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Abstract of the Dissertation 

Metal oxide semiconductor (MOS) gas sensors that detect inflammable and 

toxic gases through changes in the resistance of sensing elements and paly a very 

important role in a variety of applications. Tungsten trioxide (WO3) is one of the 

most investigated materials for MOS gas sensors. Despite for the numerous 

investigations, the basic sensing mechanism of WO3 is far from being well 

understood, especially the sensing of inflammable and reducing gases, for which 

demonstrate a different sensing process with the conventional MOS gas sensors. 

On the other hand, investigations on the sensing process of typical inflammable 

gases (H2, CO and CH4) allow us an indirect approach to study the surface 

oxygen activity and reaction properties with gas molecular. This is beneficial for 

a better understanding of the surface process of WO3 during gas sensing. The 

present dissertation is focused on the basic sensing properties of inflammable 

gases and their interaction routines with surface adsorbed oxygen and lattice 

oxygen. In addition, the effect and mechanism of additive Pd on the sensing 

process are studied.   

The WO3 sensors were prepared from a kind of lamellar-structured 

nanoparticles by using screen-printing method. The microstructure of neat and 

Pd-loaded WO3 nanoparticles and sensor devices have been studied. The resistive 

response of typical inflammable gases (H2, CO and CH4) was investigated. The 

effects of Pd-loading and humidity on the sensing properties were also discussed. 

Oxygen adsorption and interaction with WO3 were studied based on the resistive 

response under different atmospheres and TPD measurements. The activity of 

surface lattice oxygen was evaluated through the resistive response and TPR tests 
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of inflammable gases in the absence of oxygen. 

It was found that the resistive response with a designed background allowed 

us a simple way to investigate the sensing process and mechanism. The oxygen 

adsorption and interaction with neat WO3 was really weak, resulting in a small 

response to inflammable gases. However, Pd-loading enhanced the electronic 

interaction of oxygen with WO3 and activated the reaction of surface lattice 

oxygen. Therefore, Pd-loading not only promoted the sensing response but also 

changed the basic sensing mechanism of WO3 sensors.                 
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CHAPTER 1 

1 Introduction 

1.1 Metal Oxide Semiconductor Gas Sensors 

Gas sensors are developed for the detection of combustible, flammable and 

toxic gases. They play an important part of many different types of applications 

such as on oil rigs, manufacture processes, emerging technologies and 

firefighting [1-4]. Among them, one of the kind’s sensors based on metal oxide 

semiconductor (MOS) known as chemo-resistive gas sensors plays a great role 

and has been applied for many purposes [3-6]. MOS gas sensors have the 

property to change the conductivity of sensing material in the presence of 

reducing and oxidizing gases. The development of MOS gas sensors started from 

the work of Brattain and Bardeen in the late 1940s [3, 7], who clarified that the 

resistance of semiconductors was very sensitive to adsorption from the gaseous 

ambient surrounding it [7-8]. Following up these works, Seiyama et al., 

demonstrated that the conductivity of thin films of Zinc oxide (ZnO) was very 

sensitive to the presence of traces of reactive gases in 1962 [5] and similar 

properties were also observed for Tin dioxide (SnO2) by Taguchi in 1962 [3, 9]. 

MOS gas sensors based on SnO2 was firstly commercialized by Taguchi 

(Taguchi-type sensors) who established the FIGARO Eng. Company [3, 9]. 

Nowadays, FIGRAO is still one of the leading companies in MOS gas sensors 

[3]. Over the past few decades, SnO2 gas sensors have become predominant in 

the field of gas alarms used on domestic, commercial and industrial premises [2, 

6, 7, 9-10]. Along SnO2, however, several metal oxides such as Tungsten trioxide 
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(WO3), Titanium oxide (TiO2) and titanium-substituted chromium oxide (CTO) 

are potential materials for the application of semiconducting gas sensors [11-12]. 

Table 1 lists the most studied metal oxides as semiconducting gas sensors and 

their target gases [11]. It is noteworthy that WO3 is one of the most investigated 

materials for MOS gas sensors and one of the few materials has been used in 

commercial devices [13]. It has a good performance in the detection of NOX 

[14-15], NH3 [14], O3 [16] and H2S [14].    

10%

3%

13%

3%14%
3%

7%

5%

35%
7%

 TiO
2
 (O

2
, CO)

 SnO
2
 (H

2
, CO, CH

x
)

 InO
x
 (NO, O

3
)

 WO
3
 (O

3
, NO

2
, H

2
S)

 FeO
x
 (H

2
,CO)

 Other oxides

 Ga
2
O

3
 (O

2
)

 Mixed oxides

 Nb
2
O

5
 (CO, NH

3
)

 ZnO (H
2
, CO, H

2
S)

 

Figure 1-1 a pie chart of relative comparison of metal oxides used for gas sensing 

applications and their typical detect gases [11]. 

However, it is unfortunately found that MOS gas sensors always suffer 

problems of poor selectivity and stability [17-20]. The sensor resistance is 

sensitive to many gases and the resistance is often not reversible or reproducible 

when the gaseous ambient is restored to its initial condition [17]. Therefore, 

numerous efforts have been undertaken to overcome these drawbacks. To 

enhance the selectivity, various techniques, e.g.: modification of sensing working 

temperatures, development new sensing material and sensor structures and the 

application sensor arrays. Nevertheless, the most frequent and simple way to 

promote the performance is usage of different metallic additives [17, 21-25]. 

Commonly, noble metals, such as Au [17, 23], Pd [17, 22, 24-25] and Pt [17, 23] 
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are the most used and effective additives for MOS sensors. Noble additives can 

modify the gas interaction process with sensors (Receptor function), the 

conduction process (Transducer function) and the gas diffusion process (Utility 

factor) [25]. Theoretical investigations on the basic sensing mechanism of MOS 

are one of the most interesting topics in surface science and semiconductor 

physics. Nevertheless, a clear understanding of sensing mechanism is really 

helpful to design high performance MOS gas sensors.   

1.2 Basic Sensing Mechanism 

Generally, the working principle of MOS sensors can be described as a 

charge transfer process, which triggers a relative change in the sensor resistance, 

i.e., sensor signal. This process can be understood from the two basic functions 

of MOS gas sensors as illustrated in Figure 1-2.   

Receptor function Transducer function Utility factor

O

O

eO 22 

H2O

H2

ω O

Rg

e

2

 

Figure 1-2 schematic representation of the receptor and transducer function of an n-type 

MOS gas sensor.  

Firstly, gas adsorption or reactions on the surface induce a change in the electron 

trap states [3-4, 7-9]. Then the variation in the trap states leads to a change in the 

conductivity through the transducer function of sensors. Thus, studies on sensing 

mechanism of sensors mainly deal with these two aspects, namely, basic 
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conduction process of oxides and gas adsorption and reaction on the oxide 

surfaces [3, 9, 26]. 

1.2.1 Physical conduction process 

For a long time, it has been recognized that the transducer function of metal 

oxide sensors is size and shape dependent [15, 26-27]. A Schottky potential 

barrier across the contact of metal oxide grain fully control the transducer 

function of sensors, when the depletion width () is far less than the grain size (d) 

[28-29]. However, with decreasing the crystal size, the transducer function is 

changed to a volume depletion model and the sensors become more sensitive 

[27-29]. When the metal oxide grain is far larger than the depletion layer near the 

surface, the surface Schottky barrier across each grain boundary dominate the 

conduction process and the transducer function as schematically illustrated by 

Fig. 1-3 [4, 6]. The chemisorbed oxygens (O
-
) built up the surface potential 

barriers. In the presence of reactive gases such H2 and CO, adsorbed oxygen 

reacts with gas molecules. Consequently, the concentration of O
-
 is decreased, 

leading to a reduction in the potential barrier and the sensor resistance. On the 

contrary, contacting with NO2 and O3 introduce new acceptors states and increase 

the height of potential barrier. As a result, the sensor resistance is increased. 

Generally, the electron conduction governed by the Schottky barrier can be 

described [4, 7, 28]:  

)(-exp
kT

qV
Nn s

ds    (1.1) 

Here ns free carrier density Nd the donor density, VS the height of the potential 

barrier and q elementary charge of electron. T and k are the Boltzmann constant 

and temperature, respectively. The resistance of sensing body, Rg, can be 
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considered to be inversely proportional to ns, and represented as:  

)(exp0
kT

qV
RR s

g    (1.2) 

R0 is the sensor resistance free of gas interaction (constant) and can be considered 

as sensors resistance in N2 (RN2). The Schottky barrier control sensing 

mechanism is always characterized by power law relationship of sensor 

resistance with gas concentrations [30], as demonstrated by (3).  

ncPR g PncRg lnln 0 or (1.3)
 

Where a, n, c and co are constants, and n is the so called power-law exponent. P 

is the gas partial pressure or concentration.  
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Figure 1-3 (a) Schottky barrier across the grain boundaries for the conduction process, 

(b) Surface band bending for the n-type metal oxide semiconductor. EC and EV 

conduction band and valence band of grain bulk, respectively. EF Fermi level, Es the 

acceptor states formed by the depletive adsorption. 

When the size of the metal oxide grains or crystals becomes smaller and 

comparable with the double of the depletion width (2), the sensing properties 

are known as size and shape dependent [15, 28-29]. Then, the basic sensing 

mechanism is changed from a Schottky barrier model into a volume depletion 

model. In the present case, we consider a thin plate semiconductor with a 
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thickness of 2a. For simplicity, oxygen is assumed as the only surface charged 

species with a density of Nt raised by increasing PO2. Figure 1-4 shows the 

profiles of the band bending and depletion width with various PO2 for a plate 

nanocrystal. As PO2 increasing, surface potential barrier is formed with a 

depletion width (I). Further increasing PO2 to PO2(II), the band bending and 

depletion width are enhanced as shown in the figure. In the state (II), the 

depletion layer is equal (2=2a). In other words, the whole crystal is full 

depleted and there is no place for further depletion. Then the band is bended to 

state (II). With further increasing PO2, the depletion is fulfilled by a shift down of 

Fermi level (pkT) according to the volume depletion model. However, the 

profiles of the band bending and depletion width should be kept same state as 

PO2(II) [28-29]. Therefore, it is obvious that the electron conduction for 

nanocrystal semiconductor sensors is significantly different from that of large 

crystals.  

2a
Plate

d x
y

z

0

0 a-a

І

ІІ ІІІ

EC

ECB

EF

pkT
EF(III)

EF(II)

x

a=ω

(d>>a)

PO2 (0)

PO2 (I)

PO2 (II)

 

Figure 1-4 plate shape of crystal with lateral size (d) far larger than thickness and the 

profile of the band bending with PO2.  

The electron conduction process in volume depletion model can be 
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approximately described by the following equations 

)]
2

(exp[
2

p
n

Nn ds   (1.4) 

Here, n=a/LD. The sensor resistance is, therefore, can be expressed as:  

)
2

exp(
2

0 p
n

NRR dg   (1.5) 

It is found from (1.5) and (1.6) that the conduction process in volume depletion 

model is size and shape dependent. Derivation from the above equations, the 

sensor resistance in volume depletion is linearly depended on P
α
.  

1)(
1

20

0

 O

g
Pk

aR

R
   (1.6) (O2
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) 

1)(
1 2/1

20
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 O

g
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-
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1)(
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20

0
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g
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R
  (1.8) (O

2-
) 

Where the power factor α is strictly equal to 1, 1/2 and 1/4 according to the 

charged state of adsorbed oxygen (O2
-
, O

-
 and O

2-
). For the first time, it was 

realized that the basic sensing properties of nanosized semiconductor gas sensors 

can be interpreted by the volume depletion theory.     

1.2.2  Gas interaction with sensors 

For the receptor function (gas adsorption and reaction), it is really complex 

and one of the most interesting subjects for surface science. Gas interaction and 

reaction on the surface of metal oxides is the basic content of sensing mechanism, 

which trigger the charge transfer process responsible for sensing response. 

Oxygen chemically adsorbed on the surface plays a basic role in the gas 

interaction and reaction with reactive gases in air ambient and is responsible for 

the receptor function of sensors [1, 3, 4, 9]. Therefore, investigations on oxygen 
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adsorption are one of the effective approaches to clarify the sensing mechanism. 

One of our tasks of the present study is to reveal the oxygen adsorption and 

interaction on the surface of WO3. For a long time, chemical adsorption of 

oxygen known as ionsorption with a charge transfer from conduction band in the 

form of superoxide ions (O2
-
), charged atomic oxygen (O

-
) and peroxide ions 

(O
2-

), respectively [4, 6, 8, 31]. Generally, in the temperature of sensors operation 

(ca. 200 ºC or above), O
-
 is believed to be predominated on the surface [31]. It is 

suggested that oxygen vacancies (VO) on the surface are the active sites for the 

chemical adsorption of oxygen [31-35]. Figure 1-5 shows a schematic model for 

oxygen adsorption on SnO2 (110) surface with oxygen vacancy sites. 

 

Figure 1-5 schematic model illustrating the dissociation and adsorption process of 

oxygen on SnO2 (110) surface. 

Oxygen molecules dissociate at an oxygen vacancy site and fill the vacancy sites. 

And then, the other oxygen atom is singly coordinated to an uncoordinated metal 

atom [32-33]. 
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As shown in Fig. 1-2, adsorbed oxygens on the surface acting as receptor, 

react with inflammable gases such as H2, CO and CH4 resulting in a reduction in 

surface potential barrier and a relative change in sensor resistance, i.e., sensor 

signal. Equation R1 describes the above process 

-OA eAO  (R1)
k1

 

Here, k1 and k-1 are forward and reverse reaction constant, respectively and A 

reducing gas. However, it should be noted that reducing gases could also directly 

react with surface of metal oxides, such as adsorption and surface redox process 

[36-40]. Recent studies demonstrated that CO could react with lattice oxygens of 

sensor surface [36-37]. With an extremely low oxygen ambient or absent of 

oxygen, Hübner, et. al., found that the sensor resistance of SnO2 decreased by the 

presence of CO with the formation of CO2, however, resistive response was not 

reversible [37]. Therefore, it is naturally proposed that the surface of SnO2 could 

be directly reduced by CO with the additive of Pt [38]. Similar results were also 

observed for neat WO3 [36-37]. It was observed that WO3 surface exhibited a 

redox reaction in the background with very low oxygen concentration [37]. The 

resistive response through the direction interaction of reducing gases with metal 

oxide surface can be expressed by: 

eVMAOMOA O

nn

L   )1(2 (R2)
 

  n

LO

n MOeVMO 2)1(

2
2

1
(R3)

 

Where M stands for the metals listed in Fig. 1-1, OL is the lattice oxygen on the 

surface of metal oxides. 

Another reaction routine of reactive gases with sensor surface is a direct 

adsorption behavior. It was observed that with a poor oxygen background, CO 
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and H2 could adsorb on the surface of SnO2 injecting electrons into conduction 

band [37, 39]. Consequently, a revisable response was observed [39]. Reaction 4 

illustrates the adsorption of CO on SnO2 surface [37, 39]. Where SD denotes the 

adsorption site on the surface, such as a single coordinated oxygen anion [39].  

eCOCOSCO DDDg  
  (R4) 

Computational results show that H2 can also chemically adsorb on the fivefold 

coordinated W atoms on the surface with a charge transfer process [2]. Therefore, 

it can be concluded that the interaction and reaction of reducing gases with 

sensor surfaces have three different routines.  

