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2. Experimental

Introduction

The purpose of this chapter is to present the experimental details of this study. This chapter
is divided into three main parts, which discuss the preparation of WO; nanocrystalline
powder, the experimental techniques used to analyse the structural properties of the WO;
powders and the implementation and test of gas sensor devices. For the sake of brevity, this
chapter just gives the main information needed to understand the research carried out in this
study. It is not the scope to give complete and detailed information about sample
preparation or characterisation techniques. Excellent books and reviews have been written,
and are here cited, if the reader is interested in obtaining a deeper view of a particular field.
That is why most of the references found in this chapter are not inserted in the text, as

usual, but they are gathered at the end of the corresponding subsection.

The first section reports on the chemical route followed to obtain pure and catalysed WO,

nanocrystalline powders.

The second part deals with the description of the characterisation techniques used in this
work. Some of these techniques, such as X-ray diffraction, X-ray photoelectron
spectroscopy, Transmission electron microscopy or Raman spectroscopy, have been used
rather as routinely characterisation techniques and, in fact, they have been widely described
in previous works concerning the characterisation of nanocrystalline powders for gas
sensors in our research group. Therefore, more emphasis is placed on the rest of techniques
(Temperature programmed desorption, Electron paramagnetic resonance and Diffuse
reflectance spectroscopy). These are not new techniques at all, of course, but they are not so
common in the field nanocrystalline metal oxides applied to gas sensors, so more details are

provided.

Finally, the third part describes the fabrication of gas sensors from nanocrystalline WOs-
based powder and their test. As in the previous section, the preparation and test of similar
sensors has been also very well reported in previous works, so only a short description is

provided.
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2.1 Sample preparation

Nanocrystalline tungsten trioxide was prepared following a soft chemistry route, classified
as a sol-gel route by some authors, from tungstic acid (H,WOy). This route has been applied
in catalysis [1,2] and, to the best of our knowledge, it had never been used before for gas
sensing applications, where the pyrolisis of ammonium paratungstate is much more

common [3,4].

Typically, tungstic acid (10.0 g) was dissolved in 31.0 ml of methanol (Fig. 1). After
stirring at room temperature for 15 minutes, 18.0 ml of water (1:25 tungstic acid:water

molar ratio) were slowly dropped into

H,WO, + CH;0H + H,0 the tungstic acid-methanol solution,
Catalytic which was refluxed at 80°C for 20
introduction

« hours under stirring in air. Afterwards,
Stirring it was dried in vacuum and the obtained
80°C 20h

powder was further treated for 5 hours
Drying at 110 °C in air. Nanocrystalline WO;

WO;:nH,0 A
S Hoe was obtained by annealing the dried

powder between 400°C or 700°C for 5
¢ Annealing hours, under a flow of synthetic air (50-
400°-700°C 5h

ml min™").

WO,

Copper, chromium and vanadium
catalysed WO; (metal:W atomic ratios
Fig. 1: Chemical route followed in this work to 0.2, 1, 2 and 5%) were prepared by
obtain nanocrystalline WO;-based powder
adding the stoichiometric amount of
monohydrate copper acetate, chromium nitrate nonahydrate (both dissolved in methanol)
and ammonium metavanadate (dissolved in aqueous oxalic acid, 10“M, solution) to the
tungstic acid-methanol solution before heating at 80 °C. The remaining steps were followed

as previously explained (Fig. 1). Hereafter, copper catalysed WO; with a Cu/W ratio of
0.2% will be labelled as WO;:Cu(0.2%) and so on for the rest of materials.
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2.2 Characterisation techniques

2.2.1 X-ray diffraction

This technique allows identifying and studying crystalline materials by using the
phenomenon of diffraction. Briefly, diffraction occurs when penetrating radiation, such as
X-rays, enters a crystalline substance and is scattered. The direction and intensity of the
scattered (diffracted) beams depends on the orientation of the crystal lattice with respect to
the incident beam. Any face of a crystal lattice consists of parallel rows of atoms separated
by a unique distance (d-spacing), which are capable of diffracting X-rays. In order for a
beam to be 100% diffracted, the distance it travels between rows of atoms at the angle of
incidence must be equal to an integral multiple of the wavelength of the incident beam. D-
spacings that are greater or lesser than the wavelength of the directed X-ray beam at the
angle of incidence will produce a diffracted beam of less than 100% intensity. The resulting
analysis is described graphically as a set of peaks with intensity on the Y-axis and

