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Metal Nanocrystal-Embedded Hollow Mesoporous 
TiO 2  and ZrO 2  Microspheres Prepared with Polystyrene 
Nanospheres as Carriers and Templates
 Noble metal nanocrystals with different shapes and compositions are 
embedded in hollow mesoporous metal oxide microspheres through an 
ultrasonic aerosol spray. Polystyrene (PS) nanospheres are employed simulta-
neously as a hard template to create hollow interiors inside the oxide micro-
spheres and as the carrier to bring pregrown metal nanocrystals, including 
Pd nanocubes, Au nanorods, and Au core/Pd shell nanorods, into the oxide 
microspheres. Calcination removes the PS template and causes the metal 
nanocrystals to adsorb on the inner surface of the hollow oxide microspheres. 
The catalytic performances of the Pd nanocube-embedded TiO 2  and ZrO 2  
microspheres are investigated using the reduction of 4-nitrophenol as a 
model reaction. The presence of the mesopores in the oxide microspheres 
allows the reactant molecules to diffuse into the hollow interiors and sub-
sequently interact with the Pd nanocubes. The embedding of the metal 
nanocrystals in the hollow oxide microspheres prevents the aggregation of 
the metal nanocrystals and reduces the loss of the catalyst during recycling. 
The Pd nanocube-embedded ZrO 2  microspheres are found to exhibit a much 
higher catalytic activity, a much larger catalytic reaction rate, and a superior 
recyclability in comparison with a commercial Pd/C catalyst. This preparation 
approach could potentially be utilized to incorporate various types of mono- 
and multimetallic nanocrystals with different sizes, shapes, and compositions 
into hollow mesoporous oxide microspheres. Such a capability can facilitate 
the studies of the catalytic properties of various combinations of metal nanoc-
rystals and metal oxide supports and therefore guide the design and creation 
of high-performance catalysts. 
  1. Introduction 

 Colloidal noble metal nanocrystals have recently received wide 
attention for their catalytic applications, owing to their syn-
thetically controlled sizes, shapes, facets, and chemical com-
positions. [  1–4  ]  For instance, the surface areas of spherical metal 
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catalysts are inversely proportional to their 
sizes. The morphology of metal nano-
crystals decides the exposed facets, and 
therefore determines the surface activity 
and selectivity. [  5–9  ]  Moreover, bimetallic 
nanocrystals can have their  d -band center 
adjusted by varying the chemical compo-
sition to be closer to the Fermi level than 
monometallic ones. [  10  ]  These bimetallic 
nanocrystals tend to exhibit high activi-
ties towards O 2  reduction reaction. [  11–13  ]  
During liquid-phase catalytic reactions, 
colloidal metal nanocrystals are easy to 
aggregate or reshape owing to the change 
in the solvent dispersion properties or the 
loss of the stabilizing surfactants or poly-
mers. In order to increase the stability of 
metal nanocrystal catalysts in solutions, 
polymers, [  14  ,  15  ]  dendrimers, [  16  ]  resins, [  17  ]  
and metal oxides [  18–22  ]  have been employed 
to coat, embed, or support them. Encap-
sulated metal nanocrystals are immobi-
lized or confi ned in a small volume. They 
are protected and therefore less prone to 
aggregation and reshaping. Silica is one of 
the most intensively studied materials as 
the support for metal nanocatalysts, [  18  ,  19  ]  
due to its low cost and well-known 
hydrolysis and condensation chemistry. 
However, transition metal oxides play 
important roles as catalyst supports in the 
petrochemical industry and in automobile 
exhaust emission control, because they are more chemically 
stable and can interact synergistically with supported metal 
nanocrystals to result in improved catalytic performances. 
Among various transition metal oxides, TiO 2 , ZrO 2 , and Al 2 O 3  
are often chosen as supports for metal nanocrystals owing to 
their high chemical stability, environmental friendliness, good 
reusability, and favorable synergistic effects with noble metal 
nanocatalysts. [  21  ,  23–25  ]  

 Commonly employed techniques for loading noble metal 
nanocrystals onto metal oxides include impregnation, copre-
cipitation, sol-gel approaches, and hydrothermal reactions. [  26  ,  27  ]  
These methods lack the ability to control the shape of noble 
metal nanocrystals. In addition, diffusion of metal salts into 
nanometer-scale pore channels is diffi cult during the loading 
process, and metal nanoparticles adsorbed close to pore open-
ings can block the diffusion of reactant and product molecules. 
2137wileyonlinelibrary.com