Gas sensors operated in the aerial atmosphere are inevitably suffered from 

problems caused by the presence of humidity [9, 41-44]. Water vapor has a 

strong effect on the base resistance of sensor; therefore, it hinders the application 

of MOS sensor as measuring devices such as monitors [43-44]. The resistive 

response is significantly influenced by the humidity. It is because that the gas 

interaction and reaction is considerably different from that in a dry condition 

[41-44]. Thus, clarification of water interaction with metal oxide surface is a very 

important task. Yamazoe, et. al., reported that water dissociatively adsorbed on 

the surface of SnO2 can significantly inhibit O
2-

, which is really active for gas 

reaction [43-44]. It was also found that a long term effect of humidity increases 

the sites for oxygen adsorption [44]. Other researches argued that water 

chemically adsorbed on the surface acts as donors resulting in a reduction of 

sensor resistance [41]. Water dissociatively adsorbed on the surface of metal 

oxides such as SnO2 and TiO2 with a similar way to oxygen molecules [45-51]. 

Figure 1-6 illustrates water dissociation on the (110) surface of TiO2 and SnO2. 
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Oxygen vacancies on the surface are shown to dissociate H2O molecules. One 

proton is transferred to the nearby oxygen atom forming hydroxyl group and the 

rest OH fill the vacancy sites [45-49]. As a result, every oxygen vacancy can 

form two hydroxyl groups [45-50]. The built up OH groups not only interact with 

oxygen but also reactive gases [50-51]. Therefore, the sensing process is 

considerably changed by the presence of water vapor [41-44]. One of tasks of 

present study is investigation on the humidity effect on the sensing properties of 

WO3 gas sensors. 

 
Figure 1-6 water molecules dissociation at oxygen vacancy sites of SnO2 and TiO2 

surface with formation two OH groups.  

Lastly, it should be noted that additives such as Au, Pd and Pt can also 

significant modify the gas interaction and reaction process [1, 17, 22-25, 52-54]. 

Au is known for the spill-over effect as schematically illustrated in Fig. 1-7 (a). 

The spill effect can enhance the adsorption of oxygen and promote the 

oxidization of reducing gases with chemically adsorbed oxygen [17, 22-25]. The 

role of Pd is always explained by the Fermi-level control model as shown Fig. 

1-7 (b). Pd is convinced appeared as oxidization states and the chemical 

stoichiometry are sensitive to reducing gases. The change in the oxidation states 

of Pd is reversible, therefore, it can be considered as additional electron trap 

states on the surface [53], enhancing the sensing response to reducing gases.   
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Figure 1-7 mechanism of noble metal additives (a) spill-over, (b) Fermi-level control. 

However, recent studies based on the operando spectroscopies have revealed 

that the chemical state of Pd and Pt on the surface of sensors has no change upon 

reducing gases [22-25]. Therefore, it is proposed that the dispersed Pd and Pt 

form clusters with the scale of atom and bond with the metal oxide surface 

resulting in the shallow surface reconstructions [22-25]. This creates new sites 

for the adsorption of oxygen and promotes the sensing response.    

1.3 Characteristics of WO3  

1.3.1  Bulk properties 

 WO3 is one of the most important transition metal oxides and finds a wide 

variety of applications in catalysis, electrochromic displays and gas sensing 

[55-57]. It is known that the phase structure and structural distortions of WO3 are 

quite complex [14, 58-59]. Full stoichiometric WO3 adopts a structure derivated 

from a cubic ReO3 structure, and can be approximated as a cubic array of 

corner-shared WO6 octahedra as shown in Figure 1-8 [58-59]. Various phase 

structure and structural distortions can be considered from the tilting of the WO6 

octahedra and or the shift of tungsten ions from the centers of the octahedra. 

These phase structures are temperature-dependent [58-59]. Up to around 1170 K, 

it experienced at least 5 transitions [60]. From room temperature to 630 K (MOS 

sensors operating region), monoclinic γ -WO3 (Lattice constants a=0.7297 nm, 
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b=0.7539 nm, c=0.7688 nm and β=90.91) is favored and stable one [36, 61-62]. 

It is reported that the catalytic and gas sensing properties are phase structure 

dependent [63]. For example, the oxidized monoclinic WO3 is more active in 

photocatalytic behavior than the hexagonal one [64]. However, in the sensing of 

NOX and isoprene gases, the hexagonal phase is more sensitive than the 

monoclinic structure [64]. Normally, in the range of temperature of gas sensor 

operation (the transition temperature from monoclinic to orthorhombic around 

330 ºC), WO3 has two different crystalline structures [63-64].  

 
Figure 1-8 WO6 octahedron of monoclinic WO3 shown as corner-sharing octahedra. 

Stoichiometric monoclinic WO3 is an insulator at room temperature [64]. 

However, WO3 is readily to loss oxygen to form WO3-x. With oxygen deficiency, 

it is an n-type semiconductor with a band-gap of 2.62 or 2.7 eV [64]. Oxygen 

vacancies are the predominant defect and greatly alter the bulk electronic 

transport properties by introducing donor states into the bulk band gap [64]. With 

a strong reduction condition (x>10
-4

), point defects are eliminated by the 

formation of crystallographic shear (CS) planes along (1m0) directions [61-62]. 

This is realized by changing the corner-shared WO6 into the edge sharing (WO4) 

[59-61].  
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1.3.2  Surface structure  

 Fundamental understanding of gas sensing is closely related to the surface 

structures of WO3. It is significantly different from SnO2 that the surface of WO3 

is really active for various catalytic processes; however, SnO2 surface is 

chemically inert [61-68]. It is catalytically active for hydrocarbon cracking 

reactions, hydrotreating reaction, alcohol dehydrogenation, alkane hydrogenation 

and metathesis [64-67]. WO3 is potential for acid-catalyzed reactions such as 

hydroisomerization [64]. In addition, WO3 can also be used to selectively 

catalytic reduce NO released from power plants by NH3 [65-67]. It is well 

accepted that these catalytic processes are related to the surface active sites, the 

coordinatively unsaturated sites (cus), i.e., the fivefold W and the single 

coordinated oxygen anions and surface oxygen vacancies [61, 68-69]. It has been 

recognized for a long time that oxygen vacancy is the predominant defect on the 

surface of WO3 [36-37, 70]. The surface oxygen is readily to loss upon reduction 

conditions [36-37, 61, 71]. It has been recognized that the oxygen vacancy 

formation enthalpy decreases and becomes exothermic under poor oxygen 

containing condition [36]. In other words, thermodynamically, the surface will be 

reduced spontaneously [36, 61, 70-71]. In addition, surface reduction progress 

can be significantly changed by different pretreatments such as ion bombardment 

and electron irradiation [61, 70-71]. 

The catalytic activity of WO3 is known as structure-sensitive, because the 

oxidation state of metal cus (unsaturated sites) and the concentration of terminal 

oxygen depends on the structure [61, 63, 69]. In addition, Surface reduction also 

affects the structure and morphology of WO3 surfaces by eliminating terminal 
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oxygen, migrating reduced species into the bulk and forming CS planes [61, 63]. 

It has been reported that monoclinic WO3 (001) surface has the lowest energy 

and demonstrates a number of reconstructions depending on treatment conditions 

[61-63]. The c (2×2) surface as pictured in Figure 1-9 with half of the terminal 

oxygens are eliminated to produce a stable, charge-neutral surface. Formally, the 

oxygen atoms cover every other W cation. However, the surface is considered as 

fully oxidization and all the W ions are in +6 oxidation state [61-63]. With 

further reduction, WO3 is susceptible to oxygen loss and forms a serious of 

reduced surfaces reconstructions such as p (2×1) and (1×1). There is no terminal 

oxygens left for (1×1) surface, and all W is reduced to 5+ states [60-64]. Figure 

1-7 schematically illustrates the reconstructed surface for (001) surface. 

 
Figure 1-9 model for the c(2×2) reconstruction of WO3 (001) surface. The blue ball 

indicates five and six coordinated Tungsten cations (W5c, W6c). The gray ball denotes 

the in plane oxygens and yellow one is the singly coordinated terminal oxygen. 

1.4 WO3 as Gas Sensors 

WO3 is one of the most studied materials for metal oxide semiconductor gas 

sensors and it is one of the few materials has been successfully commercialized 

[13-16, 18, 64]. WO3 as MOS gas sensor attracted much attention since 1991 or 
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earlier because of its good performance in NO2 detection [15]. Even today, most 

of works about WO3 still focus on the sensing properties of NO2. Akiyama, et. al, 

reported WO3 fabricated from pyrolyzing ammonium paratungstate at high 

temperature as NOx gas sensor in 1991 [13]. Although, the detection ability is 

very poor from today’s opinion, this attempt opens up a new field for the 

application of WO3 and developments of MOS gas sensor. Three years later in 

the same group, WO3 nanoparticles sensors were prepared and demonstrated a 

sensing response of 80 to 10 ppm NO2. This was a great improvement for the 

detection of NO2. A prototype NO2 gas sensor based on WO3 prepared by 

pyrolyzing ammonium paratungstate was introduced by Figaro Engineering Inc. 

in 1995 [13]. Later, sub-ppm sensitivity of WO3 to NO2 was reported by X. Wang, 

et. al, in 1997 [72]. Following this work, sensors based on a kind of 

lamellar-structured WO3 nanoparticle was prepared in this group [73]. Then 

sensing response down to 100 ppb of NO2 was obtained and reported [73]. More 

recently, a sufficiently high sensitivity to NO2 at dozens of ppb level was 

obtained by WO3 nanoparticles synthesized from an acidification method [74-75]. 

Therefore, the sensing ability of WO3 to NO2 was gradually promoted from 

dozens of ppm to dozens of ppb during the past 20 years. In addition, WO3 

particularly exhibits a sensitive response to ozone even in the range of ppb, 

which is possible for atmospheric monitoring [76-77]. The development of WO3 

as O3 sensor started more than one decade ago [76]. The field measurement 

shows that ozone instrument based on WO3 sensors have a lot of potential as a 

cost-effective alternative to conventional ozone measuring instruments [77]. WO3 

is also very sensitive for H2S and has been used for commercial H2S gas sensor 
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more than 20 years ago [14]. Besides, WO3 shows a high sensitivity to NH3 in 

the level of ppb, which is important for environmental monitoring and health 

industry (breath marker) [78]. More recently, it is demonstrated that WO3 has a 

great potential for commercialized volatile organic compounds (VOCs) gas 

sensors [79-81]. This is practically useful for noninvasive detection of illnesses 

through the breath analysis [80] and indoor air quality monitoring [79].    

Similarly, to promote the sensing performance, different additives, 

especially the noble metals (Au, Pd and Pt) have been widely used for WO3 

sensors [54, 79, 81-83]. It was found that Au was quite effective to improve the 

response of WO3 to NH3 and H2S [78, 84]. Pd and Pt are very useful to improve 

the sensing response to reducing gases such as H2, CO [80-81]. Additionally, Pt 

and Pd are very important for VOCs gas sensing [79, 83]. It is found that Pd and 

Pt greatly promote the sensitivity of WO3 to Toluene, ethlybenzene, ethanol and 

Formaldehyde [79, 83]. They acting as catalysts on sensor surface not only 

promote the response but also greatly improve the responding and recovery 

properties [79]. Modifications on the materials morphology such as particle sizes 

and phase structures can also significantly enhance the sensing performance. 

However, WO3 is always studied as oxidizing gases sensors, which is 

significantly different from conventional SnO2 [22, 37-42, 82]. It is reported that 

WO3 is not suitable for the detection of typical reducing and inflammable gases 

such H2, CO and CH4 [85]. It is because that the sensing signals considerably 

drift with time and suffer from a strong effect of humidity [85]. Although, WO3 

has been applied for MOS gas sensors for a long time, nevertheless; the basic 

sensing mechanism is still far from being well understood [36-37, 82]. This is 
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obviously an obstacle for the practical application. There are some significant 

differences in the detection of reducing gases (H2 and CO) between WO3 and 

SnO2. For the later, the oxidization of reducing gases with surface oxygens are 

recognized as the sensing mechanism as shown in Fig. 1-3. However, the 

interactions of reducing gas with the surface of WO3 are quite complex and the 

reaction routine depends on the gas atmosphere and material preparations [36-37, 

82]. Therefore, the development of WO3 will be promoted with our continuous 

efforts on the basic sensing mechanism. In other hand, clarification on the 

sensing process of WO3 is obviously beneficial for the deep understanding of 

MOS gas sensors and its development.  

1.5 Motivation and Objectives 

Of present knowledge, WO3 is a promising material for the semiconductor 

gas sensors. Apparently, the development of WO3 sensors strongly relies on our 

understanding about the basic sensing mechanism. Unfortunately, not too much is 

known about the basic sensing process of WO3, especially for the inflammable 

gases such as H2, CO and hydrocarbons. In addition, the extremely complex 

surface structure and chemistry of WO3 make the sensing process difficult to be 

clarified. To reveal the sensing mechanism, oxygen adsorption behavior on the 

surface and the way of its reaction with gases and sensor surface should be 

revealed. The role of Pd additive in the interaction of oxygen and inflammable 

gases with WO3 surface is another important aspect concerning the sensing 

mechanism. For practical applications, the effect of humidity on sensing 

properties should be investigated and understood. The aim of the present 

dissertation is to obtain additional insights into the sensing mechanism of WO3. 
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The obtained knowledge will be beneficial for the design of semiconductor gas 

sensors with high performances. 

The overall objective of present study will focus on the following 4 aspects:   

 The first objective is to investigate the microstructural properties of neat and 

Pd-loaded WO3 nanoparticles. Investigations on microstructure and loading 

state of Pd are beneficial for the better understanding of sensing mechanism. 

 The second task is to study the basic sensing behavior of typical 

inflammable gases for neat and Pd-loaded WO3 gas sensors. The gas sensing 

properties are characterized under dry and wet conditions and compared 

between neat and Pd-loaded WO3 sensors. 

 The third objective is to evaluate the oxygen adsorption behavior and its role 

in the sensing process of inflammable gases. Oxygen adsorption and 

interaction with the sensor surface is mainly studied based on the resistive 

response of oxygen with different background.  

 The last objective is to explain the basic sensing process of inflammable 

gases and the role of Pd-loading. The illustrations of basic sensing process 

are based on the resistive response of oxygen and TPR measurements with 

different designed atmospheres.   

Finally, based on the above results, a model to illustrate the basic surface 

process of gas sensing with the presence of Pd additive and humidity will be 

presented.   

1.6 Organization of Dissertation 

To the greatest extent possible each chapter of this dissertation is 

autonomous, dealing with a specific aspect, experimental or theoretical, of 
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semiconductor gas sensors with WO3. Figure 1-10 shows the organization of the 

dissertation. 

CHAPTER 1

Introduction

CHAPTER 2

Microstructual and Gas Sensing 

Properties of Neat WO3 Sensors

CHAPTER 3

Micostructural and Gas Sensing 

Properties of Pd-loaded WO3 

Sensors

CHAPTER 5

The Redox Process of Neat and 

Pd-loaded WO3 Sensors

CHAPTER 4

Oxygen Adsorption and 

Interaction with Neat and Pd-

loaded WO3 Sensors

CHAPTER 6

Conclusions and Future Research

 

Figure 1-10 outline of thesis.     

Chapter 1 composes the background of the present study. The general 

introductions on the sensing mechanism of metal oxide semiconductor gas 

sensors are given through two aspects, namely the physical conduction 

mechanism and gas interaction and reaction process. The basic characteristics of 

WO3, especially the surface properties are presented. Finally, the motivation and 

objectives of the dissertation are introduced.  

Chapter 2 and 3 describe the preparations of neat WO3 nanoparticles from 

acidification and the procedures of Pd-loading on the surface of WO3 

nanoparticles. The sensor devices and gas sensing setup are introduced. The 

microstructural properties of neat and Pd-loaded WO3 nanoparticles with 

lamellar-structured morphology are analyzed based on electron microscopy. The 
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sensing properties of typical inflammable gases namely, H2, CO and CH4 are 

investigated for neat and Pd-loaded WO3 gas sensors under both dry and humid 

conditions at 350 ºC. The effects of humidity and Pd-loading on the sensing 

performance are investigated. 