goniometer angle on the X-axis

If the sample is powdered, it provides, theoretically, all possible orientations of the crystal
lattice, the goniometer provides a variety of angles of incidence, and the detector measures
the intensity of the diffracted beam. The exact angle and intensity of a set of peaks is
unique to the crystal structure being examined. A comparison with patron tables, such as
JCPDS spectra published by the American Society for Testing and Materials, provides

valuable information about the composition of the powder.

Besides, XRD can be used to determine the crystallite size of the sample, which is a key
point in the field of gas sensors based on metal oxides. Nano-sized crystals are generally
too fine to be measured by light microscopy. Laser scattering methods give only average
particle sizes; therefore particle size can not be measured in a particular crystallographic
direction. Moreover, the particles measured by laser techniques may be composed of
several different minerals, and may be agglomerations of individual crystals. Measurement
by electron and atomic force microscopy is tedious, expensive and time consuming. It is
difficult to measure more than a few hundred particles per sample by these methods. This
many measurements, often taking several days of intensive effort, may yield an accurate

mean size for a sample, but may be too few to determine an accurate distribution of sizes.
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Measurement of size distributions by X-ray diffraction (XRD) solves these shortcomings.
An X-ray scan of a sample occurs automatically, taking a few minutes to a few hours and
the resulting XRD peaks average diffraction effects from billions of individual nano-sized
crystals. The simplest approach is to use the peak breadth at half maximum (FWHM) and
the Scherrer equation. However, the size that is measured by XRD may be related to the
size of the individual crystals of the mineral in the sample, rather than to the size of
particles formed from the agglomeration of these crystals. Moreover, crystalline defects can
mislead the measurement of the crystallite size based on the Scherrer equation. These

shortcomings make necessary to use other techniques to check XRD results.

In this investigation, information about the crystalline structure of the powders and their
crystallite size has been obtained from XRD data. The patterns of the nanopowders were
obtained with a Siemens D-500 X-ray diffractometer using Cu-Ka radiation, with operating
voltage of 40 kV and current of 30 mA Further information about this technique and its

application to nanocrystalline powder can be found elsewhere [5-7].

2.2.2 Transmission electron microscopy

In Transmission electron microscopy (TEM), electrons focused by condenser lenses collide
with the sample and are dispersed. An image is obtained from those less dispersed and it is
successively magnified by electromagnetic lenses. Finally, it is projected onto an electron
sensitive film or a screen. In this work, three main features have been investigated by this
technique: size and shape of the WO; nanoparticles, crystalline structure and defects and,

finally, distribution of the catalytic additive over the tungsten oxide particle.

Conventional TEM under bright field conditions is used for determining the size and shape
of nanoparticles. The direct electron beam, not scattered, is selected from the diffraction
pattern with the objective aperture. Aspects of this technique [8], as well as a complete
description of its application to nanopowders for gas sensing applications [9], can be found

elsewhere.

High resolution TEM (HRTEM) is a powerful technique for the structural study of the
nanocrystalline samples. Images can be digitally processed and compared with computer
simulations. More information about its application to the field of catalysis and gas sensors

is available in [10,11].
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The measurement of the electron energy loss gives information about the chemical nature
of the sample. One of the possible forms to analyse this is studying the distribution of
electrons that have interacted inelastically with the specimen and passed through it, which
is known as Electron energy-loss spectrometry (EELS). It is possible to detect light

elements and their electronic structure, bonding and nearest-neighbour distribution.

For this study, aspect and grain size of the powders, crystalline structure and defects have
been investigated by HRTEM, whereas EELS has provided information about the
distribution of the additives on WO; when possible. More information about these

techniques can be found in [8].

2.2.3 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy known as XPS or ESCA (Electron Spectroscopy for
Chemical Analysis) has the ability to measure binding energy variations resulting from
their chemical environment. Photoelectron spectroscopy utilises photo-ionisation and
energy-dispersive analysis of the emitted photoelectrons to study the composition and

electronic state of the surface region of a sample.

