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' Objectives

Develop micro-scale, chemical sensors composed of
nano-derived, metal-oxide materials which display
stable performance within high-temperature
environments (>500°C).

Short term— Develop high-temperature H,, SO,, and
H,S sensor using low cost, easily reproducible
methods with 3D porous nanomaterials.

Long term — Develop high-temperature micro-sensor
arrays to detect gases such as NO,, SO,, H,S, H,, HCs.

Collaboration with NexTech Materials, Ltd. (Lewis
Center, OH).



Proposed Work Plan 1

Task 2.0 Synthesis and Characterization of Nano-Composite
Electrodes. Doped-tin oxide, ceria, zirconate, and
molybdate/tungstate nanomaterials will be synthesized using
hydrothermal and/or glycine-nitrate processes and characterized.

Task 3.0 Lost-Mold Microcasting of the Selective Electrode
Structure. Develop microcasting methods for patterning microscale,
chemically selective pads on alumina wafers.

Task 4.0 Fabrication of Micro-Sensors and Arrays. Fabricate
functional hydrogen micro-sensors and micro-sensor arrays. In
addition, stable IDEs for high-temperature applications must be
developed.

Task 5.0 Micro-Sensor and Sensor Array Testing.
Micro-sensors will be first characterized for baseline resistance using
external furnace heat at temperatures ranging from 600°C to 1000°C.
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Proposed Milestones

eSensor and Sensor Array design established — Q2
eProcess for synthesizing nanomaterials established — Q4
eStability of nanomaterials electrodes defined— Q8

e Micro-casting process defined — Q6

e Micro-sensors fabricated — Q8

eMicro-sensor array fabricated — Q9

eMicro-sensor specification targets achieved —



—

PropOsed Deliverables

1) Quarterly and annual progress reports to DOE

2) Subtask 2.2- industrial partner delivers nanomaterials
to WVU for stability testing (Q3)

3) Subtask 3.1- Micro-molds delivered to industrial
partner for commercial microcasting demonstration (Q5-
8)

4) Subtask 5.1- Delivery of micro-sensors to industrial
partner for testing (delivery start of each quarter Q7-

Q11)- plan on sending more arrays to collaborator
over the summer.
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Background



Application of High-Temp Gas Sensors —‘

* Industrial applications above 500°C

* Special interest from DOE for harsh environment
sensors (turbine engines, gasifiers, etc)

* Not for RT and ambient safety purposes
 Example of industrial environment
Slagging gasifier : 39.2% H,, 40.3 % CO, 0.11% CH,,

(at 1315°C exit) 17.3% CO,, 0.87% H,S+Sulfides,
0410/0 Hzo, 0.78% 02 *

E E *Ind. Eng. Chem. Res. 50 [3], 1674 (2011)



Background- Chemiresistive Sensors

: Thermally
Ceramic Stable

Substrate

Interdigitized
Electrode
(IDE)

Nano Metal-
Oxide
Sensing

Material

(Chemiresistive)
Bridge)

*Metal-oxide’s shape, size, composition, and surface characteristics
controls the selectivity and sensitivity.

*Nanomaterials provide ultra-high surface area which will enhance

—

W encounter of chemical species with sensing material.



Presented in Previous Reviews (2010-2013) _‘

1)

2)

3)

4)

5)

6)
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Hydrothermal processes for synthesis of ionic and

. . ) ) Gd, gY( 22Zr,0;
mixed-conducting zirconate, stannate, and titanate AR e
b[Ave size 10 nmlt
pyrochlores (3-10 nm). f . 3

Resistor-type, macro-sensors of composite
nanomaterials sense 500-4000 ppm H, (in air) at 600-
1000°C (where normal MOS degrade rapidly).
Nano-zirconate and SnO,/zirconate nano-composites
displayed enhanced stability.

— From 0.792%/hr to 0.016%/hr 1000°C

(0.014 sensitivity for 500 ppm at 1000°C) I TN
Initiated work on Pt-based micro-IDEs that are stable § 69”““W
to 1200 <C. E
Initiated development of micro-casting and Dip Pen .§ 67000,
Nanolithography (DPN) processes for fabricating & . 0.016%/hr

micro-sensor arrays. A R R
Initiated work on sulfur sensing nanomaterial testing

for SO, and H,S.

Time (Hours)
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Challenges of Current Work Addresses: _‘

1) High-temperature stable micro-electrodes.

a. Develop stable, DC sputtered micro-electrodes for specific
sensing mechanism.

b. Method for depositing and patterning potential complex
microstructures and refractory metals.

2) High-temperature, stable, nanomaterials for sensing (H,S,
SO,).

a. Selective to species of interest.
b. No reaction with other gas species in environment.

c. Morphological stability at high temperature due to sintering
and coarsening mechanisms (Driving Force ~1/D").

3) Method to micro-pattern particulate nanomaterials.

N—————



High-Temperature Stable Electrodes
(Inter-Digitized Electrodes, IDEs)



High temperature interdigitized electrodes (IDEs) _‘

Sensing material
composition

Pt hﬁerﬁg‘la&@

irodes

S00-2000

Ceramic
Substrate

Current sensor technology is
limited to operate at low
temperature due to:

« Sensing material
composition (stability,
sensitivity, selectivity...)

