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ABSTRACT

Palladium integrated lanthanum-transition metal perovskites (LaMnOs, LaFeOs;, and LaCoOs3;) were
employed in methanol partial oxidation to formaldehyde. The crystallinity of these perovskites remained
unchanged by incorporating up to 5mol% Pd cations into their respective frameworks. Such a cation
replacement could yield a positive effect on particle size and catalyst reducibility. The Pd cation exists
in perovskites mostly as Pd%*. Under partial oxidation conditions, the reactivity and formaldehyde selec-
tivity of Pd-free perovskites were relatively low compared to their Pd-impregnated counterparts. Most
importantly, the reaction mechanism could be promoted diversely. For Pd-free perovskites, methanol
combustion, methanol oxidation to syngas and water, and methanol dehydrogenation were found to
be prominent. In contrast, methanol partial oxidation to formaldehyde and methanol dehydrogenation
were the major pathways of Pd-integrated catalysts. Both reactions can be seen as major factors in the
elevation of formaldehyde selectivity.

Formaldehyde

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Perovskite (ABO3) is a versatile catalyst which has been used
in numerous fields such as exhaust abatement, CO oxidation, and
methane partial oxidation [1]. This can be attributed to its unique
crystalline structure, ion mobility, and thermal stability.

Taking methane partial oxidation to syngas for example, various
perovskites were used at high temperatures (usually above 1000 K)
to produce syngas. Slagtern and Olsbye studied LaMO3 (M =Rh, Ni,
and Co) perovskites in this field [2]. Among them, LaRhOs3 displayed
attracting activity and stability at 1073 K for a 120-h lifetime test.
This is attributed to well dispersion of Rh particles in the perovskite
framework [2]. Lago et al. investigated the influence of A-site ele-
ment of LnCoO3 (Ln=La, Pr, Nd, Sm, and Gd) [3]. The stability of
reduced Co ion is proposed to be correlated with perovskite’s activ-
ity and selectivity. Interestingly, with decreasing the ionic radii of
the A-site element, yield of syngas can be improved [3]. Owing to
the high electronic and ionic conductivity, perovskite-made mem-
brane reactors, e.g., LaCoO3 and LaFeOs, were frequently employed
in methane partial oxidation to syngas[1,4,5]. This design facilitates
the reaction by oxygen permeation fluxes through perovskites,
which allows safe operation and cost efficient air separation.

Recently, precious metals, such as Pd, Pt, and Rh, have been
successfully embedded into perovskite for automotive-emission
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treatments [6-11]. These catalysts have shown surpassing reac-
tivity and durability when compared to supported noble metal
catalysts [6]. Among the precious metals, palladium is the most eco-
nomic and demanding, particularly for uses in cold start emission
reduction [7]. However, sintering of Pd particles has been a long-
lasting challenge in both industrial practice and academic research.
Incorporating palladium into perovskite framework is a promising
way to circumvent this difficulty because the thermal stability of
Pd species can be significantly enhanced. In addition, the perovskite
framework may serve as an active support due to its unique lattice
oxygen chemistry [1].

In comparison with NOy reduction [12-14] and combustion
[15-17], however, relatively fewer efforts have been dedicated to
methanol partial oxidation to formaldehyde using Pd-integrated
perovskites. De and Balasubramanian [18] employed SrVOs in
methanol partial oxidation to formaldehyde. By injecting methanol
pulses into an oxygen-free system, they showed that lattice oxygen
in perovskite could assist methanol conversion. Under partial oxi-
dation condition, great formaldehyde selectivity (more than 90%)
could be obtained at 320°C, however, the activity was quite low
(~44% conversion). Choisnet et al. [19] explored methanol oxida-
tion on LaNiO3 with CO, as the major product. Based on series
of catalyst characterization, they proposed that the B-site oxide,
NiO, played an important role in total oxidation. Lately, Kuhn and
Ozkan [20] used Sr- and Co-doped LaFeO3 in methanol partial oxi-
dation for hydrogen production. A comprehensive study through
the variation of B-site element compositions was reported. More-
over, they elucidated how perovskite’s chemistry could tune the
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reaction mechanism. It is worth noting that formaldehyde was not
detected in their system.

