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1
Introduction

In this chapter, a short introduction is given into the background of the project
described in this thesis. Aim of the project is the development of an amperometric
sensor for measurement of NOx-concentrations in the exhaust gas of combustion
engines. The main focus of the work described in this thesis is the selection and
preparation of materials, along with characterisation of these materials considering
their application as oxygen permeable membranes in the sensor.
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1.1

Combustion and Exhaust Gas Composition

During ideal combustion of a hydrocarbon, CmHn, only carbon dioxide and water are
formed [1,2,3]:
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n
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2

+

n
2

H 2O

(1.1)

In this process, the required amount of air corresponds approximately to 10 m3 per
litre of fuel. The air / fuel ratio is defined by
λ=

actual air / fuel ratio
stoichiometric air / fuel ratio

(1.2)

If the air / fuel ratio is stoichiometric (λ=1), the engine is supplied with the exact
quantity of air needed for complete combustion. However, even if a stoichiometric
air/fuel ratio is maintained, the conditions within the engine do not correspond to the
ideal situation required for combustion. A number of side products are formed.
Besides CO2 and H2O, the exhaust gas contains CO, H2, CmHn and residual O2. At
high combustion temperatures, N2 and O2, present in air, form nitrous oxides such as
NO, NO2 (designated as NOx) and N2O. Another constituent that may appear is SO2.

Figure 1.1:

2

Composition of exhaust gas as function of the normalised air/fuel ratio [3]

This is formed by oxidation of sulphur present in the fuel. Finally, in the exhaust gas
of diesel fuel soot is present.
Due to the harmfulness of many of its constituents, the composition of the exhaust
gas needs to be controlled. Therefore, European legislation formulated standards for
the maximum allowable concentrations of these components (See Table 1.1).

Table 1.1:

European legislation on exhaust gas emissions for 2000/2005 (III/IV). Smoke
in m-1, remainder in g/km [2].

petrol
diesel oil

EURO III
EURO IV
EURO III
EURO IV

CO

CmHn

NOx

smoke

2.30
1.00
0.64
0.50

0.12-0.2
0.10
0.07-0.1
0.07

0.15
0.08
0.40-0.50
0.19-0.25

0.8
0.5

If λ is smaller than 1 (excess fuel, rich mixtures) high concentrations of CO, H2 and
CmHn are formed. If λ is larger than 1 (excess oxygen, lean mixtures), higher levels
of NOx and residual oxygen are formed (Figure 1.1). At mixture ratio λ>1.2, the
combustion chamber temperature is reduced, resulting in a decrease of NOxconcentration and an increase in CmHn-concentration.
To reduce the emission of harmful components, catalysts are placed in the exhaust
pipe of cars. Based on their working principle two different types can be
distinguished:
!
Oxidation catalysts
This type of catalyst uses an excess of oxygen to oxidise the remaining CO and
CmHn. The excess of oxygen necessary for reaction is either present in the
exhaust gas (engine operates in the lean mode (λ>1)) or supplied by an
additional air inlet.
!
Reduction catalysts
This type of catalyst is exclusively used to reduce NOx to N2 and O2. Application
is limited due to the poisoning effect of some other exhaust constituents like SO2
and water.
At this moment three-way-catalysts are widely used to reduce the emission of
harmful components in the exhaust gas of, e.g., spark ignition engines. By offering
alternately slightly lean and slightly fat fuel mixtures it is possible to lower their
concentrations using a combination of an oxidation and a reduction catalyst. To
attain this, the normalised air/fuel ratio oscillates around 1 (λ=1±0.005). This
oscillation is controlled by the well-known λ-sensor, which measures the oxygen
concentration in the exhaust gas.
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Figure 1.2:

Schematical representation of engine mode, NOx-adsorption and –emission in
the lean-mix concept.

Because the allowable exhaust gas concentrations are lowered constantly by
legislation, the current technology based upon after treatment of the exhaust gas by
catalysts will no longer be sufficient in the near future. Therefore, alternative engine
concepts need to be developed, most likely running in the lean mode (1.4<λ<1.7).
To date two engine concepts have been developed:
!
Lean-burn concept
Here, the fuel air/ratio is maintained constant between values of 1.4 and 1.7. An
oxidation catalyst is used to oxidise CmHn, using an excess of oxygen. A normal
reduction catalyst for NOx conversion cannot be used in this concept. Reduction
of NOx is accomplished by injection of ammonia or urea, using V2O5 as a
supported catalyst.
!
Lean-mix concept
The fuel air/ratio is switched between the lean (λ=1.4-1.7) and the fat (λ≤ 1)
mode of operation. The time at which the engine runs in the lean mode is much
longer than in the fat mode. In the lean mode of operation, CmHn is oxidised
using an oxidation catalyst. Using an appropriate sorption material, the NOx is
adsorbed during the lean mode and subsequently reduced during the fat mode of
operation. To determine the time of switching between lean and fat modes it is
necessary to monitor the NOx-concentration continuously. This is shown
schematically in Figure 1.2.

4

The main disadvantage of the lean-burn concept is the presence of a reduction
medium like ammonia inside the vehicle. The main disadvantage of the lean-mix
concept is the necessity to monitor the NOx-concentration. Since the NOxconcentration must be determined in the presence of oxygen and poisons like SO2
and H2O, no suitable NOx-sensor is available at present.

1.2

Sensors for the measurement of NOx in exhaust gas
For the direct measurement of the NOx-concentration in exhaust gases, sensors have
been developed. Even though they are based on different operating principles, they
have in common, e.g. the adsorption and/or the reaction of the gaseous species on a
surface affecting the electrical and optical properties, which in turn can be related to
the actual gas concentration. A survey of different measuring techniques used for the
development of NOx exhaust gas sensors is given in Table 1.2 [1].

Table 1.2:

Overview of measuring principle in NOx sensors for exhaust gas applications
Sensor type

Principle

Measured Quantity

Potentiometric
Semiconductor
Voltametric

EMF
Mobility charge carrier
Diffusion limited current
as function of voltage (f(U))
Diffusion limited current
at constant applied voltage

Potential
Resistance
Current

Amperometric

Current

Electrochemical cells using solid electrolytes have several advantages including:
!
The generated electrical quantities (current, voltage) are easily measurable
with high accuracy.
!
The measured quantity (e.g. partial pressure) is directly converted into an
electrical signal.
!
In most cases the signal is selective for a specific component of the analysed
atmosphere.
Potentiometric and amperometric sensors are briefly outlined in the next sections.

1.2.1

Potentiometric sensors

In a potentiometric sensor no current flows. The equilibrium potential (Galvani
potential) of a working electrode is measured against a suitable reference electrode
with a solid electrolyte placed in between. In accord with the Nernst-equation, a
logarithmic dependence between the cell voltage (EMF) and the NOx-concentration
5
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is found. Two main types of potentiometric sensor are described in the open
literature.
The electrodes of the first type of sensor, so-called equilibrium type of sensor, are
selected on having a high specific catalytic activity towards NOx reduction. The high
catalytic activity is necessary to ensure that thermodynamic equilibrium is reached
fast, enabling short measurement times. Based on this principle several NOx sensors
have been described in literature. Among the earliest ones are sensors using
Ba(NO3)2 or Sr(NO3)2 as electrolyte. Later developments include sensors with
Na-β/β”- alumina and NASICON as electrolyte. Their main disadvantage is the poor
electrolyte stability in exhaust gases. The low application temperature of these type
of sensors makes it difficult to place them close to the catalyst or the engine [4-9].
Also sensors with stabilised (Mg/Y-doped) ZrO2 as the electrolyte and a salt such as
the already mentioned Ba(NO3) as sensing electrode have been reported in literature.
Unfortunately, the output of this sensor depends on the oxygen partial pressure,
making the sensor unsuitable for exhaust gas measurements [10].
Another possibility is the use of two different working electrodes, which differ in
their response behaviour towards NOx. Between the first electrode, which is ideally
inert, and the second, which reduces NOx to N2 and O2, an electric potential
difference occurs. The first electrode generally consists of Pt, the second of mixedconducting perovskites such as La1-xSrxFeO3, La1-xSrxMnO3 and La1-xSrxCrO3. The
disadvantage of this type of sensor is the very low admissible values of the oxygen
partial pressure [2].
A third type of sensor is the so-called mixed potential sensor. In mixed potential
sensors several reactions take place simultaneously at the electrode. Its potential is
based on the divergence of thermodynamic equilibrium. If the current/voltage
relationships of all electrode processes involved are known it is possible to calculate
the concentration of the gas components based on the measured mixed potential.
Advantages of this type of sensor are the ease of construction and, as a result, the
low production costs. Besides, these types of sensors are among the fastest and most
accurate in measuring CO, O2, NH3, CmHn or H2. Due to the fact that the standard
electrode potential of oxygen is close to that of NOx, this type of sensor is less
suitable for NOx detection in the presence of oxygen.

1.2.2

Amperometric NOx-sensors

The principle of the amperometric sensor is based on measurement of the resulting
current if a constant voltage is applied. The amperometric sensor, or the limitingcurrent-type sensor, has an output current that depends linearly on the oxygen
concentration. It is extremely suitable to measure small oxygen concentrations.

6

Figure 1.3:

Two schematic representations of a limiting current amperometric sensor
[2,3]. (A) represents a sensor with a porous diffusion barrier, (B) a sensor with
a diffusion channel as diffusion barrier.

A schematic representation is given in Figure 1.3. Typically, the sensor consists of a
pumping cell and a diffusion barrier limiting the oxygen-transfer rate from the
ambient to the cathode of the pumping cell. This diffusion barrier can be either a
cover with a small-diameter hole or a porous layer. A constant voltage is applied
across the electrochemical cell. In the case of an oxygen ion conducting electrolyte,
oxygen is reduced to oxygen ions at the cathode, which migrate across the electrolyte
to the anode at the back side. Using the following equation, neglecting electrode
polarisation effects, the measured limiting current il can be related to the oxygen
concentration cO in the exhaust gas:
il =

4 FDO AcO
L

(1.3)

In this equation, F is the Faraday constant, DO the diffusion coefficient of oxygen in
the gas phase, A the cross-sectional area of the diffusion barrier hole and L the length
of the diffusion hole (see Figure 1.3 B). A more detailed description is given in
references [2,4,12].
The main problem in accurate measurement of NOx in the exhaust gas is the presence
of oxygen. As can be seen from Figure 1.1, for lean burn engines, the oxygen
concentration is much higher than the NOx-concentration. Nevertheless, it is possible
to measure the NOx using a sensor in which several pumping cells are placed in
sequence [2,13-16].
Figure 1.4 shows a cross-sectional view of such a sensor. Analogous to the
amperometric sensor described above, the gas mixture reaches the inner part of the
7
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Figure 1.4:

Schematical representation of an amperometric two-electrode NOx sensor. (A)
overview of the device. (B) overview of the operating method.

sensor through a diffusion channel. Oxygen is selectively reduced at the first
electrode. The gas reaching the second electrode is therefore freed from oxygen.
There, the NOx is reduced and the oxygen ions formed are pumped away. The
current exhibited is directly related to the NOx concentration in the gas. The main
requirement for this type of sensor is that at the first electrode, oxygen must be
reduced selectively and completely. In practice this can be obtained either by a
proper choice of the electrode or by shielding the electrode with a membrane
permeable to oxygen. In both cases, the applied material should must show minimal
catalytic activity towards NOx-reduction. A theoretical model of these types of
sensor has been given in literature [2,16].

1.2.3

Other techniques to measure the NOx-concentration

In the previous sections only sensors applicable in exhaust gases were described. In
literature several other measurement techniques are presented. An overview of these
techniques is given in Table 1.3, which is not further commented. For a review, see
Janata et.al. [17].
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Table 1.3:

1.3

Non-electrochemical techniques for measurement of NOx [2].

Type

Detection limits (bar)
min
max

Chemoluminesence
Gaschromatography
Surface acoustic wave
IR-absorption
Laser induced fluoresence
UV-absorption

> 10
-8
> 10
-6
> 10
-10
> 10
-9
> 10
-8
> 10

-12

-3

< 10
-3
< 10
-4
< 10
-6
< 10
-6
< 10
< 10

Comment
Selective, expensive
Very selective, expensive
Polutioneffects, not stable in exhaust
Polutioneffects, not stable in exhaust
Polutioneffects, not stable in exhaust
Polutioneffects, not stable in exhaust

Dense inorganic membranes

The separation of oxygen using a mixed ion/electron conducting membrane is
schematically shown in Figure 1.5. If the membrane is dense, free of cracks, flaws
and connected-through porosity, the direct transport of other gas-phase molecules is
blocked. Oxygen however can pass selectively under the driving force of a gradient
of oxygen partial pressure across the membrane. At the high oxygen partial pressure
side oxygen molecules are dissociated and converted into oxygen ions. These are
incorporated into the oxygen sublattice, thereby occupying vacant lattice sites. This
can be represented, in accordance with the Kröger-Vink notation [19], by

Figure 1.5:

Schematic representation of surface reactions and transport through a mixed
conducting membrane [18]
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Figure 1.6:

1

Different membrane concepts incorporating an oxygen ion conductor (A)
Oxygen pump, (B) Dual-phase membrane, (C) Mixed conducting membrane.

O 2 + VO + 2e′ ⇒ O O×
••

2

(1.4)

Via a hopping mechanism, the oxygen ions are transported to the low oxygen partial
pressure side. At this side the ions are recombined again to molecules, being
desorbed into the gas phase. To maintain charge neutrality, the flux of oxygen ions is
counterbalanced by simultaneous transport of electronic charge carriers.
Three types of membranes can be distinguished, as shown in Figure 1.6.
Figure 1.6(A) displays the oxygen pump, in which a solid oxide electrolyte is
sandwiched between two gas permeable electrodes. Electrons pass through an
external circuit and as in the solid oxide fuel cell (SOFC) can be used to produce
electricity. Figure 1.6(B) shows a dual-phase membrane, which involves a mixture of
an electron conducting and an ionic conducting phase. Examples include e.g.
Pd/YSZ and BE25-Ag/Au composites [20,21,22]. Figure 1.6(C) represents a single
phase mixed ionic-electronic conductor (MIEC). Besides ionic conductivity, these
materials exhibit significant levels of electronic conductivity.
Also solid electrolytes exhibit to some extent electronic conductivity. The level of
electronic conductivity is however too small to allow significant oxygen fluxes. The
electronic conductivity of known solid electrolytes, e.g. yttria-stabilised zirconia, can
be increased by partial doping with multivalent cations like cerium and terbium.
Although the oxygen semi-permeability is enhanced by these dopants, the observed
fluxes remain relatively low compared with those obtained for some of the mixedconducting perovskite and perovskite-related structures [22,24,25,26].
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Teraoka et al. [27,28,29] were the first to report high oxygen fluxes through
perovskite-type oxides LaMO3 (M=Co, Fe) being partially doped with Sr2+ on the
La3+-site to create mobile oxygen vacancies. In later studies, the influence of cation
substitution in compounds La0.6Sr0.4Co0.8M0.2O3-δ (M = Fe, Co, Ni, Cu) and
La0.6A0.4Co0.8Fe0.2O3-δ (A = La, Na, Ca, Ba, Sr) was reported. Many perovskite-type
materials have been investigated, an overview being given in literature [30,31]. In
general, the oxygen semipermeability of cobalt-containing perovskites is among the
highest. Substitution of cobalt by iron increases the stability of the perovskite
composition, albeit at the expense of the magnitude of the ionic conductivity.
Recently, mixed conducting materials having an intergrowth structure have become a
main topic of interest. A prototype of this class of materials is SrFeCo0.5Ox, the
structure of which consists of perovskite blocks alternating with sesquioxide layers.
Permeabilities reported for this material are at least one order of magnitude higher
than those exhibited by cobalt-containing perovskites [31,32,33].
Transport of oxygen through a MIEC membrane can be described using the Wagner
theory. Assuming that the electronic conductivity is predominant and the ionic
conductivity is independent of oxygen partial pressure, the flux of oxygen can be
expressed by [30]:
j( O 2 ) =

σ amb RT
2

2

4 F L

ln

p ′( O 2 )
p ′′( O 2 )

(1.5)

Here j( O 2 ) is the oxygen flux in mol/m2s, R the gas constant, T the temperature, F
the Faraday constant, L the thickness of the membrane, and p ′( O 2 ) and
are
the oxygen partial pressures maintained at both sides of the membrane. In deriving
Equation (1.5) it is assumed that there are no restrictions to the oxygen flux imposed
by a limited rate of the surface exchange reaction. The ambipolar conductivity
σamb (S/m) is defined by [30]:
(1.6)
Here σion is the ionic conductivity (S/m) and σel the electronic conductivity (S/m).
In dual phase membranes ions and electrons migrate in separate phases. As a result
the ambipolar conductivity σamb, is defined in a slightly different way [21]:
(1.7)
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The superscript eff denotes a correction of the conductivity for geometrical effects.
The parameters vion and vel are the volume fractions of the ionic and electronic
conducting phase, respectively.

1.4

Scope of this Thesis

The aim of the research described in this thesis is the development of a mixed
conducting oxide layer, which can be used as an oxygen permselective membrane in
an amperometric NOx sensor. The sensor will be used in exhaust gas systems as
described in Section 1.2.2. The exhaust gas-producing engine will run in the lean
mix mode (Section 1.1). The preparation of this sensor is carried out using screenprinting technology, in which the different layers of the sensor are applied
successively. Hereafter, a co-firing step is applied in which all layers are sintered
together. This co-firing step imposes several demands on the selection of materials,
as discussed below.
The design specifications of the sensor further include requirements concerning the
operating temperature, measurement range and overall stability. The operating
temperature of the sensor varies between 700 and 850°C, enabling measurement of
NOx concentrations between 50 and 1200 ppm with a measurement accuracy of
10 ppm.
Concerning the stability of the sensor, it must withstand the exhaust gas atmosphere
containing, amongst others, smoke, acids, abrasive particles and sulphur. Because of
the chosen lean-mix engine concept, in which the fuel/air mixture switches
continuously between lean (excess oxygen) and fat (excess fuel) mixtures, the sensor
must withstand alternately oxidising and reducing atmospheres. Besides, it should be
resistant to thermal shock and show no cross-sensitivity of NOx with other exhaust

Figure 1.7:

12

Schematic representation of the oxygen pumping cell of the NOx-sensor.

gas constituents like oxygen and hydrocarbons. The response time should be short,
typically less than 500 ms. Because of the application in combustion engines of cars,
the operational lifetime should be longer than 10 years.
Demands on the mixed conducting oxide layer include the following ones. The layer
should show minimal catalytic activity towards NOx-reduction. The oxygen
permeability must be larger than 6.22∙10-8 mol/cm2s at a layer thickness between 350 µm. Since the mixed conducting oxide layer is coated on the YSZ electrolyte
embodiment, the two materials must be co-firable and, hence, match in thermal,
chemical and mechanical behaviour.

1.4.1

Thesis outline

A number of studies on different mixed oxygen ion / electron conducting materials is
described in this thesis. Emphasis is put on the demands of the targeted sensor
application, in which these materials are used as mixed conducting dense ceramic
membranes.
In Chapter 2, a series of perovskite materials is studied. The general composition is
ABO3-δ (A = Gd, Pr, Y; B = Mn, Cr, Fe), being partially doped with Ca2+ and Sr2+ on
the A-site to create mobile oxygen vacancies. The main focus of the work presented
is on the measurement of catalytic activities towards NOx and the ionic
conductivities of the selected materials. In Chapter 3, the preparation and
characterisation of a material with the overall composition of Gd0.7Ca0.3CoOx is
described.
Dual phase composite membranes are the subject of investigations presented in
Chapters 4-7. The main advantage of these type of materials is that their properties
can be tailored to meet the demands imposed by the sensor design. Emphasis is on
the preparation of the materials, characterisation by SEM-EDX, XRD, catalytic
activity and measurement of ionic/electronic conductivities. In Chapter 4, dual phase
composites of composition Gd0.7Ca0.3CoOx/Ce0.8Gd0.2O2-δ are studied. Composites
ZrO2/In2O3 and ZrO2/ITO are subject to the investigations reported in Chapters 5 and
6, respectively. Finally, in Chapter 7, composite Au/YSZ and Au/Ce0.8Gd0.2O2-δ
membranes are studied.
Finally, in Chapter 8 a summary of the results is given together with
recommendations for future research.
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2
Evaluation of a series of perovskites as
membrane in an exhaust gas sensor

Perovskite compositions of A0.7A’0.3BOx (where A: Gd, Pr and Y, A’: Sr and Ca, B:
Cr, Fe and Mn) were investigated for ionic conductivity and for heterogeneous
catalytic activity toward NO reduction to evaluate their applicability in an
amperometric sensor. Measurements were performed using electron-blocking
microelectrodes using a Hebb-Wagner type of electrochemical cell and temperature
programmed reaction (TPR). All perovskite compositions studied showed undesired
catalytic activity toward reduction of NO, whereas their ionic conductivities were
found to be below the threshold value required for application.
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2.1

Introduction

Increasing interest in saving fuel has resulted in the development of lean-burn
concepts for combustion engines. In these cases an excess of oxygen is present in the
gas/fuel mixture prior to entering the combustion chamber. As a result the reaction of
the fuel is more complete leading to a higher energy yield. The three way catalyst
used at the moment to reduce the level of harmful exhaust gas constituents cannot be
used to reduce NOx-emissions, which is due to the fact that free oxygen is still
present in the exhaust gas. To meet future emission standards, a new catalyst
technology has been developed. The so-called NOx trap catalysts have been found to
be most effective in NOx conversion under oxidising conditions. Repeated switching
between lean-burn and rich-burn mode is required to regenerate the catalyst surface,
which process can be controlled by a sensor measuring the NOx-concentration in the
exhaust gas.
An amperometric type of sensor based on stabilised zirconia has been proposed for
continuous measurement of NOx from combustion exhaust gases [1,2,3]. In the
proposed embodiment, two electrodes are placed in sequence in a diffusion chamber.
While residual oxygen in the exhaust gas is pumped away at the first electrode, the
remaining NOx is sensed amperometrically at the second electrode. A dense oxygenpermeable ceramic membrane shields the first electrode. The driving force for the
transport of oxygen is an oxygen activity gradient across the ceramic membrane,
generated by the shielded electrode. Whereas oxygen is reduced selectively, the
membrane surface must show minimal catalytic activity towards reduction of NOx.
The mechanism of any catalytic reaction involves a number of successive steps. In
general, it includes a step in which the species involved are transported from the gas
phase to the surface. Next, the gas adsorbs on the surface of the catalyst, after which
the actual reaction takes place. Subsequently, the products of the reaction desorb
from the surface and are transported back to the bulk of the gas phase. Voorhoeve et
al. [4,5] have introduced the terms suprafacial and intrafacial mechanisms to
describe the mechanism of catalytic oxidation reactions. In a suprafacial mechanism
the reaction between adsorbed species on the surface and the adsorption-desorption
reactions are much faster than the reactions in which oxygen from the oxide lattice is
involved. On the contrary, an intrafacial mechanism is one in which the removal
from the catalyst or the reverse reaction is of comparable or greater rate than the
catalytic surface reaction. In the latter type of mechanism the valence state of the
cations present in the catalyst rapidly adjusts itself to the external conditions.
From literature it is known that several parameters are of influence to the catalytic
activity of perovskite-type oxides. Most important are the amount of oxygen
vacancies present at the surface of the catalyst and the choice of the B-site cation.
The first can be influenced by the oxidation state and the choice and the amount of
dopants on both A- and B-sites of the ABO3 perovskite structure. The influence of
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the B-site cation can be explained by the fact that NO mainly adsorbs on these
cations. The choice of A-site cation in this case is less important [2,6].
Unfortunately, efforts in the field generally aim at maximising yields of the reduction
of NO, whereas candidate membrane materials in the proposed sensor should display
negligible catalytic activity.
Teraoka et al. [7] were the first to report high oxygen permeation rates through
perovskites (La,A)(Co,B)O3-δ (A=Sr,Ca,Ba; B=Fe,Co,Cu,Ni), which are known to
display significant levels of mixed oxygen ionic and electronic conduction.
Unfortunately, the parent compounds La1-xSrxCoO3-δ are known to exhibit high
catalytic activity for NOx reduction [8]. In this chapter, a series of perovskites
A0.7A’0.3BOx (where A: Gd, Pr and Y, A’: Sr and Ca, B: Cr, Fe and Mn) is prepared
and evaluated for their applicability as oxygen-permeable membranes in the abovementioned NOx-sensor. The choice of B-site cation was inspired by the high stability
of perovskite materials containing these cations in reducing atmospheres [9,10].
Both the ionic conductivity as well as the catalytic activity and selectivity of the
perovskite compositions for NOx reduction were measured.

