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Introduction

1.1 Application of dense ceramic membranes

A bright application perspective has developed for dense mixed conducting membranes.
Since the mid 1980s, the scientific and industrial interest in these membranes has grown
extensively. Currently, their possible use as oxygen separation membranes is regarded as a

cost-effective, clean and flexible route for the production of oxygen from air.

Since oxygen is one of the most widely used chemicals, in power generation, industry and
healthcare, there is vast economical interest in developing more efficient production
facilities. Up till now, oxygen is mainly produced through cryogenic destillation of air. The
major drawback of this process lies in its high energy costs, making it economically
feasible only on large production scales. Another, more flexible way of producing oxygen
is based on selective gas adsorption. In this process, called Pressure Swing Adsorption
(PSA), nitrogen is selectively adsorbed on a zeolite or a carbon molecular sieve, resulting
in oxygen enrichment of the gas phase [1]. This technique is suitable for small-scale
oxygen production, but it has the disadvantage of being discontinuous. Furthermore, the
production costs sharply rise when oxygen purities higher than 95% are required.
Compared to these conventional techniques, oxygen production via dense membranes can
offer substantial advantages. Owing to the nature of the separation process, oxygen can be
obtained with infinite selectivity. Besides their application in oxygen production, the
integration of dense membranes into membrane reactors is considered very promising.
These reactors, combining separation and catalytic conversion, are considered an attractive
route for partial hydrocarbon oxidation of which the production of syngas from methane is
the most prominent example. It is therefore not surprising that the first pioneering studies
have triggered extensive scientific and technological interest in dense ceramic membranes,
which has resulted in a considerable number of patent applications [2-8]. This chapter

provides a concise introduction into the main topics concerning dense ceramic membranes
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for oxygen separation. For a comprehensive overview of the recent developments in dense

ceramic membrane research, the reader is referred to Bouwmeester and Burggraaf [9].

1.2 Membrane concepts

Dense membranes derive their capability for oxygen separation from the presence of
oxygen vacancies in the crystal lattice of the membrane material. Oxygen is incorporated
and released from the lattice at the high and low oxygen chemical potential side

respectively, according to the reaction:
0,+2V;, S 20} +4h’ (1.1)

Since the membrane is dense, passage of molecular oxygen through pores is not possible.
Yet, the vacancies enable anionic oxygen to be selectively transported through the lattice
via a hopping mechanism, providing there is a driving force, i.e. a gradient in oxygen
chemical potential. This is feasible only when the oxygen ions possess enough thermal
energy to overcome the energy barrier to hop from one crystallographic site to the other.
This requires elevated membrane operation temperatures, typically in the range from
700°C to 1100°C. Furthermore, since the oxygen ions are transported, counter-transport of

electronic charge carriers is required to maintain charge neutrality.

As schematically shown in figure 1.1, several membrane concepts are possible, all of them
employing a dense ceramic oxygen ion conducting material. Concept (a), called an oxygen
pump [10], is based on a material conductive only for oxygen ions, i.e. a solid electrolyte.
Electrodes and wiring are required for the (external) counter transport of electrons. The
electrodes need to be porous since oxygen can only be incorporated into or released from
the oxide lattice at the triple phase boundary between the electrolyte, electrode and gas
phase. The driving force for oxygen transport is applied as a potential difference between
the electrodes. In concept (b) the external wiring is replaced by a metallic phase being
dispersed in the solid electrolyte, thereby forming a percolative network. The driving force
for diffusion is the difference in oxygen partial pressure applied across this dual phase
membrane [11]. Similar to the previous concept, oxygen can only be incorporated or
released at the triple phase boundary. Employing a single phase mixed electron and ion
conducting oxide as illustrated in concept (c¢) relieves this restriction. These materials show
both a high ionic and electronic conductivity and therefore allow large oxygen fluxes, as
firstly reported by Teraoka ef al. [12]. These mixed conducting materials are in the focal

point of this thesis.
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Figure 1.1:  Various membrane concepts employing a dense oxygen ion conducting
material: (a) oxygen pump, (b) dual-phase membrane, (c) mixed conducting oxide
and (d) thin supported mixed oxide.

1.3 Mixed conducting perovskites

Currently, the acceptor-doped perovskite-type oxides with general formula
La;A,Co1,B,035 (A=Sr, Ba, Ca and B =Fe, Cu, Ni) are ranked among the most
promising materials for oxygen separation membranes. In these compounds, which show
excellent electronic and ionic conductivity, the substitution of La’* with alkaline earth
metal ions at the A-site strongly increases the formation of oxygen vacancies. For instance,
the incorporation of Sr* in a LaCoOs host lattice is represented in Krdger-Vink notation

as:
SrCo0, —2<% 581+ Cop, +305, (1.2)

Charge compensation takes place through an increase in the net valency of the transition
metal at the B-site . Equation (1.2) represents the first of two possible charge

' In-depth studies [13] have shown that in La;,Sr,CoOss the charge is not localised on the Co-ions, but is in fact
delocalised in a broad conduction band. However, this does not change the essence of the presented mechanism for
oxygen vacancy formation.
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compensation mechanisms. The second mechanism involves the actual formation of

oxygen vacancies:
2Co,, +305 S Cofy +V,+10, (1.3)

Which of these charge compensation mechanisms prevails depends on temperature and
oxygen partial pressure. In La;,Sr,CoOs, & can attain values up to 0.35. This illustrates
the stability of the perovskite structure: it allows both high dopant concentrations and the

accompanying high degree of oxygen non-stoichiometry.

1.4 Oxygen transport through mixed conducting membranes

When a gradient in oxygen chemical potential is applied across a dense mixed conducting
membrane, vacancy-mediated oxygen transport occurs from the high to the low oxygen
chemical potential side accompanied by a counter flux of electrons or electron holes.
Besides bulk transport, oxygen transfer occurs across the interface between the gas phase

and the oxide.

1.4.1 Bulk transport

In general, when cross terms between fluxes are neglected, the flux of the charged species
under an electrochemical potential gradient is given by [14]:

s U v/ 1.4
Ji= v (1.4)

1

in which oj is the conductivity, z; the charge number and F the Faraday constant. For each

species, the gradient in electrochemical potential is given by:
Vn, =V, +z,FVo (1.5)

In this expression Vy,; and V¢; represent the gradient in chemical and electrical potential,
respectively. Under steady state conditions, the counter flux of electronic charge carriers

balances the oxygen anion flux, thereby preventing charge accumulation:

2 =y~ s (1.6)

Assuming local chemical equilibrium and using jo, =5 j» , an expression for the oxygen

flux through the membrane can be derived by combining equations (1.4) to (1.6):

= Doy 1.7
]O2 ]6F2 HOZ ( )
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where ¢, and oj,, are the electronic transference number and ionic conductivity

respectively. Integrating equation (1.7) over the membrane thickness L, using

vy, = RTGH;POZ , yields the Wagner equation [15]:
X RT In P,
6. =———— |£,0,,dInP 1.8
]O2 16F2L m}_z[ el ~ion 0, ( )

in which the prime and double prime denote the high and low oxygen partial pressure side
of the membrane respectively. It is important to note that according to equation (1.8) the

flux is inversely proportional to the membrane thickness.

1.4.2 Influence of surface processes

Equation (1.8) is valid only when the bulk interface interface

transport of oxygen rate limits the oxygen

permeation. In practice, the surface p(')z bulk p'(')2

exchange reactions proceeding at the gas-
oxide interface always, to some degree,

exert control over the permeation rate [16].

Ho,

As a consequence, part of the chemical

potential difference is consumed by T
interfacial oxygen exchange, as illustrated in

figure 1.2. Decreasing the membrane
Figure 1.2:  Schematic representation of the oxygen
chemical potential profile during steady state
force consumed by the surface processes, permeation through a symmetric membrane

thickness increases the part of the driving

finally rendering the rate of oxygen
permeation independent of membrane

thickness.

To derive a parameter that distinguishes between surface exchange and bulk diffusion
controlled kinetics, the case of mixed rate control is considered. In this situation the surface

and bulk processes consume an equal amount of the total driving force:

A = A (1.9)

When an asymmetric membrane is considered in which the surface reaction is rate limiting
only at one surface, Aud™™*comprises the total chemical potential drop over this interface.
Using Wagner’s equation for the bulk transport and Onsager’s relation for the surface

exchange, the flux balance reads:

surface
140 bk _ .0 2Ho

el 1on A ulk 2 110
]6F2L 0, Jex RT ( )
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The parameter ;’ represents the exchange flux in the absence of a chemical potential

gradient and is related to the surface exchange coefficient k5 through [9]:
Jou = Tkic, (1.11)

which is accessible via '*0-'°0 exchange experiments. Combination of equations (1.9)
and (1.10) yields an expression for the characteristic membrane thickness L, at which the

surface and the diffusion process consume an equal share of the total driving force:

RT te Gion
C=I6F2—1jo (1.12)

In equation (1.12) the averaging bar over f.Gio, 1S omitted since small p, gradients are
considered. In the case of a symmetrical membrane, the overall flux equation can be
written as [9]:

total
1 telo-ion A’u 0,

- 1.13
1+(Q2L,/ L) 16F* L (1.13)

j02 =

The factor 2 in the denominator is introduced since in the case of a symmetrical membrane
the exchange processes at both surfaces can be rate limiting. In this case the membrane
thickness at which the surface and the diffusion process consume an equal share of the
total driving force is 2L.. For large membrane thicknesses, equation (1.13) transforms into
Wagner’s equation for bulk transport with the flux proportional to L. For membrane
thicknesses well below 2L, the flux is independent of L. Therefore, the value of L. is a
convenient parameter in determining the influence of bulk and surface processes on the
rate of oxygen permeation. In general, it can be stated that decreasing the membrane
thickness below approximately 0.1L, is not useful, since no significant gain in flux can be

achieved anymore.

1.4.3 Determination of L,

When it is assumed that the ionic conductivity is much smaller than the electronic
conductivity, which is generally true for the acceptor-doped cobaltites and ferrites,

equation (1.12) can be simplified by making use of the Nernst-Einstein relation:

coD.z2. F?
Gion = °—<0 (114)
RT
in which D, represents the component-diffusion coefficient of the oxygen anions with

valence charge z, =-2. Substitution reduces the expression for L to:

(1.15)
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When correlation effects and effects due to mass difference between the component and a
corresponding tracer component are neglected, the component-diffusion coefficient D, is
equal to the tracer diffusion coefficient D* [17]. Both D* and k; can readily be determined
with *0-1°0 exchange experiments [18,19], by fitting the isotope diffusion profiles with
the appropriate diffusion model.

Another convenient method for determining L. is provided by chemical relaxation-type
experiments [20,21,22]. In these experiments a physical material property, e.g. mass or
electrical conductivity is monitored during re-equilibration after a stepwise change in
oxygen partial pressure. By fitting the relaxation profile with the appropriate model, the
values for the chemical diffusion coefficient D and the apparent surface exchange

coefficient K; are obtained. D and Kj relate to D, and ks, respectively, via:

D=Dy (1.16)
K, =ky (1.17)
where vy is the thermodynamic factor:
1 0lnp,,
- 1.18
' T2 oms (1.18)
1.5 Improvement of the membrane performance

Although the industrial interests in dense membranes are large by virtue of their vast
possible application area, several aspects still have to be addressed before industrial
application becomes feasible. Important factors that still have to be optimised are the
magnitude of the oxygen flux in correlation with the operating temperature and the

mechanical and chemical membrane stability [23].

1.5.1 Thin supported membranes

As far as the magnitude of the oxygen flux is considered, the maximum fluxes that have
been reported are typically 1 pmole cm™s™ for 0.5 mm thick membranes at 850°C under an
air/helium gradient [12]. For large-scale technical applications the membrane flux needs to
increase further by approximately a factor 10. An obvious method to increase the oxygen
flux and/or reduce the operating temperatures is lowering the membrane thickness to the
micrometer range. An important aspect in this approach, which is schematically shown as
concept (d) in figure 1.1, is the necessity of supporting the membranes on porous substrates
to provide sufficient mechanical strength. The expansion behaviour of these supports
should match with that of the membrane as a function of temperature and oxygen partial

pressure. The supports should further be able to withstand the membrane operation
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temperature for an extended period of time without chemical and structural changes taking
place. Mass transfer through the support should not rate limit the permeation through the
membrane top layer. Furthermore, a low surface roughness and a narrow pore size
distribution near the support/membrane interface are crucial requirements for successfully

depositing a dense membrane top-layer.

1.5.2 Pulsed laser deposition

To realise the concept of a thin supported membrane, various modern thin-film techniques
can be employed. Prominent examples are chemical vapour deposition, electrochemical
vapour deposition, sol-gel processing, sputtering and laser ablation [24-26]. Of these
methods, Laser ablation or Pulsed Laser Deposition (PLD) has recently emerged as one of
the more suitable techniques for the deposition of a wide variety of materials with complex
stoichiometry [27,28]. Using PLD, high quality layers can be fabricated with excellent
texture and various crystallographic orientations. It can be employed to deposit layers of
high-Tc superconductors, ferrites, ferro-electrics, opto-electronics, tribological coatings,
metals, insulators, and biomaterials. The technique combines stoichiometric material
transfer from target to substrate with process simplicity. High-quality films can be grown
at high deposition rates compared with other techniques. Up till now, research has been
focused primarily on deposition of (epitaxial) films on nonporous substrates, mostly single-
crystals. Therefore, the deposition of thin dense oxygen separation membranes on porous

supports clearly represents a new and challenging application of PLD.

1.5.3 Surface modification

As explained in the previous section, the approach of decreasing the membrane thickness
by developing thin supported dense membranes only then results in a flux enhancement
when bulk transport of oxygen rate limits the permeation. However, for membrane
thicknesses below 0.5 mm, the influence of the surface exchange kinetics most likely has
to be addressed too. For example, the L. values that are reported in literature for various
acceptor-doped cobaltites and ferrites vary from several microns to millimeters [16,29].
Therefore, the development of micrometer-thin dense membranes should include a strategy
to enhance the surface exchange reactions. Obvious possibilities to improve the surface
reaction rate are modification of the surface by depositing either a porous surface layer or

an exchange-active layer, containing exchange catalysts.

1.6 Scope of this thesis

The main objective of the research described in this thesis is the development and the

characterisation of dense supported La;,Sr,CoOs.5 layers. First the permeation properties
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of unsupported bulk La;,Sr,CoO3.s membranes are presented in chapter 2. In this chapter
the dependence of the permeation on the applied pressure difference, temperature, Sr
content and membrane thickness are discussed. The influence of bulk and surface
processes is evaluated. In chapter 3 conductivity relaxation data of La;.,Sr,CoOs35 with
varying Sr content are presented. The observed trends in D and K and the associated
values for L. are presented and the results are compared with data obtained from
permeation measurements. Chapter 4 describes the synthesis of porous La;.,Sr,CoOs;s
supports. This chapter, which mainly focuses on perovskite powder processing, includes an
excursion to the centrifugal casting of dense perovskite tubes. Chapter 5 describes the
deposition of thin supported membranes by means of PLD on both porous a-Al,O3; and
perovskite support materials. The oxygen permeation properties of the perovskite-
supported membranes are presented and discussed in chapter 6. In chapter 7, the
permeation and transport properties of non-supported LajsSrgsCo0O;.s membranes are
studied as a function of the degree of B-site substitution of cobalt with either copper or
nickel. Permeation and conductivity relaxation experiments are employed to study the
oxygen transport. Finally, in chapter 8 an evaluation of the results of the previous chapters
is presented, including recommendations for future research and proposals to obtain further

improvement in membrane performance.
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Oxygen permeation through
La,.,Sr,Co0; s membranes

Abstract

The kinetics of oxygen transport through dense La;.SrvCoQOs.s membranes (x = 0.2, 0.5
and 0.7) was investigated using oxygen permeation measurements in the temperature
range of 750-1000°C, oxygen partial pressure range of 0.001-0.21 bar and membrane
thickness range of 0.5-2mm. Results showed a clear influence of surface exchange in rate
limiting the oxygen flux. However, even for the thinnest specimens in this study the oxygen
fluxes remain predominantly controlled by bulk oxygen diffusion through the membrane.
The calculated characteristic membrane thickness L., below which oxygen transport is
predominantly rate limited by surface exchange, varies approximately between 70
and 230 um. From the oxygen pressure dependence of oxygen permeation it follows that
the ionic conductivity of the different compositions La; ,SryCoO3.s is unfavourably affected
with lowering oxygen partial pressure and temperature, which is attributed to vacancy
trapping effects associated with the ordering of oxygen vacancies. The results of this study

are in excellent agreement with recent observations from conductivity relaxation
experiments.
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2.1 Introduction

Mixed oxygen anion and electronic conducting perovskite materials have received
increasing academic and industrial interest in recent years due to their possible
technological applications [1-7]. The advantage of their use, provided that the ceramic
membrane can be prepared free of cracks or connected-through porosity, is its ability to
separate oxygen from an air supply with infinite selectivity. Besides oxygen production, a
promising use is in a membrane reactor, integrating oxygen separation and catalytic
reaction into a single step. To realise the potential benefits of such membranes, however, a

number of technical hurdles still needs to be taken [8].

The partial substitution of A- and B-cations in the ABO; perovskite structure by other
metal cations with lower valencies increases oxygen semi-permeability, due to the
formation of oxygen vacancies. The positively charged oxygen vacancies tend to become
disordered at high temperatures, which gives rise to high values for the ionic conductivity
[9]. Under the influence of a gradient of oxygen partial pressure the oxygen anions are
transported across the membrane, which motion is charge-compensated by a simultaneous
transport of electronic charge carriers. In contrast with fuel cells and oxygen pumps, the
dense ceramic membrane operates without the need of electrodes and external circuitry.
The presence of the high electronic conductivity usually exhibited by the perovskites acts

as an internal short-circuit for the return path of electrons.

In the selection of perovskite membranes, the most obvious criterion is the magnitude of
the oxygen flux and its dependence on temperature and oxygen partial pressure differential
across the membrane. The transport of oxygen through the perovskite membrane is usually
described in the framework of Wagner’s theory [10]. The assumption made is that lattice
oxygen diffusion determines the overall permeation process. However, the real oxygen
flux may be controlled by the rate of the surface exchange reaction, the extent of which can
vary with membrane thickness, temperature and gradient in oxygen partial pressure [11].
Moreover, immobilisation of oxygen vacancies due to clustering or ordering can have a
detrimental effect on the magnitude of the oxygen flux. In a recent study on perovskite
materials La;SryCoOs3;, the chemical diffusion coefficient and the surface exchange
coefficient were measured at temperatures 600-850°C [12,13]. Both parameters were found
to decrease profoundly with decreasing p,, below about 107 bar, at all temperatures.
Concordant with data from high temperature '"O-NMR on related perovskite structures
[14], the results were rationalised by ordering of oxygen vacancies into nano-sized

microdomains at low enough oxygen partial pressures.
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Understanding the oxygen permeation mechanism can help to identify membrane materials
with improved performance characteristics. In the present work, a detailed permeation
study is presented of the system La;,SryCoOs;. The oxygen permeation rates were
measured as functions of temperature, membrane thickness and oxygen partial pressures

with the aim to clarify the rate-limiting step.

2.2 Theory

The oxygen flux through a dense membrane is generally described by Wagner’s equation,

assuming bulk oxygen diffusion to be rate limiting:

Inpg,

J.telo-iond ll’lp02 (21)

Inpo,

) RT
Jo, = _m
Here Gioq is the ionic conductivity, L the membrane thickness, and p; and p§ are the
oxygen partial pressures at the oxygen-rich and oxygen-lean side of the membrane,
respectively. Other parameters have their usual significance. As La;SryCoO;5 shows
predominant electronic conductivity, the electronic transference number, £, may
conveniently taken to be unity. In the case of non-interacting, fully ionised oxygen

vacancies, all contributing to transport, the ionic conductivity can be described by:

_4P[VE 1D,

_ 2.2
on RTVm ( )

where D, is the vacancy diffusion coefficient, Vi, the perovskite molar volume and [V{]
(= 9) the mole fraction of oxygen vacancies. Following data of oxygen nonstoichiometry
exhibited by phases La;SryCoOs;; as measured by Mizusaki et al [15] using

thermogravimetry, equation. (2.2) can be transformed into the power law expression:
Tion = O-?onpgz (23)

assuming that the vacancy diffusion coefficient, D,, does not vary with oxygen partial
pressure. Based on this analysis, the oxygen permeation flux can be obtained by integrating
equation (2.1):

0
. GionRT " nn
]O2 = 42nF2L[p 0, —-p Oz] (24)

Fitting experimental oxygen flux data to equation (2.4) yields values for the two

0
ion *

parameters n and o, . Figure 2.1 schematically shows the influence of the power index »
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on jo, -log(pg,) curves. If the ionic conductivity increases with decreasing p, ,i.e. n <0,
the obtained curve is concave. This would be the case if the number of oxygen vacancies
contributing to ionic transport in La;SryCoO;s would increase with decreasing oxygen
partial pressure. A straight line is obtained if the ionic conductivity were invariant
with pg_, that is for n = 0, whereas a convex curve is obtained for n» > 0. In the latter case,
the oxygen ionic conductivity decreases with decreasing oxygen partial pressure.
Alternatively, values for the ionic conductivity, at a given p,_ , can be calculated from the

slope of isothermal oxygen flux data, using:

oi
]02 :_telo-ion 2R7’: (25)
alnpy | #FL
Po,

which is obtained by differentiation of equation (2.1).