The objective of this study is to investigate the catalytic perfor-
mance of Pd incorporated LaBO3 (B=Mn, Fe, and Co) perovskites
in the partial oxidation of methanol to formaldehyde. Both physi-
cal and chemical properties of perovskites were surveyed. Based
on their catalytic behavior, plausible mechanisms processed via
different perovskites were proposed. The current work shows the
potential of Pd-impregnated perovskites in methanol partial oxi-
dation.

2. Experimental
2.1. Catalyst preparation

Six samples, including LaBO3 (B=Mn, Fe, and Co) and
LaBg g5Pdg 9503 catalysts were prepared applying a sol-gel method
reported elsewhere [21]. For convenience, LaBO3 samples will
henceforth referred to as LaB (e.g., LaMn) and LaBg g5Pdg 9503 were
labeled as LaBPd (e.g., LaMnPd). A binary solution (260 ml), con-
taining ethylene glycol and methanol in a 1-to-4 volumetric ratio,
was used to dissolve metal acetylacetonates (acac) (La-, Mn-, Co-
, Fe-, and Pd-(acac);) in appropriate stoichiometric ratios. About
10 mmol of A-site and B-site metal ions were used. After vigorous
stirring for half an hour, the solution was transferred into a rotary
evaporator at 80°C. The temperature was maintained to remove
solvents. The remaining paste was then collected and dried in air at
150°C for 10 h using a heating rate of 10 °C/min. Finally, the dried
sample was calcined with the same heating rate from 150 to 700 °C
for 2 h.

2.2. Catalyst characterization

The surface areas were measured by an automated N, adsorp-
tion apparatus (Micromeritics, ASAP 2010). Before each trial, the
sample was degassed at 105 °C for 6 h. Adsorption of N5, a probe
species, was performed at —196 °C. Surface areas of samples were
calculated based on the method of Brunauer, Emmet, and Teller
(BET).

Powder X-ray diffraction (XRD) patterns were obtained with
a Shimadzu Labx XRD-6000 using Cu Ko radiation (0.15418 nm).
Scans were conducted using 20-80° angle range (20) with a scan-
ning rate of 4°/min. The voltage and current used were 40 kV and
30 mA, respectively. Crystallite sizes were measured by employing
the Scherrer relation, L=0.9 x /8 cos 6, where L is the crystallite
size, A is the wavelength of radiation, 8 is the broadening of the
peak due to the small crystallites (rad 26), and 0 is the correspond-
ing angle of the diffraction peak. The full width at half-maximum
(FWHM) of each perovskite was estimated based on its strongest
diffraction peak. The instrumental broadening effect was found to
be negligible by using the Warren'’s correction [22].

The surface elemental analysis was performed by an energy
dispersive spectrometer (EDS, Oxford INCA Energy 350) attached
to the field-emission scanning electron microscopy (FESEM, JEOL
JSM-6701F). The INCA X-Sight software package (Oxford Instru-
ment) was used to quantify elemental contents. Three trials with
different positions were averaged for each sample. The acquisition
time per location was 10 min. The SEM accelerating voltage was
10kV. The scanned areas were ~4 pum x 3 wm. Elements includ-
ing O, La, Mn, Fe, Co, and Pd were determined by EDS from their
K-lines. X-ray photoelectron spectroscopy (XPS) analysis was con-
ducted using a Kratos Axis Ultra DLD with a 180° hemispherical
sector analyzer and a Al monochromator (X-ray sources: Mg and Al
Ka source, 450W max power). The dwell time was 0.3 s. Correction
of the energy shift due to the static charging of the samples was

accomplished with the C 1s peak at 284.4 eV (adventitious carbon)
as a reference.

