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Recently, the development of recyclable, stable, highly efficient
water-splitting catalysts is urgent. Herein, we report magnetic
Lag 7Sro.3MnO3 hollow microspheres, which show high activity,
stability and long lifetime for photocatalytic water oxidation at room
temperature. Our design route for this green catalyst may be applied
to other environmental- and energy-related technological aspects.

The design and development of green catalysts for energy and
environmental applications are desirable due to their recyclability
after catalytic reactions. Sustainable and green catalysts are
usually regarded as specific features, such as efficient recovery,
good recyclability, low preparation cost, and high activity and
stability." Among various non-noble metal catalysts, perovskite
oxides are one type of promising structure due to their chemical
and thermal stability and the easy tailoring method over their
size, shape, composition and electronic state.”> Although there are
many previous reports concentrating on the preparation and cata-
lytic behavior of perovskite oxides, there are comparatively few
reports for ferromagnetic perovskite catalysts.” Co- and Mn-based
perovskites are mainly desired as substitutes of noble metals
for heterogeneous catalysis, particularly in CH,, CO, and NO,
oxidation.* La;_,Sr,MnOs, a typical perovskite manganese oxide
with a stable structure, not only has a high Curie temperature (7c)
and magnetic moment at room temperature, but also exhibits good
performance in catalysis.>” Therefore, the La;_,Sr,MnOj; is a good
choice as a prospective green catalyst for environmental benefit.
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Green catalyst: magnetic Lag 7Srg.sMnO3z hollow
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Hollow micro-/nanostructures have been highly attractive in
biomedical engineering, energy storage, sensing and particularly
in catalysis due to their lower density, highly active area and
characteristic void space for matter and energy exchange (e.g
capture photon).> " To date, there have been many effective
methods for preparing hollow spheres based on hard, soft
template and template-free strategies.”> During the past decades,
electrospinning has been widely used for fabricating nanofibers'*'*
because it is cost effective, environmentally friendly’> and
simple to control the surface morphology.’®"” By reducing the
precursor sol viscosity, hollow spheres can be obtained via
subsequent calcination.

In our previous work, we found that catalytic behavior in the
oxidation of CO and CH, depended on surface ratio of Mn**/
Mn*" of LSMO prepared via different methods.'® By engineer-
ing surface structures and oxygen species of LSMO, more
B-sites on the terminated perovskite improve catalytic activity
toward CO." Recently, we found non-spherical field ions on the
shape modulation of hydrothermally prepared LSMO crystals.>
In this communication, La; ,Sr,MnO; hollow microspheres
were prepared by a general electrospinning method with minor
modification. It shows high activity, stability and longer catalyst
lifetime for photocatalytic water oxidation in comparison with
nanoparticles prepared by conventional sol-gel.

Fig. 1 presents typical SEM and TEM images of LSMO
microspheres prepared by electrospinning followed by calcination
at various rates. They clearly show the change in morphology with
increasing heating rate. Calcined at 1 °C min~", the surface of
spheres was smooth and the thickness was about 0.8 pm. When the
rate was 5 °C min ™, their surface intensely shrank and the thickness
of spheres became considerably thinner at around 0.3 pm. Upon
further increasing the rate to 10 °C min ', the LSMO spheres
possessing smooth surface and ultrathin shell were finally obtained.

XRD patterns (Fig. Sla, ESIt) indicate a hexagonal phase
feature with space group R3c, and all characteristic diffraction
peaks match well with the document (JCPDS No. 51-0409).
Inductively coupled plasma spectroscopy (ICP) indicates that
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Fig. 1 SEM-TEM images of LagSro 3sMnOs microspheres calcined at the heat-
ing rate of (@ and b) 1 °C min™%, (c and d) 5 °C min™%, and (e and f) 10 °C min*
under 650 °C for 5 h (denoted as LSMO-1, LSMO-5 and LSMO-10, respectively).
Scale bar: 5 pm in SEM images.

the composition of the products is La, ;Sr, 3sMnO;. The high-
resolution transmission electron microscopy (HRTEM) image
(Fig. S1b, ESIY) of the LSMO-10 hollow spheres displays that the
distance of the adjacent atomic lattice fringes is 0.38 nm, which
is consistent with the (012) plane of its hexagonal phase.

