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ABSTRACT

In order to clearly identify the rate determining step (rds) in oxygen semi-permeation of dense Ln,NiOg.5
membranes (with Ln = La, Pr and Nd), a specific setup has been designed, which allowed measuring the
oxygen semi-permeation flux as well as the oxygen activity gradient at both membrane surfaces. From the
results of the measurements, the coefficients of oxygen diffusion and surface exchange at both membrane
surfaces have been determined. Their values have been compared with the values reported in the literature
for similar membrane materials. The main conclusion is that the oxygen flux through these membranes is
limited by the oxygen surface exchange at the oxygen-lean face, and not, as previously claimed, by oxygen
volume diffusion.
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1. INTRODUCTION

The K,NiF,-type oxide materials are potential membrane materials for oxygen separation application,
because of an excellent ionic conductivity and good kinetics of oxygen surface exchanges. This material
series correspond to alkaline earth-free materials, of which lead to excellent chemical stability under CO, at
high temperature, as confirmed in the recent works [1, 2]. The ionic transport in Ln,NiOg4 based
compounds, (Ln=La, Pr or Nd) occurs via an interstitial migration mechanism of oxygen anions [3-5].
These interstitial oxygen anions are incorporated in the structure into rock-salt LnO bilayers, and the
electronic charge is compensated via the creation of holes located on Ni** cations in perovskite sheets formed
by NiOg octahedra.

The partial substitution of Ln by Sr or Ca in the nickelate structure improves its chemical stability;
nevertheless these substitutions lead to a decrease of oxygen semi-permeation or ionic conductivity [7, 8].
Hence, V.V. Vashhok et al. showed that among the La, Sr,NiO4:s compounds, La,NiO4 s exhibits the
highest oxygen semi-permeation [4]. However, the limiting step in oxygen transport through the La,NiOy.;
membranes has not been clearly identified. For instance, recent studies compared the coefficient of oxygen
bulk diffusion obtained either by isotopic exchange method or by oxygen semi-permeation measurements [ 7-
10]. The influence of the surface exchange kinetics in the oxygen flux through the membrane was often
underestimated in these works. Consequently, the oxygen bulk diffusion is merely considered as the rate
determining step in oxygen semi-permeation through the membranes.

For example, Mauvy et al. showed for La,;NiysCugs0,:5 based membranes that the oxygen diffusion
coefficients obtained from oxygen semi-permeation measurement are close to those obtained by isotopic
exchange method [10]. However, these authors did not take into account the influence of the oxygen surface
exchange on oxygen flux through the dense membrane. This assumes that the oxygen flux through
La;Nig5CusO45 based membranes is governed by oxygen bulk diffusion, and not by oxygen surface
exchange. Conversely, if the oxygen flux is governed by oxygen surface exchange, this approach leads to
underestimate the oxygen diffusion coefficient values obtained by oxygen semi-permeation measurements.

Using oxygen permeation experiments, Kharton et al. recently showed that the oxygen flux is governed by
the kinetics of oxygen exchange at the surface of La,NiO4:s and Pr,NiOy4.; based membranes [9, 11]. The
surface exchange involves a large gradient of the oxygen activity at the membrane surfaces (air and CHy
atmospheres); however its slow kinetics prevents the decomposition of these materials under such
conditions. To identify the rate determining step in the oxygen semi-permeation flux, the typical approach
consists in evaluating the impact of the membrane thickness or additional porous layers on the oxygen flux
through the membrane. In the same way, this work aims to identify the rate determining step in the oxygen
flux through the Ln,NiOy.s membranes (Ln = La, Pr and Nd). Such experiments require the use of a specific
setup in which the oxygen activity (pO,) gradient at both membrane surfaces is dissociated from the pO,
gradient through the membrane thickness. Hence, the coefficients of oxygen bulk diffusion and of surface
exchange on both membrane surfaces can be estimated and compared with the data obtained by isotopic
exchange method [7-11].

2. EXPERIMENTAL PART

2.1 Preparation of membrane materials

The Ln,NiO,.; membrane materials (Ln = La, Pr and Nd) were synthesized by nitrate-citrate route, as
described in previous works [12-13]. The powders were finely attrition-milled using zirconia ball media in
ethanol to obtain a monomodal grain size as small as 0.30-0.50 um (Mastersizer 2000, Malvern Instruments).
Then, they were qualitatively analysed using X-ray diffraction (D5000, Siemens).

