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Micro- and nano-structural organization and its influence on the efficiency of catalysts used in
the heat sources for permeable thermoelectric generators were investigated. Two types of catalyst
were studied—elemental platinum on aluminum oxide granulate Pt/Al,O5; and mixed transition-metal
catalyst on fibrous silicon dioxide Co—Cr—Pd-Sr/SiO,. The distribution of active components in cat-
alytic structures which contribute to the maximum combustion completeness of organic fuel in heat
sources was investigated. Practically full conversion of hydrocarbons was achieved already with
1 mass.% of platinum in the Pt/Al,O5 catalyst with sub-um- and nm-sized particles placed at the
input of the gas-air mixture into the channel of the permeable thermoelement. The propane-butane
conversion rate of 97% for the catalyst Co—Cr—Pd/SiO, with was further enhanced by addition of
0.5 mass.% of Sr. The catalytic centers are formed by CoCr,0, nanocrystals (10 to 40 nm in size)
with Pd promotor in form of single crystals on the fibrous SiO, matrix.
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1. INTRODUCTION

Combustion of liquid and/or gaseous fuels on solid cata-
lysts is one of the most promising ways of obtaining heat
to be used in thermoelectric generators. It allows signifi-
cant elimination of heat losses with products of reaction,
on the one hand, and formation of hazardous substances
like CO, NO, and fine-dispersed carbon, resulting from
incomplete fuel combustion, on the other hand.! Noble
metals Pt, Pd, Ir, Rh and multi-component oxides of tran-
sition metals Co, Cr, Fe, Ni, Cu with the general compo-
sition Me(I)Me,(II)O, and the spinel-type crystal structure
are studied and employed as active components of the cat-
alysts for the complete combustion of both liquid and gas
hydrocarbonic fuels.?

Two types of catalytic structures are predominantly
used in heat sources of thermoelectric generators:
(i) solid or granulated structures where the catalytically
active component is deposited on the porous carriers
(alumina, alumosilicates); (ii) fibrous structures where
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active components based on either noble metals or oxides
of variable valency metals are deposited onto siliceous
fiber. Of special interest for use in thermogenerators are
permeable thermoelements with internal catalytic heat
sources.” Such thermoelements have pores or channels
where the catalyst is located. Provided gas fuel in channels
or pores is combusted such catalysts become embedded
heat sources.

The catalytic heat sources properties for such kind of
thermoelements are generally regulated by the concentra-
tion, nature and structure of the catalytically active mate-
rial, as well as the geometry of channels where the catalyst
is planted. Therefore, the enhancement of the catalyst effi-
ciency and, hence, that of the catalytic heat source, it is of
great practical importance. This justifies also the research
on the spatial organization of the really working catalysts
and on the effect of their nature and distribution of active
components in them on the efficiency.*

The objective of the present paper is to study the micro-
and nano-structural organization as well as distribution of
catalytically active components in two catalyst types—
elemental platinum on aluminum oxide granulate Pt/Al,O,
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and mixed transition-metal catalyst on fibrous silicon
dioxide Co—Cr—Pd-Sr/SiO,—which are implemented to
ensure maximum combustion rate of the gaseous hydro-
carbonic fuel in catalytic heat sources for permeable ther-
moelectric generators.

2. EXPERIMENTAL DETAILS

2.1. Materials

All reagents employed for preparation of catalysts were of
analytical grade of purity and were used without additional
treatments.

2.2. Preparation

The granulated catalyst was prepared by the impregna-
tion of the alumina granulate (Al,0;) with the solution
of H,PtClg with appropriate concentration.® To control the
impregnation depth of platinum, granulate was pre-treated
with a vapor of organic solvent acetone (30 min). After
impregnation, the granulate material was calcined in air at
550 °C for 2.5-3 hours.

The fibrous catalyst was prepared by the impregna-
tion of the siliceous fiber (SiO,) with the solutions
of nitrate salts (Co(NO;)x6H,0, Cr(NO;);x9H,0) with
appropriate concentration.® To generate a catalyst promo-
tor, the solution of PdCl, of the suitable concentration
was added to the impregnating mixture of transition met-
als nitrates. Strontium stabilizer was added in form of
Sr(NO;), x4H,0. After impregnation, the fibrous material
was calcined in air at 550 °C for 1 hour.

