Gold Bull
DOI 10.1007/s13404-016-0180-x

@ CrossMark

ORIGINAL PAPER

Catalytic activity of gold-perovskite catalysts in the oxidation

of carbon monoxide

Leboheng Mokoena' - Gary Pattrick” - Mike S Scurrell®

Received: 5 January 2016 /Accepted: 5 June 2016
© Springer International Publishing Switzerland 2016

Abstract Perovskites (ABO; structures), which can be ma-
nipulated by partial substitution, are reported to be active sup-
ports for CO oxidation, but only at high temperatures, with no
activity being shown for temperatures below 200 °C. In this
study, these perovskites were investigated at low temperatures
(below 100 °C) with improved activity found upon gold de-
position. The presence of gold nanoparticles therefore signif-
icantly enhanced the catalytic activity, while the support itself
was suspected to be involved in the reaction mechanism. A
series of perovskites of the type ABO; (LaMnOs, LaFeOs;,
LaCo0O3, and LaCuOs) were prepared using the citrate meth-
od, while the gold was deposited on them using the
deposition-precipitation method. The supports were calcined
at different temperatures for optimization. With the support
calcined at 800 °C, the best catalyst was 1 wt% Au supported
on LaFeO;. Calcium-doping of this system showed decreased
surface area, poorer crystallinity, and a drop in catalytic activ-
ity relative to the Au-LaFeO;. In addition, Au-LaFeO;
showed online stability over 21 h. Calcining the support im-
proved the incorporation of gold nanoparticles into the perov-
skite lattice, resulting in superior catalytic activity.
Nevertheless, at higher calcination temperatures, the catalytic
activity of Au-CaTiO; was depressed while that of Au-
LaFeO3 was enhanced. XPS revealed that in the active cata-
lysts, both cationic and metallic gold coexisted, while in the
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inactive catalysts, the gold existed predominantly either as
cationic or metallic gold.

Keywords Gold - Perovskites - CO - Oxidation -
Lanthanum - Iron - SIMS - XPS

Introduction

Perovskites, ABO; represent an interesting type of solid
known for their catalytic action, photovoltaic applications
and for their catalytic role in providing supports for metals
[1, 2]. They have been fairly well studied for oxidation reac-
tions. The La;_,Sr,O3 system has been reported to rival com-
mercial platinum catalysts for NO oxidation in simulated die-
sel exhaust [3]. A very recent and detailed appraisal of the
potential of perovskites as substitute catalysts for noble metals
has been given [4]. The overall conclusion is that despite
intense efforts to improve the catalytic activity of perovskites,
they are more likely in the short term to be useful as supports
for noble metals as a means of enabling the use of lower
precious metal loadings and extending catalyst life. Gold has
been much studied for a variety of catalytic reactions, most
notably for the low temperature oxidation of carbon monox-
ide, following the pioneering work carried out by Huratu and
his group [5—13]. Supports are normally metal oxides, such as
alumina or reducible oxides such as titania, iron oxide, and
cobalt oxide. Palladium-perovskites have been the subject of
studies for potential use in automotive exhaust systems and
appear to offer the property of self-regeneration, associated
with palladium’s ability to move in or out of the perovskite
structure depending on the oxidizing/reducing characteristics
of the atmosphere [11, 12]. Systems studied include
LaFeq 57C0g33Pdg.9sO3 [11] or the simpler composition
LaFep 95Pdg 9sO3 [12]. Another interesting system,
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Lag gSrg ,MnO3 was shown to exhibit higher stability and ac-
tivity for the total combustion of toluene if gold were added
[14], related to an increased surface oxygen mobility and the
resulting solids were of comparable activity to that of palladi-
um/alumina. One other study of a gold-perovskite system has
been published [15] and reports that the specific catalytic ac-
tivity for CO oxidation is about two orders of magnitude lower
than found with the more extensively studied gold-titania cat-
alysts [5—13]. Other papers have examined gold-perovskites
and reported the essential catalytic data for CO oxidation [16].
A combinatorial study mentioned gold among several noble
metals and perovskites [17] but the most active catalysts found
for CO oxidation contained neither. Our state of knowledge
about gold-perovskites is therefore extremely limited. In par-
ticular, almost no characterization work has been carried out
beyond XRD, textural studies and some XPS work which
suggest that metallic gold coexists with ionic gold species,
with the latter apparently aiding catalytic activity [16]. More
detailed characterization work is unavailable as is the explo-
ration of the powerful ability of perovskites to be modified by
substituting other cations in gold systems for CO oxidation. In
this paper, we have addressed these issues. Two perovskite
systems, CaTiO; and LaCayFeO; (short for LaCa,Fe; O5_
0.5x), were selected in order to check if any major differences
are displayed for different perovskites when used as a support
for gold in catalysis. We have employed a citrate-based meth-
od for the synthesis of some of these solids. The citrate-based
complexing process, a modified Pechini-type reaction, is a
polymerized complex method to synthesize a wide variety of
oxide materials [18]. Various metal ions in a solution are che-
lated to form metal complexes and then these chelates undergo
polyesterification reactions when heated to form a glass which
has metal ions uniformly distributed throughout [19, 20] .
Thereby, the resultant powders have a nanoscale particle size
and high compositional homogeneity at the molecular level.

