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Abstract

Nanopowders of LaGaOs- and LaMnOj3-based complex perovskites (P) and ceria-based fluorites (F) were prepared by mechanosynthesis.
Compatible nanocomposites F + P and P + P with mixed ion and electron conducting (MIEC) properties were prepared and sintered at
moderate temperatures up to dense ceramics. The obtained materials were studied by means of XRD, SEM, TEM, electrical conductivity
measurements, temperature programmed (TP) reduction/oxidation and preliminary estimations of permeability were obtained. A new strategy
based on the advantages of the mechanochemical ceramic approach is proposed to design multilayer ceramic membranes for CMR. Casting
technology and one-step sintering were used for the production of thin film membranes with MIEC properties on porous substrates. The coarse
fraction of as-milled powders from agglomerates with density ~70% was used for the porous substrate, and fine fractions of aggregates with
sizes <1 wm were used in preparation of composites for thin dense films. Ceria-based composites prepared by the Pechini route and/or

mechanochemical method are proposed as materials for protecting thin films.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Catalytic membrane reactors (CMR) offer the possibility
of producing synthesis gas from methane and air while
avoiding the need for either initial separation of the oxygen
from the air or post-separation of the nitrogen from the
synthesis gas. The high reaction temperature requires the use
of a ceramic membrane which has adequate oxygen
permeability and which remains stable for a long time.
The ideal solution is to deposit a thin film of the membrane
onto a porous substrate. This gives the highest permeation
possible from the material, due to its small thickness. Dense
oxide ceramic membranes with mixed ionic and electronic
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conductivity (MIEC) have been extensively studied because
of their promising applications for oxygen separation,
syngas production and oxidative coupling of methane [1-5].
A number of modern techniques are used for mixed oxide
powders synthesis and dense ceramics production [6].
However, membrane reactors suitable for commercial
applications with high durability have not yet been created.
The application of mixed-conducting membranes is limited
by some disadvantages of existing membrane materials.
Thus, Lag;Srg3GageFeg405_s perovskite possessing the
highest oxygen mobility at elevated (750-1000 °C) tem-
peratures [7] is rather expensive and exhibits a high
reactivity towards CO, and CH, leading to degradation of its
performance with time. Fluorite-related Pr-doped CeO, as
well as SrFeOs-based perovskites possesses poor mechan-
ical properties. Another group of membrane materials called
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the dual-phase composites is comprised of the mixture of an
oxide ionic conductor and an electronically conducting
phase [7-14]. For the composite mixed conductor, it is
possible to choose good ionic and electronic conductors as
components, and to control the mixed conductivity by
adjusting the fraction of constituents. Composites based on
CeO, are considered to be the most promising. Gd-doped
CeO, is a well-known oxygen-conducting electrolyte
recently receiving much attention as a model material to
investigate nano-scale effects in conductivity [15-16]. The
preparation of composites from commercially available fine
powders usually requires long time ball milling for better
mixing of the components. Direct preparation of nanocom-
posites is possible by the Pechini process [17], but in this
case the choice of promising systems is limited. The aim of
this work is the synthesis of new materials and the
development of planar mixed conducting multilayer
membranes which can be used in reactors for efficient
methane conversion into syngas. The use of bilayer
membranes with protective film was proposed in [18].
Planar membranes may be easily produced by conventional
casting technology. A small modification of such an
approach will allow using it for the multilayer tubular
membranes fabrication which is promising for up-scaling. A
new strategy for the design of catalytic membranes with high
oxygen permeability is based on the application of the
mechanochemical approach (MA) for obtaining nanosize
powders and composites with a specific morphology. This
technique allows superfast synthesis of mixed oxides —
complex perovskites and fluorites with a high conductivity
in high energy planetary mills [10,19,20].

2. Experimental

For the preparation of single-phase powders with fluorite
or perovskite structure, mixtures of oxides were milled in a
high energy planetary mill AGO-2 for 20-30 min. The mass
of chromium steel balls (10 mm diameter) loaded into the
drum was 220 g, while the starting mass of powder mixtures
was about 15 g. For monitoring the process of mechan-
osynthesis by X-ray diffraction (XRD) analysis, 2-3 probes
of a product were taken during milling. A special procedure
of the mechanical treatment was used to decrease drastically
the contamination of the powders by iron, to increase the ball
milling efficiency, and to enhance their phase and size
uniformity [21].

