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ABSTRACT

In this work, the effect of Ruthenium (Ru) and Nickel (Ni) loading on the gas sensing
performances of WO, nanostructures prepared by hydrothermal/Impregnation synthesis is studied.
Unloaded WO, and 0.25-1.00 wt% Ru and Ni-loaded WO, nanostructures were synthesized by
hydrothermal synthesis using sodium tungsten dihydrate and sodium chloride as precursors under
an acidic condition. Unloaded WO, and Ru and Ni-loaded WO, nanostructures were characterized
by Brunauer-Emmett-Teller (BET analysis), X-ray diffraction (XRD)bSLan;mg Electron
Microscopy (SEM) and High-resolution transmission electron microscopy (HRTEM). Ru and Ni-
loaded WO, nanostructures were deposited on Al,O, substrate interdigitated with Au electrodes
by spin-coating technique. Next, the WO -based gas sensors were characterized for gas-sensing
towards H,S, SO,, NO,, C,H,OH and NH, at operating temperature ranging from 200-400°C. The
results showed that the effects of Ru and Ni loading on responses towards different gases depend
considerably on the loading concentration. The response to H,S is responding well to the intensity
of Ru and Ni concentration of 0.50 wt%. Therefore, Ru and Ni loading concentration can be used
to effectively tailor the gas-sensing performance of hydrothermally prepared WO,-based gas

Sensors.

Key words: WO,, Ruthenium, Nickel, Hydrogen sulfide, Gas sensor, Hydrothermal
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Akiyama tazae™ Idhmsdunszieymaiimauoen lod e 19luns
Uszaviaunsaiasansuufa  TasldarsuenTufiowismaamisunuaslaiasa
-y . = o a '
((NH,),,W ,0,,* 5H,0) danadon21u¥eu (pyrolysis) figainaii 600°C iuiaan s 43 1us wun
avannanithl1¥asratauia Nox figamgimslFaulszua 300°c 1dd uenaniids
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o ' o o o Yt A = o
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Aroutiounian”” 1z ouflduisaausonlad (WO, Midodrwdudoy (n) u
= o« o ¥ Y 4 ar o
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YaTasiausu’nd (1L,s), lulasioulason lad (N0, naz mSueuwouonlad (CO) wud
dduiimausenladiisodroduwasuiinnusumzasufalulasioulasen lad nag

amfuouuouon lad Neamainahaueuduaed 200 uag 300 oamFAFVE AWEIAY



16

o ad
gunsamazisms

UsznouaIsaIumag Al

1.

ar s ¢ = = w - )
Fuanzioymanimausenladuiqnd Msauoen ladiivodeiing uaz
a e My a o ~ FY ' - =] o
Wamauoon lyaniedisgaition innuuiuaiey Tasds lalasmesuea

=4 @ ar ¢ A w a9 ¥ 9/ =)
Ananuazimmizveseyman lusisaaueen lvd Ndunszild Taslamaia

' (=)
M99 1D

211 mAtians@ReNYessadisng (XRD)

212 madiafuRis e (554,,,)

213 INALAYANTIANIBIANATOUIDUADINGIA (SEM)
214 IMATIAMINTZBMVDINAINUTITONG (EDS)
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=] - o .
HUNIUANYIT (Magnatic bar )
NIzAIENIod

IAUAT (Three-zone tube furnace, (Lenton, PTF 15))

CRETGEY

vinlsaen looe

1PNIUDA

nsalalasnanan (HCI)

Taaounaaau (Na,Wo,H,0)

Tmdounan 138 (NaCl)

ﬁzﬁaﬂmﬂaatlﬁﬁmn%"lamm (Nickel(I1) chloride hexahydrate)

a oo

FAUY DANIOLY INIUA (Ruthenium acetylacetonate, Ru(acac)3)

12 n3sueymaniaaueenlun

6.

ana Tandouiaaau (Na,wo,H,0) 2215 g laluiininesvina 100 mL @y

v -
vinsean lesou 50 mL iimsnyumIed 1Wunat 30 min,

L 1 = - g
FanaTafoune'lsd (NaCl) 07747 g laluiininesvuia 100 mL @i
Us1e91nl0e0u 50 mL M smiumIos ihunal 30 min

o 35 1 [ =) )
wesazatons 2 mldasluvialiudimasvuia 150 mL e la))szum

i, :

100 ml 15U 1dT 0T 150 mL Tasmsi@minlsieeinleoou 91niy

' g:r Y oa
wen Tluvanes a5 swasazarwainnu
" e
Whasazaromasludinneivuia 200 mL WimsnaparIos wiounaliud
pH 1141 pH = 2 Tael¥laTasaaein (HCI) aAnmdudu 3 M
whansazanei I8 ld lumvasu uaz llwniigaivgil 200°C dhunat 2,4 uaz 6
h AIUAIAY

o 3/ g @ g
msazarensedlaglininlsireinlesou d1eazneou nateq A3
s Idnnmansesliouiigungii 60°C Wunat 24 h

o £ =t ] et 9
Wiasuualvazidoa nulviGevioe



Na,WOH,0 + DI water [egl NaCl+ DI water

|2.215¢

ua + Jou

50ml 07747 ¢ z 50ml

mm

aZMENI 2 UNUIUIA

YSud5inas e ldsnawdnnu

T¥inuSeun T 200°C 2,

418z 6 ¥Ilug

:‘l o Y] o s o' ey o
MR 5 Mniaeamsvan ey Tuisaauoen lad laods lalasmeiuea

1.3 1383

1.

@ da A Y o oa - | Y = = s
ouMANIEALDN IBAMIIOA IBHiNa tazAHEN AILITOMNWAIUFY
T¥iinannanlsdienas loasa (Nickel(ll) chloride hexahydrate) 0.0398 mL
WO NILOA (Ethanal) 6 ml M40 wa1sazaioing Tagn)
1%3&!1?!81163“?513’3?)8%721’11«11@1 (Ruthenium acetylacetonate, Ru(acac)3] 0.0398
mL WauAy INgauUAULNILDA (Toluene:Ethanal, 70:30) 11131105 6 ml v
MSHUINI dwasazaong laen)

Wnaiaeaueonlad (Wo,) 1 g ldluagdiiia veamsazaeiinayaae 15a
ci = n & = =1 o d' ny

wnasz laasa Meson13 0.50 mL At 0.25 wt.% insvyuniles ndang

1420 min

o b =) & — 1 dl. = a o

WM uvdouvuaoui 2 uanlasunin 0.50 11y 1.00 tag 2.00 mL Ay 0.50

Hag 1.00 wt% MuaInL

Wnaiamaueenled (wo,) 1 glaluagmiia veasisazaogailionozy

= = o A | o — 2

Mozd Tnua Aeson1d 0.50 mL Aaili 0.25 wt.% MimsnyuIes 1dng

1420 min

o ¥ - ¥ - T a a d

W uniouruaoui 5 uanlasuin 0.50 114 1.00 1ag 2.00 mL Aaly 0.50

Hag 1.00 wt.% A1ua1ay
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7. dhansison ldnanua Tdeufgaungil 80°C 1hunat 2 h aimimimua uas

