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Abstract

Project Code : MRG 5980019

Project Title : Metal Oxides Doped Pillared Graphene Gas Sensors for Volatile

Organic Compounds Detection

Investigator : Asst. Prof. Dr. Chatchawal Wongchoosuk
E-mail Address : chatchawal.w@ku.ac.th
Project Period : 2 Years (May 2016 — March 2018)

Abstract: All existing carbon nanostructures including 0-D fullerene, 1-D carbon nanotubes, 2-D
graphene and 3-D pillared graphene are a promising material as building blocks in current science
and advanced technologies. Due to their unique properties including chemical and thermal stability,
extremely high tensile strength and elasticity, high conductivity, etc., they have been applied for
various applications such as display, transistor, memory, solar cell, sensors, electrochemical
applications, biomedical applications, etc. In this project, we present the fabrication of graphene,
pillared graphene and metal oxides doped pillared graphene gas sensors for gas and volatile
organic compounds detections at room temperature. The carbon nanostructures were synthesized
via thermal chemical vapor deposition method. The sensors were fabricated by various techniques
including drop coating, screen printing, and mechanical exfoliation. The results show that graphene
sensors exhibit high sensitivity and selectivity to NO, while ZnO doped pillared graphene sensor has
high response to methanol at room temperature. Moreover, our new sensor called as flexible
alternating current electroluminescent (AC-EL) is presented for the first time for ammonia detection
at room temperature. The results presented in this work may open the door to the new applications
of EL which combine display and gas sensor technologies into one smart wearable device in the

future.

Keywords : Gas Sensor, pillared graphene, graphene sensor, electroluminescent gas sensor,

Bilayer graphene


mailto:chatchawal.w@ku.ac.th

una3Ue U313 (Executive Summary)
9 u
1. NNMAzAMNEIAYVDITYRI-NUNINITIHNIIN
@ & A A [ \ a & a
’Jﬁ@!%ﬁi%ﬂ’ﬁua%ﬂaLU%%%GI%’J&@]‘H&‘J’NNs’\lﬂiZﬂU@]a’Nﬂ’ﬁ’J‘ﬂUW?IW&@I?LLE\ZLV]QI%I@U
mﬂﬁqﬂ Suauanal ae. 1985 ¢.Harold W. Kroto 311 University of Sussex #.Robert F.
Curl 370 Rice University LLae @. Richard E. Smalley 310 Rice University ladunulasiasrs

' & A A v A o g a '
Tnavada1suannini1IaalSudazaaNuuy closed shells laslassgsrglunafianiSanin

)

(2

Wlavinl
6 o

aussnanaudatinInmmaaiialan luninazssenziizguluanivauniidieedneg

aa

Buckminsterfullerene (Cg,) N3 zero-dimensional’ a9 LLa@ﬂugﬂﬁ 1a NTABNLA

e @
Se

Q/

dawulud ad. 1991 @. Sumio lijima laFsiaTzAiaquiluniansmeztnes 1 §a laold3s
electric arc-discharge” w1luasuan 1 ddfgniTunivewluaiveudiugasadlugdi 1b
riawluanivaufiguand@iiasununoau wissnwnisaduazniianuion quanya
~ A 1 o 5| U s 1 1 1 6 a = =}
aMuudnss anudunguuazmah iWiududu dradragu vewluaiuauuuunitadond
= ' & & = o @ A A ' ,
AMULTINTINTURANTS 100 ¥ D msininaw uazlidnaniwidantu (Young's modulus) g4
4 1TPa aANIULANAY 5 11 (wdAnagnuszanm 230 GPa) dn1siianuTan 2000 Wim.K
' ' Al 3 & ' 6 = o
ANNIINBILAY 5 11 (naduadagNUszanm 400 WmK)® asuuviaurluarivaudsgniinly
Uszgndldauaning widvamluasuauuuy 1 Sdmunnilddldnuldnainnaisluy
1 U 6 1 o a .
9aa NI 9 nMadunw luanivaulnd gdsasdda’ly lud a.a. 2004 a.Andre Geim uaz
1. Kostya Novoselov 310 Manchester University lddaiamziurluaiivauniilisuuy 2
ﬁaﬁgm%‘ﬂﬂ’j’] N5 % (grapheme) 31N3T micromechanical cleavage 1 ﬂiﬁ’fﬁ@;ﬂiﬂ?\la{

Aa af

uSandduarsasan’ ﬂﬁ]ﬁ]‘ﬂ’uﬂﬁﬂu Lﬂuuﬁalm‘”a@gma@ﬁwﬁﬁﬂﬂ%ﬁm FOLFAINS

q

' o

& & & fa & A 6. [ &
wihpaNd loansigad wuwes wazgunioiBilinnsefinddnsg wasanuu O a.qa. 2008
% 6 aa 1 A a . ¥ o
lavsasawnluaniven 3 ddunulnadluge WaasanaAu (Pillared Graphene) lanniiaue
& = o \ & o A a ~
asauin unnaiuvesriawluarsuauuaznAuaszun 2 anuaiissninsaifaailia

ﬂiﬂﬂu"L@TgﬂﬁwuamIﬂm ab initio msﬂszqﬂmﬁlﬁmmaaﬁamLi@ﬂswﬂmuﬁm‘iaaﬁ'uﬁ'mmi

" H. W. Kroto, J. R. Heath, S. C. O'Brien, R. F. Curl, R. E. Smalley, "Cgy: Buckminsterfullerene", Nature, Vol. 318
(1985) pp. 162 - 163.

2'8. lijima, “Helical microtubules of graphitic carbon”, Nature (London), Vol. 354 (1991) pp. 56-58.

3 M. Terrones, “Science and technology of the twenty-first century: synthesis, propertypes, and applications of
carbon nanotubes”, Annu. Rev. Mater. Res., Vol. 33 (2003) pp. 419-501.

4 K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos, |. V. Grigorieva, A. A. Firsov,
"Electric Field Effect in Atomically Thin Carbon Films" Science, Vol. 306 (5696) pp. 666—669.



ANLAUNAINWTY NI W lalaTiat FNaNITAIWI WL INEINITONNLAUNAIINW LT LATII%

1N 41 g Hy/L meldussenmaln@nianasnislay lithium cations®

TEM image of Cg, dimers

Nature Chemistry 2,117—124 (2010) http://www.nano-lab.com Nature 446, 60-63 (2007)
Al e
Fullerene Carbon Nanotube Graphene
(a) (b) (c)

311 1: luiaauaz3yl transmission electron microscopy (TEM) 283an3uaufifilasaasiouuy

w1l (a) 0 96 (b) 1 A& wae (c) 2 §a

31 2: Tas9aFaNaaIIanI A%

(Source from Nano Lett., 2008, 8 (10), pp 3166-3170)

5 G.K. Dimitrakakis, E. Tylianakis, G.E. Froudakis, Pillared Graphene: A New 3-D Network Nanostructure for
Enhanced Hydrogen Storage, Nano Lett., Vol. 8 (2008) pp. 3166-3170.



= @ [ & a \ a A o o &
%u\‘lluﬂ’]iﬂizﬂqﬂ@ﬂ%mu’l a@;uﬂuﬂﬁi‘u AUNUI aulﬁ]a 81989 ANIIRINLT LT Wl

'
a

lagawizad9dsfoioniTasnau1sanauauaddas1slsznaudunidrzinasiadign

e v '

Ao & A v AL o & Aa . o
qm%gu AN} LW?']ZL‘].]%V]V]T']Uﬂ%@qqﬂqsﬁLsﬁ%Lsﬁaiﬁﬁ]"ﬂU%ﬂmmqU@]qwﬂaﬁma’]@aqulﬁfyﬁlzaqﬂﬂ

q

o A a a

'S'a@;m‘sﬁa dathnianlgauE Lﬂ%ﬁ@dl‘ﬁq wrndgilazdgudfnisiianaauakadNaant1e6n

aU QU

[
av AR [

lulassmyTdpdiadunsiiauaiinslsdsgioauiseinanduizgninAuuazAaaiise

nnfuduisguanlunisneuauesdafisuazarsdsznevdunidizineldviiadign

' o

annIvia s Togazinianansudis umwzﬁf&qmiu@”\mﬁn AsSHAafNTruLTas tUand
nalnMInauanasdammnINe@1g 9

IFnsraazAn I AudnarnnaroATiu N3 micromechanical exfoliation VaInN

17 % 4% chemical reduction ¥ 84 exfoliated graphite oxide”® 35 microwave-assisted

solvothermal reduction® 35 epitaxial growth'™ 3% thermal expansion' Waz3F chemical vapor

04

iy 12 g [ a & v vadaAa .
deposition ‘Lumsmmiﬁmﬂsﬁﬂumaﬂmamm Uuﬁ]zLu%ﬂ’]il“D”J‘ﬁ’J‘ﬁ chemical vapor

deposition 1#asnLduiTnsnazilinnAudquaiwnd lusmeifnmsduanzidiaaiig

% %

anuarlditnssand aﬁ'umaaﬂﬁﬂuua:viamium{uaﬂmmﬂ AUIDUFILRISNIT

[

= FLQ/Qd ad
@
Y

muguamwmsmmﬂ@hm13’14*15*16*17’18’191uimdmﬁﬁ‘fﬂm T35 25 chemical vapor

deposition \duITnanlunidsianziiagunluaiveunazlfiduizgaavuauss

6 K. S. Novoselov, et. al., “Electric Field Effect in Atomically Thin Carbon Films”, Science 2004, 306, 666— 669.
"H.L. Guo et al., "A Green Approach to the Synthesis of Graphene Nanosheets", ACS Nano 2009, 3, 2653-2659.
8 8. Park, R. S. Ruoff, "Chemical Methods for the Production of Graphenes", Nat. Nanotechnol. 2009, 4, 217—-
224,

® AV. Murugan, et. al., “Rapid, Facile Microwave-Solvothermal Synthesis of Graphene Nanosheets and Their
Polyaniline Nanocomposites for Energy Strorage”, Chem. Mater. 2009, 21, 5004-5006.

°c. Berger, et al., “Electronic Confinement and Coherence in Patterned Epitaxial Graphene”, Science 2006, 312,
1191- 1196.

" M.J. McAllister, et al. "Single Sheet Functionalized Graphene by Oxidation and Thermal Expansion of Graphite",
Chem. Mater. 2007, 19, 4396—-4404.

2 K. S. Kim, et al., “Large-Scale Pattern Growth of Graphene Films for Stretchable Transparent Electrodes”,
Nature 2009, 457, 706— 710.

¥ G. Wang et al, "Flexible Pillared Graphene-Paper Electrodes for High-Performance Electrochemical
Supercapacitors”, small 2012, 8, No. 3, 452-459.