« Processing (patterning of
sensing material and
electrodes)

* Incompatible electrodes

Percolation
Lost!!! 16




Strategy to Stabilize IDEs

Platinum Layer

Adhesion Layer

a) Using intermediate 3 :
layer i.e. adhesion layer. tension

Ceramic Substrate (Al,O,)

b) Using second phase === Coarsening
precipitation.
Coarsening.

£ —

Coarsening/Sintering © : Second phase
grain

Grain Boundary
Pinning Hinders

17



Strategy to Stabilize IDEs _‘

g Platinum Layer —_— Pure Pt

(@) Ceramic Substrate

.‘E

‘E BILAYER COATING ARCHITECTURES

Q Platinum Layer [425nm]

8 Titanium Ti+Pt

[ trat

a Ceramic Substrate Tantalum Ta+Pt

(¢))

14 Platinum Layer  [85 nm] Zirconium Zr+Pt

(&)

= falpiun a1

=

-CICJ MULTILAYER COATING

(&) ARCHITECTURES

n
Zirconium L-Zr+Pt
Hafnium Hf+L-Zr+Pt

Ceramic Substrate

&
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Summary: IDE Stabilization _‘

Ti or Ta adhesion
layer + Pt layer

4

8 hours 1200°C, p=624 (10° Q-m)

T
Y ' 4 B
. " f
- , - §
y 1
' 2 .
‘

« r‘
.‘,\
: ‘
" L &
( -y
- l'
e
1 ’
% ¢

Hf adhesion layer + Zr+Pt
composite




Summary: IDE Stabilization _‘

Issue with Layer-by-Layer Electrode:

1) Time consuming to deposit multiple layers.

2) Co-sputtering or solid-solution deposition
requires specialized targets and equipment.

Pt Top layer (425 nm thick)

Pt Top layer (425 nm thick)

Serond Tayer, Defettuve Loy oy of Zr (50 nm thack )

First Layer of Zr Adhesion Layer (S0 nm thick) Zr or Ti Adhesion Layer (S0 nm thick)

Al,O, Substrate Al,O, Substrate

In order to access a similar grain-pinning strategy; alternative approach;
Pt with double zirconium adhesion layer,

(a) Alternative approach, double layer, Zr/Zr+Pt/Pt

(b) Conventional Zr/Pt

20




I_-Iigh-temperature Functional Interdigitized Electrodes (IDEs)

« » “ In order to access a similar grain-pinning strategy;
alternative approach; Pt with double zirconium
adhesion layer,

(a) Alternative approach, double layer, Zr/Zr+Pt/Pt
(b) Conventional Zr/Pt

Pt Top layer (425 nm thick)
Pt Top layer (425 nm thick)

Soroad Tayer, Defettive Layer of Zo' (50 nm theck )

= 4 Layer of Zr Adhesion Layer (S0 nm thick) Zr or Ti Adhesion Layer (S0 nm thick)

Al,O, Substrate

----------

) == XPS depth
g [, 1 sf Y {1 profiling of
a ] % \\ :
g ] ‘1 as-deposited

o | 1 (a)zrPt
e TN (D) Zr/Zr+PYPt and
0;\&7!‘&8;‘2‘“;0!;00;0&;‘"0 U’.’l‘;"fnm;’";’“lﬂlll;-.;ﬂ
Depth [nm) Depth {nm)
I — T annealed 1h at
: -_.__’: n\_(d‘l :"' )
:“.{e")\.‘v_.\’_ﬂ_\ __\_zol 1 5 L \___\-,\ __:g. 4 1200 C
st e 3 (c) Zr/Pt
z \ g \ (d) Zr/Zr+Pt/Pt thin
£ \ g . 1 films.
» |" .”".'“*';‘;."."-;' 9 0 100 150 200 260 200 M0 0 80 O B0
*PI, irconium Composi in Films Electrodes for o Depth
- High-Temperature MEMS Appli T!‘ F:E.Cifilyij:ek:’l( "fL Isky, E.M. Sabolsky, JMEMS, 2013. Depth (am} ol
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High temperature interdigitized electrodes (IDEs) —‘

a) As-deposited Zr+Pt electrode.

b) Zr+Pt electrode after 1200°C, 15 h
inert atmosphere annealing treatment.
Inset shows the destruction of film S———
continuity. iyt

- 00pm |00 pm

c) As-deposited F-Zr+Pt electrode.

d) F-Zr+Pt electrode after 1200°C, 15 h

) . ", e— =
inert atmosphere annealing treatment. C J Em
Inset shows the highly percolated Pt i - S
network. P B
|

Electrical Resistivity of Pt
Composite Coatings (10° Q-m) - 100pm —mrry
s-deposite 1200°C, 15
22




Nano-Derived Sensing Materials
And Testing
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Background-Sensing Materials for SO, _‘

Chemiresistive and Potentiometric and very limited number SAW devices.

Chemiresistive Type Potentiometric Type

WO; thick/thin film with different = Na,SO,-BaSO,-Ag,SO,
deposition methods YSZ-LiSO-MgO

WO, with differW@)ée metal loadings LiZSO4—BaSOSUIfateS

(Pt, Pd, Au, Ag) N o0
.