http://doi.wiley.com/10.1002/adfm.201202600


FU
LL

 P
A
P
ER

2138

www.afm-journal.de
www.MaterialsViews.com

     Figure  1 .     Schematic showing the preparation of the noble metal nanoc-
rystal-embedded hollow mesoporous oxide microspheres through the 
aerosol-assisted self-assembly process.  
Therefore, the development of effi cient routes for the prepara-
tion of metal oxides that are porous with high surface areas and 
tightly support metal nanocrystals with fi nely controlled shapes 
and compositions is highly desired in the fi eld of catalysis. 
Moreover, hollow porous oxides carrying catalysts in the hollow 
interior brings several benefi ts for catalysis. First, the confi ned 
environment for chemical reactions can give enhanced catalytic 
reaction rates. [  28  ,  29  ]  Second, the porous shell can strongly affect 
the selectivity of catalytic reactions. [  30  ,  31  ]  Third, the low density 
of hollow porous oxides makes them dispersible in solutions 
even when large amounts of catalysts are loaded. [  32  ]  They can 
also be easily recovered by centrifugation or fi ltration. 

 We recently demonstrated the growth of mono- and bime-
tallic noble metal nanocrystals inside hollow mesoporous silica 
microspheres using “ship-in-a-bottle” seed-mediated growth. [  33  ]  
The encapsulated metal nanocrystals can function as catalysts, 
exhibiting high catalytic performance. Their stability is superior 
to that of the corresponding unencapsulated metal nanocrystals 
in liquid-phase catalytic reactions. In this previous work of ours, 
polystyrene (PS) microspheres were utilized as the template 
for the coating of mesostructured silica. Calcination removed 
both the PS template and surfactant to generate hollow mes-
oporous silica microspheres. This strategy cannot be applied to 
the preparation of hollow mesoporous transition metal oxide 
microspheres, such as TiO 2  and ZrO 2 , because of the diffi culty 
in controlling the rapid hydrolysis of the oxide precursors. We 
have to seek other approaches for making hollow mesoporous 
transition metal oxide microspheres. 

 Aerosol-assisted self-assembly is a powerful approach for 
the preparation of mesoporous oxide microspheres. It com-
bines aerosol spray and evaporation-induced self-assembly, 
allowing for continuous production of microspheres. Many 
mesoporous oxides have been made into microspheres with 
this method, [  34–38  ]  including SiO 2 , TiO 2 , ZrO 2 , Al 2 O 3 , Cu-doped 
TiO 2 , and BaTiO 3 . In addition, molecular species, such as rare 
earth ions, organic dyes, magnetic nanoparticles, and metal 
salts, can be readily dissolved or dispersed in the oxide pre-
cursor solution and therefore doped into oxide microspheres to 
make them carry different functionalities. [  25  ,  37  ,  39  ]  When noble 
metal salts are added, calcination or H 2  reduction at raised 
temperatures produces metal nanoparticles that are distributed 
inside mesoporous oxide microspheres, as we have previously 
described. [  25  ]  In this method, noble metal nanoparticles are 
grown during the formation of mesoporous metal oxide micro-
spheres. They generally have a spherical shape, with relatively 
broad size distributions. Their shape cannot be controlled. To 
embed multimetallic nanocrystals with complex structures, 
such as core/shell ones, within mesoporous oxide microspheres 
is also diffi cult. 

 In this work, we report on an easy-to-implement approach 
for the preparation of noble metal nanocrystal-embedded 
hollow mesoporous metal oxide microspheres through an 
aerosol-assisted self-assembly process. TiO 2  and ZrO 2  were 
chosen because of their wide uses as catalyst supports in the 
fi eld of catalysis. Metal nanocrystals, including Au nanorods, 
Pd nanocubes, and Au core/Pd shell nanorods, were grown in 
advance. Therefore, their size and shape can be roughly con-
trolled. The reduction of 4-nitrophenol (4-NP) with NaBH 4  to 
4-aminophenol (4-AP) was selected as a model catalytic reaction 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
to examine the catalytic performance of the Pd nanocube-
embedded hollow mesoporous TiO 2  and ZrO 2  microspheres. 
The Pd nanocube-embedded ZrO 2  microspheres were found to 
exhibit good catalytic activity and recyclability. Our route offers 
general potential for the preparation of hollow mesoporous 
transition metal oxide microspheres supporting various noble 
metal nanocrystals for different chemical reactions.   

 2. Results and Discussion 

 The procedure for the preparation of noble metal nanocrystal-
embedded hollow mesoporous oxide microspheres through the 
aerosol-assisted self-assembly process is illustrated schemati-
cally in  Figure    1  . Noble metal nanocrystals are fi rst grown, fol-
lowed by their adsorption to PS nanospheres. In the next step, 
the PS nanospheres carrying the pregrown metal nanocrystals 
are incorporated in mesostructured oxide microspheres through 
an aerosol-assisted self-assembly process. Hollow mesoporous 
microspheres containing the metal nanocrystals are obtained 
fi nally after calcination to remove the PS nanospheres and sur-
factant and at the same time crystallize the metal oxide.  

