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Complex-oxide catalysts on supports made of a highly
porous cellular material (HPCM), e.g., foamed nickel
with an intermediate aluminum oxide layer [1-9] are
used in the industry for purification of gases to remove
toxic substances, such as carbon monoxide, hydrocarbons
of varied nature, and nitrogen oxides [10, 11]. In some
cases, an economic variety of catalysts of this kind can
be used, which is produced on a preliminarily oxidized
nickel surface [12] without an intermediate Al,O5 layer.
The catalytic activity of complex oxides most strongly
depends on the nature of the underlying surface. In
particular, it has been shown that the catalytic system
based on silver-doped lanthanum manganite with a
perovskite-type structure on a Ni/NiO support makes
it possible to effectively oxidize oxygen-containing
compounds, e.g., ethanol [13]. As catalytic coatings on
HPCMs can be used complex oxides with a structure of
not only perovskite, La; ,M,MnOs,,, but also fluorite,
Ce;_M,0,_ 5, where M = Ag, Cs, Sr, and Cu, and also
other compositions [14, 15]. Depending on the nature of
doping elements, their introduction can differently affect
the catalytic activity of compositions.

The goal of the present study was to examine the
catalytic activity of complex-oxide coatings deposited on
the Ni/NiO composite in the reaction of carbon monoxide
oxidation. A unified doping parameter was set for all the
samples under study: x was chosen to be 0.25. The data
obtained can be used to select the optimal, as regards

practical application, support—catalyst systems whose
catalytic activity is affected to the maximum positive
extent by the synergic interaction between the support and
the catalytic coating. The stability under cyclic working
conditions was roughly assessed for systems of this kind.

EXPERIMENTAL

A dense oxide layer was produced on foamed-nickel
supports (highly porous permeable cellular material
[2, 6]) with cell size of 2—3 mm (coarsely porous) and
0.2-0.3 mm (finely porous) by oxidation of an HPCM
in a furnace in air at 500 and 650°C for the finely
and coarsely supports, respectively. To obtain a dense
solid layer of nickel oxide, finely and coarsely porous
samples of foamed nickel were kept until their mass
increased by 1 and 0.25%, respectively. The oxidation
process was monitored by the gravimetric method and
also with an optical microscope (Olympus BX 51) and
AURIGA CrossBeam scanning electron microscope with
an attachment for local energy-dispersive analysis. The
control, operation monitoring, and analysis of the data
obtained were made with an Analysis Station, AURIGA
series, Version 3.7 software package.

Complex oxides were synthesized on the surface
of the support from the following starting reagents:
cerium(IIl) nitrate hexahydrate Ce(NO3), 6H,0,
manganese(Il) nitrate tetrahydrate Mn(NO;),-4H,0,
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strontium(II) nitrate Sr(NO;),, and copper(Il) nitrate
trihydrate Cu(NO3), 3H,0, all of analytically pure grade;
lanthanum(III) nitrate hexahydrate La(NO;);-6H,0,
cesium nitrate CsNOj;, and silver nitrate, all of chemically
pure grade. The synthesis was performed by pyrolysis
of polymer-salt compositions [16—18], with polyvinyl
alcohol (PVA) of 11/2 brand [GOST (State Standard)
10779-78] as the polymeric component.

To prepare an aqueous solution, a PVA powder
was dissolved in water in a prescribed amount 3, 5, or
10 wt %). The heating on a water bath was performed to
complete dissolution of PVA, with water added instead of
its evaporated amount when necessary. Then, the finished
polymer solution was added to solutions of salt mixtures
calculated for obtaining a particular complex oxide. The
relative amounts of salts and the polymer were chosen on
the basis of the stoichiometric ratio [16] for the pyrolysis
reaction yielding carbon dioxide, water, and molecular
nitrogen as gaseous products. Samples of the nickel
HPCM were submerged in the resulting working solution
and impregnated to saturate their moisture capacity.
Then the samples were removed, the excess amount of a
solution were allowed to flow down, and dried in air for
24 h. After that the samples were annealed at 50°C for
4 h. Then, the catalyst deposition procedure was repeated
and then the samples were again annealed, now at 650°C.
When necessary, subsequent layers of a complex oxide
were deposited to reach a mass fraction of the coating
relative to the mass of the entire formulation equal to 9
to 15% for the finely porous support and 9 to 11% for
the coarsely porous support. To obtain reference samples,
powdered complex oxides of an appropriate composition
were obtained by evaporation of working polymer-salt
solutions in a porcelain pan on an electric hotplate. After
water was removed, pyrolysis was performed and its
products were annealed in an electric furnace under the
conditions corresponding to those in which complex oxide
coatings are synthesized.