For preparation of the composites, single-phase fine
fractions of strongly aggregated powders were mixed for
6 min in a planetary micro-mill with one milling body in the
form of a hexagonal prism made from the WC/Co alloy.
These mixtures were then uniaxially pressed at 100 MPa
into disk-shaped pellets. The green density of the as-pressed
pellets was within 60—65% of the theoretical density. For
comparison, pressing of powders obtained by the Pechini
process in the same conditions gives a green density of the

pellets within 35-40%. The pellets were sintered at
temperatures in the range of 1373 < T, <1523 K for
6 min. The density of each sintered pellet was determined
by the Archimedes method.

Phase characterization was carried out by XRD using Cu
Ka radiation. The data were collected in the 2@ range 10—
80° with a step 0.01, peaks being approximated by the
Lorenzian shape. The X-ray particle size was estimated
using the Scherrer equation.

The total electric conductivity of samples was measured
in air at temperatures ranging from 300 to 1000 K using a
4284 A Precision LCR Meter. Measurements were carried
out either in the isothermal or heating-cooling mode with a
temperature ramp of 3 K/min. Two silver paste electrodes
were used as electrical probes.

EM images were recorded by a Tesla BS-350 SEM and a
JEOL JEM-2010 TEM operating at 200 kV.

To estimate the lattice oxygen mobility of the nanocom-
posites in dynamic conditions following earlier described
procedures [22], sample reduction by CH4 (1% in He, CH4
TPR), reoxidation by O, (1% O, in air, O, TPO) and O,
desorption into a stream of He (O, TPD) in a temperature-
programmed (TP) mode (temperature ramp 5 grad/min from
25 up to 880 °C) have been carried out in a flow installation
equipped with an IR absorbance gas analyzer PEM-2M and an
electrochemical H, detector with data acquisition and
processing through a PC. For these experiments, sintered
pellets were crushed and thoroughly pounded with the pestle
up to micron sizes (the specific surface area of those powders
was found to be ~1 m?%/g). The powders were then pressed
into pellets, crushed and sieved to obtain the 0.5-1 mm
fraction to be loaded into a reactor. Before temperature
programmed reduction (TPR) and temperature programmed
desorption (TPD), samples were pretreated in O, at 500 °C or
in simulated air at 880 C, respectively. The temperature
programmed oxidation (TPO) was carried out after a CHy
TPR run followed by pretreatment in He for 1 h at 500 C.

Planar multilayered membranes in the form of disks with
a diameter of 15 mm were fabricated by casting slurries with
different compositions. The slurries were prepared based on
ethanol with addition of polyvinylbutyral. The electro-mass-
classifier technique (EMC) was used for the separation of
powders as milled in fractions [23]. The powder fraction
with large (20-100 pwm) agglomerates was used for creating
the porous support. The superfine (<1 wm) fractions of
aggregates were used for the fabrication of dense fine grain
ceramics and composites.

3. Results and discussion

The mechanosynthesis of mixed oxides is a well-known
approach [24], but technical problems related to its
application such as product contamination by milling
bodies, agglomeration of ceramic powders and technology
up-scaling were solved only recently [21,25] and a semi-
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quantitative theory of this complex process was developed
[26]. According to this theory, the chemical interaction on
contacts between solid particles in primary acts of
mechanical loading gets through formation of atomic
mixture by the roller mass transfer — so called the transient
dynamic state (D)*. The relaxation of this dynamic state in
conditions of quenching and decompression leads to
formation of products supersaturated by vacancies. Binary
oxides derived by mechanosynthesis are metastable dis-
ordered solid solutions undergoing, as a rule, phase
transformations at moderate temperatures [19]. Kinetic
stabilization of the mixed oxides with cubic perovskite and
fluorite structures was achieved by their complex doping
thus forming multicomponent solid solutions [20]. Such a
complex doping is required as well for obtaining compatible
phases in composites. Dense ceramics comprised of
complex fluorites and perovskites derived by mechan-
osynthesis were shown to sinter at relatively low tempera-
tures [10,20,22]. The high sintering activity of nanopowders
derived by mechanochemical activation or mechanosynth-
esis is related to the specific morphology of the powders
(Fig. 1). According to the data of mercury porosimetry and

(b)