Experimental

HAuCI; (Sigma-Aldrich, 99.99 %) was used as the precursor
for the Au nanoparticles. Sodium borohydride [NaBHy]
(Fluka Chemie) was used to reduce Au®" and ammonium
hydroxide [NH,OH] (SAARCHEM), diluted to 12.5 % using
distilled water was used to maintain the pH at around 8-8.5
during the preparation of the Au catalyst. (Although some
have cautioned against the use of ammonium hydroxide in
this way because of the potential for the formation of explo-
sive gold fulminate, we have never experienced any problems
when working carefully with this reagent and this method
does avoid the use of alkali metals which can influence activ-
ity [11].) The intended gold loading was 1.0 wt% with respect
to the support. TiO2 (P25, Degussa) containing 80 % of ana-
tase and 20 % of rutile phases and calcium nitrate [Ca
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(NOs),.3H,0] (SAARCHEM, 99 %) were used for the prep-
aration of CaTiO;. Lanthanum nitrate [La(NO;);. 6H,0]
(Merck, 99 %), iron nitrate [Fe(NO3)3.3H,0]
(SAARCHEM, 99 %), citric acid (Sigma-Aldrich, 99 %),
and Ca(NO3),.3H,0 (SAARCHEM, 99 %) were used for
the preparation of LaCa,FeO;. All the chemicals were used
as received without any further analysis or purification. The
following gas mixtures obtained from AFROX were used for
the CO oxidation, He, 99.999 %, 10 % O, and 5 % CO.

CaTiO5 was prepared by a method of hydrothermal synthe-
sis. TiO,.xH,O was used as a source of Ti and commercial
Ca(NO3),.4H,0 used as a source of ca. 30 g of TiO, and 89 g
Ca(NOs),.4H,0 were charged into the stainless steel Teflon-
lined autoclave along with 200 ml of deionized water. The pH
was adjusted to 13 using KOH. The reaction time was 12 h at
the stirring rate of 2 and heated at 160 °C. The stirring was
stopped after 12 h and the solution was allowed to age for
48 h. The solution was washed for approximately 1 week until
the conductivity was 4.3 x 10 uS. The product was dried at
110 °C for 4 h. It was then calcined at 400, 600, or 800 °C
overnight.

LaCasFeO3 (where x corresponds to 0, 4, 10, 16, or
20 wt%) was prepared by the citrate method [21]. Iron nitrate,
lanthanum nitrate, citric acid and/or calcium nitrate were dis-
solved in deionized water and heated at 100 °C overnight in an
oil bath then calcined at different temperatures (400, 600, or
800 °C for x = 0 samples and 800 °C for x =4, 10, 16, or 20 %
samples) for 1 h.

Au-CaTiO; was prepared by the single step borohydride
method. The support was suspended in distilled water
(200 ml) and stirred vigorously. A required amount of diluted
HAuCly solution (102 moldm ) was slowly added with con-
tinuous stirring. The pH of the solution was maintained at 8.5
by adding 15 % NH4OH dropwise under the same conditions.
The precipitated solution was aged for 2 h. A solution of
NaBH, prepared in ice water was added in the required
amount rapidly to ensure the complete reduction of Au(III)
to Au(0). The suspended solution was then aged for a further
2 h, filtered and dried at 120 °C for 4 h. Samples were calcined
at 300 °C for 4 h and then stored.

