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Perovskites have the ability to accommodate large concentrations of vacancies in their structure and to reversibly
pick up and deliver oxygen at high temperatures, thus they are ideal candidates for use as oxygen carrier materials. The
performance of perovskites with the general formula La;xMexMyFe1.,O3 (Me = Sr, Ca, M = Ni, Co, Cr, Cu) as both
oxygen carriers for syngas generation from methane in the Chemical Looping Reforming (CLR) concept and as dense
membrane materials in the Dense Membrane Reactor (DMR) concept is explored in the present work. Oxygen is
withdrawn from the crystal lattice of the perovskites by oxidation of a fuel. Water, oxygen or carbon dioxide, are then
added to the solid which provide the necessary oxygen atoms to fill-in the lattice vacancies. The performance of the
mixed perovskitic materials doped with 5% M in the B-site (M=Ni, Co, Cr or Cu), is compared. Also, substitution of Sr
with Ca in the A-site of the perovskite is explored. Dense, disc shaped membranes of the materials were utilized in a
membrane reactor. Experiments at 1000°C revealed the possibility of performing the reduction and oxidation steps
simultaneously and isothermally on each side of the membrane reactor. The system is able to operate on partial pressure
based desorption without the need of a carbon containing reductant, so that a process towards hydrogen production,

based only on renewable hydrogen source such as water, can be established.
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INTRODUCTION

It has been established that CO, emissions
resulting from human activity have led to an
increase in the atmospheric CO2 concentration,
from a pre-industrial level of 280 to 450ppm [1].
This results in a mean annual temperature increase
at the earth's surface which is commonly known as
global warming.

The optimum approach to minimize CO;
emissions is to enhance the use of renewable
energy resources, such as biomass, solar and wind
energies. However, in the medium-term, other ways
to reduce CO; emissions are receiving increasing
interest.

A possible solution is CO, sequestration which
consists of capturing CO; in an emission source and
storing it where it is prevented from reaching the
atmosphere. [2]. There are currently a number of
available processes for CO; capture. Increasing
interest among them is being gained in the recent
years by the Chemical Looping Combustion (CLC)
technology [3]. CLC involves the use of a metal
oxide as an oxygen carrier. This process is
configured with two interconnected fluidized bed
reactors: an air reactor and a fuel reactor. The solid
oxygen carrier is circulated between the air and fuel
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reactors. In CLC, the gaseous fuel is fed into the
fuel reactor where it is completely oxidized by the
lattice oxygen of the metal oxide to CO, and water
vapor. By condensing water vapour the free-of-
water CO; can be sequestrated or/and used for other
applications. The technology has recently been
successfully demonstrated for more than 1000 h
and at scales up to 140 kW [4-6].

An alternative promising option to reduce the
CO; emissions is the use of H, as fuel. Presently,
hydrogen is produced mostly by reforming of
natural gas (i.e. methane), partial oxidation of
heavy oils and naphtha and gasification of coal [7-
8]. However, in the conventional process, air is
used for the oxidation of methane, thus the
generation of NOx is inevitable. Furthermore, the
N2 in the product dilutes the produced syngas and
brings about severe purification demands. A
promising new procedure for H, production from
natural gas is the “Chemical Looping Reforming
(CLR)” process [9]. In CLR a suitable oxide
catalyst is circulated between two reactors as in
CLC. In the first reactor methane is oxidized to
synthesis gas by the lattice oxygen of the oxide, and
in the second reactor, the reduced oxide is re-
oxidized by air. This way the products are not
diluted with N.. A schematic diagram of the CLR
and/or the CLC process is presented in Figure 1a.
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Fig. 1. (@) Schematic diagram of the Chemical Looping Combustion (CLC) and/or the Chemical Looping Reforming
(CLR) process (b) Dense Membrane Reactor-Chemical Looping Combustion (DMR-CLC) and/or Dense Membrane

Reactor-Chemical Looping Reforming (DMR-CLR).

Chemical Looping -Dense Membrane Reactor
Concept

One of the biggest concerns in Chemical
Looping processes generally and of the CLR
specifically is the recirculation of the solid
materials between the two reactors. Many materials
with good oxygen transfer capacity are not suitable
due to their high attrition indices. Furthermore all
this movement of solids requires a lot of energy.