Jo,

log (pg.)

Figure 2.10xygen flux as a function of log(ps,) for
pb, > p6, , calculated using equation (2.4), using different
values for n.

Until now, lattice diffusion of oxygen vacancies has been considered as rate limiting step
in the oxygen permeation mechanism. However, oxygen surface exchange may exert a
partial or dominant control on oxygen permeation. A logical approach to discriminate
between these steps would be measurement of the oxygen permeation as a function of
membrane thickness L. Bouwmeester et al. [11,16] proposed to use a characteristic length,

L., to describe the possible involvement of surface exchange in limiting the oxygen flux,

- total
1 telo-ion H 0,

- 2.6
1+(QL,/ L) 16F* L 2.6)

j02 =
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where Ap§? (= RTln(p(’)’2 / p{,z)) is the total oxygen chemical potential drop across the

membrane and ¢,0;, the average value of the product of the transference number and

ionic conductivity over the applied oxygen partial pressure differential. Below L., the
oxygen flux is predominantly controlled by the surface exchange rate. The only
assumption made in the derivation of equation (2.6) is that of linear transport kinetics for
diffusion and interfacial exchange. With the additional assumption of small p, gradients

appearing across the membrane, it follows that

RT t 0,
. = > 1% ion (27)

AF* ki,
where k; is the surface exchange coefficient and co the volume concentration of oxygen
anions (at equilibrium). Using the classical Nernst-Einstein relationship, L. can in the case

of prevailing electronic conduction be expressed as:

(2.8)

Determination of the values of the self-diffusion coefficient Dg (cm® s™) and the surface
exchange coefficient ks (cm s™1) requires the use of "*0-'°0 isotopic exchange techniques.
The chemical diffusion coefficient D (cm” s™) and the surface transfer coefficient K
(cm s™) follows from chemical equilibration techniques, such as conductivity relaxation. In

the general case, L. is a function of oxygen partial pressure and temperature.

23 Experimental

2.3.1 Sample preparation

La;,SryCoOs5 (x=0.2, 0.5 and 0.7) perovskite powders were prepared by thermal
decomposition of precursor complexes derived from nitrate solutions using
ethylene-diamine tetra-acetic acid (EDTA) as a complexing agent [17]. The powders were
calcined in air at 940°C. The resulting powders were shown by X-ray powder diffraction to
be single-phase perovskite. The powders were milled and isostatically pressed at 4000 bar
followed by sintering at 1150°C for 10 h. The sintered bodies showed a relative density in
excess of 96%. For permeation measurements disks with a diameter of 15 mm and a
thickness ranging from 0.44 to 2.00 mm were cut from the sintered bodies. Prior to
permeation measurements the disks were polished with 1000 MESH SiC and ultrasonically

cleaned in ethanol.
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2.3.2 Permeation measurements

Oxygen permeation experiments were performed in the range from 750 to 1000°C. The
disks were sealed into a quartz reactor tube at 1000°C using glass rings*. One side of the
sample disk was exposed to air (100 ml/min). The oxygen partial pressure at the other side
was controlled by regulating the helium gas flow rate (0-56 ml/min), assuming ideal gas
mixing conditions in that part of the reactor. The oxygen concentrations in both feed and
permeate streams were monitored through home-made YSZ based oxygen sensors.
Quantitative analysis of the oxygen concentration at the outlet of the reactor was
performed by a gas chromatograph, which also measured the N, concentration in the sweep
gas to check for inadequate sealing or membrane leakage. A schematic representation of

the set-up is given in figure 2.2.

Air
\ o, ﬁ O, sensor
Air >
Thermaocouple Sample N, — U
4 2 v

ﬁ < R F
| O, sensor

G¢

*
He

Figure 2.2 Schematic representation of the permeation reactor and set-up; GC = gas chromatograph.

Oxygen fluxes were corrected for non-axial contributions, according to:

. 1 Fc
Jo, =——02

o 2.8)

where F is the flow rate at the outlet of the reactor, c¢o the measured oxygen concentration
and A the free surface area at the sealed side of the membrane. The correction factor G was
calculated from a numerical solution of the steady-state diffusion equation based on Fick’s

second law, assuming a constant diffusion coefficient.

* 8252, Schott Netherlands B.V.
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24 Results and discussion

241 Oxygen pressure dependence

Figure 2.3 shows the oxygen flux as a function of log(pg,) at different temperatures for
0.5 and 2 mm thick membranes with composition x=0.5. The drawn lines correspond to the
best fit of the experimental data to equation (2.4), using n and o, as fitting parameters,
Error estimates of these parameters were obtained from a non-linear least square fitting of
the data using a Marquardt algorithm, as outlined by Bevington [18]. In this method, it is
assumed that the ‘parent distribution’ of variances for the data set may be replaced by the
actual error differences. It should be noted that this method looses its validity when the
errors are not purely random but contain a systematic component as well. All fitted curves
were forced to pass the point where pg = p;, and, hence, the oxygen flux has reduced to
zero. Table 2.1 gives a survey of the fit parameters for all investigated compositions. Note

that for compositions x=0.7 and 0.5, only positive values for n are found.
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208 mm, 855°C, ) 21
B 208 mim, BOE"C; =20
R
o
Y
b 4.0 B ; .-"x
= o R
N
— '“*n-h__h R-\ ,
r4 e W,
g"‘ - E h-"‘*-..\, ™, A
"‘---l "-»..__... ..'\"‘--.. '\-\.x i
2.0 R . -\-_‘ \"'-\._\. My -\.I
- ik e - ey '\-\. b
- L A e 1"'-..
N e Y
e A
T
0.0 4 = !
-2.5 -20 -1.56 -1.0 05

log (pg, /bar)

Figure 2.3: Dependence of jo, on log(pg,) for the composition with x=0.5, measured using
air as feed gas. The drawn lines represent the fit of the data to equation (2.4).

Based upon data of oxygen nonstoichiometry of phases La;.SryCoO;, n <0 is expected.
From table 2.1 is noted that for compositions x=0.5 and x=0.7, only positive values for »

are found. For all three compositions the values deviate significantly from those obtained
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in the thermogravimetric study by Mizusaki et al. [15]. In their study, the authors showed
that the oxygen nonstoichiometry, at 800°C and at values of p,, similar to those used in the
present study, varies approximately with p,” with n equal to -0.25, -0.07 and -0.06 for
samples with x=0.2, x=0.5 and x=0.7, respectively. Since analysis in terms of equation.
(2.4) is based upon ionic diffusion through the bulk as the rate limiting step in oxygen
permeation, a first consideration is to attribute the observed discrepancies to partial rate
control by the surface exchange reactions. As discussed in the next section, in particular for
the compositions with x=0.2 and x=0.5, the experimental data suggest a clear influence of
surface exchange on permeation for the thinnest specimens in this study. For all
compositions, however, oxygen permeation in the experimental range of thickness remains

predominantly diffusion controlled.

Table 2.1:  Values of the power index » and the ionic conductivity o obtained from fitting the
Jo, -log(pg,) curves to equation (2.4). Standard deviations are given in parenthesis.
Composition L T n G?On
(mm) O (mS cm™)
x=0.2 0.44 1000 0.08 (0.01) 29.7 (2.1)
955 -0.11 (0.04) 9.7 (1.6)
906 0.13 (0.03) 10.2 (1.2)
855 0.28 (0.07) 7.1 (1.7)
0.98 1000 0.13 (0.04) 55.1(7.7)
955 -0.07 (0.02) 17.4 (1.0)
906 0.10 (0.03) 14.7 (1.9)
855 -0.01 (0.03) 4.4 (0.5)
1.98 1000 -0.10 (0.03) 25.0(2.8)
955 0.01 (0.06) 22.4(3.7)
906 0.01 (0.01) 11.0 (0.7)
855 0.05 (0.02) 4.9 (0.3)
x=0.5 0.44 1000 0.42 (0.06) 587 (83)
955 0.35(0.03) 400 (32)
906 0.38 (0.02) 267 (11)
855 0.40 (0.02) 152 (75)
0.74 1000 0.34 (0.02) 543 (27)
955 0.35(0.01) 493 (10)
906 0.40 (0.02) 387 (23)
855 0.34 (0.03) 216 (18)
2.08 1000 0.26 (0.03) 551 (39)
955 0.21 (0.02) 393 (20)
906 0.29 (0.01) 333 (7)
x=0.7 0.56 906 0.40 (0.04) 890 (89)
802 0.46 (0.02) 465 (19)
1.09 1000 0.22 (0.04) 1050 (90)
906 0.18 (0.03) 565 (40)
2.06 1000 0.33 (0.06) 1400 (200)
906 0.22 (0.02) 669 (40)

Even for the thickest specimens in this study, which is around 2 mm, the power index » for
samples with x=0.5 and x=0.7 is distinctly positive, at all temperatures. As for these

specimens bulk diffusion is dominating the permeation, » > 0 implies that the oxygen ionic
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conductivity of these samples decreases, rather than increases, with decreasing po, . For
both compositions, there is no clear trend in the behaviour of » with variation in

temperature or sample thickness.

For the sample with x=0.2 and thickness 2.08 mm, the power index » increases with
temperature from a value of —0.1 at 1000°C to +0.05 at 855°C. If bulk diffusion is assumed
to prevail, the ionic conductivity can be calculated using equation (2.4). Corresponding
results as a function of p, , at various temperatures, are shown in figure 2.4. Also shown
in this figure is a comparison of the ionic conductivities at 855°C with values calculated
from chemical diffusion coefficients measured at 850°C using conductivity relaxation
[9,13]. Thermodynamic factors needed for this calculation were evaluated from data of
oxygen non-stoichiometry as a function of p, [19]. As is evident from figure 2.4, the
absolute values are in a very good agreement. The agreement in the overall trend is further
improved if the ionic conductivity is not calculated using equation (2.4), but instead is
determined from the experimental flux data using equation (2.5). To this end, the oxygen
flux data were fitted with a third order polynomial, which was differentiated with respect
to log(pg,) to evaluate the slope at a given p,, . At other temperatures, as well as for other
compositions, insufficient information was available to enable direct comparison of data

obtained by using permeation and conductivity relaxation experiments.
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Figure 2.4: Ionic conductivity for the composition x=0.2, calculated from equation(2.3), In

addition, for 850°C, the ionic conductivity calculated from equation (2.5) as well as from electrical
conductivity relaxation data [9,13] is plotted.
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In previous investigations on LaCoQOs.5 [20], the experimental results indicated a diffusion
controlled oxygen flux at 1000°C. The ionic conductivity in the p, range 1-107 bar was
found to fita p," dependence with n = -0.46 in good agreement with the data from oxygen
nonstoichiometry measurements of LaCoOss (5 pozo's). In the p, range
1028 - 10 bar, the value of n was found to be around -0.31. Comparison with the present
data suggests that values of n for phases La;,Sr,C0oOs3, at 1000°C, depart more strongly
from those obtained from data of oxygen nonstoichiometry as the strontium content
increases. As with increasing strontium content the level of oxygen nonstoichiometry of
phases La;,Sr,CoOs.5 increases, it is reasonable to assume that the observed discrepancies
are due to increased interactions between oxygen vacancies. The resulting formation of
extended defects or vacancy ordering effectively lowers the concentration of ‘free’ oxygen
vacancies available for ionic transport. In particular, Adler et al. [14] have suggested that
in the highly defective perovskites local ordering may occur in nano-sized microdomains.
These phenomena are also held responsible for the decrease of the chemical diffusion
coefficients with decreasing p, in the temperature range 600-850°C, we have recently

measured for phases La;.,SryCo0O35 (x=0.2, 0.5, 0.8) using conductivity relaxation [9,13].

The observation that the power index n is not significantly affected with variation of
membrane thickness, in spite of partial surface control of the permeation kinetics for the
thinnest specimens in this study (see next section), may indicate that common factors
govern both the rates of oxygen diffusion and surface exchange. Here again, the results
conform to those obtained from conductivity relaxation experiments, where it was found
that the chemical diffusion coefficient D and the surface exchange coefficient Ki; display

similar oxygen partial pressure dependencies.

2.4.2 Membrane thickness dependence

Figure 2.6 shows the log-log plot of the oxygen flux versus membrane thickness, at given
po, and temperature, for compositions La;.xSryCo0s.5. The experimental data were fitted
to equation (2.6) to investigate the possible involvement of the surface exchange in
limiting oxygen permeation. Fitting yields the characteristic membrane thickness L. and an
average value for the ionic conductivity o, (assuming fq=1) over the applied
Po, gradient. Some typical values found for L. and o, at temperatures of 1000°C and

900°C are listed in table 2.2. As can be seen from figure 2.6, the fits to the data are rather

good. The dashed lines refer to the cases when there is no surface exchange limitation.

Equation (2.6) must be treated with care since linearised kinetics of surface exchange and

bulk diffusion were assumed in its derivation. Any rate expression, if not linear by nature,
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however, can be linearised close to equilibrium conditions. Strictly speaking, equation
(2.6) is therefore only applicable for small p, gradients across the membrane. Fitting of
experimental data collected at constant p, gradients in the range of log( po, ! pgz) from
0.7 to 2.0 gave however similar results for L.. Values for L. are considered to be in
reasonable agreement with those obtained from conductivity relaxation experiments
performed in the temperature range 600-850°C, yielding average values for compositions
x=0.2, 0.5 and 0.7 of around 100 pm [9,13].
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Figure 2.6: Membrane thickness dependence of the oxygen flux at 1000°C (left) and 900°C (right). The
drawn lines indicate the fit to equation (2.6), the dashed lines indicate the situation in which there is no
surface exchange limitation. Data from reference [20] are given for comparison.

Table 2.2: Values found for L, and &, , calculated from the data shown in figure 2.6. The errors in both
parameters are estimated at 30 um and 10 mS ecm™, respectively.

Temperature (°C) X P, (mbar) Le (um) O, (mScm™)
1000 0.2 3 216 45

0.5 28 123 315

0.7 28 123 706
900 0.2 2 230 13

0.5 28 177 194

0.7 28 68 405

The factor (1+2L,/L)™" in equation (2.6) gives the fraction to which the oxygen flux is
reduced relative to that in the absence of surface exchange limitations. It is easily
calculated that for a 2 mm thick sample with a value of L, of 68 um, as observed for

Lag 3Sry7C003, this fraction is 0.94. Likewise, for a 0.5 mm thick sample, it is calculated
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to be 0.79. For a value of L., of 230 um, as observed for the x=0.2 sample, the
corresponding values are 0.81 and 0.52, respectively. The calculations confirm that for the
thickest specimens used in this study, the oxygen flux is predominantly controlled by bulk

oxygen diffusion through the membrane.

Figure 2.6 also shows previous results obtained for Laj3Sry;C00;.5, which was prepared
by an aqueous sol-gel route [21]. The good agreement noted with data from the present
study indicates that the different sample preparation procedure employed in the present
study has little or no effect on the oxygen flux data neither on the relative role of surface

exchange in the overall oxygen transport.

2.4.3 Temperature dependence

Arrhenius plots of oxygen permeation through La;,SryCoO;;s (x=0.2, 0.5 and 0.7)
membranes in the temperature range 750-1000°C are given in figure2.5. The
measurements were conducted with a constant p, gradient across the membrane. The
plotted data refer to 0.5 mm thick membranes, but other membrane thicknesses gave
similar results within experimental error. Activation energies for the different compositions
calculated from the slopes of the plots are listed in the inset. A clear decrease of the
activation energy is observed with increasing Sr-content, from 196 kJ/mole for x=0.2 to 89
kJ/mole for x=0.7. These values are in good agreement with those reported previously by

van Doorn et al. [22]
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Figure 2.5: Arrhenius plots of oxygen permeation through 0.5 mm thick
La,_Sr,Co0;_; membranes for different compositions. Air was used as feed gas. Values
for the constant pg, at the oxygen-lean side of the membrane and calculated
activation energies are listed.
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2.5 Summary and conclusions

Single phase samples of La;SryCoO;.5 (x =0.2, 0.5 and 0.7) were studied by permeation
measurements. To learn more about the kinetics of oxygen permeation, i.e. the relative role
of surface exchange and bulk diffusion in rate determining the transport of oxygen,
measurements were conducted as a function of temperature, membrane thickness and
oxygen partial pressure maintained at the oxygen-lean side of the membrane. Air was fed
at the other side of the membrane in all cases. The results give clear evidence that for the
thickest specimens in this study (~2 mm), the oxygen fluxes are predominantly controlled
by bulk oxygen diffusion across the membrane. The calculated characteristic membrane
thickness L., below which oxygen transport is predominantly rate limited by surface
exchange, is found to vary between 68-230 um at temperatures of 900 and 1000°C. The
values are consistent with data collected using conductivity relaxation in the temperature
range 600-850°C.

The experimental permeation rates are found to be proportional to ( o, —pb) ),
where p;, > pg, . However, values observed for the power index n differ strongly from
those expected form oxygen nonstoichiometry measurements of La;,Sr,CoOs.. For
samples with x=0.5 and x=0.7, power indexes 0.2>n>0.5 are obtained. While the trend for
the oxygen nonstoichiometry of the perovskite phases is that & increases with decreasing
Do, » it follows from the present results that the ionic conductivity, being associated with
the presence of mobile oxygen vacancies, decreases with decreasing p, . For the thickest
(~2 mm) specimen of the x=0.2 sample in this study, the value of n increases from —0.1 at
1000°C to +0.05 at 855°C. Concordant with data from conductivity relaxation, the
observations are attributed to vacancy trapping effects associated with the ordering of

vacancies at low temperatures and oxygen partial pressures.
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Chemical diffusion and oxygen

surface transfer of La;_,Sr,Co0,;
studied with electrical conductivity
relaxation

Abstract

The chemical diffusion coefficient and oxygen transfer coefficients of selected compositions
in the series La;SryCoQOjs.s were studied using the conductivity relaxation technique.
Measurements were performed in the temperature range 600-850°C and oxygen partial
pressure 107-1 bar. Chemical diffusivity and oxygen surface transfer in the La;Sr¢CoOs.s
perovskites appear to be highly correlated. The general trend displayed is that both
parameters decrease with decreasing po, below about 1 07 bar at all temperatures. This is
attributed to ordering of induced vacancies at low enough oxygen partial pressures. The
observation that the correlation between both parameters extends even to the lowest pg,
values in this study, suggests a key role of the concentration of mobile oxygen vacancies,
rather than of the extent of oxygen nomstoichiometry, in determining the rate of both
processes. The characteristic thickness L., which equals the ratio of the chemical diffusion
coefficient to the surface transfer coefficient, shows only a weak dependence on oxygen
partial pressure and temperature. For different compositions La; ,SrvCoOj3.s, L. is found to

vary between 50 and 150 um.



26 Chapter 3

31 Introduction

Oxygen transport through dense mixed ionic-electronic conducting perovskite-type
membranes occurs as molecular oxygen is dissociated into oxygen ions, which migrate to
the low pressure side of the membrane where they recombine to form oxygen molecules.
Charge compensation takes place by a simultaneous flow of electronic charge carriers. The
driving force for transport is the difference in oxygen partial pressure applied across the
membrane. Both the transport through the oxide bulk and the interfacial gas-solid kinetic
properties are of importance for the magnitude of the oxygen fluxes. Bulk diffusion in the
ABO:j; perovskite structure occurs by the hopping of oxygen vacancies. The overall surface
reaction may involve many steps such as adsorption, dissociation, transfer of charge to

oxygen molecules, and incorporation of oxygen anions in the oxide bulk.

At first glance the oxygen fluxes can be maximised by reducing the membrane thickness to
the um-range, while providing sufficient mechanical strength through a suitable membrane
support [1-8]. A suitable criterion for selection of appropriate materials for these thin-film
membranes is the characteristic thickness L., indicating at which membrane thickness
diffusion and surface reactions rate limit overall oxygen transport equally. Below L, no
substantial gain in the oxygen flux can be achieved by further reduction of membrane
thickness. For systems close to equilibrium, i.e. for small p, -gradients, L. is equal to the

ratio of the chemical diffusion coefficient D to the surface transfer coefficient Ky, [9].

High oxygen fluxes have been reported for La;,Sr,CoOs.5 perovskites [10,11]. In this
material, divalent strontium as the A-site substituent causes the creation of oxygen
vacancies. In the present study, electrical conductivity relaxation experiments are
performed to determine D, Ky and, hence, L. for La;_,Sr,C0Os.5 (x =0.2, 0.5 and 0.7) as

functions of oxygen partial pressure and temperature.

3.2 Theory

The conductivity relaxation technique involves measurement of the time variation of the
electrical conductivity of a sample after a stepwise change in the oxygen partial pressure.
The relaxation data are fitted to theoretical equations, as described below, using the
chemical diffusion coefficient D and the surface transfer coefficient K as fitting

parameters.
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The change in electrical conductivity following the step change in oxygen partial pressure
is governed by the reaction of the oxide with oxygen from the gas phase. In accordance

with the Kroger-Vink notation, this reaction can be expressed by:

05 = V5 +10, +2¢ (1)

Hence, for each doubly ionised oxygen vacancy formed in the lattice, either two electrons
are formed or two electron holes are annihilated. Assuming metallic conduction [12] for
La;,Sr,Co0s.5, the electrons are transferred to a partially filled conduction band. In the
ranges of temperature and oxygen partial pressure of interest to this study, the conductivity

is found to be p-type, i.e., decreasing with decreasing p,, [13].