2.2

Experimental

2.2.1

Synthesis and phase analysis

Three different methods, EDTA, citrate and spray freezing/freeze drying, were used
for preparation of the powders. The first two methods consist of thermal
decomposition of nitrates of metal complexes. Ethylenediamine-tetraacetic acid
(EDTA) or citric acid were used as complexing agent, being added to a 25%
ammonia solution. Metal nitrate solutions were mixed in the proper ratios. To this
solution, the NH4-EDTA or NH4-citric acid was added. The pH was adjusted to a
value of 8-9 with ammonia. After evaporation of excess water followed by thermal
combustion, the resulting powders were calcined in air at temperatures between 950
and 1000°C for 10 h. Detailed descriptions of both methods are given elsewhere
[11,12].
The third method consists of spraying a metal acetate solution as a fine mist into
liquid nitrogen using a spray nozzle with 0.3 µm diameter holes. After evaporation of
the liquid nitrogen, the resulting water still present in the frozen solution was
removed by sublimation under reduced pressure of 10-3 mbar (freeze-drying).
Subsequently, the precursor powders were calcined in air at 1000°C for 16 h.
[13,14].
Pellets with a diameter of 6-8 mm and a thickness of 2.5-3.5 mm were pressed
uniaxially (PW10, Weber) at 3-4.5 kbar. The pellets were sintered in air at
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temperatures between 1350 and 1500°C for 16 h. Prior to experiments, the samples
were polished with diamond paste down to a grain size of 1 µm. Densities were
measured by the Archimedes method using water. In all cases, the density was in
excess of 90% of the theoretical value.
XRD powder spectra were recorded on a Philips X’Pert-MPD with graphite-filtered
CuKα radiation. Sintered pellets were ground in a mortar to a fine-grained powder
(<15 µm). The samples were measured with a 2θ scan from 10 to 120° with steps of
0.02° and the intensity was collected during 5-10 seconds. Cell parameters were
obtained from least square refinements of the XRD patterns using the programme
LINES.

2.2.2

Measurement of ionic conductivity

The oxygen ion conductivity of the perovskite discs was evaluated from data of
steady state current-voltage measurements using electron-blocking microcontacts
(Hebb-Wagner technique). A schematic representation of the experimental set-up is
given in Figure 2.1. A tip electrode made from yttria-stabilised zirconia (YSZ) was
used as electron-blocking microcontact. The effective radius of contact ranged
between 25 and 110 µm. The measurements were performed at temperatures
between 550 and 750°C with intervals of 50°C. The platinum counter electrode was
exposed to a constant oxygen partial pressure of 0.2 bar. Measurements were
performed with and without glass encapsulation (IP041, Heraeus). The encapsulation
is provided to ensure that the oxygen is solely transported through the YSZ-tip and
that exchange of oxygen between the sample surface and the gas phase is blocked.
The ionic conductivity is calculated from data of current-voltage measurements
under consideration of the applied test geometry. If no encapsulation is applied, the

Figure 2.1:
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Schematic representation of ionic conductivity set-up.

apparent conductivity comprises the ionic conductivity of the sample and a
contribution arising from the exchange reaction of lattice oxygen with oxygen from
the environment.
Assuming a hemispherical contact surface at the microcontact, the ionic conductivity
( σ O ) follows from the slope of the current-voltage curves in accordance with
2−

σ O ( p(O 2 )
2−

m.c.

)=

1

⋅

dI

(2.1)

2 πr dU

where r is the radius of the tip-electrode and p( O 2 ) m.c. the effective oxygen partial
pressure at the interface between sample and microcontact. The same equation is
used to calculate the apparent conductivity ( σ app2- ), in the case of a not-encapsulated
O

sample. The apparent oxygen partial pressure p( O 2 ) m.c. is calculated from
U =

RT
4F

ln(

p( O 2 )

m .c .

p( O 2 ) ′

)

(2.2)

where U is the applied voltage and p(O2)' the reference oxygen partial pressure
exposed to the counter electrode. The electron-blocking contact method for
measuring ionic conductivities in solids has been discussed at length elsewhere
[14,15,16].

2.2.3

Measurement of the catalytic activity

Temperature programmed reaction (TPR) experiments were used to evaluate the
catalytic activity of materials. A powder sample, having a BET-surface area of
approximately 1.2 m2/g, was placed inside a flow reactor consisting of an U-shaped
quartz glass tube (Figure 2.2) [2]. In the TPR experiments a gas with known
composition of NO and CxHy in N2 was fed through the reactor. The feed typically
consisted either of 950 ppm NO or of 950 ppm NO, 950 ppm C3H6 and 0.5 vol% O2
(balance nitrogen). Heating and cooling rates were 5 ºC/min. The first feed gas
composition was used to study effects of adsorption and desorption. The
composition of the second feed gas approaches that of the exhaust gas of a lean
mode engine [3].
To prevent powder displacement by the flowing gas, glass wool plugs were placed in
the tube on both sides of the sample. The gas composition was analysed before and
after it passed through the reactor tube. Because NO, in the presence of oxygen,
might be converted in the cooler parts of the system to NO2, only the total amount of
21
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Figure 2.2:

Schematic representation of catalytic measurement set-up.

NOx was measured. CxHy-components were detected using a FID analysator (Tesata
FID 123). NOx was measured using chemoluminescence (Rosemount 951A). CO and
CO2 were measured using a non-dispersive infrared analyser (NDIA, Uras 10E
Hartmann&Braun). To evaluate the influence of the plug and tubing materials on the
results of the catalytic experiments, reference measurements, i.e. with no sample
present in the reactor tube, were performed. Analysis in these cases showed no
conversion of NO to oxygen and nitrogen or N2O.

2.3

Results and Discussion

2.3.1

Phase Analysis

The compositions of the specimens are given in Table 2.1 and the results from XRDmeasurements are summarised in Table 2.2. In all cases, the major phase crystallises
in an orthorhombic distorted perovskite structure. Indexing could be done in spacegroup Pnma (62) with Z equal to 4. Good agreement is obtained between the cell
parameters determined in this work and those available from literature [17-23].
Formation of minor secondary phases was found in powders of the chromites and
70YCF, as indicated in Table 2.2. In agreement with our observations, Armstrong et
al. [22] noted in the XRD patterns of samples containing more than 25 mole% Ca
some extra peaks due to the presence of CaCrO4. Traces of Y3Fe5O12 in 70YCF were
also observed by Yoo et al. [23].
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Table 2.1:

Survey of prepared materials.
Acronym
70GCCr
70YCCr
70PCCr
70GSCr
70GCF
70YCF
70PCF
70GSF
70GCM
70YCM
70PCM
70GSM
70YSM
70PSM

Table 2.2:

Formula
Gd0.7Ca0.3CrO3-δ
Y0.7Ca0.3CrO3-δ
Pr0.7Ca0.3CrO3-δ
Gd0.7Sr0.3CrO3-δ
Gd0.7Ca0.3FeO3-δ
Y0.7Ca0.3FeO3-δ
Pr0.7Ca0.3FeO3-δ
Gd0.7Sr0.3FeO3-δ
Gd0.7Ca0.3MnO3-δ
Y0.7Ca0.3MnO3-δ
Pr0.7Ca0.3MnO3-δ
Gd0.7Sr0.3MnO3-δ
Y0.7Sr0.3MnO3-δ
Pr0.7Sr0.3MnO3-δ

Survey of data from XRD-measurements.
3

nd

Perovskite
70GCCr

a (Å)
5.313(2)

b (Å)
5.507(2)

c (Å)
7.596(2)

V (Å )
222.25(17)

2 phase
CaCrO4

70YCCr

5.247(3)

5.508(3)

7.526(3)

217.48(27)

CaCrO4

70PCCr
70GSCr
70GCF

5.434(2)
5.315(2)
5.353(4)

5.447(3)
5.523(2)
5.556(4)

7.673(3)
7.607(2)
7.644(5)

227.09(24)
223.34(23)
227.36(42)

CaCrO4
SrCrO4

70YCF

5.292(2)

5.585(2)

7.594(2)

224.46(18)

Y3Fe5O12

70PCF
70GSF

5.472(1)
5.341(6)

5.551(1)
5.578(4)

7.778(2)
7.641(7)

236.25(14)
227.64(51)

70GCM

5.334(2)

5.546(1)

7.514(2)

222.28(14)

70YCM

5.292(1)

5.556(1)

7.441(1)

218.78(10)

70PCM

5.435(1)

5.474(1)

7.679(1)

228.46(9)

70GSM

5.473(3)

5.404(5)

7.632(4)

225.73(37)

70YSM

5.335(1)

5.564(1)

7.544(1)

223.92(11)

70PSM

5.463(1)

5.482(2)

7.719(2)

231.21(16)

From literature
3

V=217.8 (Å ),
nd
2 phase
of CaCrO4 [22]

Y1-xCaxFeO4 with
traces
of Y3Fe5O12 [23]

a=5.340, b=5.550,
c=7.460 [19]
a=5.281, b=5.585,
c=7.427 [19]
a=5.4308(2),
b=5.4646(2),
c=7.6749(3) [18]
a=5.337, b=5.569,
c=7.509 [21]
a=5.467(3),
b=5.486(3),
c=7.713(5) [20]
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2.3.2

Ionic conductivity
Manganites

Figure 2.3 compares data from measurements using encapsulated and notencapsulated electrodes on 70GCM. In both cases hysteresis is observed. Although
hysteresis decreased by extending the settling time (up to a maximum value of 600
s), it did not completely disappear.
Figure 2.4 shows the ionic conductivity of 70GCM as a function of oxygen partial
pressure at different temperatures. The ionic conductivity was calculated using
Equations (2.1) and (2.2) from data obtained using encapsulated electrodes (Figure
2.4(A)) and not-encapsulated electrodes (Figure 2.4(B)). To a first approximation
the ionic conductivity is invariant with oxygen partial pressure at all temperatures. A
slight increase of the ionic conductivity is visible at low oxygen partial pressure in
the data obtained using the not-encapsulated electrodes.
A discrepancy between the ionic conductivity calculated from data of measurements
using encapsulated and non-encapsulated electrodes may occur due to shortcircuiting paths of oxygen transport, such as diffusion along the oxide surface and/or
via the gas phase through rapid exchange of oxygen with the ambient in the

Figure 2.3:
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Current-voltage measurements on 70GCM at 650°C. The contact-radius of the
microcontact in both cases was 28 µm, the counter electrode is exposed to air.

A

B

Figure 2.4:

Ionic conductivity of 70GCM as a function of oxygen partial pressure at
different temperatures. The counter electrode is exposed to air. (A)
encapsulated electrode, settling time: 120 s. (B) not-encapsulated electrode,
settling time: 60 s.
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Figure 2.5:

Arrhenius plot of the ionic conductivity of 70GCM at p(O2) = 0.2 bar obtained
from measurements using encapsulated and not-encapsulated electrodes.
Calculated from data given in Figure 2.4.

Figure 2.6:

Oxygen ionic conductivity at 700°C as a function of oxygen partial pressure for
different manganite compositions. Measurements were made using
encapsulated electrodes.
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case of the not-encapsulated electrodes. The occurrence of parasitic contributions
leads to overestimates of the ionic conductivity. Arrhenius plots of the ionic
conductivity for 70GCM at p(O2) = 0.2 bar are shown in Figure 2.5. Activation
energies (Eact) of the data measured using encapsulated and the not-encapsulated
electrodes are 231 kJ/mole and 161 kJ/mole, respectively. As seen from Figure 2.5,
at high temperatures the ionic conductivity calculated from data of measurements
using the encapsulated electrode is slightly higher than that obtained using the nonencapsulated electrode. This may indicate the occurrence of parasitic contributions
to the ionic conductivity in the case of the encapsulated electrode too, due to, for
example, reaction with the sealing glass.
Observations similar to the ones described above were found for all other
manganites. In Figure 2.6, the ionic conductivity of the different compositions at
700°C is plotted as a function of oxygen partial pressure. In all cases the ionic
conductivity remains almost constant with changing oxygen partial pressure. No
clear influence of the nature of the A-site ions and substituents on the ionic
conductivity is found. In general, a good agreement is found between the ionic
conductivities calculated from the measurements using encapsulated and notencapsulated electrodes. Corresponding results together with the calculated
activation energies are listed in Table 2.3.

Table 2.3:

Ionic conductivity (at 700°C, p(O2) = 0.2 bar) and calculated activation
energies for different manganite compositions. Data were obtained from
measurements using encapsulated and not-encapsulated electrodes. The ionic
conductivity is given in S/cm, the activation energy in kJ/mole. R is the
correlation coefficient.

Sample

encapsulated
log ( σ

70GCM
70PCM
70YCM
70GSM
70PSM
70YSM

O

2−

-5.20
-4.36
-4.99
-4.51
-5.80
-4.43

)e

e.
Ea

231
228
243
231
187
242

not-encapsulated
2

R

0.999
0.999
0.999
0.999
0.992
0.996

log ( σ

O

2−

) n.e.

-5.36
-4.42
-5.36
-6.14
-4.63
-4.32

n.e.

2

Ea

R

161
142
156
162
161
163

0.997
0.979
0.999
0.996
0.997
0.989

The activation energy of ionic conduction in the oxygen deficient perovskite
structure comprises two contributions, namely the enthalpy of oxygen vacancy
formation and the energy associated with migration of oxygen anions in the
perovskite lattice. The activation energies calculated from data of measurements
using encapsulated electrodes range approximately between 190–240 kJ/mole.
Somewhat higher activation energies have been reported for the oxygen tracer
diffusion coefficient in La0.8Sr0.2MnO3+δ and La0.5Sr0.5MnO3-δ, 270 and 358 kJ/mole,
respectively [24]. These data were obtained from Isotope Exchange Depth Profile
(IEDP) measurements at a p(O2) of 1 bar. The much lower activation energy of the
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ionic conductivity from measurements using the not-encapsulated electrodes
(140-160 kJ/mole) strongly suggests that in these cases short-circuiting paths of
oxygen transport occur.
Chromites

Figure 2.7 shows typical data from current-voltage measurements on 70GCCr at
700°C. Some hysteresis is observed, which is similar to that observed for the
manganite compositions. Figure 2.8 shows the ionic conductivity of different
chromite compositions, at 700°C, as a function of oxygen partial pressure for both
encapsulated (A) and not-encapsulated (B) electrodes. Measurements performed
using the encapsulated electrodes indicate that the ionic conductivity is independent
of oxygen partial pressure. Data from measurements using the not-encapsulated
electrodes, however, suggest that the ionic conductivity increases approximately an
order of magnitude as the oxygen partial pressure decreases from 10-1 bar to
10-5 bar.
The order of magnitude of the ionic conductivity derived from the measurements
using the encapsulated electrodes is similar to that obtained for the manganite
compositions. Again, no clear dependence of the A-site substituent on the ionic
conductivity is found.

Figure 2.7:
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Current-voltage measurements on 70GCCr at 700°C. The contact-radius of the
microcontact in both cases was 40 µm. The counter electrode is exposed to air.

A

B

Figure 2.8:

Oxygen ionic conductivity at 700°C as a function of oxygen partial pressure for
different chromite compostions. Measurements were performed using (A)
encapsulated and (B) not-encapsulated electrodes.
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Figure 2.9:

Arrhenius plot of the ionic conductivity of 70YCCr at p(O2) = 0.2 bar obtained
from measurement using encapsulated and not-encapsulated electrodes.

A good agreement between the ionic conductivities calculated from data of
measurements using encapsulated and not-encapsulated electrodes is found for
70YCCr at a p(O2) of 0.2 bar. Figure 2.9 shows that the corresponding Arrhenius
plots almost coincide. For the other compositions the agreement in both the observed
magnitude of ionic conductivity and the activation energy is significantly less. This is
attributed to the occurrence of parasitic contributions to the ionic conductivity due to
reaction with the sealing glass. Experimentally it was observed that the glass used for
encapsulation changed colour from transparent to green/yellow. A summary of the
data from ionic conductivity measurements on the chromites is given in Table 2.4.

Table 2.4:

Ionic conductivity (700°C, p(O2) = 0.2 bar ) and calculated activation energies
for different chromite compositions. Data were obtained from measurements
using encapsulated and not-encapsulated electrodes. The ionic conductivity is
given in S/cm, the activation energy in kJ/mole. R is the correlation coefficient
of the corresponding Arrhenius plot.

Sample

encapsulated
log ( σ

70GCCr
70PCCr
70YCCr
70GSCr
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-4.34
-4.37
-4.14
-4.47

O

2−

)e

not-encapsulated

Ea

R

log ( σ

247
253
244
249

0.999
0.996
0.999
0.999

-4.76
-5.09
-4.12
-5.28

e.

2

O

2−

) n.e.

n.e.

2

Ea

R

206
200
236
214

0.998
0.995
0.993
0.999

Figure 2.10: Oxygen ionic conductivity at 700°C as a function of the oxygen partial pressure

for the ferrite compositions.

Ferrites

Only two iron containing compositions were evaluated, 70PCF and 70GCF.
Figure 2.10 shows the ionic conductivity as function of oxygen partial pressure at
700°C. The ionic conductivity of both compositions is invariant over most of the
applied range in oxygen partial pressure. For 70PCF, the ionic conductivity from
encapsulated electrode measurements is in good agreement with that from notencapsulated electrode measurements. The results are summarised in Table 2.5.

Table 2.5:

Ionic conductivity (at 700°C, p(O2) = 0.2 bar) and calculated activation
energies for 70GCF and 70PCF. Data were obtained from measurements using
encapsulated and not-encapsulated electrodes. The ionic conductivity is given
in S/cm, the activation energy in kJ/mole. R is the correlation coefficient.

sample

encapsulated
log ( σ

70GCF
70PCF

-4.72

O

2−

)e

not-encapsulated

Ea

R

log ( σ

224

0.991

-5.94
-4.94

e.

2

O

2−

) n.e.

n.e.

2

Ea

R

199
188

0.970
0.997
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2.3.3

Catalytic activity

Typical results from TPR experiments for 70GCCr and 70PSM are given in Figure
2.11. The reactor feed consisted of NO mixed with N2. The phenomena occurring at
low temperature, below 300°C, are attributed to adsorption and desorption of NO.
Similar behaviour was found for the other compositions in this study. Except for
70GCCr and 70PCF, which compositions display only minimal reduction activity,
the onset of NO reduction varies between 220 and 860°C. In this study, the highest
reduction activities are found for the manganites. Conversions of NO are achieved of
about 25% at 950°C. The results clearly emphasise on the importance of the nature
of the B-site cation, which is in agreement with data from other studies reported in
literature [2,6]. A summary of the results from TPR experiments is given in
Table 2.6.

Table 2.6:

Summary of the results from TPR experiments. The first column refers to the
total NOx conversion at 950°C using a feed of 950 ppm NO, the second column
to the total NOx conversion at 950°C using a feed of 950 ppm NO, 950 ppm
C3H6 and 0.5 vol% O2.
Acronym

Composition

70GCCr
70YCCr
70PCCr
70GSCr
70YCF
70PCF
70GSF
70GCM
70YCM
70PCM
70GSM
70YSM
70PSM

Gd0.7Ca0.3CrO3-δ
Y0.7Ca0.3CrO3-δ
Pr0.7Ca0.3CrO3-δ
Gd0.7Sr0.3CrO3-δ
Y0.7Ca0.3FeO3-δ
Pr0.7Ca0.3FeO3-δ
Gd0.7Sr0.3FeO3-δ
Gd0.7Ca0.3MnO3-δ
Y0.7Ca0.3MnO3-δ
Pr0.7Ca0.3MnO3-δ
Gd0.7Sr0.3MnO3-δ
Y0.7Sr0.3MnO3-δ
Pr0.7Sr0.3MnO3-δ

NOx conversion (%)
NO
NO, C3H6, O2
0
30
9
67
18
100
4
100
7
71
1
75
21
100
24
37
27
24
25
27
-

In literature, the reduction of NO is described by the following heterogeneous
catalysis mechanism. In the first step, NO adsorbs at the catalyst surface followed by
reaction. In a final step, the reaction products desorb from the surface [2,5,18]:
VO•• + 2e′ + NO ! N ads + O O

(2.3)

N ads + NO ads ! N 2 O

(2.4)

2N ads ! N 2

(2.5)
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In a second type of experiment, performed only on the chromites and ferrites, the
reduction of NO was studied under lean conditions, i.e. in the presence of
hydrocarbons and oxygen. The actual feed consisted of 950 ppm NO, 950 ppm C3H6
and 0.5 vol% O2 balanced with nitrogen. The products of propene oxidation include
CO, CO2 and water [2]. Reoxidation of the reduced catalyst surface occurs by
gaseous oxygen and reduction of NO following a Mars-Van Krevelen mechanism.
The redox cycle in which NO is reduced, e.g. by CO, can be presented by the
following reaction scheme, consisting of two subsequent steps: reduction of the
catalyst under formation of oxygen vacancies and reoxidation by NO, for example:
CO + O O + 2h • → VO•• + CO 2

(2.6)

VO•• + NO →

(2.7)

1

2

N 2 + O O + 2h •

Voorhoeve [4,5] classified the reduction of NO, using perovskites as catalysts, as an
interfacial reaction. Typical results from these types of measurements are shown in
Figure 2.12. The onset of NO reduction is observed at about 400°C and is
concomitant with the oxidation of C3H6. Initially N2O might be formed. At higher
temperatures the primary product is probably N2. Noteworthy is that under these
conditions all compositions showed enhanced activity toward reduction of NO. The
concentration of CO remains below 20 ppm, indicating that the formed CO
immediately reacts away, thereby creating the active sites on the surface in

Figure 2.11: Temperature programmed reaction of NO over 70GCCr and 70PSM. Feed:

950 ppm NO in N2.
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Figure 2.12:

Temperature programmed reaction of NO and C3H6 over 70PCF. Feed:
950 ppm NO, 950 ppm C3H6,, 0.5 vol% O2 in N2. The oxygen concentration
was not monitored.

accordance with Equation (2.6). The results from the catalytic experiments are
summarised in Table 2.6.