TiO,, V,0, modified WO, and loaded with Au ( 0.2 0.8)10/19 ( 4)3

Li,SO,~doped La,0,SO,

NASICON-V,0./WO,/TiO, and/or decorated
with noble metals NASICON, 8-alumina and YSZ

K,SO,Li,S0,-Ag,SO0,

Chemiresistive-type

*Most commercial product able to work <500°C.
*Not able to work at temperatures higher than 500°C.
*Simple structure, design and packaging, cheap.
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Background-Sensing Materials for H,S _‘

Potentiometric T

Fe,0;-Fe,(MoO,),
Cr,,Ti,O4
Lay PPy 3Feq 4Nigs
CdIn,0O,

Ferrites

errites

sLiterature related to H,S larger than that of SO,.

*Most of the works again devoted to the various types of transition
metal oxides (TMOs) compounds, 25°C to 300°C.

*Ferrite sensitivities are typically lower in the range of (0-10%) even
at temperatures between 100-400°C.

———————



Original Sensing Compositions of Interest _‘

*WO, shows high affinity for sulfur compounds, but unstable at high temperatures.
*Ternary tungstates and molybdates , wide band gap oxide-semiconductors (4-5 eV).

*Tungstates and molybdates display microstructural, chemical and morphological stability
at high temperatures (compared to WO, or MoO,).

12 —

B

= WO, = Sr,MgWOq, E1 | Sulfur uptake |
= WO, nano (SMW) > |
* MoO, = Sr,MgMoO, 2 o) |
= MoO, nano (SMM) s ool ..
= MgMoO, = SrMoO, § |
» NiMoO, = SrMoO, nano 2 * ]'
= NiWO, - SrWO, O — ]|

e r-.-n;EJ3 Moy =-.-:MI:;-::i.-. “'\llf'.-h-'_‘-.:l,._-' i

*J. A. Rodriguez, Catalysis Today, 2003
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Synthesis of W and Mo oxides

Solution of
Strontium Nitrate
(SrNO,)

— Components

Solution of

(PH~8)

| Stirring at pH~8-10 for 10 min |

Ammonium
Heptamolybdate
((NH4)M0;0,,-4H,0)

{

Solution placed in autoclave
at 80 “C for 8 h (100-700 psi)

!

Solution washed with DI-
water until conductivity < 10
mS/cm3

Solution is dried while
washing in IPA

Difference in
*Concentration
*Temperature
opH
*Time

resulted in variation in

nano-powder morphology.
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Sensing Nanomaterials Synthesized

*Nano-materials with different morphologies were synthesized via hydrothermal route

SrMoO,-nano




Sensor Testing Procedure

—
O
o
—
[J]
|
=
e
©
S
(V]
Q.
g
|—

Polished alumina substrates.

Pt-IDEs screen-printed and annealed at 1200°C.

Sensing material printed onto electrodes and
sintered at 1200°C (~100 pm thick) .

Total flow adjusted to 50 sccm with testing at
600, 800, 1000°C

Exposure to H,, SO, and H,S in N, atmosphere
(various 1, 5 and 20% O,).

Rgas - Rbase

Sensitivty =5 =
Rbasa

T ¥ T L T T

Screen-printed Macro Electrode
(250 um finger spacing)

30 sec
15 sec
5sec

g
Flowrate (Sccm)

o (-] 12 18 24 ao

Time (Hours)

Time (Hours)
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Initial Evaluation of Sensing Nanomaterials \

100

90

80 4

WQO3 Nano

Wo3

v MoO3
Sr2MgwWaos Macro
Sr2MgMoQO6 Macro

S 70
) .
2 604
i> .
3 504 NiMoO4
NiWQO4
m -
0 404
30 -
20 - & 1
10 - b 4
- .
0 - ?L n |
L} ¥ ) )
600 800 1000

Temperature (C)

2000 ppm SO,
1% O, (in N,)
(Similar to gasifier)

*Nanomaterials were tested for stability response and recovery times.
‘WO, (at low temp), STWO, and SrMoO, show the highest sensitivity at

% high temperature.
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Summary of Sensing Material Testing for SO, _‘

WO,
e Reduction problem
NiwoO,
e Reduction problem
Srwo,
e High sensitivity
e Cross-sensitivity problem
SrMoO,
e Highest sensitivities at high temperature
e Lowest cross-sensitivities against CO and H,
e Long term stability (100 h testing)
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Characterization of Nano-WO, Sensing Materials

X 100,000

—

Gom | I 1 ' 1 ' |
-~ ~WO, 41772 *5-100 nm nano-
W0534f5!2 rods
-'-'gs ::;z *W6* are 35.67 and
4000 — ] 5t
—_ Measured 'ur\.-'CJ»3 37.85 and W
3 : 34.46and 36.84 eV,
=; color is light blue.
@ *14.02% W>* and
S 2000 i
€ 85.98% W% no
other chemical state
was detected.
0- - i
— 100nm WVU
10.0kV SEI SEM WD 11.0mm 4|O ' 3l8 ! 3‘6 ' 3:4 3I2 1 OOOOC
Binding Energy (eV)
5000 .
|IL
wer | ‘ll *Red : Air cooled]
so00|- L |'I |‘ *Blue : N, cooled|
| \ [
si00k If | I'IK‘ 1L
r| ‘.I J,LJ I
4 4000 JJ H\ ‘;ﬁ“ klﬂw'ﬁ‘u.v'\rwh
sueor r":;f II‘I‘ III‘l
| 1
W |
2000~ (ﬂ“{ \\.‘ \}Mﬂ/ﬂ\
v‘”‘r )
TP Ll O \ x\‘
(1] L 1 | 1 | | M—-\A—_MA-\" e

36
Binding Energy (V)

*XPS Analysis
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50, Sensing using Nano-WO, Materials _‘

*N,, 1%0,, different concentrations of SO,.