In order to overcome these problems the dense
membrane reactor concept (Figure 1b) is proposed
in this work. It is based on the use of a dense mixed
conducting membrane reactor to perform the
reduction and oxidation steps simultaneously at
either membrane side. It is composed of two
compartments gas tightly separated by the dense
membrane. A hydrocarbon (e.g. natural gas) is
oxidized in the “Fuel” compartment in the absence
of gaseous oxygen, by pulling oxygen atoms from
the solid. Due to chemical potential difference,
oxygen is transferred through the membrane from
the opposite “oxidation” side. If air is added in the
“oxidation”  compartment, gaseous  oxygen
molecules decompose on the membrane surface and
the oxygen atoms fill the oxygen vacancies of the
membrane. Alternatively, water can be added in
this compartment, which decomposes on the
membrane surface into oxygen atoms that fill the
oxygen vacancies and pure gaseous hydrogen,
ready to use in fuel cell applications.

In either case, a net oxygen flow is formed in the
dense membrane from the “oxidation” side to the
“fuel” side, which renews continuously the oxygen
content of the oxygen carrier, thus permitting the
uninterrupted oxidation of the fuel. At the same
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time, a counter flow of oxygen vacancies (Vo) is
formed from the “fuel” side to the “oxidation” side
of the membrane, thus permitting the uninterrupted
consumption of oxygen.

The dense membrane reactor (Figure 1b) is
compared to the general scheme of the chemical
looping processes (Figure 1a). The general scheme
of the 2 processes is very much alike. They both
have a “fuel reactor” in which the fuel is oxidized
in the absence of gaseous oxygen, by utilizing the
lattice oxygen of a solid “oxygen carrier (OC)”.
They also both have an “oxidation reactor” where
the solid OC is refilled with oxygen, by either air or
H20. In the Chemical Looping the OC is a
powdered solid while in the dense membrane
reactor the OC is the membrane itself. Thus the two
processes are equivalent and readily
interchangeable. The advantage of the dense
membrane reactor process is that it ensures
continuous and isothermal operation of the
Chemical Looping Processes, while there is no
need for energy demanding solid recirculation.

One key issue with the Dense Membrane
Reactor - Chemical Looping Reforming (DMR-
CLR) process that needs to be further studied is the
development of the proper materials that can serve
as both oxygen carriers and oxygen ion conducting
membranes. The ideal candidate materials should:

* be able to accommodate large
concentrations of vacancies in their structure

* be able to reversibly pick up and deliver
oxygen at high temperatures

* have high catalytic activity in methane
partial oxidation



A. Evdou et al.: Novel materials as oxygen carriers for energy applications

* have good thermal stability and suitable
mechanical properties

» exhibit mixed type conductivity for the
necessary transfer of anions, vacancies and
electrons

Perovskite-type mixed conducting materials are
ideal candidates for use in Dense Membrane
Reactor - Chemical Looping Reforming, since they
fulfil most of the above characteristics.

The performance of the candidate materials is
ranked by taking into account the H, and CO vyields
during the fuel oxidation step as well as the amount
of oxygen per mole solid (8) that can be delivered
reversibly to the fuel.

EXPERIMENTAL

Powder material synthesis and membrane
preparation

The metal precursors used were: La(NOs).-6H,0
(Fluka Analytical), Sr(NOs). (Sigma Aldrich),
Fe(NOs)s-9H,O (Merck), Ni(NO3).-6H,O (Merck),
Co(NOs),:6H,O (Sigma Aldrich), Cr(NOs);-9H,0O
(Merck) and Cu(NO3)2-:3H.0 (Merck). High purity
Black Nickel Oxide (NiO) (Ni content 76.6-77.9%)
was purchased from Inco Special Products.
Anhydrous citric acid (purity >99.5%) was
purchased from Sigma Aldrich.

Materials are synthesized by the citrate method
[10]. Stoichiometric amounts of the precursors of
the corresponding metals are dissolved in deionised
water. After the addition of an aqueous citric acid
solution, 10% in excess, the solution is stirred,
evaporated at 70°C and the obtained solid is dried
at 250°C, overnight. Finally the solids are calcined
at 1000°C, in air, for 6 h.

