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1. Introduction    
  The demand for natural gas is increasing because of the easy supply and of 
its eco-friendliness as an energy source.1  However, the safety problem 
prevents the further utilization of the natural gas.  For example, 665 cases 
of methane gas leakage incident were happened in 2010, Japan.2  Sixty 
percent of them were occurred in the case of residential use.   As past cased 
the gas explosion were happened in commercial buildings of Osaka 
prefecture in 1970 and underground shopping center of Shizuoka prefecture 
in 1980, thus an expansion of methane gas alarm diffusion is highly required.     
SnO2 is n-type semiconductor and widely used as gas sensing materials.3,4   
Oxygen atoms which adsorbed on the SnO2 surface can be reacted with 
reductive gases at high temperature.  After reduction reaction, trapped 
electrons are released into the electrode as career.  Thus the conductivity of 
SnO2 is highly depended on the partial pressure of revealed oxygen and 
reductive gases.  The AC power-driven type SnO2 sensors have been 
developed and widely used so far.  In order to increase the number of 
home-use gas sensor, battery-driven type or wireless models are preferable 
because of their good appearance and their free installation.  Longer 
lifetime at least five years for gas alarm device is required from the Japan 
gas association thus the low power consuming sensors have to be developed 
to realize cordless type gas alarm. 

Methane, a main ingredient in natural gas, is the most inert gas in the 
hydrocarbons and thus the activation of methane is necessary for reduction 
reaction.  At the same time high methane selectivity is necessary which is 
because the kitchen atmosphere contains many reductive components such 
as alcohol, grease and oil.  If too sensitive sensor were made, the sensor will 
malfunction for the other gases.  The strategy of our novel gas sensor design 
is to enhance the sensor activity and selectivity using several types of metal 
catalysts and to miniaturize the sensor to reduce the energy consumption.  
Yamazoe et al has studied the effects of additives on SnO2 gas sensors.5  
M.Labeau et al has demonstrated that Pd and Pt additives play important 
role in the electrical properties of SnO2-thin film-based sensor. 6   They 
conclude that noble metals enhance the sensitivity of SnO2 sensors.  From 
this standpoint of miniaturization, Suzuki et al. have developed SnO2 thin 
film produced by MEMS (Micro Electro Mechanical System) method. 7 , 8    
Recently we found that the Pt-dope SnO2 catalyst increases methane 
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sensitivity of SnO2 thin film sensor device which will provide the new 
pathway to realize a low power consumption gas sensor.  The required 
performance for methane gas sensor is the 12500 ppm methane 
concentration which is a four times lower than the methane explosion limit 
(53000 ppm) even after the 5 years.  The mass production of the high 
performance sensors requires further clear understanding of the atomic 
structure of the gas sensors. 
 
2. Review of the SnO2 and the oxide type gas sensors 
2.1. Rutile-type SnO2   

A rutile-type crystal has tetragonal system which is P 42/mnm on space 
group in Figure 1.9  SnO2 belongs to MO2 type dioxide which is composed of 
an octahedral structure unit(MO6).    
  This rutile structure was described by Vegard firstly.10  This structure 
was characterized by two parameters of c/a for axes ratio and x for anion 
position.  The M was located at position of (0, 0, 0) and ± (1/2, 1/2, 1/2) 
within unit cell.  The position of O anion was described at ± (x, x, 0). 
  Baur pointed out that oxygen packing of MO2 type is tetragonal close 
packing(t. c. p) from a view a point of symmetry and coordination number.11     
Three different angle of 90 º, 135 º, 135 º was found at M-O-M bond by West et 
al.12    
  Bolzan et al. has estimated detailed parameter of SnO2 as rutile type as 
shown Figure 2 by neutron diffraction.13  They concluded as 4.73735 Å on 
a-axis, 3.18640 on c-axis in Table 1.     
  Many researchers have studied an electronic structure of SnO2 on 
bulk14,15,16,17 and surface18,19,20,21 by first principle calculation.  Figure 3 
shows a band structure of tetragonal-SnO2 by Barbarat et al.  Space area of 
0(the Fermi level) – 6 eV is a band gap.  Band structure was formed in 
valence band as maximum at R-point and conduction band as minimum at 
Γ-point.  Experimentally, the band gap value at 0 degree is known as 3.6-3.9 
eV.22,23,24  In their calculation, the energy of indirectly transition of the R→Γ 
and directly transition of the Γ→Γ was associated as 3.6 eV and 4.0 eV, ca.   
The projection of DOS obtained by Barbarat et al. was shown in Figure 4.  
The Sn(s) on bottom of band, Sn(p), Sn(d) on top of band and O(p) orbital is in 
valence band between -7 and 0 eV, and the Sn(s) orbital is in conduction band 
between 3 and 9 eV.   Moreover, they found by Crystal orbital overlap 
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population (COOP) that top part of valence band was formed by antibonding 
orbital Sn(d)-O and O-O interactions combined with bonding Sn(p)-O 
interactions. 

The occurrence of the lowest energy indirect optical transition at the R→Γ 
transition was reported by Arlinghaus and Svane et al.25,26   Therefore, this 
material is limpidity in the visible light area.  SnO2 has conductivity when 
donor level under conduction band is taken by defect of oxygen atoms in 
lattice or additives as shown in Figure 5.  Studies about efficiency for 
electron structure by changing the amount of oxygen defects were reported 
by various groups.27,28  Studies of electron structure by additive (Ir, Sb, Cu, 
Pt, In, Ti, Mn, Pb, Zn, Ru, Rh, Li, N, Mg, F, Co, Ag, ZnO, TiO2, etc.) were also 
reported by many researcher.29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46  Yoneda 
et al. have also pointed that there is correlation between defect level and 
career density, while defect is scattering factor of career.  Therefore 
conservation of crystalline state of SnO2 is important for stabled 
performance of sensor. 

 
Table 1.  The detailed parameter of SnO2 structure 

 
 
 

2.2. A solid state oxide type gas sensor  
  The oxide including SnO2 is often utilized as gas sensor.  The gas sensor 
has developed with the chemical industry.  This sensor has widely diffused 
since 1960s for monitoring of the exhausted pollution gas (NOx, CO, CO2 etc) 
from automobile and industrial process mainly.47  Three type’s gas sensors 
of electrolyte, catalyst-combustion and semiconductor have developed for 
industrial measurement development.  I review about these three 3 type 
sensors in the chapter below. 
 
 

a / Å c / Å x U11 U12 U33 U11 U12 U33

4.73735 (9) 3.18640 (7) 0.30562 (9) 4.4 (3) -0.4 (2) 3.1 (4) 6.6 (2) -1.6 (2) 5.5 (4)

Sn O

Anisotropic displacement parameters / Å2 × 10-3

Lattice parameters
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2.2.1. A solid state electrolyte gas sensor 
Solid state electrolyte type’s gas sensor detects signal from electrochemical 

reaction in electrolyte.  An electrode with catalysis is attached on electrolyte.  
Pt, Au ,oxide (ie SnO2) and perovskite is often utilized as electrode material.  
We can measure electrochemical reaction in electrolyte as an electro motive 
force(EMF) following the Nernst law, an alternation of current and a change 
of impedance.  I review a detection method for each signal in the below 
chapters. 

 
●An equilibrium potential type 
  Detection method of electro motive force(EMF) is classified in an 
equilibrium potential type and a mixed potential type.  The former is often 
employed when a detect gas is one, the latter is used in case of the multiple 
gases.  I review about a mixed potential type later. 

Solid state electrolyte material has tiny electrical conductivity but 
relatively major ionic conductivity in the temperature range from 773 to 
1573 K.48  Electrolysis cell is composed of this material used as barrier 
membrane with electrode which is often applied as gas sensor.  The sensor 
utilized yttria-stabilized zirconia (YSZ) as electrolyte material is known 
commonly as management system for oxygen concentration control in steel 
and copper melts or combustion monitor of furnace, boiler, oil etc.49,50  Bias 
voltage is applied between electrodes which located at both ends of the 
electrolyte in high temperature.  YSZ acts as oxygen ion conductor because 
of ion translates though oxygen ion vacancy which occurred by bias voltage.  
A cell based on this technique would develop as the galvanic cell was shown 
in Figure 6.51,52  Equation (6) explains structure of cell. 
 

PO2 (ref) Pt | YSZ | Pt P’O2(detection)    (6) 
                [O2 half cells]    [O2 half cells] 
 
PO2 is partial gas pressure of reference gas.  P’O2 is detection gas.  Figure 6 
is ZrO2 oxygen sensor mounted an exhaust pipe on (a), for an automotive 
sensor on (b).  The Pt electrode was coated at the end of electrodes which 
stabilized ZrO2 (YSZ) pipe intercepted one side.  Reaction of eq. (7) and (8) 
occurs in between of two electrodes of this cell. 
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                O2(P’O2) + 4e- → 2O2-                (7) 
                       and 
                2O2- → 4e- + O2(PO2)                 (8) 
 
EMF is generated according to Nernst law showing in eq. (9). 
 
                E = RT / 4F × ln O2(P’O2) / O2(PO2)      (9) 
 
F is faraday constant, R is gas constant, T is temperature.  E can measure 
by the EMF generated by reaction of eq. (7) and (8) on two electrodes though 
the YSZ electrolyte at a given T.  EMF is proportional to logarithm of 
oxygen partial pressure.  The oxygen partial pressure can convert to EMF 
from equilibrium electric potential of the detection side to combine O2 half 
cells of left and right.  P’O2 can calculate if PO2 is known value.   However, 
in this method, the sensitivity is poor when the difference between PO2 and 
P’O2 is minor.53    
 
●A diffusion controlled limiting current type 
  New sensing method of diffusion controlled limiting current type based on 
YSZ to solve above limitation has developed.  Figure 7 is structure of 
limiting current type oxygen sensor.  Feature is the structure having a 
capped cover with pinhole onto sensor showed in Figure 6.  Oxygen 
diffusion to detection electrode side (cathode) is limited on Fick’s law by this 
pinhole.   Electrochemical pumping to anode reaction eq. (8) from the 
cathode (7) occurs with a given voltage impression of low potential to cathode.   
Amplitude of pumping is increased with increasing of voltage, and is 
saturated with diffusion limitation of the supplied oxygen over time.   
Limiting current which is saturation value is proportional to oxygen 
concentration as shown in Figure 8.54 
 
●A mixed potential type 
  This method has developed for the method to detect various gases in mixed 
gas (air and fuel etc.).  If two or more electrochemical reaction was taken 
place at the same time, complex electrode potential, so-call mixed potential, 
based on the electrochemical reaction rate might be observed.  Note that the 
relationship between EMF and Air/Fuel ratio must be ideal to Nernst law, 
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however the relationship is not follow Nernst law realistically.55  Firstly, the 
sensor based on YSZ for this mixed potential detection was proposed by 
Fleming.56  Currently, this method and an impedance type mentioned later 
have developed as sensor for vehicle diagnosis and environmental 
monitoring.  Figure 9 is schematic of the NOx sensing device of a mixed 
potential tubular type proposed by Miura et al..57  This device has following 
electrochemical cell. 
 

Air, Pt | YSZ | Pt, CdCr2O4, NOx (+Air)    (10) 
 
Left side of this cell is oxygen sensitive a half cell, Right side is NOx sensitive 
a half cell.  Right cell was composed by Pt electrode covered with CdCr2O4.    
We can detect signal by oppositely two electrochemical reactions following eq. 
(11) and (12) in Figure 10.  These reactions occur at Pt/YSZ interface. 
 
                NO2 + 2e- → NO + O2-                  (11) 
                O2- → 1/2 O2 + 2e-                      (12) 
  
Opposite cathode reaction (11) and anode reaction (12) are generated at an 
equal rate.  We can measure signal as mixed potential based on this two 
reaction.  On the other hand, NO reaction can describe by eq. (13) and (14). 
 
                NO + O2- → NO2 + 2e-                 (13) 
                1/2 O2 + 2e- → 2O2-                    (14) 
 
Moreover, gas phase reaction in Figure 10 occurs when reference gas is 
flowed in detection electrode.  An incoming gas volume in the interface is 
determined by gas phase reaction.  In order to improve the sensitivity and 
selectivity for the mixed potential sensor, selection of material which can 
control electrochemical reaction rate at interface is required. 
 
●A complex impedance type 

Recently, Miura et al. has proposed a complex impedance type as new gas 
detection method.58,59,60  Impedance at interface between of electrode and 
electrolyte changes by detection gas.  We can detect gas concentration by 
measuring the change of impedance.  A structure for YSZ sensor of this type 
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was shown in Figure 11.  A sensitivity (S) against gas reaction on SE 
electrode in Figure 11 was calculated as Nyquist plot of eq. (15) using 
impedance value |Z|. 
 
                                                     (15) 
 
|Z|base and |Z|sample are  impedance of base air and sample gas, 
Respectively.  Nyquist plot of this impedance type YSZ sensor for NOx (NO, 
NO2) gas in air was shown in Figure 12 (a).  Half a circular arch of low 
frequency side in NOx gas(sample) compared with arch of air (base) is small.   
Diameter of this arch indicates resistance, or inverse of sensitivity (S) of 
reaction on interface, which means decreasing of resistance by NOx reaction.   
A deference of this diameter is sensitivity (S).  Moreover, equal deference 
between of NO and NO2 maintains linear relationship against logarithm of 
NOx concentration.  Comparison of NOx sensitivity on mixed potential and 
impedance was shown in Figure 13.  While the signal of NO and NO2 is 
revers in mixed potential type, the same direction in impedance with 
equally-sensitivity.  This result indicates that electrode catalyst to convert 
to NO2 from NO is necessary in case of mixed potential type, but not 
necessary in the case of impedance type.   
  Study of electrolyte gas sensor since 2000s was shown in Table 2. 
 
 
Table 2.  Study of Solid state electrolyte gas sensor since 2000s 
 

method 
 

Electrolyte 
 

SE 
Detection  

Reference gas concentration temperature 

Current 
type 

NASICON WO3+Pt NO,NO

2 
0.1 – 1 ppm 150 ºC 61 

2Na2O-11Al2O3 Au, Pt NO2 30 – 120 ppm 300 ºC 62 

Mixed 
potential 
type 

YSZ NiO, CuO NO,NO

2 
100– 500 ppm 700 ºC 63 

YSZ NiO+Au C3H6 400 ppm 600 ºC 64 

ACP Pt/CB CO 
CO2 

400– 1000 ppm 
400–2000 ppm 

21 ºC 
30 ºC 

65 

YSZ SnO2,Cr2O3 CO, H2 50 – 100 ppm 450–700 ºC 66 

YSZ Ta2O5,ZnO H2 100 – 400 ppm 500 ºC 67 
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YSZ : Yttria-Stabilized-Zirconia 
 
 
2.2.2. Catalyst-combustion sensor 
  Catalyst-combustion sensor uses the detection method utilized the heat of 
reaction with gas on catalyst.  A detector with this sensor was in particle 
use for flammable gas in England of the 1920’s.  However, it was not spread 
widely because of its high cost and large content.  A gas leak alarm for 
household use has been developed to detect liquefied petroleum gas (LPG)  
in Japan of the 1960’s, and has been become widely used.  The structure of 
catalyst combustion gas sensor used in household was shown in Figure 14 
(a).76  Gas detection sensor was covered with noble metal catalyst such as Pt 
deposited on porous alumina support.  This alumina was mounted on a 
platinum coil which works as not only sensing material, but also heater.   
This element was sintered and was the size of about 2 mm in length and 1 
mm in diameter.  Moreover, the element of Pt coil which covered with 
alumina without catalyst was prepared as a compensating sensor too.   
These elements were mounted on an insulated substrate as a pair device.   
This device was continuously heated upto about 523 – 723 K though current 
was passed to Pt coil.  When gas reaches to element, it reacts on Pt coil.   
Combustion rate is high on Pt coil with catalyst, while is low on Pt coil 
without catalyst.  This sensor detects the voltage by difference of 
combustion heat between Pt coil with catalyst and Pt coil without catalyst as 
compensating elements.  Wheatstone bridge circuit as shown Figure 14 (b) 
was used for this sensing.77  Resistance of the detecting and compensating 

NASICON Pt(nBi2O3) CO 1 – 300 ppm 25–300 ºC 68 

Impedance 
type 

YSZ ZnCr2O4 NO,NO

2 
50 – 400 ppm 600–700 ºC 69 

YSZ In2O3 H2O 70 – 30000 ppm 500–900 ºC 70 

YSZ ZnO C3H6 0.05 – 0.8 ppm 600 ºC 71 

YSZ Pt-WO3,ZrO2 NO,NO

2 
10 – 570 ppm 500 ºC 72 

PYSZ, FYSZ NiO,NiCr2O4 NO,NO

2 
100 – 1000 ppm 550–620 ºC 73 

YSZ La0.8Sr0.2MnO3 NO2 50 – 800 ppm 500 ºC 74 

LiSiPO Li1-δMn2O4 CO2 1000-10000ppm 450 ºC 75 
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element is Rb and Rw, and R0 is fixed resistance.  The potential is 
maintained on equilibrium, because of resistance of Rb and Rw in air is equal.   
When combustion gas contacts on Pt coil, the Rb increases because of 
combustion heat is gave off by gas reaction, and potential difference (E) 
evolves. 
 
