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Improved oxygen mobility in nanosized mixed-oxide particles synthesized

using a simple nanocasting route
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This work reports the synthesis of homogeneously dispersed
mixed-oxide nanoparticles (<5 nm) exhibiting improved lattice
oxygen mobility (ca. two times higher than on bulk samples),
using a novel synthesis procedure of nanocasting in mesoporous
silica host support.

Since the 1970s, various oxidic phases of perovskite structure
(general formula ABOs) are known to exhibit high activity for
gas phase oxidation reactions.' Perovskite specific surface areas
(SSA) do not exceed a few square meters per gram when
prepared by conventional methods such as ceramic routes or
coprecipitation. Nevertheless, more sophisticated methods such
as complexation,®? flame hydrolysis,>* freeze- and spray-
drying,ze combustion,?¢ reactive grinding,zh’i microemulsion,”?. . .
allow the formation of perovskites with higher SSA (up to
50 m? g~ !). It is well known that the catalytic activity is
strongly related to the SSA of the mixed oxides even if their
surface and lattice properties are also suggested to influence
the activity.® LnBO; perovskite crystals, where Ln is a lantha-
nide (generally lanthanum) and B a transition metal (prefer-
ably cobalt or manganese), are among the most active oxide
materials for gas-phase oxidation.* Substitution of A and/or B
cation is described as a mean to improve catalytic activity since
partial structure substitution resulted in modification of the
transition metal reducibility, and consequently of the lattice
oxygen reactivity.’ Indeed, the commonly accepted oxidation
mechanism for the CH4 oxidation reaction involves the parti-
cipation of lattice oxygen (O ") via a redox cycle on transition-
metal active sites (i.e. Mars and van Krevelen redox process).®
Consequently, oxygen mobility in the crystal lattice becomes
crucial to obtain high catalytic activity for this reaction. In a
previous study, we observed that lattice oxygen mobility was
also strongly affected by the crystal domain size (i.e. the lower
the crystal size is, the higher the lattice oxygen mobility).”
Decreasing crystal domain size down to values lower than
15-20 nm (by using optimized methods* /) becomes a real
challenge to improve catalytic activity. Hard templating
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procedures that are described as attractive methods to synthe-
size high surface area solids,® are adequate to control the
crystal size growth occurring during crystallization. Conse-
quently, recent academic studies reported the size limited
crystallization of perovskite crystals inside hexagonal meso-
porous silica support’ using a conventional citrate gel as
precursor. Due to the high viscosity of the citrate complex,
the impregnation procedure has to be repeated several times to
obtain high precursor loading. Nevertheless, perovskite crystal
dispersion inside the silica host support remains one encoun-
tered problem. As an example, Nguyen et al.”® who studied the
synthesis of LaCoOj3; nanoparticles inside a SBA15-type silica
support, noticed “that their distribution is not very homoge-
neous in any region of the solid’, and TEM micrographs
evidenced crystal segregation on the periphery of the silica
particles. Using microwave heating, Yi es al.’® however
obtained more uniform dispersion of ~7 nm LaCoO3 nano-
particles using a similar host support.

We report in this work a novel simple synthesis procedure
leading to the formation of embedded mixed-oxide nanopar-
ticles inside a mesoporous HMS-type silica. This synthesis
route, based on the self-combustion of metallic precursors
with an amino acid is shown to prevent the nanoparticle
segregation outside the micrometric silica grains. The oxygen
isotopic exchange (OIE) technique is used to evaluate oxygen
mobility in the mixed-oxide phase in these novel composites
and in reference bulk perovskite samples. Details of the OIE
measurements are presented in the ESL.¥

A pure siliceous HMS support, synthesized according to the
procedure described by Macquarrie et al.'® is used as silica host
support. Three perovskites of different compositions (LaFeOs,
LaCoOj; and LaMnOs) are synthesized by auto-ignition of the
glycinic complex precursors inside the HMS support. Details of
the synthesis procedures are provided in the ESL.

