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Abstract

Semiconducting metal oxides (SMOX) gas sensors, such as tungsten oxide (WOs3),
have been developed in depth for use in toxic gas detection, such as nitrogen oxides
(NOy). With the addition of catalytic nanoparticles, like Ag, Pt, Pd and etc., the sensing
properties, the three ‘S’ (sensitivity, selectivity and stability), can be significantly

improved.

This thesis details a two-step synthesis method for the fabrication of Ag nanoparticle
decorated WO3; nanoneedle by using different silver metal precursors, including silver
nitrate (AgNO:s), silver 2-aminoethanol (Ag-EA), silver 1-aminopropan-2-ol (Ag-AP)
and silver 2-methyl-2-aminopropan-1-ol (Ag-AMP), in a vapour deposition process. A
series of experiments were conducted to investigate the parameters that affect the
growth of the materials microstructure including deposition temperature, deposition
time, flow rate of N, carrier gas and concentration of precursor solution. Physical
property characterization techniques including UV/Vis, XRD, XPS, SEM and TEM,
have been systematically applied for all WO3; and Ag-decorated WO3 samples and

sensor materials.

Oxygen sensors’ have been considered as the critical component of Engine
Management System for several decades. Gas sensing performance was carried out
toward different O> concentration between 1 and 20% at various operating
temperatures. The sensing response revealed that the decoration of Ag nanoparticle
on WOs3 sensors significantly improved sensing properties as compared to
undecorated WO3; sensors. An optimal gas response with silver-decorated WOs; is
enhanced 400% compared to an undecorated WO3 sensor at an optimum operating
temperature at 350 °C towards 20% oxygen at a relative humidity level ~ 85% by using
AgNOs as a precursor. An enhancement was also observed for the Ag decorated WO3

sensors fabricated using organometallic silver precursors, with a dramatically
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increasing in baseline resistance for these Ag@WOs3 sensors. Sensing mechanisms,

are proposed to explain the enhancement in sensing response.



Impact Statement

Inside academia

This research widens the selection range of silver metal precursors (AgNOs3,
silver 2-aminoethanol (Ag-EA), silver 1-aminopropan-2-ol (Ag-AP) and silver 2-
methyl-2-aminopropan-1-ol (Ag-AMP)) available for aerosol-assisted chemical
vapour deposition (AACVD) and makes the growth of Ag@WOs thin film
morphology controllable simply by altering the deposition parameters.

The systematic study and characterization of the Ag@WO3 thin films benefits to
the body of knowledge on film growth mechanisms.

The facile synthesis of AQ@WO3 nanoneedle opens up a new direction in gas
sensing fields as compared to more commonly encountered noble metals, such
as Au/Pt/Pd functionalized WO3 materials, which have been extensively explored
and studied.

The systematic studied on the gas sensing response ascribes the gas sensing

enhancement mechanism to two aspects, chemical and electronic sensitization.

Outside academia

The successful synthesis of Ag@WO:s thin films via AACVD potentially allows
manufacture at an industrial relevant scale due to its simple production method,
low cost/energy consumption.

The technology for oxygen sensor has remained in place for twenty years. Though
Pb-free alternative electrochemical gas sensors to oxygen have been developed
by introducing Zn, Fe or Al on various semiconducting metal oxides (SMOX), like
SnO2, Zn0O, Iny0s3, and CeO, Ag functionalized WO3; materials provide an

alternative for use as an oxygen gas sensor.



Contents

DECIANALION ... 2
ACKNOWIEAGEIMENT ... 3
ADSIIACT. ... 5
IMPACE STAIEMENT ... e e e e e e e e e ennn e e e e e e eennne 7
LISt Of FIQUIES. ... 11
LISt Of TADIES ... 21
List Of ADDreviations...........ooo oo 23
Chapter L INTrOQUCTION ... ..eeiiieieiiiiieieiiiiieeeteeee bbb beeeesnennne 24
1.1 OVEBIVIBW. ... 24
1.2 Nano-scaled semiconducting metal oxide gas SENSO ..., 24
1.2.1 Background of N@NOMALENIAIS...............cooomeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e, 24
1.2.2 Background of semiconducting metal oxide gas Sensor ..., 26
1.2.3 Main parameters of semiconducting metal oxide gas sensors................... 28
1.2.4 Fundamental operating principles of SMOX gas Sensors...........ccccccceeveue.... 31

1.2.5 Limitations and improvements of semiconducting metal oxide gas sensors

.............................................................................................................................................................. 36
1.2.6 Background of OXYQEN gas SENSOIS ...........ccooeioeeeeeeeeeeeeeeeeeeeeeseeeeeeeeeresseenens 45
1.3 Background of tungsten oxide and silver metal materials...................ccccccocoveven.. 46
1.3.1 Crystal Structure of tUNGStEN OXIAE ..., 46
1.3.2 Different morphologies of WOz hanomaterials for gas sensing..................... 48
1.3.3 Silver metal decorated metal oxide NanoStructures ................ccccccocoeeverveennnn, 55
1.4 Aerosol-assisted chemical vapour deposition .............c..cccooovieeoeeeoeeeeceeeeeeee, 57
1.4.1 Process and prinCiple Of AACVD ..., 57
1.4.2 AACVD fabricated tungsten oxide NanOSIIUCIUIES .............cccoooevoeoeeeeeceeenn, 59
1.4.3 AACVD fabricated noble metal decorated tungsten oxide .............ccccco.c..... 61
1.5 MOtivation and @IMS .............ccoccooviiiiiececeeeeeeeeeeee e 63
Chapter 2 EXperimental..... ... e 65
2.1 Aerosol-assisted chemical vapour depoSition ..............cccccccoovveeeeeeceeeeeeeeeeeeeen, 66
2.2 Measurement Of gas SENSING tESES ...........c.coooiviecoeeeeeeeeeeeeeee e, 67
2.3 Physical charaCterization ..., 69



Chapter 3 Nanostructured Tungsten Oxide Thin Film and Sensor: Synthesis and

CRAIACTEIIZALION ...ttt 71
UL INEFOTUCTION ... 71
3.2 EXPEIMENTAL............ovoooeee e 72

3.2.1 Preparation of WOz thin film ... 72
3.2.2 Preparation 0f WOz SENSO ............cc.cooooeoeeeeeeeeeeeeeeeeeeeeeeeeeee e 73
3.3 ReSUItS @Nd iSCUSSION...........ccocovoivieeceeeee e 74
3.3.1 Characterization of the WOz thin film ... 74
3.3.2 Characterization 0f WO3 SENSOX ............ccc.coooevieveeeereceeeeveeeveeeeee s 83
3.4 CONCIUSION. ...t 90

Chapter 4 Nanostructured Silver Decorated Tungsten Oxide Thin Films and Sensors

Using Silver Nitrate Precursor: Synthesis and Characterization .............c..c..cceevveeee 92
AL INEEOTUCTION ... 92
4.2 EXPEIMENTAL...........coooiooeeeeeeeee e 93

4.2.1 Preparation of Ag thin filMS ... 93
4.2.2 Preparation of Ag@WOs thin films on glass substrates ..., 93
4.2.3 Preparation of Ag@WO3 thin films on SENSOrS.............c..coooovovoeoeeeeee, 94
4.3 Results and diSCUSSIONS (AGNOS) ...ttt 95
4.3.1 Characterization of AQ thin filMS............c.oooeeeeeeeeeeeeeeeeeee e 95
4.3.2 Characterization of Ag@WOs thin films on glass substrates...................... 102
4.3.3 Characterization of AGQ@WOs3 thin films on SENSOrS..........c.ccccocovovvececeeen, 108
4.4 CONCIUSION.......oooioiieie e 113

Chapter 5 Silver Decorated Tungsten Oxide Thin Films and Sensors Using

Organometallic Silver Metal Precursors: Synthesis and Characterization.............. 115
5.1 INITOAUCTION ... 115
S.2 EXPEIMENTAL............covoiii s 117

5.2.1 Preparation of Ag thin filMS ... 117
5.2.3 Preparation of organometallic Ag@WO3 thin films on sensors.................. 118
5.3 ReSUItS @nd AISCUSSION............co.cooioceeeeeceeee e 119
5.3.1 Characterization of Ag thin filmMS..............cocoooiieeeeeeeeeeeeeeeeeeen 119
5.3.2 Characterization of AQ@WO3 gas SENSON ..o 131
5.4 CONCIUSION ......ooooieiii e 143



Chapter 6 Gas SENSING MESPONSE ......uuuuuuurururrrnnernreenrnneeeeneerreneeeereereerreneeene e 145
6.1 Gas sensing response of Ag@WOs; prepared using AgNOs as precursor........145

6.2 Gas sensing response of Ag@WO3 by using organometallic Ag precursors..148

6.4 Inferred sensing ‘MeChaniSM’ ... 157
6.4.1 AGNO3 (AG@WO3 SENSON)......oooooeeeeeeeeeeeeeee e 157
6.4.2 Organometallic Ag precursors (AQ@WO3SENSON) .........cccoeovvrveeeeeeeeneeren. 158

6.5 CONCIUSION ... 159

Chapter 7 Conclusion and fUtUre WOTK ................uueeueueieemmeeriiiieiiieiieeeeeeeeeeeeeeees 161
7.1 CONCIUSIONS.......coioiiii s 161
7.2 FUTUI® WOTK. ...t 162

REFERENCE ... .ottt e et e e e e et eeaa s 164

APPENDIX . 187

10



List of Figures

Chapter 1
Figure 1.1 Different dimensions of the nano-building blocks and of the corresponding
hierarchical NANOSLIUCLUIESS. .................ooo...ooooooorceeecceeeeeeec e 25
Figure 1.2 Receptor and transduction functions semiconducting metal oxide gas
SBNSOISZ3. s 32
Figure 1.3 n-type metal oxide semiconductor with an electron depletion layer*'. ... 33
Figure 1.4 lllustration of conduction processes under depletion layer model*3. ......... 34
Figure 1.5 The illustration diagram of change of depletion layer of ZnO when exposure
to (a) reductive and (b)oxidative gas*®. ... 35
Figure 1.6 Explanation of Band bending at n-p heterojunction interface with no
adsorbed species at the surface. (a) Tendency of forming a p-n junction
between p-type Co3z04 and n-type ZnO. Holes at the lower-energy valance band
stimulate electrons at the high-energy conduction band transfer across the
interface to get an equilibrium in the Fermi energies (EF) (b) The formation of
depletion layers at the interface on both side of p-n junction due to
recombination, generating a potential barrier for electron flow>..................... 37
Figure 1.7 (a), (b) and (c) TEM images of Co304-ZnO composite metal oxide; (d) high-
angle annular dark field (HAADF) scanning TEM (STEM) image™...................... 38
Figure 1.8 Gas response of pristine ZnO nanofibers (grey squares), Cr.O3 decorated
ZnO nanofibers (red circles) and ZnO-Cr.0O3 core-shell nanofibers (blue triangles)
POWAIAS TIMATO. .o 39
Figure 1.9 Structures of additional metal compounds (red) to SMOX (blue) (a) Doped
SMOX and (b) 10aded SMOXA2. ... 39
Figure 1.10 Sensitization mechanisms of additives loaded on SMOX gas sensors (a)
electronic sensitization by Fermi-level control and (b) chemical sensitization by
SPII-OVEIZ3. ettt ettt 40

Figure 1.11 TEM images of Pd nanoparticles loaded on SnO27"85, . ... 41

11



Figure 1.12 Schematic diagram of the processes taking place at a Pd nanoparticle
loaded SnO; surface (Rs is the effective radius of the spill-over zone in process 2
and Rc is the effective capture radius of the collection zone in porcess3)”’. ......41

Figure 1.13 Schematic mechanisms of Au-loaded SnO; gas sensors in case of (a)
reducing gases (CO and Hz) and (b) oxidising gases (O3)86. ..., 42

Figure 1.14 The illustration diagram of electronically coupled additive and SMOX
interface for a loaded SMOX (A) unaffected surface and (B) heterojunction/space
charge layer formed and controlled by the Fermi-level of the loading®................. 43

Figure 1.15 Effect of particle size of SnO2 on gas sensitivity to 500 ppm CO88. ... 43

Figure 1.16 Schematic mechanisms of water molecules adsorbed on the surface of
SnO; (a) one water molecule for two metal oxides and (b) one water molecular
PEI METAl OXIAED. ... ... 45

Figure 1.17 Crystal structure of WO3 (A) ideal cubic structure of WOs........................ 47

Figure 1.18 (a) low- and (b) high-magnification FESEM images, (c) TEM image and
(d) EDS spectrum of prepared WO3 nanoparticles. ... 50

Figure 1.19 Sensitivity of WO3 microspheres gas sensor to various 150 ppm gases at
200 °C; (insert) sensitivity of WO3 microspheres gas senor at 200 °C with an
increase in concentration of acetone vapour'S. ..., 50

Figure 1.20 SEM images of 1-D WOs3 nanostructures (a) nanowires, (b) nanorods, (c)
nanofibers and (d) nanobelts27:129.130.132 e 52

Figure 1.21 (left) FESEM images of WO3 nanosheets (inset is the cross sectional
FESEM of WO3 nanosheets); (right) Response vs. temperature diagram for WO3
nanosheet based sensor to 0.06 and 1% Ha2™6. ..., 52

Figure 1.22 FESEM images of WOs3 nanosheets synthesiz ed under differnet
hydrothermal processing time (a) 5 min, (b) 1 h, (c) 2 h, (d) 4 h, (e) 8 h and (f)
Response of M1 (WO3 nanosheets) and M2 (WOs3 nanoparticles) to various gases
(C2Hs0H, CO, Hz and NH3 at 100ppm and NO; at 50 ppb) at 140 °C*37. ... 53

Figure 1.23 (a) SEM image of the 3-D WO3 nanowall based nanostructures and (b)

Response of 3-D WOs sensor as a function of operating temperature as compared

12



to commercial WO3 SENSOI'3® ... 54
Figure 1.24 (a) SEM image as-synthesized hierarchical flower-like WO3
nanostructures, (b) HRTEM image of an individual flower-like WO3 structure, (c)
HRTEM image of a nanosheet of the flower and (d) Response of WO3 based
sensor to 40 ppb NO; as a function of operating temperature™*. ................ 55
Figure 1.25 (a) TEM and (b-c) HRTEM images of the ZG-Ag 3 wt% hybrid sample.
Inset: the corresponding SAED pattern of the ZG-Ag 3 wt% sample™6....... 56
Figure 1.26 TEM image of WO3 nanowires and Ag20 nanoparticles™®. ... 57
Figure 1.27 Schematic diagram of AACVD process for deposition of thin films'62_ 58
Figure 1.28 SEM images of as-deposited WOx thin films on quartz substrate with a
varying morphologies from planar to nanorods as function of distance from the
reactor inlet (left) to outlet (right) and corresponding substrate surface
EEMPEIAtUIE 4. | et 59
Figure 1.29 SEM image of plain and doped WOy thin films produced via AACVD on
silica glass substrate at 400 °C by varying the concentration of MTCNTs (a) 0%
(b) 0.1% (c) 0.15% (d) 0.2% (e) 0.25% (f) 0.3% and (g) 0.35%-CNTWO'°. . 60
Figure 1.30 FESEM images of WOs thin films deposited on alumina substrate by
AACVD at (a) 425 °C and (b) 450 °C™0C.. ..o 61
Figure 1.31 TEM images of WO3 nanoneedles with dispersed Au nanoparticles on
surface under (a) low magnification and (b) high magnification®'. ... 62

Figure 1.32 TEM and HRTEM images of the as-deposited Cu20 functionalized WO3

(a and b) low magnification; (c and d) high magnification3. ... 63
Chapter 2
Figure 2.1 Schematic diagram of reaction process of AACVD technique............... 66

Figure 2.2 The internal design of homebuilt (a) rectangular-based and (b) square-

Dased AACVD FEACIONS. .............cooouirs s 66
Figure 2.3 Equipment used in the oxygen gas sensing tests (a) OWLSTONE OVG-4

which controls the concentration of the oxygen, humidity environment and the

13



operating temperature of the tested sensors (b) humidity adjust settings and (c)

tested sensor chamber which allows eight sensors to be tested at a same time.

Chapter 3

Figure 3.1 XRD patterns of as-deposited WO3-x thin films on glass, quartz and
alumina substrates before annealing with reference pattern of alumina Al203
(PDIF 821467 ) ... 76

Figure 3.2 XRD patterns of WO3 thin film on glass substrate after annealing at 500 °C
in air for 2 h with reference pattern of Na2w4013 (PDF#70-2022) and WO3
(PDFHB5-2459) ... 77

Figure 3.3 XRD patterns of tungsten oxide thin film on quartz and alumina substrates
after annealing at 500 °C in air for 2 h with reference pattern of Al203 (PDF#82-
1467) and WO (PDFHT2-0677) ... 78

Figure 3.4 SEM images of cross section of as-deposited WO3-x thin films................. 80

Figure 3.5 SEM images of as-deposited WO3.x and WO3 AA thin films on various
substrates (a) WOsx on glass, (b) WO3 AA on glass, (c) WOs on alumina, (d)
WO3 AA on alumina, (e) WOson quartz and (f) WOsAAon quartz............... 81

Figure 3.6 XPS W 4f core-level spectra (a) as-deposited WOs.« on glass, (b) WO3 AA
on glass, (c) as-deposited WOs3x on quartz, (d) WOz AA on quartz, (e) as-
deposited WOs3.« on alumina and (f) WOz AAon alumina...............cocooooeveveeeenne, 82

Figure 3.7 XPS O 1s core-level spectra (a) as-deposited WO3-x on glass, (b) WO3
AA on glass, (c) as-deposited WO3-x on quartz, (d) WO3 AA on quartz, (e) as-
deposited WO3-x on alumina and (f) WO3 AAon alumina..............cccccooeevivcnnnn. 83

Figure 3.8 Samples of 2 mm x 2mm blank alumina sensor (left), as-deposited WO3
on alumina sensor(mid) and WO3 AA on alumina sensor(right)..............c..cc.cc........ 84

Figure 3.9 XRD patterns of plain alumina sensor with reference pattern of Al203
(PDF#82-1467) and Au (PDFHOT-T174)......cc.o..cooivviereceececceeecceeeeceeeeeeeeseseseee 85

Figure 3.10 XRD patterns of as-deposited WO3 before annealing and WO3 after

annealing at 500 °C in air for 2 h on alumina sensor with reference pattern of WO3

14



(PDIFHT2-087T ) ..o 86
Figure 3.11 SEM images of (a) bare alumina sensor at low magnification, (b) at high
magnification, (c) as-deposited WOz« on alumina sensor at low magnification, (d)
at high magnification, (e) WO3 AA on alumina sensor at low magnification and (f)
at high magnification ..., 87
Figure 3.12 XPS W 4f core-level spectra of (a) as-deposited WOs« and (b) WO3 AA
on alumina SeNSOr PIAtfOIM. ..ot 38
Figure 3.13 HRTEM images of (a) as-deposited WOs., with a length of 2.14 ym, (b)
high magnification of selected section of as-deposited WOs., (c) a cluster of as-
deposited WO3.x NNs, (d) annealed WO3 NNs, (e) high magnification of selected

section of annealed WO3 NNs and (f) a cluster of annealed WO3sNNs.................. 89

Chapter 4

Figure 4.1 XRD patterns of as-deposited Ag thin film on glass substrate by using 0.06g
AgNOs in a 2 :1 mixture of acetone and methanol, at 150 °C and a constant flow

of N2 at 300 sccm, as compared to standard pattern of AQNO3 (PDF#70-0198).

Figure 4.2 XRD patterns of as-deposited Ag thin film on glass substrate by using 0.06g
AgNOs in a 2 :1 mixture of acetone and methanol, at 200, 250, 300 and 350 °C
and a constant flow of N2 at 300 sccm, as compared to standard pattern of metal
AQG (PDFHBT-0718).......coiiiriiiriieeieseisssiesseise s 97

Figure 4.3 UV-Vis absorption spectra of as-deposited Ag thin film on glass substrate
by using 0.06g AgNOs in a 2 :1 mixture of acetone and methanol, at 200, 250 and
300 °C and a constant flow of N2 at 300 SCCM..........c...cccoooivvimricsciieeceeeeea, 98

Figure 4.4 SEM images of as-deposited Ag thin film on glass substrate by using 0.06g
AgNOs in a 2 :1 mixture of acetone and methanol, at 250 °C and a constant flow
of N2 at 300 sccm under different magnifications (a) 1000, (b) 5000, (c) 10000
AN (d) 45000..........cooo 99

Figure 4.5 XPS Ag 3d core-level spectra of as-deposited Ag thin film on glass

15



substrate by using 0.06g AgNO3 in a 2 :1 mixture of acetone and methanol, at
250 °C and a constant flow of N2 at 300 SCCM.........c..cccocovmiiimiiiniiiines 100
Figure 4.6 XPS survey spectra of as-deposited Ag thin film on glass by using AgNO3
0.06g at 250 °C and a flow of N2 at 300 sccm and plain glass..............c..cc.c......... 101
Figure 4.7 SEM-EDS spectrum of spherical structures of Ag nanoparticles deposited

on glass substrate with 0.06g AgNO3 at 250 °C and flow rate of N> at 300 sccm

Figure 4.8 XRD patterns of Ag@WOs3 thin film on glass substrate by using 0.06g
AgNOs in a 2 :1 mixture of acetone and methanol, at 200, 225 and 250 °C and a
constant flow of N2 at 300 sccm, as compared to standard pattern of Na;W4O13
(PDF#70-2022) and metal Ag (PDF#87-0718).......cccooooooomrrvviinrreeieeeeeecoeseeeeseseinns 103

Figure 4.9 XRD patterns of as-deposited Ag@WOs thin film on glass substrate with
various initial amount of AgNO3 (0.03 and 0.09 g with 300 sccm of N2) and
different flow rate of N2 (200 and 400 sccm with 0.06 g of AgNO3) at 250 °C2104

Figure 4.10 XPS Ag 3d core level spectra of as-deposited (a) Ag thin film on glass
substrate, (b) Ag@WOs3 on glass substrate by using 0.06 g AgNO3 in a 2 :1
mixture of acetone and methanol, at 250 °C and a constant flow of N2 at 300 sccm,
(c) O 1s core level spectra of as-deposited Ag@WOs on glass substrate, (d) W 4f
spectra of WO3 AA on glass substrate and (e) W 4f spectra of as-deposited
Ag@WO3 AA 0N glass SUDSErAte ............c..cocveiveeececee e 105

Figure 4.11 SEM images of as-deposited Ag@WOs thin film on glass substrate by
using 0.06g AgNOs in a 2 :1 mixture of acetone and methanol, at 250 °C and a
constant flow of N2 at 300 sccm under different magnifications (a and b) 30000,
(c) 50000 and (d) 70000. .........ccoooormrriererieiiireresesee e e 106

Figure 4.12 SEM-EDS mapping of as-deposited Ag@WOs3 on glass substrate by using
0.03g AgNOs3 at 250 °C and a flow of N2 at 300 SCCM .........c..coovovviciicicee, 107

Figure 4.13 EDS spectra of as-deposited Ag@WO3 on glass substrate by using 0.03g
AgNO3 at 250 °C and a flow of N2 at 300 SCCM ...........ccoooovvvveriecieieeeeeae 108

Figure 4.14 XRD patterns of as-deposited WOz and Ag@WO3 deposited on alumina

16



gas sensor with 0.09g AgNOs3 at 250 °C and a flow of N2 at 300 sccm ............... 109
Figure 4.15 XPS core level spectra of as-deposited Ag@WO3 on alumina sensor (a)
W AFaNd (D) AQ 3d .. ... 110
Figure 4.16 SEM images of (a) as-deposited WOs3 thin film on alumina sensor
substrate, as-deposited Ag@WOs thin film on glass substrate by using 0.06g
AgNO3 in a 2 :1 mixture of acetone and methanol, at 250 °C and a constant flow
of N2 at 300 sccm under different magnifications (b) 5000, (c)20000 and (d)
200000 ... 111
Figure 4.17 TEM image of (a) as-deposited Ag@WOs3 thin film on sensor by using
0.09 g AgNO3 in a 2 :1 mixture of acetone and methanol, at 250 °C and a constant
flow of N2 at 300 sccm and (b) HR-TEM of Ag@WOs sample.............ccccoooeeea.... 112

Figure 4.18 HR-TEM EDS spectrum of Ag@WOs3 on sensor regarding to Figure 4.17a

Chapter 5

Figure 5.1 Chemical formula of three organometallic Ag precursors: Ag-EA, Ag-AP

Figure 5.2 Ag-AMP deposited on glass with constant deposition temperature at 275°C
and flow rate adjustment 400, 200, 190, 170, 160 and 150 sccm.......................... 120
Figure 5.3 Ag-AMP deposited on glass with constant flow rate of N2 at 170 sccm and
different deposition temperature 200, 225, 250, 275, 300, 350 and 400 °C.....121
Figure 5.4 XRD patterns of as-deposited Ag-AMP thin film on glass with different

temperatures, ranging from 225 to 350 °C and a constant flow rate of N> at 170

Figure 5.5 UV-VIS adsorption spectra of as-deposited Ag-AMP thin film on glass with

increase in temperature from 225 t0 350 °C ..o 123

Figure 5.6 Ag-AP deposited on glass with constant flow rate of N2 at 170 sccm and

different deposition temperature at 225, 250, 275, 300 and 350°C..................... 124

Figure 5.7 XRD patterns of as-deposited Ag-AP thin film on glass with different

17



temperatures, ranging from 225 to 350 °C and a constant flow rate of N; at 170

Figure 5.8 UV/VIS adsorption spectra of as-deposited Ag-AP thin film on glass with
increase temperature from 22510 350 °C ..., 126
Figure 5.9 Ag-EA deposited on glass with constant flow rate of N2 at 170 sccm and
different deposition temperature at 225, 250, 275, 300 and 350 °C..................... 127
Figure 5.10 XRD patterns of as-deposited Ag-EA thin film on glass with different

temperatures, ranging from 225 to 350 °C and a constant flow rate of N> at 170

Figure 5.11 UV/VIS adsorption spectra of as-deposited Ag-EA thin film on glass with
increase temperature from 22510 350 °C ............cco.coooiiceeeeeeeeeeeeeeeeeeeeen, 129
Figure 5.12 SEM image of (a) as-deposited Ag-AMP thin film on glass with 10 yL Ag-
AMP silver precursor, deposition temperature at 275 °C and flow rate of N2 at 170
sccm and (b) literature SEM image of silver film2". .. ..., 130
Figure 5.13 HR-TEM image of Ag nanoparticles on as-deposited Ag-AMP thin film on
glass with 10 pL silver Ag-AMP precursor, deposition temperature at 275 °C and

flow rate of N2 at 170 sccm under (a) high magnification and (b) low magnification.

