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Abstract  (English)  
 

Gas sensing using metal oxides can be a highly cost effective and reliable technology 

in a variety of medical and industrial applications. However, selectively sensing a 

specific gas in a complex gas mixture continues to be a significant challenge in many 

applications, in particular for closely related analyte gases such as acetylene and 

ethylene. For example, the specific individual concentrations of dissolved gases 

(C2H2, C2H4, CH4, C2H6, CO, CO2 and H2) that emerge in electrical power transformer 

oils provide critical diagnostic information about the transformerôs stable operation 

and safety. It is therefore useful to have sensors that can selectively differentiate 

between these individual gases. To achieve this, I used the LaFeO3 perovskite and 

investigated its gas sensing mechanism in detail. 

The powders of LaFeO3 perovskite were obtained by two different synthesis 

methods, namely solid state reactions and sol gel processes. I then used this 

material as an active sensing layer during exposure to dissolved gases. All of my 

sensors showed a significant response to unsaturated hydrocarbons, namely 

acetylene and ethylene, but not to the other gases that I tested. I further improved 

this high selectivity of my sensors, to only detect acetylene and not ethylene, by 

controlling the operating temperature. The effects of different background conditions, 

such as humidity and CO2 levels, on the LaFeO3 sensors were also characterized. 

To understand the origin of the sensing mechanism of my sensors, I combined 

catalytic conversion measurements with simultaneously performed operando DRIFT 

(Diffuse Reflectance Infrared Fourier Transform) spectroscopy and DC resistance 

measurements. I applied the operando investigation technique to the relevant 

analytes, CO2, C2H4 and C2H2, in order to identify the type and role of different 
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adsorbates in mediating selective gas sensing. DRIFT spectra revealed that at 

150°C, the reaction with both acetylene and ethylene resulted in surface formate 

species; at higher temperatures, this was the case only for acetylene. Accordingly, 

the LaFeO3 responds to both gases at 150°C but only to acetylene at 250°C. Finally, I 

could identify the mechanism by which the formate species are responsible for the 

sensor response, and the essential additional role played by Pt electrodes used in my 

sensors in the detection of ethylene and the temperature dependent selectivity. 
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Abstract (German)  
 

Gassensorik mit Metalloxiden kann eine sehr kosteneffektive und verlässliche 

Technologie für eine Vielzahl medizinischer und industrieller Anwendungen 

darstellen. Jedoch stellt das selektive Erkennen eines spezifischen Gases in einer 

komplexen Gasmischung, nach wie vor eine große Herausforderung dar. In 

besonderem Maße gilt dies bei eng verwandten Analytgasen, wie Acetylen und 

Ethylen. Ein Anwendungsbeispiel hierfür bildet die Quantifizierung einzelner Analyte 

(C2H2, C2H4, CH4, C2H6, CO, CO2 and H2) in der Gasphase von Transformatorenöl, 

wodurch kritische diagnostische Informationen zum stabilen und sicheren Betrieb von 

Hochspannungstransformatoren erhalten werden können. Daher ist eine 

Notwendigkeit für Sensoren gegeben, die selektiv zwischen diesen Einzelgasen 

unterscheiden können. Um solche Sensoren zu verwirklichen, habe ich LaFeO3 

Perovskite eingesetzt und deren Gassensormechanismus im Detail untersucht. 

Die LaFeO3 Pulver wurden mithilfe zweier unterschiedlicher Synthesemethoden 

realisiert, namentlich durch eine Festphasenreaktion und durch ein Sol-Gel 

Verfahren. Ich verwendete diese Materialen dann als aktive, gassensitive Schicht 

unter Exposition gegenüber der gelösten Analytgase. Alle von mir getesteten 

Sensoren zeigten signifikante Sensorantworten auf ungesättigte Kohlenwasserstoffe, 

namentlich Acetylen und Ethylen, jedoch keine Antworten auf andere hier getestete 

Gase. Des Weiteren konnte ich die hohe Selektivität dieser Sensoren durch Kontrolle 

der Betriebstemperatur weiter verbessern, so dass ausschließlich Acetylen, kein 

Ethylen, von den Sensoren gemessen werden konnte. Die LaFeO3 Sensoren wurden 

bezüglich des Einflusses verschiedener Hintergrundbedingungen, wie variierende 

Feuchtigkeit und CO2 Konzentration, charakterisiert. 
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Um die Herkunft der gassensorischen Eigenschaften dieser Sensoren zu verstehen, 

führte ich kombinierte Messungen des katalytischen Umsatzes mit simultaner 

operando-DRIFT (Diffuse Reflectance Infrared Fourier Transform) Spektroskopie und 

Gleichstrom-Widerstandsmessungen durch. Diese Ăoperandoñ-Techniken wendete 

ich für alle relevanten Analyte (CO2, C2H4 und C2H2) an, um die Art und die Rolle der 

unterschiedlichen Oberflächenabsorbate als Vermittler der selektiven 

Gassensorantwort zu identifizieren. DRIFT Spektren zeigten, dass bei 150°C die 

Reaktion mit sowohl Acetylen, wie auch Ethylen, an der Oberfläche zur Bildung von 

Formiaten führte; bei höheren Temperaturen jedoch geschah dies ausschließlich bei 

der Reaktion mit Acetylen. Entsprechend, reagierte LaFeO3 bei 150°C auf beide 

Gase, bei 250°C jedoch nur auf Acetylen. Schlussendlich konnte ich den 

Mechanismus, durch den die Formiatspezies sich für die Sensorantwort 

verantwortlich zeigt, identifizieren und die zusätzliche, aber grundlegende Rolle der 

hierbei verwendeten Platinelektroden bei der Detektion von Ethylen und dessen 

temperaturabhängiger Selektivität beleuchten. 
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1. Introduction  and motivation  
 

Gas sensing is critical in many medical and industrial applications [1]. The ideal 

sensor is one that is cost effective but highly reliable. Moreover, since multiple gases 

are common in a variety of applications, the selectivity of the sensor to a specific 

gaseous compound, as opposed to others simultaneously present, becomes 

absolutely necessary [2]. However, if a sensor is unable to distinguish between these 

many different compounds, then false indications about the nature of the problem can 

occur, increasing the costs of maintenance and repairs. 

In recent years, the method known as Dissolved Gas Analysis (DGA) has attracted 

much attention [3ï6]. The method measures the dissolved gases that are present in 

transformer oil. Examples of such gases are acetylene (C2H2), ethylene (C2H4), 

methane (CH4), ethane (C2H6), carbon monoxide (CO), carbon dioxide (CO2), and 

hydrogen (H2). These gases are generated by the decomposition processes of 

insulation materials when the transformer has faults. Measuring the concentration of 

such gases provides critical information about the transformer health status [7]. 

Depending on the type of fault, different types of decomposition processes can occur. 

For example, the presence of the hydrocarbons (e.g. ethylene and acetylene) and 

hydrogen in a certain concentration is an indication of thermal and electrical defects. 

Among the dissolved gases, acetylene and ethylene are generally considered to be 

the most important ones in transformer oil diagnostics, especially because they 

indicate significant characteristic signs of arcing and thermal faults [8]. Detecting and 

monitoring acetylene and ethylene, which are colorless and flammable hydrocarbons, 

without interference by other related gases is therefore of considerable interest in a 

wide range of industrial applications, even beyond the one that I focus on here 

(power transformer oil). 
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On-line monitoring of DGA in power transformer oil has many advantages such as an 

early indication of unusual behavior of power transformer which helps to avoid 

serious risks which makes the maintenance cost  very small compared to unexpected 

shutdown of the power transformer. It can additionally be part of standard data 

collection routines during normal operation. This can allow engineers to analyze and 

plan routine maintenance activities more efficiently and cost-effectively. 

Many studies have been conducted to improve the detection of the above-mentioned 

gases in terms of sensitivity and selectivity. Recently, Q. Zhang et al. have reviewed 

the wide use of a gas sensor based on tin oxide (SnO2) for detecting typical fault 

characteristic gases extracted from power transformer oil [9]. Different preparation 

methods and dopant additions have been used to enhance the sensing performance 

of such tin oxide sensors. Moreover, WO3 [10] and ZnO [11,12] have been employed 

to detect some of the same gases. Despite the huge amount of work carried out, 

selectivity remains a main challenge for developing practical sensors based on metal 

oxides to detect these gases independently and individually.  

Perovskites have been considered as a promising candidate for gas sensing 

applications due to their high selectivity to specific gases, low operating temperatures 

as compared to single metal oxide materials, and their suitability for deployment 

under harsh environments and catalytic activity [13ï15]. More details about 

perovskites will be given in section 2.3. 

In this work, I used different preparation methods (solid state reaction and sol gel) to 

produce LaFeO3 (LFO) with a perovskite-type structure. I investigated the sensing 

performance of LFO-based gas sensing materials in order to enhance the selectivity 

for unsaturated hydrocarbons, namely acetylene and ethylene, without interference 

by other gases, including CH4, C2H6, CO, CO2, and H2. This exceptional property 
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could be further improved to be only selective to acetylene alone by controlling the 

operating temperatures of the sensor. Moreover, I explored the interaction between 

the gas being sensed and the surface of the perovskite using a combination of 

simultaneous operando DRIFT (Diffuse Reflectance Infrared Fourier Transform) 

spectroscopy and DC resistance measurements. I aimed to evaluate the adsorbed 

species on the materialôs surface during the progress of the reaction, and to define 

their role in the electrochemical properties of the gaseous interaction. In addition, the 

catalytic properties of the sensitive layer (perovskite) and other sensorôs parts 

(electrodes) to the hydrocarbons have been considered in order to find out their role 

in enhancing the sensing performance of the sensor in particular the selectivity. As a 

result, I developed a deep mechanistic insight of the sensing process afforded by my 

LFO sensors. 
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2. Background  
 

2.1 Dissolved Gas Analysis (DGA) online monitoring  
 

To reach an accurate and effective online DGA monitoring, I mainly need three 

things; a gas extraction technique, a sensor to detect dissolved gases, and a method 

to interpret the DGA data. In this section, I provide an overview of each part including 

its working principles and a brief comparison between different techniques. 

2.1.1 Gas extraction methods  

 

There are many techniques to extract (degas) dissolved gases from oil. For example, 

there is a class of vacuum extraction methods using a Toepler pump or non-mercury 

vacuum pumps. It uses a repetitive vacuum extraction principle to separate gases 

from oil [16]. Another common degassing technique is based on the headspace 

principle by direct contact between the oil and a small gas phase above or through a 

membrane separating the two phases [17,18]. The latter method is widely used by 

manufacturers, such as Vaisala and SIEMENS [19]. 

2.1.2 Detection of dissolved  gases 

 

Once the gas extraction is achieved, the type and the concentrations of the gases 

can be determined by various gas detection technologies. Such technologies are 

varied and range from standard gas chromatography to the ones based on optical 

principles, with potential advantages and disadvantages associated with each 

approach, as summarized in Table 1.  
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Table 1. Comparison between different gas detection technologies [19ï22]. 