The dried powdered sample was initially ball-
milled, dried, roll-granulated and uniaxially pressed
in the form of cylindrical pellets with a diameter of
10mm and height 15mm. The compacted
speciments were sintered in air and cut in thin
slices, thickness 1-5mm, with a diamond micro
wheal (Struers, Accutom-5).

Material characterization

The basic physicochemical characterization of
the prepared samples includes crystalline phase
identification, surface area determination and
morphology observation by Scanning Electron
Microscopy. The crystalline phases formed in the
prepared samples are examined by X-ray
diffraction. Powder XRD patterns are recorded with
a Siemens D500 X-ray diffractometer, with auto
divergent slit and graphite monochromator using
CuKa radiation, having a scanning speed of 2° min

1, The characteristic reflection peaks (d-values) are
matched with JCPDS data files and the crystalline
phases are identified. Specific surface area, pore
volume and pore size distribution are determined by
Nitrogen adsorption — desorption isotherms at the
boiling point of liquid nitrogen (77 K) under
atmospheric pressure using a Micromeritics, Tristar
instrument. Prior to N> sorption measurements, the
samples are degassed at 523 K, under vacuum, for
at least 16 hours. A JEOL 6300 instrument
equipped with Oxford — ISIS EDS was used for the
morphology observation of the samples.

Pulse reaction experiments

The capability of the prepared powders to
deliver oxygen at high temperatures and to convert
CHjy to synthesis gas during the fuel oxidation step,
as well as their ability to reversibly pick up oxygen
during the solid oxidation step are evaluated by
pulse reaction experiments in a fixed bed pulse
reactor. Reaction experiments with the materials in
powder form are performed in a reaction unit
(Altamira AMI-1) using a U-type quartz reactor
into which 100+3 mg catalyst is inserted (Figure 2).
A detailed description of the experimental unit is
provided elsewhere [11-12]. During the fuel
oxidation step, methane is fed to the reactor as
constant volume pulses, through a special closed
loop valve, in pulses of volume 100ul. During the
catalyst oxidation step, either oxygen or water is
injected to the reactor, also as constant volume
pulses, at its entrance before the catalyst. The
reactor outlet stream is directed to a quadrupole
mass spectrometer (Baltzers — Omnistar) where all
the reaction products are continuously monitored
and quantitatively analyzed, based on calibration
curves for all reactants and products of the process.

Membrane reactor experiments

The membrane reactor consists of two co-axial
tubes as shown in Figure 3. The membrane
specimen is fixed on top of the inner a-Al,Os tube
and divides the membrane reactor into two
compartments. An inlet and an outlet stream exist
in each compartment, all connected individually to
a mass spectrometer (Balzers-Omnistar) for
chemical analysis. The membrane specimen is gas
tightly sealed at the end of the inner tube with
specially developed ceramic sealing mixtures based
on commercially available ceramic kits. To control
leakage free operation during the entire duration of
the experiment, different inert carrier gases are
used; helium is used in compartment 1 and argon in
compartment 2.
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RESULTS AND DISCUSSION
Physicochemical characterization

The prepared Lag7Sro3Mo.osFe0.9503, samples for
M=Ni, Co, Cr and Cu, are examined by X-ray
diffraction in order to identify the crystalline phases
formed. All the samples are crystallized in mixed
perovskitic  structures similar to the mixed
compound LaixSryFeOz; (JCPDS card 35-1480)
which is the major phase identified in the
Lao7SrosFeOs sample. No impurities or unreacted
species are identified in the XRD patterns of the
prepared powders with 5% substitution of Fe,
indicating that the second metal (M) is in all cases
incorporated in the perovskitic structure.

The surface area of all the synthesized powders
is relatively small (< 5 m?/g), as they are prepared
by calcination at high temperatures (1000°C).