Sensitivity (a.u)

0.45 L] i ] hd v L L) i w - Ll - Ll - L]
b - -
. o o
201 600°C 1000°C
; N 18
0.15 -
: 3
20 min 5 min 0 1 = 1
n.ou-_1 P S w £
1 / Ao/ / - = 1 y -
o] /| A A AN AT Q1M T ¢ : - -
\ [ / A/ S \f V = 3 - ‘R . -
1 i / I8 / 1 [y 4 '
0304 ) \ fh \ [ \/ f s E =
b i .‘JI w'll \\_.J'.I [1‘ lfl | I" - I| { UO'J 8 ‘r; 1.8 x
Vo / - ! a o 4 -
0454 S0 L1 & N g ' .E E -
{1 2 || @ . E % g g 10 min 1 mn s & &
5 Vo E o . 2 = = % - & 8
0604 =& o \ g » g 2 S
=] o} NJ = o 2 g h = =
]l 8 @ o™ g E § 8 o -
£ @ S a g5 - S - 150 -
-0.75 - & f 8 o B
o
- (=) -
g 8 v
-0.90 - &
T T T T T T T 1.75 - - T T - -
2 3 4 5 6 7 8 9 2 H H 4
Time (Hours) Time (Hours)

= |nsensitive at 1000°C due to reduction of semi-conductor to metallic state




SEM Characterization of SrMoO, Sensing Materials _‘

1000°C

X 6,500 5.0kV LEIL

*As-synthesized SrMoO, powders *SrMoQO, powders with different
with different morphologies, morphologies after testing
confirmed by XRD not included.




SO, Testing of Nano-SrMoO, Sensing Materials

N,, 1%0,

2

Sensitivity (a.u)

24 -

aa

A7

A4

wdd 005
wdd 0001

800°C

wdd 0001
wdd 005

wdd 0002

L L
" i 'l

Time (hours)

Sensitivity (a.u)

—

i

414

4.1 =

4.3 -

4.4 4

4.5

4.6

wdd 005

wdd 0001
wdd 0001
wdd 00g

wdd 0007 =

1000°C .

Time (hours)

High sensitivity even with coarsening of nano-particles.

High sensitivity REGARDLESS of nano-particle morphology..

35



Cross-sensitivity Tests of Nano-SrMoO, \

CO concentration level is two times

H, concentration level is always two times
than that of SO,

than that of SO,

0.1 T T T T y T T T v 0.1 Y T Y T v T Y T Y
. WW ' 00- e S |
—_ | IR i —_ . - = ]
= 0.1 N o i o | -0.1 4 o N N 9
g S8 588 g 8§ 888
- o o 8 o _ ' o = Q 9O o
0.2 o L2 0.2 4 S © © v T
2 28§ g% £71 53 g3°3
S 5 3 3 3 S 3
:E 0.3 | :E 0.3 =
7)) ) |
S 0.4 1 q:, 0.4 = o
o )
©» | H, 1000°C N CO 1000°C
0.6 0.6 v T v T T T
9 0 3 6 9

T y T
3 6

Time (hours) Time (hours)

*CROSS-SENSITIVITY TESTS SHOWED APPLICABILITY of
nano-SrMoO, further.
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H,S Sensing of Nano-SrMoO, Sensing Materials \

N, with 1% O,

;gg . T T T T T T T T T 150 ] T T T T T T T T
650 ] ]
=1 800°C 0
600 1207 1 000 C
575 4 110
550 100 4

:ﬁ:': 20 min pulse 5 min pulse

20 min pulse 5 min pulse

450 3 5 ppm
425 J
400 4
375 3
350 4
325-: 50
300 3 m 50 ppm A
275 PP 100 ppm i 100 ppm

250 J d
225 J
200 3

Resistance (Ohms)
E
L]
L
Resistance (Ohms)

50 ppm

100 ppm
10 100 ppm

L] LS v L L} = L] ! L] L L] L4 L} L L] L L] L L] LI DL L DL L L L | 1 T 1T 17
170 175 180 185 19.0 195 20.0 205 210 215 225 23.0 235 240 245 25.0 255 260 265 270 275 280
Time (Hours) Time (Hours)

*Sensitive towards 5, 50, and 100 ppm H,S at 800 and 1000°C
*N-type behavior
‘Long term stability (48 h testing) test showed similar sensing behavior.
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SEM Characterization of Nano-SrMoO,, after Testing _‘

‘Regardless of morphology
(5 different morphology were
tried) this is what happens at
elevated temperature!!!



Solutions to Limit Coarsening of Nano-SrMoO, —‘

1. Grain-pinning

e Zener Pinning: Benefiting from the influence of fine
refractory-stabile particles on the movement of low and
high angle grain boundaries by exerting a pinning
pressure.

2. Templated growth of SrMoO,

e Deposit sensing material over a core refractory-oxide
structure preferentially with epitaxial match.

