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Abstract 
A battery-driven micro electromechanical systems (MEMS) gas sensor has 

been developed for household safety when using natural gas.  The heart of 
the MEMS gas sensor is a 7.5 at% Pt–SnO2 thin film catalyst deposited on 
the SnO2 sensor layer.  The catalyst enhances the sensitivity to methane, 
though its structure under the working conditions is unclear.  In this study, 
in situ XAFS was applied to a 7.5 at% Pt–SnO2 catalyst layer deposited on a 
Si substrate, and we demonstrated that atomically dispersed Pt maintains 
its lattice position in SnO2 with a small loss of surrounding lattice oxygen in 
the presence of 1% CH4 and a more reducing gas of 1% H2 at the reaction 
temperature (703 K), i.e., no Pt aggregation is observed.  The lost oxygen is 
easily recovered by re-oxidation by air.  This work has revealed that the 
atomically dispersed Pt in the SnO2 lattice is the active structure and it is 
stable even under reaction conditions, which guarantees a long lifetime for 
the gas sensor.  
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1. Introduction 
The demand for natural gas is increasing because of the easy supply and 

its eco-friendliness as an energy source.1  However, safety issues prevent 
further utilization of natural gas.2  The main ingredient of natural gas is 
methane, whose lower explosion limit is 5.3% or 53000 ppm in air.  In 2010, 
665 cases of methane gas leakage were reported in Japan, 60% of which took 
place at residential locations.3  A semiconductor-type gas sensor was studied 
by Seiyama et al. in the 1960s.4,5 The SnO2 n-type semiconductor gas sensor 
which was developed by Taguchi et al. 6  is now widely used since its 
conductivity varies with partial pressure of the reductive gases.7,8  Since the 
SnO2 sensor requires a high operation temperature for the reaction between 
SnO2 and the gas, a continuous external power supply is necessary to heat 
the sensor.  In order to increase the number of home-use gas sensors, 
battery-driven or wireless models are important for their good appearance 
and their easy installation.  For this purpose, low power consuming sensors 
have to be developed with a high sensitivity and a lifetime longer than 5 
years.      

From this standpoint, Suzuki et al. have developed a new type of gas 
sensor using MEMS (micro electromechanical systems) technology.9-15 This 
MEMS gas sensor has a multi-layer structure of “Pd–Al2O3 thick film 
catalyst layer/Pt–SnO2 thin film catalyst layer/SnO2 thin film sensor 
layer/Pt electrode/thin film heater” as shown in Fig. S1(c).15  The sensor can 
detect methane at 12500 ppm, which is 1/4 of the methane explosion limit, 
even after 5 years.  The Pd–Al2O3 thick film layer enhances the selectivity 
towards methane.  The Pt–SnO2 provides high sensitivity towards methane 
gas.  The SnO2 thin film sensor layer changes its conductivity according to 
the CH4 concentration. 

There are two possible structures of Pt to enhance methane sensitivity in 
Pt–SnO2.  One involves Pt ions located at SnO2 lattice sites.  The redox of Pt 
ions enhances the SnO2 response for the electrical conductivity for reducing 
gases (methane).  The other is Pt nanoparticles on SnO2.  Metallic Pt 
nanoparticles activate methane and oxygen to supply them to the SnO2.  
Yamazoe and Kocemba et al. proposed a spillover mechanism where the Pt 
nanoparticles on the SnO2 surface improved the performance of SnO2 as a 
gas sensor.16-18  This was consistent with previous reports that oxidized Pt 
in addition to Pt aggregates were found in SnO2 substrates depending on 



 

3 
 

the atmosphere and Pt concentration.7,19-23  DFT calculations showed that 
the lattice oxygen near Pt metal particles actively worked for the redox 
reaction.24   