DU

=Y

8. mininnruaa laifgungi 200°C Hunat 6 h

“

0.25 W% 0.50 wt.% 1.00 wt.% N“"’“”"""’""*

—
Unloaded WO, . ks M
E E ﬁ \ |

mmrnm'ﬁmu |

|JU1’I T 80°C "'ufim

|
nmwﬁé’nsmzmmzﬁw |

d =
w9 N T 200°C

iWlun 6 ¥2lug

Mnd 6 nwiaeInseaymaiimaunen leadotinad 0 s oumaMTY

VR i Toluene:
3
0.25 wh% 0.50 wt.% 1.00 wt.% Ru(acnc)
Unloaded WO, - ‘ g .
| : l Nauaw'iimu ‘

e v o
puUN T 80°C 2 ¥l

- &
InighdnpazmnzA Y

-
WAD I N T 200°0

iilua 6 ¥alug

a o = w 5y e Y  ada o
MNAN 7 ﬂ'lwﬁﬂﬁENﬂ15!.ﬁ]i]f]igﬂ']ﬂ“ﬂﬂﬁmuﬂﬂﬂnquﬂﬂﬁlﬂgﬂLuUlIﬂ'JU'JﬁE]ULWﬂ!u‘UH
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2. ﬁﬂH]ﬁﬂ‘Hmﬂi!ﬂW'lxﬂlﬂ&ﬂHﬂ1ﬂﬂﬁﬁ!ﬂuﬂﬂﬂ1cﬂﬂﬂﬁdlﬂﬁ1$ﬁﬂ1ﬂ
s [ =1
2.1 YaqgUnsor nazasni
@ o
2.1.1 Jagginias
4 A &9 a & Y o oad & .
- IATDANATIEHANUNAUANITIAYWVUAIYIITONY (X-ray diffraction; XRD)
4 =) Eg —a _
- IAT9IINTIZHWUNAT (Bruanauer-emmeltt-teller; BET analysis)
da [
- NAB4YANTIMIBIANATOUIUADING 1A (Scanning electron microscopy; SEM)
e 1 4 . A .
= ﬂgﬁldigmflSiﬁuﬂlﬁﬂﬂiﬂulkijilﬁﬂQNWH (Transmission electron microscopy;
TEM)
- ol
- Tpsauams
- Youanes
! o
- nszanda laq
- IINANDAIAY (Stub)

- milnmesm

=4
2.1.2 a1

- 1®N1UBA (ethanol)

5 ar @ = s ¢ v = -
2.2 ﬂﬂ‘lel]i\ﬂﬂﬁuziﬂ'idﬁ‘ﬂQﬂﬂﬂ"llﬂﬁi’)ial.ﬂ1ﬁﬂ&ﬁ!ﬂuﬁlﬂﬂ1°ﬂﬂ AYINAHAM IV UUD

o A g & A
J9q19n% (X-ray driffraction; XRD)

.
=]

= ﬁy @ L | s 3 = o o
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Joint committee powder diffraction standards (JCPDS) HaZfIUIMHIVUIAVDIOYNIADIN

s o

: o - 3 w Ao
AUMIVDUWDIITDF (Sherrer’s equation) FaAuToyaN A1 INMIAENVUYDITIFDNY N3y

w o w

Ed a "
RFIGER RG] Lm:ﬂ’amﬂ’i’wwmﬂaﬂﬂimlﬂ1smmmuiumaﬁmm%wmmﬁuwuﬁ q

AunN3Nn o
K
D=—H— (9)
[BcosO
4 3
o D A9 YUIAUDIDYNIA
= 1 nij a = - oA
K A0 MAINUUAUYIIAIAZeyNIAueaHan Jaumnini 0.89
=] A o = g o~ 9o oW
A A9 ANUEINANYISITONYN 19 UAUNINY 0.1541 nm
B Ao anunhannsanilavoanugennngaga Tunuiesidey (Radian)
a &
0 Ao yums@enyu
27.909
Pure WO,
L] U I u I
27.2 28.0 28.8

20

4 r-f o A g W §
Md 8 JUluuumsRe YT ITONT veseymaitdmuenn lud Nagega 52111 (001)

dumuayuun 20 = 2026



Munwmuaveseymaiiaaueen lad anaunisi 9

0 &
B 11lAnin p=20  -20

IOW

= 28.232 - 27.909

B = 0.323 DA
P =1 b

wlasueesn iiihusifoy (Radian)

0.3237 2 3

e 5655x10 °I51ANY

180
Hag 20 = 28.085 DIA
28.085
0= =14.0425 DA
2

' “ 3
unua luaumsi 1 az1e

0.89 x 0.1541nm
D= =24.97 nm

(65.655 x 10” *)cos(14.0425)

= dv E;Q o a L2 o
23 Anwinuiiaas unzvesoymalasndnmsgaduuialulasiau (Bruneauer-
Emmett-Teller; BET)
Bt e o o w Voo 1 o o s B
manailfiwaddmiulddiogia (Sample cell) T1WIM 2 1908 1BAANLIVITY
a @ = q ¥ o fyY a 1 £y :Y ¥ !
oymmitsmauoenlad diudnwadlnduiradsads dounisnageudsalianuiounn
s o ¢ A ' A 4 ' = & (24
raanusIgeymaniaauenn lad e lannudulinzeguuiieyn1non MNUUMIUUNT
9 ¢ ¥ a4 A ] A v w w & &
TuTaswud U luaad Yeyaiwisniufinnafomanududining uazfSunauvesund
Tulasinuiigngadulaveymiaiainueenlad s1ndeyaii IdinTesnzilsznanalanly
Ba 1= t .
Ty5unsuauaun13ve BET naaraooniiluamiuiidisumne (554,,,) invudiuium

YUIAUDIDYAIAINALINITT 10

6
d =(—m0M7m ¥ — 40 . (10)
BeT (p xSSA  xmo%wo )+(p X SSA _ xmol%Ru,Ni)
WO BET 3 Ru, Ni BET

3




e d fin  YUIADUNIA (d,. ; nm)
BET b .
P Ao anuuiuveaitaauesn lad (7.16 gem)
3
PRy o ANUMMILUYDLAITIoN (12.45 giem')
PN Ao ANUMHIHUYBINING (8.90 g/em’)
1 ,_3’. Mo o c 2
SSABET fio MWUNAHIVUNIE (Specific surface area; m /g)
- 7 & - w a s
mol%ewo,  fe  wediulaninninvoaismauoon las
A s o H o o .
mol%Ru Ao ulesiwulasminyeazaiion

o ' o o o
‘F’]'JBU’lQﬂ'lsﬂ"lu')mH’l%u]@ﬂENQHH.IﬂTNﬁlﬂuﬂ'ﬂﬂll’:ﬁﬂ

SSA = 5622 m/g
BET
Il‘l{}](%\NO3 = 100
mol%Ru = 0
N I eung
d = 6
BT (p xSSA  xmol%WO )+(p X SSA  xmol%Ru)
A e 3 Ru BET
6
d =
- 3 2 100
[(7.16g/cm™ ) x (7.77m"/g)x —]+0
100
6 .
S e ) 0 6m

BET ((55.5332)+ 0

d =01078x10°m
BET

d =01078x10"°%x10° x10 ° m
BET

d =1078 nm
BET
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24 IINNZNHOUNAAIBNEDIYANIIANDIANATOUIVVEDINTIA (Scanning  electron
microscopy; SEM) HAZINATIAMINTLDIENAINHUDITISND (Energy dispersive
X-ray spectroscopy; EDS)
MR anEMEnNdugIINo1veeyMAamauoen lad tazeynnnamaY
von ladiiedoluloboy Gunimieymaismausen lad nazeyninoyniniiaau
P T = o~ - ¥ ¥ ) - A
vonlaaiiiadeluloon innududuaiag nszarwluemuoalaslinnudgunedo
¥ & v ¥ - o o o e ) !
nszaweymAdIunsessaad Tadimiuna 20 Wil mihesas o ldneaaauuims
et a l ulyy_'c?ulﬁa)y’youlla a9 4 A
noadfiinsaaminiameasiuds nal3ludadnihilinasuiaarsnounaimy
a oo o [ o e [ = = o [
Yszaniamlumai i dewihdaedis lansgidaondeaganssridianasounuudes
N30
at = =1 = ar @ A a
dmfumsiinsziosmlszneumuaiidismaiiananizendanuvesidiond
o = o a = o as =
mmﬁmq1mmmﬂ:ﬁ"lﬁ’w%’aunummmwﬁ'nmjmzmmmgm'mmmmmgmﬂﬁ’wnﬁ'@a
a o [ o = o 1 ) o = w
RANIIAUDIANATOULVUTADING 1A Mlimaedoudiedad M unIs N1z an M1
Fugninu1veaoynIadiondedgansimisianATouIYYADINI 1A dolunsias oudiee

