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ABSTRACT: Uniform hollow spherical rhombohedral LaMOj and solid spherical cubic MO, (M = Mn and Co) NPs were
fabricated using the PMMA-templating strategy. Hollow spherical LaMOj; and solid spherical MO, NPs possessed surface areas
of 21-33 and 21—24 m?/g, respectively. There were larger amounts of surface-adsorbed oxygen species and better low-
temperature reducibility on/of the hollow spherical LaMO; samples than on/of the solid spherical MO, samples. Hollow
spherical LaMOj and solid spherical MO, samples outperformed their nanosized counterparts for oxidation of CO and toluene,
with the best catalytic activity being achieved over the solid spherical Co;0, sample for CO oxidation (Tsgy = 81 °C and Togy =
109 °C) at space velocity = 10 000 mL/(g h) and the hollow spherical LaCoO; sample for toluene oxidation (Tsgs = 220 °C and
Tog = 237 °C) at space velocity = 20000 mL/(g h). It is concluded that the higher surface areas and oxygen adspecies
concentrations and better low-temperature reducibility are responsible for the excellent catalytic performance of the hollow
spherical LaCoOj; and solid spherical Co;0, NPs. We believe that the PMMA-templating strategy provides an effective route to
prepare uniform perovskite-type oxide and transition-metal oxide NPs.

B INTRODUCTION

Hollow micro- and nanostructures have received much
attention due to their potential applications as catalysts,'
chemical sensors,” photonic devices,> chemical reactors,* and
drug delivery.® Over the past decades, many efforts have been
made in the development of different methods (e.g,, template-
free methods®” and templating methods using either hard or
soft templates®) for fabrication of hollow micro- and
nanospheres. For example, Li et al. synthesized perovskite
LnFeO; (Ln = La, Pr—Tb) hollow microspheres with a porous
shell via a hydrothermal method."® Pan and co-workers
prepared nearly monodispersed core—shell and hollow
spherical BaTiO; nanoparticles through a one-pot template-
free route in molten hydrated salt medium."" Lu et al. fabricated
BaZrO; spheres using a facile modified hydrothermal approach
in the presence of ethanol.'” By hydrothermally treating the
mixed solution of glucose, Fe**, and M?* and after a calcination
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process, Gu et al. prepared MFe,O, (M = Mg, Co, Nj, Zn)
hollow spheres."”®> With porous carbon replica as the hard
template, Kim et al. prepared La,,Ca,;MnO; hollow spheres.'*
Zhang et al. generated hollow spherical LaMnO; nanoparticles
using the carbon spheres as the hard template.'®

Metal oxide nanoparticles (NPs) usually possess high specific
surface areas, facilitating interfacial processes when the NPs are
used as catalyst. Generally speaking, there are two approaches
to synthesize NPs: The “top-down” approach that utilizes
physical methods and the “bottom-up” approach that employs
solution-phase colloidal chemistry.16 Recently, Stein and co-
workers proposed a “disassembly strategy” for fabrication of
metal oxide NPs, which involves the first inverse replication of
colloidal crystals into a three-dimensionally ordered macro-
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Table 1. Preparation Parameters of the Spherical LaMO; and MO, (M = Mn and Co) Samples

total metal concentration

sample metal source (mol/L)
hollow spherical La(NO;);-6H,0, Mn(NO;), 1.0
LaMnO;
solid spherical Mn,0; Mn(NO,),-4H,0 1S
hollow spherical La(NO,);-6H,0, 1.0
LaCoO; Co(NO;),-6H,0
solid spherical Co;0, Co(NO;),-6H,0 1.5

.solvent volumetric ratio (mL/mL/
mL/mL)

PEG400/EG/MeOH = 5:3:10

.calcination condition

300 °C 3h (inN,) = 750 °C 4 h (in

air)
PEG400/EG/MeOH/H,0 = §: 300 °C 3h (in N,) — 450 °C 4 h (in
3:7:5 air)
PEG400/EG/MeOH/H,0 = 7: 300 °C 3h (in N,) = 650 °C 4 h (in
3:7:5 air)
PEG400/EG/MeOH/H,0 = 5: 300 ;C 3h (inN,) — 450 °C 4 h (in
8:2:5 air

porous (3DOM) structure and follows the disassembly process
for generation of shaped building blocks."””'® Manganese oxide
or cobalt oxide (MO,, M = Mn and Co) and lanthanum
manganite or cobaltite (LaMO;, M = Mn and Co) have many
applications in catalysis,lg’20 energy conversion,”' and sensing.19
It has been well established that the behaviors of nanoscale
materials strongly depend on the shape and size of the particles,
which are key factors influencing their ultimate performance.
Hence, it is highly desired to develop an effective method for
controlled preparation of LaMO; and MO, with uniform
morphologies so that their performance can be enhanced.

It has been generally accepted that supported noble metals,
single transition-metal oxides, and mixed metal oxides (e.g.,
perovsike-type oxides) are active toward oxidation of CO and
volatile organic compounds (VOCs). Although the supported
noble metals exhibit excellent catalytic activity, the expensive
cost and easily poisoned tendency limit their wide applications.
The other two kinds of catalysts, however, have the advantages
of cheapness and good catalytic activities. Manganese oxide and
cobalt oxide have attracted much attention due to their
promising catalytic properties. As oxidation catalysts, man-
ganese oxide and cobalt oxide show good catalytic performance
for removal of CO and VOCs.>*™** For instance, Garcia et al.
found that Co;0, performed well in the deep oxidation of a
series of representative VOCs.”> Schiith and co-workers
observed that the porous Co;0, material was an excellent
catalyst for oxidation of CO.*® Bruce et al. claimed that
mesoporous Co;0,, Cr,0;, Fe,03;, Mn,0;, and Mn;0, showed
good catalytic performance for CO oxidation.”” Xie et al.
reported that nanorod-like Co;0, exhibited excellent catalytic
activities for low-temperature oxidation of CO.** Our group
found that mesoporous cobalt oxide and manganese oxide
performed well in the combustion of toluene.”** Among the
perovsike-type oxide catalysts, the manganite and cobaltite ones
perform best for complete oxidation of CO and VOCs.'?*"?%%!
For example, After examining the catalytic activity of LaMnOj;,
Irusta et al. found that 90% toluene conversion was reached at
ca. 290 °C and 178 h™'.*° Over the LaMnOj catalyst at ca. 335
°C and 14000 h™!, 90% benzene conversion could be
obtained."

