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Symbols & Abbreviations 

  
AC alternating current 
CP conductive polymer [sensor] 
DC direct current 
DOS density of states 
DRIFT diffuse reflectance infrared fourier transform [spectroscopy] 
EPR electron paramagnetic resonance [spectroscopy] 
FTIR fourier transform infrared [spectroscopy] 
fwhh full width half height 
GC gas chromatography 
IR infrared [spectroscopy] 
MFC mass flow controller 
MOX metal oxide [sensor] 
MS mass spectrometry 
PAS photoacoustic spectroscopy 
ppm part per million (in relation to amount of substance) 
ppm(v) volume ppm (in relation to volume) 
PTFE polytetrafluorethylene 
QCM quartz crystal microbalance [sensor] 
QMB quartz microbalance [sensor] 
R resistance 
RGTO rheotaxial growth and thermal oxidation 

S 
sensor signal; for metal oxide sensors usually defined as 

gasR
R

S 0=  

for reducing gases, reciprocal for oxidising gases 
SAW surface acoustic wave [sensor] 
SEM scanning electron microscopy 
SIMS secondary ion mass spectrometry 
STM scanning tunnel microscopy 
TEM transmission electron microscopy 
TLM transmission line measurement 

TPD temperature programmed desorption, also TDS: thermodesorption 
spectrometry 

 iii 



UHV ultra high vacuum 
UPS ultraviolet photoelectron spectroscopy 
UV ultraviolet 
VOC volatile organic compound 
XPS x-ray photoelectron spectroscopy 
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1 Introduction and Motivation 

1 Introduction and Motivation 

1.1 Introduction 

Chemical gas sensors are devices allowing to gain chemical information about 

their surrounding gas atmosphere, i.e. information about the presence or absence 

of certain substances or substance classes, or even about substance 

concentrations. The gas detection is based on the fact that changes in the 

atmosphere alter the sensor properties in a characteristic way. In the case of 

optical sensors, changes in the ambient atmosphere change the optical sensor 

properties (reflectance, absorption, etc.) and capacitive sensors respond by 

capacitance changes. For mass sensitive sensors (e.g. surface acoustic wave 

sensors SAWs, quartz micro balances QMBs), the composition of the gas 

atmosphere affects the mass of a resonating quartz. Conductance sensors (e.g. 

metal oxide (MOX) sensors, conductive polymer (CP) sensors, ionic conductors) 

correspond with changes in resistance, etc.  

The sensing principle, i.e. the acquisition of information using sensors, is 

illustrated in Figure 1 (for details see the figure captions). A selection of gas 

sensors which are commonly used is given in Figure 2.  

Gas sensors are used to detect gases, to discriminate odours or generally to 

monitor changes in the ambient gas atmosphere. At present the number of 

potential applications for gas sensors or gas sensor systems is huge and is 

growing constantly. Gas sensors and devices based on gas sensors cover a wide 

market range from high volume applications (e.g. control of car ventilation) to 

small volume products (e.g. stand-alone multi-function tools, often referred to as 

‘electronic noses’).  
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Figure 1: Sensing principle. a) Simple model: a change in the ambient 
gaseous atmosphere changes the sensor properties in a characteristic way. 
The sensor signal obtained can be used to obtain the information desired. b) 
More realistic model: the gas detection unit is exposed to a (complex) gas 
mixture. After sampling, some of the analyte molecules can be selected by a 
filter, and subsequent to an optional preconditioning of the sample, the 
remaining molecules come into contact with the sensor(s). Here some of the 
molecules will trigger a characteristic change in the sensor properties. The 
transducer(s) transform these changes into electric signals. The data obtained 
can then be processed and the characteristic features can be extracted. 
Depending on the application, a more or less sophisticated pattern 
recognition may follow in order to gain the information required. 

Besides gas sensors, there still exist the classic means of analytic chemistry for 

the analysis of gas mixtures, like gas chromatography (GC), mass spectrometry, 

infrared (IR) and ultraviolet spectroscopy (UV) and combinations of these, to 

name only the most prominent. These means are often more powerful than 

sensor-based ones, but unfortunately, they are expensive, difficult to operate and 

mostly provide only off-line information. However, for many applications the 

complete set of data from a sophisticated analytical tool is not needed. In such 

cases gas sensors or systems based on gas sensors have proven to be an 
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alternative. They are small, and due to possible mass production, low cost 

devices, which can also be used for on-line characterisation. 
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Figure 2: A selection of available gas sensor types with examples. 

Two important groups of applications are the detection of single gases such as 

CO, NO2 or CH4 and the discrimination of odours. Single gas sensors can for 

example be used for fire and leak detection, for monitoring the concentration of 

hazardous substances at workplaces or to control ventilation in cars and other 

means of transportation. For some kinds of fire, it is known that the CO level 

increases significantly before smoke development can be detected by a smoke 

detector. In this case a combination of a smoke detector with a CO sensor would 

allow an earlier warning and could be optimised for less false alarms. In addition, 

methane sensors are also widely used to check for natural gas leakage in houses. 

A brief summary of potential application fields for gas sensors is given in Figure 

3. 
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Applications of gas sensors / ~ systems 

Automotive / Transportation Safety 
 Ventilation control 
 Filter control 
 Gasoline vapour detection 
 Emission control 

 Fire detection 
 Leak detection 
 Alcohol breath tests 

Medical Indoor 
 Breath analysis 
 Disease detection 

 Air purifiers 
 Ventilation control 
 Cooking control 

Environmental Industrial 
 Weather stations  
 Pollution monitoring 

 Emission control 
 Process control 

Figure 3: Examples of applications for gas sensors and gas sensor systems. 

 

1.2 Motivation 

Sensors with tin dioxide (SnO2) as sensitive material are widely used for the 

detection of a variety of toxic and flammable gases such as CO and methane. 

Together with titanium dioxide (TiO2), it is one of the best-investigated metal 

oxide materials.  

Although there are many publications on the behaviour of tin dioxide in ultra-

high vacuum (UHV) conditions, like studies with SIMS (Secondary Ion Mass 

Spectrometry), SEM/TEM (Scanning/Transmission Electron Microscopy), STM 

(Scanning Tunnel Microscopy), or XPS (X-ray Photoelectron Spectroscopy), the 

“pressure gap” prevents the direct transfer of the gained knowledge to real-life 

conditions.  

In real-life conditions, SnO2 sensors were investigated by DC, AC, work function 

and consumption measurements, IR (InfraRed), DRIFT spectroscopy (Diffuse 

Reflectance Infrared Fourier Transform) – to name only some.  

The best-investigated reactions of SnO2 are those with oxygen (O2), water (H2O), 

carbon monoxide (CO), methane (CH4) and nitrogen oxides (NOx). The ubiquity 

of oxygen and water in real-life conditions makes these two, their adsorption 

4 
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processes and the resulting adsorbed species important players in the sensing 

mechanisms of SnO2 sensors. 

Temperature Programmed Desorption (TPD) measurements showed that oxygen 

adsorption results in temperature-dependent ionosorbed species (O2
–, O2– and O-), 

with O– dominating in the range of interest (250 to 400°C). Water adsorption 

results (amongst others) in the formation of hydroxyl groups bound to Sn atoms 

(rooted OH groups), which form strong surface dipoles leading to changes in the 

electron affinity. 

The reaction of SnO2 in air with different test gases is relatively extensively 

studied. In general, CO, CH4 and NOx are mostly used as “prototype” test gases 

because of their different sensing mechanisms. For reducing gases like carbon 

monoxide and volatile organic compounds (VOCs), tin oxide sensors work 

through oxidation of the test gas molecules. The resulting loss of ionosorbed 

oxygen on the sensor surface results in an increase of conductivity, which can be 

read out electrically. For oxidising gases like NOx, the opposite behaviour is 

observed. 

Although there is some knowledge about surface reactions of VOCs, most of the 

actual interaction is still unclear. The first part of this work investigates the sort 

and the amount of products related to sensing during the detection of different 

hydrocarbons and proposes a possible reaction path based on the results. 

Oxygen is usually seen to be crucial for the detection of VOCs, but up to now its 

role at low concentrations was not extensively studied in working conditions. Tin 

oxide sensors also show sensitivity for CO and hydrocarbons in conditions with 

very low oxygen concentration, which could open up new applications, for 

example in the automotive or heating sector. The second part of this work puts 

the focus on consumption measurements in conditions with low oxygen and/or 

low humidity content and gives some explanations for the findings.  
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2 Basic aspects of tin dioxide based gas sensors 

2.1 Material properties of tin dioxide  

SnO2 has various specific and unique properties, which make this material very 

useful for many applications. Polycrystalline thin films and ceramics of SnO2 

have been extensively used for the production of resistors. Conducting SnO2 

films are well known as transparent electrodes, and when deposited on glass it is 

known as Nesa glass [Rob67]. SnO2 films are also used as transparent heating 

elements, for the production of transistors, for transparent antistatic coatings and 

other parts in electric equipment where transparency is required. 

2.1.1 Crystalline structure of SnO2 

SnO2 is an anisotropic polar crystal, which crystallises in tetragonal rutile 

structure with space group D4h [P42/mm] [Jar76]. The unit cell contains six 

atoms, two tin, and four oxygen. Each tin atom is at the centre of six oxygen 

atoms placed approximately at the corners of a regular slightly deformed 

octahedron, and three tin atoms approximately at the corners of an equilateral 

triangle surround every oxygen atom (see Figure 4).  

ab

c

Sn

O

0.474 nm

0.474 nm

0.
31

9 
nm

 
Figure 4: Unit cell of SnO2 with four O2- anions and two Sn4+ cations. The 
crystalline structure of SnO2 is rutile: Each tin atom is at the centre of six 
oxygen atoms placed approximately at the corners of a regular slightly 
deformed octahedron, and three tin atoms approximately at the corners of an 
equilateral triangle surround every oxygen atom 
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2.1 Material properties of tin dioxide 

Thus, it is the structure of 6:3 coordination. The lattice parameters are a = b = 

4.737Å and c = 3.185Å. The c / a ration is 0.673. The ionic radii for O2- and Sn4+ 

are 1.40 and 0.71Å, respectively. The metal atoms (cations) are located at 

positions (0,0,0) and (½,½,½) in the unit cell, and the oxygen atoms (anions) at 

± (u,u,0) and ± (½+u,½-u,½), where the internal parameter, u, takes the value 

0.307. Each cation has two anions at a distance of ua2  (2.053Å) and four 

anions at ( ) ( ) au a
c 2

2
2

2
12 +−  (2.597Å). 

2.1.2 Bulk properties 

SnO2 is an n-type, wide-band gap semiconductor. The origin of the n-type 

behaviour is the native non-stoichiometry caused by oxygen vacancies. The 

conduction band has its minimum at the Γ point in the Brillouin zone and is a 

90% tin s-like state. The valence band consists of a set of three bands (2+, 3+ and 

5+). The valence band maximum is a Γ3
+ state. In this way, SnO2 has a direct 

band gap, with energy Edir(Γ3v
+-Γ1c

+) = 3.596eV for E⊥ and 3.99eV for E, 

measured at 4K. Figure 5 shows the band diagram for SnO2 and the projection of 

the density of states (DOS) for the 1-states of Sn and O. According to results of 

Barbarat et al. a large contribution of Sn(s)-states is found at the bottom of the 

valence band between –7 and –5eV [Bar97]. From –5eV to the top of the valence 

band, the Sn(p)-states contribution is decreasing, as the Sn(d)-states are 

occupying the top of the valence band. A large and extended contribution of the 

O(p)-states is found in the valence band. Clearly, bonding between Sn and O is 

dominated by the p-states of the latter. Each anion in the unit cell is found to be 

bonded to the cations in a planar-trigonal configuration in such a way that the 

oxygen p orbitals contained in the four-atom plane, i.e., px and py orbitals, define 

the bonding plane. Consequently, the oxygen p orbitals perpendicular to the 

bonding plane, i.e., pz orbitals, have a non-bonding character and are expected to 

form the upper valence levels [The92]. The conduction band shows a 

predominant contribution of Sn(s) states up to 9eV. For energies larger than 9eV 

an equal contribution of Sn- and O-states is found in the conduction band. More 

8 
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information, mainly about the valence band, can be found in 

[The92][Pad94][Koe95] and references therein. 

 
Figure 5: Band diagram of SnO2 (left) and projection of the density of states 
(DOS) for the 1s states of SnO2, Sn and O (right)[Jol86]. 