The specific surface area of the samples under
study was determined on a Micromeritics TriStar 3029
automated sorption installation by using the volume
variant of the BET sorption method. The specific
surface area was calculated from the isotherm of low-
temperature sorption of nitrogen vapor. The morphology
of the resulting materials was examined with the above-
mentioned scanning electron microscope.

The phase composition of the samples was determined
by X-ray phase analysis on a DRON-6 automated X-ray
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diffractometer. The X-ray diffraction patterns were
obtained with Cuk, radiation (A= 1.5418 A) at 20 angles
in the range 20°-80° at a scanning rate of 2 deg min-!.
The crystallographic parameters were calculated and the
phase composition was analyzed on the basis of Peak Find
and PDwin4 software packages, with phases identified
using the ICDD database [19].

The catalytic activity of the samples was measured
for the reaction of carbon monoxide oxidation in a flow
type reactor, in which conditions as close as possible to
the ideal-displacement mode were realized. Before the
beginning of an experiment, the reactor was filled with a
catalyst on a support or catalyst grains 2.4—2.6 mm in size
when a study was performed for a powder sample. After
that the reaction mixture was delivered. The contents of
CO and oxygen in the gas mixture did not exceed 0.2 and
3 vol %, respectively, at a gas flow rate of 0.017 dm3 s-!
and specific load on a catalyst of 100 000 h-!. The mixture
was set using gas cylinders with N, and CO (content
of CO 0.2 vol %, with the inert filler N, the rest). The
content of carbon oxide in the starting reaction mixture
was set and that in the final mixture was monitored with a
Testo-350 XL electronic gas analyzer. Experimental data
were obtained with stepwise heating of the reaction zone.

RESULTS AND DISCUSSION

Catalytic layers based on perovskite (La;_ M, MnOs, )
and fluorite (Ce;_M,0,_5), where M = Ag, Cs, Sr, Cu,
were produced by pyrolysis of polymer-salt composition
on foamed-nickel supports. After complex-oxide coatings
of perovskite systems were synthesized on a Ni/NiO
composite support, their phase composition was analyzed
both directly on the surface of the support and upon
mechanical detachment of the catalytic layer from the
support. The X-ray diffraction pattern obtained directly
from the surface of a catalyst-coated support shows
analytical peaks associated both with nickel itself and
with its oxide; in addition, highest intensity reflections
from the perovskite phase proper are well seen. The
diffraction pattern of the catalytic layer detached from
the support shows reflections related to the metallic
and oxidized nickel, which are firmly adherent in the
composite to the catalytic coating.

For example, the La;_,M,MnOs., catalytic coating is
heterogeneous and contains, in addition to the perovskite
phase, metallic silver, in agreement with the previously
obtained data [20]. Silver is only partly incorporated
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Table 1. Phase composition of supported samples preliminarily
detached from the substrate

Composition of a catalyst Phases observed?
Lay 75Ag92sMnOs,,, LaMnO;, Ag
Lag;5CspsMnOs.,, LaMnO;

Lay 75519 ,sMnOsy, LaMnO;, SrCO;, MnO,
Ce.75A802502 5 CeO,, Ag
Ce.75Cu 250, 5 Ce0O,, CuO
Ce.75Cs02502 5 Ce0,

