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ABSTRACT: Monodisperse porous zirconia (ZrO2) micro-
spheres with nanocrystallized framework were fabricated by
impregnation of porous polymer microspheres as a novel hard
template with zirconia precursors followed by calcination to
remove the template. Porous phosphorylated zirconia (PhZr)
microspheres were prepared by further treating porous
zirconia microspheres with phosphoric acid. The morphology,
structure, and properties of these microspheres were studied
by scanning electron microscopy (SEM), transmission electron
microscopy (TEM), N2 adsorption/desorption measurement,
FT-IR, and X-ray powder diffraction. The as-prepared zirconia
and phosphorylated zirconia microspheres showed uniform
particle size and well-defined morphology. The phosphorylated zirconia microspheres served as highly active solid acid catalysts
for Friedel−Crafts alkylation of indoles with chalcones and could be reused for 22 cycles with negligible loss of activity. In situ
pyridine-adsorbed FT-IR analysis of the best performing PhZr microspheres suggested the presence of both Lewis and Brønsted
acid sites, and the total acidity as measured by temperature-programmed desorption of ammonia (NH3-TPD) was 328 μmol·g

‑1.
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1. INTRODUCTION

Due to its excellent mechanical, electrical, optical, chemical, and
thermal properties, zirconia has attracted widespread attention
in various fields such as fuel cell,1−3 adsorption,4,5 chromato-
graphic separation,6−8 catalysis,9−11 and sensors.12−14 Control-
ling the morphology of zirconia materials during synthesis is of
great importance, as the structural characteristics strongly
determine the performance of zirconia.15,16 For example, for
application in chromatography separation, it is necessary to
prepare porous zirconia microspheres with unique pore
structure and narrow size distribution for high separation
efficiency.17 For use in catalysis, porous zirconia with large
pores is required for ease of diffusion for large reacting
molecules, and good crystalline zirconia nanoparticles account
for high catalytic activity.18,19 Therefore, it is essential to
fabricate monodisperse porous zirconia microspheres with
unique pore structure and nanocrystallized framework.
Porous zirconia microspheres have been fabricated by a few

groups based on the polymerization-induced colloid aggrega-
tion (PICA) process,20−22 oil emulsion method,23 solvothermal
process,24 aerosol-assisted self-assembly approach,25,26 and
templating method.27−29 McCormick et al. first prepared
porous zirconia spheres using the PICA process and also

combined the PICA process with an oil emulsion method to
obtain hierarchically structured spherical particles.22 However,
the as-prepared porous zirconia microspheres had wide size
distribution. Tsung et al. combined the acetic acid mediated
sol−gel chemistry with the aerosol-assisted self-assembly
approach to fabricate mesoporous zirconia submicrospheres
with highly crystallized framework.25 With et al. used spherical
activated carbon as an exotemplate to synthesize hierarchically
porous zirconia with irregular spherical morphology.30 Despite
their remarkable work on porous zirconia microspheres, it is
still challenging to fabricate monodisperse micrometer-sized
porous zirconia microspheres with nanocrystallized framework.
Recently, zirconia has found widespread applications in solid

acid catalysis.31−33 To form an efficient solid acid catalyst,
zirconia is often modified by acid34−37 or doped by other
metals38−42 (Fe, Co, Al, W). Modified zirconia has been widely
employed in different reactions such as esterification, CO
hydrogenation, Friedel−Crafts reaction, alkane isomerization,
and dehydration of alcohol.43−49 Zirconium oxophosphate/
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phosphate exhibits excellent catalytic efficiency in acid-catalyzed
reactions.50−52 Sinhamahapatra et al. fabricated mesoporous
zirconium phosphate with worm-like pores and spherical
morphology which can efficiently catalyze Friedel−Crafts
benzylation of benzene to diphenylmethane.52 However,
these zirconium oxophosphate/phosphate materials possess
an amorphous structure unless calcined at 900 °C. Compared
with amorphous structure, nanocrystallized framework is a
major area of interest because of its inherent large surface-to-
volume ratio, quantum size effect, and unique catalytic
performance.53,54 Therefore, it is highly desirable to fabricate
modified zirconia with nanocrystallized framework as a solid
acid catalyst for various applications.
Herein we report an efficient and simple strategy to prepare