Figure 5.14 Pictures of the as-deposited Ag thin film on WOs3 on alumina sensors with
an increasing volume of initial Ag precursor (1, 3, 5 and 10uL, left to right).....131
Figure 5.15 XRD patterns of as-deposited Ag decorated WO3 sensors by using three
organometallic Ag metal precursors with 10 uL of the initial precursor solution
deposited at 275 °C with a flow rate of N2 at 170 sccm and the XRD pattern of
annealed WQOs3 sensor, along with reference pattern of Ag (PDF#87-0718) ......132
Figure 5.16 XPS Ag3d core-level spectra of (a)Ag-AMP, (b) Ag-AP and (c) Ag-EA with
various volume of initial precursor solution used and their corresponding area
ratio Ag 3d: W 4f (d) Ag-AMP, (e)Ag-AP and ()AG-EA ..., 134
Figure 5.17 SEM images of as-deposited AgQ@WOs sensors by using Ag-AMP as

precursor with various amount of initial precursor solution (a) and (b) 1uL, (c) and

18



(d) 3 uL, (e) and (f) 5 uL and (g) and (h) 10 yL, taken under low and high
magnification, reSPECHVENY ..o, 136
Figure 5.18 SEM images of as-deposited Ag@WO3 sensors by using Ag-AP as
precursor with various amount of initial precursor solution (a) and (b) 1uL, (c) and
(d) 3 uL, (e) and (f) 5 uL and (g) and (h) 10 yL, taken under low and high
magnification, rESPECHVENY ..., 137
Figure 5.19 SEM images of as-deposited AgQ@WOs sensors by using Ag-EA as
precursor with various amount of initial precursor solution (a) and (b) 1L, (c) and
(d) 3 yL, (e) and (f) 5 L and (g) and (h) 10 uL, with low and high magnification,
FESPECHIVEIY ..ot r e een e 139
Figure 5.20 TEM images of as-deposited Ag@WOs3 sensor by using Ag-AMP as
precursor with various amount of initial precursor solution (a) and (b) 1L, (c) and
(d) 3 pL, (e) and (f) 5 pL and (g) and (h) 10 uL; (i) and (j) the inset shows the
crystalline structure of WO3 NNs and Ag NPs, respectively ..............ccccccoo....... 141
Figure 5.21 Size distribution of Ag nanoparticles on WO3 sensors via Ag-AMP
precursor (a) 1 puL (b) 3 uL (c) 5 pL and (d) uL 10 corresponding to Figure 5.18
(b), (c), () and (), rESPECHVEIY ..., 142
Figure 5.22 EDS mapping images of Ag@WO3 on sensor platform (a) electronic
image of Ag@WOs3 sample, (b) Ag distribution, (c) O distribution, (d) W distribution

and (e) EDS spectrum of the Ag@WO3 sensor sample..........c.ccccooevvevoececerrenneane. 143

Chapter 6

Figure 6.1 Response of undecorated and Ag@WO3 sensor to 20% O; as a function

of operating temperature

Figure 6.2 Sensor resistance changes of (a) WOz sensor and (b) Ag/Ag2O@WOs3

sensor to various Oz concentration at 85% RH. ..., 147

Figure 6.3 Response and recovery time of (a) WO3 and (b) Ag@WOs3 sensors at

various operating tempPEerature. ... 148

Figure 6.4 Sensor resistance changes of (a) Ag-AMP@WO3 sensors, (b) Ag-

19



AP@WO3 sensors and (¢) Ag-EA@WO3 sensors to various O2 concentration (1-
5-10-15-20 %) at different operating temperatures ranging from 150 to 300 °C
with an undecorated WO3 for COMPariSON..............ooooovioioeeeeeoeeeeeeeeeeeee e 151
Figure 6.5 Sensor resistance changes of WO3 sensor and Ag-AMP 3uL@WO3
sensor to various O2 concentration (1-5-10-15-20 %) and temperature (150-175-
200-225-250-275-300 °C) in ambient environment (~50 % RH) ...........cc.ccccocc...... 152
Figure 6.6 Response of WO3 and Ag-AMP 3uL@WO3 sensor to 20% O2 as a
function of operating temperature................cco.coooiocoeceeeeeeeeeeeeeeeees 153
Figure 6.7 Sensor resistance changes of WO3 sensor and Ag-AP 10uL@WO3 sensor
to various O2 concentration (1-5-10-15-20 %) and temperature (150-175-200-
225-250-275-300 °C) in ambient environment (~50 % RH)............ccccoovoiiein. 154
Figure 6.8 Response of WO3 and Ag-AP 10uL@WO3 sensor to 20% O2 as a function
of operating temMPerature ..., 155
Figure 6.9 Sensor resistance changes of WO3 sensor and Ag-EA 3uL@WO3 sensor
to various O2 concentration (1-5-10-15-20 %) and temperature (150-175-200-
225-250-275-300 °C) in ambient environment (~50 % RH)..............c..ccoccooovvennn, 156
Figure 6.10 Response of WO3 and Ag-EA 3uL@WO3 sensor to 20% O2 as a function
of operating tempPErature ... 157
Figure 6.11 Energy band structure schematic diagrams of Ag and n-type WO3

semiconductors (a) before contact (b) in contact and (c) Ag-WO3 M-S junction?°

Figure 6.12 Schematic model of depletion layer for (a) undecorated WO3 nanosheets

and (b) Ag decorated WO3 nanosheets when exposure in air(02)?2° .............. 159

Apx 1 TGA (red) and DSC (black) curves of three organometallic Ag precursors...187

20



List of Tables
Chapter 1

Table 1.1 Metal oxide response type behaviour ..., 28

Table 1.2 Formula to calculate the sensitivity of SMO gas sensors regarding to

different conductive type and target gas ..o 29
Table 1.3 Lattice constant of different polymorphs of WO3™M0 .. 47
Chapter 3

Table 3.1 Deposition conditions of as-deposited WO3-x on different substrate, in
which A and M stand for acetone and methanol...............c..ccoccooooececceccecicce. 73
Table 3.2 Deposition conditions of as-deposited WO3-x on alumina sensor-............. 74

Table 3.3 As-deposited WO3-x and annealed WO3 thin film on glass, quartz and

alumina substrate as compared to the plain substrates, respectively .................... 75
Chapter 4
Table 4.1 Reaction conditions of AgNO3 deposited on glass substrate.................. 93
Table 4.2 Reaction conditions of Ag@WO3 AA on glass substrate ...................cc............ 94
Table 4.3 Reaction conditions of formation of Ag@WOs3 on alumina sensor .............. 95

Table 4.4 Elemental analysis of SEM-EDS spectrum of Ag decorated WOs3 substrate

Chapter 5

Table 5.1 Reaction conditions of organometallic Ag metal precursor on glass ......... 118

Table 5.2 Reaction conditions of organometallic Ag metal precursors on WO3 sensors

21



22



List of Abbreviations

1-D

2-D

3-D
AACVD
Acac
Ag-AMP
Ag-AP
Ag-EA
CvD
CNT

Es

eV
EDS
FESEM
HRTEM
JCPDS
NNs
NPs

OV

SHE
sccm
SEM
SMOX
SPR
Uv-Vis
XPS
XRD

One-dimensional

Two-dimensional

Three-dimensional

Aerosol-assisted chemical vapour deposition
Acetylacetone

Silver 2-methyl-2-aminopropan-1-ol

Silver 1-aminopropan-2-ol

Silver 2-aminoethanol

Chemical Vapour Deposition

Carbon nanotubes

Fermi level or Fermi energy

Bandgap Energy

Electronvolt

Energy-dispersive X-ray spectroscopy

Field emission scanning electron microscopy
High resolution transmission electron microscopy
Joint Committee on Powder Diffraction Standards
Nanoneedles

Nanoparticles

Oxygen vacancy

Standard hydrogen electrode

Standard cubic centimeters per minute
Scanning electron microscopy
Semiconducting metal oxides

Surface plasmon resonance
Ultraviolet-visible

X-ray photoelectron spectroscopy

X-ray diffraction

23



Chapter 1 Introduction

1.1 Overview

The issue of air pollution is still a major concern all over the world. Even though the
human nose serves as a highly sensitive sensing system, it still fails if absolute gas
concentration or odourless gases need to be detected, which poses a serious threat
to human health'?. Semiconducting metal oxides (SMOX) gas sensors have been
widely studied and used in gas detection fields due to advantages including low cost,
compact size, simple measurement and easy production®#. Noble metal nanoparticles,
typically Pt, Pd and Au, significantly enhance the gas sensing properties when doped
or loaded on the SMOX surface. Tungsten oxide (WO3) have been widely studied and
developed in many applications due to its unique physical and chemical properties.
What's more, numerous fabrication techniques have been reported for the synthesis
of nano-scaled WOs3 in various microstructures to further enhance its outstanding
properties in many fields®. In this chapter, the basic operating principle and sensing
mechanism of nano-scaled semiconducting metal oxide gas sensor, the limitation and
improvements of SMOX gas sensors, the properties and applications of tungsten oxide,
noble metal decorated tungsten oxide and silver decorated metal oxide materials, the
operating principle of the aerosol-assisted chemical vapour deposition (AACVD)

technique and the motivation and aims of this research project will be introduced.

1.2 Nano-scaled semiconducting metal oxide gas sensor
1.2.1 Background of nanomaterials

Nanomaterials refer to powders, fibres, blocks and other structures composed of
particles of nanometre size (1-100 nm), in which the specific surface area, surface
energy and surface tension of nanoparticles increase sharply with the reduction of

particle size®. Due to characteristics of small size effect, surface interface effect,
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quantum confinement effect and macroscopic quantum tunnelling effect,
nanomaterials show different physical and chemical properties from bulk materials,
such as unique optical, electrical, magnetic and mechanical properties, which has

attracted much attention” 2.
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Figure 1.1 Different dimensions of the nano-building blocks and of the corresponding
hierarchical nanostructures®.

Gas sensing using nanomaterials such as pure metal, metal oxide and organic based
materials has received growing attention due to potential for enhancement of sensing
properties, such as sensitivity, selectivity and response time. It is well known that the
properties of materials are determined by their structure, and the crystal surface activity
and specific surface ratio exposed by different morphologies of nanostructured metal
oxide materials have a significant influence on the functional properties of the material.
Nanomaterial’s crystals are often anisotropic and the periodicity and density of the

original arrangement along the different directions of the crystal lattice are distinct.



Therefore, it can be inferred that the crystal surface exposed by different morphologies
is also different leading to different physical and chemical characteristics in different
directions. In general, dimension control, heterogeneous control and doping are
regarded as the main methods to realize new functional characteristics in
nanomaterials. So far, a variety of nanostructured materials with different morphologies
have been synthesized, including from zero-dimensional materials to three-
dimensional materials, such as nanoparticles, nanorods, nanotubes, nanowires, nano
fibre, nanobelts, nano slice, nano needle, nano flowers, nano-sea urchins, nano comb
and nano cube, as shown in Figure 1.1, and the controllable synthesis of the
morphology and size of semiconducting metal oxide nanomaterials in order to achieve
the regulation of their properties is an important aspect of the field. This thesis mainly
describes work on n-type WO3; and Ag-decorated WO3; semiconducting metal oxide

nanomaterials and this chapter focuses on this material in detail.

1.2.2 Background of semiconducting metal oxide gas sensor

Gas sensing is an important branch of the sensor field. Human daily life and industrial
activities are closely related to the surrounding environmental atmosphere, and the
change of atmosphere caused by industrial waste gas, combustion of fossil fuel and
great discharge of automobile exhaust can greatly affect human beings. However, due
to the limited sensitivity of the human olfactory system, the sensitivity to some
poisonous and harmful gases and inflammable and explosive gases, especially
colourless and odourless gases, is week. For instance, lack of oxygen can ultimately
lead to death, whilst even small, undetectable (by humans), concentrations of harmful
or poisonous gases and volatile organic compounds (VOCs), such as NO2, NHs, SOz,
HCHO and C;Hs in the atmosphere can pose a serious chronic danger to people’s
health. Therefore, a great deal of effort is targeted on development of advanced gas
sensors for gas detection, control and alarm in complex conditions with superior

performance, simple fabrication and low cost.
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The complexity and adjustability of the electrical properties of metal oxides make them
interesting in various applications such as optoelectronics'*-'°, gas sensors'®-'8, solar
cells™ and catalysts?>2'. Braver et al. discovered that the conductivity of CuO changed
with the adsorption of water vapour, fabricating the first kind of semiconductor-based
humidity sensor in 193122, In the 1950s, Walter Brattain, Nobel laureate in physics, first
reported the phenomenon of changes in the electrical conductivity of semiconductors
caused by changes in the surrounding gas composition at Bell Labs, thus shifting the
focus of gas sensitivity research to the study of gas adsorption by semiconductor
materials?*-2°. Since the 1960s, the study of gas sensing began to shift to the practical
stage of device development. In 1962, Seiyama et al. first developed a gas sensor
based on semiconducting zinc oxide film and monitored O,, CO and flammable gases
on the characteristics of resistance change caused by gas adsorption and desorption
at a certain temperature?®-2, In 1968, Taguchi et al. produced the first commercial gas
sensor based on a semiconducting metal oxide (SnOy), (‘Taguchi’ sensors are still
marketed to this day)?°. Subsequently, the research focus of gas sensing has shifted

to how to improve the gas sensing properties of such gas sensing devices.

Over the past few decades, a great number of methods to detect the composition of
gases have been explored and corresponding gas sensor technologies developed,
such as (i) optical, (ii) catalytic, (iii) thermal, (iv) electrochemical, (v) infrared, (vi)
surface acoustic wave and (vii) semiconductor gas sensors®®®'. This thesis mainly
focuses on semiconductor gas sensors and therefore their working principle will be
explained in detail. Semiconducting metal oxide gas sensors can be divided into two
general operating principles; resistive (or conductive) and non-resistive (non-
conductive). In the former, when the sensitive material is in contact with the analyte
gas, its resistance changes with the concentration and composition of the detected
gas; the latter is based on the adsorption and reaction of the gas, so that some of its

relationship characteristics are changed to directly or indirectly detect the gas, such as
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the volt-ampere characteristics of the diode and the threshold voltage change of the
field effect transistor. For a resistive gas sensor, the change in the interaction between
the semiconducting material and the analyte gas can be further divided into a surface

control type and a body control type.

Semiconducting metal oxide nanomaterials can be divided into n-type and p-type metal
oxide semiconductors based on their resistance response to gases classed as
‘oxidising’ or ‘reducing’. For materials in which the conductivity increases (resistance
decreases) with increasing concentration of a reducing gas is an n-type semiconductor,
and the main carriers are considered to be free electrons whereby the electron
concentration is larger than the hole concentration. Its representative materials are,
Zn0O, WO3 and SnO.. A p-type sensing material is one in which conductivity increases
(resistance decreases) with increasing concentration of oxidizing gas, the main carrier
being holes whereby the hole concentration is greater than the concentration of free
electrons. Representative materials are Cu20, NiO, and Cr2O3. The response type of

several metal oxides is summarized and listed in Table 1.1

Table 1.1 Metal oxide response type behaviour

Material Type of conductivity
n p

Metal oxides 5n0y, Zn0, TiOy, Iny 0, Moy, Mg0, Al; 04, Ni0, Ce0z, Mn 04, Co304, Laz 05, Y204, PAO,
Gaz0z, NbaOs, Zr0z, Ca0, V:0s, Taz0s, WOz Agz0, Biz03, Sba0s, TeOz, Cu0, Cr203

1.2.3 Main parameters of semiconducting metal oxide gas sensors

Gas sensors have been in use for monitoring and detecting toxic, combustible and
explosive gases in industrial and domestic environment. In order to evaluate the quality
of gas sensor, the most significant performance parameters are summarized, named
the three 'S’ (sensitivity, selectivity and stability). Other than these, recovery time,
response time, operating temperature and power consumption are also other important

parameters.
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1.2.3.1 Sensitivity

Sensitivity, or gas response, is an index to measure the change in the sensor
resistance caused by the change of the target gas concentration. The higher the
sensitivity of material, the better the accuracy of the gas sensor and the more
conducive to the practical application of the device made by such material. For
semiconducting metal oxide gas sensors, the sensitivity is generally expressed by the
ratio of the resistance of the sensor before and after the reaction with the target gas,
which shown in the table below. Ra is the resistance of the gas sensor in the air or inert

gas and Rg is the resistance of the gas sensor in the target gas.

Table 1.2 Formula to calculate the sensitivity of SMO gas sensors regarding to different
conductive type and target gas

SMO gas sensor Reducing gas Oxidising gas
‘n type’ S = RJ/Ry S = Ry/Ra
‘p type’ S = Ry/Ra S = R4/Ry

1.2.3.2 Selectivity

Selectivity refers to the ability of gas sensor to independently distinguish a particular
target gas among different gases under the same test condition. If the sensitivity of the
sensor to a certain gas is much higher than the sensitivity to other gases, it indicates
that the sensor has a good selectivity to the target gas. Most semiconducting metal
oxide (SMOX) gas sensors, they tend to respond to several gases at the same time.
To improve their selectivity, it is necessary to improve the response value of one or a

particular kind of gases, so as to carry out selection distinction.

1.2.3.3 Stability

Stability is an important factor to evaluate the reliability of the gas sensor and whether
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it can be applied to practical use. The operating environment of the gas sensors is
affected by dust, humidity, and temperature in the environment, as well as the
temperature and humidity carried by the target gas itself. And with the extension of gas
sensor working time, its base resistance, sensitivity and other characteristics inevitably
drift. In short, the stability is reflected in the anti-interference ability of gas sensors to

the environment.

1.2.3.4 Response and Recovery time

Response and recovery time is an important index to evaluate whether a gas sensitive
material has the ability to monitor target gas in real time. The shorter the response and
recovery time, the faster the sensor’s response and the faster it resets to baseline

condition.

Response time is defined as the time taken for the resistance value of the sensor to
reach 90% of the difference between the initial resistance value of the sensor (baseline)

and the stable resistance value after interaction with target gas (sensing resistance).

tres =| Ra—Rg | * 90%

After removing the target gas, the time taken for the resistance value of the sensor to
change to 90% of the difference between the initial sensing resistance value and the

final stable baseline value is defined as the recovery time.

trec =| Rg—Ra | * 90%

The above listed are the basic characteristic parameters for evaluating the
performance of gas sensors. However, in practical applications, it is necessary to

comprehensively consider the specific environment of gas sensors, the lower limit of
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gas concentration detection, gas concentration detection range, energy consumption,

volume, life span, fabrication cost and later maintenance and other factors.

1.2.3.5 Operating temperature

Operating temperature is the temperature at which the sensor is tested. Lower
operating temperature means longer service life and lower energy consumption. In
general, MOS gas sensors need to be tested at high temperature (e.g., range between
200 and 400 °C). The MOS gas sensors’ gas-sensitive reaction kinetics is closely
related to temperature; at a lower operating temperature the chemical activity of MOS
gas-sensitive material is lower and hence the sensitivity and/or response times are
negatively affected. With increasing test temperature, the chemical activity of the
material increases, and sensitivity increases, and response time reduces. As the
temperature rises further, the gas adsorption reaction will be inhibited which will result
in the decrease in the gas sensitivity. Therefore, the MOS gas-sensitive material will
have an optimal operating temperature, at which the material will has the highest
sensitivity and the best response rate to a specific target gas. (Metal Oxide Gas

Sensor: Sensitivity and Influencing Factors)

1.2.4 Fundamental operating principles of SMOX gas sensors

The exact mechanisms that cause a gas response are complex, but for chemiresistive
SMOX gas sensors, the working principle involves two main functions, namely the
receptor and the transduction functions. The receptor function is the target gas
molecules interacting with surface of metal oxide, acting either as an electron donor
(hole acceptor; reducing gases) or an electron acceptor (hole donor; oxidizing gas).
The transduction function means the conversion of these surface phenomena into an
electrical resistance change within the sensors*®233, Both receptor and transduction

functions are illustrated in Figure 1.2.
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Figure 1.2 Receptor and transduction functions semiconducting metal oxide gas sensors3.

Korotcenkov and Cho concluded that the receptor function involves the ability of the
oxide surface to interact with the target gas. In pure oxide devices, the chemical
properties of the surface oxygen on oxides are considered to be responsible for this
function, in other word, oxygen vacancy (Ov) defects. As reported, Ov defects on the
material surfaces benefit the exchanging of the surface charge by introducing more
coordinately unsaturated metal atoms, resulting in accumulating more free electrons*-
3_But when an additive, like a noble metal, is applied to the oxide surface, this function
can be greatly altered to cause a large change in sensitivity. The transduction function
is responsible for converting signals generated by the chemical interactions of the
oxide surface (change of work function) into electrical signal, and this function is
considered to be mainly controlled by the size of grain boundary contacts between

particles.

Given its concentration in the atmosphere, oxygen (20%, 200000 ppm) plays a
predominant role in the adsorption process, and its lone pair of electrons and high
electronegativity (~ 3.65 on the Pauling scale), makes it readily adsorb on the metal
oxide surface. When interacting with the metal oxide surface, oxygen is thought to act

as an electron acceptor, in the process becoming ionized®, with the diatomic oxygen
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molecule turning into an ionic form (O2) by gaining an electron from the conduction
band of metal oxide surface (for an n-type material)®®. According to Barsan and
Weimer®® and Yamazoe et al.®%, at higher temperatures (over 200°C), oxygen
molecular species are further ionized into atomic species by accepting two electrons;
either a dissociative form (O) or as lattice oxygen (O?%) as shown in Eq. 1 and Eq. 2.
As shown in Figure 1.3, this adsorption and ionization of ambient molecular oxygen
results in a reduction in the number of surface electrons (for an n-type metal oxide),

called the space charge region*!.

Increasing numbers of electrons trapped on the surface of grains increase the depth
of the space charge region and hence the height of the potential barrier between grains,
which reduces the conduction of electrons between grains hence influencing the

transduction function of the metal oxide surface®2.

02 (gas) + e(_surface) = Oz_(adsorbed) (1)

02 (gas) + Ze(gurface) = zoédsorbed)
or

Oz_(adsorbed) + e(_surface) = 20(_adsorbed) (2)
2 .9

Semiconducting core
(low resistance)

0

Electron depletion layer
(high resistance)

Figure 1.3 n-type metal oxide semiconductor with an electron depletion layer!
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Therefore, the adsorption and desorption of oxygen molecules is transduced to
corresponding changes in the measured electrical resistance on the surface of the
metal oxide, and the chemisorption of oxygen on the metal oxide surface can be
illustrated as given in Eq. 3, where O,% is an oxygen molecule in the ambient
atmosphere and e is an electron with enough energy to reach the metal oxide surface

by crossing the potential barrier in the space charge region.

Eoégas + ae—surface = 0/3_a (Cl,ﬁ = 1;2) (3)

2 surface

From an electrical point of view, the surface chemistry and the formation of space
charge layers (receptor function) and the charge transportation in the sensing layer
(transduction function) leads to a band bending at the surface of the grains, as shown
in Figure 1.4 For electron-depletion layers, electrons need to overcome the energy

barrier at the grain-grain contacts*?.

