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Two families of LaCo;.«Cu,Os.; perovskites were synthesized by the conventional citrated complex and milling method. An introduction
of copper in perovskite lattice gives rise to a slightly distorted structure of LaCoO; and influences the perovskite reducibility. Temperature
programmed reduction analysis indicates the reduction of Co™, Cu** respectively to Co** and metallic copper over conventional samples
at 310-580 °C while that on ground perovskites in the temperature range of 320-610 °C. The reduction of La(Co,Cu)0O; yields a finely

INTRODUCTION

Perovskite-type mixed oxides (ABOs) in which the A and
B sites are filled by rare-earth (Ln) and transition metals are
well known catalysts and/or precursors for several oxidation/
reduction reactions'”. The ideal perovskite structure is cubic
with space group Pm;m-O°.

However, distortions owing to ionic size requirements of
the lattice framework give rise to the structure to be modified,
usually by tilting or twisting of the octahedra'*. Such distortions
have changed in framework parameters and the unit cell volume
and also lead to accommodate reduction in symmetry>®. The
perovskite framework is quite flexible of changes in the radii
of A and B cations™®. This allows a great flexibility in mixing
cation of A and B sites to obtain several desired physical amd
chemical properties®*. Accordingly, perovskites have offered
various interesting features as precursors for supported metal
catalysts. Nevertheless, the catalytic activity of perovskite
compounds is controlled mostly by the B-site metal while the
effect of La ion sites is meager™*. Thus, the reduction under
controlled reduction conditions of LnBO; (B = Ni, Co, Fe...)
can produce a well dispersed transition metal B on Ln,O;
support>”®. The reduced perovskites were used as catalysts
for water gas shift reaction®, partial oxidation of methane'®,
reforming of methane', alkene hydrogenation'” and Fischer-
Tropsch synthesis’. Nevertheless, the catalytic activity of these
perovskite-type oxides as catalysts/precursors is strongly
dependant on the preparation process and their texture as well.
This article reports the catalytic properties of two La(Co,Cu)O;

dispersed bimetal on a La,O; support. The proximity of Co®* and Cu** in perovskite structure leads to the formation of cobalt-copper alloy |
after reduction, which acts as active sites for the hydrogenation of CO into alcohols and hydrocarbon products. |
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perovskites prepared by two different methods and the use
of their reduced perovskites in the hydrogenation of carbon
monoxide.

EXPERIMENTAL

Preparation of LaCoCuOs; perovskites: A family of
conventional perovskites, LaCo;.«CuOs.5 (0 < x < 0.6) named
as CT1-CTS5, was prepared by citrate method: a stoichiometric
amount of lanthanum, cobalt and copper nitrates was added
into the distilled water while slowly heating the mixture in a
hot plate. After obtaining the clear transparent solution, a mole
of citric acid corresponding to every mole of the metal atom
was added to the dark pink transparent solution. The resulting
solution was evaporated at 383 K overnight to yield an amor-
phous solid precursor. The precursors were then calcined at
desired temperature for 6 h (2 °C/min) under air.

Another series of La(Co,Cu)O; perovskite-type mixed
oxides was synthesized by milling directly from their oxides.
A mixture of lanthanum, copper and cobalt oxide (99 %,
Aldrich) in stoichiometric proportions was blended together in
a sealed 50 mL-hardened-steel crucible having three hardened
steel 11 mm-diameter balls. Milling was performed at 1000
rpm for 8 h prior to a second milling step. After that, the
resulting powder was mixed to 50 % NaCl (99.9 %) and further
ground for 12 h before washing additives with distilled water.
Two leaching operations were performed to remove the addi-
tive. The final solid was then dried and calcined at a desired
temperature. For the sake of brevity, the ground perovskite
samples were designated as NP1-NP4 in Table-1.
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TABLE-1
PREPARATION AND DESIGNATION
OF La(Co,Cu)O; PEROVSKITES
Sample Calcination temp. (°C) Sger (M?/g)
CTl LaCoO, 600 2.1
CT2 LaCoyCu,,0; 800 4.9
CT3  LaCoy3Cu,,0, 800 6.2
CT4  LaCo,,Cuy;0, 800 4.7
CT5 LaCoyCu,,0; 800 5.8
CT6 LaCoysCu,s0, 800 10.6
NPl LaCoO, 250 59.6
NP2 LaCoyCu,,0; 250 17.5
NP3  LaCo,,Cu,;0, 250 18.3
NP4  LaCo,sCu,;0; 250 12.1
NP5 LaCo,,Cu, 0, 250 22.8