Chapter 4 reports the oxygen adsorption properties of neat and Pd-loaded 

WO3 gas sensors. Oxygen adsorption is evaluated mainly through the resistive 

response coupled with the temperature programmed desorption (TPD) 

measurements. The oxygen resistive response with the presence of inflammable 

gases is investigated with different partial pressure of oxygen and humidity.  

Chapter 5 presents the results temperature programmed reduction (TPR) and 

gas sensing properties in the absence of oxygen. The surface reducibility 

interaction of inflammable gases with the surface of WO3 is analyzed by the TPR 

measurements. The resistive response of neat and Pd-loaded WO3 sensors to 

inflammable gases is characterized in the background in the absence of oxygen.    

Chapter 6 summarizes the experimental works related to chapter 2, 3, 4 and 

5 to develop a general model of oxygen adsorption and surface process for 

inflammable gases. Interpretations of the role of Pd and the humidity effect are 

based on the proposed model. Last part concludes the dissertation with 

recommendations for future work.  
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CHARPTER 2 

2 Microstructural and Gas Sensing Properties of Neat WO3 

Sensors 

In the present chapter, the preparations and characterization of WO3 

nanoparticles have been described for neat WO3. The WO3 nanoparticles were 

prepared by the acidification method and the sensor devices are made by the 

conventional screen-printing. The gas sensing apparatus was reported and gas 

sensing properties to inflammable gases (H2, CO and CH4) were measured. 

Sensing properties are characterized under both dry and wet conditions and the 

humidity effects have been studied.      

2.1 Introduction 

A kind of lamellar-structured WO3 nanoparticle has been reported and used 

for NO2 sensing for more than one decade in this group [1-3]. The material 

preparation is quite simple via the acidification of Na2WO4; however, the sensors 

devices fabricated from these nanoparticles are quite sensitive to NO2, even at 

dozens of ppb [1-2]. It is suggested that the highly sensitive response is caused 

by a mesoporous surface structure [2-4] and a volume depletion state due to a 

very small thickness of the nanoparticles [3-5]. Additionally, this kind of 

lamellar-structured WO3 nanoparticles also demonstrates a good sensing 

performance to VOCs. However, the sensing processes of NO2 and VOCs are not 

so clear. Therefore, in order to further understand the sensing mechanism of 

lamellar-structured WO3 nanoparticles gas sensors, the sensing properties to 
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typical inflammable gases (H2, CO and CH4) are characterized. It is believed that 

the simple reaction routines of H2 and CO with oxygen and sensor surface are 

beneficial for the clarification of sensing process of WO3; therefore, it allows us 

an indirect method to study surface characteristics of WO3 as a sensing material.      

2.2 Experimental Details 

2.2.1 Synthesis of WO3 nanoparticles  

The lamellar-structured WO3 nanoparticles are synthesized from an 

acidification method. The preparation process has been introduced by our 

previous reports [1-3]. A typical preparation procedure is illustrated in Fig. 2-1.  

pH=-0.8 H2SO4 solution

Precipitate and ageing

Na2WO4 solution
Dropwise

Washing and drying

Annealing at 300°CWO3 Nanoparticles

For screen-printing

and Pd-Loading
 

Figure 2-1 preparation of WO3 nanoparticles through the acidification method.  

Firstly, Na2WO4 was dissolved by distilled water and added into a strong acid 

solution drop by drop under vigorous stirring. The two solutions were mixed so 

as to set the molar ratio of Na
+
/H

+
 at 10. The pH of the acidic solution was 
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controlled with H2SO4 at -0.8. A yellow gel (crystalline WO3•2H2O) appeared 

immediately when mixing the two solutions. The gel was aged for 24 h at 30ºC 

and then washed thoroughly with distilled water by centrifugation for several 

times. After drying at 40ºC, the final powders were obtained and calcined at 

300ºC in air for 2 h for the materials characterizations and fabrication of sensor 

device fabrication.    

2.2.2 Characterization of materials 

Various characterization techniques were used to obtain the structural, 

morphological, physical and chemical information of materials to understand the 

sensing process. The phase structure was characterized by the powder X-ray 

diffraction carried out by a RINT 2100 (Rigaku, Japan) with Cukα radiation (40 

kV, 40 mA) with a 2θ range from 10º to 80º at a speed of 1º min
-1

. The 

crystalline sizes obtained from XRD peaks are calculated from the relation 




cosB
9.0D   (2.1) 

Where D denotes mean crystalline size, B represents full width at half maximum 

of the peak, λ is the wavelength of the X-ray (0.15418 nm), and θ is the center 

angle of the peak. 

FE-SEM micrographs were obtained using a JSM-6340, JEOL. Both the 

morphology of the nanoparticle powders and the sensor surface were analyzed. 

Transmission electron microscopy (TEM), high resolution TEM (HRTEM) and 

high annular dark field scanning TEM (HADDF-STEM) were performed on a 

Tecnai-F20 (FEI, US) equipped with an X-ray energy-dispersive spectroscopy 

(EDS) at an accelerating voltage of 200 kV. The sample powders were dispersed 

into ethanol solution forming a suspension, and then ultrasonically agitated for 
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one hour. After agitation, the suspension was dropped on to coated copper TEM 

grids. In the case of sensor devices, the powders were collected from the sensor 

substrates and then made TEM samples. The BET surface area and microspore 

structure were analyzed by the by liquid nitrogen sorption (BELSOEP-mini, 

Japan). Sample powders were grinded and weighted at 0.2 g for each BET test. 

2.2.3 Characterization of sensing properties  

The sensor devices were prepared by the conventional screen-printing 

technique [2]. For sensors fabrication, the obtained WO3 nanoparticles powders 

were mixed with water to form a homogeneous paste. The resulting paste was 

then screen-printed by a mesh on an alumina substrate equipped with a pair of 

comb-type Au microelectrodes (line width: 180 μm; distance between lines: 90 

μm; sensing layer area: 64 mm
2
).  

 

Figure 2-2 (a) the configuration of the sensor device, (b) FE-SEM image of cross 

structure and (c) the photograph of a fabricated WO3 sensor. 

Then the deposited film was annealed at 400ºC for 2 h, which was a low 

temperature to control the sublimation and maintain the nanostructure. The 
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sensing film was aged at operating temperatures (300 and 350 ºC) for 12 h before 

the sensing measurements. Figure 2-2 shows the configuration, microstructure 

and photograph of the sensor devices. 

WO3 sensors were characterized towards O2, H2, CO and CH4 balanced with 

air or N2 at 300 and 350 ºC, respectively. Different humidity was obtained by 

flowing gas into a water bubble and the humidity was monitored by commercial 

humidity sensor (TR-77Ui) with a grantee acutance of relative humidity from 0.1% 

to 99%. The total flow rate was adjusted at 100 cm
3
 min

-1
 and be precisely 

controlled by the mass flow controller (MFC). The sensor response was defined 

as the ratio of Ra/Rg in the presence of inflammable gases.  

 
Figure 2-3 experimental set-ups for the gas sensing properties characterizations. 

(According to the functional, the set-up is consisted by three different parts. Module A: 

Gas purifying, Module B: Humidity modulation and Module C: Exhaust monitor). 

The gas sensing properties were measured by means of a conventional gas 

flow apparatus equipped with an electrical furnace. For oxygen adsorption study, 

the gas was flowed into a gas home-made purifying apparatus consisted by a 
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catalyst (5% Pt/Al2O3) and molecules sieves absorbance (5A 1/16). This 

procedure can effectively remove the contaminated gases (extremely low 

concentration of H2O, CO and CHx) in oxygen and nitrogen gas cylinders. A 

schematic illustration of the experimental set-up is represented in Fig. 2-3. 

2.3 Results and Discussions 

2.3.1 Materials characterizations 

The phase structures of WO3 nanoparticle powders are characterized by the 

X-ray diffraction as shown in Fig. 2-4. The XRD patterns suggested a monoclinic 

WO3 phase (JCPDS 43-1035) for sample powders sintered at 300 ºC and 400 ºC. 

By sintering at 400 ºC for 2 h in air, the crystalline size determined from the peak 

(200), (020) and (002) are 25.6 nm, 20.3 nm and 13.9 nm, respectively.   
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Figure 2-4 XRD patterns of WO3 nanoparticles powders calcined at (a) 300 ºC and (b) 

400 ºC for 2 h in air.  

The sample nanoparticles powders and surface morphology of the sensor 

devices were analyzed by FE-SEM. Figure 2-5 represents the FE-SEM images of 

nanoparticle and sensor devices. Apparently, the sample powder consists of a 

numerous of irregular planar-like particles. And these particles loosely and 
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randomly stacked together, resulting in a large mesoporous structure. This is 

important for the gas diffusion process, which is one of the reasons for the highly 

sensitive response to NO2 [1, 4]. From the insert high magnification SEM images, 

it is estimated that the lateral size is around 100-200 nm with a thickness 10-30 

nm. The sample powders demonstrated a surface area ca. 19 m
2
/g with a pore 

volume around 4.5 cm
3
/g. 

 
Figure 2-5 FE-SEM images of (a) the fabricated WO3 nanoparticles powders and (b) 

the prepared sensor layer calcined at 400 ºC for 2 h in air atmosphere.  

Further characterizations on the morphology of the nanoparticles were 

performed by TEM. Figure 2-6 shows the typical TEM images of the prepared 

WO3 nanoparticles. One can easily find that the nanoparticles have a highly 

irregular shape with a broad distribution in lateral size ranging from dozens of 

nm up to several hundreds of nm. By counting from TEM images, the lateral size 

was estimated around 200 nm. HRTEM images and the fast Fourier transform 

(FFT) pattern of the pure WO3 nanoparticle were represented in Fig. 2-6 (b). The 

interplanar spacings marked in the figure are 0.364 nm and 0.376 nm, which 

were corresponded to (020) and (200) faces of monoclinic WO3, respectively. 

The FFT pattern can be clearly indexed. From these results, it can be concluded 

that the fabricated nanoparticle was single crystalline and thickness growth was 
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in (002) direction [3].  

 
Figure 2-6 (a) a typical TEM image of WO3 nanoparticles and (b) HRTEM insert with 

FFT pattern. 

It was found that the thickness of WO3 nanoparticles determined from the 

HRTEM in Fig. 2-7, was around 10 nm, much smaller than the results observed 

from SEM images. However, the value was comparable with the crystal size 

estimated from the peak (002) of XRD pattern.  

 
Figure 2-7 HRTEM of WO3 nanoparticles. 

This was consistent with our proposal that the thickness is in (002) planes. It 

should be noted that TEM results demonstrated an inhibition of growth in (002) 

planes, however, there was no preferred peak for XRD pattern. Combining TEM 

results with the SEM images, we believed that it was because of a randomly 



37 

 

stacking of WO3 nanoparticles, which made similar possibilities of exposing to 

X-ray diffraction for different faces. 

Lastly, the short-term stability of the microstructure of the synthesized WO3 

nanoparticles was investigated based on electron microscopy results. Figure 2-8 

(a) presents the SEM image of the surface of a completely new WO3 sensor 

device before any sensing test. Figure 2-8 (b) shows the corresponding TEM 

image of newly fabricated WO3 nanoparticles. 

 
Figure 2-8 SEM (a), TEM (b) images of a new WO3 sensor and (c) SEM, (d) TEM 

images of the same sensor after 5 months of continuous operation. 

After 5 months of continuous operation at temperature ranging from 250 to 350 

ºC and hundreds hours of sintering at 400 ºC, the same sensor was analyzed by 

FE-SEM and TEM again as shown in Fig. 2-8 (c) and (d). For TEM 
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characterization, a small amount of powders was scratched from the substrate 

and made a TEM sample similar as that of powder sample. It was quite clear that 

there was no visible difference in either the morphology or size after a 

continuous operation, indicating a good stability of its nanostructure. This is also 

confirmed by the results of BET measurements. Figure 2-9 shows the BET 

surface area and pore volume of neat WO3 nanoparticle powders as a function of 

sintering times at 350 ºC in air atmosphere. It was found that surface area and 

pore volume slightly decreased at the first five days. With further increasing the 

sintering times to 15 days, the reduction in surface area and pore volume was 

very small almost in the range of error. This demonstrated a good stability of 

nanostructure for WO3. 
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Fig 2-9 BET surface area and pore volume of WO3 nanoparticle powders as a function 

of sintering times at 350 ºC in air. 

2.3.2 Sensing results 

The sensing properties of WO3 nanoparticle gas sensor to inflammable gases 

namely, H2, CO and CH4 were measured under dry and humid conditions. For 

simplicity, sensing properties under wet condition were only characterized at 350 
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ºC. Firstly, sensing response to hydrogen at small and large concentration region 

was tested, respectively. The sensing response is defined by Ra/Rg, where Ra and 

Rg is the sensor resistance in air and reducing gas (H2, CO and CH4) respectively. 

Figure 2-10 presents the sensing response to a low concentration of H2 at 300 ºC 

and 350 ºC. 
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Figure 2-10 (Ra/Rg)
2
 as a function of PH2 ranging from 30 ppm to 200 ppm at 300 ºC 

and 350 ºC for WO3 nanoparticle gas sensor.  

It was found the sensor response was slightly increased with increasing 

temperatures and the square of the sensor response has a good linearity with PH2 

at 300 ºC and 350 ºC. According to the volume depletion theory [5-6], the sensor 

response can be expressed by:  

2

2

1 H

dg

a P
aN

c

R

R















  (2.1) 

This indicates that surface reaction of H2 can be described by (2.1): 

-

2 OH 
k-11

k11

eOH 2 (R2.1)
 

In other words, the sensor response was due to the oxidation of H2 by adsorbed 
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O
-
. Figure 2-11 shows the sensor response to H2 at a high concentration. It was 

found that sensor response was increased with H2 concentration and the linear 

relationship is clearly evidenced, indicating the same surface reaction as (R2.2). 
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Figure 2-11 (Ra/Rg)
2
 as a function of PH2 ranging from 100 ppm to 800 ppm at 300 ºC 

and 350 ºC for WO3 gas sensor.  

The sensing properties of CO were also examined for WO3 nanoparticle gas 

sensors. Figure 2-12 shows the square of sensor response as a function of CO 

concentration.  
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Figure 2-12 (Ra/Rg)
2
 plotting with PCO at 300 ºC and 350 ºC for WO3 sensor. 

It was obvious that the sensor response was increased with temperatures and 
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(Ra/Rg)
2
 demonstrated a linear dependence on PCO at both temperatures. 

Therefore, it can be concluded that the sensing response of CO was due to the 

following reaction:  

-OCO 
k-11

k11

eCO 2 (R2.3)
 

Sensing response to CH4 was measured. However, it was found that the 

recovery speed was quite slow and the sensor response was not repeatable at 300 

ºC. Thus, the sensing test was only carried out at 350 ºC. Figure 2-13 shows the 

sensor response of CH4 as a function of concentration.  
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Figure 2-13 sensor response as a function of CH4 concentration at 350 ºC for WO3 

nanoparticles gas sensor. 