A a o o - = o o o d  d ] @
Lﬂf)'JLﬂiTzHBJﬂﬁﬁ:ﬂﬂUﬂWQLﬂUﬂ'}ULﬂﬂuﬂinﬁﬂ'ﬁ$iﬂU’ﬂﬁ\N11%‘11045\1ﬂ£f]ﬂ“ﬁulﬂ1"l'if]l.lﬂu

25 HIA517HoUMAAIBNADIQANTIANBIANATOUIVUFB I Y (Transmission electron
microscopy; TEM)
mIiasoudegd M ums I zianyaz Tnseai s zAUAN1AYeI YN IN
emauoonlad uazeyniamamaueon ladiisodaeTuleiloudrondoaganssmi
i nasounuuder unmieymmiaauoen lad wazeymaiaianoonladiie
SHoluTedioy famusudusig nizaeluenealaslinuiiguiiedionszaweynn
Sontessandr Tadimiiuna 20 ni nimhuhasfiedonldrneaasunianesa
(Copper grid) #1131t Aeuthidede lSinszrdaundoaanssmisianasounuudos

H1U

3 e3euaUszany (Binder)
s o =
3.1 Jaqeunial nazmsiail

@t <

3.1.1 Jagaunia

4 .
- INTDINANAS (Heater-stirrer)



o]
n

o = o .
- uUNMUANDIS (Magnetic bar)

= o
- UNINBT (250 ml)

3.1.2 ainil
- naag lad (Ethyl cellulose)

- poavlime lniiooa (U-terpineol)

3.2 Imaesoudilszany (Binder)
& a w a W A 3/
Fapfiamwag 1o 430 mg way fu upaune Iniieoa 18 ¢ laoldinsoeniumslv
¥ . J ) ¥ Y e a L o &
A3 o1 (Hotplate stirrer) 72MIManmunay Iianuiouigungil 80°C iumal 12 9T
& o Al N o = - - 4 &4 1 - va o P
yunszmaasazawihuiederiu lalifiguazianumidamuiu dasena 13 1iouaai

=y 9 o 1 (=1
guUNLND uanNVYITY laluvaamnuaiu

o

é
= = L

) Y o d o g ¢ A Ay
4 lﬂ‘iﬂﬂﬂ@Nl’-‘ﬁu!“ﬁﬂ‘i%]ﬂﬂﬂﬂ]ﬂﬂﬂﬁlﬂuﬂﬂﬂnmﬂ uIang, E)Hﬂ‘lﬂﬂﬁﬂ!ﬂuﬂﬂfﬂ‘liﬂ nivanb

a

| s 3 ni = o oa o ar V) @ ar o
sAlHes nazeymanamnuen laa e eiiina amsvlnduansredunia
o o =1
4.1 Jaqgunsns nazansinil
@ o
4.1.1  Jaqeunin
- Lﬂﬁiﬂ&ﬁgumg’jﬂd (Spin coater)
- AINUAAS
- Fouanms

- 1M (Three-zone tube furnace)

- §!aﬂ°[‘lﬂiﬂ (Electrode)

412 @i
- oymanan Tusiaaaueon lad
- oymannnTumiaaueenladiiidedauiifng 0.25, 0.50 uag 1.00 w.%
- aymananTuiadiaueen laanidodaogAtion 0.25,0.50 1az 1.00 wt%

- alszans (Binder)
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o = a e = 3
4.2 Ismamsenvlamguasos

1.

I

oianInga (MmN 9) Anvuurunszana lagaromilniiaeaniin aamilnig
¥ ¥

Vsa Iinsaes

o a I fed e n :v u) q

eymanimauoon lyanmson 1a Usuia 70 mg waunuaszaiu 0.3 mL 14
Y ow = q Y 1 g A q @ = zﬁ’ =] a ;ﬁf

wnu Taelaasnuaaisyelumsnauns lvasazarotuitemoInuunay

o A n ¥ ad S ad & A &

WmsazawNinion 1aneaaauuoian Insa #901an InsAzgRIAAAYLIAT B
= a - a/ &

INADUATHVUNYUINIBY (MW 11) Arofugayame

= o = = q Ve o P oA = o

NSy umIes Taolgonsnialunisnyu 700 soudeI I 1Wual 10

1% 3,000 FoUADIN 1110130 FuN 1Az 300 souAININ WAl 15

N

nmiuvih IdtaTaonai o fgaivgi soec iWhunat 10 w# (1ndi 12 n)

= o o =) ~y o ad & oA q 9 ar =S q ! 1
Fuhmsnyuisunaeudavyuoan Insansan 2Taelyoasuirlumanyum
a o [ kY = LG . ]
i@y naziimsou 1iuradnsoudioguugil 80°C 1unal 10 I
y P ad s o ¢ A A ) 1w
dwamasudayyudEan Ingansy 2 30u uad auwsonla e ladgilszau
= - o & - o = a .
ponNguunil 450°C Wunal 3 1 lus Taviionsimaiuguuni 1°C/AR uaa
' q ¥a o = = gl =
aseliiguaiainguvgiviod (Mwi 13)

é‘z o A& @ A A o 1 v c’.’/ 1
'ﬂ11114HH'11‘I@111‘1L¢]‘5ﬂuqmﬂ‘lfﬂﬂﬁﬂ@ﬁﬂ‘l]ﬂﬁﬂt’]‘l_lﬁuﬂﬁﬂf]tl.ﬂﬁj,uiluﬁBuﬂﬂll‘lj

Alz()3 substrate

Au electrode

A ad & o A Ao &w oy W
J’I'“"\ITI9'ﬂmﬂT.“l’]‘.iﬂ“ﬁ\ﬁ'ﬂ'ﬂ'Iﬂﬂalﬂﬂ'i'ﬁ'ﬂﬂl')l'l‘“lT‘h@’JUTmQ
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Resistance
measurement

WO, thick film

Au electrode
Coated sensor
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+
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NN 15

Lab View 8.2
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(Energy dispersive x-ray spectroscopy; EDS)
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12 WAN13IATIEHAIUNEDI9ANTIMIDIANATOUIVUADING 1A (Scanning
electron microscopy; SEM)

13 WANIIATIZHAIINADIANTTAUDIANATOUNUVABINIY (Transmission
electron microscopy; TEM)

L4 HAMTIATIZHAIMATANTNIZDIONAINUVDITINIDNG (Energy dispersive
x-ray spectroscopy; EDS)

15 wamsnasizialumainnigaduuna luTasion (Brunauer—emmet—teller;

BET analysis)
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2.1

2.2

NANITINTIZHAIONADIANTIMIDIANATOUNVVADINGIA (Scanning
electron microscopy; SEM)
HAMIANTIZHANAHANITNTZNUNAINUYDITITONY (Energy dispersive

x-ray spectroscopy; EDS)

. nalnlumsastadunfalalaswudalidvesilamduasesvesoyninuilu

¥} d = -:: =y d o d o d'qll =l
ﬂﬁﬁlﬂuﬂﬂﬂ\l“ﬁﬂﬂﬁq‘ﬂﬁ lag ﬂauwuwaﬁmaaaumﬂuﬂummmuaan"lmﬂm%a

v a o
AWIAHEH



34

= @ @t da o P=T=l d
1. wamsAnmanpazmnzveseymanTuiimaueen lsaiiniunlagitlalasmosnea
(Hydrothermal)faulwﬂm‘ifu (Impregnation)
L1 WHanI3INIIZHAINATANSIAENVHYDIZINONY (X-ray diffraction; XRD)
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(330)
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microscopy; SEM)
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1.3 WamsinsIzndIendesqansInidianaseunuuaerunNaIdEAge (High
resolution transmission electron microscope; HR-TEM)
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1.4 WaMSAATIZHAMNANANITNIZDIUNAINUVDITIAI0NY (Energy dispersive x-
ray spectroscopy; EDS)
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M50 2 naaIEamImuINvIaYIeyMau Tusmauoen lad nazismauoon ledn

