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Abstract

SrTigoLip 103 ultra-fine perovskite oxide powders were prepared by the ultrasonic spray pyrolysis technique and sol-gel method, respectively.
We investigated the physical properties (i.e. crystalline phase and the microstructure) of the prepared powders using XRD, PSD, SEM and TEM
techniques and also evaluated the catalytic performance of the resulting powders to the oxidative coupling of methane (OCM). By adding NH,NO;
into the precursor solution, uniform, solid and spherical SrTig gLig ;O3 particles with a diameter of around 500 nm and the single perovskite crystal
phase can be obtained at 900 °C. The resulting SrTigoLig ;O3 ultrafine power prepared by the spray pyrolysis exhibited a much better catalytic
performance (higher C, selectivity and C, yield) to OCM than that prepared by the sol-gel method.

© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Some perovskite oxides such as SrTi;_,Li,O; possess good
catalytic performances for methane oxidation, and thus they can
be used as the anode material for direct methane solid oxide fuel
cells (SOFCs) or as the catalyst for oxidative coupling of methane
(OCM) [1-3]. Such composite oxide materials can be
synthesized through the solid-state reaction, co-precipitation,
sol—gel or the spray pyrolysis method [4-7]. Depending on the
formation routes, physical properties of the oxide powders like
microstructure, surface area, particle size distribution, or
homogeneity of the metal ion distribution are quite different
and therefore their practical performance differs accordingly.
Among the powder preparation techniques, spray pyrolysis
which involves the preliminary formation of minute droplets
from the mixed solution containing stoichiometric metal ions and
the subsequent hot pyrolysis, attracts increasingly considerable
attention in the synthesis of complex materials, due to its low
cost, simple and fast characteristics [§—11]. However, because of
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the rapid evaporation of the solvent on the surface of the droplet,
hollow or dented spherical particles [12] are often produced,
leading to irregular powder morphology and low utility
efficiency. Later, this method was modified by the introduction
of NH; during pyrolysis to prevent the formation of hollow
particles [13,14]. However, the droplets with concentrated
solution of nitrate will react with NH; to form a pliable
continuous skin on the surface of each droplet, which is easily
collapsed to form larger particles with irregular shapes. In this
work, we improved this ultrasonic spray pyrolysis technology by
adding NH4NOj into the precursor solution as a promoter to
prepare solid and ultrafine catalyst particles for methane
oxidative coupling reaction. We investigated the effects of
NH4NO; addition on the morphology and crystal phase of the
formed powders, and evaluated the catalytic performance of
ultrafine SrTiggLig O3 particles for the OCM reaction.

2. Experimental
2.1. Sample preparation
Fifteen milliliter tetrabutyl titanate was dissolved in 50 ml of

0.1 M nitric acid. The clean layer in the beaker bottom was
transferred to another vessel using a separatory funnel.

0272-8842/$34.00 © 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

doi:10.1016/j.ceramint.2007.06.012


mailto:cestanxy@yahoo.com.cn
mailto:s.liu2@uq.edu.au
http://dx.doi.org/10.1016/j.ceramint.2007.06.012

1806

Alir carrier gas

Flow meter

heating furnace

Z. Pang et al./Ceramics International 34 (2008) 1805-1810

To exhaust

!

d - .
2" sintering furnace

—

.

Quartz tube

Ultrasonic nebulizer

© O
00

Electrostatic precipitator

Fig. 1. Schematic diagram of the ultrasonic spray pyrolysis setup.

Stoichiometric amounts of strontium and lithium nitrates were
dissolved in the above separated clean solution to get a pre-
cursor solution with the metal ion concentration of 0.2 mol/L.
A certain amount of NH4;NO; was added into the precursor
solution to a ratio of metal ion and NH4NO; of 1:1. A schematic
of the spray pyrolysis rig is illustrated in Fig. 1. The prepared
precursor solution was injected into the ultrasonic sprayer
(1.6 MHz frequency) and the air-flow rate was maintained at
0.2 m*h. The first temperature zone was adjusted to 300 °C to
preheat the solution and remove moisture in the droplet for better
pyrolysis for subsequent processes at a temperature range of
600-900 °C. The resulting particles were collected by an
electrostatic collector and the exit gas was discharged into the
well-ventilated fume hood.