Technology Advantages Disadvantages 

Semiconducting 

metalïoxide 

¶ Most widely used sensors 

¶ High responses  

¶ Good stability 

¶ Corrosive atmospheres 

¶ Low gas selectivity 

Gas 

chromatography  

¶ Wide range of fault gases 

¶ Highest accuracy  

¶ Repeatability 

¶ Can be used only in the 

laboratory, due to the 

complexity of the equipment 

¶ Long time required to complete 

a test 

¶ Expensive 

¶ An expert is needed to conduct 

the test and interpret the data  

Thermal 

conductivity 

detector 

¶ Fast response 

¶ Stable 

¶ Wide measuring range 

¶ Simple construction 

¶ Robust 

¶ Sensitive to interfering gases 

¶ Reaction due to heating wire 

¶ Heating element reacts with gas 

Combustion cell 

detector 

¶ Often used for H2 

detection  

¶ High detection precision 

¶ Good repeat  

¶ Response capability 

¶ Limited lifespan  

¶ High cost  

¶ Detection error 

Infrared absorption 

detector 

¶ Often used for CO2 

detection  

¶ No sample separation 

¶ Not all gases have IR 

absorption 

¶ Sequential monitoring is slower 

on 

¶ multi point analyzers  

¶ User expertise required 

Fourier-transform 

infrared 

¶ Simultaneous multi-gas 

measurement 

¶ Accuracy influenced by 

moisture 

Electrochemical gas 

sensor  

¶ Small size 

¶ Working at high 

temperature  

¶ Frequent calibrations needed 

¶ Short/limited life time 

¶ Single gas measurement 

¶ Cross sensitivity to other gases 

Photoacoustic 

Spectroscopy 

¶ Wide range of fault gases 

¶ Detecting Low  gas 

concentrations 

¶ Low maintenance cost 

¶ Concentration accuracy 

influenced by the external 

temperature and pressure, and 

by vibration 

¶ Results are sensitive to the 

wave number range of the 

optical filters and their 

absorption characteristics 
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While the scope of this work precludes detailed analysis of each technique listed in 

Table 1, my focus will be on the semiconducting metal oxides (SMOX) approach. 

This is because SMOX is a promising candidate for analyzing dissolved gases in 

transformer oil due to its reliability, simplicity, and cost-efficiency in comparison to 

other techniques [23]. However, the major drawbacks of this sensor type are the low 

selectivity and strong cross interference, and this is exactly what I address in this 

work. I will show that I can achieve selectivity with my proposed LFO sensors. More 

details about SMOX will appear in section 2.2. 

2.1.3 Interpretation of DGA Data  

 

When abnormal concentrations of dissolved gases are detected, different types of 

faults can occur, such as partial discharge (PD), arcing, overheating, and thermal 

decomposition [24]. To identify the type of fault, many methods, such as the Key Gas 

Method (KGM), the Doernenburg Ratio Method (DRM), the Rogers Ratio Method 

(RRM), the IEC Ratio Method (IRM), the Duval Triangle Method (DTM), and the 

Duval Pentagon Method (DPM), have been proposed to interpret the DGA data [25ï

27]. 

The main differences between the various methods mentioned above are based on 

the used gases and identification principle. For example, an identification of the fault 

can be obtained by using the individual gas concentrations, such as in the case of 

KGM. Most interpretation methods, however, use different gas concentration ratios to 

identify the fault. Recently, Bustamante et al. [19] have summarized the main 

features of such methods, as shown in Table 2. 
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Table 2. Comparison between different interpretation methods for DGA Data. The 

table is adapted from [19].  

Method Description 
Fault Identification 

and Normal Aging 
Gas Used 

Key Gas Method 

(KGM) 

Uses individual gas 

concentrations to 

identify the fault 

Partial discharge (PD), 

arcing, overheated oil, 

overheated cellulose 

CO, H2, 

C2H2, C2H4 

Doernenburg Ratio 

Method (DRM) 

Uses four gas 

concentration ratios: 

CH4/H2,C2H2/C2H4,C2H2/CH4,C2H6/C2H2 

Thermal 

decomposition, PD, 

arcing 

H2, C2H2, 

CH4, 

C2H6, C2H4 

Rogers Ratio 

Method (RRM) 

Uses three gas 

concentration ratios: 

CH4/H2,C2H2/C2H4,C2H4/C2H6 

Normal aging, PD, 

arcing, low 

temperature fault, 

thermal fault <700°C, 

thermal fault >700°C 

H2, C2H2, 

CH4, 

C2H6, C2H4 

IEC Ratio 

Method (IRM) 

PD, low energy 

discharge, high energy 

discharge, thermal 

faults <300°C, between 

300 and 700°C, and 

>700°C 

H2, C2H2, 

CH4, 

C2H6, C2H4 

Duval Triangle 

Method (DTM) 

Uses three gases 

corresponding to the 

increasing energy 

content or temperature 

of the faults 

PD, low energy 

discharge, high energy 

discharge, thermal 

faults <300°C, between 

300 and 700°C, and 

>700°C 

C2H2, CH4, 

C2H4 

Duval Pentagon 

Method (DPM) 

Uses five gases 

corresponding to the 

increasing energy 

content or temperature 

of the faults 

Normal aging, PD, low 

energy discharge, high 

energy discharge, 

thermal faults <300°C, 

between 300°C and 

700°C, and >700°C 

H2, C2H2, 

CH4, 

C2H6, C2H4 

 

The DTM is quite a common and well established method to identify faults in 

transformer insulation materials [28,29]. The DPM is a relatively new method, and it 

was developed to enhance the DTM results. Figure 1 shows how the DMT works in 

order to figure out the fault type. Three different gases (C2H2, C2H4, and CH4) are 

used in this method, and the concentration ratios of the three gases are calculated 

using the following equations: 
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ϷὅὌ
Ͻ

   (1) 

ϷὅὌ
Ͻ

  (2) 

Ϸ#Ὄ
Ͻ

  (3) 

Where x, y and z are the gas concentrations (in ppm) of C2H2, C2H4, and CH4, 

respectively.

 

Figure 1. Duval Triangle and list of faults detectable by DGA. The figure is adapted 

from [19] 
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2.2 Semiconducting  metal -oxide gas sensors (SMOX) 
 

The working principle of semiconducting metal-oxide (SMOX) gas sensors is based 

on the change of the semiconductorsô electrical properties when they are exposed to 

analytes. The first observation of such phenomena was in the 1950s [30]. Later, in 

1962, Seiyama was the first to use this principle to detect some gases using ZnO thin 

film [31]. In the same year, Taguchi patented his gas detecting device based on 

SnO2, which was able to detect the inflammable gas by determining the electrical 

resistance change of the semiconductor [32].   

Normally, such a sensor consists of four parts including: a sensitive layer, electrodes, 

heater, and substrate (Figure 2). A substrate (such as Al2O3) with electrodes on the 

front side is generally used to measure the resistance of the sensitive material. The 

heater, which is often placed on the back side of the substrate, is used to control the 

operating temperature. 

 

Figure 2. Schematic of a SMOX sensor. 
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For a typical SMOX sensor as described above and during the gas exposure, a 

contact between the analyte and the sensor parts (the sensitive material, electrodes, 

and the substrate) takes place. Beside the sensitive material, the electrodes (such as 

platinum) can have significant catalytic effects, thereby playing an important role in 

the sensing mechanism itself for some gases. Such possible contribution will be 

addressed in my study (see section 5.2). Finally, the substrate (alumina) is 

chemically inactive, and, therefore, no significant contribution in the reaction is 

expected.  

At the level of the sensitive material itself, the measured resistance of a SMOX 

sensor is a total of three different resistances: the bulk resistance, grain-grain contact 

resistance, and grainïelectrode contact resistance. The bulk resistance is controlled 

by the free charge carries (nb) and constant; the latter two resistances depend on the 

surface concentration of free charge carriers, which are governed by the respective 

surface band bending. In the case of grain-electrode contact, the difference in the 

work function between the sensing and the electrode materials determines the 

surface band bending. Finally,  in grain-grain contact, the band bending is strongly 

influenced by the atmosphere composition [33,34].  

Because the used sensitive material in my study is a thick porous film, the measured 

resistance between the sensitive material and the electrodes is negligible due to the 

large number of grainïgrain contributions. As a result, the overall resistance of the 

thick porous film is controlled primarily by back-to-back Schottky barriers at the grain-

grain boundaries. It is worth noting here that in thin compact films, however, the bulk 

and the contact resistances between the sensitive material and the electrodes play a 

significant contribution in overall resistance [33,34].  
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The above implies that in the applications with thick porous films where grain-grain 

contact is most important, the semiconductor type (n- or p-type) plays an important 

role in understanding the mechanism of conductance change in SMOX sensors. In 

what follows, I describe the working principles of each type of SMOX sensor. This is 

important because I will later focus on p-type SMOX sensors which are not use as 

commonly as n-type SMOX sensors in the gas sensing field. 

In an n-type semiconductor:  In air and at a normal operating temperature range of 

the SMOX sensor (100 to 400°C), the oxygen adsorption process on the material 

surface can take place. A depletion layer is then formed as a result of a buildup of 

negative surface charge (yellow region in Figure 3), which leads to an upwards band 

bending as shown in the left side of Figure 3. As a consequence, only electrons with 

sufficient energy are able to overcome the potential barrier at the grain boundaries 

and can participate in the conduction mechanism. By exposing the sensor to a 

reducing gas, oxygen ions are removed from the surface, and trapped electrons 

return to the bulk of the solid. The conduction then increases due to a reduction in 

potential barrier energy (see right side of Figure 3).   
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Figure 3. The grains in the sensing layer with the depletion region (yellow color) and 

the corresponding energy band diagram in air (left side) and under reducing gas 

exposure (right side). 

 

By applying Schottky approximation, the conductance of the sensor is based on the 

number of electrons in the conduction band (CB) at the surface of the grains (ns), 

which can be described by a Boltzmann distribution at ὠ ὠ: 

ὲ ὲÅØÐ    (4) 

The resistance of the sensing layer depends exponentially on the surface band 

bending (Ὡὠ : 

ὲ ɻ ÅØÐ    (5) 

Based on that, the sensor signals (S.S) can be defined as: 

ὛȢὛ ÅØÐ 
Ў

 (6) 



23 
 

This means that the magnitude of the so-formed back-to-back Schottky barriers, 

which is indicated the band bending change, controls the conduction process. 