monodisperse porous zirconia (ZrO2) microspheres with
nanocrystallized framework by applying porous polymer
microspheres as a novel hard template. Phosphorylation of
these porous zirconia microspheres for application in solid acid
catalysis has been studied. NH3-TPD and in situ FT-IR of
pyridine-adsorbed analysis suggest the presence of tunable
Lewis and Brønsted acidity of the phosphorylated zirconia
(PhZr) microspheres, which has motivated us to develop their
catalytic potential. The as-prepared PhZr microspheres
exhibited excellent catalytic performance and recyclability for
Friedel−Crafts alkylation of indoles with chalcones. The
catalysts could be used at room temperature and reused for
at least 22 cycles without loss of activity.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Materials. The zirconia precursor zirconium

oxychloride (ZrOCl2·8H2O) was purchased from Alfa Aesar. Ethyl-
enediamine (EDA) was purchased from Sigma-Aldrich. The hard
template porous polymer microsphere named poly(GMA-co-
EGDMA) is a polymer of glycidyl methacrylate (GMA) cross-linked
with ethylene glycol dimethacrylate (EGDMA) supplied by Nano-
Micro Technology Company, China. Other substrates such as indole
and chalcone used in the catalytic study of phosphorylated zirconia
were all purchased from Sigma-Aldrich, and anhydrous solvents were
distilled by standard procedure. Amberlyst-15 was purchased from
Sigma-Aldrich. H-Beta zeolites were purchased from Novel Company,
China. USY zeolite was supplied from Zouping Mingyuan Company,

China. Water was purified by distillation followed by deionization
using ion exchange resins. All chemicals were analytical grade and used
without further purification.

2.2. Preparation of ZrO2 Microspheres. Monodisperse porous
zirconia microspheres were fabricated by impregnation of porous
poly(GMA-co-EGDMA) microspheres with zirconia precursors
followed by calcination to remove the template. In a typical synthesis,
the poly(GMA-co-EGDMA) microspheres were first functionalized by
EDA. Poly(GMA-co-EGDMA) microspheres of 10 g were dispersed in
240 mL of water and sonicated for 0.5 h before 10 g of EDA was
added, and the mixture was mechanically stirred at 80 °C for 24 h. The
resulting EDA-functionalized poly(GMA-co-EGDMA) microspheres
were washed repeatedly with distilled water until the filtrate was
neutral and dried at 50 °C. Afterwards, the EDA-functionalized
poly(GMA-co-EGDMA) microspheres of 1 g were mixed with 2.5 g of
ZrOCl2·8H2O, 4 mL of water, and 6 mL of ethanol. The mixture was
then sonicated for 10 min and dried at 90 °C. Finally, the obtained
poly(GMA-co-EGDMA)/zirconia composite microspheres were cal-
cined at 600 °C for 6 h to form monodisperse porous zirconia
microspheres.

2.3. Preparation of PhZr Microspheres. Porous phosphorylated
zirconia microspheres were obtained by impregnating 0.3 g of porous
zirconia microspheres with different amounts of 0.1 M H3PO4. The
mixture was then dried at 100 °C followed by calcination at 600 °C for
3 h to form a phosphorylated porous zirconia microsphere denoted as
PhZr-X. PhZr-1, 2, 3, 4, 5, and 6 (the mol ratio of Zr:P ≈ 1:0.082,
0.123, 0.144, 0.205, 0.699) mean that 0.3 g of zirconia microspheres
was treated by 2, 3, 3.5, 4, 5, and 17 mL of 0.1 M H3PO4, respectively.

2.4. Catalytic Study of PhZr Microspheres. Friedel−Crafts
alkylation of indoles with chalcones was carried out using porous
phosphorylated zirconia microsphere as the catalyst. Before the
reaction, the catalyst was evacuated at 100 °C for activation. In a
typical synthesis, indole (0.2 mmol), chalcone (0.3 mmol), catalyst
(0.2 g), and solvent (2 mL) were added to the flask. The reaction was
conducted at room temperature. Thin-layer chromatography (TLC)
was used to monitor the reaction. After the reaction was finished, the
reaction mixture was centrifuged. The product was obtained by
chromatography separation of the supernatant. The catalyst was then
washed repeatedly with CH2Cl2 and dried at 50 °C followed by
calcination at 600 °C for reuse.