Photoelectron spectroscopy is based upon a single photon in/electron out process. In XPS
the photon is absorbed by an atom in a molecule or solid, leading to ionisation and the
emission of a core (inner shell) electron. For each and every element, there will be a
characteristic binding energy associated with each core atomic orbital i.e. each element will
give rise to a characteristic set of peaks in the photoelectron spectrum at kinetic energies

determined by the photon energy and the respective binding energies.

The presence of peaks at particular energies therefore indicates the presence of a specific
element in the sample under study - furthermore, the intensity of the peaks is related to the
concentration of the element within the sampled region. Thus, the technique is capable of
yielding a quantitative analysis. The most commonly employed x-ray sources are those
giving rise to:

e Mg K, radiation: hv = 1253.6 eV

e Al K, radiation: hv=1486.6 eV
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The emitted photoelectrons will therefore have kinetic energies in the range of ca. 0 - 1250
eV or 0 - 1480 eV. Since such electrons have very short inelastic mean free paths in solids,
the technique is necessarily surface sensitive. For an electron emitted towards the surface,
there would be less chance of inelastic scattering before it escaped from the solid. XPS is
not completely surface specific though, in that whilst most of the signal comes from within
a few atomic layers of the surface, a small part of the signal comes from much deeper into

the solid.

In this study, the chemical state of tungsten, oxygen and additives has been analysed by
XPS. The spectra were obtained on a Physical electronics 5500 spectrometer, using
monochromatic Al K o radiation (1486.6 eV). All spectra were taken at room temperature
and tungsten oxide samples were mounted to be in adequate electric contact with the
holder. Measurement conditions and parameters were verified to get the right carbon peak
position (C 1s = 248.8 eV), assuming an error lower than 0.2 eV. Spectra were fitted with
Gaussian-Lorentzian (80-20% respectively) peaks, considering a Shirley baseline. More

references about XPS can be found in [12,13].

2.2.4 Diffuse reflectance infrared Fourier transformed spectroscopy

Diffuse Reflectance spectroscopy (DRS) is a spectroscopic technique based on the refection
of light in the ultraviolet (UV), visible (VIS) and near-infrared (NIR) region by a powdered
sample. In this study we have limited to DRIFT spectroscopy (Diffuse Reflectance Infrared

Fourier Transformed).

In a DRS spectrum the ratio of the light scattered from an infinitely thick layer and the
scattered light from an ideal non-absorbing reference sample is measured as a function of
the wavelength. The illumination of powdered samples by incident radiation leads to
diffuse illumination of the samples. The incident light is partially absorbed, partially
scattered. The scattered radiation, emanating from the sample is collected in an integration

sphere and detected.

One of the main advantages of this technique is that it can be operated under controlled
conditions of temperature and ambience gases. Fig. 2a shows a typical diffuse reflection
attachment for in situ measurements. Its construction with two ellipsoidal mirrors provides
that mainly the diffuse component of the reflected light is captured [8]. In conjunction with

this attachment, a stainless steel reaction chamber (Fig. 2b) can be used with quartz
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windows and with gas ports for evacuating the chamber and/or for introducing gas. The

chamber can be used under static or dynamic conditions.

Fig 2: In-situ DRS cell: (left) diffuse reflection attachment and (right) stainless steel reaction
chamber (After [14]).

In practice, diffuse reflection spectra are complex and are strongly dependent upon the
conditions under which they are obtained. These spectra can exhibit both absorbance and
reflectance features due to contributions from transmission, internal and specular
reflectance components as well as scattering phenomena in the collected radiation. Diffuse
reflectance spectra are further complicated by sample preparation, particle size, sample
concentration and optical geometry effects, to name a few. Finally, it is common to take as

a reference the spectrum of a mirror and reference sample spectra to this one.

In this study, DRIFTS has been applied to study the superficial vibrations of WOs;, specially
the terminal W=0 bonding, hydroxyl groups and the vibrations of adsorbed ammonia on
WO;-based powders. The spectra were obtained using a Nicolet 510P infrared
spectrometer, with KBr optics and a DTGS detector. A controlled environment reflectance
cell (Spectra-Tech 0030-101), equipped with ZnSe windows, was coupled to the
spectrometer. More information about the principles of this technique and applications can

be found in [14].