In the analysis of the diffusion problem, a flat thin sheet is considered with thickness 2b.
At ¢ <0, the sample is assumed to be in thermodynamic equilibrium with the surrounding
atmosphere. At =0, the corresponding p, 1is changed stepwise to a new value,
associated with a new equilibrium oxygen concentration c... Depending on the value of ¢,
relative to ¢y, the oxygen concentration at # < 0, oxygen starts to diffuse into or out of the
sample. Starting point in the derivation is Fick’s second law:

dc =0

L _pLe 2

ot oz’ 2)
where D is the chemical diffusion coefficient. The surface reaction is assumed to proceed
at a rate proportional to the difference between the actual concentration at the surface,

c(xb), and c.. The boundary conditions at the surfaces z = b and z = -b are then given by

J(b)= _5% =& [(b)-c.] and s(-p)- _5% kA= 3)

where J denotes the flux density and Ki the parameter controlling the rate of the surface
reaction, called the surface transfer coefficient. The solution for the concentration profile
as a function of time, c(z,t), is obtained through an eigenfunction expansion of the initial

oxygen concentration ¢ [14]:

o(z.)—c, . =z 2Ly cos(B,z/b) exp ot @)
c,—c, p ([3,21 + L+ LB)cos(Bn) T,

where the time constants t, are given by

== 2 (5)
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and the parameters f3,, are obtained from:

bK,
Bn tan Bn = 5 = LB . (6)

Equating the change in oxygen nonstoichiometry to changes in electrical conductivity it is

possible to express the conductivity transient as:

EZG(t)_GO :1_i#exp(_LJ (7)

G, =0y n=1 ﬁn(Bi +L2[3 +L[3) T

n

which is valid only for small oxygen partial pressure steps, i.e. small changes in oxygen
nonstoichiometry. Using equation (7) it is possible to obtain the parameters D and K from
the experimental relaxation data provided that 0.03<Lg<30. As outlined previously by Den
Otter et al. [15], D cannot be obtained from the relaxation data if L<0.03. In that case the
equilibration towards the new nonstoichiometry is entirely governed by the surface
reactions. On the other hand, if Lg>30, the transient is not affected by the surface reactions
and only D can be derived from the fitting procedure. A numerical method for calculation

of the eigenvalues 3, is presented elsewhere [16].

3.3 Experimental

3.3.1 Sample preparation

La;,S1ryCoOs5 (x=0.2, 0.5 and 0.7) perovskite powders were prepared by thermal
decomposition of precursor complexes derived from nitrate solutions using
ethylene-diamine tetra-acetic acid (EDTA) as a complexing agent [17]. After calcination at
940°C the powders were isostatically pressed at 4000 bar and sintered at 1150°C for 10 h.
The sintered bodies showed a relative density in excess of 96%. For conductivity
relaxation experiments thin rectangular samples of 0.5 mm thickness, cut from the sintered
bodies, were polished with 1000 MESH SiC and ultrasonically cleaned in ethanol prior to

use.

3.3.2 Conductivity relaxation

The set-up used for conductivity relaxation experiments is shown schematically in

figure 3.1. Relative changes in the electrical conductivity following a step change in pg,
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were measured with a four-point technique using gold wires as electrodes. Gold paste” was
used to attach the wires. The electrodes were fixed at their position after annealing in air at
900°C for 3 hours. Measurements were performed over the p, range 10™-1 bar and
temperature range 600-850°C. Step changes in p, were achieved by using two separate
nitrogen-diluted oxygen gas flows at 300 ml min™. Moisture filters” removed traces of
water. With a fast electrical four-way valve the flows leading to the sample and the vent
could be interchanged. The time constant for changing the p, in the reactor was less than
0.75 s at 700°C. YSZ-based electrochemical oxygen pumps were used for achieving pg,

values lower than 107 bar. The Po, 1n both gas streams was measured using a commercial
oxygen sensor+. The Do, 1n both oxidising and reducing runs was changed with a factor of
three. Oxidising runs were carried out at a final p, of 107 bar or higher to avoid mass

transfer limitations in the gas phase.

N2 . vents
1
6
5
O, 4
1 Water absorber 3 Oxygen pump 5 Sample furnace
2 Mass flow controller 4 Four-way valve 6 Oxygen sensor

Figure 3.1:  Schematic representation of the conductivity relaxation set-up.

Four-point AC conductivity measurements were carried out using a lock-in amplifier®. The
normalised change in conductivity with time after a step change in p,, was analysed using
a computer program [18]. A more comprehensive description of the experimental set-up

and details of the fitting routine are given elsewhere [19].

3.4 Results

Figure 3.2 shows typical conductivity relaxation data observed for different compositions
La;Sr,Co0s.;, following a po, step change from 0.03 to 0.01 bar at 750°C. At high p, .

data from oxidation and reduction runs to the same final p, were effectively identical. At

" Heraeus, Germany

¥ Gas Clean Moisture Filter 7971, Chrompack, The Netherlands
% ZR893/4, Systech, The Netherlands

$ EG&G Princeton Applied Research 5210, Ireland
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Do, values below 0.03 bar, however, significant mass transfer limitations occurred in
oxidation runs. For this reason only the fitted parameters obtained from data of reduction
runs are presented below. The conductivity transients of the sample with composition
x =0.2 showed somewhat more noise, which is due to the higher electronic conductivity
and, hence, smaller change in electrical conductivity with p, relative to that observed for

the other compositions in this study.

1.0
x=0.5
o x=0.2
0.5 |
0.0 ‘
0 500 1000

Time (s)

Figure 3.2: Typical relaxation transients for two different
La,.,Sr,CoO;_s samples after a p,, step change from 0.03 to 0.01 bar
at 750°C.

The chemical diffusion coefficient b and surface transfer coefficient K for
La;.,S1,Co0s;5 as a function of py are shown in figure 3.3. The general trend observed is
that both D and K remain fairly constant at high p,, values, but are significantly smaller
at low po . Below a p,, of about 107 bar both parameters vary approximately with a

pozn dependence, with values of n as listed in table 3.1.

Arrhenius plots for D and K are given in figure 3.4 and figure 3.5. These plots were
derived from relaxation data in which the final p,, was 0.011 bar. The same figures show
the corresponding Arrhenius plots for the composition with x = 0.7 at several p,, values.
Similar plots were obtained for the compositions with x =0.2 and x =0.5. A summary of
activation energies obtained for D and Ky, is given in table 3.2. The characteristic thickness
L, of La;,Sr,Co0Os5 varies between 50 and 150 um and shows only a weak dependence on

temperature and P, . This is illustrated for the composition with x = 0.7 in figure 3.6.



Chemical diffusion and oxygen surface transfer of La;  SriCoQOs.s ...

31

tr

log (K /(ms")

-4 -4 -4 -4
o 800°C o 800°C
A 750°C A 750°C
-5 {o 700°C -5 -5 {o 700°C - -5
o 650°C ©  650°C
v 600°C ) v 600°C
-6 - - -6 6 | ) - -6
0 o
o % _ R -
T - -7 < < -7 A Y r-7
2 e ] S o v
£ E £
= -8 L8 =< = -8 - -8
e X i
g 9| 4w [© B B0 o
-10 | L -10 04 ,:‘Z;’ -10
o
-11 - 11 11 @ =11
v
-12 w w -12 -12 \ \ \ \ -12
5 -4 2 A 0 5 4 3 2 - 0
log (pO, / bar) log (pQ, / bar)
-4 -4
o 850°C
A 800°C O
5o m0Cc 7 o8 | g
,,o"' P
e o~ BB i
6 A ,—13(;‘3/_ B - - = 5
‘TQ -7 1 F-7 *72
[72] 1]
g E
Z 8 -8 <
il X
2 -9 9 g
(o) =
= Qg e
777777 A
-10 R S T
11 - 11
12 ‘ : -12
4 -3 -2 -1 0
log (pO2 / bar)
Figure 3.3: D and K, as a function of oxygen partial pressure for the La,,Sr,CoOs.; compositions

investigated: x = 0.7 (top left), 0.5 (top right) and 0.2 (bottom). The lines are an aid to link the data
and have no theoretical significance.

Table 3.1:  Values of n for D and K, at various temperatures, determined for p,_ <107 bar

T (°O) Lag 3810 7C003.5 Lag 5sS1r05C003.5 Lag gSr,C00;.5
n; g, n; g, n; ng
600 0.99 0.80 - - - -
650 0.94 0.81 - - - -
700 0.89 0.80 0.53 0.72 - -
750 0.76 0.80 0.56 0.72 041 043
800 0.78 0.84 0.68 0.55 0.49 0.70
850 - - - - 0.57 0.92
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Figure 3.4:  Arrhenius plots of D for the La;,Sr,Co0O;_5 compositions investigated at 0.011 bar (left) and
for x = 0.7 at various oxygen partial pressures (right).
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Figure 3.5:  Arrhenius plots of K, for the La;.,Sr,CoO;_s compositions investigated at 0.011 bar (right) and
for x = 0.7 at various oxygen partial pressures (left).

Table 3.2: Activation energies of D and K, for La,,Sr,CoOs5 at various Po, -

Values are given in kJ-mol™.

po2 (bar) Lao_3sro_7COO3_§ Lao_5Sr0_5C003_5 Lao_gsro_zco()j;_g
E: Ey E: Ey E: Ey
1.1x107" 65 105 106 97 108 198
3.4x107 61 112 111 117 110 207
1.1x107 63 134 136 126 136 216
2.0x107 97 126 131 147 154 166
4.0x10* 9] 117 - - - -
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3.5 Discussion
3.5.1 Chemical diffusion coefficient D

Oxygen transport in defective perovskite oxides is generally considered to occur via a
vacancy hopping mechanism. The diffusivity of oxygen is thus related to the extent of
oxygen nonstoichiometry exhibited by the oxide. For a material with prevailing electronic
conductivity, as observed for phases La;.,Sr,Co0O3s_, the following expression relates the

chemical diffusion coefficient D to the vacancy diffusion coefficient Dy:

=D, v (8)

where 7 is the thermodynamic factor, defined by

10Inp,

- 9
2 0Olnd ©)

y =
Strictly speaking, equation (8) holds only if oxygen vacancies are non-interacting and
randomly distributed. The quantity y is determined directly from experiment by measuring
the oxygen nonstoichiometry as a function of p, , either by thermogravimetry or
coulometric titration. Utilising the nonstoichiometry data of Lankhorst and Bouwmeester
[12] and Mizusaki et al. [20], it is found that y for the phases La;,Sr,CoO3s is virtually
independent of p,, at conditions covered by the experiments. For non-interacting defects
the vacancy diffusion coefficient Dy is proportional to the fraction of regular lattice oxygen
ions, 3-0 = 3, and is therefore expected to be approximately constant. When both y and Dy
are independent of p,, it follows from equation (8) that also D is invariant with p,_ . It is

seen in figure 3.3 that D decreases strongly with decreasing p,, below about 107 bar at

200
A 0.4 mbar
o 2 mbar
150 | A
A
—_ A
5
=, 100 | . .
o
° A
50 - ©
0 ‘ ‘ ‘
500 600 700 800 900
T(°C)

Figure 3.6:  Characteristic thickness L. versus temperature
for La;.,Sr,Co0;.5 (x =0.7).



34 Chapter 3

all temperatures. The values measured for D in the po, range 0.01-1 bar are in good
agreement with data obtained from chemical diffusion experiments using coulometric
titration by Lankhorst and Bouwmeester [12]. Unfortunately, no data are provided by these

authors at pg values below 10 bar.

A possible explanation for the decrease of D at low p,, values observed in this study is
the ordering of oxygen vacancies on the oxygen sublattice. By virtue of the high level of
oxygen nonstoichiometry exhibited by phases La;.,Sr,Co0O3.5, the assumption of randomly
distributed non-interacting point defects is probably an oversimplified picture. In literature,
ample evidence has been provided by XRD, electron diffraction and HRTEM
measurements that nonstoichiometry in the oxygen-deficient perovskites is often
accommodated by vacancy ordering to a degree which depends both on oxygen partial
pressure and temperature [21-23]. Investigations by Adler et al. [24] using high
temperature TO.NMR  on perovskite  oxides BalnO,s, Balng 7713303,

Balng ¢7Ceo 33035, and  the related  compounds Lag ¢Srp4C0p gCup2035 and
Lag 6S194Co08Cup2035 made clear that in all these phases only few oxygen vacancies are
mobile below 800°C. For both cobalt-containing compounds the signal intensity was found
to increase steadily with temperature up to the maximum temperature of 950°C in their

study, suggesting a concomitant increase in the density of mobile oxygen anions.

Considerations of the mechanism of oxygen transport in oxygen-deficient perovskite
structures indicate that both the migration energy AH,, and the enthalpy associated with the
formation of mobile oxygen vacancies AH; contribute to the apparent activation energy of
D . To a first approximation AH,, may be taken as constant, i.e. independent of the level of
oxygen nonstoichiometry. This implies that any variation in the activation energy with
Do, can be ascribed to corresponding changes in AH. It is seen in table 3.2 that £} for
phases La;.,Sr,CoOss increases with decreasing po . This can be rationalised by the

increased energy of formation of mobile oxygen vacancies in the ordered structure.

3.5.2 Oxygen surface transfer

From comparison of the data presented in figure 3.3, it is evident that the surface transfer
coefficients K, for phases La;Sr,CoOs.5 display the same trend as the chemical diffusion
coefficients D with a change of temperature or p,, . The strong correlation observed
between D and K suggests that oxygen vacancies play a major role in the surface oxygen
transfer of these materials. Noteworthy is that the correlation is even observed in regions of

temperature and p, , where vacancy ordering is assumed. This may be taken as evidence
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that the concentration of mobile oxygen vacancies, rather than the extent of oxygen
nonstoichiometry, plays a decisive role in oxygen surface transfer. This strong correlation
between D and K is also reflected in the weak temperature and p, dependencies

observed for the parameter L, in this study.

A correlation between the tracer diffusion coefficient D* and the surface exchange
coefficient ks for various perovskite- and fluorite-related structures was previously noted
by Kilner [25] and De Souza and Kilner [26]. When log(ks) is plotted as a function of
log(D") a correlation is apparent, albeit that a different correlation is found for the
perovskite and fluorite structures. For the perovskites, a slope close to 0.5 is found from
linear regression on the logarithmic data [25]. One exception is La;,Sr,CoO35 (x=0.2,
0.5) for which this slope is reported to be 0.69 [26]. It should be noted that all D" and ks
values in the latter study were obtained from depth-profiling SIMS after isotope exchange

at selected temperature ata p,, of 1 bar.
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Figure 3.7:  Double logarithmic graph showing the correlation
between D and K, for the La,,Sr.CoO;s compositions
investigated.

Figure 3.7 shows log(Ky) versus log( D) for the La;,Sr,Co0Os.5 compositions. All data
measured in this study, regardless of temperature and p, , have been included. The slope
is approximately equal to 1. Although significant scatter is present, the graph clearly
indicates that the two parameters are correlated even for the materials with different

strontium contents.
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In the ranges of temperature and po covered by the present experiments, L. for
La;,Sr,Co0s.5 varies approximately between 50 and 150 um, which is close to the value
of 100 um reported by Kilner [25]. For Lag3Sr7C003.5 , the value of L, from conductivity
relaxation is found to be an order of magnitude smaller than that from isotope exchange as
reported by Van Doorn et al. [27]. Further investigation is required to understand this

difference.

3.6 Concluding remarks

Data from the present study suggests that the surface transfer coefficients K and the
chemical diffusion coefficients D for phases La;.,Sr,CoOss are correlated. The general
trend displayed is that both parameters decrease strongly with decreasing p,, below about
107 bar at all temperatures. This behaviour is unexpected for the diffusivity of oxygen in
the oxygen-deficient perovskite structures from the point of view of point defect
considerations and indicates that oxygen vacancies at low enough p, are less mobile due
to ordering phenomena. It is surprising to note that the correlation between Ky and D
extends even in those regions where vacancy ordering is assumed to occur. This is
tentatively explained by the key role of the concentration of mobile oxygen vacancies,
rather than the extent of oxygen nonstoichiometry, in determining the rate of both

processes.
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Preparation of perovskite supports

Abstract

Porous La;SrvCoQjs.s supports were prepared by using two different techniques. The first
technique was based on pressing of pre-sintered powders, made is this laboratory, which
were homogenised by sieving and classification through sedimentation. By controlling the
pre-sintering temperature of the powder, 30% porous materials with an average pore
diameter of 0.8 um could be obtained after sintering at 1100°C. The gas permeability of
these materials is sufficiently high to apply them as support for thin film La;,Sr.CoOj3.s
membranes. A method was proposed to enhance the surface morphology of the supports by
applying a perovskite coating. The second preparation technique was based on compact
formation by pressure filtration of commercial perovskite powder dispersed in a suitable
medium. Applying the minimum allowable sintering temperature of 1020°C resulted in
30% porous materials with an average pore diameter of 0.3 um. The morphology of these
substrates is superior to that of the substrates prepared via pressing. A relatively small
amount of defects was caused by inhomogeneities in the powder. Although the number of
defects should still be decreased and the gas permeability of these substrates approaches
the minimum requirements for application as membrane support, it is concluded that the
latter substrates are most suitable for supporting thin film La; SriCoOj3.s membranes.
Furthermore, it was shown that centrifugal casting is a promising technique for the
development of high-quality dense and porous La;,SrCoOs.s membranes and supports

with tubular geometry.
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4.1 General introduction

The challenge of developing dense high-flux oxygen separation membranes by preparing
micrometer thick membranes includes the development of porous supports in order to give
the membrane sufficient mechanical stability. For the preparation of the thin film
membrane itself several chemical and physical techniques can be employed, like sol-gel
coating, chemical and electrical vapour deposition, sputtering and pulsed laser deposition.
However, regardless of which deposition technique is used, the development of a thin
dense membrane starts with developing a suitable membrane support since the properties
of the deposited layers strongly depend on the membrane support. In general, the support

should meet the following requirements:

e A narrow pore size distribution, at least near the surface on/in which the top-layer will
be deposited. It is assumed that the pore size should be smaller than the thickness of
the top-layer to be applied

e The ability to withstand the membrane operation temperature for an extended period of
time without any chemical and structural changes taking place

e Similar thermal and chemical expansion behaviour of the support and the top layer

e The mass transport resistance of the support should not determine the rate of
permeation

e Sufficient mechanical strength

A support material that lies readily at hand in view of availability and price is a-Al,O3
[1-3]. Substantial knowledge is available on its processing into homogeneous and highly
porous substrates. However, the expansion coefficient of a-Al,O3 differs greatly from that
of most mixed-conducting perovskites. This difference has both a physical and a chemical
origin. At room temperature the difference in (physical) thermal expansion coefficient is a
factor 2-3: 6x10° K'! for a-Al, O3 against 15x10°° K™ for La0_4Sr0_6C00_2Feo_803_5*. When
the material is heated and the pO, of the surrounding atmosphere is kept constant, oxygen
is released from the lattice, starting at temperatures typically around 600°C. In Kroger-

Vink notation the accompanying reaction is given by:

20} + 4Fe}, — 4Fe;, +2V;, +0,(g) 4.1)

" This composition is used as illustration since reliable thermal expansion data are available. The thermal expansion
behaviour of La,_,Sr,Co0;_ is similar although the actual values of the expansion coefficients are still higher.
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Simultaneously with the formation of oxygen vacancies, a valence change of the metal
cations occurs. Although the oxygen vacancies consume less space in the lattice than the
oxygen ions, the increase of the ionic radii of the cations dominates and the net result is an
additional lattice expansion adding to the physical expansion. As indicated by the results of
Tai et al. [4], this effect contributes 14x10° K™ to the thermal expansion coefficient of
Lag 4Srp6Cog2Feps035, yielding a total expansion coefficient of 29x10° K" in the
temperature  range  800-1000°C.  Figure 5.1  summarises the results for
La;,Sr,Cog,Fep30;.5. The slopes of the lines in this figure are the expansion coefficients.
The increase in expansion coefficient at high temperatures is most outspoken for the
compositions with high strontium content, caused by the fact that strontium facilitates the
formation of oxygen vacancies. Because of the difference in expansion behaviour between
a-Al,O3 and virtually all oxygen permeable MIEC perovskite materials, the former is not a
suitable support material. Experiments indeed showed that thin dense perovskite layers

deposited on top of a-Al,O; substrates, are severely cracked when heated to 600°C [5,6].
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Figure 5.1: Linear thermal expansion of La,,Sr,Cog,Feqs0s.5
as reported by Tai ef al[4]. Used with permission of the
publishers.

A good alternative might be the use of sintered metal alloy supports. They possess the
advantage that their expansion coefficient can be readily tuned by varying the metal
compositions of the alloys. On the other hand, such metals do not show a variation in
expansion coefficient with temperature that is similar to that of the perovskites mentioned.

Mismatch problems will therefore also be likely to occur for combinations of these
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materials. Another major drawback of the use of metal alloys is their general tendency

towards oxidation at usual membrane operation conditions.