On the other hand, in our previous characterizations using XRD, XPS and 
XAFS, we found that Pt was present in the SnO2 lattice and occupied Sn 
sites. 25  We inferred that atomically dispersed Pt in SnO2 showed high 
performance.  This result was consistent with Weimer’s reports where they 
found Pt ions were located at Sn positions in the rutile structure on Pt–
SnO2.20,26,27  The novelty of our Pt–SnO2 was the higher Pt concentration.  
They prepared a Pt content as low as 0.2 wt%, while our Pt–SnO2 contained 
about 29 wt% (Pt0.075Sn0.255O0.660), where Pt was stably located in the SnO2 

lattice, and we did not find Pt particles. 
Criticisms have arisen regarding our catalyst in that such high Pt loading 

is not stable in the SnO2 lattice under real reaction conditions, may leave 
the lattice to form metallic Pt clusters and the Pt clusters can collapse to 
return to the lattice after the reaction, as in Pd perovskite catalysts that 
showed the formation and the redispersion of Pd nanoparticles in Pd 
perovskite catalyst under reaction conditions.28  It is important to determine 
the real structure under reaction conditions.  The difficulty is that the 
system contains a very small total amount of Pt in the Pt–SnO2 thin layer 
on the flat Si substrate. We applied in situ fluorescence EXAFS and 
developed a new in situ reaction cell.29  We obtained a good S/N ratio for the 
in situ Pt L3-edge EXAFS signal under reducing gas at high temperature 
using the in situ cell that allows us to detect the fluorescence signal with a 
large half-cone angle (56°).  We can carry out data analysis using difference 
spectra to elucidate minute changes in EXAFS oscillations during reactions.  
In this study, we analyzed the EXAFS data during the reaction and 
demonstrated the stability of Pt–SnO2 in the lattice of the rutile structure 
during the reduction reaction even after the partial loss of surrounding 
oxygen atoms around Pt.  We discuss the enhancement mechanism of Pt–
SnO2 for methane sensitivity.   
 
2. Experimental 
2.1. Sample preparation 

The 400 nm thick Pt–SnO2 thin layers were prepared on Si substrates 
covered with native SiO2 film (600 nm) using a sputter-deposition method.25  
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Pt concentration in the film was 7.5 at% (Pt0.075Sn0.255O0.660 (= 
Pt0.227Sn0.773O2)) and 14.0 at% (Pt0.140Sn0.190O0.660) determined by inductively 
coupled plasma mass spectrometry (ICP-MS, SPS3100 of Hitachi High-Tech 
Science Corporation). 
2.2. Characterization of the catalyst 
  XRD (X-ray diffraction) patterns were recorded by using RIGAKU ATX-G 
at 50 kV and 300 mA (Cu Kα from λ = 1.5418 Å).  Lattice spacings were 
obtained by 𝑑𝑑ℎ𝑘𝑘𝑘𝑘 = λ/(2 𝑠𝑠𝑠𝑠𝑠𝑠(θhkl)) .  Lattice constants, 𝑎𝑎 and 𝑐𝑐, were obtained 
by least square fitting using 1/𝑑𝑑ℎ𝑘𝑘𝑘𝑘2 = (ℎ2 + 𝑘𝑘2)/𝑎𝑎2 + 𝑙𝑙2/𝑐𝑐2 assuming a rutile 
structure. 

Pt L3-edge XAFS spectra were measured at BL-12C of KEK-PF (Photon 
Factory, Institute of Structure Materials Science, High Energy Accelerator 
Research Organization; 2.5 GeV- 500 mA) using a Si(111) double crystal 
monochromator.30,31  The Sn K-edge XAFS spectra were measured at the 
NW-10A of KEK-PF-AR equipped with a Si(311) monochromator.32  The in 
situ XAFS was measured in a fluorescence mode using an in situ 
fluorescence XAFS measurement cell described elsewhere.29 XAFS spectra 
were analyzed with REX2000 (Ver. 2.5, RIGAKU).3335  The background was 
removed by a spline smoothing method with Cook and Sayers criteria.36  
The k3-weighted EXAFS (Extended X-ray Absorption Fine Structure) 
oscillations were Fourier-transformed to k-space over k = 3.0 – 13.8 Å  for Pt 
L3-edge spectra, and over k = 3.0 – 14.0 Å for Sn K-edge in the in situ 
measurement cell.  Each peak in the Fourier transform was filtered and 
inversely Fourier-transformed to the k-space for the curve fitting analysis.  
We carried out non-linear least square curve fitting using the following 
equations: 