It was found that WO3 sensor responded to CH4, nevertheless, the response was 

much smaller than that for H2 and CO. The sensor response of 200 ppm CH4 was 

just around 6.9, whereas, it was accounted for more than 55 and 7.3 for H2 and 

CO at the same concentration, respectively. It is well accepted that the oxidation 

of CH4 was quite complex [7-8]. Thus, in present case, it was quite difficult to 

propose the reaction routines for the sensing response of CH4. However, it is 

believed that the reaction of CH4 arises from to the surface adsorbed oxygen. 
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In order to study the effect of water vapor, the sensing responses to 

inflammable gases were measured under different humidity. Figure 2-14 (a) 

shows the sensor response as function of H2 concentration under wet condition. It 

was observed that the sensor response was greatly reduced with the presence of 

water vapor. Taking 1 VOL.% humidity for example, the sensor response was 

decreased down to only 1.3 for 200 ppm H2, 40 times smaller than that of dry 

condition. Figure 2-14 (b) presents the dependence of sensor response on 

humidity for WO3 sensor. It was quite obvious that sensor response was greatly 

reduced with a little humidity and slightly decreased with further increasing 

humidity up to 3 VOL.%. The deterioration of sensor response can be ascribed to 

the water poisoning effect [2-3, 5, 9].  

 

Figure 2-14 (a) sensing response as a function of H2 concentration with presence of 

water vapor at 350 ºC and (b) the dependence of sensor response on humidity for 200 

ppm and 450 ppm H2 at 350 ºC. 

The water poisoning effect was also evidenced for CO and CH4 sensing. 

Figure 2-15 (a) shows the sensing response of CO as a function of concentration 

with presence of humidity. Similarly, the sensor response was degenerated by 

humidity and much smaller than that of dry condition. Obviously, the sensor 

response decreased with increasing humidity as shown in Fig. 2-15 (b).  
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Figure 2-15 (a) sensing response as a function of CO concentration with presence of 

water vapor at 350 ºC and (b) the dependence of sensor response on humidity for 200 

ppm and 450 ppm CO at 350 ºC. 

Figure 2-16 (a) shows the sensor response of CH4 under those wet condition. 

It was found that the sensing results were similar with those of H2 and CO for 

which the sensor response was greatly reduced by water vapor. However, the 

sensor response to CH4 was so slight with a small concentration of water vapor, 

comparing with that of H2 and CO. The sensor response to 450 ppm CH4 was just 

1.2 with 0.5 VOL.% humidity. By increasing humidity, the sensor response was 

further decreased as shown in Fig. 2-16 (b). Therefore, it can be concluded that 

water vapor significant reduced the sensor response of WO3 sensor to 

inflammable gases. 
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Figure 2-16 (a) sensing response as a function of CH4 concentration with presence of 

water vapor at 350 ºC and (b) the dependence of sensor response on humidity for 200 

ppm and 450 ppm H2 at 350 ºC. 

2.4 Conclusions  

In this chapter, the preparation of materials and sensors devices was 

introduced. Then the structural and sensing properties of WO3 nanoparticles gas 

sensors were investigated. The main conclusions are listed below. 

 The fabricated WO3 nanoparticles demonstrated a two dimensional 

nanostructure with a highly irregular lamellar shape. The lateral size ranged 

broadly from dozens to several hundred nm with a thickness just around 10 

nm. The prepared WO3 nanoparticle has a single crystalline quality 

(Monoclinic, JCPDS 43-1035) and the thickness was in (002) direction. 

 Sensor devices made by the scree-printing technique demonstrated a 
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mesoporous structure with a thickness ca. 30 μm. WO3 sensors showed a 

sensor response to inflammable gases in a sequence of H2, CO and CH4, in 

addition, the sensor response was increased around 2 times with increasing 

temperature from 300 to 350 ºC. 

 Sensor response was greatly reduced by the presence of humidity. More 

specifically, with 0.5 VOL.%, the sensor response to H2 was decreased by 

around 30 times, just around 1.3. However, the sensor response was almost 

kept the same with further increasing the humidity. The reduction of sensor 

response with humidity was so slight, and the variation of response was 

within 2 for all of three gases from 0.5 to 3 VOL.%.     
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CHAPTER 3 

3 Microstructural and Sensing Properties of Pd-loaded WO3 

Sensors 

In this chapter, the preparation for Pd-loaded WO3 nanoparticles was 

described. Then, the microstructural and sensing properties of Pd-loaded WO3 

nanoparticles were investigated and compared with those of neat WO3 

nanoparticles. The loading states of Pd on the surface were analyzed based on 

electron microscopy. Lastly, the effects of Pd-loading and humidity on the 

sensing response of inflammable gases for WO3 gas sensors were studied.  

3.1 Introduction  

For a long time, it has been recognized that the introduction of different 

additives is one of most effective ways to enhance the sensing performance of 

MOS gas sensors. However, the promotion mechanism is not well understood by 

now and it is still one of the interesting subjects in MOS sensors [1-4]. Generally, 

it is believed that the role of additives in gas sensing can be explained by the 

spill-over [2], Fermi-level control [3] and surface reconstruction [3-4] as shown 

in Fig. 1-7. It is found that Au and Pt are very effective additives for WO3 sensor 

and has been used in the sensing of NH3 and H2S [5-6]. The promotion 

mechanism is explained by the enhanced interaction of gas by the presence of Au 

[5]. However, in the case of inflammable gases, noble metal additives, such as Pd 

is most used [1-3]. There are various methods to introduce metal additives; 

nevertheless, the conventional incipient wetness impregnation method is 
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extensively used in SnO2 gas sensors due to its technique simplicity [1-4]. This 

method composes a process of impregnating the metal oxide support into a metal 

precursor dispersed in an aqueous solution and a dry process. However, it does 

not seem to be an effective way for WO3, which has a really high acidic surface 

with a point of zero charge (PZC) below 0.5 [7]. Hence, it is not suitable for the 

loading of Pd by the conventional impregnation method. In this study, a modified 

impregnation method was used for the loading process of Pd. The loading state of 

Pd and its effect on sensing performance were investigated.        

3.2 Experimental Details 

3.2.1 Synthesis of Pd-loaded WO3 nanoparticles 

Pd was loaded on the surface of WO3 nanoparticles through a modified 

impregnation process. The WO3 support powder was prepared from an 

acidification method as described in chapter 2.1. In the present study, due to the 

highly acidic surface of WO3 as demonstrated in Fig. 3-1, we proposed a 

modified impregnation routine based on the electroastic adsorption mechanism. 
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Figure 3-1 Zeta potential as function of pH value for WO3 nanoparticles. 

Figure 3-2 schematically shows the mechanism of electrostatic adsorption. 
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Above the PZC, the surface become protonated and positively charged [8-9]. 

When the pH is below PZC, the surface of metal oxide is deprotonated and thus 

negatively charged [8-9].  
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Figure 3-2 mechanism for electrostatic adsorption of Pd species on the charged 

surface of metal oxide. 

Without controlling the pH, the surface tends to become neutral and the metal 

deposition process is ineffective and become a physical deposition process, 

resulting in a board distribution of size and large particles during the drying 

process [8-10]. For a long time, it has been reported that WO3 has really a low 

value of PZC, therefore, in practical; it is very difficult to be positively charged 

[7]. This is the reason that the traditional wetness impregnation process is not 

effective. The main species for Pd is in [PdCl6]
2-

, which cannot be adsorbed on a 

negatively charged surface [8-9].  

In the present study, a modified impregnation process was applied by 

adjusting pH value with ammonia solution. In the base condition, the [PdCl6]
2- 

were
 
transformed into [(NH3)4Pd]

2+
, therefore, it could be effectively deposited 
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on the surface of WO3 [8-10]. In a typical process, 1 g of a WO3 support powder 

obtained from the calcination of WO3•2H2O at 300ºC for 2 h was dispersed in an 

aqueous solution of H2PdCl4 containing the designed Pd loading amount 0.12%, 

0.5% and 0.74% by weight percent. Hereafter, it was referred as 0.12 Pd/WO3, 

0.5 Pd/WO3 and 0.74 Pd/WO3, respectively. The starting solution’s pH was 

around 3. The suspension was stirred for 4 h and aged at room temperature for 1 

h and then 30 mL ammonia solution (1 M, pH=10) was added and stirred. The 

solids were washed with 0.5 L distilled water for two times by filtration. After 

drying at 80ºC for 12 h in air, Pd-loaded WO3 powders were obtained. Figure 3-3 

shows a typical procedure of preparing Pd-loaded WO3 nanoparticles. 

NH3•H2O 

(pH=10)

Pd loaded 

WO3 powder

Calcination 

400ºC
Filtration

Stirring

0.5 L distilled 

water

H2WO4 

Powders

Calcination H2PdCl4 
WO3 Powders

300ºC
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Sonication

 

Figure 3-3 the process for the deposition of Pd on WO3 surface. 

3.2.2 Characterization Techniques 

The loading amount of Pd was determined by an inductively coupled plasma 

atom emission spectroscopy (ICP-AES; SPS1700 HVR, Seiko instruments, 

Japan). The sample powders with and without calcination were dissolved into 

aqua regia and agitated for 24 h for a good dissolution of Pd. The microstructural 

properties were characterized by XRD, FE-SEM and TEM using the same 

procedure as that of neat WO3 nanoparticles. The sensor devices were prepared 

by the scree-printing and the sensing properties were tested by the same sensing 

apparatus and the exactly same way as that in Chapter 2. 
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3.3 Results and Discussion  

3.3.1 Materials characterizations 

The phase structures of Pd-loaded WO3 nanoparticle powders are 

characterized by X-ray diffraction as shown in Fig. 3-4. All samples exhibited the 

same pattern corresponding with the monoclinic WO3 (JCPDS 43-1035) and 

there were no visible changes with Pd-loading. No peaks corresponding to either 

metallic or oxidized Pd could be detected. This could be due to the small loading 

amount for the detection of XRD or the fine dispersion of Pd on the surface.  
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Figure 3-4 XRD patterns of (a) neat, (b) 0.12 and (c) 0.74 wt.% Pd-loaded WO3.  

To decide the loading amount, ICP-AES experiments were carried out. 

Figure 3-5 shows the deposition amount of Pd as a function of the concentration 

of the precursor solution. It is quite obvious that after two times of washing 

treatment, only a very few amount of Pd can be detected, which is consistent 

with the above XRD observations. Most of the Pd was lost due to the treatment 

of filtering. The loading amount took a maximum value of 0.74 wt.% at the 

concentration of 1.5×10
-3

 M for the precursor. A further increase in the precursor 

concentration; however, resulted in a decrease in the loading amount.  
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Figure 3-5 Pd-loading amounts as a function of the precursor’s concentration. 

It was believed that a relatively low detected amount can be ascribed to the 

small surface area of WO3 support (25.8 m
2
/g calcined at 300 ºC.). During the 

washing treatment, most of Pd species remaining in the solutions were removed 

to prevent the precipitation of Pd forming large particles (cluster). Additionally, 

ammonia treatment was also effective to eliminate the chlorine residues after 

impregnation [27]. It was found that after a sintering at 400 ºC for 2 h in air, the 

loading amount detected by ICP-AES significantly decreased comparing with 

that before sintering. This suggested that Pd on the surface was not completely 

dissolved into the aura regia by the present method, which could be one of 

reasons for the low detected amount.  

Figure 3-6 shows the FE-SEM images of neat and Pd-loaded WO3 

nanoparticles. Apparently, the nanoparticles powders were consisted of a 

numerous of irregular planar-like particles. These particles are loosely and 

randomly stacked together, resulting in a large mesoporous structure, resulting in 

a good diffusion process of gas molecules [11].  
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Figure 3-6 FE-SEM images of WO3 nanoparticles with (a) 0, (b) 0.15, (0.5) and (d) 

0.74 wt.% of Pd-loading (The inset is a corresponding high magnification image). 

It was estimated from the inset high magnification SEM images that the 

lateral size is around 100-200 nm with a thickness 10-30 nm. It seemed that the 

particle size was reduced by Pd-loading because a slight part of WO3 was 

dissolved by the ammonium solution during the washing treatments [12]. 

However, there were no obvious changes for the surface area and pore structure.  

Table 3-1 BET surface area and pore volume of neat and Pd-loaded WO3. 

Loading amount 

(wt.%) 

BET surface area 

(m
2
g

-1
) 

Pore volume 

 (m
3
g

-1
) 

0 19 4.4 

0.15 21 4.3 

0.5 19 4.9 

0.74 21 4.8 

Table 3-1 summarizes the BET surface area and pore volume as a function of Pd 

loading amount for WO3 nanoparticle powders. All the samples demonstrate a 

similar value of surface area ca. 19 m
2
/g with a pore volume around 4.5 cm

3
/g.  



54 

 

The morphology of the nanoparticles and the loading state of Pd were 

further analyzed by TEM. Figure 3-7 shows typical TEM images of the 

fabricated nanoparticles. One could easily find that the Pd-loaded WO3 

nanoparticles also demonstrated a highly irregular shape similar with neat WO3. 

 

Figure 3-7 TEM images of WO3 nanoparticles with (a) 0, (b) 0.15, (0.5) and (d) 

0.74 wt.% of Pd-loading. 

No significant changes in either size or shape were distinguished with 

Pd-loading. In addition, it was really difficult to observe the presence of Pd from 

the TEM images due to the small loading amount or the small size.  

To study the loading state of Pd, HRTEM, HADDF-STEM and EDX 

mapping were carried. Figure 3-8 is the HRTEM images of 0.74 Pd-WO3. 
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(b)

 

Figure 3-8 HRTEM of 0.5 Pd-loaded WO3 and the corresponding FFT pattern. 

The appearance of Pd can be easily observed. However, it was very difficult to 

detect the presence of Pd for the lowest Pd-loading samples, i.e., 0.15 Pd/WO3. 

The measured lattice spacing for the particles attached on the surface of WO3 

was in good agreement with (101) plane of tetragonal PdO (JCPDS 03-0515). 

This was consistent with the FFT pattern indexed in Figure 2-13 (d). Additionally, 

it was found that the number of the particles detected was quite small and the 

particle size range from 2 nm to about 15 nm. In the present case, we could not 

detect the metallic form of Pd, which is consistent with other reports that Pd is 

really oxidized in air.  

Figure 3-9 shows a typical STEM image of 0.74 Pd-loaded WO3 

nanoparticles. It was found that STEM was really effective to reveal the 

deposition of Pd. The white points in the image clearly showed the size and 

position of Pd and confirmed by the EDX mapping. However, the number of 

particles was quite small number with broad distribution in size.  
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Figure 3-9 HAADF-STEM (a), EDX mapping of Pd (b) and W (c) of the 0.74 Pd-WO3 

nanoparticles. 

Figure 3-10 shows the EDX spectra of the white points appeared on the surface 

of WO3 nanoparticles, which clearly demonstrated the efficiency of STEM to 

observe the small and rare Pd nanoparticles. Also these images confirmed that the 

present modified impregnation method was really effective for the loading 

process of Pd [12].  

 
Figure 3-10 (a) TEM, (b) HADDF-STEM and (c) EDX spectra of 0.74 Pd-WO3. 

Here, we would like to stress that Pd particles in large size have been observed 

on the surface; nevertheless, the number is quite small. According to ICP-AES 

results, it is reasonable to propose that there is a distribution of Pd on surface 

with size at an atomic scale beyond the limit of the electron microscopy [12]. For 

a long time, it has been accepted that the catalyst on surface in small size is much 
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more effective for catalytic and sensing process [13-14].  

3.3.2 Sensing results 

Sensing properties of Pd-WO3 gas sensors for inflammable gases (H2, CO 

and CH4) were measured and compared with the neat WO3 sensors. Figure 3-11 

shows the square of sensor response of hydrogen in a small concentration 

ranging from 30 ppm to 200 ppm.  
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 Figure 3-11 The linear plot of (Ra/Rg)
2
 with of PH2 at (a) 300 ºC and (b) 350 ºC. 