2 LaMnOs are solid solutions based on LaMnO;,,, and CeO,, those
based on CeO,_;.

into the perovskite structure. The phase composition
of complex oxide samples detached from a support is
presented in Table 1. All the X-ray diffraction patterns
have peaks associated with metallic nickel Ni, its oxide,
and the main phase of the catalyst. It should be noted
that presence of phase impurities frequently positively
affects the catalytic activity. This refers, in particular, to
systems including silver. When copper is introduced into a
catalyst based on cerium oxide, the second phase, copper
oxide CuO, is also formed [21, 22], which improves the
catalytic activity in redox reactions. In this case, copper
oxide itself is also actively involved in the oxidation
of substances by oxygen. The stabilization of CuO and
the absence of a noticeable reduction of this oxide by
carbon-containing substances are provided by the transfer
of oxygen from the ambient medium by cerium oxide,
which enables reverse oxidation of copper oxide partly

OSTROUSHKO, RUSSKIKH

reduced in the catalytic cycle. Thus, the problem of
obtaining on an oxidized support a composite including
the main phase (solid solution based on perovskite or
cerium dioxide) and impurities improving the catalytic
activity was successfully solved.

Method of pyrolysis of polymer-salt compositions
was also used to synthesize, for comparison purposes,
also powdered samples of Laj;5A89,5MnO3,,
Lag 7581 2sMnOs,,, Ceg 75A80.250, 5 and Ce 75Cug 250, 5.
An analysis of the phase composition of the powdered
samples demonstrated that La; ;5Ag0,5MnO3,,
Ce.75A80 25055, and Ce 75Cuy »50,_5 samples, as well
as supported samples, are heterogeneous and contain the
same impurity phases as the supported complex oxides. In
the given case, the presence of a substrate had no effect on
how the phase composition of the complex oxide system
was formed. Only the complex oxide La 7551 ,sMnOs.,
was single-phase when synthesized as a powder, in
contrast to the case of a coating. A possible reason for
the heterogeneity of the La 7551 ,sMnO;., coating is that
the components of the complex oxide are localized on
different parts of the surface of the support (are separated),
and just this circumstance leads at a comparatively low
temperature of synthesis to its incompleteness.

Table 2 lists the specific surface areas of the Mi/NiO/
catalytic coating composites obtained in the study. It
should be taken into account that the fact that specific
surface areas of the supported catalysts are comparatively
small follows from the catalyst/support mass ratio. The
largest specific surface area among all the samples
was observed complex oxide coatings of composition
Lay 75Cs92sMnOs.,. This is due to the presence of a partly

(b)

1 um

Fig. 1. Electron micrographs of the catalytic layer in the Nicoarse/NiO/La, ;5Cs, ,sMnO; composite. Magnification: (a) 30 and (b) x3000.
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Fig. 2. Conversion a of carbon monoxide for complex oxides Ce, ;sMn, ,50,_s used as catalysts vs. temperature 7. (a) Supported samples:
(1) oxidized support without a catalytic coating, (2) Ce( 75Cug 50,5, (3) Ce.75Cs.25025, (4) Cep75A80 250, 5; (b) powdered samples:

(1) Cey 7578025055, (2) Ceg75C80.2505 5, (3) Ceg 75Cug 2505 5.
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Fig. 3. Conversion a of carbon monoxide for complex oxides used as catalysts vs. temperature 7. (a) Supported samples: (1) oxidized
support without a catalytic coating, (2) La 7551 ,sMnOsy,, (3) Lag 75Csg ,sMnOs ., (4) Lag 75Ag),sMnO;5 4 ,; (b) powdered samples:
(1) oxidized support without a catalytic coating, (2) Lag 75Csy2sMnO; . ,, (3) Ceg 75Cs 250,

amorphized phase in complex oxide layers, demonstrated
by electron microscopy (Figs. 1a and 1b). The first
complex oxide layer directly adjacent to the surface
of nickel oxide was denser and had a nanocrystalline
structure. It provided a god adherence of the higher lying
layers to the support. Figure 1b shows a complex oxide
layer situated between cells of the foamed-nickel support.
This partly amorphized catalytic layer had a branched
structure with a set of pores and channels proving its
gas permeability. The specific surface area of catalysts
on the coarsely porous nickel could be larger because
it possessed a substantial free space for an amorphized
complex oxide to be formed. Simultaneously, the
permeability to gases under the catalysis conditions was
preserved.

