sensors such as the
molecular size and diclectric constant of VOC. In the case
of molecular size.’ DOM wolecules 1638 em®/mol) are
smaller than acetone (740 em /moly. chloroform (80.7 em?/
mol). and benzene (89,1 em®/mol) molecules: thus DCM
molecules can more likely penetrate the PMMA membrane
than other gases for the GR/PMMA sensor. In the case ol the
eraphene sensor, many DCM molecules come in contact onto
the surface because they wre the smallest. so the change in

) 2018 The Japan Society of Applied Physics
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sensor resistance was larger than those tor other VOU vapors.
Furthermore. the sensing mechanisms can be deseribed in
terms of diclectric constant, which involves the solvem
polarity of VOCs. The solvent polarities are in the order
of:  benzene < chloroform < dichloromethane < acetone.™
Molecules with higher polarity can hold the holes moving
along graphene Layer. resulting in a large ncrease in electrical
resistance and a high sensor response. However. the sensor
responses of the GR/PMMA and graphene sensors did not
conform 1o the dielectric constant i the case of acetone
detection. owing to the fuct thitt the other factors mentioned
above have greater effects. Thus. this work demonstrates the
GR/PMMA composite laminate on flexible substrate_can
have practical applications as VOC  sensorswith _high
selectivity 1o DCM at room  temperattre.Fhe  sensor
performance could be improved by optimizing specimen
preparation. such as thickness control and the. type "ol
polymer on graphene layer s expected 1o yield significant
performance improvement. especially_in tenms ol resporise
time and selectivity 10 VOCs.

4. Conclusions

We successfully Fabricated-a VOC sensor_using gruphene
and PMMA composite laminates_ ot a PET substrate, The
GR/PMMA and graphene semsors show the frighest-magni-
tude of sensor response 1o DCM showing in opposite signals.
The sensor response of the GR/PMMA sensor t0.DCM is 3
time higher than that graphene sensor.’ The GR/APMMA
sensor shows low gesponses Lo acetone and chlorform. and
no response 1o benzene, owing to the PMMA faver acting as
a membrane selective o VOO molecoles; resulting in the
selectivity improvenient of VOCSs, These results show the
potential use of the GR/PMMA and graphiene amayfor VOC
discrimination, In addition. ‘the GR/PMMA. and graphene
sensors have limity of detection at 7246 and 175,27 ppa.
respectively. The sénsing mechanism ol the | grapl SENSOF
was altributed W cleewon hopping on ahe defect sies of
graphene layer during NOC adsorptions, while. the sensing
mechanism of the GR/PMMA sensor would be ascribed | 1o
the polymer swelling amd HSP.
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