In a p-type semiconductor: The conductance is controlled by the accumulation 

layer which is completely different from the depletion layer. In this case, the current 

flows through the accumulation layer (grey region in Figure 4).  The space charge 

layer is more conductive than the inner part of the grains, which is in contrast to the 

case of n-type SMOX. The change in the surface band bending depends on the hole 

concentration, which is the main free charge carrier in p-type semiconductors, in the 

sensing layer. As a result, the sensor signals of p-type SMOX can be written as: 

ὛȢὛ ÌÎ
Ў

 (7) 

 

Figure 4. The grains in the sensing layer with the accumulation region (grey color) 

and the corresponding energy band diagram in air (left side) and under reducing gas 

exposure (right side). 
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By exposing the sensor to a reducing gas, oxygen ions are removed from the 

surface, and trapped electrons return to the lattice. The resistance then increases 

due to the upward band bending increases and, therefore, a reduction in the number 

of holes as free surface carries.  

2.3 General aspects of perovskites  
 

Perovskites are employed successfully for various applications in catalysis [35,36], in 

fuel cells (SOFCs) [37], and in photovoltaics [38]. Also, they have been used in gas 

sensors [39,40], the first report being proposed by Obayashi et al [41]. At that time, 

they were exposed to ethanol and carbon dioxide, and a response was only observed 

for ethanol. 

2.3.1 Structur al properties  

 

In general, perovskites have interesting electrical and thermal stability properties [42]. 

The general formula for a perovskite structure is ABO3, where A is a trivalent rare 

earth cation, such as La, Sm, Nd, and so on (with or without its partial substitution by 

a divalent alkaline earth cation, such as Ca, Sr, Ba, and so on), and B is a transition 

element, such as Mn, Co, Fe, and so on. A special property of this class of materials 

is the rich variety of possible A and B site cations. 

The ideal perovskite-type structure is cubic. In this structure, the B cation is in a six-

fold coordination and the A cation is in a twelvefold coordination with the anions. The 

Figure 5a shows one possibility of the perovskite structure where the B cation is in 

the center. Alternatively, the structure can be viewed with the corner-sharing 

octahedral units that form the skeleton of the structure, whose body-center position is 

occupied by the A cation [42]. 
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Figure 5. The perovskite structure: the center of the unit cell is cation a) B or b) A. 
The figure is adapted from [42]. 

 

One of the most common compounds in perovskites is Lanthanum ferrite LaFeO3 

(LFO). It is a p-type semiconducting material with a band gap of 2.1 eV.  

2.3.2 Surface reactions  

2.3.2.1 Adsorption types  

 

The adsorption of gaseous species on the materialôs surface can affect its electronic 

state as I explained in section 2.2. Therefore, the physical and chemical properties 

can be influenced. Based on the strength of the adsorption, three types of interaction 

are proposed, namely physisorption, chemisorption, and ionosorption. 

Physisorption can occur in all gas ï solid interaction, but it is the weakest one of all 

three adsorption types (EB < 0.518). It is controlled by van der Waals potentials, and 

there is no bonding between adsorbate and adsorbent. This means that molecular 

structures stay essentially the same. As a result, no charge transfer with the surface 

takes place [43].  

In chemisorption, species are quite strongly adsorbed on a solid surface (EB > 

0.518). In such interaction, the adsorbed molecules can also undertake a dissociative 

process as has been seen during H2 adsorption on transition metals. In a 
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chemisorption mechanism localized charge transfer takes place (covalent bonding), 

which affects the electron affinity of the sensing material. However, in contrast to a 

chemical bond, the chemisorbed species can move along the surface, resulting in a 

statistical distribution or an occurrence only at certain geometrical surface sites 

[43,44]. 

In ionosorption, the process can be considered as a special case of chemisorption. 

In this mechanism, however, a delocalized electron transfer takes place at the 

surface instead of a localized one, leading to the band bending of the surface, which 

in turn results in a resistance change. This process plays a key role in gas sensing 

mechanisms. Adsorption of oxygen on metal oxide surfaces is a common example 

for this type of mechanism [45]. 

2.3.2.2 Adsorption of Oxygen  on LaFeO3 

 

The oxygen adsorption mechanism on metal oxide surfaces plays a significant role in 

determining the sensing properties of SMOX gas sensors. Therefore, it is quite 

beneficial to address such adsorption process of LFO in this section. This would 

provide a basis for a more detailed characterization of sensing behavior in my work. 

Liu et al studied the adsorption of O2 on LFO (010) surface using Density function 

theory (DFT) [46]. They found that the surface states are near Fermi energy level and 

mainly caused by Fe 3d orbital. Moreover, the adsorbed O2 on Fe ion is much more 

stable than that on La and O ions, and the bonding mechanism of adsorbed O2 on 

surface Fe ions is the strong interaction between O 2p and Fe 3d orbital. This finding 

is in line with the experimental results suggesting that the catalytic activity of 

perovskites is mainly controlled by the B-site metal [42,47,48]. In my work, I will 
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demonstrate experimentally that the surface iron ions of LFO are also the main active 

sites in the gas adsorption mechanism (see section 5.1.1). 

2.3.3 Catalytic Properties  of LaFeO3 

 

For a good gas response to occur, an oxide must exhibit both an appropriate 

semiconducting characteristic as well as a surface that can catalyze reactions with 

neutral target molecules. This makes considering the catalytic properties of LFO quite 

essential in order to understand its gas sensing mechanisms.  

The catalytic activity of most perovskites can be improved by partial substitution of 

the A-site to induce oxygen nonstoichiometry [49,50]. However, this is not always the 

case because the catalytic properties of LaFeO3 for the low hydrocarbons conversion 

strongly depend on the catalyst elemental composition. The stoichiometric LaFeO3 

shows the best catalytic activity for the low hydrocarbons compared to different 

nonstoichiometric compounds of the same material [51].  

Velichkova and co-authors [52] studied the effects of different A-cations (Yttrium and 

lanthanum) in AFeO3 perovskites on the catalytic oxidation of hydrocarbons. They 

found that LFO indicated more efficient catalytic activity of hydrocarbons than YFeO3. 

The authors attributed this to the ability of La to stabilize the perovskite crystal 

structure, leading to an intensive conversion of Fe ions between the different 

oxidation states (Fe4+/Fe3+). This activates the hydrocarbon and oxygen molecules 

more effectively than YFeO3. 

A kinetic study through varying the O content and the crystal size has been used to 

confirm the significance of the site requirements for the methane combustion on LFO 

perovskite catalysts [53]. This study concluded that three types of reactions based on 

active sites of the catalysts take place, as shown in Figure 6. First, if the Fe atoms 
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highly coordinate with O, total combustion of CH4 is likely. Second, Fe moderately 

coordinated with O leads to partial oxidation. Third, Fe highly coordinated with 

vacancy sites leads to carbon formation. 

 

Figure 6. The Fe coordination number with oxygen on LaFeO3 surface governs the 

selectivity to total and partial oxidation as well as methane decomposition. The figure 

is adapted from [53]. 

 

 

 

 

 

 

 

 

 

 

https://www.sciencedirect.com/topics/chemical-engineering/partial-oxidation
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2.4 Adsorption and reaction of analytes  on metal oxide surfaces  
 

Adsorption and reaction of different molecules of the surface of metal oxides is a 

broad topic. In this section, I narrow my focus to only two kinds of analytes, namely 

CO2 and hydrocarbons, because I will focus on these gases in my investigations. 

2.4.1 CO2  

 

In general, adsorption of CO2 on metal oxide surfaces forms typically different 

configurations of carbonates and bicarbonates (Figure 7), and this fact is well 

addressed in the literature [54,55]. In particular, to identify the type of different 

carbonate species, the values of splitting (ȹɜ3) have been successfully used [56].   

 

Figure 7. Various configurations of surface carbonate and bicarbonate. 
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To briefly explain that, the free carbonate ion has one Raman active vibration at 1063 

cm-1, which is related to the symmetric CO stretching (ɜ1), and three infrared active 

vibrations as follows: 

¶ Out of plane deformation (ɜ2) at 879 cm-1 

¶ Asymmetric CO stretching (ɜ3) at 1415 cm-1 

¶ In plane deformation (ɜ4) at 680 at cm-1 

When a free carbonate is chemisorbed on a metal oxide surface with at least one 

coordinating cation, a splitting of the doubly degenerate ɜ3 and ɜ4 vibrations takes 

place. Moreover, the vibration of ɜ1 becomes infrared active. However, the ɜ1 and ɜ2 

vibrational frequencies are similar for all different types of carbonates and do not 

undergo energy splitting. Therefore, the identification of different configurations of 

carbonate species is only made on the basis of the splitting of the vibration ȹɜ in v3 or 

v4. The value of splitting is greatly dependent on the number of coordinating cations 

and the polarizing power of cations, which is proportional to z/r2 (z is the charge of a 

cation and r is ionic radius) [54]. Because the ɜ4 is vibrating in the low frequency 

region where strong metal-oxide stretching vibrations are expected, ɜ4 is quite difficult 

to be detectable in adsorption studies. As a consequence, the splitting value of ɜ3 is 

the only one vibration that can be effectively used to distinguish between the different 

types of surface species.  

The first experimental use of this principle was by  Nakamoto et al [56]. They 

succeeded to distinguish between bidentate and monodentate carbonate on the 

cobalt oxide surface. As a general rule of such classification, the average splitting 

values with around 100, 300 and 400 cm-1 could be assigned to monodentate, 

bidentate, and bridged carbonates, respectively. For irregular carbonate 
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configurations, such as polydentate configurations, splitting values were quite similar 

to monodentate splitting values, or even smaller. However, polydentate carbonates 

are adsorbed on the surface much stronger than monodentate ones. 

 

2.4.2 Hydrocarbons  

 

The surface chemistry reaction of hydrocarbons on metal oxide surfaces is much 

more complicated than for CO2. However, the type of surface species depends 

mainly on the temperature and the surface activity [21]. For example, the adsorption 

of olefin (alkene) compounds on the metal oxide surface in the range of temperature 

from 150°C to 200°C can yield to various carboxylate-like compounds, such as 

formates, as shown in Figure 8.  

 

Figure 8. Different configurations of surface carboxylate and formate. 
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2.5 Using Operando Spectroscopy for Understanding  the Gas Sensing 

Mechanism  
 

Understanding the gas sensing mechanism is so significant for further development 

of practical sensors. To reach that understanding, exploring the interaction between 

the gas being sensed and the surface of the sensing material is crucial, because 

such interaction can give clues as to why the compound can be so selective for only 

one or two gases. Specifically, increasing our ability to evaluate the adsorbed species 

on the materialôs surface during the progress of the reaction is a vital key in order to 

define their role in electrochemical properties of the gaseous interaction. 

One of the best possibilities for understanding the mechanistic interaction mentioned 

above is to use in situ tools where the material is behaving as it would do in real life. 

This also increases the ability of isolating intermediated species, by applying a series 

of experiments probing each step in the gas interaction cycle with the material. As a 

result, the correlation between the presence of a surfaceôs species and the influence 

on the chemical and electrical properties can be obtained. For example, in previous 

work, Arantxa Dav·-Qui¶onero et al  [57] combined an operando DRIFT cell with 

mass spectroscopy to study the role of hydroxyl groups in the oxidation of CO over 

CuO/CeO catalysts. They found that the hydroxyl group on the material surface can 

play a key role in catalytic mechanisms by determining the type of carbonate species 

that are formed on the material surface during CO chemisorption. Hydroxyls prompt 

the formation of bicarbonates, which are responsible for increasing the CO oxidation 

rates. In a similar vein, a technique combining ambient-pressure X-ray photoelectron 

spectroscopy (AP-XPS) and DRIFT spectroscopy was recently used to study the 

reactivity of CO2 on cobalt-based perovskites [58]. The authors of that study 
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investigated the effect of the bulk perovskite chemistry and electronic structure on the 

surface during the reaction with CO2. 