                                                      (16) 
 
U0 is bridge voltage, ΔR is variance of Rb, R1 and R2 is resistance on between 
of r - s point and q - s point.  R1 × Rw = R2 × Rs is satisfied on bridge circuit.  
Equation (17) is set based on this equilibrium.  The (16) can replace to (18) 
by assignment of (17). 
 
                                                      (17) 
 
                                  (ΔR << Rs, Rw)       (18) 
The E and ΔR by eq. (18) is proportional.   Moreover, ΔR can set following 
(19). 
                                                      (19) 
ΔT is temperature difference by combustion heat, λ is temperature coefficient 
on detecting element. 
  Stuies of catalyst-combution gas sensor since 2000s are summerized in 
Table 3.  Recently, a new type sensor used MEMS processing technology 
was studied instead of coil electrode type. 
 
 
 

 
method 

 
Catalyst 

Detection  
Reference gas concentration temperature 

Coil electrode 
type 

SnO2–In2O3–TiO2 

(dopant:Pd, Al, Si) 
CH4 200 – 1000 ppm 650 ºC 78 

Pt-Pd/n-Ce-Al2O3 CH4 400 – 10000 ppm 600 ºC 77 

MEMS type Pd/γ-Al2O3 VOCs 10 – 1000 ppb 200–400 ºC 79 

Pt/γ-Al2O3 H2 10 – 40000 ppm 100 ºC 80 

Au-Pd/γ-Al2O3 Ethanol 10 – 1000 ppm 450 ºC 81 
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Table 3.  Study of catalyst-combution gas sensor since 2000s 
 
 
2.2.3. Semiconductor sensor 
   The element of this sensor was fabricated by mainly n-type 
semiconductor material, particularly ZnO or SnO2 was used widely.  The 
resistance of that kind of materials is differentiated by changing partial 
pressure of oxygen and reductive gases.3,4  This type’s gas sensor has been  
studied by Seiyama et al. in 1960’s.82,83  Taguchi et al. proposed the gas leak 
alarm using this type84,85  The semiconductor sensor type developed by 
Taguchi has been become widespread since in practical use as TGS 109 from 
Figaro Co. Ltd. in 1970’s. 
   Figure 15 (a) shows SnO2 semiconductor type sensor proposed from 
Figaro Co. Ltd..86  The element composed by SnO2 was sintered between 
two Ir-Pd alloy wire electrodes.  One electrode is heater, another is sensing 
the conductivity variance of SnO2.  Gases is reacted with oxygen adsorbed 
on SnO2 surface varying conductivity at the temperature range of 300-673K 
applied by heater, and the variance depends on concentration gases (C).  
Relation between C and resistance (R) can express by eq. (20). 
 
                                                        (20) 
 
Ra is resistance in air, Rg is resistance in reductive gases, a and b is constant.   
The b takes 0.3 or 0.5 defined experimentally, respectively.  The a leads 
ratio Ra/Rg, corresponds approximately to sensitivity when C is 1.  Figure 
15 (b) shows electrical measuring circuit.   VC gives circuit voltage, VH 
gives heater voltage.   Resistance (conductivity) variance by the gas 
reaction was measured as a change in the voltage (VRL) across load 
resistance (RL). 

Studies of catalyst-combustion gas sensor since 2000s were shown in Table 
4. 
 
 
Table 4.  Study of semiconductor gas sensor since 2000s 

Tolene 
n-Hexane 
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2.3. Sensing mechanism of semiconductor sensor 

Sensing 
type 

Sensing 
 Material 

 
Additive 

Detection  
Reference gas concentration temperature 

N type SnO2 Ti CO 1500 – 2500 ppm 350 ºC 87 

In H2 100 – 40000 ppm 25 – 50 ºC 88 

PdO CO 200 ppm 300 ºC 89 

Pt, Pd, Au CO, H2 
NO2 
CH4 

10 – 100 ppm 
0.05 – 5 ppm 

5000-25000 ppm 

400 ºC 
200 ºC 
470 ºC 

90 

Mg LPG 1000 ppm 350 ºC 91 

WO3 Ag SO2 800 ppm 450 ºC 92 

Pt, Au, PtAu H2S 1 ppm 220 ºC 93 

Pt, Cr NH3 74 ppm 225 ºC 94 

Fe CO 100 – 1000 ppm 150 ºC 95 

Ag NO 2 – 15 ppm 150 – 250 ºC 96 

ZnO In NO2 5 ppm 275 ºC 97 

CeO2(mixed) CO 10000 ppm 380 ºC 98 

Ti Ethanol 50 – 1000 ppm 260 ºC 99 

Pd LPG 1500 – 5200 ppm 300 ºC 100 

Pd NH3 5 – 100 ppm 210 ºC 101 

Ce Acetone 10 – 2000 ppm 230 ºC 102 

TiO2 MoO3(mixed) CO 
NO2 

25 – 400 ppm 
0.5 – 2 ppm 

300 ºC 103 

– NH3 500 – 1000 ppm 230 ºC 104 

– CO 1 – 25 ppm 200 ºC 105 

P type TiO2 Cr 
 

NO2 

 
3 ppm 

4 – 50 ppm 
400 ºC 
500 ºC 

106 
107 

P-N 
junction 

SnO2 CuO H2S 250 – 2500 ppm 150 ºC 108 

TiO2 CuO CO, CH4 200 – 1000 ppm 600 ºC 109 

NiO CO 
NO2 
NH3 

500 ppm 
1 ppm 
2 ppm 

300 ºC 
 

110 
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2.3.1. Electronic surface states and depletion charge layers3,4 
  The n-type semiconductor sensor detects the decrease of resistance by 
oxygen desorption react with a reductive gas against high resistance state by 
oxygen adsorption.  Figure 16 shows energy schematic of n-type 
semiconductor.  Conduction band (EC) and valence band (EV) is separated 
by energy gap (Eg) with form of Fermi level (EF) as max level to occupation of 
Fermi particle (electron etc.) and donor level (ED), occupied by electron, 
which expressed in chapter 2.1.  Energy band near surface is modified by 
state on surface of semiconductor.  It will occur by defects on surface or 
absorption/desorption of various molecules and ions which may form bond or 
dipole on surface.  The charge transfer from molecule to the surface is 
occurred when molecules adsorb on the surface.  Electric double layer on 
surface is formed by electron on conduction band which was named as space 
charge layer.  Figure 17 shows the schematic of space charge layer.  When 
surface is negatively charged by oxygen ion etc, the number of ionized donors 
is increased, and space charge layer spreads.  On the other hands, when 
surface is positively charged by hydrogen ion etc, localized electron on 
surface increases.  The depth to z vector of this space charge layer was 
estimated about 10-6 – 10-4 cm.  Conductivity variation appears in result of 
change of this space charge layer by change of electron concentration.  Eq. 
(21) is change of electron concentration (ΔN).  Figure 17 (c) shows schematic 
of n(z). 
 
                                                          (21) 
 
LD is depth of space charge layer.   Moreover, surface conductivity variation 
(Δσ) was defined as eq. (22). 
 
                                                          (22) 
 
μs is surface mobility, e is elementary charge.  Δσ can express as difference 
of ΔN by the chemisorption which induce binding energy. 
  Because of Δσ decreasing ΔN, identity of chemical state of oxygen 
adsorption is important.  Yamazoe et al. has forecasted on the adsorption 
state of oxygen on the calcined powder SnO2 surface (500 ºC, 10h) by 
desorbing temperature of oxygen using TPD 
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(Temperature-Programmed-Desorption). 111   The sample was exposed to 
oxygen of 100 Torr at 600 ºC following evacuation at the same temperature 
as pretreatment in apparatus.  Then the sample was cooled to the three 
different temperatures, under oxygen atmosphere.  TPD curve in Figure 18 
was measured.  When oxygen was adsorbed at RT after vaccum treatment, 
peak (α) around 100 ºC was observed.  On the other hand, peak α1 (80 ºC) 
and α2 (150 ºC) were appeared after absorbed at 155 ºC and RT, respectively.  
Moreover, samples treated at 400 ºC in various oxygen pressure have peak 
near 520 ºC (β and γ), and the intensity decreases corresponding to 
decreasing of oxygen pressure.  They has identified by ESR (Electron Spin 
Resonance) that oxygen chemical state of each peaks is O2 in α1, O2- in α2, O2- 
in β and lattice oxygen into SnO2 in γ.  In particular, relation between this 
O2- and defects on surface may be importance for gas reaction.   Heiland 
has referred about equilibrium the defect diffusion at high temperature and 
O2- under oxygen pressure (p).2  He described following formula about 
thermal decomposition on surface, and proposed an exponent of oxygen 
pressure is -1/4.  Vo+ is defect on surface. 
 
                         O2-     Vo+ + e- +   O2           (23) 
 
At equilibrium with e- = [n] 
 
                         [Vo+] × n × p1/2 = const             (24) 
 
With neutrality condition of n ≈ [Vo+] 
 
                         σ ~ n ~ p-1/4                       (25) 
 

Ohnishi et al. also studied the sensing mechanism by oxygen adsorption 
and desorption on SnO2 thin film surface as shown in Figure 19.112   They 
determined absorbed state to be measured the electric conductivity (σ) from 
the career electron density (n) and the mobility (μ) using Hall effect.113   
They reported that O2- is dominant spices on reaction with flammable gas, 
the balance between the rate of reaction A, B and C in Figure 19 is important.   
They propounded eq. (21) about the change of σ. 
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))2exp(1(2 tg γσσ −−×=

22 )2exp( airg t σγσσ +−×=

                                                        (26) 
 
PG is flammable gas concentration, PO2 is oxygen concentration, α = e2 × μ2 × 
2kA × KA0[O2-], β = e2 × μ2 × 2kB× KB0[O2-], and γ = 4kC × PO2. 
Equation (27) for changing from pure air to flammable gas and (28) for 
changing from flammable gas to pure air was got by solving eq. (26). 
 
                                                           

(27) 
                                                          

(28) 
 
The σg is conductance in flammable gas, the σair is conductance in air. 

SnO2 layer is formed by a few nm to um sized polycrystalline domains.  In 
SnO2 thin film, the thickness of the whole film or the whole one grain does 
not exceed the extension of space charge layer. 
 
2.3.2. Electric conduction mechanism 
  Shimanoe and Yamazoe have referred importance of three factors for 
enhancement of gas sensitivity as shown in Figure 20.114 
(Ι) Receptor factor 
  Receptor factor effects to sensitization of SnO2 surface by dispersion of 
high activity material to SnO2 surface.  Yamazoe et al has studied the 
effects of additives on SnO2 gas sensors.  Figure 21 is sensitivity property 
for Pt-SnO2, Pd-SnO2 and Ag-SnO2, and Table 5 is summary with 
involvement of other material.  Sensitivity of SnO2 with Pt, Pd, or Ag is 
higher than that of SnO2 without additives.  Two mechanism types about 
the enhancement by additive have proposed as shown in Table 6.115  One is 
chemical sensitization mechanism.  This mechanism is explained by 
spillover effect of additive.  The additive as promoter activates various gas 
to facilitate reaction on surface of SnO2.  In the case, the promoter does not 
involve to change of resistance directly.  This effect often appears in Pt etc.   
Another mechanism is electric sensitization by a direct electronic interaction 
between the additive and surface of SnO2.  Change of state by oxidation or 
reduction reaction on the accepter with surrounding atmosphere leads to 
change of resistance of SnO2, because of the electronic junction is formed 
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between the promoter and SnO2.  This type often appears in PdO or Ag2O.   
Figure 22 shows the electronic interaction of Ag2O-SnO2.5  The EF of SnO2 is 
pinned by the Ag+ electrode potential of -5.3 eV under oxidation atmosphere, 
and the space depletion layer is formed.  When it is exposed by reduction 
gas, EF of SnO2 shift up which is pinned at working function of Ag+ (4.5 eV) 
because of state of Ag+ changes to Ag0. 
 
 
 
Table 5.  Summary of sensitivity to the various additives [ref. 5] 
 
 
 
 
 
 
 
 
 
 
Table 6.  summary of additive effect. [ref. 115] 
 
 
 
 
 
 
 
 
 
 
(ΙΙ) Transducer factor 
  The sensing materials of SnO2 or ZnO has a lot of joint parts named as 
neck shown as X in Figure 23 (a), because of these materials are the sintered 
ceramics body and particulate aggregation.  Conductivity in particle can 
express in this X and crystallite size (D).  Yamazoe et al., has reported 
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crystallite size (D) effect for gas sensitivity (S = Ra/Rg) as shown in Figure 
26.115,116  Moreover, they has studied effect of the D for gas sensitivity of 
un-doped and doped SnO2.  Depth of space charge layer (debye length : LD) 
can control by displacement at other atoms of cation in n-type semiconductor 
(Sn+4 in case of SnO2).  When the crystallite size (D) is 19 nm, it has high 
sensitivity in displacement at Al+3, while has low sensitivity in displacement 
at Sb+5.  They has been expressed these phenomena with LD.   In fact, LD 
for Al-doped SnO2 and pure SnO2 was estimated about 90 nm and 3 nm, 
Sb-doped SnO2 was estimated in lower value by measurement of Seebeck 
coefficients.  They proposed the changing model of electron concentration in 
particle about relationship between S, D, X and LD as shown in Figure 23.   
Electron concentration (ne) is constant as nL(a) under air and nL(g) under 
gas in space charge layer, n0 in center of particle.  Following formula (29) 
about sensitivity was proposed based on this model. 
 
                                                           

                                                (29) 
 
where x = 2L/X.  Neck size (X) was founded as approximately X = 0.8 × D.   
Figure 23 (c) shows relationship between S and X/2L in various nL(g)/nL(a), a 
n0/nL was fixed.  It describes that sensitivity drastically increases when X ≤ 
2L, so that means that proportion of particle size and space charge layer is 
for less than 2.  Figure 24 shows the relationship between D and 2L.  In D 
>> 2L, conductance channel is wide though neck.  Thus grain boundary 
parts control electrical resistance for gas sensitivity (S), where S is small as 
region of X > 2L as shown in Figure 23 (c).  When D > 2L where space 
charge layer expands, neck parts control resistance.  Finally, the space 
charge layer expands in whole of grains, when D < 2L.  Grains share whole 
resistance, and controls S.  They expressed that ng(r)/na(r) increases with 
decreasing of r, because of electron concentration in gas (ng) and in air (na) 
inside space charge layer depends on distance (r) from surface.    
  Conductance between grains by Weimar et al., has been generally 
expressed as change of a double schottky barrier height (qVs) formed by 
change of space charge layer under gas or air as shown in Figure 25.117  
Recently Yamazoe et al., has proposed new conduction model.118  They has 
studied temperature property of resistance under various oxygen pressure of 
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SnO2 film formed using spin coat or dip method which give no external force 
as shown in Figure 26.  They represented that resistance is constant 
regardless of oxygen pressure in range of 150 ºC-400 ºC.  Moreover 
Ippommatsu et al., has reported that electrical conductance doesn’t change 
depending on temperature or atmosphere by hall measurement of thin film 
SnO2 had average grain size of 20 nm.  From here onwards, they proposed 
tunneling conduction model as shown in Figure 27, and was clear that the 
tunnel probability for electron is high with increasing of electron potential 
(E).    
 