 In our experiments, PS nanospheres of 270 nm in diameter 
were utilized. They functioned simultaneously as a remov-
able template for creating hollow interiors and as a carrier to 
bring pregrown noble metal nanocrystals into oxide micro-
spheres. Noble metal nanocrystals, including Au nanorods, Pd 
nanocubes, and Au core/Pd shell nanorods, were chosen for the 
incorporation in hollow mesoporous oxide microspheres. They 
were grown in advance in aqueous solutions by seed-mediated 
growth and stabilized with cetyltrimethylammonium bromide 
(CTAB). [  40–43  ]   Figure    2  A–C show the transmission electron 
microscopy (TEM) images of the as-grown noble metal nano-
crystals. The Au nanorods have an average length of 65  ±  5 nm 
and diameter of 14  ±  2 nm, the Pd nanocubes have an average 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2137–2144
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     Figure  2 .     TEM (upper row) and SEM (lower row) images of the as-grown metal nanocrystals and the corresponding metal nanocrystals adsorbed on 
the PS nanospheres, respectively. A,D) Au nanorods. B,E) Pd nanocubes. C,F) Au core/Pd shell nanorods. The inset in (C) is the TEM image of the 
starting Au nanorods.  
edge length of 34  ±  4 nm, and the Au core/Pd shell nanorods 
have an average length of 72  ±  6 nm and width of 20  ±  2 nm, 
with a Pd shell thickness around 2 nm at both the ends and 
side. The sizes and shapes of these metal nanocrystals are 
relatively uniform. They can be further synthetically varied if 
needed. [  40–43  ]   

 The adsorption of the metal nanocrystals onto the PS nano-
spheres was carried out in ethanol, because the PS nanospheres 
are dispersible in ethanol but not water. However, the CTAB-
stabilized metal nanocrystals tend to aggregate in ethanol. In 
order to prevent their aggregation, the capping CTAB mole-
cules were replaced with thiol-terminated methoxypoly(ethylene 
glycol) (mPEG-SH, MW: 5000 g mol  − 1 ). The mPEG-functional-
ized metal nanocrystals are dispersible in ethanol and can be 
readily adsorbed to the surface of the PS nanospheres through 
molecular interactions. [  44  ]  Figure  2 D–F show the scanning elec-
tron microscopy (SEM) images of the PS nanospheres adsorbed 
with the Au nanorods, Pd nanocubes, and Au core/Pd shell 
nanorods, respectively. Each PS nanosphere carries several 
to several tens of the metal nanocrystals. The adsorbed metal 
nanocrystals are randomly distributed on the surface of the PS 
nanospheres. After the adsorption product was separated by 
centrifugation, no unadsorbed metal nanocrystals were seen 
under SEM imaging even over large areas (Figure S1, Sup-
porting Information). The number of the metal nanocrystals on 
each PS nanosphere can be approximately controlled by varying 
the amount of the metal nanocrystals relative to that of the PS 
nanospheres. 

 The metal nanocrystal-decorated PS nanospheres are dis-
persible in the metal oxide precursor solution, which is made 
of metal alkoxide, acetic acid, hydrochloric acid, surfactant, 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2137–2144
and ethanol. [  38  ]  The mixture containing the PS nanospheres 
was transferred in an ultrasonic humidifi er to generate aerosol 
droplets. The droplets were carried by N 2  though a horizon-
tally aligned tube furnace set at a raised temperature, where 
the solvent was rapidly evaporated out of the droplets. The sol-
vent evaporation induced simultaneously the self-assembly of 
the surfactant molecules and the condensation of the hydro-
lyzed metal oxide species. [  34  ,  36  ]  The collected powder product 
was calcined to remove the PS nanospheres and surfactant as 
well as to crystallize the pore walls of the metal oxide micro-
spheres.  Figure    3  A–L show the SEM and TEM images of the 
six types of the obtained samples that are the combinations of 
the three types of metal nanocrystals and the two types of tran-
sition metal oxides. The products are spheres. Their apparent 
morphology looks similar to that of the microspheres prepared 
under the same conditions without the PS nanospheres. [  25  ,  37  ,  38  ]  
The average diameters of the TiO 2  and ZrO 2  spheres were 
measured from their SEM images to be 0.8  ±  0.3  μ m and 0.6  ±  
0.2  μ m, respectively. Dark contrasts were observed on a number 
of the microspheres under appropriate SEM imaging condi-
tions. We ascribe these contrasts to hollow interiors left behind 
after the PS nanospheres were burned away.  