It could be seen that Pd-loading significantly promoted the sensing response and 

a linear fit of (Ra/Rg)
2
 with PH2 was evidenced for all of sensors, indicating a 

reaction of H2 with O
-
 on the surface. Figure 3-12 shows the plot of (Ra/Rg)

2
 with 

PH2 at a concentration region. Interestingly, it was found that the sensor response 

was greatly improved, however, the linearity of (Ra/Rg)
2
 with PH2 was lost for 0.5 

and 0.74 wt.% Pd-loaded WO3 gas sensors. However, for neat and 0.15 wt.% 

Pd-loaded WO3 sensors, the linearity was clearly evidenced for all of 

concentrations and temperatures. It was believed that the degenerated linearity 

was caused a catalytic combustion of H2 on the surface, leading to a reduction of 

gas diffusion [2, 12-13]. Additionally, the catalytic of H2 on the surface resulted 

in a poisoning effect of water vapor and decrease of sensor response [2, 14-16]. 
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Figure 3-12 (Ra/Rg)

2
 as a function of PH2 at (a) 300 ºC and (b) 350 ºC. 

Figure 3-13 shows the square of sensor response as a function of CO. It 

could be observed that the sensor response was obviously promoted by 

Pd-loading at both temperatures. At 300 ºC, the sensor response of neat WO3 was 

only 11.6 for 200 ppm CO; however, it was rise up to 388 with 0.5 wt.% of 

Pd-loading. However, it was found that the sensor response was decreased with 

increasing temperature for Pd-loaded WO3 gas sensors. The sensor response of 

0.5 Pd-WO3 was decreased from 388 at 300 ºC to 243 at 350 ºC for 200 ppm CO. 

In contrast, the neat WO3 sensor demonstrated an increase of sensor response 

with rising temperature from 300 ºC to 350 ºC. It was also observed that a 

linearity of (Ra/Rg)
2
 with PCO was evidenced for neat WO3 at both temperatures, 

however, Pd-loaded WO3 sensors exhibited a linearity below 600 ppm. Further 

increasing CO concentration, the linear relationship was lost. It was proposed 

that such a behavior could be caused a different sensing mechanism, which will 

be discussed in detail in chapter 4.   
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Figure 3-13 (Ra/Rg)
2
 as a function of CO concentration at (a) 300 ºC and (b) 350 ºC.   

Figure 3-14 represents the sensor response as a function of concentration of 

CH4. It was found that the sensing response to CH4 was also obviously improved 

by Pd-loading. A response of 6.9 to 200 ppm CH4 was obtained for neat WO3 

sensor at 350 ºC; however, it was increased to 55.3 with 0.5 wt.%. The sensor 

response of CH4 was much smaller than that of H2 and CO for both neat and 

Pd-loaded WO3 sensors at the same temperature and concentration. It was 

suggested such a difference in sensor response could be due to a different sensing 

mechanism between CH4 and CO, H2. This will be explained in next chapter.  
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Figure 3-14 Sensor response as a function CH4 concentration for neat and Pd-loaded 

WO3 gas sensors at 350 ºC.  

The sensing properties of Pd-loaded sensors in wet condition were also 

investigated. For simplicity reason, only 0.5 Pd-WO3 sensor was used and its 

sensing properties were compared with the neat WO3 sensor. Figure 3-15 (a) 

shows the sensing response of H2 for neat and 0.5 Pd-WO3 sensors under 1 VOL.% 

and 2 VOL.% humidity condition.  
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Figure 3-15 sensor response of 0.5 Pd-WO3 as a function of H2 concentration with 

presence of water vapor at 350 ºC. 

It was quite clear that the sensor response was greatly decreased with the 

presence of water vapor at 350 ºC. With 1 VOL.% of humidity, the sensor 

response of 0.5 Pd-loaded WO3 was decreased from 579 in dry down to only 13 

for 200 ppm H2. The sensor response was further reduced with increasing 
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humidity; however, the reduction became much moderate. In addition, there was 

no saturation in the sensing response up to 800 ppm. Figure 3-15 (b) shows the 

dependence of sensor response on humidity at 350 ºC for 200 and 450 ppm H2. It 

can be seen that the sensor response is significantly deteriorated with increasing 

humidity; however, Pd-loaded WO3 sensor still showed a much higher sensor 

response, which was around 6 times of neat sensor in wet condition. 
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Figure 3-16 sensor response to 200 and 450 ppm CO for both Pd-loaded and neat WO3 

sensors as a function of humidity at 350 ºC.  

The sensing properties of CO in the presence of humidity were also 

investigated. Figure 3-16 (a) shows the sensor response of CO for Pd-loaded 

WO3 sensor with 1 VOL.% and 2 VOL.% humidity at 350 ºC. Comparing with 

the dry condition, the sensor response was obviously reduced by around 10 times. 

Additionally, it was found that the sensor response in wet condition was much 
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closed with that of H2; however, in dry atmosphere, the sensor response for H2 

was much larger than that of CO. Figure 3-16 (b) shows the sensor response to 

200 and 450 ppm CO as a function of humidity. It was quite obvious that the 

sensing response for CO was significantly degenerated by water poisoning effect.  

Similarly, the sensor response to CH4 with presence of humidity was also 

greatly reduced comparing that of dry condition. Figure 3-17 (a) represents the 

sensor response as a function of CH4 concentration with 1 and 2 VOL.% 

humidity. Obviously, the sensing response was greatly reduced by water vapor 

and all the sensing response was less than 2.      

 
Figure 3-17 sensor response of 0.5 Pd-WO3 as a function of CH4 concentration with 

presence of water vapor at 350 ºC. 

Figure 3-17 (b) shows the dependence of humidity on the sensor response of CH4. 

One could easily observe that the sensor response to CH4 in wet condition was 
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extremely small and almost neglectable for both neat and Pd-loaded WO3 

sensors. 

3.4 Conclusions 

The main results and conclusion of Pd-loading on the microstructural and 

sensing properties of WO3 nanoparticles gas sensors are listed below.  

 The highly acidic surface of WO3 is not suitable for a conventional 

impregnation of Pd. Pd has loaded on the surface of nanoparticles by the 

modified impregnation method; however, the loading amount was quite low 

after filtration due to a small surface area of WO3 support.  

 Pd nanoparticle was evidenced on the surface with a broad distribution of 

particle size ranging from around 2 to 20 nm; nevertheless, the number of 

detected nanoparticles was relatively small. The large Pd nanoparticle was 

in oxidized state evidenced by HRTEM. There was no obvious difference 

on the shape and size of WO3 nanoparticles with Pd-loading. 

 Comparing with the neat WO3 sensor, it was found that the sensing response 

of inflammable gases was greatly promoted with Pd-loading with a 

sequence of H2, CO and CH4. Under dry condition, Pd-loaded WO3 sensor 

showed a much larger response to H2, which were more than 2 orders of 

that of neat WO3 sensor. 

 The sensor response of Pd-loaded significantly decreased with the presence 

of humidity, with 1VOL.% humidity, the sensor response was reduced more 

than 10 times for all the three inflammable gases. However, the Pd-loaded 

WO3 still showed a much higher sensor response than that of neat WO3 with 

wet background.  
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CHAPTER 4 

4 Oxygen Adsorption and Interaction with Neat and 

Pd-loaded WO3 Sensors 

In this chapter, the surface process of gas sensing for inflammable gases was 

studied based on the adsorption and interaction properties of oxygen with WO3. 

The adsorption and interaction of oxygen was mainly investigated through the 

resistive response of oxygen coupled with TPD measurements. The oxygen 

adsorption properties were found no difference with Pd-loading, which was 

really weak. However, it was revealed that the interaction of oxygen with sensor 

surface in the presence of inflammable gases was significantly different with 

Pd-loading and gas atmospheres. Thus, it was suggested that Pd-loading not only 

promoted the sensing response but also changed the sensing mechanism. In 

addition, the sensing mechanism was also different with partial pressure of 

oxygen and inflammable gases.    

4.1 Introduction 

According to the introduction part, oxygen adsorbed on the surface of MOS 

sensors plays a vital role in the sensing process to inflammable gases. It reacts 

with gas molecules as receptor function, in other hand, the adsorbed oxygen 

leading to a surface barrier severs as transducer function [1-3]. Therefore, the 

study of oxygen adsorption and interaction is one of effective approaches to 

clarify the sensing mechanism of inflammable gases. In present study, the oxygen 

adsorption properties were investigated by the resistive response and TPD 
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measurements [4]. However, it should be stressed that the surface adsorbed 

oxygen is not the only resources of sensing response of reducing gases. It was 

suggested that the surface lattice oxygen can also react with reducing gas 

molecules, leading to a sensing response [4-7]. Thus, the role of adsorbed oxygen 

in sensing process of inflammable gases should be clarified. One of the effective 

and simple approaches is the resistive response properties of oxygen in the 

presence of inflammable gases [4]. In this chapter, the resistive properties of 

oxygen were studied in the presence of inflammable gases (H2, CO and CH4) 

with different partial pressure of oxygen (PO2).   

4.2 Experimental Details 

Temperature programmed desorption (TPD) performed in a flow of He (50 

mL min
-1

) at a ramping rate of 10 ºC min
-1

 (BEL-CAT, BEL Japan) up to 500 ºC. 

The sample powders (0.1 g) were packed in a tubular quartz reactor and 

heat-treated at 400 ºC for 30 min in a flow of air. After cooling down to 50 ºC in 

air and the TCD (thermal conductivity detector) and mass spectrometer (MS, 

GDS30102 PFEIFFER VACUUM) were stabilized for 3 h in He before the TPD 

measurements. The desorbed gases were continuously monitored by the MS. 

Figure 4-1 shows the procedure for the treatment and measurements of TPD.  

Room temperature

400°C

50°C

400°C
10°C / min 10°C / min

Nature cooling

Air flow He flow

120 min

30 min

Desorption 

measuring

 

Figure 4-1 the procedures of pretreatments and measurements of oxygen TPD for neat 

and 0.5 Pd-loaded WO3 nanoparticles powders.  
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For the resistive sensing measurements, the sensor fabrication and testing 

were same as the previous chapters. However, only neat and 0.5 Pd-loaded WO3 

sensors were studied in this chapter for the sake of simplicity (hereafter the 

loaded WO3 referred as Pd-WO3). The dependence of sensor resistance on PO2 

with the presence of inflammable gases was measured by fixing the 

concentration of different inflammable gases and control the partial pressure of 

oxygen balanced with pure N2. The partial pressure of oxygen (PO2) was 

continuously monitored by a home-made oxygen sensor as shown in Fig. 2-3.  

4.3 Results and Discussion 

4.3.1 Oxygen adsorption behavior 

As discussed in the introduction part, oxygen resistive responses allow us a 

probe to study the basic interaction process of oxygen with WO3 surface. Based 

on the volume depletion theory proposed by N. Yamazoe, et. al., a linear plot of 

sensor resistance with (PO2)
α
 not only reveals the adsorption species but also the 

adsorption strength [2-3]. Therefore, in the present study, the oxygen resistive 

responses were used for the investigation of oxygen adsorption. The sensor 

resistance was measured with different partial pressure of oxygen at 300 and 350 

ºC. Different PO2 was obtained by mixing oxygen with N2 and calibrated with our 

home-made oxygen sensor from 0.05 to 1 atm. For each PO2, the sensor 

resistance was stabilized for 90 min to reach a quasi-equilibrium state and 

recorded as shown in Figure 4-2. However, a complete equilibrium state of 

resistance cannot be obtained even several hours later. For each test, two same 

samples were investigated to ensure a reliability of date.  
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Figure 4-2 a typical transient of sensor resistance for neat and Pd-WO3 for oxygen 

adsorption study at 350 ºC. 

The linear plot of sensor resistance with PO2 is clearly evidenced at 350 ºC 

for both sensors as shown in Fig. 4-3 (a). According to equation 1.6-1.7, it was 

suggested that superoxide ion (O2
-
)

 
was the form of oxygen adsorption for both 

pure and Pd-loaded WO3 sensors.  
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Figure 4-3 (a) the linear dependence of sensor resistance of neat and Pd-WO3 on PO2 

and (b) the calculated oxygen adsorption constant (kO2) as a function of the amounts of 

Pd-loading at 350 ºC. 

The sensor resistance was greatly increased more than one order with Pd-loading, 

indicating a good electronic interaction of PdO with metal oxide i.e. the P-N 

junction [8-9]. It was suggested that Pd-loading has no changes on the species of 

adsorption [4]. 

According to the linear fit in Figure 4-3 (a), the oxygen adsorption on the 
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surface can be described by: 

O2 +e O2
-

k1

k-1          (R4.1) 

Where, k01 and k-01 are the reaction constant for forward and reverse reaction, 

respectively. The adsorption strength expressed by the reaction constant KO2 

(KO2=k01/k-01) in R4.1 can be roughly estimated from the linear fit based on 

equation 1.7. Then adsorption constant can be written in terms of fit slope (kα) as 

kα=(KO2∙a), where a=5 nm, the half thickness determined from HRTEM image in 

Fig. 2-7. However, to precisely determine the slope, R0 should be obtained. It has 

been reported that the flat band resistance can be considered as sensor resistance 

in N2 (RN2) [2-3, 5]. Consequently, the calculated KO2 was obtained and shown in 

Fig. 4-3 (b). It was quite obvious that the adsorption constant was significantly 

increased with the loading amount. In other words, the electronic interaction of 

oxygen with WO3 surface has been enhanced by Pd-loading through the P-N 

junction effect [8-9]. In addition, it was proposed that Pd-loading could promote 

the oxidization states of sensor surface, which could also explain the enhanced 

interaction of oxygen with WO3 surface [4].  

The oxygen adsorption properties in wet condition were also investigated 

based on the resistive response. Figure 4-4 shows the sensing resistance in 

oxygen (RO2) as a function of PO2 with 1 VOL.% and 2 VOL.% humidity. It 

seems that the plot of Rg with PO2 was linear similar with dry conditions 

indicating that oxygen adsorbed on the surface was superoxide ion (O2
-
) [1]. 

However, it should be point out that such a conclusion only be valid at a deep 

depletion state of WO3 nanoparticles. Due to the block effect of water vapor for 

oxygen adsorption, the linear plot was used at high partial pressure of oxygen to 
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guarantee a deep depletion state (volume depletion).  

(a)

0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

5

 

 

 WO
3

 Pd-WO
3

E
le

c
tr

ic
a
l 

re
s
is

ta
n

c
e
 /

 1
0

4
 

P
O2

 / atm

P
H2O

=1.0 V.% 

0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

5

 

 

 WO
3

 Pd-WO
3

E
le

c
tr

ic
a
l 

re
s
is

ta
n

c
e
 /

 1
0

4
 

P
O2

 / atm

P
H2O

=2.0 V.% 

(b)

 

Figure 4-4 linear plot of RO2 with PO2 in the presence of (a) 1 VOL.% and (b) 2 VOL.% 

humidity at 350 ºC. 

The adsorption constants were obtained by the linear fit of RO2 with PO2 in 

different humid atmospheres as shown in Fig. 4-2, and the calculation procedure 

is same as that under dry condition. It was quite clear that the adsorption 

constants were significantly decreased with increasing humidity. In other words, 

the electronic interaction of oxygen with WO3 surface was reduced by water 

vapor. It was proposed that oxygen adsorption was blocked by the chemical 

dissociation of water molecules on WO3 surface [4, 10]. In addition, the effect of 

Pd-loading on sensor resistance was not obvious comparing that for dry condition. 

The sensing resistance of Pd-WO3 sensor was just about 2 times higher than that 

of neat WO3 sensor. In contrast, the sensor resistance of Pd-WO3 was one order 



72 

 

of neat WO3 sensor under dry condition. In other words, the interaction of Pd 

with WO3 was reduced by water vapor. This was also evidenced by the 

adsorption constants as shown in Fig. 4-5. This could be caused by the blocking 

of water vapor for oxygen adsorption, which could give a different chemical state 

of Pd with that in dry condition.  
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Figure 4-5 oxygen adsorption constant as a function of humidity for neat and Pd-WO3 

sensors at 350 ºC. 