(ΙΙΙ) Utility factor 
  Actual element is aggregate of secondary particle constructed by primary 
particle.  Gas enters from surface of element, and diffuses to inside 
according to Molecular diffusion in macro-pore, Knudsen diffusion in 
meso-pore, surface diffusion in micro-pore.  Yamazoe et al., has been 
examined this behavior of gas diffusion from point of both Knudsen diffusion 
and surface diffusion (distinction between two diffusion is cloud) using SnO2 
thin film (thick is 80-1000 nm) with grains of 20 nm in diameter. 119   
Knudsen diffusion is showed by eq. (30). 
 
                                                         (30) 
 
D is diffusion constant, r is pore size, R is gas constant, T is temperature, M 
is molecular weight.  When elements are exposed in gas (A), diffusion 
equation (31) holds in attempt both Knudsen diffusion and surface diffusion. 
 
                                                         (31) 
 
CA is concentration of gas, t is time, x is depth from surface and k is rate 
constant.  When state is steady, because of ∂CA/∂t = 0, general solution is eq. 
(32).    
 
 
                                                         (32) 
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This equation shows that concentration of gas in film can indicate at D, k 
and L.  Here CA = CA,s at x = 0 on surface, ∂C / ∂x = 0 at x = L on bottom of 
film.   Figure 28 is distance dependence of diffusion concentration for gas 
(CA CA,s) simulated from eq. (32) where film thickness is constant as L = 300 
nm.  When k/D is small, CA / CA,s is about 1.  CA / CA,s decreases as k/D 
increase.  This means the penetration depth of gas becomes small as k/D 
increases, the particle of inside of film contributes in no change of resistance.  
In particular, when gas molecular weight is large, D tends to small.  
Structure was reached gas till inside of film to take high sensitivity is 
importance, thickness is thin as possible, secondary particle is small, 
meso-pore is large, etc. 
  Ippommatsu et al., has been attempted investigation of the SnO2 thin film 
using a sputtering technique for optimization of structure.120  The TEM 
(Transmission Electron Microscope) for the SnO2 thin film by sputtering 
method and sintered body of SnO2 by TGS 109 made in Figaro. Co., Ltd. as 
shown in Figure 29.  The SnO2 thin film has column of 40 nm (primary 
particle size is 3 – 10 nm), while sintered body is aggregation of secondary 
particle by size of 20 - 40 nm. Gas until inside of SnO2 for this equal column 
structure can diffuse.  Moreover, a heat transfer to whole of SnO2 is the 
superiority.121   Recently, Nonaka et al., reported about a long stability 
during using for this SnO2 thin film.122 
 
3. Application of MEMS technique and application of Pt doped SnO2 
3.1. Application of MEMS technique 

In order to increase the number of home-use gas sensor, battery-driven 
type or wireless models are important for their good appearance and their 
free installation.  The battery-driven sensors should have longer life time 
than 5 years and thus the low power consuming sensors has to be developed 
with high selectivity for methane, which is a main ingredient in natural gas.    
From this standpoint of view, Suzuki et al. have developed SnO2 thin film 
produced by MEMS (Micro Electro Mechanical Systems) method.7,8   Τhe 
cross section of MEMS sensor by semiconductor type was shown in Figure 30.   
It has the layer structure of Pd-Al2O3 catalytic thick film/SnO2 thin film/Pt 
electrode/Thin film heater.  Pd-Al2O3 is to enhance selectivity to gas other 
than methane.  Recently we found that the Pt doping increases methane 
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sensitivity of SnO2 thin film sensor device which will provide the new 
pathway to realize a low power consumption gas sensor with long life 
time.123   The sensor can detect the 12500 ppm methane which is a 1/4 of 
the methane explosion limit (53000 ppm) even after the 5 years. 
  Recently, MEMS technique was also applied to catalyst combustion type 
sensor as shown in Table 3. 

In this paper, I will discuss the Pt-SnO2 thin film and its mechanism.  
First I need to clarify the structure of the sensor.  However it is quite 
difficult to obtain the local structure of Pt in the SnO2 gas sensors because it 
does not have long range order and diffraction techniques could not be 
applied.  In this paper, I applied X-ray absorption fine structure(XAFS).   
 
3.2. Pt-SnO2 thin film gas sensor   

I found as shown that the 5-9 at % Pt doping SnO2 increases methane 
sensitivity of SnO2 thin film sensor device which is layer structure will 
provide the new pathway to realize a low power consumption gas sensor with 
long life time.124  Since Pt metallic cluster is a good catalyst for many 
reactions including the hydrogen and hydrocarbon oxidation reaction.   
There are several mechanisms to improve the sensor performance by the 
additives.  One is an electronic effect and the other is a spillover effect.   
Yamazoe and Kocemba et al reported that Pt nanoparticles on the SnO2 
surface improve the performance by the spillover reaction. 115,125  Thus Pt 
clusters deposited on the SnO2 were expected to enhance the sensor 
sensitivity by the spillover reaction.  In the previous papers about the 
characterizations of Pt-SnO2 sensor, the oxidized Pt or Pt aggregates are 
present in SnO2 substrate depending on the atmosphere and Pt 
concentration. 3,126,127,128,129  On the other hand EXAFS techniques on the 
real gas sensor have suggested a quite different model where the Pt ion is 
located at the Sn position in the rutile structure on Pt-SnO2. 130 , 131    
However the information derived from the EXAFS was limited to the 
concentration as low as 0.2 wt% which is lower than the Pt content in our 
highest performance sample.  In order to reveal the structure of Pt-SnO2 
and its mechanism for high performance, I carried out comprehensive 
studies on Pt-SnO2 thin film in a wide concentration range using 
characterization techniques conventional fluorescence extended X-ray 
absorption fine structure (EXAFS) analyse in addition to structure analyses 
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such as X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), 
suggesting a different activation mechanism from spillover model or charge 
transfer model took place in the cosputtered Pt-SnO2 thin film system. 

 
 
 

4. XAFS technique 
  When X-ray enters a material, specific energy of X-ray was absorbed 
depending on existing elements in the material by influence of the 
photoelectron effect.  Figure 31 (a) shows principle of the photoelectron 
effect drawn by Koningsberger et al.132  Electron is bound to inner shell 
which is excited by incident X-ray (hν).  Hence kinetic energy (Ek) of 
electron is given in formula (33) 
 
                                                         (33) 
 
Eb is binding energy to inner shell.  The X-ray absorption coefficients(μ(E)) 
reflect the change of the transition probability (σi→f) to a vacant orbital of 
inner-electron indicated by formula (34),(35). 
 
                                                         (34) 
 
                                                         (35) 
 
Ψi and Ψf are the wave functions of initial and finish states, e is polarized 
vector, r is position vector.  In this formula, the dipole transition is only 
allowed(dipole approximation) and thus the transition of electron is 
regulated from s to p orbital, or p from d or s orbitals.  The transition from p 
to s is not so large as that of s to d.    
  Figure 32 showed results of Pt L3 edge XAFS.  This spectral has the 
precipitous rise by level excitation near 11600 eV followed by damping 
oscillation.as shown in Figure 32 (a).  This structure near edge region is 
called as XANES (X-ray absorption near edge structure).  He following 
oscillation structure was called as EXAFS (Extended X-ray absorption fine 
structure).  The peak at the edge is especially called as white line.  The 
XANES spectra have the information about electronic state.  The EXAFS 
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oscillation is a phenomenon due to the interference between the exited 
electron by incident X-ray and the scattered electron by surrounding atoms 
as shown in Figure 31 (b).   
EXAFS oscillation is theoretically expressed as follows 
 
 
 
                                                          (36) 
 
                                                          (37) 
 
Where S02, Nj, rj and σj are amplitude reduction factor, coordination number, 
bond distance, and Debye Wallar factor, of j-th coordination shell, 
respectively.  λ is a mean free path.  Fj(k) and φj(k) are backscattering 
amplitude and phase-shift functions which can be obtained from FEFF (ver. 
8.0).133,134,135 

The strong penetration power of X-ray allows investigators to perform in 
situ XAFS measurement in the presence of gas phase and allows the 
measurements under reaction conditions to reveal catalytic mechanisms.136   

Since the XAFS is a x-ray absorption spectrum which does not require the 
long range order, we can measure the local structure of metal species highly 
dispersed in media such as impurity in solid, solute in solution, and 
adsorbate on the substrate surface.  The XAFS is suitable technique to 
investigate the Pt species in SnO2.    
 
5. Outline of this thesis 
  I need clearly that why Pt-SnO2 is enhanced sensitivity of sensor, and life 
time.  In this thesis I have studied sensor structure applying XAFS 
technique, and will discuss about structure and mechanism of Pt-SnO2 with 
stability under reaction conditions.  Moreover I will discuss about origin of 
high selectivity of sensor by in-situ XAFS analysis.  I will be following a 
detailed content for each chapter. 
 
Chapter 2 
  A specific cell design for in situ XAFS cell was described in chapter 2. 
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Chapter 3 
  Chapter 3 described about the structure of Pt-SnO2 thin film which shows 
high sensitivity for methane gas.  Platinum concentration dependency in 
the catalyst was also discussed. 
 
Chapter 4 
  The moisture and/or reduction gas exists mainly in the home environment 
is driven this sensor.  I will discuss in chapter 4 about the structure of Pd 
catalyst under those gases and the mechanism for degradation of methane 
selectivity. 
 
Chapter 5 
  I will discuss in chapter 5 about the stability of the structure of the 
Pt-SnO2 under reduction gas(hydrogen and methane), and the mechanism to 
enhance sensor performance. 
 
Chapter 6  
  I will conclude about this paper in chapter 6. 
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Figure 1.  The rutile structure.  (a) : Unit cells and parts of two columns of 
octahedral, (b) : Octahedron [ref. 9] 
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Figure 2.  It is rutile structure was described by Bolzan et al. (a) as a unit 
cell was showed by black spheres as cation and white one as anion. (b) as a 
three-dimensional axes of vibration. The U33 is along c-axis. The small 
spheres is cation, big one is anion. [ref. 13] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Band structure of SnO2 was drown by Barbarat et al.. [ref. 15] 
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Figure 4.  Partial density of state (DOS) for SnO2 was drown by Barbarat et 
al..  (a) : l-projected DOS for tin. (b): l- and Cartesian-projected DOS for 
oxygen with the Ultra Violet (UV) photoelectron spectroscopy (UPS) 
measurements . [ref. 15] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  The band model of SnO2 with donor level was drown by yoneda et 
al.. [ref. 17] 
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   (a) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

      (b)  

 
 
 
 
 
 
 
 
 
 
Figure 6.  The graphic of a ZrO2 oxygen sensor mounted in an exhaust pipe 
on (a) [ref. 51], and for an automotive sensor on (b) [ref. 52]. 
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Figure 7.  Structure of limiting current type oxygen sensor based on YSZ. 
[ref. 48] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.  Characteristic of current type oxygen sensor in various oxygen 
concentrations in a N2-O2 mixed gas at 773 K. [ref. 54] 
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Figure 9.  Structure of the NOx sensing device (a): the mixed potential type 
tubular device, (b): the planar device with three electrodes. [ref. 57] 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.  The sensing mechanism of mixed potential type. 
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Figure 11.  Structure of impedance method cell. (a): Photograph (b): Cross 
section. [ref. 59] 
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Figure 12.  Nyquist plot (a) and circuit (b) of impedance type YSZ sensor. 
[ref. 60] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.  Comparison for sensitivity of between mixed potential and 
impedance type. [ref. 60] 
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(a) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14.  Structure of catalyst combustion type gas sensor (a) [ref. 76] and 
Wheatstone bridge circuit was used in this type (b) [ref. 77].   Rb is element 
to detect gas, Rw is compensating element. 

p 

q 

r 

s 



33 
 

 

(a) 

 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15.  Structure of SnO2 semiconductor type sensor in (a) and 
electrical measuring circuit in (b).   VH is heater voltage, VC is circuit 
voltage, RL is load resistance. [ref. 86] 
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Figure 16.  Energy schematic representation of flat band for bulk of n-type 
semiconductor. [ref. 3] 
 
 
 
 

(a) 
 
 

(b) 
 
 
 
 
 

(c) 
 
 
 
Figure 17.  The change of band by gas absorption to surface of 
semiconductor. (a) is distribution of charges. (b) is near of conduction band. 
(c) is state of electron concentration. [ref. 3] 
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Figure 18.  TPD chromatograms of oxygen of SnO2 after oxygen adsorption 
under various conditions.  Each sample conditions for oxygen adsorption 
after pretreatment is follow, Line 1 : exposure for 15 min in 94 Torr oxygen at 
R.T., Line2 : exposure for 15 min at 155 ºC in 100 Torr oxygen following for 15 
min at R.T. in 100 Torr oxygen, Line 3-8 : exposure for 15 min at 400 ºC in 
oxygen pressure(line 3-8 : 99, 48, 16, 6, 3 and 2 Torr).  [ref. 111] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19.  Sensing mechanism on surface of SnO2 thin film. [ref. 112] 
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Figure 20.  Factors for design of gas sensor was enhanced sensitivity. [ref. 
114] 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21.  Sensitivity property for Pt-SnO2, Pd-SnO2, Ag-SnO2. [ref. 5] 
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Figure 22.  Electronic interactions between Ag and SnO2.  Left is under 
oxidation condition.  Right is under reduction condition. [ref. 5] 
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Figure 23.  Change of electron concentration in neck (X).  (a) is particle 
model, (b) is change of debye length (L) under aid and gas, (c) is simulation of 
correlation between X/2L and sensitivity. [ref. 115] 
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Figure 24.  Schematic of grain size effect. Hatched region is core of low 
resistance, white region is space charge layer of high resistance. [ref. 115] 
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Figure 25.  Schematic of schottky barrier height (qVs) was formed on 
conduction band.  Grain size is xg, space charge layer length is 2x0. [ref. 
117] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26.  Temperature property under various oxygen pressure of SnO2 
film was formed by spin coat. [ref. 118] 
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Figure 27.  Tunneling conduction model [ref. 118] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28.  Distance dependence of diffusion concentration for gas (CA CA,s) 
[ref. 119] 
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(a)                          (b) 
 
 
Figure 
 
 
 
 
 
 
 
 
 
 
 
Figure 29.  Micrograph by TEM of SnO2  (a) Thin film SnO2 by sputtering 
method, (b) Sintered body of SnO2 of gas sensor, which is Figaro TGS 109  
[ref. 113] 
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Figure 30.  Cross section of MEMS sensor of semiconductor type by Suzuki 
et al., [ref. 7] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



44 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 31.   Schematic illustration of photoelectron effect in (a), phenomena 
of EXAFS oscillation in (b) [ref. 132] 
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Figure 32.  Schematic illustration for XAFS analysis [ref. 132] 
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1. Introduction 
Fluorescence X-ray absorption fine structure (XAFS) is a powerful 

technique for determining the local structure in a dilute system.1,2  When 
X-ray absorption occurs with the core electron emission as a photoelectron, 
the created core hole is filled by a transition from the outer shell electrons 
accompanied with an emission of a fluorescence X-ray.  Consequently, if the 
sample is dilute or in a thin film, the fluorescence X-ray intensity becomes 
proportional to the absorption coefficient.  Because the fluorescence X-ray 
emission occurs in a 4π sr, the use of a large solid-angle detector, such as a 
multielement solid state detector (SSD)3 or a Lytle detector4, is desirable.     
Recently, in case of samples including energy-ray of other element or 
scattering-ray in the nearby fluorescence energy of target element, the 
high-energy resolution fluorescence-detected (HERFD) XAFS which 
improves an energy resolution by arrangement of a crystal analyzer to front 
of the detector is often used.5 

The strong penetration power of an X-ray allows investigators to perform 
in situ XAFS measurement under reaction conditions to reveal catalytic 
mechanisms.6  Numerous in situ fluorescence XAFS experiments have been 
performed.5, 7– 14 15 16 17 18 19 20 21 22 23 24 25 26  In situ fluorescence XAFS cells 
require a large fluorescence window at a position sufficiently close to the 
sample to secure a large solid angle.  When the polymer window is used for 
the in situ fluorescence XAFS measurements it is difficult to realize the large 
solid angle because the fluorescence window temperature raises easily even 
if the peripheral region of the window is cooled by water flow owing to low 
thermal conductivity of polymer window material.  Kappen and Grunwaldt 
et al. used a thin quartz tube as an incident and fluorescence X-ray window7,8 
where the quartz window can be in contact with the sample because the 
quartz window is a temperature proof material.     Another alternative is 
to decrease the power supply by decreasing the sample size. High-brilliance 
synchrotron radiation is now available, and the X-ray can be focused to an 
area less than a few mm2 for the small samples to be used. In this study, I 
selected this option so that the distance between the window and the heater 
could be as short as 35 mm.  The window temperature reached only 373 K 
without any cooling, even when the sample was heated to 703 K.  The cell 
used in this study enables us to measure the in situ fluorescence XAFS of flat 
substrate and powder samples.  In this paper I measured the fluorescence 
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XAFS spectra of a Pt-SnO2 thin film on a Si substrate as model sensor 
catalyst under the working conditions. 
 