In lab, we combine operando DRIFT spectroscopy with DC resistance measurements 

to investigate the surface chemistry change of the sensing material simultaneously 

with its resistance measurements upon target gas exposure allowing us significant 

insight about the chemistry change at the surface. This helps us to interpret the 

reaction mechanism and find out the origin of the gas sensing mechanism of the 

sensor. 
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3. Materials and Experimental Methods  
 

3.1 Sample preparation  
 

In this section, the preparation methods of the sensitive material powders will be 

explained. The fabrication technique, which is used to fabricate my sensor, is also 

taken into account.  

3.1.1 Material synthesis  

Perovskites are highly reactive towards CO2 and humidity during preparation [59]. 

Therefore, the preparation of such materials in ambient air leads to hydroxylation and 

formation of carbonates, which will mainly be present on the surface. High 

temperature treatments are needed. However, this may lead to a decreased surface 

area, which is not desired for gas sensing. It is important to balance between 

ensuring hydroxylation and the presence of carbonates on one side and having 

relatively high surface area with homogeneity on the other side. I have used two 

synthesis approaches (solid state reaction and sol gel) to prepared LFO with a 

perovskite structure. Five different powders were made from each method based on 

the calcination temperatures, namely LFO(500), LFO(600), LFO(700), LFO(800) and 

LFO(900) ï the number in the parentheses indicates the calcination temperature. 

Moreover, non-stoichiometric compounds of LFxO(600) were synthesized by reducing 

the amount of iron as x = 0.95, 0.90, 0.85 and 0.80. 
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3.1.1.1 Solid state reaction  

 

Fixed amounts of constituent oxides La2O3 and Fe2O3 were used to prepare LFO. 

Sodium hydrogen carbonate (NaHCO3) was added in a (5:1) ratio to the total metal 

oxides, and the mixture was then fired in an alumina crucible for 10 hours at different 

temperatures between 500 and 900°C. The resulting powders were cooled down to 

room temperature and washed with distilled water to take out all traces of sodium 

compounds. Finally, the powders were dried at 70°C for 12 hours. This process is 

shown schematically in Figure 9. 

 

Figure 9. Schematic representation of LFO powder preparation by solid state 

reaction. 
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3.1.1.2 Sol Gel  

 

The amounts of La(NO3)3Ā6H2O, Fe(NO3)3Ā6H2O, and citric acid were used to prepare 

LFO based materials. The amount of citric acid was added in a (1:1) ratio to the total 

metal nitrates, and the mixture was then dissolved in distilled water. The slurry was 

mixed for one hour using magnetic stirring. After that, the solution was neutralized at 

a pH of around 6 or 7 by adding ammonium hydroxide. Then, it was kept stirring 

overnight. The resulting gel was dried at 90°C for 4 hours and then fired in an 

alumina crucible for 2 h at different temperatures from 500 to 900°C. This process is 

shown schematically in Figure 10. 

 

Figure 10. Schematic representation of LFO powder preparation by sol gel method. 
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3.1.2 Sensor fabrication  

 

The obtained powders were used as sensitive layers by mixing each of them with a 

solvent (1,2-propanediol ï Sigma Aldrich) to get a printable paste, which was 

deposited over platinum interdigitated electrodes by screen printing. The as obtained 

sensors were dried at 70°C overnight. Finally, they were calcined by applying a 

heating sequence at three steps (400°C, 500°C, and 400°C) for 10 mins each.  

The standard substrate in my measurements is the one with platinum electrodes and 

heater. An alternative substrate, however, with different electrodes and heater 

material is also used in order to investigate the role of platinum electrodes in the gas 

sensing mechanism. The electrodes of the alternative substrate were made of gold 

(Au), while the heater was made of a mix of palladium and silver (Pd/Ag). The 

schematic layout and the cross section of the LFO sensor elements are represented 

in Figure 11. 

 

Figure 11. A sensor element consists of sensitive layer (brown), interdigitated 
electrodes (grey on front side), heater (grey on back side) and substrate (white). 
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3.2 Experimental Techniques  
 

In this section, all experimental techniques that have been used in my investigations 

are briefly explained.  

3.2.1 Structural and Morphological Characterizations  

 

The powder X-ray diffraction (XRD) patterns of All LFO samples were measured 

using an XôPert PRO MRD PANalytical diffractometer from Philips, which is equipped 

with a monochromatic Cu KŬ radiation source (ɚ=0.1544 nm). The range is measured 

from 20 to 80° with a scanning speed of 1°/min. 

The morphology of the samples was also examined by scanning electron microscopy 

(SEM) using an A JEOL JSM-6500F. The acceleration voltage is 15 kV, with a probe 

current of 74 µA, and a stage height of 10 mm. All SEM images were taken from thick 

film gas sensors. 

3.2.2 DC Resistance Measurements  

 

Measuring the DC resistance changes of the sensing layer is the main output to 

evaluate the gas sensing performance of metal oxide based gas sensors. The 

schematic diagram of the experimental set-up of the DC resistance measurement is 

shown in Figure 12. A computer controlled gas mixing system equipped with data 

acquisition cards and mass flow controllers delivers a continuous gas flow (150 

mL/min) to a measurement chamber where a sensor is fixed in. A digital multimeter, 

which is also controlled by a computer, is used to read out the DC resistance of the 

sensing layer. To adjust the operating temperature of the sensor, a power supply is 

used to do that by applying a certain voltage to the heater according to calibration 

data. This allows us to measure the gas sensing performance of the LFO sensor in 
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application relevant conditions by controlling the test gas concentrations, different 

humidity backgrounds, and operating temperatures.  

 

Figure 12. Setup for the resistance measurements of the sensor. 

 

3.2.3 Operando DRIFT Spectroscopy  

 

I recorded DRIFT spectra using a Fourier transform-infrared spectrometer (Bruker 

VERTEX70v). This spectrometer acted as a narrow-band MCT detector with a 

spectral resolution of 4 cmī1. I also used a custom made chamber containing a KBr 

window to heat and record the resistance of the sensor as in its normal operation 

mode. This powerful technique allowed me to measure the resistance change of the 

sensor and its IR spectrum simultaneously under working conditions [60,61]. The 

operando DRIFT spectroscopy setup is depicted schematically in Figure 13. 
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Figure 13.  Experimental setup for simultaneous DRIFTS and resistance 
measurement. 

 

The absorbance spectra were calculated from the single channel spectra using the 

following equation:   

Absorbance (A) ÌÏÇ
   

  
  (8) 

A single channel spectrum was recorded every 15 min during test gas exposure, 

except in some cases in which it was taken in shorter time intervals in order to follow 

the adsorption kinetics. 

 

 

 

 

 



41 
 

3.2.4 Catalytic Conversion Measurements  

 

Perovskites have been used widely as catalysts. Therefore, considering the partial 

and complete oxidation of test gases on their surface is essential in order to 

understand the gas sensing mechanism. Moreover, the noble metals (such as Pt and 

Au), which are used to fabricate the sensorôs parts (electrode and heater), can have a 

considerable contribution in the consumption of some gases. Oxidation of ethylene is 

a good example of the importance of catalyst selectivity. Completely different 

products are obtained by changing the catalysts. When ethylene is oxidized over 

platinum, as platinum basically breaks C-H bonds, full combustion of the gas takes 

place, and the major products are CO2 and H2O. In contrast to platinum, palladium 

leads to the partial oxidation product (such as acetaldehyde). Silver, however, 

uniquely yields ethylene oxide [62]. Therefore, to consider such influences on the 

sensing mechanism, the measurements were performed on the sensitive material 

and the remaining parts of the sensor separately. 

The test sample (sensitive material or the remaining parts of the sensor) was placed 

between two layers of quartz wool in a quartz tube and fixed in a tube furnace 

(catalytic reactor). The gas flow was controlled by gas mixing system as described 

above. The concentration of exhaust gas (CO2) was measured by a photo-acoustic 

IR gas analyser (INNOVA 1312 LumaSense Technologies). The setup of the 

experiment is illustrated in Figure 14. 
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Figure 14. Experimental setup for catalytic conversion measurements. 
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4. Gas Sensing Properties  
 

In this chapter, I investigate the structure of different LFO materials that are obtained 

by different routes (solid state reaction and sol gel methods). The materials, which 

have perovskite structure, are used as sensitive layers to investigate their gas 

sensing performance to the different target gases. Moreover, I will provide an 

overview of the gas sensing performance of the different sensors in order to select a 

sensor that has the best gas sensing performance. The selected sensor will be used 

for further sensing investigations and also for exploring the origin of the gas sensing 

mechanism. 

4.1 Material characterization   
 

The structure of resulted powders is examined by XRD to prove their perovskite 

phase. 

4.1.1 Solid state reaction  

 

The XRD patterns of all samples are shown in Figure 15. The LFO(500) and 

LFO(600) show the amorphous phase and the typical peaks of perovskite structure 

are not visible. This means that calcination temperatures of 500 and 600°C are not 

sufficient enough to produce a perovskite structure. The single phase perovskite 

crystal structure, however, is obtained at temperatures of 700, 800 and 900°C. The 

materials with perovskite structure have the orthorhombic crystal system according to 

Joint Committee on Powder Diffraction Standards (JCPDS). The reference number of 

the matched pattern, which is indicated as red bars in Figure 15, is (37-1493). 
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Figure 15. The XRD patterns of LFO powders at different calcined temperatures. The 

referenced peaks are shown as red bars. 
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4.1.2 Sol gel  

 

The XRD patterns of LFO materials are shown in Figure 16. The black curve 

corresponds to the dried gel before calcination and indicates an amorphous structure. 

The other colored curves show the effect of calcination at different temperatures. As 

can be seen, the spectral peaks match perfectly to the well-known perovskite 

structure. This means that all of my sensing materials, which were calcined at 500°C 

and higher, had perovskite crystal structures, and appeared as orthorhombic phases 

according to Joint Committee on Powder Diffraction Standards (JCPDS). The same 

referenced XRD pattern is used (as mentioned in pervious section) and shown as red 

bars in Figure 16.  

 

Figure 16. The XRD patterns of LFO powders as prepared and at different calcined 

temperatures. The referenced peaks are shown as red bars. 
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4.2 Gas sensing performance  
 

Based on the XRD results, I have three LFO powders with perovskite structure that 

were obtained through solid state reaction and five materials that were achieved by 

the sol gel method. In this section, I will use the above mentioned powders as 

sensitive layers for sensing dissolved gases (CH4, C2H6, C2H2, C2H4, CO2, CO, and 

H2), at various operating temperatures between 150°C and 300°C.  