Ecs

N S

depletion layer

Figure 1.4 lllustration of conduction processes under depletion layer model*3

As shown in Figure 1.5, Wei et.al show how the depletion layer forms in (n-type) ZnO
nanostructures and how the thickness of the depletion layer is changed when exposed

to a reductive gas (H2, CO, CO», NH3, H>S and CH.) or an oxidative gas (NO, NO2, O3
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and O3). In both cases, initially, on exposure to ambient O the resistance of the ZnO
nanostructures increases as the electrons are extracted by the absorbed O, O or 0%
ions and the depletion layer is formed. For sensing a reductive gas, the gas reacts with
the O ions and hence releases the electrons trapped on the surface and hence the
depletion layer gets thinner and the resistance of the ZnO decreases. In contrast for
an oxidative gas molecule, increased adsorption of species further extracts the
electrons from the ZnO nanostructures instead of releasing them. Thus, the depletion
layer gets thicker and the resistance of ZnO increases. The change of the resistance

can be monitored to give a measure of the concentration of the analyte gas*+4°.
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Figure 1.5 The illustration diagram of change of depletion layer of ZnO when exposure to (a)
reductive and (b)oxidative gas+®
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1.2.5 Limitations and improvements of semiconducting metal oxide gas

sensors

Many papers and theoretical analyses conclude that the gas sensing performance of
MOS gas sensors can be influenced by many factors, including intrinsic properties and
external causes, such as base materials, noble metal additives, microstructure,

surface area of the sensing thin film layer, and operating temperature and humidity“®.

1.2.5.1 Composite metal oxides

Over recent decades, the use of composite metal oxide have been extensively studied
for the detection of simple gases as the selectivity and other important sensing
parameters can be significantly enhanced*’-°. By incorporating two dissimilar metal
oxides together, the Fermi levels across the physical interface can be equilibrated to
the same energy, leading to a charge transfer and the formation of a charge depletion
layer, as shown in Figure 1.6, Electrons have to overcome the potential energy barrier
at the interface caused by different initial Fermi levels of the original materials, which
is the basic principle for the enhancement of the sensing performance. These
improvements can be attributed into two main categories, including electronic effects
(band bending, charge carrier separation and depletion manipulation)®'-%% and
chemical effects (synergistic surface effect, catalytic activity and surface area

enhancement)®+-%6,
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Figure 1.6 Explanation of Band bending at n-p heterojunction interface with no adsorbed
species at the surface. (a) Tendency of forming a p-n junction between p-type Co3z04 and n-
type ZnO. Holes at the lower-energy valance band stimulate electrons at the high-energy
conduction band transfer across the interface to get an equilibrium in the Fermi energies (Er)
(b) The formation of depletion layers at the interface on both side of p-n junction due to
recombination, generating a potential barrier for electron flow®”

Early in 1998, after a series of tests under identical sensing test conditions towards
CO, Yu and Choi found that composite ZnO-SnO. sensors showed significantly
enhanced sensitivity compared to pristine ZnO or SnO- sensors, which suggested that
the sensors fabricated by mixed metal oxides were more sensitive than individual
component alone, attributed to a synergistic effect between the two metal oxides
components®®. However de Lacy Costello et al. concluded that the gas sensor
performance will not always be enhanced for all composites as compared with those
of the individual components and properties will only be enhanced when the
components can complement each other®. After a series of investigations, they
showed that the sensitivity towards organic gases increased with an increasing
addition of ZnO powder to SnO, powder only from 25 to 50 wt%°6:°°€°. Therefore, in
composite metal oxide materials, it is very important to understand clearly the actual
dispersion state and composition of each components because it will greatly affect the
behaviour of the material as a sensor®'. For instance, Shaposhnik et al. found that for
identical composition TiO2-SnO» composite gas sensors, the optimum composition for
H> sensing performance was different for different synthesis methods, with 10%TiO»

the optimum addition for co-precipitation but 20% for mechanical mixing®2.
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Other than the synergistic effect, the heterojunction interface, a physical interface of
two dissimilar materials, also contributes to the improvement of the composite metal
oxide gas sensing performance®%°. As one of the most common heterojunction
interfaces, the p-n junction has been extensively studied in order to regulate gas
sensing properties®8 Na et al. published that the gas sensitivity and selectivity
towards NO; and C;HsOH of n-type ZnO nanowires were enhanced by the deposition
of nano-scale p-type Co30; islands, ascribed to the catalytic effect of nanocrystalline
Co304 and the effect of the p-n junction which caused an extension of the electron
depletion layer®®. A similar study by Woo et al. showed that the gas response of n-type
ZnO nanofibers towards the reducing gas tri-methylamine (TMA) can be significantly
enhanced when decorated with nanoislands of p-type Cr.O3s decorated. In contrast a
lower gas response was found when the ZnO nanofibers were completely coated by

Cr0; indicating a synergistic effect between the two materials™.

(a)

Figure 1.7 (a), (b) and (c) TEM images of Co304-ZnO composite metal oxide; (d) high-angle
annular dark field (HAADF) scanning TEM (STEM) image™®

38



2T (a)
18 N

16 /
14 k /
12

10

Gas response (R/R; of R/R,)
Resistance ()

2 s A——A

0 " "
250 300 350 400 450 500

Temp. (°C)

Figure 1.8 Gas response of pristine ZnO nanofibers (grey squares), Cr203 decorated ZnO
nanofibers (red circles) and ZnO-Cr203 core-shell nanofibers (blue triangles) towards TMA7°

1.2.5.2 Doping and loading with an additional compound, typically noble metals

Gas sensing properties are strongly dependent on the structures of SMOX and the
additional metal compound. As shown in Figure 1.9, the incorporation of noble metal
additives can either on the surface of the metal oxide (loading, or decoration) or in the
bulk lattice (doping)’"72. Loading refers specifically to structures that are a separate

additive phase, in which the dimensions are generally much smaller than SMOX"3-7¢,

(@) (b)
Figure 1.9 Structures of additional metal compounds (red) to SMOX (blue) (a) Doped SMOX
and (b) loaded SMOX#?

Many studies have shown that addition of metal or metal oxide particles into a pristine
material can greatly improve its gas sensing performance. In the gas-solid-phase

reaction of the gas sensing tests, the number of surface-active sites is always a crucial
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factor to determine the rate of the adsorption and desorption reactions. But in general,
the surface-active sites of n-type SMOX, such as ZnO and SnOg, etc. are very few.
The addition of metal or metal oxide particles to the surface of the metal oxide layer
provides more active sites for the reaction, which is conductive for gas-solid-phase and
gas-gas-phase reactions on the surface of the SMOX gas sensors. Moreover, different
types of active sites are beneficial to the adsorption of different gases, which greatly
improves the selectivity of such metal or metal oxide particle modified gas sensors’’.
In the 1980s, two fundamental mechanisms were put forward by Yamazoe et al.3>"8
and Morrison®” for understanding the role of noble metal additives in gas sensor
research through chemical or electronic sensitization, viz the spill-over and Fermi-level
control sensitization mechanisms respectively, shown in Figure 1.10. Many studies
have shown the improvement of gas response after modification by noble metals, such

as Au, Ag, Pt, Pd and etc’®-8,

electronic sensitization chemical sensitization

Figure 1.10 Sensitization mechanisms of additives loaded on SMOX gas sensors (a)
electronic sensitization by Fermi-level control and (b) chemical sensitization by spill-over33

The spill-over mechanism, as the most commonly recognized chemical sensitization
of SMOX gas sensors, refers to a ‘spill-over’ of reactive species, viz the formation of
reactive species on the metallic additive cluster phase and their subsequent
transportation to another phase’®#. Kolmakov et al. explored the mechanism in detail
with the in-situ deposition of Pd nanoparticles on SnO; nanowires. The representative
TEM images of Pd-loaded SnO, are shown in Figure 1.11. The sensitivity towards O-
and Hz exhibited a significant improvement, attributed to the catalytic dissociation of

absorbed molecules on the Pd nanoparticle surfaces followed by the diffusion of
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dissociated atomic species to the SnO; surface, which shown in Figure 1.12. Process
1 is the ionosorption of oxygen at the pristine surface of SnO2, whilst such ionosorption
is greatly increased in process 2 as the Pd nanoparticles catalytically activate the
dissociation of oxygen molecules, i.e., the “spill-over effect”, resulting in increasing of
atomic oxygen ions located on the SnO. surface and a faster degree of electron
withdrawal from the surface. The net result of these chemical effects is to significantly
enhance the gas response toward oxygen, and consequently to changes in the surface

oxygen concentration.

b) R >
cB L ~_
/‘ - \_

VB R

Figure 1.12 Schematic diagram of the processes taking place at a Pd nanoparticle loaded
SnO: surface (Rs is the effective radius of the spill-over zone in process 2 and Rc is the
effective capture radius of the collection zone in porcess3)””
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Korotcenkov et al. presented a study on deposition of Au nanoparticles on the SnO
surface and proposed a mechanism of sensitization in these SnO2: Au-based gas
sensors. The results showed that the addition of Au nanoparticles was active to both
reducing and oxidising gases. The optimal gas response was obtained with the
smallest size of the gold nanoparticles. To interpret the results observed, three
assumptions were made; (i) the chemical state of Au nanoparticles remains in a
metallic state when interacting with reducing gases (ii) processes that occur around Au
nanoparticles are responsible for improving the sensor’s response and (iii) an inverse
spill-over of oxygen (oxygen species are transferred from the surface of the metal oxide

to the Au nanoparticles) is more likely to occur than forward spill-over®®.

T>300°C 0,
0 0,
co; co H, H,0 ’ Q&
00

0;

Sno,

(b)
Figure 1.13 Schematic mechanisms of Au-loaded SnO2 gas sensors in case of (a) reducing

gases (CO and H2) and (b) oxidising gases (03)8

Electronic sensitization is related to the presence of dopants or loadings which have a
significant electrical impact on the SMOX, thus affecting the conduction by shifting the
bulk or surface Fermi level of the SMOX. Barsan et al.*>#” proposed two main electrical
contributions to the sensing enhancement, including (i) for doped SMOX: the size of
the initial band bending induced by the presence of charge located at the materials
interface with the gas, which directly affects the transduction, and (ii) for loaded SMOX:
the formation of a heterojunction space charge layer based on an electronic coupling
of the additive and the SMOX, caused by the alignment of two Fermi levels and is

shown in Figure 1.14.
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Figure 1.14 The illustration diagram of electronically coupled additive and SMOX interface for
a loaded SMOX (A) unaffected surface and (B) heterojunction/space charge layer formed and
controlled by the Fermi-level of the loading*2

1.2.5.3 Microstructure

Many studies have been proved that the sensor’s sensitivity can be significantly
improved by using materials with small grain size. Lu et al.®® demonstrated that the
sensitivity of SnO2-based sensors toward 500 ppm CO increases with the reduction of
the size of the SnO: particles. Particle size of 8-10 nm was optimal for fast response
and recovery and was nearly 7 times more sensitive as compared to particle sizes
larger than 20 nm, as shown in Figure 1.15. Similarly, Ansari et al.®° studied the grain
size effect of SnO2 nanoparticles synthesized by sol-gel method on sensitivity toward
H, gas. The results showed that the sensitivity for H, increased dramatically as the

size of SnO;, particles decreased.
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Figure 1.15 Effect of particle size of SnO2 on gas sensitivity to 500 ppm CO88
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However, in some cases, the smaller grain size of nanostructures does not always
correlate with an enhancement in gas response. Liu et al.*° indicated that SnO, with
more porous nanocrystalline microstructures (~50 nm) had a higher gas response and
shorter response time towards H.S than SnO. nanocrystals which were smaller in size
(~12 nm) which was ascribed to their tendency to agglomerate into bulk particles.
Korotcenkov et al.®! and Rao et al.?? suggested that finely dispersed small crystals limit
the stability of the sensors as an excessive reduction in grain size will lead to a loss of
its structural stability, and by that both surface and catalytic properties of the materials

will be changed.

1.2.5.4 Humidity

In many cases, the gas response of sensors can be greatly impeded with an increase
of humidity in the atmosphere3?%. In wet atmosphere, water molecules are considered
to undergo dissociative adsorption onto the SMOX surface as given in

Eq. 4 and resultant ions adsorbed on the surface which significantly lower the

sensitivity of SMOX gas sensors®*.

H,O = OH + H- (4)

After a series of experiments using SnO, materials, Kohl and Heiland® have proposed
two possible mechanisms for illustrating how humidity would affect a metal oxide
surface, as shown in Figure 1.16. In mechanism (a), two free electrons are produced
during the formation of Sn-OH bond in each oxygen vacancy. For both mechanisms,
the hydroxyl group bonded to the metal oxide acts as a donor due to lower electron
affinity than oxygen. Thus, the change in sensing properties resulting from changes in
conductivity can be attributed to the production of free electrons on Sn-OH bond
formation or simply the occupation of the active sites by the adsorbed water

molecules®97,
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Figure 1.16 Schematic mechanisms of water molecules adsorbed on the surface of SnO2 (a)
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Zai et al.®® investigated the effect of humidity on the gas sensing property of a ZnO
nanopowder sensor to 100 ppm ethanol. They observed an increase in the resistance
when relative humidity (RH) levels range from 32 to 75% and a decrease in resistance
at a higher RH level, range from 75 to 96%. An optimal sensitivity and stability of n-
type ZnO gas sensor was obtained when RH levels were maintained at 50%. Hotovy
et al.*®, who studied the sensing characteristics of p-type NiO gas sensor to NO; gas,

also reported that RH levels around 50% is the optimal condition for sensing gases.

1.2.6 Background of oxygen gas sensors

Oxygen sensor is a common gas sensor in our daily lives. It is widely used in monitoring
traffic, environment, medicine and other fields. Among them, oxygen sensors have
been widely used to control the air/fuel ratio of automotive engines to improve
combustion efficiency and reduce pollutant emissions??'. Another well-known
application is to test the safety of human hypoxia. In a range from 0 to 30% vol
measurement, if the human safety requirements of oxygen are less than 19.5% vol
then it must be alarm, while for oxygen concentration over 23% vol it also need to be

reminded, as oxygen enrichment can also cause human discomfort. The traditional
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way to monitor oxygen is to use potential or amperometry sensors. In recent years, the
resistance of metal oxide materials has been found strongly depended on the oxygen
partial pressure, which makes it widely studied and promoted, such as Sn0,???,
Ce02%?® and Ga,03?%* thin film oxygen gas sensors. These resistive oxygen sensors
are smaller, portable, and sensitive; however, they usually work at high operating

temperatures.

Cukrov et al.??? reported the successful production of separated nanosized SnO-
particles via mechanochemical processing (24 nm) and spin coating (34 nm) other than
conventional wet chemistry route or physical/ chemical vapour deposition methods.
The result of oxygen sensing tests was concluded to be extremely stable and
repeatable, with a response and decay time of about 2 min towards 1ppm to 10%
Oxygen. It revealed that the optimal operating temperature is dependent on the O,
concentration. A fast response and high sensitivity toward low ppm oxygen
concentration was found when the operating temperature is at 400 °C. While for higher
ppm oxygen concentration, optimal operating temperature is at about 300 °C to give

the best performance.

1.3 Background of tungsten oxide and silver metal materials
1.3.1 Crystal Structure of tungsten oxide

Tungsten oxide(WO:s), as an excellent n-type semiconductor material with a wide band
gap from 2.6 to 3.0 eV and sub-stoichiometric characteristics, has been widely
explored in various fields and used in many applications, including photoelectric'11,
photocatalytic’®>1%, gas sensor'®'%, solar cells'® and smart windows'®, etc. The
interest in WO3 began in the 17" century, when Wohler discovered a strong metallic
sheen in LiWO3 and coined the term “tungsten bronzes”. In 1950s and 1960s, Mott,
Sienko et al. conducted a series of experimental and theoretical work on Na-tungsten

bronzes for its unique physical properties such as superconductivity at very low
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temperature and metal-insulator phase transitions'®’. WO3; with high melting point
(1473 °C) and boiling point (1700 °C), is stable at high temperature and insoluble in
water, slightly soluble in hydrofluoric acid and slowly soluble in ammonia water and hot
sodium hydroxide solution. The ideal crystal structure of WO3, with tungsten atoms at
the centre of the octahedron and oxygen atoms at the corners of the octahedron, is
best described as a 3-D network of corner-sharing WOs octahedra, shown in
Figure1.17. The connectivity of this network can also be represented as a regular and
cubic perovskite structure, such as ReOs. However, due to the tilting of WOg octahedra
and displacement of tungsten from the centre of its octahedron, WO3; usually cannot
meet the ideal symmetry of the ReOs structure, leading to the formation of several
distinct crystal phases, such as monoclinic Il (e-WO3), triclinic (5-WQOs3), monoclinic | (y-

WOQO3), orthorhombic (8-WQs3), tetragonal (a-WO3) and hexagonal (h-WQ3)® 108109,

Y
Lx ® Oxygen

. Tungsten
A B

Figure 1.17 Crystal structure of WO3 (A) ideal cubic structure of WO3

Table 1.3 Lattice constant of different polymorphs of WQ3'10

lattice € - 6 - y - B - a- ideal cubic-
constant (&) WO3[11] WO3[11] WO3[11] WO3[12] WO3[12] WO3[13]
a 7.378 7.309 7.306 7.384 5.25 3.84
b 7.378 7.522 7.54 7.512 N/A N/A
o 7.664 7.686 7.692 3.846 3.91 N/A

Similar to other metal oxides, the phase transition of WOs3; crystal can occur during
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calcination and cooling process as: Monoclinic 1l (e-WOs3, < -43 °C) — triclinic phase
(6-WOQOs3, -43 ~ 17 °C) — monoclinic phase (y-WQOs3, 17 ~ 330 °C) — orthorhombic (8-
WOQOs3, 330 ~ 740 °C) — tetragonal (a-WOQOs, > 740 °C). Monoclinic Il (-WO) is only
stable below 0 °C, therefore it is mainly prepared in laboratory’" "2, At room
temperature, monoclinic | (y-WOQO:s) is the most stable phase and the next stable phase
is triclinic (6-WOs3)°. Another stable crystal phase exists at room temperature is the

hexagonal (h-WQ3)'3.

Tungsten, as a transition metal element, has an outer atomic electron configuration of
5d*6s?. The valence states of common compounds are +4, +5 and +6, and the
corresponding oxides are WO3 and WO.. In general, owing to the unstable state of
cubic structure of WO3 and the presence of varying degrees of oxygen vacancies within
the crystals, WO3; does not meet the strict stoichiometric ratio and is usually expressed
in the form of WOsy, in which 0<x<1, such as monoclinic W04 and W25073,
orthorhombic W3,0g4 and W3Os, tetragonal WsO14 and etc., named Magnéli phases.
Migas al.”™ found that the photoelectric properties of WO~ are influenced by oxygen
deficiency, for instance the band gap is reduced to 2.4-2.8 eV and it can show strong
light adsorption in both visible and near-infrared regions. In addition, the existence of
oxygen deficiencies also makes WOs3x more metallic, so it has been widely used in
dye-sensitized solar cells'S,  photochemical®"’  supercapacitor'®, field
emission'%120 and other aspects in recent years due to its good electrical conductivity

and more active sites.

1.3.2 Different morphologies of WO3; nanomaterials for gas sensing

Novel properties of nanostructured WO3 as compared to the bulk material include (i)
increased surface-to-volume ratio, which offers more opportunity for both chemical and
physical interactions; (ii) altered surface energy, which h can allow the properties of
materials to be significantly adjusted and engineered because the bond structures of

the atomic species near the surface will be different to those embedded in the bulk;
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and (iii) quantum confinement effects, which influences optical properties, charge
transport and electronic band structures caused by the inherently small size of

nanostructured materials®.

In recent years, enormous efforts have been made in the synthesis of semiconducting
WOs-based materials with various morphologies in order to improve the gas-sensing
performance. In general, the morphologies of SMOX can be classified by
dimensionality'?"122, On the basis of this classification, WO3 based materials have
been extensively developed in zero-dimensional, one-dimensional, two-dimensional
and three-dimensional nanostructures, which would be discussed comprehensively in

the following paragraphs.

1.3.2.1 0-D WO3 nanostructures

Structures that undergo isotropic growth and eventually form spherical or near-
spherical structure are named 0-D structures’. The specific surface area of 0-D
nanoparticles provides an opportunity for improving gas sensing performance’?.
Meanwhile, sensing response can be improved by adjusting sensitive surface,
agglomeration and nanoparticle size. Li et.al. synthesized WO3 hollow spheres via a
chemical deposition process, which showed great sensitivity to alcohol, acetone, CS-
and many other organic gases'®. Zhang et al. described the successful synthesis of
WO3 microspheres with average diameter ~ 1 ym by a simple hydrothermal
treatment'?. Shukla et al. reported fabrication and characterization of well-crystalline

0-D WOs3 nanoparticles via a facile solution process, as shown in Figure 1.18.
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Figure 1.18 (a) low- and (b) high-magnification FESEM images, (c) TEM image and (d) EDS

spectrum of prepared WO3 nanoparticles’?6

The sensitivity performance of 0-D WO3s microspheres to various gases, such as

acetone, NHs, ethanol, H2S, NO» and Hz is shown in Figure 1.19. The results showed

highly sensitive and selectivity gas sensing as well as fast response behaviour of WO3

microspheres to acetone vapour at 200 °C, indicating WOs3 -based sensor an excellent

candidate for monitoring acetone at low temperature.
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Figure 1.19 Sensitivity of WO3 microspheres gas sensor to various 150 ppm gases at 200 °C;
(insert) sensitivity of WO3 microspheres gas senor at 200 °C with an increase in concentration

of acetone vapour'25
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1.3.2.2 1-D WO3 nanostructures

1-D WOs nanostructured materials, in the forms of nanorods'?”, nanobelts®, needle-
like'?®, nanofibers'?® and nanowires’ have been extensively developed in the gas
sensing field mainly according to its high aspect ratio( length divided by with). In
general, the length of 1-D SMOX nanomaterials can be a few millimetres long, but its
thickness and widths are only limited in a nanometre scale (1 — 100 nm)'3'. Cai et al.
described the formation of single crystalline WO3; nanowires with diameters in the rage
of 15—20 nm on FTO substrate via a hydrothermal method, as shown in Figure 1.20a.
The WOs3 nanowire-based sensor exhibited a remarkably high response (S = 37) to
NO gas and a fast response and recovery speed (68 s/88 s) at 300 °C. The defects on
the WO3 nanowire surfaces as well as the reactions between the analyte gas NO and
surface defects were considered to contribute to the enhancement in gas sensing'.
Bai et al.'?” studied and introduced a low-temperature (at 100°C) hydrothermal route
for the fabrication of WO3 nanorods with an diameter of ~200 nm an aspect ratio of ~
50, shown in Figure 1.20b. A high gas sensing response of 209 was observed for WO3
nanorod based sensors to 10 ppm NO:, at an operating temperature of 200 °C.
Selectivity towards NO; against CH4 and CO were evaluated at a sensitivity ratio of 30

and 19, respectively.
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Figure 1.20 SEM images of 1-D WOs3 nanostructures (a) nanowires, (b) nanorods, (c)
nanofibers and (d) nanobelts'27:129.130,132

1.3.2.3 2-D WO3 nanostructures

Large surface-to-volume ratio related to thin nanosheet structure have shown ultra-
sensitivity in gas sensing'3-13%. For 2-D porous nanostructures, gas interaction can
occur at both surface and internal structure, which enhances the gas sensing response.
Rahmani et al.”*® described the fabrication of 2-D WO3; nanosheets using high
temperature anodization of W thin films, with the WO3; nanosheet based sensors
exhibiting excellent sensitivity and repeatability when exposed to H, with an optimal

gas response of 80% for 1% of H. at 250 °C, as shown in Figure 1.21 (right).
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Figure 1.21 (left) FESEM images of WOs nanosheets (inset is the cross sectional FESEM of
WOs3 nanosheets); (right) Response vs. temperature diagram for WO3 nanosheet based
sensor to 0.06 and 1% H213¢
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Wang et al.’® conducted a series of experiments to control the synthesis of ultrathin
2-D WO3 nanosheets. These 2-D WO3 nanosheet based sensors exhibited both high
sensitivity and selectivity toward NO, against other examined gases. The results
revealed that the highest response was observed at 5.67 to 50 ppb NO- at 140 °C with

response and recovery time of ~ 140 s and 75 s, respectively.