2. Catalytic preparation and characterization method 
2.1. Catalytic preparation 
  Pt doped SnO2 thin layer with 400 nm thickness (denoted as X% Pt-SnO2 
where X indicates the atomic % of Pt) was prepared by the sputtering 
method on the p-type Si substrate covered with naïve SiO2 film (600 nm)  
followed by annealing at 803 K.  Pt and SnO2 ratio was controlled by the 
loading ratio in the targets and finally the concentration of Pt in the film was 
determined by the ICP(Inductively Coupled Plasma) by dissolving the film 
using hydrochloric acid. 
  7 wt % Pd catalysts were supported on γ-Al2O3 (confirmed using XRD) by 
impregnation.  It was followed by the calcination at approximately 803 K in 
air.  The Pd/Al2O3 catalyst was deposited on Pt-SnO2 film on the Si wafer 
by a screen printing method. 
 
2.2 Characterization of the catalyst 
2.2.1. XRD and XPS mesurements 
  XRD patterns were recorded by using a Cu K from RIGAKU ATX-G with 
X-ray tube voltage = 50 kV and X-ray tube current = 300 mA.  XPS spectra 
were measured in ULVAC Phi Quntum-2000 using monochromated-Al K 
X-ray operated at 15 kV-15 mA. 
 
2.2.2. XAFS measurement 
  Pt L3-edge XAFS spectra were measured at BL-12C of KEK-PF using a 
Si(111) monochromator in a fluorescence mode27,28, and the Sn K, Pd K edge 
XAFS spectra were measured at the NW-10A of KEK-PF-AR equipped with a 
Si(311) monochromator also in a fluorescence mode.29  XAFS spectra were 
analyzed with REX2000 (Ver. 2.5, RIGAKU).30,31,32  The backgrounds of all 
XAFS spectra were removed by a spline smoothing method with Cook and 
Sayers criteria and normalized by the edge height. 33  The k3-weighted 
EXAFS oscillations were Fourier-transformed to k-space over k = 14 – 148 
nm-1 for Pt L3-edge spectra, over k = 23 – 144 nm-1 for Sn K-edge spectra.  
The each peak in the Fourier transforms was filtered and inversely Fourier 
transformed to the k-space for the curve fitting analysis.  I carried out the 
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non-linear least square curve fitting using the following equations.  
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where S0
2, jN , jr , and jσ  are amplitude reduction factor, coordination 

number, bond distance, and Debye Waller factor, of the j-th coordination shell, 

respectively.  λ  is a mean free path.  ( )kFj  and ( )kjφ  are backscattering 

amplitude and phase-shift functions which were obtained from FEFF (ver. 
8.0).34,35,36   E0

 is the absorption edge energy tentatively determined as the 
inflection points and energy shift E∆ is adjusted during the fitting process.    

The errors were estimated by Hamilton test on R-factor with a significance 
level over 90 %.37 
 
2.2.3. Catalyst performance 

I evaluated the catalyst performance with a flow reactor (Okura Riken Co) 
with a space velocity of 16800 SV [h-1].  Two catalytic combustion reactions 
of 5000 ppm CH4 or 5000 ppm H2 balanced with O2 were performed with the 
products being analyzed by gas chromatography. 
 
2.2.4. TDS measurement 
  A TDS (Thermal Desorption Spectroscopy) was measured as M/z = 32 to 
evaluate oxygen desorption from Pt-SnO2 or SnO2 using the equipment 
manufactured by Electron Science Co., Ltd..  Detector used mass 
spectrometer.  Sample was measured up to temperature of 1000 K by the 
infrared heat lamp into vacuum chamber of ~109 Pa.  Temperature of 
sample surface was monitored directly by the K type thermocouple. 

Sample of layer of Pt-SnO2 (~400 nm)/SnO2 (~400 nm) which was 
annealed for 4 hours under air (20 % oxygen) at about 703 K was prepared 
for TDS measurement.  Pt concentration was deposited at 8 at% (and 4 at% 
as only TDS measurement) which take solid solution. 
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3. in situ cell for fluorescence X-ray absorption fine structure measurement 
3.1. Structure of the in situ cell 

Figure 1 shows a photograph and schematic sketches of the in situ cell.  
To install the cell more easily at any beam line, the cell body was made of 
aluminum to increase its portability.  The cell weight was just 2.4 kg.  In 
addition, local heating of the cell body could be avoided because of Al’s high 
thermal conductivity. The volume of the cell is about 1.3 L in order to keep 
the volume / sensor area ratio in the same order of the real sensor which was 
4 × 103 cm and 1.3 × 103 cm for real and model sensors, respectively.  The 
cell body had gas flow ports and an incident X-ray window. I used a 
200-μm-thick Kapton (DuPont, USA) for the incidence and fluorescence 
X-ray windows, which were fixed to the body using an epoxy adhesive.  I 
made a large fluorescence Kapton window with an area of 116 mm. 

The cell body had a sample stand with electric feedthroughs for heating 
the sample.  The pyrolytic graphite heater was wrapped with pyrolytic 
boron nitride (PBN) (HTR1001; Adcap Vacuum Technology Corporation, 
Japan) and was used to heat the sample to 873 K. The heater size was 25 
mm.  Temperature was controlled in a proportional–integral–derivative 
(PID) manner using the temperature controller designed especially by the 
Sakaguchi Electric Heating Corporation. This temperature controller 
measured temperature by a chromel–alumel thermocouple attached to the 
back of the sample.  Its temperature sampling time was as short as 25 ms.   
It controlled the temperature by another chromel–alumel thermocouple 
attached to the sample holder, as shown in Fig. 2.  The heater was fixed to 
the sample holder.  The sample was fixed at two corners with jigs and 
clinchers to ensure good contact with the heater. The sample holder and jigs 
were made of Al2O3 to reduce heat dissipation.  The angle between the 
X-ray direction and the sample stage was set at 25° as no diffraction from the 
Si substrate was detected at this angle empirically. The length from the 
sample to the window was approximately 35 mm.  I did not use a 
water-cooling system. With this configuration, I can guarantee a large 
half-cone angle of 56°.   

 

3.2. Performance as in situ cell 
3.2.1. Heating performance 

Although the sample and sample heater in this study were small, the 
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power of the heater and the heat capacity of the sample were sufficiently 
large for temperature stability.  I actually achieved the stable sample 
temperature using the temperature controller in a current-control mode with 
well-tuned PID parameters.  Figure 3 shows the heating performance of the 
in situ cell.  The temperature was linearly raised to 703 K at the sample 
position. The sample surface reached this temperature in approximately 3 
minutes, as shown by the dashed line. The temperature overshoot was only 5 
K, and the temperature was controlled to within 2 K for a long time. In the 
off-line experiment, I measured the fluorescence window temperature at its 
center by a thermocouple directly attached to the window.  Note that the 
Kapton window was kept at 373 K because of the small power input, by a 
dotted line as shown in Fig. 3(a), despite the sample temperature at 703 K.  
However, the problem was the life of the heater; a very large power supply 
can readily damage the small heater. Therefore, I installed a safety circuit to 
prevent the current from being exceeded more than desired one(5 A). I then 
slowly increased the power to extend the life for a few days, which was 
sufficient for one experimental run. Figure 3(c) shows the XAFS spectra at 
room temperature, 613 K and 703 K in dry air flow.  I could find little 
structure change of the Pt local structure at different temperatures.     

 
3.2.2. XAFS measurements in and out of the cell 
  Pt-SnO2 thin film on a 1 cm2 Si substrate was loaded in the cell for 
confirmation of performance of cell.  Figure 4 shows the XAFS spectra of 
Pt-SnO2 thin film measured in and out of the cell at room temperature.  
Both spectra were very similar up to k = 14 Å−1.  This implies that the data 
can be accurately analyzed under in situ conditions using this cell.  Figure 5 
shows XANES spectra measured at the temperature increasing process to 
703 K under a flow of dry air and 1% H2-containing air (flow rates = 200 
ml/min).  The sensor resistivity was measured in this XAFS measurement 
cell.  Figure 5(b) showed the resistivity at each temperature where XANES 
spectra were measured as shown Fig. 5(a).  There is no difference in sensor 
resistance when the X-ray beam was on / was off.  The most reduced state in 
Pt gave the lowest resistivity.  Figure 6 showed XAFS spectra to 703 K 
under a flow of dry air and 1% H2-containing air.  I observed small changes 
in the X-ray absorption near-edge structure (XANES) region in Fig. 6(a).  
The edge peak (called as white line) decreased when the sample was exposed 
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to the H2-containing air at a high temperature (703 K).  The white line peak 
was assigned to the 2p3/2→5d transition.38  The decrease in the white line 
peak indicated an increase in the d-electron density of Pt, which was 
probably because of the loss of the first nearest-neighbor oxygen atoms 
and/or the formation of Pt nanoparticles.  Identifying the change in the 
original EXAFS oscillation (k3χ(k)) was difficult, as shown in Fig. 6(b) so that 
we calculated its difference before and after contact with the H2-containing 
air, as shown in Fig. 6(c).  The difference EXAFS (k3∆χ(k)) showed the 
oscillation clearly.  I performed a Fourier transform, as shown in Fig. 7, 
where one peak appeared at 0.18 nm, corresponding well with Pt–O.  This 
does not necessarily mean that there was an increase in the Pt–O 
coordination because Fig. 7 shows only the absolute part of the Fourier 
transform, which does not contain phase information.  Figure 8 shows the 
imaginary and real parts of the Fourier transform of k3χ(k) together with 
absolute part for the Pt–SnO2 in dry air at 703 K. Compared with the 
imaginary parts, the phase of the Pt-SnO2 peak in Fourier transform of 
k3∆χ(k) was  rad different from the Pt–SnO2 before the H2-containing air 
flow, indicating a decrease in the main oscillation arising from Pt–O.  I did 
not find any notable peak above a noise level in the range of 0.2-0.3 nm, 
which showed little Pt–Pt formation.  Thus, I concluded that Pt metal 
nanoparticles were not produced with H2-containing air at high temperature, 
but a partial reduction of Pt ions occurred with the loss of the oxygen 
maintaining the location at the lattice position of SnO2.  
 
4. Discussion 

There have been many reports about in situ cells for the fluorescence 
XAFS. Cells are classified into two types.  The first type of cell is a tubular 
type.  The fluorescence X-ray is measured through an incident window 
made of quartz.7-10  These materials are stable at high temperatures and 
are thus allowed to have direct contact with the sample.  This cell type can 
provide large half-cone angles.  Its drawback is the scattered X-rays from 
the quartz tube, which increases the background.        

The second type of cell is the one that has the sample and windows 
separated from each other.  Different X-ray incidence and fluorescence 
windows are used for X-ray scattering to be largely reduced. When a thin 
polymer window is applied, the window temperature has to be kept low. As 
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such, the distance between the window and the sample must be long and/or 
window size is small enough for effective cooling of the window both of which 
sacrifice a large fluorescence yield.   D. Koziej et al. have reported a cell for 
a gas-phase reaction, where the sample is heated by a built-in small heater.   

They have studied the structure and behavior of Pt in Pt-SnO2 based sensor 
with this cell.14,15  A. Gurlo et al. have reported also a cell for research of 
mechanism of sensor with small heater.16,17  With these arrangement, the 
sample can be effectively heated, and the power supply can be reduced to 
prevent undesired window heating.  These cells have a large half cone angle 
without any water-cooling system, although measurements are limited to 
those systems with samples that can have a built-in heater.   In this paper i 
used a small sample and a small separate heater. Consequently, the window 
is not heated up, even with its large window size (116 mm) at a close 
distance (approximately 35 mm).  As a result I have had a large half cone 
angle1 of 56° by minimizing the sample heater size (25 × 35 mm2). This cell 
also has no water-cooling system because the Kapton window temperature 
was kept at less than 373 K due to the high thermal conductivity of Al, even 
at a sample temperature of 703 K.   The system can be applied to reaction 
analysis of solid oxide or bimetallic catalyst for fuel cells19-22 or in situ 
analysis of WO2 was used as photo / electrochromic materials. 39    In 
particular, it’s interesting to study effect of humidity of WO2.40    Moreover, 
this may be able to apply to investigation for corrosion was formed on 
metallic film etc.23-26  These samples are loaded into a small container made 
of BN or graphite and fixed to the heater.  The cell is thus universally 
applicable to many systems in the measurements of fluorescence XAFS 
under the reaction conditions.    
 
5. Conclusions 

I have developed a new type of in situ fluorescence XAFS cell, which has a 
large solid angle, a half-cone angle of 56°, and no water-cooling system.  The 
sample is locally heated using a small heater, which prevents the unwanted 
heating of system components other than the sample.  I obtain a good S/N 
ratio of in situ fluorescence XAFS signal under the reaction conditions, which 
allows data analysis by difference spectra to elucidate minute changes in 
XAFS oscillations during reactions. 
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Figure 1.  A photograph and schematic drawings of the in situ cell. It is (a) 
photograph(b) top view(c) side view. 
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Figure 2.  Sample holder with ceramic heater and thermocouples on the 
sample stand. 
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Figure 3.  The heating performance of the cell. (a) The increasing 
temperature process at the holder (solid line), at the sample (broken line), 
and at the Kapton window (dotted line). (b) Stability of the temperature for 4 
hours at the sample position. (c) XAFS spectra at 303, 613, and 703 K under 
the dry air flow. 
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Figure 4.  Comparison of EXAFS oscillation of a Pt–SnO2 thin film in the 
cell (solid line) and out of the cell (broken line) at room temperature. 
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Figure 5.  XANES spectra at the temperature increasing process to 703 K 
under a flow of dry air and 1% H2-containing air (flow rates = 200 ml/min) in 
(a). Sensor property on model sample under the hydrogen based the dry air 
flow in (b). 
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Figure 6.  Pt L3-edge XANES (a) and EXAFS (b) spectra to 703 K under a 
flow of dry air (solid line) and 1% H2-containing air (triangle with broken 
line). (a) XANES spectra, (b) k3-weighted EXAFS oscillations, and (c) their 
difference spectrum k3∆χ(k).  
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Figure. 7.  Fourier transform of the difference spectrum k3∆χ(k). 
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Figure 8.  The Fourier transforms. (a) the difference spectrum k3∆χ(k)  
(b) dry air at 703 K.  Dotted, broken, and solid red lines indicated 
imaginary, real, and absolute parts, respectively. 
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Chapter 3 

Characterization of Pt doped SnO2 Catalyst for a high 

performance micro gas sensor 
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1. Introduction 

  SnO2 has been widely utilized for gas sensors as its conductivity varies 

with partial pressures of oxygen and reductive gases.1,2  The SnO2 sensor 

requires the high operation temperature necessary for the reaction between 

the SnO2 and gases and an electric power supply.  The external 

power-driven type SnO2 sensors have been developed upto now.  In order to 

increase the number of home-use gas sensor, battery-driven type or wireless 

models are important for their good appearance and their free installation.    

The battery-driven sensors should have longer life time than 5 years and 

thus the low power consuming sensors has to be developed with high 

selectivity for methane, which is a main ingredient in natural gas.  The 

strategy is to enhance the sensor activity by the addition of metal catalyst 

and to miniaturize the sensor to reduce the energy consumption.  Yamazoe 

et al has studied the effects of additives on SnO2 gas sensors.3  M.Labeau et 

al has demonstrated that Pd and Pt additives play important role in the 

electrical properties of SnO2-thin film-based sensor.4  From this standpoint 

of view, Suzuki et al. have developed SnO2 thin film produced by MEMS 

method. 5 , 6   Recently I found that the Pt doping increases methane 

sensitivity of SnO2 thin film sensor device which will provide the new 

pathway to realize a low power consumption gas sensor.  The sensor can 

detect the 12500 ppm methane which is a 1/4 of the methane explosion limit 

(53000 ppm) even after the 5 years.  The mass production of the high 

performance sensors requires further clear understanding of the atomic 

structure of the gas sensors.    