Catalyst characterizations: The specific surface area of
all the obtained samples was determined by nitrogen adsor-
ption at -196 °C using OMNISORB 100. The chemical analyses
of the perovskites and the residual impurities were performed
by atomic absorption spectroscopy using a Perkin-Elmer
1100B spectrometer. Phase analysis and particle size determi-
nation were performed by X-ray powder diffraction (XRD)
using a using a SIEMENS D5000 diffractometer with CuK,
radiation (A = 1.54059 nm). Temperature-programmed reduc-
tion (TPR) experiments were carried out with a flow system
operating on the RXM-100 connected with a quadrupole mass
spectrometer (UTI 100) and a thermal conductivity detector
(TCD). H>-TPR was recorded by passing 5 vol. % of H./Ar
(20 cm*/min) from room temperature up to 800 °C (10 °C/
min). SEM images were recorded on a JEOL JSM-840 with
magnification of 25,000.

Catalytic activity: The catalytic tests were carried out in
a stainless steel continuous fixed-bed flow micro-reactor
(BTRS-Jr PC, Autoclave Engineers) at 68 atm (1000 psi), 4500
L/kg./h. A mixture of syngas (H,/CO =2/1) was diluted in 15
vol. % helium. Butane was intercalated between the outlet-
reactor and inlet-chromatography apparatus as an internal
standard. 200 mg of catalyst was pretreated in sifu with 15
vol. % of Hy/N, flow (20cm*/min) prior to reaction test. The
programmed temperature was ramped with 2 °C/min and kept
at 525 °C for 6 h. Subsequently, reactor was cooled to the
reaction temperature while pressure was increased to 68 atm
by feeding the mixture of syngas. The reaction products were
analyzed online by both a gas chromatography (GC-Varian
CP-3800) using two capillary columns (Carboxen 1006 PLOT
and CP-Sil 5 CB) equipped with TCD and FID detectors and
mass chromatography (Varian Saturn 2200).

RESULTS AND DISCUSSION

Characteristics of perovskites: The main features of the
perovskite samples in terms of surface area and particle size
are given in Table-1. The conventional CT1-CT5 samples show
relatively low surface areas. Phase analysis of XRD spectra
(Fig. 1) indicated the presence of a single perovskite phase
with the typical rhombohedral structure'®" up to x = 0.3. The
diio-spacing of such samples varies slightly with an increased
amount of copper content, indicating the distortion of lattice
structure as cobalt ions are replaced by copper (Table 2). At
value of x > 0.4, the appearance of the reflections belonging
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Fig. 1. XRD diffraction patterns of samples CT1-CT6
TABLE-2
PHYSICAL CHARACTERIZATIONS OF TWO
La(Co,Cu)O; PEROVSKITE FAMILIES
Sample  d; g, (10\) 26 Sizes (nm) Crystalline phase®
CT1 2.719 3291 48.0 P
CT2 2.721 32.72 46.3 P
CT3 2.728 32.73 42.8 P
CT4 2.729 32.79 42.8 P, La,CuO,
CT5 2.728 32.81 - P, CuO, La,CuO,
CT6 2.727 32.69 - P, La,CuQO,, CuO
NP1 2.711 33.00 9.7 P
NP2 2.705 33.08 9.8 P
NP3 2.712 33.00 9.2 P
NP4 2.718 32.93 10.7 P, CuO
NP5 2.723 32.86 9.7 P, CuO, Co;0,

P: Perovskite.

to La,CuO, and CuO indicates the presence of small amount
of these compounds in addition to La(Co,Cu)O; perovskite
phase. The substitution of cobalt by copper in citrate-derived
perovskite structure could only preserve up to x = 0.3.

