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Shape-Dependent Catalytic Activity of Silver Nanoparticles for the Oxidation

of Styrene
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Abstract: Metal nanoparticles with dif-
ferent shapes have different crystallo-
graphic faces. It is therefore of interest
to study the effect of the shape of
metal nanoparticles on their catalytic
activity in various organic and inorgan-

cles was compared with that of cubic
and near-spherical silver nanoparticles
in the oxidation of styrene in colloidal
solution. It was found that the crystal
faces of silver nanoparticles play an es-
sential role in determining the catalytic

oxidation properties. The silver nano-
cubes had the {100} crystal faces as the
basal plane, whereas truncated triangu-
lar nanoplates and near-spherical nano-
particles predominantly exposed the
most-stable {111} crystal faces. As a

ic reactions. Truncated triangular silver
nanoplates with well-defined planes
were synthesized by a simple solvother-
mal approach. The activity of these
truncated triangular silver nanoparti-

nanostructures

Introduction

Metal nanoparticles have been widely exploited for use in
many different areas, such as photography,!! catalysis,? bio-
logical labeling,”®! photonics,® optoelectronics,” information
storage, surface-enhanced Raman scattering,® and for-
mulation of magnetic ferrofluids.”’ The intrinsic properties
of a metal nanoparticle are mainly determined by its size,
shape, composition, crystallinity, and structure.'"™') In prin-
ciple, one could control any one of these parameters to fine-
tune the properties of these nanoparticles.>!

The nanocatalysis field has undergone an explosive
growth during the past decade. Most of the studies in the
fields of nanocatalysis involve the use of spherical nanopar-
ticles or nanoparticles of undetermined shapes. There are
very few studies in which catalysis is conducted with nano-
particles of a specific shape in a colloidal solution. Narayan-
an and co-workers compared the stability and catalytic ac-
tivity of tetrahedral, cubic, and spherical platinum nanopar-
ticles in catalytic processes.'**) They found that the catalyt-
ic activity greatly depended on their shape, because differ-
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result, the rate of the reaction over the
nanocubes was more than 14 times
higher than that on nanoplates and
four times higher than that on near-
spherical nanoparticles.

oxidation

ent platinum nanoparticles have different fractions of atoms
located at different corners and edges and different defects
(resulting from the loss of atoms at these locations). Fur-
thermore, nanoparticles of various shapes have specific
faces. Choudary et al. reported that MgO hexagonal crystals
exposing the most {100} planes were more active than nano-
crystalline samples.®! Campbell and co-workers reported
that Cu particles with {110} planes were more active than
those with {100} and {111} planes for the synthesis of metha-
nol.'”! We recently reported that an easy solution-based hy-
drothermal method could be used to synthesize CeO, nano-
rods that expose mostly {001} and {110} planes and that the
CeO, nanorods show higher catalytic activity than CeO,
nanoparticles for CO oxidation.!'¥!

Silver catalysts have become increasingly important in the
oxidation of olefins for the synthesis of industrially interest-
ing products such as epoxides and aldehydes."**! The face-
centered cubic (fcc) structure of silver metal confers its ten-
dency to nucleate and grow into nanoparticles with their sur-
faces bound by the lowest-energy {111} faces.’”l Most of the
previous methods, in particular the wet chemical synthesis,
were mainly confined to the preparation of nanowires, rods,
spheres, disks, and plates.*? Recently, silver nanocubes
with less-stable {100} faces were synthesized by a polyol pro-
cesses and attracted considerable interest owing to their
structure.['*?")

In the present study, we synthesized truncated triangular
silver nanoparticles with well-defined planes by a simple sol-
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vothermal approach. Subsequently, we compared the activity
of truncated triangular, cubic, and near spherical silver
nanoparticles for the oxidation of styrene in a colloidal solu-
tion and we investigated the effect of crystal planes on the
catalytic activity.

Results and Discussion

Preparation and Characterization of Truncated Triangular
Silver Nanoplates

In our experiments, N,N-dimethylformamide (DMF) was
used as solvent and reducing agent. Liz-Marzan and co-
workers proposed the mechanism outlined in Equa-
tion (1):

HCONMe, + 2Ag'+ H,0 — 2Ag™+ Me,NCOOH+2H" (1)

The morphology and dimensions of the silver nanoplates
were found to depend strongly on reaction conditions.
Figure 1 shows the transmission electron microscopy (TEM)
images of nanoplates synthesized under different conditions.
When the concentration of AgNO; was 25 mwm, truncated tri-
angular silver nanoplates with an average edge length of
(200+20) nm were obtained (Figure 1a). The initial concen-
tration of AgNO; had to be lower than 50 mM, otherwise
silver nanoplates of various sizes were obtained (Figure 1b
and c). The reactions were also carried out at higher temper-
atures. However, nanoplates with different sizes and nano-
particles were observed (Figure 1d). PVP/AgNO; (PVP=
poly(vinylpyrrolidone)) molar ratios between 1:1 and 3:1 fa-
vored the growth of triangular silver nanoplates. When the
ratio was decreased, the silver nanoplates prepared had
more round corners, and some particles had polyhedral
structures. When the ratio was increased, small spherical or
polyhedral silver crystals were the main products.