The Ln,NiO4; membranes were shaped with the tape casting process, and more details about this shaping
process have been reported in previous works [14, 15]. A 100 um thick green tape was obtained after drying
the casted tape. This green tape was cut into disk shape pieces that were stacked via a heat-lamination at



60 °C under 50 MPa. The green membranes had a relative density about 50% for La;NiO,:s and 40% for
Pr;NiO4.5 and Nd;NiOg4s. After debinding and a pre-sintering thermal treatment at 1150°C, the relative
densities of La;NiOy5, Pr;NiOy5 and Nd,NiO4 s membranes were 72, 83 and 53%, respectively. The stacks
of green tapes were sintered to obtain dense membranes with 1 mm and 0.3 mm in thickness. The relative
densities of sintered samples were measured by the Archimede method; the results are reported in Table 1.
The sintering thermal treatment was optimized to obtain membranes with a maximal relative density of at
least 95%. Microstructures of the nickelate membranes were observed by Scanning Electron Microscope
(SEM S-2500, Hitachi), as shown in Figure 1.

As shown in Figure 1, the microstructures on cross sections of the Ln,NiO4; membranes evidence dense
materials (= 95%) with a few residual porosity. The mean grain size in La,NiOg4.5 and Nd,NiO,4.; membranes
are very similar, close to 2-3 um, while the microstructure of Pr,NiO4;; membrane shows a smaller mean
grain size, with 0.5-1 pm in diameter (Table 1). This is likely to result from the low sintering temperature
(1250°C) of Pr,NiO4.s membrane, which does not favour the granular growing. This small grain size may
lead to a large impact on the oxygen flux through the membrane [16, 17], or on the oxygen surface exchange
or oxygen diffusion coefficients. Unfortunately, no data has clearly been reported in the literature regarding
the impact of the microstructure on the oxygen semi-permeation of nickelate membranes.

In addition, different La,NiO4; membrane designs were made thanks to a porous coating obtained by plating
and drying a suspension on the membrane surface; this suspension consisted in a mixture of 40% vol. rice
starch (Remy Industries NV, Belgium) and 60% vol. La,NiOg4.s powder in ethanol. The cohesive and porous
coating was obtained after heat treatment at 1100°C under air for 1 hour (Fig. 2).

2.3. Measurements of the oxygen flux and of the oxygen activity at the membrane surfaces

The oxygen semi-permeation and the oxygen activities at the membrane surfaces were measured thanks to a
specific setup presented in Error! Reference source not found.3 and described, with more details in a
previous work [18]. A dense membrane of 1mm thick and 24 mm diameter was sealed between two alumina
tubes using gold rings to obtain a tight system. Gas flow was imposed upon each opposite membrane faces
(synthetic air to the bottom and argon to the upper surface), which causes an oxygen partial pressure
gradient. In the temperature range from 600°C to 1000°C, with an interval of 25°C, the oxygen content in the
argon sweep gas was monitored using an YSZ-oxygen sensor.

The oxygen flux through the membrane is evaluated from the following relationship, eq. 1.
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eq. 1

J 0 : the oxygen flux through the membrane in mol.m™.s™,

f\: the argon flow in Ls™ (=3.33 107 Ls™),

V. the molar volume of argon in 1.mol" (= 24 1.mol™ at 20°C under 1 atm.),
S: the efficient membrane surface or membrane section (= 3.14 10 m?),
P,y the oxygen partial pressure in argon flux outlet,

P,;,: the oxygen partial pressure in argon flux inlet (¥10°).

The electromotive force, Eg.pnsor, 18 given by YSZ-oxygen sensors used for the oxygen pressure measurement
in argon flux outlet, Py, follows the Nernst law:
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with R, T and F the universal gas constant, temperature, and Faraday constant, respectively. POZ(air) (with

POZ(air) =0.21 = P, = Pyyy), and P, (with P, = P,,,), correspond, respectively, to the oxygen partial pressure

in air, and the oxygen pressure in the flowing argon upstream or downstream the experimental setup.



In the investigated temperature range, the drop in di-oxygen activity between the membrane surface and the
oxygen pressure in the gas can be measured thanks to the gold electrodes and the cone shaped
microelectrodes made of 8 % yttria doped zirconia.