RodwgAion MINMIIININIIADYNIA TaumATa BET

W

7081 fuiiisumne (ss4,,,) VWADUNA (d,,,)
(mzfg) (nm)
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0.25 wt.% Ru/WO, 78.4 10.7
0.50 wt.% Ruw/WO, 107.8 7.7
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0.50 wt.% Ni/WO, 88.9 9.4
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g 80-
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1 Y @ o 1 0 4 - as
MNN 26 NIANUFURUTIZ1HI9AINTAB LAWY (Response) aoufalaTasinudalie
— as = o ¢ a ¥ ¢ a £ ¢ a [ e
tounUgIMaH (150-400°C) vasrlaunisaueon laduiqns uazilduiimaueon lagnie

@ = - FU) ooy e al o
Arvgalion AnnuuYuveund laTasousa lvld 10 ppm

S0 1T mwo3
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o o o o c‘l c; (o]
ppm) 4 QAUHATIUMIINNUVBINIATIVVVINaNHINZaNNGA (350°C)
V@ o ] s 7w wWoof e &
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Y 9 a o s & 7w S = £ 7
iU 0.2-10 ppm & quNANN 350°C voaNAWF WD TN mANDDN lsAuT NS nazidu
< ¢ o St My a e = < P = ' ¥
e nImaueen lyanedlegaion Fazmiu lanmanldsun)asvesminnuduniu
' o a o A o o o { o
Tumsaevauseouna lalasuda lva linaaasmuddunnuautuo s a1
T 1 = ol ar 4 & a s s
YRAT01 15 UABITUAY AINA 29 FIUAAIHAVDINITHIITUYDIAIATIVT VA
I o 7 A ) a N ¢ o ¢ w
laTasinuaa’lva Annuudu 0.2-10 ppm & guUYN 350°C Yo INAWFUIFDTNIAIAY
¢ A = s & 7 o del M Y A a ! Pl .
ponlaauigns nazdamduwaoivimauoon lyanivoaleiima Annuaiumuluns
[ o v a o = o o ¥ g o A W o )
apuauosound lalasnuda ldd Imanasmudauanududuvewna i ilgnse
" = ar 3’, Y é‘l ¥ = P o - e - crt‘r [ 1 1 1
RN Nathiieunaniiodiumveanaid i §isoununniiu deudinanon
- ) v : s o s A A& ¥ -
manfasunlasmanudumumeluilanduaeigavy Aamanuaumulmanag uaag
1 o =] o =1 w o A ¢¥ A = - e -] - =
IamdwaoitanuiluaniununIu o nvuzinal §Rseldianasoudasziny

& 2
UIMNUVUHHULIDN



50

LE+09 e
1 7 WO, T 0.25wt%Ru-WO; NRs

050 wt%Ru-WO,NRs  1.00 wt%Ru-WO;NRs

/"

Resistance (Q2)

1ppm 0.5ppm 0.2 ppm

2 ppm |
S ppm H,S (350°C)
1200 160 200 240
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— WO, - 0.25 wt%Ni-WO;NRs
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1 = @ =) a o oo ald
2.3 MIMSABUAUI (Response) IheunuYFsnanisivegfitan naziihaasluilas
namauoonlua (0-1 wt%) MfSanamnunduduveauialalasiouda’lud 10 ppm
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[« 8
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0 A | 4
0.00 0.25 0.50 1.00
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ded A Y A a a - = )
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nfieuisuanuansolunseevausaounaalasinuda lid szuiailay
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W
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= @ s - c{ ar
laTasinudaliddnga enSouwRounulauismausonladuigns vazilduiiman
P = -oa - o
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a =1 N = a = @ & =
wul A lusaiudszansnimlunsasnsuunaliayuld SearsielulSuunned
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A af ¢ o d ar d a =‘: = o ey d -1 d
time) vosWlamFwawoiNimauoonluauigns Mounvilaumdmvesnmau
a’d’. = - | - e 1 3 7 '}
oonlanfivediugiiiun naziina aoudalalasiouda’lva
Tugrnveamsnnsanna lumsaevaues (7,) nazna lumsnauauganimay
(7.) vosHlaumdueinsmauoon laduignd uazilaumdumeinimauoonladiidod o 3
Aifloy uaziina ANNWTUTY 025, 0.50 1Ay 1.00 wt% aoundlalasusalianaiiy
= o ar [ 1 o i
Y 0.2-10 ppm varzguUl luMsuIeIRIATIIIUINE 350°C Aauaaslunini 32
[ o ar ot M a oo - =) " W
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" o a - Toas
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2 g 1 o l'-'; ~ 1
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i Y -] i = o [ -
una laTasioudaaliaisaiga Ao 0.8 i nazldna lumsndufuganimdy sz 11

r=1
HIN
14
E - 20
12 _o———38 o e

E b O ,\_;__,,-—"',f‘,’h e —— —_— _16 'E'
£ o //,_ - . £
104 de T o-T,awWo, 14 =
g X’ . — 00— Tyec; 0.25 W% Ru-WO, - E
~ o e NV A~ Tui0S0WhRUWO, & |12
o 8- TV Tree; 1.00 Wt% RU-WO, - - Py
£ = 05

3 -~ Ng
6 e T, WO, I e
< 8T, 025W% RUWO, L g &
§. —4—T,,,;0.50 wt% Ru-WO, | 3

~ ¥ T,44: 1.00 W% Ru-WO, |

& 4 4 ;Eﬁ—z-__——;—iu ’ | 4 &

_ -2

0 TV LT |_."'- 1 L G AN BN ¥k , Y 0

YO T 2 3 4 \9((6A W 8 A8 1011
H,S concentration (ppm)

and 32 nanlumseaevaues azna lunmsndvduganiwdy vesdlauismauoon lea
uigns nazilduiimauoen ladinidodrogaiton dounalalasinudalid dnaadudu

13 ot o = o ¢ o o o
voauna laTasiuaa e 0.2-10 ppm vauzguugiilumsiauveslaudumes 350°C

10 28
—o— T, i WO, - —0— Tieei WO, L 26
T 025 W% NEWO, 0 T7,,c;0.25 wtt Ni-wo, I
A= T 0.50 wt% Ni-WO, AT, :0.50 wt% Ni-wo, - 24
8 ¥ T 1.00wt% Ni-WO, —u—7,.:1.00 wt% Niéwo,% L2
______d——'_'_ b

e LY L S
Vi Tl = .

Response time; T o (Min)
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H_S concentration (ppm)

A 33 nanlumseevaues vaznar lunsnduauganiway vesdauismauoon lea
a £ ¢ w W dAa ¥ aa 1 ow o s LTR)
Uigns uazlduisaauoon leaiidodrotina aounda laTasiuda lia fnnumduduves

@ o o a o ¢ o 4 o
und laTasiauaa W 0.2-10 ppm vauzgamgilumsihauvesilamdures 350°C
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= =) . o ¢ 1
2.5 1WSsueurnaveamsidalarz (Ru, Ni, Au Haz Nb) adlunsaauoonlua ae
o o o ¢ :{ 9 ¥ o
anuamsalumInsadunnalalasudalila MSmannudnduvesnda
[ d 1 w =Y o 7 7 o d'.
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Ultra-sensitive H,S gas sensors based on the hydrothermal/impregnation-synthesized WO5; one-
dimensional (1D) nanostructures functionalized with Ru are presented. The particle properties were
s characterized by XRD, BET, SEM, TEM and EDS analyses. The H2S-sensing performances in terms of sensor
response, response/recovery times and selectivity were optimized by varying Ru concentration. The opti-
mal sensing film (0.50 wt% Ru-WO0; ) showed an ultra-high sensor response of ~192 and short response
time of ~0.8 s to 10 ppm of H;5 at 350 C. In addition, 0.50 wt% Ru-WO; nanorods (NRs) exhibited much
higher H3S selectivity against NO;, 502, C;HsOH and NH3; compared with unloaded W05 NRs. Further-
more, the catalyst selectivity of Ru toward H>S was found to be significantly higher than those of three

other metals including Ni, Nb and Au, respectively. Therefore, 0.50 wt% Ru-WO5 sensor is one of the most
promising candidates for highly sensitive and selective detection of H,S.