H,-temperature programmed reduction (H,-TPR) and tempera-
ture programmed desorption (TPD) were conducted in a U-shaped
quartz reactor (i.d.=6mm) surrounded by a temperature-
controlled furnace. A water-trap and a thermal conductivity
detector (TCD) were connected in series to record responses. For
H,-TPR runs, the TCD current was set at 50 mA and the detector’s
temperature was at 100 °C; for TPD experiments, the TCD current
was 170mA at 150°C. Approximately 50 mg of sample was used
per trial. Prior to each experiment, the sample was pretreated in Ar
(H,-TPR, 23 ml/min) or He (TPD, 23 ml/min) at 120°C (10°C/min)
for 30 min to remove physisorbed water. After cooling to room
temperature, the H,-TPR was performed in a 7.4% H,/Ar stream
(25 ml/min) by elevating the temperature to 900 °C with a 5°C/min
ramp rate. The TPD was conducted in a He stream with a heating
rate of 5 °C/min from 100 to 925 °C, followed by isothermal soaking
at 925 °C for 30 min.

2.3. Activity measurements

Catalytic performance was tested in a continuous fixed bed reac-
tor (i.d.=10 mm). The system outlet was connected inline to a gas
chromatograph (GC, SRI 8610) equipped with a TCD, a methanizer,
and a flame ionization detector (FID). Ultra-high purity Ar was used
as the carrier gas. Before each trial, the catalyst was treated in a
10% O, /N, stream at 700 °C for an hour using a 10 °C/min heating
rate from room temperature. A 5 A molecular sieve and Porapak Q
columns were used to separate reactants and products. Identified
effluents included N5, CO, CO,, H,, HCOH, CH30H and trace CHy.
No formic acid or methyl formate was detected. N, also served as
the internal standard. All products except H, O were measured rela-
tive to GC calibration standards. The amount of H,O was estimated
by an oxygen atom balance. Approximately 0.1 g of sample with
particle sizes ranging from 40 to 80 mesh was employed. A K-type
thermocouple was inserted in the middle of catalyst bed from the
rear end of reactor to record the reaction temperature.

Methanol was introduced into the system through a syringe
pump (New Era, NE-300) at an injection rate of 1 ml/h. All tub-
ing of the system was wrapped with heating tape and kept at
150°C to avoid condensation. The molar composition of the feed
was CH30H/0,/N; =11/5/84 with a fixed residence time of 4.1¢g
catalyst x h/mol of CH3OH. For all trials, the carbon atom mass bal-
ances were within +10% error, mostly less than +5%. For each data
point, three trials were taken after reaching the steady-state of the
system (about 30 min after start-up). These trials were employed
to estimate 95% confidence intervals for both conversion and selec-
tivity. The conversion was calculated as mole of methanol reacted
divided by mole of methanol injected. The selectivities of carbon
containing products (CO, CO,, and HCOH) were calculated based
on carbon atoms. The selectivities of H, and H,O were calculated
based on hydrogen atoms.

3. Results and discussion

Fig. 1 shows the XRD patterns of perovskites. The characteristic
reflections of LaMn ([JCPDS: 35-1353]), LaFe ([JCPDS: 37-1493]),
and LaCo ([JCPDS: 48-0123]) were well defined. The diffraction
patterns of Pd-embedded samples were nearly identical to their
corresponding perovskite structures. This suggests that up to
5mol% Pd ions could be placed in the B-site position of the
lanthanum-based perovskite while its crystallinity could be main-
tained. Another possible explanation may be attributed to small
PdO clusters, which was below the XRD detection limit (ca. 4 nm),
on the catalyst surface. A close look of the XRD patterns showed
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Fig. 1. XRD patterns of the lanthanum-based perovskites.

slight shift toward higher 26 degree for Pd-doped perovskites.
According to Bragg’s law [23], this implies the decrease in d-spacing
by the Pd substitution. Table 1 lists surface areas and particle sizes
of all perovskites. Surface areas of all samples were close, ranging
from 1.4-6.6 m2/g. LaCo based catalysts yielded the smallest par-
ticle size, whereas LaFe perovskites had the largest crystallite size.
Particle diameters were in the range of 13-29 nm. Note that the
addition of Pd ions into the perovskite framework had a positive
effect in dwindling crystallite size.