2.2.5 Raman spectroscopy
The scattering mechanisms between an incident radiation and a certain substance can be

classified on the basis of the difference between the energies of the incident and scattered
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photons. Briefly, if the energy of the incident photon is equal to that of the scattered one,
the process is called Rayleigh scattering. If the energy of the incident photon is different to

that of the scattered one, the process is called Raman scattering.

In crystalline solids, the Raman effect deals with phonons. A phonon is Raman-active only
if the first derivative of the polarizability with respect the vibrational normal co-ordinate
has a non-zero value, and this in turns depends by the crystal symmetry. A phonon can be
either IR or Raman active only in crystals without centre of inversion. For every crystal
symmetry class, is possible to calculate which phonons are Raman active, and in which
measurement geometry, i.e. for which direction of polarisation of the incident and scattered
light, relative to the crystallographic axis, also using the Raman tensors tabulated in many
texts. Performing measurements in controlled polarisation configurations is possible to
obtain information about the symmetry of the crystalline lattice. The Raman signal is very
weak: only 1 photon in 10gives rise to the Raman effect. The Raman spectra are usually
plotted in intensity vs. the difference in wave number between the incident beam and the
scattered light, and so peaks are in correspondence to the phonon frequency. In
nanocrystalline materials, Raman features are broadened and shifted by the phonon
confinement. By using an adequate model, is possible to estimate the size of the
nanocrystals. From the band-shifts and the presence of "forbidden" peaks, using the Raman
spectroscopy is also possible to obtain information on the disorder and the strains present in

the crystalline lattice.

In this investigation, information on the structural properties of WOs3, and of additives in
some cases, have been obtained by Raman spectroscopy. Raman scattering measurements
were obtained in backscattering geometry with a Jobin-Yvon T64000 spectrometer coupled
to an Olympus metallographic microscope. Excitation was provided by an argon-ion laser
operating at a wavelength of 457.5 nm with a low incident power to avoid thermal effects.
Raman shifts were corrected by using silicon reference spectra after each measurement.

General references about Raman spectroscopy can be found in [15,16].

2.2.6 Electron paramagnetic resonance

Electron Paramagnetic Resonance (EPR), often called Electron Spin Resonance (ESR), is a
branch of spectroscopy in which electromagnetic radiation (usually of microwave
frequency) is absorbed by molecules, ions, or atoms possessing electrons with unpaired

spins, i.e. electronic spin S > 0, which is a common feature of transition metals. This
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technique can provide information about the geometry of the EPR active species as well as

information about its electronic structure.

The sample material is immersed in a strong static magnetic field and exposed to an
orthogonal low- amplitude high-frequency field. EPR wusually requires microwave-
frequency radiation (GHz). The energy is absorbed by the sample when the frequency of
the radiation is appropriate to the energy difference between two states of the electrons in

the sample, but only if the transition
i satisfies the appropriate selection rules.

This is 1its main limitation, but

= 41/
m, 112 sometimes its great advantage.
o |l

Field off Fundamental Principles
g B In EPR, because of the interaction of the
BB ) ) )
unpaired electron spin moment (given

by two projections, mg =+ 1/2, for a free

m,= -1/2 electron) with the magnetic field, the so-
ﬁ i called Zeeman  effect, different
projections of the spin gain different

energies, as shown on Fig. 3:
Fig. 3: Different projections of the spin lead to
different energies in the presence of a magnetic
field (Zeeman effect) [17]

Ems :gmMBBﬂms (l)

Here B, is the field strength of the external magnetic field. The SI unit for the magnetic
field is tesla, T, but, historically in EPR, gauss (1G = 0.0001 T) is still used. Other terms in
Eq (1): mj - is a spin projection on the field (ms = + 1/2 for a free electron), pp is the Bohr

magneton:
Wy =|eh/dnm,|=9.2740x107*J /T @)

with e and m, being electron charge and mass, respectively, and h-Planck's constant.
Parameter g for free electron, g,, has the value close to two: (g. =2.0023193). If the electron
has nonzero orbital angular moment, L, the g-value (sometimes called factor Landé)

becomes:
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+S(S+1)—L(L+1)+J(J+1)

1
& 27(J +1)

3)

The overall magnetic momentum, .4, can be expressed via overall angular momentum, J,

and the g-value:

= guy[J(J+D]"” @)

For most of organic radicals and radical ions, unpaired electrons have L close to zero and
the total electron angular momentum quantum number J is pretty much the spin quantum
number, S. As result, their g-values are close to 2. Situation becomes much more
complicated with transition metals. Not only they have large L's and S's, but these values
depend on the surrounding electric fields of ligands, making everything messier but also
more interesting. If L =0 then J = S, and Eq. (1) will define the energies of all the possible
projection of m, from -S'to S- 1, S (25 + 1 of such).