Pulse reaction experiments

Experimental procedure: The capability of all
the prepared powders to reversibly deliver and pick
up oxygen was evaluated by successive reduction —
oxidation steps in the fixed bed reactor. During the
reduction — fuel oxidation step, CH4 was used as the
reductant, in all experiments. During the solid
oxidation step air, water or carbon dioxide
injections were used.
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A typical plot of the amount of oxygen
exchanged by the perovskite sample during three
different experiments is shown in Figure 4a. Both
experiments start with 25 constant volume (100 pl)
injections of CH.. During the CHa injections step,
the solid is delivering its lattice oxygen to the fuel,
according to the reactions (1) and (2):

Lal.XerMyFel.y03 + 81/4 CHs — 61/4 CO, + 84/2

H20 + LaixSrkMyFe1.yOz-51 1)
LaixSrxMyFe1.yO3 + 82 CHs — 62, CO + 2 5, Ho +
Lal-xerMyFel-yO3-82 (2)

thus becoming oxygen deficient.

In the first experiment air, as constant volume
pulses, is injected to the reactor, in order to oxidize
the solid. During the oxidation step, the solid is
recovering its oxygen stoichiometry, according to
the reaction (3):

Lal-xseryFel-yOS-S + 02 —> Lal-xseryFel-yOS (3)

reaching its initial, fully oxidised state.

In the second experiment, the 25 methane pulses
are followed by water injections. The solid in this
case splits water in order to replenish its lattice
oxygen, while producing H..

Lal-xseryFel-y03-5+ HZO—>H2+ Lal-xseryFel-yog
(4)
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In the third experiment carbon dioxide is
injected to the reactor, in order to oxidize the solid.
In this case carbon monoxide is produced,
according to reaction (5).

LaixSrxMyFe1.yO3.5+CO,—CO+Lar«SrxMyFe1yO3
(®)

As shown in Figure 4a, the final state reached by
the solid in the 2 later cases is not the fully oxidised
state, as with the O injections. This is due to the
different Gibbs free energies of the 2 oxidation
reactions of the B-cation (Fe?* — Fe3* and Fe®*" —
Fe*), required in order the perovskite to reach its
initial oxidation state, as has been discussed
elsewhere [13].
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Fig. 4. Sample Lag 7Sro3FeO3 (a) Oxygen loss and uptake
(b) product distribution during the fuel oxidation step

A typical product distribution during the fuel
oxidation step is shown in Figure 4b. Initially, at
low &, only H.O and CO; are produced. At higher
oxygen deficiency of the solid, the yields of water
and carbon dioxide decrease and finally only H»
and CO are produced. As shown in Figure 4b, the
product yields are almost stable in a wide range of &
values.

Effect of a second metal addition in the B-
position: The performance in the fuel oxidation and
the solid oxidation reactions was studied initially
for the “reference case” sample Lag7Sro3FeOs with
no substitution in the B-position (y=0).

The mixed perovskites with the general formula
Lao7SrosMyFe1,Oz (M=Ni, Co, Cu and Cr) are
tested at the pulse reactor. Their capability to
reversibly exchange oxygen, the product yields
during the fuel oxidation step as well as hydrogen
production during oxidation with water are
compared to each other and to the “reference case”
Lao7SrosFeOs (y=0) material.

In Figure 5 the performance of the mixed
perovskite materials doped with 5% M (M=Ni, Co,

Cr or Cu), are compared.
2000

—o—Lag 7Srq 3Fe0s3

~0— M=Ni

—0— M=Cu O
—o— M=Cr )

—o— M=Co e

1500 -

1000 - /S e

total H 2 from water (umoles / g solid)

0 1000 2000 3000 4000 5000

total H,0 injected (umoles/g solid)
(a)
100 —— La0_75r0_3FeO3
—o— M=Ni
80 4 ——M=Co
——M=Cr
—=—M=Cu
T 60 -
=]
2
>
= 40
20 A
0 T T T
0 0.1 0.2 0.3 04
total gram-atoms O from solid / mol solid
(b)

Fig. 5. Effect of B-site doping of the Lag7SrosFeOs
perovskite with 5% Ni, Co, Cr and Cu

The H; yields obtained with the above samples
are compared to the reference sample Lag 7Sro3FeOs
in Figure 5b. The fully oxidized samples (5 close to
0) present negligible H, production. The measured
H, vyields increase with increasing oxygen
deficiency of the solid, for all tested samples, until
they reach an almost equilibrium value when the
oxygen deficiency of the solid exceeds a minimum
d value. Cr and Cu doping increase the obtained H;
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yields compared to the reference case, Ni doping
has almost no effect and Co doping has a negative
effect, decreasing the obtained H- yields during the
fuel oxidation step.