Table 1 summarizes the physical properties of the parent
silica support and the supported and reference bulk perovskite
samples. A decrease in specific surface area (SSA) is logically
observed after the impregnation step, from 832 to 580620 m? g~
when 15 wt% of mixed-oxide is added. After correction of the
surface area to 1 g of host support, the SSA values are found
to vary between 591 and 722 m? g~ !, values slightly lower than
that of the silica support, suggesting some pore blocking after
impregnation. This assumption was further confirmed by the
net decrease in pore volume, as observed for the LaFe-based
composites (Fig. 1 and Table 1). Isotherms remain however
unchanged (type IV isotherms according to the TUPAC
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Table 1 Physico-chemical properties and activity in oxygen isotopic exchange of supported and bulk perovskites”

Physical characterization

Oxygen isotopic exchange reaction

SpET Vplem’ Crystal Ve /10" Ne?/10%° 04,0 key/

Sample Composition /m? g~ ! g ! Dgyy/nm  phase at g~ min~! atg”! (%) pmolO s~ !
HMS — 832 1.00 3.0 — 0 0 0 0
15LaFe-HMS 13.9wt% Lagg,FeOs 622 0.51 3.0 Weak P 5.0 10.8 20 —
25LaFe-HMS 24.5wt% Lago7FeO; 446 0.31 2.9 Weak P — — — —
15LaCo-HMS 14.2wt% Lag9sCoO; 585 0.38 2.8 Weak P 26.3 42.4 77 5.20 x 1072
15LaMn-HMS 15.2wt% LagosMnO; 581 0.40 2.9 Weak P 10.8 349 62 275 % 1072
LaCo Lag.95sC0o03 10 — — Intense P 138.0 21.1 35 1.81 x 1072
LaMn Lag9sMnO; 14 — — Intense P 58.0 21.8 31 1.78 x 1072

“ y°, initial rate of exchange (defined by eqn (12) in ESIT) evaluated at the beginning of the reaction (first 30 s); Ne®®, number of oxygen atoms
exchanged at 60 min (defined by eqn (9)—(11) in ESIT); O, fraction of oxygen from the solid exchanged at 60 min. k., rate constant calculated
from Boreskov’ first-order reaction rate (defined by eqn (9)—(11) in ESI, fitted between 10 and 60 min). Crystal phase: P refers to perovskite phases.

classification,'! Fig. 1). A long adsorption plateau typical of
the N, capillary condensation in the mesopores is observed in
each case (Fig. 1 and Fig. S1, ESIY). Furthermore, no drastic
change in mean pore size, determined by applying the Bar-
rett-Joyner—Halenda model to the desorption branch, can be
evidenced (Dpyg = 2.5-2.7 nm, Table 1, Fig. S2% for the
LaFe-HMS samples).

The small-angle X-ray diffraction pattern (Fig. S3, ESIY) of
the HMS support exhibits an intense diffraction peak at 20 =
2.13°, characteristic of the (100) crystallographic plane of the
hexagonal pore structure. Perovskite loaded HMS samples also
show a diffraction peak at slightly lower 20 values (between 1.92
and 2.03°, Fig. S3, ESI¥). Peak intensity is found to progres-
sively decrease with the increase of perovskite loading. Such
attenuation can be attributed to the progressive pore filling of
the silica support (Fig. S3, ESIT).”** Because of the highly
energetic reaction that occurs during glycine combustion, some
loss in silica porosity periodicity cannot be excluded.

Weak and broad signals of the different perovskites are
detected at high 20. No additional peak assigned to the single
oxides can be detected (Fig. S4a, ESIt). Furthermore, FWHM of
the main peak is larger for the supported perovskites than that
obtained on the reference bulk perovskite samples
(Fig. S4b, ESIY), indicating a decrease in mean crystal domain
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Fig. 1 N, adsorption/desorption isotherms at —196 °C obtained for
the HMS support and the two LaFeO; supported samples.

size for the HMS based solids. The low signal/noise ratios
obtained on the diffractograms for the supported samples (Fig.
S4a, ESIT) hinder the use of the Scherrer equation to calculate a
mean crystal domain size for these samples. This suggests that the
crystal growth is limited by the inorganic walls of the mesoporous
silica host support. This conclusion is confirmed by TEM ob-
servation where dark contrasts are observed dispersed in the silica
particles (15LaFe-HMS, Fig. 2 and S5, ESIf; 15LaMn-HMS,
Fig. S6, ESIt). These contrasts are nanometric in size (<5 nm in
size), and reveal the presence of a heterogeneous phase. In the
thinnest regions of the sample, the magnification can be increased
in order to observe the lattice planes of the particles (inset, Fig. 2),
which confirms that at least some of these particles are crystal-
lized. The typical contrast of the lattice planes is clearly observed
on the corresponding intensity profile (Fig. S7, ESIY), the vertical
dotted lines evidencing the edge of the particle (~2 nm). Note
that the particle size remains in the same range of order as the
mean pore size of the silica (~ 3 nm, Table 1). Contrarily to what
was observed using a citrate gel impregnation procedure,’
particles are dispersed evenly inside the micrometric silica particles
(Fig. S5 and S6, ESIt). Even if the synthesis procedure used in
this work will logically lead to the crystallization of some particles
on the external surface of silica, a careful observation of the
sample does not reveal external large perovskite crystals. EDXS