2.4

Conclusions

All perovskite compositions studied showed significant catalytic activity towards the
reduction of NO. Across the series consisting of manganites, ferrites and chromites
the highest heterogeneous catalytic activity is found for the manganites, which
emphasises the role of the B-site cation in the perovskite structure in determining the
overall catalytic activity [6]. No clear influence was found in the nature of the A-site
cation (Gd, Y, Pr) or its substituent (Sr, Ca). All investigated compositions exhibited
poor ionic conductivity, ranging between 10-4.5 S/cm and 10-6 S/cm (at 700°C, p(O2)
= 0.2 bar). In conclusion, not only the catalytic activities of the perovskite
compositions towards NO reduction are far too high, also the ionic conductivities of
these materials are below the threshold value required for real application in the
targeted amperometric sensor [2].
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3
Investigations of the use of
Gd0.7Ca0.3CoOx as membrane in an
exhaust gas sensor for NOx

A material with the nominal composition Gd0.7Ca0.3CoOx is considered as membrane
material in an exhaust gas sensor for NOx detection. SEM-EDX and XRD
measurements revealed that after sintering at 1200ºC in air three co-existing phases
are present: (Gd0.6Ca0.4)2CoO4-δ (60 vol%). GdCoO3 (26 vol%) and CoO. Catalytic
activities were investigated using temperature programmed reaction (TPR).
Whereas the composite Gd0.7Ca0.3CoOx shows no catalytic activity towards NOx
reduction, as required in the targeted application, the single phase components
(Gd0.6Ca0.4)2CoO4-δ and GdCoO3 were found both to be active. The permeation rates
exhibited by the composite material, at 1000ºC, are considered to be too low for
real application of this material. Oxygen permeation rates through perovskitestructured GdCoO3 and (Gd0.6Ca0.4)2CoO4-δ, observed to have the K2NiF4-structure,
were found to be below the detection limit (<10-11 mol/cm2s).
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3.1

Introduction

An amperometric type of sensor based on stabilised zirconia has been proposed for
the direct measurement of NOx in exhaust gases of combustion engines [1,2]. In the
proposed embodiment for the sensor two electrodes residing in a diffusion chamber
are placed in sequence. While residual oxygen in the exhaust gas is selectively
pumped away at the first electrode, NOx is being detected amperometrically at the
second electrode. The latter can be made of a conventional electrode material, e.g.,
porous platinum. The arrangement of the electrodes in the sensor is schematically
shown in Figure 3.1.
Inherent to the principle of operation it is required, however, that the first electrode
exhibits a negligible catalytic activity towards reduction of NOx. In the patent
literature cited above it is envisaged that this electrode is separated from the ambient
by a dense ceramic membrane made of a mixed ionic- electronic conductor (MIEC).
Suitable MIEC’s include materials with oxygen-deficient perovskite and perovskiterelated structures. High oxygen permeation fluxes have been reported e.g. through
perovskites with composition Ln1-xAxCoO3-δ, in which the partial substitution of the
lanthanide ion with alkaline earth ions (A= Sr, Ca) serves to create oxygen vacancies
in the ABO3 perovskite lattice. Developments in this field have been reviewed
recently as the same materials have a bright future for use as oxygen separation
membranes [3]. Much of the research effort is aimed at developing reactor modules,
such as tubes, in which both oxygen separation and conversion of natural gas into
syngas are combined in a single step [4,5].
In our laboratories, we have explored the possible use of Gd0.3Ca0.7CoOx for use as
membrane in the above-mentioned exhaust gas sensor for NOx. This material was
selected from initial screening tests on several perovskite compositions, including
measurements of their catalytic properties. In the temperature and NOx concentration
range of interest Gd0.3Ca0.7CoOx shows no catalytic activity towards NOx reduction.
However, phase analysis using scanning electron microscopy in conjunction with

Figure 3.1:
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Schematic representation of the sensor.

XRD powder diffraction revealed that Gd0.3Ca0.7CoOx shows mixed phase
behaviour. Several distinct phases could be identified, among which are GdCoO3-δ,
with the ABO3 perovskite structure, and (Gd0.6Ca0.4)2CoO4-δ with the K2NiF4structure.
In this paper, the above experimental work is presented. Besides the composite
Gd0.3Ca0.7CoOx, we have further investigated the possible use of GdCoO3-δ and
(Gd0.6Ca0.4)2CoO4-δ as alternative membrane materials.

3.2

Experimental

3.2.1

Preparation and Phase Analysis

Powders of Gd0.7Ca0.3CoOx, (Gd0.6Ca0.4)2CoO4-δ and GdCoO3 were prepared by
thermal decomposition of precursor complexes obtained from metal nitrate solutions
using ethylenediaminetetraacetic acid (EDTA) as a complexing agent [6]. After
evaporation to dryness and thermal combustion, the resulting powders were calcined
at 950°C for 10 h in stagnant air. Subsequently, the powders were wet-milled
overnight using zirconia balls (2.0 mm diameter) as milling media in acetone. After
drying, pellets were obtained by uni-axially static pressing at 40 MPa followed by
isostatic pressing at 400 MPa. The pellets were sintered in stagnant air at 1200°C for
10 h and slowly cooled to room temperature (1.0°C/min). The pellets were black.
Their densities were determined by the Archimedes method and in all cases above
95% of the theoretical density.
The samples were examined by back-scattered electron imaging using SEM (JEOL
JSM5800) operating at 20 kV. The composition of the samples was determined by
SEM-EDX using a Hitachi S-800 Field Emission Microscope operating at 15 kV,
which was coupled to a Kevex Delta Range EDX system for surface element
analysis.
XRD powder spectra were recorded on a Philips X’Pert-MPD with graphite-filtered
CuKα radiation. Sintered pellets were ground in a mortar to a fine-grained powder
(<15 µm). LaB6 was added to the powders as an internal standard. The samples were
measured with a 2θ scan from 10 to 120° with steps of 0.02° and the intensity was
collected during 5-10 seconds. Cell parameters were obtained from least square
refinements of the XRD patterns using the programme LINES.
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3.2.2

Measurement of the catalytic activity

Temperature programmed reaction (TPR) experiments were performed to measure
the catalytic activity of the materials. The reactor consisted of a U-shaped quartz
glass tube. A powdered sample, with a BET-surface area of approximately 1.2 m2/g,
was placed inside the tube. Gas with a known composition of O2, NO, CxHy in N2
was led over the sample. The reactor feed consisted of NO in nitrogen or NO, C3H6
and O2 in nitrogen. The reactor was heated and cooled with a rate of 5 ºC/min.
To prevent powder displacement by the flowing gas, glass wool plugs were placed in
the tube on both sides of the sample. Using a bypass system, the gas composition
was analysed before and after it passed the reactor tube. Because NO might, in the
presence of oxygen, be converted to NO2 in the cooler parts of the system, only the
total amount of NOx was determined. CxHy-components were detected using a FID
analyser (Tesata FID 123). NOx was measured using chemoluminescence
(Rosemount 951A). Carbon oxides were measured using a non-dispersive infrared
analyser (NDIA, Uras 10E Hartmann&Braun). Finally, an electrochemical cell was
used to measure the oxygen content.
To evaluate the influence of the plug and tubing materials on the results of the
catalytic experiments, blank measurements with no sample present in the reactor tube
were performed. Analysis showed no conversion of NO to oxygen and nitrogen or
N2O.

3.2.3

Oxygen permeation measurements

Oxygen permeation measurements were performed on disk-shaped samples with a
diameter of 15 mm and a thickness between 0.80 and 1.50 mm. Prior to the
measurements, the samples were polished with 1000 mesh SiC. The membrane was
subsequently sealed in a quartz reactor at 1100-1150°C in air using Supremax glass
rings (Schott Nederland B.V.). Air and helium were used as feed and sweep gas,
respectively. A Varian 3400 gaschromatograph was used to monitor the composition
of the sweep. A detailed description of the set-up is given elsewhere [7].
The oxygen flux was calculated from
jO =
2

perm
1 FcO
2

G

A

,

(3.1)

perm
in which F is the flow rate at the outlet of the reactor (m3/s (STP)), cO the oxygen
2

concentration in the permeate stream (mol/m3) and A the geometric surface area at
the He-side of the membrane (m2). G is a dimensionless factor of the order of 1 that
corrects for the effect of non-axial diffusion. This non-axial diffusion is caused by
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Figure 3.2:

Comparison of XRD diagram of Gd0.7Ca0.3CoOx (1) and (Gd0.6Ca0.4)2CoO4-δ
(2).

the fact that the sealing of the membrane into the reactor leads to different surface
areas for the feed and permeate side of the membrane [3].

3.3

Results and Discussion

3.3.1

Phase analysis

The Goldschmidt factor, defined as [8,9]
t=

( rA + rO )
2 ( rB + rO )

(3.2)

calculated for Gd0.7Ca0.3CoOx, using Shannon’s values for the ionic radii, yields t =
0.92. This value falls well within the range 0.75 < t ≤ 1.0, where many distorted and
undistorted perovskite ABO3 structures are found. Notwithstanding this geometric
consideration, it was found that Gd0.7Ca0.3CoOx shows mixed phase behaviour.
Figure 3.3 shows a SEM surface view of a pellet Gd0.7Ca0.3CoOx after sintering at
1200ºC in air. As indicated by the different coloration of regions in this micrograph,
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three co-existing phases are present in Gd0.7Ca0.3CoOx. The results of EDX
measurements of each of the phases are given in Table 3.1. The phase corresponding
with the brightest colour (1 in Figure 3.3) exhibits a Gd:Co ratio of 1:1. Besides Gd
and Co, the grey phase (2 in Figure 3.3) also contains Ca in a ratio as listed in Table
3.1, whereas only Co is found in the third darkest phase (3 in Figure 3.3). As can be
judged from Table 3.1, the overall composition emerging from EDX is close to the
intended one.

Table 3.1:

Data from EDX measurements on Gd0.7Ca0.3CoOx. The numbers refer to the
phases present in Figure 3.3. Number 1 corresponds to the bright coloured, 3
to the dark coloured phase and 2 to the intermediate phase.
.
Gd
Ca
Co

Intended
35
15
50

Overall
34
16
50

1
+
+

2
41
26
33

3
+

In Figure 3.2, the X-ray diffraction pattern of Gd0.7Ca0.3CoOx is shown. The obtained
pattern is complicated by the presence of different phases in the sample. Analysis of
the peak positions and comparison of the relative intensities revealed the presence of
GdCoO3, which adopts an orthorhombic perovskite structure, and CoO [10].
Combined with the data from EDX, it seems obvious that these are the phases
corresponding with the bright and dark coloured regions in the SEM picture of
Figure 3.3.

1
3
2

Figure 3.3:
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SEM picture of Gd0.7Ca0.3CoOx. Magnification 5.000x.

It was further assumed that the grey phase (number 2 in Figure 3.3) has a K2NiF4type of structure, as the ratio of (Gd + Ca):Co for this phase determined by EDX
measurements was found to be close to 2:1. Therefore, a pellet with composition
(Gd0.6Ca0.4)2CoO4-δ was prepared. In the back-scattered SEM-image of the pellet
sintered at 1200ºC in air no evidence was found for a second phase. The XRD
powder pattern of (Gd0.6Ca0.4)2CoO4-δ could be indexed with an orthorhombic unit
cell. No ambiguous peaks were present. Table 3.2 gives the indexation of the
strongest peaks with relative intensities Imeas > 1. Cell parameters obtained after
refinement in space group Pcba (60) are given in Table 3.3.

Table 3.2:

Observed and calculated X-ray powder pattern of (Gd0.6Ca0.4)2CoO4-δ.. Only
peaks with intensities relative intensities Imeas > 1 are given.

2θobs(°)
15.074
24.912
30.418
33.056
33.463
34.112
45.517
45.832
46.331
48.524
58.353
58.752
59.552
60.370
63.276
68.340
69.113
69.351
70.295
71.835
73.499
73.865
80.645
81.350
81.613
83.576
88.441
89.508
97.166
98.314
98.995
101.201
110.577
112.667
113.834
117.156
117.960

2θcalc(°)
15.072
24.914
30.414
33.059
33.466
34.113
45.533
45.845
46.340
48.537
58.359
58.776
59.564
60.383
63.284
68.349
69.1132
69.352
70.315
71.840
73.513
73.881
80.643
81.361
81.612
83.578
88.438
89.513
97.186
98.328
98.998
101.203
110.568
112.668
113.838
117.146
117.965

∆(2θ) (°)
0.001
-0.002
0.004
-0.003
-0.003
-0.001
-0.016
-0.012
-0.009
-0.013
-0.006
-0.023
-0.012
-0.013
-0.007
-0.009
0.000
-0.001
-0.020
-0.005
-0.013
-0.016
0.002
-0.011
0.001
-0.003
0.003
-0.005
-0.020
-0.015
-0.003
-0.003
0.009
-0.001
-0.004
0.010
-0.005

hkl

dobs (Å)

110
211
220
411
002
510
521
222
330
512
332
240
123
141
440
523
541
242
004
1020
442
150
143
451
1022
152
334
842
361
244
914
1411
1024
154
662
370
271

5.8727
3.5713
2.9362
2.7076
2.6756
2.6262
1.9912
1.9782
1.9580
1.8746
1.5800
1.5703
1.5511
1.5320
1.4685
1.3715
1.3580
1.3539
1.3380
1.3131
1.2874
1.2819
1.1904
1.1818
1.1787
1.1559
1.1045
1.0940
1.0272
1.0182
1.0130
0.9968
0.9370
0.9255
0.9193
0.9027
0.8988

Imeas
(a.u.)
3.3
7.2
2.1
100.0
18.8
25.0
44.9
26.3
40.8
41.5
19.0
14.2
18.5
32.5
10.2
7.5
5.7
17.0
3.9
5.0
9.1
6.8
15.9
4.0
5.5
13.3
6.2
3.0
21.4
2.6
3.6
4.0
4.1
3.8
3.8
12.6
9.0

FS )
(a.u.)
7.2
9.4
2.2
100.0
18.6
24.2
33.2
19.4
29.7
29.0
11.2
8.4
10.8
18.7
5.6
3.9
2.9
8.7
1.9
2.5
4.4
3.3
7.1
1.8
2.5
5.8
2.6
1.2
8.4
1.0
1.4
1.3
1.2
1.1
1.1
3.7
2.3
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Table 3.3:

Results obtained from XRD measurements on (Gd0.6Ca0.4)2CoO4-δ
quantity
a (nm)
b (nm)
c (nm)
V (Å3)
Z
ρth (g/cm3)
ρ/ρth (%)

value
14.3820(6)
6.4338(2)
5.3508(2)
495.11(4)
6
6.91
95.5

Figure 3.2 shows that the XRD pattern of (Gd0.6Ca0.4)2CoO4-δ matches well with that
observed for the overall composition Gd0.7Ca0.3CoOx. As mentioned before, the
remaining peaks could be assigned to GdCoO3 and CoO. A summary of the results
obtained from SEM and XRD is presented in Table 3.4.

Table 3.4:

Photo
Bright
Grey
Dark

Summary of results from SEM, EDX and XRD on Gd0.7Ca0.3CoOx. O means
orthorhombic, C means cubic.

Composition

Structure

GdCoO3
(Gd0.6Ca0.4)2CoO4-δ
CoO

O
O
C

a
5.217
14.350
4.260

Axes (nm)
b
c
5.388
7.466
6.420
5.339

Volume
3
Å
fraction
209.30
60%
491.88
26%
77.31
14%

Based on the quantitative results of Table 3.1 and Table 3.4, the following reaction
must have taken place during the sintering at 1200°C:
Gd 0.7 Ca 0.3 CoO x →

0.375(Gd 0.6 Ca 0.4 ) 2 CoO 4 −δ + 0.25GdCoO 3
+ 0.375 CoO +

1
2

(3.3)

O2

This reaction stoichiometry assumes complete incorporation of Ca into the K2NiF4structured phase corresponding to our observation that only Ca-free GdCoO3
remains. The driving force seems to be the relative stability of the Ca-containing
“K2NiF4”-phase. Taking into account the different cell volumes of the three resulting
phases according to Table 3.4, the observed relative volume fractions in Figure 3.3
roughly correspond to the above reaction stoichiometry.

3.3.2.

Catalytic behaviour

Figure 3.4 shows some typical data for the continuous flow steady-state conversion
of propene and NOx on a powder with the overall composition Gd0.7Ca0.3CoOx. Prior
to the catalytic experiment, the powder was heated to the sintering-temperature of
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1200°C in stagnant air. The conversion of propene increases with increasing
temperature. The carbon balance was found to be better than 5%. Unlike the
conversion of propene, the amount of NOx present at the outlet was independent of
temperature and equal to that in the feed of the reactor. Therefore, it is concluded
that Gd0.7Ca0.3CoOx shows no catalytic activity towards NO reduction. This was
confirmed by measurements in which the NO concentration in the reactor feed was
increased 10 times. In this case also no conversion of NO could be detected [2].
The results described above indicate that for the targeted application Gd0.7Ca0.3CoOx
would be a suitable material. As explained already in the introduction, the noncatalytic behaviour of the membrane material towards NOx reduction is desired in
the targeted sensor. Catalytic measurements were also performed on the constituent
oxides (Gd0.6Ca0.4)2CoO4-δ and GdCoO3. The results are shown in Figure 3.5 and
Figure 3.6, respectively. Using a feed of 950 ppm NO, 925 ppm propene and 0.5
vol% O2 mixed with N2, the onset of NO reduction is observed for
(Gd0.6Ca0.4)2CoO4-δ at about 400°C, with complete reduction of NO at temperatures
above 900°C. Using a feed of only NO in N2, a small but significant catalytic activity
is found for GdCoO3. Approximately 5% reduction of NO is observed at 900°C. It is
surprising to note that both materials show catalytic activity. It thus seems that some
kind of interaction between the phases present in Gd0.7Ca0.3CoOx causes the material
to show no catalytic activity. In order to understand this behaviour more research is
required. The results of the catalytic measurements are described in more detail
elsewhere [11].

Figure 3.4:

Temperature programmed reaction over Gd0.7Ca0.3CoOx. Feed consisted of
850 ppm NO, 850 ppm propene and 2 vol% O2 in N2.
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Figure 3.5:

Temperature programmed reaction over (Gd0.6Ca0.4)2CoO4-δ. Feed consisted of
950 ppm NO, 925 ppm propene, 0.5 vol% O2 in N2.

Figure 3.6:

Temperature programmed reaction over GdCoO3. Feed consisted of 740 ppm
NO in N2.
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Figure 3.7:

3.3.3

Arrhenius plot of Gd0.7Ca0.3CoOx. Measurements were performed in a fixed
gradient. Thickness of the sample was 0.89 mm.

Oxygen permeation

Figure 3.7 shows data of oxygen permeation of Gd0.7Ca0.3CoOx as a function of
temperature. The membrane thickness was 0.89 mm. The activation energy
calculated from the slope of the Arrhenius plot is 291 kJ/mol. At approximately the
same conditions for the partial pressure gradient and membrane thickness, the
permeation rate at 1000ºC is two orders of magnitude lower than that quoted for,
e.g., La0.7Sr0.3CoO3-δ [6]. The observed value for the oxygen permeation rate of
Gd0.7Ca0.3CoOx is below threshold value for the sensor application. It cannot be
excluded, however, that higher values for the oxygen permeation rate are possibly
obtained for large p(O2) gradients as encountered during actual sensor operation.
The oxygen permeation through 1.5 mm thick samples of (Gd0.6Ca0.4)2CoO4-δ and
GdCoO3 at conditions as described in the experimental section was found below the
detection limit of the apparatus of 10-11 mol/cm2s.
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3.4

Conclusions

SEM-EDX and XRD measurements showed that Gd0.7Ca0.3CoOx after preparation
and sintering at 1200ºC consists of three co-existing phases: (Gd0.6Ca0.4)2CoO4-δ,
GdCoO3 and CoO. Whereas the composite material Gd0.7Ca0.3CoOx shows no
catalytic activity towards NOx reduction, as required for the application as membrane
in the exhaust gas sensor, (Gd0.6Ca0.4)2CoO4-δ and GdCoO3 were found to be both
active. Oxygen permeation rates through GdCoO3-δ, with the ABO3 perovskite
structure, and (Gd0.6Ca0.4)2CoO4-δ with the K2NiF4-structure were found to be below
the limit of detection. The latter materials are not useful for application in the
proposed sensor. The permeation rate exhibited by Gd0.7Ca0.3CoOx must be improved
for real application in the sensor.
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4
Composites of
Ce0.8Gd0.2O1.9 and Gd0.7Ca0.3CoOx as
oxygen permeable membranes
for exhaust gas sensors

The transport and catalytic properties of Gd0.7Ca0.3CoOx (GCC) and
Ce0.8Gd0.2O1.9 (CGO) composites were evaluated. The mixed ionic electronic
conducting composites have potential application as oxygen permeable membranes
in an amperometric sensor for NOx detection in exhaust gases.
In total three compositions with 43, 60 and 75 vol% CGO were studied. At all
compositions, three different phases were found as a result of solid state reactions
during annealing. The gadolinium content of the CGO phase increased, whereas
GCC transformed into a phase with a K2NiF4-structure. As third phase CoO was
found.
The composites have a high electronic conductivity. The oxygen ion conductivity
was measured using electron-blocking microelectrodes (650-750°C) and permeation
measurements (850-1000°C). The extrapolated data showed good agreement.
Typical values of the ion conductivity for the composite with 75 vol% CGO are
4∙10-4 S/cm at 650°C increasing to 4.2∙10-2 S/cm at 1000°C.
The heterogeneous catalytic activity of the composites towards NO reduction was
evaluated using temperature programmed reaction (TPR). Decomposition of NO to
oxygen and nitrogen as well as extensive formation of N2O did not occur. It is
concluded that the composites are promising candidate membranes for the proposed
sensor application.
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4.1

Introduction

Electrochemical gas sensors for the simultaneous determination of NOx and excess
O2 in combustion exhaust gases require electrodes with a high selectivity for oxygen
reduction [1]. To achieve this the oxygen electrode can be shielded using a dense
membrane. The major issue to be addressed is to obtain a membrane that is
permeable to oxygen and shows negligible activity for reduction of NOx.
This paper describes the results of our efforts to find a mixed conducting composite
with a high chemical stability under exhaust gas conditions, and which material
meets the demands of a high enough oxygen permeation rate combined with a
minimised activity for NOx reduction and reaction with other gas components.
Results are presented for Ce0.8Gd0.2O2 (CGO) and Gd0.7Ca0.3CoOx (GCC)
composites. Ce0.8Gd0.2O2 was chosen because doped ceria shows high stability and
excellent oxygen ion conducting properties [2-6]. The use of Gd0.7Ca0.3CoOx, on the
other hand, ensures a high electronic conductivity of the composite. Another
important aspect of using GCC is its low catalytic activity towards NO reduction [7].
Gadolinium as a common component of both phases limits the number of possible
reaction products during the sintering of the membranes.

4.2

Experimental

4.2.1

Preparation and phase analysis

The preparation of the composite membranes as carried out in several steps: the
starting materials CGO and GCC were obtained by calcining and sintering of
suitable precursor materials. The resulting powders were either mixed in a mortar or
ball-milled on a rollerbench using zirconia balls and ethanol as milling media. The
powders thus obtained were pressed into pellets and sintered. Three compositions
were prepared with molar ratios GCC/CGO of 1:1, 1:2 and 1:4. These compositions
correspond to volume fractions of 43, 60 and 75 vol% CGO in the starting mixture.
Two methods, EDTA and spray-freezing/freeze-drying were used to prepare the
precursor powders. Emphasis was laid on low reaction temperatures for the final
formation of the oxides, a small particle size and a good dispersion of both phases in
the final composite.
In the EDTA-route, solutions of the metal ions for each compound were mixed in
stoichiometric proportions with EDTA. Excess water was removed from the solution
containing the metal complexes by evaporation on a hot plate until a gel like product
was formed. The product was decomposed in a furnace at 400°C and the resulting
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powder was calcined in air at 950°C for 10 h. A good complexation of the ions is
necessary in order to prevent agglomeration or premature precipitation [8].
In the second method, spray-freezing/freeze-drying method, [9,10], aqueous
solutions of the desired metals were prepared by dissolving the corresponding
acetates or nitrates, controlling the correct stoichiometric composition by
complexometric titration. The aqueous solutions were sprayed into liquid nitrogen
(spray-freezing step). Subsequently, the finely distributed particles of the frozen
solution were freeze-dried under vacuum. Finally, the resulting powder was
decomposed and calcined in air at 950°C for 10 h.
For ionic conductivity measurements, pellets with various GCC/CGO contents were
uniaxially pressed at 560 MPa and subsequently sintered in air at 1250°C for 16 h.
The relative density was ρrel ≈ 94 ± 2 % of the theoretical value. For permeation
measurements the powders were uniaxially pressed into pellets at 10 MPa and,
subsequently, isostatically pressed at 400 MPa. The resulting samples were sintered
at 1200°C for 10 h. After sintering the relative density was ρrel ≈ 96 ± 2 %.
Samples were examined by back-scattered electron imaging using SEM (JEOL
JSM5800) operating at 20 kV. The composition of the samples was determined by
SEM-EDX using a Hitachi S-800 Field Emission Microscope operating at 15 kV,
and which apparatus was coupled to a Kevex Delta Range EDX system for surface
element analysis.