The Au-LaCa,FeO; catalysts were prepared by the
deposition-precipitation method. The support was suspended
in deionized water (200 ml) and the required amount of
HAuCl, added dropwise then stirred for 2 h. 15 % NH4OH
was then added to adjust the pH to 8.5 then stirred for a further
2 h. The catalyst was then filtered and washed with hot water
then dried in the dark overnight. Samples were calcined at
300 °C for 4 h and then stored.

Catalytic activity was measured using a fixed bed flow
reactor. Catalyst (undiluted) (100 mg) was placed in a
Pyrex glass reactor, heated to 300 °C for 2 h in a stream
of oxygen (10 % oxygen, balance He) at a flow rate of
40 cm® min~'. A mixture of oxygen and carbon monoxide
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5 % CO, 10 % 02, balance He) was admitted at a flow
rate of 40 cm® min~' through the reactor after it had been
cooled to room temperature, 20 °C. The exit stream was
analyzed by two columns using gas chromatography
(5710A GC, Hewlett Packard). Conversion was assessed
usually in terms of CO loss, but confirmed sometimes by
the determination of CO, produced.

The surface area of the catalysts was determined using a
Micromeritics ASAP 2010 porosimeter.

Powder X-ray diffraction data were collected via a Bruker
AXS D8 diffractometer using Cu-K« radiation (40 kV,
40 mA) equipped with a primary beam Gobel mirror, a radial
Soller slit, and a Vantec-1 detector. Data were collected in the
20 range of 5 to 90° in 0.021° steps, using a scan speed
resulting in an equivalent counting time of 14.7 s per step.

Raman spectra were acquired with a Jobin-Yvon T64000
Raman spectrometer operated in single spectrograph mode.
Excitation was by means of the 514.5 nm line of an argon
ion laser. It was focused onto the sample via an Olympus
microscope attachment and the collected light was dis-
persed onto a liquid nitrogen-cooled CCD with an 1800
line/mm grating. For the AuCaTiO; samples, a 20x objec-
tive was used and for the LaFeO; samples a 50x objective
was used. Laser power at the sample was kept to ~1.2 mW
to prevent localized heating. Data was collected with Lab
Spec 4.18 software and acquisition times varied from 120
to 180 s.

Powdered samples were suspended in ethanol with sonica-
tion treatment for a few minutes to allow for the evaporation of
ethanol before the grid was inserted into the instrument.

X-ray photoelectron spectra were measured on a Kratos
Axis Ultra DLD spectrometer using a monochromatic
AlKo X-ray source (75 W) and an analyzer pass energy
of 160 eV for survey spectra and 40 eV for detailed scans.
Samples were mounted using double-sided adhesive tape,
and binding energies are referenced to the C(1s) binding
energy of adventitious carbon contamination taken to be
284.7 eV. Data were analyzed using commercial software
(CasaXPS; Neil Fairley) and software developed in-house
at Cardiff University.

A time of flight Secondary Ion Mass Spectrometer (ION
TOF), housed at the National Metrology Institute of South
Africa (NMISA) in Pretoria, was used for data collection.
The sample powders were pressed onto indium foil and ana-
lyzed as is. A 25 kV Bi+ ion beam with a pulsed current of 1
pA and a rate of 10 kHz was used. The extractor was operated
at 2 kV and charge neutralization was applied. The beam di-
ameter was 1 pm and the analysis area was 100 x 100 pum
(128 x 128 pixels).

The actual gold content of the catalysts were measured
using fire assay for total gold followed by gravimetric finish
by Performance Laboratories in Randfontein, and were close
to the target value of 1 wt%.

Results and discussion
Catalytic measurements

Systems that were investigated included gold supported on
LaFeO;, LaMnO;, LaCoO; and LaCuO; perovskites. Only
catalysts supported on CaTiO; and LaFeO; showed activity
for reaction temperatures below 100 °C for which reason the
other perovskites (i.e., LaMnOs, LaCoOs, and LaCuOs) were
eliminated from the study.