The synthesis procedure of SrTig oLig ;O3 particles using the
sol-gel method is briefly described below. The required
stoichiometric amount of strontium nitrate and lithium nitrate
were dissolved in the distilled water. Tetrabutyl titanate was
added dropwise into the solution with certain amount of nitric
acid as the chelating agent. The mixture was stirred at 70-80 °C
until the transparent gel was formed. The gel was burned under
continuous heating and the residues after burning were ground
into powder which was heated for 2 h at 900 °C for structure
characterization and catalytic performance test.

2.2. Characterization techniques

Structural phases were determined for sintered powders in a
Bruker (D8 Advance) diffractometer using Cu K, radiation. A
continuous scan mode was used to collect 26 data from 10° to
90° with a 0.02 sampling pitch and a 2°/min scan rate. X-ray
tube voltage and current were set at 35kV and 30 mA.
Morphologies of the sintered samples were observed using a
Scanning Electron Microscopy (FEI Sinrion 2000, Nether-
lands) and Transmission Electron Microscopy (HITACHI 800,
Japan). A laser particle size distribution analyser (Winner 2000)
was used to measure the particle size and particle size
distribution of the resulting powders.

2.3. Catalytic performance test

A self-assembled quartz fixed bed reactor was used to
evaluate the catalytic performance of synthesized materials.

0.5 g catalyst was loaded into the center part of the quartz
reactor with a length of 25 cm and inner diameter of 0.6 cm.
Both ends of the quartz tube were loaded with inert alumina
spheres (200 mesh). The catalyst was activated by oxygen flow
at 600 °C for 1h before reaction. The mixture of oxygen,
methane, and helium was introduced into the reactor and the
flow rate was controlled by mass flow controller (D08-8B/ZM)
and calibrated using a soap bubble flowmeter. The product was
analyzed after 1 h of reaction. Fig. 2 illustrates the scheme of
catalytic performance test.

The effluent gas composition was analyzed using a
gas chromatograph (Agilent 6890N), which was equipped
with a thermal conductivity detector and a 3 m-long column
loaded with the carbon molecular sieve Carbosieve S-II. High
purity helium (purity > 99.95%) was used as the carrier gas
with a flow rate of 30 cm’/min. The methane conversion
(Xcn,), C, selectivity (S;) and C, yield (Y¢,) were calculated as
follows according to the gas composition before and after
reaction:

FOU
Xow, = (1 —ﬂ> % 100% (1)
inYf
oF
Sc, = utC: o 100% 2)

Finyf - FouthH4
Yc, = Xcn, X Sc, 3)

where yg, xcu, are the methane contents before and after
reaction, respectively. F;,, Fo, are the flow rates of feed in
and feed out, respectively.

3. Results and discussion
3.1. Thermal evolution to SrTiyoLiy ;03 perovskite

Fig. 3 describes the X-ray diffraction patterns of SrTig o
Lip.103 powder synthesized at different conditions. Fig. 3a—d
illustrates the crystal development of SrTigoLig 03 powder
prepared from spray pyrolysis without addition of NH4NOj;.
Powders calcined at 600 and 700 °C were composed of
Sr(NO3), and perovskite SrTipoLip;03. When the calcina-
tion temperature was increased to 800 and 900 °C, the XRD
patterns displayed the co-existence of TiO, and SrTig.
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Fig. 2. Flow chart of the experimental setup for catalysis tests.

Lig105. To transfer the crystal phase of TiO, oxides into the
perovskite structure, a calcination temperature higher than
900 °C was needed. It is clear that when using the spray pyrolysis
method without the presence of NH4NOs;, the single perovskite
crystal phase could not be easily formed, although the heat
treatment temperature was up to 900 °C. By contrast, a clean and
single perovskite structure (Fig. 3e) was formed for the powders
prepared by the sol-gel method, where the sintering was also
carried out at 900 °C.

