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s the special properties of inor-

ganic nanocrystals are strongly as-

sociated with the particle size and
shape, over the past decades, different syn-
thetic methods have been developed for
producing nanometer-sized objects with
great efforts being paid to the exploration
of potentials for controlling the size and es-
pecially the shape of the resultant nanoma-
terials. From the thermodynamic point of
view, the shape of a nanocrystal is strongly
determined by the difference of free ener-
gies of various facets. Therefore, to effec-
tively control the free energy of different
facets by additives, or to force the free ener-
gies of different facets to be far away from
those established under ambient condi-
tions, is a very effective measure for control-
ling the shape of nanomaterials. In fact,
both of these two strategies have widely
been used in preparing different types of
faceted nanomaterials. For example, aniso-
tropic growth of nanocrystals achieved by
selectively coating certain facets with differ-
ent types of ligands is mainly based on the
first strategy, while to achieve effective
shape control by extreme preparative con-
ditions such as high temperature or pres-
sure can be classified in the second strategy.

Polyhedral nanoparticles as a special

type of faceted nanomaterials have been
demonstrated to possess unique proper-
ties associated with the facets, edges, and
even corners.* In the past decades, many
kinds of polyhedral nanoparticles have
been investigated; the most successful ex-
amples are seen from metal colloidal par-
ticles.> Although polyhedral metal oxide
nanocrystals can also be prepared via
solution-based synthesis by facet-selective
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ABSTRACT Highly uniformed polyhedral y-Fe,0; nanocrystals are prepared via a flame synthesis method by

directly combusting the organic solution of iron-precursor. Systematic investigations reveal that the polyhedral y-

Fe,0; nanocrystals are 26-facet particles enclosed by six {100}, eight {111}, and twelve {110} facets, and these 26-

facet -y-Fe,0; nanocrystals present excellent catalytic activities associated with their polyhedral structures.

KEYWORDS: flame synthesis - polyhedral maghemite
nanocrystals - morphology - catalytic properties

modification of ligand,®~"" the products are
often a mixture of several different types of
polyhedrons with many of them enclosed
by a limited number of facets. Therefore,
the synthesis of polyhedral nanoparticles
which possess shape-related properties re-
mains challenging.

Very recently, we have developed a
new synthetic method for preparing nano-
materials with unusual morphologies by di-
rectly combusting an organic solution of
metal-organic compounds.'? In general, this
synthetic method is similar to liquid-feed
flame spray synthesis, but no gas is intro-
duced to aerosolize the organic solution of
the precursors while they are combusting.
Even though the production rate is sacri-
ficed in comparison with the latter method,
the uniformity of the products is won. For
example, a new type of iron oxide/silica
composite particles (y-Fe,05||SiO,) with an

uniform Janus structure was successfully *Address correspondence to
obtained by directly combusting a metha- ~ gaomy@iccas.ac.cn,
nol solution of ferric triacetylacetonate xcl@jiangnan.edu.cn.

(Fe(acac)s) and tetraethyl orthosilicate Received for review April 9, 2009
(TEOS).'? These results encourage us to fur-  and accepted May 25, 2009.
ther explore the potential of this new syn-
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thetic method in achieving nanomaterials 10.1021/nn900364g CCC: $40.75
with unique structures because flame offers
a high temperature environment which © 2009 American Chemical Society
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Figure 1. TEM images (a, b), SEM image (c) of the as-prepared nano-
particle sample, HRTEM image of a typical octagonal particle overlaid
with identifications of crystal planes for y-Fe,0; (d), XRD patterns (e),
and a room temperature hysteresis loop (f) of the as-prepared nano-
particle sample. The line patterns shown in panel e are the standard
data for maghemite (JCPDS card 39-1346).

can never be achieved in solution-based synthesis.

Herein, we report a new type of polyhedral y-Fe,03
nanocrystals prepared by directly combusting a metha-
nol solution of Fe(acac)s. Systematic experiments were
performed to identify the morphology of the resultant
polyhedral y-Fe,O; nanocrystals. Some preliminary ex-
periments were carried out to further show the
morphology-related special properties of the polyhe-
dral y-Fe,03 nanocrystals.