To further study the oxygen adsorption properties, O2-TPD experiments 

were carried out on nanoparticles powders. Figure 4-6 shows the TCD and mass 

spectra of oxygen desorption for neat and Pd-loaded WO3 nanoparticles powders. 

There was only one peak observed around 200 ºC in the spectra. The MS 

suggests that oxygen desorption peak at 213 ºC, indicating the adsorption oxygen 

in O2
-
 form [11] and no difference with Pd-loading. Therefore, it was proposed 

that the changes of TCD peaks were mainly associated with desorption of water 

adsorbed on the sample holder and gas lines. In addition, it was found that 

oxygen desorption peak was relatively low revealing a small amount of oxygen 

adsorption. The adsorption amount was calculated from the mass spectroscopy 

and found no increase with Pd-loading as illustrated in Table 3-1. This conclusion 



73 

 

is highly consistent with our previous result that the oxygen adsorption is really 

weak on WO3 [12]. However, we want to stress that the precise analysis of 

oxygen desorption amount is suffered from a large desorption of water. Actually, 

in the present case, water is the main desorption species and the amount is much 

larger than the oxygen.    
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Figure 4-6 TCD spectra and Mass spectroscopy of oxygen desorption obtained on neat 

and Pd-WO3 nanoparticles powders.   

In order to clarify the role of Pd in oxygen adsorption behavior, O2-TPD 

was also investigated with different calcined temperatures. Figure 4-7 presents 

TCD and mass spectroscopy of neat and Pd-loaded WO3 nanoparticles calcined 

at 500 ºC for 2h. From the mass spectroscopy, there was no effects on the oxygen 

desorption peak and amount with different sintering temperatures. It was 

believed that the shift of TCD spectra was also caused by desorption of water.  
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Table 3-1 O2 desorption amount with different Pd-loading. 

Loading amount 

(wt.%) 

Adsorption constant 

 (nm
2
 atm

-1
) 

O2 desorption amount 

(10
-5

 mol g
-1

) 

0 19.2 1.2 

0.15 21.3 1.0 

0.5 18.8 0.8 

0.74 20.9 1.0 

50 100 150 200 250 300 350 400

9.0

9.2

9.4

 

 

T
C

D
 /

 m
V

Temperature / C

 400 C

 500 C

WO
3

T=188 C

50 100 150 200 250 300 350 400

T=213 C

WO
3

 400 C

 500 C

 

 

m
/e

=
3
2
 (

a
rb

. 
u

n
it

s
)

Temperature / C

50 100 150 200 250 300 350 400

8.8

8.9

9.0

9.1

9.2

9.3

T
C

D
 /

 m
V

Temperature / C

 500 C

Pd-WO
3T=190 C

 400 C

 

 

(a) (b)

(c) (d)

50 100 150 200 250 300 350 400
Temperature / C

Pd-WO
3

 

 

m
/e

=
3
2
 (

a
rb

. 
u

n
it

s
)

 400 C

 500 C

 

Figure 4-7 TCD spectra and Mass spectroscopy of oxygen-TPD measurements for (a-b) 

neat and (c-d) Pd-loaded WO3 nanoparticles calcined at 400 and 500 ºC. 

Based on the results of oxygen adsorption, it can be concluded that 

Pd-loading not changes the adsorbed species; however, promotes the electronic 

interaction of oxygen with WO3 surface. In other words, the sensing response to 

oxygen was enhanced, which was evidenced by the increase of adsorption 

constant. However, O2-TPD results demonstrated that oxygen adsorption amount 
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was relatively small for both neat and Pd-loaded WO3 and there was no increase 

in adsorption amount with Pd-loading. Therefore, it was proposed that the 

enhanced electronic interaction was due to the P-N junction of oxidized Pd with 

WO3 surface. Additionally, it was also suggested that with increasing partial 

pressure of oxygen, oxidization state of Pd could be promoted, leading to  

expanding of space charge layer, which can also enhance the electronic 

interaction. With presence of water vapor, it was found the oxygen adsorption 

was blocked for both neat and Pd-WO3 sensors. The adsorption constant was 

greatly decreased around one order for neat and Pd-loaded WO3 sensors.     

4.3.2 Oxygen resistive response with inflammable gases 

It is known that sensing response of inflammable gases can be caused by the 

oxidization of gas molecules with either the surface adsorbed oxygen or lattice 

oxygen. However, it is found that the oxidization of gas molecules with adsorbed 

oxygen should be highly oxygen-dependent. In other words, sensing process 

should depend on the concentration of oxygen. On the contrary, sensing response 

based on the surface redox, i.e., lattice oxygen should weakly depend on the 

partial pressure of oxygen [4]. Based on the reaction R1.1, the sensor resistance 

in the presence of oxygen should be sensitive to PO2. Taking H2 for an example, 

the dependence of sensing resistance on PO2 in the presence of H2 can be derived 

based on the volume depletion theory.  

-

2 OH 
k11

eOH 2

   (R4.2) 

This reaction reduces the concentration of O
-
; however, it is supplied by the 

adsorption of oxygen. The density of [O
-
] can be determined by [2-3]: 
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Od
HSO    (4.1) 

There are three different cases according to the concentration of hydrogen and 

oxygen, respectively.  

Case I 

The concentration of H2 is relatively small such as the level of several ppm and 

PO2 is relatively high. Sensor is working on the volume depletion state. The 

reduction of [O
-
] is quite small comparing with its large concentration on surface 

and then the last term in 4.1 can be neglected. Therefore, the sensor resistance in 

oxygen can be written by 1.7, and keep the same expression as that without H2. 
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Case II 

The concentration of H2 is large or PO2 is not very high to ignore the term of 

k11PH2[O-]. However, the volume depletion is still valid. At steady state, 

d[O-]/dt=0, then we can obtain  

 
2/1

22/1

22
][

1][][






















O

cP
OePK H

SOO     (4.3) 

According to volume depletion theory, the density of [O-] can be expressed 
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By using RO2/R0=Nd/[eS], sensing resistance in oxygen for case II is written as 
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Where, A0 is constant smaller than 1 and related with the concentration of H2. 

Thus, it can be seen that the linear relationship is still valid in this case; 
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nevertheless, the slope is A0(KO2)
1/2

. Actually the slope should be smaller than 

that of absent of H2 and decrease with increasing H2 concentration. 

Case III 

In this case, PH2 is very large or PO2 is quite small. The volume depletion state is 

not suitable. In other words, 4.4 is not valid. [O
-
] is represented as 

][][ S
d e

a

N
O       (4.6) 

Then Rg is expressed as: 
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R
 (4.7) 

In the last case, RO2 should be increased with PO2; however, the linear 

relationship is not valid. The slope with (PO2)
1/2 

is a function of PO2 until A0 

(PO2)=A0=1. Therefore, it can be concluded that sensing resistance based on R4.2 

should be oxygen-dependent in all of conditions. However, sensing response 

based on the lattice oxygen should be less oxygen-dependent, which will 

discussed latter. It can allow us a probe to clarify the sensing process of 

inflammable gases and the role of Pd-loading. In the rest part, the oxygen 

resistive responses with the presence of reducing gases were explored.  

Figure 4-8 shows the dependence of sensing resistance, Rg on PO2 with 

presence of 50, 200 and 450 ppm H2 at 350 ºC.  
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Figure 4-8 resistive response of oxygen with presence of (a) 50, (b) 200 and (c) 450 

ppm H2 at 350 ºC. 

It is obvious that neat and Pd-loaded WO3 sensors demonstrate a quite different 

resistive response with PO2. With the presence of H2, sensing resistance of neat 

WO3 significantly increased with PO2; however, Pd-loaded sensor showed a 

relatively weak dependence on oxygen with the presence of H2. In addition, it 
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was found that with increasing the concentration of H2, such a difference became 

more apparent.  
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Figure 4-9 resistive response of oxygen with presence of 200 ppm H2 at PO2 ranging 

from 0.8×10
-3

 to 0.6 atm at 350 ºC. 

Therefore, it was suggested that Pd-WO3 sensor has a different sensing 

mechanism with neat WO3 sensor. The surface lattice oxygen could take part in 

the sensing process of H2 with Pd-loading.  

To confirm this proposal, the oxygen resistive response with the presence of 

H2 was studied from an extremely low to a high region of PO2. It is because that 

at low partial pressure of oxygen, the surface redox process should be much 

easier [6]. Figure 4-9 shows the resistive response to PO2 with 200 ppm H2. One 

can easily note that Pd-loaded WO3 sensor demonstrated a different resistive 

behavior with neat WO3 sensor and the resistive response could be divided into 

three different regions namely, region (I), region (II) and region (III) from a low 

PO2 to a high PO2.Pd-loaded WO3 sensor almost had no response to the variation 

of PO2 at low partial pressure. Even a slight decrease of Rg was observed with 

increasing PO2 from around 1000 to 6000 ppm. This could not be understood 

from the reaction with surface adsorbed oxygen. In contrast, pure WO3 
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demonstrated a sensitive response to oxygen at all region of PO2. This result was 

well consistent with our prediction that with increasing PH2 or decreasing PO2, the 

surface redox behavior became more obvious for Pd-loaded WO3 sensor. It was, 

therefore, concluded that Pd-loading not only promoted the sensing response but 

also significantly modified the sensing process of WO3.  

To explain this difference, it is surmised that sensing response to H2 can be 

created not only by the reaction with the adsorbed oxygen but also a direct 

reaction with lattice oxygen of WO3 surface. In other words, surface redox 

process took part in the sensing process for Pd-loaded sensors. WO3 surface is 

ready to be reduced with the formation of oxygen vacancies (VO) [6-7]. 

Decreasing oxygen partial pressure or with the presence of reducing gases, the 

formation enthalpy of oxygen vacancy decreases and becomes exothermic [4, 6]. 

Therefore, it was suggested that in the case of reducing gases sensing, the surface 

reduction of WO3 should be taken into considerations even in normal air 

atmosphere [4, 6]. Based on the surface redox reaction, a revisable sensing 

response to H2 can be described by the following reactions: 

eVWOHWOH OL   5

2

62

2     (R4.3) 

  625

2
2

1
WOeVWO bO         (R4.4) 

  Surface lattice oxygen is eliminated by H2 with formation of oxygen vacancies 

(V
•
O) and W

5+
 ions near Pd sites R4.3 and resulted in a decrease in the electrical 

resistance of sensor. After removing H2, the generated vacancies are reoxidized 

by oxygen and then sensor resistance is recovered. In the small amount of PO2, 

reaction R4.3 is easy to progress rather than reaction R4.4, leading to the low 

electrical resistance. In addition, it seems that reactivity of oxygen adsorbed on 
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WO3 surface is very low as shown in Fig. 4-8 and Fig. 4-9. With increasing PO2, 

reaction R4.4 progresses to the right side and then the electrical resistance 

gradually increases. Therefore, reactions R4.3 and R4.4 determine the sensing 

resistance with a presence of H2, which is dependent on the amounts of reacted 

OL. Thus, sensor resistance is quite low and weakly depended on PO2 as observed. 

With a high H2 or low PO2, the sensing process is dominated by R4.3 and R4.4 

and the sensor resistance was completed independent of PO2 as shown in region 

(II) and (III) of Fig. 4-9.  

It should be noted that at low concentration of H2, the sensor response 

caused by the surface reduction of R3.3 and R3.4, should also exhibit a linear 

relationship with the square root of PH2 as presented in Fig. 3-11. Since in this 

redox reaction, one electron was released into the conduction band by one 

hydrogen molecule same as the reaction with adsorbed oxygen (O
-
). However, 

when the surface reduction dominated the sensing response at a high 

concentration of H2 or relatively poor oxygen containing atmosphere, the linear 

relationship of (Ra/Rg)
2 

with PH2 was not valid. It was because that the linearity 

was based on the reaction with a high density of surface adsorbed oxygens [2-3]. 

This was could be one of the reasons for the degradation of the linearity observed 

in Fig. 3-11 and 3-12. Based on the above discussions, we would like to address 

that with Pd-loading; the surface redox process of WO3 can occur and play a vital 

role in the sensing of H2 even in air and control the sensing process in low PO2 

region and high concentration of H2. 

Under a wet condition, the weak dependence of oxygen for Pd-WO3 sensors 

was also observed. Figure 4-10 shows resistive response of sensors to PO2 with 
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different concentration of H2 under 1 VOL.% humidity. With increasing H2 

concentration, the sensing resistance obviously decreased for neat WO3. However, 

Pd-loaded WO3 sensor kept a quite small resistance comparing with the neat one 

and slightly decreased with increasing concentration of H2. Additionally, in all of 

concentrations, the sensor resistance raised with PO2 for neat WO3. On the 

contrary, the sensing resistance of Pd-loaded WO3 even slightly decreased with 

increasing PO2 as shown in Fig. 4-6 (c). This was quite similar with that observed 

under dry atmosphere.  

As discussed in the last part, the surface reduction should be favored by 

decreasing PO2 in the presence of reducing gases. Under humid condition, the 

sensing response to oxygen was studied at a low concentration of PO2. The small 

region of PO2 was obtained by mixing air and 1% oxygen with pure N2. Figure 

4-11 (b) shows the resistive response of oxygen at a low concentration region 

with the presence of 200 ppm H2 under 1 VOL.% humidity. At the first glance, 

one can find that the sensor resistance is reduced by decreasing PO2 down to 10
-3

 

atm level. 
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Figure 4-10 the dependence of sensor resistance on PO2 with (a) 50 ppm, (b) 200 ppm 

and (c) 450 ppm of H2 under 1 VOL.% humidity at 350 ºC.  

It was found that the sensor resistance was reduced by decreasing PO2 down to 

10
-2

 atm level. It was found that the whole region of PO2, sensing resistance of 

neat WO3 demonstrated a strong dependence on oxygen indicating that oxygen 

adsorption was responsible for the sensing response. In contrast, sensor 

resistance of Pd-loaded WO3 slightly increased with oxygen at high PO2 region. 



84 

 

8 12 16 20

1

2

3

4

5

 

 

 WO
3

 Pd-WO
3

E
le

c
tr

ic
a
l 

re
s
is

ta
n

c
e
 /

 1
0

3
 

P
O2

 / 10
-2

 atm

H
2
=200 ppm

H
2
O=1 V.%

0.1 0.2 0.3 0.4 0.5 0.6

2

4

6

8

10

 

 

 WO
3

 Pd-WO
3

E
le

c
tr

ic
a
l 

re
s
is

ta
n

c
e
 /

 1
0

3
 

P
O2

 / atm

H
2
=200 ppm

H
2
O=1.0 V.%

(a)

(b)

 

Figure 4-11 sensor resistance as function of PO2 at the region of (a) 6×10
-3 

to 0.02 atm 

and (b) 0.1 to 0.6 atm with presence of 200 ppm H2 and 1 VOL.% humidity at 350 ºC.  

However, the sensor resistance decreased with increasing PO2 and the reduction 

became more apparent at low partial pressure of oxygen. These results were 

highly consistent with that for dry conditions. Therefore, it can be claimed that 

the sensing mechanism of Pd-loaded WO3 should be different from the neat one. 

The surface redox process described by equations (R4.3) and (R4.4) should be 

responsible for the sensing process of H2 under both dry and wet conditions. It is 

believed that this surface redox is favored with presence of water vapor because 

oxygen adsorption on WO3 is blocked by water. 

By using the same method, the sensing mechanism and the role of adsorbed 

oxygen in the sensing process of CO and CH4 were investigated. Figure 4-12 
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shows the resistive response to oxygen with presence of 200 ppm CO for neat 

and Pd-loaded WO3 sensors with a range of 0.8×10
-3

 to 0.6 atm.  
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Figure 4-12 the dependence of sensing resistance on PO2 from 0.8×10

-3
 to 0.6 atm 

with a presence of 200 ppm CO at 350 ºC. 