In Figure 5a the hydrogen production capability
of the prepared 5% doped perovskites, when water
is injected instead of air during the solid oxidation
step, is compared to the corresponding H.
production capability of the “reference case”
Lao.7SrosFeOs perovskite.

In Figure 5a, the total quantity of produced H is

shown as a function of the quantity of injected H-O.
The total quantity of produced hydrogen with the
Cu and Cr doped perovskites is higher than the
“reference case”, while total H> with the Ni and Co
doped samples is lower. Doping with Cr gives the
best hydrogen production capability, among the
perovskites prepared in this study.
By combining the results shown in Figure 5 it can
be concluded that the Cr doped sample gives the
best performance, both in the fuel oxidation step
where it has the highest H, yield and in water
splitting during the oxidation step where it produces
the highest Hz quantities.

Effect of a second metal addition in the A-
position: In order to study the effect of replacing
the metal at the A site of the perovskite, Sr was
replaced by Ca. The performance of the perovskites
with the general formula La;xCaxFeOs (x=0.3, 0.5,
0.7) is compared to the “reference case”
Lao.7SrosFeOs in Figure 6.

From Figure 6a, where the H; yield during the
fuel oxidation step is shown, it can be observed that
for all the Ca containing perovskites the maximum
H, yields are identical to the “reference case”
sample. However, the production of the desired
products, H, and CO in the presence of all Lai-

xCaxFeOs; samples, reaches its maximum at
significantly lower oxygen non-stoichiometry
values (8). In Figure 6b the water splitting

capability of the Lai-«CaxFeOs materials, during the
solid oxidation step, as percent H.O conversion, is
compared to that of the “reference case” perovskite.
It can be observed that for all the Ca containing
samples, oxidation with water proceeds until much
lower O-nonstoichiometry (8) values, compared to
the reference case perovskite. Furthermore, the
final & value becomes lower as the Ca/La ratio of
the perovskite decreases.

Membrane reactor experiments

In the membrane reactor the two steps of the
water splitting reaction, lattice oxygen removal-
activation and hydrogen production—deactivation,
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are performed simultaneously at the different
compartments of the reactor.
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Fig. 6. Effect of A-site doping of the La;xMexFeOs
perovskite with Sr or Ca

Membrane specimens of the composition
Lao7SrosFeOs are mounted in and tested at the
membrane reactor. Because of technical reasons
related with the complexity of mass spectrometry
analysis, the experiments towards demonstrating
the membrane reactor principle are performed with
carbon monoxide as the reductant at the activation
step, instead of methane which was used during the
batch reactor experiments.

During a typical experiment, the membrane
reactor is heated to 860°C, initially with inert gas
flow in both compartments, while the signals of
water and hydrogen in compartment 1 are
continuously monitored. The injection of water in
compartment 1 does not involve any changes in the
signal of hydrogen in compartment 1, which
maintains its background value, since the
membrane is initially inactive.

The injection of CO in compartment 2, results in
the reduction of the membrane surface in side 2,
creating oxygen vacancies. Due to the ionic
conductivity of the perovskitic material the oxygen
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vacancies are transported through the crystal lattice
to the surface of the membrane in compartment 1
and activate it. The water that is injected in
compartment 1 is thus split, hydrogen is produced,
while simultaneously oxygen is delivered to the
solid which fills its anion vacancies. The lattice
oxygen is transported once again via the material to
the surface of membrane in compartment 2, where
it is continuously consumed oxidising CO. Globally
a clean flow of oxygen ions, originating from
water, is created, from side 2 to side 1 of the
membrane, while simultaneously oxygen vacancies
flow from side 1 to side 2 of the membrane. Thus a
steady state is reached where the surface of the
membrane in compartment 2 is rich in oxygen,
continuously oxidising CO, while the membrane
surface in compartment 1 is rich in oxygen
vacancies, continuously splitting water at the
highest initial conversion. By optimising the

process parameters e.g. gas flows, temperature,
membrane thickness, it is possible to keep the
membrane material at its highest activation state,
during the steady state operation of the reactor.