,                          (1) 

where S02, , , and  were the amplitude reduction factor, the 

coordination number, the bond distance, and the Debye Waller (DW) factor, 

of the j-th coordination shell, respectively.  was the mean free path.  
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and  were the backscattering amplitude and phase-shift functions for 

the j-th shell which were obtained from FEFF (ver. 8.0).37-39  E0 was the 
absorption edge energy and was tentatively determined as the inflection 
points.  It was corrected by the energy shift, , during the fitting process.  
The errors were estimated by Hamilton test for the R-factor determined by 
the curve fitting procedure.  The significance level was more than 90%.40     

For the in situ XAFS measurement, a 1 cm2 sample was loaded in the cell 
and heated to 703 K with a ramping rate of 100 K/min.29  Experiments were 
carried out in seven steps.  First, the sample was heated to 703 K after 
XAFS measurement in dry air of 200 mL/min flow.  In the next step, the cell 
was filled with the 1% CH4 gas (dry air balance) at the same flow rate.  The 
flow gas was then changed to dry air followed by measurement in the 1% H2 
gas (dry air balance) flow.  Finally, the sample was treated under dry air 
again for 1 hour at 703 K and was cooled to room temperature (RT).  XAFS 
measurements were carried out on all steps 15 min after the gas 
replacements.  Difference spectra were taken directly between the ones 
before and during the reaction conditions.  Phase-corrected Fourier 
transforms on the difference spectra were applied to confirm visually 
whether the change was due to oxygen loss or gain.41 

 
3. Results and discussion 
3.1. Brief summaries on the sensor properties and the Pt–SnO2 local 
structure under the ambient conditions 

   
  The details about the sensor properties and the analysis of the local 
structures around Pt and Sn under static conditions before the reaction 
were described in the previous literature.9-15,25 We described briefly the 
additional information.   
Figure S1(a) shows the response curve of the conductivity under the 

atmosphere of the 4000 ppm CH4.9  The sample temperature was increased 
by applying power to the heater.  The equilibrium conductance was attained 
at 40 ms.  Thus the heating pulse width was 100 ms followed by a 60 s 
interval.  Figure S1(b) shows the sensitivity of CH4 and H2.  At high 
temperature, a high sensitivity of CH4 is achieved.  The H2 and other 
organic compounds were removed by Pd/Al2O3 overlayer where Pd was in 

( )kjφ

E∆
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the state of PdO.9,11,42 43    
   XRD, XAFS and XPS results in the previous paper showed that the Pt–
SnO2 took the rutile structure and the Pt was located at the position of Sn in 
the SnO2 lattice.      