Fig. 1. Typical SEM images of agglomerates 20—100 wm (a) and aggre-
gates <1 um (b), TEM image (c) of crystallites with domains, twin
boundaries for Bi; 5Y03Smg,03,,, derived by mechanosynthesis.
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Fig. 2. XRD patterns of LaGaOs-based perovskites as received by
mechanosynthesis: (1) LaggSrg,GagsMgp20.5; (2) Lag;Srg2Big -
Gag7MgooFe.1028;  (3)  LageSro2Cag.1Big.1Gag.sMgo.1Zno.1Fe0 202755
(4) LageSro2Cag.1Big.1Gag sMgo.1Zng.1Feo 1C00.102.75;  (5) LageSto.is-
Cay.15Bip.1Gag.5sMgo.1Zn0.05Z10.05Al0.05F€0.1C00.102.75-

helium pycnometry [25], the density of agglomerates with
sizes of 2-100 pm (formed by packing of aggregates) is
~70%, while that of aggregates (sizes <1 pum) is ~80%,
and the density of disordered crystallites with sizes of 5—
50nm is ~91-99% of the theoretical value. Such
morphology of nanopowders provides simultaneously a
high green density and a high sintering activity due to the
supersaturation by vacancies.

Typical XRD patterns of LaGaOj3-based perovskites as
received by mechanosynthesis and after sintering are shown
in Figs. 2 and 3. After sintering, the amount of impurity
phases is less than 5% and decreases with increasing the
milling time, 7, and the time of sintering. The X-ray size of
the crystallites in powders as-prepared by mechanosynthesis
are in the range of 20—40 nm.

A sintering of composites leads to inevitable chemical
interaction between components (interdiffusion). The most
promising composites with a relatively low interdiffusion
are based on ceria solid solutions [8] and all-perovskite
systems [10,22]. Components with a high oxygen ion
conductivity among all-perovskite composites are based on
doped LaGaO;. As an electron conducting component,
LaMnOs-based solid solutions can be used. Complex
perovskites, such as Lag4Cag4Big,Mngg¢Feq405_,, can
be used for the support production where Bi is introduced
for lowering the temperature of sintering and increasing
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Fig. 3. XRD patterns of LaGaO3-based perovskites after sintering up to
dense ceramics.

the exchange reaction, Ca instead of Sr for decreasing
the chemical reactivity towards CO,, Fe for increasing the
oxygen conductivity, improving the compatibility in thermal
expansion and matching shrinkage levels during sintering by
covering dense thin layers. An interdiffusion leads to
changes in the lattice parameters of the initial constituents
during the sintering of dense ceramics (cf. Fig. 4). Unit
cell parameters of individual cubic perovskites derived by
the mechanosynthesis are 38,873(13) and 38,585(15) A.
After sintering of composites with a mass ratio of 1:1, the
unit cell parameters become 38,764(21) and 38,644(51) A
accordingly.

2 theta

Fig. 4. XRD profiles of (2 1 1) peaks after sintering at 1573 K 6 min in air
for perovskites: P1 =Lag ¢Sro»Cag 1Big.1Gag sMgo.1Zng 1 Fep 205
P2 = Lag 4Cag 4Big,Mng ¢Fe 4O05_,; P1 + P2 — nanocomposite; P3 — com-
plex perovskite with chemical composition P1 + P2.
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Fig. 5. Arrhenius plot of the total electrical conductivity in air of perovskite
Pion = Lag ¢S192Cag 1Big. 1 Gag ¢Mgo 1Zng 1Fep 205, (B) and composites 1:1
(C)and 3:1 (D) with electronic conductor P, = Lag 4Cag 4Biy,Mng ¢Fep 405 _,.

The total conductivity in air of sintered ceramic disks
comprised of individual complex oxides obtained by the
mechanosynthesis and some composites is shown in Fig. 5.
The decreased low temperature conductivity of composites
with a ratio of 3:1 suggests interdiffusion during the
sintering.

Typical curves for sample reduction by methane and
oxygen desorption for the reoxidized Fe- and Co-containing
composites are shown in Figs. 6 and 7. The ceria-based
composite is not destroyed by a deep reduction down to
metallic Fe, and Co and carbides thus form a rigid skeleton,
which helps to maintain the mechanical integrity of the
MIEC composite membrane. An estimation of the oxygen
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Fig. 6. Typical curves of CH, TPR — dependence of gas concentration in %

on the temperature for F + P composite Ceq;Prg30; g5+ SrgsLag,Bag
Feo_5C00_503,5.
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Fig. 7. Typical O, TPD curve for reoxidized F + P composite.

mobility made by using the maximum rate of reduction by
methane gives a value ~10'® oxygen atoms/m?s, which is of
the same order as that found for the best materials by direct
measurement of the oxygen permeability [7].