Figure 1 shows the activity measurements for Au-CaTiOs
towards CO oxidation.

Figure 2 shows the stability measurements for Au-CaTiO;
towards CO oxidation.

There is an increase in conversion as the calcination and
reaction temperature is increased, but there was no activity for
samples calcined at 800 °C under the investigating conditions.
There was an initial high activity for all catalysts but
deactivated gradually over time.

Figure 3 shows the activity measurements for Au-LaFeO;.

The stability of this system is depicted in Fig. 4.

There is an increase in activity as the reaction temperature
increases also as the calcination temperature increased but a
decrease with the sample calcined at 800 °C. As the time on
stream is increased, there is an initial increase in activity for
the samples calcined at 400 and 600 °C but the sample at
800 °C remains stable throughout.

The activity measurements for LaCa,FeO; (where x corre-
sponds to 0, 4, 10, 16, or 20 w% Ca) towards CO oxidation at
atmospheric pressure as a function of temperature is shown in
Fig. 5.

The TOF values at 30 °C for the Au-LaFeO5; and Au-
CaTiOs are 0.09 and 0.04 s™', respectively, based on total
contained gold, some 30 or 13 times higher than the values
reported for Au-LaSrMnOj [15]. Changes in increasing activ-
ity seen with the lower calcium content samples (Fig. 6) may
therefore be indicative of changes occurring in the surface
distribution or form of calcium during the early stages of the
oxidation reaction. There may be an additional role for calci-
um in helping to capture carbon dioxide during the oxidation
reaction though this specific aspect cannot be discerned from
the data alone. Further, more detailed studies of the surface
chemistry of the catalysts as a function of time on stream are
planned and could help in furthering our understanding of the
situation. There is a tendency for activity to increase as the
time on stream increased. The catalysts with 4 and 10 % cal-
cium loading had an initial increase in activity (Fig. 7), sug-
gesting that some sort of activation process was taking place
then stabilized while the 16 and 20 % samples showed an
increase followed by a stabilization. The calcium-free sample
showed stable behavior throughout the period of time inves-
tigated. In general, even in the absence of additional calcium,
the AuFeTiO; is noticeably more stable than the Au-CaTiO3
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Fig. 1 CO conversion over Au-CaTiOj at different temperatures

catalyst, another feature that is worth examining more closely.
The former catalysts show hardly any deactivation over a 24-h
period on stream.

Increasing temperature of calcination and increasing gold
loading reduced the specific surface area (Table 1). For
LaFeOs, the calcination increases the surface area and gold
loading decreases the area except for the 400 °C sample when
gold loading increased the surface area. The reason for this
behavior is unclear. When LaFeOj is doped with Ca, the sur-
face area decreases (from 25.4 to 17.5 m?/g). The specific
surface area again increases upon incorporation with gold,
particularly for the higher Ca content samples. These increases
in surface area may be the result of some etching of the pe-
rovskites. Hydrothermal treatment with water alone has been
shown to result in increased specific surface area of perovskite
samples [22]. Perovskites of the type LaBO5 (B = Co, Ni, Mn)
have been reported as having specific surface areas in the
range 33-44 m?/g [23]. All our perovskites prepared had
low to medium specific surface areas. The calcium amount
detected is in agreement with the theoretical value except for
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Fig. 2 CO conversion over time at a reaction temperature of 20 °C over
the Au-CaTiOs

@ Springer

90

7
ya

c 70 v
S
2 .
2 ,
s
c
S / —=—400°C
2 501 / o ~ e 600 C
0
40 // 800 €
30 . ./
L]
20
T T T T T T
30 40 50 60 70 80

Temperature °c

Fig. 3 CO conversion over Au-LaFeO; at different temperatures

the expected 20 % loading which is much lower. The reason
for this is unlikely to be that the calcium level is approaching
the maximum value of 28 % for a zero-lanthanum content
perovskite, with 20 % Ca corresponding to a composition of
Lag 17Cag g3FeOs3. No phase changes for the perovskites are
expected for the temperature range investigated. It is likely
that phase transitions would occur only at significantly higher
temperatures [24], though there might be some oxygen loss
from the lattice at higher calcination temperatures [25].