1. Introduction

Hydrogen sulfide (H,S) is one of the noxious, odorous, color-
less and flammable gases produced widely from various industrial
processes. Its strong rotten-egg smell will paralyze the sense of
smell and can cause instant paralysis and death when the concen-
tration exceeds the threshold limit value (TLV) of 10 ppm [1]. It is,
therefore, important to develop a reliable low-cost sensor that can
effectively detect H;S at a low concentration with high response
and selectivity.

Tungsten oxide (WO3) is a promising metal oxide gas-sensing
material because of its excellent chemical/thermal stability and
good response to a wide variety of gases [2,3]. In addition, WO+
nanostructures including nanorods (NRs), nanowires (NWs) and
nanoparticles (NPs) can be practically produced to attain high
specific surface area, high electron mobility via dimensionality con-
fined transport phenomena and superior gas-sensing properties
[2-9]. Moreover, the gas-sensing performances of WO3 nanostruc-
tures toward various gases such as H,S [4], acetone [4,9], toluene
[3.4], Hy [5], NO; [5,6], CO [6], N3O [5], NH5 [5], CoHsOH [8,10],
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methanol [8], CHy (2], CoHy4 [2] and SO; [2] can be substantially
enhanced by surface functionalization or doping with metal cata-
lyst such as Ag [2], Pd [3] Au [2,4], Fe [5] and Pt [6-8].

WO; nanaostructures can be synthesized and processed by many
synthetic methods such as thermal evaporation, sputtering, chemi-
cal precipitation, spray pyrolysis, electrostatic spray deposition and
hydrothermal [4-29]. Table 1 shows a summary of sensor responses
to H,S of WO5-based nanomaterials prepared by various methods.
The sensor response (S) is defined as the ratio of the electrical resis-
tance in the test gas (Rg) to that in air (Rq) (S=Ra/Rg for reducing
gas or Rg[R, for oxidizing gas). It can be seen that H;S sensing per-
formances of unloaded WO3 nanostructures considerably depend
on morphology, crystal structure and metal loading. Firstly, porous
WO3 nanocrystalline thick film sensors prepared by spray pyrol-
ysis displayed a fair H;S response of 1.3 at an optimal operating
temperature of 200°C with short response and recovery times
of 22 s and 4.1 min, respectively [14]. In addition, WO5; NPs pre-
pared by drop coating/annealing with hexagonal structure showed
higher response and better selectivity to H»S (10 ppm, 200 C) in
the presence of CHy4, CO, H; and NO compared to W03 NPs with
monoclinic structure [12]. Moreover, WO; 72 nanowires fabricated
by hydrothermal and paste coating methods exhibited very high
response of 3313 to 1000 ppm of H,S and 121 to 10 ppm of H5S at
250°C, which are substantially better than those of WO3 nanopar-
ticles and nanoplatelets [13]. Furthermore, 0.03 wt% Au-doped
WO3 sensors prepared by screen printing of commercial powder
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Table 1

A summary of the gas sensing properties of unloaded and metal or metal oxide-loaded WO; sensors for Hy S sensing.

Authors/ref. Method Materials H3S concentration  H3 S sensing performances

Stankova et al,, 2013, (2]  RF sputtering WOs/Ag 100 ppb Response: 6.92 to 100 ppb at 260 C
Lee et al., 2014, |4] Screen printing of commercial powder 0.03 wtk Au-doped WO5 0.2-5ppm Response: ~12.40 to 2 ppm at 300 C
Tao et al., 2002, 7] RF sputtering Pr-doped W04 1-500 ppm Response: 23 to 1 ppm at 220 C
lonescu et al,, 2005, [10]  Advanced gas deposition/evaporation WO3 nanoparticles 150-250 ppm Response: ~3.5 to 1 ppm at 250 C
Dattaetal., 2012,[11] Vacuum deposition 231 at.% Au-incorporated WOy 0.1-1 ppm Response: 16 to 1 ppm at 250
Szilagyi et al, 2010,[12]  Drop casting/annealing Hexagonal W03 nanoparticles 10ppm Response: 30 to 10 ppm at 200 C
Rout et al., 2008, [13] Hydrothermal/solvothermal/paste coating ~ WO3; nanowires 1-1000 ppm Response: ~121 to 10 ppm at 250 C
Nisha et al., 2014, [14] Spray pyrolysis WO nanoparticles 100-225 ppm Response: 1.3 to 18 ppm at 200
Ramgir et al., 2013, [27] RF sputtering 2.25 at.% CuO modified W05 2-15ppm Response: 530 to 10 ppm at 300
Zhang et al., 2004, (28] Chemical precipitation/paste coating W05 film 10-1000 ppm Response: ~1900 to 100 ppm at 360
Gui et al., 2013, [29] Co-precipitation/paste coating W03/3% SnD; composites 5-100ppm Response: 71.27 to 100 ppm at 300
This work Hydrothermal(/impregnation/spin coating 0.5 Wt Ru-W04 0.2-10ppm Response: ~192 to 10 ppm at 350

exhibited relatively high H;S response of 12.40 at 2 ppm compared
with that of undoped WO, one (4.85) [4]. Likewise, functional-
izations of WO surface with Pt, Au and Ag by sputtering were
demonstrated to improve the sensing performance of W05 toward
H,S [2,7,11].

Among these results, WO3 nanowire sensors prepared by hydro-
thermal showed particularly attractive performances with high
response at low H,S concentration. Hydrothermal synthesis is thus
a promising chemical route for synthesis of anisotropic nano-
material for gas sensing. In addition, it possesses several other
advantages including low process temperature, low cost, sim-
plicity, ease of control and ease of diversification. Moreover, it
can conveniently combine with the impregnation method to add
catalyst on surface of metal oxide nanostructures [26]. The com-
bination of the two methods offers some particular advantages
including the reduction of filtering, forming and washing steps.
These processes should thus be applied to form new functionalized
WO; nanomaterial for gas sensing. Ruthenium (Ru) is a relatively
new noble metal catalyst and has been relatively less studied in
combination with WO3; nanostructures. In particular, there has
been no report of Ru-functionalized WO5 NRs prepared by hydro-
thermal and impregnation methods for H3S sensing. In this work,
hydrothermal process is applied to synthesize 1D WO3 NRs and
impregnation method is used to functionalized the NRs with 0.25,
0.50 and 1.00 wt%Ru in order to improve H;S-sensing properties.
In addition, the catalyst performances of Ru for H-S sensing are
compared with three other metal catalyst including Nb, Ni and Au.