Es; and Eg, correspond to electromotive forces due to the di-oxygen activity variation between the inlet gas
and the oxygen-rich and oxygen-lean surfaces of the membrane, respectively. These two values are
calculated from the Nernst law as follows:

RT A surf(ox)
_ ]nﬁ _ Bl eq.3
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4F  a, 4F

RT ! A surf(red)
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a; is the di-oxygen activity in air which is equal to the oxygen partial pressure P,. Here, it has been checked
that Py, Py;, and Py, are equal to 0.21.

a;’ is the di-oxygen activity on the oxygen-rich surface of the membrane.

a, is the di-oxygen activity in argon gas at the vicinity of the oxygen-lean surface, which is equal to the
oxygen partial pressure noted P,,,. It is also assumed that the oxygen partial pressure of the gas outlet

from argon chamber P, corresponds to one at the vicinity of the membrane surface.

a,’ is the di-oxygen activity on the oxygen-lean surface of the membrane.

if if (red . . . . .
Apf)uz ©9 and Auglz 0" are the gradients of the di-oxygen activity potential on the oxygen-rich and oxygen-
lean surfaces of the membrane, respectively.

The electrochemical force through the membrane bulk, E,, is calculated as a function Egor, Esi, Eso, and

A ugglk as follows:

E =§ln£: -E,,-E :A“—gglk eq. 5
v 4F a'z sensor sl s2 4F .

A ug;lk is the gradient of the di-oxygen chemical potential through the membrane volume region.

In previous works [18-20], the oxygen transport through oxide membranes has been decomposed into three
main steps: 1) surface exchange on the oxygen-rich face, 2) oxygen diffusion through the membrane, and 3)
surface exchange on the oxygen-lean face (Fig. 4).

The oxygen flux being governed by the slowest step (i.e. the rate determining step, r.d.s.), the knowledge of
the oxygen chemical potential profile through the membrane allows directly identifying the r.d.s. of the
oxygen flux through the membrane.

For instance, a large gradient of oxygen chemical potential through the membrane volume, Apfs*,

corresponds to oxygen flux governed by oxygen diffusion in the membrane. In this case, the thickness of the
membrane governs directly the oxygen flux through the membrane. Conversely, a large gradient of oxygen
chemical potential at the membrane surfaces corresponds to oxygen flux governed by oxygen surface
exchanges.



3. Results

3.1. Rate determining step of the oxygen flux through the membrane

The Wagner’s model being typically applied to describe the oxygen flux through a membrane bulk [18],
hence, one can determine the oxygen diffusion coefficient using (eq. 6)

4RTLIJ,,
o~ COAumm eq,6

0,
Do is the self-diffusion coefficient of oxygen, L is the membrane thickness, Cy is the oxygen molar
concentration in the membrane close to the membrane surfaces: it is evaluated from a previous work [6] (cf.

annexe A).
A ug‘:lk = uf;:f(ox) - u:irf(md) is the gradient of di-oxygen chemical potential in the membrane bulk region.

The relationship [eq. 6] is true only if the material is predominantly electronic conductor. This is the case for
these materials which are characterized by a small ionic transport number (t;), as reported in Tables 3 and 4.

However, the complete description of the oxygen transport through the membrane should take into account
the oxygen exchange kinetics on both membrane surfaces. Kim et al. established the intrinsic material
parameters, such as oxygen surface exchange coefficient using the well known Butler-Volmer formalism, as
follows [21].
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For most of the mixed ionic and electronic conductors (MIEC), n is usually closed to 0.5 [22-24].
gas (0x) gas(red)
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are the oxygen chemical potentials in oxygen rich and oxygen lean gases, respectively. Thus,

/ pOz,(air)) =0 as Piou=pO; @n= 0.21, which is the

reference pressure corresponding to the oxygen partial pressure under air atmosphere.

ui;zrf (Ox), },lglz D are the oxygen chemical potentials in the membrane at the vicinity of the surface in contact

with oxygen rich and oxygen lean atmospheres, respectively. Thus, uf)"f(ox) =RTIn(a, / a,) and

},Lf)‘jf(red) =RTln(a'2/ a,;) with a,r = pO, @ = 0.21, which is the reference of oxygen chemical activity

corresponding to the oxygen partial pressure under air atmosphere.