2.5. Characterization Techniques. Powder X-ray diffraction
(XRD) of zirconia microspheres was recorded using a Rigaku D/Max-
2200PC diffractometer with Cu Kα at 40 kV, 200 mA. The crystallite
size determined by XRD was calculated using the Williamson−Hall

Scheme 1. Fabrication of Monodisperse Porous Zirconia and Phosphorylated Zirconia Microspheres
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method. A field emission scanning electron microscope (SEM) Hitach
S4800 was used for the determination of the morphology and
structure of the microspheres. The particle hydrodynamic size was
measured by using a Beckman Coulter Counter laser size analyzer
(Multisizer 3). Transmission electron microscope images were
collected on an FEI Tecnai G2 TEM. N2 adsorption/desorption
isotherms were measured at 77 K on a Micromeritics Tristar 3020.
Thermogravimetric analysis (TGA) was performed on a Du Pont
TGA 2050, with a heating rate of 10 °C min−1. Fourier transform
infrared (FT-IR) spectra of these samples were collected on a
Shimadzu IR Prestige-21 with resolution of 4 cm−1. In situ FT-IR of
pyridine adsorbed on PhZr microspheres to characterize the acid sites

and strength of the catalysts was conducted with a self-supported wafer
of the sample using an EQUINOX 55 FT-IR spectrometer. The
sample was first heated to 450 °C and kept for 1 h under vacuum.
After cooling to room temperature, spectra of the unexposed sample
were taken. Then the sample was exposed to pyridine and adsorbed for
3 min. The physically adsorbed pyridine was removed at 150 °C for 30
min under vacuum. Finally, the pyridine adsorbed infrared spectra
were collected. Temperature-programmed desorption of ammonia
(NH3-TPD) was conducted to detect the total acidity of PhZr
microspheres. NH3-TPD was carried out from 120 °C to 600 °C with
a heating rate of 10 °C min−1 on Chemisorber AutoChem 2910. The
samples were activated under the flow of He at 450 °C for 1 h

Figure 1. SEM images of (A) porous polymer microspheres, (B) porous polymer/zirconia composite microspheres, (C) porous zirconia
microspheres, and (D) porous PhZr-3 microspheres. (E) TEM images of porous zirconia microspheres.
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followed by cooling to 120 °C, and ammonia adsorption was carried
out at this temperature. The evolved ammonia was analyzed by online
MS provided with a thermal conductivity detector (TCD). NMR
spectra were recorded on a BrükerAvance-III 400 MHz instrument.
Tetramethylsilane (TMS) served as an internal standard for NMR
spectroscopy. EI high-resolution mass spectra were measured by an
Elite Quadrupole time-of-flight mass spectrometer.

3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of ZrO2 and

PhZr Microspheres. As shown in Scheme 1, ZrO2 micro-
spheres were fabricated based on the hard-template method. In
our previous reports, monodisperse porous silica and magnetic
nanoparticle embedded silica microspheres have been success-
fully prepared using porous polymer microspheres as the hard
template.55,56 Porous poly(GMA-co-EGDMA) microspheres
were chosen because of their surface epoxy groups and large
pores. Porous poly(GMA-co-EGDMA) microspheres were first
functionalized by ethylenediamine (EDA). The obtained EDA-
functionalized poly(GMA-co-EGDMA) microspheres were
then impregnated with ZrOCl2·8H2O in water/ethanol at 90
°C. During the impregnation and drying process, the zirconium
precursors penetrated into the pore structure and incorporated
into polymer microspheres with the aid of amino groups of the
microspheres, and thus the sol−gel process occurred
simultaneously. After drying, the composite microspheres
were calcined at 600 °C to remove the polymer microspheres,
and porous ZrO2 microspheres were obtained. Secondly, PhZr
microspheres were simply synthesized by treatment of a porous
zirconia microsphere with 0.1 M H3PO4.
Figure 1A−C exhibits SEM images of polymer microspheres,