M) Myat 140°C | 20 PPP
VM, at 140°C
100 ppm 100 ppm
100 ppm 100 ppm 7
11
CyH50H CoO Hy NH3 NO,

Figure 1.22 FESEM images of WO3 nanosheets synthesiz ed under differnet hydrothermal
processing time (a) 5 min, (b) 1 h, (c) 2 h, (d) 4 h, (e) 8 h and (f) Response of M1 (WOs3
nanosheets) and M2 (WOs nanoparticles) to various gases (C2HsOH, CO, Hzand NHs at
100ppm and NO:2 at 50 ppb) at 140 °C137

1.3.2.4 3-D WO3 nanostructures

3-D nanostructures (hierarchical) materials are generally assembled from low
dimensional nanomaterials, including 0-D nanoparticles, 1-D nanorods and 2-D
nanosheets. The advantages of 3-D nanostructures materials, include larger surface
area, fast interfacial transport and abundant active sites'®'° Yan et al."®® described
the fabrication of 3-D WO3 nanowall based sensors by a facile solvothermal approach,
with the results showing that the sensitivity of WO3 nanowall based sensor was higher

than that of a commercial WOs-based sensor, as shown in Figure 1.23.

53



for 500 ppb NO,
(b) —=&— 3D WO, with light
—&— 3D WO, without light
A— Commercial WO

-
LS
T

Response ( Rs/Ra)
o o

w
T

. R ) ) : )
50 100 150 200 250 300
Temperature / °C

Figure 1.23 (a) SEM image of the 3-D WOs nanowall based nanostructures and (b)
Response of 3-D WOs sensor as a function of operating temperature as compared to
commercial WO3 sensor'3®

Wang et al." reported the successful sythesis of flower-like WO; nanostructures
assembled from 2-D nanosheets via an acidification method combined with an
annealing process, as shown in Figure 1.24. These hierarchical WO3 based sensor
exhibited excellent sensitivity and selectivity to NO- at a low operating temperature of
90 °C. The gas sensor response was about 13 to 2 ppb NO.. The reasons for the high
sensing performance were attributed to the unique hierarchical structures of WOs3
which provide more active sites on the surface. Meanwhile, the large amount of surface
defects exhibited on single nanosheets make the adsorption and reaction of NO, much

easier, as shown in Figure 1.24c.

(a) (b)
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Figure 1.24 (a) SEM image as-synthesized hierarchical flower-like WO3s nanostructures, (b)
HRTEM image of an individual flower-like WOs structure, (c) HRTEM image of a nanosheet of
the flower and (d) Response of WO3 based sensor to 40 ppb NO2 as a function of operating
temperature'#!

1.3.3 Silver metal decorated metal oxide nanostructures

Metal nanoparticles have attracted increasing interest due to their use in a wide-
ranging application areas, such as photoinduced optical effects'*? and bio-sensing’*.
Silver oxide (Ag20) nanoparticles have unique physical and chemical properties with
many applications in the fields of fuel cells'*, sensors'®'4¢  photovoltaic cells'” and

oxidation catalysis'®.

A number of Ag-ZnO based nanostructures with outstanding performance have been
reported'®1%1. Uddin et al.'*® reported the fabrication of a Ag-loaded ZnO-graphene
hybrid for the detection of CoH: via a facile chemical route. A highest gas response
value of 21.2 was observed for 3 wt% Ag-loaded ZnO-graphene hybrid at an optimum
temperature of 150 °C for 100 ppm C;H.. The enhancement in gas response was
attributed to the additional active sites produced on the surface of the hybrid according

to the spill-over effect, resulting in more C>H. molecules be adsorbed on the surface.
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Figure 1.25 (a) TEM and (b-c) HRTEM images of the ZG-Ag 3 wt% hybrid sample. Inset: the
corresponding SAED pattern of the ZG-Ag 3 wt% sample'46

Recently, Llobet et al.’*® reported a two-step synthesis of Ag-loaded WO3 nanowires
via AACVD by using an organometallic silver precursor [Ag(acac)z]. As shown in Figure
1.26, the EDX results revealed that instead of metallic Ag, clustered Ag.O
nanoparticles were non-homogenously dispersed on the WO3 nanowires. The gas

response showed silver oxide based WO3 sensors are more sensitive to H, exposure.
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Figure 1.26 TEM image of WOz nanowires and Ag20 nanoparticles'.

1.4 Aerosol-assisted chemical vapour deposition

Over the last few decades, many fabrication methods have been developed and used
to prepare WO; nanostructures, including hydrothermal method's2'%3, thermal
evapouration'™4'% chemical vapour deposition'®'%" and template assisted growth'®
etc. But it is possible to divide them into two broad categories: “top-down” and” bottom
up” approaches'™. The former approach of “top-down” refers to fabricating
nanostructure materials by mechanically reducing the size of larger particles. The
second approach “bottom up” can be represented as the assembly of molecular
building blocks. Through these methods, it is possible to fabricate high purity
nanocrystalline materials at low cost with controllable growth morphology. In the
following paragraphs, it will focus on the vapour phase growth method used in our

laboratory.

1.4.1 Process and principle of AACVD

CVD, as a conventional technique for the synthesis of solid-state thin films, has been
developed over many years'®. Through this method, high purity materials with
structural control at atomic or nanometre scales can be achieved. However, the
problems of selection and delivery of the precursors still exist. The general lack of

readily available volatile precursors and the difficulty in controlling the stoichiometry of
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the deposits impedes the further development of CVD techniques'’. As a branch of
conventional CVD, aerosol-assisted chemical vapour deposition (AACVD) technique
uses aerosol droplets to transport the chemical precursors'®?. Due to the process
relying principally on the solubility of the chemical precursor instead of volatility, a wide
range of low volatility or thermally unstable precursors can be used at ambient
atmosphere or low temperature®3. In the AACVD process, the morphologies of the thin
films can also be controlled by various reaction condition parameters such as
deposition operating temperature, choice of solvent, gas flow rate, and reaction time %4,
The schematic process of AACVD is shown in Figure 1.27. In AACVD the chemical
precursor is dissolved in solvent and fine aerosol droplets are generated by an
ultrasonic humidifier. With an aid of inert carrier gas, such as Ng, it can be further
transported to a heated reaction chamber. The solvent then undergoes rapid
decomposition or evapouration, leaving precursor vapour to further be synthesized into

desired products via heterogeneous reaction®?.
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Figure 1.27 Schematic diagram of AACVD process for deposition of thin films62



Metal oxide compounds are the most popular products fabricated by AACVD, as
oxidation reactions can be simply carried out using water vapour or adventitious

oxygen from the precursor, solvent or from the carrier gas.

1.4.2 AACVD fabricated tungsten oxide nanostructures

Many studies on the fabrication of nanostructured WO3 via AACVD technique have
been reported over the last few years. Ling and Blackman'* reported the growth
mechanism of planar or nanorod WOy thin films via AACVD by using tungsten
hexacarbonyl (W(CO)s) as precursor at 339 to 358 °C on quartz substrates. XRD
analysis revealed that the crystal structures of as-deposited WO, thin film were
comprised of two phases, W2073 and W17047. SEM analysis showed that the
morphology of the thin film surface varied from planar to nanorod structures as it
deposited from the inlet towards outlet, as shown in Figure 1.28. They proposed that
the variation of actual temperature on the substrate surface when placed in the heated

reaction chamber with a difference of 19 °C, resulted in a change in growth mode.
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Figure 1.28 SEM images of as-deposited WOx thin films on quartz substrate with a varying
morphologies from planar to nanorods as function of distance from the reactor inlet (left) to
outlet (right) and corresponding substrate surface temperature %4,
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Recently, Shaukat et al.’® reported the deposition of cauliflower like WOx
nanostructures by using [W(CO)e] and multiwalled carbon nanotubes (MTCNTSs) in
toluene on silica glass substrate at 400 °C via AACVD. By varying the concentration of
MTCNTSs reacting with WOy thin films, SEM images, as shown in Figure 1.29 pointed
that the growth of cauliflowers WOX structures was due to the aggregation of spherical
nanoparticles with high angle grain boundaries. The crystal phase of WO, transformed
from monoclinic to tetragonal with changing of preferred orientation from (020) to (001)

with increase of doping of MTCNTs.

Figure 1.29 SEM image of plain and doped WOx thin films produced via AACVD on silica
glass substrate at 400 °C by varying the concentration of MTCNTs (a) 0% (b) 0.1% (c) 0.15%
(d) 0.2% (e) 0.25% (f) 0.3% and (g) 0.35%-CNTWQ165

Instead of using [W(CO)s] as the primary precursor for the synthesis of WO,
nanostructures, Shujah et al."®® introduced the synthesis of WO3; based nanostructures

on alumina substrate via AACVD by using tungsten hexaphenoxide [W(OPh)e]. The
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FESEM images as shown in Figure 1.30 illustrated the surface morphology of WO3
thin film deposited at 425 °C comprised of randomly oriented and overlapped nanorods
and 2-D nanosheets. While the surface morphology of WO3; thin film deposited at

450 °C was comprised only homogeneously distributed nanorods.

7o TANE N

Figure 1.30 FESEM images of WOs thin films deposited on alumina substrate by AACVD at
(a) 425 °C and (b) 450 °C'68

1.4.3 AACVD fabricated noble metal decorated tungsten oxide

Many studies have demonstrated that both physical and chemical properties of
tungsten oxide such as optical or electrical behaviour can be adjusted by the addition
of external impurity dopants, either noble metal or metal oxide. In literature, it has been
shown that the crystallographic texture and feature size of tungsten oxide can be
altered by doping or loading noble metals, such as Au, Pt, Pd and etc'®-"°,
Functionalised noble metal nanoparticles can dramatically affect electronic, optical and
magnetic properties of the material. Chemical methods have been recognised as
excellent techniques for the synthesis of nanoparticles on MOX by forming a
homogenously distributed coverage as compared to physical methods of
functionalising nanoparticles, such as sputtering'’®'"". Synthesising nanoparticles in
gas phase has greater advantages over liquid phase, including high purity product
formed and continuous mode operation. Nanoparticles synthesized via AACVD shows
excellent control in particle size, crystallinity, porosity and stoichiometry by simply
adjusting the reaction parameters, such as operating temperature, solvent, reaction
and etc'72,
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Vallejos et al.®! reported a single step synthesis of Au-functionalised WO3 nanoneedles
via AACVD for detecting ethanol at low concentration (1.5 ppm). TEM images showed
the successful deposition of randomly distributed Au nanoparticles with diameter of

11.13+0.19 nm, along the WO3 nanoneedles.

Figure 1.31 TEM images of WO3 nanoneedles with dispersed Au nanopatrticles on surface
under (a) low magnification and (b) high magnification®

Annanouch et al.'” reported the formation of a gas-sensitive hybrid material consisting
of Cu20 decorated on WO3 via AACVD in a single step for the first time for the selective
and humidity-resilient detection of HsS. As shown in Figure 1.32, after analysing the
fringe patterns within the HRTEM images, the results suggest the coexistence of Cu,O

and CuO adhered on the WO3 surface.
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Figure 1.32 TEM and HRTEM images of the as-deposited Cu20 functionalized WO3 (a and b)

low magnification; (¢ and d) high magnification'”3

1.5 Motivation and aims

Oxygen gas sensor are widely used for various applications such as medical and
pharmaceutical, environmental monitoring, food and beverages and waste
management industries. In the era of innovation, the development of novel sensing
materials and the advancement of processing technology in chemical sensor and bio-
sensors have evolved quickly. However, the technology for oxygen sensor has
remained in place for twenty years. Though Pb-free alternative electrochemical gas
sensor to oxygen have been developed by introducing Zn, Fe or Al, but the defects
such as short life-span and low sensitivity still remain. Other alternative oxygen gas
sensors using optical methods have also been studied on the basis of light absorbance
or photo-quenching, but still cannot meet the novel standard, such as cost-effective,

compact and reliability even working at lower temperatures'”4-176,

Semiconducting metal oxides (SMOX) based gas sensor have attracted an extensive
attraction in sensing technologies. SMOX materials such as SnO,'"7, ZnO""8, In,03'"®,

and Ce0,"® have already been explored as an potential oxygen gas sensor to replace
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Pb. Meanwhile, many studies have reported that by adding noble metal nanoparticles
onto the SMOX sensing material, the gas sensing properties, including both sensitivity

and selectivity towards a target analyte gas can be greatly enhanced.

Therefore, the aims of this research project are to explore an alternative SMOX gas
sensor, typically WO3 based gas sensor, to see if it could be a potential oxygen gas
sensor to replace Pb. Initially, undecorated WO3 will be fabricated by using the home-
built AACVD reactor in our laboratory and characterizations including XRD, XPS, SEM
and TEM will be examined. Subsequently, noble metal additives, Ag, will be further
deposited onto the WOs; thin film followed by fully characterization of the Ag@WOs
nanostructures. In the end, sensing performance towards oxygen will be tested and

the gas sensing mechanism of Ag functionalized WO3 towards will be discussed.
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Chapter 2 Experimental

Aerosol-assisted chemical vapour deposition (AACVD) (a novel variant of chemical
vapour deposition (CVD) based on transporting the precursor solution via aerosol
droplets to the heated reaction chamber to form a layer of thin film) offers several
noteworthy advantages as compared to the traditional CVD. For example, this method
is normally undertaken at atmospheric pressure and relies on a solution-based
transportation approach which allows a wider range of precursors to be utilized over
traditional CVD'62'8'_ Meanwhile, the functionalization of semiconducting metal oxides
(SMOX) nanostructures with the decoration of metal nanoparticles, in a single step via
co-deposition, or via two processing steps, can be implemented, such as the
incorporation of Pt'®2 and Au®' nanoparticles at the surface of tungsten oxide
nanostructures. In this chapter, the technique to produce metal or metal oxide thin films

via homebuilt AACVD reactors is introduced in detail.

The gas sensing tests were carried out using a specialized gas handling equipment
previously installed at the School of Engineering, University of Warwick. The
measurements of gas sensing performance were carried out by Ayyala, Sai Kiran and
Sari, Wangi Pandan from University of Warwick. The fundamental principle and

procedure of the test will be introduced below.

The physical characterizations, including XRD, XPS, SEM, EDX and TEM of the Silver
nanoparticles (Ag), tungsten oxide (WOs) and silver decorated tungsten oxide
(Ag@WO:3) thin films on various substrates, including glass, quartz and alumina and
the corresponding gas sensors were carried out within the department of chemistry at

UCL.
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Cooling water __|

2.1 Aerosol-assisted chemical vapour deposition

Two types of homebuilt AACVD reactors (‘rectangular-based chamber’ 3 cm x 6 cm x
2 mm and ‘square-based chamber’ 3 cm x 3 cm x 2 mm) were used for the preparation
of Ag, WOz and Ag@WOs thin films on various substrates and their corresponding gas
sensors. The integrated procedure mechanism and internal design of AACVD reactors
were illustrated in Figure 2.1 and Figure 2.2, respectively. Height of reaction chamber

can be adjusted by adding or removing the metal plate.

Inlet of the reactor QOutlet of the reactor

|
L

Cooling water
jacket

.l

Precursor
solution

Carrier
gas N:

Figure 2.1 Schematic diagram of reaction process of AACVD technique

. s

Inlet

Inlet

Outlet
Outlet

Figure 2.2 The internal design of homebuilt (a) rectangular-based and (b) square-based
AACVD reactors
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As demonstrated in the Figure 2.1 and 2.2 above, the cleaned substrate will be placed
in the reaction chamber and preheated to a moderated temperature. The precursor
solution is rested in the flask and aerosol droplets then generated by an ultrasonic
humidifier, which can be further transported to the preheated reaction chamber by a
flow of carrier gas controlled by a mass flow controller (MFC). The solvent and
precursor droplets then rapidly evapourate and/or decompose within the reaction
chamber and finally synthesized and deposited onto the substrate to form nano-scaled
thin film via heterogeneous reaction (under moderated temperature) or powders via
homogeneous reactions (usually under higher temperature). For both reactors, a cool
water jacket is equipped and attached to the inlet of the reactor to prevent the early
decomposition or consumption of the precursor before entering the reaction chamber.

The exhaust gas is directly reeled out by the extraction system of the fume cupboard'®4.

2.2 Measurement of gas sensing tests

The gas rig (Lehman Instrument, France) can supply a predefined concentration of
oxygen by diluting with nitrogen (99.999%) with zero air (20% O3z). The variance in the
concentration of oxygen is obtained by altering the flow rate of each gas using a mass
flow controller (MFC, UFC 1100, Brooks) controlled by computer programme written in
LabVIEW (National Instrument 2016). A water bubbler was added on the pathway of
the tested gas mixture before entering the sensor chamber and used to simulate the
humid environment. The measurement was monitored and recorded with a humidity

data logger (Lascar Electronic).

The resistance changes during the tests regarding to different sensors while exposed
to different concentration of oxygen gas were monitored and recorded by a sensor
management system AS-330 (Atmospheric Sensor Ltd, UK). By using this device, the
sensing performance under different ranges of operating temperatures, test period,

and operating sequence can be carried out and analysed. The time interval for the

67



sensing test is 30 minutes with regarding to exposing to different test environment. The
oxygen concentration is varied between 0% and 20%. The sensors were then purged
with nitrogen for 30 minutes to ensure it recovery to the baseline value of the initial
resistance and stabilise before a new measurement was taken. The sensor’ response
sensitivity was defined as being equivalent to Rg/Ra, where Rg is the sensor
resistance in reference gas nitrogen when exposed to the target gas O, and Ra is the
resistance of sensor baseline in the reference gas nitrogen. The response and
recovery time of the sensors were defined as the corresponding time required to
achieve a 90% change in the electrical resistance of the samples when exposed to the

target gas O, and pure N, with respectively.

Oxygen Inlet Mixed analyte
Nitrogen Inlet gas outlet
Humidity adjust
channel

Figure 2.3 Equipment used in the oxygen gas sensing tests (a) OWLSTONE OVG-4 which
controls the concentration of the oxygen, humidity environment and the operating temperature
of the tested sensors (b) humidity adjust settings and (c) tested sensor chamber which allows

eight sensors to be tested at a same time
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2.3 Physical characterization

The crystalline structures of the synthesized thin film materials were obtained by X-
Ray Diffraction (XRD) (Bruker D8-Discover LynxEye thin-film PXRD) equipped with a
silicon strip detector using Cu Ka radiation (A = 1.5418 A) and operated at a current of
40 mA and a voltage of 40 kV. The X-ray diffraction patterns were collected with a
scanning rate of 0.05° step size over a 26 scan range from 10 to 66° counted at 1 s
per step. Micro X-Ray Diffraction (uWXRD) was used to analyse the structure of
crystalline materials on the sensor platforms for a very small area, relying on the dual
wave/particle nature of X-rays. The patterns were obtained with a scanning rate 18°
step size over a 20 scan range from 15 to 60° counted at 60 s per step for 3 steps. All
XRD patterns were first analysed and further compared to literature standard data,

PDFs stored in “Jade” software (Version 6.5, Materials Data, Inc.).

UV/vis spectra were obtained in a range from 200 nm to 800 nm by using PerkinElmer
Lambda 950 UV-vis spectrometer. The transmittance (%T) spectra was carried out first
and then the absorbance (A) spectra is based on the transmittance and simply

estimated by using the formula shown in Eq. 5 below:

=-log (%T /100 ) (5)

X-ray photoelectron spectroscopy (XPS) (Thermo Fisher Scientific) with a
monochromatic Al Ka X-Ray source (1846.6 eV) was used to measure the elemental
composition and electronic states of the elements. C 1s (284.8 eV) peak calibration is
conducted for the referencing of the other peaks’ binding energy. The data were further
analysed by software named “CasaXPS” (Version 2.3.16 RP 16, Casa Software Ltd.)

and compared to literature standard data from the NIST XPS database.

Field Emission Scanning Electron Microscope (FESEM) (JEOL JSM-6301/ JSM-6300

with energy of 5/15 keV was used to identify the morphology of the thin films from a
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top-down configuration after Au-coating. High resolution transmission electron
microscopy (HR-TEM) measurements were performed on a JEOL 2100 at a voltage of
200 kV. Features such as crystal structures, dislocations and grain boundaries can be
analysed based on the interactions between the high energy electrons and the sample

atoms through “Ganta microscopy suite” software (Version 3.22.1461.0, Gatan, Inc.).
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Chapter 3 Nanostructured Tungsten
Oxide Thin Film and Sensor: Synthesis

and Characterization

3.1 Introduction

Tungsten oxide (WO3) is a transition metal oxide which has attracted wide attention
due to its unique physical and chemical properties, and has been used in
electrochromic, photochromic, sensing and catalytic fields®. With the growing interest
in nanotechnologies, nanostructured WO3 exhibits unique and excellent properties and
broadens its applications as compared to its bulk form by reducing grain size (involves
increasing surface to volume ratio, altering surface energies and quantum confinement
effects). A series of advances have been made in preparation of tungsten oxide

powders and thin film nanostructures since the 1980s"%7:183,

Up to now, tungsten oxide nanostructures with various morphologies and crystal
structures have been investigated and developed, most of which are one-dimensional
nanostructures, such as nanorods, nanowire, nanofibers and nanotubes. These
properties including composition and performance are closely related to the synthesis
method and experimental conditions'?'8+185 |n addition to one-dimensional WO;
nanostructures, the diversity of crystal structures determines that WO3; grows in
different crystal directions, so it is possible to form two-dimensional or three-
dimensional nanostructures. Researchers have successfully synthesized nanosheets,

nanoribbons and nanoplates with promising properties'®®.

Activated Tungsten oxide (involves depositing a small amount of catalytic materials

such as Pt on the surface of the WOs; thin film) was firstly used for the detection of
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airborne hydrogen for safety applications by P. J. Shaver. in 196787, WO; thick-film-
based sensors have been developed and shown a highly sensitivity towards trace
amount of VOC gases, especially aromatic hydrocarbon at ppb level in environmental

measurement'es.

In this chapter, the as-deposited WOsx and WOs3 after annealing (AA) thin films via
AACVD was initially conducted on various substrates, including glass, quartz and
alumina with optimal reaction conditions from literature®? (reaction temperature 375°C
and flow rate 300 sccm N) to investigate the influence of substrate on the formation
of tungsten oxide thin film. Physical characterizations including XRD, XPS, SEM, TEM
was carried out to clarify the phase of WOs3; presenting before and after the annealing
process. Subsequently, the same deposition approach of WOs.xand WO3 AA thin films
on alumina sensor platforms were carried out. A uniform WQOj3 thin film with a monoclinic
phase and nanoneedle-structure was obtained as demonstrated by combining with

different analytical results.

3.2 Experimental

Tungsten hexacarbonyl [W(CO)s] (=97.0%) and regents including acetone, methanol
and isopropanol were purchased from Sigma-Aldrich Chemical crop. and used without
any purification. All the substrates, including microscope slide (glass), quartz and
alumina, were first cut into 2.5 cm x 2.5 cm pieces and cleaned in a sequence of
acetone, methanol, isopropanol and distilled water, subsequently dried in stream of

compressed air before use.

3.2.1 Preparation of WOs3 thin film

The WOs thin films were synthesized using AACVD on various substrates, including

microscope slide (glass), quartz and alumina. The cleaned substrate was placed close
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to the outlet of the rectangular AACVD reactor (3 cm x 6 cm x 2mm) shown in Figure
2.2 (a) and preheated to 375 °C. Tungsten hexacarbonyl [W(OC)s] (0.06 g, 0.17 mmol)
was dissolved in a mixed solution of 10 mL acetone and 5 mL methanol. After
sonicating the mixture solution for 5 min, it was then transferred to a flask. An aerosol
was generated by an ultrasonic humidifier (2 MHz, Johnson Matthey Liquifog) at room
temperature. A gas flow of N2 (99.99%, BOC) was passed through the aerosol mist at
a flow rate of 300 standard cubic centimetre per minute (sccm), controlled by a mass
flow controller (MFC, Brooks), to transport the aerosol droplets into the preheated
reaction chamber. The deposition usually conducted for 30 min till all the precursor
solution used up. The heater, humidifier and mass flow controller were then switched
off and the film was allowed to cool down to room temperature under a flow of No.
Finally, the as-deposited film was annealed in a muffle furnace at 500 °C for 2 h in air,
heated up from room temperature to 500 °C at a rate of 10 °C/min. A series of repeat
experiments with same reaction conditions, but on different substrates were carried
out and listed in the table below, which A and M stand for acetone and methanol,

respectively.

Table 3.1 Deposition conditions of as-deposited WO3-x on different substrate, in which A and
M stand for acetone and methanol

Exp. Name W(CO)e/g Solvent /mL | Temperature/°C | Flow rate/ sccm | Substrate
WO3« (9) 0.06 10A+5M 375 300 glass
WOs () 0.06 10A+5M 375 300 quartz
WOz« (a) 0.06 10A+5M 375 300 alumina

3.2.2 Preparation of WOs3 sensor

An identical procedure to the synthesis of WO3 films mentioned in Chapter 3.2.1 was
used to make WO3 sensors by AACVD. Instead of depositing on normal substrates,
alumina sensor platforms (2 mm x 2 mm) and a shadow mask were used here. The
sensor is consisting of gold electrodes along with a resistive platinum heater. A set of

nine alumina-based gas sensors can be arranged in the mask at a time. Once the
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deposition was finished, the sensors were allowed to cool down to room temperature
naturally. The as-deposited sensors were then annealed in a muffle furnace at 500 °C
for 2 h in air, heated up from room temperature to 500 °C at a rate of 10 °C/min. The
reaction conditions for the fabrication of WO3 thin film on alumina sensor was shown

in the table below.