Table 1 summarizes the EDS analysis of surface compositions.
The grain morphologies recorded by FESEM were irregular (see
Supplementary data, Fig. S1). EDS results showed a close match
of their nominal compositions. The exceptions were LaMn and
LaMnPd; the Mn-to-La ratios of these two were 0.53 and 0.33,
respectively. These values, which lower than Mn/La stoichiomet-
ric numbers of perovskites, imply possible surface enrichment of
La [24,25].

Fig. 2 illustrates the XPS analysis of Pd states of freshly synthe-
sized LaMnPd, LaFePd, and LaCoPd. The metallic Pd peak, which
is located at 335.2 eV [26], was absent for all samples. Two major
peaks corresponding to Pd 3dsj, (337.0eV) and Pd 3d3; (342.5¢€V)
were recognized. Both of these two can be attributed to oxidized
Pd2* [7,27,28]. Among all Pd-integrated perovskites, LaMnPd dis-
played a weaker response than LaFePd and LaCoPd, even though
all three had the same Pd loading. This confirms the EDS result,
which suggests the inhomogeneous LaMnPd surface. At around
339.0eV, a shoulder could be observed on the spectra of LaFePd
and LaCoPd. This characteristic signal is ascribed to higher oxidized
Pd** (x=3 and/or 4), particularly for B-site substituted perovskites
[27-29]. Comparing the Pd** signals of LaFePd and LaCoPd using
their Pd 3ds), peaks (337.0eV) as basis, the former was slightly
stronger than the latter. In other words, LaFePd might possess
higher Pd**/Pd2* ratio than LaCoPd. For LaMnPd, the response of
Pd** was negligible. The differences in Pd oxidation states were
reported to be an importantissue in varying catalytic performances,
for example, the three-way catalyst [28].
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Fig. 2. Evolution of Pd 3d XPS of Pd-incorporated perovskites.
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Fig. 3. H,-TPR profiles of LaMn, LaFe, and LaCo based perovskites. Note that signals
of both LaFe and LaFePd were multiplied by a factor 10.

Fig. 3 depicts the H,-TPR profile of each sample. LaFe based per-
ovskites showed comparatively weak H, consumption responses,
which is consistent with recent studies [17,30,31]. That is, LaFe
and LaFePd perovskites were both difficult to be reduced. The XRD
patterns of post-TPR LaFe and LaFePd samples (see Supplementary
data, Fig. S2 and S3) show almost identical responses as their per-
ovskite states. This is in agreement with the H,-TPR studies of LaFe
based perovskites. To clarify, signals of LaFe based perovskites were
multiplied by a factor 10. Besides LaFe, all perovskites showed two
different peaks.

The H,-TPR profiles of LaMn-, LaFe-, and LaCo-based perovskites
were highly convoluted, rendering ambiguous reduction mecha-
nisms of these solid solutions. Generally, their reduction processes

Table 1

Physicochemical properties of catalysts used in this study.
Catalyst Sger (mM?/g) dp (nm) La? Mn? Fe? Co? Pd? 0 Mn/La Fe/La Co/La Pd/La
LaMn 6.3 16.6 25.3 134 - - - 61.3 0.53 - - -
LaFe 6.6 28.5 214 - 20.1 - - 58.5 - 0.94 - -
LaCo 3.7 134 21.5 - - 20.2 - 58.3 - - 0.94 -
LaMnPd 14 14.8 27.9 9.2 - - 2.3 60.6 0.33 - - 0.08
LaFePd 5.7 244 19.7 - 219 - 0.6 57.9 - 1.11 - 0.03
LaCoPd 3.9 13.0 24.0 - - 19.3 0.6 56.2 - - 0.80 0.03