4.2.2

Measurement of the electronic conductivity

The van der Pauw method was applied to cylindrical pellets of the composite
materials [11]. The pellets were 6 mm in diameter and 3 mm in height. Four small
area CrNi contact lines were sputtered symmetrically around the pellets (thickness
500 Å). The CrNi layers were non-porous. If oxygen exchange occurred at the CrNi
contacts, the results would yield the total conductivity of ions and electrons.
However, in the low temperature region, below 750°C, the CrNi contacts showed no
catalytic activity towards the oxygen electrode reaction and, therefore, were blocking
for the oxygen ions. Accordingly, the oxygen ion current in the sample pellets was
suppressed and the measured conductivities corresponded to the electronic
conductivities.
The electronic conductivities were evaluated from the measured DC currents and
voltages in the temperature range from 100°C to 750°C, using

σe = −

2 ⋅ ln 2
U
U
π d ⋅ ( 12 + 23 )
I 34
I14

(4.1)
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where the four peripheral contacts are numbered subsequently from 1 to 4, e.g. I34
means the current via neighbouring contacts 3 and 4.

4.2.3

Measurement of the oxygen ion conductivity

The oxygen ion conductivity was determined from steady-state current-voltage
curves using electron-blocking microcontacts according to the Hebb-Wagner
technique. Prior to measurements, the pellets were polished using 1 µm diamond
paste. Yttria-stabilised zirconia (YSZ, 20 mol% Y) was used for the microcontact in
the form of ceramic needles. Theory and experimental details of the microelectrode
technique have been described in detail elsewhere [10,12-14]. Here, we only present
the experimental parameters and equations used for evaluation of the current-voltage
curves.
The electrochemical cell is shown schematically in Figure 4.1. The contact radius a
of the microcontact ranged between 70 and 110 µm (± 10 µm). The measurements
were performed inside a shielded furnace in a temperature range between 650 and
750°C. The current was monitored during slow triangular voltage sweeps with a
stepwise (10 mV) voltage change at a rate of 0.25-0.1 mV/s or lower. The voltage
between the microelectrode and the reference contact (i.e. the Pt paste at the YSZ
needle in air) varied between +0.080 and –0.150 V. The maximum possible sweep
velocity is limited by the oxygen diffusion rate in the mixed conducting membrane
material around the microcontact after voltage changes. If the sweep rate was too
fast, a large hysteresis is observed in the current-voltage curves. The time duration of
a complete voltage sweep should be at least ten times the diffusion time constant
a2/2D (a – diffusion distance, D – chemical diffusion coefficient) in order to ensure

Figure 4.1:
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Schematic representation of the microcontact set-up.

Figure 4.2:

Steady-state current-voltage data for the composite GCC/CGO with 43 vol%
CGO measured at 750°C. Comparison of experiments on encapsulated and
not-encapsulated microcontacts.

Figure 4.3:

Compositional dependence of the steady-state current-voltage data measured
at 750°C (glass encapsulated microcontacts).
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nearly steady-state conditions of the concentration profiles at the microelectrode and
minimal hysteresis.
Figures 4.2 and 4.3 show typical current-voltage curves as a function of temperature.
Figure 4.2 demonstrates the necessity of a gas tight encapsulation of the sample
surface around the microcontact. At a given potential, the resulting current is 1.5 to 2
times larger if no encapsulation is applied, indicating that the surface oxygen
electrode reaction is fast. This parallel electrode reaction results in a parasitic
contribution to the oxygen ion conductivity, which leads to an overestimation of this
conductivity. Therefore, in order to measure accurately, we had to exclude the
electrode reaction by careful glass encapsulation.
For the evaluation of oxygen ion conductivities as a function of oxygen partial
pressure, the following basic equations were applied, which in principle correspond
to the Hebb-Wagner model of polarisation at blocking electrodes [15-17]. Assuming
a hemispherical contact surface at the microcontact the local oxygen ion conductivity
in the sample at the microcontact is proportional to the slope of the steady state
current-voltage curve:
σ O ( p( O 2 )
2−

m.c.

)=

1

⋅

dI

2 πa dU

(4.2)

m.c.

p( O 2 )
represents the effective oxygen partial pressure at the interface between
sample and microcontact, which is determined by the cell voltage U in the steady
state:
U =

RT
4F

ln(

p( O 2 )

m.c.

p( O 2 ) ′

)

(4.3)

p( O 2 )′ denotes the constant reference oxygen partial pressure at the counter
electrode.

4.2.4

Measurement of oxygen permeation

The oxygen permeation of the composite materials was measured for CGO contents
43, 60, and 75 vol% in the temperature range 850-1000°C. Disk samples with a
diameter of 15 mm and a thickness of 1.5 mm were used. Prior to the measurements,
the samples were polished with 1000 Mesh SiC. The membrane was subsequently
sealed in a quartz reactor at 1100-1150°C in air using Supremax glass rings (Schott
Nederland B.V.). Air and high purity helium gas were used as feed and sweep gas on
the two sides of the membrane disk, respectively. A Varian 3400 gas chromatograph
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was used to monitor the composition of the sweep. A detailed description of the setup is given elsewhere [18]. The oxygen permeation flux was calculated from:

j( O 2 ) =

1
G

⋅

I v ⋅ c perm
O2

(4.4)

A

perm
where IV is the flow rate at the outlet of the reactor (m3/s (STP)), cO the oxygen
2

concentration in the permeate stream (mol/m3) and A the geometric surface area at
the He-side of the membrane (m2). G is a dimensionless factor of the order of one
that corrects for the effect of non-axial diffusion. This non-axial diffusion is caused
by the sealing of the membrane disc into the reactor, which leads to different surface
areas for the feed and permeate side of the membrane.
In order to compare the permeation rates with values of the oxygen ion
conductivities, oxygen ion conductivities were calculated from the permeation rates
according to the following model. Ambipolar transport of oxygen in the form of
oxygen ions and electrons through a mixed conducting membrane can be described
using the Wagner theory. To simplify the notation, we define an ambipolar
conductivity σamb for a homogeneous membrane material, given by
σ amb =

σ O ⋅ σ e2−

(4.5)

σ O + σ e2−

where σ O

2−

denotes the oxygen ion conductivity and σ e the electronic conductivity
−

(S/cm). Assuming that the surface exchange is fast compared with bulk diffusion and
that the partial conductivities are independent of oxygen partial pressure, the oxygen
flux can be expressed by [19]
j( O 2 ) =

σ amb RT
4F 2L

ln

p( O 2 )air
p( O 2 ) He

(4.6)

Here, j( O 2 ) is the oxygen flux in mol/(m2 s), R the gas constant, T the absolute
temperature in K, F the Faraday constant, L the thickness of the membrane in m, and
p( O 2 )air and p( O 2 ) He are the oxygen partial pressures at the feed and permeate
side of the membrane, respectively.
In the case of composite membranes, consisting of separate phases with exclusive
ionic or electronic transport, there is no locally coupled movement of electrons and
ions. However, if an intimate mixture of the two phases exists, it is also possible to
define an effective ambipolar conductivity to be applied in Equation (4.6) under
these circumstances [20]:
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ν O σ O ν e - σ eeff

σ amb =

2−

eff

2−

(4.7)

ν O σ Oeff + ν e- σ eff
e
2−

2−

The superscript "eff" denotes a correction of the conductivity for geometrical effects
(percolation). The parameters ν O and ν e are the volume fractions of the oxygen
2−

ion conducting and the electron conducting phase, respectively.

4.2.5

Measurement of catalytic activity

Temperature programmed reaction (TPR) experiments were used to evaluate the
catalytic activity of the composites. A powder with a BET-surface area of
approximately 1.2 m2/g was placed inside a flow reactor consisting of an U-shaped
quartz glass tube. Prior to use the powders were annealed at 1200°C for 12 h and
ball milled (12 h) using zirconia balls on a roller bench.
Gas with a known composition of O2, NO, CxHy in N2 was fed into the reactor with a
flowrate of 1000 cm3/min. Typical concentrations were 850 - 1000 ppm NO, 850 1000 ppm C3H6 and 2% O2 in N2. Calibrated mass flow controllers were used to
generate the required gas-mixture from high purity grade gases. The analytical
equipment required the high flow rate. Nevertheless, with adequate powder volumes,
catalytic effects occurring at the material surface in contact with the simulated
exhaust gas mixture could be easily detected.
For each of the applied gas compositions, the reactor was continuously heated up
from 25 to 950°C with a rate of 5 °C/min. During the cooling process, pure nitrogen
was applied to guarantee the same initial conditions for the next run.
The gas composition was analysed before and after passage through the reactor tube.
Because in the presence of oxygen the ratio NO/NO2 cannot be held constant due to
conversion of NO to NO2 in the cooler parts of the system, only the total amount of
NOx = NO + NO2 was determined using a chemoluminescence detector (Rosemount
951A). CxHy-components were detected using a FID analyser (Tesata FID 123),
whereas carbon oxides were measured using a non-dispersive infrared analyser
(NDIA, Uras 10E Hartmann&Braun). An electrochemical cell was used to measure
the oxygen content in the gas.
To exclude any interference by catalytic effects of the reactor wall on the results,
additional measurements without any powder load were carried out. No conversion
of NO to oxygen and nitrogen or N2O was detected within the chosen temperature
range under these conditions.
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4.3

Results and discussion

4.3.1

Microstructure and phase distribution of the composites

Figure 4.4 shows a SEM photograph for the composite with 43 vol% CGO in the
starting mixture. Results from EDX measurements of all investigated composite
materials are given in Table 4.1.
At least three different phases can be distinguished in Figure 4.4. A topographic
surface scan revealed that the dark phases are situated somewhat beneath the surface.
The brightest phase in Figure 4.4 (denoted as phase 1) contained mainly Ce and Gd
(see Table 4.1) and therefore corresponds to doped ceria. EDX analysis showed
almost equal concentrations of Ce and Gd, indicating that the Gd concent was
increased significantly above the 20% Gd present in the starting CGO material. The
additional Gd originated from decomposition of Gd0.7Ca0.3CoOx as discussed below.
The second phase (grey phase, denoted 2 in Figure 4) contains all three cations
present in Gd0.7Ca0.3CoOx, but the amounts in which they are present depart
significantly from the indicated composition. Table 4.1 shows that mainly the
calcium content has increased. The actual metal stoichiometry of the grey phase in
all three composites gives a strong indication of transformation of the perovskite
phase into a K2NiF4 phase, which recently was also found for GCC
(Gd0.7Ca0.3CoOx) [6,20]. After sintering in air, GCC with a starting composition of
Gd0.7Ca0.3CoOx was found to disintegrate into a three phase mixture consisting of
(Gd0.6Ca0.4)2CoO4-δ, containing most of the original calcium, and two additional
decomposition products, i.e. CoO and the perovskite GdCoO3 [7]. It is therefore
likely that the grey phase in our CGO/GCC mixtures also has this K2NiF4 structure.

1
2
3

Figure 4.4:

SEM-picture of the surface of a GCC/CGO composite
Magnification 5000x

(43 vol% CGO)
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Such a conclusion is in agreement with the results from EDX-analysis of the grey
phase, as listed in Table 4.1, albeit that the calcium content is somewhat higher
compared to (Gd0.6Ca0.4)2CoO4-δ. The third phase (denoted as phase 3 in Figure 4.4)
is CoO.

Table 4.1:

Survey of EDX-data for composites CGO/GCC prepared with different CGO
contents in the starting powder. Numbers correspond to phases indicated in
Figure 4.4.

Element
a. 43 vol% CGO
Ce
Gd
Ca
Co
b. 60 vol% CGO
Ce
Gd
Ca
Co
c. 75 vol% CGO
Ce
Gd
Ca
Co

1 (bright)

2 (grey)

3 (dark)

Intended

Overall

53
43
2
2

37
30
33

+

27
30
10
33

26
30
11
33

65
32
1
2

5
30
33
33

2
1
2
95

40
28
8
25

38
27
8
26

63
33
1
3

6
29
31
33

3
3
13
81

53
25
5
17

46
25
7
22

Data from SEM-EDX clearly show that a solid state reaction has occurred during
sintering. A considerable amount of Gd is extracted from the GCC phase increasing
the Gd content in the CGO phase. The following reaction describes the observed
changes after sintering of a 2:1 CGO/GCC mixture, corresponding to 60 vol% of
CGO in the starting material:
2Ce 0.8 Gd 0.2 O 1.9 + Gd 0.7 Ca 0.3 CoO x → 2.46 Ce 0.65Gd 0.35 O 1.825 +
0.32 ( Gd 0.5Ca 0.5 ) 2 CoO 4 − δ + 0.68 CoO

(4.8)

The driving force for this reaction seems to be the higher stability of the K2NiF4
phase relative to that of perovskite GdCoO3. The loss of Gd is accompanied by
decomposition, yielding CoO as side product. Figure 4.4 shows dark isolated CoO
particles being always in contact with doped ceria particles. The increase of the Ca
content in the (Gd0.6Ca0.4)2CoOx phase may also contribute to the driving force of the
reaction. A survey of the volume fractions of the different phases present after
sintering is given in Table 4.2.
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Table 4.2:

Volume fractions of different phases present after sintering of GCC/CGO
obtained by SEM/EDX analysis.
Initial Ce0.8Gd0.2O1.9 [vol%]
Ce0.65Gd0.35O1.825 [vol%]
(Gd0.5Ca0.5)2CoO4-δ [vol%]
CoO [vol%]

4.3.2

43
60
27
13

60
75
17
9

75
81
13
6

Transport of electrons and oxygen ions

Figure 4.5 shows the Arrhenius plots of the electronic conductivity as a function of
the CGO content in the starting materials. Straight lines are observed over the whole
temperature range for the composites with initial volume fractions of 43 and 60 vol%
CGO. The magnitude of electronic conductivity as well as the activation energies are
close to the corresponding values for pure GCC.
The sample with a volume fraction of 75 vol% CGO shows an activation energy of
22 ± 2 kJ/mol at low temperatures and of 66 ± 2 kJ/mol above 400°C. The steeper
slope observed at high temperatures reflects a transition from electron transport
mediated by the GCC derived phase to predominant transport through the CGO
grains. Data clearly indicate that electronic conductivity is enhanced by the addition
of GCC to the composites.

Table 4.3:

Ionic conductivities and activation energies of GCC/CGO composites
measured in air at different temperatures and values of the initial volume
fraction of CGO.
σ

vol% CGO
T[°C]
Ea [kJ/mol]

650
700
750

0%
-6
3.2∙10
-6
9.0∙10
-5
8.0∙10
116 ± 1

43%
-5
1.9∙10
-5
9.0∙10
-4
4.3∙10
164 ± 1

O

2−

[S/cm]

60%
-4
2.6∙10
-4
5.5∙10
-3
1.0∙10
106 ± 1

75%
-4
6.2∙10
-3
1.2∙10
-3
2.2∙10
96 ± 1

100%
-3
8.4∙10
-2
1.3∙10
-2
2.0∙10
87 ± 1

Figure 4.6 shows oxygen ion conductivity of the composites as a function of oxygen
partial pressure at 750°C measured with the microcontact technique. Ionic
conductivity values together with activation energies obtained from microcontact
measurements in the temperature range 650-750°C are listed in Table 4.3. The ionic
conductivity of the composites increases with ceria content. Whereas the ionic
conductivity of the composites with 60 and 75 vol% CGO is constant over the
applied oxygen partial pressure range, that of the composite with 43 vol% ceria
changes slightly with oxygen partial pressure, which is similar to that observed for
pure GCC. Oxygen in the composites is predominantly transported via the ceria
grains. Both a high ceria content and a good dispersion of ceria grains are a
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Figure 4.5:

Arrhenius plots of the electronic conductivity of composites GCC/CGO in air.

Figure 4.6:

Oxygen ion conductivity as a function of oxygen partial pressure for
composites with different initial CGO contents (T=750°C).
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prerequisite. In the composite with 43 vol% CGO no continuous paths of the ceria
phase are present. The slight partial pressure dependence of the ionic conductivity
for this composite suggests that oxygen ion movement be limited by the passage
through the GCC derived phase.
Oxygen flux values and ionic conductivity extracted from data of oxygen permeation
measurements (850 –1000°C) are listed in Table 4.4.

Table 4.4:

Oxygen permeation rates and oxygen ion conductivities of GCC/CGO as a
function of temperature and composition.
2

T [°C]
vol% CGO

0
43
60
75

1000°C
-10
8.76∙10
-8
4.04∙10
-8
3.79∙10
-8
8.33∙10

j(O2) [mol / (cm s)]
950°C
900°C
-10
-11
2.79∙10
5.26∙10
-8
-8
2.40∙10
1.44∙10
-8
-8
2.29∙10
1.34∙10
-8
-8
5.94∙10
3.74∙10
eff

σ amb ≈ σ
vol% CGO

0
43
60
75

-4

1.50∙10
-2
1.76∙10
-2
1.62∙10
-2
4.17∙10

-5

4.81∙10
-2
1.10∙10
-2
1.02∙10
-2
3.10∙10

eff
O

2−

850°C
-11
3.60∙10
-9
8.31∙10
-9
7.38∙10
-8
2.00∙10

[S/cm]
-6

5.26∙10
-3
6.85∙10
-3
6.23∙10
-2
2.04∙10

-6

6.59∙10
-3
4.12∙10
-3
3.58∙10
-2
1.14∙10

An Arrhenius plot of the oxygen ion conductivity data of both permeation and
microcontact measurements is given in Figure 4.7. The extrapolated data for the
three composites in this study match reasonably well. However, for pure GCC a
large gap is apparent between the results from permeation and microcontact
measurements. It seems possible that slow surface exchange for GCC is responsible
for this difference, noting that the measurements using the microcontact technique
involve direct transfer of oxygen ions and therefore are not hindered by surface
exchange.
At temperatures below 800°C, the activation energy of the oxygen conductivity of
the composite with 43 vol% CGO is comparable to that of pure GCC. This gives
additional support that oxygen ion transport in the composite with 43 vol% CGO is
impeded by the low ionic conductivity of the GCC phase, i.e. the continuity of the
CGO phase is blocked by the GCC phase. Note that the temperature dependencies of
the ionic conductivity observed for the composites with 60 and 75 vol% CGO are
very similar to that of pure CGO.
Figure 4.8 shows the partial conductivities of the composites as a function of the
CGO content. A percolation threshold, referring to the bending points in the curves,
is clearly perceptible for both the ionic and electronic conductivity and located
around a volume fraction of Ce0.65Gd0.35O1.825 of approximately 0.75. This is above
the value of 2/3 predicted by percolation theories for two intimately mixed phases
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Figure 4.7:

Arrhenius plots of the oxygen ion conductivity of CGO/GCC composites for
different values of the initial volume fraction of CGO as obtained from
permeation (T > 800°C) and microcontact measurements (T < 800°C).

Figure 4.8:

Electronic and ionic conductivities as a function of CGO content measured at
650°C in air. Dotted lines are plotted as a guide to the eye.
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with particles having a spherical shape [22]. The observed behaviour cannot be
simply explained by the volume fraction occupied by a third ‘insulating’ phase.
Inclusion thereof tends to lower the percolation threshold [22]. It is clear that more
research is required to explain the observed phenomena.

4.3.3

Catalytic properties

The catalytic activity was analysed in non-equilibrium gas mixtures simulating the
exhaust gas composition of Diesel engines. The influence of surface oxygen
vacancies on catalytic NO decomposition can be described by the following reaction
steps [1]:
NO + VO•• + 2 e − ⇒ N ads + O O

(4.9)

N ads + N ads ⇒ N 2

(4.10)

N ads + NO ⇒ N 2 O

(4.11)

N 2 O + VO•• + 2 e - ⇒ N 2 + O O

(4.12)

The above reaction scheme includes the formation of N2O. If N2O is not detected the
following simpler reaction scheme may apply:
2 NO + 2 VO•• ⇒ 2 ( NO - − VO• )

(4.13)

2 ( NO - − VO• ) ⇒ N 2 + 2 ( O − − VO• )

(4.14)

2 ( O - − VO• ) ⇒ O 2 + VO••

(4.15)

White et al. [25] reported conversion rates up to 72% using a flow of 1% NO in He
at 800°C over a series of different perovskites. According to their data, perovskites
containing Co3+ on the B lattice-site, in general show high activity towards NO
decomposition. However, as can be seen from Figure 4.9, reduction of NO does not
occur over the applied temperature range if air-sintered composite powder (43 vol%
CGO) is exposed to 1000 ppm NO in N2.
CO formed by partial oxidation of hydrocarbon fuels is an important reductant in the
exhaust gases of internal combustion engines. Therefore, the feed in the second
experiment consisted of 950 ppm propene together with 3 vol% O2. As can be seen
from Figure 4.10, propene oxidation occurs in the presence of excess oxygen without
any cross interference in catalytic reduction of NO. The onset of propene oxidation
occurs at about 300°C. Minor reduction of NO occurs only above 800°C.
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Figure 4.9:

Temperature programmed reaction over GCC/CGO (43 vol% CGO). The feed
consisted of 1000 ppm NO in N2.

Figure 4.10: Temperature programmed reaction over GCC/CGO (43 vol% CGO). The feed

consisted of 1000 ppm NO, 950 ppm C3H6 and 3 vol% O2 in N2..
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Figure 4.11: Temperature programmed reaction over GCC/CGO (43 vol% CGO). The feed

consisted of 950 ppm NO and 100 ppm C3H6 in N2.

High turnover rates for the oxidation of hydrocarbons and CO are not exceptional
and well known for many perovskites based on La, Sr, Co or Mn [26,27]. Like in
Figure 4.9, a small increase in N2O concentration shows that the surface of the
composite is interacting with the NO to only a minor degree. However, the presence
of propene at the composite surface clearly increases the reduction rate of N2O (see
Figure 4.10). Therefore, one can expect that as the relative concentration of oxygen
in the exhaust gas is decreased, or that of the hydrocarbons is increased, this leads to
an increased reduction rate of NO. This is consistent with the results shown in Figure
4.11, in which experiment the oxygen concentration of the simulated exhaust gas
mixture was reduced to zero.