 The presence of hollow interiors was confi rmed by TEM 
imaging. The number percentage of the microspheres con-
taining hollow interiors was estimated to be  ≈ 70% by examining 
more than 200 microspheres under TEM imaging. One factor 
accounting for the absence of hollow interiors in some micro-
spheres is the fact that some microspheres are too small to con-
tain any hollow interiors caused by the PS nanospheres. For the 
oxide microspheres containing hollow interiors, the number of 
hollow interiors ranges from one to several, generally increasing 
2139wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  3 .     SEM (fi rst and third columns) and TEM (second and fourth columns) images of the hollow mesoporous oxide microspheres. A,B) Au nano-
rods embedded in TiO 2 . C,D) Au nanorods embedded in ZrO 2 . E,F) Pd nanocubes embedded in TiO 2 . G,H) Pd nanocubes embedded in ZrO 2 . I,J) Au 
core/Pd shell nanorods embedded in TiO 2 . K,L) Au core/Pd shell nanorods embedded in ZrO 2 . M,N) Hollow mesoporous TiO 2  microspheres only. 
O,P) Hollow mesoporous ZrO 2  microspheres only.  
with the diameter of the oxide microsphere. TEM imaging also 
reveals the presence of the metal nanocrystals inside the micro-
spheres. The metal nanocrystals are attached to the surface of 
the hollow interiors. The calcination at 400  ° C to remove the PS 
nanospheres (Figure S2, Supporting Information) also affected 
the shape of the metal nanocrystals. The Au nanorods were 
probably melted, owing to the reduction of the melting temper-
ature of nanometer-scale metal nanocrystals, [  45  ]  or underwent 
surface-driven bulk reorganization, [  46  ]  and became nanospheres 
or largely shortened after the temperature was cooled down. 
In contrast, the Au core/Pd shell nanorods maintained their 
original shape after calcination. This thermal stability can be 
attributed to the protection role played by the Pd shell, because 
the melting point of bulk palladium is  ≈ 500 K higher than that 
of bulk gold. In this regard, we reason that the Pd nanocubes 
also preserved their shape after calcination, although they 
cannot be clearly observed owing to the embedding within the 
hollow interiors. In comparison, the SEM and TEM images of 
the hollow mesoporous TiO 2  and ZrO 2  microspheres without 
40 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
any embedded metal nanocrystals are given in Figure  3 M–P. 
These microspheres were prepared similarly by adding the PS 
nanospheres without adsorbed metal nanocrystals. The pres-
ence of the hollow interiors confi rms again the templating role 
played by the PS nanospheres during the aerosol-assisted self-
assembly process. 

 Our preparation method can also be readily applied to silica 
(Figure S3, Supporting Information). The obtained products 
are also microspheres, with a relatively smooth outer surface. 
The average diameter of the silica microspheres was measured 
from their SEM images to be 0.9  ±  0.3  μ m. Both SEM and TEM 
imaging indicate the presence of hollow interiors inside the 
mesoporous silica microspheres. Similar to the metal nanocrys-
tals in the TiO 2  and ZrO 2  microspheres, the Au nanorods in the 
silica microspheres become nanospheres or shortened, while 
the Au core/Pd shell nanorods maintain their shape. 

 We actually tried to directly disperse the pregrown metal 
nanocrystals in the oxide precursor solution for ultrasonic aer-
osol spray before the PS nanospheres were utilized. The amount 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2137–2144
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of the metal nanocrystals in the absence of the PS nanospheres 
was similar or even larger than that in the presence of the PS 
nanospheres. The CTAB-stabilized metal nanocrystals were 
quickly aggregated, because the oxide precursor solution con-
tained a large volume fraction of ethanol. The mPEG-function-
alized metal nanocrystals were dispersible without aggregation 
in the oxide precursor solution. However, the results showed 
that only a very small amount of the oxide microspheres, less 
than  ≈ 5% in terms of the number percentage, contained the 
metal nanocrystals. The metal nanocrystals were found to be 
left behind in the sample holder of the humidifi er and diffi cult 
to be carried in the droplets. These control experiments indi-
cate the importance of using the PS nanospheres as the carrier 
as well as the hard template for making the metal nanocrystal-
embedded hollow mesoporous oxide microspheres. 

 We chose the liquid-phase reduction of 4-NP by NaBH 4  
into 4-AP as the model catalytic reaction and employed the Pd 
nanocube-embedded TiO 2  and ZrO 2  microspheres as the cata-
lyst to examine the catalytic properties of the metal nanocrystal-
embedded hollow mesoporous oxide microspheres ( Figure    4  A). 
This reaction has been widely used for evaluating the catalytic 
performances of various noble metal nanostructures. [  47–49  ]  
The catalytic reaction takes place in the hollow interiors of the 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2137–2144