The catalytic activity of complex oxide coatings of
composition La, 75M(,sMnO;., (M = Sr, Cs, Ag) and
Ce75Mp250,_5 (M = Cu, Cs, Ag), deposited on a finely
porous support, in the reaction of carbon monoxide
oxidation depended on the nature of the dopants being
introduced (Fig. 2a). Naturally, the catalyst support itself
had a substantially lower catalytic activity (Fig. 2a),
but affects the catalytic coating in various ways. For
example, the presence of a support affected comparatively
weakly the catalytic activity exhibited in the test reaction
of carbon monoxide oxidation by cerium oxide with
a structure of the fluorite type upon introduction of
copper and cesium into the catalyst. At the same time,
the presence of an underlying surface significantly
diminished the activity of the silver-including system.
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Table 2. Specific surface areas of the samples obtained

Samples S 2 |

1 2

Nigpe 0.20 -

Nig,/NiO 0.20 -
Nig,/NiO/ Lag 75Cs g ,sMnOs,, 2.16 13.81
Nig,/NiO/Lag 75A80 ,sMnO;,, 0.57 11.15
Nig,/NiO/Ce 75Cu 250, 5 1.52 12.51

Nicoarse 0.11 -

Nigparse/ N1O 0.10 —
Niggarse/N1O/Lag 75Cs  ,sMnOs.,,, 0.51 4.43
Niggarse/N iO/LaO.75Ag0.25MnO3iy 0.25 2.54
Nicoarse/NiO/Cey 75Cu 250, 5 0.58 6.27

8 Nigoaree 1S coarsely porous foamed nickel (cell diameter 2-3 mm),
and Nig,. is finely porous foamed nickel (cell diameter 0.2-0.3 mm).

b Column 1 presents the total specific surface area of the whole
catalytic system, and column 2, the specific surface area of the
complex oxide coating proper.

The activity of the corresponding complex oxides can
be arranged for the powdered samples with respect to
dopants in the following order: Ag > Cu > Cs (Fig. 2b).
For the supported catalysts this series has the form: Cu >
Cs > Ag (Fig. 2a).

A similar situation was observed for the system of
catalysts based on doped lanthanum manganite with
a perovskite-type structure (Fig. 3a). Silver-doped
perovskite introduced silver had a substantially lower cat-
alytic activity in the presence of a support. The catalytic
activity of silver-containing compositions in the reaction
of CO oxidation commonly exceeds that with strontium-
doped lanthanum manganite [13]. Thus, having analyzed
two systems with catalytic coatings of different structural
types, we can conclude that silver particles are passivated
when deposited on the Ni/NiO composite. It should be
assumed that, for silver-containing systems to retain their
catalytic activity, it is necessary to obtain an intermediate
layer based on aluminum oxide, in agreement with the
results of earlier studies [13]. As regards the influence
exerted by the structural type of the main phase on the
catalytic activity of supported systems, it should be noted
that the perovskite-based supported catalyst is advanta-
geous (Figs. 2a and 3a). A possible reason is that silver is

OSTROUSHKO, RUSSKIKH

partly incorporated into the perovskite structure [13], with
additional catalytic centers generated, in contrast to the
system based on cerium oxide, in which silver is found
only in the metallic state. As evidence confirming that
silver does not dope the fluorite-type structure serves the
fact that the lattice parameters of cerium dioxide remain
unchanged. The introduction of an alkaline-earth element
(strontium) and an alkali element (cesium) into supported
lanthanum manganite gives nearly the same result because
the catalytic activities of these compositions are close
(Fig. 3a). This makes possible in economic regard to use
the less expensive strontium for doping. The activities
of supported catalysts of two different structural types
upon introduction of cesium were also found to be close
to each other (Fig. 3b).