2.2 Sensor conductivity of tin oxide based gas sensors 

2.2.1 Bulk properties 

The conductivity σtot of a semiconductor crystal can be described as the sum of 

electronic (σe and σp) and ionic conductivity (σion) if the conduction processes 

are considered independent. SnO2 gas sensors are typically operated at 

temperatures between 200°C and 400°C. In this range the ionic contribution can 

be neglected and the conductivity of SnO2 can be calculated according to: 

 peiionpetot σσσσσσ +≈++= ∑ ,  (1) 

The resistance of homogeneous bulk material with bulk conductivity σb, mobility 

µ, length l and cross section A can be calculated according to:  

 
A

l
db

lR
bb

b ⋅
=

⋅⋅
=

σσ
 with epen pepeb ⋅⋅+⋅⋅=+= µµσσσ  (2) 
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2.2 Sensor conductivity of tin oxide based gas sensors 

where the charge carrier concentrations n and p for an intrinsic semiconductor 

can be calculated according to:  

  (3) ( )∫ ∫
∞

∞−

−==
C

V

E

E

dEEfEDpdEEfEDn )(1)(;)()(

with the Fermi-Dirac distribution f(E) and the density of states D(E):  
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For EC - EF ≥ 4 kT, the charge carrier concentrations n and p can be 

approximated by: 
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The n-type behaviour of SnO2 is associated with oxygen deficiency in the bulk 

(see Figure 6). The donors are singly and doubly ionised oxygen vacancies with 

donor levels ED1 and ED2 located around 0.03 and 0.15eV below the conduction 

band edge [Fon71][Sam73]. In the case of SnO2 the extrinsic donors are multi-

step donors. Therefore, donor and acceptor energy levels, concentrations, and the 

operation temperature determine the bulk conductivity of SnO2. Experiments 

performed on various SnO2 samples to determine the charge carrier density have 

resulted in values in the range of 2·1015 to 6.8·1020cm-3 for operation at 300K. 

Hall measurement results indicate that the shallow donor levels (0.03eV) are 

completely ionised above 100K, the deep donor levels (0.15eV) start to be 

10 
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completely ionised around 400K. Hence, in the typical temperature range for 

sensor operation (200 - 400°C, i.e. 473 - 673K) the donors can be considered 

completely ionised. 

 
Figure 6: Schematic band diagram of the SnO2 bulk. Two vacancy donor 
levels ED1 and ED2 are located 0.03 and 0.15eV below the conduction band 
(EC = 0eV). The band gap (Eg) is 3.6eV. 

2.2.2 Physisorption and Chemisorption 

Up to now the effect of the sensor’s ambient gas atmosphere has been neglected. 

Due to the increased reactivity of surface atoms, which lack binding partners, 

particles from the gas phase will be adsorbed at the SnO2 surface. A distinction 

has to be made between physical adsorption and chemisorption/ionosorption (see 

Figure 7). Physisorption is the adsorption with the least possible interaction with 

no charge transfer. All species show a week physisorption caused by van-der-

Waals and/or dipole/dipole interactions (left part of Figure 7). Chemisorption is 

based on stronger forces and hence is connected with an electron transfer 

between adsorbent and adsorbate. Ionosorption is a so-called “delocalised” 

chemisorption because the charge is transferred from/to the conduction band. The 

 11 



2.2 Sensor conductivity of tin oxide based gas sensors 

latter causes a band bending thus changing the surface resistance of the sensing 

material. In the right part of Figure 7 the ionosorption of a gas with acceptor 

characteristic e.g. O2 is sketched. The adsorption of an electron acceptor on the 

surface creates acceptor surface level (ESS) where electrons of the conduction 

band are trapped creating a depletion layer whose depth is described by the 

Debye length λD. The negative charge built at the surface makes further charge 

transfer more difficult. At equilibrium, a band bending (eVs) results that 

influences the material resistance. Reducing gases, e.g. CO, release electrons into 

the sensitive material upon interaction with the sensor surface and thus decrease 

the resistance. 

If the surface complex Xad possesses a dipole moment, the electron affinity χ is 

also changed. Both, electron affinity and band bending influence the work 

function Φ of the sensing layer. Changes of the chemical potential µ are 

considered negligible in the adsorption of the studied molecules. 

12 



2 Basic aspects of tin dioxide based gas sensors 

 13 

EVac

 

χ

EV,b

EC,b

Ess

E F

z

Ed
µ

EC,s

EV,s

Φ

EF

EVac

EC,s

EV,s

z
z0

EV,b

EC,b µ

χ
Φ

Ed,s

Ed,s

Xphys

Xgas

Ess
(Xad)δ- Xphys

Xgas

∆Φ = eVS

 
Figure 7: a) Physisorption of gas X on an n-type semiconductor does not 
change the band diagram and therefore the sensor resistance.  
b) Chemisorption of an electron acceptor like O2 on an n-type semiconductor 
creates surface states ESS that are filled with electrons of the conduction band. 
This leads to a negative charge of the surface introducing an electric field that 
prevents a further charge of the surface. A bend bending (eVS) results that 
leads to a resistance increase. For chemisorption of an electron donor (e.g. 
CO, not shown) one obtains a band bending towards lower energies and thus 
a decrease of the sensor resistance.  

2.2.3 Grain boundaries 

The sensing layer of thick film sensors is very porous and consists of numerous 

interconnected metal oxide grains. They can be either single crystals or 

polycrystalline agglomerates. The high porosity enables the ambient gases to 

access these intergranular connections. Because of this, a depletion layer is 

created around the grains, the extension of which is determined by the partial gas 

concentrations and the bulk characteristics of SnO2. Therefore, grain boundaries, 

as bottlenecks for electronic grain-grain transfer, play an important role in the 

sensing layer conduction and therefore, in the detection mechanism.  

If the grains are punctually connected and the depletion layer depth λD is much 

smaller than the grain radius r, a grain bulk area unaffected by the gas will still 

exists. In order to contribute to electronic conduction, the electrons originating 

from the “bulk” must overcome these depletion layers and the related potential 
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barriers with the barrier heights eVS at the intergranular contacts. This is 

equivalent to a significant resistance increase of the sensitive layer. 

As discussed before, the overall resistance R is a function of the contributions of 

the bulk and the surface of SnO2 grains, the electrode contacts and the 

intergranular contacts. The properties of the bulk, i.e. the part of the grain, which 

is not depleted, are not influenced by surface phenomena due to the rather low 

operation temperatures (≤ 400°C). The resistance contribution of the electrode 

contacts, which is related to Schottky barriers between the sensing layer and 

electrodes, depends on the contact material. Electrodes might also show a gas 

dependent catalytic effect. The resistance contribution of intergranular contacts is 

related to the gas dependent barriers, which have to be overcome for the 

numerous intergranular contacts between the electrodes. In most cases, the 

resistance contribution of the numerous intergranular contacts dominates the 

other contributions.  

Then the conduction of thick film sensors can be approximated with the help of 

the Schottky model by: 

 
kT
eV

kT
EE

o
kT
eV

o

SCFS

eeTGeTGG
−−−

⋅⋅=⋅= )()( '
 (7) 

where G0 and G0’ depend on the temperature and geometric properties of the 

layer. 

2.2.4 Compact and porous layers 

The differences in compact and porous layers are schematically sketched in 

Figure 8. In compact layers, the interaction with gases takes place only at the 

geometric surface. In porous layers, the volume of the layer is also accessible to 

the gases and in this case, the active surface is much higher than the geometric 

one. Porous layers are characteristic for thick film preparation techniques and 

RGTO (Rheotaxial Growth and Thermal Oxidation, [Sbe92, Sbe95]). 
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compact layer

porous layer:

a.) grain boundary model
b.) open neck model
c.) closed neck model

A B C

sensitive layer

electrodes

substrate  
Figure 8: Schematic layout of a typical resistive SnO2 sensor. The sensitive 
metal oxide layer is deposited over the metal electrodes onto the substrate. In 
case of compact layers, the gas cannot penetrate into the sensitive layer and 
the gas interaction is only taking place at the geometric surface. In the case of 
porous layers, the gas penetrates into the sensitive layer down to the substrate. 
The gas interaction can therefore take place at the surface of individual 
grains, at grain-grain boundaries and at the interface between grains and 
electrodes and grains and substrates [Bar01]. 

The type of layer determines the conduction mechanism of the sensor. Here a 

only a short summary is given; for detailed information see [Bar01] or [Wei01]. 

For compact layers, there are at least two possibilities: completely or partly 

depleted layersi, depending on the ratio between layer thickness and Debye 

length λD of the electron. For partly depleted layers, when surface reactions do 

not influence the conduction in the entire layer the conduction process takes 

place in the bulk region. Formally, two resistances occur in parallel, one 

influenced by surface reactions and the other not; the conduction is parallel to the 

surface, and this explains the limited sensitivity of compact layers (see also 

Figure 9). 

For porous layers the situation can be further complicated by the presence of 

necks between grains. It may be possible to have all three types of contribution in 

                                              
i The depletion layer is formed due to adsorption of gases like O2. 
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a porous layer: surface/bulk (for large enough necks, layer thickness > thickness 

of depletion layer), grain boundary (for large grains not sintered together), and 

flat bands (for small grains and small necks). For small grains and narrow necks, 

when the mean free path of free charge carriers becomes comparable with the 

dimension of the grains, a surface influence on mobility should be taken into 

consideration. This happens because the number of collisions experienced by the 

free charge carriers in the bulk of the grain becomes comparable with the number 

of surface collisions; the latter may be influenced by adsorbed species acting as 

additional scattering centres (see discussion in [Bar94]). 

Figure 9 illustrates the way in which the metal-semiconductor junction, built at 

electrode-sensitive layer interfaces, influences the overall conduction process. 

For compact layers they appear as a contact resistance (RC) in series with the 

resistance of the SnO2 layer. For partly depleted layers RC could be dominant, 

and the reactions taking place at the three-phase boundary, electrode-SnO2-

atmosphere, control the sensing properties.  

In porous layers, the influence of RC may be minimized due to the fact that it will 

be connected in series with a large number of resistances, typically thousands, 

which may have comparable values (Rgi in Figure 9). Transmission Line 

Measurements (TLM) performed with thick SnO2 layers exposed to CO and NO2 

did not result in values of RC clearly distinguishable from the noise [Bau97] 

[Sch98], while in the case of thin films the existence of RC was proved [Hoe95].  

16 
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Figure 9: Schematic representation of compact and porous sensing layers with 
geometry and energetic bands, which shows the possible influence of electrode 
sensing layers contacts. RC resistance of the electrode-SnO2 contact, Rl1 
resistance of the depleted region of the compact layer, Rl2 resistance of the 
bulk region of the compact layer, R1 equivalent series resistance of Rl1 and RC, 
R2 equivalent series resistance of R2 and RC, Rgi average intergrain resistance 
in the case of porous layer, Eb minimum of the conduction band in the bulk, 
eVS band bending associated with surface phenomena on the layer, and eVC 
also contains the band bending induced at the electrode-SnO2 contact.   

2.3 Gas interaction with SnO2 thick film sensors 

Gas sensors are usually operated in an ambient atmosphere containing 20.9% 

(vol.) oxygen and varying amounts of humidity. Therefore, it is important to 

understand the gas interaction of SnO2 gas sensors with oxygen (O2) and water 

(H2O), which determines to a significant extent the response of SnO2 gas sensors.  

The first part of this chapter deals with the interaction of O2 and H2O with the 

SnO2 surface. In the second part, a literature survey follows on the knowledge 

about interaction of the target gases (CO, CH4, propane and toluene) with the tin 

oxide surface. These gases (as target gases for different applications) are 

discussed in the presence and absence of O2 and H2O.  



2.3 Gas interaction with SnO2 thick film sensors 

 

2.3.1 Oxygen (O2) 

The species found on metal oxide surfaces of adsorbed O2 are manifold and 

depend on the operating temperature of the sensor. At typical operation 

temperatures of semiconductor gas sensors – between 100 and 500°C – the 

interaction with the atmospheric O2 leads to its ionosorption in molecular (O2
–) 

and atomic ionic (O–, O2–) forms. Ionosorption means chemisorption with the 

adsorbat being ionised through charge transfer from (or to) the conduction or 

valence band of the solid. 

It is proven by TPD (Temperature Programmed Desorption), FTIR (Fourier 

Transform InfraRed spectroscopy), EPR (Electron Paramagnetic Resonance 

spectroscopy) that below 150°C the molecular forms dominate and above this 

temperature the ionic species. The presence of these species is leading to the 

building of a depletion layer at the surface of SnO2. The dominating species are 

depending on temperature and, probably, on surface dopants. Typical results 

available in the literature are summarised in Figure 10. 
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Figure 10: Literature survey of oxygen species detected at different 
temperatures at SnO2 surfaces with IR (InfraRed analysis), TPD (Temperature 
Programmed Desorption), EPR (Electron Paramagnetic Resonance). For 
details, see listed references  

The equation describing the oxygen chemisorption can be written as:  

 SeO gas +⋅+ −αβ
22

  O  (8) α
β
−

S

where O2
gas is an oxygen molecule in the ambient atmosphere and e– is an 

electron which can reach the surface overcoming the electric field resulting from 

the accumulation of negatively charged particles at the surface. Their 

concentration is denoted by the number of electrons in the surface layer (nS), S is 

an unoccupied chemisorption site for oxygen, O  is a chemisorbed oxygen 

species with; β = 1 for atomic forms, β  = 2 for molecular forms, α  = 1 for singly 

ionised forms, α  = 2 for doubly ionised forms. 

α
β
−

S

In the conditions relevant for the scope of this work, [Wei01] and [Bar01] 

assume the ionosorption leading to O– ions at the surface as the most important 

(Figure 11). 
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Figure 11: Oxygen adsorption on the tin oxide surface. At working 
temperatures of a sensor, the oxygen molecule dissociates into oxygen atoms, 
which take up one electron each to form oxygen ions. This process is called 
ionosorption. 