N——————



SEM Characterization of Grain-pinning Strategy _‘

1. Grain-pinning via nano-CeO,

X 5,000 10.0kV LEI SEM

L imited success !!!
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SEM Characterization of Refractory Core Strategy _‘

2. Templated growth of SrMoO, over a core refractory MgO.

e e 7 — T= -0, "l  N
‘%‘;!&’:; > \ ! \V Y

=

“4

N

i

X 20,000 10.0kV LEI SEM

*For this purpose, MgO nanorods were synthesized.
*MgO stable compound.
Epitaxial match with the final compound.
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Nano-5rMoO,

2. Template Growth, over a core refractory structure with nano-features.

10.0kV LEI SEM

SEM Characterization of Refractory Core Structure and \
And tried grow SrMoO, over MgO, worked...
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SEM Characterization of Refractory Core Structure and_‘
Nano-5rMoO,

*High magnification SEM shows
SrMoO,/MgO  presents nano

features.

Nano-SrMoO, over MgO
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SEM Characterization of Refractory Core Structure and
Nano-5rMoO,

kV LEI

«Coarsening resistant microstructure restrained.

*Porous architecture suitable for gas penetration preserved.
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S0, Testing of SrMoO, Sensing Materials _‘

Nano-SrMoO, Nano-SrMoO, over MgO

0.08
0.00 -]
0.08
0.16 ]
0.24 ]
0.32
0.40
0.48
0.56
0.64
072
0.80 ]
0.88
-0.96 -
1.04
.12 ]
-1.20 5

Sensitivity(a.u)

Sensitivity(a.u)

Sensitivity(a.u)

Senstivity 1000

Sensitivity(a.u)

T T T T T
"0 " 12 13 “

Time (hours)

1000°C, 1%0, 45



Characterization of Refractory Core Structure and Nano-SrMoO, \

. J_ Pourbaix-diagram of Mg N : ‘ ”
0.8 " | . ‘A‘- —|— - , -— e -.'-'.:'- .
04 3’30:@ . ]
1-4‘,#;-
Ohtes, "
04} "‘ﬂ:!‘;?_g* -
> o8l  el] i
%" “12L T B :/ Atomic absorption spectroscopy (AAS)
2 16} e
£ Passivation
2L a
-2.4 .
Hydrothermal Growth at
=2.8 Immunity "-..___“: pH= 9 5
D 2 4 6 8 10 1'2 1.4

*AAS showed that ~3.1% Mg exist in SrMoO,/MgO.

‘In order to have better understanding position, phase,
chemical state, electronic structure of SrMoQO, with Mg.

‘RAMAN
XPS
*UPS
*UV-Vis
*TEM
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Measure Work Function and Band Gap of SrMoO, and SrMoO ,/MgO \

UPS= Ultra-Violet Photoelectron Uv-Vis: Band-gap
Spectroscopy: Work function

SrMoO, nano: 9.3 eV SrMoO, nano: 3.6 eV
SrMoO,/MgO : 7.7 eV SrMoO,/MgO : 3.2 eV

*Charge exchange between solid surface and adsorbed species depends on

the solid surfaces's work function.
Chemical environment ,
Defect structure,
Vacancy concentration
Cation oxidation state.

Mg incorporation to SrMoO, lattice affects electronic state.

***Physics, Chemistry and Technology of Solid State Gas Sensor Devices Andreas Mandelis, Constantinos Christofidos, 1993 47



XPS Depth Profile of SrMoO,/(MgO) _‘

*The data was collected through the depth of the micro-rod of SrMoO, over MgO.

- Mg 2s Photo-electron Line ——B Depth Profile of All Elements
= = C —— Mg Intensity,
B p) = Sr Intensity
E —— O Intensity
] = —— Mo Intensity
Surface; MgO and J\'\ .
1 Mg(OH), | s © .
M =
= El
o 8
= = | No MgO Core
- [72]
& 2
o E
E |
- i
l (\Ww\f,\mm%ﬁ s ... . -
Depth; In. agfd' j . ;
= M%%ituteé@%o and
formed SrMg,Mo,_,O, R ER ) b e e e ) [ e B e T, e EERTE
| . : : | : : . | i 0 1 2 3 4 5 6 7 8 9
100 95 0] 85 80 Depth (min)
B.E (eV) *From surface to 4.5 % to depth 4%,

concentration profile of Mg via XPS.

* Mg at surface as MgO/Mg(OH), and substituted within SrMoO,.

* 17% of the O? was located on unlattice (interstitial) locations by XPS O1s. This is also further
supports the lower work function value measured in the case of SrMo0O,/MgO.
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Sulfate formation on Nano-SrMoO ,/(MgO)

XPS analysis of S and O positions from full scale SO, tested SrMoO,/MgO sensor

Sin MgSO, | O 1 0% in SrMoQ, |

Sulfur (2p) T Oxygen (1s) |
1 0% in MgSO,

SinMgS 4 4

188 8} -
Binding Energy (eV) Binang Energy (eV)

0% peak position in magnesium sulfate (MgS0O,) and reported that the value is 532.3 eV, which is higher

The binding energies of sulfur in MgSO, and MgS are 168.9 and 165.0 eV, respectively. The values are in than ordinary peak position of the O found in oxides.

an excellent match with the literature

= Metastable MgS phase fomation on the surface reacts with oxygen to form the
corresponding sulfate (MgS0O,), and/or MgSO, can form from, MgO, SO, and O,.