2.3. Characterization

Phase identification was realized by powder X-ray diffrac-
tion experiments (Huber image plate Guinier camera
G670) employing CuKa1 radiation, A = 1.540562 A. Pro-
file analysis and lattice parameters refinement were made
with the program package WinCSD.’

The microstructure of the catalysts was investigated
with the scanning electron microscope Philips XL.30 using
secondary and back-secondary techniques. The chemical
composition was determined at different points on the sur-
face of the powdered samples by energy-dispersive X-ray
spectroscopy (EDXS) with an Si(Li) detector attached to
the scanning electron microscope. For the quantification,
the scattered electrons procedure was employed.

The local structure of the catalysts was characterized by
transmission electron microscopy experiments. The elec-
tron microscope FEI Tecnai 10 used in this study was
operated at 100 kV.

2.4. Modelling

Computer simulation of the temperature distribution within
the permeable thermoelectric module was performed
using the finite elements technique implemented into the
COMSOL Multiphysics software.°
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3. RESULTS AND DISCUSSION

Optimal use of a catalyst depends on the proper choice
of the temperature window and spatial conditions for the
combustion process. Therefore temperature distribution in
the channel and in thermoelectric material within a per-
meable thermoelectric module was first modeled for three
thermoelements configurations (Fig. 1):

—thin layer of the catalyst (200 wm) is deposited onto the
walls of cylindric channels in the legs of a thermoelectric
element;

—channels of a thermoelement are filled with the porous
catalyst (particle size 200-250 wm) with regular active
component distribution along the volume of the channel;

—active catalytic element is placed at the input of the gas-
air mixture into the channel which is filled with porous
carrier (AL, O;).

It is assumed in calculations that the active component
concentration is equal for all three variants. The com-
pleteness of gas combustion is also considered to be the
same which is controlled by the speed of gas/air flow
through the channel. The thermal conductivity of the ther-
moelectric material is assumed to be within the range of
0.012-0.016 W cm~! K~!. Elemental Pt and Pd are used
as models for the catalytically active phase.

The maximum temperature difference between the cold
and hot sides of the leg is obtained if the catalyst is placed
in the input part of the channel (gas flow direction is
marked with arrow, Fig. 1(a)), while the regular distribu-
tion of the catalyst in the channel volume is less effective
(Fig. 1(b)). The catalyst deposition onto the inner walls
of the cylindrical channels is the least efficient (Fig. 1(c)).
The modelling yields the temperature window for the cat-
alytic combustion between 500 and 600 °C.

The catalysts with the regular distribution of the active
centers on surface and/or in volume of the carrier matrix
may be prepared on base of the porous granulated Al,O5
or the fibrous silica. Such structures enable catalytic heat
generation in the external diffusion regime on the surface-
distributed active centers, and/or in the intrinsic diffusion

Figure 1. Temperature distribution (in °C) in a cylindrical leg of the
permeable thermoelectric element: height of leg is 20 mm; diameter of
channel is 2 mm; diameter of leg is 12 mm.
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regime in case of the volume distribution. The maintaining
of the spatial distribution of the catalytically active centers
is the way for optimization of the fuel combustion rate
and increasing the efficiency of heat sources for permeable
thermoelectric generators.

An important property of Al,O;-based carriers for the
catalysts obtained with the impregnation technique is the
number of hydroxyl groups adsorbed on the active surfaces
of the carrier.”-® The thermal pre-treatment of the Al,O5-
based carrier allows to control this number and — thus —
has a significant effect on the catalyst efficiency during the
reaction of gas fuel catalytic oxidation. The temperature
range of 300400 °C was found to be the optimal regime
to provide the necessary number of adsorbed hydroxyl
groups on the carrier surface. A further increase in the car-
rier heating temperature causes the decrease in fuel com-
bustion completeness due to the significant decrease in
active acid centers concentration with increasing calcina-
tion temperature.’