Altogether, the application of supports consisting of the same material as the dense top
layer appears to be the best option. However, in literature little knowledge is available
about the processing of perovskite materials into suitable supports. Teraoka et al. [7]
looked in some detail at the preparation of porous perovskite supports, but their approach
leads to substrates with large pores of about 30 um diameter, which is too large for
applying a dense pum thick top layer. In addition, Dionysiou et al. [8] reported some results
on the preparation of porous proton-conducting perovskite oxides. Their results suggest an
approach to prepare porous supports with variable porosity and pore size by controlling the
calcination and final sintering temperature of respectively the powder and the compact. In
the first part of this chapter this approach is further developed and applied to prepare flat
disc-shaped porous La;,Sr,CoOs;5 (x=0.7, 0.5, 0.2) samples. In the second part, an
alternative approach is employed. This technique, derived from an analogous method to
prepare a-Al,Os; supports, is based on pressure filtration of a (quasi-) stable powder
dispersion in a liquid medium. In the third and final part of this chapter, the preparation of
both tubular perovskite supports as well as dense tubular membranes is described. In this

part, centrifugal casting is employed as consolidation technique.
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Part 1. Flat supports prepared by pressing

The calcination or (pre-) sintering temperature of the powder and the compact are expected
to have a strong influence on the final porosity and pore size of the resulting support [7,8].
To obtain membrane supports that comply with the requirements mentioned in the
introduction, the influence of these and other relevant processing parameters on the final
support properties is investigated. Parameters studied are the sinter temperature of the
compact, the isostatic pressure during compaction, the milling time and the calcination or
pre-sintering temperature of the powder. The pore size distribution and gas permeability of
the perovskite supports are evaluated as functions of the above mentioned processing
parameters. In addition the effect of surface modification by applying a coating is

investigated.
4.2 Experimental

4.2.1 Preparation

The supports were prepared via a procedure that was derived from the method described by
Van Doorn et al. [9] to produce dense mixed conducting membranes, which consists of the
following steps. Metal nitrates are dissolved and mixed in the appropriate stoichiometric
ratio. EDTA is added as a complexing agent and the excess water is evaporated until the
solution becomes viscous. The solution is then pyrolysed in a stove at 240°C. The as-
obtained powder is calcined at 940°C. Subsequently, the powder is ball-milled in acetone
in a plastic container on a roller bench rotating at 55 rpm. ZrO, milling balls of 15 and 2
mm are used with a weight ratio of 1:5. The weight ratio of powder and milling balls is
1:12. Acetone is added in a 1:1 volume ratio. Milling is applied until a powder with a fairly
sharp particle size distribution around 1 um is obtained. The required milling time is 6 h.
Disc-shaped compacts, obtained after isostatically pressing the powder at 400 MPa, are

sintered in ambient atmosphere.

The above processing route was used as a starting point for a number of exploratory
experiments. The influence of calcination temperature, milling time, isostatic pressure and

sintering temperature on the properties of the final support was investigated. The powder
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was characterised by means of particle size analysis by laser scattering . The porosity of
the sintered specimens was determined using Archimedes density measurements by
immersion in Hg. Scanning Electron Microscopy (SEM) and Hg-intrusion'r were used to
investigate the pore shape and pore size distribution respectively. The samples were
polished using Al,Oj3 slurry on a polishing cloth. First a rough polishing step was applied
with SiC* paper. After this step, the substrates were polished on a cloth with two Al,Os
slurries, containing grains of 0.3 and 0.05 um, respectively. The gas permeability of the
samples at room temperature was determined by dead-end permeation measurements. An
absolute pressure difference was applied across the membrane while an atmospheric
pressure was kept at the low-pressure side of the support. The gas flow through the porous
materials was measured with a mass flow meter. The permeability at high temperature
under a partial pressure difference was measured using the set-up described in [10],
employing a feed stream of 100 ml/min O, and a He permeate sweep of 50 ml/min. For
permeation measurements, all samples were cut into discs of 15 mm diameter and 1 mm

thickness.

Initial experiments were performed on Lag;Srg;C00;5. Based on the results of these
experiments, a final preparation procedure was developed which was also used for the

preparation of the Lag sSrysCoOs.5 and Laj gSrp,CoOs_5 substrates.

4.2.2 Surface modification by coating

An obvious approach to improve the surface morphology of the polished samples is the
application of a coating, preferably of the same composition as the substrate. In this study
dip-coating is employed. For a general description of this coating technique, the reader is

referred to appendix A of this thesis.

The substrates prepared via pressing were provided with a 2 um thick coating layer by dip-
coating the support in a fine particle slurry, followed by drying at room temperature and
sintering in ambient atmosphere for 10 h with heating and cooling rates of 0.5°C/min. Two
sintering temperatures were applied: 850°C and 1100°C. For the preparation of the coating
slurry, Lag3Srg7C00s3.5 powder that was calcined at 850°C was used. The powder was
dispersed in 3 wt% solution of polyvinyl pyrolydone§ (PVP) in isopropyl alcohol (IPA).
The PVP served as a sterical colloidal stabiliser. The powder loading of the suspension was

10 wt% relative to the total weight of the IPA and perovskite powder. The suspension was

* Leeds & Northtrup Microtrac X100, USA
 Carlo Erba Porosimeter 2000, Italy
%35 pm grain size, Struers, Denmark
§ MW 360,000, Janssen Chimica, Belgium
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milled for 10 h in a planetary mill at 200 rpm. YSZ milling jars were used, containing 11
YSZ balls with a diameter of 10 mm and one with a diameter of 20 mm. The jar was filled
for 80% with 30g suspension. After milling, the slightly viscous suspension was allowed to
stand for 6 days, during which a deposit was formed containing all particles larger than
2 um, as measured by laser scattering. The suspension was decanted and subsequently used

to dip the substrates. The particle loading in the dipping suspension was 7wt%.

4.3 Results and discussion

4.3.1 Preparation

Variation of the sintering temperature

Sintering the compact at 1100°C yielded a substrate with a porosity less than 10% and a
very low oxygen permeability at room temperature. Decreasing the sintering temperature
to 1000°C resulted in 25% porous supports showing a fairly homogeneous porosity, as can
be seen in figure 5.2. Nevertheless, at room temperature and under an absolute pressure
difference of 1 bar, the oxygen flux through these supports was 2x10°® mole-cm™s™', which
is still relatively low. For comparison, the oxygen flux through a dense 0.5 mm thick

Lag 3S197C00;.5 bulk membranes is of the order of 1x10° mole cm™ s'l, measured under a

Figure 5.2:  SEM picture of a polished La, ;Sr, ,C00;_s sample sintered at 1000°C

partial pressure difference of 1 bar at 1000°C. Since under a partial pressure difference gas
transport due to viscous flow does not contribute, the flux through the support under these
conditions is expected to be lower than 2x10° mole cm™s™. Considering this, it is

concluded that the permeability of the supports sintered at 1000°C is still too low. When a
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dense Laj3Sry7C00;_5 top layer is applied, the mass transport through the support mainly

determines the membrane performance instead of the membrane thickness.

Variation of the applied isostatic pressure

Varying the isostatic pressure did not have a profound effect on the porosity and
homogeneity of the resulting sintered substrate. Therefore an isostatic pressure of 400 MPa

was maintained.

Variation of the calcination temperature and milling time

The sinter activity of the powder was decreased by raising the calcination temperature of
the powder from 940 to 1150°C. Subsequent sintering of the compact for 10 h at 1100°C,
with heating and cooling rates of 0.5°C/min, yielded a support with a porosity of 30%.
Sintering at 1100°C ensures a stable porosity up to membrane operation temperatures of at
least 1000°C. However, the pore size distribution of the resulting support was not optimal.
During the high-temperature calcination step large and hard agglomerates were formed
with a highly irregular size and shape. A further increase in the powder calcination
temperature yielded supports that were very brittle and could not withstand any handling.
This was caused by the presence of large pores but also by the very low sinter activity of
the agglomerates in the calcined powder. Attempts to homogenise the calcined powder by
applying a short wet milling treatment did not yield satisfactory results. The homogeneity
of the powder increased but so did the sinter activity. On the other hand, grinding the

powder in a mortar followed by sieving improved the powder homogeneity while

diff. volume [%]

particle diameter [um]

Figure 5.3: Particle size distribution of the pre-
sintered, sieved and classified powder

* Retsch ASTM, Germany
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maintaining a low sinter activity. The best supports were obtained from the sieve fraction
with particle sizes smaller than 53 um. To prevent inhomogeneous sintering of the
compact and to increase the gas permeability of the sintered supports, particles smaller
than 2 um were removed by classification through sedimentation. This was achieved by
dispersing the powder ultrasonically in 2-propanol during 5 minutes. The powder loading
of the resulting suspension was 10wt%. This suspension was allowed to settle for 1 h. The
sediment was collected, dried and calcined at 450°C for 2 h and sieved again. The particle
size distribution of the resulting powder turned out to be bimodal and rather broad, as

shown in figure 5.3.

After compaction followed by sintering at 1100°C, the supports had a porosity of 30%.
Figures 5.4 and 5.5 show SEM and Hg-intrusion data for a Laj3Sry7C00;3.s support. The
average pore diameter determined by Hg-intrusion is 0.9 um. An explanation for the
bimodal pore size distribution is the irregular particle shape and the broad particle size
distribution, leading to inhomogeneities in the support. Pores with a diameter larger than
around 2 pum contributed approximately 15% to the total pore volume, as determined by
Hg-intrusion. The SEM micrograph in figure 5.4 shows a considerably larger amount of
these large pores. This discrepancy might be caused by the polishing procedure prior to
SEM analysis. Because of the low sinter activity of the powder grains, the cohesion

between grains in the sintered support is rather weak. It is assumed that grains at the

surface are removed during polishing.
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Figure 5.4: SEM picture of a polished La, ;Sr,,C00;5 Figure 5.5: Pore size distribution of the support
support, sintered at 1100°C, prepared from pre- shown in figure 5.4, determined via Hg-intrusion
sintered, sieved and classified powder

Figure 5.6 shows the oxygen and nitrogen permeance of the support shown in figure 5.4.
From these data, measured at room temperature, the average pore diameter and tortuosity
was calculated according to the method outlined by Veldsink et al. [11]. From both the

nitrogen and oxygen permeance, an average pore diameter of 0.7 um was calculated, which
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corresponds well with the data from Hg-intrusion. The tortuosity in both cases was found
to be 2.8.
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Figure 5.6: Oxygen and nitrogen permeance of the
Lay;Sr7C0055 support shown in figure 5.4, measured at
room temperature

The oxygen flux through the support measured at room temperature and under an absolute
pressure difference of 1 bar is 9.0x10™ mole cm™s™, as can be inferred from the data
shown in figure 5.6. At 1000°C, under a partial pressure difference of 1 bar, an oxygen
flux of 1x10” mole cm™?s” was measured. Comparing these values to the earlier
mentioned highest measured flux through dense it can be concluded that the permeability
exceeds that through dense Lag3Sr;7Co003.5 membranes by approximately one order of

magnitude.

4.3.2 Surface modification by coating

In figures 5.7 and 5.8, SEM pictures of a coated Lag3Sry7C00O3.5 support are shown. When
these are compared with figure 5.4, the improvement in the surface morphology is obvious.
Sintering at 1100°C results in a very open structure as can be judged from figure 5.8. The
applied coating is able to bridge pores with a diameter smaller than approximately 5 pm
meaning that not all the large pores could be covered. Measurements at room temperature

showed that the coating layer does not influence the permeability of the substrate.
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Figure 5.7: SEM picture of a coated Lay3Sry;CoO;5  Figure 5.8: SEM picture of a coated Lag 551y ;C005_5
substrate. The coating is sintered at 850°C. substrate. The coating is sintered at 1100°C.

4.4 Final preparation route

The preparation route selected for coated La,;.,Sr,CoO;_5 substrates, prepared via pressing

and sintering of pre-sintered powders, can be summarised as follows:

e Powder preparation via EDTA-complexation route

e (Calcination of the pyrolysis product at 1150°C

e Grinding and sieving to obtain a powder with the particle size below 53 pm
e Removal of the fraction smaller than 53 pm via sedimentation

e Uniaxial shaping and isostatic pressing at 400 MPa

e Sintering at 1100°C for 10 h

e Polishing followed by dip coating

e Sintering at 1100°C for 10 h

4.5 Results for x =0.5 and x = 0.2

Following the same preparation procedures, the results obtained for La; Sr,CoO;s with
x=0.5 were similar to that of the supports of composition with x = 0.7. For x=0.2, the mean
pore diameter and the permeation were found to be somewhat lower. Table 5.1 gives
porosity, mean pore diameter and oxygen flux measured at room temperature under an
absolute pressure difference of 1 bar, for all compositions. The shape of the pore size
distribution of both other compositions did not differ from that of the Laj3Sry7C00;.5
supports.
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Table 5.1: Porosity, average pore diameter (determined by Hg-intrusion) and oxygen flux at room
temperature for all three compositions

Composition Porosity Average pore diameter O, flux*

(%) (1m) (mole cm™ 57
x=0.7 30 0.89 1.4x10™
x=0.5 32 1.00 2.0x10™
x=02 34 0.40 8.0x107

*Measured at room temperature under an absolute pressure difference of 1 bar. Support thickness: 1 mm.
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Part 2: Flat supports prepared by pressure filtration

The demand for powders with a high homogeneity is a universal problem in the field of
ceramic processing. In the current tendency to develop more and more sophisticated
ceramic structures, the quality of the ceramic starting powder increasingly becomes
decisive. The same applies to the development of perovskite supports. Even though several
techniques are available for the preparation of perovskite powders with small primary
particles [9,13-15], in practice these particles generally form agglomerates, the form and
size of which completely determine the properties of the powder, green compact and
resulting porous support. As was shown in the first part of this chapter, the formation of
agglomerates can be used advantageously in the preparation of porous supports. However,
it was also shown that it is difficult to control the agglomeration and to tune the

agglomerate size in such a way that a homogeneous porous structure is obtained.

The powder morphology problems mentioned above justify the great need for a robust
synthesis technique that produces perovskite powders consisting of non-agglomerated
particles of the desired size and with a sharp size distribution. Up till now, only highly
dedicated techniques, based on emulsion processing, enable the synthesis of small, non-
agglomerated ceramic particles [16]. Although the perspective for these techniques is
bright, their application does not exceed the small laboratory scale yet. Therefore, it is still
necessary to revert to the more established but less advanced synthesis techniques. Of all
these, one of the best options appears to be spray pyrolysis. This technique is based on the
atomisation of a suitable precursor solution, followed by drying of the droplets and
subsequent calcination and sintering of the resulting particles. The process combines a
complexation reaction powder synthesis with the important additional advantage of
uniquely controlling the particle formation environment by compartmentalising the
precursor solution into droplets. The particle size can be controlled in a relatively easy way
by using an appropriate atomiser and by adjusting the precursor concentration. For more
details on the spray pyrolysis technique, the reader is referred to an excellent review by

Messing et al. [17].

Powders prepared by spray pyrolysis generally have a better morphology than powders
prepared via bulk pyrolysis methods, like the EDTA synthesis employed in the first part of
this chapter. Therefore, in the second approach for developing further optimised perovskite

supports, which is described in the current part of this chapter, commercial
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Lag sSro.sCo0s.s powder prepared by spray pyrolysis is used. In stead of pressing, pressure
filtration is used as consolidation technique. Although pressing is a fast technique, it is
generally difficult to obtain a defect-free compact due to inferior flowing properties of the
starting powder and high friction during pressing, which both result in inhomogeneous
mould filling. Although the flow properties can be improved by powder granulation and
additives can diminish friction, a more elegant compaction process is provided by pressure
filtration of a (quasi-) stable dispersion of the powder in a liquid medium. This convenient
compaction technique does not rely on the flow properties and has proved to be successful

in the preparation of homogeneous a-Al,O3 supports [12].

4.6 Process characteristics

Consolidation via pressure filtration of a suspension mainly consists of four process steps:
suspension preparation, filtration, drying and sintering of the compact. During dispersion
of the powder in the liquid medium, all particle aggregates should be destroyed. By
choosing the appropriate medium and/or stabilising agent(s), the resulting suspension
should be stable to a degree that during filtration no large-scale agglomeration occurs. The
shrinkage of the compact during drying facilitates the release of the compact from the
mould. After drying, the temperature program for the sintering step should be chosen in
such a way that additives are allowed to burn off without damaging the compact. Although
specific knowledge on the preparation of stable La;.Sr,CoOs_s suspensions is very scarce,
a comprehensive overview on the general subject of suspension stability has been given by
Everett [18].

4.7 Experimental

4.7.1 Medium selection

Sedimentation experiments were performed using 50wt% Lag sSrysCoO35 suspensions
based on combinations of various media and stabilising agents. These experiments were
carried out as a qualitative screening of the applicability of some common, easily
accessible media and stabilisers, and not as an in-depth study on perovskite suspension

stability. For all experiments, commercial LajsSrysCo0O;.s powderf was used. The

¥ 99.9%, Praxair Specialty Ceramics, USA
799.9%, Praxair Specialty Ceramics, USA
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stabilisers were dissolved in the medium in which the powder was subsequently dispersed
using ultrasound. The suspensions were allowed to settle in identical vessels, containing
equal amounts of suspension. The sedimentation rate was measured by recording the time
required for the formation of a clearly visible deposit. The following media were tested:
water, ethanol, methanol, 1-propanol, 2-propanol, acetone and ethylmethylketone. The
influence of the following additives was investigated: polyvinylpyrolydone™ (PVP),
polyvinylalcohol” (PVA), ammonium polymethacrylate* (APMA) and polyvinylbutyral®
(PVB). Depending on their solubility in the various media, they were applied in

concentrations of 0.1, 0.5 and 1wt% relative to the powder.

4.7.2 Support preparation

The 50wt% suspensions were prepared by dispersion of the powder in the medium by an
ultrasonic treatment in a rosette cell during 15 minutes under water cooling, using a
frequency of 20 kHz and a transducer output of 100W. After dispersion, the suspension
was sieved through a 0.1mm sieve. The suspension was evacuated for 10 minutes in an
exicator to remove air bubbles. Subsequently, the suspension was filtered by vacuum
suction through a hydrophobic Durapore® filter , which was mounted in an especially
designed filter cup. Before using the cups they were greased with Vaseline® by dipping the
rings into a solution of Vaseline® in petroleum ether. The filter cups were filled with
suspension in such a way that an approximately 3 mm thick cast remained after removal of
the medium. The latter usually took around 30 minutes. The green supports were released
from the cups and dried overnight at room temperature in air. The green bodies were
sintered for 10 h at various temperatures and using various heating rates. The sintering
behaviour of the compacts was investigated by means of dilatometry. The porosity of the
sintered supports was determined by Archimedes density measurements by immersion in
Hg. Scanning Electron Microscopy (SEM) and Hg-intrusion were used to investigate the
pore shape and pore size distribution respectively. The gas permeability of the supports at
room and high temperature was measured via the same procedures as mentioned in

section 4.2.1.

Prior to polishing, the sintered supports were cut into discs with a diameter of 15 mm, with

thicknesses ranging from 0.5 to 2 mm. Two pre-grinding steps were performed manually

" MW 360,000, Janssen Chimica, Belgium

"MW 145.000, Merck, Germany

* Darvan® C, R.T. Vanderbilt Company Inc., USA
¥ Acros Organics, Belgium

0.1 um pores, @ 32 mm, Millipore, Ireland
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on SiC’ paper and on a glass plate with a water based diamond slurry’, respectively. The
final finishing was performed through an automated mechano-chemical polishing
procedure performed on a silk cloth, using a colloidal silica suspensioni and water mixed

in a volume ratio of 1:1, together with 5vol% of H,O, for 10 minutes.

4.8 Results and discussion

4.8.1 Medium selection

The results of the sedimentation experiments using the suspensions without an additive are
listed in table 5.2. According to these data, 2-propanol seems the most suitable suspension
medium. The observed suspension stability differs substantially from the suspensions
based on other media. For comparison, table 5.2 also shows the theoretical sedimentation

velocities, calculated via Stokes’ law:

2gaz(dp - dm)
y =
oM

(4.2)

In this equation, g is the gravitational acceleration, a the radius of the particle, n the
viscosity of the medium, while d,, and dy, are the density of the particle and the medium,

respectively. The mean particle diameter determined from SEM observations was taken to

Table 5.2: Comparison between the time 1¢ required for formation of a visible deposit and the theoretical
sedimentation velocity v, calculated with equation (4.2)

Medium T, (min) vy (m s™)
Water 5 1.91
Methanol 15 3.32
Ethanol 15 1.65
1-propanol 15 0.88
2-propanol 25 0.79
Acetone 10 6.2
Ethylmethyl ketone 5 4.5

be 0.8 um, which is in agreement with specifications provided by the manufacturer.
Table 5.2 shows that the theoretical sedimentation velocity reaches a minimum for
2-propanol, which suggests that the sedimentation rate is mainly determined by the density

and viscosity of the medium and not by the agglomeration of powder particles. In addition,

* 35 pm grain size, Struers, Denmark
T 3 um grain size, Buehler, USA
* OP-U Suspension, Struers, Denmark
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none of the applied stabilisers had a beneficial effect as they generally caused lower
suspension stability in the investigated concentration range. The only exception was PVB,

the addition of which to 2-propanol showed no influence on suspension stability.

Considering the above, the 2-propanol suspension without additives was selected to be the
most suitable and convenient for the filtration experiments. Choosing a non-aqueous
medium has the additional advantage to prevent ion leaching, which was observed in the
case of water-based Lag Sr)4C003.5 suspensions [19]. Besides an uncontrollable influence
on the suspension stability, this dissolution of ions can have a negative effect on the phase

purity of the material after processing.

