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Harsh Environment Chemical Sensors

Need for new sensing technologies to meet the requirements for zero
emission energy sources

Overview Goals of Research are Two-Fold
e CO, H,, NO, R,S 1. Develop prototype materials
* 500-800 C operating for use in next generation
environment sensing devices
« SOFC, Jet engines, turbines > Sensitivity, reliability,
« Optical analysis of SPR Au NPs selectivity
* YSZ matrix material 2. Determine fundamental

material
properties/reactions/kinetics
which govern the sensing
mechanism
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Experimental Setup o recun

eSample preparation
- PVD deposition of 10 at. % Au-YSZ films in 5 mtorr of Ar
- Film thickness is varied by changing deposition time
- Films are annealed at ~ 970 C for 3 hours at 760 torr and
Ar—
~2000 sccm of Ar Exhaust

Sample Stage
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Background - Au Nanoparticles as Optical Beacons For Transduction Events
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Volume cell of one AUNP Same volume cell exposed Volume cell then exposed
and corresponding YSZ to a AUNP oxidizing gas to a AUNP reducing gas
matrix in inert gas
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*YSZ Is an oxygen ion conductor above ~350°C
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An assumptlon with the current model is that the
dielectric function Is constant

6104- EE . 1 o Ne2
6102 - g 1 V@t 2e, + 2 (@) s
! 3 o4l f‘ i m e“0
610.0 L 00 0 20 49 .EU a0 100 |
R o Moamereen « Filling oxygen vacancies likely
gooesr 1l " ! ;t““f increases polarizability of material
- LRy : : :
Teoesl  E g 2 *N NEREN » Dielectric function should
. *EWW L increase as well
| fji '“{ M FHEEJW 1i“'*w e 1¢. will cause red shift in SPR
609.2 - =iz P . : ,
| h‘ § Pl H f | e« Coincides with [N on filling
5 o0 200 350 200 500 oxygen vacancies

time (min)

Deconvolution of AN and A&, requires in-situ measurement of €,
which is of interest
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Experimental Results H /O2 Tltratlon

3.155x10° m——T——T——T1— | T I I
3.150x10" 1 3=1.0vol % [ -1 598
I f
A
3.145x10"°F  *°v N - 599
r /
J -
® 3.440x10°F :
w X i 4 600 —
E L 0.1 vol. % / | g
— 15 [ 0.05 vol. % f —
“'-':_ 3.135x10 ’ s 1601 ~
L A\l =
sl [0,1=0.1voL %W N\ |
3.130x10 0.2 vol. % I 1 602
L 0.5 vol. % t
3.125x10"° [ R
' 5.0 vol. % \ 4603
I 2.5 vol. % 10 vol
3 12011{}15 1 L 1 1 | 1 1 L 1 1 1 L 1 i | 1 1 L I-

0 6 12 18 24 30 36 42 48 54
time (hr)
» Five H, Concentrations at eight O, levels at 500 C

 Signal change used to examine electrochemical charge transfer between AuNPs and diffusing oxygen ions
 Stable over long periods
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Hydrogen Spillover Kinetics: Plasmonics Study
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‘ Understanding the reaction pathway can lead to better gas selectivity by design
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UN

Hydrogen Spillover Reactions

Example of Similar Work:
Au on TiO, 1]
H, dissociative adsorption on Au

H spillover to TiO, forming
shallow trap states

Probed by FTIR

@ %H§9’+S<—> He

(2) H (ad) < H (inc)

YSZ: wide band gap, less likely
to form trap states

1/2
r, oc By
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Au/Metal Oxide Band Diagrams: Comparing TiO, with YSZ

Au/TiO, - [
Ti Stable Oxidation A - &
States: 4+, 3+, 2+ L ________ e | . 1 s :
n-type semiconductor ‘.
Au TI0O,
Au/ZrO, ‘.
T ~___
Zr Stable Oxidation 5.1ev ‘E T 5 S
States: 4+ | | e
Wide band gap )
insulating oxide — -
Au YSZ
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Reaction Rate Versus Pn,?
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Arrhenius Plots
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Average E_ for both films is ~0.2 eV Il 5 )=
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Selectivity Demonstration