Structural Characterizations of Silver Nanoparticles

To investigate the effect of morphology on the properties of
silver nanoparticles, near-spherical and cubic silver nanopar-
ticles were synthesized by a polyol processes. The X-ray dif-
fraction (XRD) patterns of the obtained silver nanoparticles
are shown in Figure 2. The three peaks detected for the
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Figure 1. TEM images of truncated triangular silver nanoplates prepared
under different synthesis conditions. a) 25 mm AgNO;, 140°C; b) 50 mm
AgNO;, 140°C; ¢) 100 mm AgNO;, 140°C; d) 50 mm AgNO;, 160°C.
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Figure 2. XRD patterns of the near-spherical, truncated triangular, and
cubic silver nanoparticles.

near-spherical silver nanoparticles were assigned to diffrac-
tion from the (111), (200) and (220) planes of face-centered
cubic (fce) silver, respectively. The lattice constant calculat-
ed from this pattern is 4.088 A, a value in agreement with
the literature report (0. =4.086 A, JCPDS No. 04-0783). For
the silver nanoplates, the overwhelmingly intensive peak lo-
cated at 20=38.02° corresponds to the diffraction of the
(111) lattice plane of the fcc structure, whereas peaks arising
from the other lattice planes were quite weak. This indicates
that the (111) planes of silver nanoplates were highly orient-
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ed, parallel to the supporting substrate. This structure fea-
ture is quite common for metal nanoplates, such as silver,
gold, copper, and nickel plates.”>?! Interestingly, the (200)
diffraction peak showed the strongest intensity in the XRD
pattern of silver nanocubes, and its intensity was nearly
three times that of the commonly observed strongest (111)
diffraction peak, whereas other peaks were not observed. It
suggests that the product has a structure with a preferential
[100] orientation. The unusual intensity of the (200) diffrac-
tion peak is a result of the strong tendency of the silver
nanocubes to assemble into 2D arrays on the solid surface
with the ¢ axis perpendicular to the substrate upon the evap-
oration of the solvent.”?”!

The morphology of the silver nanoparticles was further
examined with TEM and scanning electron microscopy
(SEM). Figure 3a is the TEM image of the obtained trun-
cated triangular silver nanoplates. The SEM image demon-
strates that the thickness of the nanoplates is about (15+
5)nm (upper-left inset). The upper-right inset shows an
SAED (selected-area electron diffraction) pattern from the
single nanoplate. The set of spots with the strongest intensi-
ty could be indexed to (220) reflections, which indicates that
the nanoplates are single crystals with a {111} lattice plane
as the basal plane. The inner set of spots should originate
from the 1/3 (422) plane normally forbidden by an fcc lat-
tice, which suggest that the faces parallel to the TEM grid
are smooth and flat.”® As shown in Figure 3b, the silver
nanoparticles are really near spherical in shape with a mean
diameter of (50+10) nm. The SEM image indicated that the
nanoparticles are not really spherical but have numerous
faces (upper-left inset). The corresponding SAED pattern
from the individual near-spherical nanoparticles with a [001]
zone axis is shown in the upper right inset. These diffraction
spots suggest that each nanoparticle is polycrystalline. The
silver nanocubes are slightly truncated and have a mean

~200nm

Figure 3. TEM image of a) truncated triangular nanoplates, b) near-spherical silver nanoparticles, and c) nano-
cubes, and d) their structural models. The insets show the scanning electron microscopy image (left) and the

selected area electron diffraction pattern (right).
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edge length of (50+5) nm with a smooth face (Figure 3c¢).
They also have a strong tendency to assemble into 2D
arrays with a regular checked pattern on the TEM grid
(lower-left inset). The inset on the lower right shows an
SAED pattern from one of square faces of the cube. The
square symmetry of this pattern indicates that each silver
nanocube is a single crystal bound mainly by six {100}
planes."” Structural models of truncated triangular, near-
spherical, and cubic silver nanoparticles are drawn in Fig-
ure 3d.

Catalytic Oxidation of Styrene over Truncated Triangular,
Near-Spherical, and Cubic Silver Nanoparticles

The obtained silver nanoparticles were used as catalysts for
the oxidation of styrene, and the reaction results are demon-
strated in Table 1. Of all three catalysts, the silver nanocubes
show the highest activity for the catalytic oxidation of sty-
rene. The conversion of styrene over silver nanocubes is

Table 1. Summary of the catalytic performance and BET surface area for
the truncated triangular, near spherical and cubic silver nanoparticles!*!