Herein we report a facile and effective strategy for controlled
fabrication of monodispersed spherical LaMO; and MO, (M =
Mn and Co) NPs, which uses the polymethyl methacrylate
(PMMA) colloidal crystal as a hard template and the surfactant
(poly(ethylene glycol) (PEG) or ethylene glycol (EG)) as a
soft template. To the best of our knowledge, it is the first time
to report the synthesis of uniform spherical LaMO; and MO,
NPs. This work provides an effective strategy for controlled
generation of uniform spherical perovskite-type oxides and
transition-metal oxides and their catalytic applications in CO
and toluene oxidation.
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B EXPERIMENTAL SECTION

Catalyst Preparation. The well-arrayed colloid crystal template
PMMA microspheres with an average diameter of ca. 300 nm (Figure
S1, Supporting Information) were synthesized according to the
procedures described elsewhere.”” LaMO; and MO, (M = Mn and
Co) samples were prepared using the PEG-assisted PMMA-templating
strategy. In a typical fabrication procedure, stoichiometric amounts of
metal nitrates were dissolved in a mixed solution of PEG (MW = 400
g/mol), EG, water, and methanol (MeOH) at room temperature (RT)
under stirring for 4 h to obtain a transparent solution (preparation
parameters are summarized in Table 1). Then, the PMMA template
was added to the transparent solution and soaked for S h. After being
filtered, the mixture was dried at RT for 48 h; the obtained powders
were subsequently heated in N, (200 mL/min) at 300 °C for 3 h,
cooled to 50 °C in the same atmosphere, and finally calcined in air
(250 mL/min) at a certain temperature (450—750 °C) for 4 h to
remove the template, thus generating the spherical samples. For
comparison purposes, the nanosized LaMnO; and LaCoO; samples
were prepared via the Pechini method®® and after calcination at 850
and 750 °C, respectively; the nanosized MO, (i.e., Mn,0; and Co;0,)
samples were also prepared via the thermal decomposition method
with Mn(NO,),-4H,0 and Co(NO;),-6H,0 as the metal source and
after calcination at 700 °C for S h.

The chemicals (A.R. in purity) were purchased from Sinopharm
Chemical Reagent Beijing Co. and used without further purification.

Catalyst Characterization. X-ray diffraction (XRD) patterns of
the samples were recorded on a Bruker D8 Advance diffractometer
with Cu Ka radiation and a nickel filter (1 = 0.15406 nm). BET
(Brunauer—Emmett—Teller) surface areas of the samples were
measured via N, adsorption at —196 °C on a Micromeritics ASAP
2020 analyzer with samples being outgassed at 250 °C for 3 h under
vacuum before measurement. Scanning electron microscopic (SEM)
images of the samples were recorded on a Gemini Zeiss Supra 55
apparatus (operating at 10 kV). Transmission electron microscopic
(TEM) images of the samples were obtained using the JEOL-2010
equipment (operating at 200 kV). Thermogravimetric analysis (TGA)
and differential scanning calorimetric (DSC) analysis of the samples
were conducted on a SDT Q600 (TA) apparatus. Fourier transform
infrared (FT-IR) spectra of the samples (1 wt % sample +99 wt %
KBr) were obtained in the region of 400—4000 cm™ with a resolution
of 4 cm™ on a Bruker Vertex 70 spectrometer. X-ray photoelectron
spectroscopy (XPS, VG CLAM 4 MCD analyzer) was used to
determine the La 3d, Mn 2p, Co 2p, O 1s, and C Is binding energies
(BEs) of surface species using Mg Ka (hv = 1253.6 eV) as the
excitation source. Before XPS measurement, the sample was pretreated
in an O, flow of 20 mL/min at 500 °C for 1 h. After being cooled to
RT, the pretreated sample was transferred to a holder in a glove bag
(Instruments for Research and Industry) that was filled with helium,
and then the holder was transferred into the spectrometer chamber
under helium. Before being analyzed in the analysis chamber, the
pretreated sample was outgassed in the preparation chamber for 0.5 h.
The C 1s signal at BE = 284.6 eV was taken as a reference for BE
calibration. XPS spectra of the samples were decomposed using the
curve-fitting CasaXPS Program.

Hydrogen temperature-programmed reduction (H,-TPR) experi-
ments were carried out on a chemical adsorption analyzer (Autochem
II 2920, Micromeritics). Before TPR measurement, ca. 0.02 g of
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catalyst (40—60 mesh) was first treated in an oxygen flow of 30 mL/
min at 500 °C for 1 h in a quartz fixed-bed U-shaped microreactor (i.d.
= 4 mm). After being cooled at the same atmosphere to RT, the
pretreated sample was exposed to a flow (50 mL/min) of 5% H,—95%
Ar (v/v) mixture and heated from RT to 850 °C at a ramp of 10 °C/
min. The variation in H, concentration of the effluent was monitored
online by the chemical adsorption analyzer. The reduction band was
calibrated against that of the complete reduction of a known standard
of powdered CuO (Aldrich, 99.995%).