4.8.2 Sintering characteristics

The dry green bodies obtained after filtration of a 50wt% Lag sSr;sCo0Os.5 suspension in
2-propanol, showed a porosity of 51% and possessed a relatively low mechanical strength.
This required careful manual handling. The sintering behaviour of such a compact is

presented in figures 5.9 and 5.10.
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Figure 5.9: Influence of the sintering Figure 5.10: Densification during sintering for 10 h
temperature T on the final support density after  at 1020°C, heating rate: 0.3°C/min
sintering for 10 h in air

Based on the data presented in figure 5.9, the sintering temperature for the supports was
chosen to be 1020°C, which is 20°C above the maximum membrane operation
temperature. Sintering for 10 h at this temperature yields a residual porosity of 30%. A
lower sintering temperature involves a too high risk of residual sintering during membrane
operation. With a sintering temperature of 1020°C, the equilibrium between sinter stability
and porosity is already very delicate, as shown in figure 5.10. This figure shows the
densification behaviour at 1020°C as a function of time, which after 10 h of sintering is

still continuing. However, when the sintered compact was cooled to room temperature and
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again heated to 1000°C, additional densification did not occur on a time scale of at least 48
h. Figure 5.9 clearly shows that in the range from 1000 to 1100°C, the sintering
temperature strongly influences the support porosity. This necessitates careful control of
temperature during sintering, since a temperature increase of 25°C above 1020°C already

decreases the porosity with 10%.

During sintering of the supports, a heating rate up to 2°C/min was applied. The sintered
supports were slightly bent, most probably caused by modest segregation during the
filtration process. Faster sintering of the surface layer of the compact, which due to the
sedimentation process has a greater amount of smaller particles, causes a concave

curvature.

4.8.3 Support morphology

Figures 5.11 shows the surface morphology of a polished support. The average pore
diameter determined via Hg intrusion is 0.32 um. The corresponding pore size distribution
in figure 5.12 shows a small secondary peak around 7 um. The total volume of these pores
contributes approximately 8% to the total pore volume. SEM observations indeed indicated
the presence of some, mainly spherical inhomogeneities, of which an example is shown in
figure 5.13. This picture suggests that this type of defects is caused by the presence of large
spherical particles in the starting powder. The polishing treatment seems to have bisected
the hollow particle, revealing its wall thickness. This explanation is confirmed by
figure 5.14, which indeed shows the presence of such a spherical particle in the powder. In
addition, the particle size distribution as supplied by the manufacturer tails towards
particles of 10 um, as can be seen in figure 5.15. The occurrence of these large (hollow)
spheres is a problem typically related to spray pyrolysis and depends strongly on the

precipitation conditions and precursor characteristics [64].
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Figure 5.11:  SEM picture of a polished Figure 5.12:  Pore size distribution of the support
Lay sSro sC00;.5 support prepared via filtration and shown in figure 5.11, determined via Hg-intrusion
sintered in air for 10 h at 1020°C.
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Milling of the powder to remove the inhomogeneities was not considered an option since it
further increases the sinter activity of the powder. Classification through sedimentation of
the suspension might be effective although it should be realised that a large hollow particle
does not necessarily settle faster than a smaller massive particle, which makes it
questionable whether all inhomogeneities will be removed. Powder classification through
the application of micro sieves might be a promising option. This technique however needs

further development, which falls beyond the scope of this research.

Figure 5.13:  SEM picture of a spherical  Figure 5.14: SEM picture of the powder used for the
inhomogeneity in the support; the arrows indicate  support preparation, showing a large spherical
the wall thickness of the hollow particle that  particle

supposedly caused the defect.
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Figure 5.15:  Particle size distribution of the
commercial La, sSry sCoO;_s powder
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4.9 Support permeability

Figure 5.16 shows the oxygen and nitrogen permeance of the support shown in figure 5.11,
measured at room temperature. From both the oxygen and nitrogen permeance data, an
average pore diameter of 0.40 um and a tortuosity of 2.6 was calculated. The pore size
corresponds well with data from Hg-intrusion. The oxygen flux through the support
measured at room temperature under an absolute pressure difference of 1 bar was

4.2x107° mole cm™ s™!

, as can be inferred from the data shown in figure 5.6. At 1000°C,
under a partial pressure difference of 1 bar, an oxygen flux of 5x10° mole cm™ s was
measured. This value illustrates that the permeability of these supports enters the critical
region in which mass transport through the support will start to determine the performance

of the thin film membrane.
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Figure 5.16:  Oxygen and nitrogen permeance of the
Lay 5815 sC00s.5 support shown in figure 5.11, measured
at room temperature

4.10 Final preparation route

The preparation of La;.Sr,CoOs.5 supports via pressure filtration of a powder suspension

can be summarised as follows:

e Ultrasonic dispersion of 50wt% commercial powder in 2-propanol
e Removal of the liquid suspension medium by pressure filtration

¢ Drying overnight

e Sintering at 1020°C for 10 hours

e Polishing
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Part 3: Tubular substrates prepared by centrifugal
casting

In addition to a high permeability, selectivity and stability, membrane geometry is also an
important aspect in industrial membrane applications. Although membrane modules
consisting of stacked flat-plate membranes have been developed, for industrial applications
tubular membranes are often preferred over flat discs due to the relative ease of sealing
tubes into modules. Currently, the vast interest in dense membranes for oxygen separation
purposes has turned the development of high-quality tubular oxygen separation membranes

into a prominent issue.

Tubular membranes are mainly prepared by conventional ceramic processing techniques
like pressing and extrusion [20-23]. The disadvantage of these techniques is that the
resulting tubes often have a considerable surface roughness and that defects and tube
unroundness are difficult to avoid. Recently, centrifugal casting has shown to be a very
suitable technique to prepare high quality tubular o-Al,O; membrane supports with
superior surface morphology and roundness. The successful application of this technique
has opened new perspectives in the development of better and more advanced tubular
perovskite supports and membranes. The last part of this chapter describes the results of
the first exploratory centrifugal casting experiments performed to prepare porous as well as

dense Lag 5Srg sCoO5.5 tubes.

411 Process characteristics

The centrifugal casting process consists of the following steps: suspension preparation,
casting, drying and sintering. The preparation procedure for the casting suspension is
analogous to the one outlined in section4.6. This suspension is transferred into a
cylindrical mould, which is then axially rotated in a centrifuge. Since the smaller (lighter)
particles will sediment slower than the larger ones, a compact with graded porosity is
obtained. The roughness of the inner surface is low due to the final sedimentation of the
smallest particles while the mould and the size of the largest particles mainly determine the
roughness of the external surface. The classifying nature of the deposition process will
prevent the presence of heavier powder inhomogeneities at the inner surface of the tubular
compact. For a quantitative description of the centrifugal casting process, the reader is
referred to Biesheuvel et al. [24,25]
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412 Experimental

4.12.1 Suspension preparation

Commercial Lag5SrgsCo0O;3.5 powder’k was employed to prepare the suspensions. The
suspension composition was derived directly from the preparation procedure of tubular
a-Al,O3 membrane supports as described in [2]. Ammonium polyme‘[hacrylate+ was used
as binder in amounts varying from 1.7 to 8.3 wt% relative to the powder. The pH of the
suspension was controlled by addition of ammonia and was varied between 4 and 10. In all
cases, the powder loading of the suspensions was chosen to be 50wt%. The powder was
dispersed in the medium by an ultrasonic treatment in a rosette cell during 15 minutes

under water cooling, using a frequency of 20 kHz and a transducer output of 100W.

4.12.2 Cast formation

A commercial centrifugei was employed, equipped with Delrin moulds®™® with a length of
16 cm and an inner diameter of 21.5 mm. Prior to filling, the moulds were greased with
Vaseline® by dipping them into a solution of Vaseline® in petroleum ether. The filled
moulds were rotated for 20 minutes at 20.000 rpm. This revolution number was reached
within 1 minute. After rotation, the remaining liquid was poured out of the moulds and the
cast was dried inside the mould in a climate chamber for two days at 30°C and 60%
relative humidity. After drying, the green compacts were removed from the mould and
sintered horizontally at 1150°C for the dense tube and 1020°C for the porous tube in
stagnant air for 10 h. Heating and cooling rates of 0.3°C/min were employed. The heating
trajectory contained two plateaus of one hour each. The first was situated at 230°C, which
according to the manufacturer is the disintegration temperature of the binder. The second
plateau at 400°C was incorporated to reduce internal stress due to slow equilibration of the
oxygen non-stoichiometry throughout the sample. The density of the sintered tubes was
determined by Archimedes density measurements by immersion in Hg. The morphology of

the surfaces and cross-sections of the tube was investigated by SEM.

f 99.9%, Praxair Specialty Ceramics, USA

" Darvan® C, R.T. Vanderbilt Company Inc., USA
¥ CEPA, GLE, Carl Padberg GmbH, Germany

$ Du Pont de Nemours, The Netherlands
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4.13 Results and discussion

The compacts obtained after drying were all crack-free and easy to remove from the
mould, regardless of the employed binder concentration. After sintering at 1150°C, crack-
free tubes were obtained from casts prepared from suspensions with a binder concentration
of 5wt% and a pH of 9.5. Although several crack-free tubes were prepared, the
reproducibility of the process was low. Figure 17 shows a photograph of a tube, sintered at
1150°C, with a relative density of more than 95%. All tubes showed a bright lustre on the
inside due to the surface smoothness. The figures 5.18 and 5.19 show the surface
morphology of a (polished) cross section of a tube, which has a total thickness of 1.3 mm
and a relative density of 95%. Sintering at 1020°C instead of 1150°C yielded tubes with a
porosity of 83%. This density is significantly higher than that of the flat supports, prepared
from the same powder via pressure filtration and sintered at the same temperature. A
possible reason for this is that the centrifugation process yields a denser packing of
particles than the filtration process. A powder with a larger average particle size is required

to obtain tubes with a higher porosity, while employing the same sintering temperature.

Figure 5.17: Photograph of a sintered 95% dense La, 5Sr; sCo05_5 tube with a length of 13 cm.

Figure 5.18: Cross section (outer side) of a tube Figure 5.19: Cross section (inner side) of the tube
sintered at 1150°C with relative density of 95% of figure 5.18
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Figure 5.20: Inner surface of a tube sintered at  Figure 5.21: Cross section of the inner surface of
1020°C with a relative density of 83% the tube of figure 5.20

Due to low reproducibility of the results, the relation between the binder concentration and
the sinter-cracking of the tubes could not be established unambiguously. The low
reproducibility is most probably caused by the relatively low stability of the starting
suspensions. Generally, sedimentation was visible within several minutes after the
ultrasonic treatment. For pH values higher than 7, the pH of the suspension did not have a
measurable influence on the suspension stability. When the suspension was made acidic, it
turned into a viscous paste unsuitable for further processing. Employing the more stable
2-propanol based suspensions, derived from the filtration experiments, yielded green
supports that were too weak to process. Besides the poor suspension stability, another
critical issue is the roundness of the tubes. During horizontal sintering of the tubes a slight
elliptical deformation occurs. The variation in diameter amounts to approximately 2%
relative to the mean tube diameter of 18 mm. This deformation can probably be avoided by

rotation of the tube during sintering or by sintering in a vertical position.

Despite the high relative density of the tube in the figures 5.18 and 5.19, these figures
clearly show the gradient in porosity caused by the classification during the casting
process. This illustrates that centrifugal casting technique provides an elegant preparation
route for highly permeable supports with graded porosity. However, in the further
development and optimisation of this approach two important problems still have to be
tackled. The first is the homogeneity of the starting powder. The presence of the spherical
particle in figure 5.20 clearly illustrates that the classifying nature of the centrifugal casting
process does not prevent the presence of these large inhomogeneities at the inner tube
surface, most likely because these spheres are hollow and therefore relatively light.
Secondly, the sintering procedure for such a graded compact requires careful
consideration. In particular for the mixed conducting perovskites materials mentioned in
this chapter, all showing high expansion coefficients, the stress that develops during

sintering might have a detrimental influence on obtaining crack-free supports.



Preparation of perovskite supports 63

414 General concluding remarks

The above mentioned results and discussion illustrate the complexity of developing
suitable La;.,SryCoOs;5 perovskite materials to be used as supports for pum-thick
membranes. The process window is highly narrowed down by homogeneity, sinter stability
and permeability requirements in combination with the sintering properties of this type of
ceramic material. The supports prepared by pressing pre-sintered classified powder show a
high permeability but the surface homogeneity, which can be improved by coating, is
critical. Pressure filtration proved to be very suitable for preparing perovskite supports.
Supports prepared from the commercial powder using this technique have the highest
homogeneity; however this results in a permeability that approaches the borders of what is
acceptable. Although the number of support defects should be decreased by refinement or
classification of the starting powder, the latter supports can be considered as best suitable
for supporting thin film membranes. For the preparation of the industrially more attractive
tubular dense La;,Sr,CoO3;s membranes and porous supports, exploratory experiments
have shown centrifugal casting to be a promising technique. It is expected that when the
powder homogeneity, suspension stability and sinter conditions are further optimised, high

quality dense tubes or tubes with graded porosity can be obtained.
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Preparation of dense Lag5Sry5C00;.;
thin-film membranes on porous
supports by pulsed laser deposition

Abstract

Dense, homogeneous and crack free thin films (5-30 um in thickness) of Lay sSr9sCoQO3.s
were deposited on porous LagsSrgsCoOjs.s substrates at 650°C, using pulsed laser
deposition. The structural evolution and microstucture of the deposited films were
investigated using X-ray diffraction (XRD), atomic force microscopy (AFM) and scanning
electron microscopy (SEM). Initial deposition experiments on porous a-Al;O3 supports
were unsuccessful as crack formation occurred during cooling after the deposition process
due to thermal mismatch. The deposited LaysSrgsCoOs.s films are considered as

promising candidates for application as oxygen separation membrane.

5.1 Introduction

Various techniques are available for the deposition of thin oxide films. Among the most
prominent ones are chemical vapour deposition (CVD), electrochemical vapour deposition
(EVD), wet chemical sol-gel and suspension techniques, sputtering and pulsed laser
deposition (PLD). Since in 1988 the first high temperature superconducting layers of
YBa,Cu3;07; with correct stoichiometry and phase were deposited using PLD [1], this
technique has received a lot of attention. Using PLD, high quality layers can be fabricated
with excellent texture and various crystallographic orientations [2-7]. PLD can be

employed to deposit layers of high-Tc superconductors, ferrites, ferroelectrics, opto-
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electronics, tribological coatings, metals, insulators, and biomaterials. The process is
simple, fast and can be employed at relatively high (oxygen) background pressures, which

renders it particularly suitable for the growth of multi-component oxides.

Although thin film growth and epitaxy of oxidic materials is an issue that currently
receives scientific and technological interest, PLD has been used mainly for the deposition
of thin films onto non-porous, i.e. dense, substrates. The possibility of using PLD for the
deposition of dense oxide films onto porous substrates offers perspectives to develop
membranes for oxygen separation. Typically, these mixed-conducting membranes operate
at temperatures ranging from 800 to 1000°C. For reduced operating temperatures or higher
oxygen fluxes either thinner or more conductive membranes are needed. The objective of
this work is the fabrication of thin continuous layers of perovskite LagsSrosCoOs.5 on

porous supports.

As the thermal expansion of Lag sSr;sC00Os; is significant, deposition requires a support
which is preferably made from the same material, in order to avoid crack formation related
with thermal mismatch. When wet chemical deposition techniques are employed, an
additional sintering step is always required to densify the deposited thin layer. Besides high
deposition rates and process simplicity, the further advantage of PLD is that deposition can
be carried out at elevated temperature, avoiding a post-deposition sintering step. A dense
and crystalline film is formed, provided that a substrate is used with a surface roughness

which is lower than the thickness of the film to be deposited.

The acceptor-doped La;.SryCoOss perovskites-type materials have been extensively
studied for application as oxygen separation membrane. Several studies on epitaxial films
of these materials have been performed [8,9,10] and it has been demonstrated that for the
material with x=0.5 crystalline layers can be grown on single-crystalline SrTiO; substrates
using PLD [11]. However, so far no attempts have been made to grow these materials on
macroporous substrates. In this chapter, the use of PLD to deposit dense continuous films
of Lag 5Srp5C003.5 on macroporous supports of a-Al,O3 and Lag 5Srg sCoOs.5 is considered.
The developed microstructure of the films is presented. Results of oxygen permeation
experiments are presented in Chapter 6 of this thesis. The growth kinetics of the
LasSrpsCo0s5 thin films on both porous and dense substrates has been reported
elsewhere [11-13].
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5.2 Pulsed laser deposition

During a PLD experiment, a pulsed laser beam is focussed onto a source of the material to
be deposited, also denoted as the target. Due to the high energy density of the laser pulse
the target material vaporises at the spot where the laser beam hits the target. Consequently,
the vapour absorbs most of the energy of the laser pulse and transforms into an energetic
pulse. Typical time scales for plasma formation are in the order of 20 ns. The plasma
expands into the surrounding ambient in a plume-shaped form. When a substrate is placed
into this plume, the evaporated material will partly deposit onto the substrate. Both the

target and substrate are mounted in a vacuum chamber.

Important parameters during the deposition process are the absorption coefficient and the
reflectivity of the target material, the pulse duration, wavelength and energy of the laser
beam, the laser repetition frequency and the target-to-substrate distance. Moreover, the
substrate temperature and the ambient oxygen pressure are important. The latter has a
substantial influence on the properties of the deposited film and determines the plasma
size. Since PLD allows background pressures that are significantly higher than those used
in regular vapour deposition techniques, it is especially suitable for in-situ preparation of

complex oxides or compounds that are unstable at low oxygen pressures.

Figure 5.1: The development of a plasma (1) due to laser
interaction with the target (2). The plasma extends to the
substrate (3) where deposition takes place.
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5.3 Experimental

The deposition experiments were carried out in a vacuum chamber, which was equipped
with a turbo pump, gas inlet, target holder with a rotation mechanism and a substrate
holder including a heater. The substrate was clamped to the heater under spring load. The
substrate heater enabled variation of the substrate temperature in the range from room
temperature to 800°C. During deposition, the target was rotated to enable uniform erosion
of the target. A pulsed KrF excimer laser was used with a wavelength of 248 nm and a
pulse duration of 30 ns. For all experiments a laser repetition frequency of 20 Hz was
employed. The energy density of the laser beam was 1.5 J/cm®. According to results
obtained during a preliminary study on PLD of LajsSrysCoOs3.5 [12], this fluency is well
above the threshold value for stoichiometric ablation. Using these settings, a deposition
rate was achieved of approximately 10 um/h. Figure 5.2 gives a schematic representation
of the PLD set-up. After deposition, the films grown at high temperature were annealed in

1 bar oxygen for 1 h at the deposition temperature.

heater +
substrate
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Figure 5.2:  Schematic representation of the pulsed laser deposition set-up [13]

Initial deposition experiments were performed on 30% porous 2 mm thick o-AlLOs3
supports with a mean pore diameter of 80 nm [14]. Although problems were expected

related with the large difference in thermal expansion coefficient (TEC) between a-Al,O3
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and Lag sSrosC00s.5, high-quality supports were available in our laboratory. These were
used in scouting experiments to investigate the influence of various deposition parameters.
Subsequently, deposition experiments were performed on home-made 30% porous 0.5 mm
thick Lag 5SrysCoOs.5 supports with a mean pore diameter of 0.3 um. These supports were
prepared via pressure filtration of a suspension made from commercial powder as
described in chapter 4 of this thesis. After deposition, the resulting thin film membranes
were characterised by SEM, AFM, EDX and XRD using Cu-K, radiation. The gas
tightness of the films deposited on the a-Al,O3; membranes was checked by nitrogen
permeation measurements, using a dead-end permeation cell. An absolute pressure
difference up to 3 bar was applied across the membrane while the low-pressure side of the

membrane was kept at atmospheric pressure.

5.4 Results and discussion

5.4.1 Deposition on porous a-Al;0; substrates

EDX and SEM demonstrated that stoichiometric, 1 um thick polycrystalline films were
obtained at a substrate temperature of 650°C. The corresponding XRD pattern is shown in
Figure 5.3. All peaks not belonging to the support could be indexed on the basis of a
perovskite lattice. The oxygen pressure and the target-to-substrate distance proved to have
a decisive influence of the morphology of the film. In general, dense and uniform films
were obtained at an ambient oxygen pressure of 1.0 Pa and a target-to-substrate distance of
43 mm. Atomic force microscopy (AFM) was used to resolve the grain structure.
Figure 5.4 shows an AFM micrograph of such a film. In general, the rms-surface
roughness was found to be below 10 nm. Higher background oxygen pressures and/or
target-to-substrate distance led to films with an increased roughness and porosity [11,13].
When the deposited films were cooled to room temperature, crack formation occurred,
regardless of the applied cooling rate. This crack formation is attributed to the different

thermal expansion of the a-Al,O3 support compared with the Lag 5SrysC0oOs_s film.
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Deposition at room temperature yielded amorphous films. These films, obtained at the
same ambient oxygen pressure and target-to-substrate distance as the films grown at
650°C, were dense and crack free. Nitrogen permeation could not be detected. Annealing
of these films at 650°C in air for 10 h resulted in the formation of crystalline films, but also
introduced cracks. Figure 5.5b and ¢ shows SEM micrographs of the films grown at room
temperature and 650°C, at an oxygen pressure of 1.0 Pa and with a target-to-substrate

distance of 43 mm.

