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Functional Au-SnO, core-satellite heteroassemblies for gas sensing applications

Student: Chen-Yi CHEN Advisor : Chun-Hua CHEN, Ph.D.

Department of Materials Science and Engineering
National Chiao Tung University

ABSTRACT

SnO, nanoparticles (NPs) and their assemblies have been widely designed,
synthesized and applied for gas sensing by screening the drastic changes of
electrical resistance while absorbing or desorbing targeting gases. In this work,
we mainly focus on the chemical preparation and optic-based gas-sensing
application of functional Au-SnO, core-satellite heteroassemblies (Au-SnO,
CSHA). The fabrication of such heteroassemblies involving two steps, i.e. the
fabrication of Au cores (~13 nm) by direct reduction method and the following
formation and assembling of SnO, NPs (~2 nm) on the suspended Au cores, is

especially designed and precisely optimized to approach purposes of both CO
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sensing and optical observation. From high resolution transmission electron
microscopy (HRTEM) images, it is found that the assembled thickness as well
as the morphology of the tiny SnO, NPs can be precisely controlled by varying
pH value and concentration of Sn precursors. The prepared Au-SnO, CSHA
were repeatedly washed with de-ionized water and then deposited onto
plasma-treated glass substrates for a series of UV-visible absorption and CO
sensing characterizations at various CO concentrations and substrate
temperatures.

From the UV-visible spectra measured at atmosphere at room temperature,
as the thickness of the SnO, NPs assemblies increased from 5 nm up to 9 nm,
the absorption peak of the prepared Au-SnO, CSHA greatly red shifted from 520
nm to 540 nm, where the solution color changed from red to purple. Based on
classical Mie theory and the assumption of a simplified Au-SnO, core-shell
spherical model, the calculated spectrum peak of a 13 nm Au core coated with a
dense 7 nm SnO; shell located at 556 nm which is greatly red-shifted compared
with the experimental one with a porous 7 nm SnO, shell at 540 nm. In order to
approach the real structural parameters for obtaining a peak at 540 nm, we
further introduced the effective medium theory (EMT) for a theoretical

estimation of the Au-SnO, CSHA with a porous 7 nm SnO, and found that with



the assumption of a mixture of 50% (volume ratio) SnO, NPs and 50% water,
the calculated peak is coincident with the experimental one.

The Au-SnO, CSHA (5 nm SnO,) was applied for the in-situ investigation
of CO sensing properties under controlled CO concentration from 5 ppm to
10000 ppm at various temperatures from room temperature to 200 °C. It was
found that with the increase of CO concentration, the absorption intensity
accordingly decreased over the full measured range from 200 nm to 1100 nm
and a maximum change was found at around 556 nm which is the characteristic
absorption of Au NPs. By analyzing the CO Concentration dependent variation
of the Au absorption intensity, CSHA exhibit a significant CO sensing sensitivity
below 1000 ppm where an excellent absorbance change ratio (ACR) as high as

0.014 can be approached at room temperature.

Keywords : Oxide, Nanoparticle, Plasmon, Nano-optics
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Table 1-1 : Demonstrating the effects of certain concentrations of carbon monoxide on human
health. [1]

Carbon monoxide

) Signs and symptoms
concentration (ppm)

35 Headache and dizziness within 6 to 8 hours of exposure
100 Slight headache in 2 to 3 hours

200 Slight headache within 2 to 3 hours ; loss of judgment
400 Frontal headache within 1 to 2 hours

800 Dizziness, nausea and convulsions within 45 minutes,

Insensible within 2 hours
1600 Headache, tachycardia, dizziness and nausea within 20

death within 30 minutes
6400 Headache and dizziness in 1 to 2 minutes ; convulsions, respiratory
arrest, and death in less than 20 minutes

12800 Death in less than 3 minutes
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Fig. 2-1 : Schematic band diagrams of an insulator, semi-conductor and conductor.
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Table 2-1 : Sign of resistance change (increase or decrease) in different gas atmospheres. [1]

Classification Oxidizing gases Reducing gases
n-type Resistance increase Resistance decrease
p-type Resistance decrease Resistance increase
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Fig. 2-3 : Schematic diagram:of negatively charged chemisorbed oxygen species cause an
upward band bending and consequently-a depletion layer in the near-surface region.
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Table 2-2 : Case studies of CO gas sensing on semiconducting metal oxides. [7]