4.2.1 Sensors based on solid state  reaction  

 

Three different sensors namely, LFO(700), LFO(800) and LFO(900) were used in my 

gas sensing measurements because they had perovskite structures. The sensors 

were exposed to all dissolved gases separately at different operation temperatures 

including 150, 200, 250, and 300°C. Table 3 indicates the sensor signals of the 

different sensors to 500 ppm of each gas of the dissolved gases at 150°C. This 

concentration was selected to allow a relevant comparison between the gases. It is 

clear that the sensors only showed responses to acetylene and ethylene, among 

other gases. 

The sensor signal is defined as: 

3ÅÎÓÏÒ ÓÉÇÎÁÌ 3Ȣ3   (9) 

Where Rg is the measured resistance in the presence of analyte and Rair is the 

measured resistance in reference condition (dry or humid). It is important to note that 

a sensor signal of 1 corresponds to the absence of any sensor response. 

 

 



47 
 

 

Table 3. Sensor signals of LFO(700), LFO(800) and LFO(900) sensors for 500 ppm 
of different dissolved gases in power transformer oil. 

 

Because the sensors showed a good selectivity to ethylene and acetylene, I will 

focus in the following on the sensing performance of all of my sensors to only these 

two gases. The sensor signals of all sensors, obtained as an average of two 

measurements to 5000 ppm acetylene and ethylene at different operating 

temperatures (150°C, 200°C, 250°C and 300°C), are shown in Figure 17. The error 

bars indicate the full variation of the sensor signals.  

 
Sensor Signal 

     Gas 

 

  Sensor 

C2H2 C2H4 C2H6 CH4 CO2 CO H2 

LFO(700) 4 2.5 1 1 1 1 1 

LFO(800) 5.2 2.1 1 1 1 1 1 

LFO(900) 4.9 2 1 1 1 1 1 
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Figure 17. Sensor signals of LFO(700), LFO(800), and LFO(900) sensors on 

a logarithmic scale for 5000 ppm acetylene and ethylene in dry condition at 

operation temperatures 150, 200, 250 and 300°C. 

 

It is clear that the sensors almost showed the same responses to both gases at 

150°C. However, at higher temperature, they showed a more pronounced selectivity 

to acetylene. It is interesting that there was no significant change of the sensor 

signals to acetylene at all operating temperatures for all sensors except at 300°C 

where the sensor signals lost more than half of their values at lower temperatures. 

On the other hand, the ethylene response was changeable with changing the 

operating temperature. Increasing operating temperatures led to a reduction in the 

sensor signals to ethylene significantly. Moreover, the LFO(700) showed better 

selectivity to acetylene at 200°C than other sensors, suggesting a correlation 

between the calcination temperature and the selectivity to acetylene. At higher 

operating temperatures, a similar selectivity to acetylene was observed for all 

sensors. 
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4.2.2 Sensors based on sol gel 

 

I applied the same approach of gas sensing investigation to the sensitive materials 

that were obtained by the sol gel method. In this case, I had five different sensors, 

namely LFO(500), LFO(600), LFO(700), LFO(800) and LFO(900). Table 4 shows the 

sensor signals of the five different sensors under exposure to 500 ppm of each target 

gase (C2H2, C2H4, CH4, C2H6, CO, CO2, and H2) in dry conditions at 150°C. As can 

be seen, the sensor signals toward C2H2 and C2H4 were predominant compared to all 

other gases.  

Table 4. Sensor signals of LFO(500), LFO(600), LFO(700), LFO(800) and LFO(900) 
sensors for 500 ppm of different dissolved gases in power transformer oil. 

 

Because my sensors only showed significant responses to ethylene and acetylene, I 

will focus in the following on the sensing performance of all of my sensors to only 

these two gases. The sensor signals of the sensors at four different temperatures 

(150°C, 200°C, 250°C and 300°C) at 5000 ppm concentration of C2H2 and C2H4 are 

 
Sensor Signal 

     Gas 

 

  Sensor 

C2H2 C2H4 C2H6 CH4 CO2 CO H2 

LFO(500) 22.1 5.5 1.3 1.2 1.1 1.2 1.3 

LFO(600) 28.8 6.4 1.7 1.2 1.1 1.2 1.3 

LFO(700) 21.7 5.9 1.3 1.2 1.1 1.2 1.3 

LFO(800) 18.7 4.4 1.2 1.2 1.1 1.2 1.2 

LFO(900) 21.7 3.4 1.4 1.2 1.1 1.2 1.2 
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shown in Figure 18. The measurements have been done on two different groups of 

sensors from the same materials to prove the reproducibility.  

 

Figure 18. Sensor signals of LFO(500), LFO(600), LFO(700), LFO(800) and 

LFO(900) on a logarithmic scale for 5000 ppm C2H2 and C2H4 at 150°C, 200°C, 

250°C and 300°C in dry condition, A) group sensors 1 and B) group sensors 2. 
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The operating temperature plays a key role in controlling the selectivity of LFO 

sensors to acetylene and ethylene. At 150°C, all sensors showed almost the same 

responses to both gases at 5000 ppm. By elevating the temperature to 200°C, a 

clear trend towards acetylene selectivity could be observed, which peaked at 250°C. 

It is worth observing that the calcination temperature had little influence on the gas 

sensing properties. All different sensors showed a similar trend of sensing behavior 

to both gases. Moreover, the patterns of the two groups of sensors were quite similar, 

demonstrating the reproducibility of my sensors signals.  

4.3 Solid state vs Sol gel synthesis of the LFO based gas sensor 
 

In this section, I briefly show a comparison between the two different groups of 

sensors that were obtained by different synthesis methods. A possible explanation of 

the variability of their sensing performance will be discussed.  

The common characteristic of these two groups is that they showed a significant 

selectivity to acetylene and ethylene among other dissolved gases. This selectivity 

could be further improved to only detect acetylene by controlling the operating 

temperature. However, the sensitive materials, which were synthesized by sol gel, 

showed much higher responses than their solid state reaction counterparts. The 

enhancement of the sensor signals could be attributed to the morphology and the 

particle size of the materials. In the sol gel method, the particle size of the sensitive 

material was much smaller (around 50 nm) than its counterpart with size of about 1 to 

2 µm, as shown in Figure 19. The shape of the resulting powders form sol gel was 

rod-like mesoporous, whereas the particles had a cubic shape in the solid state 

method. As a result, the presence of a porous layer and small particle size had higher 

likelihood of contact with the gases, leading to enhance the interaction between the 
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gases and the sensitive materials. The shown SEM images of LFO(900) in Figure 19 

are representative examples of the images obtained from other samples using the 

two different synthesis routes that I explored.  

 

Figure 19. SEM images of LFO(900), which were prepared by solid state reaction 

(left side) and sol gel method (right side). 

 

 



53 
 

4.4 Gas sensing properties of LFO(600)  
 

Based on the above comparison, the sensitive materials that were prepared by sol 

gel showed better responses to acetylene and ethylene than the ones obtained by 

solid state reaction. Moreover, even though there was no significant difference of the 

sensing performance of all sensitive materials synthesized by sol gel, the sensor 

based on LFO(600) still seemed to perform better at 200°C and 250°C (Figure 18). 

Therefore, I decided to use LFO(600) as a selected sensor for my next investigations. 

4.4.1 Selectivity  

 

I achieved highly selective discrimination of acetylene and ethylene using resistive 

metal oxide sensors based on LFO perovskite structure. Figures 20, 21, and 22 

provide DC resistance data of the LFO(600) sensor to demonstrate the selectivity to 

acetylene and ethylene at 150°C and only to acetylene at 200°C, among other test 

gases. The sensor has been measured for each gas twice in dry conditions to 

confirm the reproducibility, and once in two different relative humidity conditions, 

namely 25% and 50% at 25°C (25% and 50% r.h. @ 25°C). 
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Figure 20. DC resistance measurements of LFO(600) sensor in 0%, 25%, and 50% 

r.h.@25°C conditions for 500, 1000, 1500, 3000 and 5000 ppm of C2H6, C2H2, and 

C2H4 at 150 and 200°C.  

 

 

Figure 21. DC resistance measurements of LFO(600) sensor in 0%, 25%, and 50% 

r.h.@25°C conditions at 150°C and 200°C for 500, 1000, 1500, 2000, 5000, and 

10000 ppm of CO2 and 500, 1000 and 1500 ppm of CO and H2.  
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Figure 22. DC resistance measurements of LFO(600) sensor in 0%, 25%, and 50% 

r.h.@25°C conditions for 500, 1000, 1500, 3000, and 5000 ppm of CH4 at 150 and 

200°C.  

 

The selectivity of the LFO sensors was valid over a range of gas concentrations and 

operating temperatures. To demonstrate this, Figure 23 shows the gas sensing 

performance for an exemplary sensor LFO(600) to acetylene and ethylene at various 

gas concentrations over a large range, and also at different temperatures. 

 

Figure 23. Sensor signals of LFO(600) on a logarithmic scale for different 

concentrations of C2H2 and C2H4 at 150°C, 200°C, 250°C and 300°C in dry condition. 
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As can be seen, the sensor exhibited similar behavioral responses to different 

concentrations of acetylene and ethylene at 150°C. The sensor signals were rising as 

a function of gas concentration. The sensor showed higher sensor signals to C2H2 

than C2H4. The responses to ethylene were greater at 150°C than at any of the 

higher temperatures. The temperature of maximum response to this gas was 

evidently below 200°C. A weak response to ethylene was observed at 200°C and 

then has disappeared completely at 250°C and higher. On the other hand, good 

responses to acetylene were still observed at higher temperatures. Therefore, my 

sensors were robust over a large dynamic range. 

4.4.2 Humidity effect  

 

I tested the response characteristics of the LFO(600) sensor, which was exposed to 

3000 ppm C2H2 and C2H4 at different temperatures, under different humidity 

conditions, including 0%, 25% and 50% r.h. @ 25°C. The results are shown in Figure 

24. 

 

Figure 24. Sensor signals of LFO(600) on a logarithmic scale for 3000 ppm C2H2 and 

C2H4 at 150°C, 200°C, 250°C and 300°C in 0%, 25% and 50% r.h.@25°C.  
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Humidity had a stronger impact on the sensor response to acetylene compared to 

ethylene. In 25% r.h.@25°C, the sensor signals to acetylene were reduced from 

around 75 to 15 at 150°C, while the response to ethylene was only decreased from 

about 65 to 50 at the same temperature. It is clear that the sensor tends to be 

saturated faster in humid conditions than in dry condition during acetylene exposure. 

Moreover, the humidity effect on the response to acetylene was decreasing with 

increasing operating temperature. In 50% r.h.@25°C, the responses were not greatly 

different from those at 25% r.h.@25°C for both gases at all temperatures. 