If the molecule contains nuclei with magnetic moments, such as protons, their interaction
with external field and the electronic magnetic moment will change stationary energies of
Eq.(1). The nuclear angular momentum quantum number / determines the nuclear magnetic

moment the same way as for the electron:

1/2
w=gyiy[I(7+1)] 5)
with wy now being the nuclear Bohr magneton:

Wy =|eh/4nm,|=5.051x107"J /T ©)

much smaller value because of the ~2000 times more heavier proton m,. The nuclear g
factor, gy, is obtained from a knowledge of the structure of the nucleus. Interaction with
external field splits the nuclear sublevels due to Zeeman interaction the same way as for

electron spin:
E, =gyuyBym, 7
where m; is one of the 2/ + 1 projections of the nuclear spin. Electron-nuclear interaction

will depend on the projections of both, electron and nuclear spins:
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electron—nuclear — AmlmS (8)

where coefficient A, a so-called hyperfine coupling constant/interaction (hfi), depends not
only on the g-values for the electron and the nucleus but also on the distance between them
and their orientation with respect to the external field (dipole-dipole interaction). In
solutions, the anisotropic part of this interaction averages out because of the fast molecular

rotation. The remaining isotropic part is given by the Fermi contact interaction in the form:

A=@n/3)gynyg 1P (0) )

where p(0) = [y(0)|* is the unpaired electron density at the nucleus. For pure Is electron on
hydrogen atom, 4 equals h x 1420 MHz. As a matter of convenience, hyperfine constants
are usually given in Gauss, a = A/g.pp. For example, hydrogen it corresponds to a = 508 G.

Summing up all energies, we arrive at modified Eq. (1)
E:gemBmS(BO +Zaim1i)_gN“NBom1 (10)

Experimental

A typical spectrometer consists of an electromagnet with power supplies to generate and
modulate a uniform magnetic field of several thousand Gauss, as well as the components
that generate and detect microwave Klystron Detector
power. A static magnetic field is

provided by an electromagnet with a

current- regulated power supply. A

homogeneous field is required for best

results. A Hall probe, driven from a Phase-
stable constant-current power system, sensitive
detector

with a digital multimeter (DMM)

reading the Hall voltage, is used to

measure the value of the magnetic field

Electromagnet
between the poles of the magnet. Modulation
input

The microwave system consists of a Fig. 4: Schematic diagram of a typical EPR

microwave power supply that uses a  apparatus (Afier [17])
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clystron (Fig. 3). The output of the microwave power (mw) supply is connected via
rectangular wave-guide and through a circulator to a high-Q resonant cavity. The samples
to be investigated are mounted in the middle of the cavity, where magnetic component of
the microwave power has a maximum. A microwave diode, which detects the mw resides
inside the same box as the power supply. The higher the quality of the resonant cavity, the

greater the microwave field can be obtained on the sample.

There are varieties of schemes for detecting resonant EPR transitions. Historically, most
popular became a detection of absorption of the microwave power. To minimise the noise
from the mw diode in steady state measurements, a magnetic field modulation scheme with
phase sensitive detection is usually employed. As a result, the detected signal appears as a

first derivative (Fig. 4).

The time the unpaired electron stays in

the higher energy state before relaxing

Abhsorption

back to the lower energy state is called
the lifetime. The lifetime is inversely
proportional to the line width of the EPR
resonance due to the uncertainty
principle. The longer the lifetime the
narrower the resonance. Lifetimes for

EPR vary between 10 and 10™ seconds.