To explore the mechanism of formation, several parallel
experiments were carried out. Based on their results, the mecha-
nism involving Ostwald ripening is proposed (Fig. 2). In precursor
sol, the inorganic salts are well dispersed along with long soft
chains of PVP with many polar groups. In the electrospinning
process, as a result of low viscosity, the surface tension has a
dominant influence, and the liquid jet prefers to shrink to a
spherical droplet to acquire the smallest surface area.”’ In the
subsequent calcination process, precursor spheres will undergo
the removal of polymer, the decomposition of inorganics and the
crystallization and Ostwald ripening (larger crystallites grow at the
cost of the smaller ones). Compared with crystallites in the outer
surfaces, those located in the inner cores have higher surface
energies (ascribed to the imaginary smaller sphere with a higher
curvature) and are considerably easier to be dissolved.*” On the
premise of limited calcination time, lower calcination temperature
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Fig. 2 Schematic illustration of the proposed formation process of the
hollow spheres.
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and heating rate tend to slow the process of the dissolution and
recrystallization. The dense precursor spheres (Fig. S2, ESIT) with
more inorganics will be solid spheres for the negligible ripening
effect, whereas their hollowing effect can be evidently observed in
the loose ones of less inorganics (Fig. S3, ESIT). However, if the
calcination temperature and heating rate increase, the process of
the dissolution and recrystallization is violent, resulting in the
solid spheres turning into hollow spheres (Fig. S4, ESI{ and Fig. 1).
The release of gas produced from the decomposition of PVP and
inorganics is also responsible for this hollowing process, con-
firmed by the pores on hollow spheres.

In order to further verify our assumption of the mechanism
of formation of hollow spheres, time-dependent experiments
were also carried out. Compared with the LSMO-1 calcined for
5 h (Fig. 1a), an evident crack appeared, and the hollow interior
with a shell thickness of about 0.3 pm was observed from high-
magnification images (Fig. S5a, ESIT) after calcination for 7 h.
By further increasing the time to 10 h, the shell thickness of the
hollow sphere (Fig. S5b, ESIt) evidently grew much thinner,
and many pores appeared on the surfaces of spheres due to the
long enough ripening process. The increase in interior-cavity
size with increasing the calcination time is consistent with our
propositional Ostwald ripening mechanism.

For studying the catalytic difference between LSMO hollow
microspheres prepared by electrospinning and LSMO nano-
particles (Fig. S6, ESIt) prepared by direct sol-gel, the photo-
catalytic water oxidation was performed in a bicarbonate buffer
solution (1 mM, 20 mL, pH 7.0) containing a 250 ppm catalyst,
Na,S,05 (10 mM) as a two-electron oxidant and [Ru(bpy)s]**
(0.5 mM) as a photosensitizer. Their time courses of O, evolu-
tion are shown in Fig. 3. No O, evolution was confirmed from a
reaction solution without the catalyst. As shown in Fig. 3a and b,
the O, evolution rates with LSMO-1 and LSMO-5 were both larger
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Fig. 3 Time courses of O, evolution with (a) LSMO-1 and sol-LSMO-1,
(b) LSMO-5 and sol-LSMO-5, (c) LSMO-10 and sol-LSMO-10 under
visible-light irradiation (a Newport oriel sol3A solar simulator through a
transmitting glass filter, 4 > 420 nm) of a bicarbonate buffer solution
(1 mM, 20 mL, pH 7.0) containing [Ru(bpy)sl** (0.5 mM), Na,S,0g (10 mM)
with 250 ppm catalyst [electrospun LSMO microspheres and LSMO nano-
particles prepared by direct sol-gel (denoted as sol-LSMO)].
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than their corresponding sol-LSMO-1 and sol-LSMO-5, respec-
tively, particularly for LSMO-1. Although the R, of LSMO-10 was
lower than that of sol-LSMO-10, the approximately constant Ro,
indicates that it has the longer catalyst lifetime in contrast with
sol-LSMO-10 (Fig. 3c); this advantage, which is important for
catalyst, applies to all of the LSMO microspheres prepared by
electrospinning. According to the overall photocatalytic cycle of
water oxidation with Na,S,0g, [Ru(bpy);]*" and water oxidation
catalysts (WOCs)*® and that catalyst lifetime is mainly associated
with its active surface area under suitable conditions,>* we speculate
that the longer lifetime might be attributed to the spherical
structure for facilitating the desorption of inactivated photo-
sensitizers, which is beneficial for the reabsorption of active
photosensitizers and maintaining stable catalytic efficiency.
To gain insight into the factors responsible for the high water
oxidation activity of LSMO-1 and LSMO-5, they were further
investigated by XPS and nitrogen adsorption-desorption measure-
ments. For LSMO-X microspheres and corresponding sol-LSMO-X
nanoparticles, they were prepared from the same sol undergoing
the same calcination process. Fig. 4 displays the XPS spectrum for
the Mn 2p energy region of LSMO and sol-LSMO. From Fig. 4a
and Table S1 (ESIt), we observe that the binding energy and
content of Mn in the surface of LSMO-1 is almost the same as that
of sol-LSMO-1, but the BET specific surface area (Table S2, ESIY)
of LSMO-1 (11.1644 m* g ) is considerably lower than that of sol-
LSMO-1 (16.9738 m* g~ '), which leads to the decrease in surface
reaction sites. However, to our surprise, the LSMO-1 has consider-
ably higher O, evolution rates than sol-LSMO-1 in a photocatalytic
water oxidation test. We deduce that it is mainly ascribed to the
spherical structure. Magnetically stirred in a reaction solution,
microspheres are considerably easier to maintain optimally
disperse states than nanoparticles, and thus efficiently contact
with the photosensitizer and H,O molecules, making the photo-
catalytic process more efficient.>®> Compared with LSMO-1, the
water oxidation activity of LSMO-5 is not much higher than that
of sol-LSMO-5, although LSMO-5 possesses much higher content
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Fig. 4 XPS spectra in the Mn 2p energy region of Lag 7Srg sMnO+ prepared
by electrospinning and direct sol-gel method, respectively.
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of surface Mn. The reason is likely for the decreased crystallinity®®
(Fig. S1a, ESIf) and relatively imperfect structure. As to the
phenomenon that the Ry, of LSMO-10 is lower than that of sol-
LSMO-10, we think it is a result of the comprehensive effect of its
decreased content of Mn, higher binding energy, which indicates
a decreased ratio of Mn>" (served as active site) to Mn**,”” much
lower BET surface area and fragile structure (Fig. 1e) than sol-
LSMO-10. Although LSMO-1, LSMO-5 and LSMO-10 do not show
consistent trends in water oxidation activity, it gives us an idea
that we can control the calcination process to obtain higher
catalytically active desirable products.