BET surface ¢[h] Conv. [%] B Sel.[%] SO Sel. [%]

Nanoparticle

shape area [m’g ]

triangular 6.6 1 2 62 38
3 13 68 32
12 38 84 16

near spherical 32 1 4 60 40
3 19 65 35
12 45 79 21

cubic 3.7 1 10 56 44
3 53 65 35
12 82 81 19

[a] Conv.=conversion rate of styrene, B Sel.=selectivity for
benzaldehyde, SO Sel. =selectivity for styrene oxide

nearly three times higher than
that on near-spherical nano-
particles under the same con-
ditions. The conversion of sty-
rene increased as the reaction
time increased (Figure4). In
all cases benzaldehyde and sty-
rene oxide were the main
products. At the beginning of
the reaction, the selectivity for
styrene oxide was about 40 %,
while the selectivity for benzal-
dehyde continually increased
with increasing reaction time.

The formation of benzalde-
hyde from styrene can occur
through two different routes.

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

One possible pathway is the
oxidation of the side chain,
which causes breaking of the
C=C bond to form benzalde-
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Figure 4. Catalytic performance of the silver nanoparticles in the
oxidation of styrene with THBP (tert-butyl hydroperoxide).

hyde. Another way to form benzaldehyde from styrene is by
epoxidation to form styrene oxide, which is then converted
into benzaldehyde in the presence of peroxide. We believe
the two different pathways may be occurring in parallel
during the initial reaction stages. The selectivity for styrene
oxide decreased with the further reaction owing to the en-
hanced reaction between styrene oxide and peroxide. As
shown in Table 1, the selectivity over the three types of Ag
nanoparticle was similar, which indicated that the shape pos-
sibly had little effect on the selectivity.

We consider that the effect of the shape of nanoparticles
on the catalytic performance is likely determined by their
surface area, the atoms on corners and edges, and the ex-
posed crystal faces. Which factor is mainly responsible for
catalytic performance? To answer the question, N,-adsorp-
tion experiments were carried out with the different parti-
cles. The BET surface areas of the three types of nanoparti-
cle are listed in Table 1. The BET surface area is highest for
the truncated triangular nanoplates and lowest for near-
spherical nanoparticles. The BET surface area of the nano-
cubes is close to that of the near-spherical nanoparticles. In
general, if the surface area of the nanoparticles is the intrin-
sic property that determines the high catalytic activity, one
would expect the truncated triangular silver nanoplates to
be the most active and the near-spherical nanoparticles to
be the least active, while the activity of the cubic nanoparti-
cles would be inbetween. However, this is not consistent
with our results.

Second, the near-spherical nanoparticles are formed with
(111) and (100) faces with numerous edges and corners at
the interface. We assume it to follow a truncated polyhedron
structural model.'**¥ The slightly truncated cubic model is
used for the silver nanocubes."! Based on the structural
model, it could be roughly estimated that the fraction of
atoms on edges and corners for near-spherical nanoparticles
would be the highest and the fraction for truncated triangu-
lar nanoplates would be the lowest. If the atoms on the cor-
ners and edges (or defects resulting from them) are the
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dominantly active sites in catalysis, one would expect that
the catalytic activity of the silver nanoparticles should de-
crease in the order near spherical > truncated cubic > trun-
cated triangular. This is also not comparable with our re-
sults.