RESULTS AND DISCUSSION

Preparation and Characterizations of the Polyhedral -y-Fe,0;
Nanocrystals. In general, the preparation of the y-Fe,0s
nanoparticles was carried out according to the proce-
dures reported before.'? The main difference was that
TEOS was not present in the system. In detail, the
methanol solution of Fe(acac); (0.4 M) was prepared
and used as precursor solution. During its combustion,
a collecting procedure was started to harvest the nano-
particles formed in the flame.'? Figure 1a shows a typi-
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cal transmission electron microscopy (TEM) image of
the nanocrystals collected from a flame envelope. The
average particle size was determined to be 46 = 25 nm.
Interestingly, most of the nanoparticles present poly-
gon shapes depicted by very clear outlines which can
better be seen from an enlarged TEM image given in
Figure 1b. In general, up to 95% of the polygons are of
a highly symmetric octagon or hexagon shape. To fur-
ther show the 3-dimenstional structures of the poly-
gons, scanning electron microscopy (SEM) investiga-
tions were performed. A typical SEM image given in
Figure 1c shows that almost all particles are polyhe-
drons with a large number of facets. High-resolution
transmission electron microscopy (HRTEM) and X-ray
diffraction were adopted to further identify the crystal-
line structure of the polyhedrons shown in Figure 1c.
The HRTEM image of a representative polyhedron over-
laid with highlighted crystal shown in Figure 1d sug-
gests that the polyhedrons are crystalline y-Fe,O5 par-
ticles. The XRD patterns shown in Figure 1e reveal that
all diffraction peaks match very well with those of bulk
maghemite (JCPDS card 39-1346), which proves that
the polyhedrons collected from the flame envelope are
v-Fe,03 nanocrystals. Since the organic components of
the precursor solution hardly survives in the flame en-
velope and since the temperature in the flame enve-
lope is above 1000 °C, the improved magnetic proper-
ties are expected from the resultant nanocrystals. The
magnetic hysteresis curve presented in Figure 1f shows
that the maghemite nanocrystals are ferromagnetic
with a relatively small magnetic coercivity of 106 Oe.
However, the room temperature saturation magnetiza-
tion is around 71 emu g™, quite close to that of bulk
maghemite,'* and much higher than those reported in
literatures for nanometer-sized maghemite
particles, ¢ which can partly be attributed to the
high crystallinity degree achieved in the high tempera-
ture environment of the flame, besides the absence of
organic coatings on the particle surface.

Identification of the Polyhedral Structure. It was also con-
firmed that the polyhedron structures were rather inde-
pendent of the initial concentrations of Fe(acac)s, and
lower Fe(acac); concentration was generally in favor of
the formation of smaller maghemite nanocrystals. Al-
though some flame-assisted syntheses of iron oxide
nanoparticles have previously been reported,'”” %' po-
lygonal nanoparticles with a limited percentage was
also observed and characterized by a platelet
structure.2%?' As a matter of fact, maghemite nanocryst-
als with so many facets as shown in Figure 1c were
not observed before. Therefore, it is necessary to clearly
identify the polyhedral structure first. Representative
polyhedrons are selected and shown in Figure 2. Close
observation reveal that there only exist three sorts of
facets on each single polyhedron, that is, octagon, hexa-
gon, and tetragon. Their neighboring relationships are
summarized as follows: one octagon neighbors four
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hexagons and four tetragons, one hexagon contacts
three octagons and three tetragons, and one tetragon
borders two octagons and two hexagons. Therefore,
two mathematics equations can be educed by defin-
ing the number of octagons, hexagons, and tetragons
on each particle as X, Y, Z, respectively. Since each hexa-
gon provides three edges and each tetragon offers
two edges to share with the neighboring octagons,
the following eq 1 is established.

8X=3Y+ 27 (M

Similarly, each octagon offers 4 edges and each tetra-
gon provides 2 edges to share with the neighboring
hexagons, then eq 2 is also true.

6Y =4X + 27 ()

Because each corner is formed by three different types
of facets with respect to the current polyhedrons, the
total number of corners and edges can be expressed by
(8X + 6Z + 42)/3 and (8X + 6Z + 42)/2, respectively. Ac-
cording to the Euler’s Formula for polyhedron (facets
+ corners = edges + 2), the following equation is
established.