= MgSO, is impermeable to further SO, diffusion.

= MgSO, quite stable at temperatures >500 °C; stable even in regenerative cracking
conditions

S. Sugiyama, T. Miyamoto, H. Hayashi and J. B. Moffat, Bull. Chem. Soc. Jpn. , vol. 69, p. 235, 1996.
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J. F. Moulder, W. F. Stickle, P. E. Sobol and K. D. Bomben, Handbook of X-Ray Photoelectron Spectroscopy, Chigasaki, Japan: ULVAC-PHI. Inc., 1992-1995.



Mechanism of H, and SO, Selectivity? _‘

50, Selectivity of Nano-SrMoO,

eSelective to sulfur: Mo highly selective to sulfur species to form metastable
sulfide/sulfate.

eLow H, adsorption: SrMoO, shows low H, surface adsorption which limits

electrochemical reactions (confirmed with TPR work).

H, Selectivity of Nano-SrMoO,/(MgO)

*Non-selective to sulfur: MgS, metastable phase fomation on the surface; reacts with
oxygen to form the corresponding sulfate (MgSO,), which reduces further SO,
adsorption and diffusion.

eHigh H, adsorption: MgO is particularly reactive to adsorption of H, and participates
in spillover reaction to SrMoO, surface (confirmed with TPR work).

e Reaction with H,: Mg incorporated into SrMoO, increased H, interaction with
unlattice (interstitial) oxygen to alter n-type response.

*E. T. Tiirkdogan, B. B. Rice, Sulfide and Sulfate Solid Solubility in Lime, Magnesia and Calcined Dolomite: Part Il. Free Energy of Formation of Magnesium Sulfate, Metallugic Tr: tions, 1974.
**Hydrogen storage properties of Mg-based composites prepared by reaction ball milling, M Kandavel and S Ramaprabhu1, J. Phys.: Condens. Matter, 2006.
*** Dekker Encyclopedia of Nanoscience and Nanotechnology, Volume 3, pp.1913, james A. Schwarz, Cristian I. Contescu, Karol Putyera.
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Micro-Sensor and -Array Fabrication
and Testing
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Micro-sensor Array Fabrication \

Fxnose Photoresist

(STEP 1) UV Light
1) Negative lithography used o g R
for micro-molds oo—oo oo
— SU8-25 (Microchem) Develop Photoresist

Photoresist

* From 20-90 um depth

(STEP 2)
depending on spin rate M

— OAI UV Flood Exposure

System Microcast SE Nanosuspension
(STEP 3) SE Nanosuspension
— SU8 developer _ e

2) Sensing material is casted

Into mOId Microprint (Squeegee Removal)
3) Mold is burned off and (STEP 4)

material is sintered or ﬁ & &
bonded to substrate.

Thermolysis/Sintering
(STEP 5)




Micro-Casting - SEM _‘

«Casted single layer on YSZ substrate *Casted double layer on YSZ substrate

y L




Micro-casting of Sensor Arrays
Nano-SnO, Nano-10% Sn0,/90% Gd, gY,, ,Zr,0;

at

Nano-SnO, and Gd1_8Y0_2r207Arrays

= e is MR | ‘-\ -

Micro-sensor and arrays fabricated with nano-SnO, and nano-
SnO,/zirconate materials.
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Micro-sensors array for H,, H,S and SO, _‘

SrMo0O,/Mg0 and SrMoO, nanoflowers sensing material
deposited over Zr/Zr+Pt/Pt type microelectrode and close-up of edge.
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Testing of Microsensor for H,

Resistance (Ohms)

:

70

&

140

g

8

:

o

—

4 1000°C ; . ) ) p
] // ] = Micro-IDEs were fabricated
a3 by sputtering process.
= 29 fingers were spaced 50
oot ' | ‘ < um apart with a sensing
W ; area of 1.2 mm x 3 mm.
‘ o.vmx/m‘
————— —_— SnO, sensor
y ] = Sensitivity of 0.812 and
WW % 0.010 at 600 and 800°C
: : , ——0.300% /b to 4000 ppm of H,
0 1 2 3 4 S 6
Time (Hours)
(b)
Compared to Macro-Sensors
~63% increase in response rate
~200% increase in sensitivity
N, with ppm H, (10% oxygen atmosphere) 56




Testing of Microsensor for H,, H,S and SO,

X7

Sensitivity (a.u)

,, Macro Sensor, SrMoO, nano, SO,

Micro Sensor, SrMoO, nano, SO,

—

1000 ppm
1000 ppm 2000 ppm

500 ppm

0.0
o]
02
£}
.‘!, 0.3
°“: 2000 ppm %‘ 04
0.5« g 05
056+ S os
0.7 = 0.7
08+ 08 =
0s{ (a) 0s] (D)
1.0 r . r v 1.0
1 2 3
Time (hours)

1000°C, 1%0,

T v T
2 3

Time (hours)

Usage of micro platform of SrMoO, nanoflowers, the increase in
sensitivity was up to 65%.
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Testing of Microsensor for H,, H,S and SO,

Macro Sensor, SrMo0O,/MgO, H,

11000 ppm

| (2)

1000 ppm

2000 ppm
20009PM 4000 ppm

L ot L x L]

2 3

Time (hours)

Sensitivity (a.u)