As a consequence of previous relationships, the variation of the oxygen flux as a function of the oxygen
chemical potential gradient through the membrane surfaces is clearly not linear. The criterion of
characteristic thickness (L.) suggested by Bouwmeester, assuming a linear relation between the oxygen flux
and the oxygen chemical gradient [20], cannot be applied in our case. Hence, L. will not be taken into
account in this work and is replaced by a novel criterion, namely B, as previously reported in reference [25].
In this work it was shown that this criterion B, is more relevant than the usual criterion L, and it can be used
to easily identify the rate determining step of the oxygen flux through the membrane [26].

Aégrfa
It is expressed as follows: B = A B+ eq. 9



It involves the oxygen chemical potential profile through the membrane as well as the oxygen chemical
potential gradient at the surface.

From eq. 9, three cases are considered in this work (Table 2). For the first one, when B.>> 1, the oxygen
flux is governed by oxygen surface exchanges, and the second one, when B.<< 1, the oxygen flux is
governed by oxygen diffusion. The third one, when B, is close to unity, corresponds to a mixed regime, the
oxygen flux being governed by both the bulk diffusion and the surface exchange kinetics.

In our case as well as for gas separation application, a large oxygen chemical gradient through the membrane
leads to a large variation of oxygen exchange kinetics between both membrane surfaces, as suggested in eq.
7 and 8. Hence, it is required to distinguish each membrane surface in contrast to the usual model in which
the surface exchange kinetics are similar on both membrane surfaces. In this way, it should be defined two

. . ox red . .
criteria, B, and B for both the oxygen-rich and oxygen-lean surfaces of the membrane, respectively, as

reported in Tables 3 and 4. It can be noticed that Br:d is always higher than B;", and the conclusion deduced
from L. values can be contradictory with that obtained from B, values. For example, for La;,NiOg4.5 a 800°C
(Table 4), L. values are close to 1 mm, which suggests that the oxygen flux is governed by a balance of
volume diffusion and oxygen surface exchange. Conversely, B, values are larger than unity on the oxygen-
lean surface, which implies that the oxygen flux is governed by surface exchanges on the oxygen lean

surface, and not by oxygen bulk diffusion.

Figure 5 shows the profiles of the oxygen chemical potentials through the three nickelate membranes. It is
clearly evidenced that the drops of oxygen chemical potential are the largest on the oxygen-lean surface. This
also suggests that the oxygen surface exchanges on oxygen-lean surface correspond to the rate determining
step in oxygen transport through Ln,NiO4; membranes (Ln= La, Pr or Nd). This trend is even more
pronounced for Nd,NiO,4,s membrane where the gradient of oxygen chemical potential at the oxygen-lean
surface is higher than the ones obtained for La;NiOy.s; and PryNiO4.; membranes. This may result from the

specific microstructure of these membranes (Table 1), where a large grain size could be favourable to

red
decrease the kinetics of surface exchange [17]. This corresponds here to an increase of Bc values from 1.0

and 2.4, to 3-3.2 in Table 3, for Pr,NiOy.5, La;NiOy45, and Nd;NiO4.; membranes at 900°C, respectively.

The coefficients of oxygen surface exchange and of oxygen diffusion were evaluated from oxygen potential
drop at the membrane surfaces and the relationships eq. 6, 7 and 8. However, the values of oxygen surface

exchange coefficients usually show a large scattering as a result of differences in the sample surface state

d
[26]. This scattering of k‘;’f values is often larger than the one of k::( values, because the gradient of

oxygen chemical potential is significantly lower at the oxygen-rich surface than the one at the oxygen-lean
surface.

The Tables 3 and 4 report the oxygen diffusion and surface exchange coefficients, denoted Do and ke,
respectively, calculated from the oxygen flux and oxygen activity measurements at membrane surfaces. It
assumes here that Dy and D* can be compared as the Haven ratio is equal to 1 for nickelate structure [30].
The values of Dg are in good agreement with D estimated from data obtained by Boehm ef al. on these
materials [6, 27], except for Pr,NiO,.5 at 900°C. However, a large spreading of Do values is observed with
oxygen semi-permeation measurements, particularly, at the lowest temperatures (< 800°C).

The Pr,NiO,4.s membranes at 900°C have oxygen fluxes 2 and 3 times higher than the ones of Nd,NiOy4.5 and
La,;NiOy4,s membranes. Previous results obtained with Ln,Nij gCug 045 membranes showed similar trend, the
Pr;NiggCu 0445 and Nd,NipgCup,045 membranes exhibiting higher oxygen fluxes than the one of
La,NijgCug,04:5 membranes [31].