“'W. Wang , et al., "Hybrid carbon nanotube and graphene nanostructures for lithium ion battery anodes”, Nano
Energy 2014,3 ,113-118

15 L. Jian, et al. "Supercapacitors Based on Pillared Graphene Nanostructures”, J. Nanosci. Nanotech. 2012, 12,

1770-1776



2. Janlszad

s 6 Gl
- RILATEENTAULRZAIALIANITINY

- UssfusmaimwiraInI ALz Naa L IANIIAUNFINITNAB UFMAIAaNTHIar1TUTzNa L

o9

v

a A 6 oa a
AUNIUITIH Elvl,@ﬂ@‘m‘ﬁﬁll 23

@ an ed a X a ad
- ﬂu‘ﬁ’]ﬂmauu@]ﬂ’]i@]al]auaﬂLlazﬂaqﬂﬂqjﬂauauaﬂmaﬂLeﬁulﬂjﬂi‘nNﬂ@mui@UizL‘UUU’Jﬁ

NRFNFAIAIAUAY

Aaa
3. 1Dnaaasd
3.1 N13AILATITHNIIB
o @ €y ad o o ' A A v o °
ﬂi’l‘ﬂ%ﬂ@]gﬂﬁﬂmi’ﬁ%@n U’Jﬁvlai&‘ﬁEl“(l’]\‘]ﬂ’)’miﬂ%@\‘]LLﬁ@]\‘]ﬂgsL%Eﬂ‘Y] 3 LU UAILNITIN
Copper (Cu) foil (0.025 mm thick, 99.999% metals basis) anld€i4 Quartz tube latiduntis

ANINA19VAILAT CVD LLa:Wﬁug@mmﬁmﬂﬂﬁuﬁmmﬂagﬁﬂizmm 102 Torr

Furnace

. A arben

‘J illsingin

[T

H, G,

;sﬂﬁ 3 LRAILATEI LOTIRENIANNTO (Chemical vapor deposition, CVD)

é’m%’unﬁﬂ@ﬂﬂﬁﬂu

® R. Kumar et al., "Porous graphene frameworks pillared by organic linkers with tunable surface area and gas
storage properties", Chem. Commun., 2014, 50, 2015-2017.

7 L. Jiang, et al, "Functional Pillared Graphene Frameworks for Ultrahigh Volumetric Performance
Supercapacitors”, Adv. Energy Mater. 2015, 5, 1500771.

'8 Y. Matsuo, et al., "Pillared carbons consisting of silsesquioxane bridged graphene layers for hydrogen storage
materials", Inter. J. Hydro. Energy 2012, 37, 10702-10708.

" F. Guo, et al., "Porous structures in stacked, crumpled and pillared graphene-based 3D materials" , Carbon

2014, 66, 476-484.



AaINnULUFBEMY hydrogen (H,) Niaaa Ina 450 scem uwazingang o i gandszano
1000 C tilaaauFauiy 1000 C udrUdasing methane (CH4) ialdwunaInisanvas
Asuan lasdTusasnaInaed H, waz CH, 11 300 sccm ez 60 sccm ANNAIAULTHLIAN

30 w1l ﬂﬁ'ﬁnnﬁfuamqm%nﬂﬁwﬁaqmﬂgwm lasdaasnisinalaniy H,Noas lna 450

sccm

% & =
3.2 NMSAILAITIZHNAANITANIIN
ANIFATNTHN A NTANTIARzAIdUIINATIAY tlalanNuuar1ily treat 628 O,
dl Y A L= :/ Q ﬂ?: o ) g’ ‘dl v

plasma wal¥iAasutianvauin nasansuwinAwllugluwiinaudiolans FeCl, lag
ultrasonication U3z8124 1 min u,a:ﬁﬂﬁ'uﬁwhﬂﬂﬁsauﬁqmmgﬁ 150 °C vI%L287 10 min
wasannutinanlagiaias CVD ﬁnﬂﬁ'ol,ﬁaﬁ'm'ﬁﬂgﬂviamiuﬂﬁuauuuﬂﬁﬂu W Ll
31 3D Wassannlu Mafildugnviawmluasvautazldfine H2 (100 scom) Haariy C2H2

(250 sccm) ImﬂgM%Qﬁlumsé’amﬂ:ﬁ%agﬁ 700 °C 1Jutaa1 10 WA

3.3 N33 an28lanzNinIng

[ A o o ) vAa . [ { 9 %
madadmslanziaringu zno 313503 sparking @93UN 4 Aan1siiduaialunas

U

a A‘ [} v Y { é 1 ' o { 1
‘]Jiﬁ:"mﬁlﬂju Zn 2 Lﬁ%lﬂﬂﬂ%ﬁizﬂ:%%d ﬂaaﬂmmmoﬂﬂﬁgoﬁﬂszmm 1-5 kV 233732821281

DC Power supply
( b) 3kV,3mA
- 'I +

Holders
’:no wi res]/
Nanoparticle .- | | /

t

h

(C) o et
serots g W IO AL Ty 1 o

P 2 . o v A o A o o
;51]7] 4 .0384 sparking ﬁ"l%ﬁ‘]JL"i]E]@]')EJIR‘WﬁﬂO@Y]WW



(g‘ﬂ b 370 ref>> W. Thongsuwan et al., Current Applied Physics 11 (2011) 1237-1242)
susgidurzauimi wans gaisazviliounalanzeanlodfiiaainnis sparking anadands
o Ao X ° @ PN ' ' A o o
Tagaauauasnlungianziin inlildiageeaussriialninmnanszninslanziadai

LAZANSUALATIRIIIW 1

a [ 6
3.4 NMSHAANIBLBLT DS
v o & Y. . & a & o L a & & o
Tunsaamaawaasazls Nitdudianinta laani1saing Ni Slaninsanuazandy
1% Photolithography nilduazldnszuaunns Radio-frequency (rf) sputtering ae lift-off
° o a . A & A ' . A [ L a & .
fIUNITLaIuN Ni man‘[mmwaguugﬁmaa alumina tia'le’ Ni 818nTnIaun alumina
SuusagualtazinisiranIfwarninylUgaNi 8ianinsa laanislanauazaaniilwiaal
s ' ni (2 2 uq: = 2 (% 094’ =3 o g/
N1 waf laazlanaAnguideruuginies drdesnsnnAuwnangguiaziin1swd
1 6 a 6 a 6 oV 6 1
nIzuIRNIINaLAzanLHRARY nIFieMziuazmIdazdusnnlufssusesgnuaadag
1u3ﬂﬁ 5

Graphene film
Dicing tape

CVD NS
CH,:H,, 1000 °C e e

Cu etching
FeCly:DI water
1:5

Transfering
graphene

Ni electrodes
Graphene sheets

Pecling off v

Alumina substrate

311 5 ugasnsdszfvgnnluisowses

3.5 msﬁﬁmmmamaué’fu
ms@‘fumqmauﬂ'ﬁmsmauauama:na"l,ﬂmsmauauawaamumﬁﬁwﬁwﬁmﬂ%
sufuifnaaiaasnlauay self-consistent charge density functional tight-binding (SCC-
DFTB) “71' Run lum%iaa Linux W% software %a DFTB+ simulation package I@muﬁmm van

der Waals dispersion 141 1Ulun13d1uraed2s §1%TU SCC-DFTB 3z 19Wan1InIdnlanaun



1T % second-order expansion 1 84 Kohn-Sham Tu density functional theory (DFT) L& %]

optimized LCAO basis set tTunanlunisdnuwin @h‘wa"’amumiﬁwé’umﬁ’%mimﬁﬁa@;miu

u,azimaqaﬂﬁu (AE) 1% was NO, azpndwinananms (AE)

AE = E(N02+graphene)-E{graphene)-E(NOZ)

o ~ o
WD Enosgraphene) » E, URE Eppy A8 WRIIWIINVBITZUY NO,-graphene, graphene

(graphene),

Waz NO, aNs1aL

4. UABNIIA RN

Period of Time (month)

Process The first year The second year

g [ 3 v
1. FILATIEANTINBUAZABAN

WITHLA D3 IWNITRILATIENR

2.1 38y Preparation of
catalysts U NI TN ua1835
@i’me]l,l,a:ﬁuﬁﬁqmé'nﬂm:

an
FUUGVDINTING

qz 6 A
3. FILATIZANARILIAN TN W
LRZABRINIINNLE a‘ﬂum‘i

SILATIER

4, ﬁumqma‘"ﬂwmxauﬁﬁmaa

=1
NARNIANTIAL

5. ﬁ’]ﬂ’]iﬁﬂiﬂ"]ﬂ?ii(ﬁl] 8173

g o o
Tanrzhaaiin

6. iNN1IR IR DI BLTESN

A
v

23 6 A
INNUUREATLTULTDTWNAN




LIANIT I

7. ANIInagauUIzENTAIN

YDILTWLTAIAUATUAL LD

=
WRUTRAAN §
=S wa o
8. ANBIRULUANS LNN1IV9%
Ppstrwiraslanltizidsuss
4+—>

NIAIDUA N

9. ATNIRDUNANITNARND

v
o

' a a 6
Vlﬂ%ll@]ﬁ?l]ﬂ‘la RINNITUANNUN

8921381308 impact factor

5. HANIINAABILALINTHANIITNARDY
a ¢ a A o Iy
5.1 MIAANERNIARNTILAIHRUR
ad a o @ A A o a < a o ~
MM I LEsee LK WaliudwnafianAnTuasIuazganwueraInAlnA
Ifiduingaevauasvadswsas nw SEM driganuaadagluzif 6 anguazsunaldimn
& a & o v & i @ & A A o
TUNIAWINAWIY v IALABUNTUYEY alumina a8 ndw iNadudwna Raman spectra 22
anuaasagluglf 7 nadiensidmiutuvesnntuaunsng ldandandiuainuiduaas 20
LAz G peaks TINTIANVURAVLALALRUINILAG peaks INMNNANIINARDI ALFIMNTOE U W LG
i\ adA o @ o < L a & oA o & &
Ttk EueaanInlfaruguitwintuvesnluun Ni 8idnlnsaldd fomwsaing 4

g o a & A e 23 A '
LL‘]J‘]JW%zgﬂ%’]VL‘]J’)LﬂT]ZﬂLW FRIRNUANTINDURUDID ﬂx‘lﬂ?‘ﬁ‘ﬁiﬂ‘lﬂizl’% e ﬂvL‘]J

A éa = a ~ A v & o o
5.2 N152LAzRNaaIIanI N wLaziaasans Nwdanralanznialiin
Y [ & & A o | ' &
RAINNMITFILATIERATUB U ILunI 1AW Lt ldd1un W SEM aswudnaztiuyia
6 g 1 L Q 1 dl Q U o A v A
miummaumuuuﬂﬁﬂuamwmﬁ]umuamaQ’Lugﬂ‘n 8 uazMuUNnad larinnITiiasulansng
dutu Zno §u3T sparking azvlWiineumauluves Zno vurewluaiuauniizwme
gﬂs"mLﬂuﬁﬂmm:manaumm@miumm LA WA TEREWINNITINANNINGNIAS ZnO A2
v =) 4 a v é
linaiia EDX Lﬁa'sl,mw:ﬁm@;aaﬁﬂs:ﬂau AW SEM 289 Aassaninidasslansd
o . . ; . T -
A1Laz EDX Qmmmaglugﬂﬁ 9 laawn¥innns sparking DIRVSITEEATi Tie gk gl TIGIT et

Tk ZnO vuNasILIANIIARIZLL DTN ﬁdLLﬁ@dLﬂ%ﬂULﬁﬂUiugﬂﬁ 9a Waz 9b



1 mm

50 pm |

200 nm

200 nm

200 nm 200 nm

3111 6 "W SEM 284 (a) Ni interdigitated electrodes U%31%384 alumina (b) NI ULHY

108, () NIWUFBILK (d) NTIAUTINULRT UAZ (€) NTIWURAILUNK UUFINTEI alumina

N\ /\ 4 layers EE
A ’\ 3 layers -A
A J\. Bilayer JL

A k Monolayer

—— ————
1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Raman shift (cm™)

Intensity (a.u.)