In addition, we can easily collect them from the solution
after the reaction because of their strong ferromagnetism at
room temperature (inset in the upper left of Fig. 5), and the
stability is fine (Fig. S7, ESIt). The zero-field-cooled (ZFC) and
field-cooled (FC) magnetization plots of LSMO-1, LSMO-5 and
LSMO-10 are presented in Fig. S8 (ESIT). Shown in these plots,
obvious transitions from ferromagnetism to paramagnetism
are observed at around 357 K for LSMO-1 and at about 337 K for
LSMO-5 and LSMO-10. Their M-H curves (Fig. 5) are clearly
irreversible (inset in the lower right corner of Fig. 5), which is
consistent with the room-temperature ferromagnetism due to
the double exchange between Mn** and Mn**.*®

Their coercive field, remanent magnetization and saturated
magnetization values are summarized in Table S3 (ESIt). Their
remanent magnetization (M) values are similar. However, the
saturation magnetization (M) of LSMO-1 and LSMO-10 is con-
siderably higher than that of LSMO-5, whereas opposite change
is observed in coercivity (Hc). We propose that it is mainly
related to the surface anisotropy.>®> Compared with the rough
surface, the smooth surface enables the surface metal atom to
possess a more symmetric coordination and smaller degree of
spin disorder and pinning. Compared with hollow spheres with
small interior-cavity size, those having large ones induce the
spin disorder and pinning for less symmetric coordination. The
H is proportional to the surface anisotropy, whereas the Mg is
inverse. As shown in Fig. 1, the order of their interior-cavity size
is LSMO-1 < LSMO-5 < LSMO-10, which indicates that the H¢
values should be increasing. However, the coercivity values of
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Fig. 5 Field dependence of the magnetization curves (at 4 K) of (a) LSMO-1,
(b) LSMO-5 and (c) LSMO-10 (the inset in the upper left is a picture of
LSMO-1 and a magnet, and the inset in the lower right corner is enlarged
M-H curves).
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LSMO-1 and LSMO-10, which possess smoother surfaces, are
both considerably lower than that of LSMO-5, indicating that the
surface has a dominant effect on the coercivity and saturation
magnetization. This discovery helps us to have a good under-
standing of the relationship between magnetic property and
morphology such that we can greatly satisfy the requirements
of applications in catalysis by controlling Mg of LSMO.

In conclusion, the magnetic perovskite La, ;Sro sMnO; hollow
spheres have been prepared by controlling the calcination process
of the electrospun precursor. The rugged spherical structure
causes La, ;Sr, sMnO; microspheres to exhibit high activity, stabi-
lity and longer lifetime in photocatalytic water oxidation, and they
could be easily recycled after catalytic reactions. The strategy is
important to other environmental and energy applications.

Experimental

Preparation of LSMO hollow spheres: In a typical experiment,
4 mmol stoichiometric amount of La(NOj;);-6H,0, Sr(NOs),,
Mn(CH;CO0),-4H,0 and 1.5381 g polyvinylpyrrolidone (PVP)
were mixed in 5 mL N,N-dimethylformamide (DMF) and stirred.
The final homogeneous mixture was loaded into a plastic syringe.
The applied voltage was 15 kV at a constant distance of 13 cm
between the tip and collector under a flow rate of 0.15 mL h™* with
a needle of 0.34 mm inner diameter. The obtained LSMO-PVP
composites were dried at 60 °C for 12 h and calcined at 1 °C min™,
5 °C min~" and 10 °C min~" under 650 °C for 5 h in air.
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