Catalytic Evaluation. Catalytic activity was evaluated with the
sample being charged in a continuous flow fixed-bed quartz
microreactor (i.d. = 4 mm). To minimize the effect of hot spots, the
sample (S0 mg, 40—60 mesh) was diluted with 0.25 g of quartz sands
(40—60 mesh). Prior to the test, all of the samples were treated in air
(30 mL/min) at 400 °C for 0.5 h and then cooled to a given
temperature. (i) In the case of CO oxidation, the CO-containing
reactant gas (1 vol % CO + 20 vol % O, + N, (balance)) was passed
through the sample bed; the space velocity (SV) was ca. 10 000 mL/(g
h). Reactants and products were analyzed online by a gas
chromatograph (GC-14C, Shimadzu) equipped with a thermal
conductivity detector (TCD) using a 13X column. (ii) In the case
of toluene oxidation, the total flow rate of the reactant mixture (1000
ppm toluene + O, + N, (balance)) was 33.3 mL/min, giving a
toluene/O, molar ratio of 1/400 and a space velocity (SV) of 20 000
mL/(g h). The 1000 ppm toluene was generated by passing a N, flow
through a bottle containing pure toluene (A.R. grade) chilled in an
ice—water isothermal bath. Reactants and products were analyzed
online by a gas chromatograph (GC-2010, Shimadzu) equipped with a
flame ionization detector (FID) and a thermal conductivity detector
(TCD) using a stabilwax@-DA column (30 m in length) for VOC
separation and a 1/8 in Carboxen 1000 column (3 m in length) for
permanent gas separation. Using a mass spectrometer (HPR20,
Hiden), we only detected toluene, carbon dioxide, and water in the
outlet gas mixture from the microreactor. The balance of carbon
throughout the investigation was estimated to be 99.5%. Relative
errors for the gas concentration measurements were less than +1.5%.

B RESULTS AND DISCUSSION

Crystal Structure and Surface Area. Figure 1 shows the
XRD patterns of the spherical LaMO; and MO, samples. By
comparing the XRD patterns (Figure la and 1b) of the
rhombohedral LaMnO; (JCPDS PDF 82-1152) and rhombo-
hedral LaCoO; (JCPDS PDF 48-0123) samples, it can be
realized that the spherical LaMnO; and LaCoQO; samples
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Figure 1. XRD patterns of (a) hollow spherical LaMnO;, (b) hollow
spherical LaCoO3, (c) solid spherical Mn,O5, and (d) solid spherical
Co;0,.
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possessed a single-phase rhombohedral crystal structure, and
their corresponding crystallite sizes were about 31.1 and 29.2
nm. From the XRD patterns (Figure 1c and 1d) of the solid
spherical Mn,O; (JCPDS PDF 41-1442) and Co;0, (JCPDS
PDF 43-1003) samples it can be deduced that the solid
spherical Mn,0; and Co;0, samples were of single-phase cubic
crystal structure. Nitrogen adsorption—desorption isotherms of
the spherical LaMO; and MO, samples are shown in Figure S2,
Supporting Information. These isotherms could be categorized
to type III with a type H3 hysteresis loop in the relative
pressure (p/p,) range of 0.8—1.0. The type H3 hysteresis loop
is usually related to the existence of slit-shaped pores in
materials, indicative of a pore size distribution extending to the
macropore range. All of the samples possessed pore-size
distributions scattered from 2 to 80 nm. From Table 2, it can be
seen that the surface areas (ca. 21 m’/g) of the spherical
LaCoO; and Co;0, samples were lower than those (24—33
m?*/g) of the spherical LaMnO; and Mn,0; samples.
Morphology. Figure 2 shows the SEM images of the
LaMOj; and MO,, samples. The LaMnOj; sample was uniform
spherical in morphology (Figure 2a and 2b) and had a narrow
size distribution in the range of 65—75 nm. Solid spherical
Mn,O; NPs were approximately SO nm in diameter (Figure 2c
and 2d). The LaCoO; sample contained hollow spherical
LaCoO; NPs (Figure 2e and 2f), whereas the Co;0, sample
was composed of solid spherical Co;O, NPs (Figure 2g and
2h). Figure 3 shows the typical TEM images and SAED
patterns of the LaMO; and MO, samples. The shell of the
hollow spherical LaMnO; NPs was about 12 nm in thickness.
From the high-resolution TEM (HRTEM) image (Figure 3b)
of the hollow spherical LaMnO; NPs, the intraplanar spacing
was measured to be 0.280 nm, in good agreement with that of
the (110) crystal plane of the standard LaMnO; sample
(JCPDS PDF 82-1152). The HRTEM image (Figure 3d) also
gives evidence that the solid spherical Mn,O; NPs were highly
crystalline, and the lattice spacing of 0.270 nm could be indexed
to the (222) plane of the standard Mn,O, sample (JCPDS PDF
41-1442). Observation of multiple bright electron diffraction
rings in the inset SAED patterns of the spherical LaMnOj; and
Mn,O; samples suggests formation of polycrystalline structure.
From the HRTEM image (Figure 3f) of the hollow spherical
LaCoOj; NPs, the lattice spacing was ca. 0.270 nm, in good
agreement with that of the (110) crystal plane of the standard
LaCoO; sample (JCPDS PDF 48-0123). The solid spherical
Co30, sample was composed by a number of aggregated NPs
(Figure 3g). The HRTEM image (Figure 3h) suggests that the
solid spherical Co;0, NPs were highly crystalline, and lattice
spacings of 0.290 and 0.140 nm could be indexed to the (220)
and (440) planes of the standard Co;0, sample (JCPDS PDF
43-1003), respectively. Recording of multiple bright electron
diffraction rings in the inset SAED patterns (insets of Figure 3f
and 3h) of the spherical LaCoO; and Co;0, samples was
indicative of formation of polycrystalline structure.
Formation Mechanism. Figure 4A shows the TGA/DSC
profiles of the hollow spherical LaMnO; precursor under a
flowing N, atmosphere. The first weight loss (ca. 10.9 wt %)
was observed in the range of RT—253 °C due to formation of
metal-PEG (EG) complexes and NO, via reaction of PEG
(EG) with the metal nitrates®*** and decomposition of EG,>
accompanying the appearance of endothermic signals centered
at 119, 171, and 229 °C; the second weight loss (ca. 12.2 wt %)
appeared in the range of 253—295 °C due to decomposition of
the remaining PEG (boiling point =250 °C), accompanying the
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Table 2. Crystallite Sizes (D), BET Surface Areas, and Surface Element Compositions of the Spherical LaMO; and MO, (M =
Mn and Co) Samples

particle
dimension® D”  surface area surface La/Mn or La/Co molar  surface Mn*"/Mn® or Co®*/Co®*  surface O,;,/O), molar
sample (nm) (nm) (m*/g) ratio® (mol/mol) molar ratio (mol/mol) ratio (mol/mol)

hollow spherical 70 31.1 32.5 1.19 (1.00) 1.05 0.89
LaMnO;