Figure 1 shows a typical XRD pattern of 7.5 at% Pt–SnO2 thin film on Si 
substrate with the reference of SnO2 film  The Pt–SnO2 thin film has a 
rutile structure giving peaks at 26.72, 33.93, 38.30 and 52.16°, 
corresponding to (110), (101), (200) and (211) of the structure of SnO2.  The 
SnO2 and Pt–SnO2 films gave a stronger (101) peak, indicating preferential 
orientation of the SnO2 films.   The lattice constants of 7.5 at% Pt–SnO2 is 
4.71 Å for the a-axis and 3.19 Å for the c-axis, a little shorter than those of 
SnO2 thin film (4.748 Å of a-axis and 3.195 Å of c-axis). Addition of Pt makes 
the rutile lattice constant a little smaller (less than 1%).  No other peaks 
corresponding to Pt metal are found.25     
  Figures 2a and 2b show the k3-weighted Sn K-edge EXAFS oscillations 
(k3χ(k)) and the Fourier transforms (FT) for 7.5 at% and 14.0 at% Pt–SnO2 
samples in dry air at RT together with several reference samples, 
respectively.  The FT pattern of 7.5 at% Pt–SnO2 in dry air at RT is close to 
that of SnO2.  The first peak at 1 – 2 and the peaks at 2.5 – 4 Å of Sn K-edge 
correspond to Sn–O and Sn–M (M = Pt, Sn) bonds in the rutile structure, 
respectively.  The FT peak intensity at 2.5 – 4 Å decreases to half due to the 
interference of Sn–Pt and Sn–Sn interactions.  The oscillation intensity of 
14.0 at% Pt–SnO2, on the other hand, greatly decreases compared to that of 
7.5 at%, and especially, peaks at 2.5 – 4 Å are lost in the FT, indicating the 
amorphous structure of 14.0 at% Pt–SnO2 as shown in a previous paper.25   
  Figure 3a and 3b show the Pt L3-edge k3χ(k) and FTs for 7.5 at% and 14.0 
at% Pt–SnO2 samples in dry air at RT with reference compounds, 
respectively.  The Pt L3-edge k3χ(k) oscillations and FT of 7.5 at% Pt–SnO2 
have different oscillations from those of Pt foil, PtSn and PtO2, which 
indicates the structure of Pt in Pt–SnO2 is not the structure of these 
reference compounds.  Three peaks appear at 2.5–4 Å in Pt–SnO2.  Figure 
S2 shows the Pt L3-edge and Sn K-edge oscillations. Since L3-edge 
oscillation is π rad different from that of K-edge, the Pt L3-edge is multiplied 
by –1.  The two oscillations agree with each other, confirming Pt is located 
at the substitution site of Sn in the SnO2 lattice.  The oscillation intensity of 
14.0 at% Pt–SnO2 tremendously decreases and has no peaks around 3 Å.  
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Pt–SnO2 has an amorphous-like state.   
  Curve fitting analyses are tabulated in Tables 1-3.  The Sn–O bond is 
found at coordination number (CN) = 6.0 (±0.2), r = 2.05 Å and the Pt–O 
bond at CN = 6.0 (±0.3), r = 2.01 Å in Pt–SnO2.    

The higher shell peaks in the range of 2.5 – 4 Å consist of two components 
of the Sn–Sn(Pt) in the SnO2 lattice.  To confirm the Pt is randomly 
distributed in the SnO2, curve fitting analyses in the second and the third 
shells are carried out as shown in SI-3.  The coordination numbers around 
Pt and Sn at the corresponding shells agree within the error bar, indicating 
the Pt is randomly distributed in the SnO2 bulk but not located at the 
surface.  
 
3.2. In situ EXAFS of Pt–SnO2 under different gases 

Figures 4a and 4b show the k3-weighted Sn K-edge EXAFS oscillations 
(k3χ(k)) and the FTs for SnO2 under different gas flow conditions at 703 K.  
The change of the EXAFS oscillations and their FTs of Sn K-edge in CH4 
and H2 is little.  Table 1 shows the curve fitting analysis of Sn K-edge. 

Figures 5a and 5b show the k3-weighted Sn K-edge EXAFS oscillations 
(k3χ(k)) and the FTs for 7.5 at% Pt–SnO2 under various gas flows at 703 K.  
The fitting results are summarized in Table 2 for Sn–O bonding.  The Sn K-
edge EXAFS oscillations and their FTs of Sn in CH4 and H2 showed little 
change from the dry air.   

Figures 6a and 6b show the k3-weighted Pt L3-edge EXAFS oscillations 
(k3χ(k)) and the FTs for 7.5 at% Pt–SnO2 under different conditions at 703 K.  
Table 3 shows the curve fitting results for Pt–O bonding.  The oscillations 
and FTs in the CH4 flow and H2 flow show a little change in the EXAFS 
oscillation compared to those of the dry air.   