3111 7 Raman spectra 89 NMARLHWALY, NTIAUFDIUKK NTIRUEUUHY

waz NMNABARBUH Y UnIInIad alumina



30s ZnO-CNT

184K '_
Element Weight %
(5 30,69

161K

1.38K]

115K

000 087 134 200 268 338 402 469 536 603

{ @ A o o @ . {
3111 9 31 SEM 283 WamsannAwiadanlanzisdati Zno daeiia sparking 71 (a) 10

ATl uaz (b) 30 I Uaz (c) EDX waedmaadflsznausasauniangnida zno



a ¢ wa [23 3 = 2 6
5.3 ﬂ’li‘)Lﬂi’lz‘iﬁQmﬁ&liJGI‘IIEl\‘]ﬂ’l‘ﬁl‘ﬁ%l,‘ﬁaiﬂi’lﬂ%uazﬂ’lﬁL%%L‘ﬁaiwaa’lLiﬂ

1
=R o

= -~ ¥ ]
nnidanlalanzniasin
& AA o & ' o ' o o

NanINagauiTniTasnNAuATIwInTULand9nulddanisaTiasufiisuasle

\ . A A o = o A
szingdgggnuaadagluzun 10 nuanInaaastliiduimnnnluioausasidinig
aauauadda NO, iganga luamzAifldnisnauauassa CO (1000 ppm), CO,(1,0000 ppm),
NH3(1000 ppm), C;HsOH (2000 ppm) Uaz H,(3,0000 ppm) wasfigmnniiviad Lazdmiunig

= ~ o < A < @ ,

WIBUIABUKNANTENUA T WIUTULBINTIRAUNLINNNTRY 2 Tuazlidnisaauauadda NO,

aad a0

40 - B NO,, 25 ppm

] I CO, 1000 ppm
35+ I CO, , 10000 ppm
30_' S NH,, 1000 ppm

4 [ C_H_OH, 2000 ppm
25 &8 H, 30000 ppm

Gas response (%)

Monolayer Bilayer 3 layers 4 layers

31 10 dnsneuauasdefiouss loszinariiadn guasimmaa N AULHILAL, nTRY

= v

FOILANY NITABRINLHL AT NITAURR LY ‘namvmuﬁ 943

L]

na lnnsnausuasaInNARTIDTwTataNsnasusrwlIngn13at (1) reducing
reaction LLae () NTEUIBNIT direct change transfer fINILNTZLIBAT reducing reaction S
W3n 228 chemisorbed oxygen species (O ,) UWABAINTIAY tla NO, 11¥inauasnien(0 )
azvliifia NO, O, uaz electrons atalsfiauinngnisalfaziiadaudrsenngunanden
A A . . A o & o &
1893103 activation energy llieIna astunalnnIInauawasvaInNAUMTITULTDSY
\Juwuy direct change transfer nT1AuG9f h* duwinzdinlnaluumen NO, Luforay

JUBLANATA LaAANIIINaWATATLIGaNY VN INANIIAIBLANATAUEANIINNTINURINA



1%L hole density Lazn1T lowering U84 Fermi level AualiiAanisiAun i K289 p-

1 v v v QI g 1 a v
type PaINTIAB A1ANNAIUNIUTBINTNAWIZAA AN NO, L11uN LLﬂz"ﬂZLWWDHﬁﬂ'}LiN@%Iu

U

o

u3rMalnd nassumatdfsunlsssasanuawniuifanannisnaaynaglanis

a U 23 { a J 3
Uszifinan1snauanasuazlianniye auauawaammmuma‘?ﬁwamu NINABULLFDITH

a

FININAaUAUEIlAaNgaL1ika 397Nl accessible active surface area AMNNIIWDUTULALY
Turazfwnouwann ldazvi ldm s i aianlddnsunsidu sensing material #90alinns
ADUAWIGADNTENI JALAARI
FATUNANINAROLANLANTADL LIV THITE A |0 T2 nadNd uadiTuiTas
#aasan,fu (CNT) uazimwsaiWasisaniuiidadslanzaanlod zno gnuandaglu
A < X & A .
307 11 uaz 12 MnEamInanasziuldiiswgaiiaaaniuidiniineuauasdann
a a e A o o A o !
817Uz NaUBUNIHIINAE (WNUOR LaMuaa ke 1UTWL) 161 MenaInsiiadls Zno a1
X A o ~ ° = A X &
mMIneauanaIgsdu Beduan zno Sannazldlinaniinevauedlddidu lasimusaiiam

A A o & A A . oa A
Li@]ﬂsqﬂuﬂlﬁ]a@]’)ﬂiﬂﬂzaaﬂ‘lsﬁﬂ Zno&lﬂqﬂ'ﬁlﬁﬂﬂ@ﬂuaua@@ﬂLNﬂquaﬂqﬂﬂﬂq@ LWihlzﬂﬂvLﬂ

Aa . . ' o o v ] { &
N1ILAA p-n heterojunction 32%319 ZnO Lm:'aa@;m‘[um{uauml%ﬁmmwauauaoﬁgwu

1-045 T l T '[ T | T '| T | T '[ T [ T '[ T | T ]
1 30s ZnO-CNT
1.040 ——10s ZnO-CNT
° ] _ pure CNT
€ 1.035-
o’ 1.030 -
g o |
8 1.025 -
2 |
S 1.020
e ] oo,
@ 1.015-
E .
£ 1.010 - M
™
g -
1.005 -
1.000 RN . i
0.995

— 7T T 1 T T T T T T T T T T 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (s)

= ' ' & &
E‘lh’l 11 aNTNDLURUBIG18 methanol °IJ8\1LsﬁuLsﬁaiwﬂﬂ’]Li@ﬂ?’]ﬂuLLﬂzlsﬁuLsﬁafwﬂﬂ’]lj@

v

A o A o o A A
ﬂi’]ﬂulﬁ]a@l’;UI@%zﬂG@]’Ju’]ﬂqm%ﬂuw [N}



0.035

/NN ZnO-CNT 30s |
B ZnO-CNT 10s
0.030 - B CNT —
[=] - -
?E: 0.025
< 0.020 - -
O
m .
c
O 0.015 - -
o
I ]
3
X 0.010 - -
0.005 - .

Ethanol Methanol Propan

=] : ) ' & & A
Ell‘n 12 ﬂqﬂqiﬁauauaﬂ(ﬂa‘laizL“U@’N 9 °]Ja\‘]LsﬁuLGﬁai‘Waa’]ﬁ@ﬂiq‘ﬂuuazlfﬁ%lﬁﬁaiws"]ﬂ’]lj@

'
o A v

A v & et a
NI UIG%:ﬂG@]'J%WWﬂM%ﬂ&J%aG

9 U

5.4 Naua:mﬁms’l:ﬁmsﬁﬂuammamauﬁu

Namsﬁﬁmm@hwé’amué’umﬁ?mmaaﬁ"ﬁﬂuLaqawﬁu NO2 @iamﬁﬂuﬁ"ﬁwﬁwﬁafgﬂ
LLa@aag‘Lugﬂﬁ 13 I@ﬂﬁmsa‘haaﬁzmmaLLa:mmN@T’maﬂuLaqa@"\ummagﬂugﬂﬁ' 14 91N
HANI3NaINLALENALAEIIAWIN A BUANNLIINTIAL 2 Tl HAW S I wE A IATEN
ﬁLLiaﬁq@ﬂi:mm 1163 eV fiszwr 162 A luwanfinmfiuswdsussnmlunanssuden
wé’amua‘"umﬁ?magﬁ -0.92 eV Unz-0.76 eV 71331z 1.6 A ANEIAL ATWEIUIEL 9 frontier
molecular orbitals 189 NIAULTULTAITE JriaukaznaIMIgatulIan NO, Aidunibafi
aw@;aﬁq@gmmmaglugﬂﬁ 15 PNHANITFIUIUMNLINNOUNITADLEWES NO, FATNRIN®
Fermi energy V84 ﬂi’]ﬂufmﬁm aaafu LLawmﬂfuagﬁ -4.485 eV, -4.369 eV lae -4.254
eV mudau luvmegadu NO, ATWS3911 Fermi energy BouadlUf -4.518 eV, -4.412 eV
Waz -4.261 eV Ny wazasdiwldtalawinnsfiuuuusasouliinnsidswu sana s
LRZNIIRANATEY energy gap reduction mﬂﬁq@ Sodunarin i Rsuuusesiuaana
aauauaddaluianaved NO, VL@Taﬁq@ gannaosnurannasssdunalnminausuasiisla

LAWA LT ANNRAIT A1



311 13 3Umidnesninauauasvadluiana NO, dalmulsainnAuLLy (a) Twdien

(b) §8ITW LA (C) NATH

. —&— Monolayer
—e— Bilayer
12 4 —&— Multilayer

AE (kcal/mol)

ti 5 6 7 8 9 10 l 11
distance (A)

3UN 14 nmnasUsUaIRTEIzRIalaEana NO, dalmuimainWuuuneng g



-4.00
-4.05

-4.10 - _ P

-4.15

-4.20

-4.25 -

4.30 4 ——8

-4.35 - LUMO

-4.40 - 00763V
HOMO

* E
—— 0.0231¢V  HOMO —_—
-4.45 -] ot ———

A E
v 0.0433¢V
- HO

A
= LUMO

...... SRS

-4.50 1" 6aaev o —
HOMO i 0.0640eV '

-4.55 - H HOMO

-4.60 — —

Energy (eV)
I

-4.65 - —_—
-4.70
-4.75 EE— e
-4.80 _—
-4.85 i
-4.90 -

-4.95 4 Monolayer NO, -monolayer Bilayer NO, - bilayer Multilayer NO, - multilayer
5.00 graphene graphene graphene graphene graphene graphene

3111 15 Wa39UIa L 9 frontier molecular orbitals VBINTIAUUULAI ) TTOUUAZIART

auashsonuluana NO,

a 6 6V & A ¥ v
5.5 msﬂszmﬂgmmeﬁumaima LLILLL UTﬂ\‘]\‘] 9161

a 6 &v 6 v A o a '
"il’mﬂ’]illiﬁﬂHﬁﬂ?‘ﬁL‘ﬁ%Lsﬁa‘iﬂ‘i’]ﬂ%@ﬂ%ﬂ%“ﬂvl@] Nﬂ@&ﬂﬂl%ﬂﬂ‘i(ﬂ DURUBIND NO,

o9

Alorann1sasram I asuiasn1 s Wi twalw lamaawaasnainvans A

@ K

Favdslaaatrnimasanu e lnlNaIvannIT U ILEIU0IaNINALRIN AT WY B4

v

& & o o & v & & i o
faauisasna lUu1Tannudsbardu Aaiauisas electroluminescent wuulAdda bo
€t=i Aa €‘§‘ fl A €d‘ a ‘3‘ c? ] % &
e indsdngiugnuaadaglugtf 16 irumainuiaduitazaunsawdiuaslang
(% v é o 1 123 ] s o
saseu lasduniaziiiagaeuauasdafafevar lasnannsvhauninluana
fawnia laszmedianinzdsizgaauauasiiguia azvilddranudunuiinade
a 1 1 a 1 A o v a 1
eGOBIENIEN ﬁwaimmmamﬁ’mﬂumaag electron-hole T33zvilALAiad s

a

Lﬂﬂ\‘iLL’ﬁ\‘]’Uad‘i}B‘YlNﬂ@muwﬂ']LﬂﬂEJuLLﬂﬂ\‘ivLﬂ AVURANNITIUNTIIICKINIIARININID

1
(=

6 1o (3 o A & a e =
L‘ﬁ%L‘ﬁﬂiLLUUl%NV]VLN‘DWLﬂ%@i’]Oﬂ’]ﬂEJQﬂﬂ‘imaLﬂﬂ“ﬂi@%ﬂﬁ@%"] NIDIDLULRAINRLLEN



' 6V

~ [ . ' a a & o Yy, A A < A
L‘WUda\‘lLﬂ@lmﬂ’]ﬂﬂa\‘]LL&G“/I@’NVL‘IJmﬂL@mﬂﬁ]:m‘L%ﬂ 14 qsﬁ“javLaizL%Uuua%U§L?m

AINET?

