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Hierarchical LaFeQs fibers were prepared by a sol-gel nanocasting
method using a cotton cloth as the template. The resulting LaFeO;
fibers inherited the initial network morphology of the template very
well and showed enhanced catalytic CO oxidation activity and
satisfactory stability compared to the counterpart particles prepared
by the conventional sol-gel method.

The development of nanomaterials with novel structures has opened
new opportunities in exploring their widely varying properties. Many
methods have been applied to build controlled or tailored nano-
structures. Among them, nanocasting is a versatile method for
creating organized and mesostructured materials based on replicating
nanoscale structures via a direct-templating process.! Various
morphologies, e.g., nanowires, nanoarrays and nanospheres have
been obtained by the strategy of “nanocasting”>® and many
templates can be used in the nanocasting procedure. It is well known
that nature is full of materials with sophisticated structure and
ordering, which could serve as diverse templates for replication to
design and fabricate target inorganic materials with predetermined
structural properties. These natural templates include bacterial
superstructures,* cotton/cloth textile,’ diatoms,® dog and human
hair,” living cells,” mushroom gills,® shell membrane,? silk fiber,”
skeletal plates,® spider silk,” and so on. With the assistance of
templates, the as-fabricated nanoscale products not only inherit the
related properties from their individual parents, but also provide the
possibility for enhanced functionality.’

CO is a major pollutant which forms due to incomplete combus-
tion of gasoline in automotive engines. Its oxidation becomes an
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essential issue for air purification, automotive emission control, and
so on. Nanosized Au is the most effective catalyst for reducing the
emission levels of CO." However, it is very expensive and easily
deactivated by Pb and P, which limits the industrial use. Therefore,
many researchers have attempted to develop a catalyst with relatively
low cost and better poison resistance to replace the noble metal Au
catalyst. Under such a background, perovskite-type oxides (ABOs)
containing transition metals (e.g., Co, Mn, Fe, efc.) began to attract
considerable attention several decades ago because of their high
catalytic activity and good thermal stability. In 1952, perovskites were
first used as catalytic materials for CO oxidation.!* Twenty years
later, their potential application as a catalyst for automobile exhaust
purification was reported by Libby."*> Among the various ABO;
materials, LaFeO; and the related compounds become very
promising for their potential applications including catalysts,'
membranes in syngas production,™ sensors,'>'® and environmental
monitoring materials. Recently, LaFeO; was found to exhibit
attractive catalytic activity in the destruction of chlorinated volatile
organic compounds (VOCs)."”

In this communication, we demonstrate for the first time a sol-gel
nanocasting route to the synthesis of perovskite-type oxide LaFeO;
by using a cotton cloth as the template. This method allows the
successful creation of large-scale patterning of the hierarchical
LaFeOs; fibers. The reaction proceeds at atmospheric pressure and
the method is facile and low cost. The catalytic performance of the
resulting hierarchical LaFeO; fibers for the oxidation of CO is
investigated and compared with that of the conventional sol-gel
synthesized LaFeOs; nanoparticles.

The structure of LaFeOs; fibers and particles was characterized by
XRD (see Fig. S1, ESIt). The results reveal that the calcined products
were well crystallized. Both of the two XRD patterns display
diffraction peaks around 26 = 22.8, 324, 39.9, 46.3, 52.2, 57.6 and
67.5°, which could be indexed to the characteristic crystal planes
(101), (121), (220), (202), (141), (240) and (242) of orthorhombic
LaFeO; perovskite-type structure (JCPDS file no. 15-148). No other
crystalline by-products were found in the patterns, indicating high
purity of the products.

Fig. 1 shows the SEM images of the original template and the
obtained LaFeO; fibers and particles. As shown in Fig. 1a, the cotton
cloth template consists of an artificial pseudo-2D network of cotton
threads in compact bundles by simple weaving. Each bundle consists
of a large number of strips with widths of 20-40 um and an average
thickness of about 10 pm. Fig. 1b displays a representative overview
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Fig. 1 SEM images of (a) original cloth, (b and c¢) LaFeO; fibers at
different magnifications and (d) LaFeO; particles.