Concerning the surface exchange coefficients k, the sample surface morphology can explain the differences
in their values. Indeed, a large roughness of the membrane surface may result in an increase of the effective
values of k... As far as the isotopic exchange method is concerned, the samples have been polished with
alumina suspension or paste (0.25 um), whereas the membranes used for oxygen semi-permeation



measurements have not been polished and likely show a higher surface roughness [32]. Therefore, the ke,
coefficients determined in this work are larger than the k* determined by isotopic exchange method.

In Tables 3 and 4, the B, values suggest that the oxygen flux through nickelate membranes are governed by
oxygen surface exchanges on oxygen-lean surface (i.e. in contact with argon atmosphere), although the L.
values correspond to a mixed regime where the oxygen flux is governed by a balance of oxygen bulk
diffusion and surface exchanges. Kharton ef al. [9, 11] confirmed that the oxygen flux through the La,NiOy,;
membranes with thicknesses of 1 mm is governed by the surface exchanges: this points out that B, values are
likely more relevant parameters than L. values to identify the limiting step of the oxygen flux through a
membrane, at least in these experimental conditions.

3.2 Influence of La;NiQO4:; membrane designs on the oxygen flux.
3.2.1 Semi-permeation measurements

In order to identify the rate determining step in the oxygen transport through a membrane, two ways have
been selected. The first one consisted in varying the membrane thickness: if the oxygen flux is governed by
surface exchanges, then the oxygen flux should not depend on it. The second one was to change the
membrane designs using the addition of porous coatings in order to investigate the impact on the oxygen flux
by modifying the oxygen surface exchanges. This study was only carried out on La,NiO,.; membranes and
not extended to Pr,NiOy4.5 and Nd,NiOy,s; it was assumed that similar results would have been obtained,
work is in progress

For this purpose, four membrane designs were made up, each design being identified by the following
notation (as reported in Figure 6):

- LNO 1 corresponds to the typical membrane design with 1 mm thickness.

- LNO 0.3 corresponds to the membrane design with 0.3 mm thickness.

- LNO p-ox corresponds to the membrane design with 0.3 mm thickness and with a porous coating on
the oxygen-rich surface (in contact with air flow).

- LNO p-red corresponds to the membrane design with 0.3 mm thickness and with a porous coating on
oxygen-lean surface (in contact with argon flow).

The influences of the membrane thickness and porous coatings on the oxygen flux through the La;NiOy:5
membranes are depicted in Fig. 7. It clearly appears that a decrease of the thickness from 1 down to 0.3 mm
has not significant impact on the oxygen flux through the La,NiO4; membrane. In addition, it is interesting
to notice that Kharton et al. reported a similar behaviour and that the oxygen flux values for LNO 1 and LNO
0.3 membranes are in good agreement with its results [9] (Table 5).

On the other hand, thanks to the porous coatings deposited one of the faces of the membrane, the influence of
the surface exchange kinetics on the oxygen flux shows that there is no significant impact on the oxygen flux
for the LNO p-ox membrane, while the oxygen flux increases with a porous coating on the oxygen-lean
surface (LNO p-red membrane). This suggests that the oxygen surface exchange at oxygen-rich surface is
not the rate determining step of the oxygen semi-permeation through La,NiO,;; membranes and that the
oxygen flux is indeed governed by oxygen surface exchanges at the oxygen-lean surface. Actually, the
additional porous coating increases the surface exchange kinetics, which results from an increase of the
surface exchange area between gas and the membrane.

The inset in Fig. 7 shows the activation energy (Ea) of the oxygen flux through the membranes for the four
designs. The activation energies are calculated in the range 700-900°C from the semi-permeation data of Fig.
6. These Ea values are reported in Table 5.

The Ea values of the oxygen flux measured for LNO 0.3 and LNO p-ox membranes are very close, 187 and
190 kJ.mol™, respectively. The Ea value for LNO 1 membrane is slightly lower than the previous ones (157
kJ.mol"). However, the predominant rate determining step of the oxygen flux is likely to be the same
mechanism for these three membranes, as evidenced in Fig. 7.



Kharton et al. [9] have obtained similar values of the activation energy for La,NiOg4.s dense membranes, i.e.
155+2 kJ.mol”. On the other hand, Kilner ef al. [28] have measured activation energy of the oxygen flux of
about 180 kJ.mol™ for similar membrane materials, which is very close to the Ea value determined for LNO
0.3 membrane. Unfortunately, the thickness of this membrane was not clearly mentioned.