Y-

{ 1 [ . { a ;&’ v v v
gilﬁ 16 gﬂmwaammmuma‘i‘ electroluminescent NTHRAT% (a) malanslésse (b) 9

Wk gas sensing (c) wuy laisnanszusn

10200 ' ; . . , .

10000 4 NH30ﬂ

98004 , i /

9600

Intensity (a.u.)

9400 4

9200 4

™ NH, off

T T T T T

T
0 200 400 600

T T
800 1000 1200

T T T T T

I T T T T
1400 1600 1800 2000

T I
2200 2400 2800

Time (sec)

‘d. . 23 [ 4 . [ A
gi.l‘n 17 LRAIAIURINNIN reversible VBINDLTWLTAI electroluminescent NU NH, NA1NY

[

LT 100 ppm Ngannivas



&V 6

AN R UL ITBINNNLTNLEITEI ANDLawlaas electroluminescent LuU laddada
laszivie NH; @131 0u2% 100 ppm Namwnnilvasans e real time gmmmaglugﬂﬁ 17 a2
WnladmIzaunusznineenadnd waz laseins NH; Sxaldifiansiddsuudadsvasaing

TULRIVDY ALnLras electroluminescent huunaulUnauul lagn1snau lnauuiaadan

v
[ ' 7] »

ANMNULTNLRIBUAN B IHENA mﬂn’nuumimaauqmauu@mﬂﬁwaﬂ'\iwu*jﬁ Lisinadanis

A A

wWasnulasdanuduussndisezddny iaiinny bending TuyNEE9aIue 10009 500uUaz

[

HANNIADURUBIADNNT NH; WULLTILEY

6. mqﬂuazifaLa%aumﬁm%’umvﬁﬁ'ﬂuamﬂm
a v dq, Y o = 1 (=] Qs 6 a v [ 1 = v
Imammwﬂ@mwﬁ]@‘maLﬂuvlﬂmmmqﬂs:ammaaﬁmwLﬂuamm lafinaan
A a ad ' A ' ° A P
mwuw"tmwmsmmmmmglugm ISI 961 Impact factor 47NN31 3 FIUI 2 1309 WAzl
Naa’mmuaﬂvaﬁﬂizqus:é’umaLLazmmma‘iw 6 1509 laslaseniyadaiiduwnisasns
ea o = A A o A& o

LEWLASNYINNIINAII AL NaalIanI AL uaz Naa1sanIdln 3aarulansniaiin Zno

ad ™ 6 =) % A % % d' eq: %
A NIIRILATIZRYDINTIABLATNARILIANTINWIZAFENTLARa UG8 1A uTaw (NECARED
wilwazlfgungiiuazansnsduiiuandrsnu dmivioawgainnAunuirdwiutuaedn
NAnINadanInaUIHaIdanTlasatd lagsiwinninAuwsasiwazlvuaniianauawasdaina
NO2 "lﬁaﬁq@ WNTIZANARRDITUNATNRIIN LRSI IRNIRLRNIZRNALUNTHNOWATAILN
ﬂ”ﬂIwLaqa NO2 SMTUNRANIANTIABLTWaasWUINIANANITAaUaKkaIda laTeRaLas AN
au 9 lanaudnadnunwszantan i Winannly vlisidudesiasialanzeanlod was
A a o ' o A ' v
138130878 ZnO WUIENNID ANANITADUAWAILAZLIADNA D URHAIGD LT RELANIHEA LA e

1 aq: a v p?{'cv U o Aad a 6 6 d' £ wd‘

winnInulasinisitpidslainauedtlsdugimumainiusinlase lansaunsnaauauad
@ia"laszmwaaLLau‘[mﬁmﬁqmwnﬂﬁﬁaﬂﬁamoﬁ a%m%’mm’ia”ﬂuamﬂmmmmﬁwaaﬁmmj

a v é’ 1 & 6 1 ci (% o % A 23
nlassnyduilldasaaidwawaasuuulng ‘ﬂQ’lmﬁ]:ml,ﬂmau@mzmﬂ"laszl,ﬁUmamsﬁ

a =1 (ni 1 ni ni dll o A 23 a 1
ANANFVaILFILTULTasNlasnanuNidaswntadly tlaasiaulaszinensafnane o an

AMNLTNTUNAIAT LT L

7. Output 31nlassn133elasunwaIn ana.

R - - - |

7.1 HRSIMARAWIHITEIIITINIWINIBIG (SzuTodUas Fo1309 T0213813 T 1as
P a [y
1 1N uaznn)
- J. En-on, A. Tuantranont, T. Kerdcharoen, C. Wongchoosuk*, Flexible alternating

current electroluminescent ammonia gas sensor, RSC Advances, Vol. 7, 2017, pp. 16885—

16889. (Impact Factor 2016 = 3.108)



- Y. Seekaew, D. Phokharatkul, A. Wisitsoraat, C. Wongchoosuk*, Highly sensitive and

selective room-temperature NO, gas sensor based on bilayer transferred chemical vapor

deposited graphene, Applied Surface Science, Vol. 404, 2017, pp. 357-363. (Impact

Factor 2016 = 3.387)

7.2 msnaswdve lulxilseTamnst

a a 3 o a 1 a o
Bewdkad (@nsildadaanamaliiianela wiadnsirldszandlslag

mMagsna/yananali)

a ~ 3 a a o a 1 a

l‘ﬁ\i%‘[ﬂﬂ'lﬂ (Nﬂ'liﬂ'lﬁ%ﬂ%rﬂﬂ'lEl8\1\1']%'3%El/LﬂﬂN’l('?’l‘iﬂ'l‘ﬂ‘ﬂN/LﬂaEI%LL‘IJE*!\‘]
~ LY o A AaA o

TLULUVBVIAUKRIDIDN W)

ZIE151Te (ALASaznaaasInla/as 1 nszuaaMNaw 12 11290 I19)

(7
o

laasanszuaanuanla i In A NUINTWIT LA WLTW T SATIIATN TN NIRD

a e A a 6 AaAA 1

Ny RIIFANUW WAz 1T
1. 319MT Be my Guest N13%839 NBT WORLD (mma‘”\mqw) @aw Nano gas
watch @18918ANTINN 27 INTAN 2561
2. ad NationTV, 31815 Y210 Law3ad  @auk wiRnILGwmas wianisa
[ Aa
PTG
(18 uNT1AN 2561)

https://www.youtube.com/watch?v=bOnPgiyr7w0

3. B89 357917 AWAN117 ARl aTamaNeRanaIITIa
(11 4NTAY 2561)

https://www.youtube.com/watch?v=W1aQfp\WBae4

4. 83 PPTVHD 217 wianiulnd“ninmdadie’udsfounsansne (10
UNIAN 2561)

https://goo.gl/buio81

5. Science-Manager Online (17 January 2018)

https://mgronline.com/science/detail/9610000004874

6. Bangkok Biz News (12 January 2018)

http://www.bangkokbiznews.com/news/detail/788399



https://www.youtube.com/watch?v=bOnPgiyr7w0
https://www.youtube.com/watch?v=W1aQfpWBae4
https://goo.gl/buio81
https://mgronline.com/science/detail/9610000004874
http://www.bangkokbiznews.com/news/detail/788399

7. &miling FM 89.5 MHz FumEaui 7 Qumw‘"uﬁ 2561 1387 10.30 .

- ITINT (FNINAWINITS BN TFOWET191EN IV Tral)
ladnmsssnniaslndifeanuawninialswiaat Nezaulsyyiaiuas
% a =S o L3 6 L o v A A [ ™ a =
vmdiafns Suin 2 avuazldiduasdanuiimnivisniouszauimdiadnslu
MAITIRNENT A INUIAIFAT WANWATATFAT LT 318771 01420696 Selected

Topics in Physics Wae 01420598 Special Problems W uan

a ! aa a ]
7.3 8% 9 (1% HaIWANNN WITETIZTIMIInilszina msiananawlniidszns
BINTT NIHIED NTIATNDLAT)

- C. Wongchoosuk*, State-of-the-Art Room-Temperature Gas Sensors Technology, The
First Materials Research Society of Thailand International Conference, October 31 -
November 3, 2017, The Empress Hotel, Chiang Mai, Thailand.

- O. Arayawut, S. Arunragsa, C. Wongchoosuk*, "Effect of vacancy defects in pillared
graphene"”, The First Materials Research Society of Thailand International Conference,
October 31 - November 3, 2017, The Empress Hotel, Chiang Mai, Thailand.

- Y. Seekaew, K. Timsorn, O. Arayawut, C. Wongchoosuk*, "Adsorption Study of Gas
Molecules on ZnO Decorated Carbon Nanotubes", Siam Physics Congress 2017, 24 - 26
May 2017, Rayong Marriott Resort & Spa, Rayong, Thailand.

- 0. Arayawut, C. Wongchoosuk*, Electronic properties of the pillared graphene
nanostructures by self —consistent charge density functional based tight binding, Pure and
Applied Chemistry International Conference 2017 (PACCON 2017), February 2-3, 2017,
Centra Government Complex Hotel & Convention Center Chaeng Watthana, Bangkok,
Thailand.

- Y. Seekaew, D. Phokharatkul, A. Wisitsoraat, C. Wongchoosuk*, Room temperature
sensing of ZnO decorated carbon nanotube-based gas sensors, Pure and Applied
Chemistry International Conference 2017 (PACCON 2017), February 2-3, 2017, Centra
Government Complex Hotel & Convention Center Chaeng Watthana, Bangkok, Thailand.

- O. Arayawut, C. Wongchoosuk*, Geometric and Electronic Properties of Defective
Bilayer Graphene Quantum Dot Using SCC-DFTB method, the 42nd Congress on Science
and Technology of Thailand (STT42), November 30 - December 02, 2016. Centara Grand

at Central Plaza Ladprao Bangkok, Thailand.