Since Pt metallic cluster is a good catalyst for many reactions including 

the hydrogen and hydrocarbon oxidation reaction. There are several 

mechanisms to improve the sensor performance by the additives.  One is an 

electronic effect and the other is a spillover effect.  Yamazoe and Kocemba et 

al reported that Pt nanoparticles on the SnO2 surface improve the 

performance by the spillover reaction.7,8  Thus Pt clusters deposited on the 

SnO2 were expected to enhance the sensor sensitivity by the spillover 

reaction.  In the previous papers about the characterizations of Pt-SnO2 

sensor, the oxidized Pt or Pt aggregates are present in SnO2 substrate 

depending on the atmosphere and Pt concentration.1,9,10,11,12  But details in 

Pt structures have not been determined.  In this paper, I have studied the 

local structure of Pt in the highly active SnO2 film base sensor by X-ray 
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diffraction(XRD), X-ray photoelectron spectroscopy(XPS) and X-ray 

absorption fine structure(XAFS).  

 

2. Experimental 

2.1. Catalyst preparation 

Pt doped SnO2 thin layer with 400 nm thickness (denoted as X% Pt-SnO2 

where X indicates the atomic % of Pt) was prepared by the sputtering 

method on the p-type Si substrate covered with naïve SiO2 film (600 nm)  

followed by annealing at 803 K.  Pt and SnO2 ratio was controlled by the 

loading ratio in the targets and finally the concentration of Pt in the film was 

determined by the ICP(Inductively Coupled Plasma) by dissolving the film 

using hydrochloric acid.     

 

2.2. Characterization of the catalysis 

XRD patterns were recorded by using a Cu K  from RIGAKU ATX-G with 

X-ray tube voltage =50 kV and X-ray tube current =300 mA.  XPS spectra 

were measured in ULVAC Phi Quntum-2000 using monochromated-Al K  

X-ray operated at 15 kV-15 mA.     

Pt L3-edge XAFS spectra were measured at BL-12C of KEK-PF using a 

Si(111) monochromator in a fluorescence mode13,14, and the Sn K edge XAFS 

spectra were measured at the NW-10A of KEK-PF-AR equipped with a 

Si(311) monochromator also in a fluorescence mode.15  XAFS spectra were 

analyzed with REX2000 (Ver. 2.5, RIGAKU).16,17,18  The backgrounds of all 

XAFS spectra were removed by a spline smoothing method with Cook and 

Sayers criteria and normalized by the edge height.19   The k3-weighted 

EXAFS oscillations were Fourier-transformed to k-space over k = 14 – 148 

nm-1 for Pt L3-edge spectra, over k = 23 – 144 nm-1 for Sn K-edge spectra.  

The each peak in the Fourier transforms was filtered and inversely Fourier 

transformed to the k-space for the curve fitting analysis.  I carried out the 

non-linear least square curve fitting using the following equations.    
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where S0
2、

j
N ,

j
r , and 

j
  are amplitude reduction factor, coordination 

number, bond distance, and Debye Waller factor, of the j-th coordination shell, 

respectively.    is a mean free path.   kF
j

 and  k
j

  are backscattering 

amplitude and phase-shift functions which were obtained from FEFF (ver. 

8.0).20,21,22   E0
  is the absorption edge energy tentatively determined as the 

inflection points and energy shift E is adjusted during the fitting process.    

The errors were estimated by Hamilton test on R-factor with a significance 

level over 90 %.23  

 

2.3. Catalyst performance 

We evaluated the catalyst performance with a flow reactor (Okura Riken Co) 

with a space velocity of 16800 SV [h-1].  Two catalytic combustion reactions 

of 5000 ppm CH4 or 5000 ppm H2 balanced with O2 were performed with the 

products being analyzed by gas chromatography.    

 

3. Results 

3.1. Catalytic active of Pt/SnO2 

Figure 1 shows the combustion rates toward methane (reaction 

temperature = 723 K ) and hydrogen (reaction temperature = 473 K).  The 

methane combustion rates gradually rose with the increase of Pt content 

upto 5 at% and then were saturated at 6 at% followed by drastically dropped 

at more than 10 at%.  On the other hand, the combustion rates to H2 also 

rose with the increase of Pt loading, and the gas was burned about 100 % at 

near 9 at% Pt/SnO2 and kept at higher H2 activity at more Pt content.  

Figure 2 shows the electric resistance dependence on the CH4 and H2 

concentrations on the 9 at% Pt doped SnO2 together with non-doped SnO2 

sample.  The electric resistance change was proposed as due to the 

adsorption and desorption of oxygen. 24   The electrical resistance (R) 

decreased with the gas concentrations(p).  It is R=10bpa [O2]b , where p was 

a partial pressure of hydrogen or methane and a was -0.92 and -0.36 for 

hydrogen and methane, respectively, on the 9 at % Pt/SnO2 while those on 

the SnO2 film without Pt were -0.26 and -0.16, respectively.  The oxygen 

dependence on the oxygen pressure was reported to be 0.154.24  The 

conductivity dependence of Pt/SnO2 on hydrogen nearly = -1 indicated that 
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the reaction might be diffusion limited of hydrogen.  The Pt enhanced the 

activity of the surface reaction.    

 

3.2. Crystal structure Analysis of Pt/SnO2 by XRD 

Figure shows XRD patterns of Pt/SnO2 thin film on Si substrate with 

different Pt loadings.  The SnO2 thin film has a rutile structure giving the 

peaks at 26.7, 33.8, 38.3, 52.2º, corresponding to (1,1,0), (1,0,1), (2,0,0) and 

(2,1,1) of rutile structure.  Pt/SnO2 with the Pt loading less than 10at% had 

in principle a rutile structure and no platinum particle peak was observed.  

However, the peak broadening and peak shift were observed in SnO2 lattice, 

indicating the modification of SnO2 lattice and the decreasing crystallinity 

under the influence of the Pt.  Finally, the broad pattern like amorphous 

was observed at Pt doping of 14 at%.  In addition, diffraction peaks were 

shifted to larger angles with the Pt loading indicating the shrink of the rutile 

lattice.  I calculated the a-axis and the c-axis for rutile structure from XRD 

peak positions in each platinum-concentration as shown in Figure 4.  I 

found both a and c axes were contracted.  The Pt species should have a 

strong interaction with SnO2 lattice upto 9 at%.  The 1.5 % and 0.5 % 

contraction along a-axis (4.75 to 4.68 Å) and along c-axis (3.195 to 3.18Å) 

were observed, respectively as shown in Figure 4.  One possible 

interpretation of the contraction in Figure 4 was the creating of the Pt 

particle at the boundary of SnO2 particle that compressed the SnO2 particles.  

The other idea was most Pt atoms were solved in the SnO2 lattice to form a 

solid solution, being substituted with the Sn.  The inclusion of Pt induced 

the lattice disorder and finally the amorphous state at 11 at% Pt loading.  In 

order to confirm this hypothesis I investigated Pt local structure by XAFS. 

 

3.3. XAFS result of Pt/SnO2 

3.3.1. XANES of Pt/SnO2  

  Figure shows XANES spectra of the Pt/SnO2 samples and references.    

Compared with the XANES spectra of SnO2, SnO, Sn-foil, Sn in PtSn alloy, 

the Pt/SnO2 had a similar structure to for the SnO2.  The absorption of Sn 

K-edge was shifted to the lower energy side with the increase of platinum 

loading as shown in Figure 6． It was quite interesting that a few % Pt 

modified the electronic structure of Sn.  These phenomena were well 

understood by the second hypothesis that the Pt was highly dispersed 
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throughout the SnO2 matrix and affected the Sn electronic state.   

Comparing electronegativities of Pt (2.2) and Sn(1.8), more electron 

remained in Sn in the Pt-O-Sn than in Sn-O-Sn.           

  Figure shows Pt L3-edge XANES spectra of the Pt/SnO2 samples and the 

references. The white line heights of 5 at% and 9 at% Pt/SnO2 spectra 

showed a little larger intensity than that of PtO2 and much larger than those 

of Pt and PtSn alloy.  Figure 6 shows the concentration dependence of the 

white line intensity.  Pt at low loading showed the higher peak height and 

that of 14 at% Pt/SnO2 was a little smaller than PtO2.  Since the origin of 

the white line peak was transition from the 2p3/2 core state to 5d empty state, 

the stronger intensity suggested the presence of more empty 5d state in the 

Pt/SnO2 samples with the Pt content less than 10 at % than that in the PtO2 

while there is less d vacancy in the 14 at% Pt/SnO2.  The d electron in the Pt 

in the SnO2 lattice was strongly drawn by the surrounding Sn4+, giving 

stronger white line height than PtO2.   

 

3.3.2. EXAFS spectra of Pt/SnO2 

Figure 8 shows the k3-weighted Sn K-edge EXAFS oscillations (k3χ(k)) and 

the Fourier transform (FT) of 9 at% Pt/SnO2 together with several reference 

samples.  The FT of Pt/SnO2 was close to that of SnO2, indicating that the 

Sn rutile structure was maintained in the sample.  The first peak was 

corresponding to Sn-O while characteristic peaks appeared in 2.5 – 4 Å 

corresponding to the two Sn-Sn interactions of rutile SnO2.  Figure 9 shows 

the Sn K-edge k3χ(k) and the FT of Pt/SnO2 with various Pt contents.  The 

Pt/SnO2 samples with the Pt content less than 9 at% had the similar k3χ(k) 

and the FT to those of SnO2.  The EXAFS oscillations were gradually 

reduced with the increase of Pt content.  The Sn-Sn interaction disappeared 

in more than 14 at% samples, indicating the formation of amorphous local 

structure.    

Figure 10 shows Pt L3 edge k3χ(k) and the FT of Pt/SnO2 samples together 

with reference samples.  Pt L3-edge k3χ(k) and FT of PtO2 showed the 

different oscillations from those of Pt/SnO2 indicating the structure of Pt was 

not PtO2.  The peak appeared at 1 – 2 Å was corresponded to the Pt-O.  The 

peaks in the range of 2.5 – 4 Å were different from PtO2, which might be 

assigned to Pt-Sn or Pt-Pt.  

Figure 11 shows the Pt L3-edge k3χ(k) and the FT of Pt/SnO2 with different 
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Pt loadings.  The complex structures appeared in high k region for the 

samples with less than 10 at% Pt loading but the sample more than 11 at % 

Pt loading showed simpler oscillations.  Correspondingly the peak 

intensities in the range of 2.5 – 4 Å decreased with the increase of the Pt 

concentration and the peaks disappeared at 11 at %.  

The changes in FT and k3χ(k) could be rationalized as follows.  If the Pt 

was located in the lattice of SnO2, Pt L3 edge should have the similar k3χ(k) 

and FT to those of corresponding Sn K-edge.  In fact, FT had the similar 

structure to that of SnO2 though the Sn K-edge was located at high energy 

and the resolution was less because of the life-time broadening.  The 

increase of Pt concentration diminished the peak at the 2.5 – 4 Å because the 

interference of Pt(Sn)-Pt and Pt(Sn)-Sn interactions appears as a result of 

the replacement of Sn with Pt.  More increase of the Pt loading broke the 

SnO2 lattice to form the amorphous structures.  I concluded that Pt and Sn 

were located at octahedral site of rutile oxygen lattice up to 10 at% and the 

amorphous formation starts at 11 at %.    

In order to obtain more detailed information about the structure, I carried 

out curve fitting analyses as shown in Tables 1-4.  First I carried out the 

curve fitting analyses of the first peak.  Table 1 and 2 show the results for 

the Pt-O and Sn-O bond, respectively.  The Pt-O distance in Pt/SnO2 

samples was a little shorter than that of PtO2 and much shorter than SnO2. 

The distance was almost the same within the limit of error, independent of 

the Pt loading.  The coordination number was 6.0 in 5 at% Pt/SnO2, 

indicating the octahedral coordination around the Pt, and the Pt was located 

in the octahedral site of SnO2 rutile crystal lattice.  The Pt-O coordination 

number remained 6 up to 10 at% and gradually decreased with the increase 

in the Pt content probably because of the partial formation of amorphous 

structure around Pt which induced the local disorder that could not be 

compensated Debye-Waller factor.  In the 14 at%, the Pt-O coordination 

number was further diminished.  Sn-O showed 6 as a coordination number 

and 2.05 Å as a bond distance in 5 at% Pt/SnO2 with other parameters 

almost the same as those of SnO2.  However, Sn-O was diminished at 14 

at% Pt-SnO2 probably due to the amorphous phase formation.  It is 

interesting that Sn-O coordination number remained 6 at 11 at % Pt-SnO2 

while that of Pt decreased a little.  It might be due to the amorphous 

structure formation occur at 11 at % only around the Pt site and many Sn 
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atoms are in the crystal lattice.        

Next I tried to carry out the second shell analysis.  However, it was quite 

difficult.  There were at least 2 shells in M-Sn (M=Pt or Sn) interaction.  As 

the Pt content increased, two more M-Pt interactions occurred and their 

XAFS oscillations interfered with those of the original M-Sn interaction.  

Consequently, I need 4-shell fitting analyses and 16 fitting parameters 

though the degree of freedom in the analysis which was nearly 17(= 2kr/ ) 

and the 4 shell fittings with full parameters were optimized quite erroneous 

and less reliable.    

Thus I first carried out 2 shell fittings of 5 at% Pt/SnO2 for both edges 

where the least M-Pt contributions exist.  I obtained the Sn-Sn bond 

distances in the Sn K-edge of Pt-SnO2 at 3.16 Å and 3.72 Å which was well 

corresponding to those in the SnO2 (3.16 and 3.73 Å), indicating again the 

SnO2 rutile structure was maintained.  The local structure around Pt was 

obtained from Pt L3 edge XAFS.  Pt-Sn distances were found at 3.13 and 

3.68 Å shorter than those obtained in Sn K-edge SnO2.  The curve fitting 

analysis clearly suggested that the Pt was located in the SnO2 lattice and the 

local structure of Pt was explained by the PtO2-SnO2 solid solution model.  

When I applied 2 shell fitting of M-Sn on other Pt-SnO2 samples(Pt content 

less than 11 at %), the bond distances were almost the same as those found 

in 5at % Pt-SnO2, though the M-Sn coordination numbers decreased with the 

content of Pt owing to the neglect of the increasing contribution of M-Pt 

interaction and the increasing the local disorder in SnO2 lattice induced by 

the Pt replacement which had shorter Pt-O and Pt-Sn(Pt) distances than 

those in SnO2 lattice.  

In these analyses, I could not get evidence for the formation of Pt metal 

cluster because I could not get good fitting results when I fitted the data 

assuming Pt-Pt distance at 0.277 nm.  However, EXAFS was a bulk 

technique and nobody knew the surface Pt state.  I carried out XPS 

analyses to see the surface structure and state of Pt species.  

 

3.4. Surface Analysis of Pt/SnO2 by XPS 

Figure 12 shows XPS spectra of O 1s, Sn 3d and Pt 4f in Pt/SnO2 samples.  

The binding energy of Sn 3d5/2 coincided with that of the tetravalent state.    

The binding energy was little shifted to lower energy side according to the Pt 

doping amount well corresponding to the XANES results, i.e., Pt did not 
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draw so much electron in the Pt-O-Sn as Sn did in the Sn-O-Sn.  The 

binding energy of Pt f7/2 appeared at 75.2 eV which corresponds to Pt4+.25  A 

small rise was observed at 73.1 eV which appeared remarkably for the 

sample with Pt content more than 11 at%.  I performed the peak 

deconvolution of Pt4f peak in Pt/SnO2 as shown in Figure.  There were two 

Pt species on SnO2, with their binding energies 75.2 eV and 73.1 eV, 

respectively.  The former corresponded to Pt4+ while the latter was in good 

agreement with Pt2+.  I could find a small amount of 73.1 eV peak even in 

the sample with the Pt content less than 10 at%.  I evaluated the ratio of 

75.2 eV and 73.1 eV as shown in Table 5.  The ratio of peaks of 75.0 eV to 

73.1 in the 5 -10 at % Pt/SnO2 were almost 84 :16.  Pt2+ content increases at 

more than 11 at%.  This indicated the Pt species were mainly presented in 

tetravalent even on the surface at less than 10 at%.  Pt2+ increases at more 

than 11 at %.  Pt0 was never observed in XPS.  Judging from the white line 

intensity of Pt L3 edge, the bulk Pt was tetravalent.  The white line 

intensity decreased with more than 11 at % well corresponding to the XPS 

observation where Pt2+ starts to increases.  Thus the surface Pt valence 

state had not big difference from that in the bulk.  Since amorphous phase 

increases at more than 11 at% as demonstrated by XRD and XAFS, Pt2+ may 

be mainly present in the amorphous phases.  Combining XAFS and XPS 

results I concluded Pt metal was not formed in the Pt/SnO2        

   

4. Discussion  

4.1. Local structure of Pt species   

Contrarily to the expectation I could not find any Pt nano particles in the 

whole range of Pt content and all measurements indicated that the Pt 

species was located at the Sn site in the SnO2 lattice.  In other word, Pt and 

SnO2 made a solid solution structure.  The replacement of Pt induces the 

lattice contraction and distortion as demonstrated by XRD.  This might be 

due to the smaller Pt-O distances as found in XAFS.  This lattice distortion 

induced the vitrification of the SnO2 crystal lattice at more than 11 at % and 

the Pt/SnO2 was transformed completely into amorphous state at 14 at %.  