Conversely, the Ea value of the oxygen flux through the LNO p-red membrane is significantly smaller
compared to other membrane designs (102 kJ.mol™ or 1.06 eV with regards to ~ 190 kJ.mol'1). This value
could result from a mechanism involving rather oxygen bulk diffusion than surface exchange reaction. J.
Maier gave an interesting viewpoint regarding the potential and fundamental mechanism about the oxygen
surface exchanges in oxides [33]. This assumes that the predominant determining step is different for the
LNO p-red membrane design; the next study is concerned with the oxygen chemical potential profiles and
aims to confirm this assumption.

Finally, it can be noted in Tables 3 and 4 that the Br:d values increase significantly when the temperature
decreases, from 1.2-3.2 at 900° to 4-7.5 at 800°C for these nickelate membranes. This points out that the
surface exchange on the oxygen-lean membrane face of LNO 1 is the rate determining step of oxygen
transport through the membrane in the low temperature range (likely < 900°C), corresponding to a transport
mechanism with larger activation energy. At higher temperature (close to or above 1000°C) the oxygen flux
is likely to be governed by a mixed regime, as shown in Figure 8.

3.2.2 Oxygen chemical potential profiles through the La;NiO4.; membranes

Figure 9 shows the profiles of the oxygen chemical potential (1o,) through the four La,NiO,.; membranes
using data of measurements of the oxygen activity at both membrane surfaces, as described in the previous

section. The B and B?d values calculated from the gradients of oxygen chemical potential allow easily
identifying the rate determining step of the oxygen transport through the membranes (Table 7).

d
For LNO 1 membrane, the Bze criterion clearly confirms that the oxygen semi-permeation is mainly
governed by the surface exchanges, as previously suspected. Then, the gradient of o, is clearly more

important on oxygen lean face than the one obtained on the oxygen-rich surface or through the membrane
thickness.

The profiles of po, through LNO 1, LNO 0.3 and LNO p-ox membranes are almost similar, with total
gradient of 1o, equal to - 40, - 42 kJ.mol™" and - 45 kJ.mol ™, respectively. One should stress that, LNO p-ox
membrane exhibits a very low L, gradient at the oxygen-rich surface (close to zero); it results from the
porous coating that significantly increases the surface exchange area between air and the membrane. It
clearly appears that the rate determining step of oxygen transport for LNO 1, LNO 0.3 and LNO p-ox
membranes is the surface exchange at the oxygen-lean surface. This is in good agreement with the previous
results regarding the impact of membrane design on the oxygen flux performances.

Conversely, the po, profile through the LNO p-red membrane is somewhat different from those obtained for
LNO 1, LNO 0.3 and LNO p-ox membranes. The o, gradient at the oxygen-lean surface decreases
significantly from 19-30 kJ.mol™ down to 9 kJ.mol", due to the porous coating on this surface. Hence, one
can note that the Bff’d value decreases from 1.3 (for LNO 0.3 membrane) down to 0.5 (Table 5), which
supposes that the oxygen flux through LNO p-red membrane is predominantly governed by oxygen bulk
diffusion with a low contribution of surface exchanges on both membrane surfaces; B™or B*! =0.5 or close

to mixed regime.

In conclusion, the measurement of oxygen activity on both membrane surfaces allows a direct identification
of the rate determining step for the oxygen flux through the membranes. Then, the oxygen flux can be easily
improved with an appropriate membrane design. Indeed, it is observed an important change in the



predominant rate determining step between LNO 1 and LNO p-red membranes, corresponding to oxygen
flux governed predominantly by surface exchanges and by bulk diffusion, respectively.

4. CONCLUSIONS

Measurements of the oxygen activity on both membrane surfaces of Ln,NiO4; membranes (Ln= La, Pr, Nd)
showed that the oxygen flux through these membranes is mainly governed by the surface exchange on the
oxygen-lean surface. The decrease of the membrane thickness from 1 to 0.3 mm has no impact on the
oxygen flux through the La,NiO,.; membranes. Hence, the increase of surface exchanges using porous
coatings of La,NiO4;s on the oxygen-lean surface leads to a significant increase of oxygen flux. The
predominant rate determining step in the oxygen flux changes with a porous coating on the oxygen-lean
surface, i.e. from surface exchange to bulk diffusion. Finally, the measurement of the oxygen activity on both
membrane surfaces allows easily the identification of the rate determining step in oxygen flux through the

. . ox red
membrane in using B." and B, values.