In order to confirm the change more clearly, we calculated the difference 
EXAFS (k3△χ(k) = k3χ(k)after – k3χ(k) before) before and after contact with H2 
at 703 K as shown in Fig. 7a.  Figure 7b shows the Fourier transform of the 
difference spectrum.  A peak appears at 1.5 Å in the absolute value of FT, 
indicating the oscillation change is related to Pt–O.  We are not able to find 
the Pt–Pt related peak around 2.3 Å, indicating that the Pt nanocluster is 
rarely formed even after the H2 treatment.  Since the absolute part of the 
FT does not include phase information, it does not necessarily mean the FT 
peak in the absolute part of the difference spectrum due to the increase in 
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the Pt–O bond.  In the phase-corrected FT, the imaginary and absolute parts 
give the peak for the Pt–O at the real bond distance.  If the positive 
imaginary peak appears, the Pt–O increases and vice versa.  Figure 8 shows 
imaginary and absolute parts of the phase-corrected Fourier transform of 
the difference spectrum of Pt–SnO2 over the k range 2 – 9 Å.  The imaginary 
part gives a negative peak at the peak in the absolute part around 2 Å.  
Therefore, we conclude that the change at 1 – 2 Å in FT during H2 reaction 
indicates the decrease of the Pt–O peak.  Table 3 shows the curve fitting 
results where the coordination number of Pt–O after the treatment at 703 K 
decreases though the bond distance is invariant.  We have concluded that 
after the H2 treatment, the Pt–O bond is cleaved and no Pt–Pt formation 
occurs.  Although the decrease in Sn–O coordination seems to occur after the 
H2 treatment, the Pt–O decrease is more, indicating that O is removed 
mainly from Pt–O–Pt bonds.  

  
3.3. Sn K-edge and Pt L3-edge XANES 

Figure 9 shows the Sn K-edge and Pt L3-edge XANES (X-ray Absorption 
Near Edge Structure) for SnO2 and for Pt–SnO2.  The Sn K-edge XANES for 
Pt–SnO2 shows the typical features of SnO2.  Little change is found in the 
Sn K-edge in the SnO2 film.  On the other hand, a little change in the Sn K-
edge of Pt–SnO2 is found in CH4 and in H2 flows where the first edge peak 
intensities are reduced, indicating the Sn is partially reduced.  A small 
decrease also occurs in the white line of Pt L3-edge XANES of Pt–SnO2 

under the flow of CH4, which is enhanced under the H2 flow, indicating the 
Pt valence state is decreased.  The H2 flow gives a relatively large reduction 
of the white line peak.  The amount of XANES changes qualitatively 
corresponds to the change of the Pt–O and Sn–O coordination numbers.  The 
reduction of the first main peaks in both Sn K-edge and Pt L3-edge is caused 
by the loss of O.   
 
4. Discussion 
4.1. Structural stability of Pt–SnO2 
  Our previous EXAFS measurements have demonstrated that Pt is located 
at the lattice (substitution) site of Pt–SnO2 at RT.25  The present work 
indicates that the Pt is homogeneously and randomly distributed in the 
SnO2 lattice.  The local structure around Pt is a little more compressed  than 
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that around SnO2, judging from the shorter Pt–O, Pt–Sn and Pt–Pt 
distances, corresponding well to the X-ray diffraction results that the lattice 
constants of Pt–SnO2 are smaller than those of the corresponding SnO2.    

To confirm that Pt is not released from the lattice during the reaction 
conditions to form Pt nanoparticles, we carried out in situ EXAFS under the 
reaction conditions and difference spectra analysis.  No Pt nanoparticles are 
found even in the presence of 1% H2 at high temperature, which is a much 
more severe reduction condition than the real operation conditions.  Thus, 
the enhancement in the CH4 gas detection is not due to Pt nanoclusters.  
Though Pt metal is easily formed under reductive conditions,4446 relatively 
oxidative conditions (1% H2 and CH4 in dry air) keep the stable Pt single 
atom dispersion in the lattice.  

Under the interaction of CH4 or H2, the sensor response against these 
gases occurs with the loss of the oxygen around Pt, while keeping its 
location at the lattice of SnO2.  Suzuki et al. reported that the introduction 
of a Pt–SnO2 thin film in a MEMS sensor realized long-term stability of 
sensor activity.14  The long lifetime is due to the stable structure of the Pt 
atoms in the lattice under the working conditions.  In the reduction process 
with H2, more oxygen around Pt is removed than around Sn.  This is due to 
the weaker Pt–O bond compared to Sn–O.  The fact that Pt metal 
nanoparticles are not created suggests that not only the surface Pt–O but 
also the bulk Pt–O is lost because Pt nanoclusters would be formed if only 
the surface Pt–O were removed.  The oxygen atoms are supplied by diffusion 
from the bulk Pt–SnO2 to the surface as well as from the gas phase O2.         
 