XRD, XPS, and Raman characterization

All the perovskites formed were pure phase and calcination
did not normally change the structure of the different perov-
skites (Figs 8, 9, and 10). The exception is with the calcium
loaded samples, where there is a decrease in peak intensity as
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Fig. 4 CO conversion over time at a reaction temperature of 20 °C for
Au—La.FeO3
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the calcium loading is increased and some shift to higher 2 6
values as the Ca content is increased. In addition, some peaks
disappear at high calcium loadings. Gold could not be detect-
ed as the gold peaks overlapped with the support peaks and the
loading was too low. The expected peak near 26 = 63° was not
visible and this alone suggests that the gold was very highly
dispersed in the samples.

From XRD and Raman spectroscopy (Fig. 11), it is evident
that the support was formed at the different calcination tem-
peratures with an increase in crystallinity as the calcination
temperature is increased. The activity increased with both re-
action and calcination temperature up to 600 °C, the support
calcined at 800 °C showed no activity under the investigating
conditions. Itis reported in literature that the higher the surface
area the more active the catalyst, also Ti ions have been shown
to be the active sites for Ti-based catalysts. The support cal-
cined at 800 °C had the lowest surface area and the interaction
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Fig. 6 Graph showing effect of calcium loading on CO conversion
measured at 50 °C
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Fig. 7 CO conversion at 40 °C over time for LaCa,FeOs

between Ti and Au was the lowest for this sample, therefore
the resulting loss in activity. These % conversion results cor-
relate with the XPS analysis (Fig. 12), the intensity of the
Au(4f) peak decreases as calcination temperature is increased
as shown in Table 2. This can be due to the incorporation of
the Au into the perovskite lattice calcined at higher tempera-
tures which results in better interaction of the gold and the
support (shown by the shift in binding energy) therefore im-
proved activity. The Ca(2p) peaks did not shift in binding
energy or intensity, only the O(1s) had subtle changes which
could reflect different coverage of hydroxyl or carbonate
species.

The surface area decreased as the calcination temperature
increased which is expected, and it also decreased upon gold
loading. These catalysts were found to gradually deactivate
over the period of time investigated, i.e., in 5 h there was +8
percentage units decrease in conversion.

Table 1  Specific surface areas for the various catalysts calcined at
300 °C
Support Temperature or loading Without Au With Au
(m’/g) (m’/g)
CaTiO; No heating 45.1 133
400 °C 41.7 12.8
600 °C 34.4 12.7
800 °C 10.1 10.3
LaFeO3 400 °C 14.2 39.1
600 °C 19.3 15.0
800 °C 254 9.1
LaCaFeOs Ca=4%(3.5)° 17.5 17.7
10 % (10.1) 14.9 17.0
16 % (16.8) 14.3 24.4
20 % (16.7) 17.5 533

#Values in brackets are the calcium composition from XRF
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Fig. 8 Diffractograms for CaTiOj; calcined at different temperatures

The XPS analysis for LaFeO5; was complex, with two dou-
blets corresponding to Au® and Au" species for the Au(4f)
region. As the calcination temperature was increased, it led to
more cationic species being formed with their intensity de-
creasing as the temperature was increased.

The reduction in intensity corresponds with the increase in
activity as the calcination temperature was increased. This
means that as the calcination temperature is increased, there
is more extensive incorporation of the gold into the support. In
palladium-perovskites, there is clear evidence that palladium
can occupy the B sites (6-fold coordination) the ionic radii of
gold (Au") and palladium (Pd*") are very close at 82 and
78 pm, respectively, and so it is tempting to speculate that
gold may behave similarly. (It is noted that no XRD peaks
due to palladium metal were seen in the Pd-perovskites for a

LaFeO, (400 °C)
LaFeO, (600 °C)
LaFeO, (800 °C)

|
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Fig. 9 Diffractograms for LaFeO; at different calcination temperatures
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Fig. 10 Diffractograms showing effect of calcium loading on LaFeOj; for
samples calcined at 300 °C