This is due to the difference in the ionic radius of Pt4+ and Sn4+.  The ion 

radius of Pt4+ is 0.77 Å while those of Sn4+ is 0.83 Å.  This different ionic 

distance was reflected in the shorter Pt-O and Pt-Sn distances around Pt.  I 

noted that the contraction of the lattice in a-axis was larger than in the 
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c-axis.  The XAFS analyses indicated that the each Sn-Sn or Pt-Sn bond 

distance had little concentration dependence.  I inferred that that more 

Sn-Pt interaction was present in the ab plane than in the c axis.  

Considering the rutile lattice structure, Pt-Pt interaction occurs between the 

center and the corner site rather than that between centers along c axis.  

Consequently the lattice shrinkage mainly arose in the ab plane.  These 

lattice shrinkages and distortions caused by the Pt replacement may lead to 

amorphous structure at 14 at% Pt-SnO2.    

In the previous studies, there were some reports that claimed the Pt was 

oxidized state in the Pt-SnO2.  Gaidi et al. reported that Pt was oxidized 

states with Pt-O distance =0.196 nm while at higher loading of Pt and under 

reductive conditions, Pt was found in a metallic form.12  They did not 

mention the location of Pt but seemingly most of them were in the 

amorphous oxide or metal particles.  They also found that the Pt was 

reduced to metallic state in the reducing gas and this redox of Pt was related 

to sensing property.  Lee et al. studied XPS and XRD on the Pt/SnO2.26  

They claimed that Pt metallic particles covered with PtO2 was present in the 

sensor.  Kappler investigated that the Pt-SnO2 by TEM, RAMAN and 

XPS.27  They suggested that Pt was mostly in oxidized state on the Pt 

particle or in its near-surface region.  They denied the Pt promotion effect 

was due to spill-over effects or Fermi energy control of Pt nanoparticles.  In 

this study, I clearly demonstrated that the high performance sensor with 

long lifetime should have the Pt located at the lattice point of SnO2.  The 

amorphous phase PtOx(Pt2+ or Pt4+) was not active.  As pointed out by the 

Gaidi, in situ characterization must be necessary to confirm the real active 

structure and reaction mechanism yet our preliminary in situ EXAFS study 

indicated the substituted Pt in the lattice was stable under the sensing 

conditions.    

Noble metals such as Pt and Pd are easily reduced and aggregated to 

metal particles, However, they could sometimes be atomically dispersed 

and/or placed in the lattice position of oxide matrix in the oxidized form.  

Pt-CexTi1-xO2 prepared by solution combustion method gave the Pt located at 

the oxide lattice which showed high activity for CO oxidation reaction.28  

The Pt was atomically dispersed on Na-promoted TiO2 surface to show high 

activity for HCHO oxidation reaction.29  Thus the Pt in the oxide lattice can 

oxidize CO and the organic compounds.   
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4.2. The structure and activity 

9 at % Pt/SnO2 showed the highest activity towards CH4 oxidation reaction.  

The XRD, XAFS and XPS have demonstrated that the Pt was located in the 

SnO2 lattice and no evidence was found for the formation of Pt nanoparticles.  

More than that concentration, the lattice structure started to be destroyed 

and in the 14 at % sample, the structure was changed to the amorphous 

phase where there was a little activity for CH4 oxidation as shown in Figure 

2.  In this amorphous structure, Pt4+ and Pt2+ were observed but no 

evidence was obtained for Pt metal cluster formation.  Consequently, Pt4+ in 

the Sn position in the lattice was necessary conditions for high activity for 

CH4 combustion.  The oxidation of CH4 may proceed with the Mars-van 

Krevelen mechanism.  Pt may oxidized the CH4 using the lattice oxygen 

which produces conduction electron.  The lattice Pt might be stable and 

reoxidized to Pt4+ that must be necessary for the long life time.  Thus the 

Pt/SnO2 prepared by cosputtering method effectively replaces the Sn with Pt 

in SnO2 lattice which caused the high-performance and long-life time gas 

sensor.    

        

5. Conclusions 

I investigated the crystal structure and the combustion property for CH4 

and H2 gas of Pt/SnO2 catalyst to evaluate advantage of the methane gas 

sensor.  The structural property of the Pt/SnO2 prepared by sputter 

technique was characterized by XRD, XPS, XAFS and the catalyst activity 

was examined by combustion property of methane and hydrogen gas.  

Pt/SnO2 took a solid solution structure in rutile crystal with Pt loading up to 

10 at%.  The catalyst activity to methane was the highest at 9at%.  The 

CH4 combustion property was lost at more than 11 at% of Pt loading 

accompanied by the structure distortion and the change to amorphous 

structure.  On the other hand, the combustion property of H2 steadily 

increased with the Pt loading.  It is our next challenge to clarify the 

mechanism of the reaction of the Pt/SnO2 catalyst. 
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Figure 1.  Conversion property for CH4 at 450 ℃ (Circle) and H2 at 200 gas 

(Square).  Compared with White Line Peak Intensity of Pt L3-edge XANES 

(Triangle).  WLH of Pt L3-edge XANES were defined as WLH from White 

Line peak Height on figure 7.  WLH of PtO2 is 2.1 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Dependency of gas density to electric resistance for 9 at% Pt 

doped SnO2/Non doped SnO2. 
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Figure 3.  XRD patterns of different Pt loadings and SnO2.     

Compare with the a: SnO2 b: 5at% c: 7 at% d: 9 at% e: 10 at% f: 11 at% g: 14 

at%.  Plane indices peak of (1,0,1) (2θ= 33.800°) at 5 at% and 9 at%. 
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Figure 4.  Change of lattice parameter for rutile crystal. (a) a axis (b) c axis 
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Figure 5.  Sn K-edge XANES spectra of Pt/SnO2 

Compared with the White Line peak Height of SnO2, SnO, Sn-foil, Sn in 

PtSn alloy (Loding of Pt in alloy is 37 wt％). 
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Figure 6.  Compared with SnO2, platinum-concentration is 9 at% and 14 

at%.  The edge shift to Sn-K edge 

It is plotted max value of liner differential spectra to XANES 
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Figure 7.  Pt L3-edge XANES spectra of Pt-SnO2 

Compared with the WLH of 7 at% and 9 at% Pt-SnO2, PtO2, Pt-foil, Pt in  

PtSn alloy.  Compared with PtO2, platinum-concentration is 5 at%, 9 at% 

and 14 at% 

WLH 
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Figure 8.  EXAFS oscillation by Sn K-edge and FOURIER Transform of 

Pt-SnO2.  Compared with a:9 at  Pt/SnO2 b:SnO2 c:SnO d:PtSn alloy 

e:Sn-foil 
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 Figure 9.  Dependency on the amount of platinum to EXAFS spectra by Sn  

K-edge.  It is EXAFS oscillation and Fourier Transform.  

 Compared with a: 5at% b: 7 at% c: 9 at% d: 10 at% e: 11 at% f: 14 at% 
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Figure 10.  EXAFS oscillation by Pt L3-edge and Fourier Transform of  

Pt-SnO2.  Compared with a:9at % Pt-SnO2 b:PtO2 c:PtSn alloy d:Pt-foil 
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Figure 11.  Dependency on the amount of platinum to EXAFS spectra by Pt 

L3-edge.  It is EXAFS oscillation and Fourier Transform. 

Compared with a: 5at% b: 7 at% c: 9 at% d: 10 at% e: 11 at% f: 14 at% 
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Table1.  Curve fitting result by FEFF for Pt-O bond to Pt L3-edge 

FT-EXAFS. 

Pt L3-edge EXAFS spectra

Concentration of Pt / at% CN R / nm
-1 ΔE / eV σ

2
 / 10

-2
 nm

2 R factor / %

Pt/SnO2

PtO2

Curve fitting result by FEFF for Pt-O bond

11

14

bond distance (r), Debye-Waller factor (σ)

5

7

9

10

3.9

6.0 (0) 2.023 (0) 25 (0) 0.0018 (0) 6.0

4.7 (±1) 2.005 (±0.005) 25 (0) 0.0018 (0)

2.6

5.2 (±1) 2.005 (±0.005) 25 (0) 0.0018 (0) 5.1

5.8 (±1) 2.005 (±0.005) 25 (0) 0.0018 (0)

2.6

5.8 (±1) 2.005 (±0.005) 25 (0) 0.0018 (0) 3.9

25 (0) 0.0018 (0)

6.0 (±1) 2.005 (±0.005) 25 (0) 0.0018 (0)

coordination number (CN)

1.5

6.0 (±1) 2.005 (±0.005)

 

k range/ 10 nm-1 is 1.4 ≦ k ≦14.8,   r range/ 10 nm-1 is 1.3 ≦ r ≦ 1.9 

Fitting space is back k space. 

 

 

Table2.  Curve fitting result by FEFF for Sn-O bond to Sn K-edge 

FT-EXAFS. 

Sn K-edge EXAFS spectra

Concentration of Pt / at% CN R / nm
-1 ΔE / eV σ

2
 / 10

-2
 nm

2 R factor / %

1.06.0 (0) 2.045 (±0.005) 28 (0) 0.0018 (0)

1.2 

3.8 (±0.3) 2.045 (±0.005) 28 (0) 0.0018 (0) 8.7 

6.0 (±0.3) 2.045 (±0.005) 28 (0) 0.0018 (0)

3.6 

6.0 (±0.3) 2.045 (±0.005) 28 (0) 0.0018 (0) 1.1 

6.0 (±0.3) 2.045 (±0.005) 28 (0) 0.0018 (0)

10

11

SnO2

14

coordination number (CN)

bond distance (r), Debye-Waller factor (σ)

Pt/SnO2

5

7

6.0 (±0.3) 2.045 (±0.005) 28 (0) 0.0018 (0)

9

Curve fitting result by FEFF for Sn-O bond

5.0 

6.0 (±0.3) 2.045 (±0.005) 28 (0) 0.0018 (0) 2.5 

 

k range/ 10 nm-1 is 2.3 ≦ k ≦14.4,   r range/ 10 nm-1 is 1.3 ≦ r ≦ 1.9 

Fitting space is back k space. 
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Table3.  Curve fitting result by FEFF for Pt-Sn bond to Pt L3-edge 

FT-EXAFS. 

Pt L3-edge EXAFS spectra

Concentration of Pt / at% CN R / nm
-1 ΔE / eV σ

2
 / 10

-2
 nm

2 R factor / %

4.7 (±0.4) 3.67 (0)  5 (0) 0.0023 (0)

4.8 (±0.4) 3.68 (±0.02)  5 (0) 0.0023 (0)

5.1 (±0.1) 3.68 (±0.01)  5 (0) 0.0023 (0)

-3 (0) 0.0014 (0)

6.6
7.0 (±0.2) 3.68 (±0.02)  5 (0) 0.0023 (0)

1.3 (0) 3.13 (±0.01) -3 (0)

 
14

10.010

9.09

0.7 (±0.1) 3.14 (±0.01) -3 (0) 0.0014 (0)

1.1 (±0.1) 3.12 (±0.01)

12.07

Curve fitting result by FEFF for Pt-Sn bond

coordination number (CN)

bond distance (r), Debye-Waller factor (σ)

1.1 (±0.1) 3.12 (±0.01) -3 (0) 0.0014 (0)

0.0014 (0)

Pt/SnO2

5

11

 

k range/ 10 nm-1 is 2.3 ≦ k ≦14.8,   r range/ 10 nm-1 is 2.2 ≦ r ≦ 4.0 

Fitting space is back k space. 
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Table4.  Curve fitting result by FEFF for Sn-Sn bond to Sn K-edge 

FT-EXAFS. 

Sn K-edge EXAFS spectra

Concentration of Pt / at% CN R / nm
-1 ΔE / eV σ

2
 / 10

-2
 nm

2 R factor / %

 

8.0 (0) 3.73 (±0.01)

2.0 (0) 3.16 (0)
SnO2

Pt/SnO2

5

7

9

10

11

14

6.4

5.7

3.8 (±0.3) 3.71 (±0.01)

4.2 (±0.2) 3.72 (±0.01)

 5 (0) 0.0023 (0)

8.8

7.8

 5 (0) 0.0023 (0)

-3 (0) 0.0014 (0)

 5 (0) 0.0023 (0)

8.2

8.8

0.0014 (0)

0.0023 (0)

4.8 (±0.3) 3.72 (±0.01)  5 (0) 0.0023 (0)

Curve fitting result by FEFF for Sn-Sn bond

coordination number (CN)

bond distance (r), Debye-Waller factor (σ)

0.0014 (0)

1.0 (±0.2) 3.16 (±0.01) -3 (0) 0.0014 (0)

1.3 (±0.1) 3.16 (±0.01)

5.6 (±0.5) 3.72 (±0.01)  5 (0)

0.9 (±0.1) 3.15 (±0.01) -3 (0)

-3 (0)

0.9 (±0.1) 3.17 (±0.01) -3 (0) 0.0014 (0)

4.6 (±0.1) 3.72 (±0.01)  5 (0) 0.0023 (0)

0.9 (±0.2) 3.16 (±0.01) -3 (0) 0.0014 (0)

 

k range/ 10 nm-1 is 2.3 ≦ k ≦14.4,   r range/ 10 nm-1 is 2.2 ≦ r ≦ 4.0 

Fitting space is back k space. 
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Figure 12.  XPS spectra of Pt/SnO2.  (a) O 1s  (b) Sn 3d  (c) Pt 4f 

Compared with 1: SnO2, 2: 5at%, 3: 7 at%, 4:9 at%, 5: 10 at%, 6: 11 at%, 7: 14 

at%  
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Figure 13.  Curve fitting result for Pt 4f for by XPS. 

a) 5 at% Pt-SnO2, b) 14 at % Pt-SnO2 

The f levels become split upon ionzation, leading to vacancies in the f5/2, f7/2 to 

Pt. The spin-orbit splitting ratio is 3:4 for f levels. The spin-orbit splitting 

energy gap is 3.33 eV for f levels of Pt. 
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Table 5.  Binding energy of Pt 4f and Sn 3d photoelectron spectra of Pt/SnO2  

and SnO2.  It shows the ratio of each energy about Pt 4f7/2 

75.2 85% 73.0 15% 486.8 530.6

75.2 83% 73.0 17% 486.8 530.6

75.2 87% 73.0 13% 486.7 530.6

75.1 82% 73.0 18% 486.7 530.6

75.0 69% 72.8 31% 486.7 530.6

74.9 65% 72.9 35% 486.7 530.6

486.8 530.6

14

SnO2

Pt/SnO2

Pt 4f7/2

－ －
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at%
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Chapter 4 

A Pd-local Structure of the Pd/Al2O3 – Pt/SnO2 Model 

Thin Film for High – Performance Micro Gas Sensor 
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1. Introduction 

The demand for natural gas is increasing because of the easy supply and of 

its eco-friendliness as an energy source. 1   However, there is a safety 

problem and the means to detect gas leakage have to be developed.  SnO2 

gas sensor is the most widely used gas sensor but it requires high 

temperature and AC power supply.  I have developed battery-driven gas 

sensor by improving the sensor sensitivity and miniaturization. 2 , 3 .  