AMARNWIN



Applied Surface Science 404 (2017) 357-363

journal homepage: www.elsevier.com/locate/apsusc

. . . . f{ -
Contents lists available at ScienceDirect Applied

Sgrp}ace Science

Applied Surface Science

Full Length Article

Highly sensitive and selective room-temperature NO, gas sensor
based on bilayer transferred chemical vapor deposited graphene

@ CrossMark

Yotsarayuth Seekaew?, Ditsayut Phokharatkul °, Anurat Wisitsoraat®,

Chatchawal Wongchoosuk®:*

a Department of Physics, Faculty of Science, Kasetsart University, Chatuchak, Bangkok 10900, Thailand
b Nanoelectronics and MEMS Laboratory, National Electronics and Computer Technology Center, Klong Luang, Pathumthani 12120, Thailand

ARTICLE INFO

Article history:

Received 30 September 2016
Received in revised form

24 December 2016

Accepted 29 January 2017
Available online 31 January 2017

Keywords:
Bilayer graphene
NO, sensor

CVD

Band diagram

ABSTRACT

This work presents a highly sensitive room-temperature gas sensor based on bilayer graphene fabricated
by an interfacial transfer of chemical vapor deposited graphene onto nickel interdigitated electrodes.
Scanning electron microscopic and Raman spectroscopic characterizations confirm the presence of
graphene on interdigitated nickel electrodes with varying numbers of graphene layers. The NO, detec-
tion performances of bilayer graphene gas sensor have been investigated in comparison with those of
monolayer and multilayer graphene gas sensors at room temperature. From results, the bilayer graphene
gas sensor exhibits higher response, sensitivity and selectivity to NO, than monolayer and multilayer
graphene. The sensitivity of bilayer graphene gas sensor is 1.409 ppm~' towards NO, over a concentration
range of 1-25 ppm, which is more than twice higher than that of monolayer graphene. The NO,-sensing
mechanism of graphene sensing film has been explained based on the direct charge transfer process due
to the adsorption of NO, molecules.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Graphene has become one of the most popular materials for
gas-sensing applications due to its unique properties such as
large specific surface area, high electrical conductivity, high carrier
mobility and excellent electron transfer rate [1]. Recently, gas sen-
sors based on graphene synthesized by several methods including
reduction of graphene oxide [2], chemical vapor deposition (CVD)
[3,4], mechanical exfoliation [5], epitaxial growth and chemical
functionalization [6,7] as well as graphene composites with var-
ious materials particularly polymers and metal oxides [8-10] have
been extensively investigated for detections of numerous gases
especially air pollutants such as NO,, CO, CO,, and NHj at different
operating temperatures [11-14]. In particular, graphene is highly
attractive for NO, sensing due to the ability to operate at room tem-
perature but its room-temperature sensitivity is still limited. Thus,
recent research has been focusing on enhancing the NO,-sensing
performances of graphene gas sensors. For examples, flexible and
sensitive NO, gas sensors based on reduced graphene oxide were

* Corresponding author.
E-mail addresses: chatchawal.w@ku.ac.th, boy_nanotube@yahoo.com
(C. Wongchoosuk).

http://dx.doi.org/10.1016/j.apsusc.2017.01.286
0169-4332/© 2017 Elsevier B.V. All rights reserved.

fabricated by sequential electrostatic adsorptions of ionized poly-
electrolytes [15]. In addition, epitaxial graphene grown on 6H-SiC
substrates was demonstrated as highly selective NO, sensors using
amperometric and potentiometric measurements [16]. Moreover,
NO, sensing performances of graphene could be enhanced by form-
ing oxygen-functional groups on surface using ozone treatment
[17].

The performances of graphene gas sensors are observed to be
highly dependent on synthesis and fabrication processes, which
affect the number of sp? layer, physical morphology and surface
chemistry of graphene. The number of sp? layer should be one
of the most influential factors that affect gas sensing behaviors
of graphene since it is directly related to electronic structure and
specific surface area for gas interaction. Graphene with single, few
and multiple sp? layers have been widely employed for gas sens-
ing. However, the layer effects on sensing mechanisms particularly
toward NO, are still not well understood. In particular, there are still
few studies on gas-sensing properties and mechanisms of bilayer
and few-layer graphene. Bilayer graphene has received increasing
attention in future electronics applications due to electrical-field
tunable band gap [18,19]. In addition, bilayer graphene not only
exhibits unique two-dimensional properties similar to monolayer
graphene but also provides a superior electrical quality with Bernal
AB stacking order, which is the thinnest possible limit of an interca-
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Fig. 1. Schematic diagram of graphene gas sensor fabrication process.

lated material [20,21]. These features may enhance the gas-sensing
properties. Moreover, theoretical and modelling studies foretell
that bilayer graphene will display particularly high NO, sensing
performances [22]. In this work, we report a simple realization
of bilayer graphene gas sensor based on chemical vapor deposi-
tion (CVD) process and investigate its NO,-sensing performances
in comparison with monolayer and multilayer graphene gas sen-
sors. In addition, the layer effect on NO,-sensing mechanisms of
few-layer graphene gas sensor is proposed.

2. Experimental details
2.1. Synthesis of graphene on Cu foil

Copper (Cu)foil (0.025 mm thick, 99.999% metals basis) was pur-
chased from Sigma-Aldrich Co. LLC. The graphene film was grown
on the Cu foil by CVD using methane (CHy) as a carbon source.
The Cu foil (6 x 12cm?) was loaded in a 4” horizontal quartz tube
CVD furnace. The CVD reactor was evacuated to a base pressure
of 102 Torr. 450 sccm of hydrogen gas (H,) was flowed while the
reactor was heated to at 1000 °C. Graphene film was then synthe-
sized at a working pressure of 5 Torr for 30 min in the mixture of
CH4 and H; at flow rates of 60 sccm and 300 sccm, respectively.
After the graphene growth stage, the quartz tube of CVD cham-
ber cooled down to room temperature under H, flow at 450 sccm.
With this growth condition, the obtained graphene was primarily
monolayer graphene.

2.2. Fabrication of graphene gas sensor

The graphene film on Cu foil was transferred to interdigitated
Ni electrodes on an alumina substrate by the transfer process as
depicted in Fig. 1. The interdigitated Ni electrodes with 0.5 um
thickness, 100 wm interdigit spacing and 4 x 4mm? electrode
area were prefabricated on an alumina substrate by standard
photolithography, radio-frequency (rf) sputtering and lift-off pro-
cesses. Firstly, the graphene film on Cu foil was attached on an
adhesive tape by pressing. The adhesive tape (0.095 mm thick, light
blue color) was commonly used for wafer dicing (Advanced Dic-
ing Technologies Ltd.). The graphene/Cu foil/tape structure was
immersed in iron chloride (FeCls) solution for selective etching
of Cu foil. After Cu foil was removed, the graphene film on tape
was washed with DI water to clean remaining FeCl3 and dried
in air at room temperature. The graphene film on tape was then

transferred to interdigitated Ni electrodes on an alumina sub-
strate by physical pressing and the tape was carefully peeled
off, yielding a monolayer graphene film deposited on the alu-
mina substrate with interdigitated Ni electrodes. The number of
graphene layers was increased to 2-4 by repeating the trans-
fer process. The transferred graphene films were characterized
by field-emission scanning electron microscopy (FE-SEM: SU8030,
Hitachi) and Raman spectroscopy (InVia Raman Microscope, Ren-
ishaw). The Raman measurement was conducted using laser with
the excitation wavelength of 785 nm.

2.3. Gas sensing measurement

The gas sensing properties of graphene gas sensors were mea-
sured using a standard flow-through system. A flux of synthetic air
was mixed with a target gas source at different flow rates to var-
ious desired concentrations using mass flow controllers while the
total gas flow rate was fixed at 2000 sccm. The target gases includ-
ing nitrogen dioxide (NO;), carbon monoxide (CO), carbon dioxide
(CO3), ammonia (NH3), hydrogen (H,) and ethanol (C,HsOH) were
introduced at different concentrations to assess the sensitivity and
selectivity of fabricated gas sensors. The gas sensor was exposed
to a gas sample for ~10 min at each gas concentrations and the air
flux was restored for ~30 min. All experiments were performed at
room temperature (26 4+ 2 °C) in dry air. The resistances of gas sen-
sors were continuously monitored by the voltage-amperometric
technique at 0.5V using a digital multimeter (8846, Fluke). The
data were recorded every second by a computer system for sub-
sequent analyses. The gas-sensing performances were evaluated in
terms of gas response, sensitivity and selectivity. The gas response
is defined as S (%) = [(Rair — Rgas)/Rair] x 100, where R,;; and Rgas are
the baseline resistance of sensor in air and the resistance of sensor
in a target gas, respectively. The sensitivity is the linear slope of
gas response versus gas concentration plot. The selectivity is the
relative response compared between different gases.

3. Results and discussion
3.1. Characterization of graphene sensing film

The surface morphologies of interdigitated Ni electrodes with-
out and with graphene nanosheets are illustrated in Fig. 2. It shows
a portion of interdigitated electrode comprising Ni and alumina
stripes as dark and bright fringes (Fig. 2a), respectively. The actual
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Fig. 2. SEM images of (a) Ni interdigitated electrodes on alumina substrate (Inset shows the photograph of fabricated electrode) and (b) monolayer, (c) bilayer, (d) 3-layer
and (e) multilayer graphene sensing films on alumina substrate.

widths of Ni and alumina stripes, corresponding to electrode width graphene onto the substrate, polygonal nanosheets with several
and interdigit spacing are estimated from the scale to be ~130 hundred nanometers in width are seen to scatter on the porous
and ~90 pm, respectively. After transferring monolayer and bilayer alumina substrate between Ni electrodes as illustrated in Fig. 2b
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Fig. 3. Raman spectra of monolayer, bilayer, 3 layers and 4 layers of graphene on Ni
interdigitated electrodes deposited on alumina substrates.

and crespectively. It can be noticed that the porous alumina surface
behind the sheets can be seen through, confirming the ultrathin fea-
ture of monolayer and bilayer graphene structures. However, the
porous alumina surface cannot be obviously seen for 3-layer and
multilayer graphene sheets as shown in Fig. 2d and e, respectively.
The number of graphene layers transferred to Ni interdigitated
electrodes can be inferred from Raman spectra as presented in
Fig. 3. It is evident that all graphene films exhibit D, G and 2D
peaks at around 1300, 1580 and 2600 cm~?, respectively. D peak
arises from edge as well as lattice defects of graphene structure
while G peak corresponds to primary sp2-hybridized carbon bonds
in graphene and 2D peak, the second order of D band, is related to
zone boundary defects [23,24]. The number of layers of graphene
can be correlated to the intensity ratios between 2D and G peaks,
the peak sharpness and the shift in peak positions [25-31]. The
monolayer graphene (one-time transfer) displays very high, sharp
and symmetric 2D peak whose intensity is about 2.4 times as high
as that of G peak. For the bilayer graphene, 2D peak becomes rela-
tively broad and its peak intensity becomes comparable with that of
G peak. As the number of graphene layer increases further to 3 and
4, 2D peaks are increasingly broader and lower in magnitude with
2D/G intensity ratio of less than one. In addition, the 2D peak posi-
tion is up-shifted from 2600cm~! to 2608 cm~!, 2615cm~! and
2627 cm~! as the number of graphene layer increases from 1 to
2, 3 and 4, respectively. The observations are in good agreement
with other studies of single and few-layer graphene [30,32,33].
Moreover, it is observed that D peaks for all graphene layers show
similar relative magnitude compared with G peaks. It indicates that
graphene sheets in all cases have similar size so that the relative
contributions of edge defects are not significantly different.

3.2. Gas sensing properties

Fig. 4 shows the change in resistance of graphene gas sensors
upon exposure to NO, gas with different concentrations ranging
from 1 to 25ppm at room temperature. It is seen that the sen-
sor resistance decreases monotonically with increasing number of
graphene layers. The resistance decrement is expected since the
resistance of a thin film is inversely proportional to the film thick-
ness. However, itis observed that the factor of resistance decrement
is considerably larger than the number of graphene layers. For
instance, the resistance of bilayer graphene is 5-6 times lower than
that of monolayer graphene. This observation will be explained
in the next section. Upon exposure to NO,, the resistance of the
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Fig. 4. Change in resistances of graphene gas sensors with different numbers of

graphene layers to various NO, concentrations between 1 and 25ppm at room
temperature.
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Fig. 5. Gas response of monolayer, bilayer, 3 layers and 4 layers of graphene gas
sensors as a function of NO, concentration at room temperature.

graphene gas sensor decreases rapidly and then slowly recovers
after restoration of dry air, indicating a p-type sensing character-
istic to an oxidizing gas. In addition, the bilayer graphene sensor
displays relatively high change in resistance compared with mono-
layer, 3-layer and 4-layer ones. The sensing mechanism and layer
effect for graphene gas sensor will be discussed in the next section.