The ionosorption is facilitated by the presence of surface defects in the vicinity of 

the adsorbate, of which there are plenty already at room temperature. This means 

that there are accumulations of ionosorbed oxygen ions in the neighbourhood of 

surface defects like oxygen vacancies, steps or kinks, etc. Detailed description of 

how O2 adsorption influences the band bending, the number of surface states, etc. 

can be found in [Wei01], [Bar01], [Kap01b]. In these references, it is pointed out 

that the chemisorption of oxygen is a process which has two parts: An electronic 

one and a chemical one. This is coming from the fact that the adsorption is 

produced by the capture of an electron on a surface level, but the surface level 

does not exist in the absence of the adsorbed atom/molecule. This fact indicates 

that at the beginning of the adsorption the limiting factor is chemical, the 

activation energy for adsorption/dissociation, due to the unlimited availability of 

free electrons in the absence of band bending. After the building of the surface 

charge, a strong limitation is coming from the potential barrier, which has to be 

overcome by the electrons in order to reach the surface. The desorption is 

controlled from the very beginning by both electronic and chemical parts; the 

activation energy is not changed during the process if the coverage is not high 

enough to provide interaction between the chemisorbed species [Mor90]. The 

maximum coverage of adsorbed oxygen is 10–5 – 10–3 of a monolayer because of 

electrostatic reasons (Weisz limitation [Wei53]). 
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Summarizing, the adsorbed oxygen removes electrons from the conduction band 

of the n-type semiconductor SnO2, which results in a decrease of conductivity 

respectively an increase of sensor resistance. The conductance of a sensor is 

inversely proportional to the square root of the oxygen partial pressure p 

[Adv80][Ega87]: 

 5.0
2

1 −∝





= Op

R
G  (9) 

The exact value of the exponent is modified by additives in the sensor material or 

by changing structures, such as thickness of the sensitive material or electrode 

design. This is why the mechanism whereby the oxygen pressure controls the 

conductivity has been described is simplistic; it must actually be more complex 

in order that modifications to the value of the exponent become at all possible. 

2.3.2 Water (H2O) 

In nearly every application water is present as an interfering gas. For this reason 

the interaction of the semiconductor surface with water is of great interest. TPD 

and IR studies showed, as summarised in Figure 12, that the interaction with 

water vapour results in molecular water, adsorbed by physisorption or hydrogen 

bonds, and hydroxyl groups (Figure 13).  
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Figure 12: Literature survey of water-related species [Cli82] formed at 
different temperatures at SnO2 surfaces. The results have been obtained by 
means of IR (Infrared analysis) and TPD (Temperature Programmed 
Desorption).  
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Figure 13: Adsorption of water on tin dioxide. Left: molecular adsorption. 
Right: dissociative adsorption leading to OH groups. Details in the text. 

Above 200°C molecular water is no longer present, whereas OH groups are still 

present well above 400°C. IR investigations prove the presence of hydroxyl 

groups. However, the way in which and where the hydroxyl groups are fixed to 

the tin dioxide is still under discussion. There are publications claiming that the 

hydroxyl groups are based on an acid/base reaction of the OH– sharing its 

electronic pair with the Lewis acid site (Sn) and leaving the weakly bonded 

proton, H+, ready for reactions with lattice oxygen (Lewis base) or with adsorbed 
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oxygen [Bar93a]. Others assume a homolytic dissociation of water resulting in 

two hydroxyl groups, an ‘isolated’ hydroxyl group bound to Sn and a ‘rooted’ 

hydroxyl group including lattice oxygen [Hei88]. 

All experiments reported a reversible decrease of surface resistance in the 

presence of water. The resistance decrease does not vanish with the molecular 

water but with the disappearance of hydroxyl groups and could therefore be 

related to the presence of hydroxyl groups [Gil76]. Various types of mechanisms 

have been suggested to explain this finding. Two direct mechanisms have been 

proposed by Heiland and Kohl [Hei88]. The first mechanism attributes the role of 

electron donors to the 'rooted' OH group, which includes lattice oxygen 

according to:  

 latlat OSnOH ++2    (10) −+ ++− eHOSnHO latlat )()(

whereby Snlat and Olat are tin and oxygen atoms in the lattice (in fact, Sn4+ and 

O2– ions).  

The reaction would imply the homolytic dissociation of water and the reaction of 

the neutral H atom with the lattice oxygen: 

  latOH +  (  (11) −+ + eHOlat )

The second mechanism proposes a heterolytic dissociation of the water molecule. 

It takes into account the reaction between the proton and a lattice oxygen forming 

a rooted OH group and the bonding of the remaining hydroxyl group to a tin 

atom. Subsequently, the rooted OH group changes into an isolated OH group. 

The resulting oxygen vacancy provides additional electrons by ionisation 

according to:  

  latlat OSnOH ++ 22
−++− eVSnOH Olat 2)(2 ..  (12) 
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Others like [Mat88], [Sch91] assumed a reaction with chemisorbed oxygen 

instead of a reaction with the surface lattice oxygen. This (like in equation 12) 

results in two hydroxyl groups linked to Sn (isolated OH groups).  

Morrison [Mor90] as well as Henrich and Cox [Hen94] consider an indirect 

effect, i.e. the interaction between either OH– or H+ with an acidic or basic group, 

which are also acceptor surface states. The coadsorption of water with another 

adsorbate, which could be an electron acceptor, may change the electron affinity 

of the latter. Henrich and Cox suggested that preadsorbed oxygen could be 

displaced by water adsorption. In addition, others have found hints for an 

influence of water vapour on oxygen chemisorption. Caldararu and others (e.g. 

[Cal96], [Vla93], [Ion99]) assume a blocking of the adsorption sites for oxygen 

by water. For all these mechanisms, the particular state of the surface plays a 

major role. Surface doping can also influence these phenomena. Egashira et al 

[Ega81a] showed by TPD and isotopic tracer studies that the rearrangement of 

oxygen adsorbates due to the presence of water vapour depends on the surface 

doping. Williams and Morris also reported that H2O displaces chemisorbed 

oxygen by H2Oads and OHads producing on SnO2 a surface electronic state such as 

a surface hydroxyl species, which lies higher in energy than the oxygen species, 

which is displaced [Mor01]. 

Clifford and Tuma [Cli82] approximated the influence of water vapour in 

synthetic air empirically by: 

  (13) ( β−⋅+= OHOH pkRR
22

10 )

with the water-independent constants R0, kH2O and β and the water concentration 

in ppm(v) pH2O. 

Recently, [Emi01] and [Har03] showed the presence of rooted and isolated 

hydroxyl groups on the SnO2 surface also in working conditions (in situ). 
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2.3.3 Carbon monoxide (CO) 

CO is one of the main gases of interest in the field of gas sensor applications. It is 

a target gas in case of fire detection, incomplete burning, etc. as well as an 

interfering gas because of its high reactivity with semiconductor gas sensors. 

Because of this, it is mostly chosen – besides H2 – to characterise sensor 

performance. In addition, the physical and chemical properties of CO facilitate 

investigations monitoring CO and its typical reaction product CO2. With the help 

of IR spectroscopy one can trace the concentration of CO2 by measuring the 

infrared absorption of a gas sample, as the Lambert-Beer law gives a linear 

relation between concentration and absorption of radiation. 

In the following a distinction is made between CO interaction with SnO2 surfaces 

in the presence of oxygen, which is well characterised and in the absence of 

oxygen (no UHV conditions), where not much data is available. 

2.3.3.1 In the presence of O2 

Carbon monoxide is considered to react with pre-adsorbed or lattice oxygen 

[Hen94]. IR studies identified CO-related species i.e. unidentate and bidentate 

carbonate between 150°C and 400°C and carboxylate between 250°C and 400°C. 

A summary of the IR results is presented in Figure 14. Moreover, the formation 

of CO2 as a reaction product between 200°C and 400°C was identified by FTIR.  
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Figure 14: Literature survey of CO-related species found by means of IR 
(infrared analysis) at different temperatures on a (O2) preconditioned SnO2 
surface. For details, see listed references. 

All experimental studies in air at temperatures between 150°C and 450°C 

reported an increase of surface conduction in the presence of CO. It is generally 

accepted that CO reacts with ionosorbed oxygen species and thus releases 

electrons into the conduction band (Figure 15).  

CO2CO

Oad Oad

e  
Figure 15: Interaction of oxygen ions with CO according to [Wei01]. 
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Morrison derived – using a simplified model – the dependence of the resistance 

on the partial pressure of CO [Mor87]. He assumed that oxygen is present as O2– 

and O– at the sensor surface according to:  

  2Oe +−  O  (14) −
2

 −− + 2Oe   (15) −O2

Hereby the reversal of reaction 15 is neglected due to the small probability of a 

reaction, which is of second order in  concentration (at a maximum coverage 

of around 10

−O
-3, two O  would have to meet). In addition, he assumed that due to 

the high reactivity of O , the reaction of O  with CO could be neglected. It is:  

−

− −
2

   CO  (16) −+ OCO → −+ e2

The detailed description of how the resulting equation of the steady state can be 

solved is given in [Bar01]. An overview of the various conductance 

dependencies found is given in Table 1.  
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Equation Comments / Assumptions Literature 

G ~ nS ~ pCO
2β/(α+1) 

 

G ~ nS ~ pCO
β/(α+1) 

LD>r: reactive oxygen species: Oβ
α-; β=1, 

2; α=1, 2, i.e. O2
-, O-, O2- 

LD<r: reactive oxygen species: Oβ
α-; β=1, 

2; α=1, 2, i.e. O2
-, O-, O2- 

[Bar94] 

 

G ~ pCO
0.5 empirical [Fig95] 

G = G0 + A1pCO
1/2 rate equations + semiconductor physics [Win79] 

G = Gair + A1pCO
n empirical [Pin80] 

G ~ (A0 + A1pCOm)0.92 SC physics [Pin80] 

G² - Gair² ~ pCO rate equations + semiconductor physics [Bar89] 

Gβ - Gair
β ~ pCO, β ≥ 2 rate equations + semiconductor physics [Ipp90] 

G ~ 1/A ~ ln(pCO) 

nS ~ nbexp(-eVS
eff / kT) 

open neck 

closed neck 
 

Table 1: Equations describing the dependence of conductance on CO 
concentration as derived empirically or from theoretical calculations. 

It is well known that the presence of water in the ambient atmosphere has a 

strong influence on CO detection. It has been observed [Sch91], [Cli82] that 

water enhances the interaction of CO. Three models have been proposed which 

may account for this observation. On the one hand, it has been assumed that 

water enhances the reaction with oxygen [Ega81]. On the other hand, a reaction 

of CO with hydroxyl groups [Ion94], [Sch91], [Kap99] has been proposed. 

Various equations have been derived for the sensor conductance in the presence 

of CO and water vapour. Kappler et al. reported that an increase in humidity 

leads to an increase in the number of oxygen vacancies (equation 12) [Kap99]. 

The oxygen vacancies enhance the chemisorption of oxygen and form specific 

oxygen sites [Yam79], [Cox98]. The increase in the number of available oxygen 

reaction partners for CO leads to an enhancement of the sensor signal 

A summary is given in Table 2. Moreover, in some cases a correlation between 

ageing and the irreproducibility of sensors and the presence of water-related 

species could be found [McA87], [Mat88]. 
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Equation Comments / Assumptions Literature 

G ~ (1+kCO pH2O pCO)β Empirical [Cli82] 

G ~ (pCO pH2O)1/3 
rate equations and 

semiconductor physics 
[Str83] 

G ~ pCO/p0,CO)βCO(pH2O/pH2O,0)βH2O 
rate equations and 

semiconductor physics 

[Bar93a], 

[Sch91] 

Table 2: Equations describing the dependence of conductance on the CO 
concentration and the water vapour pressure as derived empirically or from 
theoretical calculations. 

Recently Emiroglu et al. [Emi01] reported about DRIFT studies on different tin 

dioxide powders at room temperature. She found reactions of CO with different 

surface species (oxygen ions, hydroxyl groups and adsorbed water). The sol gel 

powder, which was calcined at 450°C, provided a large specific surface and a 

high concentration of defects. The dominant surface species was trapped 

condensed and molecular water, which could not be eliminated by simple 

evacuation. 

Kappler et. al. [Kap01a] performed consumption measurements on tin dioxide 

sensors with carbon monoxide as test gas and humidity as interfering gas. The 

findings can be summarised as follows: The combustion of CO as a function of 

CO concentration is a linear phenomenon. The power law dependence of 

resistance on CO concentration is due to the transduction being dominated by 

Schottky barriers. The substrate of the thick film sensors is catalytically active 

and contributes significantly to CO combustion. The combustion of the substrate 

increases with decreasing ambient humidity. The overall combustion of sensors 

is not a combination of the individual contributions of the various sensor parts. 

The presence of the substrate influences the combustion of the sensitive layer. 

The combustion and the sensor signal corresponding to the sensitive layer in 

contact with the Pt electrodes increase with increasing water vapour content. 
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2.3.3.2 CO interaction in the absence of oxygen 

There are only few papers dealing with gas interaction of semiconductor SnO2 

gas sensors in the absence of oxygen. The few relevant for this thesis are listed 

below. 