     Figure  4 .     Catalytic reduction of 4-NP to 4-AP. A) Reaction equation. B) Time-
tion spectra of the reaction solution in the presence of the Pd nanocube-emb
oporous TiO 2  microspheres. C) Plot of ln[ C ( t )/ C (0)] against the reaction tim
is the coeffi cient of determination obtained from the linear fi tting. D) Plot o
the reaction time in fi ve successive cycles of the reduction reaction with 
embedded hollow mesoporous ZrO 2  microspheres as the catalyst. E) TEM
microspheres after fi ve cycles of the reduction reaction.  
mesoporous oxide microspheres, where the metal nanocrystals 
are located. The mesopore channels offer the path for the dif-
fusion of the reaction molecules between the hollow interiors 
and outside volume of each oxide microsphere. Moreover, 
the encapsulation of the metal nanocrystals within the oxide 
microspheres prevents the aggregation and loss of the catalyst 
during the reaction and recycling processes. 4-NP exhibits an 
absorption peak at 400 nm in alkaline solutions, while 4-AP 
does not exhibit any absorption peak in the visible region. The 
absorbance of 4-NP has a linear relationship with its concen-
tration. [  25  ,  50  ,  51  ]  When NaBH 4  was injected into the aqueous 
solution of 4-NP, the color turned bright yellow, indicating the 
deprotonation of 4-NP. When the reduction started, the color of 
the reaction solution became lighter, and the absorption inten-
sity at 400 nm dropped. At the same time, a weak absorption 
peak around 300 nm gradually appeared due to the absorption 
of 4-AP. We recorded the absorption spectra of the reaction 
solution as a function of the reaction time. The spectral evolu-
tion was utilized to monitor the reduction process and analyze 
the conversion percentage.  

 Figure  4 B shows the time-dependent absorption spectra of 
the reaction solution when the Pd nanocube-embedded hollow 
mesoporous TiO 2  microspheres were added as the catalyst. 
bH & Co. KGaA, Wei

dependent absorp-
edded hollow mes-
e. The  R  2   =  0.9956 
f  C ( t )/ C (0) against 
the Pd nanocube-

 image of the ZrO 2  
The absorption spectra were taken at 2-min 
intervals after the catalyst was added. The 
absorption peak at 400 nm dropped gradually 
as the reaction time was increased. It nearly 
disappeared at 20 min after the reaction, 
indicating the completion of the reduction 
reaction. Since NaBH 4  was in large excess in 
the reaction, its concentration can be consid-
ered as a constant during the reduction. As 
a result, pseudo-fi rst-order kinetics can be 
exploited with regard to the concentration 
of 4-NP. The concentration of 4-NP was con-
verted from the absorbance value at 400 nm 
according to the predetermined calibra-
tion curve. [  25  ]  Figure  4 C shows the plot 
of ln[ C ( t )/ C (0)] against the reaction time, 
where  C ( t ) and  C (0) represent the concen-
trations of 4-NP at time  t  and 0, respectively. 
The linear fi t with a coeffi cient of deter-
mination very close to unity supports the 
assumption of pseudo-fi rst-order-kinetics. 
The reaction rate constant  k , determined 
from the rate equation ln[ C ( t )/ C (0)]  =   kt , is 
0.16 min  − 1  for the Pd nanocube-embedded 
TiO 2  microspheres. We also tested the cata-
lytic activity of the Pd nanocube-embedded 
hollow mesoporous ZrO 2  microspheres. 
The time-dependent absorption spectra 
and plot of ln[ C ( t )/ C (0)] against the reac-
tion time are shown in Figure S4 of the 
Supporting Information. The reaction rate 
constant  k  is determined to be 0.68 min  − 1  
for the ZrO 2  microspheres. The catalytic 
activities of the Pd nanocube-embedded TiO 2  
and ZrO 2  microspheres are ascribed to the 
presence of the Pd nanocubes, because our 
2141wileyonlinelibrary.comnheim
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previous experiments showed that pure TiO 2  and ZrO 2  micro-
spheres alone cannot catalyze the reduction of 4-NP. [  25  ]  

 The amounts of palladium in the two oxide microsphere 
catalyst samples were measured by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES). The mass ratios 
between palladium and oxide were 14  ×  10  − 3  and 5.6  ×  10  − 3  for 
the TiO 2  and ZrO 2  catalyst samples, respectively. For the catalytic 
reactions, the amounts of palladium contained in the hollow mes-
oporous TiO 2  and ZrO 2  microsphere catalysts were determined 
to be 1.1  ×  10  − 8  and 2.5  ×  10  − 9  mol, respectively. The turnover fre-
quency (TOF), defi ned as the moles of reduced 4-NP molecules 
per mole of noble metal atoms in the oxide microsphere catalyst 
per minute, was employed to compare the catalytic activities of 
the different microsphere samples. The TOF values of the Pd 
nanocube-embedded TiO 2  and ZrO 2  microsphere samples were 
found to be 1.5 and 25 min  − 1 , respectively. The Pd nanocube-
loaded ZrO 2  microspheres exhibit a higher catalytic activity. Both 
catalyst samples used the same Pd nanocube sample during 
their preparations. The difference in the TOF value is believed to 
result from the synergistic interaction between the Pd nanocubes 
and the metal oxide support. A full understanding is beyond this 
study. Nevertheless, our facile route to the preparation of noble 
metal nanocrystal-embedded hollow mesoporous oxide micro-
spheres offers great potential for studying the synergistic interac-
tions between different metal nanocrystals and oxide supports, 
as well as for discovering new, high-performance catalysts for 
industrially important catalytic reactions. 