The coefficients of oxygen diffusion and surface exchange obtained by semi-permeation have the same order
of magnitude than those obtained by isotopic exchange method. This suggests that the approach presented in
this work could be relevant for measuring the coefficients of oxygen diffusion and surface exchange close to
the operating conditions of these membranes.
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Annexe A

Oair and O, are the oxygen overstoichiometry amounts in the nickelate compounds under air (pO, =
0.21 atm) and argon atmosphere (pO, =~ 10° atm). These values have been measured by
thermogravimetry method under air (pO,=0.21 atm) and nitrogen (pO,= 107 atm).

C, 1s the oxygen molar concentration in the membrane adjacent to the membrane surface. It is

calculated using the relation: Co= 4*(4+3)/Vm, Vm being the molar volume estimated from crystal
cell parameters obtained by high temperature X-ray diffraction (data collected by Boehm [23]).

At 900°C Vm Suir Ss Co (mol.cm™) Co (mol.cm™)
(A%) at pO,=0.21 atm | at pO,~ 10~ atm
La;NiOy.s 390 0.12 0.08 7.02 107 6.95 10~
Pr,NiOy.5 379 0.1 0.06 7.19 107 712107
Nd,NiOy;; 372 0.155 0.115 741107 7.3410°

Table 8: Cp, 0, and 34, values for Ln,NiOy,s membranes at 900°C

At 800°C Vm Suir Ss Co (mol.cm™) Co (mol.cm™)
(A%) at pO,=0.21 atm | at pO,~ 10~ atm
La,NiOy.; 388 0.125 0.085 7.05 10~ 6.98 10~
Pr,NiOy:;5 377 0.11 0.07 7.24 107 7.17 107
Nd,NiO,; 371 0.165 0.125 7.46 107 73910~

Table 9: Co, 8,;; and d4, values for Ln,NiO,.; membranes at 800°C




Tables
Table 1: Sintering thermal treatments and relative densities of the Ln,NiO,4; membranes.
Table 2: Identification of the rate determining step of the oxygen flux from B, values.

Table 3: The D, and k., values at 900°C have been calculated from the relationships eq. 5, 6 and 9. D* and
k* have been estimated from data of Boehm et al. [6, 27].

Table 4: The Dg and k., values at 800°C have been calculated from the relationships eq. 5, 6, 9 and data from
refs. [3, 6, 27, 28, 29].

Table 5: Comparative values of the oxygen flux obtained with LNO 1 and LNO 0.3 membranes [9].

Table 6: Activation energy (Ea) of the oxygen flux through the La,NiO,.; designed membranes.

Table 7: BS" and BECd values for La,NiO,4.; membranes at 900°C.
Table 8: Cg, 8, and 34, values for Ln,NiOy.s membranes at 900°C

Table 9: Co, 8, and 34, values for Ln,NiOy.s membranes at 800°C

Figures

Figure 1: Microstructures on cross sections of the dense LnyNiO4;; membranes with a) Ln =La, b) Ln=Pr
and c¢) Ln = Nd.

Figure 2: Microstructures on cross section of the dense La;NiO4,; membranes with porous layer of 5 pm in
thickness.

Figure 3: Schematic diagram of the setup for the oxygen semi-permeation flux measurement including the
oxygen activity measurement at both membrane surfaces [18].

Figure 4: Schematic representation of the oxygen chemical potential gradient through the membrane showing
the three main steps of oxygen transport.

Figure 5: Profiles of the oxygen chemical potentials through the nickelate membranes: a) La;NiOg45, b)
Pr;NiOyis and  ¢) Ndp;NiOyy;5 at 900 °C.

Figure 6: Representation of the various La,NiO,.; membrane designs.

Figure 7: Influence of the membrane thickness and of the porous coatings on the oxygen flux through the
La,;NiOy:s membranes.

Figure 8: Rate determining step identification of the oxygen flux through La,NiO,4.; dense membrane (LNO

1) using the thermal variation of B and de values.