Material Temperature (°C) Detection limit Reference
SnoO; RT-700 1000 ppm [8]
25-400 200-3000 ppm [9]
200 1% [10]
Zn0O 700 200 ppm [11]
350 250 ppm [12]
250 60% [13]
3T
4 +
—_ —0—3 Co
= ppm
E 34 —=&—— 100 ppm CO
&
o
2 21
A
- \J\/ﬁ——c—’—"‘:
1 +
0 + t t { f {
0 20 40 60 80 100

Grain size (A)

Fig. 2-4 : The effects of grain size on the response to the carbon monoxide. [14]
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Fig. 2-5 : Influence of organic vehicle-content in-inks without mineral binder on the response
of sensors to CO (300-ppm)-at-500 oC : (1) 41.:3 wt.%, (2) 35.0 wt.%, (3) 23.8 wt.%,
(4).17.8 wt.%. [15]
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Fig. 2-6 : Demonstrating the response of the sensor to humidity. [16]
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BRI OET F A0 4 6 08 o TR S FMAH T A RS- BE B4 6
odf dhin i § O 45 sop(lonosorption) sk 3 OFR O E abiliad- BE D
Fend o o ik e R BREF M- COfrd m hF 3 F R BT 5 B g
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S fEE e F LR ER | AMUET(<200°C) > SN0, & &t ehF A oA T e
WY 1 F 0 Ogaps) * & AFMF 1 RAHF > Oglansy 5 227 GRBERT > 5§ 2

L3 ¥g 0 T Ofans) 2 O(ans)  ©

R CNLSE
CO + 0; —.CO5 (Eq. 2-6)
CO5 +CO - 2C0, + e (Eq. 2-7)
BB E R
CO+ 0~ - CO; (Eq. 2-8)
CO; - CO, + e~ (Eq. 2-9)

PSR AR T A B CO A S - B RS RMA(EQ 2-6 2 Eq.2-7) 0 @ hAEA
T ECOLFa- BT FAAER(EQ 2-8% Eq.2-9) 0 F]M o RBIEOEEAREER
Fss o o Barsan 4o Weimar <h#= ¢ [17] » BRIk o B - @ + chg 4 e & (Fig. 2-7) > A

§ TS (SN0 T+ ) & AR G ki i st i 59 @ H(Fig. 2-8) » @Bt
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Fig. 2-7 : SEM pictures of the SnO, sensing layer. [17]
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Fig. 2-8 : Schematic representation of a porous sensing layer with geometry and energy band.
[17]
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Bahrami % 4 [18]3r % 7 # % % CO~CH3fr CsHg ek 5t ® > AUNPs 02 SnO; 5 A&
HORPIEY HFARCEREMEDEE > 1% Au/SNO, ¥ % 12 £ jitiE (Co-precipitation
method) @ # - % {8 % 150 °C "5z @ 14 . 300°C T %% 3] P> AUNPs = %4 31 5
nm s A fF & SnO; % & > Fig. 2-9(a) » SN0z v AU/SNO, 1 BET # & # il %4 4 5 210 fr
110 m?/g > A S| % T] 4 fv 7.5 nm sk 25 BT E R > A5 & 40-1000 ppm 1 CO 3k
¢ 8 B % P 170-300°C > Au/SnO; fr SN0, i B B 188 i o f SN0, B 78] B 4p v+ » Au/SNO;
BRI CO L4 { & hBMk » AUSNO, fr SN0, A %] 250 °C fr 275°C % 91§+ &
FOR 0 d 2t Au ERIEGR TR 5 AUISNO, iR E $ CO ehde B U E 4 AP RS R R >

Fig. 2-9(b) » % AU/SNO, B if] B s ip] B4 CO e Bl # > MA-| 2 & & & 420 Au NPs

(a) <y )  .’ B LA (b) -0-!70:C

Au (111)’
0.24 nm

. i 0 200 400 600 800 1000 1200
A Concentration (ppm)

Fig. 2-9 : (a) TEM micrographs of 1.0 wt% Au/Sn0O,. (b) Response of Au/SnO; (solid line)
and SnO, (dashed line) to various concentrations of CO at different temperatures.
[18]
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RS FREREL ) s e kAo JE DR &R RAR E Sk