» Single Au-YSZ nanocomposite
e ~25nm Au nanoparticles
» Exposed to 1% CO or Hydrogen in air background

- 0 -
o 1vol. % CO 050
0.030- ] [W B 3
] 0.25
0.025 T
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2 0020 >
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0.000 — 0.00
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T T T T T T T T T T 1 T T T T T
0 1000 2000 3000 4000 5000 0 5000 10000 15000 20000 25000
Time (sec) Time (sec)

| More than 10x signal change for H,

Selectivity is induced through control of the resulting Au nanoparticle size
as CO preferentially reacts with smaller Au nanoparticles
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Particle Size Effects: Further Investigation
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Mechanistic Detalls — surface and core reactions

Oxygen Reactions

, 1 X /
Oy <L)EOZ(Q) + Vi + Bane } Surface
AuNP* +¢, ., < AuNP

AuNP

} 1 - ,
O, %EOZ@ + V7 +2€) } Core
AUNP* +2¢’, ., <> AuNP
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Hyvdrogen Reactions

Hz(g) + O;s) > Hzo(g) t V(:) + e;“NP Surface
AUNP’ +€, <> AuNP

Hz(g) + 0O} <~ Hzo(g) +Vg + Ze:AUNP Core
AuNP™ +2¢), . «—— AuNP
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Net Reactions
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Analysis Results - Sensitivity Predictions

Sensitivity Plot
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1-0.16

< Aleune] = T| A {

From Drude model with
interband contributions:

(1+25, +Re z'“mil\mz'b (Q) Jeom,

T,z,K K Vo]V, 3>L,[e;\uNp]oJ

2

Parameters used to generated this plot:

*Swt % Y,0;in ZrO,

«8 at % Au

«Constant gold content
*Constant total vacancies
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Given: Experimental Results: Model fits
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e-beam Patterned Gold
* Excellent size control

« Encapsulation in YSZ for high-temperature stability S
o Geometry control for multiple SPR modes

{ 522nm; 8hr@500°C |~ >3
518nm; 12hr@500°C |

10 |

= 520nm; 3hr@970°C |
ok &5
£
= 0]
'%_ 463nm
S ~40nm YSZ
g As Deposited

-0.5 |- i
A R T e L e e T
= Wavelength (nm)

30nm platelets 40 x 300nm rods
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MBE Grown Cerium Dioxide

» Different metal oxide affects: i ™

» Catalytic properties
»0Oxygen ion conductivity

« Improved crystalline quality Initial NO, exposure test
* Implanted Au - depth control 500 C, 0.1% O, background

Sapphire

3.760 WN
— 37551
g
2
g 3.750
g 3.745 2 1
x 5
2
3.740 + 20
Prepared by Pacific 3735 98Npgm
Northwest National Lab N TR A S B
time (hr)
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Summary

* Plasmonic-based sensors are a promising candidate for
harsh-environment sensing of emissions gases

» Robust / reliable
» Optical method with no lasers required
» SPR peak shift relates to analyte partial pressures

e The SPR peak can also be used to monitor reaction kinetics
» e.g. Hydrogen dissociative adsorption

» Gold Particle size investigated for selectivity

« Equilibrium model expanded to account for:

» Gold particle size
» Surface reactions

» e-beam patterned gold for size and shape control has begun

 Cerium dioxide grown by molecular beam epitaxy Is being
Investigated for sensitivity and selectivity
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Future Efforts

« Material Control for Sensitivity and Selectivity

» Gold particle size:
— e-beam lithography
— Aerosol Assisted Deposition
— Colloidal, wet-chemistry

» Metal oxide matrix:
— Molecular Beam Epitaxy
— Alternative materials (cerium dioxide, titanium dioxide...)

e Experimental Methods
» Multi-variable sensor array development
o Analysis
» Multivariate analysis of arrays
» Development of equilibrium and kinetic models
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