On the contrary, Fig. 2 shows that no characteristic
reflections of La,CuOy could be detected with the NP2-NP4
samples prepared by grinding technique although a trace of
CuO is detected at x = 0.5. XRD spectra of NP2-NP5 samples
showed several singe peaks at 20 = 33.0, 40.6, 53.3°. More-
over, full width at half maximum (FWHM) of the milled
perovskites is more broaden than that of the conventional
family. Therefore, it can be drawn the conclusion that the crystal
domains of NP1-NP4 are smaller than those of CT1-CT4
samples'*"®. Consequently, total surface area of NP1-NP-4 is
expected to be higher than that of CT1-4 family as in good
accordance with BET calculation (Table-2). The specific surface
area of the CT1-CT6 perovskites is ca. 1-6 m*/g.

Reducibility of perovskites: Transition metal ion can be
usually extracted from perovskite lattice in the highly metallic
phase as treated in hydrogen at a moderate temperature®””’.
The temperature programmed reduction (H,-TPR) of hydrogen
was carried out from room temperature to 800 °C in order to
investigate the reducibility of two prepared perovskite families.
Fig. 3 presents the H,-TPR profiles of the conventional
perovskite series.

Four CT1-CT4 samples display a double-step reduction
of cobalt. The total reduction of Cu* to Cu’ is expected to
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Fig. 2. XRD patterns of samples NP2-NP5
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Fig. 3. Temperature-programmed reduction profiles of samples CT1-CT6

occur at a lower temperature peak”'*'°. Therefore, the first
peak in the range of 180-390 °C is attributed to reduction of
Cu* and Co™ to lower oxidation states with x < 0.3 and the
second peak at 460-590 °C is the complete reduction of Co™
to metallic cobalt'®'®, By increasing the copper substitution
up to 0.3 <x £0.4, the maximum temperature of the first peak
further decreases and the second peak appears a shoulder at
410-430 °C, which is solely ascribed to the reduction of
La,CuO,. In addition, the base line was not recovered after the
first peak showing that the reduction the successive reduction
step starts while the first peak is still in progress. At x < 0.4,
the complete reduction of Co™ to Co** and Cu** to Cu’ occurs
below 535 °C and the superimposition of signals does not allow
the determination of sequence of cobalt and copper reductions
in LaCoCuQs;, CuO and La,CuO,. In contrast to the conven-
tional perovskite samples, H-TPR diagrams of NP-family
depicted in Fig. 4 display numerous visible peaks. The maxi-
mum temperature of the first peak is relatively higher than
that of the corresponding citrate-derived perovskite, suggesting
that the ground perovskites are likely more thermal stability
under equivalent reducing conditions'*"”. As mentioned above,
the substitution of cobalt by copper also gives rise to the distor-
tion of the cubic lattice and the formation of oxygen vacancies,
various changes in distinct Co* environment"'*'¥, Moreover,
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Fig. 4. Temperature-programmed reduction profiles of grinding perovskites

the grinding method was known to make nanoperovskites with
particular morphology'*'®. Indeed, SEM image of ground
perovskite appears uniform particles with crystal domains on
the order of 30-50 nm while that of conventional perovskite is
present in a sponge-like network with the macropore diameter
in the range of 3-6 mm. Consequently, coordination of ions in
grain boundary of ground nanoparticles is assumedly different
from that in the bulk (Fig. 5). Accordingly, copper and cobalt
ions in grain boundaries are more easily reduced than those in
the bulk, leading to appearance of some shoulders in the low
temperature window.