Fig. 4 shows the XRD patterns of the SrTig gLig ;O3 particles
prepared by the spay pyrolysis with NH4;NOj in the precursor
solution at various temperatures. Noteworthy is that the TiO,
intermediate phase was not observed in the XRD pattern of the
powder prepared at 800 °C and that a single perovskite structure
can be formed at 900 °C. In comparison of Figs. 3 and 4, it is
clear that the addition of NH4NOj; is favorable to form SrTiO;
perovskite crystal phase, possibly because the formation of
TiO, intermediate phase was avoided and the burning of
NH4NOs in the precursor solution provide additional heat for
the solution pyrolysis.
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Fig. 3. XRD patterns of the particles prepared by spray pyrolysis without
addition of NH4NO;: (a) 600 °C; (b) 700 °C; (c) 800 °C; (d) 900 °C; (e) sol—gel
method followed by heat-treatment at 900 °C for 2 h.

3.2. Microstructure of the particles

SEM pictures of SrTigoLig O3 particles synthesized by
different processes are shown in Fig. 5. We can see from Fig. 5a
that the SrTig 9Liy 105 powders prepared by the spray pyrolysis
without NH4NO; addition are composed of hollow and partially
collapsed spherical particles with a wide size distribution. The
morphology of the resulting particles may have resulted from
the lower melting points of strontium nitrate (570 °C) and
lithium nitrate (253 °C) compared to the higher operating
temperature. As soon as the moisture on the surface of the
droplet evaporates, the surface nitrate molts to form a compact
layer which prevents further evaporation of moisture of the
droplet. As a result, the rapid expansion of droplets and
spraying of steam from inside the droplets gives rise to hollow,
collapsed and uneven spheres. However, with the addition of
NH4NOj; into the precursor solution, NH; would be produced
by decomposition of NH4NO; which reacts with nitrates in the
droplets to rapidly form an ammonia coordination compound.
At a high temperature, metal hydroxide deposition may be
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Fig. 4. XRD patterns of the particles prepared by spray pyrolysis with NH;NO;
in the precursor solution at various temperatures: (a) 600 °C; (b) 700 °C; (c)
800 °C; (d) 900 °C.
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Fig. 5. SEM images of the SrTig ¢Lig ;O5 particles prepared by: (a) S-P method at 900 °C without NH4NOj in the precursor solution; (b) S-P method at 900 °C with

NH4NOj in the precursor solution; (c) sol-gel method.

formed from the resulting ammonia coordination compound,
which makes the droplet shrink drastically and promotes the
formation of solid spherical particles. Therefore, the smaller
and more uniform integrated solid particles were yielded in the
case that NH4;NO; was added as a promoter, as shown in
Fig. 5b. TEM images of the StTij oL ;O3 particles prepared by
spray pyrolysis at 900 °C with NH4NOj; (Fig. 6) confirms that
they have a solid but not a hollow structure. By contrast, the
powders produced by the sol-gel method are large particle
agglomerates in a sheet structure, as shown in Fig. Sc. This is
because the gel burning process is too mild to separate the
product particles; subsequent mechanical grinding is necessary
to get smaller particles from these sheet structures.

3.3. Particle size distribution

Fig. 7 gives the particle size distribution of the SrTig gLig 103
powders prepared by different methods. It should be mentioned
that, without any further processing, all the samples for
characterization were taken directly from the furnace when it
was cooling down to room temperature. SrTig oLij ;O3 powders
prepared by the spray pyrolysis possess a narrow size
distribution in the range of 0.2-10 wm (Fig. 7a and b).
Especially, when NH4NO3 was added in the precursor solution;

k 150KV X30000

Fig. 6. TEM image of the SrTig¢Lig 05 particles prepared by S-P process at
900 °C with NH4NOj in the precursor solution.

the particles size was further decreased to 0.2—1 pwm, as shown
in Fig. 7b. This result agrees well with the SEM observation.
Therefore, it may be concluded that the addition of NH4;NO3 in
the precursor solution is favorable to the production of
SrTigoLig 105 perovskite powders with smaller particle size
and more uniform particle size distribution. Similar phenom-
enon was also observed by Kang and Choi to prepare blue
phosphor powder using the same technology [15]. In contrast to
the method of spray pyrolysis, the particle size of SrTip ¢Lig 103
prepared by sol-gel method is in a wider distribution which
ranges from 0.2 to 70 pwm and most of the particles have a size
around 35 pm as shown in Fig. 7c.