zirconia/polymer composite microspheres, and porous zirconia
microspheres. The zirconia/polymer composite microspheres
show monodispersity similar to the original porous polymer
microspheres without obvious size change, which indicates that
the zirconium precursors entered into the pores and interacted
closely with the polymer skeleton. The porous zirconia
microspheres show well-defined morphology and excellent
monodispersity and consist of spherical nanoparticles in the
size range of about 15−50 nm. TEM images of porous zirconia
microspheres in Figure 1E agree very well with the
corresponding SEM images. A laser size analyzer was used to
measure the sizes of the microspheres (Table 1). The particle
sizes determined from the size analyzer are close to those
measured from SEM images. The porous zirconia microspheres
(about 2.56 μm) are much smaller than polymer microspheres
due to shrinkage during calcination. The PhZr-3 microspheres
(about 2.26 μm) are slightly smaller than that of ZrO2
microspheres because of further shrinkage during calcination.
It should be pointed out that PhZr-6 does not show well-
defined spherical morphology, and the structure is destroyed by
the excess phosphoric acid (Figure S1, Supporting Informa-
tion).
The nitrogen adsorption/desorption results of the micro-

spheres are shown in Figure 2 and Table 1. The template
microspheres show a surface area of 61 m2·g−1 and pore volume

of 0.48 cm3·g−1 with mainly macropores. After impregnation,
the composite microspheres have very low surface area of only
0.85 m2·g−1 indicating that zirconia precursors entered into
pores of the polymer microspheres successfully. Through
calcination, the polymer part of the composite microspheres
was removed to form porous zirconia microspheres. Porous
zirconia contains mainly mesopores and exhibits a specific
surface area of 22 m2·g−1 and pore volume of 0.17 cm3·g−1 with
pore size of 31 nm. Compared with the template microspheres,
the lower surface area and pore volume of porous zirconia
microspheres are due to shrinkage of the skeleton, high density
of zirconia, and growth of zirconia crystallite size during
calcination. In contrast to porous ZrO2 microspheres, PhZr-3
microspheres show lower surface area and pore volume but
similar pore size owing to further crystallization of zirconia at
high temperature.
The powder X-ray diffraction patterns for zirconia/polymer

composite microspheres, porous zirconia microspheres, and
porous PhZr-3 microspheres are shown in Figure 3. The
zirconia/polymer composite microspheres show a broad peak
indicating the amorphous structure of zirconia.56 After
calcination, X-ray diffraction patterns of porous zirconia
microspheres exhibit many sharp peaks indicating good
crystallinity. These peaks can be assigned to the tetragonal
(JCPDS card no. 17-0923) and monoclinic (JCPDS card no.
37-1484) phase of ZrO2. The average crystallite size was ca. 12
nm as calculated by the Williamson−Hall method suggesting
nanocrystallized framework of porous zirconia microspheres.
PhZr-3 microspheres retain these peaks in their wide-angle
XRD. Additionally, peaks at 18.5°, 21.6°, 26.2°, and 36.1°
appear, and they can be ascribed to crystalline zirconium

Table 1. Properties of Template and As-Prepared Microspheres

microspheres particle size (mean + SD) (μm) BET surface area (m2·g−1) pore volume (cm3·g−1) acidity (μmol·g−1)

polymer 4.74 ± 0.121 61 0.48 -
polymer/ZrO2 4.74 ± 0.135 0.85 0.02 -
ZrO2 2.56 ± 0.144 22 0.17 508
PhZr-3 2.26 ± 0.137 5 0.06 328

Figure 2. N2 adsorption/desorption isotherms of (a) porous
poly(GMA-co-EGDMA) microspheres, (b) porous ZrO2 micro-
spheres, and (c) porous PhZr-3 microspheres. The inset is pore
diameter distribution of (a) porous poly(GMA-co-EGDMA) micro-
spheres, (b) porous ZrO2 microspheres, and (c) porous PhZr-3
microspheres.
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phosphate. Therefore, a part of crystallized zirconia was
transformed to zirconium phosphate through treatment with
phosphoric acid. With an excess amount of phosphoric acid, the
obtained PhZr-6 microspheres show more crystalline zirconium
phosphate (Figure S2, Supporting Information).
FT-IR spectra of the microspheres are exhibited in Figure 4.