4.4

Conclusions

The GCC/CGO are promising candidates for use as oxygen permeable membranes in
the proposed sensor. Although high temperature annealing of the membranes leads to
significant changes in the type and composition of the constituent phases with
respect to their initial ones, the membranes show high permeation rates and
favourable surface kinetics for oxygen exchange. The results of the catalytic
experiments, however, demonstrate that application is limited to lean oxidising
exhaust gas mixtures.
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5
Preparation and properties of
mixed conducting ZrO2/In2O3 composites

ZrO2/In2O3 composites are considered for use as membrane material in an exhaust
gas sensor for detection of NOx. In total six compositions with different InO1.5
contents were prepared. SEM-EDX and XRD revealed that after sintering at 1500°C
the samples with 30 and 100 mol% InO1.5 were single phase. All other compositions
consisted of mixtures thereof. The ionic conductivity was measured using an
electron blocking microcontact technique. Highest ionic conductivity of
2.5∙10-4 S/cm was found for the composite with equal mole fractions of ZrO2 and
InO1.5. Composites with an InO1.5 content between 50 and 70 mol% showed
appreciable mixed conductivity.
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5.1

Introduction

An amperometric type of sensor, based on stabilised zirconia, has been proposed for
the direct measurement of NOx in exhaust gases of lean-burn combustion engines
[1,2,3]. In the proposed form of construction two electrodes are placed in sequence
in a diffusion chamber. At the first electrode oxygen present in the exhaust gas is
pumped away, the remaining NOx is being detected amperometrically at the second
electrode. The first electrode must reduce oxygen selectively and completely. The
arrangement of the electrodes in the sensor is schematically shown in Figure 5.1.
Inherent to the principle of operation, however, it is required that the first electrode
exhibits a negligible catalytic activity towards reduction of NOx. In the patent
literature cited above it is envisaged that this electrode is separated from the ambient
by a oxygen permeable membrane made of a mixed ionic-electronic conductor
(MIEC) showing no catalytic activity for NOx reduction.
Possible materials for such a mixed conducting layer include the so-called dualphase membranes. These can be visualised as being a dispersion of an electronconducting phase into an oxygen ion conducting phase or matrix. In the specific case
of the before mentioned sensor, in which the mixed conducting layer is placed on top
of the electrolyte the composition of the dual phase membrane can be tuned to match
thermal and mechanical properties of the electrolyte.
This dual-phase membrane approach was first described by Mazanec et al. [4].
Cermet materials that have been presented in literature include yttria-stabilisedzirconia with palladium or platinum, and erbium-doped δ-bismuth oxide with gold or
silver as second phase [4,5,6]. Besides metals as electron conductors also semiconductor oxides like indium oxide doped with praseodymium or zirconium are used
[4,7]. Measured oxygen permeation fluxes through these types of dual phase
membranes are similar to those measured for single-phase mixed conducting
perovskite membranes [8]. A special requirement for the dual phase membranes is

Figure 5.1:
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Schematic representation of the sensor.

that both constituent phases must be percolative in order to ensure a continuous path
for both the ionic and electronic conduction. The percolation threshold determines
the minimum volume fraction in which conduction is possible. It is a function of,
among other things, the relative dimensions and shape of the particles of both phases
present.
The cubic structure of zirconia can be stabilised by lower valent oxides, including
the rare earth sesqui-oxides, In2O3, CaO and MgO. Ionic conductivity occurs due to
the creation of excess oxygen vacancies [9]. On the other hand it is known that ZrO2
in In2O3 acts as a donor dopant, leading to a significant increase in the electronic
conductivity [10,11,12]. Phase analysis of the ZrO2/In2O3 system showed the
existence of a two-phase domain for a InO1.5 content between 30 and 95 mol%. The
dual phase consists of an ionic- and an electronic conducting phase. Property
requirements for the mixed conducting composite can be met to some degree by
adjusting the relative concentrations [13].
In this paper mixed conducting composites in the ZrO2/In2O3 system are evaluated
with respect to their use as oxygen selective membranes in the before mentioned
NOx-sensor. Due to the fact that the electronic conductivity of the doped In2O3 phase
is dominant in the overall conductivity, in the past only the ionic conductivity of
indium stabilised zirconia (compositions up to 30 mol% InO1.5) was measured. We
were able with the use of an electron blocking method to determine the ionic
conductivity in the entire two-phase region.

5.2

Theory

The measured ionic conductivity data have been analysed using the approach
proposed by Wu and Liu [14]. This model is based on the effective medium
percolation theory (EMPT) and provides the overall effective conductivity of a
random mixture of particles of two different conductivities under the assumption that
the inhomogeneous surrounding of a particle can be replaced by an effective
medium. The homogenous medium is approximated by a resistor network, in which
all resistors are equal. The most relevant assumptions of the model are:
! Each constituent phase is composed of small particles such as grains,
! The average size of the particles is much smaller than the dimensions of the
sample,
! The phases must be distributed randomly in the material, i.e. any specific
particle has an equal probability of appearing in any position in the whole
sample.
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The steady-state effective conductivity of a composite consisting of any number of
randomly distributed constituent phases can be given by

∑ (Z
k

∑p

k

σm − σk
2 − 1) σ m + σ k

pk = 0

=1

(5.1)

(5.2)

k

As can be seen from Equations (5.1) and (5.2) the effective conductivity (σm)
depends on the co-ordination number (Z), the conductivity of each constituent phase
(σk) and the volume fraction of each phase (pk).
Solving Equation (5.1) and (5.2) for a three-dimensional (Z=6) two-phase composite
results in

σm =

E1 +

E12 + E2
4

(5.3)

where
E1 = 3( p1σ 1 + p2 σ 2 ) − ( σ 1 + σ 2 ),

(5.4)

E2 = 8σ1σ 2

(5.5)

The percolation threshold, pc, for two-phase composites is given by
2 ( 1 2 Z − 1) σ 1 − σ 2
c
p =( )
σ1 − σ 2
Z

(5.6)

Thus, for a three dimensional system if σ1<<σ2, pc=1/3, if σ1>>σ2, pc=2/3.

5.3

Experimental

5.3.1

Preparation and phase analysis

A series of six ZrO2/In2O3 compositions have been prepared. The InO1.5-content was
varied between 30 and 100 mol%. See Table 5.1.
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Table 5.1:

Survey of prepared materials
Acronym
30IZO (ISZ)
50IZO
70IZO
80IZO
90IZO
IO (In2O3)

Overall composition
Zr (atom%)
In (atom%)
70
30
50
50
30
70
20
80
10
90
0
100

A wet-chemical precipitation method was used to prepare the powders. In2O3
(99.99%, Aldrich) was dissolved in concentrated fuming HCl (37%, Merck).
ZrOCl2!8H2O (99%, Merck) was dissolved in Q2 water. Next, appropriate
proportions were admixed and water was added until a final volume of 1200 ml. A
standard peristaltic pump was used to add the solution over a period of 6 h to a large
stainless-steel container, lined with a PTFE-coating, and filled with 8 l of
concentrated ammonia (25%, Merck). The ammonia solution was stirred vigorously
and continuously with a top-mounted turbine stirrer. The end of the delivery tube
was placed directly above the tip of the stirrer. After the addition of the mixture, the
turbine-stirrer was replaced by a dispersion-stirrer and the suspension was stirred for
an additional hour. Subsequently, the suspension was transferred to a glass container
and was left overnight to deposit. Hereafter, the resulting precipitate was filtered and
washed with water to remove the chloride ions. Finally, the precipitate was washed
with ethanol (99%, Merck) until the density of the filtrate was below 0.8 g/cm3 (i.e.
water content <5%). The precipitates were transferred to a porcelain disc and dried
overnight in an oven at 80°C.
The resulting powders consisted of amorphous Zr(OH)4 and In(OH)3. HT-XRD
analysis of 70IZO performed at different temperatures (Figure 5.2) showed that the
amorphous hydroxides were converted to oxides at temperatures below 500°C.
Calcination of the powders was performed at 600°C for 2h. Subsequently, the
powders were ball-milled overnight in ethanol using 2 mm zirconia balls.
After drying, disk-shaped samples were pressed from the resulting powder at 10 MPa
(uniaxially), followed by isostatic pressing at 400 MPa. The samples were finally
sintered at 1500°C for 1 h in air. To avoid loss of the rather volatile In2O3, the
powder compacts were embedded during the sintering procedure in powder of the
same composition.
The samples were examined by back-scattered electron imaging using SEM (JEOL
JSM5800) operating at 20 kV. The composition of the samples was determined by
SEM-EDX using a Hitachi S-800 Field Emission Microscope operating at 15 kV,
which was coupled to a Kevex Delta Range EDX system for surface element
analysis.
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Figure 5.2:

2θ scan of 70IZO at room temperature, 500°C and 600°C. Sharp peaks at
39.8°, 46.2° and 67.5° in 2θ scans at elevated temperatures are platinum peaks
induced by the platinum sample holder.

XRD powder spectra were recorded on a Philips X’Pert-MPD with graphite-filtered
CuKα radiation. Sintered pellets were ground in a mortar to a fine-grained powder
(<15 µm). The samples were measured with a 2θ scan from 10 to 80° with steps of
0.02° and the intensity was collected during 5-10 seconds. Cell parameters were
obtained from least square refinements of the XRD patterns using the programme
LINES. Of one composition, 70IZO, the XRD spectrum was measured as a function
of temperature to evaluate the choice of calcination temperature.

5.3.2

Measurement of the ionic conductivity using electron-blocking
microcontacts

The oxygen ion conductivity was determined from steady-state current-voltage data
using electron-blocking microcontacts. This technique is based on the Hebb-Wagner
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Figure 5.3:

Schematic representation of the ionic conductivity set-up.

polarisation measurements. A schematic representation of the set-up is given in
Figure 5.3. Yttria-stabilised zirconia (YSZ) was used as electron blocking
microcontact. The microcontacts were shaped as ceramic needles. The radius of the
contact ranged between 25 and 110 µm. Measurements were performed at
temperatures between 550° and 750°C with steps of 50°C and with or without glass
encapsulation of the microcontact. Encapsulation ensures that the measured oxygen
ion conductivity solely originates from transport through the YSZ-tip and that no
exchange of oxygen takes place at the surface of the sample. The polarisation voltage
was cycled in discrete steps between –0.15 and +0.15 V with 25 mV increments. The
current was monitored and measured after an equilibration time of 30 s, assuming
steady-state conditions, upon each stepwise change in the voltage. In some cases (see
further on) the equilibration time was extended to 600 s.
Without encapsulation a parasitic oxygen flow may evolve from the oxygen
exchange reaction at the surface. This will lead to a virtual measured ionic
conductivity which is higher than the real one.
Assuming a hemispherical contact surface between the micro-contact and the sample,
the ionic conductivity ( σ O ) was calculated from the slope of the current voltage
2−

curves:
σ O ( p( O 2 )
2−

m.c.

)=

1

⋅

dI

2 πr dU

(5.7)
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with r the radius of the tip and p( O 2 ) m.c. the effective oxygen partial pressure at the
interface between sample and microcontact. The apparent oxygen partial pressure
p( O 2 ) m.c. is calculated using the Nernst equation:
U =

RT
4F

ln(

p( O 2 )

m.c.

p( O 2 ) ′

)

(5.8)

with U the applied voltage and p( O 2 )′ the reference oxygen partial pressure at the
counter electrode. The details of the employed micro-contact method have been
discussed extensively elsewhere [3,15,16].

5.3.3

Measurement of the ionic conductivity using impedance spectroscopy

The ionic conductivity of the 30IZO phase was also evaluated using simple two
electrode impedance measurements. In order to facilitate the distinction between
bulk and electrode processes the dispersions were measured on sets of two samples
with near identical cross sections, but with different thickness. Disk shaped samples
(diameter ± 0.6 cm, thickness 0.335-0.390 cm or 0.105-0.115 cm) were provided
with sputtered gold electrodes. The impedance was measured with a frequency
response analyser in the range 0.1 Hz to 65 kHz in air. The impedance spectra were
analysed with the ‘Equivalent Circuit’ program [17,18].

5.4

Results and discussion

5.4.1

Phase analysis

XRD analysis showed that 30IZO (or ISZ) and IO are single-phase materials. All
other compositions consist of cubic-ISZ and bcc-IO in different amounts.
As illustrated in Figure 5.4, with increasing InO1.5-content the sample surface
changes from bright inclusions embedded in a dark matrix to dark inclusions in a
bright matrix. EDX analysis of the surface revealed that the dark phase consisted of
ISZ with an In dopant concentration of approximately 30 atom%, and the bright
phase of IO in which between 5 and 10 atom% of Zr is dissolved. A survey of the
EDX data is given in Table 5.2.
Although a small surplus of Zr is measured for all composites no significant
depletion of indium oxide was found. Fortunately, the sinter precautions prevented
significant loss of indium oxide. However, the density decreased from 99% for
70IZO to below 80% for IO. More research is necessary to explain this result.
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Table 5.2:

Intended
Overall
Dark
Bright

Figure 5.4:

Survey of EDX-data for all compostions prepared. Also data on density and
volume fraction In2O3 phase are presented.
ρ (%)
vol% In2O3
Zr (atom%)
In (atom%)
Zr (atom%)
In (atom%)
Zr (atom%)
In (atom%)
Zr (atom%)
In (atom%)

30IZO
96
0
70
30
70.2
29.8
-

50IZO
96
28
50
50
52.8
47.2
73.1
26.9
8.4
91.6

70IZO
99
56
30
70
32.0
68.0
68.8
31.2
5.0
96.0

80IZO
91
71
20
80
21.5
78.5
71.1
29.9
9.7
90.3

90IZO
83
85
10
90
10.4
89.6
3.2
96.8

IO
76
100
0
100
0
100
-

Back scatter electron images of all two-phase composites. Magnification in all
cases 9000x.
77

Preparation and properties of mixed conducting ZrO2/In2O3 composites

A

B

Figure 5.5:

SEM-pictures of pore rich areas in 70IZO. (A) magnification 350x. (B) Backscattered electron image magnification 4300x.

Unlike the remainder of the composites, in which the present pores are distributed
homogeneously over the sample, the pores of 70IZO are confined to pore-rich areas.
This is clearly demonstrated in the micrographs of Figure 5.5. SEM-EDX analysis of
these areas showed that the microstructure has changed significantly compared with
the bulk of the material. Although the compositions of the bright and dark phases are
identical to the corresponding phases in the bulk of the sample, a survey scan
revealed that the overall amount of IO present in the pore-rich areas has decreased
significantly from 68 to 54%. This indicates that depletion of IO due to its volatility
is restricted to these specific areas. The measured overall composition, however, is
very close to the intended composition.

78

5.4.2

Microcontact measurements

Typical data obtained from current-voltage measurements using encapsulated and
not-encapsulated electron-blocking microcontacts are shown in Figure 5.6 and
Figure 5.7 for 50IZO and 30IZO respectively. The data of the compositions not
presented here show behaviour similar to 50IZO. Data using encapsulated
microcontacts at different temperatures varying between 550 and 750°C and a
comparison between results on encapsulated and not-encapsulated electrodes at
700°C are given.
The measured current at a given voltage and, therefore, the conductivity increases
with increasing temperature for both encapsulated and not-encapsulated
microcontacts. For all compositions with an InO1.5 content above 30 mol% the
current is linearly proportional to the applied voltage. Hence, the ionic conductivity
is independent of oxygen partial pressure for the measured regime, as can be
deduced from Equations (5.7) and (5.8). On the other hand at positive potentials the
current-voltage plot of 30IZO exhibits significant hysteresis. Although the hysteresis
decreased upon increasing the equilibration time after a voltage step, it did not
entirely disappear even for settling times up to 600s. This behaviour was quite
unexpected considering the fact that the ion-conducting phase is the same in all
measured compositions, as is indicated by the EDX analysis. At present we do not
have a clear explanation for this phenomenon. The absolute values of the ionic
conductivity are presented in Table 5.3 as function of temperature. For 30IZO, the
ionic conductivity was calculated using average values of the current at a given
voltage, as indicated by the solid lines in Figure 5.7(A).

Table 5.3:

Survey of ionic conductivities as function of temperature and of activation
energies. Conductivities measured using not encapsulated electrodes. p(O2) =
0.2 bar
Eact [kJ/mole]

Log (σion [S/cm])
30IZO
50IZO
70IZO
80IZO
90IZO
IO

550°C

600°C

650°C

700°C

750°C

-5.80
-4.76
-4.88
-5.72
-7.44
-7.23

-5.26
-4.32
-4.42
-5.29
-6.79
-6.70

-4.66
-3.94
-4.03
-4.92
-6.18
-6.10

-3.99
-3.60
-3.70
-4.60
-5.61
-5.44

-3.38
-3.30
-3.40
-4.30
-5.14
-5.09

196
118
127
115
186
178

For the compositions with an InO1.5 content of at least 50 mol%, the data obtained
with and without microcontact encapsulation coincide as illustrated for 50IZO in
Figure 5.6(B). This indicates that the virtual ionic conductivity induced by the
exchange of oxygen at the sample surface is negligible. Figure 5.7(B) compares data
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A

B

Figure 5.6:

80

Plots of current-voltage data for 50IZO. (A) 50IZO encapsulated microcontact,
settling time 30 s. (B) Comparison of experiments on encapsulated and notencapsulated microcontacts for 50IZO, T=700°C, settling time 30 s.

A

B

Figure 5.7:

Plots of current-voltage data for 30IZO. (A) encapsulated microcontacts,
settling time 600 s. (B) Comparison of experiments on encapsulated and notencapsulated microcontacts for ISZ, T=700°C, settling time 600 s.
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A

B

Figure 5.8:
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Arrhenius plots of the ionic conductivity. (A) Data of all prepared
compositions. All data were obtained from microcontact measurements. (B)
Comparison of data for 30IZO obtained by microcontact and impedance
measuremenst (this work) with literature data [11,12].

from measurements using encapsulated and not-encapsulated electrodes of 30IZO at
700°C. It can be seen that the data coincide only at positive voltages. At negative
voltages there is a distinct discrepancy. The slope of the not-encapsulated
microcontact measurement is steeper, indicating a significant contribution of the
oxygen exchange at the surface of the sample. This results in a virtual ionic
conductivity, which is larger than the actual ionic conductivity of the material.
As can be observed in Figure 5.8, all investigated compositions show Arrhenius type
behaviour for the ionic conductivities. The activation energies for oxygen transport
are presented in Table 5.3. The highest ionic conductivity was measured for 50IZO.
The activation energies of 50-, 70- and 80IZO are similar and close to literature data
for single phase 30IZO, as measured by Gauckler (121 kJ/mole) and Hohnke (141
kJ/mole). They obtained the conductivity values from 4-point probe impedance
measurements. This is a strong indication that for both measuring methods the
mechanism of oxygen ion conductivity is alike [11,12]. The activation energies of
90IZO and IO are also similar (±180 kJ/mole) but larger than of the above
mentioned compositions. The highest activation energy of approx. 200 kJ/mole is
found for 30IZO.
For the 30IZO composition the ionic conductivity was also measured directly in a
simple two electrode cell. In Figure 5.8(B) the Arrhenius plots for the ionic
conductivity of 30IZO obtained by microcontact measurements and impedance
measurements are compared with the available literature data [11,12]. The values for
the ionic conductivity measured using the impedance technique are at least a factor
10 larger than those found using the microcontact measurement, but approximately a
factor 5 smaller than literature data. The activation energy of the impedance
measurement is 131 kJ/mole, which coincides quite well with the data measured for
50-, 70-, 80IZO and literature data.
In Figure 5.9 the ionic conductivity is plotted as a function of the vol% In2O3 phase
at 700°C. These data could be fitted reasonably well with the model of Wu and Liu
[14] as shown by the solid line. The ionic conductivities of the single phases are
1.0∙10-3 S/cm for 30IZO and 7.6∙10-6 S/cm for IO. Hence the ionic conductivity of
the 30IZO phase is over 100 times larger than the ionic conductivity of IO. Using
these data to calculate the percolation threshold according to equation (5.6) yields a
value of 75 vol% In2O3 phase. The ISZ phase is percolative in the case of 30-, 50-,
70- and 80IZO (0, 28, 56 and 71 vol% In2O3 respectively). The clear change in
activation energy between 80IZO and 90IZO is explained by the fact that for the
latter composition the ISZ-phase is no longer percolative.
Gauckler et al. [11] have published data on the total conductivity of the ZrO2/In2O3
system at 1000°C. They found a significant increase in total conductivity for
compositions with an InO1.5 content above 45 mol% indicating that In2O3, the
electron conducting phase, becomes percolative. Combining their results with the
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Figure 5.9:

Ionic conductivity as function of vol% In2O3. phase. Line denotes a fit of the
experimental data using the theory presented by Wu and Liu [14].

results obtained in this study it can be stated that composites with an InO1.5 content
between 50 and 70 mol% are mixed conducting.

5.5

Conclusions

Using a microcontact measuring technique, the ionic conductivities of six ZrO2/In2O3
compositions with InO1.5 contents varying between 30 and 100 mol% were
determined. Phase analysis by means of SEM-EDX prior to the measurements
showed that 30IZO and IO are single phase materials. All other compositions
consisted of mixtures thereof.
Fitting the data with the model of Wu and Liu [14] showed that the ionic
conductivities of the single phases are 1.0∙10-3 S/cm and 7.6∙10-6 S/cm for 30IZO and
IO, respectively. The percolation threshold was calculated to be at 75 vol% In2O3
phase. Compared to literature, for the measured regime, the ionic conductivity of
30IZO is at least a factor 100 lower [11,12]. No explanation for this result can be
given. Combining these results with literature data for the total conductivity it can be
stated that samples with an InO1.5 content between 50 and 70 mol% are mixed
conducting [11].
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To further evaluate the applicability of these type of materials as a mixed conducting
layer in a NOx-sensor, the catalytic activity of In2O3 towards NOx-reduction needs to
be evaluated. Besides that, it is necessary to measure the oxygen permeation of these
materials.
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6
Preparation and conductivity of
ZrO2/In2O3/SnO2 composites

Composites in the ZrO2/In2O3/SnO2 system have been investigated for their potential
use as mixed conducting membranes for oxygen separation. In order to determine
the optimum component ratio a series of eight compositions have been prepared
along the ZrO2-In0.91Sn0.09O1.5+δ tie line. The In/Sn ratio has been taken equal to the
most used ITO composition (10 w% SnO2 in In2O3). XRD-analysis showed the
existence of a new single phase with an overall composition of In3.85Zr2.80Sn0.35O12
(60 mol% ITO in ZrO2). It has a rhombohedral structure with cell parameters
a=9.516(4) Å and c=8.8975(4) Å (hexagonal setting). This new phase was present
in all compositions with an ITO content above 30 mol%. The compositions with an
ITO content up to 70 mol% were predominantly ionic conducting. Between 80 – 100
mol% the composites were predominantly electronically conducting. Due to the low
ionic conductivity measured for In3.85Zr2.80Sn0.35O12 none of the prepared composites
is expected to show appreciable mixed conductivity.
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6.1

Introduction

Stabilised ZrO2 is widely used as a solid electrolyte for various electrochemical
applications, such as solid oxide fuel cells, oxygen pumps and sensors. The cubic
structure of zirconia can be stabilised by lower valent oxides, including the rare-earth
sesqui-oxides, In2O3, CaO and MgO. Ionic conductivity occurs due to the creation of
excess oxygen vacancies. Indium-doped zirconia exhibits oxygen ionic conductivity
similar to that of yttria-doped zirconia [4]. Moreover, ZrO2 is known to act as a
donor dopant in In2O3, increasing the electronic conductivity significantly. Phase
analysis of the system (ZrO2)1-y(InO1.5)y showed the existence of a two phase region
for 0.3< y <0.95 with a (mainly) ionically conducting Zr0.65In0.35O1.825 phase and a
moderately electronically conducting In0.95Zr0.05O1.525 phase [3,5]. By adjusting the
relative ratio, x, a dual percolative phase system can be obtained. This dual phase
system then results in a macroscopically mixed conducting (i.e. ionically and
electronically) composite. Through further adjustment of x a, for this system,
optimised mixed conductivity could be obtained.
Doping In2O3 with 5 to 10 mol% SnO2 leads to the well known, near metallic
conducting, indium-tin-oxide (ITO, [7]), which finds widespread application as
optically transparent thin film electrode for displays. Because of this high electronic
conductivity, ITO could have the potential to significantly enhance the electronic
conductivity of a ZrO2/ITO dual phase system. There is, however, very little
literature data available on the ZrO2/In1-xSnxO1.5+δ system. Hence, in this study the
system ZrO2/In2O3/SnO2 is evaluated and compared to previously obtained results
for the ZrO2/In2O3 system [5]. The aim is to prepare dual-phase mixed conducting
materials with improved electronic conductivity and similar ionic conductivity
compared with the ZrO2/In2O3 system. The ratio SnO2/In2O3 has been fixed at 9.2
mol% (10 w%) SnO2. In order to determine the optimum ITO concentration eight
compositions have been prepared with ITO contents ranging from 15 mol% to 100
mol%. The obtained materials, powders and ceramics, have been analysed and
characterised by SEM-EDS and XRD. The conductivity parameters have been
established using impedance measurements and four-point probe dc-measurements.