Battery-driven type is necessary for the household use.  The system is 

produced by the Micro Electro Mechanical Systems (MEMS) technique on a 

silicon tip composed of laminated structures with electrode, Sb-doped SnO2 

thin film layer, Pt-doped SnO2 thin film layer and Pd/Al2O3 co-catalyst layer 

in order to enhance selectivity for the methane (main component of the 

natural gas) to other gas and long life time.2,3  Pd/Al2O3 increases the 

selectivity of the methane.4  I characterized the structure using X-ray 

absorption fine structure (XAFS), X-ray photoelectron spectroscopy (XPS) etc. 

and have revealed the origin of the high sensitivity.5,6,7.  However in the 

real sensor device, the life time was not stable enough in the selectivity for 

methane though the sensitivity of SnO2 thin layer was maintained.  The 

structure of Pd active species and its stability under the sensor-driven 

condition is not clear.  The real sensor system is a micro device with a size of 

about 300 m2.  In order to characterize the system i prepared a model 

system with the same laminated structure in the same way with a large area.   

In this paper I characterized the Pd local structure in the Pd/Al2O3 by the 

fluorescence XAFS.  I also studied the structure of Pd under the 

sensor-driven environment.     

 

2. Experimental 

2.1. Sensor performance 

Since various gases (hydrogen, alcohol, carbon monoxide and etc.) exist at 

ordinary homes, it is necessary to enhance the selectivity of methane to other 

gases.  Figure 1 shows gas selectivity (RH2/RCH4) on a sensor system.  Pd 

in mix structure of Pd/Al2O3 enhanced the selectivity for methane to other 

gas. 

2.2. Catalyst preparation 

7 wt % Pd catalysts were supported on γ-Al2O3 (confirmed using XRD) by 

impregnation.  It was followed by the calcination at approximately 803 K in 
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air.  The Pd/Al2O3 catalyst was deposited on Pt-SnO2 film on the Si wafer by 

a screen printing method. 

 

2.3. Characterization of the catalyst 

XRD patterns were recorded using a diffractometer(Rigaku, ATX-G) with 

Cu Kα radiation operated at 50 kV-300 mA.  Pd K-edge XAFS spectra were 

measured at the NW-10A of Photon Factory Advanced Ring, Institute for 

Materials Structure Science, High Energy Accelerator Organization, 

(KEK-IMSS=PF-AR) equipped with a Si(311) monochromator in a 

fluorescence mode8.  In situ XAFS was measured using a reaction and 

fluorescence XAFS measurement cell described in chapter 2.  The dry air 

was flowed with a flow speed of 200 L/min.  1 % Hydrogen was mixed with 

dry air or wet air(water content was 17 vol).  Temperature was set at 583 

K and 703 K using a micro heater (HTR1001, Adcap Vacuum Technology, 

Japan) controlled by PID controller (SCR-SHQ-A, Sakaguchi Electric 

Heating, Japan)  

XAFS spectra were analyzed with a XAFS analysis program, REX2000 

(Ver. 2.5, RIGAKU)9,10,11 using the theoretical backscattering and phase shift 

parameters derived from FEFF.12  XAFS spectra were divided into two 

regions: the X-ray absorption near edge structure(XANES) region  and 

Extended x-ray absorption fine structure(EXAFS) region.  The errors were 

estimated by Hamilton test on R-factor with a significance level over 90 %.13 

 

3. Results 

3.1. The structure of Pd in Pd/Al2O3 of the fresh sample 

  Figure 2 showed XRD patterns of fresh samples.  d giving at the peaks of 

33.8, 42.3, 54.9, 71.4º corresponding to (101) and (002), (110), (112) and (202) 

of tetragonal PdO species.  The size of the PdO from Debye method was 

estimated at 3.2 nm.  No Pd metal was observed.  In addition to the PdO 

peaks I found the peaks at 37.4, 39.5, 45.6, 60.4, 67.2 º, corresponding to 

γ-Al2O3.  There was still possibility that XRD patterns of Pd metal 

nanoparticle were not observed because the Pd nanoparticles were too small.   

I carried out XAFS observations of the sample. 

  Figure 3 shows the Pd K-edge XANES spectra of the gas sensor together 

with those of reference compounds such as Pd foil, Pd(OH)2 and PdO.  Pd 

K-edge XANES spectra of the sample was identical to those of Pd(OH)2 and 
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PdO, indicating that most Pd was in the oxidized state but not metallic state.       

Figure 4 shows k3-weighted EXAFS and its Fourier transforms of the Pd in 

the fresh sample.  The Fourier transforms give two peaks at 0.1-0.2 nm and 

around 0.3 nm with a small shoulder at 0.28 nm.  The former peak 

corresponds to Pd-O and the latter to the Pd-Pd.  Compared to the EXAFS 

oscillation and the Fourier transform of the sample with those of reference 

compounds, I found the sample gave the EXAFS oscillation and Fourier 

transform similar to those of PdO.  Therefore the PdO nanoparticles were 

present on the sample.  No oscillation for metallic Pd-Pd bond was observed, 

indicating Pd metallic species was less possible.   

Table 1 shows results of the coordination numbers and bond distances 

around the Pd atom derived from Pd K-edge EXAFS oscillations under dry 

air at R.T.  Curve fitting data coincide with those of reference PdO. 

 

3.2. The stable structure of Pd catalyst under sensor driven condition 

The sample structure may change under the working conditions.  I 

carried out in situ XAFS measurements under several conditions(dry air, 

H2-containing air and H2 + H2O containing air at several temperatures).  H2 

represents the reductive atmosphere in the dining room where alcohols and 

volatile organic compounds are present.  Although I did not find any change 

in the EXAFS region, subtle changes occur in the XANES regions according 

to the atmosphere.  Figure 5 shows the Pd K-edge XANES results under dry 

air at room temperature, 583K and 703 K.   In the dry air the Pd K-edge 

XANES rarely changed so that the PdO in the sample was stable under the 

dry air conditions.  

When the sample was exposed to H2 in dry and wet air, the XANES 

structure was changed in figure 6.  The peak intensities decreased at 583 K 

under the H2 in dry and wet air.  The peak height under the H2 in wet air is 

a little larger than that under the H2 in the dry air. 

Interesting, the PdO was recovered at 703 K(Operating conditions) even in 

the H2 atmosphere.   

 

4. Discussion 

In the Pd/Al2O3 - Pt/SnO2 model thin film for high-performance micro gas 

sensor, it was demonstrated by XAFS, XRD and the fresh sample contains 

PdO.  The PdO structure was modified below temperature of 673 K under 
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the H2 -contained air, was re-oxidized to PdO at 703 K.  In previous paper 

showed that Pd and PdO have different activation behavior for hydrogen and 

other gases.14  Methane gas is inertness compared to other gases(hydrogen, 

alcohol, carbon monoxide and etc.).  The PdO in Pd/Al2O3 burns completely 

other gases except CH4, which reach at sensing layer(SnO2).  In this sensor 

system, it is necessary to keep state of PdO to maintain high selectivity even 

under sensor driven. 

Gas sensor was driven for long time under the exposure to reductive gas 

and water vapor.  Especially reductive gas or moisture can modify structure 

of catalyst.  Maione et al, suggested that the PdO became inactive by the 

reduction and sintering over 1073 K.15  Water also inhibited the reaction by 

the formation of inactive Pd(OH)2.16  The structural change of PdO may 

cause the degradation of sensor performance which requires the structure 

analysis of real sensor tip after the degradation.  Note that the sample was 

reduced at intermediate temperature in the presence of H2.  The presence of 

water inhibits the reactivity of PdO towards the H2 and thus the degree of 

reaction is diminished. 

The modified PdO in moisture and reduction gas at 583 K was re-oxidized 

over 700 K.  I concluded that a driven temperature over 700 K to keep 

high-performance gas sensor for long time is necessary. 

 

5. Conclusions 

The local structure of Pd nanoparticles on Al2O3 used as a cocatalyst in 

SnO2 MEMS methane leakage sensor to enhance the sensitivity for methane 

gas detection was investigated.  I prepared a model system on the Si 

substrate and found PdO was present in the fresh SnO2 sensor by X-ray 

absorption fine structure(XAFS).  The PdO was observed at 703 K, under 

sensor working conditions even if the presence of reductive gas.  I concluded 

that PdO was active species in high-performance gas sensor and a driven 

temperature over 700 K to keep the performance for a long time is necessary. 
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Figure 1. The selectivity of methane to hydrogen of gas sensor.  (1) only 

SnO2  (2) laminated structure of Pd/Al2O3 and SnO2.   It was defined as 

RH2/RCH4. 
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Figure 2.  XRD pattern of Pd supported on Al2O3 catalyst for micro gas-sensor 

Close circle is PdO of tetragonal pattern, open triangle is ϒ-Al2O3 pattern 
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Figure 3.  Pd K-edge XANES spectra of Pd supported on Al2O3 catalyst for 

micro gas-sensor with reference of Pd foil, Pd(OH)2 and PdO 
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Figure 4.  Pd K-edge EXAFS spectra of Pd supported on Al2O3 catalyst for  

micro gas-sensor with reference of Pd foil, Pd(OH)2 and PdO 
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Figure 5.  in situ XANES spectra under dry air(a) and magnified in the edge 

peak region. 

Line is in R.T., open square is in 583 K, close circle is in 703 K. 
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Figure 6.  It was showed in-situ XANES spectra in left (which is expansion 

in right) under sensor deactivation condition at R.T., 583 K, 703 K and R.T. 

after 703 K.   Line is in dry air, open square is in dry H2, close circle is in 

wet H2. 
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Table 1 Curve fitting results for the Pd-O bond to Pd K-edge FT-EXAFS using FEFF 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

R.T. 3.3 (±0.5) 2.049 (±0.004) 25 (0) 0.0027 (0) 5.6

583 K 3.3 (±0.5) 2.047 (±0.005) 25 (0) 0.0042 (0) 0.8

703 K 3.3 (±0.5) 2.040 (±0.003) 25 (0) 0.0061 (0) 1.8

R.T. after 703 K 3.2 (±0.5) 2.056 (±0.004) 25 (0) 0.0027 (0) 0.4

3.7 (±0.5) 2.049 (±0.004) 25 (0) 0.0027 (0) 0.3

3.5 (±0.5) 2.042 (±0.004) 25 (0) 0.0027 (0) 0.1

σ 2/Å2 R factor/%

Dry air

reference / PdO

reference / Pd(OH)2

k  range is 1.1≦k  ≦ 12.0; r  range is 1.1≦ r  ≦ 2.1; fitting space is back k  space.

Pd K-edge

EXAFS spectra

Curve fitting results by FEFF

for Pd-O bond coordination number (CN),

bond distance (r ) and Debye-Waller factor (σ )

Atmosphere/Temperature CN r /Å ΔE /eV
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Chapter 5 

in situ XAFS investigation of Pt doped SnO2 Catalyst for 

a high performance micro gas sensor 
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1. Introduction 

The demand for natural gas is increasing because of the easy supply and of 

its eco-friendliness as an energy source.1  However, the safety problem 

prevents the further utilization of the natural gas, because of explosion by 

methane gas leakage is 665 cases in japan in 2010 which is 60  of which 

took place in residential use.2  Semiconductor type gas sensor was studied 

by Seiyama et al. in 1960’s.3,4  The SnO2 of n-type semiconductor has been 

widely used for gas sensor as its conductivity varies with partial pressures of 

oxygen and reductive gases.5,6  The SnO2 sensor requires the high operation 

temperature necessary for the reaction between the SnO2 and gases and an 

electric power supply.  Taguchi et al. proposed the gas leak alarm used this 

type.7  This taguchi type’s sensor has been become widespread since in 

practical use as TGS 109 from Figaro Co. Ltd. in 1970’s with external power 

supply.  In order to increase the number of home-use gas sensor, 

battery-driven type or wireless models are important for their good 

appearance and their free installation.  The battery-driven sensors should 

have longer life time than 5 years and thus the low power consuming sensors 

has to be developed with high selectivity for methane, which is a main 

ingredient in natural gas.  In order to increase the number of home-use gas 

sensor, battery-driven type or wireless models are important for their good 

appearance and their free installation.  The battery-driven sensors should 

have longer life time than 5 years and thus the low power consuming sensors 

has to be developed with high selectivity for methane, which is a main 

ingredient in natural gas.    

From this standpoint of view, Suzuki et al. have developed the gas sensor 

by MEMS (Micro Electro Mechanical Systems) method.8,9  This sensor has 

the layer structure of Pd-Al2O3 catalytic thick film/SnO2 thin film/Pt 

electrode/Thin film heater.  Pd-Al2O3 is to enhance selectivity to gas other 

than methane.  Recently I found that the Pt doping increases methane 

sensitivity of SnO2 thin film sensor device which will provide the new 

pathway to realize a low power consumption gas sensor with long life 

time.10,11  The sensor can detect the 12 500 ppm methane which is a 1/4 of 

the methane explosion limit (53 000 ppm) even after the 5 years. 

  Since Pt metallic cluster is a good catalyst for many reactions including the 

hydrogen and hydrocarbon oxidation reaction.  There are several 

mechanisms to improve the sensor performance by the additives.  One is an 



112 

 

electronic effect and the other is a spillover effect.  Yamazoe and Kocemba et 

al reported that Pt nanoparticles on the SnO2 surface improve the 

performance by the spillover reaction.12,13  Thus Pt clusters deposited on the 

SnO2 were expected to enhance the sensor sensitivity by the spillover 

reaction.  In the previous papers about the characterizations of Pt-SnO2 

sensor, the oxidized Pt or Pt aggregates are present in SnO2 substrate 

depending on the atmosphere and Pt concentration.5,14,15,16,17.  On the other 

hand EXAFS techniques on the real gas sensor have suggested a quite 

different model where the Pt ion is located at the Sn position in the rutile 

structure on Pt-SnO2. 18 , 19   However the information derived from the 

EXAFS was limited to the concentration as low as 0.2 wt% which is lower 

than the Pt content in our highest performance sample.  I have 

demonstrated this model on Pt-SnO2 thin film in a wide concentration range 

using the EXAFS in addition to structure analyses such as X-ray diffraction 

(XRD) and X-ray photoelectron spectroscopy (XPS).20 

However in situ characterization must be necessary to confirm the real 

active structure as pointed out by the Gaidi.  I will demonstrate the 

stability during reduction gas reaction of Pt-SnO2 as rutile structure, and 

reaction mechanism in this paper structure. 

 

2. Experimental 

2.1. Sample preparation 

The work for in situ XAFS used 400 nm thick Pt-SnO2 thin layers were 

prepared on Si substrates covered with native SiO2 film (600 nm) using a 

sputter-deposition method.  Sample of layer of Pt-SnO2 (~400 nm)/SnO2 

(~400 nm) which was annealed for 4 hours under air (20  oxygen) at about 

703 K was prepared for TDS measurement.  Pt concentration was deposited 

at 8 at% (and 4 at% as only TDS measurement) which take solid solution. 

 

2.2. in situ XAFS characterization of the catalyst 

Pt L3-edge XAFS spectra were measured at BL-12C of KEK-PF using a 

Si(111) monochromator in a fluorescence mode21,22, and the Sn K edge XAFS 

spectra were measured at the NW-10A of KEK-PF-AR equipped with a 

Si(311) monochromator also in a fluorescence mode.23  In situ XAFS was 

measured using a reaction and fluorescence XAFS measurement cell 

described elsewhere.24  XAFS spectra were analyzed with REX2000 (Ver. 2.5, 
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RIGAKU).25,26,27  The backgrounds of all XAFS spectra were removed by a 

spline smoothing method with Cook and Sayers criteria and normalized by 

the edge height. 28   The k3-weighted EXAFS oscillations were 

Fourier-transformed to k-space over k = 14 – 148 nm-1 for Pd K-edge spectra, 

over k = 11 – 120 nm-1 in the in situ measurement.  Each peak in the 

Fourier transform was filtered and inversely Fourier-transformed to the 

k-space for the curve fitting analysis.  I carried out the non-linear least 

square curve fitting using the following equations.    
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where S0
2, 

j
N ,

j
r , and 

j
  are amplitude reduction factor, coordination 

number, bond distance, and Debye Waller factor, of the j-th coordination shell, 

respectively.    is a mean free path.   kF
j

 and  k
j

  are backscattering 

amplitude and phase-shift functions which were obtained from FEFF (ver. 

8.0).29,30,31  E0
 is the absorption edge energy tentatively determined as the 

inflection points and energy shift E is adjusted during the fitting process.   