To elucidate this hypothesis, we have deconvoluted the
H,-temperature programmed reduction profiles of two repre-
sentative samples in Fig. 6. It is clearly recognized that the
low-reduction temperature peak is likely consisted of three
deconvoluted peaks (Fig. 6a). The first one at 345 °C is attributed
to the conversion of Cu** to Cu’, the higher peak at 410 °C is
described for the reduction of Co** on surface to Co** although
the reduction of Cu® in the bulk happens at this temperature
is not ruled”'*'®. The full reduction of Co**/Co** and Cu**/Cu’
was almost obtained at 450 °C (Fig. 6a). The mutual interaction
between cobalt and copper sites in perovskite lattice leads to
an increase in copper reduction temperature and diminution of
the reduction temperature of cobalt ions'™'"'®, Thus, the decon-
voluted H>-TPR profile for NP4 represents two peaks at lower
temperature (Fig. 6b). The reduction of Co**/Co’ in the copper-
richer-perovskites also shifts remarkably to lower temperatures.

To confirm the formation of metallic metal at this tempera-
ture, we have collected XRD patterns for NP2 and NP4 samples
at the reduction of 535 °C. Under this condition, it is observed
that the formation of intermediate phases, LaCo(Cu)Os.,
La,05;, LaOOH and very weak reflection signals which are
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Fig. 6. Deconvolution profiles of H,-TPR profile for NP2 (a), NP4 (b)

assigned to metallic copper and some cobalt in Fig. 7. This
observation was explained by extracting of Co’, Cu’ in the
initial perovskite lattice to produce dispersed metallic copper-
cobalt. By increasing the cobalt substitution up to x = 0.5, the
maximum temperature of the first peak further increases up to
485 °C and the second gradually decreases to 590-610 °C. A
comparison between Figs. 3 and 4 shows that the reduction
process of NP1-NP5 catalysts takes place at higher temperature,
suggesting that they are better thermal stability'*'®.
Hydrogenation of carbon monoxide: A typical perovskite
sample has been tested for syngas conversion showing that
LaCoCuO; (x =0-0.6) produced a homolog of hydrocarbons
and linear primary alcohols, carbon dioxide'*'*. The distribution
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Fig. 7. XRD patterns of NP2 and NP4 reduced at 535 °C

of products obtained in Table-3 indicates that the reaction is
quite complex and can encompass the following reactions:
Fischer-Tropsch reactions for hydrocarbons, alcohol synthesis,
water-gas-shift reaction (WGS), efc. However, the total selec-
tivity to alcohols takes values ca. 37-41 % with an exception
of that obtained on some representative CT-samples. CO conver-
sion over ground perovskites is much different from the value
obtained on CT2-CT6 perovskites, but lower alcohol selectivity
over conventional perovskite precursors is observed. This is
associated with the difference in catalyst morphology (Fig. 5)
and the dispersion of Co-Cu in the reduced form'®'"*,

The ground perovskites have a higher surface area and
better thermal stability that may preserve a better dispersion of
Co-Cu metal under syngas exposure and reaction temperature.
An existence in proximity of dual sites (Co and Co) facilitates
the formation of carbon-chain-lengthened oxygenate prod-
ucts'*'®%, Thus, the alcohol selectivity is not only dependant
on the catalyst composition, but also relates to the catalyst
texture.

Alcohol selectivity is found to vary with the copper content".
The majority of methanol in alcohol product mixture is due to
the favorable formation of methanol on copper sites'®"*?',
Within hydrocarbons, methane is always a major product, but
significantly suppresses with an increased copper content. For
ground nanoperovskites, the selectivity to C,*-hydrocarbon
varies from 30 to 41 % which is on a par with that to alcohols,
implying the competition between alcohol and hydrocarbon
formations on catalytic surface. For each perovskite series, it
is quite difficult to compare the selectivity to product over

TABLE-3
CATALYTIC RESULTS IN SYNGAS CONVERSION INTO HYDROCARBONS AND ALCOHOLS*

Product selectivity (%, free-CO,)

Catalyst Cu/Coratio Conv. (%)