Figure 5.5:  SEM pictures of: the typical surface morphology of a polished a-AL,O; support (a), a
1 um thick Lay sSrqsCo0Os_s film deposited on top of such a support at room temperature (b) and a cross
section of the deposited film (c). Picture (d) shows a film grown at 650°C, clearly featuring the cracks
resulting from cooling after deposition.

5.4.2 Deposition on porous LagsSrysC00;; substrates

The deposition parameters used for the fabrication of the a-Al,O3 supported films served
as a starting point for the deposition experiments on porous Lag sSrysCoOs3.5 supports. As
shown in the figures 5.6a and b, these supports exhibit a much coarser surface morphology
than the a-Al,O3 supports, which requires deposition of thicker films. Since the perovskite

supports are more prone to crack formation, due to stoichiometric equilibration problems,
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they were slowly heated at a rate of 1°C/min to 650°C in 1 bar of oxygen. Subsequently,
the oxygen pressure was lowered to 1 Pa at which the deposition was performed. Layers
were grown with a thickness varying from 2 to 30 um. After deposition, the oxygen
pressure was slowly increased in 4 h form 1 Pa to 1 bar, in which the membrane was
annealed at the deposition temperature for 1h. Subsequently the membrane was cooled to

room temperature.

Figure 5.6: SEM pictures of: the typical surface morphology of a La, 5SrysC0oO;.5 support as prepared
via filtration (a), the same support after polishing (b), a 5 um thick La, sSry sC0oOj;_s film deposited on top
of such a support (¢). Picture (d) shows a cross section of the all-perovskite system.

Figure 5.6b shows the surface morphology of a film 5 um in thickness. Cracking of the
films was not observed, provided that cooling rates below 0.5°C/min were applied after the
annealing step. The imprint of the support causes the surface texture of the film shown in
Fig. 5.6b. Despite this structure, the deposited layer bridges all support pores and appears
to be dense as was confirmed by high temperature oxygen permeation measurements [15].
AFM indicated all films to exhibit a rms-surface roughness of 60 to 100 nm. Figure 5.8
shows a typical AFM micrograph.
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Figure 5.7: XRD pattern of a LaysSrgsCoO;5 support and a deposited
Lag 5Sry sC00; 5 film. The film shows a strong preferential (011) growth.
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Figure 5.8: AFM height image with cross-section of a 5 um thick La, 5Sry sC0oO;_5
supported Lag 5Sry sCo0;_5 film
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It is interesting to note that in contrast to the polycrystalline a-Al,O3 supported films, the
layers grown on the Lag sSrosC0055 have a preferential orientation. Figure 5.7 shows the
XRD pattern of the supported film. Only the (011) and (022) reflections are observed.

5.5 Conclusions

Dense films (10 - 30 um) of LagsSrosCo0Os5 were successfully deposited on porous
substrates of similar composition using pulsed laser deposition. Fine grain and crack free
films of the cubic perovskite were obtained at a temperature of 650°C, which films show
strong preferential orientation. These films are considered as promising candidates for

application as oxygen separation membrane.
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Oxygen permeation through

supported thin-film LaysSr;5C003;
membranes

Abstract

Oriented thin films of Lay5SrysCoOj3.5 were deposited on porous support layers with the
same composition by pulsed laser deposition. Permeation measurements in the range 700-
1000°C showed that the oxygen fluxes through the supported thin film membranes are
significantly higher than those measured for pressed disc membranes. Minor leakage,
amounting up to 5% of the total oxygen flux, was caused by the presence of
inhomogeneities in the porous support layer, which could not be covered by the laser
deposition process. In the experimental range of thickness 7.5-20 um, the oxygen flux is
found to be independent of membrane thickness. Using data of supported thin-film
membranes together with that observed for pressed disc membranes a characteristic
membrane thickness was calculated of about 50 um. This value nicely agrees with that
extracted from data of conductivity relaxation experiments if it is assumed that the porous
support structure removes surface exchange limitations at the interface between porous
support and thin film membrane. Analysis shows that mass transport through the porous
support structure contributes to the overall permeation resistance at 1000°C and becomes

negligible at temperatures around 700°C.
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6.1 Introduction

The concept of a thin-film supported membrane is frequently documented in literature as a
promising approach in order to maximise oxygen fluxes through mixed-conducting oxides
[1-6]. So far only a few studies have been reported, which showed a limited degree of
success. This is mainly due to the technological difficulties associated with fabrication of a
dense and crack-free thin film, which must be contiguous with the porous support layer.
Not only a suitable deposition technique is required that allows formation of a dense thin
film with the correct stoichiometry and phase, the formed thin films are vulnerable and

prone to defect formation.

In the previous chapter, it was described how pulsed laser deposition (PLD) was
successfully employed to deposit crystalline and stoichiometric Lag 5SrysC0oO;5.s thin films
onto porous supports. To avoid chemical interactions and to minimise differential thermal
expansion effects the porous support material had the same composition as the thin film
membrane. In this chapter, the oxygen permeation properties of these supported thin-film
membranes are presented. The oxygen fluxes are compared with those measured through

pressed disc membranes, measured in an earlier study [7].

6.2 Theoretical considerations

Oxygen transport permeation through a thin film supported membrane consists of several
rate determining steps. Figure 6.1 gives a schematic representation of relevant transport

processes.

6.2.1 Pore diffusion

Molecular oxygen has to diffuse into the pores of the macroporous support. Diffusion
inside the pores can take place according to several mechanisms, amongst which Knudsen
diffusion, molecular diffusion and viscous flow (Darcy flow) are considered to be the most
important ones. As a combination rule, gas phase transport in the porous layer is conceived
such that Knudsen and molecular diffusion are in series, whereas viscous flow is in parallel
with diffusion. Since the membranes are measured under a partial pressure gradient and
the pores of the support layer are smaller than an average value of about 10um, the
contribution of viscous flow can safely be ignored. The Knudsen number indicates which

of the two diffusion mechanisms prevails:
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K =2 (6.1)

in which A is the mean free path of the gas molecule and d, the average pore diameter of

the support. From kinetic gas theory the mean free path is calculated via:

P kT
\/Eﬂdzp

in which d is the kinetic molecular diameter of the permeating gas and p the absolute

(6.2)

pressure. Knudsen numbers below 1 indicate that molecular diffusion dominates, while
values above 1 indicate a Knudsen diffusion regime. Molecular diffusion is non-selective,
while Knudsen diffusion is proportional to the inverse square root of the molecular mass M

according to [8]:

dpé' 8 dp

Jy = -2 a@
3t \ZRTM dz

(6.4)
in which ¢ and t are the porosity and the tortuosity of the porous support, respectively. The
ideal Knudsen separation factor equals the ratio of the inverse square root of their molar

mass. For nitrogen and oxygen this factor amounts to N,/O,=1.07.

6.2.2 Surface transfer and ionic bulk transport

Once arrived at the surface of the dense thin film, molecular oxygen is dissociated, ionised
and incorporated into the perovskite lattice. The oxygen ions are transported driven by the
gradient in oxygen chemical potential to the oxygen-lean side of the thin film membrane,
where they are recombined again to form oxygen molecules. Both the surface transfer and
bulk transport process may limit the rate of oxygen permeation. The oxygen flux can be

increased by ionic conduction through the walls of the pores, as shown in figure 6.1

Bulk diffusion of oxygen can be described using the Wagner equation [9]. Assuming linear
transport kinetics for surface exchange, the classical Wagner equation for one-dimensional

oxygen transport can be modified into [5,10]:

total
1 telo-ion A’u 0,

1+QL, /L) 16F L

j02 = (6.5)



78 Chapter 6

in which oj, 1s the average value of the ionic conductivity of the membrane with thickness
L brought into an oxygen chemical potential gradient Aug’fl . For La;.Sr,Co00s3.5, the
electronic transference number 7y can be taken to be unity. L. is the characteristic
membrane thickness, below which the oxygen flux is predominantly controlled by surface
exchange. When L >> L, the term (1+2L./L)"" approaches unity and equation (6.5) reduces

to the classical Wagner expression for bulk oxygen transport.

high po, | . low Po,

support thin film

pore surface 0,/>20%* —— 20%» 0,
diffusion transfer ionic surface
o, transport transfer

20%*

Figure 6.1: The various transport mechanisms that occur during oxygen
permeation through a thin supported dense membrane. The high oxygen
pressure side is assumed to be the support side.

Experimental measurements of the oxygen permeation can often be described using:

. _ G?onRT[
Jo. =2, 2y

A (6.6)
which equation can be derived from the classical Wagner equation assuming a power law
dependence between the oxygen ionic conductivity and po, [5]. Accordingly, o), is the
ionic conductivity at standard state, whereas the prime and double prime notation denote
the high and low oxygen partial pressure side of the membrane, respectively. When all
oxygen vacancies contribute to transport, the power index n can be directly correlated to

the functional dependence of the oxygen non-stoichiometry with p,, .
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6.3 Experimental

6.3.1 Membrane preparation

The 7.5 to 20 um thick LagsSrysCoO;5s films that were investigated in this study, were
grown on 30% porous, 0.5 mm thick LajsSrysCoO;.s supports, using PLD as deposition
technique. The supports with an average pore diameter of 0.36 um were prepared via
pressure filtration of a suspension. The compacts were dried and sintered in air at 1020°C
for 10 h. Prior to the deposition, the supports were mechano-chemically polished. Details
of the support preparation and polishing procedure are given in chapter 4 of this thesis. The
deposition of the thin film membranes using PLD was performed at 650°C using an
oxygen background pressure of 1.0 Pa. After deposition the oxygen pressure was increased
to 1bar after which the membrane was cooled to room temperature at rates below

0.5°C min™". Details of the PLD deposition process can be found in chapter 5 of this thesis.

6.3.2 Permeation measurements

Oxygen permeation experiments were performed in the range from 750 to 1000°C. The
membranes were sealed into a quartz reactor at 1000°C using glass rings . Sealing was
performed on the thin-film side of the membrane. After the sealing temperature was
reached, the measurement was started after 45 min. Heating and cooling rates were
0.5°C/min. One side of the sample disc was exposed to air (100 ml/min). The oxygen
partial pressure at the other side was controlled by regulating the helium gas flow rate
(0-56 ml/min), assuming ideal gas mixing conditions in that part of the reactor. The oxygen
concentrations in both feed and permeate streams were monitored through YSZ based
oxygen sensors, made in this laboratory. Quantitative analysis of the oxygen concentration
was performed with a gas chromatograph, which also measured the N, concentration in the

sweep gas to check for inadequate sealing or membrane leakage.

To minimise the effect of mass transfer limitations imposed by the porous support layer,
measurements were performed with the high oxygen partial pressure applied on the support
side of the membrane. A schematic representation of the experimental set-up is given in

figure 6.2

* 8252, Schott Netherlands B.V.
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Figure 6.2 Schematic representation of the permeation reactor and set-up; R =reactor, GC = gas
chromatograph

6.4 Results and discussion

6.4.1 Membrane preparation

Figure 6.3 shows SEM micrographs of the top-surface and cross section of a typical
membrane. The imprint visible in the top view is caused by the structure of the porous
support layer. X-ray confirmed formation of an (011) oriented thin film perovskite
phase [11].

Figure 6.3: Top view (left) and cross section (right) of a 20 um thick La, sSrysCoO;_s film on a 30% porous
support of the same composition.

6.4.2 Permeation

Figure 6.4 shows the oxygen permeation of supported 7.5 and 20 um thin-film membranes,
measured under a constant He sweep rate of 56 ml/min. For comparison, data of oxygen

permeation through unsupported 0.44 and 2.08 mm thick disc membranes measured under
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the same conditions [7] is shown. Compared with the 0.44 mm thick membrane, the 20 pum
thick membrane shows a permeation which is about a factor 4 higher at 1000°C. At 750°C,
this factor has increased to about 11. Compared with the oxygen flux measured through the
2.08 mm thick disc membrane, extrapolated to a temperature of 750°C, the increase in

oxygen flux is almost a factor of 25.
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Figure 6.4: Arrhenius plots of oxygen permeation through supported 7.5 and
20 um thick LagsSrysCo0O;5 membranes. For comparison, the oxygen
permeation through unsupported 0.44 mm thick and 2.08 mm thick membranes
is also given. The data are collected using a fixed He-sweep rate of 56 mVmin.

At 900°C and lower temperatures, the permeation of the thin film membranes remained
stable during the time span of the measurements (5h). However, in exploratory
measurements carried out at 1000°C the oxygen flux was found to show a sharp decrease
with time, reducing to approximately 60% of its initial value in the first 5 h. In figure 6.4,
the initial flux of a 20 um thick membrane at 1000°C is plotted, measured immediately
after connection of the gas lines. Sintering effects can possibly explain the observed

decrease of the oxygen flux, since the temperature of 1000°C is close to the sinter

temperature of the porous support.

For the thin film membranes a nitrogen flux of 1x10”7 mole cm™ s™ was measured, which

was found to be independent of temperature. At 900°C under a He-sweep rate of
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56 ml/min, this corresponds to a nitrogen leakage rate of approx. 5% of the total flux. This
leakage is caused by the presence of a minor amount of support defects, which could not
be covered by the thin film. These defects resulted from the presence of spherical
inhomogeneities in the powder obtained form spray pyrolysis from which the supports
were prepared. In figure 6.5, a SEM micrograph of a support defect and a defect in the thin
film are shown. The micrograph of the film was taken after permeation measurements at
1000°C. Note that the film has developed a grain structure, which differs substantially
from that exhibited by the film immediately after deposition, as shown in the left
micrograph of figure 6.3. For the membranes measured at 900°C, this grain structure was
not observed. This confirms the occurrence of a sintering effect at 1000°C, which influence
the properties of the thin film. Although the degree of preferential (011) orientation of the

films was slightly diminished after the permeation experiments, no secondary phases were

observed according to X-ray diffraction.

Figure 6.5: A spherical support defect (left) and a defect in a 10 um thick film (right), deposited on a support
containing such defects. The left micrograph was taken after the permeation of the membrane was measured
at 1000°C.

A possible explanation for the weaker temperature dependence of the oxygen flux through
the supported thin-film membranes than that through unsupported disc membranes is the
occurrence of mass transfer limitations imposed by the porous support. When a worst-case
scenario is considered, in which mass transport through the porous support is solely
determined by Knudsen diffusion, the flux through the support is described by
equation (6.4). This equation can be used to calculate the driving force required to sustain
the experimental oxygen flux. Taking a value of 2.5 for the tortuosity of the support, which
is obtained from room temperature permeation measurements [12], calculation indicates
that, at 1000°C, the Knudsen diffusion process consumes 30% of the available partial
pressure gradient. At 700°C, this value drops off to 5%. The Knudsen number for oxygen
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transport, calculated from equations (6.1) and (6.2), using a molecular diameter for oxygen
of 0.34 nm [13], varies from 0.95 and 0.73 in the temperature range from 1000 to 700°C.
Since the values for K, are close to 1, Knudsen diffusion and molecular diffusion
contribute about equally to the transport resistance in the porous support. Nonetheless, the
above calculations indicate that mass transfer limitations are of some importance at
1000°C, while they become negligibly small at 700°C.
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Figure 6.6: Dependence of Jjo, on log(pg,) at various temperatures for a supported
20 um thick film. Results for non-supported pressed disc membranes [7] are also
shown for comparison. The drawn lines represent the fit of the data to equation (6.6)

The dependence of the flux on the oxygen partial pressure maintained at the oxygen-lean
side of the membrane is presented in figure 6.6. Results are shown for both supported and
unsupported membranes. From figure 6.6 it follows that at 906°C, under an identical
oxygen partial pressure gradient, the flux for a supported 20 um thick membrane is more

than a factor 20 higher compared to the unsupported 2 mm thick pressed disc membrane.

The solid lines indicate the fit of the experimental data to equation (6.6). The fitting
procedure yields values for the power index n and for an apparent ionic conductivity at
standard state. These are listed in table 6.1 together with corresponding values found for
the unsupported membranes. The power index n for the supported thin-film membranes is
significantly higher than that obtained for the unsupported disc membranes. As discussed

above, at 900°C, gas phase diffusion through the porous support layer may still exert a
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partial control of the oxygen fluxes. The observed power indexes can therefore not be used

for distinguishing between surface exchange and gas phase diffusion.

Table 6.1:  Values of the power index » and the ionic conductivity o obtained from fitting the

Jo, ~log(p4,) curves to Eq. (6.6). An asterisk refers to an unsupported membrane.

0

L T n GIOH

(um) O (mS cm™)
20 707 0.59+0.02 33+£2

20 805 0.66 £ 0.02 99 +5

20 906 0.71 £0.02 185+ 10
440% 906 0.38+0.02 267 £ 11
740%* 906 0.40+0.02 387 +23
2080%* 906 0.29+0.01 333+7

In figure 6.4 it is seen that the oxygen flux through the thin film membrane of thickness
7.5 um is approximately equal to that observed for the 20 um thick membrane. Mass
transfer limitations cannot account for this observation, since the agreement is found for all
temperatures covered by the flux measurements. A plausible explanation is that in this
thickness range the oxygen flux is dominantly controlled by surface exchange. In
figure 6.7, the flux at 900°C is plotted as a function of membrane thickness in a double
logarithmic graph. This plot contains flux data of unsupported as well as of supported
membranes. The drawn line indicates the fit of the experimental data to equation (6.5),
which yielded a characteristic thickness of 50 um and an apparent ionic conductivity of
160 mS cm™. The value found for L. is a factor two smaller than that from data of
electrical conductivity relaxation [14,15]. However, it cannot be excluded that the porous
support, which is made from the same material as the thin film membrane, contributes to a
smaller L. value [3,16-18]. Calculations using the dusty gas model by Thorogood et al. [3],
showed that porous mixed conducting layers having an average pore radius ranging from
0.1 to 10 um, situated contiguous to the thin mixed conducting film membrane, provide
increased interfacial area to counteract kinetic surface limitations, but do not cause any

significant pressure drop or resistance to mass transfer.
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Figure 6.7: Membrane thickness dependence of the oxygen flux at 900°C and
Po,= 0.03 bar. The drawn line indicates the fit of the data to equation (6.5)

6.5 Summary and conclusions

It was shown that the oxygen flux through dense membranes is significantly increased by
reducing the membrane thickness to the um-range. At 906°C, the oxygen flux through the
supported thin film membranes is increased with a factor of 20 relative to that measured
through unsupported 2 mm thick disc membranes. Corrections were applied for oxygen
leakage, amounting up to 5% of the total oxygen flux. This leakage was caused by the
presence of inhomogeneities in the porous support layer, which could not be covered by
the laser deposition process. In the experimental range of thickness 7.5-20 um the oxygen
flux is found to be independent of membrane thickness. Using data of supported thin-film
membranes together with data observed for pressed disc membranes a characteristic
membrane thickness was calculated of about 50 um. This value nicely agrees with that
extracted from data of conductivity relaxation experiments if it is assumed that the porous
layer structure removes surface exchange limitations at the interface between porous
support and thin film membrane. Analysis shows that mass transport through the porous
support structure contributes to the overall permeation resistance at 1000°C. At lower

temperatures, its influence becomes significantly smaller.
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Permeation and transport properties
of nickel and copper substituted

Lag.5Srp5C00;.;

Abstract

The influence of substitution of cobalt in LaysSrgsCoQOs.s with 1 to 8 mole % of either
copper or nickel on the oxygen permeation rate and transport parameters was
investigated. Oxygen permeation data at 900-1000°C indicate that nickel and copper
doping results in a significant increase in the permeation rate. The largest increase in flux
was measured for the lowest dopant concentration, amounting to a factor 1.4 for the
nickel-doped and 1.7 for the copper-doped sample. Conductivity relaxation data obtained
at 650-750°C for the samples showing the highest oxygen permeation rate, indicate that

doping increases both the surface transfer and the bulk diffusion rates.
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71 Introduction

The rate of oxygen permeation through mixed-conducting perovskite membranes can be
increased by reducing the membrane thickness provided that bulk diffusion rate limits
overall oxygen transport. The previous chapter described how this approach was applied
successfully to increase the oxygen flux through dense LagsSrysCoOss membranes.
Reducing the membrane thickness from 500 to 20 um enlarged the flux with a factor 20 at
900°C. The thickness of the thin-film membrane is less than the characteristic thickness L,
below which oxygen transport is the rate-determining by the surface transfer reaction. In
chapters 2 and 3 it was shown that the value of L. for La;,Sr,CoO;s membranes is
approximately 100 um. The enhancement of the surface reaction is therefore of importance

to further increase the oxygen flux through these membranes.

The rate of oxygen transfer can be improved by surface modification. A successful
approach appeared to be coating of the membrane surface with a porous layer having the
same composition as the membrane [1,2]. This procedure effectively enlarges the surface
area available for oxygen transfer. Another possibility is the dispersion of exchange active

foreign phases on the membrane surface.

An alternative approach is intrinsically doping the membrane material with exchange
active constituents. These dopants, which are incorporated as hetero-atoms in the
perovskite lattice of the membrane, should enhance the surface transfer rate and should not
have a negative influence on the bulk diffusion of oxygen. Studies of Inoue et al. [3,4]
showed that B-site doping of La;.,SryCoO;5 oxygen sensor electrodes with 2 mole % of
nickel leads to a significant increase in the exchange current density. This observation
suggests that the presence of nickel at the perovskite surface has a beneficial effect on the
rate of surface transfer. A similar effect was observed by Inoue ef al. when La;,Sr,CoOs.5

was slightly doped with copper.