Through EDA functionalization of poly(GMA-co-EGDMA)

microspheres, the band at 909 cm−1 of epoxide stretching
vibration disappears, and the bands at 1151 and 1259 cm−1 of
epoxide characteristic peaks are transformed to 1160 and 1264
cm−1 due to the formation of the C−N bond.55 In contrast to
EDA-functionalized poly(GMA-co-EGDMA) microspheres, the
composite polymer/zirconia microspheres show obvious bands
at 479 and 661 cm−1 owing to the presence of Zr−O−Zr. The
bands from polymer all disappeared in the IR spectra of porous
zirconia microspheres indicating the removal of polymer
through calcination. The bands between 418 and 751 cm−1

suggest the formation of zirconia. For PhZr-3 microspheres,
additional bands at 979 and 1100 cm−1 are due to the P−O
stretching vibrations indicating porous zirconia microspheres
are successfully phosphorylated. The absence of phosphoryl
peaks at 1300−1400 cm−1 indicates the absence of PO4

3−.51

As seen from thermogravimetric analysis (TGA) of the
samples (Figure S3, Supporting Information), the polymer
microspheres are completely burned away at 480 °C. For the
polymer/zirconia composite microspheres, there are three
stages of weight loss, 25−200, 200−550, and 550−700 °C.
The weight loss below 200 °C is attributed to the gasification of
small molecules such as adsorbed water of the microspheres
due to incomplete drying. The weight loss between 200 and
500 °C is due to the decomposition/dehydration of the
polymer chain and further condensation of zirconia in the
polymer/zirconia composite microspheres. When the temper-
ature is higher than 600 °C, the small and gradual weight loss
(5.74 wt %) is attributed to further condensation of zirconia
during crystallization and crystallite transformation.

3.2. Catalytic Study of PhZr Microspheres. PhZr
microspheres can serve as a novel solid acid catalyst. Herein,
Friedel−Crafts alkylation of indoles with chalcones is chosen as
a model reaction to study the catalytic performance of PhZr
microspheres. The catalytic efficiencies of ZrO2 and PhZr-X
microspheres are shown in Table 2, which were compared with

those of some commercial solid acid catalysts in parallel. Porous
zirconia microspheres could not catalyze the reaction. After
treatment by phosphoric acid, the obtained PhZr microspheres
exhibit good catalytic activities with high selectivity and no
byproducts. PhZr-6 microspheres are ineffective because the
structure is destroyed by excess phosphoric acid. Among PhZr-
X microspheres, PhZr-3 microspheres show the best perform-
ance. The different catalytic performance of PhZr microspheres
may be mainly related to their acidic properties. The PhZr-3
microspheres are also more superior to the commercial solid

Figure 3. Wide-angle powder XRD patterns of (a) poly(GMA-co-
EGDMA)/zirconia composite microspheres, (b) porous zirconia
microspheres, and (c) PhZr-3 microspheres.

Figure 4. FT-IR spectra of (a) porous poly(GMA-co-EGDMA)
microspheres, (b) EDA-functionalized poly(GMA-co-EGDMA) mi-
crospheres, (c) poly(GMA-co-EGDMA)/zirconia composite micro-
spheres, (d) porous zirconia microspheres, and (e) PhZr-3 micro-
spheres.

Table 2. Friedel−Crafts Alkylation of Indoles with
Chalcones Catalyzed by Porous PhZr Microspheres and
Commercial Solid Acid Catalystsa

entry catalyst t/h isolated yield/%

1 ZrO2 72 trace
2 PhZr-1 16 55
3 PhZr-2 16 86
4 PhZr-3 6 98
5 PhZr-4 16 73
6 PhZr-5 16 43
7 PhZr-6 72 trace
8b USY 16 72
9c H-Beta 16 46
10d H-Beta 16 35
11e Amberlyst-15 16 trace