—---a--i-e

H20 signal (arbitrary units)

Hydrogen signal (arbitrary units)

0 30 60 90 120 150
Time of experiment (min)
Fig. 7. Hydrogen and water MS signals in compartment
1 during a typical experiment with Lag3Sro7FeOsss ()
produced H; (b) injected H,0,
—: water off, ®— : water on, = =»: CO on,:
@ —»CO off

The interruption of CO injection in compartment
2 results in decreased hydrogen production rate in
compartment 1. However, hydrogen yield does not
become zero, instead it reaches a new steady value,
which is of course lower than before (Figure 7). In
this case the oxygen ions are desorbed from the
membrane surface in side 2 as molecular O, only
under the effect of oxygen partial pressure
difference between the two sides of the membrane.
The flow of oxygen ions is in this case smaller,
however it is not insignificant. The water continues
be split, producing hydrogen which originates only
from renewable water.

Periodical water feed shut downs in

compartment 1, were performed during this steady
state, in order to excluded the possibility of base-
line shifting and quantify the obtained results. As
shown in Figure 7, interruption of H,O injection
results in a significant drop of the H, signal, down
to its background value, which proves that the
observed hydrogen signal is due to real hydrogen
produced from the decomposition of the injected
water.
Similar experiments with inactive membrane
materials (a-Al.O; and fused silica) did not show
any significant change in the hydrogen signal
during water feed shut downs, either before or after
CO injection in compartment 2.

CONCLUSION

Perovskite materials are suitable for use as
oxygen carriers in Chemical Looping Reforming.
Upon reduction with methane, powdered Lai-
xSrkMyFe1.,O3 (M = Ni, Co, Cr, Cu) materials are
found to loose oxygen. Subsequent oxidation of the
solid is performed either with gaseous oxygen or
water or with carbon dioxide. When oxidation takes
place with air, heat is generated because the
reaction is exothermic. When H,O is used to
oxidize the material, simultaneously is produced
very pure Hy, ready to use in fuel cell applications,
but the oxidation reaction is endothermic. After
oxidation with CO,, CO produced but again the
oxidation reaction is endothermic. The additional
heat required during the oxidation with H.O or
CO,, is the energy penalty for the additional
production of H, or CO. The best, thus far,
performance was obtained with the
Lao.7Sro.3CroosFeossO3 sample, with Hy yield up to
70% and very good stability in repetitive

Acknowledgements: The present study was funded
by the program ’Hydrogen Economy Cooperation
Network for Research - Public Awareness -
Business Opportunities across Greek-Bulgarian
borders — HYDECON'. The Project is co-funded
by the European Regional Development Fund and
by national funds of the countries participating in
the ETCP “Greece-Bulgaria 2007-2013"" through
Contract B1.33.01.

REFERENCES

1.Blesl M, Kober T, Bruchof D, Kuder R. Energy
Policy; 38, 6278 (2010)

2.ADEME, BRGM, IFP. CO, capture and storage in the
subsurface. Geoscience Issues, France, 2007.

3.Hossain MM, Lasa HI.. Chem. Eng. Sci., 63, 4433
(2008)

217



A. Evdou et al.: Novel materials as oxygen carriers for energy applications

4.Proll T, Bolhar-Nordenkampf J, Kolbitsch P, Hofbauer 9.Diego LF, Ortiz M, Adanez J, Garcia —Labiano F,

H. Fuel, 89,1249 (2010) Abad A, Gayan P., Chem. Eng. J., 144, 289 (2008)
5.Linderholm C, Mattisson T, Lyngfelt A., Fuel, 88, 10. Pecchi G, Reyes P, Zamora R, Campos C, Cadus LE,
2083 (2009) Barbero BP. Catal. Today, 133-135, 420 (2008)
6.Adanez J, Dueso C, Diego LF, Garcia-Labiano F, 11.Evdou A, Zaspalis V, Nalbandian L., Int J Hydrogen
Gayan P, Abad A. Energy & Fuels; 23, 130 (2009) Energy; 33, 5554 (2008)
7.Balat M., Energy Sources Part A, 31, 39 (2009) 12. Evdou A, Nalbandian L, Zaspalis VT., J Membr Sci.,
8.Chen WH, Chiu TW, Hung HI., Int J Hydrogen 325, 704 (2008)
Energy, 35, 12808 (2010). 13. Nalbandian L, Evdou A, Zaspalis V., Int J Hydrogen