Figure 9: Profiles of the oxygen chemical potentials through La,NiO4s membranes with various designs at
900 °C: a) LNO 1, b) LNO 0.3, ¢) LNO p-ox and d) LNO p-red.
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Table 1

Membrane Density of Sintering Density of sintered Relative Mean grain
materials starting powder thermal sample density of size
(pycnometer) treatment (Archimede method) | sintered sample
LayNiOg.s 6.78 g.cm™ 1375°C, 1h, air 6.71 99% 1-3 pm
Pr;NiOgs 7.16 g.cm™ 1250°C, 1h, air 7.02 98% 0.5-1 um
Nd,NiOgys 7.14 g.em® 1400°C, 1h, air 6.86 96% 2-4 um

Table 1: Sintering thermal treatments and relative densities of the Ln,NiOg4.s membranes.




Table 2

Bc values | Rate determining step Type of regime
B.<<1 Oxygen bulk diffusion Bulk

B, =1 Oxygen bulk diffusion and surface exchange Mixed

B.>>1 Oxygen surface exchange Surface

Table 2: Identification of the rate determining step of the oxygen flux from B, values.



Table 3

Nickelate Jo2 D, K, on o, chD—* o A“‘(’;;Surl};cc . Apé‘j‘ surface Rate
membranes | (mol. m*.s™) (cm’s™) air side L, = o K B = AT AR determining
at 900°C (cm.s™) ¢ (mm) : ’ Step
La,NiO 7810 | 227107 | 4910¢ Surface exchange
S D—210" | w21 106 | 1-1:5107 2 0.2-0.4 1.6-2.4 at oxygen-lean
surface
13 10° Surface exchange
Pr;NiOyy; 2103 210 ot 106 4 at oxygen-lean
D*=2 107 k*=4 10 6.7 10 0.5 0.14 1.0 surface
+ volume
. : : 3-6 107 Surface exchange
Nd,NiO4 3 4107 g
2R 110 D}: 4“; o7 | K=410°] 0818107 | 1 0.2 332 at oxygen-lean
surface

Table 3: The D, and k. values at 900°C have been calculated from the relationships eq. 5, 6 and 9.

D* and k* have been estimated from data of Boehm et al. [6, 27].




Table 4

Nickelate J02 Do kex on ;= o; LCIE o g«:url'acc o Hgd surface Rate
membranes (mol. m’.s™) (cm’s™) air side o L TN NTE determining
at 800°C (em.s™) ‘ (mm) 2 ' Step
La,NiOy.5 1-2 107 08-210° | 0.8-1210° [0.5-1.7 0.5 7-7.5 surface
D*=1.510" k*=9 107 exchange at
15210 [6,27] [6,27] oxygen-lean
‘ D*=1.7107 | k*=2.510° surface
(3] (3]
D*=0.5107 | k*=110°
[28, 29] [28]
Pr,NiOg.5 2107 7-9 107 610" 4 0.09 1.8 surface
310" D*=1.5107 | k*=410° exchange at
[6,27] [6,27] oxygen-lean
surface
Nd,NiO,.5 0.14-2107 | 08-1.510° | 0.12-2 107 0.5 0.5 6.5 surface
03-310% | D*=15107 | k*=310° exchange at
[6, 27] [6, 27] oxygen-lean

surface

Table 4: The Do and k., values at 800°C have been calculated from the relationships eq. 5, 6 and 9

and data from refs. [3, 6, 27, 28, 29]




Table 5

La;NiOy4; | Thickness | Temperature . ) red Shapin Type of
(mm) ) Gradient P, /P, P02 J02 metll)m(% szz?ling
(atm) (atm) | (molm™.s™)

Ref. [9] 0.35 850 0.21/ - 1.7¢¥10° 9.6%10™ Tape Not
casting mentioned

This work 0.30 855 0.22/710°(Ar) | 2*107 8.8%10™ Tape Gold ring
casting

Ref. [9] 1 850 0.21/ - 1*¥107 8.4%10™ Uniaxial Not
pressing | mentioned

This work 1 847 0.21/210° (Ar) | 1.2%107 3.9%10™ Tape Gold ring
casting

Ref. [9] 1 950 0.21/ - 1.3%107 1.1*¥10” Uniaxial Not
pressing | mentioned

This work 1 945 0.21/210° (Ar) | 3*10” 9.4%10™ Tape Gold ring
casting

Table 5 Comparative values of the oxygen flux obtained with LNO 1 and LNO 0.3 membranes [9].




Table 6

La;NiOy.; Ea
(kJ.mol™)
700 - 900°C
LNO 1 157
LNO 0.3 187
LNO p-ox 190
LNO p-red 102

Table 6 Activation energy (Ea) of the oxygen flux through the La,NiO4; designed membranes