Safonava et al. studied the mechanism of CO sensing in nitrogen for 

nanocrystalline undoped and Pd doped SnO2 by Mössbauer spectroscopy and 

conductance measurement [Saf02]. The conductance measurements were coupled 

with Mössbauer spectroscopy [Mad97] and carried out at different temperatures 

(50 – 380°C) and at a constant CO concentration of 1% in nitrogen. With the 

help of the Mössbauer spectroscopy the reduction of Sn(IV) to Sn(II) in the 

presence of CO was studied. They found that the electrical response of 1% wt. Pd 

doped and undoped SnO2 at temperatures between 125°C and 380°C is 

associated with the process announcing the beginning of Sn(IV) to Sn(II) 

transition. Accordingly, CO reacted with lattice oxygen, but, as no metallic tin 

was detected in the spectra, Sn is not completely reduced. 

In situ Electron Paramagnetic Resonance spectroscopy (EPR) confirmed the 

change of chemisorbed oxygen  and single ionized oxygen vacancy V  

concentration in SnO

−
SO2

•
O

2 during the interaction with CO/N2 gas mixtures [Can97] 

(see chapter 2.3.1). 

Hahn gave first ideas about a sensing mechanism of CO on tin dioxide in the 

absence of oxygen derived from electrical measurements in real working 

conditions [Hah02]. She found a high sensitivity to CO in the absence of oxygen 

and in the presence of very small amounts of oxygen. The sensitivity declined 

with increasing oxygen concentration. 

2.3.4 Methane (CH4) 

CH4 is generally measured in comparison to CO because of its different reaction 

mechanism and dependency on humidity [Kap01b]. It is the simplest 

30 



2 Basic aspects of tin dioxide based gas sensors 

representative of hydrocarbons. Methane and its higher homologues are target 

gases for sensors monitoring gas leakages or automotive exhaust. 

Experimental studies report a decrease of the sensor resistance in the presence of 

CH4. It is observed that at higher temperatures CH4 detection is favourable than 

CO detection. Kohl et al. [Koh92, Koh01] assumed, based on TPD and reactive 

scattering results, two principle reaction pathways for CH4. The first involves the 

reaction with lattice oxygen and the second one the reaction with ionosorbed 

oxygen. The product fluxes were independent of the primary oxygen flux. Kohl 

attributed this observation to the surface oxygen density due to the Weisz 

limitation. Tournier et al. [Tou99] interpreted similar results as a hint for a 

methane interaction that does not involve oxygen adsorbed species (Figure 16 

right part). The reaction of CH4 with lattice oxygen leads to the creation of 

oxygen vacancies, which can act as tin oxide donors by diffusion into the bulk. 

Therefore, they can account for the resistance increase observed in the presence 

of CH4 at higher sensor operation temperatures. In the presence of adsorbed 

oxygen, the oxidation process of CH4 at the SnO2 surface involves another 

reaction route (left part of Figure 16).  
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Figure 16: Reaction scheme of methane (CH4) with oxygen on a sputtered 
SnO2 film derived from reactive scattering data. Hydrogen atoms, released or 
consumed in all steps, are not sketched. For details see [Koh89], [Wei01].  

For the influence of water on CH4 sensing, several models have been proposed. 

Egashira et al. found a decreasing reaction of CH4 with oxygen in the presence of 

water [Ega83]. They assumed that water blocks the adsorption sites for methane. 

Recently, Ionescu et al. proposed a model, which is based on dynamic resistance 

measurements for the water influence on CH4 interaction [Ion99]. They assume 

that CH4 reacts with lattice oxygen hereby competing with water for the same 

adsorption sites, whereas CO and water react with different oxygen species.  

2.3.5 Propane (C3H8) 

There are no papers dealing with the sensing mechanism of C3H8 on 

semiconductor surfaces. Sensor measurements performed with C3H8 and other 
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hydrocarbons showed the same dependencies on humidity as CH4 [Kap99]. It 

was mentioned before that the rate-limiting step in CH4 and also generally 

hydrocarbon sensing is the separation of a hydrogen atom and the subsequent 

adsorption of the respective alkyl rest. As the C–H binding energy of methane is 

the biggest among the class of hydrocarbons (443 kJ/mol compared to 413 

kJ/mol for primary CH bonds of higher alkanes [Mor86]) the reactivity of higher 

respectively branched hydrocarbons is higher [Kim97]. 

2.3.6 Toluene (C7H8) 

There are no papers dealing with the sensing mechanism of toluene on 

semiconductor surfaces. Sensor measurements performed with propane and other 

hydrocarbons showed the same dependencies on humidity as CH4 [Kap99]. 

In studies of Andersson [And85, And86] on catalytic activity of metal oxides, the 

reaction path in Figure 17 was found to be the most important one, while other 

possible reaction paths (with oxidative coupling leading to larger molecules or 

with the initial attack in the aromatic nucleus) were shown to be negligible. 

Andersson found all the intermediates in Figure 17, except benzylic alcohol, 

phenol and hydroquinone.  

In principle, all the intermediates shown in Figure 17 could desorb from the 

surface, but depending on the desorption equilibria of the intermediates and the 

activity of the available oxygen species, the follow-up reaction leading in the end 

to carbon dioxide is more or less favoured. In the conditions used in this work, 

the tin oxide surface has plenty of oxygen available for the oxidation, so the 

reaction leading to carbon dioxide in the end is plausible. Thermodynamics 

favours the formation of CO2 and water, like in all hydrocarbon’s oxidation 

[Kiw01]. 
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Figure 17: Proposed reaction path of the total oxidation of toluene 

Figure 18 shows a proposed mechanism of the initial steps in the catalytic 

oxidation of toluene on tin oxide. For reasons of simplicity, details of the metal 

oxide surface are not considered. First, the toluene molecule is only loosely 

physisorbed and forms a π-complex (indicated by the dashed lines). Probably it is 

hydrogen-bonded to terminal hydroxyl groups through the π-electron system of 

the ring. In a first step, the physisorbed toluene is subject to a hydrogen 

abstraction which leads to an OH-group and a π-complexed benzyl species of 

radical character. This is probably the rate-limiting step. A hydrogen abstraction 

in the nucleus requires a much higher energy than in the benzyl position, which 

makes this alternative unfavourable. In the next step, the benzylic radical is 

transferred into a σ-complex bonded to the surface via a ionosorbed oxygen 

atom. This σ-complex is then further oxidised (cf. Figure 17). The catalyst is then 

reactivated with oxygen from the atmosphere via a Mars–van Krevelen 

mechanism [Mar54] rebuilding the ionosorbed oxygen ions. 

Presence of humidity apparently inhibits the hydrogen abstraction step, which 

leads to a smaller consumption and a smaller sensor signal. This is a hint that 

(like for the other hydrocarbons, see above) water and toluene compete for the 

same adsorption sites. 
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Figure 18: Proposed mechanism of the initial steps of the catalytic oxidation 
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3 Thermochemical modelling of the gas phase reactions 

3.1 Prerequisites and constraints 

The field of thermodynamics deals with the heat exchange of chemical reactions 

and the effects of these is usually called chemical thermodynamics or 

thermochemistry. The thermodynamics of chemical processes is important for 

process engineering, especially for transport processes of heat and matter, for 

separation processes etc. The knowledge of the thermodynamic properties is 

essential for evaluation of the course and cost-effectiveness of these processes, 

because it provides information about the energy consumption, effectiveness, 

position and stability of equilibrium (i.e. yields), but not about rate of reaction or 

kinetics. That’s why this kind of calculation can only give answer to the question 

if a reaction is possible, but not if a reaction is actually taking place, as reactions 

can be thermodynamically possible, but kinetically inhibited, i.e. the rate of 

reaction is imperceptible low. 

In the scope of this work, thermochemical methods were used to estimate the 

possibility of  formation of certain species during the reaction and the possible 

products of the sensing process. For calculations, the commercial package 

ChemSage and ChemSheet (GTT Technologies, Version 4.2) was used. The 

databases  

• SGTE Pure Substance data, University Version, 1996 

• SGTE Pure Substances, Edition 1996, Version 2 

• SGTE Organic Species database, Edition 1996 

(all GTT Technologies) were used for acquiring the parameters needed for the 

calculation.  

As initial conditions of the system, the values given in Table 3 were taken. 
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3.1 Prerequisites and constraints 

Parameter Value Unit 

Temperature 100 °C 

Pressure 1 bar 

GAS/C3H8 2.5·10-5 ii mol 

SnO2 5.56·10-5 mol 

GAS/N2 1 mol 

GAS/H2O 2.78·10-4 iii mol 

GAS/CO 3.0·10-5 ii mol 

GAS/O2 1.0·105 iv mol 

Pd/Pd 7.86·10-8 mol 

Pt/Pt 0 v mol 

Table 3 Initial conditions of the thermochemical calculation 

The amounts of tin oxide and palladium correspond to the estimated values of 

one thick film sensor. The pressure was left constant, while the temperature was 

varied in steps of 50°C from 100°C to 450°C. For the modelling, different 

conditions were taken for the calculation (Table 4). 

 

                                              
ii Only one analyte was present for each calculation, the other was set to zero. 
iii Corresponding to 1% r.h. at 23°C. 
iv or set to zero for conditions without oxygen 
v Some calculations were also made with Pt as dopant, but the results were the same as for Pd. 
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3 Thermochemical modelling of the gas phase reactions 

Notation Oxygen amount Water amount 

absence of oxygen and humidity 0ppm 0ppm 

low oxygen, absence of humidity 10ppm 0ppm 

absence of oxygen, low humidity 0ppm 1% r.h. (23°C) 
277ppm 

low oxygen and low humidity 10ppm 1% r.h. (23°C) 
277ppm 

Table 4 Variation of conditions for the calculation. 

All available species from the databases were allowed to exist in the calculation 

to allow for the maximum degree of freedom of the system. Thus, the calculation 

model consisted of 298 constituents in 24 phases, built from the 7 components C, 

H, O, Sn, N, Pd and Pt.  

3.2 Results 

3.2.1 In the absence of oxygen and humidity 

When the initial values for the calculation are chosen so that no gaseous oxygen 

or water are present and 30ppm carbon monoxide (CO) are added, unexpected 

values for the equilibrium result (cf. Figure 19): 

• Below 300°C, carbon dioxide (CO2) and solid carbon (C) as well as tin 

dioxide (SnO2) are the dominant compounds. Carbon monoxide (CO) amount 

is well below 10-6mol and tin (Sn) amount is zero. 

• Above 300°C, the amount of carbon (C) falls to zero, as tin dioxide is reduced 

to tin. CO as well as CO2 amounts are raised. SnO2 amount is decreased by 

the same extent that Sn is produced. 
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3.2 Results 
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Figure 19: Amounts of the most important constituents in a system with no 
oxygen, no water and 30ppm CO. 

When propane is present in the system (0ppm oxygen, 0% humidity) instead of 

CO, the result of the equilibrium calculation differs greatly to that of the CO 

calculation above. 

• For temperatures below 200°C, methane (CH4), solid carbon (C) and 

hydrogen (H2) are the main products of the reaction. 

• Methane production falls quickly with rising temperature, while carbon and 

hydrogen production show a maximum around 250°C. 

• For temperatures above 250°C, tin dioxide is reduced to tin (Sn), which 

results in CO2 and Sn together with H2 as the major products, CO and H2O as 

minor products. 

• All other products are produced in amounts orders of magnitude smaller. 

• The amount of SnO2 is decreased by the same amount that Sn is produced. 

The details are shown in Figure 20. 
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3 Thermochemical modelling of the gas phase reactions 
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Figure 20: Amounts of the most important constituents in a system with no 
oxygen, no water and 3ppm propane. 

3.2.2 With low oxygen, in the absence of humidity 

With the initial values for the calculation set to 10ppm oxygen, 0% humidity and 

30ppm CO, the results for the important products are given in Figure 21. 

• Below 300°C, CO2 is the major product and C the minor product with an 

amount almost one order of magnitude smaller. 

• Above 300°C, CO2 is still the major product, with CO as minor product and 

small amounts of Sn. Carbon is no longer present. SnO2 amount is decreased 

by the same extent that Sn is produced. 
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3.2 Results 
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Figure 21: Amounts of the most important constituents in a system with 10ppm 
oxygen, no water and 30ppm carbon monoxide 

In a system with 10ppm oxygen, 0% humidity and 3ppm propane, the calculation 

results in the equilibrium given in Figure 22. 

• Below 250°C, water, CO2 and carbon are the major products, hydrogen and 

methane are minor products. The amounts for C, CH4 and water (slightly) fall 

with rising temperature, while the amount of hydrogen is increased. 

• Above 250°C, the amounts are almost constant. CO2 and methane are the 

major products, water and CO are present in smaller amounts. Carbon is no 

longer present, methane and ammonia fall to very low amounts. 
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3 Thermochemical modelling of the gas phase reactions 
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Figure 22: Amounts of the most important constituents in a system with 10ppm 
oxygen, no water and 3ppm propane 

3.2.3 In the absence of oxygen, with low humidity 

With the initial values for the calculation set to 0ppm oxygen, 1% r.h. water and 

30ppm CO, the results for the important products are given in Figure 23. 