Fig. 5 demonstrates the gas response of sensors based on mono-
layer, bilayer, 3-layer and 4-layer graphene as a function of NO,
concentration at room temperature. It can be seen that the gas
response at a fixed NO, concentration initially increases as the
number of graphene layer increases from 1 to 2 and then decreases
monotonically when the number graphene layer increases fur-
ther to 3 and 4. Thus, the bilayer graphene sensor shows optimal
response compared with those of monolayer, bilayer, 3-layer and
4-layer ones. In particular, the bilayer graphene sensor exhibits a
high response of 38.9% to 25 ppm NO, at room temperature. In
addition, the gas response of graphene sensors increases linearly
over the NO, concentration range of 1-25ppm. The linear sen-
sitivity of monolayer, bilayer, 3-layer and 4-layer graphene gas
sensors estimated from the linear regression lines in Fig. 5 are
0.696, 1.409, 0.703 and 0.498 ppm~!, respectively. Hence, the sen-
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Table 1

Comparison between the present study and the literatures about graphene-based gas sensors for NO, detection.
Sensing material Sensitivity/Response NO; (ppm) Operating temperature Ref.
Epitaxial graphene —[~0.115 (Al/l,) 18 300°C [16]
Mechanically exfoliated HOPG —/0.09 (AR/R,) 100 RT. [5]
Ozone-treated graphene —/0.037 (AR/R;) 5 RT. [17]
Epitaxial grown graphene —/0.025-0.01 (AG/G,) 8-1.5 - [45]
Reduce graphene oxide —/0.0195 (AR/Ra) 21 RT. [47]
Porous graphene 0.0432ppm~'/- - - [45]
Chemically modified graphene 0.443 ppm~'/— 5-45 - [6,45]
Al-decorated graphene —/0.0289 (AR/R,) 1.2 150°C [10,46]
3D reduce graphene oxide —/0.0374 (AR/R,) 10 22°C [11]
Bilayer graphene 1.409 ppm~1/0.1287 (AR/R;) 1-25/5 RT. This work
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Fig. 6. Selectivity histogram of bilayer graphene gas sensor to various gases at room
temperature.

sitivity of bilayer graphene sensor is more than twice as high as
those of single-layer, 3-layer and 4-layer ones. The NO, sensing
performance of the bilayer graphene gas sensor is compared with
other recently reported graphene-based NO, sensors as listed in
Table 1. It is seen the bilayer graphene gas sensor exhibits rel-
atively high NO, response and sensitivity (12.87% at 5ppm and
1.409 ppm~1) compared with most other graphene-based gas sen-
sors, whose response to 5 ppm NO, and sensitivity are less than
10% and 0.5 ppm~!, respectively.

The selectivity of the bilayer graphene gas sensor has been
characterized towards NO,, CO, CO,, NH3, C;H50H and H, at
their nominal concentrations as shown in Fig. 6. It is evident that
all graphene gas sensors show high response to NO; (25 ppm)
and very low response to CO (1000 ppm), CO, (1,0000 ppm), NH3
(1000 ppm), C;H50H (2000 ppm) and H, (3,0000 ppm) at room
temperature. In addition, the NO, response changes considerably
with varying the number of graphene layers and is optimal for the
bilayer graphene while the responses to other gases remain low
and almost unchanged. Thus, the NO, selectivity of graphene gas
sensor is also maximized for the bilayer graphene. The high NO,
selectivity of graphene gas sensor may be explained based on the
differences among theoretically determined adsorption energies of
NO, and other gas molecules [34,35]. The adsorption energies cal-
culated by local density approximation with CA-PZ method for NO,,
CO and NH3 molecule on graphene surface were —0.48, —0.12 and
—0.11 eV, respectively [34]. Additionally, the adsorption energies of
NO,, CO, CO, and NH3 molecules around the sites of dangling-bond
edge defects on graphene estimated by spin-polarized generalized
gradient approximation with PW91 functional code were —2.70 eV,
—1.34eV, —-0.31eV and —0.18 eV, respectively [35]. The more neg-

ative adsorption energies of NO, on graphene basal plane as well
as its edge defect sites indicates higher adsorption rate of NO, on
graphene than those of other gas molecules, implying high NO,
selectivity against these gases.

3.3. Sensing mechanism of bilayer graphene gas sensor

From the results, all graphene gas sensors exhibit p-type gas
sensing characteristics and bilayer graphene displays consider-
ably higher NO, response than monolayer, 3-layer and 4-layer
graphene. The NO, sensing mechanism of graphene at low tem-
perature may generally be explained based on (I) reducing reaction
and (II) direct change transfer processes. In the case of the reduc-
ing reaction process, chemisorbed oxygen species (05 ) could be
formed on graphene surface even at low or room temperature.
NO, may react with O; to generate NO, O, and electrons. How-
ever, this reaction should not occur at low temperature (<100°C)
due to insufficient activation energy. Thus, direct charge transfer
process appears to be the most probable dominant process for
NO, sensing of graphene gas sensor at room temperature. Direct
charge transfer occurs between NO, molecules and graphene sur-
face when NO, molecules are adsorbed on the graphene surface as
NO; by chemisorption. Fig. 7 shows the schematic diagram of NO,
sensing mechanism of monolayer, bilayer and multilayer graphene
gas sensors based on the direct charge transfer principle. Before
gas adsorption, the Fermi level energy lies at the K point where
valence and conduction bands of graphene meet. The monolayer
graphene exhibits the unique massless conical band electronic
structure while bilayer and multilayer graphene structures have
typical parabolic bands associated with finite charge carrier effec-
tive mass, which increases with increasing number of graphene
layers. In air, O; species adsorbed on graphene surface atroom tem-
perature will accept electrons from the valence band of graphene,
inducing holes and p-type conductivity. In addition, the amount
of holes will increase with increasing number of graphene layers
because more electronic states are available in the wider valence
bands of bilayer and multilayer graphene, leading to lower p-type
electrical resistivity. This could explain the observed large decrease
of resistance with increasing the number of graphene layers. Upon
exposure to NO,, NO, molecules are adsorbed on graphene as NO7,
extracting more electrons from the valence band as illustrated in
Fig.7[36,37].This leads to the increase of hole density, the lowering
of Fermi level and the increase of p-type conductivity of graphene
sensing film [22,38-44]. For monolayer graphene (Fig. 7a), the
amount of charge transfer to NO, molecules may be quite limited
due to less available electronic state at high energy in valence band
compared with bilayer one. Thus, the bilayer graphene, which has
comparable accessible active surface area as monolayer one, could
exhibit more charge transfer due to NO; adsorption leading to a
larger change in resistance and higher NO, response as depicted in
Fig. 7b. The result is supported by the theoretical prediction of NO,
sensing by bilayer graphene [22]. When the number of graphene
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_—NO, molecule

Fig. 7. Schematic and band diagrams of NO,-sensing mechanism of (a) monolayer,
(b) bilayer and (c) multilayer graphene gas sensors.

layers increases further (Fig. 7c), the relative amount of transferred
charges will be reduced substantially since NO, molecules can only
extract electrons from graphene surface while there are very large
number of hole charge carriers internally present in multilayer
graphene (the low resistance value of ~60 2 for 4 graphene lay-
ers). This leads to small increase of p-type conductivity and low
NO, response for multilayer graphene.

To support the proposed NO,-sensing mechanism models of
graphene gas sensors (Fig. 7), we have employed self-consistent
charge density functional tight-binding (SCC-DFTB) method (DFTB+
simulation package) [48,49] including van der Waals dispersion
corrections [50] to investigate the electronic structures of graphene

gas sensors before and after NO, adsorption. The SCC-DFTB is
an approximate quantum chemical method derived from den-
sity functional theory (DFT) by a second-order expansion of the
Kohn-Sham energy functional from DFT and utilizes the opti-
mized LCAO basis set [51]. It should be noted that DFTB can well
predict the geometries and electronic properties corresponding
to DFT with a lower computational cost [52,53]. The simulated
models of NO, adsorptions on monolayer, bilayer and multi-layer
graphene gas sensors are displayed in Fig. S1 in the Supplemen-
tary information. Graphene edges are assumed to be terminated
by hydrogen atoms in order to avoid boundary effects. To find
the most favorable adsorption configuration, a NO, molecule is
placed at various distances (d) above single vacancy defect site on
graphene [34] and its interaction energy (AE) is calculated by the
following equation: AE = E(no,+graphene) — E(graphene) — E(No,), Where
E(No,+graphene) E(graphene), @nd Eno,) are the total energies of NO,-
graphene, graphene and NO, systems, respectively. The calculated
interaction energies of the NO, molecule on graphene gas sen-
sors are displayed in Fig. S2 in the Supplementary information.
The highest interaction of NO,-bilayer graphene is found to be
—1.63eV at the distance of 1.62 A while those of NO,-monolayer
graphene and NO,-multilayer graphene are —0.92 eV and —0.76 eV
at the same optimum distance of around 1.6 A, respectively. The
simulated energy diagram around frontier molecular orbitals of
monolayer, bilayer and multilayer graphene gas sensors before and
after NO, adsorption at the optimum distance is shown in Fig. S3 in
the Supplementary information. Before NO, adsorption, the Fermi
energy levels relative to the vacuum level of monolayer, bilayer,
and multilayer graphene are —4.485eV, —4.369eV and —4.254 eV,
respectively. After NO, adsorption, the corresponding Fermi energy
levels move downward to —4.518eV, —4.412eV and —4.261eV,
respectively. It is seen that the bilayer graphene exhibits the largest
shift of Fermi level and energy gap reduction, leading to the largest
NO, response in accordance with the experimental results and
the proposed NO,-sensing mechanism of graphene gas sensors as
shown in Fig. 7.

4. Conclusion

In conclusion, graphene gas sensors with different number of
graphene layers were successfully fabricated by the facile trans-
fer of monolayer CVD graphene sheets grown on Cu foil and
systematically characterized for NO, sensing. SEM and Raman char-
acterizations confirmed the presence of graphene with various
numbers of graphene layer on interdigitated Ni electrodes. From
gas-sensing results, all graphene sensors demonstrated the p-type
sensing behaviors under the adsorption of NO, molecules. In addi-
tion, the bilayer graphene gas sensor showed the highest response
and highest sensitivity to NO, at room temperature. Furthermore,
the response of bilayer graphene gas sensor increased linearly with
NO, concentration over the range of 1-25ppm and had a high
linear sensitivity of 1.409 ppm~!. Moreover, the bilayer graphene
gas sensor exhibited high selectivity to NO, against CO, CO,, NH3,
C,Hs0H and H, at room temperature. The NO, sensing mechanism
of graphene was primarily explained based on direct charge trans-
fer process, which was optimal for bilayer graphene prepared by
the transfer of CVD graphene onto interdigitated Ni electrodes.
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In this work, the fabrication and performance of flexible alternating current electroluminescent (AC-EL)
devices for ammonia (NHs) detection at room temperature are presented for the first time. The AC-EL
gas sensor was fabricated by the screen-printing of a ZnS:Cu,Cl phosphor and PEDOT:PSS sensing
layers. The effects of parameters including applied voltage, excitation frequency and waveform on light

] 5 emission and luminance intensity of the AC-EL gas sensor were systematically investigated. From gas-
iii:;i% Zi-lz’sttth\a/‘r;l;;r]yZOCig sensing characterization, the AC-EL gas sensor exhibited very high selectivity and a linear response to
NHs in the concentration range of 100-1000 ppm at room temperature. A sensing mechanism of the EL

DOI: 10.1039/c7ra01318c gas sensor was proposed based on the resistance change of the PEDOT:PSS sensing layer via a charge-
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Introduction