3.4. Catalytic performance test

The catalytic performance of the SrTiggLig 03 perovskite
from sol—gel and spray pyrolysis to the OCM reaction is shown
in Table 1. It can be seen that, at the operating temperatures
ranging from 750 to 850 °C, SrTig¢Lij ;03 perovskite oxides
prepared by the two methods exhibit noticeably different C,
selelctivities and C, yields but slightly different methane
conversions. The powder prepared by spray pyrolysis gives
much higher C, selelctivities or yields than the sol-gel method.
For example, at 800 °C, the perovskite prepared by spray
pyrolysis and sol-gel method gave C, selectivities of 48.69 and
4.61%, respectively. We note that the catalytic performance of
SrTigoLig 105 particles synthesized by the sol-gel prepared
method is comparable to the reported values of SrTiO3 without
incorporation [3]. It was generally considered that doping of Li
in the B site of the SrTiO; perovksite increases the content of
active oxygen species which are helpful to the OCM reaction
[16]. Therefore, Li incorporated into the sol-gel produced
powders actually played very little role in the enhancement of
catalytic properties to the OCM. This can be explained that in
the sol—gel process, lithium may be lost more easily due to the
longer time of high temperature treatment at 900 °C than in the
spray pyrolysis process. It is also noted that the methane
conversion increases with the increase of temperature, but C,
selectivity firstly increases and then decreases with the further
increase of temperature. This can be attributed to the fact that,
at high temperatures, the formed C, product is easily deeply
oxidized to CO, thus lowering the C, selectivity.
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Fig. 7. Particle size distribution of SrTij oLig ;O3 powders prepared by: (a) S-P method at 900 °C without NH4NOj in the precursor solution; (b) S-P method at 900 °C

with NH4NOj; in the precursor solution; and (c) sol-gel method.

Table 1

Catalytic properties to OCM of the SrTigoLig ;O3 powders prepared by different methods (Feed flow rate: Fcy, : Fo, : Fae = 16 : 6 : 16 ml/min, respectively)

Method Temperature (°C) CH,4 conversion (%) C, selectivity (%) C, yield (%)
Sol-gel 750 21.59 3.36 0.73
800 31.68 4.61 1.46
850 32.95 3.46 1.14
Spray pyrolysis 750 27.67 27.36 7.58
800 26.89 48.69 13.09
850 43.18 25.65 11.08
Table 2

Catalytic performances of the SrTijgLip ;03 powders (by spray pyrolysis) at
different CH4/O, feed ratios (temperature = 800 °C)

Fen, : Fo, : Fue  CH4 conversion Selectivity (%) C, yield
i % %
(ml/min) (%) o, CH, CoH, (%)

16:4:16 19.50 48.73 1097 4030 10
16:6:16 26.89 51.31 1349 3520 13.09
16:8:16 42.70 70.85 13.75 1540 1245

Table 2 reports the activity and selectivity of the SrTijpg.
Lig 05 perovskite oxide powders synthesized by spray pyrolysis
at different feed ratios where the temperature is kept at 800 °C. It
is obvious that with the decline of CH4/O, ratios, methane
conversion rapidly increased, but the selectivity of C,Hg
noticeably decreased, while CO, improved to some extent.
These features are consistent with the general characteristics of
the methane coupling reaction [3]. Both the selectivity of Co;Hy
and the C, content in the products are increased. This is possibly
due to higher oxygen concentration in the gaseous phase which
enhances the content of oxygen species adsorbed on the surface
of the powders and further dehydrogenates the intermediate
constituent like methyl radical.

4. Conclusions

StTig ¢oLig.105 perovskite oxide has been synthesized by the
ultrasonic spray pyrolysis with strontium nitrate, lithium nitrate
and tetrabutyl titanate as the parent materials. By adding
NH4NOj; into the precursor solution, uniform, solid and
spherical SrTig¢Lig 05 particles, with a diameter of around

500nm, and the single perovskite crystal phase can be achieved
at 900 °C. The resulting SrTij ¢Lij ;O3 ultrafine powders from
the spray pyrolysis method exhibited higher C, selectivity and
C, yield in methane oxidation reaction than the powders
produced by the sol-gel method.
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