2 Obtained by EDS analysis.



138 C.-L. Li et al. / Catalysis Today 174 (2011) 135-140

1000

800

D
[=3
(=}

Temperature (°C)
B
(=]
(=}

200

0 25 50 75 100 125 150 175 200 225

Time (minutes)

Fig. 4. TPD profiles of LaMn, LaFe, and LaCo based perovskites. The dash line repre-
sents the desorption temperature.

have been widely accepted to follow a multiple-step mechanism.
Regarding LaMn based perovskites, Mn** and Mn3* may coexist
prior to the reduction. After the reduction, Mn2* instead of Mn®
should be the final state of Mn ions [32]. This is also the case for
LaFe, which may hold both Fe4* and Fe3* at the initial state; whereas
both Fe?* and metallic iron could be the reduced states of Fe ions
[30]. For LaCo, the first peak presents Co3* reduction into Co2* to
form brownmillerite (LaCoO, 5 ), followed by the second reduction
of Co%* to metallic cobalt [33,34]. Controversially, a single-step
reduction mechanism (Co3* to Co®) was reported by Huang and
coworkers [35], arguing that separated TPR peaks and unsymmet-
rical patterns should be attributed to differences of crystalline sizes
and oxygen defects in the perovskite lattice. Such diverse struc-
tures may lead to various diffusion resistances during hydrogen
reduction, thereby varying TPR profiles [35,36].

The shift of reduction peaks toward lower temperatures by dop-
ing Pd ions into LaMn, LaFe, and LaCo implies that the reducibility
of perovskites can be substantially enhanced. For LaMnPd, the first
peak shifted from 426 to 261°C while the second peak shifted
from 847 to 821°C. A newly formed response at 197 °C was dis-
covered for LaFePd. The first peak of LaCoPd decreased from 459
to 245 °C while the second peak decreased from 613 to 563 °C. It
is acknowledged that hydrogen can dissociatively adsorb on Pd
clusters, which already reduced at low temperature region, and
spillover to the support [37-40]. The spillover can facilitate the
reduction of supports, resulting in low reduction temperature of
Pd-integrated perovskites [38-40]. In addition, dosing trace Pd ions
into perovskites could increase the low temperature reduction peak
area, except for LaCoPd. This could be explained by either increasing
amount of small crystallites or defects of lattice structure [35,36],
or hydrogen spillover effect [37-40]. It is worth noting that the
reduction of PdO, which mostly occurs at about 100°C [37,41], was
not observed. This again reveals that Pd ions could be well embed-
ded into the perovskite framework, resulting in the absence of a
segregated peak caused by PdO reduction.

Fig. 4 shows the TPD profiles of LaMn-, LaFe-, and LaCo-based
perovskites. In general, desorbed oxygen of perovskites can be
classified into two types: a- and [3-oxygen. The former has been
assigned to weakly bonded oxygen species on perovskite surfaces;
the latter has been known as the lattice oxygen in perovskite
frameworks [41,42]. Naturally, the weakly bonded a-oxygen can
be released at relatively lower temperature compared to rigidly
bonded (3-oxygen. Temperatures ranging from 700 to 800 °C have
been employed as the demarcation between these two [42-44].
Both types of oxygen species play an important role in various
oxidationreactions [45]. For example, a-0xygen may promote com-
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Fig. 5. Methanol and oxygen conversions as a function of temperature. Note for
Pd-incorporated perovskites, oxygen conversions are all at 100%.

bustion while [3-oxygen is proposed to be responsible for partial
oxidation [43]. In Fig. 4, the amounts of a- and [3-oxygen could
be greatly improved by substituting Pd ions into perovskite frame-
works. This implies that the reactivities of LaMn, LaFe, and LaCo
perovskites could be enhanced by the Pd substitution, in agreement
with aforementioned H,-TPR studies.