The errors were estimated by Hamilton test on R-factor with a significance 

level over 90 %.32     

For the in situ XAFS measurement, a 1 cm2 sample was loaded in the cell 

and heated to 703 K at 100 K/min.  Experiments were carried out in two 

steps.  In the first step, sample was heated to 703 K under 200 ml/min of a 

dry air gas flow.  In the second step the cell was refilled with the 1% H2 and 

CH4 gas (dry air base) in the same flow rate. 

 

2.3. TDS characterization of the catalyst 

  A TDS (Thermal Desorption Spectroscopy) was measured as M/z = 32 to 

evaluate oxygen desorption from Pt-SnO2 or SnO2 using the equipment 

manufactured by Electron Science Co., Ltd..  Detector used mass 

spectrometer.  Sample was measured up to temperature of 1000 K by the 

infrared heat lamp into vacuum chamber of ~109 Pa.  Temperature of 

sample surface was monitored directly by the K type thermocouple. 
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3. Results 

3.1. in situ XANES analysis 

  Figure 1 shows the Sn K and Pt L3-edge XANES spectra under dry air and 

reduction gases (CH4 and H2).  No change in Sn K-edge XANES spectra is 

even 703 K under reduction gases in Figure 1-a.  On the other hands, the Pt 

L3-edge XANES intensity under dry air and CH4 in reduction gases on 

Figure 1-b-1 and Figure 1-b-2 is not changed to 703 K.  However, the 

intensity under H2 is decreased with increasing temperature from 303 K 

(Figure 1-b-3).  Peak top of these Pt L3-edge XANES spectra were plotted on 

each temperature to evaluate these detailed changes in Figure 2.  The 

change in dry air and CH4 is same or small.  The alteration in H2 occurs 

drastically.  The XANES intensity is decreased between R.T. and 403 K, and 

is saturated to 603 K.  However, the intensity tends to be increased over 603 

K, but the change is very small at about 0.1.  Since the origin of the white 

line peak for Pt L3-edge XANES was transition from the 2p3/2 core state to 5d 

empty state, the change of intensity under H2 gas suggested the variance of 

empty 5d state in the Pt/SnO2 samples.  This means that structure 

surroundings Pt atoms varies. 

 

3.2. in situ EXAFS analysis 

  Figure 3 shows the k3-weghted Sn K-edge and Pt L3-edge EXAFS 

oscillations(k3χ(k)) and the Fourier transform(FT) under dry air and 

reduction gases on 703 K.  The Sn K-edge EXAFS oscillation in reduction 

gases overlaps oscillation in dry air in Figure 3-a-1.  I performed FT for 

confirmation, as shown Figure 3-a-2, where one peak appeared at 0.18 nm, 

corresponding with Sn-O bond.  However, I can’t find change of structure.   

This will mean that no change is in surroundings structure of Sn atoms into 

Pt-SnO2 in reduction gases.  The other hands, there is change in the Pt L3 

-edge EXAFS oscillations under H2, but no change under CH4 in Figure 3-b-1.  

A minor decrease of the oscillation amplitude is founded under H2.  I 

performed a similar FT to define this difference, as shown Figure 3-b-2, 

where one peak appeared at 0.18 nm, corresponding with Pt-O.  The 

decrease of the peak amplitude corresponding with Pt-O is founded under H2, 

but the oscillation of Pt metal is not found.  I already have reported in 

chapter 2 about this change that the phase of the Pt-SnO2 peak compared 

with the imaginary parts in Fourier transform of k3Δχ(k) was  rad different 
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from the Pt-SnO2 before the H2-containing air flow, indicating a decrease in 

the main oscillation arising from Pt-O.24  Curve fitting by FEFF is 

conducted to evaluate this structure in detail as shown table 1.  I have 

confirmed that the Pt-O bond distance (r) and coordination number (CN) of 

Pt-SnO2 as solid state is about 2.005 Å and 6.0.20  Firstly, the Debye Waller 

factor (σ) of 303 K and 703 K under dry air in fixed r(= 2.005) and CN(= 6.0) 

based on this report is calculated.  Curve fitting under CH4 and H2 is 

conducted on the fixed σ.  The Pt-O bond distance under these gases is 

calculated at 2.000 (±0.005) Å, which is no change for range of error.  The 

CN under hydrogen was decreased about 1.0 compared with variance under 

methane.  This may mean that lattice oxygen (or adsorbed oxygen) in 

Pt-SnO2 by H2 gas varies.  Gas reaction at lattice oxygen (or adsorbed 

oxygen) with maintenance of solid state in Pt-SnO2 may progress, where the 

no variance to Pt metal present. 

 

3.3. Stability of Pt-SnO2 structure as solid state 

   A series of variance in dry air and reduction gases by Pt L3-edge XANES 

to evaluate stability of Pt-SnO2 structure as solid state is measured.  The 

plot of Pt L3-edge XANES intensity on the series of variance was showed in 

Figure 4-a.  Temperature is increased in step of 100 K from 303 K to 703 K 

under the dry air, and 1  CH4-containing air is flowed for 1 hour at 703 K.  

Dry air after exposure of CH4 is again flowed for 1 hour, and 1  

H2-containing air is flowed.  Dry air after exposure of H2 is flowed in 

progress of decreasing of temperature to 303 K.  The intensity of XANES in 

elevated temperature process and the CH4 exposure process is no change, 

where intensity in elevated temperature process may decrease but very 

small.  The decreasing of the intensity corresponding with desorption of 

oxygen in H2 exposure is founded.  However, the intensity was recovered in 

process of decreasing of temperature to 303 K under dry air after H2 

exposure.  This may be for oxygen adsorbed in defect which generated by H2 

reaction with oxygen into Pt-SnO2.  Figure 4-b and c shows Pt L3-edge 

EXAFS oscillation and Fourier transform at 303 K on before and after of this 

series.  The EXAFS oscillation pattern in before and after of this series is 

same, where oscillation after the series compared with it before decreases 

corresponding with decreasing of Pt-O.  The coordination number of Pt-O is 

calculated 5.5 from result of Curve fitting by FEFF, which is small than 6.0 
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of before.  However, this CN value is high by 0.5 than CN during H2 reaction.  

This phenomenon might mean that the oxygen is re-adsorbed in the lattice of 

Pt-SnO2.   

 

4. Discussion 

  As result of in situ XAFS measurement for Pt-SnO2 with solid state under 

reduction gases of CH4 and H2, the decreasing of white line intensity of Pt 

L3-edge XANES spectra is found under H2, where intensity of Sn K-edge 

XANES under this gas and XANES at both edge under CH4 is no variance.  

This change of XANES means the decreasing of Pt-O coordination number 

from Pt L3-edge EXAFS measurement, where no Pt metal was observed 

during reaction.  This will means that rutile structure in Pt-SnO2 is 

maintained even 703 K during H2 reaction.  Reaction mechanism may be 

absorption/desorption of a surrounding oxygen atoms of Pt atom, where I can 

find that the CN of Pt-O is recovered during dry air flow after H2 reaction by 

oxygen in Figure 4-a.  Pt may oxidized the H2 using the lattice oxygen which 

produces conduction electron.  In previous paper, I have showed that the 

oxidative activity for CH4 is high on this Pt-SnO2 with solid state.20  

However, the change of structure during CH4 reaction made no appearance 

by XAFS measurement.  Oxygen volume in reduction gases is about 20, 

because of the concentration of CH4 and H2 is 1.  Oxygen adsorption to 

surface of Pt-SnO2 arises very quickly during reaction.  Pt also may oxidized 

the CH4 using the lattice oxygen, however the no change of XANES was 

found for quickly oxygen adsorption.  The TDS of Pt-SnO2/SnO2 layer and 

only SnO2 were measured to evaluate the performance of oxygen absorption 

of Pt-SnO2.  Result of TDS measurement as M/z = 32 was shown in Figure 5.  

Two peaks of β in 700-900 K and γ over 950 K was found from both of layer 

and SnO2 sample.  The O2- as β and lattice oxygen as γ was identified in 

previous paper by study of Yamazoe et al.33  The O2- may be the absorbed 

oxygen species on surface of Pt-SnO2 or SnO2.  The γ may be lattice oxygen 

by thermal decomposition from sample.  The O2- species increases with Pt 

concentration in Pt-SnO2 as compared to SnO2.  This means that oxygen 

absorption as O2- increases by effect of Pt atoms in same rutile structure.  

This high oxygen storage by Pt atoms in Pt-SnO2 may arise during reaction 

with H2 or CH4, and change in XAFS measurement looks small in CH4 in 

particular.  Our sensor is composed by layer of Pt-SnO2 and SnO2.  
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Adsorbed oxygen in Pt-SnO2 may be supplied to SnO2 of the lower layer as 

spillover effect, or it may also occur in CH4.  This spillover effect by Pt-SnO2 

will realize high performance and long life time sensor. 

 

5. Conclusions 

  The 8at% Pt-SnO2 with solid state as rutile structure was maintained the 

structure during reaction from result of in situ XAFS measurement under 

reduction gases of 1% CH4 and 1% H2, where no Pt metal was observed 

during reaction.  Moreover the high oxygen storage effect by Pt atoms in 

Pt-SnO2 was shown from TDS measurement, will leads to the spillover effect 

in the sensor driven.  This metal oxide solid solution type catalyst will 

realize high performance and long life time as gas sensor, since with high 

activity and high thermal stability as compared with metal thin film catalyst 

of metal supported catalyst. 
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Figure 1.  The Sn K (in a) and Pt L3-edge (in b) XANES spectra under dry 

air and reduction gases (CH4 and H2).  1: under dry air  2: under methane  

3: under hydrogen and Black line is in 303 K, Red open square is in 503 K, 

Blue open revers triangle is in 703 K. 
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Figure 2.  Peak top of these Pt L3-edge XANES spectra were plotted on each 

temperature to evaluate these detailed changes.  Black circle is in dry air, 

red open square is in methane, blue open revers triangle is in hydrogen. 
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Figure 3.  The k3-weghted Sn K- edge and Pt L3-edge EXAFS 

oscillations(k3χ(k)) and the Fourier transform(FT) under dry air and 

reduction gases on 703 K.  It is Sn K-edge EXAFS oscillations in a-1 and the 

FT in a-1, Pt L3-edge EXAFS oscillations in b-1 and the FT in b-1.  Square is 

during dry air, open circle is during CH4, open triangle is during H2. 
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303 6.0(0) 2.005(0) 25(0) 0.0014 3.0

703 6.0(0) 2.005(0) 25(0) 0.0035 2.8

Methane 703 5.9(±0.5) 2.000(±0.005) 25(0) 0.0035 3.7

Hydrogen 703 5.0(±0.5) 2.000(±0.005) 25(0) 0.0035 2.4

DryAir* 303 5.5(±0.5) 2.005(0) 25(0) 0.0014 3.5

Pt L3-edge

EXAFS spectra

gas
Temperature

/ K

DryAir

Curve fitting result by FEFF

for Pt-O bond coordination number (CN),

bond distance ( r  ) and Debye-Waller factor (σ )

R  factor/%σ2
/Å

2E /eVr  / ÅCN

 

Table 1. Curve fitting result by FEFF 

 

 

 

 

 

 

 

 

 

k range is 1.4 ≦ k ≦ 13.8; r range is 1.3 ≦ k ≦ 1.9; fitting space is back 

k space. 

Dry Air* is result of EXAFS spectra on last 800 min in Figure 4. 
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Figure 4.  The series of variance in dry air and reduction gases by Pt L3 

-edge XANES. 

The plot of Pt L3-edge XANES intensity on the series of variance on a. 

Pt L3-edge EXAFS oscillation in b and Fourier transform in c at 303 K on 

before and after of this series.  Close square is on before, open reverse 

triangle is on after.  Curve fitting result by FEFF was shown on table 1. 
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Figure 5.  The TDS measurement.  1 : only SnO2 substrate  2: 4at % 

Pt-SnO2/SnO2 layer  3: 8at % Pt-SnO2/SnO2 layer.  The β position and γ 

position was identified as O2- and lattice oxygen in previous study of ref 33. 
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Chapter 6 

General conclusion 
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  The commercialization of cordless city-gas leakage alarm has been desired 

in the industry segments.  The development of MEMS gas sensor is a 

shortcut to realize of cordless type alarm though the fundamental knowledge 

(including degradation factor and stability) of Pt-SnO2 and PdO/Al2O3 

catalyst which are used as key material for the sensor has been required.  

In my thesis I have clarified their structures and chemical state applying 

XAFS technique to model samples which are prepared on the same way with 

the practical sensor.  Firstly I discussed structure and mechanism of 

Pt-SnO2 with stability under reaction conditions.  Moreover I discussed 

about origin of high selectivity of sensor by in-situ XAFS analysis. 

  I have found that Pt-SnO2 has the solid solution structure where the Pt 

species is located at the Sn site in the SnO2 lattice on high Pt concentration 

of 10 at%.  Here, this catalyst has high activity when the whole material 

has the SnO2 rutile structure while it loses activity in amorphous phase with 

Pt 11 at%.  Pt on SnO2 has been considered to exist as fine particles.  But 

we have shown as the first example that Pt – solid solution is stable at such 

high concentration and still have high activity.  Moreover I have found that 

this catalyst is maintained as solid state during the reaction with reduction 

gases of 1% CH4 and 1% H2.  This result means that the structure of SnO2 

and Pt atoms highly dispersed in SnO2 is important for high activity.  I 

think that this metal oxide solid solution type catalyst is good on the 

following three points as compared with metal thin film catalyst of metal 

supported catalyst, when this catalyst is applied to the gas sensor. 

  1) The Pt particle growth is unlikely to occur, because of Pt atoms are 

present in SnO2 even in the reaction with reduction gases. 

  2) The activity and thermal stability are high. 

3) The cost is low, because of platinum amount is small highly thanks to 

the atomic disperse 

Consequently I think that gas sensor can have high sensitivity and a long life 

time from the view point of 1) and 2).  The result is reflected to the sensor 

development, and five years long life sensors are realized. 

However I have three questions.  What are the active sites?  What is the 

structure of the outermost surface under the gas reaction conditions?  What 

is mechanism of verification process?  I think the active sites will be defect 

of outermost surface, but I still have not confirmed to its presence.  I have 

been paying attention to the muon study on a defect in the Pt-SnO2.  The 
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origin of the effect of the defect will be clarified and if the control of defect is 

possible, it will lead to further development of the sensor. 

  In the sensor development process, it has been found that methane 

selectivity of sensor is reduced in the long-term running under the reduction 

gas with moisture.  A degraded sensor before improvement is measured by 

XAFS we have found the PdO in PdO/Al2O3 is reduced.  PdO is more active 

than Pd metal for other gases (such as hydrogen, alcohol, and carbon 

monoxide) than methane, because methane is the most inert gas.  Thus, 

PdO in the Pd/Al2O3 overlayer can burn out other gases than methane so 

that methane reaches the SnO2 sensor layer through the Pd/Al2O3, and this 

oxide state of PdO is a key factor for high selectivity of the sensor.  The heat 

distribution in the PdO/Al2O3 overlayer from the heater where running 

temperature is ~700 K is inhomogeneous in the sensor before the 

improvement.  In other words, the temperature in the far region from the 

heater will be reduced with distance from heater.  The correlation between 

Pd metal amount and heat distribution has been found.  In the thesis I 

found that PdO is reduced at temperature below 673 K during reaction of 

reduction gas with moisture, and is re-oxidized over 673 K.  From this 

result I think that the PdO is strongly influenced of other gases than 

methane in low temperature region, will be inhibited re-oxidation.  Thus 

the region of this low temperature will lead to the decrease of the selectivity.  

Based on this knowledge, the sensor with homogeneous heating distribution 

in PdO/Al2O3 overlayer has been improved for a further long life time more 

than 5 years. 

  Through this thesis, I demonstrate that the XAFS analysis is effective on 

the process of obtaining the guidelines for the performance improvement in 

development of gas sensor.  The XAFS is measured with a model sample 

with a mm size in this thesis.  The core-region (sensing parts) of the real gas 

sensor is ~a few micro meter.  Although described above, the partial layers 

of the gas sensor is adapted to be XAFS analysis.  Furthermore the XAFS 

measurement with a nano-beam size and three-dimensional analysis will be 

required to further understand the phenomenon occurring in gas sensor.  If 

this technique is established, I think that XAFS further can contribute to the 

industry where many products such as semiconductor and sensor with 

MEMS have m or nm size. 

  Finally, the world’s first cordless city gas alarm has been commercialized 
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in 2015 utilizing the knowledge of the thesis. 
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