• Below 250°C, CO2, CH4 and hydrogen are the major products, ammonia and 

CO are minor products. The amounts for CH4 and NH3 fall with rising 

temperature, while the amount of hydrogen is increased up to a saturation 

amount. 

• Above 250°C, the amounts of the major products, CO2 and H2, are almost 

constant. CO is present in small amounts, methane and ammonia fall to very 

low amounts. 
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Figure 23: Amounts of the most important constituents in a system with no 
oxygen, 1% r.h. water and 30ppm carbon monoxide. 

With the initial values for the calculation set to 0ppm oxygen, 1% r.h. water and 

3ppm propane, the results for the important products are given in Figure 24. 

• At 100°C, H2, CH4 and CO2 are the major products, NH3 is present in small 

amounts. 

• With rising temperature, the NH3 and CH4 amounts quickly fall very low, 

while the amounts of H2 and CO2 are increased up to a saturation level. 

• Above 300°C, small amounts of CO appear additionally. 
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Figure 24: Amounts of the most important constituents in a system with no 
oxygen, 1% r.h. water and 3ppm propane 
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3 Thermochemical modelling of the gas phase reactions 

3.2.4 With low oxygen and low humidity 

With the initial values for the calculation set to 10ppm oxygen, 1% r.h. water and 

30ppm CO, the results for the important products are given in Figure 25. 

• At 100°C, H2, CH4 and CO2 are the major products, NH3 is present in small 

amounts. 

• With rising temperature, the NH3 and CH4 amounts quickly fall very low, 

while the amounts of H2 and CO2 are increased up to a saturation level. 

• Above 250°C, small amounts of CO appear additionally. 
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Figure 25: Amounts of the most important constituents in a system with 10ppm 
oxygen, 1% r.h. water and 30ppm carbon monoxide 

With the initial values for the calculation set to 10ppm oxygen, 1% r.h. water and 

3ppm propane, the results for the important products are given in Figure 26. 

• At 100°C, H2, CH4 and CO2 are the major products, NH3 is present in small 

amounts. 

• With rising temperature, the NH3 and CH4 amounts quickly fall to very low 

values, while the amounts of H2 and CO2 are increased up to a saturation 

level. 

• Above 200°C, small amounts of CO appear additionally. 
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Figure 26: Amounts of the most important constituents in a system with 10ppm 
oxygen, 1% r.h. water and 3ppm propane 
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4 Experimental 

4 Experimental 

4.1 Instrumentation 

4.1.1 Metal Oxide Sensors 

The sensing material used in the scope of this work is based on a nanocrystalline 

tin oxide powder prepared in a sol-gel process. As a starting point, hydrated tin 

dioxide Sn(OH)4 is precipitated by adding ammonia solution at a controlled 

speed to an aqueous solution of ultra-pure tin chloride. The solutions have to be 

cooled to ensure a small reaction velocity for obtaining a homogeneous 

precipitate with a small mean grain size. The precipitate, hydrated SnO2, is then 

washed several times with water to remove the remaining ammonia and chloride 

ions. After a drying step at Tdry = 80°C, the precipitate is calcined at Tcal = 450°C 

for 8 h. This removes remaining water and forms SnO2 powder with a well-

defined grain size distribution. As agglomerates are usually present in the 

resulting SnO2 powders, they need to be ground before they can be used for 

preparing a homogeneous printable paste., so a grinding step followed in a 

planetary ball mill for up to 11h. 

The surface doping (0.2% wt Pd) of the final sensing material is realized by 

powder impregnation using PdCl2. An additional heat treatment (Tred = 450°C for 

1 h) reduces the metal chloride to metallic Pd and removes the chlorine. As the 

preceding calcinations determines the final grains size of the compact SnO2 

grains, the dopant will be mainly located at the surface of the individual SnO2 

grains. A summary of the preparation is shown in Figure 27. 
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Figure 27: Flow chart summarising the preparation of SnO2 thick film sensors 
based on a modified sol-gel route.  

After the preparation is finished, the powder is mixed with an appropriate 

mixture of solvents (mainly propandiol) until a homogeneous, printable paste is 

obtained. The paste is afterwards transferred onto a planar alumina substrate by 

an automatic screen printer (EKRA Microtronic II). The front side of the alumina 

substrate is provided with interdigitated electrodes onto which the paste is 

deposited. The Pt heater on the backside of the substrate enables the operation of 

the sensor at a well-controlled temperature. The final annealing (Tanneal = 700°C 

for 10min) removes the solvent and binds the sensing layer to the substrate. 

Figure 29 shows a SEM picture of the resulting sensing layer. Figure 28 shows a 

schematic of the sensors used in this work. Details of the preparation of the 

sensing material and the fabrication of the sensors can be found in [Kap01b]. A 

complete microstructural characterization of the sensing material is given in 

[Kap98]. A presentation of the gas sensing performance and the long-term 

behaviour of the sensors is given, for example, in [Bar99b]. 
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Figure 28: Layout of the planar alumina substrate with Pt electrodes and Pt 
heater. The SnO2 layer is printed on top of the interdigitated electrodes. The 
heater on the back keeps the sensor at operation temperature. 

 
Figure 29: SEM picture of the SnO2 sensing layer. 

 

4.1.2 Gas Mixing System 

Testing and calibration of gas sensors requires conditions close to the future 

applications but also reproducible and characterized in detail. Gas mixing 

systems are able to cope with these objectives.  

Typical set-ups of gas mixing systems consist of several mass flow controllers 

(MFC) and solenoid valves operated by a computer. The system used in the 

scope of this work (cf. Figure 30) was home made and consisted of eight MFCs 
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4.1 Instrumentation 

(Tylan) under control of a personal computer through D/A and A/D cards 

(Advantech PCL727 & PCL812).  
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Figure 30: Schematic picture of an eight channel gas mixing system. Test 
gases are either introduced from gas cylinders or added by flowing carrier 
gas through vaporisers. The latter method is also used to adjust the relative 
humidity (r.h.). Two rows of electromagnetic valves prevent unintended 
diffusion of test gases especially when vaporisers are used. 

The gas mixing system is operated by a home-made software program 

(POSEIDON) written in Turbo Pascal. The MFCs and the solenoid valves are 

controlled through the D/A card. The A/D card is used to check the performance 

of the gas mixing bench by reading back the actual gas flows from the MFCs. 

These values are also stored in a logfile for later interpretation. The tubing of the 

gas channels consists mainly of 6mm stainless steel pipes, partly out of Teflon 

(PTFE) tubing.  

Interconnections between the solenoid valves can be made via either glass tubes, 

bubblers or u-shaped glass vessels. The latter are so-called vaporisers, which are 

filled with an adsorbent with a high specific surface (Chromosorb P-NAW, 

Macherey-Nagel) or a dehumidifying material (i.e. molecular sieve). The 

different types of connectors can be interchanged easily and therefore a 

maximum flexibility is ensured.  
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When test gases from gas cylinders are used, glass tubes are inserted as 

connectors. Otherwise, the carrier gas is conducted through temperature-

controlled vaporisers, which are filled with the components (in liquid phase) 

under investigation immersed on the surface of the adsorbent. In this case, the 

carrier gas gets saturated with the vapours depending on the saturation vapour 

pressure for the temperature of the thermostat. This principle can also be used for 

humidifying the carrier gas but usually a bubbler filled with water is used 

because of its bigger capacity.  

By means of two rows of computer controlled valves the unintended diffusion of 

test gas is prevented. If the flow through a mass flow controller is <5% of its 

nominal value, the linearity of the flow controller is no longer guaranteed. In this 

case, the computer closes both valves. Hereby the row of valves which is further 

away from the mass flow controllers prevents the diffusion of analyte into the gas 

flow and the back diffusion of gases from the gas flow into the vaporisers; the 

other row of valves ensures that no pressure is built up in the liquid-filled 

vaporiser due to an unintended gas flow through the MFCs.  

 

4.1.3 Infrared Gas Analyser 

4.1.3.1 Photoacoustic Spectroscopy (PAS) 

In photoacoustic spectroscopy (PAS) some substance absorbs light energy and 

converts it to sound energy. The origins of PAS date back to the discovery of the 

photoacoustic effect by Alexander Graham Bell in 1880 [Bel81]. In Bell’s 

experiment he placed the substance – in this case cigar smoke – in a glass test 

tube. One end of a rubber tube was connected to the end of the test tube, the other 

to the ear (cf. Figure 31). By focusing intermittent sunlight onto the test tube, an 

audible sound was generated. In latter experiments, Bell studied the sounds 

produced by the irradiation of various solid samples in a brass cavity sealed with 

a glass window. 
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Figure 31: The spectrophone, the first proposed application of photothermal 
spectroscopy for absorption analysis[Bel81]. 

In 1973, PAS was rediscovered simultaneously by A. Rosencwaig at Bell 

Laboratories and by A. G. Parker at Johns Hopkins University. A general theory 

for the photoacoustic effect in condensed phase materials was developed by 

Rosencwaig and Gersho and is commonly referred to as the RG Model [Ros76]. 

In the early 1970s interest in PAS was renewed because it offered a very 

sensitive method for the identification and quantification of trace amounts of 

atmospheric gas pollutants. Lasers were primarily used as the light (or excitation) 

source. The spectral region used was the infrared region, as this is the region of 

molecular vibrations. This is the physical mechanism responsible for the 

generation of the acoustic signal – translational energy transfer in the gas. The 

acoustic signal is detected by a highly sensitive, low-noise microphone which 

converts the acoustic signal into an electrical signal for further processing. 

Photoacoustic spectroscopy is now commonly used in the analysis of a variety of 

materials. It is a non-destructive technique that is applicable to almost all types of 

samples. It offers minimal or no sample preparation, the ability to look at opaque 

and scattering samples, and the capability to perform depth profiling 

experiments. PAS can be used for both qualitative and quantitative analysis. In 

particular, depth profiling experiments are also useful for the characterization of 

surface-coated and laminar materials and for studies of weathering, aging, curing, 

and the diffusion of species into or out of a polymer matrix. 
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Figure 32: Typical PAS system using a laser source. 

Figure 32 shows the basic PAS set-up including a laser source, a rotating light 

chopper, a sealed gas cell with windows at both ends and a microphone to detect 

the acoustic signal. An IR detector is also shown – this measures the energy of 

the light after it has passed through the gas cell. The IR detector is actually not a 

part of a normal PAS system, but it illustrates an alternative infrared 

spectroscopic method, namely the classical infrared transmission spectroscopic 

method used in many general purpose instruments and spectrophotometers 

[B&K90]. 

After absorption of infrared energy, the molecules are in excited vibration energy 

states, from which they can relax through impacts with other molecules and so 

transforming the vibration energy into kinetic (i.e. translational) energy. In a 

closed system, more kinetic energy is equivalent with a temperature rise and 

thus, a pressure rise. If the incident radiation is modulated with a chopper or an 

interferometer, the molecules are excited according to the modulation and relax 

within short time (10-4s), which leads to pressure fluctuations detectable with 

microphones [Inn01]. 

If IA is the amount of light energy absorbed by the gas, and IT is the amount f 

light energy transmitted through the gas, then:  

 IA + IT = I0 (17) 

where I0 is the amount of light energy at the entrance of the cell.  
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In transmission spectroscopy, the absorbed energy IA is found by measuring the 

amount of energy not absorbed in the cell, IT , and subtracting this from I0. At 

ppm concentrations, IA is typically 1000 times smaller than I0 and therefore this 

measurement requires an extremely stable measurement of the transmitted 

energy. However, in PAS the acoustic signal measured represents IA, the amount 

of energy absorbed, and that is why the PAS measurement method offers 

superior sensitivity and long-term zero-point stability. 

The magnitude of the variation of physical properties during PAS is very small. 

For ppb levels of an absorbing species present in the PAS cell: 

• the temperature rise is approx. 10-8K 

• the corresponding pressure rise is approx. 10-5Pa and results in 

• the deflection of the microphone membrane (for a ½” microphone) of 10-14m 

For comparison: the auditory threshold of a human is 20µPa (= 2·10-5Pa), the 

diameter of an electron is around 10-15m. 

Despite these diminutive values, a microphone with a sensitivity of about 

50mV/Pa allows trace concentrations to be measured with relative ease. The 

specifications of a condenser microphone are remarkable. It typically offers a 

dynamic range of over seven orders of magnitude and a response time in the 

order of 10µs. A microphone’s high stability is illustrated by the fact that at room 

temperature its sensitivity will theoretically change by less than 1.1% in 250 

years. 

 

4.1.3.2 Innova 1301 Gas Analyser 

The Innova 1301 is an FTIR spectrometer based on photoacoustic detection. It is 

a gas analysator designed for measurements in the lower ppm range. Due to the 

compact and robust design and the relatively low weight (18kg) it is also suited 

for portable applications and on-site measurements. 
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The IR radiation is created by a black body at a temperature of about 800°C, 

resulting in a continuous spectrum of wave numbers from 500 to 4000cm-1. The 

radiation is focused over a gold plated mirror into the Michelson interferometer 

(cf. Figure 33). Over a beam splitter, the light is distributed to the two 

interferometer arms. After reflection at the two fixed mirrors (denoted 

“alignment mirror” and “fixed mirror” in the figure), the light interferes at the 

beam splitter and is reflected into the PAS cell.  