solid spherical S0 434 24.0 2.09¢ 0.76
Mn, 04

hollow spherical 90—200 29.2 20.7 1.43 (1.00) 1.82 1.28
LaCoO;

solid spherical 5§ 54.0 20.9 0.83 0.92
Co;0,

used hollow 1.96 1.06
spherical LaCoO;°

used solid spherical 0.92 0.84
Co,0/

“Estimated according to the SEM and TEM images. ®Data determined according to the Scherrer equation using the fwhm of the (110) lines of
LaMnOj; and LaCoOs, the (222) line of Mn,05, and the (311) line of Co;0,. “Data in parentheses are estimated according to the nominal bulk
compositions. “Data in parentheses is the surface Mn**/Mn”* molar ratio. “Hollow spherical LaCoO5 sample after 100 h of on-stream reaction for
toluene oxidation under the conditions of toluene concentration = 1000 ppm, toluene/O, molar ratio = 1/400, SV = 20000 mL/ (g h), and
temperature = 230 °C; TSolid spherical Co;0, sample after 100 h of on-stream reaction for CO oxidation under the conditions of CO concentration
=1 vol %, CO/O, molar ratio = 1/20, SV = 10 000 mL/(g h), and temperature = 100 °C.

Figure 2. SEM images of (a, b) hollow spherical LaMnOj, (¢, d) solid spherical Mn, 05, (e, f) hollow spherical LaCoO3, and (g, h) solid spherical
Co;0,.

recording of an endothermic signal at 274 °C; the third weight N, at 300 °C, which could act as a template for generation of
loss (ca. 67.3 wt %) in the 295—493 °C range was attributable mixed metal oxide nanostructured framework.

to decomposition of the metal-PEG (EG) complexes and The XRD patterns of the products obtained at different
partial decomposition of PMMA,***¢ together with detection preparation steps are shown in Figure 5. The single-phase and
of an endothermic signal at 380 °C. After being calcined in N, well-crystallized perovskite phase was detected after thermal
at 300 °C, the partially carbonized intermediate product was treatment in air at 750 °C. The hollow spherical LaMnO,
further investigated by TGA/DSC in air (Figure 4B). There precursor treated in N, at 300 °C showed several wide peaks
was one small weight loss (ca. 2.6 wt %) below 264 °C and one characteristics of an amorphous metal—organic complex phase.
big weight loss (ca. 85.8 wt %) in the range of 264—450 °C, in After being calcined in air at 350 °C, these peaks disappeared.
the meanwhile endothermic signals centered at 310 and 378 °C When the treatment temperature rose to 500 or 650 °C in air,
were detected. The former weight loss was due to the removal the XRD pattern showed a weak and wide peak at 260 = 30.4°,
of adsorbed water, whereas the latter weight loss was reasonably which could be assigned to the lanthanum oxycarbonate
assigned to the elimination of the partially carbonized PMMA La,0,(CO;) phase (JCPDS PDF 84-1963).

and the oxidative decomposition of the metal-PEG (EG) FT-IR spectra of the samples are shown in Figure 6. The
complexes to oxycarbonate.>**® Therefore, we conclude that spectrum (Figure 6a) of the precursor dried at RT displayed
most of the PMMA was partially carbonized after calcination in numerous absorption bands. The absorption band at ca. 568

8668 dx.doi.org/10.1021/ic400832h | Inorg. Chem. 2013, 52, 8665—8676
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Figure 4. TGA/DSC profiles of (A) the spherical LaMnOj; precursor determined in a N, flow and (B) the 300 °C calcined in N, spherical LaMnO,

precursor determined in an air flow.

cm™" corresponded to the stretching mode of the M—O—M or
M-O bond in metal nitrates.”” An absorption band at 3410
cm™' was due to the stretching vibrations of water.*®
Absorption bands at 2964 and 3010 cm™' were assignable to
the symmetric and asymmetric stretching vibrations of the CH,
groups and the terminal CHj; group in the PEG, EG, and
PMMA.** Absorption bands at 1456 and 1741 cm™’
corresponded to the s?rmrnetric and asymmetric stretching
vibrations of COO™,***' respectively. The absorption band at
1645 cm™ was due to the stretching vibration of C=0
bonds,* the ones at 1095, 1157, and 1199 cm™" were due to
the stretching vibrations of C—O (ester bonds),**** and the
ones at 755, 844, and 985 cm™' were due to the bending
vibrations of C—H bonds,*® whereas the absorption band at
1380 cm™ could be assigned to the N—O stretching vibration
of nitrate.*® After thermal treatment in N, at 300 °C, the
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intensity of the absorption bands decreased significantly but not
completely disappeared, indicating that organic components
such as partially carbonized PMMA were still retained under
this condition, which is also confirmed by the TGA/DSC
results (Figure 4). Spectra of the samples further calcined in air
at 350, 500, and 650 °C (Figure 6c—e) showed a stronger
reduction in water content, and absorption bands correspond-
ing to the organic species disappeared. New broad absorption
bands appeared at 1395, 1485, and 850 cm™', and their
intensity decreased with increase rise in annealing temperature;
these absorption bands could be attributed to the vibrations
(1,(CO0) and 1,(COO)) of CO,*~.** Spectra of the samples
pretreated in air at 350, 500, 650, and 750 °C also showed a
strong absorption band at 621—642 cm™" (Figure 6¢—f), typical
of the metal—oxygen bonds. Furthermore, the intensity of this
band almost remained unchanged with the rise in annealing

dx.doi.org/10.1021/ic400832h | Inorg. Chem. 2013, 52, 8665—8676
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Figure 5. XRD patterns of the spherical LaMnOj; precursors calcined
in (a) N, at 300 °C, (b) air at 350 °C, (c) air at 500 °C, (d) air at 650
°C, and (e) air at 750 °C.
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Figure 6. FT-IR spectra of the spherical LaMnOj precursors (a)
before calcination and calcined (b) in N, at 300 °C, (c) in air at 350
°C, (d) in air at 500 °C, (e) in air at 650 °C, and (f) in air at 750 °C.

temperature. According to the FT-IR spectrum of the
uncalcined sample, it can be known that there were adsorbed
H,0 and PEG (EG) on the uncalcined PMMA-containing
sample, and the amounts of these adspecies decreased
significantly after thermal treatment in N, atmosphere; after
further calcination in air at 350 °C they disappeared, but a large
amount of metal oxycarbonates was generated; these metal
oxycarbonate species remained after calcination in air at 650 °C
and finally disappeared after calcination in air at 750 °C.
Therefore, FT-IR results indicate that lanthanum oxycarbonate
was formed and needed a higher temperature to be
decomposed.