6.2

Experimental

6.2.1

Preparation and phase analysis

The compositions of the prepared materials together with their corresponding
acronyms are given in Table 6.1.
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Table 6.1:

Survey of prepared materials. The number in the acronym represents the sum
of In and Sn content and with that the amount of ITO present.
Acronym
Zr(atom%)
15ITZO
30ITZO
50ITZO
60ITZO
70ITZO
80ITZO
90ITZO
ITO

85
70
50
40
30
20
10
0

Overall composition
In(atom%)
Sn(atom%)
13.6
27.2
45.3
54.4
63.5
72.6
81.6
90.7

1.4
2.8
4.7
5.6
6.5
7.4
8.4
9.3

A wet-chemical precipitation method was used to prepare the powders. Appropriate
amounts of the constituent metal chlorides were dissolved in 1200 ml Q2-water. A
standard peristaltic pump was used to add the solution over a period of 6 h to a large
stainless-steel container, lined with a PTFE-coating and filled with concentrated
ammonia. The ammonia solution was stirred vigorously and continuously with a topmounted turbine stirrer. The end of the delivery tube was placed directly above the
tip of the stirrer. After the addition of the mixture, the turbine-stirrer was replaced by
a dispersion stirrer and the suspension was stirred for an additional hour.
Subsequently, the suspension was transferred to a glass container and left overnight
to deposit. Hereafter the resulting precipitate was filtered and washed with Q2-water
to remove the chloride ions. Finally, the precipitate was washed with ethanol until
the density of the filtrate was below 0.8 g/cm3 (i.e. water content <5%). The
precipitates were transferred to a porcelain disc and dried overnight in an oven at
80°C. The resulting powder was calcined at 600°C for 2 h. Subsequently, the
powders were ball-milled overnight in ethanol using 2 mm zirconia balls.
After drying, disk-shaped samples were pre-pressed uniaxially at 10 MPa followed
by cold isostatical pressing at 400 MPa. Subsequently, the samples were sintered in
air at 1500°C for 1 h. To avoid loss of In2O3 the powder compacts were embedded in
powder with the same composition during the sintering procedure.
In order to reveal the dual-phase microstructure the back-scattered electron-imaging
mode of a JEOL JSM5800 SEM, operating at 20 keV, was used. The overall and
local phase compositions of the samples were determined by SEM-EDX, using a
Hitachi S-800 Field Emission Microscope operating at 15 keV, which was coupled
to a Kevex Delta Range EDX system for surface element analysis.
XRD powder spectra were recorded on a Philips X’Pert-MPD with graphite-filtered
CuKα radiation. Sintered pellets were ground in a mortar to a fine-grained powder
(<15 µm). The samples were measured with a 2θ scan from 15 to 85° with steps of

89

Preparation and Conductivity of ZrO2-SnO2-In2O3 Composites

0.02° and the intensity was collected during 1 second. Cell parameters were obtained
from least square refinements of the XRD patterns using the programme LINES.
The 60ITZO compound, i.e. In0.55Zr0.40Sn0.05O1.725 was found to form a new single
phase. The lattice parameters of this phase were established using LaB6 (PDF 340427) as internal standard (a = 4.1569 Å). Data collection was performed at room
temperature using a low background spinning sample holder. The sample was
measured with a 2θ scan from 15 to 125° with steps of 0.02° and the intensity was
collected during 4 s. Integrated line intensities were determined from patterns of
samples without an added standard. The obtained line patterns were indexed by the
TREOR90 program [9].

6.2.2

AC impedance measurements

To determine the bulk conductivity of the ceramic disk-shaped samples the
impedance was measured in a two-electrode geometry. Gold electrodes were
deposited on both polished surfaces of the sample using a dc-sputtering technique.
The frequency dispersion was measured with a Frequency Response Analyser
(FRA). The FRA was operated under control of a computer. A home made dual
differential amplifier was used in order to increase the input impedance of the FRA
system (typically 1 MΩ). The schematic arrangement is presented in Figure 6.1. The
measured impedances were corrected for the parasitic cable capacitances (about
100 pF). The temperature was varied between 750°C and 300°C.
In order to facilitate the distinction between bulk and electrode processes the
dispersions were measured on sets of two samples with near identical cross sections

Figure 6.1:

90

Schematic representation of the impedance measurement set-up. RM is the
reference resistance. The differential amplifier outputs are connected to
channel 1 and 2 of the FRA. The data is corrected for the parasitic
capacitances CM and CS.

Figure 6.2:

Schematic representation of the four-point probe set-up.

but with different thickness. Gold electrodes were used as these show little catalytic
activity with respect to the dissociation of oxygen. Hence these electrodes can be
regarded as ion blocking electrodes. The thick and thin samples were placed between
solid gold electrodes in a high temperature measurement cell. A flow of 80%
N2/20% O2 at 100 cm3/min (stp) was used as atmosphere.
The validity of the data was tested with a Kramers-Kronig transformation
compatibility test program [9]. Data analysis was performed with the ‘Complex
Nonlinear Least Squares fit’ (CNLS) software package ‘Equivalent Circuit’
[11,12,13].

6.2.3

DC four-point probe method

The electronic conductivity of 90ITZO and ITO has been measured using a fourpoint DC method. Four collinear probes are placed on a flat surface of the material.
Current is passed through the outer electrodes and the floating potential is measured
across the inner pair. Prior to use the samples were cut into bars of 5 mm width, 2.5
mm height and 14-19 mm length. The surface of the samples was polished with 1 µm
diamond paste. A schematic representation of the set-up is given in Figure 6.2.
Correction factors for the dimensions of the samples as given in ref. [14] have been
used.

6.3

Results and Discussion

6.3.1

Phase analysis

XRD analysis of the prepared materials showed that 30ITZO and 60ITZO are singlephase materials. The other compositions (15, 50, 70, 80, 90ITZO and ITO) consist
of two phases. The crystal structure of 30ITZO resembles the crystal structure of

91

Preparation and Conductivity of ZrO2-SnO2-In2O3 Composites

cubic stabilised zirconia. A survey of the XRD measurements is given in Figure 6.3.
To identify the unit cell of 60ITZO an XRD measurement using LaB6 as internal
standard has been performed. The resulting diffraction data could be fitted with a
rhombohedral unit cell with parameters a = 9.5146(4) Å and c = 8.8975(4) Å
(hexagonal setting). The structure is similar to In4Sn3O12 and La4Ti3O12 and
therefore, the compound can also be written as In3.85Zr2.80Sn0.35O12. A full report is
given in the Appendix.
Besides cubic zirconia, in 15ITZO a significant amount of monoclinic zirconia is
present. The XRD scan of 50ITZO consists of all peaks of cubic zirconia together
with peaks of the rhombohedral structure. This is illustrated by the appearance of
three small peaks at ~ 18°, 23° and 24° in Figure 6.3. Apart from a difference in
peak intensities, the XRD scans of 70-, 80-, 90ITZO and ITO are identical. They
contain besides the rhombohedral crystal structure of 60ITZO, a cubic structure that
resembles the structure of In2O3 (See the peaks at ~22° and ~37°). As can be seen
from Figure 6.3, 80ITZO contains the greatest amount of the latter. The presence of
two phases in ITO is in accordance with literature in which the presence of a second

Figure 6.3:
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Survey of X-ray patterns of all prepared compositions.

phase is mentioned for ITO with Sn concentrations above 6% prepared at 1400°C
[17,18]
A complete survey of the SEM-EDX and XRD data is given in Table 6.2. In
Figure 6.4 the SEM-pictures of 70-, 80-, 90ITZO and ITO are given. The bright
phase corresponds to the In2O3 related phase, the dark phase to the rhombohedral
phase. Besides an increase in bright phase, an increase in porosity with increasing
ITO content is apparent. This increase in porosity might be caused by the volatility
of In2O3. For the compositions with an ITO content up to 80%, the overall
composition measured with EDX is very close to the intended composition (See also
Table 6.2). In the case of 90ITZO and ITO the amount of indium present is much
lower than intended, indicating a significant depletion of In2O3 due to its volatility.

Figure 6.4:

Backscatter electron microscope images of 70-, 80-, 90ITZO and ITO.
Magnification 2000x times. Bright phase corresponds to In2O3, dark phase to
the rhombohedral phase.
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Besides an overall composition which significantly deviates from the intended
composition concerning In, the composition of the rhombohedral phase in 90ITZO is
dissimilar to that observed in the other compositions of ITZO containing this
structure. In general the EDX analysis of the different phases in the measured
compositions confirm the XRD results.

ITO

Ic

90ITZO

R

80ITZO

Zc

70ITZO

SEM-EDX

Overall

60ITZO

Intended

Zr
In
Sn
Zr
In
Sn
Zr
In
Sn
Zr
In
Sn
Zr
In
Sn

50ITZO

XRD

30ITZO

XRD and SEM-EDX results of all prepared compositions. SEM-EDX data in
atom%. Measured structures analogue to Zm: monoclinic zirconia; Zc: cubic
zirconia; R: rhombohedral structure of 60ITZO; Ic: cubic In2O3.
15ITZO

Table 6.2:

Zm+Zc
85.0
14.0
1.0
84
14
2
-

Zc
70.0
27.2
2.8
70
26
4
70
26
4
-

Zc+R
50.0
45.5
4.7
52
43
5
61
35
4
43
51
6
-

R
40.0
54.4
5.6
40
54
6
40
54
6
-

R+Ic
30.0
63.5
6.5
34
60
6
38
55
7
11
86
3

R+Ic
20.0
72.6
7.4
21
73
6
37
56
7
6
90
4

R+Ic
10.0
81.6
8.4
11
72
17
12
69
19
7
82
11

R+Ic
0.0
90.7
9.3
0
68
32
-

Unfortunately, it was not possible to distinguish between the different
crystallographic phases present in 15ITZO and ITO. Furthermore, it seems that in
the cubic zirconia phase the presence of Sn does not influence the maximum
solubility of In2O3. The solubility of approximately 35 mol% is similar to the
solubility of pure InO1.5 in ZrO2. [5].
Combining the EDX and XRD results it was possible to derive globally the ternary
phase diagram for the system ZrO2/SnO2/InO1.5 (sinter temperature 1500°C, cooling
rate 5 °C/min). The resulting diagram is given in Figure 6.5. In this graph, solid and
dashed lines give the determined and the estimated phase changes, respectively.
Literature data on phase compositions for ZrO2/InO1.5 and ZrO2/SnO2 were used to
place the data points on the corresponding axes in the graph [15-18].
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Figure 6.5:

6.3.2

Phase diagram of the ZrO2-SnO2-InO1.5 at 1500°C: Zm: monoclinic zirconia
solid solution, Zc: cubic zirconia solid solution, Ic: cubic indium oxide solid
solution, Sc: cubic tin oxide solid solution, R: rhombohedral solid solution (see
text). The dotted line is the ZrO2-In0.91Sn0.09O1.5+δ tie line. The filled symbols
are the overall compositions of the materials prepared in this study. The open
symbols are the compositions of the phases found. The solid lines are from the
present study, the dashed lines are constructed using data from literature (see
text) or are estimates from the present study.

Conductivity measurements

The total conductivity of the samples has been measured by means of an AC
impedance measurement and a DC four-point probe measurement technique. A
survey of the results is given in Table 6.3. The data obtained from the impedance
measurements are presented in the Arrhenius plots of Figure 6.6. In Figure 6.7 the
conductivity values at 700°C are plotted as function of the composition. Grain
boundary resistances were not apparent in the impedance plot.
Although the presence of some electronic conduction (max. 10% of the total
conductivity) could not be excluded, analysis of the impedance data showed that
ionic conductivity is the main conduction mechanism for 15-, 30-, 50- and 60ITZO.
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The absolute value of the ionic conductivity for 15-, 30- and 50ITZO is ~2⋅10-4
[S/cm] at 700°C, the corresponding activation energies are between 116 and 125
kJ/mole. For the related 50IZO compound (50 mol% InO1.5 in ZrO2), corresponding
values of 2.5⋅10-4 [S/cm] (T=700°C) and Eact = 118 kJ/mole have been found using a
microcontact method [5]. Using the impedance technique, Gauckler et al. [3] and
Hohnke [4] have reported much higher values for the ion conductivity (at least a
factor 100) for 15 and 30 mol% InO1.5 in ZrO2.

Table 6.3:

15ITZO
30ITZO
50ITZO
60ITZO
70ITZO
80ITZO
90ITZO
ITO

Survey of total conductivity (T=700°C) and activation energy of all prepared
compositions.
impedance
Eact [kJ/mole]
log (σtot/[S/cm])
-3.62
120
-3.72
125
-3.63
116
-5.77
108
-4.95
58
0.40
-4.2
0.09
-1.9
-0.08
7.6

four-point probe
Eact [kJ/mole]
log (σtot/[S/cm])
-0.6
2.6
-0.4
1.5

The values of the total conductivity for the 60- and 70ITZO compounds are several
orders of magnitude lower (10-6 S/cm), indicating that these compositions are much

Figure 6.6:
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Arrhenius plot of the total conductivity of all compositions prepared. Data
obtained using impedance spectroscopy.

Figure 6.7:

Total conductivity as function of composition at T=700°C. Data obtained using
impedance spectroscopy.

poorer (mixed) conductors. As can also be deduced from the micrograph in
Figure 6.4, the electronically conducting indium oxide related phase in the 70ITZO
composition is not percolative, thus resulting in a mainly (low) ionic conductivity.
The composites 80-, 90ITZO and ITO show near metallic conduction. No
information is available about the ionic conductivity in these compositions but based
on the results for the single phase 60ITZO compound, it is expected to be also quite
small. The value of the total conductivity is several orders of magnitude larger than
the ionic conductivity measured for the 15-50ITZO compounds. In literature much
higher values (~1500 S/cm) have been reported for pure ITO [7], but these have
been obtained for thin films.
The highest conductivity of 2.5 S/cm is found for 80ITZO. The total conductivity
decreases upon further increase of the ITO content. As already mentioned in
Section 6.3.1, the fraction of In2O3 related phase present in the composites is highest
for 80ITZO. Furthermore, the porosity of the composites increases drastically with
increasing ITO content (See Figure 6.4). Both effects could explain the observed
decrease in conductivity with increasing ITO content.
For the highly conductive 90ITZO and ITO samples four-point probe measurements
have also been performed. As seen from Table 6.3, the measured conductivities are
slightly below the corresponding values measured using the impedance technique.
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Again the Eact is very close to 0 kJ/mol indicating that the conductivity is nearly
metallic.

6.4

Conclusions

XRD-analysis showed the existence of a single phase with an overall composition of
In3.85Zr2.80Sn0.35O12 (60 mol% ITO in ZrO2), which has not been reported before.
This phase was present in all samples with an ITO content above 30 mol%
Up to an ITO content of 70 mol%, the composites are predominantly ionically
conducting with possibly a minor electronic conductivity. The compositions with an
ITO content of 80% and higher show near metallic conductivity. The second phase
present, however, is directly related to the 60ITZO compound which exhibits, as
compared to 15-50ITZO compositions, a very low ionic conductivity. Based on these
deliberations it can be concluded that none of the prepared compositions show
appreciable mixed conductivity.
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Appendix
Powder diffraction of the
rhombohedral oxide In3.85Zr2.80Sn0.35O12

The replacement of 9 mol% InO1.5 with SnO2 in the composite consisting of 60 mol%
InO1.5 and 40 mol% ZrO2 resulted in a single phase material. Analysis by means of
XRD showed that the material has a rhombohedral structure. The powder
diffraction pattern could be indexed using space group R3 (148) The structure is
similar to that of In4Sn3O12 and La4Zr3O12.
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A.1

Experimental

Preparation of the powders is described in the experimental section of this chapter.
LaB6 (PDF 34-0427) [A.1] was added to the powders as an internal standard (a =
4.1569 Å). Data collection was performed at room temperature using a low
background spinning sample holder. Intensities were determined from spectra
without an added standard. The reported relative intensities are based on peak
heights from an automatic divergence slit. Fixed slit (FS) intensities were calculated
from the relative intensities for a slit width of 1°. The line patterns were indexed by
the TREOR90 program [A.2]. The figures of merit were also calculated using the
same program.

A.2

Instrumental conditions

Instrument
Radiation
Wavelength
Monochromator
Detector
Soller slits
Divergence slit
Receiving slit
Anti scatter slit
Range (2θ)
Step width
Counting time per step
Specimen form
Specimen particle size
Specimen holder
Specimen motion
Internal standard d-spacing
Instrumental profile breadth
Error correction procedure
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Philips X’Pert-1 PW3710 based
Cu Kα1
1.54056 Å
curved graphite (002)
proportional counter (Xe)
0.04 rad.
automatic (12.5 mm irradiated length)
0.1 mm
2°
15°-125°
0.02º
4s
powder
ground in mortar and pestle to <15 µm
spinning
2r s-1
LaB6 ac = 4.1569
>0.1º (2θ) over measurement range
linear interpolation over measurement range

A.3

Results and Discussion

The X-ray powder diffractogram is shown in Figure A.1. The corresponding data are
listed in Table A.2. The entire 82-line pattern was indexed on the basis of a
rhombohedral unit cell. The cell parameters were calculated to be a = 9.5146(4) Å
and c = 8.8975(4) Å (hexagonal setting). The data could be fitted using space group
R3 (148). The figure of merit M20 [A.3] was 131 and F(20) [A.4] was 129 (0.0062,
36). If 10 more lines were considered (N=40) the figure of merit FN increases to 145
(0.0057,50). The calculated density was dx = 6.76 g/cm3. The experimentally
obtained density was dm = 6.20 g/cm3. Further details can be found in Table A.1. The
pattern is in agreement with that found for In4Sn3O12 and La4Ti3O12 in literature
[A.1,A.5,A.6,].

Table A.1:

Crystallographic data for In3.85Zr2.80Sn0.35O12
rhombohedral
a (Å)
α (°)
V (Å3)

6.2428(2)
99.291(1)
232.52(2)

hexagonal
a (Å)
c (Å)
V (Å3)

9.5146(4)
8.8975(4)
697.57(7)

M20
F(20)
F(30)
M (g/mole)
Z
dm (g/cm3)
dx (g/cm3)

131
129
145
946.96
3
6.20
6.76

Colour

White
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Figure A.1:

Powder X-ray diffractogram of In3.85Zr2.80Sn0.35O12. No internal standard was added.

Table A.2:
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X-ray powder peaks of In0.55Zr0.40Sn0.05O1.725, sintered in air at 1500°C.
Number of observed lines equals 82. Number of calculated lines equals 82. No
lines are unindexed. Indexation using hexagonal setting. Imeas/Imax: variable slit
measurement. FS: fixed slit 1º.
2θobs
[°]
18.639
22.708
23.791
30.109
30.383

2θcalc
[°]
18.636
22.696
23.780
30.107
30.384

∆(2θ)
[°]
0.003
0.012
0.011
0.002
-0.001

32.589
35.145

32.574
35.146

0.015
-0.001

35.647

35.643

0.004

37.804
40.727

37.789
40.729

0.015
-0.002

42.039
44.530

42.039
44.534

0.000
-0.004

44.953

44.944

0.009

45.147
46.353

45.140
46.350

0.007
0.003

hkl
110
012
021
003
211
12-1
300
21-2
122
11-3
113
220
31-1
131
104
312
13-2
303
30-3
401
20-4

dobs
[°]
4.757
3.913
3.737
2.966
2.940

Imeas/Imax
[%]
2
2
2
39
100

FS
[%]
3
3
2
39
100

2.745
2.551

1
47

1
41

2.517

4

3

2.378
2.214

1
2

1
2

2.148
2.033

2
3

2
2

2.015

4

3

2.007
1.957

2
2

2
2

Table A.2-2: Continuation of Table A.2
2θobs
[°]
49.222

2θcalc
[°]
49.236

∆(2θ)
[°]
-0.014

50.373

50.370

0.003

50.727

50.730

-0.003

52.561
56.280
56.772
57.796

52.558
56.266
56.766
57.794

0.003
0.014
0.006
0.002

58.130
59.813

58.121
59.806

0.009
0.007

60.125

60.127

-0.002

60.287

60.287

0.000

61.281
62.595
63.208

61.281
62.590
63.211

0.000
0.005
-0.003

63.702

63.690

0.012

64.674

64.651

0.023

65.936

65.926

0.010

66.539

66.530

0.009

66.836

66.848

-0.012

69.797
71.146
71.426

69.782
71.146
71.426

0.015
0.000
0.000

72.400
72.955

72.356
72.952

0.044
0.003

74.289

74.286

0.003

76.396
77.391

76.355
77.390

0.041
0.001

78.767
79.145

78.719
79.149

0.048
-0.002

hkl
23-1
321
214
12-4
140
410
32-2
205
50-1
134
31-4
330
21-5
125
143
14-3
41-3
413
42-1
241
404
006
422
24-2
511
15-1
324
23-4
11-6
116
51-2
152
333
33-3
405
50-4
520
250
30-6
342
43-2
42-4
244
60-3
514
51-4
20-7
505

dobs
[°]
1.850

Imeas/Imax
[%]
1

FS
[%]
1

1.810

47

29

1.798

41

25

1.740
1.633
1.620
1.594

6
1
<1
3

4
<1
<1
2

1.586
1.545

1
20

1
10

1.538

36

19

1.534

16

8

1.511
1.483
1.470

3
3
12

2
2
6

1.460

3

1

1.440

1

<1

1.416

1

1

1.404

3

1

1.399

1

<1

1.346
1.324
1.320

<1
1
1

<1
1
<1

1.304
1.296

1
4

<1
2

1.276

11

5

1.246
1.232

1
1

1
1

1.214
1.209

1
1

<1
<1
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Table A.2-3: Continuation of Table A.2-2
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2θobs
[°]
79.428