This chapter focuses on the influence of B-site doping on oxygen fluxes through
Laj 5Srg 5C003.5 membranes in which the cobalt is substituted with 1 to 8 mole % of either
copper or nickel. In addition to oxygen permeation measurements, the electrical

conductivity relaxation technique is used to study the relevant transport parameters.
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7.2 Theory

7.2.1 Oxygen permeation

Bulk diffusion of oxygen through a dense membrane with thickness L, placed in an oxygen

partial pressure gradient, can be described by the Wagner equation [5]:

Inp

RT :
0. == 55— |laCindIn 7.1
.]O2 42F2Lln1'7[) el ™~ ion I’O2 ( )

where po,>p, . For the acceptor-doped cobaltites investigated in the present study, the
electronic transference number 7, can be assumed to be unity. The ionic conductivity Gion

may vary with temperature and oxygen partial pressure.

To estimate the influence of surface exchange processes on the permeation the following
modification of equation (7.1) can be derived [6,7], which is valid only in the limit of small

oxygen partial pressure gradients:

total
1 tel O-ion A/J 0,

1+QL /L) 16F L

Jo, = (7.2)
In this equation, L. is the characteristic membrane thickness at which surface transfer and

bulk diffusion consume an equal share of the total gradient in oxygen chemical potential,
A“total
o, °

7.2.2 Electrical conductivity relaxation

In electrical conductivity relaxation experiments, the time dependent response of the
apparent conductivity o(#) of a solid oxide sample is monitored after application of a step-
wise change in ambient oxygen partial pressure. The change in conductivity is caused by
the adaptation of the sample’s oxygen stoichiometry to the new oxygen partial pressure.
When small steps in oxygen partial pressure are applied, the relative change in
conductivity ¢ can be equated to the relative change of the mass m of the sample:
E:G(t)—co =m(t)—m0 (7.4)

In the current study, flat rectangular samples are used with a thickness 25, which is much

smaller than the surface area. Using Fick’s second law under the assumption of linear
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interface kinetics, the following expression for the mass change of the sample can be
derived [8]:

—_ o(t)-o, _ 1— i#é)exp(_L] (7.5)

2 2
G, =0y n=l1 BM(BH + LB + LB

In this expression the time constants T, are given by

bZ
‘cn = 5 Bz (76)
and the eigenvalues [, are obtained from
B,tanP, = bg“ =L. (7.7)

In the regime in which the equilibration rate is limited both by diffusion and surface
transfer of oxygen, equation (7.5) makes it possible to obtain the parameters D and K
from the experimental relaxation data. In the regime of diffusion or transfer-limited
equilibration only D or Ky, respectively, can be determined. The ratio of D and K
determines the value of the characteristic thickness L.. For more details including a
quantitative description of the regimes of mixed, diffusion and transfer controlled kinetics,
the reader is referred to den Otter et al. [9,10].

7.3 Experimental

7.3.1 Sample preparation

Lag 5Srp 5C01.4NixOs.5 and Lag 5Sry5C01.,CuOs.5 (x=0, 0.01, 0.02, 0.04 and 0.08) powders
were prepared via thermal decomposition of EDTA precursor complexes derived from a
stoichiometric mixture of the metal nitrate solutions [11]. After calcination in air at 940°C
and subsequent ball milling, the powders were isostatically pressed at 4000 bar. After
sintering at 1150°C in air for 10 h the samples showed a relative density in excess of 96%.
X-ray fluorescence’ was employed to verify the stoichiometry of the obtained materials.
Structural characterication was performed by means of X-ray powder diffraction with
CuK,, radiation’, using LaB¢ as internal standard. The powder diffraction patterns were

indexed using the TREORO90 program [12]. For permeation measurements, disks were used

" Philips PW1480
" Philips PW3710 based X’pert 1
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with a diameter of 15 mm and a thickness between 0.44 and 2.00 mm. For conductivity
relaxation experiments thin rectangular samples were used with dimension 0.5x5x20 mm”.
Prior to both permeation and relaxation experiments, the surface of the samples were
polished with 1000 MESH SiC, cleaned ultrasonically in ethanol and annealed for 3 h at

900°C.

7.3.2 Permeation measurements

The permeation of the samples was measured under air/helium gradients*. The samples
were sealed in a quartz reactor tube at 1000°C using glass rings’. Measurements were
performed at 900 and 1000°C. The oxygen partial pressure at the permeate side was
controlled by adjusting the helium flow rate. The oxygen concentration in the gas streams
was monitored by means of YSZ-based oxygen sensors and analysed using gas
chromatography. A correction was applied to account for non-axial contributions to the

measured flux. Further details of the measuring procedure can be found elsewhere [13].

7.3.3 Electrical conductivity relaxation experiments

The electronic conductivity was measured using a four-point AC technique, employing
gold wires as electrodes. The sample was mounted in a quartz tube through which two
nitrogen diluted oxygen streams* could be passed. Stepwise changes in the oxygen partial
pressure were applied, in reducing direction, by switching between the two gas streams.
Measurements were performed over a p, range of 10-1 bar and temperature range of
650-750°C. The relative change in apparent conductivity was recorded and fitted to
equation (7.5) [14]. Further details on the experimental set-up, measuring procedure and

the criteria followed during data interpretation are given elsewhere [9,15].
7.4 Results
7.4.1 Materials characterisation

X-ray fluorescence results indicated that all synthesised materials exhibited the desired
stoichiometry. X-ray diffraction confirmed formation of a single-phase perovskite structure

in all cases. All peaks of the X-ray powder diffraction patterns could be indexed on the

" Air: 100 ml/min, He: 5-50 ml/min
" Schott 8252.
#300 ml/min
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basis of a rhombohedral unit cell, except for the copper-doped material with x=0.08, which
was found to be cubic. The cell parameters for the various compositions are listed in
table 7.1. Apart from the formation of the cubic structure for the copper-doped material, no

clear influence of copper and nickel doping on the cell parameters can be observed. Those

for the sample with x=0 show close agreement with values reported in literature [16-18].

Table 7.1: Diffraction data for the various compositions. Unless stated otherwise, the cell
parameters are based on a hexagonal setting.

Lag 580 5C01.Ni,Os.5 x=0 x=0.01 x=0.02 x=0.04 x=0.08
a[A] 5.428(4) 5.429(3) 5.429(7) 5.429(4) 5.429(2)
c[A] 13.231(4) 13.233(9) 13.233(3) 13.235(1) 13.236(4)
Lag sSTo sC01..Cu,Os.5 x=0 x=0.01 x=0.02 x=0.04 x=0.08%
a[A] 5.428(4) 5.429(2) 5.428(8) 5.429(4) 3.835(6)
c[A] 13.231(4) 13.241(8) 13.241(4) 13.246(5)

*) cubic setting

7.4.2 Permeation

Figure 7.1 shows the permeation of the doped and undoped Lay 5Sro sC00O3.5 membranes as
a function of oxygen partial pressure. A clear relation is observed between the level of B-
site doping and the magnitude of the oxygen flux. Substitution of 1 or 2 mole percent of
cobalt with nickel results in a distinct increase of the oxygen flux. Further increasing the
nickel concentration leads to lower oxygen fluxes. At a doping concentration of 8 mole %,

the flux has dropped below that observed for the undoped material. Copper doping has an
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Figure 7.1: Oxygen permeation at 1000°C through 0.5 mm thick nickel-doped (left) and copper-doped

(right) LagsSrgsC00s.5 membranes. The dashed lines are a guide for the eye and have no theoretical
significance
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even larger influence on the oxygen flux. Again the composition with the lowest doping
concentration shows the highest increase in the oxygen flux. Although not shown here,

similar trends were observed at 1000°C.

7.4.3 Electrical conductivity relaxation

The previous section showed that the highest oxygen fluxes are found for nickel and
copper dopant concentrations of 1 mole %. These samples were subjected to electrical
conductivity experiments for further investigation of their transport properties. In
figure 7.2, the chemical diffusion coefficient and surface transfer coefficient are plotted as
a function of oxygen partial pressure at 750°C. In agreement with results obtained in
earlier work on undoped LagsSr;sC00Os;[13,19], the equilibration is governed both by
diffusion and surface transfer, which implies that both D and K, can be extracted from the

experimental data.
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Figure 7.2: D and K, plotted as a function of oxygen partial pressure at various temperatures for
the materials with 1 mole % Ni (left) and Cu (right) doping. The transport parameters for undoped
Lay 5SrgsC00s5._5 are also given for comparison. The dashed lines are a guide for the eye.

Figure 7.2 shows that the observed trends of D and K for both doped specimens are
similar to those measured for the undoped material. However, both transport parameters
have increased relative to those of the undoped material. For the nickel-doped material, the
increase in the magnitude of D resembles that of Ky. For the copper-doped sample a
pronounced increase in the magnitude of K is observed, relative to that of the undoped

La;,Sr,Co0s.5. For this material Kj; is approximately one order of magnitude higher at
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650°C than the value for the undoped material, while only a minor increase in D is
observed. The above observations are reflected in the calculated values for L., which are
given in figure 7.3. No significant change in L, can be observed for the nickel-doped
material. However, for the copper-doped material values for L. are significantly smaller

than those found for the undoped material.

200 - 200
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Figure 7.3:  Characteristic membrane thickness plotted as a function of oxygen partial pressure at

various temperatures for the materials with 1 mole % Ni (left) and Cu (right) doping. The dashed
lines are a guide for the eye. The corresponding values for the undoped material are also shown for
comparison.

7.5 Discussion

Equation 7.3 can be used to estimate the influence of surface exchange on oxygen
permeation, provided that the flux measurements are performed close to equilibrium
conditions. In the present study data were collected using oxygen partial pressure gradients
not exceeding log(po, / ps,)=1.3. This equation shows that the oxygen permeation rate is
reduced due to surface transfer limitations with a factor (1+2L /L)" relative to that
expected from the Wagner equation. Taking the experimental value for L. of 100 um, as
observed for undoped Lag 5Sr)5C005., it is readily calculated that the oxygen flux through
a 0.5 mm thick membrane can be increased with a factor 1.4 upon suppressing surface

exchange imitations.

For the compositions with 1 and 2 mole % of nickel doping, it is found that the oxygen
flux has increased with a factor of 1.4 compared with that of the undoped La 551y 5sC00O;.s.
Doping with 1 mole % of copper results in an enhancement of a factor 1.7. The latter value
is beyond the maximum increase expected when oxygen transport is entirely relieved from

surface exchange limitations. Although the relaxation and permeation were performed in
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different temperature regimes, the former experiments indeed demonstrate an increase in
the surface transfer coefficient Ky, upon doping with either 1 mole % of copper or nickel.
However, the relaxation data also indicate an increased bulk diffusion rate. It thus seems
that the observed increase in oxygen flux is due to an increase in both the rate of surface
transfer and bulk diffusion. Nickel doping increases the rate of both processes to the same

extent, while copper doping preferably increases the surface transfer rate.

According to figure 7.2, the observed trends of D and K, as a function of the oxygen
partial pressure show close agreement. Similar trends were observed for La;SryCoOs.5
samples with x=0.2 and 0.7 [15,19]. The profound decrease in the diffusivity of oxygen
with decreasing p,, 1s unexpected from point defect considerations and indicates that
oxygen vacancies at lower p, values are less mobile due to trapping phenomena, as
discussed in detail in chapter 3 of this thesis. Due to the formation of extended defects or
vacancy ordering the concentration of ‘free’ oxygen vacancies available for ionic transport
is lowered. It can be argued that doping of the material with of a small amount of a foreign
component, in this case copper or nickel, has a disturbing effect on these phenomena and
effectively leads to an increased concentration of mobile oxygen vacancies. This can then
account for the observed increase in the value of D. Another tentative explanation is the
presence of fast diffusion paths along grain boundaries. Results of Kharton et al. [20]
suggest a significant influence of the grain boundary resistance on the permeation
behaviour of LaCo0O;.5. The enrichment of the grain boundaries with the applied dopants
possibly lowers the grain boundary resistance. Further research is required to provide more

evidence for this.

7.6 Summary and conclusions

Substitution of cobalt in LagsSrgsCo0Os.5; membranes with copper or nickel results in a
significant increase in the rate of oxygen permeation. The increase in permeation rate is
correlated with the doping level. In the investigated concentration range from 1 to 8
mole %, the lowest dopant concentration corresponds with the largest increase in the
permeation. This suggests that doping increases the surface transfer of oxygen. However,
conductivity relaxation data of samples with either 1 mole % of copper or nickel indicate
that doping increases both the surface transfer and the bulk diffusion rate. The increase in
the surface transfer rate is most pronounced for the copper-doped sample. Explanations for
the enhancing effect of doping on the bulk transport remain tentative and require a more

elaborate investigation.
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Conclusions and outlook

8.1 Introduction

The principal goals of the work described in this thesis were the development, fabrication
and testing of supported thin-film (5-30 pum) membranes prepared via PLD. The material
under consideration was perovskite La;.,Sr,Co0O;.5 (LSC), the same material as that used to
fabricate the porous support. Although the thin-film approach has been advocated
frequently in literature, only a few studies have been reported with limited degree of
success [1-3]. The results from this study show for the first time that oxygen fluxes can be
obtained that are more than one order of magnitude higher than those through pressed-disc

membranes (0.44 mm) measured under identical conditions.

A number of other research accomplishments include the following: Analysis showed that
mass transport through the porous support contributes to the overall permeation resistance
at 1000°C, but becomes negligible at temperatures around 700°C. Data of oxygen
permeation and conductivity relaxation showed that for membranes thinner than about
100 um, the rate of oxygen permeation is predominantly governed by oxygen surface
transfer. The results further demonstrated that in the temperature range 600-850°C trapping
effects, associated with the ordering of oxygen vacancies, reduce the number of mobile
oxygen vacancies in phases La,Sr;«CoOs_s at oxygen partial pressures below 107 bar. As a
consequence, the chemical diffusion coefficient and associated ionic conductivity decrease

with decreasing oxygen partial pressures below about 107 bar.

Although it is rigorously demonstrated in this work that the concept of a supported thin-

film membrane is a most promising one, a number of issues still need to be addressed



98 Chapter 8

before large-scale industrial application might become feasible. In this chapter, a number

of ideas for further research are presented.

8.2 Membrane stability

The membrane support is of vital importance for the membrane in providing the required
mechanical stability. For industrial application, the asymmetric membrane should be able
to withstand considerable absolute pressure differences. Mechanical tests of the porous
perovskite supports developed in this work revealed that these could endure an absolute
pressure difference of about 30 bar. However, thin ceramic films are extremely fragile.

Whether these can withstand such a pressure difference still needs further investigation.

Another important issue relates with the stability of the porosity. In this study supports
were used that were sintered at the relatively low temperature of 1020°C. This temperature
was mainly chosen to ensure enough remnant porosity after sintering. This restricts the
membrane operation temperature to about 900°C and lower. Hence, application of the
supports at temperatures close to 1000°C will reduce its porosity due to a non-negligible
sinter activity at these temperatures. The use of alternative materials with a lower intrinsic

sinter activity may offer a solution to this problem.

Another problem relates with the imposed pressure gradient across the ceramic membrane
causing lattice expansion mismatch of opposite sides of the dense ceramic membrane. In
addition, phenomena like kinetic demixing and/or decomposition can occur. The available
theories predict that, if the mobilities of the cations are different and non-negligible at high
temperatures, concentration gradients may appear in the oxide in such a way that the high
oxygen partial pressure side of the membrane tends to be enriched with the faster moving
cation species. Depending of the phase diagram the initially homogeneous oxide may
eventually decompose. For a short review on this subject, the reader is referred to
appendix B of this thesis. Although this phenomenon has been observed for mixed
conducting perovskites [4,5], little is known of its impact on the membrane performance

and mechanical properties.

8.3 Mechanism of oxygen transport

Three main transport processes govern the oxygen flux through an asymmetric mixed

conducting membrane: mass transfer through the porous support, surface transfer and ionic
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diffusion of oxygen through the dense oxide thin film. The impact of these transport
processes on the performance of the membrane deserves more attention. Modelling can be
used to predict the oxygen flux, to calculate the actual distribution of the oxygen chemical
potential across the ceramic membrane and therefore shed led on preferred conditions and
design of the asymmetric membrane. However, modelling requires detailed input of
relevant transport parameters. Although the physical significance of porosity and tortuosity
for diffusion of a gas through a porous medium is reasonably clear, less understood is the
behaviour of ionic diffusion of oxygen and surface exchange especially at reduced oxygen
partial pressures. In literature, experimental data at low oxygen partial pressures are still
scarce. Impedance spectroscopy using electrochemical cells of the type as described in ref.
[6] could be useful in separation of contributions from ionic diffusion and surface

exchange.

8.4 Membrane design

Knowledge on the influence of the various transport processes on oxygen permeation can
help to design an improved membrane or membrane reactor layout. Together with the
results obtained from mechanical and ceramic processing studies an appropriate choice can
be made regarding the most suitable membrane material. The development of a support
with a graded porosity can offer a solution for mass transfer limitations imposed by the
support. In this respect, as was illustrated in chapter 4 of this thesis, centrifugal casting is a
most promising technique for the development of tubular membrane supports. On top of
the smooth inner surface of the asymmetric tubes produced with centrifugal casting, a
dense thin-film membrane can be deposited. Although PLD can be used for deposition,
other deposition methods like, for example, dip-coating or centrifugal injection casting [7]

may be more attractive.
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Appendix A

Dip-coating of porous substrates

A1 General description

Dip coating is the term applied to describe all deposition techniques in which a dense or
porous substrate is dipped into a (ceramic) precursor solution or suspension. Its simplicity
and speed make it highly suitable for deposition of ceramic films onto all kinds of
substrates. The procedure requires no specialised apparatus. The object to be coated is
simply lowered in the suspension or precursor solution and withdrawn at a suitable speed.
It is widely used in the sol-gel processing of ceramic films, amongst others in the
preparation of asymmetric porous and dense membranes [1-4]. The dip coating technique
allows deposition of coatings with a thickness of typically 0.1 to 100 um. When a dense
layer is required, the surface roughness and the pore size distribution at the support surface
determine the minimum required layer thickness. In the following, a description is given of
surface modification of a porous ceramic substrate by dip-coating the latter, using a

suspension of (sub-)micrometer powders.

A.2 Process characteristics

After the substrate is removed from the suspension in a well-defined manner, a wet and
more or less dense dispersion layer of well-defined thickness can be obtained. Two

possible compaction modes occur during withdrawal of the substrate from the suspension:

e C(Capillary filtration
e Film-coating

In figure A.1 both compaction modes are depicted schematically. The suspension and
support properties and process parameters most relevant for the process are listed in the
inset. Both compaction modes contribute to the film growth, while the role of the capillary

filtration process decreases with decreasing substrate porosity.
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Figure A.1: Schematic representation of the two compaction modes that occur during dip-coating of a
porous substrate, in this case a tubular membrane support [8].

A.21 Capillary filtration

Capillary filtration occurs when the dry porous substrate comes into contact with the
suspension and the pore surface is wetted by the suspension medium. Capillary suction
occurs, which effectively drives the particles in the dipping suspension towards the support
surface, as in the slip-casting process [5-7]. These particles, which form the building
blocks of the ceramic coating, start to clog the pores of the support, until the size of the
pores becomes so small that cake formation starts. The pore clogging stage always
precedes the cake formation stage and the period in which this process occurs increases
with decreasing suspension solids concentration. Therefore, cake formation can be even
absent when a suspension with a very low solids concentration is employed which causes
saturation of the support to occur already in the pore clogging stage. When capillary
filtration is the prevailing compaction mode, the thickness of the layer increases with the
contact time until the substrate is saturated with the liquid suspension medium. In this case
the film thickness is independent of the withdrawal speed. The capillary action is
determined by the porosity and pore size distribution of the support. A higher volume
fraction of solids in the suspensions causes a faster growth of the layer. During the

filtration process, packing of the particles in the layer takes place.
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The formation of a film on a porous substrate via capillary filtration has been investigated
by several authors [9-12]. The following general expression can be derived for the growth

of the layer:

2o 2APt _cL (A.1)

77(4"0—1] ]+[¢’°—1j/511<1 7
Do K. Do

With:

L, = compact thickness

AP = capillary suction pressure

t =contact time

TN = suspension viscosity

¢, = solids volume fraction in the cake

@9 = solids volume fraction in the suspension
K. = permeability of the compact

K, = permeability of the substrate

€1 = porosity of the substrate

From equation A.1 it follows that the thickness of the compact is proportional to the square
root of the contact time of the substrate with the suspension, while it is inversely
proportional to the suspension viscosity. All the support- and compact-related parameters
can be incorporated in a constant C, which, in turn, is a function of porosity, permeability,
capillary pressure, suspension solids volume fraction and compact solids volume fraction.
Equation A.1 can be used to predict the growth of the layer when these parameters are
known. Usually, the pore properties of the substrate and can be determined rather easily. In
addition, the capillary pressure drop can be calculated, taking into account the pore radius
of both the compact and the support and the surface tension of the suspension [12]. The
permeability of both the substrate and the thin layer can be obtained from the
Carman-Kozeny equation [8]. For a more in-depth theoretical treatment of the capillary

filtration process, the reader is referred to the references mentioned above.