Figure 7 shows the SEM and TEM images of the hollow
spherical LaMnOj; precursors under different calcination
conditions. Solid spherical LaMnO; precursor containing
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partially carbonized PMMA was obtained after calcination in
N, at 300 °C (Figure 7a and 7b) or in air at 350 °C (Figure 7c
and 7d). After calcination in air at SO0 °C (Figure 7e and 7f) or
in air at 650 °C (Figure 7g and 7h), however, hollow spherical
LaMnOj; precursor was generated due to removal of PMMA
template.

It is interesting to understand the formation mechanism of
the hollow spherical LaMO; and solid spherical MO, NPs.
There are two main mechanisms for formation of zpherical
NPs. One is based on the Kirkendall effect,**® which
originates from the difference in the diffusion rate of two
interdiffusion species across an interface. The net flow of mass
in one direction is balanced by an opposite flux of vacancies,
which may then coalesce into inner voids preferably around the
interface. The other is the Ostwald ripening mechanism.”*’
Because of the intrinsic density variation inside the starting
solid particles, the inner space can be created when the less
stable parts (smaller or loosely packed crystallites) in the
particles undergo mass transport through dissolution and
recrystallization. From the above results, we believe that the
Ostwald ripening mechanism governs formation of spherical
LaMO; and MO, NPs in this study, and the formation process
of hollow and solid spherical LaMO; and MO, NPs is
illustrated in Scheme 1. Usually a polymer template like PMMA
or polystyrene can function as a support for conversion of metal
precursor to a solid-state framework (e.g., metal glyoxylates) at
a low temperature and gives rise to the 3DOM-structured pure
or mixed metal oxides after removal of the polymer template.**
The glass transition temperature of PMMA in air was ca. 130
°C.* The decomposition temperature of cobalt nitrate was
close to the glass transition temperature of PMMA. With the
glass transition of the PMMA, solidification due to decom-
position of metal nitrate and complexing of metal nitrate with
PEG (EG) would take place concurrently, and some of the
metal salts are squeezed out from the voids of the polymer
template, hence resulting in a low fraction and deformation of
primary spherical structure.’® Therefore, it is difficult to prepare
high-quality uniform hollow spherical LaCoO; materials. For
the pure cobalt oxide, however, the cobalt precursor
concentration was high enough to maintain the particle
morphology, even though some of the cobalt precursor was
squeezed out from the template. As we know, PEG is generally
used as a surfactant or chelating agent with high viscosity.>">>
In the present investigation, a large amount of PEG (EG) and a
low concentration of metal salt were used as the precursor
solution, which was infiltrated into the voids of the PMMA
template. During removal of the low boiling point solvent, the
PEG (EG) could react with the metal ions to form the metal—
PEG (EG) complexes. When the temperature rose further, the
metal-PEG (EG) complexes covered the surfaces of the
partially carbonized PMMA spheres to generate a shell of the
metal-PEG (EG) complexes. After removal of the partially
carbonized PMMA beads in air, the metal-PEG (EG)
complexes decomposed oxidatively and contracted to form
the hollow spherical LaMO; NPs through shrinking of the shell
for minimization of total surface energy, thus obtaining the
hollow spherical LaMO; NPs. As for formation of solid
spherical MO, NPs, we believe that without introduction of
lanthanum oxidative decomposition of the M—PEG (EG)
complexes is a quick process and the primarily formed
manganese oxide or cobalt oxide nanocrystals grew up fast to
generate the solid spherical MO, NPs.
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Figure 7. SEM and TEM images of the spherical LaMnO; precursors calcined in (a, b) N, at 300 °C, (¢, d) air at 350 °C, (e, f) air at S00 °C, and (g,
h) air at 650 °C.

Scheme 1. Schematic Illustration of the Formation Mechanism of the Hollow Spherical LaMO; and Solid Spherical MO,

Samples
Calcination in air
= at 650-750 "C O O
recursor
oo solution O _ o G@ o0
iy iy Hollow spherical LaMOy

—i p— —_— I
nfiltration in N» at 300 °C \ @ @
PMMA template air at 450 °C

Caleination in @
Solid spherical MO,

O PMMA NV\ Metal-PEG complex . Partlally carbonized PMMA @ PMMA-metal oxide or oxycarbonate

Figure 8. SEM and TEM images of the LaMnO; samples prepared at a total metal concentration of (a) 0.5 moL/L and (b, c) 2.5 moL/L, (d) in the
absence of PEG, (e) at a PEG amount of 3 mL, and (f) at a PEG amount of 8 mL.
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Figure 10. (A) H,-TPR profiles and (B) initial H, consumption rate versus reverse temperature of (a) hollow spherical LaMnO;, (b) solid spherical

Mn, 05, (c) hollow spherical LaCoO3, and (d) solid spherical Co;0,.

Effect of Metal Concentration and PEG Amount. The
metal salt concentration and PEG amount are key factors in
formation of hollow and solid spherical LaMnO; and Mn,O;
NPs. Figure 8 shows the SEM and TEM images of the LaMnO;
samples obtained at different metal concentrations and PEG
amounts. At metal concentration = 0.5 mol/L, irregularly
morphological LaMnO; NPs (Figure 8a) were obtained; when
the metal concentration rose to 2.5 mol/L, there was formation
of uniform spherical LaMnO; NPs with a diameter of ca. 115
nm and connected skeletons (Figure 8b and 8c). In the absence
of PEG, however, only 3DOM-structured LaMnO; material
(Figure 8d) was obtained. With addition of 3 or 8 mL of PEG,
uniform spherical LaMnO; NPs (Figure 8e and 8f) were
generated. Obviously, appropriate metal concentration and
PEG amount are beneficial for fabrication of monodispersed
hollow spherical LaMnO; NPs.