Derivative of
Absorption

Since lifetimes increase as the

temperature of the system is lowered, it

Field, B,

is common to cool EPR samples to -
liquid nitrogen (77K) or liquid helium

) Fig. 5: Absorption and derivative of the
temperatures (4K) in order to observe an absorption (detected signal) in a typical EPR

EPR signal measurement [17]

Applications

Whereas EPR is not a common characterisation technique in the field of gas sensors based
on metal oxides, it has been widely used in the field of heterogeneous catalysis for more
than 30 years. However, it is well known that these two fields are closely related, so most
of the following applications could be also useful in the case of gas sensors based on metal

oxides:
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e Detection of adsorbed paramagnetic species

e Paramagnetic species introduced in the material in order to "probe" the material via
EPR parameter response (racers)

e Surface properties giving rise to paramagnetic species

e  Bulk properties as evidenced by ionisation of bulk atomic arrangements using uv light
from a mercury lamp or y rays from a “°Co source

e  Transition metal ions within or at the surface of a material

In this study, chemical state of the additives has been analysed by EPR. The X band CW-
EPR spectra were recorded at 123K on a Bruker EMX spectrometer, using 5 mW
microwave power and 5G-modulation amplitude. The temperature control in the range 300-
4 K was achieved through an Oxford cryostat for X band spectrometer. Thermal treatments
of the dried gel samples were performed at 673 K and 973 K, under dry flowing air, in a
quartz apparatus suitable for both gas-flow and EPR measurements, so as to avoid contact
with uncontrolled atmosphere. The g values were measured by standardisation with
diphenylpicrylhydrazyl (DPPH). References about EPR characterisation of transition metal

chemistry and materials for catalysis can be found in [18-20].

2.2.7 Temperature programmed desorption
Temperature programmed desorption (TPD) or thermal desorption spectroscopy (TDS), as
it is also called, is particularly useful in surface science, where one studies the desorption of

gases from single crystals and polycrystalline foils into vacuum.

First of all, some concepts and vocabulary concerning this technique should be clarified.
When a gas or vapour is brought into contact with a solid, the solid takes up part of it. The
molecules that disappear from the gas either enter the inside of the solid, or remain on the
outside attached to the surface. The former phenomenon is termed absorption (or
dissolution) and the latter adsorption. When the phenomena occur simultaneously, the
process is termed sorption. The solid that takes up the gas is called the adsorbent, and the

gas or vapour taken up on the surface is called the adsorbate.

Molecules and atoms can attach themselves onto surfaces in two ways. In physisorption
(physical adsorption), there is a weak van der Waals attraction of the adsorbate to the

surface. The attraction to the surface is weak but long ranged and the energy released upon
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accommodation to the surface is of the same order of magnitude as an enthalpy of
condensation (on the order of 20 kJ/mol). During the process of physisorption, the chemical
identity of the adsorbate remains intact, i.e. no breakage of the covalent structure of the

adsorbate takes place.

In chemisorption (chemical adsorption), the adsorbate sticks to the solid by the formation of
a chemical bond with the surface. This interaction is much stronger than physisorption, and,
in general, chemisorption has more stringent requirements for the compatibility of
adsorbate and surface site than physisorption. The chemisorption may be stronger than the
bonds internal to the free adsorbate, which can result in the dissociation of the adsorbate
upon adsorption (dissociative adsorption). In some cases, dissociative adsorption can be
greater than zero, which means endothermic chemisorption, although uncommon, is

possible.

The basic experiment has two main parts:

e Adsorption of one or more molecular species onto the sample surface at a certain
temperature

e Heating of the sample in a controlled manner (preferably so as to give a linear
temperature ramp) whilst monitoring the evolution of species from the surface back

into the gas phase with a gas chromatograph and a mass spectrometer (GC-MS).

The data obtained from such an

12a04 m experiment consists of the intensity
R H,S WO, o
1040 —&— room temperature variation of each recorded mass
—e—100°C
800" 20%C fragment as a function of time
ER .
8 600 (temperature). It must be pointed out
g 40407 that if adsorbate molecules do react on
2040 the surface of the sample, reactions
00{ 6000044 W s anm
products may also be detected.
— T T T T T T T T T T
0 100 200 300 400 500 600 700

Temperature (C)
Fig. 6 shows data from a typical TPD

experiment (H,S on nanocrystalline
Fig. 6: TPD of H,S, preadsorbed at different

temperatures, from WQOj; nanocrystalline powder WOs). The following points are worth

noting:
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The area under a peak is proportional to the amount originally adsorbed, i.e.

proportional to the surface coverage.

e The kinetics of desorption (obtained from the peak profile and the coverage
dependence of the desorption characteristics) give information on the state of
aggregation of the adsorbed species

e The position of the peak (the peak temperature) is related to the enthalpy of

adsorption, i.e. to the strength of binding to the surface. The higher the temperature is,

the stronger the binding is.