2. Experimental

2.1. Synthesis and characterization of Ru NPs-functionalized
WO; NRs

Unloaded and Ru NPs-functionalized W03 nanorods (Ru-W05
NRs) were synthesized by hydrothermal and impregnation tech-
niques. Sodium tungstate dihydrate (Na;WO04-2H,0; Merck KGaA,
Darmstadt, Del.) and sodium chloride (NaCl; Merck KGaA, Darm-
stadt, Del.) were used as precursors. Typically, 0.05M (mol/L) of
Na;W0,4-2H,0 and 0.4 M of NaCl were dissolved in deionized (DI)
water under stirring. The pH value of the solution was adjusted
to 2.0 using 3 M HCI solution. The obtained solution was trans-
ferred into a 1000 mL Teflon-lined autoclave (Hydrion Scientific
Instruments Co., Ltd, China) and kept at 200 C for 6 h. After cool-
ing down, the white W03 NRs were washed several times with DI
water by centrifugation. The obtained powders were dried subse-
quently at 60 C for 24h in air. The WO4 NRs were then loaded
with Ru 0.25, 0.50 and 1.00 wt% by impregnation process. Ruthe-
nium (1) acetylacetonate (Ru(acac)s; Sigma-Aldrich, St. Louis, MO,
USA; 97%) was dissolved in toluene (Sigma-Aldrich; =99.5%) and
methanol (Sigma-Aldrich; =99.5%) solution at a ratio of 70:30
under stirring. The red solution was then added to WO3 NRs. After

stirring for about 30 min, the precipitate was dried at 80 C for
2h in an oven. Finally, the product was calcined at 200 C for
6h. X-ray diffraction (XRD; TTRAXIII diffractometer, Rigaku Cor-
poration, Tokyo, Japan) was employed to confirm the phase and
crystallinity of obtained nanoparticles using CuKa radiation at
260=20 -80" with a step size of 0.06" and a scanning speed of
0.72" /min. Brunauer-Emmett-Teller (BET; Micromeritics Tristar
3000, Micromeritics Instrument Co., Norcross, GA, USA) analysis
by nitrogen absorption at liquid nitrogen temperature (77.4 K) was
performed to obtain the specific surface area of the nanoparticles.
The field-emission scanning electron microscopy (FE-SEM; Model
JEOL JSM-6310F) and the high-resolution transmission electron
microscopy (HR-TEM; Model JEOL JEM-2010) were employed to
examine the morphology and size of nanoparticles. The elemental
composition of nanoparticles was analyzed by energy dispersive
X-ray spectroscopy (EDS) in mapping mode to confirm Ru content
in the resultant powders.

2.2, Sensor fabrication and sensing film characterization

Paste for sensing film preparation was made by mixing the
nanorods (60mg) in an organic paste (0.28mL) composed of
ethyl cellulose (Sigma-Aldrich; 80-120mPas) and a-terpineol
(Sigma-Aldrich; 90%), which acted as vehicle binder and solvent,
respectively. The mixture was ground in a mortar for 20 min to
obtain homogeneous paste. The resulting paste was spin-coated
onto prefabricated Cr/Au interdigitized electrodes. Cr (50 nm thick)
and Au (200 nm thick) layers were deposited by DC sputtering
in argon gas at a pressure of 3 x 103 mbar on an alumina sub-
strate (0.40cm x 0.55 cm x 0.04 cm). The interdigit spacing, width
and length were 100 pm, 100 wm and 0.24 cm, respectively. The
sensing films were annealed at 400 C for 2h in air (with a heat-
ing rate of 2 C/min) for binder removal and finally cooled down
to room temperature. After completion, the surface morphologies,
elemental composition and cross section of the sensing layers were
verified by field-emission scanning electron microscopy (FE-SEM)
equipped with an EDS analysis system. Finally, the devices were
transferred to a stainless steel chamber for gas-sensing measure-
ment.

2.3. Gas-sensing measurement

Gas-sensing measurements were conducted toward H;S in the
concentration range of 0.2-10ppm. The flow-through technique
was used to measure the gas-sensing properties of the sensors.
A flux of synthetic air as gas carrier was flowed to mix with the
target gas source at different flow rate ratios to desired concen-
trations with a constant total gas flow rate of 2L/min. The gas
flow rates were precisely manipulated using a computer con-
trolled multi-channel mass flow controllers (Brook Instruments).
All measurements were conducted in a temperature-stabilized



632 V. Kruefu et al. / Sensors and Actuators B 215 (2015) 630-636

sealed stainless chamber at 20 "C under a flux of dry air. The back-
ground relative humidity (RH) under a flux of dry air was measured
to be around 10%. The external NiCr heater was heated by a regu-
lated DC power supply to different operating temperatures ranging
from 150 to 400°C. The resistances of the various sensors were
continuously monitored with a computer-controlled system by
using avoltage-amperometric technique with 10V DC bias and cur-
rent measurement through a picoammeter. A high DC bias of 10V
was used because the baseline resistances of Ru-loaded sensors
especially at low operating temperatures and resistances under
exposure to oxidizing gases were very high (~102-10'% ). The
sensor was exposed to a gas sample for 10 min for each gas con-
centration testing and then the air flux was restored for 25 min. The
sensing behaviors are analyzed in terms of the sensor response (S),
response time (Tyes) and recovery time (Tyec). The sensor response
(S) was defined in the previous section. The response time and
recovery time was defined as the time for the sensor resistance
takes to reach 90% of its steady-state value and the recovery time
was defined as the time for the sensor resistance takes to recover
the 90% of its baseline value. For the gas sensing selectivity, the sen-
sors were tested toward NO;, SO3, CoHsOH and NH;. The effects of
noble metal catalysts (Au, Nb and Ni)on H,S sensing characteristics
of WO3 NRs were also investigated.

3. Results and discussion
3.1. Particles and sensing film properties

The crystalline phase of hydrothermal/impregnation-
synthesized WO3 product was analyzed by XRD as illustrated
in Fig. 1. It is seen that all samples are highly crystalline and all
XRD peaks are well matched with the JCPDS file no. 85-2459,
corresponding to the hexagonal phase of WO5. However, it is
noteworthy that the diffraction patterns of all samples do not
contain signals ascribed to the presence of Ru. The absence of
peaks pertaining to Ru could be due to very low Ru content and
ultra fine dispersion of Ru NPs on W03 NRs as very small clusters.
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5 8 _ —1.00 wt% Ru-WO,
g 8 8 28
=] T " = O — — —_
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Fig. 1. XRD patterns of unloaded W05 and 0.25-1.00 wt Ru-W0O3 NRs.

Thus, the presence of Ru in the composite will have to be verified
by SEM, EDS and TEM.

The surface morphology and elemental composition of 0.50 wt%
Ru-WO4 NRs was examined by SEM and EDS as shown in Fig. 2.
The typical SEM images (Fig. 2a and b) of the 0.50wt% Ru-WO;
1D nanostructures show that they are rod-like with rectangu-
lar side section having rod diameters in the range of 50-250 nm
and rod lengths on the order of microns. A typical EDS spec-
trum (Fig. 2¢) taken from the square-marked area on Ru-WO;
NRs (Fig. 2b) contains the characteristic peaks for O, W and Ru,
confirming the presence of Ruimpregnated on W03 NRs. The aver-
age Ru concentration of 0.50 wt% Ru-WOj5 structure estimated by
EDS quantitative analysis software (Oxford Instrument) is 0.59 wt%,
which is in good agreement with the intended concentration of
0.50 wt%. The detailed morphologies of 0.50 wt% Ru-WQ03 NRs were
further investigated by TEM analysis as presented in Fig. 3a-c. It
is seen that there are a number of small oval Ru particles with
mean diameters of 20-200 nm uniformly distributed on the sur-
face of larger WO3 nanorods. High resolution TEM image and

Element Weight%
o 19.86
w 79.55
Ru 0.59

w w
AW

X-ray energy (keV)

Fig. 2. (a) FE-SEM images, (b) enlarged FE-SEM images and (¢) EDS spectrum of 0.50 wt® Ru-W0; NRs,



V. Kruefu et al. / Sensors and Actuators B 215 (2015) 630-636 633

Fig. 3. Bright-field TEM images of (a) WO4 NRs, (b) 0.50 wt% Ru-W0; NRs and (c)
0.50wt% Ru-W0O5 NRs with local HR-TEM image of nanostructure at the interface
region between W03 NRs and Ru NPs and corresponding SAED pattern (insets).

corresponding selected area diffraction (SAED) pattern (inset of
Fig. 3c) demonstrate lattice fringes and a sharp spot pattern indi-
cating that hydrothermal/impregnation-synthesized WO NRs are
nearly single crystal. The average spacing of lattice fringes is deter-
mined to be ~0.37 nm well matched to the (110) plane of WO4. The
main diffraction spots are confirmed by indexing to correspond to
hexagonal structure of W03, which is in complete agreement with
XRD results.