Surface Composition, Metal Oxidation State, and
Oxygen Species. XPS is an effective technique to gain the
information related to the surface element compositions, metal
oxidation states, and adsorbed species of a solid material. Figure
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9 shows the Mn 2p;/,, Co 2p;/,, and O 1s spectra of the
spherical LaMO; and MO, samples. The asymmetrical XPS
peaks can be decomposed by the curve-fitting approach. In the
past years, a number of works on XPS characterization of
manganese oxides have adopted the Mn 2p,,, spectra for
analysis of surface Mn*, Mn*, and Mn?* species.”***™>” For
the LaMnO, samples, there was the coexistence of Mn*" and
Mn* species.***"% As shown in Figure 9A, there was one
asymmetrical signal at BE = ca. 642.0 eV for the hollow
spherical LaMnOj; sample and at BE = ca. 641.5 eV for the solid
spherical Mn,0O; sample. The former could be decomposed
into three components at BE = ca. 641.2, 642.7, and 644.7 €V,
whereas the latter could be decomposed to four components at
BE = 640.4, 641.5, 642.7, and 644.7 eV. The components at BE
= ca. 640.4, 641.2—641.5, 642.7, and 644.7 eV were attributable
to the surface Mn**, Mn**, and Mn*" species and the satellite to
the surface Mn** species,**®" respectively. From Figure 9B one
Co 2pj;/, asymmetrical signal at BE = ca. 780.1 eV and a weak
satellite peak at BE = ca. 789.1 €V due to the surface Co®"
species can be observed.”” The former asymmetric signal could
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Figure 11. Catalytic activity as a function of reaction temperature over the spherical and nanosized LaMO; and MO, samples under the conditions
of (A) CO concentration = 1%, CO/O, molar ratio = 1/20, and SV = 10 000 mL/(g h) and (B) toluene concentration = 1000 ppm, toluene/O,

molar ratio = 1/400, and SV = 20000 mL/(g h).

be decomposed into two components at BE = ca. 780.0 and
782.0 €V assignable to the surface Co’* and Co** species,”
respectively. As can be seen from Figure 9C, the asymmetrical
O 1s signal could be decomposed to three components at BE =
ca. 529.1, 531.1, and 533.3 €V, attributable to the surface lattice
oxygen (Oy), adsorbed oxygen (O, eg, 0,7, 0,*,
OH™, or CO;*7), and adsorbed molecular water,
respectively. Quantitative analyses on the Mn 2p;,, Co 2p3,,,
and O 1s XPS spectra of the samples give rise to the surface
element compositions and Mn**/Mn** (or Mn**/Mn?*), Co**/
Co**, and 0,4,/Oy,; molar ratios, as summarized in Table 2.
Surface Mn**/Mn* molar ratio in the hollow spherical
LaMnO; sample, surface Mn**/Mn*" molar ratio in the solid
spherical Mn,O; sample, and surface Co>*/Co?*" molar ratios in
the spherical LaCoO; and Co;0, samples were 1.05, 2.09, 1.82,
and 0.83, respectively. The surface O,4,/Oy, molar ratios were
higher in the hollow spherical LaMnO; and LaCoOj; samples
than in the solid spherical Mn,0; and Co;0, samples, that is,
the hollow spherical LaMOj; samples possessed higher O, 4,
concentrations than the corresponding solid spherical MO,
samples. Figure S4, Supporting Information, shows Mn 2p;,,
Co 2p3/y, and O 1s spectra of the nanosized LaMO; and MO,
samples with a surface area of 4.5—9.6 m?/g and a particle size
of 100—300 nm (Figure S3, Supporting Information), and their
surface element compositions are given in Table S1, Supporting
Information. It is observed that the surface O,4/O), and
Mn*/Mn** (or Mn*/Mn?>*) and Co**/Co*" molar ratios of
the nanosized LaMO; samples were higher than those of the
nanosized MO, samples.

Reducibility. H,-TPR is an ideal tool to examine the
reducibility of a solid oxide sample. Figure 10A illustrates the
H,-TPR profiles of the spherical LaMO; and MO, samples.
Reduction of the hollow spherical LaMnO; sample took place
in two steps: the reduction peaks at 200—450 °C was due to
reduction of Mn* to Mn’" as well as removal of oxygen
adspecies, whereas the reduction peak at 719 °C was due to
reduction of the remaining Mn** to Mn?"5* In the case of the
spherical Mn,O; sample, there were reduction peaks at 221,
307, and 425 °C (Figure 10A(b)), corresponding to a total H,
consumption of 7.46 mmol/g (Table S2, Supportiné
Information). According to the results reported previously,™”

)
60,63
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the reduction process of manganese oxide could be reasonably
divided into two steps: (i) Mn* — Mn*" and (ii)) Mn* —
Mn?**. Theoretically, H, consumption for reduction of Mn,0,
to MnO is 6.30 mmol/g. In the present study, the total H,
consumption (7.46 mmol/g) of the solid spherical Mn,0,
sample was higher than its theoretical H, consumption. This
result indicates that there was the presence of Mn*" and Mn**
in the solid spherical Mn,0O; sample. The reduction peaks for
the hollow spherical LaCoO; sample appeared at 306, 346, and
505 °C (Figure 10A(c)). Reduction of Co;0, usually proceeds
via the sequence of Co;0, — CoO — Co0%% The first two
peaks at 306 and 346 °C were due to the reduction of Co®" to
Co®" as well as the removal of the adsorbed oxygen species,
whereas the reduction peak at 505 °C corresponded to
reduction of Co?* to Co®.”” It can be clearly seen from Figure
10A(d) that there was only one reduction peak at 335 °C,
which was due to reduction of Co;0, to Co®. If the cobalt ions
in cobalt oxide were only Co** and only Co*" and reduced to
Co’ H, consumption would be 18.07 and 13.33 mmol/g,
respectively. As revealed in our H,-TPR result, H, consumption
of the solid spherical Co;0, sample was 15.48 mmol/g (Table
S2, Supporting Information). Obviously, the cobalt ions in our
cobalt oxide sample existed in a mixed valence (Co** and
Co®"), which was in good agreement with the result of XPS
investigation. Figure SS5A, Supporting Information, illustrates
the H,-TPR profiles of the nanosized LaMO,; and MO,
samples. Apparently, the reduction temperatures of the
nanosized samples were higher than those of the spherical
counterparts, indicating that formation of small-sized metal
oxide particles facilitated their reduction.