Pd content of 5 atom% [26]. For LaCaFeOs3, the cationic gold
species was transformed into the metallic gold as the Ca load-
ing was increased. The intensity of these samples decreased
with the 16 and 20 % Ca loading. The Ca(2p) spectra show
dramatic differences as a function of Ca loading (Fig. 16). In
contrast to the Au-CaTiO; samples (Fig. 14), the Ca(2p) spec-
tra exhibit two components, the higher binding energy com-
ponent increasing in relative intensity as the Ca loading in-
creases. The total Ca(2p) intensity increased with Ca loading
up to 16 %; the intensities for the 16 and 20 % samples are
very similar. Presumably, this represents Ca species in two
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Fig. 11 Raman spectra for CaTiOj; calcined at different temperatures
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different environments or lattice positions, a conclusion sup-
ported by the La(3d) spectra (Fig. 10), where the spectra cor-
responding to 16 and 20 % Ca loadings show evidence for two
La states in the broadening of the signals, reflecting different
interactions between the La and Ca atoms. The fact that gold is
present in two oxidation states may also be relevant here. For
the 16 and 20 % Ca samples, there is a large increase in the
high binding energy component of the O(1s) peaks compared
with the samples with lower Ca loadings, possibly reflecting
the contribution from “CaO” species to the O(1s) envelope,
although the relative intensity of this high binding energy
feature appears to be too high. However, it is clearly correlated
with the observations made in the Ca(2p) and La(3d) signals
concerning different Ca species or Ca entities present in dif-
ferent environments.

XRD investigations revealed the presence of pure and crys-
talline phases for all the prepared perovskites. No secondary
phases could be detected by this method at least within the
precision limits of this technique. Substitution of Ca for La
resulted in the XRD diffraction lines being broadened, shifted
slightly to higher 20 values and their intensities decreasing as
the Ca amount was increased. This is due to the Ca inducing
changes in the crystalline structure modifying the orthorhom-
bic structure to a nearly cubic structure. This was also sup-
ported by the analysis from Raman spectroscopy which re-
vealed bands for the unsubstituted LaFeO5 but with no bands

Table 2 Surface compositions for Au-CaTiO3

T(calcined) ~ Composition at% Elemental ratios

oca

(¢} Ti Ca Au  O/Ti+Ca) AuTi

Uncalcined  60.7 149 215 29 167 0.19
400 645 176 173 06 185 0.03
600 587 245 162 06 144 0.02
800 65 182 164 05 188 0.03

# Calcination was carried out before the addition of Au

being observed for the substituted perovskite, in line with the
absence of Raman bands for cubic symmetry [27].

It has been reported that substitution of La by Ca causes a
decrease in the cell volume which can be seen from the shift in
XRD diffraction lines. Calcium has a lower oxidation state
than lanthanum and therefore to maintain the structure elec-
troneutrality, an increase takes place in the iron oxidation state
from Fe* to Fe*". Since the latter has a smaller ionic radius,
the cell volume is decreased. In the Fe based perovskite, Fe*"
ions have been reported [28, 29] to be the active sites for
oxidation reactions.

From SIMS measurements, there is evidence that substitu-
tion of Ca for La results in less direct contact between Au and
Fe entities. The direct interaction between Au centers and the
active Fe ions is not seen as Ca is loaded (certain Fe probable
species present in the samples without Ca are not present in
the samples with Ca, i.e., FeAu and Fe;AuO instead CaAu is
present). Also the intensity of FeAuO and LaFeO, species
decrease as Ca loading is increased. Yakovleva and her col-
leagues [30] showed based on their SIMS data for
LaCa,MnOs that there is surface segregation of Ca and there-
by blockage of part of the active sites on the surface.
Therefore, we can therefore assume that due to the lack of
Au-Fe interaction and increased interaction between Au and
Ca, the active sites are blocked, leading to a reduction in
activity, as observed, as the calcium loading is increased.
The interaction between Au and Ca is also considered to be
responsible for the fall in surface abundance of gold as clearly
revealed in the XPS spectra of highly Ca-loaded samples.