Differing from the classic Michelson interferometer, the optical retardation is not 

caused by moving one mirror, but by turning the platform of the beam splitter 

with the mounted auxiliary mirror. The magnetic suspension of the platform 

allows the operation of the instrument in horizontal, vertical and inclined 

position. The platform is tilted about 1° (1.4mm) during a scan. With the 

digitalisation of 2048 data points, this is enough to achieve the resolutions of 

10cm-1 and 15cm-1 selectable at the instrument. The process of one scan takes 

about 13s.  

 
Figure 33: Optical system of the FTIR-gas analysator 1301. 

The calibration of the optical system is performed with an InGaAlP laser 

(670nm) with 5mW power, which is also installed in the instrument. 
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The PAS cell (cf. Figure 34) consists of a gold plated and polished cylinder with 

a volume of approx. 3ml. The infrared light enters the cell through a germanium 

window. The walls of the cell are gold plated so that the reflectivity is 98%, 

which corresponds in an average of three reflections of the incident light. 

The two condenser microphones for the measurement of the photoacoustic signal 

are mounted symmetrically on the sides of the cell and are connected over a 

0.3mm thick and 7mm long hole to the cavity. The static pressure equalization of 

the inner part of the microphones to the cell is performed by another hole, which 

dimensions are so that there are no side effects to the PAS measurement. 

The symmetric arrangement of the microphones enables the simple recognition 

of noise signals caused by vibrations of the set-up. Linear vibrations are recorded 

in phase opposition and are thus easily discriminated from the photoacoustic 

pressure fluctuations caused by absorption of infrared radiation in the cell, which 

are detected in phase. By addition of the microphone signals, vibration noise can 

be compensated easily. 

Additionally, the PAS cell incorporates a temperature sensor and an IR intensity 

detector. As the particle density of the measured gas is temperature-dependent, a 

correction of the spectrum to room temperature (20°C) is performed with the 

signal from the temperature sensor. The IR intensity detector suits for the 

compensation of possible fluctuations of the IR source and possible absorption of 

IR radiation outside the PAS cell. 

 
Figure 34: PAS cell of the 1301 
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Acoustic signals not caused by photoacoustic excitation of the gas may be due to 

temperature fluctuations. These signals are called cell noise and are caused by the 

absorption of light at the walls and the window of the cell. In spite of the high 

reflectivity of the cell walls, the noise caused by the absorption at the walls is 

clearly above the microphone sensitivity. However, as these signals are recorded 

constantly, a correction is simply done by measuring a zero signal. 

A pump system is integrated into the instrument for the defined and reproducible 

purging of the PAS cell (cf. Figure 35). The purge cycle is divided into several 

steps: 

1. The sampling tube is purged at a high rate (30ml/s) with the test gas. 

The flush valve is open, the inlet and outlet valves are closed. The 

length of this step can be selected depending on the length of the 

sampling tube. 

2. The PAS cell is purged at a low rate (5ml/s) with the test gas. The flush 

valve is closed, the inlet and outlet valves are open. The lower purge 

rate is achieved by opening the shunt valve, so that the pump works in 

recirculating air operation. The length of this step is fixed at 10s. 

3. The inlet and outlet valves as well as the shunt valve are closed, the 

pump is turned off and the photoacoustic measurement of the sample is 

started. 

The flow of test gas through the PAS cell is 50ml. The exchange of an old 

sample with a new one is only achieved through the dilution effect (50ml/3ml), 

i.e. the cell volume is purged 16 times, which is enough for regular samples.  
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Figure 35: Pump system and PAS cell of the 1301. 

To avoid memory effects, all surfaces in contact with the sample are made of 

inert materials: Teflon, viton or stainless steel. For the protection of the PAS cell 

against particles, a Teflon membrane filter with 10µm pores is built in the gas 

pathway. This is needed as intruding particle contamination could possibly clog 

the capillaries to the microphones and also decrease the reflectivity of the cell. 

For the calculation of the infrared spectrum from the photoacoustic signals of the 

microphones, the influence of the above-mentioned noise signals and corrections 

has to be taken into account. The recorded microphone signals represent a 

photoacoustic interferogram, which is converted by Fourier Transformation into 

a photoacoustic spectrum. This is then divided by the also Fourier transformed 

interferogram of the intensity detector. Subsequently the zero spectrum is 

subtracted, which eliminates the (constant) noise of the PAS cell. In a last step, 

the spectrum is converted to normal conditions (20°C and 1013.25 hPa). All 

these calculations are made by the internal software of the gas analyser and can 

only be influenced sparsely: the zero spectrum can be provided by the user and 

the ambient pressure can be chosen in the set-up menu. 
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A further look at the output signals provides more information about the 

calculated spectrum. The intensity of the photoacoustic spectrum corresponds 

with the intensity of the total absorbed radiation: 

 ( ) ( ) ( ) ( )( )cd
APAS eIII λελλλ −−⋅== 10  (18) 

In contrast, the signal of the intensity detector corresponds with the absorption of 

IR radiation after half of the absorption length, as the intensity detector is 

situated at the back side of the cell: 
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The quotient of photoacoustic and intensity signal is then: 
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This can be approximated for small concentrations as: 

 ( )cdλε
I
I

INT

PAS ≈  (21) 

which is according to Lambert-Beer proportional to the absorbance of the 

sample. 

 

4.1.3.3 Innova 1312 Gas Analyser 

The Innova 1312 Gas Analyser shares many features of the 1301. For example it 

uses the same kind of infrared source and photoacoustic cell like the 1301 and 

provides active sampling of the gas under investigation. The main difference is 

the use of optical filters together with a chopper wheel for the modulation of the 

infrared radiation (instead of the Michelson-Interferometer of the 1301). The 
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used optical filters have bandwidths of around 50cm-1 (fwhh). Over twenty 

optical filters with different center wavenumbers (between 710 and 2950cm-1) are 

available from the manufacturer, which enables the measurement of a variety of 

different gases. Figure 36 shows the schematic set-up of the instrument.  

 
Figure 36: Optical and pump system schematic of the 1312. 

Up to six optical filters can be installed in the filter carousel (cf. Figure 37). As 

water vapour shows infrared absorption very broadly over the whole 

wavenumber range and thus interferes with the measurement of many gases, a 

special filter for measuring water vapour is installed in the instrument by default. 

The reading for the other gases is then cross-compensated for the measured water 

concentration. 
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Figure 37: Filter carousel of the 1312. 

The instrument allows the measurement of up to six different gases (including 

water vapour). As a one-time duty, the user has to calibrate the instrument:  

• the zero signal of the carrier gas and 

• the signals through the different filters for every measured gas as well as 

• possible cross-compensation factors for cross-sensitivites 

have to measured. The 1312 can be operated either directly via a PC or via the 

pushkeys on the instrument’s front panel. This enables operation as both an on-

line and stand-alone instrument. On-line measurement results are transferred 

directly to the PC, where they can be displayed on screen as real-time values in 

tables and graphs. The graphs can be set up to display only the desired gases, 

within defined concentration ranges and results from statistical analyses. All 

measurement data is stored in user-defined databases in MS-Access format. This 

makes results readily available to view at a later stage for further analysis, or for 

inclusion in other programs, for example, Excel or Word. The 1312PC software, 

with its Open Database Connectivity (ODBC), enables result data to be utilized 

by any programs using this form of data exchange. For stand-alone 

measurements, results are displayed on the 1312’s screen as soon as they are 

available, and are constantly updated. During a task, the 1312 performs a running 

statistical analysis of measured gas concentrations, calculating for each 

monitored gas: the Mean Value; the Standard Deviation; and the Maximum and 
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Minimum measured concentrations. The Mean Value is the same as the Time-

Weighted Average (TWA) value during the total monitoring period. The 

individual results stored in memory can also be automatically averaged and 

presented on the display. Measurement data stored in the memory can be printed 

out in list form on any standard text-printer, via IEEE488 or RS-232 interfaces. If 

any interesting or unusual event occurs during a monitoring task, the 

measurement being performed at this time can be “marked”. This enables the 

user to assess the event’s affect on the monitoring task. When the monitor is once 

again connected to a PC, all the measurement results can be uploaded. These can 

then be viewed and used similar to the on-line gas measurement results. 

Exporting Data If measurement results need to be used by other instruments in 

the process, or by programs which can not use ODBC, data can be exported as 

semicolon delimited ASCII files. 

 

4.1.4 Oxygen Analyser 

The Magnos 106 made by ABB Analytical [ABB00] is an Oxygen Analyser 

based on the specific paramagnetic behaviour of oxygen as measurement 

principle. It is designed for the measurement of oxygen concentrations between 0 

and 100%, with selectable measurement ranges from 0..1% to 0..100%. Output of 

the readings is possible digital via RS232 or analogue with 4..20mA current loop. 

Figure 38 shows a sketch of the measurement principle of the Magnos 106. The 

sample gas to be analysed flows through the sample chamber. A dumbbell 

shaped cavity made of quartz glass is suspended on rotary tension bands in the 

sample chamber. The two cylindrical dumbbell halves are inserted in non 

homogenous magnetic fields of a permanent magnet’s two pole shoe pairs. 

Oxygen molecules are drawn into the magnetic field of the permanent magnet. 

The partial pressure drop thus produced applies a force to the dumbbell and 

generates torque to move the dumbbell from its original position. The magnitude 

of this torque is proportional to the oxygen concentration and can be converted 
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into an electrical signal. The measurement unit is located in a thermostat chamber 

(kept at 64°C) so that measured values are free from variations in ambient 

temperature. 

 
Figure 38: Measurement principle of the Magnos 106. 

As the device relies on the paramagnetic behaviour of oxygen, the presence of 

other paramagnetic gases can disturb the measurement. The most prominent 

representatives of this species are nitrogen oxide (NO) and nitrogen dioxide 

(NO2). As these are not present in the measured gases, the measurements of the 

instrument are selective for oxygen. 

 

4.2 Consumption of different hydrocarbons in normal conditions 

The measurements were carried out for different sensor temperatures (Table 5) 

and different analyte concentrations in dry and humid air (30 % r.h. at room 

temperature). The FT-IR gas analyser described above (Innova Airtech, Type 

1301) was used to monitor the gas composition upstream and downstream the 

sensors and simultaneously, the sensor resistance was recorded with a scanning 

multimeter (Keithley 2000). Seven identically prepared home-made SnO2-based 

thick film sensors [Kap98] doped with Pd (0.2%wt.) were used (see Chapter 

4.1.1). 
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Temperature [°C] Heater voltage [V] 

199 3.5 

238 4.2 

266 4.7 

310 5.5 

348 6.2 

392 7.0 

Table 5: Heater temperatures and applied heater voltages. 

To distinguish between the consumption caused by the sensitive material and by 

the transducer, additional measurements were performed with the same type of 

substrates, equipped with electrodes and heater only.  

synthetic air + analyte

synthetic air

exhaust

sensor chamber

barometer

IR gas analyser

exhaust

gas bag

6 way valve
control of flow rig
& data acquisition

+12.3456789 digital multi meter
with scanner

resistance readout

 
Figure 39: Design of the measurement set-up 

Figure 39 shows a schematic sketch of the measurement set-up. The computer-

controlled gas mixing system adjusts the concentration of the test gases (cf. Table 

6) and the humidity (0% and 30% r.h. at room temperature). One sensor was 

mounted in a separate chamber before (upstream) the others, while the other six 

were placed together in another chamber. The chambers were alternatively 

supplied by two separate gas flows, one with synthetic air, the other with varying 

concentrations of the analytes in synthetic air. The IR spectrometer was 

connected to the measurement chambers via an open split to the exhaust. Due to 

the discontinuous sampling of the gas analyser, an inert gas bag was mounted 
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upstream the sampling point to avoid pressure surges at the sensors. The pressure 

inside the flow system was monitored with a barometer (Vaisala PTB220) and 

used as a correction in the gas analyser. Due to the presence of the gas bag as a 

buffer vessel, the pressure inside the system was changed by the sampling event 

by around 5mbar. 

The measurement set-up had the possibility to switch with a 6 way valve directly 

to the analyte gas flow while the measurement chamber was still exposed to a 

flow of synthetic air to keep the sensors in the same flow conditions all the time. 

If the gas flow is conducted along the thick lines, the test gas mixture passes the 

6 way valve, first the single sensor, then the six sensors in the shared brass 

chamber, subsequently the 6 way valve again and, after the barometer and the 

split to the gas analyser, goes to the exhaust. The purge gas flow goes directly to 

the exhaust. If the 6 way valve is switched to the other position, the test gas 

mixture goes directly to the gas analyser, while the purge gas passes the sensors 

to keep them in the same humidity and flow conditions all the time. This 

possibility was important for the orienting measurements made with the mass 

spectrometer, which had to be calibrated at each single measurement, but was not 

used with the IR gas analyser. The stability of the concentration measurements of 

the Innova device is high enough that calibration was sufficient every few 

months. 

 

Methane Propane Toluene 

200 200 20 

500 400 30 

750 1000 50 

1000 1400 100 

1500 2400 200 

Table 6: Measured concentrations of the test gases in ppm 
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In order to ensure that the sensors reach steady state conditions, each exposure to 

test gas was maintained for 1h, intercepted by 1h of synthetic air between the 

different concentrations of one gas, 6h of synthetic air between the different test 

gases and at least 24h of synthetic air when the conditions (heater temperature or 

humidity level) were changed.  