It has been generally accepted that the low-temperature
reducibility of a sample can be conveniently evaluated using the
initial (where less than 25% oxygen in the sample was removed
for the first reduction peak) H, consumption rate.”® Figures
10B and SSB (Supporting Information) show the initial H,
consumption rate as a function of inverse temperature of the
spherical and nanosized LaMO; and MO, samples, respectively.
It is clearly seen that the initial H, consumption rates of the
samples decreased in the order of hollow spherical LaCoO; >
hollow spherical LaMnO; = solid spherical Mn,0; = solid
spherical Co;0, and of nanosized Co;0, > nanosized LaMnO;,

~
~
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Table 3. Catalytic Activities and Specific Reaction Rates of the Spherical and Nanosized LaMO; and MO, (M = Mn and Co)

Samples for CO and Toluene Oxidation, respectively

CO or toluene oxidation activity” Tyoy

CO or toluene oxidation activity” Togy

(°C) (°C) Specific reaction rate” (umol/(g s))
catalyst spherical nanosized spherical nanosized spherical nanosized
LaMnO; 141/231 202/267 169/254 231/278 0.155/0.032 0.0164/0.015
Mn,0; 106/242 148/266 132/258 189/296 0.080/0.027 0.014/0.013
LaCoO; 131/220 161/271 157/237 190/295 0.180/0.047 0.0485/0.010
Co;0, 81/249 153/272 109/266 191/304 0.170/0.019 0.015/0.006

“Data before the “/” symbol are the Ty, Togs, OF specific reaction rate of MO, at 40 °C and LaMOj; at 100 °C for CO oxidation, whereas data after
the “/” symbol are the Ty, Tooy OF specific reaction rate for toluene oxidation at 200 °C.

~ nanosized LaCoO; > nanosized Mn,O;. Such change trends
in low-temperature reducibility were in rough agreement with
the sequences of their O,q4, species concentrations and catalytic
performance shown below.

Catalytic Performance. In the blank experiments (only
quartz sands were loaded in the microreactor) under the
conditions of CO concentration 1%, CO/O, molar ratio = 1/
20, and SV = 10 000 mL/(g h) or (ii) toluene concentration =
1000 ppm, toluene/O, molar ratio = 1/400, and SV = 20 000
mL/(g h), no significant reactant conversions were observed at
250 °C for CO oxidation and at 400 °C for toluene
combustion. These results indicate that no significant
homogeneous reactions took place under the adopted reaction
conditions. Figure 11 shows the catalytic activities of the as-
fabricated samples. It is observed that CO or toluene
conversion increased monotonously with the increase in
reaction temperature. In order to better evaluate the activities
of these samples, the temperatures (Tso, and Togy,
respectively) required for 50% and 90% CO or toluene
conversions are employed, as summarized in Table 3.

From Figure 12 it can be seen that the spherical LaMO; and
MO, samples outperformed the nanosized counterparts. For

100

T T TR A T LTt
80 Y0 Qe noal o B0, i X0

70 1

CO or toluene conversion (%)

On-stream reaction time (h)

Figure 12. Catalytic activity versus on-stream reaction time over (A)
solid spherical Co;0, for CO oxidation under the conditions of CO
concentration = 1%, CO/O, molar ratio = 1/20, SV = 10 000 mL/ (g
h), and temperature = 100 °C and (O) hollow spherical LaCoO; for
toluene oxidation under the conditions of toluene concentration =
1000 ppm, toluene/O, molar ratio = 1/400, SV = 20000 mL/(g h),
and temperature = 230 °C.
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CO oxidation, the hollow spherical LaCoO; sample (Tsqy, =
131 °C and Typ = 157 °C) showed better catalytic activity
than the hollow spherical LaMnO; sample (Tspy = 141 °C and
T = 169 °C), whereas the solid spherical Co;0, sample
(Ts09 = 81 °C and Ty = 109 °C) was superior in performance
to the solid spherical Mn,O sample (Tspo = 106 °C and Ty =
132 °C). For toluene combustion, the hollow spherical LaCoO,
sample (Tsp0 = 220 °C and Typy = 237 °C) showed better
catalytic activity than the hollow spherical LaMnO; sample
(Ts09 = 231 °C and Toge, = 254 °C) whereas the solid spherical
Co30, sample (Tsgo, = 249 °C and Togy, = 266 °C) was inferior
in performance to the solid spherical Mn,Oy sample (Toy =
242 °C and Toqy = 258 °C).

It is better to compare the catalytic activities of the samples
using their specific reaction rates, as shown in Figure S7,
Supporting Information. The specific reaction rates of LaMO;
at 100 °C and MO, at 40 °C for CO oxidation and at 200 °C
for toluene oxidation are summarized in Table 3. In the case of
CO oxidation at 40 or 100 °C, the specific reaction rates of the
spherical LaMO; and MO, samples were much higher than
those of the nanosized samples. The specific CO reaction rate
at 100 °C of the hollow spherical LaMnOj; sample was 0.155
umol/(g s), higher than that (0.0344—0.0682 umol/(g s))
achieved over the LaMnO; NPs reported in the literature.””°
The specific CO reaction rate at 40 °C (0.080 ymol/(g s)) of
the solid spherical Mn,0; sample was similar to that (0.065
umol/(g s)) over the bulk Mn,O; sample and that (0.101
umol/(g s)) over the mesoporous Mn,0; sample reported by
other researchers.”” In the case of toluene oxidation at 200 °C,
the specific reaction rates of the spherical LaMO; and MO,
samples were much higher than those of the nanosized samples,
with the highest specific reaction rate (0.047 ymol/(g s)) being
achieved over the spherical LaCoO; sample. As shown in Table
3, the specific reaction rates at 200 °C of the hollow spherical
LaMnOj; and LaCoO; NPs were 0.032 and 0.047 umol/(g s),
respectively, much higher than that (0.015 umol/(g s)) of
nanosized LaMnO; and that (0.010 gmol/(g s)) of nanosized
LaCoO; prepared in the present study and much higher than
that (0.00038 pmol/(g s)) of the LaMnO; NPs reported in the
literature.>® The solid spherical Mn,O; NPs gave a specific
reaction rate at 200 °C of 0.027 umol/(g s), much higher than
that (0.0018 umol/(g s)) of commercial Mn;O,>° but lower
than that (0.060 umol/(g s)) of the flower-like Mn,0O;
sample.”® As for the solid spherical Co;0,, its specific rate at
200 °C (0.019 umol/(g s)) was much higher than that (0.006
umol/(g s)) of nanosized Co;0, but lower than that (0.201
umol/(g s)) of the mesoporous Co;0, sample.”?