Electroluminescence (EL) can be defined as the non-thermal
generation of light from the excitation of a phosphor by an
electric field, in which the electrical energy is converted into
visible radiation. The electroluminescence phenomenon was
first discovered by Destriau® from the application of a high
electric field to inorganic ZnS phosphor powders in 1936. Later
in 1963, M. Pope and his co-workers® observed electrolumi-
nescence in organic materials such as anthracene crystals. In
the late 1980s, organic electroluminescent devices received
increasing attention leading to the first commercial electrolu-
minescent product based on molecular organic light-emitting
diodes (LEDs) launched by Pioneer.* In general, electrolumi-
nescent devices can be classified into two main groups
including high-field electroluminescence and light emitting
diodes (LEDs). In comparison with LEDs and organic LEDs,
alternating current electroluminescence (AC-EL) is a relatively
mature technology for flat and flexible large-area light sources.*
AC-EL is a purely capacitive electrical load, in which charges
need not to be transported over extended distances. It offers
high luminance with high resolution, good contrast and
brightness, long lifetime, and lightweight.” The AC-EL device
basically comprises a phosphor layer sandwiched between two
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flat electrodes. When a sufficiently high voltage is applied
across the electrodes, energetic electrons between layers are
injected into the conduction band of phosphor resulting in the
creation of electron-hole pairs, the activation of luminescent
centers and the emission of photons.® Moreover, the electron—
hole injection and light emission efficiencies of AC-EL devices
can be enhanced by employing additional layers or some
modified electrodes such as FeCls-intercalated few-layer gra-
phene,” tetrapod-like ZnO whiskers,® graphene coated Cu-Ni,’
SiC whiskers,'® AI/MWCNT"' and PEDOT:PSS."
Electroluminescent devices can be used not only for flexible
flat display panels but also for pressure measurements. Y.
Matsuda and his co-workers® reported the fabrication of elec-
troluminescent pressure sensors based on oxygen quenching of
electroluminescence. Its oxygen detection capability leads to an
interesting question whether electroluminescent devices can be
applied to detect other gases or volatile organic compounds like
gas sensors? In principle, gas sensors can be classified based on
their transduction principles into five types including optical,
thermal, chemoresistive, electrochemical and gravimetric.™
Among these, chemoresistive gas sensors have been most
widely employed in gas measurement systems because the
setup is more straightforward and less expensive than other
transduction methods. In addition, chemoresistive properties
can be found in electrode materials of electroluminescent
devices such as graphene and PEDOT:PSS."> Therefore, it
should be possible to design and construct an electrolumines-
cent device for gas-sensing applications. In this paper, a flexible
electroluminescent NH; gas-sensing device is designed and
developed for the first time. Additionally, the relationships
between applied voltage, waveform as well as excitation
frequency and the light-emitting efficiency of the designed EL

RSC Adv., 2017, 7, 16885-16889 | 16885
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sensors have been systematically investigated. Furthermore, the
gas-sensing mechanism of this EL sensor has been proposed
and discussed in details.

Experimental
Fabrication of electroluminescent gas sensor

The fabrication process of the proposed EL gas sensor is displayed
in Fig. 1. The EL gas sensor consists of a transparent conductive
layer, a phosphor layer, a gas sensing layer and contact electrodes.
It was fabricated by multilayer thick film coatings based on the
screen-printing method. Firstly, 0.25 g of ZnS:Cu,Cl phosphor was
screen-printed on indium tin oxide (ITO) coated polyethylene
terephthalate (PET) film and baked at 130 °C for 10 minutes. Next,
the gas sensing layer comprising PEDOT:PSS (solid content 1.3—
1.7%) mixed with dimethyl sulfoxide (DMSO) at a weight ratio of
94 : 6 wt% was coated on the phosphor layer and baked at 90 °C
for 5 minutes. A silver electrode was then screen-printed over the
gas sensing layer and baked at 130 °C for 10 minutes. Finally, the
EL gas sensor was soaked in acetone for 30 minutes in order to
activate the PEDOT:PSS gas sensing layer.

Optical measurement

The EL devices were driven by an AC voltage with excitation
frequencies in the range of 100-3000 Hz. The luminance (cd
m %) and optical properties of EL devices were measured by TES
137 luminance meter and Avaspec-2048 spectroscopy equipped
with a 2048-pixel CCD linear array (sensitivity of 310 000 counts
per pW per ms). The effects of driving parameters including
excitation frequency, applied voltage and waveform on light
emission and luminance intensity were investigated. All exper-
iments were repeated three times and average values were
reported.

Gas sensing measurement

Sensing properties of the fabricated EL gas sensor were tested in
a dark borosilicate 15 L glass chamber. Various volatile organic

ZnS:Cu,Cl
im0 ITo

l 130°C, 10 min

ZnS:Cu,Cl

11111 L

D

ZnS:Cu,Cl
Imo

130°C, 10 min

Fig. 1 Fabrication process of the proposed electroluminescent gas
sensor.
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compounds (VOCs) including ammonia, ethanol, methanol,
and toluene with various concentrations were individually
introduced into the chamber. In addition, the effect of oxygen
content on sensor response was evaluated by adding oxygen gas
to increase oxygen concentration up to 80 vol%. Fiber optic
probe connecting to Avaspec-2048 spectroscopy was mounted
above the EL gas sensor device for measurement of light
intensity. All experiments were performed in air at room
temperature (26 + 2 °C) and the relative humidity of 55 + 2%.
The data were recorded every second using LabVIEW via a USB
DAQ device for subsequent analyses.

Results and discussion

The photographs of the fabricated EL gas sensor are illustrated
in Fig. 2. When a high voltage (>100V,,,,s) is applied across the
Ag electrodes, electrons accelerated by ballistic energies'® are
injected into the conduction band of the ZnS:Cu,Cl phosphor.
The electrons excite the electrons of luminescent impurities
from their ground state to their excited states by ionization and
impact excitation resulting in the generation of photons by
radiative recombination'”'® as demonstrated in Fig. 2a. In this
device structure, light can emit from both sides (ITO and
PEDOT:PSS) due to their good transparent properties. However,
some dark spots are observed on the PEDOT:PSS side when the
power is on and become invisible when the power is off as
shown in Fig. 2b and c, respectively. These spots may come from
some surface defects on the PEDOT:PSS layer produced by the
low cost screen-printing process. To evaluate the effect of the
imperfection of PEDOT:PSS layer on the gas-sensing perfor-
mances, three EL gas sensors with different dark spots sites
were tested towards 100 ppm NH; as displayed in Fig. S1 of the
ESL{ It was found that the measured EL sensor responses of
three sensors were insignificantly different. Therefore, the
influence of dark spots on the EL sensing performances is

Fig. 2 Photographs of an electroluminescent gas sensor: (a) under
bending on ITO side and without bending on PEDOT:PSS side with (b)
power-on and (c) power-off.

This journal is © The Royal Society of Chemistry 2017
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negligible and the reproducibility of screen-printed EL sensor is
acceptable for practical applications.

Fig. 3 shows the dependence of average luminance of EL gas
sensor devices under various applied voltages, frequencies and
waveforms. Three EL gas sensors were fabricated and optical
measurements were repeated three times, yielding nine lumi-
nance values for each condition. It is found that the standard
deviations of luminance represented as error bars in Fig. 3 are
in the range of 5-10% of mean values. It can be seen that the
luminance rises monotonically with increasing frequency for all
applied waveforms as seen in Fig. 3a. In addition, the lumi-
nance increases nonlinearly with increasing applied voltage
(Vims) for different applied waveforms as shown in Fig. 3b. The
luminous emission characteristics of the EL gas sensors are
similar to those of standard AC electroluminescence devices
comprising an insulating buffer layer.”?' An increase of
applied frequency enhances the rate of injected electrons from
the interface states into the phosphor layer while a higher
applied voltage creates a higher electric field that can cause
more ionization and impact excitation by accelerated electrons
in the luminescent center generating more electron-hole pairs.
Therefore, the luminance of EL gas sensor increases with
increasing frequency and applied voltage (V,ns). Moreover, it
can be observed that the luminance of EL gas sensor excited by
triangle waveform is higher than those excited by sine and
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Fig. 3 Luminance as a function of (a) frequency (Vs = 150 V) and (b)
voltage (f = 500 Hz) with different waveforms.
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square ones, respectively. The results can be related to the
difference of peak voltage at a given root-mean-square (rms)
voltage for distinct waveforms. At the same rms voltage value
(Vims), the peak voltage values of triangle waveform are higher
than those of sine and square ones, respectively.

The EL spectra of EL gas sensor excited at various frequen-
cies exhibit a single emission band as demonstrated in Fig. 4. In
addition, the peak wavelength shifts from green color (494 nm)
to blue color (476 nm) as the frequency increases from 100 to 3
kHz. It is well known that the ZnS:Cu,Cl phosphor can generate
blue-green emission from transitions between dopants Cu
(acceptors), Cl (donors) and host material (ZnS).**** When
a low excitation frequency is applied (<1500 Hz), the green
emission arises from the transition from Cl at the S site to Cu at
the Zn site. At a high excitation frequency, there are sufficient
energies to activate blue emission due to the transition from Cl
at the S site to the interstitial Cu site.*

Fig. 5 shows the dynamic response of the EL gas sensor
towards 100 ppm NH; at room temperature. It is seen that the
EL intensity decreases upon exposure to NH; and returns to the
initial value upon the removal of NH; in air. In addition, the EL
gas sensor exhibits good reversibility for several sensing cycles.
The reversibility of EL gas sensor up to 9 cycles is displayed in
Fig. S2 of the ESI.¥ The EL response behavior can be attributed
to the adsorption and desorption of NH; molecules on the
PEDOT:PSS layer. The sensing mechanism will be discussed
subsequently. Moreover, the EL intensity does not significantly
change upon exposure to other VOCs such as ethanol, meth-
anol, and toluene as well as oxygen at a high concentration (80
vol%) (see Fig. S3 of the ESIt). Thus, the EL sensor exhibits
excellent NH; selectivity against ethanol, methanol, toluene and
oxygen.

The performance of the EL gas sensor is primarily evaluated
in term of the sensor response defined as ((I, — I)/I,) x 100%
where I, and I, represent the EL intensities in air and target gas,
respectively. The gas response of EL sensor as a function of NH;
concentration at room temperature is displayed in Fig. 6a. It can
be seen that the gas response of EL sensor increases linearly
with increasing NH; concentration in the range of 100-

T
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— f=2000 Hz
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——f=1000 Hz| -
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—— =100 Hz
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Fig. 4 EL spectra of an EL gas sensor depending on the applied
frequency.
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Fig.5 Dynamic response of an EL gas sensor to 100 ppm NH3z at room
temperature (V,ms = 150 V, f = 500 Hz).

1000 ppm. At 1000 NH; ppm, the EL intensity reduces more
than 14% with no change of frequency. In order to investigate
the influence of bending on the sensing properties of EL gas
sensor, the sensor response to 100 ppm NH; was measured
under bending with varying angle (f) from 10° to 50° as
demonstrated in Fig. 6b. It is evident that the sensor response of
EL gas sensor remains almost unchanged even when the
bending angle increases to 50%. Hence, the EL gas sensor is
highly flexible and can consistently operate under large bending
conditions.