For all catalysts, there was a decrease in initial activity with
time on stream and this is due to a progressive self-poisoning
effect, probably due to the strong adsorption of the products
(CO, and/or carbonates species) at low temperatures. In con-
clusion, the citrate method was successful in preparing the
different perovskites and the deposition-precipitation method
in depositing the gold onto the supports. Calcining at different
temperatures increased the incorporation of the gold into the
support which resulted in higher activity except for the
CaTiO; where calcination at 800 °C resulted in less interaction
between Au centers and the Ti active species. Cationic gold
species are found in all the active catalysts while metallic gold
was found in the inactive catalysts. These catalysts were rea-
sonably stable but had low % conversions therefore improving
the activity would be beneficial since they are promising ma-
terials. Atlow reaction temperatures, all catalysts had an initial
increase in activity which decreased as a result of self-
poisoning with time on stream. Modification with Ca did not
improve the catalytic performance but instead decreased it
dramatically as the Ca loading was increased. Doping the
support with Ca led to blockage of the active sites which led
to reduced catalytic activity. Corresponding perovskites with-
out gold were not active and therefore the presence of gold
nanoparticles significantly enhanced the activity but the
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Fig. 13 Raman spectra for LaFeO; at different calcination temperatures

support itself plays a key role in the reaction. The absolute
rates of CO oxidation are comparable with the acknowledged
very active Au-titania systems. At 300K, we find a TOF of
close to 0.03 molcomola,s ', based on total Au contained,
identical to the value reported by Costello et al. [31, 32] and
others [11] for the titania-supported system.

Only very few Raman spectra for LaFeO5 perovskite have
been reported [27], but these are similar to the spectra obtained
for our samples. Raman spectroscopy was used to study the
crystallinity of the materials by looking at peak height and
peak broadening of characteristic absorptions. It is reported
in the literature that amorphous materials show broad
Raman peaks. Figure 13 shows the observed spectra. The
supports calcined at 400 and 600 °C were observed to be more
crystalline as their peaks were more pronounced and intense.
The 142 cm™' P1 Raman mode is related to the CaTiOj lattice
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Fig. 14 Spectra showing Au (4f) binding energies for CaTiO3
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Fig. 15 Spectra showing Au (4f) binding energies for LaFeO3

mode at 241 cm ' P4 which is the O-Ti-O bending mode.
The 467 cm™' peak P7 is ascribed to the torsional mode.

Little work has been done on the calculation and assign-
ments of the Raman modes for LaFeO; (see Fig. 13).
Moreover, there are some controversial points in the assign-
ments of the modes [28]. For example, the band at ~625 cm ™'
was assigned to two phonon scattering mode in ref. [S] and the
same band was assigned to impurity related scattering mode
elsewhere [6]. In this work, Raman spectroscopy was used to
support the XRD data to determine whether crystallinity plays
arole in the activity of these materials by considering the peak
intensity and peak broadening. The peak intensity increased
with an increase in calcination temperature meaning that crys-
tallinity increased when the sample was calcined at higher
temperatures. The 431 cm™ ' peak arises from the B3g mode
and that at 628 cm ™' from two phonon/impurity scattering.
Peaks at 991, 1129, and 1306 cm  all arise from two phonon
scattering processes. There is an increase in crystallinity of the
samples as the calcination temperature is increased for both
CaTiO; and LaFeOj; perovskites. Modification of LaFeO;
with Ca decreases the crystallinity drastically so that no peaks
were observed for all the Ca doped- supports in the Raman
region where presented featureless profiles.
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Fig. 16 Spectra showing Au (4f) binding energies for Ca doped LaFeOs



Gold Bull

Table 3  Data from SIMS analysis for CaTiO;

Catalyst Probable species Intensity (%)
Au-CaTiO; (no heating) CaAu0, 4.21
TiAuO2 1.24
Au-CaTiO; (400 °C) CaAuO, 20.6
TiAuO, 213
Au-CaTiO; (600 °C) CaAuO, 452
TiAuO, 23.6
Au-CaTiO; (800 °C) CaAuO, 104
TiAuO, 8.11

The supports were analyzed by TEM but difficulties with
contrast made identification and size determination of gold
particles impossible. The average particle size for the
unsubstituted LaFeO; was found to be 43 nm and when cal-
cium was added the average size was 107 nm. These figures
are consistent with the specific surface areas measured for
these samples, given the density of the perovskite material.