Figure S8, Supporting Information, shows the effect of SV on
the catalytic performance of the solid spherical Co;0, and
hollow spherical LaCoQOj; samples. As expected, CO or toluene
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conversion increased with the drop in SV, indicating that the
extension in contact time was favorable for conversion of CO
or toluene. To examine the catalytic stability of the spherical
LaMO; and MO, samples, we carried out the 100 h on-stream
reaction experiments; the results are shown in Figure 12. It is
observed that there were no significant drops in catalytic
activity within 100 h of on-stream reaction. Furthermore, the
surface Co**/Co** and 0,4,/0,,; molar ratios of the used
sample after 100 h of CO or toluene oxidation (Table 2 and
Figure SS, Supporting Information) were rather close to those
of the fresh sample. Hence, we believe that the solid spherical
Co;0, and hollow spherical LaCoQO; samples were catalytically
durable.

Generally speaking, CO oxidation on transition metal oxides,
such as MnO,, CeO,, Co;0,, and Fe,0;, follows a Mars—van
Krevelen mechanism,”" implying that lattice oxygen incorpo-
ration occurs during CO oxidation and the reduced surface of
the metal oxide is replenished by gas-phase oxygen molecules.””
Intensive studies on low-temperature CO oxidation over the
Co0;0, and Mn,0; catalysts have been performed by Yu et al.”
and Xu et al,”* and it has been proposed that CO adsorption
and reaction at low temperatures take place on the surface Co®"
and Mn*" sites, respectively. Therefore, the higher CO
reactivity over Co;04 and Mn,0; than over LaCoO; and
LaMnO; might be attributed to the abundant surface-exposed
metal jons, which could give a stronger adsorption. The
catalytic activity over Co;0, for CO oxidation is superior to
that over Mn,0;, which is associated with the lower metal—
oxygen bond energy of Co;0,.”* It has been generally accepted
that the performance of an ABO; catalyst is related to its defect
nature and density, oxygen adspecies, and reducibility. The
presence of oxygen nonstoichiometry favors activation of gas-
phase oxygen molecules to form active oxygen adspecies. The
higher the oxygen nonstoichiometry, the better the perform-
ance of the perovskite catalyst.'” Since toluene is rather stable,
its oxidation mechanism might be as follows. Toluene is mainly
oxidized by the surface-adsorbed oxygen species at low
temperatures, and the surface-adsorbed oxygen species could
attack an organic molecule where the electron density is the
highest;76 thus, total oxidation of VOCs would take place more
readily. By comparing the XPS data of the as-obtained catalysts,
it can be noticed that the perovskite-type oxides contained
larger amounts of adsorbed oxygen species than the metal
oxides. Hence, LaMnOj; and LaCoOQj exhibited better catalytic
activities than Co;0, and Mn,O; for toluene oxidation. The
spherical catalysts derived from the PMMA-templating route
showed much higher catalytic activities than the conventional
nanosized catalysts. On one hand, a high surface area indicates
that Jarger amounts of active sites were exposed and even larger
amounts of structural defects were formed on the surface of the
materials. On the other hand, compared to the nanosized
catalysts, the first reduction step of the spherical catalysts
shifted to a lower temperature, suggesting that a higher
reactivity of lattice oxygen at low temperatures would give rise
to an easier redox process of M"*V* to M"™ (M = Mn and Co).
The increase in mobility of lattice oxygen in our catalysts could
be beneficial for the enhancement in catalytic performance of
the materials.

B CONCLUSIONS

The uniform hollow spherical perovskite-type oxides LaMOj;
and solid spherical transition-metal oxides MO, (M = Mn and
Co) NPs could be synthesized using the PMMA-templating
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method. The hollow spherical LaMO; and solid spherical MO,,
NPs possessed rhombohedral and cubic crystal structures with
surface areas of 21—33 and 21—24 m?*/g, respectively. There
was a larger amount of surface O,4, species on LaMOj than on
MO,. The hollow spherical LaMO; samples also possessed
better low-temperature reducibility than the solid spherical
MO, samples. The spherical LaMO; and MO, samples
outperformed the nanosized counterparts for oxidation of CO
and toluene. For CO oxidation at SV = 10 000 mL/(g h), the
hollow spherical LaCoO5 (Toy = 131 °C and Ty = 157 °C)
and solid spherical Co;0, (Toy = 81 °C and Ty, = 109 °C)
samples showed better catalytic activity than the hollow
spherical LaMnO; (Tspy = 141 °C and Tggy, = 169 °C) and
solid spherical Mn,0; (Tsp = 106 °C and Tgpy = 132 °C)
samples, respectively. For toluene oxidation at SV = 20000
mL/(g h), the hollow spherical LaCoOj; (Tspy = 220 °C and
Tog0 = 237 °C) and solid spherical Mn,O; (Toy = 242 °C and
Tops = 258 °C) samples outperformed the hollow spherical
LaMnOj sample (Tsgy = 231 °C and Ty = 254 °C) and solid
spherical Co;0, sample (Tsoy = 249 °C and Tgoy = 266 °C),
respectively. It is concluded that the excellent catalytic
performance of the hollow spherical LaCoO; and solid
spherical Co;0, NPs is associated with their higher surface
areas and O,y concentrations and better low-temperature
reducibility. We are sure that the PMMA-templating strategy
can provide an effective pathway to generate uniform spherical
perovskite-type oxide and transition-metal oxide NPs.
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