Table 3.2 Deposition conditions of as-deposited WO3-x on alumina sensor

Exp. Name W(CO)e/g Solvent /mL | Temperature/°C | Flow rate/ sccm | Substrate
Alumina
WO3« (S) 0.06 10A+5M 375 300
sensor

3.3 Results and discussion

3.3.1 Characterization of the WO3 thin film

3.3.1.1 initial deposition

The various 2.5 cm x 2.5 cm substrates were placed close to the outlet of the reaction
chamber during the deposition, rather than the inlet in order to get a more evenly
distributed thin film. The as-deposited tungsten oxide thin films on various substrates
were dark blue in colour, indicating the formation of sub-stoichiometric WO3.x, which
matched with the literature sub-stoichiometric tungsten oxide(PDF 36-0102, PDF 36-
0103 and PDF 84-1516)'. The blue colour of the deposited film indicated the loss of
oxygen which then generates an additional valence state in the WOs3 structure. A set
of annealing temperature tests were conducted (at 300, 400 and 500 °C) and a
completely yellow-white thin film was obtained when annealed at 500 °C. Therefore,
the optimal annealing temperatures was set to be 500 °C for 2 h in air as the standard
for the rest annealing process. The yellow-white thin films were achieved, indicating
the full transformation to oxidised stoichiometric WO3'%°. An example of as-deposited
WOs3x and WO3 AA thin films on glass, quartz and alumina substrates as compared to

its plain substrate was shown in Table 3.3 below.
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W(CO)s + [O] — W03 + CO, (6)

Table 3.3 As-deposited WO3-x and annealed WO3 thin film on glass, quartz and alumina
substrate as compared to the plain substrates, respectively

Glass Quartz Alumina

Plain substrate

-

As-deposited
WO3-X

WO3 After
Annealing (AA)

3.3.1.2 X-ray diffraction (XRD) analysis

The XRD patterns of as-deposited WO thin film on different substrates, including
glass, quartz and alumina were put together in Figure 3.1 for comparison. Two
highlighted peaks revealed on all three XRD patterns at 23.5 ° and 48.0 ° 26,
corresponding to (010) and (020) reflections respectively, are in good agreement with
the reference pattern of several sub-stoichiometric tungsten oxide WO3« (e.g. WO2.90
PDF 36-0102, a= 12.1 A, b=3.78 A, c=23.6 A, a=90 °, B=94.6 °, y=90 °; W24Oss PDF
36-0103, a= 18.3 A, b=3.78 A, c=17.1 A, a=90 °, B=104.4 °, y=90 °; W15049 PDF 84-
1516, a= 19.3 A, b= 3.78 A, c= 14.0 A, a=90 °, B=115.2 °, y=90 °), indicating the
formation of monoclinic phase structure of sub-stoichiometric tungsten oxide before
annealing. The additional weak peaks revealed in the WO3.« on alumina XRD pattern
were attributed to the presence of Al.O3; (PDF 82-1467). Therefore, there were no
significant difference between XRD patterns of as-deposited WO3.« thin films by
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altering the substrates.
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Figure 3.1 XRD patterns of as-deposited WO3-x thin films on glass, quartz and alumina
substrates before annealing with reference pattern of alumina Al203 (PDF 82-1467)

After annealing the WOs. thin films on different substrates at 500 °C in air for 2 h, the
XRD patterns were collected and shown in figures below. Figure 3.2 illustrates the XRD
pattern of WO3; AA on glass, which was completely different from the other two patterns
of WO3 AA on quartz and alumina, which are shown in Figure 3.3. In Figure 3.2, the
strong 2 theta peaks revealed at 10.84 °, 21.87 ° and 23.45 °, corresponding to (-101),
(200) and (010) reflections respectively and showing the preferred orientation in the
(010) direction, were in good agreement with the standard reference pattern of triclinic
Na;W4O0+; (PDF#70-2022,a=11.16 A, b=3.89A,c=826A a=90.6°,B=131.36°
and y = 79.7 °). While the remaining strong 2theta peaks observed at 13.95 °, 23.20 °,
28.11 ° and 36.76 °, are attributed to (100), (002), (200) and (202) reflections
respectively with preferred orientation in the (200) direction, were matched well with

the standard reference pattern of hexagonal WO; (PDF#85-2459, a=7.32 A, b=7.32

76



A c=766A a=90.0° B=90.0"°andy=120.0 °). Therefore, the WOj3 thin film AA
on glass probably consisted of the triclinic phase of Na;W.4O43 and the hexagonal
phase of WOs. The reason to cause the formation of sodium tungsten oxide Na;W4O13
is probably due to the migration of the sodium ion from the surface of the glass
substrate entering into the unit cell of WO3; at high temperature during the annealing
process (e.g., 500 °C), which can be further proved by analysis of the XRD patterns of

WO3 AA on quartz and alumina substrates.
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Figure 3.2 XRD patterns of WO3 thin film on glass substrate after annealing at 500 °C in air
for 2 h with reference pattern of Na2W4013 (PDF#70-2022) and WO3 (PDF#85-2459)

In Figure 3.3, the XRD patterns of WO3; AA on quartz and alumina substrates show
similar results (Ignoring the peaks attributed by Al,Os3). The strong 2 theta peak
highlighted at 23.1 ° and 47.4 °, corresponding to the (002) and (004) reflections
respectively with preferred orientation in (002) direction, were in good agreement with

the standard reference pattern of monoclinic WOz (PDF#72-0677,a=7.31 A, b=7.54
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A c=769A a=90.0° B=90.9°andy=290.0 °). The pure monoclinic-phase WO3
here further confirmed the formation of sodium tungsten oxide is due to existence of
sodium ion within the glass substrate. The reference pattern of alumina Al;Os
(PDF#82-1467) shown in Figure 3.1 and 3.3 have been compared as a calibration and
no shift was found, indicating that the two reflections of the WO3.«(010) and (020) and

WO3 AA (002 and 004) is correct.

(002)
(004)

e |

WO, AA on quartz

r-
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

WO, AA on alumina

L

Intensity (a.u.)

e Al,O, (PDF#82-1467)

WO, (PDF#72-0677)

L1 ||| TEETE T S

10 20 30 40 50 60

2 theta (degree)

Figure 3.3 XRD patterns of tungsten oxide thin film on quartz and alumina substrates after
annealing at 500 °C in air for 2 h with reference pattern of Al203 (PDF#82-1467) and WO3
(PDF#72-0677)

3.3.1.3 Scanning electron microscope (SEM) analysis

The surface morphology of the synthesized tungsten oxide thin films was examined by
SEM. All samples were gold-coated before analysing. As shown in Figure 3.7, SEM
images of as-deposited WOs.x and WO3; AA on microscope slide (glass), quartz and
alumina substrates were put together for a comparison. A high density of randomly

oriented needle-like structures was observed.
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The surface morphologies of the synthesized tungsten oxide thin films on various
substrates were examined via SEM. All samples were gold-coated before any
analysing. As shown in Figure 3.4 and 3.5 below, SEM images of cross section of as-
deposited WO3x and SEM images of as-deposited WOsx and WO3; AA thin films
deposited on glass (a) and (b), alumina (c) and (d) and quartz (e) and (f) were put
together for a comparison. The morphologies of as-deposited WOs« on various
substrates were similar to each other, showing nano-needles (NNs) with sharp end
structures with diameters ranging about 100 nm and length 1-2 um, which in a good
match with the formation of WO3; NNs on Si substrate via AACVD at 500°C'®". After
annealing these samples on various substrates at 500°C for 2 hours in air, no
significant microstructure change was found for those deposited on alumina and quartz
substrates; the NNs structures remains the same. However, the morphology of WO;
AA thin film on glass was totally different to the as-deposited WOs.x before annealing.
Only trace amount of NNs can be found on the substrate. Most of the NNs coalesced
into large sheets/plates and stacked together. This might proves the formation of
triclinic phase of Na,W40O13 and hexagonal phase of WO3 from the analysis of XRD
pattern of WO3; AA on glass which mentioned before and matches well with plate-like
crystal of Na;W4O13 reported by SunHyung Lee'®2. The migration of the sodium ion
from the surface of the glass substrate entered into the unit cell of WO3 at high

temperature during the annealing process (e.g., 500 °C).
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Figure 3.5 SEM images of as-deposited WO3.x and WOz AA thin films on various substrates
(a) WOsxon glass, (b) WO3 AA on glass, (c) WOsxon alumina, (d) WOs AA on alumina, (e)

WOs.xon quartz and (f) WO3 AA on quartz

3.3.1.4 X-ray photoelectron spectroscopy (XPS) analysis

The elemental electronic state and the elemental composition of as-deposited WO3.«
and annealed WOs thin films on glass, quartz and alumina substrates were conducted
through XPS analysis. The examination of W 4f core-level spectra of all samples were
shown below. The three spectra on the left are the as-deposited WO3« samples on
glass (a), quartz (c) and alumina (e) and the corresponding WO3 AA samples on the
right. Analysis of W 4f core-level spectra of the as-deposited WOs.« films revealed the
presence of two 4f doublets of W, indicating of existence of two valence state. The
main peaks (in red) located at 35.5 and 37.6 eV in Figure 3.6 (a) and the peaks (in red)
located at 35.8 and 37.9 eV in Figure 3.8 (c) and (e) correspond to W 4f7, and W 4f5,
peaks of stoichiometric WO3, respectively. The relatively lower binding energy peaks
(in blue) observed at 33.9 and 36.4 eV in Figure 3.8 (a) and the peaks (in blue) 34.8
and 36.9 eV in Figure 3.6 (c) and (e) can be assigned to W 4f7, and W 4fs;» peaks of
sub-stoichiometric WOs., respectively, and their values are in good agreement with
those found in literature for stoichiometric WOz and sub-stoichiometric WOs... After
annealing at 500 °C in air for 2 hours, only one more pronounced and less overlapping
4f doublet of W was found for each W 4f core-level spectra on right and no shifts in the

peak binding energies were observed. Two peaks (in red) at 35.3 and 37.5 eV in Figure
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3.6 (b) and two peaks (in red) at 35.7 and 37.8 eV in Figure 3.6 (d) and (e) can be
assigned to W 4f7, and W 4fs, peaks of W¢*, indicating the presence of stoichiometric
WOs films on all substrates after the annealing process. While for glass substrate, as
compared to the literature??, the binding energy of W 4f7, is approximately at 35.2 eV,

which indicates the presence of WOs.
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Figure 3.6 XPS W 4f core-level spectra (a) as-deposited WOz3.x on glass, (b) WOs AA on
glass, (c) as-deposited WOs.x on quartz, (d) WO3 AA on quartz, (e) as-deposited WO3« on

alumina and (f) WO3 AA on alumina
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As shown in Figure 3.7 below, XPS spectra of O1s for as-deposited WOs3« on glass,
quartz and alumina has been compared with the O 1s spectra for corresponding
samples after annealing, no additional oxygen peaks were found for the as-deposited
samples. For all samples, wider peaks have been seen for the as-deposited samples
due to the shoulder on the high energy side by using a single Gaussian peak and

peaks tend to move to lower binding energy after annealing.
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Figure 3.7 XPS O 1s core-level spectra (a) as-deposited WO3-x on glass, (b) WO3 AA on
glass, (c) as-deposited WO3-x on quartz, (d) WO3 AA on quartz, (e) as-deposited WO3-x on
alumina and (f) WO3 AA on alumina

3.3.2 Characterization of WO3 sensor
3.3.2.1 Initial depositions analysis

Figure 3.8 shows an example of the blank alumina sensor, as-deposited WOs.x and
WO; after annealing on alumina sensor. As shown in the picture, the blank alumina

sensor (left) is consisted of gold electrodes along with a resistive platinum heater on
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the alumina substrate. The as-deposited WO3.« sensor (mid) with an evenly coverage
of dark blue thin film indicates the formation of sub-stoichiometric WOs. After
annealing at 500°C for 2 hours in air, pale white-yellow thin film coated sensor(right)
was obtained, revealing the fully oxidation occurred and formation of stoichiometric
WOs. This colour transformation is in good agreement to the deposition of tungsten

oxide on various substrates at the beginning.

09N

Figure 3.8 Samples of 2 mm x 2mm blank alumina sensor (left), as-deposited WOs on
alumina sensor(mid) and WO3 AA on alumina sensor(right)

3.3.2.2 XRD of sensor before annealing and after annealing and blank sensor

The XRD pattern of a plain alumina sensor platform without any deposition was shown
in Figure 3.9, which can be recognized as a combination of two materials obviously,
corresponding to alumina and gold. Specifically, the diffraction peaks 25.6°, 35.2°,
37.8°, 43.4°, 52.6°, 57.5°, 66.5° and 68.2° are attributed to (012), (104), (110), (113),
(024), (116), (214) and (300) reflections, which are in good agreement with the
standard reference pattern of hexagonal alumina (PDF#82-1467,a=4.76 A, b = 4.76
A, c=13.0A a=90.0°, B =90.0° and y = 120.0°). Rest of the peaks highlighted at
38.3° 44.6° and 64.7° can be indexed to (111), (200) and (220) reflections and are in
excellent match with the reference pattern of cubic gold (PDF#01-1174, a=4.06 A, b
=4.06 A, c =4.06 A, a=90.0°, B =90.0° and y = 90.0°). Alumina is the base of the

sensor platform and gold comes from the electrodes.
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Figure 3.9 XRD patterns of plain alumina sensor with reference pattern of Al203 (PDF#82-
1467) and Au (PDF#01-1174)

The XRD patterns of as-deposited WO3;x and WO3 AA on alumina sensor were put
together in Figure 3.10 for a comparison. Ignoring the peaks attributed by Al,Os; and
Au, the pattern of as-deposited WOs.« exhibiting reflections in the (010) and (020) at
23.5° and 48.1° 206 was identical to the XRD patterns of WOs3« deposited on the
glass/quartz and alumina substrates shown in Figure 3.1, indicating the formation of
monoclinic phase structure of sub-stoichiometric WO3zx before annealing. The
diffraction peaks of WO3 AA matched monoclinic WO; (PDF#72-0677,a=7.31 A b =
754 A c=769A a=90.0° B=90.9°andy=90.0 °). The strong peak at 23.1° and
two relative weak peaks at 23.6° and 24.4° were attributed to (002), (020) and (200)
reflections, showing the preferred orientation along the (002) direction. This is matched
with the preferred orientation (002) when WO3 deposited on the alumina substrate after

annealing, shown in Figure 3.3.
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Figure 3.10 XRD patterns of as-deposited WO3 before annealing and WO3 after annealing at
500 °C in air for 2 h on alumina sensor with reference pattern of WO3 (PDF#72-0677)

3.3.2.3 SEM of bare sensor, as-deposited WO;.« on sensor and WO; AA on sensor

The surface morphology of the bare sensor, as-deposited WOz« and WO3 AA thin films
on sensor were examined by SEM and shown in Figure 3.11. The SEM images shown
in Figure 3.11 (a) low and (b) high magnification of bare sensor revealed that the sensor
is consist of gold electrodes and alumina-based substrate. The surface morphology of
as-deposited WOs. thin film on sensor were examined and shown in Figure 3.11 (c)
and (d), indicating the formation of a thick layer of nonaligned NNs, which evenly
distributed over the gold electrode area. Figure 3.11 (e) and (f) show the surface
morphology of WOs thin film on sensor after annealing at 500 °C in air for 2 h. From
the SEM images, the sharp heads of the nanoneedle structures disappeared and long
nanoneedles tend to break into short pieces. This transformation is identical to the WO3

NNs formed on the alumina substrate shown in Figure 3.5 (c) and (d).
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Figure 3.11 SEM images of (a) bare alumina sensor at low magnification, (b) at high
magnification, (c) as-deposited WOs.x on alumina sensor at low magnification, (d) at high
magnification, (e) WOs AA on alumina sensor at low magnification and (f) at high
magnification

3.3.2.4 XPS analysis of as-deposited WOs.x and WO3 AA on alumina sensor

Figure 3.12 displays the XPS W 4f core-level spectra recorded from the as-deposited
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WOsx and WO3 AA films on alumina sensor platform. After fitting the spectra for as-
deposited WOs.« shown in Figure 3.13 (a), two doublets of W 4f were obtained. The
more intense one, with components centred at 35.7 and 37.8 eV, are associated with
W 4f7, and W 4fs, for W8* oxidation state, respectively, referring to the existence of
stoichiometric WO3. The low-intensity one at 34.7 and 36.9 eV can be assigned to W
4f7, and W 4fsp,, indicating the presence of the sub-stoichiometric WOzx. The W 4f
spectra of WO3 AA film on sensor shown in Figure 3.12 (b) reveals only two intense
peaks at 35.4 and 37.5 eV, is correspond to W 4f7, and W 4fs, for W®* oxidation states,
indicating the presence of only stoichiometric WOs. By comparing the W 4f core
spectra between WO; deposited on alumina and sensor substrate, no shift was found,

indicating the consistency of formation of stoichiometric WOs.
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Figure 3.12 XPS W 4f core-level spectra of (a) as-deposited WOs.x and (b) WO3 AA on
alumina sensor platform.

3.3.2.5 TEM of as-deposited WO; and WO3; AA on sensor

Further characterization of the as-deposited WO3.« and WO3; AA thin films on sensors,
such as the length and diameter of the WOsx/ WO3 NNs has been examined by
HRTEM, as shown in Figure 3.13. Sensor samples were sonicated in methanol and
the debris was collected on the copper gird for analysing. In Figure 3.13 (a), the WOs.
x NN shows an increasing of diameter from 20 to 110 nm and with a length of 2.14 um
along the growth direction (bottom to top) which is perpendicular to the substrate. The
square-enclosed area Figure 3.13 (b) revealed the d-spacing of 0.362 nm, which can

be attributed to the (010) planes of monoclinic WOs., indicating the growth direction of
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WOs3x NNs was along [010] direction. The NNs structure was almost maintained the
same after annealing at 500 °C in air for 2 hours which shown in Figure 3.14 (d). The
sharp head disappeared, and the surface became slightly coarser and rough. The
square-enclosed area Figure 3.13 (e) revealed the d-spacing of 0.378 nm, which can
be attributed to the (002) planes of monoclinic WO3; (PDF#72-0677), indicating the
growth direction of WO3 NNs was along [002] direction. After comparing the two d-
spacing values, it may suggest that lattice parameters influenced and increased due

to the oxidization of WOs.xto WO3 during annealing process.

0.11 pm

Figure 3.13 HRTEM images of (a) as-deposited WOs.x with a length of 2.14 um, (b) high
magnification of selected section of as-deposited WOs.x, (c) a cluster of as-deposited WOs«
NNs, (d) annealed WOs NNs, (e) high magnification of selected section of annealed WO3 NNs
and (f) a cluster of annealed WO3 NNs
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3.4 Conclusion

Under the premise of optimized deposition temperature (375 °C), solvent ratio (2:1
acetone: methanol) and flow rate (300 sccm) conditions for the formation of WO3; NNs
thin films via AACVD explored by our research group previously, the influence of
various substrates including glass, quartz and alumina on the morphology of WO3; has
been further studied. No obvious change was observed among the three as-deposited
WOs thin films on various substrates, which all show similar characterization results
based on XRD and XPS. And SEM images show the successfully formation of sharp-
end as-deposited WO3.x NNs structures with diameters ranging about 100 nm and
length ~ 1 to 2 ym before annealing process. After annealing at 500 °C for 2 hours in
air, dark blue WOs;. thin films on various substrates all turned into pale white-yellow in
colour, combine with the analysis from XRD, XPS and TEM indicating the only
presence of oxidised stoichiometric WO3;. The annealing temperature of 500 °C is
much higher than the operating gas sensing temperature, which ensures the stability
of the WO3 sensors in the gas sensing test. No significant microstructure change was
found for WO3 deposited on alumina and quartz substrates before and after the
annealing process. For tungsten oxide deposited on glass substrate, most of the NNs
coalesced into large sheets/plates and stacked together, indicating the formation of
triclinic phase of Na,W4O13 and hexagonal phase of WO3, based on the analysis of
XRD, which can be attributed to the migration of the sodium ion from the surface of the
glass substrate entered into the unit cell of WO3 at high temperature (500 °C) during

the annealing process.

WO3 NNs thin film was also successfully grown onto sensor arrays printed on alumina
substrate via AACVD at an optimal deposition temperature (375 °C). The XRD pattern
indicates the formation of monoclinic phase of WO3 after annealing, which matches
well with the reference. XPS reveals the presence of fully oxidised stoichiometric WO3
after annealing process as well. The microstructural transformation is identical to the

nanostructure of the WO3 NNs deposited on the substrates examined before (quartz
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and alumina). Structural, composition and morphological analysis for both as-
deposited and annealed WO3; sensors were well examined and revealed that this

method is effective for growing WO3; NNs using a single-source precursor W(CO)s.
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Chapter 4 Nanostructured Silver
Decorated Tungsten Oxide Thin Films
and Sensors Using Silver Nitrate
Precursor: Synthesis and

Characterization

4.1 Introduction

WO3 nanoneedles (NNs) decorated with various noble metal nanoparticles (NPs) have
been widely investigated and developed in many applications, especially the gas
sensing area®'82193-1%  Gtydies have shown that the addition of noble metal
nanoparticles to the surface not only improves the sensitivity and stability of the sensor,
but also improves the selectivity of the gas sensor'®. It has been demonstrated that
AACVD is a flexible technique that facilitates the implementation and functionalization
of WO3 NNs with many different noble metal or metal oxide NPs (Au, Pt, Ni, PdO, Cu0
and etc.)®2191:194.1% Byt to our knowledge, very little research is devoted to the Ag NPs
modified WO3 in gas sensing application. Most recently, Navarrete et al. reported a
two-step synthesis method for the fabrication of Ag.O doped WO3 via AACVD toward

H>S and H gas sensing™**.

In this chapter, silver nitrate (AgNO3) precursor is used as raw material to investigate
the feasibility of modification of WO3; NNs with Ag NPs via AACVD. After a series of
optimization experiments by adjusting deposition temperature, flow rate of carrier gas
N2 and the precursor dosage, Ag@WOs thin films were obtained and their physical
characterization examined through XRD, XPS, SEM and TEM.
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4.2 Experimental

Silver nitrate (AgNO3) (=99.0%) and tungsten hexacarbonyl [W(CO)e] (=97.0%) were
purchased from Scientific Laboratory Supplies and Sigma-Aldrich Chemical corp.,
respectively and used without any purification. Reagents including acetone and

methanol were purchased from Sigma-Aldrich Chemical corp. and used directly.

4.2.1 Preparation of Ag thin films

Ag thin films were deposited on glass substrates (2.5 cm x 5.5 cm) by AACVD. AgNOs
(0.06 g, 0.35 mmol) was dissolved in a mixed solution of 10 mL acetone and 5 mL
methanol. Aerosol was generated from the precursor solution and transported to the
preheated reaction chamber at 350 °C with a flow of N2 at 300 sccm initially. The film
was cooled down to room temperature under a flow of N2 once the reaction was
finished (~30 mins). A series of experiments with various deposition temperatures were
conducted on glass substrate to identify optimal temperature for the deposition of Ag

thin films on glass substrate (Table 4.1).

Table 4.1 Reaction conditions of AQNOs deposited on glass substrate

Exp. No. AgNO3/ g Temperature/ °C | Flow rate/ sccm Substrate
1 0.06 150 300 glass
2 0.06 200 300 glass
3 0.06 250 300 glass
4 0.06 300 300 glass
5 0.06 350 300 glass

4.2.2 Preparation of Ag@WOs thin films on glass substrates

Ag@WO:s thin film on glass substrate (2.5 cm x 2.5 cm) were fabricated via AACVD in
two steps. The first step was the preparation of annealed WOs; thin film on glass

substrate, which is described in Chapter 3.2.1. The second step was the decoration of
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Ag nanoparticles onto the annealed WOs thin films. Initially, AQNO3 (0.06 g, 0.35 mmol)
was dissolved in a mixed solution of 10 mL acetone and 5 mL methanol. The deposition
was conducted at 200 °C with a flow of N2 at 300 sccm. Once all the precursor solution
was consumed, the film was allowed to cool down under N2 atmosphere till it reached
room temperature. After then, a series of experiments were carried out with various
amount of the AgNOs precursor used, and varying deposition temperature and flow
rate of carrier gas, to investigate how these parameters would affect the deposition of
the Ag nanoparticles decorated on WO3 AA on glass substrate. The details of the
deposition conditions are shown in Table 4.2 below. Initially, experiments 7, 8 and 9
were conducted to figure out the optimal deposition temperature for the deposition of
Ag on WO3 AA. Experiments 9, 10 and 11 were carried out to study how various
amounts of AgNOs precursor affected the Ag-loadings on WO3; AA samples. Finally,
experiments 9,12 and 13 were used to investigate how flow rate of carrier gas nitrogen

would influence the deposition coverage of Ag NPs onto the WO3; AA thin film substrate.