2θcalc
[°]
79.430

∆(2θ)
[°]
-0.002

80.746
81.782

80.733
81.772

0.013
0.010

82.193

82.187

0.006

82.610

82.608

0.002

84.648

84.648

0.000

85.205

85.199

0.006

87.824

87.807

0.017

88.527

88.498

0.029

89.536

89.503

0.033

89.787

89.784

0.003

90.784
93.867

90.812
93.817

-0.028
0.050

94.687

94.686

-0.001

95.521

95.526

-0.005

97.257

97.249

0.008

97.550

97.529

0.021

99.753

99.720

0.033

100.743

100.744

-0.001

102.905

102.934

-0.029

103.372

103.360

0.012

105.474

105.467

0.007

hkl
25-3
52-3
523
253
440
217
12-7
425
24-5
351
701
53-1
14-6
416
70-2
35-2
532
137
31-7
443
44-3
164
61-4
170
710
407
327
23-7
21-8
128
354
704
53-4
452
54-2
17-3
173
713
71-3
60-6
606
72-1
271
42-7
247
722
27-2
119
11-9

dobs
[°]
1.206

Imeas/Imax
[%]
2

FS
[%]
1

1.189
1.177

1
5

<1
2

1.172

6

3

1.167

10

4

1.144

9

3

1.138

7

3

1.111

1

<1

1.104

2

1

1.094

1

<1

1.091

1

<1

1.082
1.054

1
<1

<1
<1

1.047

5

2

1.041

7

3

1.027

2

1

1.024

2

1

1.007

1

<1

1.000

2

1

0.985

4

1

0.982

6

2

0.968

1

<1

Table A.2-4: Continuation of Table A.2-3
2θobs
[°]
106.051

2θcalc
[°]
106.047

∆(2θ)
[°]
0.004

106.482

106.475

0.007

106.945

106.940

0.005

107.852

107.821

0.031

109.632

109.626

0.006

112.333

112.391

-0.058

112.855

112.855

0.000

113.337

113.305

0.032

114.293

114.261

0.032

116.192

116.161

0.031

116.674

116.651

0.023

117.967

117.922

0.045

119.114

118.996

0.118

121.114
122.434

121.096
122.402

0.018
0.032

123.088

123.071

0.017

hkl
517
15-7
265
62-5
32-8
238
544
45-4
81-2
182
446
44-6
46-2
642
731
37-1
72-4
274
455
54-5
428
24-8
280
820
167
62-7
1010
17-6
176
716
71-6
725
27-5

dobs
[°]
0.964

Imeas/Imax
[%]
1

FS
[%]
<1

0.962

1

<1

0.959

2

1

0.953

1

<1

0.943

1

<1

0.927

1

<1

0.925

1

<1

0.922

1

<1

0.917

1

<1

0.907

1

<1

0.905

2

1

0.899

2

<1

0.894

<1

<1

0.885
0.879

1
1

<1
<1

0.876

1

<1
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7
Preparation and electrical properties
of YSZ/Au and CGO/Au composites

Composites based on either yttria-stabilised zirconia (YSZ) or Ce0.8Gd0.2O1.9 (CGO)
were studied in the search for oxygen permeable membranes for use in a NOx sensor
for combustion exhaust gases. Composites YSZ/Au and CGO/Au were successfully
prepared using a sol gel and a citrate complexing method, respectively. Percolative
behaviour is observed at 8 and 20 vol% of gold in YSZ and CGO, respectively. The
different percolation thresholds are attributed to a different wetting behaviour of
gold in the composites. Results from catalytic experiments on activity for NOx
reduction are presented.
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7.1

Introduction

Dual-phase membranes can be used as oxygen permeable membrane in an
amperometric sensor for NOx in combustion exhaust gases [5]. The oxygen
permeable membrane shields the sensor’s oxygen electrode, preventing undesirable
side-reactions of the electrode with the exhaust gas. A major advantage over single
phase materials is that the composition of the dual phase membrane, made by
dispersing an electron-conducting phase into an oxygen ion conducting phase, can be
tailored to match the thermal and mechanical properties of the used electrolyte e.g.
by using the same electrolyte composition as the ionic conducting phase. For use in
the sensor the dual phase membrane should be made dense, i.e. free of cracks or
connected-through porosity. An additional requirement is that the membrane under
the fuel-lean exhaust gas conditions must show minimal catalytic activity towards
NOx-reduction.
In this chapter, the preparation of dual phase membranes with either yttria-stabilised
zirconia (YSZ) or cerium gadolinium oxide (CGO) as the ionic conducting phase
and gold as the electronic conducting phase are described. Initial research indicated
that gold shows almost no catalytic activity for NOx-reduction making it an
interesting candidate material as the electron conducting phase in the composite
membrane. However, the use of gold is limited due to its low melting temperature
(1064°C). For this reason new synthesis routes needed to be developed. To obtain
the highest density possible at temperatures below the melting temperature of gold,
the samples were sinter forged. The resulting specimens were investigated using
XRD and SEM. The total conductivity was measured by means of 4-point probe
measurements. Furthermore, the catalytic activity of CGO towards NOx reduction
was measured using temperature programmed reaction (TPR).

7.2

Experimental

7.2.1

Synthesis of composite materials

Metallic gold was dissolved in aqua regia (3 parts HCl (36%) and 1 part HNO3
(65%)) in a porcelain dish. The nitric acid was removed from the solution by
heating. Small portions of concentrated hydrochloric acid were added until no
nitrous vapours were released anymore from the solution. The remaining solution
was evaporated slowly until an orange/red needle-shaped precipitate of chloroauric
acid (HAuCl4∙xH2O) was formed. This precipitate was then dissolved in Q2-water for
further use.

110

YSZ/gold composites were prepared following a sol-gel method analogous to that
used by Shiga et al. [2] for the preparation of YSZ/platinum composites. The recipe
given below holds for approx. 9.3 g of composite powder. An amount of 250 ml isopropanol containing 3 ml 1 M HNO3 was added dropwise to 250 ml pre-dried isopropanol containing 50.00 mmole zirconium n-butoxide (Zr(C4H9O)4∙C4H9OH,
Merck). The resulting solution was stirred for 24 h at room temperature to obtain
complete hydrolysis of the zirconia. Subsequently, an additional 250 ml water was
added. The iso-propanol was removed by evaporation at 70°C, resulting in a stable
zirconia sol in water (0.2 M). A gel formed after addition of an aqueous solution of
yttrium nitrate (Y(NO3)3∙6H2O) and chloroauric acid (HAuCl4∙xH2O). The amount of
yttrium nitrate added corresponded to the desired composition Zr0.83Y0.17O1.915
obtained after calcination. The amount of chloroauric acid added corresponded to 6 8 vol% Au in the composite. The resulting gel was dried at 40°C and the dried
powder pulverised using a mortar. Subsequently, the powder was calcined and
reduced in a hydrogen atmosphere at 600°C for 2 h.
Powders of Ce0.8Gd0.2O1.9 were prepared by thermal decomposition of precursor
complexes obtained from metal nitrate solutions using citric acid as a complexing
agent [3]. The following recipe holds for 125 mmol of Ce0.8Gd0.2O1.9. An amount of
100 mmol Ce(NO3)3∙6H2O and 25 mmol Gd(NO3)3∙6H2O were dissolved in Q2water. The two solutions were mixed and 35 ml nitric acid (65%) and 250 mmol
citric acid were added. The pH was increased by the addition of ammonia (NH4OH,
25% solution). At a pH of 7 a white precipitate formed, disappearing upon further
increasing of the pH. At a pH of 9 a clear solution was obtained. The solution was
heated in three equal portions on a hot plate in an oversized Pyrex two-litre glass
beaker. During the heating a viscous mass formed, followed by large swelling and,
finally, spontaneous combustion resulting in a fluffy powder. The powder obtained
was calcined at a temperature of 800°C for 10 h to remove organic residues.
An appropriate amount of CGO (Ce0.8Gd0.2O1.9) was added to a 0.1 M solution of
chloroauric acid (HAuCl4∙xH2O) in Q2-water. CGO and chloroauric acid were added
to attain 5, 10 and 20 vol% Au/(Au/CGO). The resulting suspension was stirred and
heated to 70°C. Using a sodium hydroxide solution the pH was adjusted to a value of
9 resulting in the precipitation of Au. To complete the precipitation the suspension
was kept at that temperature for 1 h. Hereafter, the resulting suspension was filtered
and washed with Q2 water to remove the salts (NaCl). Finally, the precipitate was
washed with ethanol (99%, Merck) until the density of the filtrate was below 0.8
g/cm3 (i.e. water content <5%). The precipitates were then transferred to a porcelain
dish and air dried overnight in an oven at 80°C. Finally, the powders were reduced in
a hydrogen (5% H2 in N2) atmosphere at 450°C for 2 h.
Samples of Au/CGO and Au/YSZ were pre-pressed uniaxially at 10 MPa followed
by isostatic pressing at 400 MPa. Subsequently, the samples were pre-sintered in air
at 850-900°C for 10 h. Finally, the samples were sinter forged at 1000-1050°C using
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pressures of 10-75 MPa for 25 min. The density of the resulting samples was
measured using the Archimedes method with water.

7.2.2

Surface Analysis

The as obtained samples were examined by back-scattered electron imaging using
SEM (JEOL JSM5800) operating at 20 kV. XRD powder spectra were recorded on a
Philips X’Pert-MPD using graphite-filtered CuKα radiation with a 2θ scan from 10
to 80° with steps of 0.02°. The intensity at each 2θ value was collected during
5-10 s.
The electrical resistivity of the samples at room temperature was measured using a
Matheson four-point needle resistivity probe. The apparatus has four collinear
needles placed equidistantly at a distance of 1.5 mm. Prior to measurement samples
were cut into rectangular bars of 1 mm width and height and 8 mm length. The
surface of the samples was polished with 1 µm diamond paste. Special precautions
were taken to avoid smearing of the gold on the entire surface of the samples. Of
every composition four samples were measured, and each sample was measured four
times.

7.2.3

Measurement of the catalytic activity

Preliminary research has shown that gold and YSZ do not show any catalytic activity
towards NOx reduction. Therefore, only the catalytic activity of CGO was evaluated
using temperature programmed reaction (TPR) experiments. A powder sample (5.52
g), having a BET-surface area of approximately 8.8 m2/g, was placed inside a flow
reactor consisting of an U-shaped quartz glass tube [4]. Gas with a known
composition of NO and CmHn in N2 (80 cm3/min) was fed through the reactor. The
feed typically consisted either of 950 ppm NO or of 1050 ppm NO,
900 ppm C3H6 and 2.0 vol% O2 mixed with nitrogen. Heating and cooling rates were
5 ºC/min. The first feed gas composition was used to study effects of adsorption and
desorption. The composition of the second feed gas simulates that of the exhaust gas
of a lean mode engine [5].
To prevent powder displacement by the flowing gas, glass wool plugs were placed in
the tube on both sides of the sample. The gas composition was analysed before and
after it passing through the reactor tube. Because NO, in the presence of oxygen,
might be converted in the cooler parts of the system to NO2, only the total amount of
NOx was measured. CmHn-components were detected using a FID analysator (Tesata
FID 123). NOx was measured using chemoluminescence (Rosemount 951A). CO and
CO2 were measured using a non-dispersive infrared analyser (NDIA, Uras 10E
Hartmann&Braun).
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Figure 7.1:

XRD scan of composite containing 20 vol% Au in CGO. Gold peaks are
labelled with *. Remaining peaks could all be attributed to CGO.

7.3

Results and Discussion

7.3.1

Surface analysis

XRD-analysis showed that after calcination powders of YSZ/Au and CGO/Au
composites are phase pure. A typical XRD-scan of the CGO/Au composite is given
in Figure 7.1 The peaks assigned to gold are labelled with *.
The densities of all samples obtained after sinter forging are given in Table 7.1. The
highest densities (approximately 90%) are found for CGO containing composites
sintered at a temperature of 1050°C and pressures between 30 and 40 MPa. A further
increase of the pressure resulted in fractured samples. This was observed for all
CGO-containing composites.
The maximum density obtained for YSZ/Au composites is ~80% (1050°C, 75 MPa).
No difference was found between the two YSZ-composites with 6 and 8 vol% of Au.
The samples did not fracture and, therefore, higher pressures could be applied during
sinter forging. Due to experimental limitations it was not possible to increase the
pressure beyond 75 MPa.
In general the density increased with increasing pressure applied during sinter
forging for both CGO/Au and YSZ/Au composites. In addition, higher densities were
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obtained for the CGO-containing composites. This agrees with the fact that at
atmospheric pressures the sintering temperature of YSZ is several hundred degrees
higher than that of CGO. For YSZ/AU increasing the temperature also results in an
increase of density.

Table 7.1:

Densities of CGO/Au and YSZ/Au composites as a function of gold content,
applied pressure and temperature during sinter forging.
Electrolyte
CGO

Gold
(Vol%)
5

10

20

YSZ

6

8

Pressure
(MPa)
0
25
35
0
10
10
15
40
0
10
10
25
30
40
50
50
50
50
75
50
75

Temperature
(°C)
1050

1000
1025
1050
1000
1050

Density
(%)
86
88
91
84
87
86
88
91
79
82
81
85
90
88
75
78
81
70
79
78
83

It appeared that during sintering the samples do not gain much strength. After sinter
forging the samples were brittle, crushed very easily and were, therefore, very
difficult to handle. Possibly the gold present on the grain boundaries of the
electrolyte prevents transport of matter, which hinders the strengthening of the
materials during densification. This blocking of transport might also be an
explanation for the relatively low density of the samples obtained after sinter forging.
Surface analysis by means of SEM showed that in the YSZ/Au composites the gold
is located as thin layers at the grain boundaries. See for example the bright phase of
8 vol% YSZ/Au composite in Figure 7.2(A). In the CGO/Au composites the gold is
present as small droplets (See Figure 7.2(B)). The observed behaviour is probably
due to differences in wetting behaviour of gold on YSZ. Unlike YSZ, gold probably
does not wet the surface of CGO and contracts to small droplets.
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A

B

Figure 7.2:

Back scatter electron images of (A) 8 Vol% Au in YSZ and (B) 10 Vol% Au in
CGO. Magnification 350x.

In Table 7.2 the measured resistances of all composites are listed. Note the large
scatter in the data obtained. To some extent this is certainly caused by the relative
dimensions of the sample and measurement probes, i.e., the grain size, the contact
area of the measurement probes and the distance between them. This was not further
investigated. Emerging from Table 7.2 is that concentrations of 8 and 20 vol% of
gold are above the percolation thresholds in composites YSZ/Au and CGO/Au
respectively. This was confirmed by simple two electrode measurements in which
samples were sandwiched between gold slabs. The different percolation thresholds in
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both composites are attributed to the different wetting behaviour of gold in the two
composites as discussed above.

Table 7.2:

Total resistance of CGO/Au and YSZ/Au composites measured at room
temperature.
Electrolyte
CGO

YSZ

7.3.2

Gold
5
10
20
6
8

Resistances
> 10 MΩ/cm
85 kΩ/cm - 7.6 MΩ/cm
10 Ω/cm - 1 kΩ/cm
1 MΩ/cm - > 10 MΩ/cm
15 Ω/cm - 800 kΩ/cm

Catalytic activity

The catalytic reduction and decomposition of NO on oxygen deficient materials is
often explained by the following mechanism in which oxygen vacancies play a
crucial role as the sites at which the NO molecules are bound to the catalyts [4,6,7]:
VO + 2e′ + NO ! N ads + O O

(7.1)

N ads + NO ads ! N 2 O

(7.2)

2N ads ! N 2

(7.3)

••

As can be seen from Figure 7.3(A) if a feed of 950 ppm NO in N2 is applied the NO
reduction by the CGO is very small (approx. 4.6 %). Two desorption peaks can be
distinguished. The first (350°C) is accompanied by a maximum in N2O formation.
The amount of N2O formed is however low (5-20 ppm) and just above the detection
limit (3 ppm) of our apparatus indicating that the impact of reaction (7.2) is very
limited. As the temperature is increased the amount of N2O formed also decreases
indicating that at high temperatures the decomposition of NO into N2 and O2 is
predominant.
If propene and oxygen are added to the feed the catalytic behaviour of CGO changes
drastically. The onsets of propene oxidation and NO reduction coincide and
correspond with an increase in N2O concentration. Unlike propene, which is oxidised
completely at temperatures above 750°C, the NOx concentration stabilises at
temperatures above 600°C, indicating that for the oxidation of propene free oxygen
is the primary source of oxygen. At 900°C approximately 5.3% of the amount of NO
present is reduced. This is only a small increase compared with the case when no
propene is added to the feed.

116

A

B

Figure 7.3:

Temperature programmed reaction of NO and propene over Ce0.8Gd0.2O1.9..
The feed consisted of 950 ppm NO in N2 (A) or 1050 ppm NO, 900 ppm C3H6
and 2.0 vol% O2 in N2 (B).
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7.4

Conclusions

Composites YSZ/Au and CGO/Au were successfully prepared. It was demonstrated
that addition of 8 and 20 vol% gold to YSZ and CGO, respectively, results in
percolative behaviour. The different percolation thresholds are attributed to the
different wetting behaviour of gold in the two composites.
Like YSZ and gold, CGO exhibits minor activity in catalytic reduction of NO. The
poor densification behaviour is, however, considered to impose limitations on using
these materials as membranes in the proposed concept of the NOx sensor.
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8
Summary, conclusions and outlook

In this chapter, the results and accomplishments of the work described in this thesis
are summarised. The demands on membranes for use in the proposed sensor are
also discussed. Additional experimental results on thermal stability, thermal
expansion and stability in sulphur-containing atmospheres are presented for
GCC/CGO composites. It has not been possible to identify an ideal membrane
material for the intended application. Finally, some ideas for further research are
presented.
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8.1

Introduction

As described in Chapter 1 of this thesis, the principal goals of the project were to
develop, prepare and test a mixed-conducting oxide layer that would be used as an
oxygen permselective membrane in an amperometric NOx sensor, which measures
the NOx concentration in the exhaust gas produced by a car engine running in the
lean mix mode (see Section 1.1). It consists of two electrodes placed in sequence in a
diffusion chamber. The uniqueness of the sensor design is that oxygen is selectively
and completely reduced at the first electrode, while NOx is reduced at the second
electrode. The oxygen pump current through the second electrode is directly related
to the NOx concentration in the gas. Previous work has shown that the preferred
sensor fabrication technique is the screen printing technology [1].
The required design specifications of the sensor dictates the following constraints:
! All parts of the sensor must be co-firable and compatible with screen printing
technology.
! The operating temperature must be between 700 and 850 °C.
! The NOx detection range must be between 50 and 1200 ppm with an accuracy of
10 ppm.
! Able to withstand the exhaust gas atmosphere including soot, acids, abrasive
particles and sulphur.
! Able to withstand alternating oxidising and reducing atmospheres.
! Resistant to thermal shock.
! No cross-sensitivity of NOx with other exhaust gas constituents like oxygen and
hydrocarbons.
! The response time must be below 500 ms.
! The operational lifetime must be above 10 years.
Requirements to be met by the mixed-conducting oxide layer include the following.
First, the oxide layer must show no catalytic activity towards NOx-reduction. Second,

Figure 8.1:
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Schematic representation of the oxygen pumping cell of the NOx-sensor

the oxygen permeability must be larger than the previously determined value of
6.22∙10-8 mol/(s cm2) at a layer thickness between 3-100 µm and an oxygen partial
pressure difference over the membrane of 104 Pa [1]. Third, since the mixed
conducting oxide layer is in close contact with the YSZ electrolyte used in the
sensor, the two materials must be co-firable and, hence, match in thermal, chemical
and mechanical behaviour.

8.2

Ionic conductivity

The ionic conductivity at 700°C for the systems described in this thesis are compared
in Figure 8.2. The threshold value for the ionic conductivity at this temperature is
2.5∙10-4 S/cm, which is calculated from the minimum required flux (6.22∙10-8 mol/(s
cm2) using the following equation [2]:
j( O 2 ) =

σ ion RT
2

2

4 F L

ln

p ′( O 2 )
p ′′( O 2 )

(8.1)

It is assumed that the exchange of oxygen at the surface is fast and that the ionic
conductivity is much smaller than the electronic conductivity ( σ amb = σ ion ), the
thickness L of the membrane is taken 20µm and the value of the oxygen partial
pressure difference over the membrane 104Pa.
Regarding the boundary conditions there is still some margin, noting that with
screen-printing technology layers may be as thin as 3µm. Furthermore, the oxygen
partial pressure difference may be significantly larger than the 104 Pa used in
calculation. On the other hand, the resistance caused by the porous intermediate layer
between the electrode and the membrane (Figure 8.1) has not been taken into
account.
Except for CGO, all single-phase materials prepared in this research show an ionic
conductivity below the threshold value. Of the prepared composites, the GCC/CGO
composites with 60 and 75 vol% CGO, 50IZO, 15- and 50ITZO show ionic
conductivities above the threshold. Of these materials 15ITZO, 50ITZO and CGO
show only limited electronic conductivity. In these cases the assumption that the
ambipolar conductivity is close to the ionic conductivity is not valid. Therefore,
direct application of these materials is not possible.
As described in Chapter 7 of this thesis, addition of 8 and 20 vol% gold to YSZ and
CGO, respectively, resulted in gold percolative composites. Unfortunately, full
density of these materials could not be obtained. Regarding the high values of the
ionic conductivities measured for single phase CGO and YSZ, mixed conducting
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Survey of ionic conductivity data at T=700°C. All data, except YSZ, were
taken from this thesis. Data for YSZ was taken from literature (800°C) [3].
The dotted line represents the minimum required ionic conductivity
(2.5∙10-4 S/cm) for the intended application.

Figure 8.2:

composites with these ionic conductors are still interesting candidates for the
targeted application.

8.3

Catalytic activity
The catalytic activity of the materials was measured using Temperature Programmed
Reaction (TPR). To compare results with actual conditions met during sensor
operation the space velocity (S.V. in cm/s) of the gas during experiment was
adjusted to that of the gas in the sensor:
S.V. =
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s
FNO
s
Acat

=

r
FNO
r
Acat

(8.2)

where FNO is the volume flow of NO (cm3/s) and Acat the surface (cm2) of the sample.
Superscripts s and r refer to the sensor and the reactor, respectively. The sensor
should measure the NOx-concentration, in range 50 -1200 ppm, with an accuracy of
10 ppm. Using a typical reactor feed of 1000 ppm of NO in N2, reduction should
therefore be below 1%.
The onset temperatures of catalytic activity and the corresponding conversions at
900°C are given in Figure 8.3(A) and (B), respectively. Values are given for a feed
consisting either of 750-1000 ppm NO in N2 or of 850-1050 ppm NO, 850-950 ppm
C3H6 and 0.5-3 vol% O2 in N2. Also the catalytic activity of In2O3 measured with a
feed of 750 ppm NO in N2 is included.
As seen from Figure 8.3, indium oxide is one of the materials with favourable
catalytic properties, i.e. showing minor catalytic activity. Regrettably, the catalytic
activity has only been measured using a feed of 750 ppm NOx in N2. Furthermore, no
data are provided for the ZrO2-containing composites. As already mentioned in
Chapter 7, preliminary investigations showed minor catalytic activity towards NOx
reduction for gold and ZrO2 [4]. Based on these results it is expected that
ZrO2/InO1.5 composites will also show low catalytic activity. Considering the fact
that the mixed conducting compound 50IZO shows favourable values for the ionic
conductivity (see Section 8.3), it is suggested to further investigate its catalytic
activity for NOx reduction.
Based on conductivity and catalytic activity analysis the GCC/CGO composite
appears to be the best choice for application. However, the observation of catalytic
activity when the feed consists of NOx and C3H6 mixed with N2 (see Figure 4.10)
limits the application to lean oxidising exhaust gas mixtures.

8.4

Supplementary measurements
For the GCC/CGO mixtures some additional measurements on thermal stability,
thermal expansion coefficient and the stability in sulphur containing atmospheres
have been performed. These are not described in this thesis. The results have been
published in detail elsewhere [1]. Below, only a short summary of the observations is
presented.

8.4.1

Thermal stability

Thermogravimetric analysis by means of DTA and DTG has been performed on
GCC, CGO and mixtures thereof using either air or argon containing atmospheres at
temperatures between 25 and 1000°C.
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A

B

Figure 8.3:
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Catalytic activities of various systems measured at different feed gas
composition. (A) Onset temperature. (B) Reduction activity at 900°C.
(Gd0.6Ca0.4)2CoO4-δ and GdCoO3 are denoted as 120GCC and GCO,
respectively.