of the LaFeO; fibers after calcination at 650 °C. The patterning
consisted of interconnected frameworks of many filaments. The
resulting framework inherited the initial network of the cotton
template very well, except that the dimension was shrunk. The
dimension of the LaFeOj; cloth was reduced by about 1/5 due to the
shrinkage after template removal. The high-magnification SEM
images reveal that the hierarchical cellulosic structure of LaFeOs
fibers comprises subunits of numerous nanoparticles with diameters
of about 3040 nm (Fig. 1c). The interconnecting filaments were
composed of fused nanoparticles and a large amount of pores formed
among the nanoparticles. Fig. 1d is a representative SEM image of
the LaFeO; particles prepared by conventional sol-gel method.
Obviously, the conventional sol-gel synthesized product was
composed of irregular aggregates of nanoparticles with about 30—
200 nm in size, which was different from sol-gel nanocast LaFeOs
fibers. The size and microstructure of the resulting LaFeOs fibers and
particles were further investigated by means of the TEM technique
(see Fig. S2, ESIY). Fig. S2at shows a typical TEM image of sol-gel
nanocast LaFeO; fibers. It is found that LaFeO; fibers were of
numerous nanoparticles of about 30-40 nm in size, and the particles
were quite uniform and highly aggregated. The TEM image of
LaFeO; particles prepared through the conventional sol-gel method,
shown in Fig. S2b¥, reveals that their sizes were larger than those of
the fibers. This is consistent with the SEM results in Fig. 1c and d.

The porous structures of the resulting samples were further studied
by nitrogen sorption (see Fig. S3, ESIt). The adsorption isotherms of
the two samples could be classified as type I1I with hysteresis loops, in
which the adsorbate-adsorbate interactions play an important role.'®
The adsorption isotherms were typical characteristics of large meso-
pores and/or macropores produced by interaggregated particles. The
BET surface areas of LaFeOs fibers and particles were 23 and 11 m?
¢!, respectively. Obviously, the surface area of the former was
significantly higher than that of the latter. The inset of Fig. S37
reveals that the large mesopore and/or macropore size distribution in
LaFeO; fibers is broader than that in LaFeO; particles and the
overall porosity of LaFeOs fibers is higher than that of LaFeOs
particles.

The surface electronic states and the composition of the samples
were characterized by X-ray photoelectron spectroscopy (see Fig. S4,
ESIt). In LaFeOs;, Fe and La atoms existed in more than one
chemical states (A- or B-sites), bringing about several different
contributions with different binding energies in the XPS spectra.’
Fig. S47 shows the typical XPS spectra of LaFeO; fibers and parti-
cles. The peak positions of different atoms were determined by

internally referencing the adventitious carbon at a binding energy of
284.8 eV. The survey spectra (Fig. S4at) reveal that both the surfaces
of LaFeO; fibers and particles were composed of four elements, La,
O, Fe and a trace amount of C. From Fig. S4b¥ the La 3d core level
spectrum could be observed at binding energies of around 852.3 eV
(La 3d;p) and 835.4 eV (La 3ds;), in good agreement with that in
LaFeQO;.% The satellites with higher binding energies corresponded to
the shake-up state of La 3d, resulting from a core hole with an
electron transferred from the O 2p valence band to an empty La 4f
orbit. As shown in the spectrum in Fig. S4ct, the peaks of 710.8 and
724.1 eV could be attributed to Fe 2ps» and Fe 2p;», respectively. In
O 1s spectra (Fig. S4dt), the peaks at 529.1 eV were attributed to
Fe-O and La-O bonds (lattice oxygen), and the peaks at 531.5 eV
were assigned to carbonates and hydroxides adsorbed on the catalyst
surfaces (surface oxygen). Obviously, the surface adsorbed oxygen
content in LaFeOs fibers is less than that in LaFeO; particles, sug-
gesting the cotton cloth template could reduce the surface oxygen
species. To investigate the carbon states in the two samples, we
measured C Is core levels, as shown in Fig. Sdef. The binding
energies of 284.8 and 289.6 eV were observed in both LaFeO; fibers
and particles. The peak (284.8 eV) is attributed to signal the presence
of adventitious element carbon. The other peak (289.6 eV) indicates
the presence of carbonate species which is consistent with the results
in Fig. S4dt.

