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Abstract: Cubic Pd nanocrystals with shape-controlled

mesoporous silica shells have been theoretically designed
and successfully synthesized for investigating the effect of
a porous nanoshell on catalytic performance of the core.
Cubic Pd@cubic mesoporous silica keeps activity of all
facets and shows highest catalytic activity and enhanced

reusability in the hydrogenation of nitrobenzene.

Metal nanocrystals with unique electrical, optical, magnetic,

and chemical properties have attracted enormous research in-
terest in both fundamental studies and various practical appli-

cations.[1] However, due to the high surface energy of metal
nanocrystals, aggregation often occurs with them, resulting in

low stability and irregular morphologies, and limiting their ap-
plications, especially in catalysis. Surface nanocoating[2] is a uni-
versal and effective approach to stabilize nanocrystals and pre-

vent leaching and/or severe particle agglomeration. Mesopo-
rous silica, as an excellent candidate for shell nanoengineering,
can not only endow the nanocrystals with high stability and
large surface area, but also can facilitate the diffusion between
the reactants and the products in catalytic reaction.[3] For ex-
ample, Pt nanocrystals coated with a mesoporous silica shell

reported by Somorjai et al. showed excellent catalytic activity

and stability in high-temperature catalytic reactions.[4] Fe2O3

nanoparticles within a hierarchically macroporous core@or-

dered mesoporous shell synthesized by our group also exhibit-
ed high activity, high stability, and excellent recycling behav-

iour.[5] In such a nanoencapsulation technique, a better under-

standing of the micro/nano shell structures affecting the cata-
lytic performance is of great importance to design high-per-

formance nanocatalysts in terms of activity, selectivity and

stability. Over the past few decades, the development of colloi-
dal chemistry enabled nanometals to be readily prepared with

tunable particle size, shape and composition.[6] The systematic
investigations of these nanometals on catalytic properties have

successfully been used to uncover atomic-scale characteristics,
which are critical to catalytic activity and selectivity.[7] However,

there is rarely an investigation on the shape of silica shells, al-

though catalytic studies of nanometals within silica shell have
shown the high thermal and chemical stabilities of such nano-

particle catalysts.[8] In this regard, the shape-controlled shell en-
gineering is therefore highly demanded for fully understanding

the effect of the nanoshell on catalytic performance.
Herein, we propose a rational design based on model calcu-

lation for fabrication of monodisperse cubic Pd nanocrystals

with their shape-controlled mesoporous silica shells. Pd nano-
cubes embedded in three types of mesoporous silica with dif-

ferent shapes have been successfully synthesized: cubic
Pd@cubic mesoporous silica, cubic Pd@thin spherical mesopo-

rous silica, and cubic Pd@thick spherical mesoporous silica (de-
noted as Pd@mSiO2-C, Pd@mSiO2-S1 and Pd@mSiO2-S2, respec-
tively). We also carried out the hydrogenation of nitrobenzene

to explore the catalytic activities of the cubic Pd without or
with different shapes of mesoporous silica shells. The catalytic
activities of all the samples show that the cubic silica shell can
maximally retain the catalytic activity of the Pd core and great-

ly enhance the reusability compared to bare Pd.
The synthesis procedure for Pd@mSiO2 core–shell nanostruc-

tures is illustrated in Figure 1. Firstly, cubic Pd nanocrystals
were synthesized by using cetyltrimethyl ammonium bromide
(CTAB) as the structure-directing agent and ascorbic acid (AA)

as the reductant in an aqueous solution of H2PdCl4 at 95 8C.
Then, a NaOH solution was added to the aqueous solution to

adjust the pH of the solution to around 10–11, followed by
adding a desired amount of tetraethyl orthosilicate (TEOS) to

initiate the silica polymerization. After calcination of the as-syn-

thesized Pd@mSiO2 at 300 8C for 2 h, Pd@mSiO2 nanoparticles
were finally obtained. By adjusting the amount of TEOS, cubic

Pd nanoparticles within three shapes of mesoporous silica
shells were synthesized.

In order to rationally design the shapes of mesoporous silica
shells, two regular models of cube@cube (model I ; Figure 2a)
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and cube@sphere (model II ; Figure 2b) are proposed based
on the epitaxial growth and minimum energy of silica, respec-

tively. According to the models, the relationships between the

TEOS volume (VTEOS; added pure TEOS volume) and silica
thickness of the synthesized Pd@mSiO2 nanoparticle with cubic

shell (TC ; shown in Figure 2a) and spherical shell (TS ; shown in
Figure 2b) are given by Equation (1) and (2), respectively (see

the Supporting Information for details of the model calculation
and calculated values in Figure 2c).