The working stability of catalysts is important for
their practical application. A primary test of cycling
loading of catalysts, with their intermediate cooling,
makes it possible to select in a rather simple way the
most promising of them. Sufficiently active supported
catalytic composites with the Ce ,5Cug,50, 5 and
Lag 75Ag),sMnOs,, coatings were chosen for a primary
testing. The latter system was studied despite the observed
passivation of metallic silver in the case of nickel oxide as
an intermediate layer. A supported catalyst was placed in a
tubular furnace and a gas mixture containing CO, oxygen,
and nitrogen (CO concentration was 0.2 vol % passed
trough, with a load on the catalyst of about 100 000 h-!.
The experiment was performed with the temperature
stepwise raised from 25 to 700°C and the conversion
of CO measured in the process. Then, the supported
catalyst was cooled in the furnace to room temperature
in the same medium, after which the cycle of heating
and cooling in the reaction medium was repeated. It was
found in these experiments (Figs. 4a and 4b) that there
was no significant decrease in the catalytic activity and
the catalysts are suitable for further tests. An electron-
microscopic analysis of silver-doped perovskite samples
demonstrated that uniform distribution of the finely
dispersed silver phase over the perovskite surface remains
unchanged upon cyclic tests. The size of silver particles,
which appear to be lighter in the electron micrographs,
did not change significantly (Fig. 5).

On being subjected to cyclic tests, the supported
catalyst Ce, 75Cuy ,50,_5 was more stable, compared with
the similar powdered sample (Fig. 6). In this case, there
presumably appears an additional stabilizing effect of the
support on the heterogeneous catalyst.

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 88 No. 10 2015
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Fig. 4. Working stability of catalysts deposited on a nickel HPCM: (a) Cey 75Cu 50, 5 and (b) Lag 75Ag(,sMnO; . .. (o) Conversion

and (7) temperature.
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Fig. 5. Electron micrographs of the catalytic layer in the Nifine/NiO/Lag 75Ag,,sMnO;,, composite. (a) Before the catalytic study,
magnification x14000; (b) after cyclic tests in CO oxidation, magnification x15 000.

CONCLUSIONS

The results of the study demonstrated that using the
economical Ni/NiO composite support results in a decrease
in the catalytic activity of complex oxides containing silver
as a dopant. Presence of nickel oxide as an intermediate
layer in the supported system results in that the catalytic
activity of complex oxides based on lanthanum manganite
is nearly independent of the nature of a dopant, whereas
for compositions based on cerium dioxide, the activities
are arranged as regards the dopants in the following order:
Cu>Cs>Ag.

ACKNOWLEDGMENTS

The authors are grateful to D.S. Chezganov for
assistance in electron-microscopic measurements.

o, %
100 m/ A
u A 2
X - WA
| A
60 A
A
i A
AA
20
m
J 1 L 1 1 L 1 L
100 300 500 7007, °C

Fig. 6. Conversion a of carbon monoxide in 6th cycle of
testing of the catalyst of composition Cej;5Cuj,50, 5 vs.
temperature 7. Sample: (/) deposited on foamed nickel and
(2) in the form of powder.

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 88 No. 10 2015

1587



1588 OSTROUSHKO, RUSSKIKH

The study was carried out with the equipment of the
Ural Collective Usage Center “Modern nanotechnologies”
at Ural Federal University. The results were obtained
under the State assignment of the Ministry of Education
and Science of the Russian Federation (project no.
2343, contract no. 14.594.21.0011, unique identifier
RFMEFI59414X0011).

REFERENCES

1. Golosman, E.Z. and Konovalova, D.E., Ross. Khim. Zh.
(Zh. Vses. Khim. O—va im. D. I. Mendeleeva), 2006, no. 3,
pp. 167-171.

2. Khramtsov, V.D., Izv. Vyssh. Uchebn. Zaved., Tsv. Metall.,
2000, no. 1, pp. 51-52.

3. Antsiferov, V.N. and Porozova, S.E., Vysokoporistye
pronitsaemye materialy na osnove alyumosilikatov
(Highly Porous Permeable Materials Based on Aluminum
Silicates), Perm: Perm Gos. Tekh. Univ., 1996.