Volume distribution of the active component in the
porous Al,O; based carrier can be further controlled by
the time of pre-treatment of the carrier with the vapor
of organic solvents.? Depending on the pre-treatment, dif-
ferent types of active component distribution can be tar-
geted. The uniform active component distribution in the
porous carrier volume provides for the maximum degree
of gas conversion in the internal diffusion regime with low
flow rate of the combustive mixture, where the hydrocar-
bons concentration is high enough. The surface distribution
ensures the maximum degree of hydrocarbons conversion
in the external diffusion regime when the flow rate of
combustive mixture is very high. The essential mechanism
of the influence of the evaporating solvent is its compet-
itive adsorption on the carrier surface’ resulting in the
considerable increase of the active component transport
(H,PtClg or PdCl, for this case) to the volume of the
porous carrier.'® For the catalysts investigated in this study,
the organic solvent pre-treatment was maintained with the
aim of work with the high flow rate of the combustion
mixture.

The X-ray powder diffraction pattern of the Pt/Al,O4
catalyst obtained in this study (Fig. 2) shows only reflec-
tions of the y-Al,O; carrier and elemental platinum. Obvi-
ously, platinum hydrochloric acid decomposes during the
calcination stage of the catalyst manufacturing and yields
the element. The refined lattice parameter of platinum
in the catalyst a = 3.937(8) A is close to the literature
values.!! The large half-widths of the diffraction peaks
suggest very small size of the diffraction domains of the
order of 10 nm. This is confirmed by the investigation of
the microstructure. The catalyst spatial structure is pre-
sented in Figure 3 (scanning electron microscope in back-
scatter mode). Small Pt particles with the size 0.1-1.5 wm
are uniformly distributed in the y-Al,O; matrix. Taking
into account the X-ray diffraction data, these particles are
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Figure 2. Powder X-ray diffraction pattern of the Pt/Al,O; catalyst
(CuKal radiation, A = 1.540562 A). Reflections of y-Al,O, and elemen-
tal platinum are indexed (ICSD data base, nos. 76153 for Pt and 66550
for y-alumina'').

composed from the smaller nm-sized diffraction domains.
The y-Al,O; matrix has a loose organization and consists
of particles of size up to 10 pwm.

The efficiency of Pt catalysts with the volume distribu-
tion of active phase and the spatial organization described
above was studied in the deep oxidation reaction of the
propane-butane mixture (with the ratio of 4:1) in the cat-
alytic heat source for thermogenerator with the power
between 10 and 100 W. The combustion products analy-
sis (the completeness of fuel combustion) was performed
by gas chromatography. The maximum combustion tem-
perature and hydrocarbons conversion rate were chosen as
efficiency criteria (Fig. 4). The maximum oxidation tem-
perature was within the range of 470-510 °C, whereas
conversion approached 100%. The optimal platinum con-
centration was found in the range of 0.5-1.5% of the car-
rier mass.

X-ray powder diffraction pattern of the Co—Cr—Pd/SiO,
catalyst with the composition of Co—Cr (29 mass%) and
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Figure 3. Spatial organization of the Pt/y-Al,O, catalyst (back-scatter
SEM image). The sub-micrometer- and nm-sized particles of elemental
platinum (white spots) are uniformly distributed in the y-Al,O, matrix.
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Figure 4. Hydrocarbons conversion rate («) and maximum combustion
temperature (7,,,) versus the Pt content in the P/Al,O; catalyst.

Pd (0.2 mass%) — prepared as described in Experi-
mental details — shows the presence of a crystalline
phase CoCr,0, with the spinel-type of crystal structure
(Fig. 5). Decomposition of the initial nitrates of cobalt
and chromium results in the formation of corresponding
oxides that react to the triple spinel phase during the
calcination.'? Due to the initially small palladium concen-
tration the reflections of elemental palladium or palladium
oxide(s) in the powder X-ray diffraction patterns were not
observed. The refined lattice parameter of the CoCr,O,
spinel phase is a = 8.346(3) A, being close to the literature
data."! Analysis of the available reflections applying the
Scherrer equation reveals diffraction domains of the size of
order 20 nm.