 

For the comparison of the different target gases, concentrations corresponding to 

roughly the same oxygen amount for total oxidation (cf. Table 7 and Figure 40) 

were used for the plot of the sensor signal (defined as the quotient R0/Rgas). 

 

Target 
gas 

Needed oxygen 
atoms for total 

oxidation of one 
molecule 

Target gas 
concentration 

[ppm] 

Corresponding 
oxygen concentration 

[ppm] 

Toluene 18 200 3600 

Propane 10 400 4000 

Methane 4 1000 4000 

Table 7: Target gases and the oxygen concentration needed for total oxidation 

 

4.3 Consumption in low oxygen/low humidity conditions 

The measurements were performed at different sensor temperatures (between 200 

and 400°C, cf. Table 5) and different analyte concentrations (cf. Table 8) in dry 

and humid nitrogen (10 % r.h. at room temperature) with 0% and 2% oxygen 

added. An FT-IR gas analyser (Innova Airtech, Type 1301/1312) was used to 

monitor the gas composition upstream and downstream the sensors and 

simultaneously, the sensor resistance was recorded with a scanning multimeter 

(Keithley 2000). Home-made SnO2-based thick film sensors [Bar99a] doped with 
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Pd were used, consisting of an alumina substrate and screen-printed platinum 

interdigitated electrodes (front side) and resistive heater (back side). The seven 

identically prepared sensors were mounted jointly in one chamber, which was 

alternatively supplied by two separate gas flows, one with nitrogen, the other 

with varying concentrations of the analytes in nitrogen. The pressure inside the 

flow system was monitored with a barometer (Vaisala) and used as a correction 

in the gas analyser. The oxygen partial pressure was measured with a process 

oxygen analyser (ABB) and recorded together with the resistances of the sensors.  

 

Analyte Carbon monoxide Propane 

10 15 

20 30 

50 50 
Measured concentrations 

[ppm] 

100 100 

Table 8: Analytes and measured concentrations. 

The identical sensors as for the measurements in section 4.2 were used. The 

preparation of the sensors is given in short in section 4.1.1 and detailed in 

[Kap98]. 

The set-up was basically the same that was used in section 4.2 except for the 

addition of an oxygen measuring device. The oxygen partial pressure was 

measured with a process oxygen analyser (ABB Advance Optima, Magnos 106) 

and recorded continuously together with the resistance of the sensors.  

To distinguish between the consumption of the sensitive material and the 

consumption of the substrate (or the transducer, respectively), additional 

measurements were performed with substrates equipped with electrodes and 

heater only. Test gases from gas cylinders were used throughout the 

measurements. 
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Due to limitations of the set-up and of the gases used in this work, there was a 

background of oxygen (≈50ppm) and humidity (≈500ppm), although the 

conditions without added oxygen or humidity were denoted “0% O2” and “dry”, 

respectively. 
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5 Results and Discussion 

5.1 Normal conditions 

As reaction products related to the sensing process, only water and carbon 

dioxide could be found, which are (within the measurement errors) produced in 

stoichiometric amounts. No side products from the oxidation could be observed 

with IR spectroscopy (for all three target gases) or with mass spectrometry (MS) 

measurements (for toluene) [Sch00]. 

CH3

[O] CO2+ 18 7 + 4 H2O

[O] CO2C3H8 + 10 3 + 4 H2O

[O] CO2CH4 + 4  + 2 H2O  
Figure 40: Reaction equations for the total oxidation of the target gases 

In Figure 40, the reaction equations for the total oxidation of the utilised analytes 

is shown. The oxygen needed for the reaction, schematically referred to as [O], 

can in principle originate from different sources: 

• the surface or the lattice near the surface of the sensitive layer or 

• the surface of the electrodes or the heater. 

In the first case one would expect an increase in conductivity of the device, while 

in the second case, no changes in the electrical behaviour of the device would be 

expected. 

Due to the different oxygen demand of the oxidation reaction, it seems plausible 

that the sensor signal is declining in the order toluene  propane  methane, 

when equal concentrations are compared. Thus, concentrations corresponding to 
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(roughly) the same oxygen demand (for the total oxidation) were used to 

compare the sensor signals of the different test gases (cf. Table 7, p.66).  
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Figure 41: Sensor signal of the sensors in dry conditions. 

Figure 41 shows the sensor signal (quotient R0/Rgas) of the sensors in dry 

conditions. For most temperatures, the sensors show a much higher sensitivity 

(quotient sensor signal/gas concentration) and even a higher sensor signal to 

toluene than to methane and propane. For toluene, the sensor signal shows a 

maximum around 300°C, while for the other gases, this maximum is shifted 

towards higher temperatures, which might be related to the higher 

thermodynamic stability of the latter. 

 

70 



5 Results and Discussion 

200 250 300 350 400
1

10

100

Se
ns

or
 S

ig
na

l (
R

0/R
ga

s)

Temperature [°C]

 toluene 200ppm
 propane 400ppm
 methane 1000ppm

 
Figure 42: Sensor signal of the sensors in humid (30% r.h.) conditions. 

Figure 42 shows the sensor signal (quotient R0/Rgas) and the consumption of the 

sensors in humid (30% r.h.) conditions. Like in dry conditions, for most 

temperatures, the sensors show a much higher sensitivity and a higher sensor 

signal to toluene than to methane and propane. The overall effect is one order of 

magnitude smaller than for the dry conditions. The maxima of the sensor signal 

are in the same temperature range like in the dry case. 
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Figure 43: Consumption of the sensors and bare substrates in dry conditions. 
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5.1 Normal conditions 

For propane and methane in dry air, there was only considerable consumption 

observed at 350°C and above (cf. Figure 43), while toluene showed consumption 

of between 10% and 20% of the dosed concentration. When bare substrates (i.e. 

without sensing layer, but with electrodes and heater) were investigated, propane 

and methane did not show any (measurable) consumption, while toluene showed 

large effects, at some temperatures even higher than for complete sensors. This 

unexpected result will be explained in the further course of this section. 
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Figure 44: Consumption of the sensors in humid (30% r.h.) conditions. 

Like in dry conditions, propane and methane only showed consumption for the 

highest investigated temperatures in the humid conditions and did not show 

consumption on bare substrates at all (Figure 44). For toluene, the consumption 

on sensors is almost constant and is only slightly enhanced at higher 

temperatures. On bare substrate, toluene shows only little consumption at 

temperatures below 300°C, while above, the consumption grows rapidly with 

rising temperature. 

 

In order to get a clear correlation between the sensor signal and a quantity related 

to the consumption, in Figure 45 and Figure 46 the sensor signal for toluene is 
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plotted together with the weighted difference of the consumptions for complete 

sensors and bare substrates.  

As the sensitive material itself and adsorbed water molecules (for the humid 

conditions) make part of the platinum surface inaccessible to the target gas 

molecules, different weighting factors were used. These weights were 0.9 (dry) 

and 0.5 (humid) and resulted out of an estimation of the surface area. 
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Figure 45: Sensor signal (triangles, defined as R0/Rgas) and the calculated 
difference of consumptions (circles, in percent) for humid conditions. 

For the humid conditions (Figure 45), the sensor signal for toluene is directly 

correlated with the difference between the consumptions of complete sensors and 

of substrates (with electrodes and heater). A higher consumption difference, 

indicating a dominant reaction with and around the sensing layer, results in a 

higher sensor signal.  
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Figure 46: Sensor signal (triangles, defined as R0/Rgas) and the calculated 
difference of consumptions (circles, in percent) for dry conditions. 

 

For the dry conditions (Figure 46), this correlation is not that simple. One can see 

the following: over 300°C, the data indicate the same trend as for the case of 

humid conditions; below 300°C, the opposite is recorded. In this region the 

increase in the consumption of the substrate exceeds the total consumption of the 

sensors, which might indicate some kind of inhibiting process at the sensing 

layer-electrode interface. Its origin is not clarified up to now, but the 

phenomenon shows some similarities with the already published results for CO 

consumption on similar sensors [Kap98]. 

Because of the very low consumption of propane and methane, no such 

evaluation could be made for these target gases. 

5.2 Low oxygen conditions 

For conditions with low oxygen concentration and low humidity (denoted “dry, 

0% O2” in the figures), propane and CO behave quite differently: for propane, 

sensor signal as well as consumption (difference of the analyte concentration 

upstream and downstream the sensors) and CO2 production show a saturation for 

higher concentrations (Figure 48), with a maximum around 350°C for the sensor 

signal (see Figure 49). CO on the other hand shows no saturation (except for 
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200°C) of the sensor signal (Figure 48), and the amount of CO2 which is 

produced in the sensing process and the consumption (not shown) are almost 

linear with the CO concentration. The sensor signal is decreased with rising 

temperature (Figure 50). 
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Figure 47: Sensor signal for propane in dry N2 without oxygen. 
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Figure 48: Sensor signal for CO in dry N2 without oxygen. 

 75 



5.2 Low oxygen conditions 

When 2% (vol.) oxygen are added, the situation changes dramatically: for CO, 

the sensor signal is strongly reduced, and the temperature dependence of the 

sensor signal is inverted (Figure 50). For propane, the sensor signal is shifted 

down by a factor of around 2 (Figure 47). Adding oxygen results in a higher 

consumption and more produced carbon dioxide for CO (Figure 52), while the 

opposite is observed for propane (Figure 51).  

For propane, adding humidity shifts the sensor signal down by a factor of around 

2 (Figure 51) and enhances the production of CO2 when no oxygen is available, 

while the produced CO2 stays constant when 2% oxygen are available.  

For CO, the presence of humidity enhances the production of CO2 (with or 

without oxygen, Figure 52). With 2% oxygen, the sensor signal is almost 

unaffected when 10% r.h. are added, while it is shifted down with 0% oxygen 

(Figure 50). 
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Figure 49. Sensor signal for 100ppm propane in N2. 
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Figure 50: Sensor signal for 100ppm CO in N2. 

For bare substrates (without sensitive layer), the consumption and the produced 

CO2 concentration were around the detection limit. Only high concentrations of 

CO together with the presence of 2% oxygen showed a small consumption and 

production of CO2. For propane, the measured CO2 concentrations were around 

the detection limit, independent from propane concentration and temperature as 

well as water and oxygen level. 
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Figure 51: Produced CO2 for 100ppm propane in different conditions. 
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Figure 52: Produced CO2 for 100ppm CO in different conditions. 

 

For CO, the experimental findings can be explained by assuming the following 

competitive detection mechanism: In the absence of oxygen and water (and also 

in the presence of very small amounts thereof), CO can adsorb at the surface of 

the sensitive layer and act as an electron donor (Figure 53). The release of an 

electron does not result in a localised charge, but the electron is rather inserted 

into the conduction band of the material, thus increasing the conductivity of the 

material. 

The molecular configuration of the adsorption, i.e. bonding of the carbon or the 

oxygen atom to a tin or oxygen of the surface could not be clarified up to now, 

but is subject to investigation. 
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Figure 53: Direct chemisorption of CO on SnO2 

When small amounts of oxygen are added (Figure 54), the CO can either be 

directly chemisorbed or it can react with ionosorbed oxygen, also resulting in an 

electrical effect (i.e. sensor signal) through the insertion of electrons (originating 

from the ionosorbed oxygen) into the conduction band. With larger amounts of 

oxygen available, this direct chemisorption seems to be hindered. Thus, at 

ambient oxygen concentration, the reaction with ionosorbed oxygen is the only 

possible reaction. 
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Figure 54: Competitive mechanism for the interaction of CO with the sensing 
layer in dry conditions. 

As shown by the experimental results, the effect in resistance is quite dramatic 

(>1 order of magnitude change). The maximum coverage is already reached for 

relative small concentrations of CO, as observed by [Hah02], but above 100ppm, 

so the saturation was not reached in the experiments in this work. The generation 
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of CO2 is probably due to the residual O2 still present in the gas and at the 

surface. At higher oxygen concentrations, the generation of CO2 is the main 

reaction, but results in less electrical effect than the direct adsorption, which is 

confirmed by the decrease in sensor signals and increase in CO2 generation.  

When water is present, CO can as an additional alternative react with certain 

hydroxyl groups on the surface (Figure 55) resulting in production of CO2 and 

protonated water as well as an electrical effect through the insertion of an 

electron into the conduction band. Details on this reaction and on the nature of 

the protonated water and similar species (Zundel-structures, hydrated protons) 

can be found in [Emi01].  

CO2CO

e

Sn+-OHadH3O+

 
Figure 55 Reaction of CO with isolated hydroxyl groups to CO2. The 
hydrogen freed from the OH group is transferred to an adsorbed water 
molecule resulting in protonated water and the insertion of an electron into 
the conduction band. 

Of these three possibilities for the reaction, the direct adsorption results in the 

largest electrical effect, followed by the reaction with hydroxyl groups and the 

reaction with ionosorbed oxygen. 