4.4.3 CO2 background  

 

Due to the presence of CO2 in most application environments, it is necessary to 

investigate the sensor performance in its presence. Figure 25 shows the sensor 

signals of LFO(600) sensor for varying concentrations of acetylene and ethylene in a 

background of 1000 ppm CO2 and in clean air at 250°C. The data reveals that the 

sensor responses to acetylene and ethylene remained unchanged by the presence of 

CO2 gas. This enables my sensor to work well in real world atmospheres.  

 

Figure 25. Sensor signals of LFO(600) sensor for 500, 1000, 1500, 3000, 5000 ppm 

C2H2 and C2H4 in a clean air and 1000 ppm CO2 background at 250°C. 



58 
 

4.4.4 Cross Sensitivity  

 

The cross sensitivity of the LFO(600) sensors to different combinations of acetylene 

and ethylene in dry conditions, measured at 250°C, is shown in Figure 26(A). The 

sensors have been exposed to both gases individually and simultaneously at different 

concentrations as shown in Table 5. The same measurement conditions have been 

used also in 25% r.h.@25°C for all different gas concentrations except 5000 ppm, 

which is not reachable for our gas mixing system without changing the total flow.  

Table 5. Gas flow protocol of the cross sensitivity measurements and the sensor 

signals of the sensor in dry and 25% r.h.@25°C. 

First cycle (only ethylene) 
Second cycle (only 

acetylene) 
Third cycle (both gases) 

Gas 

concentration 

(ppm) 

Sensor Signal Gas 

concentration 

(ppm) 

Sensor Signal Gas 

concentration 

(ppm) 

Sensor Signal 

0% 

r.h. 

25% 

r.h. 

0% 

r.h. 

25% 

r.h. 

0% 

r.h. 

25% 

r.h. 

500 1.4 1.1 500 2.6 1.4 
500 C2H2 +  

500 C2H4 
2.9 1.4 

1000 1.4 1.1 1000 4.2 2 
1000 C2H2 +  

1000 C2H4 
4.3 2.2 

1500 1.4 1.1 1500 5.9 3 
1500 C2H2 +  

1500 C2H4 
6.3 3.3 

3000 1.4 1.1 3000 24.1 8.4 
3000 C2H2 +  

3000 C2H4 
24.8 8.5 

5000 1.3 N/A 5000 34.5 N/A 
5000 C2H2 +  

5000 C2H4 
34.5 N/A 

 

The sensors showed almost the same response patterns to acetylene with and 

without ethylene in dry and 25% r.h.@25°C conditions, indicating good selectivity of 

my sensor. Two sensors have been used for each measurement to confirm the 

reproducibility of my findings. 
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Figure 26. The cross sensitivity of C2H2 to C2H4 for different concentrations at 250°C 

in A) dry condition and B) 25% r.h.@25°C.  

 

4.4.5 Non-Stoichiometric Compound  

 

Because the B-site in perovskites is most probably responsible for the catalytic and 

gas sensing properties (as mentioned in section 3.2), different non-stoichiometric 

compounds of LFO have been prepared through the sol gel method at calcined 
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temperature 600°C.  Five different sensitive materials of LFxO (x = 0.0, 0.95, 0.90, 

0.85 and 0.80) were prepared in order to investigate the role of non-stoichiometry 

compounds (or decreasing the amount of iron) on the gas sensing properties of LFO. 

Figure 27 shows the sensor signals of the five different sensors that were exposed to 

3000 ppm of acetylene and ethylene in dry conditions at different operating 

temperatures (150, 200, 250, and 300°C). 

 

Figure 27. Sensor signals of LFxO(600) sensors for 3000 ppm C2H2 (left side) and 

C2H4 (right side) in dry air condition at 150, 200, 250 and 300°C. 

 

The general trend of sensing behavior of all sensors to acetylene and ethylene was 

quite similar. The stoichiometric LFO sensor demonstrated the best sensing 

performance compared to non-stoichiometric LFO sensors. This was true for both 

gases at all operating temperatures, except for acetylene at 300°C. Moreover, it 

seems that the sensor response to acetylene was much more influenced by the 

change in the B-site composition than ethylene. In the case of acetylene, the sensor 

signals of the stoichiometric LFO sensor decreased to approximately half the 

maximum value in the non-stoichiometric sensors for x = 0.90 and lower. This 
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suggests that iron plays a key role in the sensing to acetylene. The sensor response 

decreased with decreasing iron content.  No further influence could be seen on the 

sensor response by decreasing the amount of iron more than 10%.  

 

4.5 Conclusion 
 

I demonstrated a novel use of the LFO compound as a highly selective sensing 

material towards only acetylene and ethylene among all other dissolved gases that 

may be present in transformer oils. Moreover, I also showed that distinguishing 

between these two gases could additionally be achieved by controlling the operating 

temperatures. Two synthesis methods have been used to produce LFO powders, 

namely solid state reaction and sol gel. The sensitive materials, which were obtained 

by both routes, showed the same trend of selectivity. However, the sensitive 

materials that were prepared by sol gel indicated much higher responses than the 

ones that were synthesized by solid state reaction. In addition, the LFO(600) was 

selected to be used for further investigation due to its superior sensing performance. 

The sensor has shown very stable responses to acetylene during cross sensitivity 

with ethylene and carbon dioxide. Even though the sensor performance was 

influenced by the relative humidity backgrounds, still quite good sensor signals could 

be achieved. 
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5. Investigations of the ethylene and acetylene sensing mechanism  
 

Based on the gas sensing results, I found that the LFO sensors show an exceptional 

selectivity to acetylene and ethylene. It is important to understand the underlying 

mechanism for future development of selective gas sensing materials. The possibility 

of understanding the sensing mechanism strongly depends on the chances of 

isolating intermediated species in the study of each step in the gas sensing cycle, as 

explained earlier (see section 2.5). In order to achieve this, my investigation plan was 

dedicated to the following key concepts: 

Å Operando diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) experiments under different conditions to provide very valuable information 

about surface change by taking IR spectra during gas exposure. Isotope labelling 

exchange experiments have been used effectively for interpreting the spectra 

associated with: 

I. H2O/D2O exchange 

II. 12CO2/
13CO2 exchange 

III. C2H4/C2D4 exchange 

Å Investigating the catalytic activity of the sensitive material and the remaining 

parts of the sensor as a necessary prerequisite to understanding their contributions in 

the gas sensing mechanism. 
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5.1 Investigation of Ethylene and Acetylene Surface Reaction s 
 

Even though my investigations were mainly focused on ethylene and acetylene to 

explore how LFO sensors react only to these two gases among all other dissolved 

gases, I also examined CO2 as an additional gas for reference. I chose this gas 

because it can be a final product of a hydrocarbon reaction, and it may therefore re-

adsorb at the surface. Moreover, perovskites are reactive to CO2 in ambient air, 

which might lead to forming carbonates at their surface [59,63,64]. Considering the 

chemisorption mechanisms of CO2 on LFO surfaces is therefore essential in order to 

achieve reliable information about resulting species, such as carbonates and 

bicarbonates. This can in turn help to interpret the DRIFT spectra of hydrocarbons. 

Figure 28 shows LFO sensor DRIFT absorbance spectra recorded at two operating 

temperatures (150°C and 250°C) under exposure to 500 ppm CO2, C2H4, and C2H2. 

The spectra were taken after 1 hour of the gas exposure and then referenced to the 

spectrum that was recorded in clean air. The sensor signals, which were calculated 

from simultaneous resistance measurements, are shown in the right side of Figure 

28. 
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Figure 28. DRIFT spectra (left side) and the sensor signals (right side) of the LFO 

sensor exposed to 500 ppm CO2, C2H4, and C2H2 in dry conditions at 150°C and 

250°C. The spectra were referenced to the spectrum that was measured in clean air. 

 

At first glance, one gets the impression that there is a correlation between some IR 

bands and the gas responses; as an example, the presence of the bands just below 

3000 cm-1 is accompanied by a good sensor response. Not that clear, because of the 

overlap between many bands between 1200 and 1600 cm-1, the presence of the 

sharp peak around 1580 cm-1 seems to also be correlated to large sensor signals. 

This makes the identification of such species very important in order to know the 

origin of the resistance change. Moreover, if the reaction of a hydrocarbon leads to a 

spectrum that is quite similar to the one of CO2, then no response from the sensor 

was recorded. The formation of CO2 at the LFO surface during hydrocarbon reactions 

except for acetylene at 150°C has been observed. In the following sections, I 

describe the results of extensive experiments dissecting the above observations and 

allowing a better understanding of the adsorption and desorption mechanisms of 

CO2, C2H4, and C2H2 on LFO.  
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5.1.1 CO2 reactivity on LFO surface  

 

The DRIFT spectra and the resistance measurements of LFO exposed to 500, 1000, 

1500, and 2000 ppm CO2 at 150°C in dry and 10% r.h.@25°C conditions are shown 

in Figure 29. The spectra were referenced to the spectrum that was recorded in clean 

air. Despite no significant change in the resistance measurements of the sensor 

under CO2 exposure in general, a sharp decrease in the resistance of the sensor in 

the first few minutes of the exposure was observed, followed by a slow recovery. The 

reversibility of the behavior can be seen at the end of exposure, with the resistance 

value jumping back in the opposite direction from the jump when gas exposure took 

place. Moreover, the effect was present when increasing the gas concentration, but 

with lower impact. The presence of humidity reduced the resistance change. These 

results indicate that the small variation in the resistance could be attributed to the 

presence of different type of species that have different electrical effects.  
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Figure 29. The resistance measurements (A) and DRIFT spectra (B) of LFO sensors 

under different concentrations of CO2 exposures (500, 1000, 1500, and 2000 ppm) at 

150°C in dry and 10% r.h.@25°C conditions. The spectra were referenced to the 

spectrum which was recorded in clean air condition. 
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All IR spectra showed a systematic change in all bands with increasing gas 

concentrations. The bands at 3666 and 3627 cm-1 can be attributed to OH groups. It 

seems that the hydroxyls were consumed to form new species that were most 

probably bicarbonates. The bands at 2363 and 2343 cm-1 are well known as 

vibrations of CO2 in the gaseous phase. Finally, the bands around and below 1500 

cm-1, in the so-called fingerprint region, were quite complex.  

The well-known information about adsorption of CO2 on metal oxides (as explained in 

section 2.4.1) and other effective experiments such as the adsorption kinetics at the 

surface and isotopic labelling will be used to make my assignments of IR peaks. 

I start with the most common isotopic labelling experiment based on H2O and D2O. 

The LFO sensor exposed to 500 ppm CO2 at 10% r.h. @25°C of two different 

backgrounds namely H2O and D2O for an operation temperature of 150°C as shown 

in Figure 30. The spectra were referenced to the spectrum that was recorded in the 

respective clean air condition. 

The two obvious bands centered at 3666 and 3627 cm-1 in OH groups are shifted to 

OD region at 2690 and 2658 cm-1, respectively. The remaining peaks are not shifted, 

which means no significant contribution of the hydrogen in these vibrations. 