In both atmospheres, GCC shows a sharp reduction in weight at a temperature of
approximately 900°C and 950°C in air and argon, respectively. This loss in weight is
irreversible and is probably due to the solid state reaction, which occurs during
sintering of this material (see also Chapter 3). Besides some initial weight loss,
probably due to water release, CGO does not show any noticeable mass changes with
increase of temperature. This is consistent with reports from literature, in which it is
found that the material is thermally stable, at 1000 °C, down to oxygen partial
pressures of at least 10-15 bar [5]. GCC/CGO composites show behaviour similar to
GCC. As described in Chapter 4, in this case also a solid state reaction occurs.

8.4.2

Thermal expansion coefficient

The coefficients of thermal expansion of GCC/CGO composites have been measured
using dilatometry. A survey of the results obtained is given in Table 8.1. The thermal
expansion coefficients (TEC) of composites containing initially 60 or 75 vol% CGO
are close to that of YSZ. Pure GCC must be eliminated due to the unacceptably high
value of its TEC.

Table 8.1:

Thermal expansion coefficients α in air and argon atmospheres.
Composition
YSZ
GCC
GCC/CGO 43 vol%
GCC/CGO 60 vol%
GCC/CGO 75 vol%
CGO

8.4.3

αair
-6 -1
[10 K ]
9.7
20.2
10.6
10.5
10.1
10.2

αAr
-6 -1
[10 K ]
9.0
21.2
10.8
9.8
9.7
11.1

Stability in sulphur containing atmospheres

At least until the year 2005, sulphur is present in fuel for car engines and, therefore,
is also present in the exhaust gas. Two problems surmised are the irreversible
reaction of gaseous sulphur with the mixed oxide layer, and the formation of
sulphuric acid due to the simultaneous presence of SO2, O2/NO and H2O. Both
effects can result in a modification of the oxide surface.
Samples of GCC, GCC/CGO and CGO were exposed to 50 ppm SO2 in N2 for 75 h.
Analysis by means of ESCA and depth profiling showed that all materials react with
sulphur. In the case of CGO there are indications that the reaction is reversible.
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8.5

Concluding remarks and outlook

8.5.1

Concluding remarks

Using screen print technology membrane layers as thin as 3 µm can be deposited.
Provided that these layers can be fabricated dense and crack free, the limited
exchange capability of the membrane surface will have a significant, probably
controlling influence on the oxygen flux through the membrane. For the sake of
illustration, we consider the following expression for the oxygen flux per incremental
length of the shielded electrode:
j ( O 2 ) = k ⋅ p( O 2 ) +

1

2

k ′ ⋅ p( NO )

(8.3)

which contains two terms due to the simultaneous presence of O2 and NO in the
exhaust gas, and where k and k ′ are the corresponding rate constants for reduction.
The emerging picture is that, given that the oxygen flux is governed by the limited
surface exchange reactions, proper functioning of the sensor demands that k >> k ′ .
To get information on the relative reduction activity for O2 and NO advantageous
could be made use of 18O-labelling techniques. Of course, Equation 8.3 represents a
simple and crude expression for the oxygen flux, based upon linear rate laws for
reduction of the involved gaseous species, and therefore needs further validation
from kinetic studies. Kinetic studies on the mechanism of O2 and NO reduction may
therefore shed light on preferred conditions for optimum sensor performance.
It is emphasised here, considering the sensor requested life span of 10 years, that
duration tests are necessary to investigate possible deactivation of materials.
Examination of different materials in this study indicates that favourable properties
for the ionic conductivity and catalytic activity towards NOx are found for
GCC/CGO composites. However, their instability in sulphur-containing atmospheres
imposes a major problem for application. The best solution is complete removal of
sulphur from the exhaust gas before entering the sensor compartment. Lowering the
sulphur concentration in the fuel, as already intended for the year 2005, is a first
step.
Catalytic measurements showed that in the presence of propene and absence of O2,
the GCC/CGO composite becomes catalytically active towards NOx reduction. Most
likely, this result can be extrapolated to other materials. As seen from Figure 1.1,
during the reduction phase (λ≤1), in the proposed lean-mix engine mode, an exhaust
gas mixture can originate in which NOx and hydrocarbons are present in the absence
of oxygen. However, in this stage of operation all NOx is being reduced to N2 and O2
by the adsorption/reduction catalyst. Therefore, the sensor will detect no NOx. In this
case, catalytic activity of the mixed oxide is not relevant.
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Besides during the reduction phase, it is also possible to obtain an environment,
which contains NOx, hydrocarbons and no O2, at the final part of the oxygen
selective electrode. To overcome this problem it might be possible to reduce the O2concentration not to zero, but to a predetermined concentration as has been proposed
for the so-called NGK-sensor [6,7].
Besides GCC/CGO, other materials investigated in this study are the ZrO2/In2O3
composites and the gold containing composites. More research is necessary to
investigate their applicability in the proposed sensor. In general, composite materials
are more promising than single-phase materials.

8.5.2

Outlook

In this research it has not been possible to identify an ideal membrane material for
the intended application. The requirement that the material combines a reasonable
oxygen flux with negligible catalytic activity towards NOx reaction not only requires
considerable time and good fortune, but is probably a difficult aspect to overcome.
Normally, high fluxes through mixed conducting ceramic membranes are
accompanied by high exchange/decomposition rates of oxygen containing gases
including NOx.
Wachsmann et al. [8] reported minimal catalytic activity towards NO reduction for
the perovskite composition La0.8Sr0.2Co0.9Fe0.1O3-δ. Prior to measurement, the
catalyst powder was partially reduced in situ at 600°C in a CO/CO2 atmosphere (at
an equivalent p(O2) of approx. 10-13 bar). The feed consisted of 1% NO balanced
with He. Teraoka et al. [9] measured an oxygen flux of 1.06∙10-6 mol/cm2s for the
closely related composition La0.8Sr0.2Co0.8Fe0.2O3-δ (diameter = 10 mm, thickness = 1
mm, air and He are feed and sweep gas, respectively). It is recommended to further
evaluate the applicability of these materials.
In literature, at least two other amperometric multi-electrode sensors are described.
The NGK-sensor, as already mentioned above, and a sensor first described by
Somov et al. [10,11,12]. These sensors do not incorporate a mixed conducting
membrane layer but platinum is used for construction of the electrodes. Selectivity
towards O2 reduction is obtained by proper adjustment of the operating potential at a
given temperature. Since the search rationales of mixed conducting membranes and
mixed conducting electrodes closely match, it might be interesting to investigate the
electrode behaviour of some of the materials identified in this thesis. Mixed
ionic/electronic conductors already find application as electrodes in e.g. SOFC’s
[13]. The main advantage over the use of, e.g., precious metals as electrodes is an
effective increase of the triple phase boundary area where the electrode reaction
takes place.
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Summary

Increasing interest in saving fuel has resulted in the development of lean-burn
concepts for combustion engines. In these cases an excess of oxygen is present in the
gas/fuel mixture. As a result the combustion is more complete leading to a higher
energy yield. Unfortunately, the amount of NOx present in the exhaust gas will
increase, as discussed in Chapter 1. To meet future emission standards, a new
catalyst technology has been developed. Repeated switching between lean-burn and
rich-burn mode is required to regenerate the surface of the so-called NOx trap
catalysts. An amperometric NOx sensor based on stabilised zirconia can control this
process. In the proposed sensor, two electrodes are placed in sequence in a diffusion
chamber. While residual oxygen in the exhaust gas is pumped away at the first
electrode, the remaining NOx is sensed amperometrically at the second electrode. A
dense oxygen-permeable ceramic membrane thereby shields the first electrode.
Whereas oxygen is reduced selectively, the membrane surface must show minimal
catalytic activity towards reduction of NOx. In this research, a number of studies on
different types of mixed conducting materials are conducted. The main focus was to
obtain materials with a sufficiently high ionic conductivity combined with a
negligible catalytic activity towards NOx-reduction.
In Chapter 2, the applicability of a series of perovskites with overall compositions of
A0.7A’0.3BOx (where A: Gd, Pr and Y, A’: Sr and Ca, B: Cr, Fe and Mn) was
investigated. Ionic conductivity measurements were performed using electronblocking microelectrodes using a Hebb-Wagner type of electrochemical cell. The
ionic conductivity was almost independent of oxygen partial pressure for all
compositions measured if the microelectrodes were shielded with a glass
encapsulation to eliminate all short-circuiting paths. The absolute value of the ionic
conductivity varied between 10-4 and 10-6 S/cm. In all cases the measured
conductivity was below the threshold value of 2.5∙10-4 S/cm, corresponding to an
oxygen flux j(O2) of 6.22∙10-8 mol/cm2s, required for the targeted application. The
catalytic activity towards NO was studied by means of temperature programmed
reaction (TPR). All compositions showed undesired catalytic activity toward
reduction of NO.
In Chapter 3, a material with the nominal composition Gd0.7Ca0.3CoOx was studied.
After sintering at 1200ºC in air SEM-EDX and XRD measurements revealed that
three co-existing phases were present: (Gd0.6Ca0.4)2CoOx, GdCoO3 and CoO.
Measurements demonstrated that the composite Gd0.7Ca0.3CoOx showed negligible
catalytic activity towards NO reduction, as required in the targeted application. The
single phase components (Gd0.6Ca0.4)2CoOx and GdCoO3 were found both to be
active. At 850°C the permeation rate exhibited by the composite material was close
to 5∙10-11 mol/cm2s (air/He gradient, thickness membrane 0.89 mm). This is
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considered too low for practical application of this material. Oxygen permeation
rates through perovskite-structured GdCoO3 and (Gd0.6Ca0.4)2CoO4-δ, having the
K2NiF4-structure, were found to be below the range of detection (<10-11 mol/cm2s).
In general, it can be concluded that the three-phase material with overall composition
Gd0.7Ca0.3CoOx shows interesting catalytic properties, but its ionic conductivity is
too low for direct application.
Dual phase composite membranes are the subject of investigation presented in
Chapters 4-7. The main advantage of these types of materials is that their properties
can be tailored to meet the demands imposed by the sensor design.
To improve the ionic conductivity of Gd0.7Ca0.3CoO3-δ (GCC), in Chapter 4, the
material was mixed with Ce0.8Gd0.2O1.9 (CGO) to form a mixed conducting
composite. In total three compositions with 43, 60 and 75 vol% CGO were studied.
After sintering, as a result of solid state reactions, three different phases were found
in the composites. The gadolinium content of the CGO phase increased, whereas
GCC transformed into a phase with a K2NiF4-structure. As third phase CoO was
found. The composites are characterised by having a high electronic conductivity.
The oxygen ion conductivity and permeation were measured in temperature ranges
650 - 750°C and 850 - 1000°C, respectively. The extrapolated data of both methods
showed good agreement. Typical values of the ion conductivity for the composite
with 75 vol% CGO are 4.0∙10-4 S/cm at 650°C increasing to 4.2∙10-2 S/cm at
1000°C. Measurement of the catalytic activity by means of TPR showed that
decomposition of NO to oxygen and nitrogen as well as extensive formation of N2O
did not occur. It is concluded that these composites are promising candidate
membranes for the proposed sensor application.
In Chapter 5, ZrO2/In2O3 composites were investigated. In total 6 compositions with
different InO1.5 contents were prepared using a wet-chemical precipitation technique.
SEM-EDX and XRD revealed that after sintering at 1500°C the materials with 30
and 100 mol% InO1.5 were single phase. All other compositions consisted of
mixtures thereof. From literature it is known that pure InO1.5 is a good electron
conductor. The structure of the 30 mol% InO1.5 containing material corresponds with
that found for yttria or calcia stabilised zirconia, which are known to be good ionic
conductors. The highest ionic conductivity, of value 2.5∙10-4 S/cm, was found for the
composite with equal mole fractions of ZrO2 and InO1.5. Composites with an InO1.5
content between 50 and 70 mol% showed appreciable mixed conductivity.
Preliminary catalytic experiments showed minimal catalytic reduction of NO over
In2O3. Considering the ionic conductivity these composites are interesting candidates
for the NOx-sensor. However, it is necessary to collect more data about the catalytic
activity. Furthermore, the oxygen permeation must be measured.
Composites in the ZrO2/In2O3/SnO2 system were investigated in Chapter 6. In order
to determine the optimum component ratio a series of eight compositions were
prepared along the ZrO2-In0.91Sn0.09O1.5+δ tie line. The chosen In/Sn ratio corresponds
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to that in ITO (10 w% SnO2 in In2O3). The materials were prepared according to a
method analogous to that used in Chapter 5 for the preparation of ZrO2/In2O3
composites. XRD-analysis showed the existence of a new single phase with an
overall composition of In3.85Zr2.80Sn0.35O12 (60 mol% ITO in ZrO2), having a
rhombohedral structure with cell parameters a = 9.516(4) Å and c = 8.8975(4) Å
(hexagonal setting). This new phase was present in all compositions with an ITO
content above 30 mol%. The compositions with an ITO content up to 70 mol% were
predominantly ionically conducting. Between 80 – 100 mol% the composites were
predominantly electronically conducting. Due to the low ionic conductivity measured
for In3.85Zr2.80Sn0.35O12 none of the prepared composites is expected to show
appreciable mixed conductivity.
In Chapter 7, composites YSZ/Au and CGO/Au were successfully prepared using a
sol gel and a citrate complexing method, respectively. Densification was performed
using sinterforging. Percolative behaviour of the gold phase is observed at 8 and 20
vol% gold in YSZ and CGO, respectively. The different percolation thresholds are
attributed to a different wetting behaviour of gold in both composites. Unfortunately,
the ionic conductivity could not be measured due to the low density of the samples
after sinterforging.
Finally, in Chapter 8, a summary of the results presented in the preceding chapters is
given. For GCC/CGO composites additional results from supplementary
measurements are presented, showing that the main problem for practical application
is their instability in a sulphur-containing atmosphere. Finally, some ideas for further
research are presented.
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Een toenemende belangstelling voor brandstofbesparing heeft geresulteerd in de
ontwikkeling van brandstofarme concepten voor verbrandingsmotoren. In deze
gevallen is een overmaat zuurstof aanwezig in het gas/brandstof mengsel. Zoals
besproken in Hoofdstuk 1, is de verbranding in dergelijke gevallen vollediger en de
energieopbrengst hoger. Nadeel is dat de hoeveelheid NOx in het uitlaatgas zal
toenemen. Om te voldoen aan toekomstige emissienormen is er een nieuwe
katalysatortechniek ontwikkeld. Meermaals omschakelen tussen brandstofarme en rijke mengsels is noodzakelijk om de NOx adsorptie katalysator te regenereren. Dit
proces kan gecontroleerd worden door een amperometrische NOx sensor gebaseerd
op gestabiliseerd zirconia. De sensor bestaat uit een diffusiekamer waarin twee
elektrodes achter elkaar zijn geplaatst. Terwijl overgebleven zuurstof uit het
uitlaatgas wordt weggepompt aan de eerste elektrode, wordt het NOx
amperometrisch gedetecteerd door de tweede elektrode. De eerste elektrode wordt
afgeschermd door een dicht zuurstofdoorlatend membraan. Terwijl zuurstof selectief
wordt gereduceerd, moet het membraanoppervlak een minimale katalytische
activiteit vertonen voor reductie van NOx. In dit onderzoek zijn een aantal studies
uitgevoerd aan verschillende gemengd-geleidende materialen. De belangrijkste
doelstelling was het verkrijgen van materialen met een voldoende hoge
ionengeleiding in combinatie met een verwaarloosbare katalytische activiteit voor
NOx reductie.
De toepasbaarheid van een reeks van perovskieten met samenstelling A0.7A’0.3BOx
(met A: Gd, Pr of Y; A’: Sr of Ca; B: Cr, Fe of Mn) werd onderzocht in
Hoofdstuk 2. Een elektrochemische meetcel met elektronen- blokkerende microelektrodes gebaseerd op de Hebb-Wagner techniek werd gebruikt om de
ionengeleiding te meten. Voor alle gemeten samenstellingen geldt dat de
ionengeleiding nagenoeg onafhankelijk is van de zuurstofpartiaalspanning, wanneer
ter voorkoming van kortsluitingspaden voor zuurstoftransport de micro-elektrodes
worden ingekapseld met glas. De absolute waarde van de ionengeleiding varieerde
tussen 10-4 en 10-6 S/cm. De gemeten ionengeleiding is in alle gevallen lager dan de
grenswaarde van 2.5∙10-4 S/cm, overeenkomend met een zuurstofflux (j(O2) van
6.22∙10-8 mol/cm2s zoals vereist voor toepassing. Temperature programmed reaction
(TPR) werd gebruikt om de katalytische activiteit ten opzichte van NO te meten.
Alle samenstellingen vertoonden een ongewenste katalytische activiteit.
In Hoofdstuk 3 werd onderzoek gedaan aan Gd0.7Ca0.3CoOx. SEM-EDX en XRD
metingen toonden aan dat dit materiaal, na het sinteren bij 1200°C, bestaat uit een
drietal fasen.: (Gd0.6Ca0.4)2CoO4-δ, GdCoO3 en CoO. Metingen toonden aan dat
Gd0.7Ca0.3CoOx een verwaarloosbare katalytische activiteit heeft voor NOx reductie,
zoals vereist voor toepassing. De eenfasige materialen (Gd0.6Ca0.4)2CoO4-δ en
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GdCoO3 vertoonden wel katalytische activiteit. De permeatiesnelheid van zuurstof
door het composiet materiaal bedroeg 5∙10-5 mol/cm2s (lucht/He gradient, dikte
membraan 0.89 mm). Dit is te laag voor praktische toepassing van dit materiaal. De
zuurstofpermeatiesnelheid door GdCoO3 en (Gd0.6Ca0.4)2CoO4-δ, met respectievelijk
een perovskiet- en een K2NiF4-structuur, was onder de detectielimiet (<10-11
mol/cm2s). In het algemeen kan geconcludeerd worden dat het driefasige materiaal
met de algemene samenstelling Gd0.7Ca0.3CoOx interessante katalytische
eigenschappen heeft, maar dat de ionengeleiding te laag is voor rechtstreekse
toepassing.
In de Hoofdstukken 4-7 zijn tweefase composieten het onderwerp van onderzoek.
Het belangrijkste voordeel van dit type materialen is dat hun eigenschappen kunnen
worden aangepast om tegemoet te komen aan de eisen opgelegd door het ontwerp
van de sensor.
In Hoofdstuk 4, werd onderzoek gedaan aan een gemengd-geleidend composiet,
bestaande uit Gd0.7Ca0.3CoO3-δ (GCC) waaraan ter verbetering van de ionengeleiding
Ce0.8Gd0.2O1.9 (CGO) werd toegevoegd. Drie composieten met 43, 60 en 75 vol%
CGO werden bestudeerd. Na het sinteren, bleken er, ten gevolge van vaste stof
reacties, drie onderscheidbare fases aanwezig te zijn in de composieten. Het gehalte
aan gadolinium in CGO nam toe, terwijl GCC transformeerde naar een fase met een
K2NiF4-structuur. Als derde fase werd CoO aangetroffen. De elektronische geleiding
van de composieten is hoog. De zuurstof-ionengeleiding en -permeatie werden
gemeten in de respectievelijke temperatuurregimes van 650 - 750°C en 850 1000°C. De overeenstemming tussen de geëxtrapoleerde data van beide methoden
was goed. Karakteristieke waarden voor de ionengeleiding van de composiet met 75
vol% CGO zijn 4.0∙10-4 S/cm bij 650°C, toenemend tot 4.2∙10-2 S/cm bij 1000°C.
Katalytische metingen m.b.v. TPR toonden aan dat decompositie van NO tot
zuurstof en stikstof alsmede significante vorming van N2O niet optraden.
Geconcludeerd
kan
worden
dat
deze
composieten
veelbelovende
kandidaatmembranen zijn voor de voorgestelde sensortoepassing.
In Hoofdstuk 5 werden ZrO2/In2O3 composieten onderzocht. Een natchemische
precipitatie methode werd gebruikt om in totaal zes composieten met verschillende
InO1.5 gehaltes te prepareren. SEM-EDX en XRD metingen toonden aan dat na het
sinteren bij 1500°C de materialen met 30 en 100 mol% InO1.5 eenfasig zijn. Alle
andere samenstellingen bestonden uit mengsels daarvan. Uit de literatuur is bekend
dat puur In2O3 een goede elektronische geleider is. De structuur van het zirconia met
een gehalte van 30 mol% aan InO1.5 komt overeen met de structuur gevonden voor
de als goede ionengeleiders bekend staande yttrium- en calcium-gestabiliseerd
zirconia. De hoogste ionengeleiding (2.5∙10-4 S/cm) werd gemeten voor de
composiet met gelijke molfracties van ZrO2 en InO1.5. Composieten met een InO1.5
gehalte tussen 50 en 70 mol% zijn goede gemengde geleiders. Gelet op hun
ionengeleiding lijken deze composieten interessante kandidaten voor de NOx-sensor.
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Echter de katalytische activiteit en de zuurstofpermeatie moeten nader onderzocht
worden.
In Hoofdstuk 6, komt het systeem ZrO2/In2O3/SnO2 aan de orde. Om de optimale
samenstelling te bepalen werd een serie van acht composieten met samenstellingen
(ZrO2)1-x(In0.91Sn0.09O1.5+δ)x (0.15 x 1) geprepareerd. De gekozen In/Sn verhouding
komt overeen met die in ITO (10 w% SnO2 in In2O3). De bereiding van de
materialen werd uitgevoerd analoog aan de gebruikte methode voor de bereiding van
ZrO2/In2O3 composieten in Hoofdstuk 5. Met XRD werd het bestaan aangetoond van
een nieuw eenfasig materiaal met een samenstelling van In3.85Zr2.80Sn0.35O12 (60
mol% ITO in ZrO2) kristalliserend in een rhomboëdrische structuur met celassen a =
9.516(4) Å en c = 8.8975(4) Å (hexagonaal assenstelsel). Deze nieuwe fase is
aanwezig in alle composieten met een ITO gehalte boven 30 mol%. In de
composieten met een ITO gehalte tot 70 mol% is de ionengeleiding dominant.
Tussen 80 en 100 mol% is de elektronische geleiding dominant. Vanwege de lage
ionengeleiding gemeten voor In3.85Zr2.80Sn0.35O12 is het niet te verwachten dat de
bereide composieten voldoende gemengde geleiding zullen vertonen.
In Hoofdstuk 7 werden YSZ/Au en CGO/Au composieten succesvol bereid met
gebruikmaking van respectievelijk een sol gel en een citraat complexeringsmethode.
Een heetperstechniek werd gebruikt voor het verdichten van de compacten.
Percolatie van de goudfase trad op bij toevoeging van 8 en 20 vol% goud aan
respectievelijk YSZ en CGO. Het optreden van verschillende grenswaarden voor
percolatie wordt toegeschreven aan een verschillend bevochtigingsgedrag van goud
in de beide composieten. Vanwege de lage dichtheden van de monsters na
heetpersen, was het helaas niet mogelijk om de ionengeleiding te meten.
In het laatste hoofdstuk (Hoofdstuk 8) wordt een resumé gegeven van de resultaten
vermeld in de voorgaande hoofdstukken. Voor GCC/CGO composieten worden
bovendien resultaten van aanvullende metingen gegeven. Deze metingen laten zien
dat het belangrijkste probleem voor praktische toepassing van deze materialen is hun
instabiliteit in een zwavelhoudende atmosfeer. Ten slotte, worden enige ideeën voor
verder onderzoek gepresenteerd.
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