On the basis of the above results, we propose a possible formation
processes of LaFeO; particles and fibers, as illustrated in Scheme 1.
For the conventional sol-gel synthesized LaFeOs particles, citric acid
first formed chelate complexes with the metal ions (Fe**, La®*").*!
After hydrolysis and dehydration-condensation reactions, the sol
precursor with homogenously distributed Fe and La ions was
formed. The subsequent drying step would result in gel formation via
the further condensation. The final calcination process produced
irregular aggregates of LaFeO; nanoparticles because of the absence
of any template. However, the formation of LaFeOs fibers is thought
to be different. The first step of the sol particle formation was similar
with that of the conventional sol-gel synthesized LaFeOj3 particles.
As soon as the sol particles contacted with the cotton cloth, these
particles would be adsorbed onto the cotton thread surfaces. The
overnight immersion would ensure the sufficient adsorption. The
adsorbed sol particles could condense into gel in the cellulose matrix
of the cotton threads. The final calcination would decompose the gel
and result in the formation of patterned hierarchical LaFeOs fibers by
inheriting the morphology and three-dimensional architectures of
cotton threads, which were burnt out simultaneously. Of course,
a slight shrinkage of the overall dimensions took place at the same
time due to the loss of cotton fibers.

The catalytic performance of both LaFeOs fibers and particles for
the oxidation of CO was evaluated. The tests involved measuring the
temperature dependent conversion of CO to CO, up to the points of
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Scheme 1 Illustration of possible formation mechanism of LaFeO;
particles and fibers.
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Fig. 2 (a) Conversion of CO to CO, versus temperature; (b) conversion
of CO to CO, versus time on stream over the LaFeO; fibers at 260 and
320 °C, respectively.

50% (T50, which was usually invited to express the catalytic activity)
and 100% conversion (CO in the product mixture was no longer
detectable by GC) and the stability of catalytic performance. We
detected no oxidation of CO below 160 °C over the LaFeOs; fibers
and below 280 °C over the LaFeO; particles. As shown in Fig. 2a,
CO conversions increased with the rise in reaction temperature, the
T50 temperatures were 264 °C for LaFeOs fibers and 383 °C for
LaFeO; particles, revealing the catalytic performance of the LaFeOs
fibers is superior to that of the LaFeOs; particles, we also observed
that LaFeQ; fibers and particles could completely convert CO to CO,
at a temperature of 340 °C and 460 °C respectively, which further
confirmed the excellent activity of LaFeO; fibers. Furthermore, we
tested the catalytic stability of the sol-gel nanocasted LaFeO; sample
over time. The fibrous LaFeO; catalyst showed satisfactory stability
over 10 h both at 260 °C and 320 °C (Fig. 2b). Zhu et al. found the
CO conversion on La,CuQO, prepared by the conventional citrate
combustion method was less than 20% at 325 °C.? Tilset and his co-
workers reported the temperature for 100% of CO conversion to CO,
on NdCoO; was up to 523 °C.2 Compared with these two perov-
skite-type oxides, LaFeO; fibers in this work exhibited much better
catalytic performance. As revealed from the XPS analysis, the surface
adsorbed oxygen content in LaFeQ; fibers is less than that in LaFeOs
particles. Usually, more surface oxygen species could favour the CO
oxidation. So the higher CO oxidation activity of the LaFeO; fibers
could not be assigned to surface oxygen species in this study.
Therefore, the excellent catalytic performance is attributed to the
novel structural and textural characteristics of the LaFeO; fibers
prepared via the sol-gel nanocasting route. First, the hierarchical
structure makes it easier for the reactant to access the surface active
sites, so it would facilitate the CO adsorption and oxidation at the
active sites as well as the product desorption. Second, the surface area
of the sol-gel nanocasting synthesized LaFeO; fibers was twice as
large as that of the counterpart particles. It is widely accepted that the
large surface area is favorable for catalytic activity enhancement
because large surface area means more active sites, allowing for the
generation of more active species and the facile proceeding of CO
oxidation.

In summary, we have demonstrated a facile and low cost sol-gel
nanocasting strategy to produce patterned hierarchical perovskite-
type oxide LaFeO; fibers by choosing a cotton cloth as the template.
The resulting nanocast LaFeOs fibers inherited the initial network
morphology of the template very well and possessed a larger surface
area than the counterpart particles prepared by conventional sol-gel
method. Furthermore, the nanocast product showed much better

catalytic performance and satisfactory stability in the oxidation of
CO to CO,. We believe that this facile method could be extended to
prepare other binary metal oxides with enhanced catalytic properties.
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