4.2. Structure and activity 
  Pt–SnO2 enhances the sensor sensitivity by increasing the resistance in the 
SnO2 thin film sensor device as shown in Figs. S1(a) and (b).9,25  In this in 
situ XAFS work, we confirmed that the active structure is Pt atoms in the 
SnO2 lattice, not Pt metal particles produced during the gas reaction.  
Recently, these Pt single atom catalysts have drawn much interest47 for the 
CO oxidation reaction 48  - 51  NO oxidation, 52  propane oxidation, 53 
formaldehyde oxidation, 54  electrochemistry, 55 , 56  CO2 reduction 57 , 58  and 
hydrosilylation.59  The high redox activity of Pt is the origin for the high 
performance of Pt single atom catalysts. Weimar et al. claimed that Pt 
atomically dispersed in the SnO2 matrix was the active structure, which 
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generated atom/molecular adsorption sites for oxygen near the Pt atoms at 
the surface.20,26,27  The easy loss and gain of oxygen in the Pt–SnO2 layer can 
control the oxygen content in the SnO2 thin film sensor layer discussed 
below.  
4.3. Mechanism to enhance the sensitivity towards reducing gases by the Pt-
SnO2 overlayer  
 
   The sensing mechanism for SnO2 is usually understood as follows.  SnO2 is 
known as an n-type semiconductor so that the carriers are electrons.  When 
the O2 is chemisorbed on the surface of SnO2, the number of electron 
carriers decreases due to the chemisorbed oxygen.  When reducing gases 
such as H2 and CH4 are introduced to the surface, the chemisorbed oxygen is 
removed and trapped electrons are liberated to increase the number of 
electron carriers in SnO2.  Table 4 summarizes the role and structure of Pt 
in Pt-SnO2 in the previous literature and this paper.  In many studies, 
metallic or oxidized Pt nanoparticles were active sites.  In contrast, we have 
found the Pt is located in the SnO2 lattice even at high Pt loading.      
   The enhancement effect of Pt was discussed in the spillover model of 
activated species by Pt.  Hydrogen or other reducing components were 
activated on the Pt surface and diffused to the SnO2 surface where adsorbed 
oxygen was reacted and removed to increase the conductivity.      

We propose three possibilities for the enhancement effect of the Pt–SnO2 
layer. 
1. The Pt–SnO2 layer activates the reducing gases through dissociative 

adsorption and the activated species spill over on the Pt–SnO2 surface to 
the SnO2 sensor layer in a similar way to the previous report.16    

2. The loss of oxygen in the Pt–SnO2 layer modifies the SnO2 electronic 
state by changing the thickness of the space-charge layer.16  

3. Pt enhances the CH4 and lattice oxygen reaction to create oxygen defects 
which diffuse through the Pt–SnO2 layer to the SnO2 sensor layer.   

 
  The first mechanism is less plausible because the activated species on the 
Pt–SnO2 surface react easily during surface diffusion with O2 on the active 
Pt–SnO2 layer.  The second mechanism is also less possible because the 
space-charge layer thickness in the SnO2 sensor layer is mainly affected by 
the interface between the Pt–SnO2 and the SnO2 and most of the Pt–SnO2 



 

11 
 

does not act to control the thickness of the space-charge layer.  In the third 
mechanism, oxygen-defect diffusion can be accelerated by the presence of Pt 
due to the weaker Pt–O bonding. Since Pt–SnO2 is directly deposited on the 
SnO2 thin film sensor layer and both have the same rutile lattices with a 
small lattice mismatch of less than 1%, the diffusion of oxygen atoms 
from/to the SnO2 film sensor layer to/from the Pt–SnO2 lattice occurs 
smoothly through the junction of the Pt–SnO2 and SnO2.  The driving force 
for the diffusion of oxygen over the junction between the two phases (Pt–
SnO2 and SnO2) is the difference in the chemical potential of oxygen as 
found in the VSbO4–Sb2O4 system.60  The loss of oxygen in the SnO2 sensor 
layer leaves extra carrier electrons.  When the reducing gases disappear, the 
Pt in Pt–SnO2 is easily oxidized to refill the defects and supply oxygen 
atoms to the SnO2 sensor layer to reduce the carrier density (free electron 
density).  Such easy loss and gain of oxygen atoms around Pt atoms and 
their rapid diffusion to the SnO2 layer is the origin for the high activity and 
high response of the MEMS sensor. The stability of atomically dispersed Pt 
in the SnO2 lattice gives rise to its long lifetime. 
 