 Beside the catalytic activity, the recyclability of catalysts is also 
important for their practical applications. Figure  4 D shows the 
recyclability of the Pd nanocube-embedded ZrO 2  microsphere 
catalyst. Five successive cycles of the catalytic reduction were 
carried out. Within 5 min, more than 80% of 4-NP was reduced 
in all the fi ve cycles. However, the amount of 4-NP being 
reduced at 5 min slightly decreased after each run. In the fi rst 
four cycles, the conversion percentages were larger than 90%. 
In the fi fth cycle, the conversion percentage dropped to 85%. 
The decrease in the conversion percentage is ascribed mainly 
to the loss of the catalyst caused by taking small amounts of 
the reaction solution for absorption measurements during each 
reaction run as well as by centrifugation after each run to col-
lect the catalyst. TEM imaging was also performed to examine 
if the Pd nanocube-embedded ZrO 2  microspheres underwent 
reshaping or aggregation after the catalytic reactions. After 
fi ve cycles, the Pd nanocubes remained embedded within the 
microspheres without aggregation (Figure  4 E). No obvious 
changes can be seen under our TEM imaging conditions. The 
spherical shape and hollow interiors of the ZrO 2  catalyst were 
also preserved. These results suggest that the metal nanocrystal-
embedded hollow mesoporous oxide microspheres exhibit a 
superior chemical and catalytic stability for the chosen liquid-
phase catalytic reaction. 

 We further compared the catalytic activities between our Pd 
nanocube-embedded oxide microspheres and a commercial 
catalyst of palladium supported on activated charcoal (Pd/C). 
The amount of palladium contained in the Pd/C catalyst was 
adjusted to be the same as that in the hollow mesoporous 
ZrO 2  microsphere catalyst. The TOF value was determined 
to be 2.8 min  − 1  (Figure S5, Supporting Information), which 
was about one ninth that of the Pd nanocube-embedded ZrO 2  
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
microsphere catalyst. The reaction rate constant  k  was 
0.068 min  − 1 , about one tenth that of the Pd nanocube-loaded 
ZrO 2  catalyst. The possible factors that contribute to the supe-
rior catalytic activity of the Pd nanocube-embedded ZrO 2  micro-
spheres include the size and shape of the Pd nanocrystals and 
the support. In addition, the carbon support in the Pd/C catalyst 
has a much smaller density, which makes the Pd/C catalyst dif-
fi cult to be collected and recycled. Taken together, at the same 
Pd amount, our Pd nanocube-embedded ZrO 2  microspheres 
exhibit a much higher catalytic activity, a much larger catalytic 
reaction rate, and a largely improved recyclability.   

 3. Conclusions 

 We have demonstrated a general route for the preparation of 
noble metal nanocrystal-embedded hollow mesoporous oxide 
microspheres through ultrasonic aerosol spray-assisted self-
assembly. PS nanospheres are employed as both the hard tem-
plate for creating hollow interiors and the carrier of pregrown 
metal nanocrystals. The types of noble metal nanocrystals and 
metal oxides can be readily varied. The embedded metal nano-
crystals are adsorbed on the inner surface of the hollow mes-
oporous oxide microspheres. The mesoporous structure of the 
oxide microspheres allows the access of molecular species into 
the hollow interiors of the oxide microspheres, where reactions 
catalyzed by the embedded metal nanocrystals take place. For 
the model catalytic reaction of reducing 4-NP by NaBH 4 , the Pd 
nanocube-embedded hollow mesoporous ZrO 2  microspheres 
exhibit much better catalytic performances than a commercial 
Pd/C catalyst in terms of the catalytic activity, catalytic reaction 
rate, and recyclability. The approach introduced in our work 
can be easily extended to different metal nanocrystals. It will 
be useful for fi nding out optimal combinations of metal nanoc-
rystals and metal oxide supports for industrially important cata-
lytic reactions.   