Table 4.2 Reaction conditions of Ag@WOs3 AA on glass substrate

Exp. No. AgNO3/ g Temperature/ °C Flow rate/ sccm Substrate
7 0.06 200 300 WO3 AA on glass
8 0.06 225 300 WO3 AA on glass
9 0.06 250 WO3 AA on glass
10 0.03 250 300 WO3 AA on glass
11 0.09 250 300 WO3 AA on glass
12 0.06 250 WO3 AA on glass
13 0.06 250 WO3 AA on glass

4.2.3 Preparation of Ag@WOs thin films on sensors

Ag@WOs sensors were fabricated by the same procedure mentioned in chapter 4.2.2
via a two-step AACVD technique, except that the glass substrate was substituted by

an alumina-based gas sensor platform (2 mm x 2 mm). In the first stage, as-deposited
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WOs3 thin films were deposited on sensors followed by annealing at 500 °C for 2 hr
(described in Chapter 3.2.2). In the second step, silver nanoparticles were
incorporated to the WOj; thin films by dissolving 0.09 g of AGNO3 in a mixed solution of
10 mL acetone and 5 mL methanol. The generated aerosol from the precursor solution
was deposited at 250 °C and flow of N2 at 300 sccm. The deposition conditions for the

preparation of Ag@WOs3 sensor is detailed in the Table 4.3 below.

Table 4.3 Reaction conditions of formation of Ag@WOs on alumina sensor

Exp. No. AgNO3/ g Temperature/ °C Flow rate/ sccm Substrate

WO3; AAon

alumina sensor

0.09 250 300

4.3 Results and discussions (AgNO3)
4.3.1 Characterization of Ag thin films
4.3.1.1 Initial deposition

Attempts were made to synthesise Ag thin films on glass substrates (2.5 cm x 5.5 cm)
with 0.06 g AgNOs via AACVD at different deposition temperatures, range from 150 to
350 °C, with an interval of 50 °C and a constant flow of N2 at 300 sccm. The as-
deposited thin films obtained appeared as a pale-white or almost transparent film

deposited on the glass surface.

4.3.1.2 XRD analysis

The XRD pattern of the as-deposited Ag thin film on glass substrate at 150 °C, shown
in Figure 4.1 is distinct to the XRD patterns of AgNO3 deposited at other temperatures.
It showed the presence peaks associated with hexagonal phase AgNO3z (PDF#70-0198,
R3c space group, a=5.16 A, b=5.16 A, c=16.58 A, anda=8 =90 °, y = 120 °),

which was in excellent agreement with those given in the standard data'®’. This may
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be due to that AQNO3 aerosol droplets were directly transported through the reactor
and deposited onto the glass substrate by evaporation without any decomposition at

150 °C.
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Figure 4.1 XRD patterns of as-deposited Ag thin film on glass substrate by using 0.06g
AgNOs in a 2 :1 mixture of acetone and methanol, at 150 °C and a constant flow of N2 at 300
sccm, as compared to standard pattern of AQNO3 (PDF#70-0198).
[corresponding to Exp. No. 1]

The XRD patterns of as-deposited Ag thin films on glass substrates at various
deposition temperatures ranging from 200 to 350 °C were recorded and are shown in
Figure 4.2. For all XRD samples, the same position was chosen on various samples
to be analysed. The patterns exhibit reflections in the (111), (200) and (220) planes at
38.12 °, 44.30 ° and 64.45 ° 26 respectively, indicating the presence of silver metal,
which matched well with those given in the standard data (PDF#87-0718, Fm-3m (225)
space group, a =b =c¢ =4.0773 A; a = B = y = 90 °). The most intense peak at 28
38.12° was recorded when the deposition temperature was set to 200 °C and the
intensity gradually decreased as the temperature increased up to 350 °C. Therefore,
the optimal deposition temperature for deposition of Ag from the AgNOs precursor was

inferred to be between 200 and 250 °C. At higher temperature such as 300 or 350 °C,
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silver particles may form as powders with large particle size via homogeneous
reactions. Therefore, some portion of the inlet precursor is consumed by these powder-
forming reactions, t and these preformed powders are exhausted from the reaction
chamber with the nitrogen carrier gas, resulting in the decreasing intensity found in the

XRD patterns (andUV-Vis spectra — see below).
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Figure 4.2 XRD patterns of as-deposited Ag thin film on glass substrate by using 0.06g
AgNOs in a 2 :1 mixture of acetone and methanol, at 200, 250, 300 and 350 °C and a
constant flow of N2 at 300 sccm, as compared to standard pattern of metal Ag (PDF#87-
0718).

[corresponding to Exp. No. 2,3,4 and 5]

4.3.1.3 UV-Vis analysis

The films on glass substrates deposited at various temperatures in the range from 200
to 300 °C were analysed by UV-Vis transmission spectrometry. Both the front part and
back part of the Ag thin films (relative to the inlet and outlet of the reactor, respectively)
were examined, and data is shown in Figure 4.3. The peaks highlighted at Amax~560
nm were attributed to the presence Ag nanoparticles, which matched well with the

value for the surface plasmon resonance (SPR) of Ag nanoparticles with size about 50
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nm'%. The structure of the SPR peak is related to the size/shape of the Ag
nanoparticles, therefore the broad peak observed in the UV-vis spectrum in the range
from 400 to 600 nm might indicate a wide distribution of Ag nanoparticle sizes (i.e. 2 to
100 nm)'®°. Meanwhile, the front part of thin films at both 200 and 250 °C gave the
highest intensity peaks, indicating that more Ag particles were deposited close to the
inlet of the reactor. The lack of a peak at 650 nm, which is the expected absorbance
for Ag20, indicates that no significant Ag.O was formed?®. Therefore, the optimal
deposition temperature for deposition of Ag from AgNOs as determined by UV-vis was
inferred to be between 200 and 250 °C, which is identical to the result obtained from

XRD.
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Figure 4.3 UV-Vis absorption spectra of as-deposited Ag thin film on glass substrate by using
0.06g AgNOs in a 2 :1 mixture of acetone and methanol, at 200, 250 and 300 °C and a
constant flow of N2 at 300 sccm

4.3.1.4 SEM analysis

Figure 4.4 is the SEM image of as-deposited Ag thin films on glass substrate using

0.06 g AgNO3 at different magnifications. Two different structures were observed; at
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low magnification shown in (a) and (b), a large number of small clusters were
distributed on the surface, whilst at high magnifications (c), nanoparticles were found
to be uniformly distributed around the large crystals, with the diameter of the
nanoparticles decreasing with increasing distance from the central crystal. It was
thought the large crystals might be attributed to the formation of NaNOs, consistent
with the data from the XPS survey spectrum (Figure 4.6), and with similar structures
observed on samples identified as NaNOs after treating glass substrates with Al (NO3)3
in a separate study, done by a MSc student, M. Prow. in our group. In Figure 4.4 (d),
the diameters of the smaller, presumed Ag nanoparticles, range from 10 to 100 nm and

were randomly deposited on the glass surface.

lpm  UCLChem ) 100nm UCLChem
SEM WD 8.3mm 1 E X 45,0 0 v S| SEM

Figure 4.4 SEM images of as-deposited Ag thin film on glass substrate by using 0.06g AgNOs
in a 2 :1 mixture of acetone and methanol, at 250 °C and a constant flow of N2 at 300 sccm
under different magnifications (a) 1000, (b) 5000, (c) 10000 and (d) 45000
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4.3.1.5 XPS analysis

In the XPS Ag 3d core level spectra shown in Figure 4.5, two peaks were observed at
367.9 and 373.9 eV, corresponding to the binding energy of Ag 3ds» and Ag 3ds;» with
AE =6¢eV, respectively, indicating the presence of Ag in +1 oxidation state®°'.
Meanwhile, the noisy background and low counts of Ag peaks indicated the relatively
low amount of the Ag-O NPs deposited on glass substrate. No obvious Ag peaks were
found in XPS spectra for deposition temperatures above 250 °C despite weak peaks

for Ag metal being observed in XRD at these temperatures.
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Figure 4.5 XPS Ag 3d core-level spectra of as-deposited Ag thin film on glass substrate by

using 0.06g AgNOs in a 2 :1 mixture of acetone and methanol, at 250 °C and a constant flow
of N2 at 300 sccm

Figure 4.6 shows the XPS survey spectra of as-deposited Ag on glass and the plain
glass. After comparison, there is an identifiable nitrogen peak at 408 .1 eV presented
in the Ag loaded samples, whilst it is absent on plain glass. Since no evidence of ANO3
peaks is found at 250 °C in the XRD pattern shown in Figure 4.2, it may indicate the

formation of NaNOs, where Na is commonly seen in glass.
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Figure 4.6 XPS survey spectra of as-deposited Ag thin film on glass by using AgNO3 0.06g at
250 °C and a flow of N2 at 300 sccm and plain glass.

The spherical structures shown in Figure 4.5d under high magnification were
demonstrated as Ag nanoparticles, by the EDS spectra shown Figure 4.7 below. The

presence of O, Na and Si peaks were attributed to the presence of SiO2 and NazO in

the glass substrate.

Spectrum 9

huag poruds. |

Figure 4.7 SEM-EDS spectrum of spherical structures of Ag nanoparticles deposited on glass
substrate with 0.06g AgNO3 at 250 °C and flow rate of N2 at 300 sccm
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4.3.2 Characterization of Ag@WOs thin films on glass substrates

4.3.1.1 Initial deposition

Ag@WOs thin films on glass substrates was successfully fabricated via AACVD in a
two-step process. The first step was the preparation of the annealed WQOj3 thin film on
glass substrates (described in Chapter 3.2). Subsequently, silver was then deposited
on the annealed WO3; substrates by using AgQNOs3; as precursor in a mixed solution of
acetone and methanol. Pale purple colour was observed on the Ag@WOs3 substrates,
which indicating the deposition of Ag metal with the colour arising from the metal

surface plasmon resonance (SPR).
4.3.1.2 XRD analysis

The XRD patterns of as-deposited Ag@WOs thin film on glass substrate at 200, 225
and 250 °C were recorded and are displayed in Figure 4.8 for comparison. The peaks
indicated that Na,W40O13 was obtained after annealing, matching with the standard
pattern of triclinic phase of sodium tungsten oxide (PDF#27-1425, P-1(2), a=8.255 A,
b= 8.425 A, c= 3.894 A, a = 103.10 °, B= 90.60 °, y = 95.99 °). This is commonly
observed when annealing WO3 nanorod samples on glass substrates. However, no

peaks were observed for Ag metal, as seen when depositing on glass substrates alone.
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Figure 4.8 XRD patterns of Ag@WO:s thin film on glass substrate by using 0.06g AgNOs in a
2 1 mixture of acetone and methanol, at 200, 225 and 250 °C and a constant flow of Nz at
300 sccm, as compared to standard pattern of Na2W4013 (PDF#70-2022) and metal Ag
(PDF#87-0718)

[corresponding to Exp. No. 7, 8 and 9, respectively]

The amount of AQNOs precursor used and the flow rate of the carrier gas N2> was altered
being 0.03 and 0.09 g and 200 and 400 sccm respectively, whilst keeping the other
parameters the same. Similar XRD patterns were obtained with no obvious presence
of silver peaks (Figure 4.9). This could be due to the relatively low amount of Ag present
or the small size of the Ag nanoparticles, particularly given the background from the

crystalline Na;W4O13 in the diffraction pattern.
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Figure 4.9 XRD patterns of as-deposited Ag@WOs3 thin film on glass substrate with various
initial amount of AgNOs (0.03 and 0.09 g with 300 sccm of N2) and different flow rate of N2
(200 and 400 sccm with 0.06 g of AgNO3) at 250 °C2
[corresponding to Exp. No. 10,11,12 and 13, respectively]

4.3.1.3 XPS analysis

Figure 4.10 displays the XPS 3d Ag core level spectra recorded from as-deposited Ag
thin film on plain glass substrate and Ag@WOs thin films on glass substrate. In Figure
4.10a, when deposited on the plain glass substrate, the two intense peaks centred at
binding energy of 373.9 and 367.9 eV were previously assigned as the Ag 3ds, and
Ag 3ds; peaks respectively, indicating the presence of silver metals (Ag®) in agreement
with values given in literature®2. In Figure 4.10b, when deposited on the annealed WO3
substrate, the two intense peaks were slightly shifted by ~ 0.3 eV to 373.6 and 367.6
eV for the Ag 3d 32 and the Ag 3d 52 respectively. Such a shift to lower binding energy
may indicate the formation of some silver oxide (Ag-0) species?** 2?7, or could be due
to the electronic interaction (Schottky Junction) formed between Ag and WOs;,
indicating electron transfer is from Ag to WOs3. What’s more, the lack of loss feature/any
satellite peak in Ag 3d spectra also indicate the presence of Ag in ionic form. The wt.%

ratio of Ag:W is 3.6%:96.4%, calculated from at% ratio of Ag:W(6.07%:93.93%). In the
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XPS spectrum of the O 1s region, Figure 4.10 (c), the dominant peak is at a binding
energy of 530.0 eV, indicating that most O% existed in the form of WO3; NNs rather than
the in Ag20, in which the binding energy is expected to be located around 528.8-529.2
eV2%3, However, this might be expected for a relatively low amount of Ag compared to
a larger amount of W. By comparing Figure 4.10 (d) and (e), it was found that with the
addition of Ag NPs, sub-stoichiometric WOs.x was generated and this could happen

due to the formation of Ag-O via Ag NPs extracting the oxygen species from the WOs.
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Figure 4.10 XPS Ag 3d core level spectra of as-deposited (a) Ag thin film on glass substrate,
(b) Ag@WOs on glass substrate by using 0.06 g AgNOs in a 2 :1 mixture of acetone and
methanol, at 250 °C and a constant flow of N2 at 300 sccm, (c) O 1s core level spectra of as-
deposited Ag@WOs3 on glass substrate, (d) W 4f spectra of WO3 AA on glass substrate and

(e) W 4f spectra of as-deposited Ag@WOs AA on glass substrate
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4.3.1.4 SEM analysis

SEM image of as-deposited Ag@WOs on glass substrate, shown in Figure 4.11 shows
evenly distributed nanoparticles on a thick film of WO3 nanorods, with a large number
of nanoparticles found when the deposition temperature was set at 250 °C. As
compared to SEM image of as-deposited Ag thin film on a plain glass substrate shown
in Figure 4.5, large cubic crystals appearing on the glass substrate were not found.
The transformation of microstructure of the Ag@WO3 AA on glass substrate is identical
to plain WO3 AA on glass substrate. The formation of nanoplate/ nanorod structures

might be attributed to the formation of sodium tungsten oxide and hexagonal phase.
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Figure 4.11 SEM images of as-deposited Ag@WO:s thin film on glass substrate by using
0.06g AgNOs in a 2 :1 mixture of acetone and methanol, at 250 °C and a constant flow of N2
at 300 sccm under different magnifications (a and b) 30000, (c) 50000 and (d) 70000.
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The EDS mapping (Figure 4.12) shown below illustrated the distribution of the O, Ag
and W elements in the chosen SEM graph. A large number of silver nanoparticles were

found evenly distributed on the WO3; nanorods, matching with the SEM images.

4um

dpm apm

Figure 4.12 SEM-EDS mapping of as-deposited Ag@WOs on glass substrate by using 0.03g
AgNOs at 250 °C and a flow of N2 at 300 sccm

The Na peak shown in the EDS spectra (Figure 4.13) was attributed to the presence
of Naions in the glass substrate and the Au peak is due to the Au-coating process. The
final elemental analysis report of this spectrum is shown in Table 4.4 below. The wt%

of Ag/W is 14%: 86%, in which the Ag wt% is higher than that calculated by XPS.
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Figure 4.13 EDS spectra of as-deposited Ag@WOs on glass substrate by using 0.03g AgNOs
at 250 °C and a flow of N2 at 300 sccm

Table 4.4 Elemental analysis of SEM-EDS spectrum of Ag decorated WO3 substrate
Element O Na Ag w Au Total

wt% 15.14 2.11 9.68 58.85 14.22 100

4.3.3 Characterization of Ag@WOs thin films on sensors

4.3.1.1 Initial deposition

An Ag@WOs3 alumina-based gas sensor was attempted to be fabricated via AACVD in
a two-step process using optimal conditions determined by deposition of WO3 and Ag
thin films on glass substrates. The first step was the preparation of the WOj3 thin film
alumina-based sensor platform, in which a pale-yellow thin film was observed on the
sensor platform after annealing at 500 °C for 2 hr. In the subsequent step, after
depositing AgNO3 (0.09 g) at 250 °C and a flow of N2 at 300 sccm, the as-deposited
Ag@WO3 was obtained which had no significant difference in appearance compared

to the undecorated WO3 sensor.
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4.3.1.2 XRD analysis

The XRD patterns of as-deposited undecorated-WO3; and Ag@WO3; on alumina
sensors were recorded and shown in Figure 4.14 The presence of peaks associated
with monoclinic phase of WO3; with strong orientation in the (002) directions, matched
well with the standard pattern (PDF#72-0677,a=7.31 A, b =754 A, c=769 A a=
90.0°,8=90.9°and y=90.0 °). No peaks for Na;W4O13 were observed after annealing
on alumina due to the lack of sodium ions in the substrate. No peaks for silver were
observed for the decorated Ag@WO3; samples, possibly due to the relatively low
amount Ag present small size of the Ag particles. No shift in WO3 peak position were
observed as compared between the undecorated- and decorated-WO3; sensors, which
revealed that there was no change of the monoclinic crystal structure of WO3 during

the addition of Ag metal.
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Figure 4.14 XRD patterns of as-deposited WO3 and Ag@WOs deposited on alumina gas
sensor with 0.09g AgNOs at 250 °C and a flow of N2 at 300 sccm
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4.3.1.3 XPS analysis

Detailed information on the elemental composition of the as-deposited Ag@WO3
sensor was obtained by XPS. Analysis of W4f core level spectra of decorated-WOs3
sample appeared identical to the undecorated-WO3; sample. As shown in Figure 4.15a,
the core level spectra of W 4f showed the presence of two intense peaks at 37.6 and
35.5 eV associated with the WA4fs, and W47, doublets respectively, which are similar
with the reference binding energies for stoichiometric WO3 with the oxidation state of
W6*204 The XPS of Ag 3d core level spectra (Figure 4.15b) showed the presence of
two peaks centred at 373.5 and 367.5 eV associated with the Ag 3ds, and Ag 3ds
respectively. The peak of Ag 3ds,. shifts to lower binding energy, corresponding to the

presence of metallic Ag° metal.
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Figure 4.15 XPS core level spectra of as-deposited Ag@WOs on alumina sensor (a) W 4f
and (b) Ag 3d

4.3.1.4 SEM analysis

An SEM image of an as-deposited Ag@WOs3 on alumina sensor sample is shown in
Figure 4.16. Similar to the SEM image of Ag@WO3 on glass substrates shown in
Figure 4.11, a large amount of Ag nanoparticles was found evenly distributed over the
surface of WO3 nanorods. The diameter of WO3 nanorods is in range of 300 to 700 nm
(Figure 4.16a) and the diameter of Ag nanoparticles is in range of 17 to 33 nm (in
Figure 4.16d). However, this morphology of Ag decorated WO3 sensor is completely

different to the undecorated WOs3; sensor, which shown in Figure 3.11f. A small amount
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of relatively thick rod-shaped WO3; was formed after AQNO3 deposition instead of the
large amount of the nanoneedle-structured WO3 present prior to Ag decoration. Such
morphology change to WO3; nanoneedle structures was also observed in Figure 4.11,

attributing to the addition of AGQNO3

100nm UCLChem

SEM WD 8. Zum

Figure 4.16 SEM images of (a) as-deposited WOs thin film on alumina sensor substrate, as-
deposited Ag@WOs thin film on glass substrate by using 0.06g AgNOs in a 2 :1 mixture of
acetone and methanol, at 250 °C and a constant flow of N2 at 300 sccm under different
magnifications (b) 5000, (c)20000 and (d) 200000

4.3.1.5 TEM analysis

Further information about of structure of as-deposited Ag@WO3 on alumina sensor
was obtained by TEM, which is shown in Figure 4.17. The WO3; NNs surface is
homogeneously covered with well-dispersed Ag NPs, similar with the ones seen for Au
and Pd functionalized WO3; NNs8'82. The diameter of Ag NPs is between 8 and 20 nm.
The diameter of WO3 nanoneedles is in range of 20 to 50 nm. Cubic Ag with (111)
crystal planes (d=0.238 nm) can be observed from the fringe image shown in Figure

4.17b. Here, Ag20 (d=0.274 nm) was also observed alongside Ag metal. The combined
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XPS and TEM suggest that the particles observed are an Ag/Ag.0 clusters (e.g., an

Ag core where air-exposed faces are oxidised to Ag>0) on the Ag@WO3 on sensor.

0. 238 nm
Ag (11D

Figure 4.17 TEM image of (a) as-deposited Ag@WOs thin film on sensor by using 0.09 g
AgNOs in a 2 :1 mixture of acetone and methanol, at 250 °C and a constant flow of N2 at 300
sccm and (b) HR-TEM of Ag@WOs sample

The identification of the components of nanoparticles was further proved by Energy-
dispersive X-ray spectroscopy (EDS), which is shown in Figure 4.18. The Ag peak
demonstrated the observed NPs were composed of Ag (the presence of copper peak

is due to the copper TEM grid used).

Figure 4.18 HR-TEM EDS spectrum of Ag@WO3 on sensor regarding to Figure 4.17a
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4.4 Conclusion

In this chapter the synthesis of Ag NPs decorated WO3 NNs has been reported via
AACVD using AgNO; as the silver precursor. The effect of various deposition
temperatures, in the range of 150 to 350 °C, was first investigated on glass substrate.
The influences of flow rate of carrier gas N2 and amount of the AgNOs precursor used
were further studied on WOs3 AA thin films which pre-deposited on glass substrate.
Finally, Ag@WO3 alumina-based sensor was synthesized using the optimal deposition

condition with 0.09 g AQNOs precursor used at 250 °C and a flow of N2 at 300 sccm.

Several material characterization techniques have been carried out to reveal the
success of depositing Ag NPs onto the glass substrate by using AgQNO; as a precursor.
XRD results shows no decomposition happened for AgNO3 under 150 °C. Both XRD
and UV-Vis revealed that optimal deposition temperature for Ag deposition is in arange
of 200 to 250 °C and more Ag NPs were found to be deposited close to the inlet of the
reaction chamber. XPS confirmed the presence of metallic Ag® only, without any
presence of silver oxides. SEM image shows the presence of large NaNOs crystals

surrounded by evenly distributed Ag nanoparticles with diameter less than 100 nm.

Subsequently, Ag@WOs thin film on glass substrate were successfully fabricated using
different amounts of AgNO3 precursor and different flow rate of carrier gas N>. XRD
patterns show no significant difference among all samples, which are all visually
identical to the undecorated WOs thin film. This might due to the small size and the
relatively low amount of Ag deposited on WOs thin films. Also, this could be attribute to
the formation of amorphous Ag.O. XPS shows a shift for Ag peaks to lower binding
energy, when Ag nanoparticle deposited on WOs3 thin films on sensor platforms,
indicating Ag® is oxidised to Ag'* with the formation of Ag.O or possibly due to the

electron exchange between Ag and WOs.

Finally, Ag NPs decorated WO3 NNs were successfully grown on an alumina sensor
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via a two-step synthesis by AACVD method. Similarly, no silver peaks were observed
in XRD pattern for the Ag@WOs3 thin film on sensors, which is the same result as the
Ag@WOs thin film on glass substrate due to the relatively low amount or small size of
Ag. XPS result demonstrates the presence of Ag metal, indicating the formation of Ag
NPs. SEM and TEM images show that Ag NPs were evenly distributed on the WO3
NNs.

114



Chapter 5 Silver Decorated Tungsten
Oxide Thin Films and Sensors Using
Organometallic Silver Metal
Precursors: Synthesis and

Characterization

5.1 Introduction

In this chapter, instead of using AgNOs as the silver precursor, three organometallic Ag
metal precursors, ‘Ag-EP’, ‘Ag-AP’ and ‘Ag-AMP’ were introduced and used for the
synthesis of Ag@WO3 thin films via AACVD. After optimizing the reaction conditions,
Ag NPs were successfully decorated and adhered on the WOs; NNs. Physical
characterizations, including XRD, UV-VIS, XPS, SEM and TEM were carried out further
to investigate the composition and morphology of the thin films and the diameter/size

of the Ag NPs was measured and counted.