Similarly, neat and Pd-loaded WO3 sensors demonstrated a quite different 

response to PO2 with the presence of CO and resistive response to oxygen could 

be also divided into three regions. Pd-loaded WO3 showed a relatively weak 

dependence on oxygen at a high PO2; however, sensing resistance of neat WO3 

sensor was strongly oxygen-dependent at the whole region of PO2. With a very 

small PO2, region (III), an opposite response to oxygen was also observed with 

presence of CO for Pd-loaded WO3 sensor. Thus, this clearly indicated a different 

sensing mechanism of CO for neat and Pd-loaded WO3 sensors. 

These results were highly similar with that of H2, indicating that the redox 

process is also involved for CO sensing with Pd-loading. At poor oxygen 

background, it was believed that the surface redox even dominated the sensing 

process. The surface reaction can be described by: 

eVWCOWOCO OL   5

2

62
  (R4.5) 

  625

2
2

1
WOeVWO LO      (R4.6) 
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It was proposed that Pd-loading also promoted the response of CO and changed 

the basic sensing process from the reaction of surface adsorbed oxygen into 

surface lattice oxygen. 

The surface redox process was evidenced for Pd-loaded WO3 sensors under 

wet condition through the quite weak response of oxygen in the presence of CO 

as demonstrated in Fig. 4-13. It was found that neat WO3 was sensitive to PO2 and 

the sensor resistance increased with PO2. In contrast, Pd-loaded WO3 

demonstrated a weak response to PO2 with presence CO, even the resistance was 

slightly decreased with PO2 at both low and high partial pressure. This was 

consistent with that of dry condition that surface redox is response for the sensing 

process of CO. However, the weak dependence on PO2 was evidenced for the 

whole region of PO2 under wet condition, which is only observed at low 

concentration of oxygen, below 10
-2 

atm as shown in Fig. 4-13. Thus, it is 

believed that the surface redox by CO is promoted by humidity.  
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Figure 4-13 sensor resistance as a function of PO2 at a range of (a) 0.01 to 0.18 atm and 

(b) 0.1 to 0.6 atm with the presence of 200 ppm CO and 1 VOL.% humidity at 350 ºC.  

It is known that methane has a stable molecules structure [13-14] and WO3 

is not sensitive for CH4 as a MOS gas senor [15]. Therefore, it is proposed that 

the surface redox reaction should be hard to take part in the sensing process as 
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observed for the sensing of H2 and CO. In order to confirm this proposal, oxygen 

resistive response in presence of CH4 was firstly characterized as shown in Fig. 

4-14. Firstly, it was observed that the sensor resistance with CH4 was quite higher 

than that with presence of H2 and CO at the same PO2. In addition, the electrical 

resistance for Pd-loaded WO3 sensor was comparable with neat WO3 sensor and 

became sensitive to oxygen in the presence of CH4 for both sensors. However, 

with a small region of PO2, Pd-loaded WO3 sensor showed a weak dependence on 

oxygen. Such observations were quite different from that with presence of H2 and 

CO, indicating a different sensing mechanism. The surface process for sensing 

response is the oxidization of CH4 molecules with surface adsorbed oxygen.  
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Figure 4-14 sensing resistance as a function of PO2 from 0.8×10
-3

 to 0.6 atm with a 

presence of 200 ppm CH4 at 350 ºC.  

Under wet condition, the resistive response of oxygen in the presence of 

CH4 was also investigated. Figure 4-15 shows the sensor resistance with PO2 with 

the presence of 200 ppm CH4 and 1 VOL.% humidity. The sensor resistance for 

both sensors increased with PO2; nevertheless, the sensor resistance was quite 

smaller than that of dry condition, indicating a blocking of oxygen adsorption on 

the surface. Comparing with dry condition, the sensing resistance of Pd-WO3 
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became more oxygen-dependent under wet condition. In addition, it was found 

that the sensor resistance was more closed for neat and Pd-loaded WO3. These 

results revealed that Pd-loaded WO3 had a different sensing mechanism towards 

CH4 with that of H2 and CO under both dry and wet conditions.   
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Figure 4-15 sensing resistance as a function of PO2 at (a) high and (b) low partial 

pressure with presence of 200 ppm CH4 and 1 VOL.% humidity at 350 ºC.  

4.4 Conclusions 

In this chapter, the adsorption and interaction of oxygen with WO3 has been 

investigated based on the resistive response and TPD measurements. The main 

results and conclusion of this chapter are recapitulated below. 

 Oxygen adsorption results revealed that oxygen is difficult to be adsorbed on 

the surface of WO3 and the adsorption was in O2
-
 form for both neat and 
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Pd-loaded sensors. Pd-loading did not increase the adsorption amount but 

promote the electronic interaction of oxygen with WO3, i.e. increasing the 

sensing response of oxygen. 

 The enhanced electronic interaction of oxygen with the loading of Pd can be 

caused by the p-n junction. Additionally, with Pd-loading, the oxidization 

ability could be promoted resulting in an enhanced electronic interaction with 

WO3 surface. Oxygen resistive response suggested that the adsorption of 

oxygen was significantly inhibited by the presence of water vapor for both 

neat and Pd-loaded WO3 sensors. 

 In the presence of H2, the resistive response of oxygen was quite different for 

neat and Pd-loaded WO3 sensors regardless of the humidity. For the neat WO3 

sensor, the sensing resistance was strongly oxygen-dependent with presence 

of H2 or not. In contrast, Pd-loaded WO3 sensor resistance demonstrated a 

really weak dependence on PO2 with presence of H2. This became more 

apparent with increasing H2 concentration or decreasing PO2.  

 In the presence of CO, the oxygen resistive response showed a similar result 

as that of H2. The sensing process of CO was oxygen-dependent for neat WO3; 

however, the sensing process of Pd-loaded WO3 sensor demonstrated a weak 

dependence on oxygen.    

 The oxygen resistive response with the presence of CH4 was obviously 

different from that of H2 and CO. It was found that the sensor resistance 

depended on PO2 for both neat and Pd-loaded WO3 sensors regardless of the 

concentration of CH4 and O2.  

 Experimental results suggested that Pd-loading not only promoted the sensing 
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response but also changed the sensing process of WO3 to H2 and CO. In the 

case of CH4, the sensing mechanism was the reaction of CH4 molecules with 

adsorbed oxygen regardless of Pd-loading and the sensing background.  
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CHAPTER 5  

5 The Redox Process of Neat and Pd-loaded WO3 Sensors  

In this chapter, the surface reducibility and the surface redox process were 

studied based on the TPR tests and resistive response of inflammable gases in the 

atmosphere absent of oxygen. The TPR and resistive response results clearly 

revealed a reduction behavior in the presence of H2 and CO in the absence of 

oxygen for Pd-loaded WO3 sensor. On the contrary, there was no reduction 

behavior for neat WO3. Thus, it was concluded that Pd-loading promoted the 

reducibility of WO3, leading to an increase of sensor response for H2 and CO. 

However, in the case of CH4, the reaction of adsorbed oxygen should be 

responsible for the sensing response regardless of Pd-loading or not.      

5.1 Introduction 

It is well accepted that WO3 surface is ready to loss lattice oxygen forming 

oxygen vacancies (VO), which are considered as the predominant defects on 

surface [1-4]. The formation enthalpy of oxygen vacancy decreases and becomes 

exothermic at atmosphere with very low oxygen or presence of reducing gases, 

such as CO [2-3, 5]. This can significantly affect the surface process of WO3 as a 

semiconductor gas sensor. Therefore, it is suggested that in case of reducing 

gases sensing, the surface reduction of WO3, a direct reaction of gas molecules 

with lattice oxygen should be taken into considerations even in normal air 

atmosphere [5-6]. In other words, the sensing response of WO3, when upon 

exposing reducing gases, can be created by a surface reduction and oxidation 

process (Redox) besides for the oxidization of reducing gases with surface 
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adsorbed oxygen (O2
-
, O

-
 and O

2-
). This has been confirmed by a revisable 

sensing response to CO in the absence of oxygen or at extremely poor oxygen 

atmosphere. Where the resistive responding and recovery speed were found to be 

relatively slow, which resulted from the surface reduction and oxidation process 

supported by the production of CO2 proven by the catalytic conversion and 

DRIFTS measurements [5-6]. The resistive response of oxygen in chapter 4 with 

high concentration of H2 and CO or low PO2 also suggested the surface redox 

process [7]. In addition, studies based on first principle demonstrated that CO 

was oxidized into CO2 on WO3 surface with increasing the concentration of 

oxygen vacancies [5].  

It is accepted that noble metals can activate the surface reduction behavior 

of WO3 [8-10]. Therefore, Pd-loading can promote the surface redox reaction and 

change the sensing process from adsorbed oxygen into surface lattice oxygen [7]. 

In this chapter, the surface reducibility was characterized by TPR (Temperature 

programmed reduction) and sensing response of inflammable gases in the 

absence of oxygen. This result supports our proposal that the surface redox 

processes take part in the sensing process and result in a direct interaction of 

inflammable gas molecules with the sensor surface rather than the chemically 

adsorbed oxygen for Pd-loaded WO3 sensors.     

5.2 Experimental Details 

The interaction of inflammable gases and the surface redox process with 

WO3 were investigated by the TPR and resistive response with non-oxygen 

containing background. H2 and CO-TPR was performed in a flow of 1000 ppm 

H2 or CO balanced with pure N2 (50 mL min
-1

) at a ramping rate of 10 ºC min
-1
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(BEL-CAT, BEL Japan). The sample powders (0.1 g) were packed in a tubular 

quartz reactor and heat-treated at 400 ºC for 30 min in a flow of air. After cooling 

down to 50 ºC in air and the TCD (thermal conductivity detector) and mass 

spectrometer (MS, GDS30102 PFEIFFER VACUUM) were stabilized for 3 h in 

H2 or CO before the TPR measurements. Figure 5-1 shows the procedure for the 

pretreatment and measurements of TPR.  

Room temperature

400°C

50°C

520°C
10°C / min 10°C / min

Nature cooling

Air

He 180 min

30 min

TPR test

10 min 1000 ppm H2/N2

 
Figure 5-1 the procedure for pretreatment and measurement of TPR. 

The sensing properties of inflammable gases were studied with the absence 

of oxygen under dry and wet atmosphere, respectively. It should be noted that the 

atmosphere absent from oxygen refers to the pure N2 or H2 balanced with N2. 

Although, it has been mentioned that even in a highly pure N2 atmosphere, there 

is an extremely low concentration of oxygen as the impurity. According to the 

home-made oxygen sensor, the impurity oxygen is around several ppm in pure N2 

background.  

5.3 Results and Discussions  

Based on the results of chapter 4, it can be concluded that Pd-loading not 

only enhances the sensing response of WO3 but also significantly changes the 

basic sensing process. It was proposed that Pd-loading can promote the 

reducibility of WO3 [8-10]. Therefore, sensing tests and TPR measurements were 

performed in the absence of O2 to evaluate the reduction ability. Figure 5-2 
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shows the resistive response of neat and Pd-loaded WO3 sensors to H2 in the 

absence of oxygen under dry and wet condition, respectively. Here, the 

atmosphere absent from oxygen refers to the pure N2 or H2 balanced with N2. 

However, the presence of oxygen at an extremely low concentration as the 

impurity is inevitable [6, 11-12].  
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Figure 5-2 resistive response of neat and Pd-loaded WO3 sensors to 200 ppm H2 in the 

absence of oxygen under (a) dry and (b) wet condition at 350 ºC.  

Apparently, Pd-loaded and neat WO3 sensors demonstrated a rather different 

sensing behavior. The resistance of 0.5 Pd-WO3 decreased quickly from around 

1967 Ω to only 3 Ω, which was almost comparable to the resolution limitation of 

the electrical multi-meter in less than 3 min. Then a steady state of resistance was 

obtained or resistance value beyond the measurability of the electrical 

multi-meter.  
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In contrast, the sensor resistance of neat WO3 went down very slowly from 

about 140 Ω to 21 Ω; nevertheless, the equilibrium state could not be observed 

even after several hours. When removing H2 from the background, the sensing 

resistance fully recovered to the initial RN2 within 12 h for Pd-loaded WO3 sensor. 

However, the sensor resistance of neat WO3 gradually went up with time and 

could not totally be recovered even 2 days later. Such a slow responding and 

unrecovered response clearly indicated a surface reduction behavior of neat WO3 

as our expectation. It was worthy to note that the recovery of Pd-loaded WO3 

sensor was so slow at the very beginning stage of changing atmosphere from the 

H2/N2 to a pure N2. In the first several hours, the sensor resistance was just 

increased from 4 Ω to 5 Ω. In addition, it was found that the sensor resistance 

continuously went up with time even after reaching the initial RN2. A similar 

phenomenon was also observed in the sensing of CO [6]; however, the reason 

was not clear.  

The sensor response defined by RN2/Rg to 200 ppm H2/N2 was 506 and 7 for 

Pd-WO3 sensor and the neat WO3 sensor, respectively. Comparing with that in air 

atmosphere shown in Fig. 2-9 and Fig. 3-12, the sensor response was 578 and 55 

for Pd-loaded and the neat WO3 sensor, respectively. Therefore, it could be seen 

that in the absence of oxygen, Pd-loaded sensor showed a sensing response 

comparable with that in air background. On the contrary, neat WO3 demonstrated 

a response based on surface redox was far smaller than that of surface adsorbed 

oxygen, revealing that the main sensing process could be ascribed to the 

chemically adsorbed oxygen. The resistive response of reducing gases in N2 

background clearly suggested an improved reduction ability of WO3 by 



98 

 

Pd-loading. In addition, the fully recovery of sensing response for Pd-loaded 

WO3 indicated that the oxidization ability was promoted by the loading of Pd 

comparing with the neat WO3. This conclusion was in a good agreement with the 

above oxygen adsorption study that the electronic interaction was improved 

partially due to an enhanced oxidization with PO2 for Pd-loaded WO3 sensor. 

The interaction of H2 with WO3 surface in the absence of oxygen was also 

investigated by TPR measurements, which demonstrated an enhanced activity of 

surface lattice oxygen for Pd-loaded WO3 nanoparticles. Figure 5-3 represents 

the mass spectra of H2O desorption and H2 consumption in the absence of 

oxygen.  
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Figure 5-3 (a) H2O desorption spectra and (b) H2 consumption spectra of H2-TPR for 

neat and Pd-loaded WO3 nanoparticle powders in the absence of oxygen. 

There are two main peaks of water desorption for neat WO3 nanoparticle 

powders around 190 ºC and 405 ºC, respectively. Pd-loaded WO3 sample also 

showed two main peaks of water spectra and the first peak was consistent with 

that of neat WO3 powder. Thus, it was suggested that the peak at low temperature 

was mainly due to the physical desorption of water for both samples, which was 

in a good accordance with the H2 consumption spectra shown in Fig 5-3 (b). 

Peaks at high temperatures were caused by the reaction of OL with H2 in the 
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absence of oxygen. A large desorption of water was observed for Pd-loaded WO3 

sensor indicating a strong activity of surface lattice oxygen. This was consistent 

with the results observed the resistive response in Fig 5-2. However, neat WO3 

sensor showed a poor activity of OL as proved by the little water desorption and 

H2 consumption. It was found that the amounts of H2O desorption and H2 

consumption becomes much larger with a heavy Pd-loading, indicating a 

promoted reducibility with Pd amount. In addition, desorption of H2 was 

observed at low temperature for Pd-loaded WO3, revealing a dispersion of 

metallic Pd on the surface of WO3. 