A.2.2 Film coating

Film coating is the process in which an adhering dispersion layer is formed as a result of
the drag force exerted by the substrate during withdrawal from the suspension. The film
thickness is independent of the dipping time. However, it increases with increasing
withdrawal speed and suspension viscosity. The latter increases with increasing volume
fraction of solids in the suspension. The particle packing takes place during the drying of

the entrained wet coating.
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Assuming Newtonian suspension behaviour, Levich and Landau derived the following

expression for the thickness /4 of the layer formed by film coating [13,14]:

1/6 1/2
h= 0944 (ﬂ) [m_) (A.2)
y g

In this expression vy, represents the withdrawal velocity, y the surface tension, p the density

and g the gravitational constant. From equation (A.2) it follows that the thickness of the
2/3

film is proportional to v>* and 7*?. Although this equation does not include terms for
solids concentration, effect of evaporation or angle of inclination, it illustrates that the
thickness will increase with withdrawal speed. The surface tension has only a minor
influence on the coating thickness. Although many attempts have been made to obtain
expressions for non-Newtonian suspension flows, these approximations are usually

cumbersome and tend to overestimate the coating thickness considerably.

A.2.3 Drying and sintering

The drying and sintering step, during which consolidation of the wet coating layer takes
place, should be performed in such a way that defect formation in the form of cracks and
voids is avoided. Usually, the drying step starts simultaneously with the dip-coating step.
The withdrawn part of the substrate starts to dry if the vapour pressure of the suspension
medium in the ambient is lower than 100%. The microstructure of the green compact
obtained after drying is mainly determined by the properties of the coating dispersion. A
general treatment on the drying of ceramic bodies can be found in Scherer [15] and Brinker
and Scherer [16]. An investigation of drying of coatings consisting of (sub-)micrometer
particles has recently been given by Chiu et al. [17,18]. The structural changes induced by
drying of the particulate coating are minor compared to those induced by sintering.
Sintering of dried macroporous coatings for the purpose of support preparation is in
general not problematic. However, when a dense layer is required, the tensile stress which
occurs during the constrained sintering of the top-layer often gives rise to defects,
especially at inhomogeneities at the support surface where non-uniform contraction of the

top-layer occurs.
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Appendix B

Kinetic demixing and decomposition of multi-
component oxides

B.1 General description

The general driving force for diffusion is a gradient in chemical potential. It can be
established by a gradient in activity, temperature, stress or an electric field. Diffusion in
materials has been investigated for all of these driving forces [1-4]. When the components
of the material have different non-zero self diffusion coefficients, they will diffuse at
different rates when a gradient in chemical potential is applied. Consequently, the local
composition changes. This phenomenon is called kinetic demixing. It can severely alter
(electro)chemical and physical properties of the material involved. When the material does
not allow a too large stoichiometric variation of the constituents, demixing can lead to the
precipitation of a new phase or phases. This process is known as kinetic decomposition and
obviously has an even more drastic effect on chemical and physical properties. These
phenomena take place even though the material is thermodynamically stable at all the
chemical potentials in the range of the gradient. This is why these processes are referred to

as kinetic demixing and decomposition.

B.2 The process of demixing

Taken into consideration is a semi-conducting oxide solid solution (A,B)O in which the
oxygen ions are assumed to be immobile and hence form a rigid lattice. The non-
stoichiometry exists in the form of cation vacancies via which the cations can move. The
degree of non-stoichiometry is a function of temperature and oxygen partial pressure. A
difference in oxygen partial pressure at opposite sides of the material gives rise to a
gradient in oxygen chemical potential in the material. According to the Gibbs-Duhem
relation, the chemical potential of the components in a mixture cannot change

independently:

Nydp, + Nydpg =—Nodu, (B.1)
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In this equation N; represents the mole fraction and dy; the change in chemical potential.
As a result, the change in chemical potential of oxygen is accompanied by an opposite
change in chemical potential of A and B. Figure B.1 gives a schematic representation of

the resulting gradients in chemical potential.
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difference in self diffusion coefficients of A

now diffuse at the same rate. Equation (B.2)

formulates the general steady state condition defined by Schmalzried et al. [1].

(B.2)

In this equation J; represents the constituent flux at a fixed point in the immobile laboratory
frame and ¢; is the constituent concentration at this point. When steady state is established,

the concentration profiles of A and B do not change anymore. The whole oxide system
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moves with a constant velocity v, towards the high oxygen partial pressure side. This

situation is illustrated in figure B.3 [6].

B.3  Modelling of demixing

Quite some effort has been put in the modelling of demixing phenomena in solid solutions.
In particular the system (Co,Mg)O has been well investigated. In the modelling of kinetic
demixing, the problem to be addressed is the determination of the concentration profiles of
the constituents. Two important issues have to be considered. The first is the calculation of
the initial time evolution of these profiles, the second is the calculation of the time
independent steady state concentration profiles. Historically, two different approaches have
been used. Schmalzried and co-workers addressed the steady state problem first [1,7,8,9].
Their approach is a phenomenological one in which macroscopic thermodynamics is used.
As a result, the atomistic features of the process are not identified. Vedula extended this
procedure and developed a numerical method for the calculation of the time evolution of

the demixing profiles [10].

Another approach that has attracted considerable attention is the application of the Path
Probability Method (PPM). Sato et al. [11] used this statistical mechanical method to treat
demixing of solid solutions. It was extended by Ishikawa ef al. [12] to calculate the time
evolution of the demixing profiles. Using the PPM, atomistic features of the diffusion
process can be clarified. Both modelling approaches yield reasonably good results for
(Co,Mg)O solid solutions. However, an important problem in accounting for the
experimentally observed demixing phenomena in other systems is the lack in data on the

self diffusion coefficients of the constituents.

B.4 Demixing of mixed conducting perovskites

Schmalzried [5] concluded that, in principle, kinetic demixing or decomposition occurs in
all semi-conducting compounds for which the mobilities of the cations differ from each
other. A gradient in oxygen chemical potential in the material always gives rise to a
gradient in the chemical potentials of the other constituents through the Gibbs-Duhem
equation (B.1). Therefore, kinetic demixing is independent of the mobility of the anions.
However, in mixed conducting perovskites the main defects are oxygen vacancies which
render it possible for oxygen anions to be transported through the material. The

concentration of cation vacancies is often negligible in these materials.



110 Appendix B

Until now, very little knowledge is available about the demixing behaviour in these
systems. Yokokawa et al. [13-16] have observed demixing of lanthanum manganites for
solid oxide fuel cell applications. They ascribed it to the gradient in oxygen potential to
which the material was exposed during operation. Van Doorn observed strontium
enrichment at the low oxygen partial pressure side of Laj3Sry7C003.s membranes during
oxygen permeation [17], which observation was interpreted in terms of demixing
phenomena. However, additional experimental and theoretical evidence is required in order
to improve the understanding of the demixing-caused degradation of these materials. A
complete description of demixing of these materials must also include demixing caused by

stress gradients, which is likely to occur in these systems.
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Summary

Cobalt based perovskite-type oxygen separation membranes are currently receiving
extensive scientific and technological interest due to their wide variety of possible
applications in oxygen production, power generation processes and selective hydrocarbon
oxidation. A major challenge for large-scale technical applications is to increase the
oxygen flux through these membranes and/or to reduce operating temperatures. A logical
approach to increase the oxygen flux at a given temperature is the reduction of the
membrane thickness to micrometer dimensions by depositing a dense thin-film membrane
on a porous support. This approach requires extensive knowledge on oxygen transport
properties and ceramic processing of the membrane materials. In this study, the oxygen
permeation and transport parameters of dense La;.Sr,CoOs3.s membranes are investigated.
The thickness of the membranes under investigation varies from millimeter to micrometer
dimensions. In addition, the preparation of the thin-film membrane is studied, which
includes the development of a suitable membrane support and the deposition of a dense,

micrometer thick film on top of these supports.

In chapter 2, oxygen transport through dense, La;_,Sr,CoO3;s membranes (x =0.2, 0.5 and
0.7) in the thickness range of 0.5-2mm, is investigated using oxygen permeation
measurements. The results indicate a clear influence of surface exchange on the oxygen
permeation rate. However, the oxygen fluxes remain predominantly controlled by bulk
oxygen diffusion through the membrane. The calculated characteristic membrane thickness
L., below which oxygen transport is predominantly rate limited by surface exchange,
varies approximately between 70 and 230 um. From the oxygen pressure dependence of
oxygen permeation it follows that the ionic conductivity of the different compositions
La;,Sr,Co0Os.5 is unfavourably affected with lowering oxygen partial pressure and
temperature, which is attributed to vacancy trapping effects associated with the ordering of

oxygen vacancies.

The results of the permeation study are in excellent agreement with observations from
conductivity relaxation experiments, which are described in chapter 3. Here, the chemical
diffusion coefficient and oxygen transfer coefficients of the same compositions in the
series La;Sr,Co0s.5 are studied using the conductivity relaxation technique. The chemical
diffusivity and oxygen surface exchange in the perovskites under study appears to be
highly correlated. The general trend displayed is that both parameters decrease with

decreasing p,, below about 107 bar at all temperatures. This is attributed to ordering of
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induced vacancies at low enough oxygen partial pressures. The observation that the
correlation between both parameters extends even to the lowest p, values in this study,
suggests a key role of the concentration of mobile oxygen vacancies, rather than of the
extent of oxygen nonstoichiometry, in determining the rate of both processes. The
characteristic thickness L, shows only a weak dependence on oxygen partial pressure

temperature and composition and is found to vary between 50 and 150 pum.

Chapters 4 and 5 focus on the development of a supported thin film membrane. In
chapter 4, the processing of La;_,Sr,CoO3_s powders into porous supports is described. Two
approaches are followed. The first employs pressing of pre-sintered powders, homogenised
by sieving and classified through sedimentation. Tuning of the pre-sintering temperature of
the powder yields 30% porous materials with an average pore diameter of 0.8 um. The
surface roughness of these supports is rather high but the surface morphology can be
improved by applying a perovskite coating. The second approach is based on compact
formation by pressure filtration of commercial powder dispersed in isopropanol. Sintering
of the substrates at 1020°C resulted in 30% porous materials with an average pore diameter
of 0.3 um. Although a minor amount of defects is present due to inhomogeneities in the
powder, the morphology of these substrates is considered to be superior to that of the
substrates prepared via pressing. Therefore, it is concluded that the substrates prepared via
pressure filtration are most suitable for supporting thin film La;_Sr,C0oO3; membranes. In
the final section of this chapter, the application of centrifugal casting in the development of
tubular perovskite substrates is studied. Results of exploratory experiments indicate a great
potential of this technique in the preparation of high-quality dense and porous
La;_,Sr,CoOs.5 tubes. The deposition of Lag sSrysCo0s.5 films with a thickness of 5-30 um
onto porous substrates using pulsed laser deposition is described in chapter 5. Initial
deposition experiments on porous o-Al,Oz supports are unsuccessful as crack formation
occurs during cooling after the deposition process due to thermal mismatch. When

Lag 5Sry sCo0Os.5 supports are used, dense and crack-free films are obtained.

The permeation measurements of the supported thin-film membranes of Lag sSrysCoOs.5
are presented in chapter 6. The data show that the oxygen fluxes are significantly higher
than those measured for pressed disc membranes. Minor leakage is observed, amounting
up to 5% of the total oxygen flux, which is caused by support inhomogeneities, which
could not be covered by the laser deposition process. In the experimental range of
thickness 7.5-20 um, the oxygen flux is found to be independent of membrane thickness. A
characteristic membrane thickness is calculated of about 50 um, which value nicely agrees

with that extracted from data of conductivity relaxation experiments if it is assumed that
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the porous support structure removes surface exchange limitations at the interface between
porous support and thin film membrane. Mass transport through the porous support
structure contributes significantly to the overall permeation resistance at 1000°C, but its

influence becomes negligible at temperatures around 700°C.

In chapter 7, the influence of substitution of cobalt in LajsSrgsC0o0O35 with 1 to 8 mole %
of either copper or nickel on the oxygen permeation rate and transport parameters is
studied. Oxygen permeation data indicate that nickel and copper doping results in a
significant increase in the permeation rate. The largest increase in flux is measured for the
lowest dopant concentration, amounting to a factor 1.4 for the nickel doped and 1.7 for the
copper-doped sample. Conductivity relaxation data indicate that doping increases both the

surface transfer and the bulk diffusion rates.

The main results achieved in this work are summarised in chapter 8, which also includes

recommendations for future research.
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Samenvatting

Er bestaat momenteel grote technologische en wetenschappelijk belangstelling voor dichte,
kobalt-houdende perovskiet membranen vanwege het brede scala aan toepassingen
waarvoor deze membranen geschikt zijn. Mogelijke toepassingen liggen bijvoorbeeld op
het gebied van de zuurstofproductie, de energievoorziening en in de selectieve (parti€le)
oxidatie van koolwaterstoffen. Echter, de zuurstofpermeabiliteit van deze membranen is
nog te laag voor grootschalige industri€éle toepassing. Een logische en tegelijkertijd
uitdagende benadering voor het verhogen van de zuurstofflux door deze membranen is het
terugbrengen van de membraandikte tot een waarde van enkele micrometers. Om deze
membranen voldoende mechanische sterkte te geven dienen ze te worden aangebracht op
een poreuze drager. Deze benadering vereist uitgebreide kennis van zowel de
zuurstoftransporteigenschappen als de keramische processing van de betreffende
membraanmaterialen. In dit onderzoek staan de zuurstofpermeatie-eigenschappen en
transportparameters van La;,Sr,CoO;s membranen centraal. De dikte van de bestudeerde
membranen varieert van millimeters tot enkele micrometers. Bovendien wordt aandacht
besteed aan de bereiding van gedragen dunne-film membranen. Hieronder vallen de
bereiding van een geschikte poreuze drager en de depositie van een dicht, micrometer dun

membraan op deze drager.

In hoofdstuk 2 wordt zuurstoftransport door dichte La;.,Sr,CoOs5 (x=0.2, 0.5 en 0.7)
membranen met een dikte vari€rend van 0.5 tot 2 mm onderzocht door middel van
zuurstofpermeatiemetingen. De resultaten laten een duidelijke invloed =zien van
oppervlakte-uitwisselingsprocessen op de snelheid van zuurstoftransport door deze
membranen. De grootte van de zuurstofflux wordt echter voornamelijk bepaald door
bulkdiffusie van zuurstof. Om te bepalen in welke mate de oppervlakteprocessen en
bulkdiffusie bepalend zijn voor de snelheid van zuurstofpermeatie, is in de literatuur een
zogenaamde karakteristieke dikte L. gedefinieerd. Bij verlaging van de membraandikte
beneden deze waarde zal de snelheid van zuurstofpermeatie voornamelijk bepaald worden
door oppervlakte-uitwisselingsprocessen, hetgeen uiteindelijk leidt tot een zuurstofflux die
onafhankelijk is van de membraandikte. Uit de permeatiemetingen aan de La;.,SryCoO;_5
membranen volgt een L, die varieert van 70 tot 230 um. Uit de variatie van de permeatie
met de zuurstofpartiaaldruk blijkt dat de ionogene geleiding voor zuurstof nadelig wordt
beinvloed bij lage zuurstofdrukken en temperaturen. Dit effect wordt toegeschreven aan

ordening van zuurstofvacatures.
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De resultaten van het permeatieonderzoek komen zeer goed overeen met waarnemingen
gedaan aan de hand van geleidingsrelaxatiemetingen. Deze staan beschreven in
hoofdstuk 3. In dit hoofdstuk worden de chemische diffusiecoéfficiént en de
zuurstofuitwisselingscoéfficiént van de zelfde materialen bestudeerd als functie van
zuurstofpartiaalspanning en temperatuur. De resultaten tonen aan dat er voor de
onderzochte perovskieten een uitgesproken correlatie tussen deze twee transportparameters
bestaat. De algemene trend is dat beide parameters bij alle temperaturen sterk afnemen met
afnemende zuurstofpartiaaldruk, indien deze lager wordt dan ongeveer 107 bar. Dit gedrag
wordt toegeschreven aan ordening van zuurstofvacatures bij lage zuurstofdrukken. De
waarneming dat de correlatie tussen beide parameters zelfs bij de laagste zuurstofdrukken
welke onderzocht zijn blijft bestaan, suggereert dat zowel de snelheid van oppervlakte-
uitwisseling als die van bulkdiffusie in grote mate athangt van de concentratie van vrije
vacatures, en niet van de totale mate van zuurstof non-stoichiometrie. De resultaten tonen
aan dat de karakteristicke dikte niet sterk athangt van de zuurstofpartiaaldruk, temperatuur

en samenstelling en varieert tussen 50 en 150 pum.

In de hoofdstukken 4 en 5 staat de ontwikkeling van een gedragen dunne film membraan
centraal. Hoofdstuk 4 beschrijft de bereiding van poreuze La;,Sr,CoOs;s dragers. Twee
methoden worden gevolgd. Bij de eerste wordt gebruik gemaakt van voorgesinterde
poeders, gehomogeniseerd door zeven en geclassificeerd door sedimentatie. Compactering
vindt plaats door middel van persen. Afstemming van de sintertemperatuur levert 30%
poreuze materialen met een gemiddeld poriediameter van 0.8 um. De oppervlakteruwheid
van deze dragers is vrij hoog maar deze kan verlaagd worden door het toepassen van een
perovskiet coating. Bij de tweede methode wordt gebruikt gemaakt van filtratie onder druk
van een suspensie van commercieel perovskietpoeder in isopropanol. De resulterende
groene compacten worden vervolgens gesinterd bij 1020°C, waarbij 30% poreuze
materialen met een gemiddelde poriediameter van 0.3 um worden verkregen. Ondanks een
gering aantal defecten is de oppervlaktemorfologie van deze substraten superieur
vergeleken met die van substraten bereid via persen van voorgesinterde poeders. Deze
substraten worden dan ook het meest geschikt geacht voor toepassing als drager van dunne
film La;,Sr,Co0O;s membranen. In de laatste sectie van dit hoofdstuk wordt de toepassing
van centrifugaal depositie in de bereiding van buisvormige perovskiet substraten
onderzocht. De resultaten van het exploratieve onderzoek laten zien dat deze techniek
veelbelovend is voor de ontwikkeling van kwalitatief hoogstaande, zowel dichte als
poreuze, La;,Sr,CoOs.5 buizen. In hoofdstuk 5 wordt de depositie van 5 tot 30um dikke
Lag sSrgsCo0Os.5 films op poreuze substraten met behulp van pulsed laser deposition

beschreven. Depositie op poreuze a-Al,O; dragers levert defecte films op doordat deze
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scheuren tijdens het afkoelen na depositie. Dit wordt veroorzaakt door het grote verschil in
uitzettingscoéfficiént tussen LagsSrpsCo0Os;5 en o-Al,O;. Echter, wanneer depositie
plaatsvindt op poreuze Lag 5Sr)sCo0O;.s substraten, treedt deze scheurvorming niet op en is

het resultaat een dichte film.

De permeatiemetingen aan de gedragen dunne film membranen met samenstelling
Laj 5Srg5C005.5 worden beschreven in hoofdstuk 6. De resultaten laten zien dat de
zuurstofflux door deze membranen meer dan een orde van grootte hoger is dan die
gemeten voor conventionele ongedragen membranen met dezelfde samenstelling, gemeten
onder indentieke omstandigheden. De gedragen membranen vertonen een gering lek, in de
orde van 5% van de totale zuurstof stroom. Dit lek wordt veroorzaakt door
inhomogeniteiten in de drager, welke niet bedekt worden tijdens het depositieproces. Voor
de onderzochte dunne film membranen, met een dikte van 7.5 tot 20 pum, is de zuurstofflux
onafhankelijk van de filmdikte. De uit deze metingen bepaalde karakteristicke
membraandikte is bij benadering 50 um. Deze waarde komt goed overeen met die bepaald
uit geleidingsrelaxatiemetingen, als aangenomen wordt dat de poreuze dragerstructuur de
invloed van oppervlakteuitwisselingsprocessen aan het grensvlak tussen de drager en de
dunne film, op de totale snelheid van zuurstoftransport, opheft. Het blijkt dat bij 1000°C,
het massatransport door de poreuze drager een aanzienlijke bijdrage levert aan de totale
weerstand voor zuurstoftransport door het membraan. Echter, deze bijdrage neemt af met

temperatuur en is verwaarloosbaar bij temperaturen rond 700°C.

In hoofdstuk 7 wordt de invloed onderzocht van substitutie van kobalt in Lag 5SrgsC0O;3.5
met 1 tot 8§ mol% koper of nikkel op de snelheid van zuurstofpermeatie en de
zuurstoftransportparameters. Zuurstofpermeatiemetingen laten zien dat de dotering een
duidelijke verhoging van de zuurstofflux tot gevolg heeft. De grootste toename wordt
gevonden voor de laagste doteringsconcentratie en bedraagt een factor 1.4 en 1.7 voor
respectievelijk het nikkel- en kopergedoteerde materiaal. Geleidingsrelaxatiemetingen

laten zien dat de dotering zowel de chemische diffusie als de zuurstofuitwisseling versnelt.

In hoofdstuk 8 worden de belangrijkste resultaten die volgen uit dit onderzoek samengevat

en worden aanbevelingen gedaan voor verder onderzoek.
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