Fig. 2 HRTEM micrograph for the 15LaFe-HMS sample. Inset:
Focus on a nanometric crystallized particle.
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analysis (Fig. S5 and S6, ESIY) confirms the homogeneous cation
dispersion inside the micrometric silica grains. EELS spectra of
the Fe-L,; edge (Fig. S8, ESIf) shows that the dark contrasts
observed on the images are probably due to the iron-based
nanoparticles. Despite the poor signal to noise ratio, one can
observe that the shapes of L, and L; edges recorded on the
15LaFe-HMS sample are very similar to those recorded on
reference samples (bulk LaFeO; and Fe,03), indicating that the
oxidation state of iron is mainly 3+ and that Fe’" ions are
located in an octahedral symmetry.'> This result promotes the
idea that the nanoparticles are crystallized. Only slight differences
are observed for the 15LaCo-HMS solid (Fig. S9, ESI¥). Even if
perovskite crystallization did not occur outside the silica grain for
this sample, nanoparticle repartition is not homogeneous inside
the micrometric grains.

OIE results obtained for selected supported and corre-
sponding bulk perovskites are summarized Table 1. It was
first verified that the HMS support does not exhibit any
activity in oxygen exchange. Higher initial rate of exchange
(vex)) is obtained for the bulk perovskites with respect to the
supported samples (Table 1, Fig. S10, ESIT). Nevertheless, a
careful analysis of the exchange experiments over bulk samples
allows to detect small carbon dioxide desorption at the begin-
ning of the exchange test (C'°O, species, Fig. S10, ESIY) that
quickly exchanged (C'°0'®0 and C'®0, species, Fig. SII,
ESI¥). Moreover, the experimental exchange curves do not
correlate with the curve shape that would be obtained for a
first-order reaction rate with respect to '*0, partial pressure
(Fig. S10, ESIY). Such behaviour is not observed for the
supported perovskite samples, and the resulting exchange
curve shape fits well with a first-order reaction rate. As
properly mentioned by Zhang-Steenwinkel,'* a fast oxygen
exchange on surface carbonate species can be supposed to
occur over these two bulk samples. Thus, a lower surface
carbonate concentration on the supported nanoparticles can
be a reason of the low initial rate of exchange. In order to
compare bulk and supported samples without carbonate ex-
change contribution, first-order rate constant (k.,, Table 1) is
calculated using experimental values after carbonate exchange
(experimental points between 10 and 60 min). Compared to
the bulk samples, higher rate constants are obtained for the
supported samples (Table 1): 1.6 (LaMn-HMS) and 2.9
(LaCo-HMS). This correlates well with the oxygen exchange
capacity measured after 60 min of reaction (Ox’°, Table 1).
Taking into account the small differences in experimental
conditions (catalyst weight, initial '%0, pressure...), the cor-
responding fraction of oxygen exchanged from the solid at the
end of the test are 62 and 77% for LaMn-HMS and LaCo-
HMS, respectively, indicating that the supported samples
displayed a ca. two times higher lattice oxygen mobility (0>~
species) than the bulk samples.

Comparison of the three supported samples is presented
(Fig. S12, ESI¥). The activity order in oxygen exchange is in
accordance with that reported by several authors over bulk
perovskite for hydrocarbon oxidation reactions.'

In summary, the original synthesis procedure reported in
this work favours the formation of dispersed mixed-oxide
nanoparticles of limited size embedded in a high surface area
silica matrix. Evaluation of the supported nanoparticles re-
activity by means of oxygen isotopic exchange reaction in-
dicated an improved lattice oxygen mobility than that
exhibited by the corresponding bulk samples.
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