Notably, the silica thickness of the synthesized Pd@mSiO2

nanoparticle can be easily tuned by the TEOS amount. To in-

vestigate their shape evolution, three different TEOS volumes

of 2, 5 and 10 mL are chosen for the controlled synthesis of
mesoporous silica shells. Scanning electron microscope (SEM)
images show that the initially synthesized Pd nanocubes are
uniform in size with an average particle diameter of 30(:
1.6) nm (Figure 3a,b and Figure S1). When adding a small

amount of TEOS (2 mL), Pd@mSiO2-C consisting of a cubic Pd
core and 7(:1.2) nm-thick cubic silica shell was obtained (Fig-

ure 3c,d and Figure S2). Interestingly, the silica shell exhibits a
cubic shape, which is very unique compared with usual spheri-
cal shape. The transmission electron microscopy (TEM) images
(Figure 3e,f and Figure S3) further confirm this unique core–
shell nanostructure with cubic core and cubic shell. This indi-

cates that the silica was first formed on the surface of cubic Pd
nanoparticles with an isotropic growth. When increasing the

amount of TEOS (5 mL), Pd@mSiO2-S1 with a thin spherical

shell could be clearly observed (Figure S4a–c). The average
thickness of silica shell of Pd@mSiO2-S1 is 19(:3.3) nm. The

evolution toward a spherical shape is due to reduction of the
surface-to-volume ratio.[9] Further increasing the amount of

TEOS (10 mL), Pd@mSiO2-S2 with a thick spherical shell could
be obtained (Figure S4d–f), in accordance with the tendency

Figure 1. Schematic representation of the formation of Pd@mSiO2 nanoparti-
cles with different shapes.

Figure 2. Schematic illustration of (a) cube@cube model and (b) cube@-
sphere model. (c) Calculation result of the relationship between TEOS
volume and silica shell thickness of the synthesized Pd@mSiO2 nanoparticle
before (& and *) and after (&112 nanoparticles.

Figure 3. Representative low-resolution and high-resolution SEM images of
Pd (a,b) and Pd@mSiO2-C (c,d). Representative low-resolution and high-reso-
lution TEM images of Pd@mSiO2-C (e,f).
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of the calculation result from model II. In view of the size of
whole Pd@mSiO2-S2, the average thickness of the mesoporous

silica shell can also be calculated to be 27(:4.8) nm. Compar-
ing with the calculated value based on corresponding model,

the silica thicknesses of all Pd@mSiO2 nanostructures are larger
because of the unavoidable loss of Pd nanoparticles during

the synthesis procedure and/or centrifuging/washing process.
Therefore, to compensate the loss of Pd, it is necessary to in-
troduce a correction coefficient (e) to correct the total mass of

Pd in Pd@mSiO2. After correction, the relationships between
VTEOS and silica thickness with cubic shell (T’C) and spherical
shell (T’S) are given by Equation (3) and (4), respectively (see
Supporting Information for details of the correction).

Remarkably, as shown by corrected value in Figure 2c, the
experimental silica thickness of all three types of the synthe-

sized Pd@mSiO2 can perfectly match with the corrected value

of corresponding models when the set value of the e is 0.93,
which means that the unavoidable loss of Pd mass during syn-

thesis should be 7%. These results demonstrate the validity
and good guiding function of our model calculation.

Moreover, the crystallinity and porosity of Pd@mSiO2 nano-
particles have also been measured. The high-angle X-ray dif-

fraction (XRD) patterns (Figure S5) of Pd and Pd@mSiO2 nano-

particles exhibit four similar and obvious peaks at 40.18, 46.78,
68.18, and 82.18, which can be assigned to (111), (200), (220),

and (311) reflections of face-centered cubic (fcc) Pd (ICDD no.
05-0681). These peaks are broadened, indicating the nanoscale

structural features. This result reveals that the crystal structure
of Pd nanoparticles was maintained intact after the formation

of the silica shell on cubic Pd. In particular, compared to bare

Pd nanoparticles, the additional broad peaks around 238 in the
XRD patterns of Pd@mSiO2 nanoparticles can be ascribed to
the silica.[10] The N2 adsorption/desorption isotherms (Fig-
ure S6a) of all Pd@mSiO2 nanoparticles exhibit a type II iso-

therm with a H3 hysteresis loop at high relative pressure, indi-
cating their mesoporous characteristics. The pore sizes calcu-

lated using the Barrett-Joyner-Halenda (BJH) method (Fig-
ure S6b) of all types of Pd@mSiO2 nanoparticles are around
3.5 nm with a narrow distribution. Due to the existence of the

mesoporous silica shell, Pd@mSiO2-C, Pd@mSiO2-S1, and
Pd@mSiO2-S2 have high Brunauer-Emmett-Teller (BET) surface

areas of 214 m2g@1, 296 m2g@1, and 364 m2g@1, respectively.
The increase of the surface area can be attributed to the in-

crease of the thickness and corresponding mesoporosity of

these silica shells.
The above structural analyses confirm the formation of cubic