For CaTiO;, The intensity of the Au(4f) peaks decreases
after calcination as shown in Figs. 14 and 15 and by the cal-
culated Au loadings in Table 2. There is no significant effect
on the Ca(2p) binding energies but the O(1s) peaks had high
binding energies. Often two binding energy states have been
recorded for perovskites, a low BE state corresponding to
lattice O*~ and a slightly higher BE state due to surface hy-
droxyl groups [33]. For LaFeOs;, the Au(4f) region is

Table 4 Data from SIMS analysis for LaFeO; and LaCa,FeO3

Catalyst Probable species Intensity (%)
Au-LaFeO; FeAu 0.18
FeAuO 15.5
LaFeO, 2.76
Fe3AuO, 0.05
Au-LaCaFeO; (Ca =4 %) CaAu 0.46
FeAuO 10.1
LaFeO, 1.58
Ca,FeAuO, 0.22
Au-LaCaFeO; (Ca =10 %) CaAu 0.27
FeAuO 7.58
LaFeO, 1.68
Ca,FeAuO, 0.15
Au-LaCaFeO; (Ca =16 %) CaAu 0.13
FeAuO 231
LaFeO, 0.93
Ca,FeAuO; 0.13
Au-LaCaFeO; (Ca =20 %) CaAu 0.09
FeAuO 235
LaFeO, 1.07
Ca,FeAuO, 0.66

complicated with 2 doublets corresponding to Au® and Au™"

species. Increase in calcination led to an increase in the abun-
dance of the cationic species, increasing from about 50 to
about 70 %. We are reluctant to state definitively whether
Au" or Au’" are present because there is an overlap in the
binding energies that have been reported for these two entities.
Furthermore, a degree of photoreduction of higher oxidation
state gold to the zero-valent state induced by the beam in XPS
work has been noted by some workers. For LaCa,FeO5 (Fig.
16), with 4 % Ca loading, the gold is present as Au>" which
transforms to metallic gold in the 10 % catalyst, with the
intensity being unchanged. For the 16 and 20 % samples,
the gold signal is much reduced in intensity, but with
Au(4f;,,) binding energies characteristic of metallic gold.
There is clear evidence of calcium speciation at high calcium
contents though it is difficult to draw firmer conclusions about
the surface structures responsible. The speciation may be con-
nected to the blocking behavior of calcium noted at high cal-
cium loadings as revealed by the catalytic results and the
SIMS studies (vide infra). Quantification of surface composi-
tions for La-containing samples were made difficult by large
uncertainties in the La(3d) sensitivity factor.

SIMS results

Tables 3 and 4 show SIMS data for the gold catalysts.

On increasing the calcination temperature, the gold be-
comes more associated with calcium than with titanium.

The SIMS results show all the probable species for CaTiO;
and LaFeOs;. There is direct interaction between Ca and Ti for
CaTiOj5. The interaction with Ca increases as the calcination
temperature increases, while the interaction with Ti decreases.
For LaFeOs;, there is direct interaction between Au centers and
the active Fe ions but this lessens as Ca is loaded (certain Fe
species present in the samples without Ca are not present in
the samples with Ca, i.e., FeAu and Fe;AuO), and, instead,
there is evidence of direct interaction between Au and Ca. The
intensity of signals from FeAuO and LaFeO, species de-
creases as the Ca loading is increased. Fe ions have been
reported to be the active sites in Fe based perovskites and
therefore Ca appears to block the active sites (with the ob-
served decrease in activity as Ca loading increased).

Conclusions

Gold-perovskites have been prepared using a complexation
method for the support. These solids are active in the low
temperature oxidation of CO and some of the materials have
good durability. This is particularly true of the more active
AuFeTiOj; catalysts which exhibit hardly any deactivation
over a 24-h period. The activities measured are very close to
those reported for the well-studied gold-titania system. Gold-
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perovskites containing ionic gold combined with metallic gold
seem to be more active catalysts within the range of solids we
have examined. Much of the gold appears to enter the perov-
skite lattice in much the same way as has been seen with
palladium-perovskites in the CO oxidation reaction.
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