To study the influence of PEDOT:PSS thickness on the sensor
response, the PEDOT:PSS thickness was varied from 1 to 3 layers
by repeating the screen printing process. With increasing the
PEDOT:PSS thickness, the conductivity of gas sensing layer
increases proportionally to the number of screen-printing
cycles. The sensor response of the AC-EL device is improved
as the number of printing cycles increases from 1 to 2 but then
decreases when the number increases further to 3 as shown in
Fig. S4 of the ESL{ The reduction of sensor response at 3 layers
may arise from a decreased luminescent efficiency due to lower
film porosity when PEDOT:PSS thickness is too high.*®

Sensing mechanism of the EL gas sensor for NH; detection
may be based on the resistance change of PEDOT:PSS sensing
layer via direct charge transfer between NH; molecules and
PEDOT:PSS surface. It is well-known that an AC-EL device
electrically behaves as an RC equivalent circuit.”® When the
sheet resistance increases, the emission intensity will decrease
due to lower exciting electric field on the EL phosphor.>® When
NH; molecules are adsorbed on the PEDOT:PSS surface by
physisorption, the holes of PEDOT:PSS interact with the
electron-donating NH; molecules. This interaction is specifi-
cally strong because the NH; molecules can directly bind to H
atoms of PEDOT:PSS via the lone-pair electrons of the N atoms
with a binding distance of 2.00 A and the interaction energy of
6.596 kcal mol " according to a theoretical study using the self-
consistent charge density functional tight-binding method.*” As
a result of the charge transfer from the adsorbed NH; molecules
to PEDOT:PSS, the number of holes decreases and the depletion

16888 | RSC Adv., 2017, 7, 16885-16889
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Fig. 6 Sensor response of EL gas sensors to (a) various NHsz
concentrations between 100 and 1000 ppm and (b) 100 ppm NHs as
a function of bending angle at room temperature (Vs = 150 V, f =
500 Hz).

region thickness of the PEDOT:PSS layer increases, leading to
the expansion of the neutral polymer backbone region and the
increase in the resistance. Thus, the EL intensity of sensor
reduces in the presence of NH; and recovers to its initial value
in the absence of NH; molecules.

To verify our proposed mechanism, the PEDOT:PSS layer was
deposited on a transparent plastic substrate (PET) having pre-
patterned Ag interdigitated electrodes by the screen printing
method. The resistance of PEDOT:PSS layer was then continu-
ously measured while subjected to various NH; pulses. The
relationship of PEDOT:PSS resistance as a function of NH;
concentration is displayed in Fig. S5 of the ESLT It demon-
strates a linear dependence of PEDOT:PSS resistance on the
NH; concentration in accordance with the sensor response
behavior of EL gas sensor as previously shown in Fig. 6a.

Conclusions

In summary, an innovative flexible AC electroluminescent
device for NH; detection was successfully fabricated by the

This journal is © The Royal Society of Chemistry 2017
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screen-printing method. The luminous emission behavior of
the AC-EL gas sensor was found to be similar to that of the
standard AC-EL device comprising an insulating buffer layer. In
addition, the luminance of EL gas sensor device was consider-
ably dependent on excitation frequency, applied voltage and
waveform signal. At the same excitation frequency and applied
rms voltage, the triangle waveform signal offered higher lumi-
nance than sinusoidal and square ones. Additionally, the lumi-
nance increased monotonically as the excitation frequency and
applied voltage increased. Moreover, the emitted color from
ZnS:Cu,Cl phosphor turned from green to blue when the excita-
tion frequency increased from 100 to more than 1500 Hz.
Regarding the gas-sensing behaviors, the EL device based on the
PEDOT:PSS sensing layer with ZnS:Cu,Cl phosphor exhibited
high selectivity and good response to NH; in the concentration
range of 100-1000 ppm. The sensing mechanism was proposed
based on the resistance change of PEDOT:PSS sensing layer due
to charge transfer interaction with NH; molecules. The results
presented in this work may thus open the door to the new
applications of EL, which combine display and gas sensor tech-
nologies into one smart wearable device in the future.
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Abstract

Gas sensor technology has been developed more than 40 years since Naoyoshi Taguchi successfully invented a
semiconductor gas sensor device that could detect reducing gases with a simple electrical circuit in 1972. Nowadays,

Taguchi gas sensor often called TGS gas sensor' has become one of the best and well-known gas sensor that widely
used in real world applications. However, high energy requirement and low selectivity are still the main problems of
such sensors. In this work, we present highly sensitive and selective room-temperature gas sensors based on graphene

with controllable number of layer, pillared graphene and metal oxides doped pillared graphene for gases and volatile
organic compounds detection. Moreover, we present a new type of gas sensor called as electroluminescent gas sensor

(EL gas sensor). The concept of EL gas sensor is to combine the display and gas sensor technologies into one smart
flexible device. The sensing properties and sensing mechanisms of the above mentioned gas sensors will be highlighted
and discussed in details.
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Abstract

Pillared graphene (PG) is a novel three dimension nanostructure consisting of the two parallel single-layer
graphene as floors with vertical carbon nanotubes acted as the pillars. This 3D structure offers high stable

structure, light weight, high volume, stiffness, strength, high performance capacitance and excellent electrical
conductivity. However, in real experiment, vacancy defects normally appear during growth or processing

leading to dramatically alter its pristine properties. They may cause the undesirable electrical properties. In this
work, we investigate the electronic properties of vacancy defects on PG nanostructures based on self-consistent
charge density functional based tight binding (SCC-DFTB) method including van der Waals dispersion
corrections. The PG model consists of an armchair 6, 6) single-walled carbon nanotube (SWCNT) connected at
each end to a sheet of graphene with zigzag edge. The defective pillared graphene (DPG) structures were made
by removing C atoms near the edge of the graphene layer. The length of the SWCNTSs was varied from 1-8 unit
cells. The results demonstrate that the perfect junction is comprised of six hexagonal rings and six heptagonal
rings. The vacancy defects strongly affect on stability property of PG. The energy gap of DPGs exhibits lower
value than the PGs. The SWCNT length from 1-8 unit cells does not significantly change the energy gap and
stability but it can affect the flat band structure and band dispersion existed nearby the Fermi level.

Keyword; Pillared Graphene, vacancy defect, DFTB
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Abstract

Carbon nanotubes (CNTSs) and zinc oxide (ZnO) are one of the most popular materials for gas sensing
applications due to its their high electron transfer rate, large specific surface area, promising elec-
tronic and structure properties. However, gas sensor based on ZnO nanocluster decorated CNTSs is still
limited. In this work, we have simulated the models the formation of ZnO nanocluster deco- rated
CNTs and investigated the theoretical study of adsorption of gas molecules (such as methanol, ethanol
and isopropanol ) on ZnO nanocluster decorated CNTs gas sensor for the first time by using self-
consistent charge density functional tight-binding (SCC-DFTB) method. To find the most favor- able
adsorption configuration, gas molecules were placed at various distances (d) above ZnO sur- face
decorated CNTs. Its interaction energy (E) is calculated by the following equation: E=E(gas
molecules+ZnO-CNTs)-E(ZnO-CNTs)-E(gas molecules), where E(gas molecules+ZnO-CNTs), E(ZnO-
CNTs)and E(gas molecules) are the total energies of gas molecules+ZnO-CNTs, ZnO-CNTs and gas
molecules systems, respectively. The highest interaction of methanol-ZnO decorated CNTs is found to
be -13.28 eV at the distance of 2.60 A while those of isopropanol-ZnO decorated CNTs and ethanol- ZnO
decorated CNTs are -12.75 eV and -12.72 eV at the distance of 2.40 A and “2.60 A, respectively. It can
suggest that the ZnO decorated CNTs sensor owns high selectivity to methanol comparising with
isopropanol and ethanol. The electronic structures of the ZnO nanocluster decorated CNTs gas sensor
before and after gas adsorption will be discussed in more details. The sensing mechanism related to
methanol detection will be highlighted.
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Electronic properties of the pillared graphene nanostructures by self —
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Pillared graphene nanostructure is the combination of carbon nanotubes (CNTSs) and
graphene sheets. Placing of vertical CNTs between the parallel graphene layers results in a
more stabilization of a 3D nanostructure. In this way, CNTSs act like a pillars to enhance
strength, stiffness and out-of-plane ductility of graphene. In this work, we have investigated
the structural and electronics properties of the pillared graphene. The pillared graphene was
modeled from two graphene with zigzag edge and one armchair (6, 6) single-walled CNT
(SWNT). The optimum vacancy defects of graphene were studied for perfect joining of
SWNT. All pillared graphene models were fully optimized based on self —consistent charge
density functional based tight binding (SCC - DFTB) method including van der Waals
dispersion corrections. The primary results demonstrate that the perfect junction between
defect graphene and (6, 6) SWNT consists of six hexagonal rings and six heptagonal rings.
The energy gap of pillared graphene with SWNT length of 2.459 A exhibited 0.277 eV that
Is quite similar to energy gap of pristine bilayer graphene (1.200 eV). The energy gap
decreased when SWNT length increased. The effects of SWNT length on electronics
properties of pillared graphene have been investigated and discussed in more details.

Keywords: Pillared graphene; DFTB, bilayer graphene, Electronic properties, QM simulation
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Carbon nanotube (CNT) is one of the most popular materials used for gas sensing
applications due to their high electron transfer rate, high structural porosity and high specific
area. In this work, we have reported the fabrication of CNT-based gas sensor and improved
sensitivity and selectivity of such CNT by decoration of ZnO nanoparticles on CNT surface.
CNT was grown on Au interdigitaed electrodes by direct chemical vapor deposition (CVD)
method. Au interdigitaed electrode on alumina substrate was immersed in ethanol solution
with iron chloride (FeCls) (5 mg/ml) for 10 s and loaded in a 4” horizontal quartz tube CVD
furnace. The CNT growth was carried out at 700 °C with a H2:CzH2 flow of 100:250 sccm
under vacuum at 100 torr. Then, ZnO nanoparticles were decorated on CNT surfaces by
sparking process. The sparking time was varied for 10-30s. The sensing films were
characterized by field-emission scanning electron microscopy (FE-SEM). The ZnO decorated
carbon nanotube gas sensor was exposed to volatile organic compounds (VOCs) such as
ethanol, methanol, and isopropanol in concentration of 2000 ppm at room temperature. From
results, it indicates that the resistance of sensor increases upon exposure to VOCs and the
resistance of sensor decreases when remove VOCs in air. The response of sensor (AR/Ro)
shows the highest selectivity and sensitivity to methanol for sparking time of 30s. The
sensing mechanism of ZnO-CNT sensor relies on the formation of n-p depletion layer
between n-ZnO and p-CNT when gas molecules are absorbed on ZnO-CNT surface.

Keywords: ZnO sensor, CNT sensor, CVD, Sparking process
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Abstract: Graphene quantum dot represents graphene sheets smaller than 100 nm that owns unique
optical and electronic properties due to their quantum confinement and edge effects. Defects in bilayer
graphene quantum dot could be extremely useful at the nanoscale level since they could be exploited to
modify the properties of nanomaterials for electronic device applications. The study of geometric and
electronic properties of the defects in bilayer graphene quantum dot is crucial for understanding the
development of electronic devices in the future. In this research, we present a study of the energy gap
and formation energy of the defective bilayer graphene quantum dot with hydrogen terminated edges
(C192H4s). The vacancy defects in bilayer graphene quantum dot were made by removing carbon atoms
around the central region of graphene quantum dot. All defective bilayer graphene quantum dot models
were fully optimized based on self — consistent charge density functional based tight binding (SCC -
DFTB) method including van der Waals dispersion corrections. The calculated normalized formation
energies represent stability of the defect in bilayer graphene quantum dot. The defect stability trends to
be decreased when vacancy atoms increase. The highest formation energy (16.419 eV) was found to be
in the single vacancy defect of bilayer graphene quantum dot while the lowest formation energy was
10.380 eV when 24 carbon atoms were removed as shown in Figure 1. The energy gap of pristine
bilayer graphene quantum dot exhibited 1.200 eV and the defect bilayer graphene quantum dot was in
range of 0.006 to 0.908 eV. The vacancy defects in bilayer graphene play an important role in the
enhancement of conductivity.

o

Figure 1. Normalized formation energy of the defective bilayer graphene quantum dot (left) and their
relative graphene bilayer graphene quantum dot structures (right).
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