CH, Case MeOH EtOH C,;,OH YROH OlroH Olyye
NP1 0 25.8 323 30.4 8.1 15.3 13.9 37.3 0.34 0.50
NP2 0.18 16.4 33.1 35.0 11.5 10.2 10.2 31.9 0.38 0.47
NP3 0.44 9.7 16.0 41.1 14.4 18.0 13.2 429 0.38 0.44
NP4 0.55 11.7 28.9 30.9 13.8 14.6 11.8 40.2 0.37 0.44
NP5 1.26 10.6 20.9 40.1 17.5 11.2 10.3 39.0 0.37 0.43
CT2 0.18 17.3 40.2 43.7 12.3 2.6 1.2 16.1 0.36 0.39
CT4 0.43 13.7 372 44.8 4.2 6.1 5.8 17.0 0.35 0.40
CT6 1.25 8.6 37.5 42.7 10.9 4.2 4.7 19.8 0.33 0.38

“Reaction conditions: 275 °C; 4500 (L kg.,.' h™), (15 vol % He); H,: CO = 2/1); 68 atm.
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each sample since its test is unable to give a same conversion
of CO at the reported conditions (Table-3). In this case, taking
account of chain growth probability factors would provide more
insight into catalytic behaviours. The growth factor of product
carbon skeleton on each catalyst is calculated using Anderson-
Schulz-Flory (ASF) distribution as described below'***:

InX, =nlho+1In

where X, is molar ratio of product, n the number of carbon
atoms and ot is the probability factor of the carbon skeleton™ .
In the present work, o values are fromn=1 (CH;0H)ton="7
(C,0H) for oron (alcohols) and fromn =2 ton = 11 for uc.
(hydrocarbons). A representative ASF plot for sample NP3 is
drawn in Fig. 8.

o Hydrocarbon alpha = 0.44

In (Xn)

0 1 2 3 4 5 6 7 8 9 10 11 12
Carbon number, n
Fig. 8. ASF distributions of products at 275 °C on sample NP3

The results indicate that the chain growth probability values
of alcohols are relatively constant while those of hydrocarbons
slightly vary with the changes in intra-lattice copper content".
This can be explained by the presence of Cu* in LaCoO;
perovskite structure that diluted Co phase by alloying with
copper (Fig. 7) after pretreatment with hydrogen'****, The
probability of chain growth of hydrocarbons (ouic) is usually
higher than that of alcohols (0iron) over perovskite catalysts;
but oron over ground perovskites is also better than the-one
over citrate-derived samples. Thus the preparation route and
catalyst morphology have significantly affected the formation
of higher alcohols'*"**, In the present study, the highest alcohol
detected is heptanol (a trace of octanol) while undecane (in
addition to a trace of dodecane) was found in the mixture of hydro-
carbon products. The formation of a series of linear primary
alcohols and normal paraffins in good agreement with an ASF
distribution indicated that the mechanism likely takes place
following insertion of C;-intermediates such as methanol, CH,
moieties to propagate the carbon chains of products™,

Conclusion

Two sets of LaCo,«Cu,O; (x = 0-0.5) were prepared by
different recipes. The milling synthesis allows the preparation
of mixed La(CoCu)Os perovskites up to x = 0.5 and forms
nanoperovskites while citrated complex method give only a
maximal value of x = 0.5. Introduction of copper into perovskite
lattice results in a distorted structure and strongly influences
the reducibility of cobalt and the stability of all prepared
perovskites. Under reducing conditions, the reduction of conven-

tional perovskites CT1-CT6 passed through two steps whereas
the ground samples NP1-NP4 occurred in a multiple-step. The
reduction of cobalt promoted by copper neighbor takes place
at lower temperature, which gives rise to the finely dispersed
cobalt-copper on oxide-mixed matrix.

The reduced forms of perovskites were tested for the
hydrogenation of syngas at high pressure. A homologue of
hydrocarbons from methane to decane and a set of linear
primary alcohols have been obtained. A mixture of hydrocarbon
and alcohol products follows an ASF distribution. The reduced
ground perovskite catalysts are rather active for alcohol synthe-
sis while citrate-derived samples yield mainly hydrocarbons
in addition of a small amount of oxygenated products. In both
cases, an insertion of copper into LaCoQO; perovskite lattice
catalysts could suppress the formation of methane.
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