Pd nanocrystals with shape-controlled mesoporous silica shells.
Three shapes of mesoporous silica shells with cube, thin

sphere, and thick sphere, have been successfully synthesized
under the guidance of the model calculation. These cubic Pd

with different shapes of mesoporous silica shells will help us to
further investigate the effect of shape of mesoporous silica

shell on catalytic performance, which has been rarely investi-
gated previously. Therefore, we tested the catalytic activities of

bare Pd and Pd@mSiO2 nanoparticles for the hydrogenation of
nitrobenzene, a model hydrogenation reaction, which the ni-

trobenzene can be converted into aniline by the catalysts
under the hydrogen gas.

Figure 4a and Figure S7 show the conversion of nitroben-

zene against time after adding the catalysts. As can be seen,
the hydrogenation reaction rate is very fast, with 98.9% con-

version of nitrobenzene to aniline during 1.5 h after adding
pure cubic Pd nanoparticles. Under the same catalytic condi-

tions while substituting cubic Pd nanoparticles with same total
amount of Pd in Pd@mSiO2 nanocrystals, the conversions of ni-

trobenzene are 89.7%, 78.8% and 65.7% for Pd@mSiO2-C,
Pd@mSiO2-S1 andPd@mSiO2-S2, respectively (see the turnover
frequency (TOF) values of all catalysts in Table S1). This catalysis

result demonstrates that the catalytic activities of metal core
are partly impeded by mesoporous silica shell, even though
the reactant molecules and the product molecules can directly
access to the Pd cores through the mesopores within the silica

shells. The catalytic activity of Pd@mSiO2-C is almost no
change to that of the bare Pd, suggesting the cubic@cubic

structure can keep the catalytic activity of all facets, and then
retain the catalytic activity of metal core. Among all Pd@mSiO2,
Pd@mSiO2-C shows the highest catalytic activity due to the

thin silica shell and cubic-cubic structure, which not only be
favour to diffusion of matters, but also helpful to exposure of

active facets of cubic Pd. In addition, the catalytic activity of
Pd@mSiO2-C is also superior to that of the previously reported

Pd-based catalysts (Table S2). To further investigate the effect

of mesoporous shell on catalytic stability, we also did the reus-
ability test of both bare Pd and Pd@mSiO2-C. As shown in Fig-

ure 4b, Pd@mSiO2-C shows far better reusability during the
cycles of the hydrogenation of nitrobenzene reaction. There is

only a slight decrease in the percent conversion between the
reused and fresh Pd@mSiO2-C after six cycles. In comparison,

Figure 4. (a) The time-domain conversion of nitrobenzene by different cata-
lysts of Pd, Pd@mSiO2-C, Pd@mSiO2-S1 and Pd@mSiO2-S2 nanoparticles.
(b) A comparison of conversion for Pd and Pd@mSiO2-C nanoparticles
during the six reaction cycles. The reaction time is 1.5 h.
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an obvious decrease in activity is observed for bare cubic Pd.
After six cycles of the hydrogenation of nitrobenzene reaction,

Pd@mSiO2-C retains 78.6% of the initial catalytic activity while
only 17.8% of the initial catalytic activity is retained with bare

cubic Pd. SEM measurements reveal that after six catalytic reac-
tion cycles, Pd@mSiO2-C largely maintained their morphologies
while bare Pd showed severe ripening and aggregation (Fig-
ure S8). Overall, our studies demonstrate the greatly enhanced
reusability of Pd@mSiO2-C, which can be reasonably attributed
to the protection of the mesoporous silica shell with a specific
cubic shape.

In summary, we have rationally designed and successfully
synthesized cubic Pd with three shapes of mesoporous silica
shells : cube, thin sphere and thick sphere by adjusting the
amount of silica sources based on model calculation. It is

noted that cubic Pd with cubic mesoporous silica shell has

been synthesized for the first time. These core–shell structured
Pd@mSiO2 nanoparticles with shape-controlled shell were used

to investigate the effect of shape of mesoporous silica shell on
catalytic performance of metal core. The catalysis results indi-

cate that cubic mesoporous silica shell could maximally remain
the catalytic activity of metal core and greatly enhance their

reusability. Thus, it is believed that our method provides an ef-

fective approach to in-depth investigate the function of silica
shell on metal core, and guide the rational design of this core–

shell nanostructure for superior performance in catalysis.
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