X+Y+Z+@BX+6Z+42)/3=BX+6Y+
42)/2 +2 (3)

By solving eqgs 1—3, the unique solution obtained is X
= 6; Y = 8;Z = 12, which means one polyhedron con-
tains six octagons, eight hexagons, and twelve tetra-
gons. Therefore, the polyhedron prepared by the cur-
rent synthetic route can be assigned to a great rhom-
bicuboctahedron (26-facet polyhedron).

To further identify the facets, high magnification
TEM images of three 26-fact polyhedrons with differ-
ent orientations are carefully chosen to show in the
lower panel of Figure 2. The corresponding selected-
area electron diffraction (SAED) patterns of these poly-
hedrons are given in the middle column of the lower
panel. As the polyhedrons have been demonstrated to
be y-Fe,03 nanocrystals which possess a face-centered
cubic (fcc) crystalline structure, according to the SAED
results; the top facets on the 26-fact polyhedrons are
consequently identified as {100}, {111}, and {110} planes
of y-Fe, 03, respectively. The clear outlines of the first
and the third crystal shown in the lower panel allow a
further measurement of the angles between identified
facets. The three angles highlighted by black circles
were determined to be 125° 135°, and 145°, very well
consistent with those for {100}/\{111}, {100}/\{110}, and
{110}/\{111} of fcc, which further confirms that the poly-
hedrons are of great rhombicuboctahedron.

Formation of 26-facet y-Fe,0; Nanocrystals in Fire. Although
iron oxide polyhedral nanoparticles have been reported
before, most of them are mainly formed by {100} and
{111} facets except for some samples showing a limited
number of {110} facets.° 8 A polyhedral y-Fe,05 nano-
crystal presenting as many as 12 {110} facets has so far
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Figure 2. (Upper panel) SEM images of several typical polyhedral
v-Fe,0; particles with highlighted edges; (lower panel) TEM images
of three polyhedral y-Fe,05 particles with different orientations (left)
together with their SAED patterns (middle) and the corresponding
2-dimentional models (right). The black circles in the lower panel high-

lights the angles formed by different facets, i.e., {100}/\{111},
{100}/\{110}, and {110}/\{111}.

not been reported yet. The facet analysis given in the
first row of the lower panel of Figure 2 demonstrates
that the {110} facets present the largest distance to the
crystal center in comparison with the {100} and {111}
facets, which suggests that the {110} facet possesses the
highest surface energy according to a Wulff plot*? and
explains the absence of {110} facets in most y-Fe,03
nanocrystal samples. To monitor the formation of 26-
facet y-Fe,O3 nanocrystals in fire, three samples were
collected using glass substrates covered by a thin layer
of water from the flame cone, inner flame, and flame
envelope, respectively. TEM and SAED results shown in
Figure 3 revealed that in the flame cone small quasi-
spherical particles with an average diameter of 20 nm
were formed, while in the inner flame, these small par-
ticles greatly increased in size apart from the formation
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Since 26-facet y-Fe,03 nanocrystals are only found in
the flame envelope where the temperature is above
1000 °C, it is reasonable to deduce that the ultrahigh re-
action temperature may strongly influence the surface
energy of {100}, {111}, and {110} facets by disturbing the
relaxation of the atoms. Consequently, due to the fast
quenching of the crystal growth by collecting the nano-
crystals with flowing water, a large number of the un-
stable {110} facets with higher surface energy are pre-
served. This explanation can actually find support from
a naturally occurring Martian meteorite in which 20-
facet Fe;0, crystals with 6 {110} facets were found.?®
Even though the appearance of different facets also
strongly determined by the attachment of ligands in lig-
uid phase synthesis, the influence of ligands on the
eventual crystal shape is certainly not applicable for
the current discussions.