Therefore, I expect that they belong to the carbon related species.  At around 1600 

cm-1, however, a very small shift can be observed, which could be attributed to the 

small contribution of the hydrogen in OCO vibration of the bicarbonate species.  This 

also gives an indication of bicarbonate formation.   
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Figure 30. DRIFT spectra of LFO sensor exposed to 500 ppm CO2 in H2O (blue 

color) and D2O (red color) backgrounds in dry condition at 150°C. The spectra were 

referenced to the spectrum that was measured in respective clean air condition. 

 

To gain a deeper insight into the reaction kinetics at the surface, I performed time-

resolved experiments for observing and predicting the nature and the adsorption 

kinetics of the surfaceôs species. Figure 31 shows the DRIFT spectra of the LFO 

sensor, which were recorded every minute, under exposure to clean air or 500 ppm 

CO2 in dry conditions at 150°C. In each panel, the reference spectrum was different: 

clean air (Figure 31A), first minute of CO2 exposure (Figure 31B), and its previous 

measurement (Figure 31C). 
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Figure 31. DRIFT spectra of LFO sensors exposed to 500 ppm CO2 and measured 

at 1, 3, 5, 10, and 15 mins. The spectra were referenced to spectra measured under: 

A) clean air, B) the first min of CO2 exposure C) its previous measurement. 
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Under gas exposure, I observed the following spectral features:  

¶ Two pronounced peaks centered at 1610 and 1295 cm-1 and two centered at 

1550 and 1340 cm-1. Both groups can be assigned to bidentate carbonates 

due to a ȹɜ3 value higher than 200.  I will name them in the following bidentate 

carbonate (I) and bidentate carbonate (II), respectively.  

¶ The presence of the bands centered at 1635 and 1245 cm-1 together with an 

increase in hydroxyl group at 3627 cmī1 are the characteristic IR signature of 

bicarbonates.  

The valley centered at 1430 cm-1 is an indication of overlapped peaks. Therefore, 

using isotopic exchange experiments is a possible way to distinguish between such 

peaks. The DRIFT spectra of LFO sensor exposed to 500 ppm 12CO2 and 
13CO2 in 

dry condition at 150°C as shown in Figure 32.  

 

Figure 32. DRIFT spectra of LFO exposed to 500 ppm 12CO2 (black color) and 13CO2 

(red color) in dry condition. The spectra were referenced to the spectrum that was 

measured in clean air condition. 
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Even though I expect to see the shifts in all carbon related species, the bands 

centered at around 1050 cm-1 do not show significant shifts. This can be attributed to 

the weak contribution of the carbon in the ɜ1 vibration mode as reported in a previous 

paper [65]. The peak centered at 1432 cm-1 is clearly observed under 13CO2 

exposure, which is most probably a result of the band shift at 1476 cm-1. This peak 

and the one at 1400 cm-1 can be associated with monodentate carbonates. The 

summary of carbon-like compounds and their characteristic IR bands based on my 

time-resolved and isotopic labelling experiments is illustrated in table 6. 

Table 6. The assignment of IR bands of carbon related species based on time-

resolved and isotopic labelling (12CO2 /
13CO2) experiments. The theoretical isotopic 

shift is (0.972). 

Surface species 12CO2 (cm-1) 13CO2 (cm-1) Shift 

Bicarbonate 1635 Hidden  

Bidentate (I) 1610 1560 0.969 

Bidentate (II) 1550 Hidden  

Monodentate 1476 1432 0.970 

Monodentate 1400 Hidden  

Bidentate (II) 1340 1295 0.966 

Bidentate (I) 1295 1270 0.980 

 

Even though I mainly use the ɜ3 vibration mode in my assignments, it is worth noting 

that the vibration band centered at 850 cm-1, which is related to the ɜ2 vibration mode, 

is shifted to 827 cm-1 under 13CO2 exposure. The isotopic shift of this vibrational 

frequency is quite similar to a calculated factor of (0.972). 
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The dynamics of species formation can be followed using the different evaluation 

strategies presented in Figure 31. The use of different references allows for a step by 

step time analysis. I found that the formation of all species starts immediately after 

the introduction of CO2. The bicarbonate and bidentate (I) species show the fastest 

buildup and also saturation after 3 and 10 minutes, respectively. The buildup of the 

bidentate (II) and of the monodentate carbonates seems to be somehow delayed; the 

former becomes the dominant process after the first minute of the gas exposure and 

reaches saturation after 15 minutes. The latter is more difficult to observe because it 

is masked by the former; it is, however, possible to clearly identify it under 13CO2 

exposure (see Figure 32). This seems to be correlated with the CO2 sensor response 

(see Figure 29A). Also, there I observed first a decrease of the sensor resistance 

followed by an increase and response saturation. 

The results obtained at 250°C are shown in Figure 33 where the LFO exposed to 

500, 1000, 1500, and 2000 ppm CO2 at 250°C in dry and 10% r.h.@25°C conditions. 

The spectra were referenced to the spectrum that was recorded in clean air.  
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Figure 33. DRIFT spectra and resistance measurements of LFO sensors exposed to 

500, 1000, 1500, and 2000 ppm CO2 at 250°C in dry and 10% r.h.@25°C conditions. 

The spectra were referenced to the spectrum that was measured in clean air 

condition. 
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By comparing Figures 29 and 33, I found that the general trends are quite similar at 

all conditions (two different temperatures and two different humidity levels). However, 

the influence of humidity and operating temperature is visible. For example, the 

response and recovery times as well as the magnitude of the sensor signals are 

affected. The species identified in the DRIFTS spectra are the same but, as in the 

case of the sensor signals, their dynamics and relative weight are impacted by the 

change of the operation temperature and humidity level. The enhancement of CO2 

adsorption in the presence of humidity on some materials, such as iron oxides, has 

been reported in the literature [66,67]. These effects are illustrated in the following 

figure where the changes that take place immediately after the gas exposure was 

stopped are shown (Figure 34). All spectra were referenced to the spectrum that was 

taken at the end of the gas exposure. 

 

Figure 34. DRIFT spectra of the LFO sensor recorded after 15 mins of the CO2 

exposure at 150°C and 250°C in dry and 10% r.h.@25°C conditions. All spectra were 

referenced to the spectrum that was measured at the end of CO2 exposure. 
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A significant decrease in the bicarbonate and bidentate (I) and monodentate 

carbonates is taking place in all four conditions with a kinetic that is mirroring the one 

recorded under exposure. The bidentate (II) carbonates are an exception, probably 

because of their stronger bond to the surface [68].  

Overall, my DRIFT results revealed that carbonates in different configurations ï 

monodentate and bidentate ï and bidentate bicarbonates were formed on the LFO 

surface in dry and humid conditions at both temperatures during CO2 exposure. It is 

important to note that the kinetic of their formation is different: firstly, the bidentate 

carbonates (I) and bicarbonates are formed followed by the monodentate carbonates 

and bidentate carbonates (II).  

Moreover, the absorption bands of LFO under CO2 exposure are quite similar to the 

ones which are reported for iron oxides [68], suggesting that the surface Fe ions are 

the main active sites in the gas adsorption process at the LFO surface. My finding is 

in agreement with a previous density function theory (DFT) study reporting that 

surface Fe ions dominate the oxygen adsorption mechanism on LFO (010) surface 

[46].  
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5.1.2 Hydrocarbons reactivity on LFO surface 

 

Good understanding of bicarbonates and different configurations of carbonate 

species will help me to identify the nature of other species that will arise during 

hydrocarbon adsorption on the surface of LFO sensor. In particular, the CO2 

formation was clearly seen during their surface reaction mechanisms.  

5.1.2.2 Surface reaction of C2H4  

 

Adsorption of hydrocarbons on metal oxide surfaces can yield to different types of 

surface species. Carboxylate-like compounds, however, are the most frequent 

surface species during alkene adsorption on metal oxides surface at temperatures 

below 200°C [69].  

It is worth showing the IR spectra of ethylene in gaseous phase before going through 

its surface reaction mechanism on LFO surface. Figure 35 indicates the absorbance 

IR bands of ethylene as taken from National Institute of Standards and Technology 

(NIST) chemistry webbook [70].  



77 
 

 

Figure 35. IR spectrum of ethylene in gaseous phase (150 mmHg diluted to a total 

pressure of 600 mmHg with N2). The figure is adapted from [70]. 

 

Some of these bands can be seen in my following investigations when ethylene is not 

completely oxidized on the surface of the material, in particular at low operating 

temperatures.  

DRIFT spectra combined with results of resistance measurements, in the presence of 

different concentrations of C2H4 (500, 1000, 1500 and 3000 ppm) in dry and 10% 

r.h.@25°C for an operation temperature of 150°C, are shown in Figure 36. The 

resistance of the sensor changed from just few tens of kOhms in clean air to about 10 

MOhms under exposure to 3000 ppm C2H4. The large resistance change is mirrored 

by a significant change in the intensity of IR absorption bands, which were 

proportional to the gas concentration. No significant difference was observed 

between dry and humid conditions for both IR spectra and resistance data.  
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Figure 36. The resistance measurements (A) and DRIFT spectra (B) of LFO sensors 

exposed to various concentrations of C2H4 (500, 1000, 1500 and 3000 ppm) at 150°C 

in dry and 10% r.h.@25°C conditions. The spectra were referenced to the spectrum 

that was measured in clean air conditions. 



79 
 

The bands at 2950, 2844, 1580, 1425, and 1370 cm-1, which are present under 

ethylene exposure did not exist under CO2 exposure. This adds a new complexity to 

the spectral profile in the fingerprint region. One possibility to interpret the spectra 

and distinguish between overlapped vibrations is to perform an isotopic exchange 

experiment. Figure 37 illustrates the DRIFT spectra of LFO exposed to 500 ppm 

C2H4 and C2D4 in dry conditions at 150°C.    

 

Figure 37. DRIFT spectra of LFO sensors exposed to 500 ppm C2H4 (black line) and 

C2D4 (red line) in dry condition at 150°C. The spectra were referenced to a spectrum 

that was recorded in dry condition. 

 

The isotopic shifts of the hydroxyl group vibrational frequencies are very close to the 

expected, calculated factor, 0.728. The bands at 3716, 3666, 3627, and 3592 cm-1 in 

the OH region were shifted to the OD region with the bands at 2740, 2690, 2658, and 
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2590 cm-1, respectively. The first two bands (3716 and 3666 cm-1) and the band at 

3592 cm-1 are attributed to terminal and rooted hydroxyl groups, respectively [71], 

whereas the peak at 3627 cm-1 is already assigned to the OH vibration of the 

bicarbonate. The two C-H bands at 2950 and 2848 cm-1 were shifted to the C-D 

region; the corresponding C-D bands were centered at a broad band at around 2152 

cm-1. Moreover, small shifts can also be seen in the bands at 1580 and 1371 cm-1 

with around 10 and 40 cm-1, respectively. These two peaks are attributed to OCO 

asymmetric (1580 cm-1) and symmetric (1371 cm-1) stretching vibrations [69]. The 

symmetric vibration showed higher shift in the isotopic experiment than the 

asymmetric one because of a considerable contribution from ŭCH to this vibration 

[69]. As a result, the bands at 2950 and 2848 cm-1 together with 1580, and 1373 cm-1 

are assigned to bidentate formate species. The band at 1425 cm-1 can be attributed 

to the ŭCH vibration of hydrocarbon fragments [72] and probably indicates adsorbed 

but unreacted/not completely reacted hydrocarbon, in this case ethylene. The highest 

intensity band at 1580 cm-1 is considered to have two components, one refers to 

formates and another to carbonates [73] because of the presence of the 

accompanying bands at 1340 and 1295 cm-1.  