5. Conclusion 
  The local structure during CH4 and H2 gas oxidation of a 7.5 at% Pt–SnO2 
catalyst prepared by a sputter-deposition technique was investigated to 
evaluate the advantages of this catalyst for application as a gas sensor.  In 
situ XAFS measurements revealed that Pt atoms randomly located in the 
SnO2 lattice are partially reduced to lose the surrounding oxygen while 
keeping their lattice position under reducing gases of 1% CH4 and 1% H2.  
No Pt metal nanoparticles were observed even during the reaction.  The 
oxygen defects around Pt created by the reaction with reducing gases diffuse 
into the Pt–SnO2 bulk and further into the SnO2 sensor layer.  When the 
reducing gas flow is stopped, the Pt atoms are oxidized and supply oxygen 
atoms in a reverse manner to the SnO2 sensor layer.  This easy creation and 
diffusion of defects or oxygen atoms around Pt atoms is the origin of the 
high sensitivity of the Pt–SnO2 MEMS sensor.  The stable Pt atoms in the 
lattice are responsible for the long lifetime of the sensor and guarantee a 5-
year battery-driven sensor. 
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6. Further information is available in the Supporting Information (SI).  The 
following are the contents.    
1. Gas response properties of the sensor 
2. Pt L3- and Sn K-edge EXAFS oscillations in Pt-SnO2 
3. Second and the third shell analysis of Pt-SnO2 
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Figure 1.  XRD spectra of SnO2 and 7.5 at% Pt–SnO2. 
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Figure 2.  a: Sn K-edge k3-weighted EXAFS oscillations (k3χ (k)) and b: their 
Fourier transforms in dry air at RT for 7.5 at% and 14.0 at% Pt–SnO2 
together with those of reference compounds SnO2, SnO, PtSn alloy (37 wt% 
Pt in alloy) and Sn-foil. 
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Figure 3.  a: Pt L3-edge k3-weighted EXAFS oscillations (k3χ (k)) and b: their 
Fourier transforms in dry air at RT for 7.5 at% and 14.0 at% Pt–SnO2 
together with those of reference compounds PtO2, PtSn alloy (37 wt% Pt in 
alloy) and Pt foil. 
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Figure 4.  EXAFS for SnO2 at 703 K.  a: Sn K-edge k3-weighted EXAFS 
oscillations (k3χ (k)) and b: their Fourier transforms in dry air, CH4, dry air 
after CH4 and H2. 
 
 
 

 
Figure 5.  EXAFS for 7.5 at% Pt–SnO2 at 703 K.  a: Sn K-edge k3-weighted 
EXAFS oscillations (k3χ (k)) and b: their Fourier transforms in dry air, CH4, 
dry air after CH4 and H2. 
 



 

5 
 

 
Figure 6.  EXAFS for 7.5 at% Pt–SnO2 at 703 K  a: Pt L3-edge k3-weighted 
EXAFS oscillations (k3χ (k)) and b: their Fourier transforms in dry air, CH4, 
dry air after CH4 and H2. 

 

Figure 7.  Difference spectra for Pt L3-edge k3-weighted EXAFS oscillations 
(k3χ (k)) for 7.5 at% Pt–SnO2.  a: Difference before and after contact with H2 
at 703 K.  b: Fourier transform of the difference. 
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Figure 8.  Imaginary (black) and absolute (red) parts of phase-corrected 
Fourier transform of difference spectrum of Pt–SnO2 over the k range 2 – 9 
Å. 
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Figure 9.  XANES of SnO2 and 7.5 at% Pt–SnO2 at 703 K.  a: Sn K-edge of 
SnO2, b: Sn K-edge, and c: Pt L3-edge of Pt–SnO2.  Dry air† is air after CH4 
flow. 
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Table 1.  Curve fitting results for Sn–O bond to Sn K-edge FT-EXAFS of 
SnO2 using FEFF 
Sn K-edge  Fitting results 
Gas Temp. / K CN r / Å  ∆E / 