Catalytic Properties of 26-Facet y-Fe,0; Nanocrystals. As the
properties of a nanomaterial are strongly size- and
shape-dependent,’ it is interesting to further investi-
gate the special properties of the current 26-facet
v-Fe,03 nanocrystals. It was previously reported that
v-Fe,03 nanoparticles can catalyze the oxidation of ole-
fin to form aldehyde, a series of experiments were car-
ried out to show the catalytic activities of the current
polyhedral nanocrystals. A styrene-to-benzaldehyde
conversion reaction was adopted as a model reaction.?*
Two commercial y-Fe,0s nanoparticle samples pur-
chased from Beijing Fangshan Yihua Chemical factory
(ref. No.: 0021215, sample 1) and Aldrich (No.: 544884-
5G, sample 2) were used, respectively. As a matter of
fact, the latter one (sample 2) was reported to have a
very high selectivity in converting styrene to benzalde-
hyde, therefore the same recipe was also used as re-
ported by Beller in their investigations, that is, 80 mg
of y-Fe,03 (sample 1 or sample 2), 5.75 mL of styrene,
10 mL of H,0, (30 wt %).2* The reaction was performed
at 75 °C. To more accurately compare the experimen-
tal results, the specific surface area of the 26-facet poly-
hedral nanocrystals (18.9 m?/g), sample 1 (19.4 m?/g),
and sample 2 (43.1 m?/g) was first determined by gas
adsorption (BET) method. Then, two sets of experiments
were carried out by calibrating the amount of the 26-
facet y-Fe,0O3; nanocrystals according to the total sur-
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Figure 4. Selectivity and conversion of the styrene-to-
benzaldehyde reaction as functions of reaction time. The re-
sults shown in frames a and b (the first set of experiments)
were obtained by using 80 mg sample 1 and 78 mg 26-facet
v-Fe,0;, respectively, while those shown in frames c and d
(the second set of experiments) were obtained by using 80
mg sample 2 and 160 mg 26-facet y-Fe,0s, respectively.
Note: In each set of experiments, the amount of 26-facet
v-Fe,0; was normalized according to the total surface area
of 80 mg commercial sample.

face areas of 80 mg samples 1 and 2, respectively. The
detailed results of the first set of experiments shown in
Figure 4a,b suggest that in comparison with sample 1
the 26-facet y-Fe,O; nanocrystals present much higher
selectivities (1.5—2 times) in spite of slightly lower con-
versions in the inspected time window. In the second
set of experiments, the 26-facet y-Fe,03; nanocrystals
present rather comparable conversions within the first
10 h in comparison with sample 2, but higher selectiv-
ity (up to 95%) within the first 7 h of the reaction. The
general decline of the selectivities for both 26-facet
v-Fe;03 nanocrystals and sample 2 might be caused
by selective adsorption of the products on the active
facets. Owing to the difference in specific surface area
between samples 1 and 2, the total surface area of the
nanoparticle samples used in the second set of experi-
ments was 2.2 times of those used in first set of experi-
ments. Nevertheless, the results shown in Figure 4
panels d (second set of experiments) and b (first set of
experiments) imply that sample 2 should also present
higher selectivity than sample 1. Therefore, it is interest-
ing to ask why 26-facet y-Fe,05; nanocrystals and
sample 2 present enhanced catalytic selectivities.

In fact, the extraordinarily enhanced catalytic activi-
ties have been observed from faceted nanocrystals of
noble metals,' and the appearances of high surface en-
ergy facets as well as more edges and corners were be-
lieved to be responsible. Therefore, the commercial
v-Fe,03 nanocrystals, that is, samples 1 and 2, were
studied by TEM. The results shown in Figure 5 reveal
that sample 1 mainly consists of quasi-spherical par-
ticles forming irregularly shaped aggregates. In con-
trast, sample 2 presents morphologies rather similar to
those of the 26-facet y-Fe,03 nanocrystals. There are
nearly 65% particles being in hexagonal or octagonal
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cles: sample 1 (a) and sample 2 (b).

shapes. Moreover the size distribution of sample 2 is
slightly larger due to the existence of very small spheri-
cal particles and some amorphous ones. Nevertheless,
the similarity between the 26-facet y-Fe,O; nanocrystal
sample and sample 2 and their enhanced selectivities
suggest that the appearance of a huge number of fac-
ets, especially the {110} facet should be responsible for
the enhanced catalytic selectivity because the {110}
facet presents more Fe atoms than {100} and {111} in
v-Fe,032°2% Because of the higher content of polyhe-
dral particles in the current sample, under optimized
conditions, the 26-facet y-Fe,03 nanocrystal sample
presents a higher catalytic selectivity in comparison
with sample 2, that is, 95% versus 85%. In addition, it is
worth mentioning that because of the high saturation
magnetization, the current 26-facet nanocrystal sample

METHODS

Materials. Fe(acac); was purchased from F&F Chemical Co,
Ltd. and used after a 2-fold recrystallization. Styrene, methanol,
and H,0, (30 wt %) were purchased from Beijing Fine Chemicals
Co, Ltd. Styrene was used after reduced-pressure distillation.