Micro Sensor, SrMo0O,/MgO, H,

—

®© & & & &6 & &5 & o o
(-] -~ L-al = b (=] ~ . o -
P Y

ot
trs

4
1
-
e
<
—

-
o
b a b s L 4

J

1000 ppm

2000 ppm
(b) 4000 ppm 2000 ppm

f

J

1000 ppm

L o L} L L]
1 2 3
Time (hours)

1000°C, 1%0,

SrMo0O,/MgO reported a sensitivity increase of 40%.
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Work Summary _‘

1. High-temperature interdigitzed electrodes (IDEs).
 High temperature micro-IDEs (stable to 1200 C) were developed and
method for micro-patterning.
2. Sensing Materials for Sulphur Compounds.
 Ternary tungstates and molybdates were synthesized at the micron-
and nano-scale, and tested for SO, and H,S.
* High sensitivities were measured >800°C, but the as-synthesized
nanomaterial morphologies were not stable.
3. High-temperature Stabilization of Ternary Mo/W Nanomaterials
* Nano-SrMoO, (which showed high sensitivity to SO,) was grown over
nano-fiber MgO to form stable nano-morphology.
* Selective sensing to H, (with high sensitivity, >80% for high ppm).
4. Micro-sensors and Array Fabrication
*  Micro-molding process was developed to deposit forms down to
~10um.
*  Micro-sensors and basic arrays (with synthesized nanomaterials) were
fabricated on stable micro-IDEs.
% * 50-200% increase in sensitivity and >50% increase in response rate.
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Coating Type As Deposited 1h $h 15h 24h 4sh
Tivln 210 S61 - — - -
Tasht 192 442 3106 - - -
Ireit 201 234 684 - .- —_
Hivi 207 244 - - .- -

LZrePt 252 315 39 b
M/ L-Zrept 247 . . . 211 624
L fIrer/m 219 257 289 508 - -
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Work Function and Band Gap of SrMoO, and SrMoO,/MgO

* Electronic aspect aspect of the Mg incorporation to SrMoO, lattice, Important consequences of Mg incorporation can be observed in electronic aspects;
therefore, the work function and band-gap measurements were conducted via ultraviolet photoelectron spectroscopy (UPS) and ultraviolet-visible light
absorption spectrum (Uv-Vis), respectively

=54

UPS: Work function (qd,,,) Uv-Vis:Band-gap . ;
eBarrier height is that the gap between SrMoO, Micron ;
conduction and fermi levels, qd,= q(,, -X) Band-gap: 3.9 eV £

SrMoO, Micron : 8.2 eV
SrMoO, Nano: 9.3 eV
SrMoO, + MgO : 7.7 eV

*TMOs surface engages charge exchange (e)
with absorbed material.

*Charge exchange between solid surface and
absorbed species depends on the solid

surfaces’s work function.
*  Chemical environment , defect structure,
vacancy concentration and cation
oxidation state.

Quantum confinement results in an increase in the band gap, which may
explain in the increase in the band gap nano-SrMoO,-nano compare to micro-
SrMoO,

Missing O from the SrMoO, during the deposition process and/or reduction in
the un-lattice (interstitial) oxygen sites can cause the reduction in band-gap
value. The substitution of Mg into Mo would result in opposite effect regarding
to the band-gap height

In order to explain reduction in the band gap value from SrMoO4_51 nano to

SrMo0,_5,+MgO work functions were determined Average cation oxidation |ocati0ns
state proportional to work function (¢,,). In other words, oxygen deficiency is
disproportional to work function (d,,). 8 2>81 -

Un-lattice could not be measured
due to secondary SrO phase

SrMoO, 5, hano

Band-gap: 3.6 eV

20% 0% located at un-lattice
locations, un-Lattice oxygens can
be thought as adsorbed O down
to 10 nm from surface

SrMoO,_,,+MgO
Band-gap: 3.2 eV
17% 0% located at un-lattice

Physics, Chemistry and Technology of Solid State Gas Sensor Devices Andreas Mandelis, Constantinos Christofidos, 1993

Yan et al., Journal Physical Chemistry, 113, 2009
Mark T. Greiner, et al., Advanced Functional Materials, 22, 20120

1
/

Photon Energy (eV)

T T T T T T T T T T T T
275 300 325 350 275 400 435 450 475 500 525 550

Absorption (a.u)

25

7
/
/
K4

Photon Energy(eV)

T T T L T T T T T T
260 276 3.00 326 360 176 400 425 450 475 500 525 6

v v T . T ol v r a
I AW A AN A AM AN AN AW Am

Photon [ nergy (e V)

62




Typical Electrochemical Sensing Mechanisms

*Possible Reactions occur during sensor operation

H,S SO,

B el n 12
H;S(aas) + 3055 = SOy, + Hy + 3~ 502 + Otaas) = S0s + 15

- 8 L -3 iE y X
HyS(aas) + 3075 = SOy, + Ha + 66~ 502 + Ogiatrics) = 503 + Vo

7 X _ it -
H3S(aas) + Ofaas) = H20 + 50 + €~ Vo Vo + 2e
Hy + 0,4 = H,0 + € 50z(gas) t O2(gas) = 503(gas)
V=V, + 2e” 503+ e~ © 505,45