4. Ostroushko, A.A., Makarov, A.M., Porozova, S.E., et al.,
in Automobile & Technosphere (ICATS 99), The First Int.
Conf. Kazan, 1999, vol. 3, p. 71.

5. Ostroushko, A.A., Udilov, A.E., Makarov, A.M., et al., in
Automobile & Technosphere (ICATS 01), The Second Int.
Conf. Kazan, 2001, pp. 175-176.

6. Beklemyshev, A.M., Strukturnye i gidravlicheskie svoistva
vysokoporistykh yacheistykh materialov na metallicheskoi
osnove (Structural and Hydraulic Properties of Highly
Porous Cellular Materials on a Metallic Support), Perm:
Perm Gos. Tekh. Univ., 1998.

7. Ivanov, B.V., Lipilin, A.S., Spirin, A.V., et al., Al tern.
Energ. Ekol., 2007, no. 2, pp. 75-88.

8. Smorygo, O., Mikutski, V., Marukovich, A., et al., Int. J.
Hydrogen Energy, 2009, vol. 34, no. 23, pp. 9505-9514.

9. Smorygo, O., Sadykov, V., Mikutski, V., et al., Catal.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Sustainable Energy, 2012 , vol. 1, pp. 90-99.

Sadykov, V., Mezentseva, N., Bunina, R., et al., 8th Eur.
SOFC Forum, June 30—July 4,2008, Lucerne, Switzerland,
A0526.1-6 (CD).

Meilin, J.ILA., Xu, L.I., Yuenian, S.H.E.N., and Yunxia,
L.1, J. Rare Earths, 2011, vol. 29, no. 3, pp. 213-216.
Antsiferov, V.N., Ostroushko, A.A., and Makarov, A.M.,
Sintez, svoistva i primenenie katalizatorov okisleniya sazhi
na osnove modifitsirovannykh vysokoporistykh yacheistykh
materialov, modifitsirovannykh slozhnooksidnymi
kompozitsiyami (Synthesis, Properties and Application
of Catalyst for Carbon Black Oxidation on the Basis of
Modified Highly Porous Cellular Materials Modified with
Complex Oxide Formulations), Perm: Perm Gos. Tekh.
Univ., 2008.

Ostroushko, A.A., Shubert, E., Makarov, A.M., etal., Russ.
J. Appl. Chem., 2003, vol. 76, no. 8, pp. 1253—1259.
Porsin, A.V., Alikin, E.A., Danchenko, N.M., et al., Katal.
Prom—sti, 2007, no. 6, pp. 39-45.

Trovarelli, A., Catalysis by Ceria and Related materials,
World Scientific Publishing Company, 2002.
Ostroushko, A.A., Inorg. Mater., 2004, vol. 40, no. 3,
pp. 259-263.

Ostroushko, A.A., Shubert, E., Zhuravleva, L.1., et al., Russ.
J. Appl. Chem., 2000, vol. 73, no. 8, pp. 1383-1392.
Ostroushko, A.A., Ross. Khim. Zh. (Zh. Vses. Khim. O—va
im. D. I. Mendeleeva), 1998, vol. 42. nos. 1-2, pp. 123—
133.

JCPDS — International Centre for Diffraction Data, 2000.
PCPDFWiIN v. 2.1.

Salvatore Scire, Paolo M. Riccobene, and Carmelo
Crisafulli, Appl. Catal., B, 2010, vol. 101, pp. 109-117.
Avgouropoulos, S., Ioannides, T., and Matralis, H., Appl.
Catal., B, 2005, vol. 56, pp. 87-93.

Xiaolan Tang, Baocai Zhang, Yong Li, et al., Catal. Today,
2004, vols. 93-95, pp. 191-198.

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 88 No. 10 2015



		2016-01-26T17:28:09+0300
	Preflight Ticket Signature