Increasing the temperature to 250°C causes a loss of sensor response to ethylene. 

Figure 38 shows the IR spectra and the resistance measurement results for different 

concentrations of C2H4 (500, 1000, 1500, and 3000 ppm) at 250°C in dry and 10% 

r.h.@25°C. 
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Figure 38. The resistance measurements (A) and DRIFT spectra (B) of LFO sensor 

exposed to various concentrations of C2H4 (500, 1000, 1500 and 3000 ppm) at 250°C 

in dry and 10% r.h.@25°C. The spectra were referenced to spectrum that was 

measured in clean air conditions. 
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The analysis of the IR data reveals the disappearance of the formates, whereas the 

carbonates and bicarbonates are still present. In fact, at this temperature, the DRIFT 

spectra corresponding to C2H4 and CO2 are qualitatively identical. The fact that the 

generation of CO2 is increasing with increasing ethylene concentrations suggests that 

the carbonates and bicarbonates are the result of the reaction between the CO2 

formed by the oxidation of ethylene/reduction of LFO and the surface of LFO and by 

oxidation on the electrodes of the substrate. However, even if the sensitive material is 

reduced, the electrical effect is quite low ï see Figure 38A. The presence of humidity 

leads to a further decrease in the electrical effect, which can be correlated to 

bidentate carbonates (II) becoming the dominant species in DRIFT spectra ï this is 

similar to what I observed under CO2 exposure in the same conditions (see Figure 

33). Possibly, the accumulation of the bidentate carbonates (II) passivates the 

surface by that hindering alternative reactions that may have an electrical effect.         

To know what is exactly happening at the surface of the sensitive material during the 

first 15 minutes of ethylene exposure and the first 15 minutes after the gas exposure 

was stopped, I recorded the IR spectra of the sensor directly after the onset and 

offset of gas flow, as shown in Figures 39 and 40, respectively. In Figure 39, all 

spectra were referenced to the spectrum that was taken in clean air. However, in 

Figure 40, all spectra were referenced to the spectrum that was taken at the end of 

the test gas exposure. This is an effective way to track the adsorption/desorption 

processes of the species on/from the surface in order to follow the surface species 

formation which are responsible about the resistance change. 
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Figure 39. DRIFT spectra of the LFO sensor recorded after 15 mins of the C2H4 

exposure at 150°C and 250°C in dry and 10% r.h.@25°C conditions. All spectra were 

referenced to the spectrum that was measured in clean air.   

 

Figure 40. DRIFT spectra of the LFO sensor recorded after 15 mins of the C2H4 

exposure stopped at 150°C and 250°C in dry and 10% r.h.@25°C conditions. All 

spectra were referenced to the spectrum that was measured at the end of C2H4 

exposure.                              
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At the beginning of ethylene exposure at 150°C, the formation of the surface species 

(carbon related compounds and formates) is observed clearly ï see the upper panel 

of Figure 39. At this temperature, the formates and the hydrocarbon fragments are 

the dominant surface species in both conditions dry and humid. When the gas 

stopped at 150°C (the upper panel of Figure 40), a significant decrease in all species 

types, except hydrocarbon fragments, takes place in dry and humid conditions, 

suggesting that the hydrocarbon fragments  need  more time than others to be 

removed. At 250°C, the kinetic of adsorption and desorption mechanisms are quite 

identical to the ones under CO2 exposure (see Figure 34). The DRIFT results 

revealed that the presence and disappearance of formates is correlated with the 

electrical change of the sensor under ethylene exposure.  

5.1.2.3 Surface reaction of C2H2  

 

As is well known, acetylene is much more stable than ethylene. In acetylene, the two 

carbon atoms are connected by triple bond (one sigma (ů) bond and two pi (ˊ) 

bonds). In ethylene, however, only two bonds are attaching the two carbon atoms, 

namely sigma and pi bonds. 

A similar way of surface chemistry investigations will be also used in acetylene case. 

The IR spectrum of acetylene in gaseous phase is shown in Figure 41. 
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Figure 41. IR spectrum of ethylene in gaseous phase (50 mmHg diluted to a total 

pressure of 600 mmHg with N2). The figure is adapted from [45]. 

 

Among all IR bands, the two peaks centered at 3300 cm-1 are a signature of the 

presence of acetylene in the porous of the sensitive material without adsorbing. The 

remaining IR peaks of acetylene spectrum are most probably overlapped with other 

vibrations (carbonate and metal - oxide vibrations). 

The reaction of acetylene on the LFO sensor is of special interest since the sensor 

shows a good response to acetylene at both temperatures (150°C and 250°C), which 

is in contrast to the case of ethylene. To follow such a reaction, I performed two sets 

of experiments similar to the ones that I did for ethylene, where the sensor exposed 

to different concentration of C2H2 in dry and 10% r.h.@25°C for an operation 

temperature of 150°C and 250°C. The results are shown in Figures 42 and 43, 

respectively.  
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Figure 42. The resistance measurements (A) and DRIFT spectra (B) of LFO sensor 

exposed to various concentrations of C2H2 (500, 1000, 1500, and 3000 ppm) at 

150°C in dry and 10% r.h.@25°C. The spectra were referenced to spectrum that was 

measured in clean air. 
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Figure 43. The resistance measurements (A) and DRIFT spectra (B) of LFO sensor 

exposed to various concentrations of C2H4 (500, 1000, 1500 and 3000 ppm) at 250°C 

in dry and 10% r.h.@25°C. The spectra were referenced to spectrum that was 

measured in clean air. 
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As can be clearly seen, the reaction of acetylene at the LFO surface leads to the 

formation of formate, carbonate, and bicarbonate species at both temperatures. The 

hydrocarbon fragment at 1425 cm-1 was only observed at 150°C, which is quite 

reasonable because increasing the temperature usually accelerates the chemical 

reactions. The two new bands at 3313 and 3260 cm-1 are associated to acetylene in 

the gaseous phase [70].  The formate was the main adsorbate at 150°C and, in dry 

condition, I recorded a very large sensor signal, quite similar to the one 

corresponding to ethylene exposure at the same temperature. At 250°C one records 

a significant reduction of the sensor signal and a significant decrease of the 

magnitude of the formate bands. The contribution of the carbonates increases in line 

with the reduction of the material indicated by the gaseous CO2 bands.  

The sensor response was reduced at both temperatures by the presence of humidity. 

A possible explanation is provided by DRIFT: in Figure 42, at 150°C, one can very 

clearly see that the intensity of the gas phase acetylene bands is much higher in 

humid conditions than in dry ones. The same tendency is also observed at 250°C; 

see Figure 43. This may indicate that the dissociation of acetylene is inhibited by the 

additional coverage with OH groups ï the result is the decrease of the concentration 

of formates.  

To gain better insights about the surface reaction mechanism during the first 15 

minutes of acetylene exposure, the DRIFT spectra of the sensor were recorded at the 

first contact between the gas and the sensor and once it was stopped, as shown in 

Figure 44 and 45, respectively. In Figure 44, all spectra were referenced to the 

spectrum that was taken in clean air. However, in Figure 45, all spectra were 

referenced to the spectrum that was taken at the end of the acetylene exposure.  
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Figure 44. DRIFT spectra of the LFO sensor recorded after 15 mins of the C2H2 
exposure at 150°C and 250°C in dry and 10% r.h.@25°C conditions. All spectra were 
referenced to the spectrum that was measured in clean air.   

 

Figure 45. DRIFT spectra of the LFO sensor recorded after 15 mins of the C2H4 
exposure stopped at 150°C and 250°C in dry and 10% r.h.@25°C conditions. All 
spectra were referenced to the spectrum that was measured at the end of C2H4 
exposure. 

The formates formation on LFO surface and their desorption processes at both 

temperatures in dry and 10% r.h.@25°C conditions are taking place in all four 
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conditions with a kinetic that is correlating the one recorded the electrical 

measurements under acetylene exposure and once it is stopped. The DRIFT 

spectrum of LFO, which was taken after 15 minutes from the end of gas exposure in 

dry condition at 150°C (see the black line in the upper panel of Figure 45), shows a 

clear decrease in formate species while the carbonates still can be observed at the 

surface. Consequently, without doubt, the formates are the surface species that are 

responsible for the electrical effects.  From the same spectrum, the peak centered at 

1580 cm-1, which is associated to formate vibrations, can be distinguished from the 

one centered at 1610 cm-1, which is related to the bidentate carbonate. Normally, it is 

difficult to distinguish between such peaks because they are close to each other and 

overlapped. Moreover, the combustion of acetylene at 150°C is much lower than at 

250°C - this is indicated by the absence of CO2 formation and the high intensity of IR 

bands of acetylene in gaseous phase at 150°C. 
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5.2. The role of platinum in the gas sensing mechanism  
 

The above results have all focused on different aspects related to the sensitive 

material of SMOX sensors and how selectivity in gas sensing can be achieved. 

However, the type of electrode used can itself influence gas sensing performance, as 

explained in the Introduction (Section 2.2). To investigate this issue, I next used two 

LFO sensors that were deposited on two different electrode materials, namely 

platinum (LFO @ Pt ï electrode) and gold (LFO @ Au ï electrode). All other 

experiment conditions were the same. The resistance measurements and the 

operando DRIFT spectroscopy characterizations of the two sensors will be 

investigated in the following sections. 

5.2.1 DC resistance measurements  

 

The DC resistance results of the two sensors to various concentrations of ethylene 

and acetylene (500, 1000, 1500 and 3000 ppm) at 0%, 25% and 50% r.h.@25°C, 

and also at four different sensor operating temperatures (150, 200, 250 and 300°C) 

as shown in Figure 46 and 47. 
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Figure 46. DC resistance measurements of LFO @ Pt ï electrode and LFO @ Au ï 
electrode sensors at 0%, 25% and 50% r.h.@25°C for 500, 1000, 1500 and 3000  
ppm of C2H4 and C2H2 at 150 and 200°C.  

 

 

Figure 47. DC resistance measurements of LFO @ Pt ï electrode and LFO @ Au ï 
electrode sensors at 0%, 25% and 50% r.h.@25°C for 500, 1000, 1500 and 3000  
ppm of C2H4 and C2H2 at 250 and 300°C.  




