The BET specific surface areas (SSAggr) of Ru-WO3; NRs contain-
ing 0.00-1.00 wt%Ru were determined to be 67.7, 78.4, 107.8 and
96.1 m? /g, respectively (Fig. 4). Thus, the specific surface area of
Ru-WO3; NRs increases substantially as Ru concentration increases
from 0.00 to 0.50wt% and then slightly decreases as the Ru con-
centration increases further. The increase of SSAggr with increasing
Ru loading may be attributed to the effect and direct contribution
of smaller Ru nanoparticles observed in TEM and SEM images. The
Ru nanoparicles attached on surfaces of WO3 NRs as seen in Fig. 3b
may act as spacers or intercalators to effectively prevent WO3 NRs
from self agglomeration (Fig. 3a), leading to a significant increase
of specific surface area of WO5 NRs. The subsequent reduction of
SSAggr as the Ru loading level further increases to 1.00 wt% may be
due to the agglomeration among Ru nanoparticles on WO surface,
resulting in less effective intercalation effect of Ru nanoparticles.

Fig. 5 shows SEM (inset, high-resolution) images of 0.5 wt%Ru-
W03 NRs sensing films on an Al;05 substrate with interdigitated
Cr/Au electrodes. It can be seen that W03 nanorods with sharp sur-
faces and rectangular side sections are randomly distributed and
loosely aggregated on the substrate. In addition, there are quite
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Fig. 4. Specific surface area (S5Ager) of unloaded WO5 and 0.25-1.00 wt% Ru-W0O
NRs.

Fig. 5. FE-SEM (inset, high resolution) images of the 0.50 wt% Ru-WO; NRs sensing
films on an alumina substrate with interdigitated Cr/Au electrode.

high density of voids or cavities, indicating a high film porosity.
The corresponding cross-sectional SEM images with EDS line scan
are shown in Fig. 6. It illustrates a fluffy film of loosely entangled
W03 nanorods with an average thickness of 10 um on a granular
alumina substrate. It can also be noticed that the appearance of
nanorods shown in Fig. 6 are quite different from that of the NRs in
Fig. 2. The observed difference should be due to the result of grind-
ing during paste preparation process that could considerably alter
the morphology and arrangement of nanorods. The EDS line scan
across the sensing film confirms the presence of all expect elements
of the film and substrate.

3.2. Gas sensing properties

Fig. 7 shows the change in resistance of the sensing films with
0-1.00wt% Ru-WO3 under exposure to various H3S pulses at dif-
ferent concentrations ranging from 0.2 to 10 ppm at an operating
temperature of 350 “C. It is seen that the baseline resistance of W05
NRs increases monotonically with increasing Ru concentration
from 0 to 1.00 wt%. A possible explanation is that Ru NPs deposited
on W05 NRs form metal-semiconductor junctions near the surface,
resulting in the enhancement of electron depletion regions and the
increase in resistance as depicted in Fig. 8. In addition, RU NPs may
enhance chemisorption of oxygen species (0,~, 0~ and 0%") via

Ruthenium Oxygen

Tungsten Aluminum

Gold

# Bﬁzwo sensigaitR® -

Fig. 6. FE-5EM images of the cross sectional structure of 0.50wt% Ru-WO; NRs
sensing films on an alumina substrate with interdigitated Cr/Au electrode and cor-
responding EDS elemental line-scan analysis (inset).
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Fig.7. Dynamic response of unloaded WO; and 0.25-1.00 wt® Ru-W0O; NRs sensors
toward 0.2-10 ppm HzS at 350 C,

spill-over mechanism to be further discussed below leading to the
additional increase of electron depletion regions. Upon exposure
to H,S, the resistance of all sensors abruptly decreases, confirming
a typical n-type semiconducting behavior toward a reducing gas.
When exposing the W03 NRs to H5S, H,S molecules will adsorb on
the sensor surface and react with the preadsorbed oxygen species
according to the following reaction paths [13]:

2H3S + 303 (ads) — 2503 +2H,0 + 3e (1)
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Fig. 8. H3S sensing mechanisms for (a) unloaded W03 NRs and (b) Ru-WO; NRs.

HyS + 30 (345) — SO2+H,0 + 3e (2)
HyS + 307" 445 — SOz +H,0 + 6e (3)

As a result of the surface reactions, the electrons trapped by the
surface oxygen species will be fed back into W05 conduction band,
resulting in the reduction of electron depletion layer and electrical
resistance of W03 NRs (Fig. 8a).

With Ru loading in the range between 0.25 and 1.00wt%, it
is seen that the change in resistance dramatically increases with
increasing Ru concentration up to 0.50 wt% but then decrease as Ru
concentration increases further. The role of Ru in the enhanced H5S
response may be explained by the catalytic spillover mechanism,
in which Ru may increase the adsorption of oxygen species and
favor adsorption of H,S molecules that will spillover to react with
oxygen species on W03 NR support as schematically illustrated in
Fig. 8b. With increasing Ru concentration from 0 to 0.50 wt%, there
are more well-dispersed Ru NPs present at interparticle contacts
between nanorods allowing Ru NPs to take better control of sensor
resistance and thus the efficiency of spillover mechanism is high. As
Ru concentration increases further to 1.00 wt%, Ru NPs may begin
to be significantly agglomerated into larger particles and become
poorly dispersed so that the spillover effect becomes less effective,
leading the decrease in response.

From Fig. 7, it can also be noticed that the resistance especially at
high H3S concentration does not fully reach the steady state within
the exposure time of 10 min due partly to long gas mixing stabiliza-
tion time in our large chamber. Nevertheless, the final resistance
value is quite close to the steady-state value since the final slope
of resistance versus time is very small so that their difference is
less than 10% and it should be practically acceptable to assume the
final resistance value as the steady-state value. This assumption
will cause small loss of accuracy for the calculated sensor response
but can lead to considerable deviation of response time. Thus, the
following response time values estimated here should only be used
to compare different sensors within these operating conditions.

The estimated response and recovery time versus H;S concen-
trations ranging from 0.2 to 10 ppm of W03 NRs with different Ru
loading levels at 350 °C are shown in Fig. 9. It can be seen that both
response and recovery times of W05 NRs decrease correspond-
ingly as Ru loading concentrations increases from 0 to 0.50 wt% but
later increase as Ru concentration increases further to 1.00 wt%,
The 0.5 wt% Ru-loaded WO4 sensor show relatively short response
and recovery times (tres ~ 0.8 s and trec ~ 11 min) to 10 ppm HsS at
350 Ccompared with those of unloaded WO sensor (tyes ~ 2.6 min
and tyec ~ 18.5 min). The significant decrease of response and recov-
ery times by Ru suggests that Ru could provide catalytic effect
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Fig. 9. Response and recovery time versus H;S concentration (0.2-10ppm) of
unloaded WO; and 0.25-1.00 wit® Ru-W0Oy NRs at 350 'C.
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Fig. 10. The response of unloaded W05 and 0.25-1.00 wt% Ru-W0; NRs toward
10 ppm H3S versus the operating temperature.

that effectively accelerates H,S interaction and chemisorption of
oXygen species.