eV 
σ2 / Å2  R 

/ % 
Dry air 303 6.0 ± 0.2 2.05 ± 0.01 28 ± 5 0.0049 ± 0.0007  2.8 

703 6.0 ± 0.3 2.05 ± 0.02 28 ± 5 0.0052 ± 0.0007  5.7 
Methane 703 5.9 ± 0.4 2.05 ± 0.02 28 ± 5 0.0052 ± 0.0006  6.1 
Hydrogen 703 5.9 ± 0.4 2.05 ± 0.02 28 ± 5 0.0053 ± 0.0007  6.9 
Dry air 303 6.0 ± 0.4 2.05 ± 0.01 28 ± 5 0.0050 ± 0.0007  5.2 
 
k range is 1.4 ≤ k ≤ 13.8; r range is 1.3 ≤ k ≤ 1.9; fitting space is back k space. 
 
 
Table 2.  Curve fitting results for Sn–O bond to Sn K-edge FT-EXAFS of Pt–
SnO2 using FEFF 
 
Sn K-edge  Fitting results 
Gas Temp. / K CN r / Å  ∆E / 

eV 
σ2 / Å2  R 

/ % 
Dry air 303 6.0 ± 0.2 2.05 ± 0.01 28 ± 5 0.0046 ± 0.0007  2.9 

703 6.0 ± 0.3 2.05 ± 0.02 28 ± 5 0.0051 ± 0.0009  3.2 
Methane 703 5.9 ± 0.4 2.05 ± 0.02 28 ± 5 0.0052 ± 0.0009  2.6 
Hydrogen 703 5.9 ± 0.4 2.05 ± 0.02 28 ± 5 0.0053 ± 0.0009  3.3 
Dry air 303 6.0 ± 0.4 2.05 ± 0.01 28 ± 5 0.0049 ± 0.0009  3.7 
 
k range is 1.4 ≤ k ≤ 13.8; r range is 1.3 ≤ k ≤ 1.9; fitting space is back k space.   
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Table 3.  Curve fitting results for Pt–O bond to Pt L3-edge FT-EXAFS of Pt–
SnO2 using FEFF 
 
Pt L3-edge  Fitting results 
Gas Temp. / K CN r / Å  ∆E / 

eV 
σ2 / Å2  R 

/ % 
Dry air 303 6.0 ± 0.3 2.01 ± 0.02 28 ± 5 0.0042 ± 0.0006  3.8 

703 5.8 ± 0.4 2.01 ± 0.02 28 ± 5 0.0049 ± 0.0005  4.8 
Methane 703 5.8 ± 0.4 2.01 ± 0.02 28 ± 5 0.0056 ± 0.0005  4.7 
Hydrogen 703 5.3 ± 0.4 2.01 ± 0.02 28 ± 5 0.0064 ± 0.0004  3.4 
Dry air 303 5.9 ± 0.3 2.01 ± 0.02 28 ± 5 0.0051 ± 0.0005  4/2 
 
 

k range is 1.4 ≤ k ≤ 13.8; r range is 1.3 ≤ k ≤ 1.9; fitting space is back k space.  
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Table 4. Role and structure of Pt in Pt–SnO2 in previous literature and this 
work 
 
Pt state in/on SnO2 Activating mechanism for sensing Literature 
Pt metallic nanoparticles Spillover from Pt nanoparticles 16 - 18 
Oxidized Pt nanoparticles  Spillover from oxidized Pt 7, 19 - 23 
Metallic Pt nanoparticles Redox reaction by lattice oxygen near Pt 

nanoparticles 
24 

Pt ions located at SnO2 lattice 
sites, as low as 0.2 wt% Pt 

Redox reaction by lattice oxygen near Pt atoms at 
the surface 

18, 20, 26, 
27 

Pt ions located at SnO2 lattice 
sites, as high as 29 wt% Pt 

Creation of oxygen defects though Redox reaction 
by lattice oxygen near Pt atoms at surface, and 
diffusion through Pt–SnO2 layer to SnO2 sensor 
layer 

This work, 
25 

 
 
 
 
 
 
 
 
 
 
 
 
 
 