 4. Experimental Section 
  Growth of the Au Nanorods : The Au nanorods were grown in 

aqueous solutions using a seed-mediated method. [  40  ,  41  ]  Specifi cally, 
the preparation of the seed solution started by mixing together HAuCl 4  
(0.01 M, 0.25 mL) and CTAB (0.1 M, 9.75 mL). A freshly prepared, ice-
cold NaBH 4  solution (0.01 M, 0.6 mL) was then quickly injected into 
the mixture, followed by rapid inversion for 2 min. The resultant seed 
solution was kept at room temperature for 2 h before use. The growth 
solution was made by sequentially adding HAuCl 4  (0.01 M, 2 mL), 
AgNO 3  (0.01 M, 0.4 mL), HCl (0.1 M, 0.8 mL), and ascorbic acid (0.1 M, 
0.32 mL) into CTAB (0.1 M, 40 mL). The resultant solution was mixed 
by swirling for 30 s, followed by the rapid injection of the seed solution 
(0.2 mL). The obtained solution was mixed by quick inversion for 2 min 
and thereafter kept undisturbed overnight. 

  Growth of the Pd Nanocubes : An oil bath was employed for the 
growth of the Pd nanocubes. [  42  ]  CTAB (0.1 M, 2.5 mL), deionized water 
(17.5 mL), and H 2 PdCl 4  (0.01 M, 1 mL) were mixed in a fl ask, which was 
then kept in the oil bath preset at 80  ° C for several minutes until the 
solution temperature was equilibrated. Ascorbic acid (0.1 M, 0.16 mL) 
was subsequently added into the fl ask. The resultant mixture solution 
was kept under stirring for 2 h. 

  Growth of the Au Core/Pd Shell Nanorods : The Au nanorods grown 
above were used for coating palladium to obtain the Au core/Pd shell 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2137–2144
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nanorods. [  42  ,  43  ]  Briefl y, 1 mL of the as-grown Au nanorod solution was 
centrifuged, the supernatant was removed, and the precipitated Au 
nanorods were redispersed in deionized water (1 mL) as the seeds for 
the Pd overgrowth. The Pd growth solution was obtained by mixing CTAB 
(0.1 M, 1 mL), deionized water (3 mL), H 2 PdCl 4  (0.01 M, 0.02 mL), and 
ascorbic acid (0.1 M, 0.01 mL) together. The Au nanorod seed solution 
was then added into the Pd growth solution. The obtained solution was 
mixed by quick inversion for 2 min and subsequently kept undisturbed 
overnight. 

  Preparation of the mPEG-Stabilized Noble Metal Nanocrystals : In 
order to replace the capping molecules on the metal nanocrystals by 
mPEG-SH, [  44  ]  the as-grown metal nanocrystal solutions (Au nanorods: 
40 mL, Pd nanocubes: 40 mL, Au core/Pd shell nanorods: 200 mL) 
were centrifuged once and redispersed in deionized water (40 mL). 
An aqueous mPEG-SH solution (0.01 M) was then added. The added 
volumes of the mPEG-SH solution were 2, 1, and 2 mL, respectively. The 
resultant solution was mixed by inversion for several minutes and kept 
undisturbed overnight. 

  Synthesis of the PS Nanospheres : The PS nanospheres with an average 
diameter of 270 nm were synthesized by polymerization of styrene with 
poly(vinyl pyrrolidone) (PVP, MW: 55 000 g mol  − 1 ) as a steric stabilizer 
and 2,2 ′ -azobis(2-methylpropionamidine) dihydrochloride (AIBA) as 
a radical initiator in aqueous solutions. In a typical synthesis, styrene 
(9.2 mL), water (90 mL), and PVP (1 g) were added to a 250-mL, three-
necked, round-bottom fl ask equipped with a refl ux condenser and a N 2  
gas inlet. The air in the fl ask was replaced by a stream of N 2 , and the 
mixture was kept under N 2  until the polymerization was fi nished. The 
temperature of the solution was slowly increased to 70  ° C in 30 min. 
After that, an aqueous solution of AIBA (0.02 g mL  − 1 , 10 mL) was added 
into the mixture using a syringe. The polymerization reaction was carried 
out at 70  ° C for 10 h, and the stirring rate was set at 150 rpm. 

  Adsorption of the Metal Nanocrystals onto the PS Nanospheres : The 
mPEG-functionalized metal nanocrystals (Au nanorods: 30 mL, Pd 
nanocubes: 40 mL, Au core/Pd shell nanorods: 30 mL) were centrifuged, 
the supernatant was discarded, and the precipitate was redispersed in 
ethanol (4 mL). The PS nanospheres (0.01 g) were then added, and the 
resultant mixture was kept under gentle stirring overnight. The metal 
nanocrystal-decorated PS nanospheres were centrifuged (7500 rpm, 
15 min), and the precipitate was collected and redispersed in ethanol 
for the subsequent addition in the precursor solution for aerosol spray. 
The percentage of the metal nanocrystals that were adsorbed on the PS 
nanospheres was estimated to be  ≈ 80% from the extinction spectrum of 
the nanocrystal solution before adsorption and that of the supernatant 
after adsorption. The average number of the metal nanocrystals 
adsorbed on each PS nanosphere was roughly controlled by the amount 
ratio between the metal nanocrystals and the PS nanospheres. Typically, 
for 0.01 g of the PS nanospheres, we found that the required volumes 
of the mPEG-functionalized metal nanocrystals to give appropriate 
numbers of the adsorbed metal nanocrystals on each PS nanosphere 
were 30, 40, and 30 mL for the Au nanorods, Pd nanocubes, and Au 
core/Pd shell nanorods, respectively. These amount ratios were used in 
our preparations of the metal nanocrystal-embedded hollow mesoporous 
oxide microspheres shown and discussed above. 