The optimal design of a membrane for methane
conversion into syngas must consist of five layers [27]:
(1) a macroporous support with a thickness ~1 mm of the
MIEC conductor, which possesses a high rate constant of the
surface exchange reaction and good mechanical properties;
(2) an intermediate microporous layer; (3) a fully dense
ceramic layer with a thickness ~10 pwm of the MIEC
conductor or the composite with a chemical composition
close to that in layer 2; (4) a protecting thin layer of a
composite based on gadolinium doped ceria and the
LaMnOs-based electronic conductor; (5) a finely dispersed
catalyst for efficient partial oxidation of methane. Such a
design of the membrane provides the stability against
oxidizing and reducing atmospheres simultaneously, a high
oxygen permeability due to the small thickness of the dense
ceramic layer and a high rate constant of the oxygen
exchange reaction, which usually limits the permeability of
thin films [28]. The chemical compatibility of the layers in a
membrane is very important to decrease the interdiffusion
causing degradation of performance. Four-layered mem-
branes without catalyst, which can be introduced by spray
deposition in the last stage, were fabricated by consecutive
operations of slurry casting and one stage sintering at a
temperature of 1573 K for 6 min. SEM images of one
membrane are shown in Fig. 8. The density of the ceramics
measured in individual samples sintered at the same
conditions is about 85, 90, 97 and 97% for layers 1-4
accordingly. The medium grain size is about 400 nm. The
composition of the layers in the membrane presented in
Fig. 8 is as follows:

(1) thickness ~1 mm, 90% of large agglomerates + 10% of
aggregates (~1 um) of the complex perovskite
P. = Lag 4Cag 3Sr¢.1Big.1 Yo.1Feg.4Mng 3C0¢ »2Nig O3 _;

Fig. 8. (a) Cross-section view of four-layered membrane, (b) surface image
of porous support — layer 1.

(2) thickness ~100 wm, 50% of medium (~10 wm) size
agglomerates P, + 50% of fine (~3 wm) agglomerates
of the perovskite P;,, = Lag¢Cag 1519 ,Big1GageMgo 1
Zng.1Fep.1Co0,103_;

(3) thickness ~30 wm, nanocomposite 3P;,, + P, from
superfine (<1 wm) fractions of aggregates;

(4) thickness ~20 wm, nanocomposite 3F;,, + P. (where
Fion = Ce.8Gdy201 .9, Pe = Lag 4810 3Bip 3sMnO3_,).

The mechanical integrity of a planar membrane is pro-
vided by close shrinkage of all layers during sintering. It is
the main advantage of the proposed approach. The content of
expensive elements in the ceramic layers 3-5 is small en-
ough and gives a possibility of membrane recycling for the
production of porous supports. The conventional deposition
of nitrogen impermeable ceramic layers on the sintered p-
orous substrate needs few consequent operations of spray
deposition and sintering to close cracks [29].

In our opinion, a promising approach for the design of
multilayer membranes should combine both mechanochem-
ical and Pechini routes, each offering some advantages.
Thus, the mechanochemical method provides large agglom-
erates for the porous substrate and compatible nanocompo-
sites with a high green density and sintering activity, while
the Pechini process produces a binding polymer and a
catalyst precursor [22]. The usual thickness of protecting



V.V. Zyryanov et al./Catalysis Today 104 (2005) 114-119 119

films derived by the Pechini process for one operation of
deposition is ~0.2 wm as compared to ~20 wm produced by
the casting of a slurry based on mechanochemical powders
(cf. Fig. 8).

Measurements of permeability and catalytic efficiency of
the developed multilayered membranes from the composites
based on complex cubic perovskites and fluorites are
currently in progress.

4. Conclusions

A new strategy for the development of multilayered
membranes for methane conversion in CMR is proposed
based on the application of the mechanochemical approach.
The main advantages of the proposed strategy are as follows:
superfast mechanosynthesis of complex perovskites and
fluorites possessing a high green density and sintering
activity at room temperature; possibility of production of
compatible nanocomposites with MIEC properties; close
shrinkage of different layers from the porous support to the
dense ceramics; possibility of up-scaling by using a simple
casting technology for the fabrication of planar and tubular
multilayered membranes; possibility of membrane reutiliza-
tion for the production of porous supports. An even more
promising approach may include as well an application of
the Pechini route for the deposition of protecting dense
layers.
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