Fig. 5 displays methanol and oxygen conversions as a function of
reaction temperature. Incorporating 5 mol% Pd ions could substan-
tially increase activities of perovskites. At equivalent temperatures,
Pd-doped perovskites were more than twice reactive as their
Pd-free counterparts. For instance, LaMnPd possessed about 63%
conversion at 220 °C, which was three times higher than LaMn. This
trend is in accord with previous H,-TPR results: the Pd-integrated
perovskites had greater reducibilities than their Pd-free counter-
parts. The activities of all samples could be enhanced by elevating
their respective temperatures. For Pd-free perovskites, increasing
the temperature could enhance both methanol and oxygen conver-
sions. Oxygen was fully consumed for Pd-doped perovskites over
the entire range of reaction temperature. The order of increasing
activity was LaFePd < LaMnPd < LaCoPd. At about 330°C, the most
active LaCoPd could achieve more than 90% methanol conversion.
LaFePd was ranked as the least active catalyst among Pd-doped per-
ovskites. Interestingly, however, its Pd 3d XPS profile displayed a
stronger response than LaMnPd. This implies that instead of surface
Pd species content, the reducibility of the perovskite (as shown in
H,-TPR) and/or oxidation states of Pd were the major factors for
catalytic activity.
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Fig. 6. Selectivity of (a) COy (solid line, CO,; dash line, CO), (b) HCOH, (c) Hz, and (d) H,O as a function of temperature.

Fig. 6 illustrates both carbon and hydrogen atom selectivities
as a function of reaction temperature. In Fig. 6(a), CO and CO,
selectivities displayed quite different results. LaMn and LaFe were
the only two catalysts producing a considerable amount of CO.
With increasing temperature, the CO selectivity of LaFe fell but was
almost unchanged for LaMn. No CO was produced through the use
of LaCo. CO, fell steadily with increasing temperature for LaMn
and LaCo, whereas no clear trend was identified for LaFe. As for
the Pd-containing perovskites, no CO could be generated; selec-
tivities of CO, were nearly unaltered with increasing temperature.
Fig. 6(b) illustrates formaldehyde selectivity as a function of tem-
perature. Pd-free perovskites enhanced formaldehyde selectivity
with increasing temperature. The highest selectivity of formalde-
hyde was about 70% at 375°C by LaCo. For Pd-incorporated
perovskites, formaldehyde selectivity was insensitive to reaction
temperature. The order of increasing formaldehyde selectivity was:
LaFePd (~85%)<LaMnPd (~90%)~ LaCoPd (~90%). Again, no sig-
nificant changes were identified for Pd-doped catalysts. Note that
about two to three folds more formaldehyde could be generated
by Pd-incorporated perovskites than their Pd-free counterparts.
Fig. 6(c)and (d) shows both H, and H, O selectivities as the function
of temperature. All catalysts except LaMn displayed similar trends:
enhancing temperature resulted in increasing H, and decreasing
H,O selectivities.

Scheme 1 lists the possible reactions under methanol oxidation
condition [20,46,47]. For Pd-free perovskites, the major reaction
pathway at low temperature was methanol combustion, which
could be explained by high CO, and H,O0 selectivities. By elevating
temperature, highly exothermic combustion could be suppressed.
The increasing HCOH and H, together with decreasing H,O sug-
gest dehydrogenation was promoted even when oxygen was still
available. Itis surprising that CO could be yielded so considerably by
LaMn (~12%)and LaFe (~21%) at the low temperature region. A pos-
sible explanation might be ascribed to methanol decomposition,
formaldehyde decomposition, or methanol oxidation to syngas and
water [20]. Since methanol decomposition is thermodynamically
unfavorable to proceed at this low temperature regime [47] and
formaldehyde increased with elevating temperature, oxidation of
methanol to syngas and water might be the major factor for CO
production.