Fig. 10 shows the response of WO, and 0.25-1.00 wt% Ru-WO0O,
films to 10 ppm H;S at various operating temperatures from 150
to 400 C. It is seen that the response of 0.50 wt% Ru-WO; films
increases as the operating temperature increases up to 350 'C and
then decreases as the temperature increases further. Thus, the opti-
mal operating temperature of the optimally loaded Ru-WO; film is
350°C. In addition, the sensor response of 0.50 wt% Ru-WO; film
is higher than that of unloaded WO, film at any operating tem-
perature. Specifically, 0.50 wt%Ru-WO0; film exhibits the optimal
response of 192, which is notably higher than those of other sen-
sors at 350°C. The optimal operating temperature of 350 "C could
be ascribed to the temperature that chemisorption and desorption
rates on Ru-WQO; surface are optimized. At higher temperature,
desorption rate will become higher than adsorption rate, leading
to a decrease in response [30]. Moreover, the optimum operating
temperatures of unloaded and 0.25wt% Ru-WO- films are simi-
larly at 350 °C while that of 1.00 wt% Ru-WO0O3 one becomes lower
at 250 °C. The lower optimal operating temperature at high Ru-
loading level may be related to the effect of catalyst size. The size
of Ru particles tend to increase with increasing Ru loading level and
the larger Ru particles may exhibit better catalytic activity at lower
working temperature. However, its low surface area results in poor
spillover effect and relatively low gas response.

The gas sensing selectivity of WO5 gas sensors were charac-
terized toward various toxic/flammable gases including NO,, SO,
NH3 and C;H50H as shown in Fig. 11. It is evident that 0.50 wt%Ru-
WO;5 gas sensor has high H;S selectivity against these four gases.
The result indicates that Ru is a selective catalyst that specifically
enhances reaction toward H;S. To further verify the effectiveness of
Ru catalyst on H,S oxidation, the response to 10 ppm H;S at 350 C
of Ru-W0O3 NRs is compared with W03 NRs equally impregnated

1201

= 5 ppm NO, 350°C
= 5 ppm SO,
80+ = 5 ppm H,8
] = 100 ppm C,H;OH

= 100 ppm NH,

100

40+

Response, S
(1))
Q

WO; 0.25wt% 0.50 wt% 1.00 wt%

Fig. 11. Relative response to HzS (5ppm), NOz (5ppm), 50z (5ppm), C;Hs0H
(100 ppm) and NH5 (100 ppm) of unloaded W05 and Ru-W0O; sensor at 350 C.
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Fig. 12. The sensor response of WO+ NRs with different Nb, Au, Ru and Ni loadings
to 10ppm H;5S at 350 C.

with other metal catalysts including Ni, Nb and Au as demonstrated
inFig. 12.itcanbe clearly seen that the Ru-WOj3 sensor shows much
higher H55 response compared with WO sensor loaded with Ni,
Nb and Au, respectively. Thus, Ru is confirmed to be highly effec-
tive catalyst for H S oxidation on W05 support. In addition, the H, S
response of Ru-WO0; sensor is still almost five times as high as the
nearest candidate, Ni-WQO5 NRs, which could otherwise be selected
as a low-cost alternative.

Finally, the stability, repeatability and reproducibility of Ru-
WO3 sensors were evaluated from four samples produced in the
same batch. All sensors exhibited good stability with less than 18%
drift in sensor response over 1 month under the same operating
conditions. Inaddition, each sensor showed good repeatability with
less than 13% response variation from 10 repeated measurements.
Moreover, four sensors from the same batch were found to have
fair response variation of less than 28% evaluated under the same
test condition.

4. Conclusions

In conclusion, WO3 1D nanostructure functionalized with
0.25-1.00wt%Ru were successfully synthesized by hydro-
thermal/impregnation methods with low calcination temperature
(200 C) and short heating time (6h). As-prepared materials
(0.50 wt% Ru-WQ05 sensor) can be used for detect low ppm levels of
H,S with high response, short response time and good selectivity.
The attained HjS-sensing performances may be attributed to
high surface-to-volume ratio, high electron mobility of the 1D
WO3 nanostructures and highly effective catalytic activity of
impregnated Ru catalyst.
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Summary

Ultra-sensitive H,S gas sensors based on hydrothermal/impregnation synthesis WO; one-dimensional (1D)
nanostructures functionalized with 0.25, 0.5 and 1wt%Ru is presented. The particle properties were
characterized by XRD, BET, SEM, TEM and EDS analyses. The H,S-sensing performances in terms of
sensor response, response time and selectivity were optimized by varying Ru concentration. The optimal
sensing film (0.5 wt%Ru/WO;) showed an ultra-high sensor response of ~192 to 10 ppm of H,S at 350°C
and very short response time (~0.8 s). In addition, 0.5 wt% Ru/WO; nanorods shows much higher H,S
selectivity against NO,, SO,, C;HsOH and NH; compared with WO; nanorods with higher loading levels as
well as unloaded one. Furthermore, the catalyst selectivity of Ru toward H,S was found to be significantly
higher than those of three other noble metals including Ni, Nb and Au respectively. Therefore, 0.5wt%
Ru/WO; sensors are one of the most promising candidates for highly sensitive and selective detection of
H,S.

Motivation and results

Hydrogen sulfide (H,S) is one of the noxious, colorless and flammable gases produced widely from
industrial activities [1]. The concentration of H5S is higher than 10 ppm, it is dangerous to the human health
and environment [1]. Therefore, the development of a reliable sensor that can effectively detect H,S at a
concentration as low as a few tens of ppm to protect humans with high response, selectivity and low cost is
highly desirable. Recently, there are many reports on the enhancement of sensing performance and detection
limit of WO; 1D nanostructure sensors by surface functionalizing or doping the nanostructures with noble
metal catalyst such as Pt, Pd, Ag and Au in sensing various gases/vapors such as H,, NO,, CO and NH; [1],
but there have been very few reports on the H,S gas sensing properties. In particular, there have been almost
no reports on the enhancement of the gas sensing properties of the other noble metal catalyst-functionalized
WOj; nanorods such as Ru, Ni and Nb. This paper investigates the improving of H,S gas sensing properties
of WO; based sensors, from redesign of materials synthesis system. Hydrothermal/impregnation methods
have been applied to synthesis WO; 1D nanostructure functionalized with 0.25, 0.50 and 1.00wt%Ru, Ni, Nb
and Au catalysts.

TEM and XRD observations confirm that the WO; and Ru/WO; nanorods are highly crystalline with a
typical hexagonal WO; structure. TEM and SEM images (Fig.1, 2) of 1D nanostructure of 0.5wt%Ru/WO;
shows that they are of rod-like morphology with 10 to 100 nm in width and 1 to 5 pm in length. In addition,
the cross-section film thickness of the sensing film was about 10 um and the line scan across the agglomerate
for sensing films is also indicated in Figure 3. Figure 4 show the dynamic changes of resistance versus the
H,S concentrations ranging from 0.2 to 10 ppm concentration based on WO; nanorods at operating
temperature of 350°C. It was found that the optimum Ru concentration is 0.5 wt% shows the highest
response to 10 ppm H,S (~192) at 350°C (Fig 5.). The gas sensing selectivity of WO; gas sensors were
characterized towards various toxic gases such as NO,, SO, and NH; and flammable gases such as C;H;OH
as shown in Fig. 6. It was found that 0.5wt%Ru/WO; gas sensor has good gas selectivity to H,S. Therefore,
0.5wt% Ru/WOs; gas sensor can be used for selective detection of these five gases. To investigated the effect
of noble metal catalyst on WO; toward H,S gas, other noble metals particularly Ni, Nb and Au have also
been used as the catalyst for H-S oxidation. Figure 7 shows the response change of samples under exposure
to 10 ppm concentrations of H,S at 350°C. It can be clearly seen that the Ru/WO; sensor shows the highest
response compared with WO; sensor loaded with Ni, Nb and Au. Therefore, Ru is confirmed to be the most
effective catalyst for H,S oxidation on WOj5 support.
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