For propane, the explanation is similar: in the absence of oxygen and water (or 

presence of very small amounts), propane can adsorb on the tin oxide surface 

(without consumption and reaction to CO2) and cause an electrical effect 

[Hah02].  
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As SnO2 is known to be a weak basic oxide [Mun83] it is assumed that C3H8 

dissociates to a propyl group and a hydrogen atom on the SnO2 surface: 

  gasHC ,83  adsads HHC +,73  (22) 

This dissociation was observed for CH4 and in the case of C3H8 it should be even 

favoured because of the lower bond energies of the C-H bonds (431 kJ/mol for 

CH4 compared to 410 kJ/mol for C2H6 / C3H8 [Mor86]). Hads acts as a donor, in 

combination with lattice oxygen Olat one obtains rooted OH groups (equation 23) 

or it is possible that a removal of lattice oxygen takes place at higher 

temperatures leaving behind an oxygen vacancy (equation 24): 

 latads OH +   (  (23) −+ + eHOlat )

 latads OH +2   Oads VOH +2  (24) 

The reaction described in equation 23 inserts electrons into the conduction band 

thus leading to a conductance increase. In equation 24 oxygen vacancies are 

produced, which can diffuse into lattice planes below the surface, acting there as 

subsurface donors again providing electrons [Mun83]; the latter mechanism is 

not considered to play an important role at usual working temperatures of around 

250°C – 350°C as the mobility of the vacancies is very low at these temperatures. 

The propyl group can adsorb on a lattice oxygen forming a rooted propoxy-like 

species and a hydrogen atom (Figure 56): 
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Figure 56: Proposed adsorption reaction of propane in the absence of 
adsorbed oxygen ions. C3H8 adsorbs on Olat as C3H7,ads by a homolytic 
dissociation of a C-H bond (primary or secondary). The H atom can adsorb 
on another lattice oxygen inserting an electron into the conduction band. 

The oxidative coupling shown in Figure 57 was first proposed for methane by 

Lunsford and is extensively discussed in references [Hin84] and [Byt86]. The 

oxygen vacancies that remain at the end of the reaction could catch traces of 

oxygen present in the system and thus be recovered via a Mars–van Krevelen 

mechanism [Mar54] rebuilding the lattice. 

The experimental results (see above) and the thermodynamic calculations (cf. 

section 3.2) suggest that the reaction leading to carbon dioxide is favoured, as no 

intermediates (like alcohols, aldehydes or carboxylic acids) were found in the 

infrared spectra. However, with more sensitive detection methods and/or higher 

concentrations of propane, the partly oxidised products may be traceable as by-

products. 
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Figure 57: Proposed reaction path of C3H8 sensing on SnO2 surface in the 
absence of O2. In the reactions following the adsorption, alkanes can desorb 
or the propoxy-like species reacts with another lattice oxygen to rooted 
propanate – and under ethane desorption a formate-like species can emerge 
that can be further oxidized to CO or CO2 leaving oxygen vacancies behind. 

Adding oxygen and/or water results in a smaller sensor signal (Figure 49), 

possibly because of blocking of adsorption sites. Adding humidity only results in 

a higher consumption and produced CO2 concentration, not in a higher electrical 

effect. Adding oxygen however seems to inhibit the consumption/production of 

CO2, except for the highest temperature (Figure 51). The details of the interaction 

are not fully understood, but are subject to further investigation.  
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Figure 58: Proposed mechanism for the detection of propane. Without oxygen 
present, propane is only dissociatively adsorbed on the surface. When small 
amounts of oxygen are added, propane can alternatively be adsorbed or can 
be oxidised by adsorbed oxygen ions, thus resulting in a higher electrical 
effect. When large amounts of oxygen are added, propane can only react with 
adsorbed oxygen, the adsorption is hindered, possibly through blocking of 
adsorption sites. 

Figure 58 shows a proposed mechanism for the detection of propane. Without 

oxygen, propane is only dissociatively adsorbed on the surface. When small 

amounts of oxygen are added, propane can alternatively be adsorbed or can be 

oxidised by adsorbed oxygen ions, thus resulting in a higher electrical effect. 

When large amounts of oxygen are added, propane can only react with adsorbed 

oxygen, the adsorption is hindered, possibly through blocking of adsorption sites. 

This results in an electrical effect, which is smaller than for small amounts of 

oxygen.  

When water is additionally added to the system (Figure 59), propane can 

concurrently react with certain hydroxyl groups. The remaining hydrogen atom is 

transferred to adsorbed water leading to protonated water under insertion of an 

electron into the conduction band. Protonated water can then react with more 

adsorbed water leading to hydrated protons (Zundel structures, cf. [Emi01]). 

Recombination of two hydrogen atoms to a hydrogen molecule might also be 

possible and seems to be favoured thermodynamically (cf. section 3.2). 
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Figure 59: Proposed mechanism for the interaction of propane in the presence 
of oxygen and water. When water is present, propane can alternatively react 
with adsorbed oxygen ions or with certain hydroxyl groups (resulting out of 
the adsorption of water onto the surface). During the reaction with hydroxyl 
groups, a hydrogen atom remains, which can be transferred onto an adsorbed 
water molecule leading to protonated water or recombine to a hydrogen 
molecule, which can desorb. 

Hydrogen molecules can desorb from the surface and be traced in the gas phase 

(however, this kind of measurement was not performed in the course of this 

work), for example with an electrochemical cell, or stay on the surface and react 

with adsorbed oxygen ions forming water.  

 

5.3 Thermochemical modelling 

The apparent discrepancy between the calculations on the one hand, and what 

was expected from the interpretation of the measurement results on the other 

hand can be explained by taking into account several factors: 

1. The calculations were thermodynamic models searching for a minimum 

of the potential hypersurface. The possibility of the paths toward that 

minimum is not important for this kind of modelling, i.e. possible 

kinetic hindrance is not considered. However, these calculations can 
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give valuable hints which parameters of the system could be interesting 

to monitor.  

2. In the real-world system, Platinum surfaces (from the electrodes and 

heaters) and atomic distributed Palladium (from the doping process) are 

present, which both are known to act as catalysts in various organic 

reactions like cracking or redox reactions, so that a reaction result near 

the thermodynamic equilibrium seemed probable.  

3. The model system used in the calculations differed from the 

measurement set-up: the calculations were made for a closed system in 

equilibrium, while the measurements were performed in a flow-through 

reactor, where the fluidic properties are unknown. It is probable that part 

of the test gas stream did not get into contact with a sensor at all or not 

long enough for reaching equilibrium. 

Summarizing, it can be said that for the calculations in conditions without 

gaseous oxygen present (which was not met in the experiments), solid carbon is a 

major product in the lower temperature range. For CO, the reaction leads to CO2 

as another major product, while for propane, hydrogen and methane are 

produced. Above 250°C, solid carbon disappears and is replaced by carbon 

monoxide, while the amount of carbon dioxide is raised. The oxygen needed for 

this oxidation is taken from the reduction of tin dioxide, which results in not too 

small amounts of tin being present. SnO2 amount is decreased by the same extent 

that Sn is produced. SnO is not thermodynamically stable in the conditions under 

regard. Methane amount is only considerable at the lowest temperatures and falls 

rapidly with rising temperature. 

Adding oxygen to the system results in more CO2 and CO and less carbon and tin 

being produced, while the amount of produced hydrogen is almost unaffected. 

For propane as analyte, also water is produced as major product. 
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Adding water produces a similar result, but without reduction of the tin dioxide, 

so that for most temperatures, hydrogen and carbon dioxide are the principal 

products. 

This result remains unchanged, when oxygen and water are added to the system: 

for most temperatures, hydrogen and carbon dioxide are the principal products 

with a turnover to CO2 of around 99%. 

For ambient conditions with 20.95% (vol.) oxygen concentration, and already for 

2% (vol.) oxygen (like in the measurements), the equilibrium shows almost 

quantitative reaction to CO2 and water. Only CO is produced as minor by-

product according to the Boudouard equilibrium. At higher temperatures, also 

very small amounts of nitrous oxides are produced, but in real life, the oxidation 

of nitrogen is kinetically hindered. 
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6 Conclusion and Summary 

In the course of this work, an experimental set-up was established which allows 

for the measurement of the consumption of (destructive) gas sensors, i.e. sensors 

which alter the gas composition during the sensing process. The concentrations 

of the respective gases were measured with a gas analyser based on IR 

spectrometry, the oxygen concentration was monitored with a process oxygen 

analyser. In this work, metal oxide based sensors were investigated in order to 

increase knowledge about the sensing process on a molecular basis. 

The thermochemical calculations which were performed showed once again that 

thermodynamic possibility and kinetic probability are two very different things 

or to say it differently: the real world is full of non-equilibriums. (E.g. otherwise 

we would not be but some carbon dioxide, water and a little pile of ashes.)  

In conditions without gaseous oxygen present (which was not met in the 

experiments), solid carbon is a major product in the lower temperature range. For 

CO, the reaction leads to CO2 as another major product, while for propane, 

hydrogen and methane are produced. With rising temperature, solid carbon 

disappears and is replaced by carbon monoxide, while the amount of carbon 

dioxide is raised. The oxygen needed for this oxidation is taken from the 

reduction of tin dioxide, which results in equivalent amounts of tin being present. 

Methane amount is only considerable at the lowest temperatures and falls rapidly 

with rising temperature. 

Adding oxygen to the system results in more CO2 and CO and less carbon and tin 

being produced, while the amount of produced hydrogen is almost unaffected. 

For propane as analyte, also water is produced as major product. Adding water 

produces a similar result, but without reduction of the tin dioxide, so that for 

most temperatures, hydrogen and carbon dioxide are the principal products. This 

result remains unchanged, when oxygen and water are added to the system: for 

most temperatures, hydrogen and carbon dioxide are the principal products with 

a turnover to CO2 of around 99%. For ambient conditions with 20.95% (vol.) 
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oxygen concentration, and already for 2% (vol.) oxygen (like in the 

measurements), the equilibrium shows almost quantitative reaction to CO2 and 

water. Only CO is produced as minor by-product according to the Boudouard 

equilibrium. 

For the measurements in regular (ambient) conditions, i.e. with 20.95% (vol.) 

oxygen around, carbon dioxide and water were the only reaction products which 

could be found for all investigated gases. For the investigated gases, the presence 

of humidity decreases both sensor consumption and sensor signal. For methane 

and propane, no consumption by the substrate and electrodes/heater was found 

and the sensor signals are, in comparison with toluene, low. In humid conditions, 

there is a direct correlation between the consumption of the sensitive material and 

the sensor signal towards toluene. In dry conditions, this correlation is more 

complex and indicates a more complex interaction path. 

For the measurements in conditions with low oxygen concentration, both CO and 

propane show clear sensor signals even in the absence of oxygen. As shown by 

the experimental results, the effect in resistance is quite dramatic (>1 order of 

magnitude change). The effect is caused by a direct chemisorption (for CO) and a 

dissociative adsorption (for propane), which lead to insertion of electrons into the 

conduction band and thus, change in resistance of the sensitive material. This 

interaction seems to be hindered by the presence of humidity or oxygen, probably 

through blocking of adsorption sites.  

The generation of CO2 is probably due to the residual O2 still present in the gas 

and at the surface. At higher oxygen concentrations, the generation of CO2 is the 

main reaction, but results in less electrical effect than the direct adsorption, which 

is confirmed by the decrease in sensor signals and increase in CO2 generation. 

When water is present, CO can as an additional alternative react with hydroxyl 

groups on the surface resulting in production of CO2 and protonated water as 

well as an electrical effect. Of these three possibilities for the reaction, the direct 
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adsorption results in the largest electrical effect, followed by the reaction with 

hydroxyl groups and the reaction with ionosorbed oxygen. 

For propane, the explanation is similar: in the absence of oxygen and water (or 

presence of very small amounts), propane can adsorb on the tin oxide surface 

(without consumption and reaction to CO2) and cause an electrical effect. Adding 

oxygen and/or water results in a smaller sensor signal, possibly because of 

blocking of adsorption sites. Adding humidity only results in a higher 

consumption and produced CO2 concentration, not in a higher electrical effect. 

The role of water-related adsorbed species during the sensing process is not fully 

clear as well as the (positive or negative) catalytic interaction between sensor 

material, dopant and electrode material. To extend the view to the surface, direct 

spectroscopic examination of the adsorbed species during sensing is needed (e.g. 

in situ IR studies).  
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7 Outlook 

Some parts of the sensing mechanism could not be fully cleared up in the course 

of this work, so there is still need for further research to amend the knowledge 

about basic principles of sensing with tin dioxide. Further experiments would 

include variation of the following parameters: 

• a greater variety of target gases (different hydrocarbons, alcohols or 

aldehydes as well as oxidising gases instead of reducing gases, etc.) 

• different sensing layers (different doping, different materials) 

• larger range for the operation temperature of the sensor (extended to lower 

and higher temperatures) 

• optimised set-up: shorter tubing, less connections, addition of hydrogen 

measurement (electrochemical cell) 

Also the combination with different measurement techniques (like DRIFT, TPD 

or work function measurements) – in situ, if possible – together with theoretical 

modelling (molecular modelling instead of thermochemical modelling) can pave 

the way towards a better understanding of the molecular and electronic processes 

that take place during such a complex interaction like the one taking place at the 

interface between gas and sensing material. 
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