H,

Hag) + 05 ey < H20(g) + Vi + 2e~ ]f'rg 02 () + Vo +2e~ < 0F gy
Hag) + Ofaay © Ha20(g) + 2e” lfz 029y + €™« Ofa) (or OH@q))
Hy(g) + O(aa) © H20(g) + €~ Hacp) & 2H gy + 2€”
1/ Hagy + OH (oqy & Ha0(g) + €7 1/50; 5y + Hagg) = Hi0)

*S. K. Pandey et. al., Trends in Analytical Chemistry, Vol. 32, 2012
=]
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RAMAN Characterization of SrMoOé

* RAMAN technique is sensitive to vibrational modes in crystal structure, substitutional solid solution formation
such as, SrMg,Mo,_,O, and/or doping level of Mg incorporation to SrMoQ, lattice.
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Raman is capable of detecting down to
0.5% substitution in SrMoO, lattice as
main peaks get broad

MgO secondary phase
possible.

formation
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Surface Interaction Kinetics

D

Normalied Conducthlty
P e ° .

Normalied Condectinity

chem

T T

2000 ppm

:< Normalied Condeciiviy

.
i
e

tire (we<|

2000 ppm
2000 ppm SO,.

-
.:: Kchem

: (] ]

& £

, /7 0.0050562 g p WITH THIS APPROACH Dchem
¢ §° / and Kchem values don’t match
. s Dchem -] with literature
; by N 0.0036762 B
oz, f 0.0041652 i /
2 1 gcé\;;\m
0.3875882 A\ <4
chem
" 0.27
urre (sec) X [ ; '.»,
LLUEE TS

and K, .., values for 500, 1000 and 2000 ppm of SO,-SrMoQO, nano.
500 ppm
500 ppm 500 ppm SO;.
: Surface interaction is
W it £ S . . I
R : )/‘;wm e dlffu5|on -I|.ke process, amgunt
/ 3 7 of interstitials are determined
« & Kchem -[:)c’l;gg‘ouz E " f' Kehern b XPS d t . Ik t h
ey AR RN y , and it is like etching
3 rosiapry : Dchemt process, Sudden increase in
“enerr ol A | the conductivity is related to
1000 ppm 1000 ppm e pure surface interaction of
1000 ppm SO, the approaching SO,
e . p— molecules and interstitial
“‘b Kchem 2 . H
: / 0.0010562 i : and/or chemically physically
Dchem O adsorbed oxygen. Adsorption
£ Kchem 0.0000822 H § Kchem . . .
0.0020802 §of 0.0030402 of SO, is very limited at
Dchem ¥ Dchem
0.2975882 . d 0.0131815

1000°C, desorption of it has
maximum at 500°C. Second
part is diffusion related. The
second side of the given
graphs, the conductivity
increase is related to diffusion
of the SO, and its interaction
with the lattice oxygen.
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Micro-sensor Array Fabrication \

Expose Photoresist
SU8 Micro-mold (STEP 1)

ISTEP 2, Photoresist

Micro-casted into

= 250 pm Micro-molds
Microcast SE Nanosuspension

(STEP 3) SE Nanosuspension
Eamams

Processed Features Microprint (Squeegee Removal)

(STEP 4)

S Thermolysis/Sintering
(STEP 5)

Thermally
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Micro-Casting - SEM _‘

«Casted single layer on YSZ substrate *Casted double layer on YSZ substrate
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Nano-SrMoO, and MgO Composite _‘

60000

] L4 ] L4 I

f 1000
50000 i
40000 - T TITTT 1 Mixed nano-SrMoQO, and
_ s 1 nano-MgO to form
30000 4 _ particulate composite

= Not formed by
hydrothermal process.

20000

10000 -

1000°C, 1%0,

0

L] l L ' L] 'l L] l L l L ' L] 'l L l L
19 20 21 22 23 24 25 26 27 28

No response to pulsed 2000 ppm SO, in N,!

———————



Compositional Testing

Morphology of sintered powders
Fired to 1200°C for 2 h

Gd, 3Y,.,2Zr,0, with 10 vol%
eIn pure GZO, partides N Gdl.BYO.lzr e SnOZNagg|0merates
are uniform and around | NEEIn Tk NP E SRR,
<80 nm
*10% nano-Sn0O, — 60
nm with well distributed
pore network
*50% nano-Sn0O, — 50
nm or less with
increased porosity
*90% nano-Sn0O,, -
particles increased to
100-300 nm
*Each system’s particles
size much less than pure
nano-SnO, ~ 1 ym

Gd, gY, ,2r,0, with 50 vol% Gd, .Y, ,Zr,0, with 90 vol%
Sn0O, Nano-Agglomerates SnO, Nano-Agglomerates
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Figure 100: Band-gap measurements of (a)
SrMoO,-micron (b) SrMoO,-nano (c)
SrMo0O,,MgO
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Resistance (Ohms)

H,S Sensing of Nano-SrWwO, Sensing Materials
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Resistance (Ohms)

*Sensitive towards 5, 50, and 100 ppm H,S at 800 and 1000°C
*P-type behavior

*Long term stability (48 h testing)

SrWo,

LML
28.0 28.5 29.0
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Intermetallic formation O
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Detailed XPS scan for the (a) Hf 4f peak positions in the Hf/L-Zr + Pt
sample. (b) Zr 3d peak positions in the L-Zr + Pt sample, both annealed at
1200 -C for 48 h.
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