Transmission electron microscope study revealed indeed
the presence of CoCr,0, nanocrystals (10 to 40 nm in size)
being agglomerated around large particles of amorphous
Si0, (Figs. 6(a, b)). These nanocrystals serve obviously as
the diffraction domains (cf. above). The lattice parameter
a=8.3 A obtained from the electron diffraction (Fig. 6(c))
is in agreement with the data on the X-ray powder diffrac-
tion data. The condensed nanocrystals are agglomerated on
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Figure 5. Powder X-ray diffraction pattern of the Co—Cr-Pd/SiO, cat-
alyst (CuKal radiation, A = 1.540562 A). Reflections of CoCr,0, phase
with the spinel-type crystal structure are indexed (ICSD no. 61612'").
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Figure 6. Transmission electron microscopy images of the Co-Cr—
Pd/SiO, catalyst: (a) amorphous SiO, particle with agglomerated
CoCr,0, nanocrystals; (b) electron diffraction pattern of the CoCr,0,
nanocrystals; (c) general view of the catalyst nanocrystals; (d) micro-
crystal of Pd; (e) electron diffraction pattern along [001] direction of
the Pd micro-crystal in (d) with the characteristic interplanar distance of
d; =278 A (corresponding spot observed due to dynamical multi-beam
effects).

the surface of large SiO, particles (Fig. 6(d)). Palladium
promotor was found in the form of individual micro-
and nano-crystals situated between CoCr,0O, nanocrystals
(Figs. 6(e, f)).

Taken into account the results obtained on the catalyt-
ically active phases and their organization in the Co—Cr—
Pd/SiO, catalyst, a series of catalysts with fibrous structure
was developed on the base of cobalt and chromium oxides
with palladium. To stabilize the active phase of the cat-
alyst, Sr additives were used. They hamper the cobalt-
chromium spinel decomposition into Co and Cr oxides.
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Figure 7. Propane-butane conversion rate («) and the maximum com-
bustion temperature (7)) versus Sr content (x) in the catalyst
Co-Cr(29.0)-Pd(0.2)-Sr(x)/SiO,.

As a result the catalyst deactivation is reduced resulting in
the prolonged operation of a heat source.

The Co—-Cr—Pd-Sr/SiO, catalysts were studied in the
heat source with gas flow of 0.12 g/h-cm?. The maximum
combustion temperature and the hydrocarbons conversion
rate were chosen as the efficiency criteria (Fig. 7). Already
the strontium-less catalyst with 29 mass.% of chromium
and 0.2 mass.% of palladium allows to achieve the com-
bustion rate of 97 %. The Sr concentrations up to 1 mass.%
were studied for their influence of the catalytic efficiency.
At strontium content of 0.4-0.6 mass. %, the maximal pro-
cess temperature (close to 600 °C) and the rate of the gas
fuel oxidation near 100% were obtained. Such spinel phase
CoCr,0, based catalyst remains stable after 8000 hours of
the continuous heat source operation being the main factor
of the stability of the power production in the permeable
thermoelectric generator.

4. CONCLUSIONS

For the developed permeable thermoelements, the max-
imum temperature difference between the hot and the
cold sides during gas combustion in a thermoelement with
the internal catalytic heat source was obtained by surface
distribution of the catalytically active component. It was
placed at the input point of the gas-air mixture into the
channel of a permeable thermoelement.

The study of catalysts on granulated Al,O; carrier
showed that platinum is uniformly distributed in the carrier
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matrix and is there in the elemental state. This is a result
of thermal decomposition of the initial platinum com-
pounds with a subsequent reaction of platinum oxide with
hydrogen. Platinum agglomerates have sub-um size and
contains diffraction domains with the size of order of
10 nm. With such organization of catalyst, the practi-
cally full combustion was achieved with 0.5-1.5 mass.%
of platinum.

X-ray powder diffraction study showed that the
Co—Cr-Pd/SiO, catalyst (silica fiber), obtained by the
impregnation method, contains mainly the nano-crystalline
(particle size 10-40 nm) spinel phase CoCr,0O, distributed
on the amorphous SiO,. The palladium promotor is found
in the form of individual sub-um single crystals situated
close to CoCr,0O, nanocrystals. Already without any addi-
tives, such catalyst (29 mass.% of Cr and 0.2 mass.% of
Pd) yields 97 % of combustion for the propane-butane fuel
mixture. Further Sr addition results in the practically full
combustion.
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