aReaction conditions: catalysts: solid acid catalyst (0.2 g), indole (0.2
mmol), chalcone (0.3 mmol), toluene (2 mL). bUSY Si/Al ratio at 5.
cH-Beta Si/Al ratio at 40. dH-Beta Si/Al ratio at 100. eAt rt, there was
only a trace amount of product. At 80 °C, the yield achieved 21%.
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acid catalysts of USY, H-Beta zeolite, and Amberlyst-15. A
minimal loading of PhZr-3 microspheres for Friedel−Crafts
alkylation of indoles with chalcones at elevated temperature was
studied (Table S1, Supporting Information). The minimal
loading to achieve 98% yield decreased almost an order of
magnitude when the reaction temperature increased from room
temperature to 110 °C. Solvent screening and substrate scope
of different substituents on indoles and chalcones are shown in
the Supporting Information (Table S2, Table S3, Supporting
Information). The reaction could tolerate a wide range of
substitution. Furthermore, compounds (4a−4d) were synthe-
sized using PhZr-3 as the solid acid catalyst (Figure 5). The

reusability of PhZr-3 catalyst for Friedel−Crafts alkylation of
indoles with chalcones was evaluated. After each run, the
catalyst was calcined at 600 °C for activation. As shown in
Figure 6, the PhZr-3 catalyst exhibited consistent high activity

even after 22 recycles. Activation at lower temperatures was
evaluated (Table S4, Supporting Information). It was essential
for the used PhZr-3 catalyst to be activated at 600 °C for
achieving 98% yield, which might be due to organics adsorbed
on the acid sites and their incomplete removal at lower
temperatures.
3.3. Acidity Study. In situ FT-IR of pyridine-adsorbed and

temperature-programmed desorption of ammonia (NH3-TPD)
on the samples were explored to study the acidic properties of
ZrO2 and PhZr-X microspheres. Results of in situ FT-IR of
pyridine adsorbed on the microspheres are shown in Figure 7.
The bands at 1445 and 1607 cm−1 are ascribed to the
adsorption of pyridine on the Lewis acid sites, while the band at

1548 cm−1 is assigned to the Brønsted acid sites. The band at
1490 cm−1 is due to the simultaneous adsorption of pyridine on
both Brønsted and Lewis acid sites.52 Porous zirconia
microspheres exhibit strong Lewis acidity and poor Brønsted
acidity. Treated by phosphoric acid, the obtained PhZr
microspheres show lower Lewis acidity and appearing Brønsted
acidity. Interestingly, by varying the amount of phosphoric acid,
PhZr microspheres with different acidities are obtained, which
play an important role in catalytic performance. NH3-TPD has
been carried out to measure the total acid amount of the
samples (Table 1, Table S5, Supporting Information). PhZr-3
microspheres show one broad peak centered at 437 °C and
strong acidity of 328 μmol·g−1.

4. CONCLUSION

We have fabricated monodisperse porous zirconia microspheres
by impregnation of porous polymer microspheres with zirconia
precursors followed by calcination to remove polymer micro-
spheres. The obtained porous zirconia microspheres are
monodisperse and micrometer-sized. Moreover, they exhibit
nanocrystallized framework and well-defined spherical mor-
phology with pore size at 31 nm and large pore volume of 0.17
cm3·g−1. Treated with phosphoric acid, the obtained porous
PhZr microspheres serve as a novel solid acid catalyst and
exhibit controlled acidities. The best PhZr microspheres
surpassed common commercial solid acid catalysts such as
USY, H-Beta zeolite, and Amberlyst-15 when catalyzing
Friedel−Crafts alkylation of indoles with chalcones. The
monodisperse porous phosphorylated zirconia microspheres
are easily recyclable and could withstand over 22 cycles with
almost no loss of catalytic activity. In all, we have developed a
method to prepare monodisperse porous zirconia microspheres
and phosphorylated zirconia microspheres with controlled
acidities for Friedel−Crafts alkylation of indoles with chalcones.
The strategy here may be applied to the design and preparation
of more inorganic materials and functionalized materials for
organic synthesis. The investigation on wider applications of
monodisperse porous zirconia microspheres is still underway.

Figure 5. Further substrate scope of Friedel−Crafts alkylation
catalyzed by PhZr-3.

Figure 6. Reusability of PhZr-3 for Friedel−Crafts reaction of indoles
and chalcones.

Figure 7. In situ FT-IR spectra of pyridine adsorbed on (a) ZrO2, (b)
PhZr-1, (c) PhZr-3, and (d) PhZr-4.
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