Organometallic chemistry is the study of organometallic compounds, chemical
compounds containing at least one chemical bond between a carbon atom of an
organic molecule and a metal, including alkaline, alkaline earth, and transition metals.
Many organometallic compounds are air sensitive (reactive towards oxygen and
moisture), and thus they must be handled under an inert atmosphere. An advantage
of organometallic compounds, as compared with inorganic or organic compounds, is
that they are often more reactive, for instance in this study the organometallic Ag
precursors are easily decomposed at a relatively low temperature as compared with

inorganic AgNOs.
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Organometallic silver metal precursor complexes, including silver 2-aminoethanol (Ag-
EA), silver 1-aminopropan-2-ol (Ag-AP) and silver 2-methyl-2-aminopropan-1-ol (Ag-
AMP) were synthesized and supplied by Miss Bhide, Malavika and Mr. Ye Zhou from

Dr. Caroline E. Knapp’s research group (UCL), shown in the Figure 5.1 below.

OH 0
K,NHQ—"' Ag+e— HzN/\ )I‘o- (Ag-EA)
HO

OH 0
)\/NHz—*’“*g‘“"— HQN/\Q )Lo- (Ag-AP)

(Ag-AMP)

Yo

o
HO

OH
\>< NH,— > Ag+e—o HzN

Figure 5.1 Chemical formula of three organometallic Ag precursors: Ag-EA, Ag-AP
and Ag-AMP

Structurally, all three silver precursors Ag-EA, Ag-AP and Ag-AMP are composed of
two alkanolamine groups which coordinate to a Ag* cation in the centre in the same
way as the formation of reactive silver inks with central Ag* coordinated with two NH3
groups, [Ag(NHs;)2]"[C2H302], according to the work of Walker at al.?® The
decomposition temperature for Ag-EA and Ag-AMP are similar at about 180 °C and Ag-
AP has the lowest decomposition temperature at around 160 °C. All the TGA and DSC
curves for three organometallic Ag precursors have been put in the appendix chapter.
The stabilities of these precursors are expected to be increased over the previous
amine complex due to the longer carbon backbone and additional functionalities, which
may facilitate the transportation of aerosol mist through the reaction chamber via
AACVD and prevent the early decomposition and pre-reaction of the highly thermally

sensitive amine precursor within the reaction flask or at the inlet of the reactor.
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5.2 Experimental

At the beginning of this series of experiments, the rectangular-based AACVD reactor
(W: 3 cm x L: 6 cm x H: 2 mm), shown in Figure 2.2 (a) was used for the attempted
deposition of Ag thin films from these new precursors. However, there were no
macroscopic films formed after a series of experiments despite altering the deposition
temperature (range between 150 to 350 °C, with interval 50 °C), flow rate of the carrier
gas nitrogen (200, 300, 400, 500 and 1000 sccm) and the amount of the precursor
solution (10, 20, 50 and 100 uL). After constant trial and analysis, it was concluded that
the inlet part of the reactor was still too hot, leading to the early decomposition and
pre-reaction of these highly temperature sensitive precursors, even though it was
connected to a water jacket cooler. To test this conjecture, another square-based
AACVD reactor, shown in Figure 2.2 (b) was used here, with a size of W: 3cm x L: 3
cm x H: 2 mm. It is obvious from the figure that the water jacket cooler is separated
from the reaction chamber in the square-based reactor and the inlet part shrinks in size
compared to the rectangular AACVD reactor reducing the residence time of the aerosol
before entering the reactor proper. Thus, the aerosol would directly enter the reaction

chamber for decomposition and deposition, avoiding any early consumption.

5.2.1 Preparation of Ag thin films

The Ag thin films were fabricated using a home-built squared-based AACVD reactor.
Initially, each Ag metal precursor solution was diluted and dissolved in 10 mL methanol.
After sonicating the mixture solution for 5 min, it was transferred into an ice-cold
reaction flask. A cleaned 2.5 cm x 2.5 cm microscope slide was placed in the centre of
the reaction chamber, which was preheated to the depositing temperature. Flow rate
of the carrier gas N2 was controlled by a mass flow controller (MFC, Brooks) with a
max flow rate of 0.5 L/min. Once all the precursor solution was used up, the film was
allowed to cool down to ambient temperature naturally under a flow of N.. The

deposition conditions for the Ag thin films are listed in the table below. Flow rate was
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considered as the first variable parameter to be altered in the reaction conditions in

order to get a uniformly distributed Ag thin film. After then, a series of experiments were

carried out to investigate the influence of temperature on the silver thin film deposition

at a constant flow rate.

Table 5.1 Reaction conditions of organometallic Ag metal precursor on glass

Exp. No. | Type of Ag ink | Volume/ pL | Temperature/ °C | Flow rate/ sccm Substrate
1 AMP 10 275 400 glass
2 AMP 10 275 200 glass
3 AMP 10 275 190 glass
4 AMP 10 275 170 glass
5 AMP 10 275 160 glass
6 AMP 10 275 150 glass
7 AMP 10 200 170 glass
8 AMP 10 225 170 glass
9 AMP 10 250 170 glass
10 AMP 10 300 170 glass
11 AMP 10 350 170 glass
12 AP 10 225 170 glass
13 AP 10 250 170 glass
14 AP 10 275 170 glass
15 AP 10 300 170 glass
16 AP 10 350 170 glass
17 EA 10 225 170 glass
18 EA 10 250 170 glass
19 EA 10 275 170 glass
20 EA 10 300 170 glass
21 EA 10 350 170 glass

5.2.3 Preparation of organometallic Ag@WO3 thin films on sensors

The process of fabricating Ag-decorated WO3; gas sensors is identical to the
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preparation of Ag-decorated WOj; thin films on glass substrates, consisting of two parts.

The first step was the preparation of an annealed WO3 gas sensor as described in

Chapter 3.2.2. Subsequently, organometallic silver metal precursors were deposited

via AACVD on the annealed WO3 gas sensors using the optimal conditions determined

during Ag deposition on glass substrates. Depositions with various volumes of the Ag-

precursor solutions were carried out to explore the effect of different Ag-loading on

WO3; gas sensors for gas sensing performance towards oxygen. The experiment

conditions are listed in the table below.

Table 5.2 Reaction conditions of organometallic Ag metal precursors on WOs3 sensors

Exp. No. | Type of Ag ink | Volume /uL | Temperature/°C | Flow rate/ sccm Substrate
1 AMP 1 275 170 WO3 AA sensor
2 AMP 3 275 170 WO3 AA sensor
3 AMP 5 275 170 WO3 AA sensor
4 AMP 10 275 170 WO3 AA sensor
5 AP 1 275 170 WO3 AA sensor
6 AP 3 275 170 WO3 AA sensor
7 AP 275 170 WO3 AA sensor
8 AP 10 275 170 WO3 AA sensor
9 EA 1 275 170 WO3 AA sensor
10 EA 3 275 170 WO3 AA sensor
11 EA 5 275 170 WO3 AA sensor
12 EA 10 275 170 WO3 AA sensor

5.3 Results and discussion

5.3.1 Characterization of Ag thin films

5.3.1.1 Flow rate variance (Ag-AMP)

Ag-AMP initial depositions

After switching from the rectangular-based AACVD reactor to the square-based
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AACVD reactor, a visible film was observed under reaction conditions of deposition
temperature at 275 °C and flow rate of 400 sccm, as shown in Figure 5.1(left). Two
parallel yellowish straight lines were observed indicating the successful formation of a
thin film. The formation of the thin film in this shape can be attributed to the internal
structure of the square-based reactor, which is shown in Figure 2.2 (b). The triangular
shape of the inlet causes the flow rate on both sides to be greater than in the middle.
Therefore, in order to achieve a more evenly distributed thin film, a set of optimization
experiments was conducted by altering the flow rate, ranging from 400 to 150 sccm.
As shown in the Figure 5.2 below, when the flow rate halves to 200 sccm, an arch-
shaped brown thin film was observed (again because of the internal structure of the
squared-based reactor and resultant flow conditions). This was followed by a gradual
lowering of the flow rate from 190 to 150 sccm in 10 sccm intervals. The result was
that the middle part of the arch-shaped thin film was filled up gradually, but the
coverage of the thin film decreased a lot. Considering factors including uniformity and

coverage area, the flow rate of 170 was defined as the optimal experimental conditions.

A
Outlet

Inlet

Figure 5.2 Ag-AMP deposited on glass with constant deposition temperature at 275°C and
flow rate adjustment 400, 200, 190, 170, 160 and 150 sccm

5.3.1.2 Temperature variance (Ag-AMP, Ag-AP and Ag-EA)

Ag-AMP initial depositions

Temperature, as the most important parameter in AACVD, was optimized for the
deposition of Ag thin films on glass substrates by using Ag-AMP as the precursor
through a series of experiments, ranging from 200 to 400 °C with a constant optimized

flow rate at 170 sccm. As shown in the Figure 5.3, the as-deposited Ag thin films were
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obtained under various deposition temperatures. When the deposition temperature is
at 200 °C or below, no visible thin film is formed. A yellowish thin film was formed when
the temperature was increased to 225 °C and became darker in colour as the
temperature went higher. Again, arch-shaped films were obtained between 225 to
275 °C, which was attributed to the reactor design described earlier. As temperature
increases, the as-deposited Ag thin film’s coverage on glass decreases likely due to
the early decomposition of the Ag-AMP precursor at higher temperatures, i.e. most of
the precursor droplets decomposed and reacted immediately leading to the formation

of thin films only close to the inlet part of the glass substrate.

Figure 5.3 Ag-AMP deposited on glass with constant flow rate of N2 at 170 sccm and different
deposition temperature 200, 225, 250, 275, 300, 350 and 400 °C

Ag-AMP XRD analysis

The XRD patterns of as-deposited Ag-AMP thin film on glass is shown in Figure 5.4.
The major diffraction peaks of Ag are observed when the deposition temperature
reaches 300 and 350 °C. The peaks at 38.1°, 44.3° and 64.5° can be assigned to (110),
(200) and (220) reflection of Ag metal, which matched well with the standard pattern
(Fm-3m (225) space group, a=b =c=4.0773 A; a =B =y = 90 °, PDF#87-0718). No
obvious peaks are found in XRD patterns at temperature below 275 °C. The result is
opposite to the XRD patterns when AgNO3 deposited on glass substrates, in which Ag
peaks appeared at 200 and 250 °C and gradually disappear when temperature goes
higher. Similarly, in Llobet's work'®, no obvious peak for silver nanoparticle was
observed due to its small size and relatively low concentration and is below the

instrument limit detection.
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Figure 5.4 XRD patterns of as-deposited Ag-AMP thin film on glass with different
temperatures, ranging from 225 to 350 °C and a constant flow rate of N2 at 170 sccm

Ag-AMP UV-Vis analysis

UV-Vis adsorption of as-deposited Ag-AMP thin films on glass synthesized at different
temperatures are investigated and shown in Figure 5.5. The peak in range of 240-250
nm can be attributed to the adsorption in glass substrate. With increasing deposition
temperature, the surface plasmon resonance (SPR) band of silver particles (Amax~453
nm, deposition temperature at 225 °C) is shifted to the red (Amax~496 nm, deposition
temperature at 350 °C), except for deposition temperature at 300 °C. As compared to
the UV/Vis spectra of AQNO3 deposited on glass substrate shown in Figure 4.3, the
additional peak at around 530 nm has been found shift to lower frequency of 360 nm.
This could be attributed to the change the shape of Ag NPs or this could because of
the increase the size. In addition, an extra band at ~370 nm is observed for deposition
temperatures over 300 °C, matched with literature, indicating the formation of Ag

nanoparticles with size greater than 80 nm?2%. This is a result of quadrupole resonance,

122



in addition to the primary dipole resonance. Figure 5.4 also shows that the intensity of
SPR band and its full width at half maxima (FWHM) increases with increasing
deposition temperature. These characterization results of the adsorption spectrum
suggest increasing size of the Ag nanopatrticles with increasing deposition temperature.
As shown in Figure 5.3, it is obvious that with the increasing of deposition temperature,
the thicker the silver layer formed and the closer to the inlet of the reaction chamber.
The appearance of peak around 700 nm indicated the formation of Ag.0%%. This may
result in the increase size of silver particles through rapid decomposition and
heterogeneous reaction under high deposition temperature. With the increase of the
size of Ag nanoparticles, the multipole transition of surface plasma becomes more

obvious, which is reflected in the increase of the intensity at 370 nm as well?®".

Absorbance
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Figure 5.5 UV-VIS adsorption spectra of as-deposited Ag-AMP thin film on glass with
increase in temperature from 225 to 350 °C
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Ag-AP initial depositions

Figure 5.6 shows the as-deposited Ag-AP thin film on glass substrate with various
deposition temperatures. Similar to the previous set of depositions of Ag-AMP on glass,
as the deposition temperature increases, the colour gradually darkens and turns from
bright yellow to brownish. Arch-shaped films were obtained between 225 to 300 °C,
which was attributed to the triangular-shaped inlet as mentioned early. Under a
constant flow rate at 170 sccm, the coverage of the Ag thin film shrinks as deposition
temperature increases. This is due to the rapid decomposition and heterogeneous
reaction when aerosol droplets entering into the hot reaction chamber under a higher

deposition temperature, which caused the early consumption of all the precursor.

A
Outlet

Inlet

Figure 5.6 Ag-AP deposited on glass with constant flow rate of N2 at 170 sccm and different
deposition temperature at 225, 250, 275, 300 and 350°C

Ag-AP XRD analysis

The XRD patterns of as-deposited Ag-AP thin film on glass is shown in Figure 5.7.
Similar to the previous XRD patterns of Ag-AMP, the major diffraction peaks of Ag are
observed when deposition temperature reaches 300 and 350 °C, while the weak peaks
at44.3 ° and 64.5 ° indicated that the (200) and (220) reflections are missing. The peak
at 38.2° can be assigned to (110) reflection of Ag metal, which are matched well with
the standard pattern (Fm-3m (225) space group,a=b=c=4.0773A; a=B=y=90°,
PDF#87-0718). No obvious peaks are found in XRD patterns at temperatures below

275 °C, indicating the small size of the nanoparticle or relative low amount presented.
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Figure 5.7 XRD patterns of as-deposited Ag-AP thin film on glass with different temperatures,
ranging from 225 to 350 °C and a constant flow rate of N2 at 170 sccm

Ag-AP UV-Vis analysis

UV-Vis adsorption of as-deposited Ag-AP thin films on glass synthesized at different
temperatures were investigated and shown in Figure 5.8. With the increasing of
deposition temperature, the surface plasmon resonance (SPR) band of silver particles
(Amax~439 nm, deposition temperature at 225 °C) is shifted to the red (Amax~535 nm,
deposition temperature at 300 °C). No obvious additional band at ~370 nm is appeared
as compared to the previous spectra of Ag-AMP at 300 and 350 °C, but the band at
700 nm became more apparent. Figure 5.8 also shows that the intensity of the SPR
band and its full width at half maxima (FWHM) increases with the increasing of the
deposition temperature. These characterization results of the adsorption spectrum
suggest increasing size of the Ag nanoparticles with increasing deposition temperature,

which also matches with the results from the UV/Vis spectra of Ag-AMP.
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Figure 5.8 UV-Vis adsorption spectra of as-deposited Ag-AP thin film on glass with increase
temperature from 225 to 350 °C

Ag-EA initial depositions

Figure 5.9 shows the as-deposited Ag-EA thin film on glass substrate. Similar to the
previous set of depositions of Ag-AMP and Ag-AP on glass, as the deposition
temperature increases, the colour gradually darkens and turns from bright yellow to
brownish. Arch-shaped films were obtained between 225 to 275 °C, which was
attributed to the triangular-shaped inlet as mentioned early. Under a constant flow rate
at 170 sccm, the coverage of the thin film shrinks as the deposition temperature

increases, which was consistent with previous results.
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Figure 5.9 Ag-EA deposited on glass with constant flow rate of N2 at 170 sccm and different
deposition temperature at 225, 250, 275, 300 and 350 °C

Ag-EA XRD analysis

The XRD patterns of as-deposited Ag-EA thin film on glass is shown in Figure 5.10.
Similar to the previous XRD patterns of Ag-AMP and Ag-AP, the major diffraction peaks
of Ag are observed when deposition temperature reaches at 350 °C. The peaks at 38.1°
can be assigned to (110) reflection of Ag metal, which are matched well with the
standard pattern (Fm-3m (225) space group, a=b =c=4.0773 A; a=B =y =90 °,
PDF#87-0718). Different from the previous XRD results, a peak at 38.1° was shown
when deposition temperature was set at 250 °C, relatively a lower temperature. This
might due to the formation of the relatively thicker and darker Ag film as shown in
Figure 5.9. No obvious peaks are found in XRD patterns at other deposition
temperatures, indicating the small size of the nanoparticle or relative low amount

presented.
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Figure 5.10 XRD patterns of as-deposited Ag-EA thin film on glass with different
temperatures, ranging from 225 to 350 °C and a constant flow rate of N2 at 170 sccm

Ag-EA UV-Vis analysis

UV-Vis adsorption of as-deposited Ag-EA thin films on glass, synthesized at different
temperatures are shown in Figure 5.11. With increasing deposition temperature, the
surface plasmon resonance (SPR) band of silver particles (Amax~443 nm, deposition
temperature at 225 °C) is shifted to the red (Amax~574 nm, deposition temperature at
300 °C). Different from the previous UV-Vis spectra of Ag-AMP and Ag-AP, when
deposition temperature reaches 350 °C, SPR band of silver particles is shifted back to
blue (Amax~463 nm) and an additional band at ~370 nm is appeared. It is worth noting
that peak at 700 nm is also visible in high temperature spectra. In generally, when
deposition temperatures were set between 225 and 300 °C, the intensity of SPR band
and its full width at half maxima (FWHM) increases with the increasing of the
temperature. These characterization results suggest increasing size of the Ag
nanoparticles with increasing deposition temperature, which matched well with the

previous result. However, the blue shift of the SPR band when deposition temperature
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at 350 °C suggests the formation of relatively smaller size Ag NPs than seen for the

Ag-AMP and Ag-AP precursors at this temperature.

Adsorbance
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Figure 5.11 UV-Vis adsorption spectra of as-deposited Ag-EA thin film on glass with increase
temperature from 225 to 350 °C

Organometallic Ag precursor SEM analysis

The surface morphology and distribution of as-deposited Ag thin film on glass was
examined by SEM. An example of Ag-AMP thin film on glass is shown in Figure 5.12
(a). Other precursors show identical morphologies as the spherical particles evenly
distribute over the surface shown in Figure 5.12 (a). The uniform film was composed
of spherical particles agglomerated together with diameters ~10 nm, which has a high
consistency with the morphology of silver nanoparticles studied by Lee et al., shown
in Figure 5.12 (b). Other AACVD studies, which have deposited silver films using
different precursors and deposition conditions, have also observed spherical

particles?%8-21°,
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Figure 5.12 SEM image of (a) as-deposited Ag-AMP thin film on glass with 10 yL Ag-AMP
silver precursor, deposition temperature at 275 °C and flow rate of N2 at 170 sccm and (b)
literature SEM image of silver film?""

TEM analysis Ag-AMP on glass

Details of the morphological features of the Ag NPs from Ag-AMP deposited thin films
on glass were further examined by HR-TEM. Images shown in Figure 5.13(a) displays
a cluster of small Ag NPs with diameter ~ 6 to 8 nm. Largest size Ag NPs are formed
with diameters ~ 14 nm might due to the aggregation of the small Ag NPs. Instead of

spherical shape of the NPs, some rod shape of the Ag NPs is also observed.

50 pifn)

Figure 5.13 HR-TEM image of Ag nanoparticles on as-deposited Ag-AMP thin film on glass
with 10 uL silver Ag-AMP precursor, deposition temperature at 275 °C and flow rate of N2 at
170 sccm under (a) high magnification and (b) low magnification
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5.3.2 Characterization of Ag@WOs3 gas sensor

5.3.2.1 initial deposition

After a series of optimization experiments of organometallic Ag metal precursors on
glass, the optimized reaction conditions were as follows: deposition temperature at
275 °C and flow rate of N2 at 170 sccm. Subsequently, these Ag precursor solutions
were deposited on pre-prepared annealed WO3; gas sensors (described in Chapter
3.2.2) with various amounts of precursor solution (1, 3, 5 or 10 pL). As shown in the
Figure 5.14 below, with increasing amount of Ag-precursor, the colour of the obtained

Ag@WO3 sensors turns darker, indicating the loading of silver particles increases.

Ag-AMP

Ag-AP

Figure 5.14 Pictures of the as-deposited Ag thin film on WO3 on alumina sensors with an
increasing volume of initial Ag precursor (1, 3, 5 and 10pL, left to right)

5.3.2.2 XRD analysis

The XRD patterns of as-deposited Ag-decorated WO3 gas sensors and the XRD
pattern of an annealed WOs3 gas sensor are shown in Figure 5.15 for comparison. No
significant difference was found after the deposition of Ag-precursors on WO3 gas
sensors because the peaks of silver (38.2°, 44.3° and 64.5°, PDF#87-0718,a=b =c
= 4.0773 A; a = B = y = 90°) overlap with the peaks of gold (38.3°, 44.6° and 64.5°;
PDF#01-1174,a=4.06 A, b =4.06 A, c =4.06 A, a =90.0°, = 90.0° and y = 90.0°)

from the electrodes contained on the surface of the gas sensor.
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Figure 5.15 XRD patterns of as-deposited Ag decorated WOs3 sensors by using three
organometallic Ag metal precursors with 10 pL of the initial precursor solution deposited at
275 °C with a flow rate of N2 at 170 sccm and the XRD pattern of annealed WO3 sensor,
along with reference pattern of Ag (PDF#87-0718)

5.3.2.3 XPS analysis

XPS measurements were further examined on the prepared Ag@WOs via using
various volumes of initial precursor solution (1,3,5 and 10 pL). Figure 5.16 displays the
XPS spectra of the Ag3d regions for all three organometallic Ag metal precursors with
various volumes of initial precursor solution used, and their corresponding area ratio
of Ag3d to WA4f regions. Two clear peaks at ~ 374.2 and 368.1 eV were identified clearly
and can be assigned to Ag 3ds, and Ag 3ds.,, respectively, indicating the successful
deposition of Ag NPs on WOs3 sensors. The differences between the 3ds» and 3ds»
peaks for all Ag samples (~ 6.0 eV), listed in Table 5.1 were the same as literature
values of zero valent silver, indicating the formation of metallic Ag particles?'. No peak
shift to higher binding energies was observed. indicating there is no oxidation from Ag°

to Ag' during and after the deposition?'®. Some small chemical shift for Ag core level
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has been observed with different amount of loadings, which can be attributed to the
initial state effect caused by the size of the particles?'*. For Ag nanoparticles, a 0.5-2
eV chemical shift have been observed for small particles as compared to the core
levels of respective bulk Ag crystals?'. The figure also illustrates that the intensity of
the Ag peaks for all three organometallic Ag metal precursors increases as the amount
of precursor increased. Figure 5.16(d), (e) and (f) further demonstrated an increase in
silver deposition on WO3 as amount of Ag

precursor solution increases. However, it is worth noting that as the amount increases,

the increase becomes smaller.