Pk

2
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s
=

ML ER % T S (Plasmon) £ - A £ 45 pd TFEFS

6”34

e
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B+ ARG & 5 T 5= 9= (Surface plasmon resonance) > 13ttt e 3§ a2

T EBA D TFAEH S S R R :?j%; (Bulk plasmon) k 3 » sz 3=
§ % 4 &R 4RI 5 (Plasma frequency) » 1 & i £[19] :
Ep = h |7 (Eq. 2-10)
mé&gy
B9 i fd 2RAATHB O NERTRA LTI TF o mATFFE -

hiE o ;‘::Ff:—”f 7558 B4 ?ffjﬁiﬁﬁiL(SPPs)uJ MAs %5 ?,if]%—”r(Surface
plasmon) » Fig. 2-10(a) [20] » & 5 & BEARFT e + i s Rk - 5 7 J‘ G
TR F A AR 0 MR B E A g e S R T U S TIE A 4
RS PG v R 2T Fiksges end o RS R T A0 14 6k (Surface
wave)s st e £ BB A R RS w Ll U F &R N bk (TE LG B
FLFehdipd g ) 7 b e EIMER G o

T BBt o~ sk E AR PRI & B RS 0 FS RN L0 &

w

Ko+ e E s (SKin depth effect) ™ Ak Zovk » F U X T~ SRR ET{S 0 2 S

5«

Thpd RFEXDNOMTHF RN F L BRGNP L F AR T
ﬁfz—’r IR % (Particle plasmon) > o **igendr f (7 2 #F 2 224 ) hz kT o 4 flz
2 hBi-4a 7?{: + (Localized surface plasmon, LSP) » 4r Fig. 2-10(b) - L iAo R Jf:
FEEaA BEEPPE T A AEEE G HITo ) F & H % HiTH-(Highly enhanced
near-field) » £ FfitiTae+ hdk G FAR S MR > TR A AR §EDE S E O RT R
AFEFFER DB Aem TF o SR G B F e R AL A G R nE P

[21] » &4e % o 3 56 4= & Sk 2 (Surface-enhanced spectroscopy, SERS) : 2 =& » % £ B2 &
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Fig. 2-10 :

Illustrations of (a) surface plasmons and (b) localized surface plasmon. [20]
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GdHCH L > BB AG LRI ARIF LG TR B E e B2 B
B iMoo n EER - ERE T AT Z §5§4 g g E R A R
Hexfe s Feat k¥ - Kondow [22]#- Ag NPs s jz# > i 5]+ Jj{; B N
SR ERTRRF FRFEFF R R EA pF AL R TR - A3
Yo > 4o Fig. 2-11 o

SRE LTI bk PR T AR VETETIME DT HIEY > U
BivY wgd T BEEFETRET A & (Polarizability) e # T & o 7 & 7407

a4 = 471R3 €+—2€m (Eq. 2-11)
£ Em

GRS RS EBHLEL R AT B e Autm B4 D F Hoen RE T A

2. %% o

PEHRART A e T Z 305 v BB £ ha 4 ~ iz a5k gt
”Vﬁ‘:fﬁ%% LRt Y B A & Sl ot AR 2t d 3 5 ha ?,Jf:%i
/= 2Y Au~Ag 2 Cu FIE & 488 o f (Scattering cross section)z. i #t[23] » =

R SR PCE R SRS ST S E T e

Absorbance

300 400 500 600
Wavelength (nm)

Fig. 2-11 : Experimental (solid line) and Simulated by Drude theory (dash line) absorption
spectra of Ag nanoparticles. [22]
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1203 (Core-shell) 2 58 Ao+ > A%k 5130 7 :Pj%+ LM GRHEAF Bafre X ina i
K BBz vt )1 o Halas [24] % 4% 1 2 o s (Nanoshell) &2 » £ 9] * 5 %_Si0, 1w & js
(120 nm) > @ Au B R 5 & (G nm~20nm)> k7 fEEEA 2 K S 2 T ﬂ}%—? £ IR2k
Ak R MG S AU B R OR G RS R R R § IRE AR L e Fig.
2-12 0 1U TR BRLEL L R YE 0 Ao 107 & £ AUNPS 2 Au-SnO, Fi/fiFE B e
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Fig. 2-12 : Optical tunability is demonstrated for nanoshells with a 60 nm silica core radius
and gold shells 5, 7, 10, and 20 nm thick. [24]
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WL EFIE AP o d AR ARG RS TE § R INFRESRES A
4 =8 > bldcFig. 2-13 [25] 5 50 nm 2. Au NPs 2~ 3743 FFava iz » g EF 3% 0% ¥
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T Jf:—t%)%/ﬁ»ié sc s o Gaspera & A [29] 72011 & w s 4k B F M P BTy o