  Preparation of the Metal Nanocrystal-Embedded Hollow Mesoporous 
Oxide Microspheres : The preparation of the hollow mesoporous oxide 
microspheres followed our reported procedure, where no PS nanospheres 
were added in the precursor solution. [  25  ,  39  ]  Specifi cally, to prepare the 
precursor solution for making the TiO 2  microspheres, triblock copolymer, 
(ethylene oxide) 106  − (propylene oxide) 70  − (ethylene oxide) 106  (F127, 0.6 g), 
was dissolved in absolute ethanol (55.4 g). In a separate beaker, titanium 
ethoxide (1 mL) and HCl (37 wt%, 3.2 mL) were mixed together and 
covered with a paraffi n fi lm. After the mixture was stirred for 2 h, the 
ethanolic solution of F127 was added. The resultant solution was stirred 
for one more hour, and then transferred to a household ultrasonic 
humidifi er (1.7 MHz, 30 W) for aerosol spray. For the preparation of the 
ZrO 2  microspheres, the used amounts of the ingredients for making 
the precursor solution were F127 (0.26 g), absolute ethanol (25 g), 
zirconium butoxide (80 wt% in 1-butanol, 1 g), acetic acid (0.5 mL), and 
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HCl (37 wt%, 0.4 mL). For the preparation of the SiO 2  microspheres, the 
precursor solution was made by mixing together tetraethyl orthosilicate 
(2.28 g, 0.01 mol), absolute ethanol (27.6 g), HCl (1 M, 0.4 mL), triblock 
copolymer, (ethylene oxide) 20  − (propylene oxide) 70  − (ethylene oxide) 20  
(P123, 0.46 g), and deionized water (3.6 g) and kept under stirring for 
1 h. [  39  ]  The metal nanocrystal-decorated PS nanospheres were added 
right before the precursor solution was transferred into the humidifi er. 
The decorated PS nanospheres that were added contained 0.06 − 0.08 g 
of the PS nanospheres for all the three oxide precursor solutions. They 
were combined together from multiple times of the adsorption process 
and condensed into ethanol (4 mL) for the addition into the precursor 
solution. The mist generated by the ultrasonic humidifi er was carried 
by N 2  and passed through a tube furnace set at 380  ° C. The product 
was collected on a fi lter that was connected to a water aspirator. The 
collected microspheres were calcined at 400  ° C for 5 h in air at a heating 
rate of 1  ° C·min  − 1  to remove the surfactant and PS nanospheres. 

  Catalytic Reduction of 4-NP : For the catalytic reduction of 4-NP in 
aqueous solutions, a freshly prepared NaBH 4  solution (0.5 M, 0.2 mL) 
was added into the mixture of 4-NP (0.01 M, 0.03 mL) and deionized 
water (2.5 mL) in a quartz cuvette. The reaction started immediately 
after the metal nanocrystal-embedded hollow mesoporous oxide 
microsphere catalyst was added. The reduction process was monitored 
by measuring the absorption spectra as a function of time. The Pd 
amount contained in the catalyst was determined using ICP-AES. To 
examine the recyclability, fi ve cycles of the reduction reactions were 
carried out. The reaction solution was composed of 4-NP (0.01 M, 
2 mL), NaBH 4  (0.5 M, 2 mL), and the Pd nanocube-embedded ZrO 2  
microspheres (1.78 wt%, 0.08 mL). At the end of each run, the 
microspheres were collected by centrifugation and redispersed in 
a fresh reaction solution. During each run, a small amount of the 
reaction solution (0.05 mL) was taken out at 1, 3, and 5 min for the 
measurements of the absorption spectra. The Pd/C catalyst containing 
5 wt% of palladium was purchased from Aladdin, Shanghai, China. It 
appeared as black powder. 

  Characterization:  SEM images were acquired on an FEI Quanta 
400 FEG microscope. TEM images were obtained on an FEI CM120 
microscope at 120 kV. Thermogravimetric analysis traces were recorded 
on a PerkinElmer TAG6 system. Absorption and extinction spectra were 
recorded using a Hitachi U-3501 UV/visible/NIR spectrophotometer. 
ICP-AES measurements were made on a PerkinElmer Optima 4300DV 
system.   
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