Table 5.3 XPS peaks for Ag nanoparticles

Ag-AMP Ag-AP Ag-EA

V) Difference V) Difference V) Difference

luL Ag 3ds2 368.11 367.34 368.10

Ag 3dsp 374.14 6.03 373.36 6.02 374.07 5.97
3uL Ag 3ds2 368.15 367.55 368.22

Ag 3dsp 374.17 6.02 373.55 6.00 374.22 6.00
5uL Ag 3ds2 368.26 367.43 368.20

Ag 3dsp 374.27 6.01 373.43 6.00 374.21 6.01
10uL Ag 3ds2 367.99 367.27 368.32

Ag 3dsp 373.99 6.00 373.27 6.00 374.33 6.00
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Figure 5.16 XPS Ag3d core-level spectra of (a)Ag-AMP, (b) Ag-AP and (c) Ag-EA with various
volume of initial precursor solution used and their corresponding area ratio Ag 3d: W 4f (d)
Ag-AMP, (e)Ag-AP and (f)Ag-EA
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5.3.2.4 SEM analysis

SEM characterizations of as-deposited Ag-decorated WO3; gas sensors via
organometallic Ag metal precursors, including Ag-AMP, Ag-AP and Ag-EA with different
amounts of precursor solution used for deposition are shown in Figures 5.17, 5.18 and
5.19, respectively. It shows relatively spherical-shaped Ag nanoparticles with
diameters that range from 10 to 20 nm on the needle-shaped WO3 nanostructures
(diameters 100 to 200 nm). As can be seen from the all three figures, the coverage of
the Ag NPs on the surface of WO3 NNs increases gradually as the amount of the initial
precursor increases and becomes almost saturated when it increases to 10 yL. This
could explain why the growth slopes in Figure 5.16 (d), (e) and (f), tending to reduce
as the initial amount of precursor solution increases. No morphology changes for both

nanoparticles and the nanoneedles was found as the amount of Ag loading increases.
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Figure 5.17 SEM images of as-deposited Ag@WOs sensors by using Ag-AMP as precursor
with various amount of initial precursor solution (a) and (b) 1uL, (c) and (d) 3 pL, (e) and (f) 5
pL and (g) and (h) 10 uL, taken under low and high magnification, respectively
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Figure 5.18 SEM images of as-deposited Ag@WO3 sensors by using Ag-AP as precursor
with various amount of initial precursor solution (a) and (b) 1uL, (c) and (d) 3 yL, (e) and (f) 5
pL and (g) and (h) 10 uL, taken under low and high magnification, respectively
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Figure 5.19 SEM images of as-deposited Ag@WOs sensors by using Ag-EA as precursor
with various amount of initial precursor solution (a) and (b) 1uL, (c) and (d) 3 pL, (e) and (f) 5
pL and (g) and (h) 10 uL, with low and high magnification, respectively

5.3.2.6 TEM analysis

Further information about the structures of the nanoparticles and the nanoneedles
were obtained by TEM. TEM images of Ag@WOs sensors with various Ag-loading
produced using the Ag-AMP precursor were examined (Figure 5.20). The diameter of
WO3 nanoneedles was in the range of 100-300 nm. The WO3 NNs are monophasic
and Ag NPs are multiphasic. The clear lattice fringes can be observed in two insets in
Figure 5.20 (i) and (j) with interplanar spacing of 0.378 nm and 0.235 nm, respectively,
consistent with an internal order of WO3 in the (020) direction and with the (111) planes
of Ag. The WO3 nanoneedle surface is homogeneously covered with well-dispersed
spherical Ag NPs. The particle size distribution of the Ag NPs with different loadings
were counted and shown in Figure 5.21. The diameter of Ag NPs is mostly distributed
between 9 and 13 nm. Large size particles were also formed with diameters ~ 20 nm.
The atomic planes of WO3 under the Ag nanoparticles are not affected by the presence
of the particle suggesting a weak physical interaction between the WO3 surface and
Ag nanoparticles. [9] Except for UV-vis, which demonstrated that an increase in the
deposition would increase the silver nanoparticle size, there is no significant evidence
that the particle size is related to the amount of the initial precursor solution used,

rather the amount of the particles increases as the amount of the initial precursor
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solution increases, similar to observation by SEM. EDS element mapping was carried
out to study element composition of the as-deposited AQ@WO3; on gas sensor
platforms. From the EDS spectrum of the sample shown in Figure 5.22 (e), four main
elements, including Au, W, O and Ag were detected. The presence of a large amount
of Au elements is due to the use of a gold TEM grid. Also, it could be because the gold
electrode from the sensor substrate. Corresponding EDS elemental mapping is shown
in Figure 5.22(a)-(d), respectively, revealing that W, O and Ag were all well distributed

along the nanoneedle.
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Figure 5.20 TEM images of as-deposited Ag@WOs sensor by using Ag-AMP as precursor
with various amount of initial precursor solution (a) and (b) 1uL, (c) and (d) 3 pL, (e) and (f) 5
pL and (g) and (h) 10 pL; (i) and (j) the inset shows the crystalline structure of WO3 NNs and

Ag NPs, respectively
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Figure 5.21 Size distribution of Ag nanoparticles on WO3 sensors via Ag-AMP precursor (a) 1
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Figure 5.22 EDS mapping images of Ag@WO3 on sensor platform (a) electronic image of
Ag@WOs sample, (b) Ag distribution, (c) O distribution, (d) W distribution and (e) EDS
spectrum of the Ag@WO3 sensor sample

5.4 Conclusion

In this chapter, three organometallic silver metal precursors (Ag-AMP, Ag-AP and Ag-
EA) with different chemical structures of the carbon backbones have been introduced
and successfully deposited onto glass substrates via AACVD. After switching the
rectangular-based reactor to the square-based reactor, which prevents the early
decomposition and reaction of the aerosol precursor droplets before entering into the

reaction chamber, an obvious yellowish Ag thin film was achieved via AACVD. XRD
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analysis reveals the presence of Ag peaks under higher deposition temperature
(350 °C) for all three organometallic Ag metal precursors, while no obvious peaks were
found for the thin films deposited under lower temperatures, indicating the small size
of the nanoparticles and the relatively low amount existed. UV-Vis spectra further
demonstrated that deposition temperature had an influence on the as-deposited Ag
thin films. As the temperature increases, the plasmon peak shifts to longer
wavelengths and broadens, indicating the size of the Ag particles gets larger. After a
series of experiments altering the deposition parameters, an optimal reaction condition
was concluded with a flow rate of N2 at 170 sccm and deposition temperature at 275 °C,
which gave an evenly distributed brownish Ag thin film. SEM and TEM images confirm
the formation of a uniform Ag film composed with spherical particles agglomerated

together with average diameters ~8 nm.

Subsequently, three organometallic Ag metal precursors were successfully deposited
onto pre-prepared annealed WO3 gas sensors with various amounts of initial precursor
solution (1,3,5 and 10 pL) under the optimized deposition conditions. No significant
change between the XRD patterns of a plain WO3; gas sensor and Ag@WO3 gas
sensor were observed due to the overlap of the Ag peaks and the Au peaks, which
originated from the gold electrodes on the sensor surface. XPS demonstrated
increasing the amount of precursor used increased the Ag loadings on the WOs3; gas
sensor. The formation of metallic Ag° particles was also confirmed by the XPS analysis,
indicating no oxidation from Ag° to Ag' during and after the deposition, which is
different to the XPS results when AgNO3 was used as the Ag precursor. SEM images
for all three precursors shows that the coverage of spherical Ag NPs adhered on the
surface of WOs NNs increases with increasing precursor amount and tends to
saturation at 10 pL. The size of Ag NPs was further investigated by TEM which showed
that the diameters of the Ag NPs mainly ranged from 9 to 13 nm, regardless of the

amount of initial precursor used.
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Chapter 6 Gas sensing response

In this chapter, gas sensors described and fabricated in chapter 3.2.2 (WO3), chapter
4.2.3 (Ag@WOs) and in chapter 5.2.3 (Ag-EA/Ag-AMP/Ag-AP@WO3) were tested for
gas response to oxygen at University of Warwick. The gas responses were analysed,
and a gas sensing ‘mechanism’ inferred by reference to experimental data and

literature precedent.

6.1 Gas sensing response of Ag@WO: prepared using AgNO3 as

precursor

The Ag@WO3 sensor was made in a two-step synthesis by using a plain WO3; sensor
made in a one-step synthesis (using 0.06 g W(CO)s at 375 °C under a flow of nitrogen
of 300 sccm followed by annealing in air at 500 °C for 2 h as described in Chapter
3.2.2) via AACVD and decorating with Ag NPs (using 0.09 g AgNOs at 250 °C under a

flow of nitrogen of 300 sccm as described in Chapter 4.2.3) again via AACVD.

Gas sensing tests were carried out towards different oxygen concentration ranging
between 0% to 20% (200,000 ppm) in a humid environment (relative humidity (RH)
level ~ 85%) for both undecorated and Ag@WOs sensors at sensor operating
temperatures ranging between 150 and 400 °C with an interval of 50 °C to examine
the influence of temperature on sensor response, as shown in Figure 6.1. No
significant change in resistance was observed when operating temperature was lower
than 200 °C. When operating temperature was increased, a maximum gas response
for undecorated WO3s sensor was observed at 400 °C with a response value of 6, whilst
for Ag@WOs3 sensor, a maximum gas response was observed at 350 °C with a
response value of 23. Therefore, 400 and 350 °C are assigned as the optimal operating
temperature for these sensors, respectively. It is worth noting that the optimal gas
response for Ag@WO3 sensor is 400% more sensitive than the undecorated WO3
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sensor with the operating temperature also being lowered by 50 °C. A small peak
(lower response) shown at 250 °C could be the attributed to the phase change of Ag
NPs in bulk with larger particles, and more intense peak found at 350 °C refers to the
sensing response for Ag NPs with smaller size. Also, the reason for the presence of
two response peaks may be that carbon reacts with oxygen at the lower peak, while
silver reacts with oxygen at the higher peak., since 2" annealing process haven’t been
done after depositing of Ag NPs on WO3; sensor, so that the possibility of carbon
contamination has not been ruled out. A relative humidity level of 85% is used to

simulate sensor stability in extreme conditions.

Woa

e —i— Ag O3
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Figure 6.1 Response of undecorated and Ag@WOs sensor to 20% O: as a function of

operating temperature

The change in resistance of both WO3; and Ag@WO3 sensors toward O, concentration
ranging from O to 20 % at 85 % RH is shown in Figure 6.2. Both sensors resistance
increased upon exposure to O, and decreased again in the presence of pure No.
Ag@WOs; sensor showed a lower baseline resistance, in the range of 102 to 10* Q, in

comparison to an undecorated WO3 sensor at 10° to 10° Q.
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Figure 6.2 Sensor resistance changes of (a) WOs sensor and (b) Ag/Ag20@WOs sensor to

various O2 concentration at 85% RH.

The response and recovery times were examined at 20% O, for WOz and
Ag/Ag20@WOs sensors, as shown in Figure 6.3. The results reveal that increasing the
operating temperature gradually reduced the response and recovery time. A complete
recovery of the baseline was observed at 9 and at 13.7 minutes for Ag/Ag.2O@WO3
and WOs sensors, respectively. In all, Ag/Ag:O@WO3 sensor showed a faster

response and recovery time in all temperature ranges.
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Figure 6.3 Response and recovery time of (a) WOs and (b) Ag@WOs sensors at various

operating temperature.

6.2 Gas sensing response of Ag@WO:s by using organometallic Ag

precursors

The Ag@WOs sensors were made in a two-step synthesis by using a plain WO3; sensor
made in a one-step synthesis (using 0.06 g W(CO)s at 375 °C under a flow of nitrogen
of 300 sccm followed by annealing in air at 500 °C for 2 h as described in Chapter
3.2.2) via AACVD and decorating with Ag NPs by using different amounts of three
organometallic silver precursors (Ag-AP, Ag-EA and Ag-AMP deposited at 275 °C
under a flow of 170 sccm nitrogen as described in Chapter 5.2.3.) also, via AACVD.
Unfortunately, some sensors did not successfully pass the sensing tests due to
suffering from some terminal problems (not possible to measure a resistance through

sensor, heater or both), which were Ag-AMP 5pL, Ag-AP 3pL and Ag-EA 1 and 10 pL
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Sensors.

Gas sensing tests were carried out to different oxygen concentrations ranging between
0% to 20% (200,00 ppm) in ambient environment (~ 50% RH) for all undecorated and
silver-decorated WO3 sensors at operating temperatures ranging between 150 and
300 °C with an interval of 25 °C to examine their sensing properties. The change in
resistance of all Ag-AMP@WO3, Ag-EA@WOs3, Ag-Ap@WO; and undecorated WO3
sensors toward various O concentration (1-5-10-15-20%) is shown in Figure 6.4.
Similar to the results shown in Figure 6.2, all sensors resistance increased upon
exposure to O, (an oxidising gas) while reduced when subsequently exposed to N,
indicating an n-type semiconductor behaviour. In contrast to the result observed for
the Ag@WO3; sensors decorated using Ag(NOs), where a lower resistance was
observed in the decorated sensor as compared to an undecorated WO3; sensor, the
resistance of the sensors decorated using organometallic silver precursors increased
dramatically as the amount of silver precursor used increased. For the smallest amount
of Ag precursor solution used (1 pL) an identical change in resistance was observed
compared to an undecorated WO3 sensor when exposed to various O, concentrations
at different operating temperatures. Resistance values significantly increased for
precursor loading greater than 3 pL. The largest resistance change was observed for
10 uL Ag-AP@WOs3 to 20% O at an operating temperature of 300 °C. As shown in
Figure 6.4 below, it is obvious to see that the gas sensitivity of Ag metal decorated
WOs; sensor is much higher than the gas sensitivity obtained the plain WOz sensor.
From the Figure 6.4 (c), it is clear that the 3 ul loading of AGEA gives the highest gas
sensing response and 1 ul sample did not show any resistance change which might

be because of a short circuit.
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Figure 6.4 Sensor resistance changes of (a) AQG-AMP@WO3 sensors, (b) Ag-AP@WO3
sensors and (c) Ag-EA@WO3 sensors to various O2 concentration (1-5-10-15-20 %) at
different operating temperatures ranging from 150 to 300 °C with an undecorated WO3 for
comparison

The resistance of AQ-AMP 3uL@WOs to various temperature (150-175-200-225-250-
275-300 °C) and Oz concentration (1-5-10-15-20 %) is shown in Figure 6.5. A big shift
in the baseline resistance was found at temperature 150 and 175 °C with increasing
of the O, concentration, while it tended to get stable after 200 °C. This phenomenon
might happen because of the carbon contamination of the sample due to the un-
annealing of the 2" deposition. Once the carbon was all reacted, the baseline
resistance tends to get stable. Or it could be attributed due to the insufficient initial
setting time for letting the sensor to reach its’ baseline resistance. The baseline
resistance for AQ-AMP@WO3 sensors is much higher than the undecorated one’s
might due to that Ag acts as an electron reservoir which attracts the electrons in hetero-

structure Ag@WO3 from WO3??8 therefore changing its’ conductance.
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Figure 6.5 Sensor resistance changes of WO3 sensor and Ag-AMP 3uL@WO3 sensor to
various O2 concentration (1-5-10-15-20 %) and temperature (150-175-200-225-250-275-
300 °C) in ambient environment (~50 % RH)

As shown in Figure 6.6, the response of Ag-AMP 3uL@WO3; and WOs; to different
operating temperature under max Oz concentration (20 %) were put together for
comparison. From 150 to 250 °C, both sensor shown an increasing in the sensing
response with the increase of the setting temperature. While for WO3 sensor, the
highest sensing response was found at 250 °C with a response of 4, which is similar
to the result given by Ag-AMP 3uL@WOs. After 250°C, Ag decorated sensor still shown
a growth trend of response and with a highest response of 4.4. However, for the
response decreased afterwards, it is different as compared to the WO3 response in

Figure 6.1.
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Figure 6.6 Response of WO3 and Ag-AMP 3uL@WO3 sensor to 20% O2 as a function of
operating temperature

The resistance of Ag-AP 10pL@WOs to various temperature (150-175-200-225-250-
275-300 °C) and O2 concentration (1-5-10-15-20 %) was shown in Figure 6.7. The
starting baseline resistance were found to similar for both sensors. While for the Ag
decorated sensor, resistance change significantly after 225 °C within the increase of
the O, concentration and also the baseline resistance was found not to be stable

throughout the whole process.
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Figure 6.7 Sensor resistance changes of WO3 sensor and Ag-AP 10uL@WO3 sensor to
various O2 concentration (1-5-10-15-20 %) and temperature (150-175-200-225-250-275-
300 °C) in ambient environment (~50 % RH)

The gas response curve of WOs in shown in Figure 6.8 was found to be similar to the one in
Figure 6.1, with a maximum response value of 4 at 300 °C. While the maximum response value
of 5 was found at 240 °C for the Ag-AP decorated sensor. It is worth noting that curve increased
dramatically between 275 and 300 °C for Ag loaded sensor, which may indicate a higher sensor
response value may get for higher operating temperature, which was matched with the trend

shown in Figure 6.1 of Ag@WOs sensor, with a 2" maximum response value at 350 °C.
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Figure 6.8 Response of WO3 and Ag-AP 10uL@WO3 sensor to 20% O2 as a function of
operating temperature

The resistance of Ag-EA 3uL@WOs; to various temperature (150-175-200-225-250-
275-300 °C) and O:2 concentration (1-5-10-15-20 %) was shown in Figure 6.9. The
same as Figure 6.5, baseline resistance shifted a lot for Ag decorated sensor at
temperature 150 and 175 °C and it tended to get stable afterwards. The maximum

resistance is much lower than the other two Ag-AMP and Ag-AP decorated sensor.
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Figure 6.9 Sensor resistance changes of WO3 sensor and Ag-EA 3uL@WO3 sensor to
various O2 concentration (1-5-10-15-20 %) and temperature (150-175-200-225-250-275-
300 °C) in ambient environment (~50 % RH)

As shown in Figure 6.10, two max response peaks were found with response value of 4.4 and
4.7 at 200 and 250 °C, respectively, which is identical to the result shown in Figure 6.1. But
both peaks shift to lower operating temperature, which may indicate that the size of Ag NPs for
Ag-EA@WO:s is larger than the Ag NPs size when used AgNOs as the precursor. For all
organometallic Ag@WOs sensors, the response is not that noticeable as compared to the

Ag@WOs when using AgNO3 as the precursor.
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6.4 Inferred sensing ‘mechanism’
6.4.1 AgNO3 (Ag@WOs sensor)

The addition of Ag NPs on WO3 improved sensor performance as well as lower the
optimum operating temperature. The role of catalyst particles in sensitising
semiconducting metal oxides has been discussed in the context of two mechanisms,
i.e. chemical and electronic sensitisation®. In chemical sensitization, Ag.O
nanoparticles could facilitate the chemical reactions and hence increase the rate of
reaction between the tungsten oxide surface and oxygen molecules via a spill-over-

type mechanism3246.
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Electronic sensitisation occurs through direct electronic interaction between the silver
oxide and the tungsten oxide surface. It is proposed that upon contact, the Ag-O

nanoparticles will exchange electrons with WO3. The data found in literature showed

6.4.2 Organometallic Ag precursors (Ag@WO3 sensor)

Similar to the sensitization mentioned above, by adding Ag nanoparticles (NPs) on the
tungsten oxide surface, the possible contribution in sensitivity to oxygen can be
ascribed to the function of electronic sensitization derived from the interface between
Ag NPs and WO3; surface and the effect of chemical sensitization of Ag NPs (spill-over
effect). The data found in literature showed a relative low work function of Ag (4.26
eV) and a high work function of WO3 (5.1 eV)?'°, resulting in electrons transferring from
Ag NPs to n-type semiconductor WO3 (electronic sensitisation) in order to equalize
the Fermi levels, as shown in Figure 6.11, which would lead to a decrease in baseline
resistance. Conversely, under chemical sensitisation more oxygen molecules can be
adsorbed on the Ag-WOs surface through a spillover-type mechanism, leading to a
large change in the thickness of the electron depletion layer, which will increase the
baseline resistance. The net dramatic increase in the baseline resistance indicated
that the spill-over effect is more dominant (increases baseline resistance) here than
electronic sensitization (decreases baseline resistance). What’s more, Ag NPs might
tend to form Ag.O on exposure to O, over the surface. Under higher temperature above
the decomposition temperature, which around 180 °C Ag-O tends to decompose and
forms Ag and O.. After gas sensing tests, the XPS shows the metallic form of Ag
spectra which means that the reaction is reversible. At lower temperature, it should be
Ag20 and at high temperature it should be Ag. The measurement is done at low T.
However, the form of the silver is function of both temperature and pO.. A strong
electron depletion layer will be produced as electrons will be captured from the WOs3
surface, contributing to a resistance change?'®, as shown in Figure 6.12, which were

observed experimentally as well.

158



(a) before contact

(b)

in contact

(¢) in contact under equilibrium

N-type N-type
Fuac [ Evac Eyac [
Op™4.26 cV Q=51 ¢V 9, =4.26 -:VI ¢,=5.1eV
Ec E
........ EI-S r.m R
Ey
WO, WOy

accumulation layer

Figure 6.11 Energy band structure schematic diagrams of Ag and n-type WO3

semiconductors (a) before contact (b) in contact and (¢) Ag-WO3s M-S junction?20

Figure 6.12 Schematic model of depletion layer for (a) undecorated WO3 nanosheets and (b)

Ag decorated WO3 nanosheets when exposure in air(02)220

6.5 Conclusion

The gas sensing results revealed that the decoration of Ag NPs on WO3 sensor
substrate, which significantly enhanced the sensor sensitivity by 400% and lower the
optimum operating temperature from 400 to 350 °C. Ag@WO3 sensor showed a faster
response and recovery time in all temperature ranges as compared to undecorated
WOs3 sensor. In both cases, the decoration of Ag NPs is proposed to lower the baseline
resistance with the transferring of electrons from Ag to WO3. However, a dramatically
increasing in baseline resistance on adding Ag nanoparticles to WO3, which might be
ascribed as Ag enrich WO3 with more oxygen species that overcomes the resistance
reduced by the electronic exchange between Ag and WOs;. The reasons for the
observed enhancement in the sensing response towards oxygen are not possible to

extract from the data although possible gas sensing ‘mechanisms’ for both sets of
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sensors have been inferred in the context of chemical and electronic sensitizations.
Further development and investigation on sensor selectivity, stability and cross-
sensitivity to other gases still need to be studied in the future to make Ag@WOs; based
materials a potential oxygen gas sensor. Under higher temperature above the
decomposition temperature, which around 180 °C Ag.O starts to decompose and
forms Ag and O.. After gas sensing tests, the XPS shows the metallic form of Ag
spectra which means that the reaction is reversible. The 10 ul loading of Ag-AP gives

the highest gas sensing response.
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Chapter 7 Conclusion and future work

7.1 Conclusions

In summary, Ag nanoparticles (NPs) decorated WO3 nanoneedles (NNs) thin film were
successfully synthesized on glass, quartz and alumina substrates via Aerosol-assisted
chemical vapour deposition (AACVD) technique. The optimal conditions were applied
to the alumina sensor platform. Optimal reaction conditions were obtained after a
series experiment by adjusting the deposition parameters, and finally its’ gas sensing

sensitivity tests towards oxygen gas have been examined.

WOsxand WO3; AA NNs thin film has been conducted in a single-step synthesis via
AACVD. After carrying out a series of deposition experiments on various substrates,
including glass, quartz and alumina, SEM images revealed that the surface
morphology of as-deposited WOz NNs wasn’t affected by the substrates. XRD analysis
showed a combination of triclinic phase Na>W4O13 and hexagonal phase WO3; when
using glass as the substrate, which can be ascribed as the migration of sodium ions
from surface of the glass substrate into the unit cell of WO3 at high temperature during
annealing process. Subsequently, WO3 NNs thin film was finally deposited onto an

alumina sensor platform under the optimal deposition condition.

The fabrication of Ag NPs decorated WOs; NNs was successfully achieved on an
alumina sensor platform in a two-step synthesis method via AACVD by using AQNOs
as the precursor at the beginning. Due to the relatively low amount and small size of
the silver particles, XRD showed no Ag peaks. The SEM images and XPS analysis
indicated the formation of NaNO3 during the deposition process. TEM images revealed
the formation of a oxidised silver NPs on WO3; NNs. Since nitrate group might affect
the surface morphologies of WOz NNs structures, three organometallic silver metal
precursor solutions were subsequently used, including silver 2-aminoethanol (Ag-EA),

silver 1-aminopropan-2-ol (Ag-AP) and silver 2-methyl-2-aminopropan-1-ol (Ag-AMP).
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Characterizations demonstrated the formation of only metallic Ag NPs on WO3; NNs,

with diameter in a range of 9 to 13 nm.

Gas sensing sensitivity results toward oxygen gas revealed that the decoration of both
Ag NPs on WO3 AA would significantly improve the sensors performance by 400% and
lower the optimum operating temperature when using AgNO3 as the Ag precursor.
While for organometallic Ag precursors decorated WOs; sensor, no significant
enhancement was found in the sensing response as compared to the bare WOs. Gas
sensing mechanisms for both sensors have been explored, on the basis of chemical

and electronic sensitizations.

7.2 Future work

1. Further development and investigation on sensor selectivity, stability and cross-
sensitivity to other gases still need to be studied in the future to make Ag@WOs3
based materials a potential oxygen gas sensor.

2. Figure out the reason to cause to the formation of NaNOs by using AgNOs as
precursor

3. Using AgNOs to make a bare Ag deposited sensor to compare with other sensors

4. Investigate if the deposition time would control the size of the Ag NPs formation
and further improve sensing response towards oxygen gas

5. Investigate the sensing properties of Ag NPs decorated on 2-D, 3-D WOs3
microstructures and other noble such as Gold, aluminum metal decorated 1-D, 2-
D, 3-D WOs for oxygen gas response

6. Further analysis and collected gas sensors after testing need to be further studied
and re-analysed in order to figure out either metallic Ag NPs or Ag-O metal oxide
that deposited on the sensor, which including XPS and HR-TEM

7. Measure the particle size of the silver nanoparticles and control it more precisely
in order to minimise the possibility of two peaks observed in the sensing graph

8. Control the amount of Ag loading on WOs3 sensors by altering the reaction
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10.

11.

conditions such as initially amount of precursor used to achieve a similar loading
of 0.5, 1 and 2 wt% loading of Ag/W and compare with the literature for gas sensing
performance

XRD mapping for all samples need to be carried out in the future to clearly check
whether the deposition gives a uniform coverage on the substrate

A second annealing process need to be conducted after depositing Ag NPs on
WOs3; thin films, due to the presence of contaminants carbon residue left in the
sample might react with the oxygen gas to generate a peak as a sensing response.
Higher sensing operation temperature (>300 °C) is required for the organometallic
Ag decorated WO3 gas sensors. As for AP and EA, the sensing response still

shown an enhancement trend with the increasing of temperature.
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