The different catalytic activities of the three types of
silver nanoparticle cannot be explained by the different of
surface area and the fraction of atoms on edges and corners,
so the probably reason would be ascribed to their different
crystal faces. As mentioned above, the near-spherical nano-
particles are composed of numerous {111} and {100} planes.
The silver nanoplates predominantly exposed the well-de-
fined and the most stable {111} planes, whereas in the silver
nanocubes the less-stable {100} planes were predominantly
exposed. As illustrated by Wang,['"!! surface energies associ-
ated with different crystallographic planes are usually differ-
ent, and a general sequence may hold, y(110) > y(100) > v-
(111). The planes with higher surface energy are more reac-
tive.l'! Moreover, most catalytic reactions are sensitive to
the surface structure of the catalysts, and it is well-known
that the reactivity in structure-sensitive reactions depends
on the crystal plane of the catalyst.”" Previous computer
simulations predicted that it is easier for adsorption and ac-
tivation of ethylene and oxygen on crystal planes with
higher surface energy.” On the basis of this result, the cata-
lytic activity on the surface of the silver nanoparticles would
decrease in the order y(110)>v(100)>y(111). That is the
likely reason for the different catalytic activity on silver
near-spherical nanoparticles, nanoplates, and nanocubes. To
elucidate the remarkable effects of the catalyst shapes, the
specific reaction rates (molecules of styrene converted over
the surface area of silver nanoparticles) were calculated
(Figure 5). It is noteworthy that the rate of conversion over
nanocubes is over 14 times higher than that on nanoplates
and four times higher than that on near-spherical nanoparti-
cles. This result indicates that the catalytic activity on the
{100} planes is higher than that on {111} planes, which is
agreement with our conclusion.
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Figure 5. Specific reaction rate of styrene conversion over truncated
triangular, near-spherical, and cubic silver nanoparticles. Reaction time:
3h.
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The three types of silver nanoparticles were prepared by
different methods with PVP or cetyltrimethylammonium
bromide (CTAB) as capping agents. It is possible that the
different capping agents affect the surface chemistry of the
nanoparticles. To understand the effect of the capping agent
on the catalytic properties, a parallel reaction was carried
out. We introduced trace amounts of CTAB into the colloid
of Ag nanospheres. Some CTAB would adsorb on the sur-
face of the Ag nanospheres. These particles were only slight-
ly less catalytically active than the nanospheres without
CTAB. This result indicates that at least the bromide does
enhance the catalytic activity. On the other hand, both nano-
plates and nanospheres were prepared with PVP as the cap-
ping agent; however, as the specific reaction rates over the
nanospheres is three times higher than that over the nano-
plates, it can be seen that the effect of the capping agent is
limited in present work. The crystal faces of the silver nano-
particles play an essential role in determining the catalytic
oxidation properties.

Conclusions

A simple and effective route has been developed for the
preparation of silver nanoplate 2D structures. The obtained
truncated triangular silver nanoplates were highly oriented
single crystals with {111} planes as the basal planes. The
morphology and dimensions of the silver nanoplates strong-
ly depend on the concentration of AgNOs;, synthesis temper-
ature, and the surfactant/AgNO; molar ratio. The cubic and
near-spherical silver nanoparticles with well-defined planes
were synthesized by polyol processes, and the activity of the
truncated triangular, cubic, and near-spherical silver nano-
particles for the oxidation of styrene in colloidal solution
were compared. The catalytic activity of the silver nanopar-
ticles greatly depends on the crystal planes that the nanopar-
ticles expose. The silver nanocubes show much higher sty-
rene oxidation activity than near-spherical nanoparticles and
nanoplates because of their more-reactive {100} planes. The
present results suggest that a morphology-controlled synthe-
sis method could result in an increase in more-reactive crys-
tal planes and a decrease in less-reactive planes so as to op-
timize the catalytically active sites.

Experimental Section

In a typical synthesis of truncated triangular silver nanoplates, a solution
of AgNO; in DMF (50 mm; 20 mL) was added dropwise to a solution of
poly(vinylpyrrolidone) in DMF (50 mm; 20 mL). The mixture was then
transferred to a 50-mL autoclave and heated at 140°C under autogenetic
pressure for 8 h. The final sample was obtained by centrifugation and
washed with acetone and water. The near-spherical silver nanoparticles
were synthesized by reducing AgNO; with N,H, in the presence of PVP.
An aqueous solution of AgNO; (50 mm; 20mL) and N,H, (75 mm;
20mL) were added simultaneously to an aqueous solution of PVP
(75 mm, MW =30000; 20 mL) at 25°C under vigorous stirring. The silver
nanocubes were synthesized by a CTAB-modified silver-mirror reaction
according to a literature procedure.” The products were rinsed with eth-
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anol several times to remove surfactants that remained on the surface of
the final products.

Small drops of the each of the colloidal solutions were placed onto glass
substrates and copper grids for XRD and TEM measurements, respec-
tively. The XRD test was performed with a Bruker D8 Advance X-ray
diffractometer with monochromated Cuy, radiation (A=1.5418 A). TEM
and the corresponding SAED investigations were performed with a
JEM-1200EX microscope operated at 120 kV. The SEM images of sam-
ples were obtained by using a JSM-6301F field-emission microscope. The
BET surface areas of the catalysts were determined by N, adsorption at
—196°C on a Tristar 2010 Chemical Adsorption Instrument (Micrometrit-
ics).

The epoxidation of styrene over the silver nanoparticles was carried out
at atmospheric pressure by treating the catalyst (50-100 mg) with styrene
(10 mmol) and anhydrous TBHP (15 mmol) in a magnetically stirred
glass reactor and heating at reflux for several hours. After the reaction
mixture was cooled, the catalyst was separated from the reaction mixture
by centrifugation. The reaction products were analyzed by GC/FID with
an SE-30 column and N, as carrier gas. Some blank experiments were
carried out. The conversion of styrene was below 1% in the absence of
catalysts with TBHP as oxidant. No clear activity was detected when the
TBHP was substituted with hydrogen peroxide or air.
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