&

S EHE S AW AuUNPs sAE & E R SV IR FA S - B
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Fig. 2-13: Extinction spectra of immobilized monolayers of gold solid colloids. [25]
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Fig. 2-14 : (a) Scheme of LSPR-VOC sensor testing system (b) LSPR spectrums of Ag
nanoparticles responding to 0~100% relative saturated toluene vapor

concentrations. (c) Spectrum integration area of Ag nanoparticles between
350~550 nm. [26]
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Fig. 2-15 * (a) Scheme of building LSPR sensor array assembly in a flow-cell cube. Real-time
response signals tested with (b) m-xylene, insert shows the magnified response
curves of NAP-Au-Npat 2000 ppm and (c) n-pentanol (wavelength regions: +,
395-475 nm; —, 480-620 nm; O, 690-850 nm). [27]
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Fig. 2-16 : (a) Schematic presentation of polymer-coated gold island film preparation. Spectral
response of the vapor sensor based upon gold island films coated with (b) PS and

(c) PSS. [28]
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Fig. 2-17 : (a) Schematic of the sol-gel sensor architecture. (b) Effect of H, in the optical
absorption of SiO2-NiO-Au nanocomposite. Absorption spectra of films annealed
at 500 oC measured in air and under a 1% v/v H, mixture at 300 °C operative
temperature. [29]
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3-3 Au-SnO, CSHA 2_ ® # 2

AW AU-SNO, CSHA 2 & & A 5 /& PFE[36]: 5 - el * Bigpa B R A4
Uz Kk AR R o % BdeT (- HAUCH, -k % 7% (500 ml, 0.4 mM) # i #E4L 3 4c $1 5
A HE > e P - tri-sodium citrate (ki3 5% (25ml, 34mM)4e # % A R 0 R folli 4 R
30min 24P T FIE > T AUSBAA R 0 Sk Y REFMAET AR T - 5o 1
R 2 4 NaySnOs -k i3 7% (2 ml, 40 mM)4c » % it Au 348537 ¢ > #4£ 30 min > ;3%
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AU-SNO, CSHA 2 # B F o2\ i1 ¥ 3z AT edh )k B fr AU PR 83 7 2 pH & k]38 %

BRZEICHAE  E7 %2 Au-SnO, CSHA A 3
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3-3-1 AuNPs 2 ## ;2

(1) fi= % 500 ml 0.4 mM HAUCI, -k i3 i

(2) p= @ 25 ml <5 34 mM tri-sodium citrate -k 7% i%

(3) & & #-HAUCI, -k 7% i e tri-sodium citrate -k i3 i 4 £ 3 %
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(5) % 100°C = #:£ 30 min
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|
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v - — o _a
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Fig. 3-1 : Process of synthesizing Au NPs by tri-sodium citrate.
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3-3-2 Au-SnO,CSHA z_#] % ;2

(1) 7% 0.1 M NaOH -k 72 i
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(5) #-% 20(4)2- NapSnOg-k i3 ite +e » © 3 ¥ pH E 2. Au % K i3 i
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(7) 3Rk tkis kB EAR¥E 231 60°C
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(9) #-(8)* 718 2. i3 i g v #.w S ¥ s dgi¢ 15000 rp.m.> § & 5°C pF R 30 min o
oo 2 fo 8- R IZRPSABG  FAATEL Z N R T ACE Y e £
oo o FERZ RS AR ZFER o
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- ———

!

% # NaySnOz-kia %

!

# NagSOs -k i it 4 » AU 2 f 423 73 i

!

¥+~ 30 min

!