Synthesis of Polyhedral y-Fe,0; Nanocrystals. Fe(acac); was se-
lected as the precursor for maghemite, while methanol was
used as both solvent and fuel. In a typical preparation, the con-
centration of Fe(acac); was 0.4 mol/L. After ignition of the precur-
sor solution, nanoparticles were collected from the flame enve-
lope by using a rotating glass tube covered by a thin layer of
flowing water. More details can be found in one of our previous
publications.

Styrene-to-Benzaldehyde Conversion Reaction. The styrene-to-
benzaldehyde reaction was carried out as follows. Typically,
5.75 mL (50 mmol) of styrene, 10 mL of H,0, (30 wt %), and 80
mg of commercial y-Fe,O; particles (0.5 mmol) were mixed un-
der vigorous stirring and then allowed to react at 75 °C. Aliquots
were extracted at 5, 7,9, and 11 h. The conversion and selectiv-
ity were determined by analyzing volatile compounds in the re-
action systems using gas chromatography equipped with a
flame ionization detection facility. The specific surface area of
the 26-facet polyhedral nanocrystals (18.9 m?/g), sample 1 (19.4

www.acsnano.org

presented very strong magnetic response. Ten sec-
onds are enough to collect the nanocrystals by apply-
ing a 0.5 T magnet. Therefore, the 26-facet y-Fe,0;
nanocrystals should have great potential for being used
as a magnetically collectable catalyst. More systematic
catalysis experiments are being performed to reveal the
shape-related properties of the polyhedral y-Fe,0O3;
nanocrystals.

CONCLUSIONS

The polyhedral y-Fe,03 nanocrystals with a uniform
shape are prepared via the flame synthesis method by
directly combusting the organic solution of iron-
precursor. More detailed characterizations demon-
strate that the polyhedral y-Fe,03 nanocrystals are of
26-facet particles enclosed by 6 {100}, 8 {111}, and 12
{110} facets. Preliminary catalysis experiments reveal
that the 26-facet y-Fe,0; nanocrystals present excel-
lent catalytic activities with very high catalytic selectivi-
ties, which should be the direct result of the large num-
ber of different facets, especially the {110} facets
appearing on each nanocrystal. The current results as
well as those reported in ref 12 also suggest that there
are great varieties of nanomaterials existing in fire
smokes, while the combustion of metal-containing
flammable materials has strong reason to generate
metal oxides nanomaterials. Therefore, it may be pru-
dent to pay more attention to the investigation of the
cytotoxicity of metal oxide nanomaterials as well as
their interactions with air/blood barrier in human lung
to gain new insight into the harmfulness of the fire
smokes of nature disasters. Although the current inves-
tigations suggest that nanometer-sized particles are
present in fire, they do hold great tendency to agglom-
erate forming larger aggregates of micrometers which
are able to reach the deep territories of the lungs.

m?/g), and sample 2 (43.1 m%g) was determined by gas adsorp-
tion (BET) method. Taking the difference of the specific surface
area of different y-Fe,0; samples into consideration, two differ-
ent amounts of the 26-facet nanocrystals were used to enable
comparable experimental results, that is, 78 mg for comparing
with sample 1 and 160 mg for comparing with sample 2.

Characterizations. Low-resolution TEM images and selected
area electron diffraction (SAED) patterns were recorded with a
JEM-100CXII electron microscope operating at an accelerating
voltage of 100 kV. High-resolution TEM (HRTEM) was accom-
plished using a FEI Tecnai20 at an accelerating voltage of 200
kV. Powder X-ray diffraction was measured with a Regaku
D/Max-2500 diffractometer equipped with a Cu Ka1 radiation
(A = 1.54056 A). The hysteresis loops were recorded with the aid
of vibrating sample magnetometer (VSM JDM-13, China). The
specific surface area was measured by ST-2000 BET surface area
analyzer. Agilent 6890 gas chromatography equipped with a
50-m capillary column and a Fl (flame ionization) detector, and
the published response factors were adopted for the catalysis
experiments.
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