The complete desorption analysis can be very complicated, so many authors rely on
simplified methods to obtain certain parameters such as the activation energy of desorption.
These methods make use of easily accessible spectra features (temperature of the peak
maximum, half width at half maximum of the peak). The most popular is the Readhead

method [21]:

VTmax
Edes = RTmaX|:ln[Tj —346j| (11)

where
Eqges is the activation energy of desorption
R is the gas constant

Tinax is the peak maximum temperature
v is the preexponencial factor

B is the heating rate, dT/dt

This expression is approximately correct for first-order desorption and for values of v/p
between 10* and 10" K'. The critical point is that one value for v must be chosen, the

general choice being 10" s

Another popular method has been developed by Chan, Aris and Weinberg [22]. Their

expressions for first order desorption are:

T 2
Edes = RTmax -1+ 1+5832(7) (12)
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(13)

RT *

max

in which W is the peak width at half maximum intensity.

In this study, the desorption of ammonia and hydrogen sulphide from pure and catalysed
WO; have been analysed by TPD. WO;-based powder was pressed into discs and then
crushed into granules (40-60 mesh). These granules (3 g) were introduced in a glass reactor
connected to a flow apparatus. Before NH; or H,S adsorption, granules were pre-treated in
synthetic air (50 ml/min) at 650°C for 1 hour. Afterwards, temperature was decreased to the
adsorption temperature (room temperature, 100°C and 200°C). At this temperature, a flow
of NH3 or H2S balanced with air (100 ml/min) passed through the reactor for 3 hours. Then
the flow was changed to He (10 ml/min) and the granules were quenched to room
temperature. Finally, temperature was increased from room temperature to 650°C at a rate
of 5°C/min in the same He stream. The desorbed species were analysed by a gas
chromatography-mass spectrometer (GC-MS, Shimadzu, QP-5000) with a Pora PLOT Q

column (Chrompack) during TPD runs. Further readings can be found elsewhere [14].
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2.3 Gas sensors

2.3.1 Fabrication of the sensors
Thick-film gas sensors were obtained by screen-printing of a paste based on the obtained

powder over alumina substrates.

After annealing the WOj3-based powder, a paste was obtaining by mixing the powder with
an appropriate amount of an organic vehicle until a homogeneous paste is observed. This

paste is placed over the screen of the printing machine.

Planar alumina substrates were used as sensor substrates. These substrates had previously
printed electrodes and heater, both of platinum. Electrodes were interdigitated, with a width
of 0.3mm and a distance of 0.2mm. The paste was printed by using a semi-automatic

printing machine.

After the printing, sensors were left at room temperature for a couple of hours so as to settle
down the paste. They were then heated at 100°C for a day to dry the paste. Before any test,
sensors were heated for a day at 350°C inside the test chamber under a flow of 200 ml/min

of synthetic air.

20 mm

<
5 mm

Fig.7: Schematic layout of the alumina substrates. (top)
Back side of the substrate, with the platinum heater.
(bottom) Front side of the substrate, with the interdigitated
electrodes.

2.3.2 Test system
Sensors were placed in a stainless steel test chamber (200 ml). A continuous flow of gas
(200 ml/min) passes through the chamber, which makes the pressure in the test chamber to

be nearly atmospheric. The desired gas concentration is obtained by mixing the appropriate

54



2. Experimental

flows of gases by means of mass flow controllers (Bronkhorst F201C). Humidity was
controlled by mixing the appropriate quantities of dry air with water-bubbling air,
monitoring the relative humidity with a commercial capacitive humidity sensor. The same
computer using acquisition boards (Computerboards CIO-DACO08/16 and CIO-
DAS1602/16) performed the acquisition. More details about the test system can be found in
[23].
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