Incorporating Pd ions into perovskites varied the reaction
scheme of methanol partial oxidation substantially. Formaldehyde
is the major product with trace CO,. This implies that the influence
from combustion was limited. At low temperature, selectivities
of H,0 were slightly higher than H,, suggesting methanol partial
oxidation to formaldehyde was preferred. With elevating tem-
perature, the increasing H, and declining H,O implies methanol
dehydrogenation was gradually enhanced with fading partial oxi-
dation. Even though oxygen was totally consumed, the selectivity
of formaldehyde seemed to be insensitive to reaction temper-

Partial oxidation of methanol to formaldehyde:

CH;0H + 1/20, — HCOH + H,0 (AH= -159 kJ/mol)
Methanol dehydrogenation:

CH;0H — HCOH + H, (AH= +84 kJ/mol)
Methanol oxidation to syngas and water:

CH;0H + 1/20, — CO + H, + H,O (AH=-151 kJ/mol)
Methanol combustion:

CH;0H + 3/20, — CO; + 2H,0 (AH= -674 kJ/mol)
Methanol decomposition:

CH;OH — CO + 2H, (AH= +91 kJ/mol)
Formaldehyde combustion:

HCOH + O; — CO; + H,0 (AH= -514 kJ/mol)
Partial oxidation of formaldehyde:

HCOH + 1/20, — CO; + H, (AH= -271 kJ/mol)
Formaldehyde decomposition:

HCOH — CO + H; (AH= +12 kJ/mol)
Hydrogen combustion :

H, + 1/20, — H,0 (AH= -243 kJ/mol)

Scheme 1. Plausible reactions under methanol oxidation condition.
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ature. This is evidenced by the fact that incorporated Pd ions
promoted methanol partial oxidation at low temperature, and
promoted dehydrogenation at high temperatures. Both partial oxi-
dation and dehydrogenation could contribute to formaldehyde
yields.

The influence of B-site ions in Pd-free perovskites is highly
complicated. It is unclear at this stage whether to correlate per-
ovskite nature with its catalytic behavior. However, by doping trace
Pd cations, partial oxidation and dehydrogenation of methanol to
formaldehyde became two major pathways. A close inspection of
catalytic activities together with XPS spectra showed that the least
active LaFePd had the highest Pd**-to-Pd2* ratio. Such a trend was
also reported when applying Pd-containing perovskites as three-
way catalysts for CO, NO and CH,4 abatement [28]. It is plausible
that the same could be stated in the partial oxidation of methanol
to formaldehyde.

4. Conclusion

The chemistry and catalytic performance of lanthanum-
transition metal perovskites can be substantially altered by
dissolving trace Pd cations in their crystalline frameworks. The
presented information led to following conclusions:

1. The perovskite structure could be maintained by substituting
up to 5mol% B-site (Mn, Fe, and Co) elements with Pd cations.
Segregated PdO was not observed. The positive effect on crys-
talline size was discovered when impregnating Pd cations into
perovskites.

2. Reducibilities and oxygen desorption of La-based perovskites,
which are highly related to catalytic activities, were improved by
incorporated Pd cations. Pd species exist in perovskites mostly
as oxidized Pd%*; relatively less Pd3* or Pd** could be identified.
The former is proposed to be more active in methanol partial
oxidation than the latter.

3. Besides methanol partial oxidation to formaldehyde, methanol
combustion and methanol oxidation to syngas and dehydro-
genation were found on Pd-free perovskites. In contrast, partial
oxidation to formaldehyde and dehydrogenation were the
two favored pathways on Pd-doped perovskites. Formaldehyde
selectivities were insensitive to reaction temperature, ranging
from 85% to 92% within the entire temperature region for Pd-
doped perovskites.
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