‘e 3 60°C - & #8 1hr

Fig. 3-2 : Process of synthesizing Au-SnO, CSHA.
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Fig. 3-3 : Schematic of optical gas sensor architecture.
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Fig. 4-1 : (a) TEM and (b) HRTEM images of the Au-SnO, CSHA prepared with a stannate
concentration of 40 mM at pH 10.5.
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(b)

Fig. 4-2 : (a) TEM and (b) HRTEM images of the Au-SnO, CSHA prepared with a stannate
concentration of 40 mM at pH 8.
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(b)

Fig. 4-3 : (a) TEM and (b) HRTEM images of the Au-SnO, CSHA prepared with a stannate
concentration of 40 mM at pH 5.8.
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Fig. 4-4 : XRD patterns of the Au<SnO; CSHA prepared with a stannate concentration of 40
mM at pH (a) 10.5, (b) 8, and (c) 5.8.

Table 4-1 : The FWHMs of the SnO, (111) peaks and the estimated particle sizes of the
Au-SnO, CSHA prepared at different pH values.

pH value FWHM of SnO, (110) (deg.) Estimated grain size (nm)
10.5 7.4 1.1
8 4.1 2.0
5.8 7.5 1.1
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Fig. 4-5 : (a) TEM and (b) HRTEM images of the Au-SnO, CSHA prepared with a stannate
concentration of 5.6 mM at pH 10.5.
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Fig. 4-6 : (a) TEM and (b) HRTEM images of the Au-SnO, CSHA prepared with a stannate
concentration of 0.18 mM at pH 10.5.
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(c) Au@SnO5 0.18 mM

(b) Au@Sn0O5 5.6 mM
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Fig. 4-7 : XRD patterns of“the Au-SnO; CSHA prepared at pH 10.5 with a stannate
concentration of (a)40 mM(b).5:6.mM-(c) 0.18 mM.

@A11)
(200)

Table 4-2 : The FWHMs of the SnO, (111) peaks and the estimated particle sizes of the
Au-SnO, CSHA prepared at different stannate concentrations.

lon conc. FWHM of SnO, (110) Estimated grain size (nm)
(mM) (deg.)
40 8.792 0.928
5.6 12.208 0.668
0.18 14.229 0.573
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Fig. 4-8 : UV-Vis absorption spectra of the Au-SnQ,CSHA prepared at (a) pH 5.8, (b) pH 8,
and (c) pH 10.5.

=——/(a) Au colloid 0.4 mM
——(b) Au@SnO, 40 mM
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Fig. 4-9 : UV-Vis absorption spectra of the Au-SnO, CSHA prepared with a stannate
concentration of (a) 40 mM, (b) 5.6 mM, and (c) 0.18 mM.
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Fig. 4-10 : Simulated absorption spectra-of the Au-SnO» core-shell models with various shell

thicknesses.
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Fig. 4-11 : Simulated absorption spectra of the Au-SnO, core-shell models with different
volume ratios of SnO, NPs to medium (water).
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Fig. 4-12 : Absorption spectra of the Au-SnO, CSHA with a 7 nm SnO; shell measured in dry
air and after exposure:t0"1000-ppm CO at 200-°C.
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Fig. 4-13 : The absorption difference between the UV-Vis spectra shown in Fig. 4.12.
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Fig. 4-14 : Absorption spectra of the-Au=SnO, CSHA with a 7 nm SnO; shell measured in dry
air and after exposure t0.1000 ppm CO-at room-temperature.
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Fig. 4-15 : The absorption difference between the UV-Vis spectra shown in Fig. 4.14.
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Fig 4-16 : Absorption spectra of the Au-SnO, CSHAwith a 5 nm SnO, shell measured in dry
air and after exposure:to'1000-ppm CQO at room temperature.
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Fig. 4-17 : The absorption difference between the UV-Vis spectra shown in Fig. 4.16.
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Fig. 4-18 : Absorbance at 556 nm.obtained from-the /Au-SnO, CSHA with a 5 nm SnO; shell
as a function of CO concentration.
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Fig. 4-19 : ACR at 556 nm obtained from the Au-SnO, CSHA with a 5 nm SnO; shell versus
CO concentration in logarithmic scale.
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Fig. B-1 : Drude model of free electron transport action-of metal when apply electric field.
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Fig. C-1 : Core-shell nanosphere geometry * &;, €,, and &3 are the dielectric functions for the
core, shell and embedding regions, respectively, R is the core radius and R; the
total particle radius. [45]
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D %%/ ¥ 2% (Effective medium theory, EMT)
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Fig. D-1 : Schematic of core-satellite structure. [47]
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