The improved reduction of WO3 surface by H2 in the absence of oxygen was 

also proved by the XRD patterns. After H2-TPR tests, sample powders were 

cooled down to room temperature and the reduction state was kept for XRD 

measurements. However, an oxidization of the samples could occur before and 

during the XRD characterization. Figure 5-4 shows the XRD spectra of neat and 

Pd-loaded WO3 powders after TPR tests. Comparing with Fig. 2-4, there was no 

obvious difference in the phase structure for neat WO3 after TPR tests.  
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Figure 5-4 XRD patterns of neat and Pd-loaded WO3 nanoparticle powders after 

H2-TPR measurements. 
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In contrast, XRD patterns of Pd-loaded WO3 was significantly changed after TPR 

tests, suggesting an irreversible interaction with H2 in the absence of oxygen. 

However, it was quite difficult to distinguish the phase structure after TPR 

measurements. 

The reduction behavior was also evaluated in the presence of CO balanced 

with pure N2. Figure 5-5 shows the resistive response of CO in the background of 

N2 under dry and humid conditions, respectively. In the absence of oxygen, both 

neat and Pd-loaded WO3 sensors exhibited a response to CO.  
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Figure 5-5 resistive response of neat and Pd-loaded WO3 sensors to 200 ppm CO in the 

background of N2 under (a) dry and (b) humid condition at 350 ºC.  

It was found that the sensing resistance of neat WO3 relatively slowly decreased 

and could not get equilibrium state even after 2 h. Moreover, the sensing 

resistance could not fully be recovered similar as that observed for H2. This 
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clearly indicated a surface reduction behavior by CO. However, with Pd-loading, 

WO3 demonstrated a significantly high response to CO and the sensing resistance 

quickly and fully went back in 6 h. The response defined by RN2/Rg was 2.6 and 

500 for neat and loaded WO3, respectively. These results clearly showed that 

Pd-loading greatly promoted the reduction; nevertheless, the surface redox for 

neat WO3 in CO was neglectable, even in the absence of oxygen.  

The surface reduction behavior was also revealed by the CO-TPR 

measurements in the absence of oxygen. Figure 5-6 shows the mass spectra of 

CO2 for neat and Pd-loaded WO3 nanoparticle powders during the CO-TPR tests. 

It was quite clear that Pd-WO3 demonstrated a reduction peak around 210 ºC. In 

contrast, the reduction peak of neat WO3 was quite small and almost neglectable. 

This observation was similar with that of H2. Therefore, it can be concluded that 

Pd-loading alters the sensing mechanism of CO due to the promoted reduction 

ability. The surface redox processes, which occur at extremely poor oxygen 

atmosphere for neat WO3, have also been observed in a high oxygen 

concentration containing atmosphere with Pd-loading.  

100 200 300 400 500

Pd-WO
3

m
/e

=
4
4
 (

a
rb

. 
u

n
it

s
)

Temperature / C

CO-TPR
T=210 C

WO
3

 

 

CO=1000 ppm

 
Figure 5-6 CO2 mass spectroscopy of CO-TPR obtained on neat and Pd-loaded WO3 

nanoparticle powders in the absence of oxygen. 
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In addition, with presence of humidity, the based sensor resistance and response 

to H2 and CO were decreased for neat and Pd-loaded WO3 sensors, indicating a 

presence of oxygen in the background and took part in the sensing process.  

In the chapter 4, it has been found that with presence of CH4, the sensor 

resistance was large and highly dependent on PO2, which was different from that 

of H2 and CO. In addition, neat and Pd-loaded WO3 demonstrated a much 

smaller response than H2 and CO. Therefore, it is proposed that the surface redox 

reaction should be hard to take part in the sensing process of CH4. To confirm 

this proposal, the reducibility of WO3 surface in the presence of CH4 was 

investigated by the resistive response in the background without oxygen as 

shown in Fig 5-7.  
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Figure 5-7 resistive response to 200 ppm CH4 and (b) mass spectra of CH4-TPR 

obtained on neat and Pd-loaded WO3. 
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Surprisely, it was found that there was completely no resistive response to CH4 in 

none oxygen containing condition for neat WO3 sensor, indicating no reduction 

behavior. In the case of Pd-loaded WO3, the sensor response to 200 ppm CH4 was 

less than 3, much smaller than that of H2 and CO (506 and 500, respectively) in 

the same concentration. This small response of CH4 suggested a slight reduction 

behavior for Pd-loaded WO3 sensor under dry condition. However, with presence 

of humidity, there was almost no sensing response of CH4 for Pd-loaded WO3 

sensor. Therefore, it was believed that the sensing response under dry condition 

could be caused due to the trace amount of oxygen rather than the surface 

adsorbed oxygen. In case of neat WO3 sensor, there was completely no response 

to CH4 in the absence of oxygen under both dry and wet condition. 

The results of CH4-TPR also demonstrated a relatively weak reduction 

behavior for Pd-loaded WO3. Figure 5-8 shows the mass spectroscopy of CO2 

during the CH4-TPR measurements.  
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Figure 5-8 mass spectra of CH4-TPR obtained on neat and Pd-loaded WO3 

nanoparticles powders. 

The mass spectroscopy only exhibited a very slight emission of CO2 above 

400 ºC, higher than the sensing temperature at 350 ºC for neat WO3. Thus, it can 

be safely concluded that adsorbed oxygens on the surface is the only origin of 
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sensing response of CH4 for neat WO3 sensors regardless of the presence or 

partial pressure of oxygen. This was quite different from the cases of H2 and CO. 

As for Pd-loaded WO3 sensor, there was an emission peak of CO2 at 405 ºC, 

much higher than the sensing temperature. Therefore, the reduction behavior was 

quite difficult at working temperature of sensing (350 ºC) for Pd-loaded WO3, 

even without the presence of oxygen. This was in a good agreement of 

observations of sensing response in the absence of oxygen, which demonstrated a 

quite weak response.  

As shown in Fig 5-8, under non-oxygen background, surface lattice oxygen 

demonstrated an activity to CH4 only at high temperature around 405 ºC. In order 

to evaluate the activity of surface lattice oxygen in the sensing process with 

presence of oxygen, the sensing response was investigated at 400 ºC. Fig 5-9 (a) 

shows the sensor response to CH4 at high temperature under air atmosphere. The 

sensor response for neat WO3 sensor was increased by around 2 times at 400 ºC. 

However, the sensor response was just slightly improved for Pd-loaded WO3 

sensor. Fig 5-9 (b) shows the resistive response to oxygen with presence of CH4 

at high temperature. It was observed that Pd-loaded WO3 sensor showed strong 

oxygen dependence as that of neat WO3 sensor in the presence of CH4 at 400 ºC. 

Thus, the enhanced response could be caused by a promoted reaction with 

surface adsorbed oxygen with increasing temperature. Although Pd-loading 

promotes the activity of surface lattice oxygen to CH4 in the absence of oxygen, 

the activity should be very low under a high PO2 such as air even at a high 

temperature. The sensing process of CH4 should be dominated by the reactions 

with surface adsorbed oxygen with presence of oxygen even at a high 
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temperature.  
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Figure 5-9 (a) sensor response as a function of CH4 concentration at 400 ºC, (b) 

resistive response to PO2 with presence of 200 ppm CH4 at 400 ºC. 

5.4 Conclusions 

The main conclusions drawn from the interaction of inflammable gases with 

WO3 in are listed below. 

 The resistive response and TPR measurements of H2 in the absence of oxygen 

revealed that Pd-loading significantly promoted the surface reducibility of 

WO3. The reduction behavior of neat WO3 was not obvious compared with 

the Pd-loaded WO3. The resistive response could not be repeatable for WO3 in 

the absence of oxygen; however, it could be fully recovered with Pd-loading. 

 Neat and Pd-loaded WO3 sensors demonstrated similar results of the resistive 

response properties and TPR to CO with that of H2 in non-oxygen containing 
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atmosphere under both dry and wet conditions. 

 In the case of CH4, there was no surface reduction behavior for neat WO3 up 

to 400 ºC in the absence of oxygen. On the contrary, Pd-loaded WO3 

exhibited a reduction peak around 405 ºC, which was much higher than the 

sensor operation temperature at 350 ºC. Under non-oxygen background, there 

was no sensing response to CH4 for neat WO3 and the sensing response was 

just 2.5 for Pd-loaded WO3 sensor, which was far smaller that of H2 and CO. 

With presence of humidity, the small response of Pd-loaded WO3 was almost 

disappeared.   
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CHAPTER 6  

6 Conclusions and Future Research 

The microstructure, sensing properties and mechanism for neat and 

Pd-loaded WO3 nanoparticle gas sensors have been studied through four main 

parts. The followings are the brief summaries and some suggestions for the 

further research envisioned from the present study.  

6.1 Conclusions 

1. Microstructure 

The microstructural properties of the nanoparticles and sensor devices were 

investigated in Chapter 2 and 3 for a basic understanding on the sensing 

mechanism. The prepared WO3 nanoparticles have a 2-demisional structure with 

a very small thickness c.a. 10 nm, which is less than the width of depletion layer 

of WO3 in air atmosphere (16 nm). Thus, the volume depletion theory is valid for 

the sensing process. The presence of Pd on the surface of WO3 nanoparticles 

demonstrates the effectiveness of the modified impregnation loading process. 

The dispersion of Pd is very fine; nevertheless, the loading amount is quite low 

due to a small surface area of support. Pd-loading has no effects on the size and 

shape of WO3 nanoparticles. The fabricated sensor devices have a mesoporous 

structure with a good distribution of porosity on the surface. Both the 

morphology of nanoparticles and sensor surface has showed a good stability 

during the heating treatments and sensing processes.       

2. Sensing Properties 

The static sensing properties of neat and Pd-loaded WO3 sensors were 
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characterized by their resistive response to oxygen and inflammable gases (H2, 

CO and CH4) under dry and humid condition, respectively. As expected, neat 

WO3 sensor demonstrated a small response to the inflammable gases in a 

sequence of H2, CO and CH4. With the presence of humidity, the sensor response 

was within 2 for all of three kinds of inflammable gases with concentrations up 

to 1000 ppm. Pd-loading significantly promoted the sensing response of 

inflammable gases in a sequence of H2, CO and CH4. For H2 and CO, the sensor 

response of Pd-loaded WO3 was more than 2 orders higher than that of neat WO3. 

However, the promotion effect was quite moderate for CH4; the sensor response 

was just increased by several times with Pd-loading. The sensor response of 

Pd-loaded WO3 was also greatly decreased by water vapor. With 0.5 VOL.% 

humidity, the sensor response was reduced by more than one order. Under humid 

condition, the sensor response was above one order larger than that of neat WO3 

for H2 and CO. However, the sensor response of CH4 was very small just less 

than 2 up to 1000 ppm for neat and Pd-loaded WO3 sensors under wet condition. 

3. Sensing Mechanism 

The interpretations of sensing mechanism for WO3 gas sensor to 

inflammable gases were based on the results of oxygen adsorption and 

interaction with WO3 in Chapter 4 and the interaction of inflammable gases with 

surface lattice oxygen for WO3 in Chapter 5. The adsorption amount of oxygen 

was relatively low, around 10
-5

 mol g
-1

 for both neat and Pd-loaded WO3. The 

adsorption form was in O2
-
 characterized by the resistive response and TPD 

measurements. Pd-loading greatly enhanced the electronic interaction of oxygen 

with WO3 sensors. This enhanced electronic interaction was caused by the P-N 
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junction effect and a promoted oxidization ability of WO3 with Pd-loading. The 

oxygen resistive response with the presence of H2 and CO was quite different 

between neat and Pd-loaded WO3 sensors. The sensor response was really low 

for neat WO3 and the sensing process was highly oxygen-dependent. In contrast, 

the sensor response for Pd-loaded WO3 sensor was very high and the sensing 

process weakly depended on PO2 for Pd-loaded WO3 sensors. This clearly 

suggested that Pd-loading not only promoted the sensing response but also 

changed the basic sensing mechanism. The interaction of H2 and CO with neat 

WO3 in the absence of oxygen was also significantly different with Pd-loaded 

WO3 sensor. According to these results, it was proposed that the surface lattice 

oxygen has a high activity and redox involved the sensing process of H2 and CO 

for Pd-loaded WO3 sensors. At low oxygen or non-oxygen atmosphere, reaction 

of lattice oxygen dominates the sensing processes for Pd-loaded WO3 sensor. The 

sensing process of H2 and CO with different PO2 is schematically shown in Fig. 

6-1. The sensing mechanism is same for H2 and CO; however, for simplicity, 

only the process of H2 sensing is demonstrated. The surface lattice oxygen 

involves the sensing process to H2 and CO for Pd-loaded WO3 sensor even with a 

high PO2. This is responsible for the highly sensitive response and weak oxygen 

dependence for Pd-loaded WO3 sensor. 
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Figure 6-1 a schematically drawing of sensing mechanism for neat and Pd-loaded WO3 

sensor to H2 with different oxygen concentration. 
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In the case of CH4, the sensing mechanism is different from that of H2 and 

CO. The sensor response is poor for both neat and Pd-loaded WO3 sensors; 

however, the sensing process is obviously oxygen-dependent for both sensors. In 

the absence of oxygen, the resistive response and TPR measurements indicate 

that surface lattice oxygen has no activity to CH4 for neat WO3 and a very poor 

activity for Pd-loaded WO3 sensor at high temperature. Therefore, the basic 

sensing mechanism of CH4 sensing is based on the conventional process that the 

oxidization of CH4 molecules with the surface adsorbed oxygen for both neat and 

Pd-loaded WO3 sensors. This is contributed to the poor response and 

oxygen-dependent sensing process of CH4. Under extremely poor oxygen or 

non-oxygen atmosphere, CH4 can react weakly with surface lattice oxygen 

through Pd particles on surface as shown in Fig. 6-2. However, there is no 

reaction of surface lattice oxygen with CH4 molecules for neat WO3 sensor even 

under non-oxygen background at high temperature.  
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Figure 6-2 a schematically drawing of sensing mechanism of CH4 for neat and 

Pd-loaded WO3 sensor with different oxygen concentration. 
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6.2 Future Research   

The present study has demonstrated that the sensing process of WO3 to 

inflammable gases was different from the traditional theory. Pd has an electronic 

and chemical effect on the sensing process of WO3. The surface lattice oxygen 

was activated by Pd dispersed on the surface and reacted with inflammable gases. 

This study is beneficial for a better understanding on the basic mechanism of 

MOS gas sensors and the role of additives. To further clarify the surface process 

of gas sensing and promote the sensing performance of MOS gas sensors, the 

following aspects are proposed based on the present thesis for a future research. 

1. The investigation on the sensing mechanism and the role of Pd are mainly 

based on the resistive response of oxygen and inflammable gases under 

different designed atmospheres. The present method allows us an effective 

approach to study the sensing process and can be applied for different 

additives such as Au and Pt, and different support (SnO2 and In2O3). A 

systemic study on the mechanism of noble metal additives (Au, Pd and Pt) 

can be conducted through the proposed simple method. This is good for the 

clarification of the role of additives in gas sensing, which is one of the most 

important subjects in MOS gas sensors. 

2. The reaction of lattice oxygen with H2 and CO molecules was derived from 

the resistive response of oxygen and sensing response in the absence of 

oxygen. Therefore, the reaction of lattice oxygen under oxygen containing 

atmosphere is indirectly derived from the resistive response and directly 

observed in the absence of oxygen. However, with presence of oxygen, 

namely in air background, the reaction of H2 and CO with surface lattice 
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oxygen should be different from that of non-oxygen containing atmosphere 

and difficult to occur. Therefore, other analysis techniques such as oxygen 

isotopic labeling, which can allows us a direct observation of reaction of 

lattice oxygen with presence of oxygen, are highly required. 
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