Energy, 34, 7162 (2009)

HOBU MATEPUAJIN KATO ITPEHOCUTEJIN HA KUCJIOPO/I 3A EHEPI'MMHU [TPUJIOKEHUS
A. Enoy*?, B. 3acnamuc® ?, JI. Han6anauan'*
Ylabopamopus no neopzanuunu mamepuanu, Hucmumym no XuMudHu npoyecy u eHep2utinu pecypc,
Hayuno-uscneooeamencku u mexnonozuuen yenmvp — Xenac, Tepmu-Conyn, I'opyus

2Kamedpa no xumuuecko undicenepcmeo, Apucmomenos ynusepcumem, Coayh, I'opyus
[Monyuena na Maii 27, 2013; PeBusupana na Asryct 18, 2013

(Pesrome)

[TepoBcKUTHTE MMAT CIIOCOOHOCTTA ja (OPMHPAT IOJIIMO KOJMYESCTBO BAKAHLMK B CBOUTE CTPYKTYPH H JIa IpUeMar
W OTHaBaT OOpaTUMO KHCIIOPOJ IIPU BHCOKH TEMIIEPATypH, KOSTO T'M IPaBU MICATHH KaHIMAATH 32 NPEHOCUTENIN Ha
kuciopoa. B HacTosmara pa3paboTka € u3cie1BaHO MMOBECHUETO Ha TIEPOBCKUTH ¢ obmIa popmyna LaixMexMyFe1,Os
(Me = Sr, Ca, M = Ni, Co, Cr, Cu) xaTo npeHOCHUTEIN Ha KHCJIOPO] 3a TeHePUPaHe Ha CHHra3 OT METaH, KAKTO M KaTo
IUTBTHA MeMOpaHHU MaTepuaid. KHUCIOpoxbT ce W3Teris OT KPUCTATHATA PEIIeTKa Ha MEPOBCKUTHUTE Ype3 OKHCICHUE
Ha ropuBo. Cren ToBa KbM TBbpAaTa (aza ce 100aBsi BoJa, KHCIOPOJ WM BBIVIEPOJCH ITUOKCHI, KOETO OCHUTYpsBa
3aIbjBaHe HA BaKaHIMHUTE C HEOOXOAMMUTE KHCIOPOJHH aToMU. CpaBHEHO € IMOBE/ICHHETO Ha CMECEHH IEPOBCKUTHH
Mmarepuany, 3amectenu ¢ 5% M Ha B-msicto (M=Ni, Co, Cr u Cu). U3cnensano e chIo Taka u 3aMecTBaHeTo Ha St ¢ Ca
Ha A-MscTO B mepoBckuTuTe. [1mbTHH MeMOpaHu OT Marepuanute ¢ gopmara Ha JMCK ca M3IMOJI3BaHU B MEMOpaHEeH
peaktop. IlpoBenenure excnepumentd mnpu 1000°C paskpuBaT BH3MOXKHOCTTAa 33 CIHOBPEMEHHO M H30TCPMHUYHO
NPOBEX/IaHe Ha eTaluTe Ha PEAyKUHs U OKUCICHHE OT JBETe CTpaHW Ha MeMOpaHHus peakrop. Cucremara Moxe Ja
GbyHKIMOHMpA 0e3 10OaBsHETO Ha BBIVICPOA-ChABPIKALL PEAYKTOP, TaKa Ye € Bb3MOXKHO PEATM3HPaHETO Ha IPOLeC 3a
NPOU3BOJICTBO Ha BOAOPOJ, OCHOBABAIll CE Ha Bh30OHOBSEM BOJIOPOJICH H3TOYHHUK, HAIIP. BOJA.
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